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A B S T R A C T

Acid sphingomyelinase deficiency (ASMD) is a rare progressive genetic disorder caused by
pathogenic variants in the SMPD1 gene causing low or absent activity of the enzyme acid
sphingomyelinase, resulting in subsequent accumulation of its substrate, sphingomyelin. Signs
and symptoms of excessive lysosomal sphingomyelin storage, such as hepatosplenomegaly and
pulmonary impairment, and in a subset of patients, progressive neurological manifestations,
have long been recognized as hallmarks of the disease. Uncontrolled accumulation of sphin-
gomyelin has important and complex downstream metabolic and immunologic consequences
that contribute to the disease burden. This review article expounds on the complex and multi-
faceted role of sphingomyelin in the pathophysiology of ASMD and discusses the animal studies
and human interventional trials demonstrating that sphingomyelin and its related metabolites are
linked to ASMD clinical manifestations, disease burden, and response to treatment. The rela-
tionship between the diverse manifestations of ASMD and sphingomyelin accumulation and the
connections between sphingomyelin clearance and reversal of the noncentral nervous system
manifestations by olipudase alfa therapy also are described.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Acid sphingomyelinase deficiency (ASMD) is a rare lyso-
somal storage disease caused by pathogenic variants in the
SMPD1 gene, resulting in deficient activity of the lysosomal
enzyme acid sphingomyelinase (ASM) and the resultant
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intracellular accumulation of its substrate, sphingomyelin.1

ASMD encompasses a broad spectrum of disease with
variable age of onset, symptoms at presentation, and degree/
type of organ involvement. Historically known as type A
and B Niemann-Pick disease, it is now referred to as ASMD
and is delineated into infantile neurovisceral (ASMD type
.
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A, a rapidly progressive and invariably fatal neurodegen-
erative disease), chronic visceral (ASMD type B, a more
slowly progressive form without known neurologic
involvement), and chronic neurovisceral (ASMD type A/B,
an intermediate phenotype between A and B with more
slowly progressive neurologic manifestations) forms.2-4

ASMD is inherited in an autosomal recessive manner,
and more than 200 pathogenic or likely pathogenic SMPD1
variants have been identified to date, (https://www.ncbi.nlm.
nih.gov/clinvar) some with established genotype-phenotype
relationships.5 The overall estimated incidence of ASMD is
0.4 to 0.6 in 100,000 newborns, with higher prevalence in
specific populations.6 ASMD is underrecognized with
missed and delayed diagnoses; therefore, current estimates
likely underrepresent the actual prevalence.2

The most severe form of ASMD (ASMD type A, neuro-
visceral phenotype) is a fatal neurodegenerative disease of
infancy with death usually by 2 to 3 years of age. It is char-
acterized by rapidly progressive psychomotor degeneration,
failure to thrive, hepatosplenomegaly, and cherry-red macula.7

In contrast, ASMD type B8 and ASMD type A/B9 (chronic
visceral and chronic neurovisceral phenotypes, respectively)
are characterized by later onset of hepatosplenomegaly that
may be accompanied by interstitial pulmonary disease and
fibrosis, elevated liver function tests, dyslipidemia, and in
advanced cases, by liver fibrosis or cirrhosis (Table 12,3,8,10-14).
Clinical consequences may include spontaneous or trauma-
related spleen rupture, respiratory impairment, potentially
fatal pulmonary infections, anemia and leukopenia, delayed
bone development, growth, and puberty; osteopenia with
increased fracture risk; and progressive liver fibrosis leading to
hepatic dysfunction or liver failure. Long-standing hypercho-
lesterolemia may increase the risk of coronary artery disease.
In addition to visceral disease, patients with ASMD type A/B
have neurologic involvement that can include neurocognitive
delay, hypotonia, ataxia, and peripheral neuropathy.8,9 Chronic
ASMD phenotypes are associated with early mortality in
both children and adults.8,15-17 Until recently, clinical man-
agement was limited to addressing individual symptoms
to minimize complications and morbidity arising from pro-
gressive disease.18 The first disease-specific treatment for
ASMD, olipudase alfa (recombinant human ASM), was
approved in 2022 for the non-central nervous system (CNS)
manifestations of ASMD in children and adults and has been
shown to reverse signs and symptoms of sphingomyelin
storage and associated clinical disease manifestations.19

In this article, we review the role of sphingomyelin in the
pathophysiology of ASMD and explore how olipudase alfa
treatment can alleviate ASMD disease burden in children
and adults with ASMD.
Lysosomal function and the role of acid
sphingomyelinase

For many years, the biology and function of lysosomes
were defined solely by their catabolic function. Thus, the
pathophysiology of lysosomal storage disorders, including
ASMD, was assumed to be the direct consequence of
defective degradation and disposal of accumulated sub-
strates. It is now recognized that the autophagic-lysosomal
pathway is involved in many cellular functions, including
the regulation of multiple signaling pathways and the
adaptation to environmental stimuli.20 The expanded
awareness of lysosome function has substantially affected
our understanding of lysosomal storage disorder patho-
physiology, and it is now clear that substrate accumulation
often triggers complex pathogenic cascades that are
responsible for disease pathology.21

ASM is 1 of 5 sphingomyelinases encoded by distinct
genes in humans that vary in characteristics, including
subcellular location and optimal pH activity, with ASM
primarily being found in lysosomes and cell membranes.22

