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Abstract

Background Sebelipase alfa (Kanuma®) is approved for patients with Wolman disease (WD) at a dosage of 3-5 mg/
kg once weekly. Survival rates in the second of two clinical trials was greater, despite recruiting more severely ill
patients, probably related to higher initial and maximal doses. We aimed to evaluate the effective pharmacokinetics
and pharmacodynamics of Sebelipase alfa when administered to patients with severe WD at 5 mg/kg twice weekly,
an intensive regimen which was not assessed in the trials.

Methods We recruited 3 patients receiving Sebelipase alfa 5 mg/kg twice weekly. We measured LAL activity in
leukocytes and plasma oxysterol concentration in two patients and LAL activity in fibroblasts in one patient. Clinical
follow up was also assessed.

Results Analyses of LAL activity and oxysterols demonstrate that there is short-lived enzyme activity post-dosing
which is associated with the release of stored lipids. Clinical data demonstrate that 5 mg/kg twice weekly dosing is
well tolerated and effective.

Conclusion 5 mg/kg twice weekly dosing with Sebelipase alfa rescues severely ill infants with WD by increasing
substrate clearance. There is biologically relevant lipid accumulation in the ‘trough’ periods before the next dosing,
even with this intensive regimen.
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Introduction

Lysosomal acid lipase deficiency (LAL-D) is a rare inher-
ited autosomal recessive metabolic disease with an esti-
mated prevalence of 0,2 per 10,000 individuals in Europe
[1, 2]. LAL-D is caused by pathogenic variants in the
LIPA gene (MIM*613,497), which encodes an essential
enzyme in the metabolism and degradation of cholesteryl
esters and triglycerides (EC:3.1.1.13) [3, 4]. Absence or
decreased levels of LAL leads to the accumulation of the
aforementioned substrates mainly in the liver, spleen, and
small intestines [5, 6].

Wolman disease (WD) is the most severe form of
LAL-D and is characterized by early onset and rapid
progression. Clinical manifestations include failure to
thrive, vomiting, diarrhoea, hepatosplenomegaly [7] and
calcification of the adrenal glands [8]. Another common
initial presentation is with a secondary hemophagocytic
syndrome [9-11]. Without treatment, infants with WD
do not survive beyond 6 months of age [12]. Diagno-
sis is based on clinical symptoms, measurement of LAL
enzyme activity [13], and molecular genetic confirmation
[14].

Sebelipase alfa (Kanuma®, Kanuma™) has been
approved since 2015 as a long-term enzyme replacement
therapy (ERT) for patients diagnosed with LAL-D [15-
17]. Sebelipase alfa binds to the mannose 6-phosphate
receptor and the macrophage mannose receptor and is
subsequently internalized into the lysosome, catalysing
the hydrolysis of cholesteryl esters and triglycerides [18].

The efficacy, safety and pharmacokinetics of Sebelipase
alfa in patients with WD were evaluated in two pivotal
multicentre phase II/III studies: LAL-CL03 (VITAL) [19]
and LAL-CL08[20]. The VITAL study included 9 patients
who presented with growth retardation, severe hepato-
splenomegaly and rapidly progressive liver disease before
the age of 6 months. All patients received weekly intra-
venous (IV) infusions of Sebelipase alfa at a starting dose
of 0.35 mg/kg (8 patients) or 0.20 mg/kg (1 patient) for
at least 2 infusions, followed by a weekly dose of 1 mg/
kg or 3 mg/kg based on clinical response. LAL-CLO08
included 10 patients with WD which appeared to have
more severe disease at baseline. Sebelipase alfa treatment
was started at a higher dose, and faster dose escalation
was permitted. All participants started treatment with
weekly Sebelipase alfa infusions at a dose of 1 mg/kg and
they could be considered for a dose increase to 3 mg/kg
and up to 5 mg/kg. Notably, survival was better overall
in the LAL-CLO8 study, with Kaplan-Meier estimates of
survival being 67% (to 12 months) and 56% (to 4 years) in
VITAL, compared to 90% (to 12 months) and 80% (to 3
years) in CLO8. This increased survival in the CLO8 study
compared to VITAL may be related to the higher initial
and maximal doses of ERT, with faster dose escalation
[20] .
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Following these pivotal trials, Sebelipase alfa received
marketing authorisation at a licensed dose of 3 mg /
kg weekly for WD. Recently, the data sheet has been
updated to recommend the administration of higher
doses (5 mg/kg weekly) when a suboptimal clinical
response is observed.

This article postulates that patients with more advanced
or rapidly progressing WD may benefit from intensifica-
tion of the ERT regimen. We carried out in vivo and in
vitro pharmacodynamic evaluations in three patients
with WD and multiple organ failure who were rescued
with an intensive regimen of ERT with Sebelipase alfa
at 5 mg/kg twice weekly, describing safety, efficacy, and
clinical follow up.

Materials and methods

Written consent for publication of patient data was
obtained from the families of all individuals included.
Demographic information and clinical data was collected
from medical records, and haematological and biochemi-
cal data was obtained from hospital laboratory records.

LAL enzyme activity

LAL activity was measured in mixed leucocytes in
patients 1 and 2 using the artificial substrate 4-methy-
lumbelliferyl-palmitate (NBS Biologicals, UK) based on
the previously published protocol [21,22]. This assay has
also been used to measure LAL activity in cultured skin
fibroblasts as part of a pulse-chase experiment with Sebe-
lipase alfa in patient 3.

Molecular genetic diagnosis

In patients 1, 2 and 3 molecular genetic analysis was
performed by Sanger sequencing. All exons and intron-
boundaries, as well as 3’ and 5’-UTR region for LIPA gene
were amplified by homemade design PCR. Products were
sequenced by capillary electrophoresis using a SeqStudio
analyser (Applied Biosystems), and results were com-
pared with the GeneBank database’s reference sequence
(NG_008194.1).

