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Abstract

Sphingolipidoses is a cluster of genetic rare
disorders regarding glycosphingolipid metab-
olism, classified as lysosomal storage
disorders (LSD). Here, we focus on eight
inheritable diseases, including GM1
gangliosidosis, GM2 gangliosidosis, Fabry
disease, Gaucher’s disease, metachromatic

(ERT), substrate reduction therapy (SRT), and
molecular chaperones are feasible choices for
enzyme deficiency disorders, but these
therapies are limited to relieve CNS lesions
and symptoms due to prevention from blood—
brain barrier. Other possible treatments such as
gene therapy, bone marrow transplantation
(BMT), and hematopoietic stem cell transplan-

leukodystrophy, Krabbe disease, Niemann—
Pick disease A and B, and Farber disease.
Mostly, pathogenic mutations in the key
enzyme are loss-function, resulting in accumu-
lation of substrates and deficiency of products.
Thus, cellular overload of substrates causes
lipotoxicity, which is deleterious to cellular
and organ function. In the terms of clinical
manifestations in sphingolipidoses, multiple
systems and organs, especially central nervous
system (CNS) are usually affected. As for
diagnosis strategy, enzymatic activity assay
and genetic sequencing are helpful. Up till
now, limited treatment approaches have
approved for treating sphingolipidoses, with
some potential strategies for further evalua-
tion. In general, enzyme replacement therapy
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tation (HSCT) need further evaluation.
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FDA Food and Drug Administration

GALC Galactocerebrosidase

Gb3 Globotriaosylceramide

GCase Glucocerebrosidase

GD Gaucher’s disease

GM2-AP  GM2 activator protein

Hex B-hexosaminidase

HSCT Hematopoietic stem cell
transplantation

KD Krabbe disease

LC-MS/ Liquid chromatography-tandem

MS mass spectrometry

LDH Lactate dehydrogenase

LSD Lysosomal storage disorders

MCP-1 Monocyte chemoattractant protein 1

MLD Metachromatic leukodystrophy

MRI Magnetic resonance imaging

mRNA messenger RNA

MSD Multiple sulfatase deficiency

NB-DGJ  N-butyldeoxygalactonojirimycin

NPD Niemann—Pick disease

Sap-B Saposin B

SD Sandhoff disease

SMA- Spinal muscular atrophy with

PME progressive myoclonic epilepsy

SRT Substrate reduction therapy

TSD Tay—Sachs disease

a-Gal A a-galactosidase A

B-Gal [B-galactosidase

13.1 GM1 Gangliosidosis

13.1.1 Condition and Genetic Defects

GM1 storage  disorder termed GMI

gangliosidosis is a rare neurodegenerative lyso-
somal storage disease caused by p-galactosidase
(B-Gal) deficiency due to mutation in the GLB1
gene [1, 2]. The GLB1 gene (MIM *611458) is
located on the short arm of the chromosome
3 (3p22.3), comprising 16 exons. Up to now,
about 293 different genetic variants associated
with GM1 gangliosidosis have been reported
and most of them are categorized as missense
mutations [3].

The overall incidence of GM1 gangliosidosis
has been estimated to be 1 in 100,000-200,000
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live births wordwide [4], with elevated incidence
in some certain populations, which may be biased
by the founder’s effect [4-7]. For instance,
increased prevalence was previously reported in
Porto Alegre city at south Brazil (1:1700) [5, 6],
in Malta (1:3700) [7], which may be closely
related with a higher frequency of disease
carriers, around 8.3% at the village of Pelendri
in Cyprus [8] and 1:30 in Malta [7].

p-Gal is the first enzyme in the catabolism of
complex glycosphingolipids, responsible for the
degradation of glycoproteins, glycolipids, and
keratan sulfate, all of which perform essential
roles in cellular signaling and structure [9]. This
deficiency results in abnormal deposition of GM 1
gangliosides in neuronal organs and glycosami-
noglycans or glycopeptides in visceral tissues
[10, 11].

13.1.2 Lab Findings

Definitive diagnosis of GMI1 gangliosidosis
mainly relies on assaying the enzyme activity of
B-Gal and genetic testing of GLB1 gene. Residual
p-Gal activity in fibroblasts isolated from
patients, measured wusing the artificial
4-methylumbelliferyl p-galactopyranoside sub-
strate, varied in different disease subtypes,
namely 0.07% to 1.3% of control values in infan-
tile patients, 0.3% to 4.8% in the juvenile form,
and up to 9% in adults [12].

Several objective biomarkers can reflect dis-
ease diversity of GMI1 patients and would be
useful for evaluating disease status and therapeu-
tic response to clinical trials, including GM1 gan-
glioside concentration, aspartate
aminotransferase (AST), lactate dehydrogenase
(LDH), neuron-specific enolase, myelin basic
protein and brain proton magnetic spectroscopy
indexes [13, 14].