Sphingomyelin is the most prevalent sphingolipid in cells
and makes up approximately a third of the total lipids in cell
membranes.23 Sphingomyelin is hydrolyzed by ASM to
form ceramide and phosphocholine, with resulting
downstream effects on membrane structure, signal trans-
duction pathways, and the sphingolipid metabolism
(Figure 1A).24,25 ASM is unique among lysosomal enzymes
in having functions outside the lysosome, including trans-
location to the plasma membrane under stress conditions
where it initiates signaling through the breakdown of
sphingomyelin to ceramide.26 Sphingomyelin and ceramide
are major component of lipid microdomains, or “raft”
structures in the plasma membrane, which are highly
enriched in membrane proteins and are key sites of cell
signaling (Figure 1A24). Signaling is dependent upon the
fluidity of the membrane rafts, which is controlled in part by
the ratio of sphingomyelin and cholesterol to ceramide and
other sphingolipids.27 Significant changes in the sphingo-
myelin content of membrane rafts within plasma membranes
contribute to the development of many disorders and disease
states, including insulin resistance, fatty liver disease,
obesity, and inflammation.28

In ASMD, reduced or impaired ASM activity leads to the
accumulation of sphingomyelin in lysosomes and cells of the
monocyte/macrophage lineage that reside in reticuloendothe-
lial tissues, with appearance of lipid-laden macrophage and
parenchymal cells (called foam cells)29 in multiple tissues and
organs (Figure 1B).24 Because of the normal recycling of the
lysosomes to the cell surface, as well as the role of these or-
ganelles in autophagy, over time, the accumulated lysosomal
sphingomyelin is distributed to other cell compartments,
leading to broad cellular dysfunction. Liver, spleen, lung, and
bonemarrow are among the earliest andmost prominent organs
and tissues affected by sphingomyelin accumulation,1 but
accumulation occurs in multiple cell types and organs,
including the adrenal cortex, heart, kidney, lymph nodes, and
neurons (in neurologically impaired individuals).2,24

Because it is not always feasible or advisable to biopsy
target organs to determine sphingomyelin levels, a plasma
biomarker that reflects tissue sphingomyelin levels is ad-
vantageous. Lyso-sphingomyelin (lyso-SM) is the
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Table 1 Disease manifestations and burden of illness from natural history studies in children and adults with acid sphingomyelinase
deficiency

Tissue
Disease

Manifestation

Frequency in ASMD
Type B or A/B
(Natural History

Studies) Characterization

Liver Hepatomegaly ~90%2,3 Common presenting symptom; cause of abdominal distension
and early satiety; values can be up to 4× normal; liver
fibrosis/cirrhosis10

Abnormal LFTs ~50%3 Elevated ALT and AST and total bilirubin
Dyslipidemia ~90%3,11 Atherogenic profile: low HDL with high LDL, high total cholesterol,

and high triglycerides; may contribute to increased risk of
cardiovascular events

Lung ILD as measured by
high-resolution

computed tomography

~90%2,3 Caused by sphingomyelin-laden alveolar macrophages that
impair gas exchange12

Respiratory infections are common; pneumonia is a frequent
cause of death

% Predicted DLCO <80% ~70%8 Worsens over time in natural history studies10

Abnormal FVC, FEV1, TLC ~50%10 Usually indicative of restrictive (rather than obstructive)
pulmonary disease

Dyspnea 81%3 Associated with new/worsening ILD, decreased exercise tolerance
Spleen Splenomegaly/hypersplenism ~90%3 Common presenting symptom; cause of abdominal distension

and early satiety; values can be >27 multiples of normal.
Risk of spleen rupture

Skeletal Growth deficits (below CDC
50th percentile for age)

~90%3 The characteristic pattern in ASMD patients who are symptomatic
in early childhood is growth restriction associated with
delayed skeletal maturation. Not all patients with chronic

ASMD have short stature in adulthood.
Delayed bone

maturation/puberty
Most adolescents10 Foamy macrophages in bone marrow and sea blue histiocytes

are similar to what is seen in Gaucher disease and
indistinguishable from NPC and GM1 gangliosidosis and
other lysosomal diseases13

Bone pain 39%10 Can be debilitating and impact quality of life and activities
of daily living

Low BMD, osteopenia/
osteoporosis

by WHO classification

Most adults14 BMD is low in children and adults; pathologic fractures can
occur in patients with advanced disease

Brain Hypotonia, ataxia,
cognitive decline

Variable Most prominent in type A/B patients; minimal or
absent in type B patients

Biomarker Elevated plasma
lyso-sphingomyelin

100% Deacylated form of sphingomyelin measurable in plasma.
Mean 40× upper limit
of normal in ASMD patients enrolled in clinical trials

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ASMD, acid sphingomyelinase deficiency; BMD, bone mineral density; CDC, Centers for
Disease Control and Prevention; DLCO, diffusing capacity of the lungs for carbon monoxide; FEV1, forced expiratory volume in 1 second; FVC, forced vital
capacity; HDL, high-density lipoprotein; ILD, interstitial lung disease; LDL, low-density lipoprotein; LFTs, liver function tests; NPC, Niemann-Pick disease type
C; TLC, total lung capacity; WHO, World Health Organization.
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deacylated form of sphingomyelin and accumulates when
sphingomyelin degradation is impaired. Lyso-SM is likely
produced from sphingomyelin in lysosomes via the enzyme
acid ceramidase, which has a broad deacylase activity to-
ward several sphingolipids. Because lyso-SM is less lipo-
philic compared with sphingomyelin, it is more likely than
sphingomyelin to be released from membranes and into the
circulation. Consequently, plasma lyso-SM levels are
significantly elevated in individuals with ASMD.30-33

Plasma lyso-SM is a highly specific biomarker of
ASMD,34,35 and the levels correlate with ASMD disease
burden.30,36 In addition, lyso-SM accumulates in skin le-
sions of individuals with atopic dermatitis and may be
related to disruption of the skin barrier. The enzyme
responsible for the production of lyso-SM in atopic
dermatitis is sphingomyelin deacylase, which is identical to
the beta subunit of acid ceramidase.37 It is not known if
lyso-SM accumulates in the skin of ASMD patients and how
this may affect skin barrier function.