Plasma oxysterols

In patients 1 and 2, serial measurements of plasma oxys-
terol concentrations were used as a surrogate disease bio-
marker. 7-ketocholesterol (7-KC) was quantified by liquid
chromatography and coupled tandem mass spectrometry
as previously reported [23-25].

Cell culture

Cultured skin fibroblasts from patient 3 were used as an
in-vitro model for enzyme uptake and clearance. Cells
are routinely cultured in complete Minimum Essential
Medium (MEM), 10% FCS, 5 mM glutamine, non-essen-
tial amino acids (Gibco, UK) in 5% carbon dioxide.
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Enzyme challenge - Cells were plated into T12.5 flasks x
10 and grown to ~95% confluence. Each flask (minus one
baseline control) was challenged with sebelipase alpha at
a concentration of 100 ng/ml diluted in complete MEM
(500 ng in 5 ml complete MEM per T25 flask) and incu-
bated for 1 h at 37 oC in 5% carbon dioxide. Following
exposure, the sebelipase alfa conditioned medium was
removed, and fresh 5 ml complete medium was replaced
into each flask. The cells were then harvested with tryp-
sin, washed in isotonic saline, and then stored at -800C
ready for enzyme analysis at successive time points: time
zero, 1, 2, 4,6 ,24, 48, 72, 96 and 120 h post-sebelipase alfa
challenge. For a baseline control a single flask was har-
vested at time zero without exposure to sebelipase alfa
as a baseline diagnostic measurement for this patient cell
line. The activity of LAL within the harvested fibroblasts
was then measured using the above protocol [21].

Results

Demographics, safety and clinical follow up in severely

ill WD patients receiving sebelipase alfa 5 mg/kg twice
weekly

Patient 1

Patient 1 presented aged 3.5 months with fever, pancyto-
penia, hepatosplenomegaly and associated hypertriglyc-
eridemia (max. value 1,950 mg/dL), hyperferritinemia
(max. value 11,300 ng/mL) and transaminitis (max. val-
ues AST 177 UI/L, ALT 106 UI/L, GGT 266 UI/L). A
diagnosis of hemophagocytic lymphohistiocytosis was
made, and she was initially treated with steroids and
etoposide. Due to poor evolution and lack of response
to treatment, further investigations confirmed a severe
phenotype of WD. LAL enzymatic activity quantified on
DBS was 0.04 nmol/punch/h (normal range 0.71-2.38
nmol/punch/h). 7-KC at diagnosis was 2313 ng/mL (nor-
mal range: 2-104 ng/mL). Genetic testing identified the
NM_000235.2:c.966+2T>G variant in a homozygous
state. This variant was previously described in a Span-
ish WD cohort with a lethal outcome [26]. Patient 1 was
transferred to the paediatric intensive care unit due to
respiratory distress, with massive hepatosplenomegaly
reaching the iliac fossa, alongside severe thrombocytope-
nia and neutropenia. The first infusion of Sebelipase alfa
was administered one day after the diagnosis, at a dose
of 3 mg/kg. She deteriorated rapidly during the following
days, developing acute respiratory failure that required
intubation and mechanical ventilation, as well as acute
renal failure that required the initiation of haemodiafil-
tration. After confirming adequate tolerance to the first
infusion of sebelipase and given the acutely life-threat-
ening situation of the patient (pulmonary oedema, acute
renal failure, ascites, thrombocytopenia with transfu-
sion dependence and hyper-inflammatory state), it was
decided to increase the dose of ERT to 5 mg/kg (infused
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over 4 h) and administer it twice weekly. The patient’s
overall clinical status improved during the following
weeks, with mechanical ventilation being discontinued
after 2.5 weeks, and haemodiafiltration discontinued
after 3 weeks. A progressive improvement in the analyti-
cal parameters related to inflammation, with a marked
decrease in ferritin and triglyceride levels during the first
week of the intensified ERT regimen, as well as resolu-
tion of leukopenia. Hemoglobin levels and platelet counts
improved from the second week on, although the patient
continued to require daily blood product transfusions
during the first month of hospitalization, which subse-
quently reduced in frequency and stopped by 2 months.
Regarding lysosomal disease biomarkers, during the
first week CCL18/PARC and ChT decreased (35 ng/mL
and 138 nmol/mL/h respectively), but 7-KC was still ris-
ing (2944 ng/mL). Three weeks after the diagnosis, 7-KC
began to decrease (398 ng/mL). During the first 15 days
of admission and due to the clinical instability of the
patient, she was maintained with total parenteral nutri-
tion without lipids. Subsequently, enteral nutrition was
started with a protein hydrolysate and lactose free modu-
lar formula (carbohydrate intake: 18 mg/kg/min, protein
intake: 4 g/kg/day and lipid intake: 1.0-1.5 g/kg/day, with
a total caloric intake of 120 to 140 Kcal/day). Weight
was static during the first two months of admission, but
improved thereafter (5 kg at 4 months of age — corre-
sponding to percentile 10 — on the first day of admission,
and 7 kg at 6 months of age — corresponding to percentile
35 - prior to discharge). Finally, a clinically meaningful
decrease in the size of the liver and spleen was observed.

Patient 1 remains well on 5 mg/kg once weekly ERT,
stepped down after 3 months, which was well tolerated,
with no anaphylaxis or adverse reactions