Targeted lipidomic is used to measure the stor-
age of GM1 gangliosides in cerebrospinal fluid
(CSF) samples. Although valuable, lipidomics
analysis requires a liquid chromatography-
tandem mass spectrometry (LC-MS/MS) assay
only available in specialized laboratories. By con-
trast, AST and LDH are more commonly applied
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to monitor disease severity and treatment
responses. It has been demonstrated that AST
and LDH levels were obviously increased in the
CSF samples collected from late-infantile
patients, but not in most juvenile patients. Thus,
AST and LDH could be ideal candidates for
indicating disease severity [15, 16]. Furthermore,

in peripheral blood samples from GMI1
gangliosidosis  patients, AST levels were
correlated with disease severity, but LDH

remained unchanged [13]. As a result, AST was
emphasized to be a potential biomarker for clini-
cal application [13]. Furthermore, recent studies
have shown that patients with the infantile form
showed a tenfold higher plasma chitotriosidase
activity than those with the late-infantile form,
indicating a correlation between chitotriosidase
activity and clinical phenotype [17].

Except for the biochemical indicators in CSF
and peripheral blood, brain proton magnetic spec-
troscopy indexes, such as N-acetylaspartate and
myoinositol, have been proposed to monitor
investigational approaches for GM1
gangliosidosis [18, 19]. Electroencephalography,
7T magnetic resonance imaging (MRI), and mag-
netic resonance spectroscopy were used to evalu-
ate lesions in the brain of GM1 patients. Besides,
pathologists have demonstrated that the brain is
sometimes slightly infiltrated with inflammatory
cells in GM1 gangliosidosis patients, which con-
sidered as pathophysiological responses to the
lipid overloading in neurons and the abundance
of antigenically acting gangliosides [20]. It is
necessary to examine the expression of a panel
of inflammatory markers in the CNS.

Overall, tracking of disease progression
through clinical assessment will remain critically
important, sensitive biomarkers are important
tools for monitoring disease progression and
evaluating the efficacy of treatment strategies.

13.1.3 Clinical Features and Diagnosis

The clinical manifestations of GM1 gangliosides
results from the massive storage of GMI
gangliosides and related glycoconjugates in vari-
ous tissues, especially in the CNS [21]. GMI
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gangliosides in the gray matter of GMI
gangliosides patients could accumulate as much
as threefolds more than that of healthy individuals

[22]. Besides, GMI1 gangliosides also
accumulates in the viscera, producing
complications such as hepatomegaly,

cardiomegaly, skeletal deformities, joint stiffness,
and muscle weakness.

Cognitive decline, muscular hypotonia, and
seizures were the most frequent neurologic
symptoms. Based on the age of onset and severity
of symptoms, GM1 gangliosidosis has been clas-
sified into three major phenotypes: type I (infan-
tile, MIM #230500), type II (late infantile/
juvenile, MIM #230600), and type III (adult,
MIM #230650). (1) The type I infantile form is
the most severe, with life expectancy less than
3 years [21, 23], characterized by early onset
between birth and 6 months with psychomotor
regression, cherry-red spot, visceromegaly, and
facial and skeletal abnormalities. (2) The type II
form usually starts between 7 months and 3 years
of age with slowly progressive neurological
signs, such as early locomotor problems, seizures,
strabismus, lethargy, muscle weakness, and ter-
minal bronchopneumonia. Comparing to type I,
dysmorphisms and skeletal changes are less
severe [24]. (3) The adult form, also known as
type III, the mildest phenotype of the disease,
with onset between 3 and 30 years of age, is
featured by cerebellar dysfunction, slurred
speech, dystonia, mild vertebral deformities, and
short stature [21]. Overall, the diagnosis of GM1
gangliosidosis is often delayed, particularly in the
patients with milder forms or wunclassical
characteristics.

The residual activity of the mutant p-Gal
directly linked with disease severity, as the enzy-
matic activity nearly absent in type I-associated
mutations, but a small amount of residual activity
in type II and type III patients [21, 25].

In rare cases, patients present with peripheral
manifestations of p-Gal deficiency but without
CNS involvement, for instance, one type of such
disease termed as Morquio B disease, also called
mucopolysaccharidosis IVB. The deficiency of
p-Gal enzymatic activity, in combination with
neuraminidase deficiency, is also present in a
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different disorder named galactosialidosis [26],
due to a defect in the protective protein/cathepsin
A [27], which stabilizes the -galactosidase/neur-
aminidase complex [28]. Meanwhile, it should be
pointed out that the predominant clinical
symptoms of galactosialidosis are mainly resulted
from severe neuraminidase deficiency, instead of
the partial B-Gal enzyme deficiency [21].

Diagnosis of all subtypes of GMI1
gangliosidosis is often achieved by p-Gal enzyme
activity assay [1] and genetic testing through
whole-genome sequencing or -exome sequencing
of the GLB1 gene [29]. Furthermore, prenatal
diagnosis is possible via amniocentesis especially
for those candidates with GM1 gangliosidosis
family history, or for those from both parents
are carriers of a pathogenic allele [30].

At the same time, the detection of biochemical
markers and neuroimaging changes are playing
important roles during diagnosis and treatment.

13.1.4 Treatment and Advances

At present, there is no current effective
FDA-approved treatment for GM1 gangliosidosis
yet, only symptomatic and supportive therapy is
available for these patients. Several therapeutic
approaches have been explored by reducing sub-
strate accumulation and promoting GM1 ganglio-
side catabolism. Targeted restoration of GM1
ganglioside catabolism occurs through gene ther-
apy [31], stem cell transplantation [32], enzyme
replacement therapy [33], and pharmacological
chaperones [34] to increase the B-Gal activity,
reduce neuronal lysosomal storage lesions, pre-
vent the onset of neurological signs gait
abnormalities, and extend the lifespan.