In clinical trials of enzyme replacement therapy (ERT)
for ASMD, the mean elevation of lyso-SM at trial baseline
was more than 40 times the upper limit of normal, and
changes in plasma lyso-SM have been used to assess both
initial and long-term treatment responses to ERT31-33,38-41 as
described in detail below in the sections on ASMD patho-
genesis in children and adults.



Figure 1 Sphingomyelin catabolism by acid sphingomyelinase (ASM) (A) and sphingomyelin accumulation in ASM deficiency
(ASMD) (B). A. Sphingomyelin is hydrolyzed by ASM to form ceramide and phosphocholine with resulting downstream effects on signal
transduction pathways and membrane structure driven in part by the ratio of sphingomyelin and cholesterol to ceramide and other sphin-
golipids in membrane microdomains called lipid rafts, which accumulate specific types of proteins (created in part using BioRender.com). B.
Widespread sphingomyelin accumulation in tissues and organs in ASMD. Histopathology of postmortem tissue samples from a child with
ASMD type A. Other organs with accumulation of sphingomyelin included adrenals, ganglion cells, pancreas, bone marrow, intestine, brain
(cortex and brainstem), tongue, and esophagus. Scale bar = 20 microns (images reproduced from Thurberg et al24 under CC BY-NC-ND
license http://creativecommons.org/licenses/BY-NC-ND/4.0/).
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The role of sphingomyelin accumulation in ASMD
pathogenesis: Animal models of ASMD

The effects of sphingomyelin accumulation in tissues and
organs affected by ASMD have been extensively studied
using a mouse model, the ASM knockout mouse
(ASMKO). ASMKO mice develop progressive sphingo-
myelin accumulation with disease manifestations similar to
those occurring in humans.42 Animals appear normal at
birth, but by 2 months of age exhibit significant accumu-
lation of sphingomyelin in liver, spleen, heart, lungs, and
brain compared with wild-type mice, with a concomitant

https://BioRender.com
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decrease in lifespan secondary to neurologic disease and
weight loss.

Sphingomyelin content is up to 6-fold higher in the
brains of ASMKO mice compared with age-matched wild-
type mice,43 and this accumulation correlates with loss of
Purkinje cells, neuroinflammation (eg, astrogliosis and
microglial activation), and the appearance of lysosomal lipid
inclusions in neurons and other cells throughout most brain
regions.42 Degeneration of cerebellar Purkinje cells begins
by 7 weeks of age, with near complete degeneration by 20
weeks. Performance of ASMKO mice in rotarod tests, an
assay for coordination and muscle strength, was similar to
controls at 5 to 7 weeks of age but sharply deteriorated
between 7 and 20 weeks of age.44 Age-progressive func-
tional deficits, including ataxia and memory loss, are also
correlated with sphingomyelin accumulation, and death
occurs between 24 and 36 weeks secondary to the neuro-
logic disease.

In addition to sphingomyelin, other sphingolipids,
including gangliosides, ceramides, and the downstream
product of ceramide hydrolysis, sphingosine, are increased
in the brains of ASMKO mice.43 This complex pattern of
sphingolipid accumulation in different brain cell types and
within different subcellular compartments, including
neuronal membranes, indicates the likelihood of multiple
cell signaling abnormalities and/or disordered macromole-
cule trafficking in ASMD. For example, changes in sphin-
gomyelin and other raft lipids affect the expression,
distribution, and function of endocannabinoid receptors,
which are integral membrane proteins within lipid raft
structures of neuronal membranes.45 Abnormal expression
of the endocannabinoid receptor CB1 has been demon-
strated in neurons of ASMKO mice and in an individual
with ASMD type A, leading to reduced endocannabinoid
signaling.46 Addition of sphingomyelin to normal neurons
recreated this endocannabinoid signaling abnormality,
which was then corrected by treatments that reduce
sphingomyelin.46

Thus, although the full impact of elevated sphingomyelin
on cell function continues to be elucidated, these findings
demonstrate that the clinical manifestations in ASMD result
from complex interactions initiated by sphingomyelin stor-
age but ultimately caused by diverse lipid, inflammatory,
and other cellular abnormalities.