Patient 2

The patient, a full-term male newborn with normal birth
weight (3.23 kg), presented with vomiting and abdomi-
nal distension from the first days of life, and was admit-
ted in hospital at 6 weeks of age due to failure to thrive.
He was pale, and abdominal distension with spleno-
megaly and cachexia were evident, with a body weight of
3.52 kg, below the 3rd percentile. Laboratory investiga-
tions showed HDL <5 mg/dL, raised transaminases (AST:
225 TU/L, ALT: 237 IU/L, GGT: 157 IU/L), high ferritin
(1072 ng/mL), and low fat soluble vitamins (25-OH-vita-
min D: 13 ng/mL, vitamin A: 0.08 mg/L and vitamin E:
1.3 mg/L). Blood film examination revealed vacuolated
lymphocytes and 7-KC levels were increased (906 ng/
mL; normal range 2 to 103.6). LAL-D diagnosis was con-
firmed after the determination of LAL enzyme activity
in DBS (0.02 nmol/punch/h) and genetic testing, which
revealed the NM_000235.2:c.966+2T>G variant in a
homozygous state. The patient started enteral modular
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feeds containing glucose polymer, medium-chain fat and
an amino acid mixture at 1 month and 23 days of age,
and a day later ERT with Sebelipase at 5 mg/kg/week was
started. Due to the intestinal damage, there was a malab-
sorption worsening with a weight loss of 250 g in 24 h,
and TPN was started. At that moment, the decision was
made to increase Sebelipase dosage up to 5 mg/kg/twice
a week. This twice a week infusion regimen was main-
tained for 4 weeks. At 3 months of age TPN was stopped,
and the patient was discharged home eight days later. At
the time of writing, the patient is almost 5 months, with a
body weight of 6.75 kg (p25).

Patient 3

Patient 3 presented at the age of 2.5 months with a typi-
cal history for WD, including vomiting and loose stools
since birth, hepatosplenomegaly and ascites, with lipid
storage in Kupffer cells on liver biopsy. The diagno-
sis was confirmed by both enzyme analysis (leukocyte
acid esterase activity 32 nmol/mg/hr, reference range
35-2,000 nmol/mg/h) and molecular genetics, which
identified a homozygous whole gene deletion of LIPA,
previously reported in a series of patients with WD of
South Asian background [27]. Enzyme replacement
therapy with sebelipase alfa at an initial dose of 5 mg/kg
weekly was commenced at 3 months of age, and he was
changed from a high energy feed with significant fat con-
tent (6.3 g total fat/kg/d, 60% MCT) to fat-free total par-
enteral nutrition. At baseline, he had hypoalbuminaemia
(26 g/L), mildly elevated triglycerides (2.7 mmol/L) and
C-reactive protein (32 mg/L). He was anemic (hemoglo-
bin 76 g/L), but without thrombocytopenia or leukope-
nia. Transaminases and ferritin were normal. Plasma
oxysterols (cholestane-3f, 5a, 6fB-triol) at baseline were
elevated at 107 ng/ml (reference range 10-37 ng/ml).
During the first 2—3 weeks on ERT, a hyper-inflammatory
picture became apparent, with persistently raised CRP,
intermittent fever without positive blood cultures, and
a requirement for repeated blood transfusions. Abdomi-
nal distension and ascites markedly increased, associated
with rapid weight gain and tachypnoea, and this persisted
despite treatment with fluid restriction and diuretics
(furosemide and spironolactone). Due to ongoing respi-
ratory distress, he was admitted to the paediatric inten-
sive care unit after 5 weeks on ERT, and commenced
non-invasive ventilatory support. There was a modest
improvement in tachypnoea following needle aspira-
tion of ascitic fluid, but this was not sustained. Given the
hyperinflammatory picture, ascites and respiratory dis-
tress, the frequency of enzyme replacement therapy was
increased (to 5 mg/kg twice weekly). Following this, he
made a good recovery and was stepped down from inten-
sive care after one week. There was clinical and radio-
logical improvement in ascites with only a trace of free
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fluid observable on ultrasound after 6 months on ERT.
By this point, weight gain had stabilised, tachypnoea and
fever had resolved, he was no longer transfusion depen-
dent, and he had established enteral feeding with an
amino acid based, high carbohydrate, minimal fat (0.8 g
LCT for essential fatty acids) modular feed. Organomeg-
aly improved, with 6 cm hepatomegaly and no palpable
splenomegaly. Plasma oxysterols reduced to below the
upper limit of normal within one month of starting twice
weekly ERT, and remain within the reference range. Anti-
sebelipase antibody titres peaked at a moderate titre of
1:16384 (7 weeks after commencing ERT), and have since
remained stable. Overall, his clinical condition is vastly
improved and he was discharged home after a total inpa-
tient stay of 6 months. After 2 months he was stepped
down to once weekly sebelipase at 5 mg/kg.

Effective pharmacokinetics in patients 1 and 2

We carried out serial determinations of LAL activity
in leukocytes and quantification of plasma oxysterols
(7-KC), to explore the pharmacokinetics and pharmaco-
dynamics of this intensive regimen. Six time points were
included: pre-infusion before the first of two weekly doses
of sebelipase alfa (0 h); 24 h after the first weekly dose of
Sebelipase alfa (24 h); 72 h after the first weekly dose of
Sebelipase alfa (72 h); 96 h after the first weekly dose of
sebelipase alfa, which coincides with the pre-infusion
time point of the second weekly dose of sebelipase alfa
(96 h); 120 h after the first weekly dose of sebelipase alfa
which coincides with 24 h after the second weekly dose
of sebelipase alfa (120 h); and 144 h after the first weekly
dose of sebelipase alfa which coincides with 48 h after
the second weekly dose of sebelipase alfa (144 h). Results
corresponding to patient 1 are displayed in Fig. 1. It must
be noted that due to worsening anaemia, the volume of
blood obtained at the 144 h time point was only sufficient
to analyse 7-KC concentrations. Results are displayed in
Fig. 1 for patient 1 and Fig. 2 for patient 2.

As shown in Fig. 1, the baseline level of LAL activity
was abnormally low (15 nmol/mg/h; normal range: 258—
1141 nmol/mg/h), similar to levels observed in untreated
WD patients. Twenty-four hours after the first twice
weekly dose of Sebelipase alfa, a rapid increase in LAL
activity was observed up to 40 nmol/mg/hour, corre-
sponding to an increase of 133% of the basal activity. Sub-
sequently, a rapid decrease in LAL activity was observed,
reaching baseline values within 72 h after. Similarly, 24 h
after the second weekly dose of sebelipase alfa, there is
evidence of a rapid rise in LAL activity up to 50 nmol/
mg/h.