To date, the gene therapy based on adeno-
associated virus (AAV) serotype 9 has been
developed for GM1 gangliosidosis [35]. Related
studies exhibited extraordinary efficacy in animal
models, which demonstrated that AAV-mediated
gene transferred to the brain can restore p-Gal
expression in CNS and prevent the onset of neu-
rological signs. Moreover, a phase I/Il clinical
trials is ongoing to evaluate the safety and
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efficacy of AAV-mediated GLB1 delivery by
intravenous injection [30].

SRT is another alternative possible approach,
which relies on residual p-Gal activity to remove
ganglioside that has already accumulated. There-
fore, it would not be effective enough for those
symptomatic infantile GM1 patients with scarce
or no residual f-Gal enzyme activity.

Hopefully, it has recently been reported that N-
butyldeoxygalactonojirimycin (NB-DGJ), which
functions as pharmacological chaperone that
binds directly to misfold protein, improving its
folding to increase its stability and promote its
proper trafficking, showed favorable outcomes in
infantile GM1 patients. NB-DGJ enhanced the
activity of f-Gal up to ~4.5% of control activity
within the first 24 h, and further significantly
increased to ~10% within 6 days [36].

Besides, previous research has demonstrated
that microglia/M¢ activation plays a central role
in the pathological process of GM1 gangliosides
[20]. In this case, anti-inflammatory drugs might
be an effective choice for the GM1 gangliosides,
along with other proven therapies such as SRT
[37] and bone marrow transplantation [38].

In the perspective of future available therapies,
we are expecting more effective therapeutic
methods that can be applied to clinical treatment
for GM1 ganglioside patients.

13.2 GM2 Gangliosidosis

13.2.1 Condition

GM?2 gangliosidosis is rare autosomal recessive
LSD resulted from the deficiency of
p-hexosaminidase (Hex) or GM2 activator pro-
tein (GM2-AP) activity, leading to the accumula-
tion of GM2 ganglioside in the lysosome in
neurons [39, 40]. GM2 gangliosides can be
catabolized by the lysosomal hydrolases Hex
through the hydrolysis of the
N-acetylgalactosamine residues in normal
conditions [41]. Hex are formed by the dimeriza-
tion of o (HEXA, MIM *606869) and  (HEXB,
MIM  *6068732)  subunits.  Additionally,
GM2-AP plays an important role in GM2
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gangliosides degradation by presenting the
gangliosides to o subunit of Hex [42].

GM2 gangliosidosis is caused by inherited
enzyme deficiency, so that the accumulation of
GM2 gangliosides deposits in the brain and
surrounding organs, resulting in a series of clini-
cal manifestations.

13.2.2 Genetic Defects

The GM2 gangliosidosis can be divided into
Tay—Sachs disease (TSD, MIM #272800),
Sandhoff disease (SD, MIM #268800), or
GM2-AP deficiency (AB variant, MIM #27750),
caused by the mutations in the genes of HEXA,
GM?2A, and double mutations of HEXA and
HEXB (MIM *613109) [41]. Very few GM2A
mutations have been reported in GM2
gangliosidosis [40].

13.2.3 Clinical Features

GM2 gangliosidosis are autosomal recessive, pro-
gressive neurodegenerative disorders.

TSD can be divided into three subtypes: clas-
sic infantile, juvenile, and adult late onset
according to when symptoms appear. The inci-
dence is approximately 1 in 320,000 newborns.
Classic infantile is the most common and severe
phenotype, losing the ability to turn over, sit, or
crawl in 6 months old [43]. Seizures, axial hypo-
tonia, cherry-red spot, regression in developmen-
tal milestones, and exaggerated startle response
are the clinical features of TSD. Neuroimaging
may implicate bilateral thalamic involvement,
brain atrophy, and hypomyelination [40].

SD can also be divided into three subtypes and
is clinically almost indistinguishable from TSD in
neurodegenerative disorders, with infantile cases
presenting as the most severe and rapidly
progressing condition [22]. Ataxia, myoclonus,
motor regression, psychotic episodes, intellectual
disability, and progressive clumsiness are the
clinical features of SD. Cerebellar atrophy can
be discovered by neuroimaging [40].
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GM2-AP deficiency is featured with dyspha-
gia, muscle atrophy, cerebellar ataxia, dysarthric
speech, manic depression, muscle weakness, psy-
chotic episodes, and severe cerebellar atrophy,
which are similar to those of TSD and SD [22].

The classical infantile form, with severely
defective Hex enzyme activity, develops in
infancy with developmental retardation, paraly-
sis, dementia, blindness, and death usually by
2 or 3 years of age [40, 44]. Juvenile and adult
types of late onset have a late onset with milder
symptoms [45].

13.2.4 Diagnosis

In addition to the clinical characteristics, diagno-
sis is also supported by neuroimaging
characterized by hyperdensity of basal ganglia,
which can be accompanied by other changes in
white matter and sometimes prominent, but
non-specific, cerebellar atrophy [44].

Detection of Hex enzyme activity in peripheral
blood can confirm the diagnosis [41]. At least,
genetic testing of the HEXA, HEXB, and GM2A
genes allows confirmation of all GM2
gangliosidosis subtypes [40].