Sphingomyelin accumulation also affects pulmonary
function. Lung physiology and function in ASMKO mice
are affected by sphingomyelin accumulation similar to lung
pathology seen in human ASMD, with the exception that
lung fibrosis does not occur in the mice, likely because of
the shortened animal lifespan.47,48 Many pulmonary cellular
abnormalities are found but the alveolar macrophage is the
most significantly affected cell type in both ASMKO mice
and in humans with ASMD. Airspaces and bronchoalveolar
lavage fluid of ASMKO mice contain significantly more
macrophages and neutrophils than age-matched wild-type
mice.48 By 10 weeks of age, the macrophages in ASMKO
mice exhibit foamy cytoplasm and small/multiple nuclei in
contrast to macrophages of wild-type mice and have
significantly higher amounts of sphingomyelin.48 Macro-
phages from bronchoalveolar lavage fluid of ASMKO mice
exhibit impaired function, including disrupted surfactant
metabolism,49 generation of reactive oxidants,48 and
phagocytosis.48-50 Sphingomyelin accumulation in the
ASMKO macrophages correlates with increased inflamma-
tory cell recruitment and production of proinflammatory
cytokines in the airspaces and lavage fluid.48,50 These
altered inflammatory responses in combination with abnor-
malities in surfactant processing due to elevated levels of
sphingomyelin likely contribute to impaired host defense
mechanisms after infection.51 Notably, studies of cystic
fibrosis (CF) in mice and humans have further revealed the
important role of ASM in pulmonary biology and host de-
fense. When healthy individuals are exposed to pulmonary
pathogens, including P aeruginosa and S aureus, ASM
activity in pulmonary epithelial cells is elevated and is
required to produce ceramide and the downstream lipid,
sphingosine, resulting in the activation of cell signaling
pathways to resolve inflammation and infection.52 In CF
mice and cell lines from individuals with CF, the ASM
signaling pathways are disrupted, resulting in an over-
whelming IL-8 cytokine response, decreased bacterial up-
take, and reduced apoptotic responses,53 leading to chronic
inflammation and infection that can be corrected by modu-
lating ASM activity. Thus, metabolism of sphingomyelin by
ASM in pulmonary cell membranes plays a critical role in
host defense to various pathogens and could be disrupted in
ASMD patients.

Progressive accumulation of sphingomyelin is also found
in liver macrophages (Kupffer cells) and hepatocytes of
ASMKO mice,42 and recapitulates the pathophysiology seen
in humans with ASMD.3,16 Increased sphingomyelin leads to
elevated cathepsin B in ASMKO mouse hepatic stellate cells,
which is associated with increases in markers of liver fibrosis,
including α-smooth muscle actin, transforming growth factor-
β, and pro-collagen-α1, and increased liver fibrosis in
response to damage with carbon tetrachloride.54 Age-related
liver fibrosis is occasionally seen in the ASMKO mice, but
as with lung fibrosis, it is likely limited because of the
shortened lifespan of these animals. As with other organs,
tissue damage in the liver of ASM-deficient cells and patients
is likely due to a complex interaction of cell-type-specific
lipid accumulation, leading to cell dysfunction and death, as
well as chronic inflammation, leading to the release of toxic
inflammatory mediators into the tissue matrix.

In addition to these findings, studies in ASMKO mice
and individuals with ASMD have shown that sphingomyelin
accumulation leads to defective CD1-mediated antigen
presentation and decreased numbers of invariant natural
killer T cells.55 Replacement of ASM activity corrected
these defects, demonstrating the tight link between cellular
sphingomyelin metabolism and immunity.

Exogenous human ASM, whether administered as a pu-
rified protein via ERT or expressed via gene therapy,
reduces sphingomyelin buildup in target tissues in a
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dose-dependent manner in the ASMKO mice.56-61 For
example, intravenous dosing of recombinant human ASM
every other day for 14 days led to dose-dependent re-
ductions of sphingomyelin in liver, spleen, lung, and heart
in ASMKO mice, and long-term administration of this
enzyme once per week for 15 weeks showed additional
sphingomyelin reductions in the kidney and lung.56 Single
intravenous doses of recombinant human ASM developed
for clinical use demonstrated similar dose-related reductions
of sphingomyelin in liver, spleen, lung, and kidney.57

Intracerebroventricular infusion of recombinant ASM in
the ASMKO mouse reduced lysosomal accumulation and
sphingomyelin in the brain and corrected CNS manifesta-
tions.60 Sphingomyelin accumulation in tissues of ASMKO
mice was also prevented by gene therapy with adenoviral
and adeno-associated viral vectors encoding human
ASM58,61 and by hematopoietic stem cell gene therapy us-
ing retroviral vectors encoding human ASM.59 In addition
to these studies, generation of knockin transgenic mice, in
which specific ASMD mutations with residual ASM activity
were expressed in the ASMKO mouse, revealed that ASM
activity at ~8% of normal could completely prevent the
occurrence of sphingomyelin accumulation in non-
neurologic tissues and substantially slow the accumulation
in the CNS62,63 (and unpublished observations). These mice
survived over 1 year of age, whereas ASMKO mice
generally do not survive past 6 months of age.

In summary, studies using ASMD animal models have
characterized the relationship between sphingomyelin accu-
mulation and ASMD pathophysiology and demonstrated the
potential for decreased sphingomyelin accumulation to
reduce disease burden, resulting in the clinical development
of an ERT for the non-CNS manifestations of ASMD.
The role of sphingomyelin accumulation in ASMD
pathogenesis: Assessment in children and adults
with ASMD