In parallel, two peaks of 7-KC in plasma (498 ng/mL
and 300 ng/mL) are observed at 24 h after the first and
the second twice weekly doses of Sebelipase alfa respec-
tively, and progressively decreasing between infusions,
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showing a double clearance of substrate. Baseline 7-KC
concentration prior to the first twice weekly dose of Sebe-
lipase alfa was 400 ng/mL (normal range: 2-104 ng/mL)
and fell to 225 ng/mL prior to the second weekly dose
of Sebelipase alfa. However, despite the aforementioned
double clearance mechanism, oxysterol levels in plasma
remain significantly high with values compatible with

the diagnosis of WD and did not normalize, even after
receiving the intensive regimen of ERT for 1.5 months.

As shown in Fig. 2, the baseline level of LAL activ-
ity was abnormally low (9.20 nmol/mg/h; normal range:
258-1141 nmol/mg/h). Twenty-four hours after the first
twice weekly dose of Sebelipase alfa, a rapid increase in
LAL activity was observed, up to 28 nmol/mg/hour. Sub-
sequently, a rapid decrease in LAL activity was observed.
Similarly, 24 h after the second weekly dose of sebelipase
alfa, there is evidence of a rapid rise in LAL activity up to
20.8 nmol/mg/h.

Effective pharmacokinetics in fibroblasts (patient 3)

Serial LAL activity was measured in cultured fibroblasts
obtained from a historical WD patient as part of a pulse-
chase experiment. Addition of Sebelipase showed a sig-
nificant peak above physiological range initially but this
had decreased to almost baseline values by 48—72 h post
infusion. Fibroblasts probably take up lysosomal enzymes
via the M-6P receptor whereas macrophages predomi-
nantly use the mannose receptor. Importantly, both cell
types in vivo and in vitro consistently show a relatively
short intracellular half life.
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Discussion
WD is a rare, progressive infantile onset disease caused
by insufficient LAL activity and leading to death with a
median age of 3.5 months [12]. The disease hallmarks
include liver failure, hepatosplenomegaly, steatorrhea
and malabsorption, and adrenal calcification due to
extensive storage of cholesteryl esters and triglycerides
in the lysosomes of Kupffer cells, hepatocytes and mac-
rophages [28]. Sebelipase alfa is licensed for long-term
treatment of infants with WD after receiving marketing
authorization from the Food and Drug Administration
and the European Medicine Agency in 2015, following an
accelerated assessment due to unmet medical need [29].

Due to the very low incidence of WD, the number of
participants in the pivotal clinical trials of sebelipase alfa
was necessarily small. The collection of long-term effi-
cacy data is therefore mandatory. In the clinical trials
VITAL (N=9) and CL08 (N=10), significant improve-
ments were observed for a number of disease parameters
and there was an improvement in survival of infants with
WD. This survival benefit appeared to be even greater in
the second clinical trial, CLO8, which allowed for higher
starting doses, faster dose escalation, and higher maximal
doses, as compared to the VITAL study [20].

Dose-dependent responses to recombinant human
LAL have been demonstrated in a mouse model of
LAL-D. However, the LIPA”~ mouse is not an ideal
model for WD as it resembles the later onset pheno-
type more closely [30, 31]. It also does not demonstrate
the inflammatory disease seen so frequently in infants.
Two comparative preclinical studies with recombinant
human LAL in LIPA”" mice [32] were conducted with
lower doses (0.8 and 3.2 mg/kg weekly), beginning at
16 weeks (study 1) and with higher dose (10 mg/kg) in
early (8 weeks), middle (16 weeks) and late (24 weeks)
disease stage (study 2). Systemic evaluation of the dosage
and treatment initiation age on lipids, organ size, body
weight and life span in LIPA”" mice revealed that treat-
ment started at early or middle disease stages resulted in
greater effects than later stage initiations, and survival
was also dose dependent (in study 1 ERT extended the
life span by 52 days with 0.8 mg/kg versus 94 days with
3.2 mg/kg). Also, the higher dose of ERT (10 mg/kg)
given weekly was able to prevent disease progression and
even reversal of advanced disease. These studies revealed
some issues that remain relevant to the dosing of ERT for
patients with WD, especially those more severely affected
with advanced disease. This includes the potential need
for dose variation depending upon disease stage, and
raises the possibility of reversal of disease manifestations
with higher dosing, even in late stage disease.

Higher doses than 5 mg/kg weekly were not tested in
the clinical trials due to a prior assumption that the opti-
mal dose would be between 1 and 3 mg/kg weekly (of
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note the licensed dose for late onset LAL-D is 1 mg/kg
alternate weekly). More than once weekly dosing was not
tested in either the pre-clinical model or human trials.
However, there are previous data from three other pre-
clinical studies employing recombinant human LAL pro-
duced in different systems. In these studies, using a 3-day
interval of administration, the authors showed normal-
ization of hepatic color, decreases in hepatic cholesterol
and triglycerides contents, and diminished foamy macro-
phages in liver, spleen and intestinal villi in a dose depen-
dent manner [33-35]. They also demonstrated that the
half-life of the recombinant enzyme was 14 h and 32 h in
liver and spleen, respectively [33].

Pharmacokinetics (PK) of enzyme replacement thera-
pies are traditionally evaluated as plasma levels. These
levels however are rarely informative for dosing deci-
sions as lysosomal enzymes are usually only active at
lysosomal pH. More useful information may be gained
from understanding the intracellular PK over time and
following an intravenous infusion. While this can be
challenging in LSDs with multi-organ storage, in WD
the macrophage is the main storage cell. Using a mixed
leukocyte preparation permits accurate understanding
of active enzyme in the relevant cell type in this disease.
We have termed this the ‘effective PK Our LAL activity
data, both in leukocytes and fibroblasts, support the idea
that there is short-lived enzyme activity post-dose, sug-
gesting that sebelipase alfa is present in cells for only 2—3
days post-administration. When combined with plasma
oxysterol levels, it is shown that the increase in LAL
activity after twice weekly ERT administration is biologi-
cally important, as it is associated with a temporary rise
in oxysterol, presumably related to release of previously
stored lipids and partially oxidised cholesterol, exerting a
further clearance of substrate. Importantly, the fact that
oxysterol levels were persistently high in patient 1, with-
out normalization even after 1.5 months of twice weekly
sebelipase, shows that there is still biologically relevant
lipid storage in the ‘trough’ periods before the next dos-
ing. This may suggest that even with twice weekly infu-
sions, no steady state is truly achieved. Correspondingly,
samples taken intermittently in patient 3 over the course
of several weeks, showed higher leukocyte LAL activity
in all inter-infusion samples compared to all pre-infusion
‘trough’ samples (supplemental Fig. 1). This may be of
special interest in the most severely ill patients present-
ing in extremis, with a potential for increased chance of
survival by correcting the pathophysiology of the dis-
ease more quickly and avoiding the rapid progression to
multi-organ failure.