13.2.5 Treatment

There is no proven treatment for TSD/SD and
only supportive care is suggested for patients
[22]. Several approaches have been explored for
new treatments for GM2 gangliosidosis, includ-
ing ERT, HSCT and BMT, SRT, pharmacologi-
cal chaperone therapy, gene therapy, and gene
editing approaches with AAV or CRISPR
system [46].

ERT is a therapeutic alternative conceived in
1964 in which the lysosomal enzymes can be
uptake through endocytosis and delivered to the
lysosomes [47]. However, IDEAMLD phase /Il
clinical trial (NCT01510028) showed that ERT
may not be a definitive treatment for GM2
gangliosidosis with limited enzyme spread to the
neuraxis [41]. Maegawa et al. found that pyri-
methamine was the most prospective
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pharmacological chaperone for HexA because it
can induce a threefold increase in enzyme activity
on TSD fibroblasts [48, 49]. However, clinical
trials with pyrimethamine showed an increase in
enzyme activity but with little effect on the CNS
manifestations [41, 50, 51]. What’s more, the
intraperitoneal administration of EtDO-PIP2 can
reduce the content of brain and liver gangliosides
in SD mice, suggesting a potential treatment for
ganglioside  storage diseases with CNS
manifestations [52]. HSCT can offer a potential
alternative approach by delivering WT HexA and
HexB with a patient’s own blood cells [46]. Addi-
tionally, gene therapy with AAV or CRISPR has
been proved a 56% extension of the lifespan, a
significant improvement motor function, and a
slight therapeutic effect on the CNS in SD mice
[53, 54]. It is possible that the co-administration
of different therapies for GM2 gangliosidosis
patients may be required.

13.3 Fabry Disease

13.3.1 Condition and Genetic Defects

Fabry disease (FD, MIM #301500) is a rare
X-linked lysosomal storage disease caused by
mutations in the GLA gene (Xq22; MIM
*300644) resulting from deficient or absent activ-
ity of the lysosomal enzyme a-galactosidase A
(a-Gal A) and glycolipid accumulation in many
tissues [55], mainly in the form of globotriaosyl-
ceramide (Gb3). In 1898, Johann Fabry [56] and
William Anderson [57] reported the skin lesion of
Fabry disease, termed as angiokeratoma corporis
diffusum. Nowadays, more than 1000 mutations
in patients with Fabry disease have been
identified [58]. According to individual genotype,
the range of a-Gal A mutation phenotypes can
vary widely [59]. In fact, the impacts of most
reported o-Gal A mutations remain unclear
[60]. Furthermore, an accurate estimation of the
prevalence is complicated by the great phenotypic
heterogeneity. The estimated incidence of FD is
1 in 117,000 live male births [61]. Because the
atypic variant of the disease is underdiagnosed,
the incidence might be underestimated in
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previous newborn screening surveys, and it may
be much higher. The actual incidence of the dis-
ease may be approximately 1 in 8800 individuals
in European [62-64]. In Asia, even higher
frequencies have been noted, approximately 1 in
1600 males [65].

13.3.2 Clinical Features

The early-onset Type 1 “Classic” and Type
2 “Later-Onset” phenotypes are two major
subtypes. Type 1 “Classic” is a classic variant
subtype with systemic symptoms that begin in
childhood and Type 2 “Later-Onset” is a late-
onset variant subtype that develop in adulthood
[66]. As FD is an X-linked disease, clinical
manifestations are generally more severe and its
progress is more rapid in males than in females.
Some representative manifestations include peri-
odic crisis of severe pain in the distal extremities,
chronic neuropathic pain, sweating abnormalities
(anhidrosis and hypohidrosis), angiokeratomas
distributed in groin, hip and periumbilical areas,
corneal (cornea verticillate) and lenticular
opacities [67]. While in females, these symptoms
present 5—10 years later and some even may be
asymptomatic [68]. Besides multiple organs can
be suffered, renal failure, left ventricular hyper-
trophy, gastrointestinal symptoms, strokes, and
myocardial fibrosis often appear after 30 years
old. In some cases, left ventricular hypertrophy
might be the only manifestation [69].

13.3.3 Diagnosis

Within a detailed family history and physical
examination, o-Gal A activity should be
measured. a-Gal A activity <1% is highly sug-
gestive for the diagnosis of classic FD
[70]. Biopsy of the affected organ and “zebra
bodies” are the distinctive characteristics
[71, 72]. Elevated lyso-Gb3 in plasma and in
urine is helpful for both initial diagnosis and
long-term monitoring. Obviously, genetic testing
of GLA is the golden criteria. Recently, some new
methods have been explored to further elevate the
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accuracy, such as sensitive LC-MS method [73],
dried blood spots (DBS), peripheral blood mono-
nuclear cells measurement [74], and the proteo-
mics approach [75]. Besides, calnexin, g-enolase,
galectin-1 and relative miRNAs are new markers
that have shown promising potential.

The chronic pain of FD should be discerned
from fibromyalgia or rheumatologic pain diseases
[76]. Systematic abnormities such as unexplained
left ventricular hypertrophy, stroke, and renal
failure should be screened and other diseases
that also have the similar symptoms should be
excluded [77].