ASMD disease burden
Table 1 2,3,8,10–14 collates the major disease manifestations
and burden of illness in children and adults with ASMD
from natural history studies. Splenomegaly, hepatomegaly,
and pulmonary disease occur in 90% of individuals with
ASMD and contribute to significant morbidity and mortal-
ity.3,15 Spleen volume in multiples of normal (MN), deter-
mined as proportion of body weight, can be increased as
much as 27-fold,3 and sphingomyelin concentrations are 17
to 42 times higher than normal.64 Histology assessments
show microscopic alterations of the spleen with the red pulp
being replaced by foamy macrophages accompanied by a
reduced amount of lymphoid tissue.65 In a longitudinal
natural history study of 29 adults and children with ASMD,
in which all individuals with intact spleens had spleno-
megaly, the incidence of abnormal leukocyte and platelet
counts increased over time and was 34% and 54%,
respectively, after 10 years.8 However, spleen volume does
not appear to correlate with platelet count, possibly because
of normal fluctuations in platelet levels and/or platelet
dysfunction.10

Hepatomegaly occurs in most children and adults with
ASMD (Table 1).2,3,8,10-14 Histopathological assessments
show sphingomyelin concentrations in liver are 5 to 40 times
higher versus controls64 with a common pattern of increased
foamy macrophages, foamy hepatocytes, and sphingomyelin-
laden Kupffer cells over time.24,66 ASMD-related hepato-
megaly often presents with abnormal liver chemistries and a
proatherogenic lipid profile, as well as fibrosis and
cirrhosis.66-68 Liver biopsies among adults with ASMD show
variable degrees of fibrosis, sphingomyelin accumulation, and
macrophage infiltration.66 Liver failure is a significant cause
of death regardless of age.16,69 Autopsies of individuals with
ASMD show severe sinusoid packing, hepatic cord pressure,
pallor, vacuolization, cirrhosis, and inflammation.24,64,65

Pulmonary dysfunction in ASMD manifests as interstitial
lung disease (ILD) due to accumulation of sphingomyelin in
alveolar macrophages residing in the interalveolar septae with
distortion of architecture and structural damage.47,70,71

Furthermore, sphingomyelin-laden macrophages accumulate
in the alveolar space, making air exchange difficult (due to an
“alveolar filling defect”). Therefore, compromised lung
diffusion capacity can be detected in individuals with chronic
ASMD2,8,15,16,72,73 and ~70% have decreased gas exchange
as measured by a % predicted hemoglobin-adjusted diffusion
capacity of the lung for carbon monoxide (DLCO) < 80%
(Table 1).2,3,8,10-14 In a prospective natural history study, the
percent-predicted DLCO decreased by 12.5% in children and
10.4% in adults over 11 years, with the most impaired
function observed in patients with dyspnea and severe ILD.3

High-resolution computed tomography of the lungs of most
individuals with ASMD shows marked ground-glass
opacities caused by foamy macrophages74 and radiological
evidence of interstitial fibrotic disease is frequently present as
well.75 The infiltrative pulmonary process is slowly
progressive,15,16,47,71,76 and chronic obstructive pulmonary
disease and severe chronic respiratory deficiency develop in
some cases.77 Pulmonary dysfunction contributes to the
ASMD disease burden and severity of sequela,72 and respi-
ratory complications are a leading cause of death in in-
dividuals with ASMD types B and A/B.3,15,16 Autopsy
specimens show evidence of bronchopneumonia and pneu-
monitis across ASMD subtypes.24,65 For example, clinical
and pathologic autopsy findings of a 3-year-old boy with
ASMD type A showed massive infiltration of airspaces by
sphingomyelin-engorged macrophages with a mixed popula-
tion of inflammatory cells. These findings correlated with the
above-normal weight of both lungs and gross evidence of
congestion, edema, and consolidation and were consistent
with the child’s early breathing difficulties at 17 months and
subsequent clinical pneumonia.24
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Correlation of tissue sphingomyelin accumulation
and/or levels of plasma lyso-SM with degree of
tissue damage and functional impairment in
individuals with ASMD

Case studies and series using pathology data from autopsies
and tissue biopsies along with biomarker analyses describe
chronic tissue alterations related to progressive sphingo-
myelin accumulation over time, as well as correlations be-
tween baseline disease severity and the degree of ASM
deficiency. In liver and spleen, the accumulated concentra-
tions of sphingomyelin, total phospholipid, and total
cholesterol are significantly higher in those with ASMD
type A compared with ASMD type B.64 Similarly, plasma
lyso-SM levels are elevated and positively correlate with
clinical severity across ASMD subtypes: levels are higher
among individuals with ASMD type A versus types B and
A/B, and positively correlated with clinical severity.36

Levels of sphingomyelin in tissues and correlations with
the degree of tissue damage were reported from autopsy
findings in the 3-year-old male with ASMD type A referred
to above.24 Profound sphingomyelin accumulation was
present in virtually every organ and cell type (Figure 1B).24

These cases highlight that the extensive cellular and organ
involvement observed in the most severe ASMD phenotype
(type A) is a harbinger of the manifestations in the less
severe ASMD type B and A/B phenotypes. Although these
less severe manifestations may be more subtle, less recog-
nized, and possibly silent, they are likely to result in irre-
versible changes over time.