While the survival benefit of sebelipase alfa was clear
from the two clinical trials, even in the second trial some
infants died. This was recognised to be often those infants
presenting in later stages of disease, with significant
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inflammation and more severe end organ damage. Indi-
viduals described in this report had a severely compro-
mised clinical status, consistent with a more advanced
stage of WD. Due to their life-threatening condition and
the hypothesis that higher doses of sebelipase may lead to
better outcomes, the medical teams decided to adminis-
ter intensive high dose twice weekly treatment. This was
associated with progressive improvement in clinical sta-
tus and ultimately led to the rescue and survival of the
three patients included in this cohort, and without any
severe adverse events related to the increased dosage.

One possible concern of the administration of this
intensive regimen of sebelipase alfa twice weekly would
be the increased risk of hypersensitivity reactions. Nev-
ertheless, all patients were successfully maintained on
twice weekly infusions as long as was clinically indi-
cated, despite occasional infusion reactions as previously
reported, thus confirming the acceptable safety profile
of this therapeutic strategy. This is especially relevant
when dealing with unstable patients with an advanced
stage of WD, in whom the risk of decompensation may
be increased.

We acknowledge limitations to this study including the
small sample size, the lack of a head-to-head comparison
and no blinding. However, given the rarity and lethality
of WD, little is known about an optimal ERT dosing and
the post-licensing environment does not allow for a for-
mal clinical trial evaluation.

Our PK approach in this paper differs from the typi-
cal model. However, we believe it may offer advantages
in lysosomal storage disorders when the drug is typi-
cally only active once intracellular. Preliminary work in
our laboratory suggests other recombinant enzymes (e.g.
laronidase) are much more persistent in leukocytes and
reach a steady state with weekly dosing (unpublished
observations). This clearly does not occur with Sebelipase
and this information is critical to dosing decisions in the
most extreme cases. The concept of ‘effective pharmaco-
kinetics’ may be relevant for a number of other ERTs in
this area.

The recently published article by Demaret et al. [15]
shows a 100% survival rate in a cohort of five patients
with WD, compared to a survival rate of 55% and 80% in
the LAL-CL03 and LAL-CLOS8 studies, respectively. The
authors attribute these good results to the high propor-
tion of positive family history in their cohort (3/5), lead-
ing to an early diagnosis (between 0 and 2 months of age)
and better clinical status at ERT initiation. We therefore
consider that there is an unmet need for those patients
who are diagnosed in more advanced stages of the dis-
ease with profoundly compromised clinical status, in
which a higher dose increased frequency regimen may be
of benefit.
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Some authors advocate for multimodal treatment of
WD [27], including ERT and dietary substrate reduction
diet (SRD) combined with hematopoietic stem cell trans-
plantation (HSCT). ERT and SRD improves the HCT
process and HCT likely provides better enzyme deliv-
ery to tissues and better long term outcomes, than those
achievable with ERT alone. There is a need for a flexible
approach to dosing and combination therapy to gain the
best outcome for all infants, even those in extremis. This
is a good example of precision medicine, optimising the
dose and mode of therapy for each individual patient.
While accelerated approval for drugs with a dramatic
patient benefit like sebelipase alfa are welcome, clini-
cal trials are aimed at regulatory approvals rather than
guiding clinical management and designing optimal care
pathways. Post-approval clinical trials in such a severe
and ultra-orphan disease are unlikely and so case series
such as this, supported by opportunistic pharmacokinetic
and dynamic measures may be the only way to generate
further evidence. While industry registries are common,
few have generated major clinically important data [36].
Studies like these remain an important tool for improv-
ing outcomes but only if regulators and reimbursement
authorities will begin to accept this level of evidence.
Specifically for sebelipase alfa, we make the case that a
short-term intensification of ERT, with a dose of 5 mg/kg
twice weekly, has the potential to rescue even the most
severely unwell WD infants who otherwise may not have
survived, and we suggest that the approved label could be
altered to reflect this new dosing paradigm. The benefits
of accelerated approval approaches from regulators will
be lessened if there is not also a pragmatic approach to
review of post licensing real world data.

Conclusions

Pharmacokinetics in leukocytes and further in vitro work
demonstrates that the intracellular half-life of Sebeli-
pase alfa (Kanuma®) is very short, supporting that twice
weekly dosing (which was not tested in the clinical trials)
rescues the most unwell children with WD by increasing
substrate clearance.

Acknowledgements

To the patients and families, the LALD Spanish Society (AELALD) and the
MPS Society UK. MJ.C, JH, PSP, M.LC, CCM, PC. and M.J.C are members
of the European Reference Network for Rare Hereditary Metabolic Disorders
(MetabERN) Project ID No. 739543. This research was supported by the NIHR
Manchester Biomedical Research Centre (NIHR203308).

Author contributions

M.J.C, S.AJ.and A.G. conceived the original idea, designed the experiment,
looked after the patients and wrote de manuscript. JH, PSP M.L.C, MJ.C,
FJW and V.H applied the original idea, looked after the patients and aided in
interpreting the results. CCM, PC, M.U, H.C, KB, W.H.Y, J.C, LLF, IS conceived
and carried out the experiments, aided in interpreting the results and
designed the figures. All authors provided critical feedback and helped shape
the research, analysis and manuscript.