13.3.4 Treatment

Current two treatment methods are intravenous
administered ERT with agalsidase-a or
agalsidase-f3, and oral pharmacological chaperone
therapy (Migalastat) or enzyme stabilizers along
with other symptomatic remedies. Bone marrow
transplantations may preferably be performed on
young FD patients. Despite the above methods
have achieved definite clinical effects, drawbacks
like infusion-associated reactions, limited tissue
penetration, and the formation of neutralizing
antidrug antibodies cannot be negligible
[78, 79]. Fortunately, there have been relative
remedies to mitigate these effects [80, 81]. Nowa-
days, ERT, SRT, messenger RNA (mRNA), and
gene therapy are novel methods
[82]. Pegunigalsidase-alfa (PRX-102, Protalix
Biotherapeutics) and Moss-aGal (Greenovation
biopharmaceuticals) are two new forms of ERT
[83]. Novel developed SRT molecules, like
venglustat/ibiglustat [84] and lucerastat [85],
aim to reduce production of Gb3 by inhibiting
glucosylceramide synthase [86]. The mRNA ther-
apy is a new class of therapy, and the administra-
tion of a-Gal mRNA can help stimulate the
production of a-Gal [82]. For gene therapy, sev-
eral different vectors (retroviral, lentiviral, adeno-
viral, adeno-associated viral and non-viral
vectors) have been explored and may be an effec-
tive treatment option [87]. Additionally, Judit
[88] explored a-Gal-loaded nanovesicles to treat
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FD and showed improved efficacy and good
safety profile.

13.4 Gaucher’s Disease

13.4.1 Condition

Gaucher’s disease (GD) is a rare autosomal reces-
sive disease characterized by a variety of clinical
phenotypes, and yet it is the most common type in
LSD. In 1882, Philippe Gaucher observed
unusual cells in a patient’s spleen with spleno-
megaly and reported the disease for the first time.
The prevalence of GD is about 1/40,000 to
1/50,000 worldwide, while it rises to approxi-
mately 1/600 in Jews of Ashkenazi
population [89].

13.4.2 Genetic Defects

The GBA1 gene (MIM *606463) is located on
chromosome 1 (1q22) and encodes glucocereb-
rosidase (GCase), one of the lysosomal enzymes.
Homozygous or compound heterozygous patho-
genic mutations in GBA1 gene damage the func-
tion of glucocerebrosidase in hydrolyzing its
substrate, glucosylceramide, into f-glucose and
ceremide, thus leading to the abnormal
accumulations ~ of  glucosylceramide  in
macrophages [90]. More than 400 mutations in
GBAI1 gene have been discovered until recently,
of which N370S, L444P, 84GG, and IVS2(+1)
are most prevalent [91, 92]. The dominant
mutations in Jews of Ashkenazi population are
N370S, 84GG, IVS2(+1), and R496H [93, 94].

13.4.3 Lab Findings

Detection of GBA1 gene mutations based on
genetic sequencing is necessary to establish the
diagnosis of GD, which becomes a common diag-
nostic method due to the development in molecu-
lar science [95].

The measurement of GCase activity in patients
is a requisite for diagnosing GD. Usually, the
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residual activity of GCase in GD patients is
approximately between 10% and 15% compared
to the normal standard [96].

The accumulation of glucosylceramide
transforms macrophages into the typical
“Gaucher cells” characterized with a “crumpled
tissue paper” appearance. Those pathological
cells deposit in several organs (such as liver,
bone marrow, and spleen) and are the cause of
most symptoms in GD. The presence of Gaucher
cells in bone marrow aspiration helps to confirm
the diagnosis of GD, but it’s not regarded as a
routine examination [92].

About 90% of GD patients have thrombocyto-
penia with a different extent, meanwhile anemia
and leukopenia are comparatively rare [97].

Chitotriosidase, CCL18, glucosylsphingosine,
and ferritin are biomarkers of GD. Gaucher cells
can produce a considerable amount of
chitotriosidase and CCLI18, resulting in high
levels of these types of substances in plasma
[98, 99]. Glucosylsphingosine, a newly found
biomarker, is more sensitive than chitotriosidase
and CCL18 regarding condition monitoring and
is elevated in GD patient’s plasma as well
[100]. The concentration of ferritin often elevates
in GD, and excess iron in plasma is likely to
accumulate in the liver and bone marrow, which
may indicate the appearance of bone
complications [101].

In imaging examinations, magnetic resonance
imaging is recommended to evaluate the lesion in
the liver, the spleen, and bone marrow in GD,
because it is not radioactive and is suitable for
monitoring  the  disease in  repeated
examinations [102].

13.4.4 Clinical Features and Diagnosis

According to the presence of neurological
manifestations, GD is divided into 3 types,
including non-neuronopathic GD (GD1, MIM
#230800), acute neuronopathic GD (GD2, MIM
#230900), and chronic neuronopathic GD (GD3,
MIM #231000). The common phenotypes
include splenomegaly, hepatomegaly, abnormal
hemogram and, in some cases, impairments in
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bones. In neuronopathic GD, clinical features
related to the central nervous system are impor-
tant to identify patients in the early onset of dis-
ease. However, the correlation of phenotype and
genotype remains uncertain as GD patients’ clini-
cal manifestations are of high
heterogeneity [103].