Interventional olipudase alfa clinical trials provided a
unique opportunity to investigate the relationship between
tissue sphingomyelin levels, plasma lyso-SM levels, and
disease burden in patients with ASMD types B and A/B.
Table 2 31,32,38-40 summarizes the entry criteria and baseline
disease burden for adults and children enrolled in the oli-
pudase alfa clinical trials for which regulatory approvals
were based: a phase 1b trial in adults and long-term exten-
sion trial,33,38,40,68,78 an open-label pediatric trial
(ASCEND-Peds) and long-term extension trial,32,39 and a
placebo-controlled trial in adults (ASCEND) with open-
label extension.31,41
Correlation of sphingomyelin and lyso-
sphingomyelin levels with clinical assessments in
olipudase alfa trials

Levels of sphingomyelin in liver and/or plasma lyso-SM
levels at trial baseline correlated with ASMD clinical
characteristics and disease burden. In liver tissue of
individuals with ASMD, 10% to 60% (mean: ~30%) of
tissue area was shown to be occupied by sphingomyelin
(Table 2 31,38-40). Liver sphingomyelin levels correlated
with liver volume MN (r = 0.48, P = .0017) but not with
liver transaminase levels or plasma lipoprotein levels.79
Plasma lyso-SM levels were elevated between 12 to
144 times above normal (upper limit of normal 9.9 μg/L)
at baseline in adults and children with ASMD
(Table 2 31,32,38-40), and levels correlated positively with
liver volume (adults: r = 0.673; P < .0001; children:
r = 0.734; P = .0002) and alanine aminotransferase (adults:
r = 0.630; P < .0001; children: r = 0.518; P = .0192), and
negatively with high-density lipoprotein (HDL) cholesterol
(adults: r = −0.554; P = .0002; children: r = −0.536; P =
.014).30

Greater than 90% of adults and children in the phase 1b,
ASCEND and ASCEND-Peds olipudase alfa clinical trials
had radiologic evidence of ILD with increased ground-glass
opacities caused by infiltration of foamy, sphingomyelin-
filled macrophages (Figure 2B) (Table 2).31,32,38-41,78

Percent-predicted DLCO was abnormal in all individuals
(as dictated by study entry criterion), whereas mild deficits
in pulmonary function tests, such as forced vital capacity,
were indicative of restrictive lung disease.31,38,39 No lung
tissue sphingomyelin data are available from olipudase alfa
clinical trials; however, baseline plasma lyso-SM levels
inversely correlated with baseline DLCO in adults and chil-
dren (adults: r = −0.436; P = .0049; children: r = −0.700;
P = .0358).30 Spleen volumes were required to be ≥6 MN
in adults and ≥5 MN in children for olipudase alfa clinical
trial eligibility. Spleen biopsies were not performed because
of the risk of splenic rupture; therefore, sphingomyelin
levels in splenic tissue are not available. Baseline plasma
lyso-SM levels correlated positively with spleen volume in
adults but for unknown reasons, not in children (adults:
r = 0.808; P < .0001; children: r = 0.215; P = .3626).30
Olipudase alfa treatment reduces sphingomyelin
accumulation in target tissues in children and
adults with ASMD

ERT with olipudase alfa supplements deficient ASM ac-
tivity, allowing accumulated sphingomyelin to be broken
down into ceramide and phosphocholine in a dose-
dependent manner. Histological analysis of liver biopsy
data in adults treated with olipudase alfa showed substantial
clearance of sphingomyelin in Kupffer cells and hepatocytes
with a mean percent change from baseline in the area
occupied by sphingomyelin in liver of −86.6% after 6
months and −99.7% after 3 years68,78 (Figure 2A). Similar
results were observed in a placebo-controlled trial in adults
with ASMD in which the mean percent change from base-
line in the area occupied by sphingomyelin in liver
was −92.7% in the olipudase alfa group versus +10.9% in
the placebo group at week 52.31 No liver biopsies were
performed in the clinical trial of olipudase alfa in children
with ASMD; however, both children and adults had elevated
plasma lyso-SM, which decreased by ~70% within the first
6 to 9 months of olipudase alfa treatment, and plateaued
with prolonged treatment (Figure 3).31-33,38,39,41



Table 2 Trial entry criteria and baseline clinical values in 3 olipudase alfa clinical trials of previously untreated children and adults with ASMD

Clinical Trials of Olipudase Alfa Enzyme Replacement Therapy

Phase1b,40 and Long-Term Trial38

NCT01722526
NCT02004704

ASCEND31

NCT02004691

ASCEND-Peds32 and Long-Term Trial39

NCT02292654
NCT02004704

Trial design Open-label Placebo-controlled
(1:1 randomization)

Open-label

Participants 5 adults 36 adults 20 children
Age range, y 22 to 47 18.6 to 65.9 1.5 to 17.5
Key inclusion criteria • Spleen vol ≥ 6 MN

• DLCO > 20% and ≤ 80% of normal value
• Platelet count ≥ 60 × 109/L

• Spleen vol ≥ 6 MN
• DLCO ≤ 70% of normal value

• Spleen vol ≥ 5 MN
•Height z-score ≤ −1

Baseline Values Normal Ranges

Elevation of plasma
lyso-sphingomyelin

40 × ULN 45 × ULN 63 × ULN ULN 9.99 μg/mL

% Liver tissue area
occupied by sphingomyelin

mean ± SD
min, max

33.3% ± 17.8 (n = 5)

9.8, 53.8

29.8% ± 9.8 (n = 35)

10.8, 58.6

Liver biopsies were not
done in children

0

Spleen volume MN
mean ± SD
min, max

12.8 ± 4.8 (n = 5)
7.4, 17.9

11.5 ± 4.5 (n = 35)
4.9, 20.9

19.0 ± 4.8 (N = 20)
7.8, 36.4

NA

Liver volume MN
mean ± SD
min, max

1.74 ± 0.48 (n = 5)
1.21, 2.21

1.52 ± 0.44 (n = 35)
0.83, 3.11

2.65 ± 0.74 (N = 20)
1.69, 4.19

NA

% Predicted DLCO adjusted for Hgba

Mean ± SD
min, max

53.2% ± 17.6 (n = 5)
39.5, 77.1

49.6% ± 10.9 (n = 35)
25.4, 70.1

54.8% ± 14.2 (n = 9)a

27.0, 71.6
≥75% or 80%

high-resolution computed
tomography ground glass
appearance scoreb

mean ± SD
min, max

0.99 ± 0.95 (n = 5)