Castro de et al. Orphanet Journal of Rare Diseases (2024) 19:244

Funding
This research received no specific grant from any funding agency in the public
or commercial sectors.

Data availability
Data archiving is not mandated but data will be made available on reasonable
request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Informed consent was obtained from the parents to participate and to submit
and publish the results in the journal.

Competing interests

Marfa José de Castro, Simon A Jones, Javier de las Heras, Cristobal Colén and
Fiona J White have received honoraria and consultancy fees from Alexion. The
remaining authors declare that they have no conflict of interest.

Received: 18 April 2023 / Accepted: 19 May 2024
Published online: 25 June 2024

References

1. KohliR, Ratziu V, Fiel MI, Waldmann E, Wilson DP, Balwani M. Initial assessment
and ongoing monitoring of lysosomal acid lipase deficiency in children
and adults: Consensus recommendations from an international collabora-
tive working group. Mol Genet Metab. 2020;129(2):59-66. https://doi.
0rg/10.1016/j.ymgme.2019.11.004.

2. Pericleous M, Kelly C, Wang T, Livingstone C, Ala A. Wolman'’s disease and
cholesteryl ester storage disorder: the phenotypic spectrum of lysosomal
acid lipase deficiency. Lancet Gastroenterol Hepatol. 2017,2(9):670-9. https//
doi.org/10.1016/S2468-1253(17)30052-3.3.

3. LiF, Zhang H. Lysosomal acid lipase in lipid metabolism and Beyond.
Arterioscler Thromb Vasc Biol. 2019;39(5):850-6. https://doi.org/10.1161/
ATVBAHA.119.312136.

4. Zhang H. Lysosomal acid lipase and lipid metabolism: new mechanisms, new
questions, and new therapies. Curr Opin Lipidol. 2018;29(3):218-23. https//
doi.org/10.1097/MOL.0000000000000507.

5. Carter A, Brackley SM, Gao J, Mann JP. The global prevalence and genetic
spectrum of lysosomal acid lipase deficiency: a rare condition that
mimics NAFLD. J Hepatol. 2019;70(1):142-50. https://doi.org/10.1016/j.
jhep.2018.09.028.

6.  Consuelo-Sanchez A, Vazquez-Frias R, Reyes-de la Rosa A, Acosta-Rodriguez-
Bueno CP, Ortal-Vite MP, Cebolla JJ. Mutations identified in a cohort of
Mexican patients with lysosomal acid lipase deficiency. Ann Hepatol.
2019;18(4):646-50. https//doi.org/10.1016/j.achep.2018.07.005.

7. Camarena C, Aldamiz-Echevarria LJ, Polo B, Barba Romero MA, Garcia |,
Cebolla JJ, Ros E. Update on lysosomal acid lipase deficiency: diagnosis, treat-
ment and patient management. Med Clin (Barc). 2017;148(9):429. .e1-429.
e10.

8. Fulcher AS, Das Narla L, Hingsbergen EA. Pediatric case of the day. Wolman
disease (primary familial xanthomatosis with involvement and clacifica-
tion of the adrenal glands). Radiographics. 1998;18(2):533-5. https://doi.
0rg/10.1148/radiographics.18.2.9536498.

9. Baronio F, Conti F, Miniaci A, Carfagnini F, Di Natale V, Di Donato G, Testi M,
Totaro C, De Fanti A, Boenzi S, Dionisi-Vici C, Esposito S, Pession A. Diagnosis,
treatment, and follow-up of a case of Wolman disease with hemophagocytic
lymphohistiocytosis. Mol Genet Metab Rep. 2021;30:100833. https://doi.
0rg/10.1016/jymgmr.2021.100833.

10. Bartakke S, Nisal A, Bafna V, Valecha A. Secondary Hemophagocytic Lym-
phohistiocytosis in an infant with Wolman Disease. Indian J Hematol Blood
Transfus. 2021;37(1):191-2. https;//doi.org/10.1007/512288-020-01350-4.

11. Tinsa F, Ben Romdhane M, Boudabous H, Bel Hadj |, Brini |, Tebib N,

Louati H, Bekri S, Boussetta K. A Novel Mutation ¢.153 C>Ain a Tunisian
girl with Wolman Disease and unusual presentation: Hemophagocytic

20.

21.

22.

23.

24.

25.

26.

27.

Page 8 of 9

Lymphohistiocytosis. J Pediatr Hematol Oncol. 2019;41(3):e193-6. https://doi.
0rg/10.1097/MPH.0000000000001192.

Jones SA, Valayannopoulos V, Schneider E, Eckert S, Banikazemi M, Bialer M,
Cederbaum S, Chan A, Dhawan A, Di Rocco M, Domm J, Enns GM, Finegold
D, Gargus JJ, Guardamagna O, Hendriksz C, Mahmoud IG, Raiman J, Selim LA,
Whitley CB, Zaki O, Quinn AG. Rapid progression and mortality of lysosomal
acid lipase deficiency presenting in infants. Genet Med. 2016;18(5):452-8.
https://doi.org/10.1038/gim.2015.108.

Hamilton J, Jones |, Srivastava R, Galloway P. A new method for the measure-
ment of lysosomal acid lipase in dried blood spots using the inhibitor lalistat
2.Clin Chim Acta. 2012;413(15-16):1207-10. https://doi.org/10.1016/j.
cca.2012.03.019.

Del Angel G, Hutchinson AT, Jain NK, Forbes CD, Reynders J. Large-scale func-
tional LIPA variant characterization to improve birth prevalence estimates of
lysosomal acid lipase deficiency. Hum Mutat. 2019;40(11):2007-20. https://
doi.org/10.1002/humu.23837.