GD1, the most common type of GD, accounts
for 90% to 95% of GD patients in Europe and
North America [92]. Since the appearance and
extent of clinical symptoms vary in different
individuals, GD1 can be diagnosed at any age
with a median age from 10 to 20 years old
[104]. Most GD1 patients have enlarged or even
massive spleen and sometimes have enlarged
liver as well. Hematological disorders can be
observed in part of patients in the forms of muco-
cutaneous bleeding and postoperative hemor-
rhage resulting from thrombocytopenia mainly
[105]. Bone manifestation, like acute or chronic
bone pain, is another typical symptom in GD1
patients, especially in children, and has a relation-
ship with bone deformities, lesions and mass
decline [106, 107]. With the progression of the
disease, the respiratory system can be affected by
the infiltration of Gaucher cells in lung presented
with the interstitial disease [108]. Furthermore,
about 35% of children diagnosed with GD1 had
growth retardation and delayed puberty in a past
cohort study [109].

GD2 is often characterized by early and severe
clinical symptoms within the first year of life.
Although patients also exhibit splenomegaly,
thrombocytopenia, and growth retardation, the
diagnosis of GD2 relies on distinguishing the
feature of neurological impairment from
non-neurological GD. Typical signs include
rigidity of neck and trunk, difficulty in
swallowing, laryngeal stridor, trismus, and oculo-
motor paralysis [110]. Central apnea accounts for
about 50% of death in GD2, as Gaucher cells
infiltrate lung leading to dysfunction of the respi-
ratory system [111]. Of note, perinatal lethal form
of GD2, also known as fetal GD, is the rarest,
while at the same time, the most severe type
exhibits hydrops fetalis, ichthyosis, facial
dysmorphia, and central nervous system degener-
ation, resulting in fetal death in utero or soon after
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birth [111, 112]. This emphasizes the importance
of carrying out newborn screening, next-
generation sequencing, and carrier testing
among high-risk populations to achieve early
diagnosis of GD and minimize negative
consequences.

Apart from observing visceral involvements
which is similar to GDI1, the identification of
oculomotor nerve impairment, a slowed or absent
horizontal saccadic eye movement, is necessary
in diagnosing GD3 patients [113]. This can be the
only neurological sign in some cases. GD3
patients may develop other severe neurological
manifestations such as myoclonic seizures, cere-
bellar ataxia or spasticity and dementia
[114, 115]. GD3a, GD3b, and GD3c are classical
subtypes of GD3. Progressive myoclonic epilepsy
constitutes the clinical feature in GD3a patients,
and the symptom is less severe in type 3b com-
paratively [95, 114]. GD3c, the cardiac pheno-
type of GD3, is described with cardiac
manifestations, of which calcification of the aortic
and mitral valves and calcification of the aorta are
the most typical characteristics [116].

Taken together, diagnosis of GD is mainly
based on GBA1 gene sequencing mutations and
the measurement of remaining GCase activity as
mentioned above. The identification of Gaucher
cells in biopsy of bone marrow and enlarged
spleen can help confirm the diagnosis when GD
patient has no obvious symptom, shows unex-
plained worsening blood count or displays no
response to enzyme treatment [117].

13.4.5 Treatment

Two well-established treatments of GD are ERT
and SRT.

ERT applies recombinant GCase via intrave-
nous injection to compensate for the lack of
GCase in cells. ERT for GD first appeared in the
1990s [118], and three types of ERT drugs,
including imiglucerase, velaglucerase, and
taliglucerase, have been applied in clinical use
under marketing authorizations. These drugs can
alleviate visceral and hematological involvements
effectively. However, none of them improves
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neurological symptoms without the ability to
cross the blood-brain barrier [95].

In SRT, the partial inhibitor restrains the func-
tion of the enzyme that synthesizes glucosyl-
ceramide to reduce the substrate of GCase.
Miglustat and Eliglustat are two oral SRT drugs
that have been approved officially to treat
GD. Miglustat can be a replacement drug therapy
when patients are intolerant of ERT [117]. Even
though Miglustat can cross the blood—brain bar-
rier, it exerts a subtle influence on neurological
manifestations [119]. Given that Eliglustat, a cer-
amide analog, is a more potent drug and has fewer
side effects than Miglustat and ERT drugs, it is
now recommended as first-line therapy in the
treatment of adult GD1 patients [120]. Patients
are required to have CYP2D6 genotyping before
using Miglustat, which is decomposed by cyto-
chrome P450, to prevent certain drug—drug
interactions [92]. Still, Eliglustat is unable to get
into the central nervous system to ease neurologi-
cal symptoms [121].

Splenectomy, orthopedic surgery, liver trans-
plantation, and other symptomatic treatments are
not regarded as routine therapies after the appli-
ance of ERT and SRT, unless severe visceral
complications exist, such as splenic rupture and
pathological bone fractures.

As new emerging therapies, both gene
therapies and the usage of molecular chaperones
need further investigation and clinical trials
[122, 123].

13.5 Metachromatic
Leukodystrophy
13.5.1 Condition
Metachromatic leukodystrophy (MLD, MIM
#250100) is an extremely rare autosomal reces-
sive lysosomal storage disease and the estimated
birth prevalence rate is 1.4-1.8 per 100,000
[124]. Most patients were of Caucasian ethnicity,
followed by Asian [125]. Based on the age of
onset, MLD is divided into three subtypes,
namely late-infantile form (before 30 months),
juvenile form (between 2.5-16 years), and adult
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form (after 16 years) [126]. Late-infantile patients
account for the largest proportion of all clinical
types of MLD patients [125].