0.13, 2.33

0.68 ± 0.72 (n = 35)

0.0, 3.0

0.79 ± 0.75 (n = 20)
0.0, 3.0

0

Alanine amino transferase
(U/L)

mean ± SD

41.8 ± 32.3 (n = 5) 41 ± 27.5 (n = 35) 63.0 ± 32.2 (n = 20) 8-37 U/L

(0.13-0.62 ukat/L)
Aspartate aminotransferase

(U/L)
mean ± SD

41.4 ± 30.9 (n = 5) 43.7 ± 31.0 (n = 35) 84.1 ± 52.2 (n = 20) 10-34 U/L

(0.17-0.57 ukat/L)

(continued)
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Sphingomyelin clearance and reduced lyso-SM
levels after olipudase alfa treatment occur in
parallel with improvements in clinical
manifestations of ASMD

Sphingomyelin clearance and decreased plasma lyso-SM
levels are accompanied by reduced organomegaly, normal-
ization of lipid profiles and liver transaminases in all in-
dividuals, improved pulmonary function, and catch-up
growth and bone maturation in children. In the placebo-
controlled ASCEND trial in adults, clinical improvements
were seen only in the olipudase-alfa-treated group during
the first year of treatment.31 Figure 338,39,41 shows treatment
responses for major clinical variables as a function of time
on olipudase alfa treatment graphed with the timelines for
improvements in sphingomyelin tissue burden and plasma
lyso-SM levels.

Across all trials, all individuals who had hepatomegaly at
baseline had a reduction in liver volume with olipudase alfa
treatment, with the largest decreases occurring in the first 6
to 9 months of treatment (Figure 3).31,32,38-41 After 2 years,
liver volumes in most patients were in the mild to no he-
patomegaly range (≤1.25 MN), with further incremental
decreases observed for 6.5 years in the longest running trial
(Figure 3).38,39,41 Reductions in liver volume were accom-
panied by normalization of liver transaminase levels,
reflecting improvement in liver function. At baseline, 50%
of adults and 80% of children had abnormal alanine
aminotransferase and aspartate transaminase (AST) values
at baseline. In most individuals, values normalized in the
first year of treatment and remained normal with sustained
treatment.31,32,38,39,41 Across olipudase alfa trials, most in-
dividuals had a proatherogenic lipid profile characterized by
low HDL cholesterol, elevated low-density lipoprotein
cholesterol, total cholesterol, and triglyceride levels. HDL
cholesterol levels gradually improved (increased) over time
with olipudase alfa treatment, whereas low-density lipo-
protein cholesterol, total cholesterol, and triglyceride levels
decreased rapidly to normal or near normal levels within the
first year of treatment and remained at these levels with
sustained treatment.31,32,38,39,41,68,78

Trial participants had baseline spleen volumes ≥5 MN as
per trial entry criterion, with individual values ranging from
5 to 36 MN. Spleen volumes decreased with olipudase alfa
treatment in all children and adults over time, with the
largest decreases seen in the first year (Figure 3).31-33,38,39,41

Despite the substantial and highly statistically significant
spleen size reduction, spleen volume did not fully normalize
in all individuals even with prolonged treatment, similar to
observations with ERT or substrate reduction therapy for
other lysosomal storage diseases, such as Gaucher disease,
in which responses to treatment are affected by pretreatment
spleen volume.80 The reason for this is not known but may
be due to tissue fibrosis.

A percent-predicted DLCO of<80%was an entry criterion
for the ASCEND and phase 1b adult trials, and mean baseline



Figure 2 Sphingomyelin accumulation in liver and lungs of individuals with ASMD before and after olipudase alfa treatment. A.
Sphingomyelin liver burden at baseline and after olipudase alfa treatment in an adult with ASMD. Modified toluidine blue stain highlights
sphingomyelin in dark purple at baseline, month 6, and month 42. Sphingomyelin was cleared from Kupffer cells (K) and reduced in he-
patocytes (H). Percent tissue area occupied by sphingomyelin (as calculated by MetaMorph analysis) ± standard deviation, shown in the
lower right corners. Scale bar = 20 microns (images reproduced from Thurberg et al78 under CC BY-NC-ND license http://creativecommons.
org/licenses/BY-NC-ND/4.0/). B. Ground-glass appearance in lung at baseline and after olipudase alfa treatment (high-resolution computed
tomography lung imaging). Illustrative samples from adult and pediatric clinical trials. Ground-glass appearance scores are shown below
images (images reproduced from Lachmann et al,38 Wasserstein et al,41 and Diaz et al39 under CC BY-NC-ND license http://
creativecommons.org/licenses/BY-NC-ND/4.0/).
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Figure 3 Time course of improvement in key clinical endpoints after long-term olipudase alfa treatment in children and
adults.38,39,41 See Table 2 31,32,38-40 for clinical trial eligibility requirements and baseline parameters. A. Percent change from baseline during
treatment with olipudase alfa in adults enrolled in the phase 1b and continuing in the long-term trial (n = 5).38 B. Percent change from
baseline during treatment with olipudase alfa in adults enrolled in the ASCEND trial and continuing in the trial extension (n = 36, the n for
individual data points varies). Includes data for individuals in the placebo group after crossing over to olipudase alfa).41 C. Percent change
from baseline during treatment with olipudase alfa for children enrolled in the ASCEND-Peds trial and continuing in the long-term trial (n =
20, the n for individual data points varies).39 Note that there were no liver biopsies performed in the pediatric trial; therefore, there are no data
for liver sphingomyelin content.
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values were ~50%. At baseline, in all the adult and pediatric
clinical trials, there was a negative correlation between DLCO