Demaret T, Lacaille F, Wicker C, Arnoux JB, Bouchereau J, Belloche C, Gitiaux
C, Grevent D, Broissand C, Adjaoud D, Abi Warde MT, Plantaz D, Bekri S, de
Lonlay P, Brassier A. Sebelipase alfa enzyme replacement therapy in Wolman
disease: a nationwide cohort with up to ten years of follow-up. Orphanet J
Rare Dis. 2021;16(1):507. https://doi.org/10.1186/513023-021-02134-3.
Burton BK, Feillet F, Furuya KN, Marulkar S, Balwani M. Sebelipase alfa in
children and adults with lysosomal acid lipase deficiency: final results

of the ARISE study. J Hepatol. 2022;76:577-87. https://doi.org/10.1016/j.
jhep.2021.10.026.

Balwani M, Breen C, Enns GM, Deegan PB, Honzik T, Jones S, Kane JP, Malinova
V, Sharma R, Stock EQ, Valayannopoulos V, Wraith JE, Burg J, Eckert S, Schnei-
der E, Quinn AG. Clinical effect and safety profile of recombinant human
lysosomal acid lipase in patients with cholesteryl ester storage disease.
Hepatology. 2013;58(3):950-7. https://doi.org/10.1002/hep.26289.

Burton BK, Sanchez AC, Kostyleva M, Martins AM, Marulkar S, Abel F, Baric I.
Long-term sebelipase Alfa Treatment in children and adults with lysosomal
Acid Lipase Deficiency. J Pediatr Gastroenterol Nutr. 2022,74(6):757-64.
https://doi.org/10.1097/MPG.0000000000003452.

Jones SA, Rojas-Caro S, Quinn AG, Friedman M, Marulkar S, Ezgu F, Zaki O,
Gargus JJ, Hughes J, Plantaz D, Vara R, Eckert S, Arnoux JB, Brassier A, Le Quan
Sang KH, Valayannopoulos V. Survival in infants treated with sebelipase Alfa
for lysosomal acid lipase deficiency: an open-label, multicenter, dose-
escalation study. Orphanet J Rare Dis. 2017;12(1):25. https://doi.org/10.1186/
$13023-017-0587-3.

Vijay S, Brassier A, Ghosh A, Fecarotta S, Abel F, Marulkar S, Jones SA. Long-
term survival with sebelipase alfa enzyme replacement therapy in infants
with rapidly progressive lysosomal acid lipase deficiency: final results

from 2 open-label studies. Orphanet J Rare Dis. 2021;16(1):13. https://
doi.org/10.1186/513023-020-01577-4. Erratum in: Orphanet J Rare Dis.
2021;16(1):113. PMID: 33407676; PMCID: PMC7789691.

Guy GJ, Butterworth J. Acid esterase activity in cultured skin fibroblasts and
amniotic fluid cells using 4-methylumbelliferyl palmitate. Clin Chim Acta.
1978;84(3):361-71. https://doi.org/10.1016/0009-8981(78)90253-x.

Lukacs Z, Barr M, Hamilton J. Best practice in the measurement and interpre-
tation of lysosomal acid lipase in dried blood spots using the inhibitor lalistat
2.Clin Chim Acta. 2017;471:201-5. https://doi.org/10.1016/j.cca.2017.05.027.
Epub 2017 May 19. PMID: 28532785.

Lin N, Zhang H, Qiu W, Ye J, Han L, Wang Y, Gu X. Determination of 7-ketocho-
lesterol in plasma by LC-MS for rapid diagnosis of acid SMase-deficient Nie-
mann-pick disease. J Lipid Res. 2014;55(2):338-43. https://doi.org/10.1194/jlr.
D044024.

Narayanaswamy R, lyer V, Khare P, Bodziak ML, Badgett D, Zivadinov R,
Weinstock-Guttman B, Rideout TC, Ramanathan M, Browne RW. Simultane-
ous determination of oxysterols, cholesterol and 25-hydroxy-vitamin D3 in
human plasma by LC-UV-MS. PLoS ONE. 2015;10(4):e0123771. https://doi.
org/10.1371/journal.pone.0123771.

Cooper JA, Church HJ, Wu HY, Cholestane-3p. 5a, 6@-triol: further insights
into the performance of this oxysterol in diagnosis of Niemann-pick disease
type C. Mol Genet Metab. 2020;130(1):77-86. https://doi.org/10.1016/j.
ymgme.2020.02.008.

Ruiz-Andrés C, Sellés E, Arias A, Gort L, Spanish LAL, Deficiency Working
Group. Lysosomal Acid Lipase Deficiency in 23 Spanish patients: high
frequency of the Novel ¢.966 + 2T > G mutation in Wolman Disease. JIMD Rep.
2017;37:7-12. https://doi.org/10.1007/8904_2017_6.

Potter JE, Petts G, Ghosh A, White FJ, Kinsella JL, Hughes S, Roberts J, Hodg-
kinson A, Brammeier K, Church H, Merrigan C, Hughes J, Evans P, Campbell


https://doi.org/10.1016/j.ymgme.2019.11.004
https://doi.org/10.1016/j.ymgme.2019.11.004
https://doi.org/10.1016/S2468-1253(17)30052-3.3
https://doi.org/10.1016/S2468-1253(17)30052-3.3
https://doi.org/10.1161/ATVBAHA.119.312136
https://doi.org/10.1161/ATVBAHA.119.312136
https://doi.org/10.1097/MOL.0000000000000507
https://doi.org/10.1097/MOL.0000000000000507
https://doi.org/10.1016/j.jhep.2018.09.028
https://doi.org/10.1016/j.jhep.2018.09.028
https://doi.org/10.1016/j.aohep.2018.07.005
https://doi.org/10.1148/radiographics.18.2.9536498
https://doi.org/10.1148/radiographics.18.2.9536498
https://doi.org/10.1016/j.ymgmr.2021.100833
https://doi.org/10.1016/j.ymgmr.2021.100833
https://doi.org/10.1007/s12288-020-01350-4
https://doi.org/10.1097/MPH.0000000000001192
https://doi.org/10.1097/MPH.0000000000001192
https://doi.org/10.1038/gim.2015.108
https://doi.org/10.1016/j.cca.2012.03.019
https://doi.org/10.1016/j.cca.2012.03.019
https://doi.org/10.1002/humu.23837
https://doi.org/10.1002/humu.23837
https://doi.org/10.1186/s13023-021-02134-3
https://doi.org/10.1016/j.jhep.2021.10.026
https://doi.org/10.1016/j.jhep.2021.10.026
https://doi.org/10.1002/hep.26289
https://doi.org/10.1097/MPG.0000000000003452
https://doi.org/10.1186/s13023-017-0587-3
https://doi.org/10.1186/s13023-017-0587-3
https://doi.org/10.1186/s13023-020-01577-4
https://doi.org/10.1186/s13023-020-01577-4
https://doi.org/10.1016/0009-8981(78)90253-x
https://doi.org/10.1016/j.cca.2017.05.027
https://doi.org/10.1194/jlr.D044024
https://doi.org/10.1194/jlr.D044024
https://doi.org/10.1371/journal.pone.0123771
https://doi.org/10.1371/journal.pone.0123771
https://doi.org/10.1016/j.ymgme.2020.02.008
https://doi.org/10.1016/j.ymgme.2020.02.008
https://doi.org/10.1007/8904_2017_6