13.5.2 Genetic Defects

MLD is an auto-recessive hereditary disorder
characterized by arylsulfatase A (ASA) defi-
ciency or, more rarely, defective sphingolipid
activator protein B, saposin B (Sap-B)
[125]. ASA plays an important role in the degra-
dation of sulfatides which are mainly found in the
myelin membranes and Sap-B assists this process
by solubilizing the hydrophobic lipid
[127]. Patients with MLD often show increased
levels of 3-O-sulfogalactosylceramide (sulfatide)
and 1-(3-O-sulfo-beta-p-galactosyl) sphingosine
(lyso-sulfatide) [128, 129]. Sulfatides accumulate
in several tissues, such as kidney, gallbladder, or
bile ducts [130], but the progressive accumulation
especially affects oligodendrocytes and Schwann
cells, and leads to demyelination and axon loss,
causing neurological symptoms [128, 130].

ASA is encoded by ARSA gene (22q13.33,
MIM *607574), with 8 exons [125, 131]. Now
more than 250 mutations of the ARSA gene have
been reported [132], while the most common
disease-causing variants are splice donor site var-
iant c.465 + 1G > A, missense variants
c.1283C > T (p.Pro428Leu) and ¢.542 T > G
(p-Ile181Ser) [125, 133]. The splice donor site
variant ¢.465 + 1G > A is regularly identified in
the most severe late-infantile form [125, 133,
134]. However, missense mutations are the most
common mutations observed in the late-infantile
form, which leads to misfolding of ASA in the
endoplasmic  reticulum  and  subsequent
proteasomal degradation, thus no functional
enzyme can reach lysosome, subsequently caus-
ing sulfatides accumulation [134]. The other two
missense variants mentioned above are usually
detected in adult or juvenile patients [125, 133].

Sap-B is encoded by PSAP gene (MIM
#176801), which is mapped to chromosome
10g22.1 and with 15 exons [125]. ASA activity
is usually normal in patients with MLD due to
Sap-B deficiency.
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13.5.3 Clinical Features and Diagnosis

The clinical features of MLD are heterogeneous
according to the subtypes. In patients with late-
infantile form, impaired gross motor function is
usually the first manifestation, such as abnormal
movement patterns, walking difficulties, affected
gait, and motor regression [134-136]. Motor
function completely lost in late-infantile patients
occurs no later than 40 months [135]. In late-
infantile form, peripheral neuropathy symptoms
usually appear before the central neuropathy
symptoms and the symptoms usually manifest as
clumsiness, muscle weakness, sensory deficits,
and areflexia [126]. As the disease progresses,
patients can develop other symptoms, such as
mental regression, spastic tetraparesis, visual
and auditory impairment, bulbar palsy, and
seizures [126].

In juvenile patients, MLD is usually
characterized by cognitive impairment and
behavioral changes, which usually manifests as
academic performance deterioration, attention
difficulties, and disruptive behavior, followed by
motor regression, such as slowness of
movements, gait disturbances and balance
impairment, and epilepsy [136, 137].

Adult patients often have symptoms of mental
deterioration and behavioral abnormalities firstly
[138]. Adult patients can also have neurological
symptoms including pyramidal and cerebellar
symptoms, usually accompanied by modification
of speech [138]. The mean survival of adult
patients is longer than the two other types
[139]. In addition to nervous system, gallbladder
is usually involved, such as polyp, gallstone, and
increased thickness, and MLD patients is prone to
neoplastic gallbladder abnormalities [140].

Whole-exome sequencing or whole-genome
sequencing can be used to detect mutations to
help genetic diagnosis [141-144]. To measure
ARSA enzyme activity, samples from leukocyte
lysate, or rarely, fibroblast lysate, can be
incubated with synthetic chromogenic substrate
p-nitrocatecholsulfate [145], and the assay can
be conducted at O °C to reduce the interference
of arylsulfatase B (ARSB) which can also hydro-
lyze the substrate [146]. To further improve
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accuracy, AgNOj; can be added to inhibit ARSB
[146]. This assay can be read out photometrically
[145]. A novel detection method using deuterated
natural sulfatide substrate to measure ARSA
enzyme activity in leukocytes or DBfS by
LC-MS/MS is developed, which has high speci-
ficity and sensitivity [147]. Measuring blood
sulfatides or sulfatides excretion in urine by
LC-MS/MS is helpful for diagnosis in MLD
[148, 149].

MRI is an important tool in the diagnosis of
MLD. On proton density and T2-weighted
images, diffuse and symmetric hyperintensities
within the white matter can be seen, which is
consistent with demyelination [150]. The corpus
callosum is usually the initial area to be involved
and abnormalities then spread to the
periventricular white matter, while the subcortical
fibers are spared at the early stage [137]. Within
the abnormal white matter, there are hypointense
signal abnormalities which can be divided into
two appearances on T2I: tigroid stripes extending
radially [134, 150] and dots like leopard-skin
appearance [150, 151]. Proton magnetic reso-
nance spectroscopy can evaluate motor and cog-
nitive function by measuring the neuronal
metabolite N-acetylaspartate levels which is a
biomarker for neuronal and axonal loss
[152]. Nerve conduction studies can detect
decline of the peripheral nerve conduction veloc-
ity which is an early symptom to help diagnosis
[138, 153].