and ground-glass appearance score (the higher the ground-
glass appearance score the lower the DLCO), suggesting a
relationship between sphingomyelin accumulation in lung
tissue and the alveolar space, and impaired gas exchange:
(r values: ASCEND: −0.456, P = .0052; ASCEND-
Peds: −0.661, P = .0525, phase 1b: −0.900, P = .037481

and unpublished observations). With 1 year of olipudase
alfa treatment, DLCO improved 23% in ASCEND, 33% in
ASCEND-Peds, and 21% in the phase 1b trial
(Figure 3),31-33,38,39,41 with continued improvement over
time on treatment (55% improvement by year 6.5 in phase 1b;
Figure 3).38,39,41,81 Other measures of lung function,
including forced vital capacity, total lung capacity, and forced
expiratory volume in 1 second, were in the low-normal range
at baseline in most patients and gradually improved or
normalized with treatment.31-33,38,39,41,81 Lung high-
resolution computed tomography imaging showed clear-
ance of ground-glass opacities by 2 to 4 years of treatment in
most patients, as well as improvements in interstitial lung
disease scores (Figure 2B).38,39,41,78,81
Perspective and Conclusions

In individuals with ASMD and in ASM-deficient mice,
sphingomyelin accumulates within multiple parenchymal
cell types, as well as in the monocyte/macrophage cell
lineage of the reticuloendothelial system, resulting in
splenomegaly, hepatomegaly, ILD, and bone marrow infil-
tration. In a subset of patients, sphingomyelin accumulates
in the CNS as well, including neurons and glial cells. Pro-
gressive, uncontrolled accumulation of sphingomyelin has
important metabolic and immunologic consequences that
contribute to the disease burden. As the major substrate of
ASM, defining the role of sphingomyelin accumulation in
ASMD is important in understanding the overall ASMD
disease burden and the role of disease modifying therapies.

The role of sphingomyelin in the pathophysiology of
ASMD is complex andmultifaceted, and the interplay between
sphingomyelin and other lipids and their downstreameffects on
cell signaling and function is not fully understood in ASMD.
Although further research is needed, it is clear from animal
studies and human interventional trials that the level of sphin-
gomyelin and metabolites are linked to the clinical manifesta-
tions, disease burden, and response to treatment.

Studies in ASMKO mice have shown that sphingomyelin
is toxic when it accumulates in tissues and that treatment
strategies delivering functional ASM (eg, ERT or gene ther-
apy) reduce sphingomyelin levels, correct abnormal histopa-
thology, and in some cases, correct functional deficits. In
individuals with ASMD, sphingomyelin accumulation results
in structural changes and functional loss in various organs and
tissues, and the degree of sphingomyelin accumulation cor-
relates with the degree of tissue damage. Enzyme replacement
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therapy with olipudase alfa provides an exogenous source of
functional ASM that clears sphingomyelin from non-CNS
cells and tissues affected by ASMD. It also leads to reduc-
tion of downstream sphingomyelin metabolites, such as gly-
cosphingolipids, ceramides, and sphingosine. In adults and
children with ASMD treated with olipudase alfa, the reduction
of sphingomyelin levels is associated with clinical improve-
ment and often normalization or near normalization of tissue
structure and/or organ function. Liver biopsy data and the
radiological evidence of clearance of lung ground-glass
opacity support the concept that improvement in symptoms
and organ function in ASMD is related to clearance of
sphingomyelin from tissues.

ASMD is characterized by progressive accumulation of
sphingomyelin and progressive disease burden. In ASMD
type A, accumulation of sphingomyelin in the CNS and
other organs results in rapid deterioration in infants start-
ing at 3 to 6 months of age and death by 3 years of age.
For ASMD type B, disease burden in children and adults
primarily reflects sphingomyelin accumulation in visceral
organs with a later onset and slower progression, whereas
in ASMD type A/B, disease burden is related to sphin-
gomyelin accumulation in visceral organs, as well as the
CNS, with a slower rate of accumulation and longer sur-
vival than type A. Recent research has identified naturally
occurring sphingomyelins that are enriched in the brains
and neurons of ASMKO mice compared with wild-type
mice, with a dramatic increase in one form (sphingomye-
lin 16:0) for which plasma levels correlate with brain pa-
thology.82 There are currently no effective treatments for
the CNS manifestations in ASMD type A, but it is clear
that future treatments should address sphingomyelin
accumulation because this is the underlying cause of the
pathophysiology in all ASMD patients. Olipudase alfa is
currently the only approved treatment for the non-CNS
manifestations of ASMD. Given the often clinically
inconspicuous, progressive accumulation of sphingomye-
lin in cells and tissues of type B and A/B patients, and the
prospect for future fibrosis and other irreversible organ
damage, early diagnosis and initiation of treatment should
be key objectives to manage the disease burden in these
individuals with ASMD.
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