Castro de et al. Orphanet Journal of Rare Diseases (2024) 19:244

28.

29.

30.

31.

32.

H, Bonney D, Newman WG, Bigger BW, Broomfield A, Jones SA, Wynn RF.
Enzyme replacement therapy and hematopoietic stem cell transplant:

a new paradigm of treatment in Wolman disease. Orphanet J Rare Dis.
2021;16(1):235. https://doi.org/10.1186/513023-021-01849-7.

Boldrini R, Devito R, Biselli R, Filocamo M, Bosman C. Wolman disease and
cholesteryl ester storage disease diagnosed by histological and ultra-
structural examination of intestinal and liver biopsy. Pathol Res Pract.
2004;200(3):231-40. https://doi.org/10.1016/j.prp.2003.11.001.

Pastores GM, Hughes DA. Lysosomal Acid Lipase Deficiency: Therapeutic
options. Drug Des Devel Ther. 2020;14:591-601. https://doi.org/10.2147/
DDDT.5149264.

Du H, Duanmu M, Witte D, Grabowski GA. Targeted disruption of the mouse
lysosomal acid lipase gene: long-term survival with massive cholesteryl ester
and triglyceride storage. Hum Mol Genet. 1998;7(9):1347-54. https://doi.
0rg/10.1093/hmg/7.9.1347.

Du H, Heur M, Duanmu M, Grabowski GA, Hui DY, Witte DP, Mishra J.
Lysosomal acid lipase-deficient mice: depletion of white and brown

fat, severe hepatosplenomegaly, and shortened life span. J Lipid Res.
2001,42(4):489-500.

Sun'Y, Xu YH, Du H, Quinn B, Liou B, Stanton L, Inskeep V, Ran H, Jakubow-
itz P, Grilliot N, Grabowski GA. Reversal of advanced disease in lysosomal
acid lipase deficient mice: a model for lysosomal acid lipase deficiency
disease. Mol Genet Metab. 2014;112(3):229-41. https://doi.org/10.1016/j.
ymgme.2014.04.006.

Page 9 of 9

33. DuH, CameronTL, Garger SJ, Pogue GP, Hamm LA, White E, Hanley KM,
Grabowski GA. Wolman disease/cholesteryl ester storage disease: efficacy
of plant-produced human lysosomal acid lipase in mice. J Lipid Res.
2008;49(8):1646-57. https://doi.org/10.1194/jIrM700482-JLR200.

34. DuH, Schiavi S, Levine M, Mishra J, Heur M, Grabowski GA. Enzyme
therapy for lysosomal acid lipase deficiency in the mouse. Hum Mol Genet.
2001;10(16):1639-48. https://doi.org/10.1093/hmg/10.16.1639.

35. DuH, Levine M, Ganesa C, Witte DP, Cole ES, Grabowski GA. The role of
mannosylated enzyme and the mannose receptor in enzyme replacement
therapy. Am J Hum Genet. 2005;77(6):1061-74. doi: 10.1086/498652. 36
Hollak, C.EM. Limitations of drug registries to evaluate orphan medicinal
products for the treatment of lysosomal storage disorders. Orphanet J Rare
Dis. 2011,6:16. doi: 10.1186/1750-1172-6-16

36. Hollak CEM, Sirrs S, van den Berg S, van der Wel V, Langeveld M, Dekker H,
Lachmann R, de Visser SJ. Registries for orphan drugs: generating evidence
or marketing tools? Orphanet J Rare Dis. 2020;15(1):235. https://doi.
0rg/10.1186/513023-020-01519-0.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1186/s13023-021-01849-7
https://doi.org/10.1016/j.prp.2003.11.001
https://doi.org/10.2147/DDDT.S149264
https://doi.org/10.2147/DDDT.S149264
https://doi.org/10.1093/hmg/7.9.1347
https://doi.org/10.1093/hmg/7.9.1347
https://doi.org/10.1016/j.ymgme.2014.04.006
https://doi.org/10.1016/j.ymgme.2014.04.006
https://doi.org/10.1194/jlr.M700482-JLR200
https://doi.org/10.1093/hmg/10.16.1639
https://doi.org/10.1186/s13023-020-01519-0
https://doi.org/10.1186/s13023-020-01519-0

	﻿Twice weekly dosing with Sebelipase alfa (Kanuma®) rescues severely ill infants with Wolman disease
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿LAL enzyme activity
	﻿Molecular genetic diagnosis
	﻿Plasma oxysterols
	﻿Cell culture

	﻿Results
	﻿Demographics, safety and clinical follow up in severely ill WD patients receiving sebelipase alfa 5 mg/kg twice weekly
	﻿Patient 1


	﻿Patient 2
	﻿Patient 3
	﻿Effective pharmacokinetics in patients 1 and 2
	﻿Effective pharmacokinetics in fibroblasts (patient 3)

	﻿Discussion
	﻿Conclusions
	﻿References