Adult patients with MLD might be
misdiagnosed with Alzheimer disease for early-
onset progressive dementia [154]. Besides, the
similar psychiatric symptoms of the adult MLD
might lead to wrong diagnosis, such as manic
depression, schizophrenia, organic disorders, or
alcoholism [155].

Some ARSA gene alterations known as
polymorphisms lead to an 10%—-15% of normal
ASA enzymatic activity, which is enough to pre-
vent symptoms of disease, and these alleles are
called pseudodeficiency alleles [156]. Sulfatide
excretion in a 24-h urine sample helps distinguish
ASA pseudodeficiency from MLD, in which
MLD patients exhibit a large amount of sulfatide
excretion [134].
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Multiple sulfatase deficiency (MSD) is a rare
disorder characterized by the deficiency of multi-
ple sulfatases and combines the clinical features
of diseases caused by deficiencies of individual
sulfatases [157]. Some MSD patients with similar
neuropathy symptoms, high protein in cerebrospi-
nal fluid, and high sulfatide excretion in urine
might be misdiagnosed as MLD, which can be
distinguished by detecting other or total
sulfatases, and specific manifestations including
facial dysmorphia, skeletal deformities, and
ichthyosis [134].

13.5.4 Treatment and Advances

HSCT can improve ASA enzyme activity and
limit disease progression by halting further demy-
elination and immunomodulation  [158-
160]. Because of slow replacement of ASA defi-
cient resident tissue, HSCT is only suitable for
asymptomatic juvenile and adult patients, or
patients with mild nervous system involvement,
while the beneficial effects may be temporary and
restricted to CNS symptoms [126, 137, 161, 162].

Gene therapy of MLD can be divided into
bone marrow stem cell gene therapy and in vivo
gene therapy [163]. Genetically modified autolo-
gous HSC by retrovirus and lentivirus transplan-
tation can provide more functional enzyme for
effected tissues and reduce the risk of graft-versus
host disease, while it is only suitable for those
who are identified at pre-symptomatic stage,
which limits the application of this strategy
[156, 164, 165]. In vivo gene therapy has devel-
oped three vectors: optimized adeno virus, adeno-
associated virus, and lentivirus vectors
[163]. AAV-based gene therapy is believed to
be a promising way to transmit the gene message
for ARSA gene directly to the CNS for sustained
metabolic correction within the body [164, 166].

ERT has showed success in the treatment of
many other LSDs, while the effectiveness of ERT
in treating MLD is challenged by blood-brain
barrier which is considered a powerful barrier
preventing high molecular weight substances
from reaching brain tissue [156, 167]. To solve
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this problem, intracerebroventricular and intrathe-
cal ERT agent delivery are developed [156, 167].

13.6 Krabbe Disease

13.6.1 Condition

Krabbe Disease (KD, MIM #245200) was first
described in 1916 by the Danish neurologist,
Knud Krabbe [168]. It is a rare autosomal reces-
sive lysosomal disorder due to deficiency of
[p-galactocerebrosidase, affecting primarily cere-
bral white matter and peripheral nerves
[169]. The incidence of KD is about 1:100,000—
1:250,000, and more than 90% of cases are
proved as severe forms which often start during
the infant time. Meanwhile, the adult-onset form
of KD probably leads to the disability [170]. KD
is a long-term disease that can be life-threatening
especially in the early-onset form which can lead
to death in early infancy [171].

13.6.2 Genetic Defects

KD is an autosomal recessive neurodegenerative
disorder typically caused by a deficiency of the
lysosomal enzyme galactocerebrosidase (GALC),
encoded by gene GALC (14q31, MIM *606890).
Up to date, more than 140 disease-causing
mutations and polymorphisms have been
reported, including missense, deletion nonsense,
insertion, and deletion insertion variants. The
effects of mutations are complicated due to the
concomitant  presence of  polymorphisms
[172]. Besides, a child at 3.5-month-old was
reported as atypical KD with mutation in the
prosaposin  gene (PSAP, 10q22.1, MIM
*176801), leading to saposin A deficiency,
which functions as a kind of sphingolipid activa-
tor protein [173]. Another pathogenic mutation in
PSAP was reported in a 7-month-old girl strongly
suggested KD, but without enzymatic evidence
nor genetic findings in GALC [174].
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13.6.3 Clinical Features

Galactosylceramide, direct substrate of GALC, is
the major lipid species in myelin, kidney, and
epithelial cells of the small intestine and colon.
Owing to this biology property, GALC loss-of-
function mutations mainly lead to defects in ner-
vous system, urinary system, and digestive sys-
tem. The classifications for KD can be various.
The classic one divides KD into five forms which
is based on the age at onset of neurological
symptoms: early-infantile (0 to 6 months), late-
infantile (7 to 12 months), later onset (13 months
to 10 years), adolescent (11 to 20 years) and adult
(from 21 years on) [169]. The first two forms
account for most of cases while the adult form is
very rare [175]. In the terms of central neuropa-
thy, Krabbe’s leukodystrophy is the outcome of
demyelination in the brain, also known as globoid
cell leukodystrophy.

The early-onset infantile KD is a severe rap-
idly progressing, demyelinating disease, and has
typical clinical features including hyper-
irritability, feeding difficulties, stiffness, elevated
temperature, psychomotor regression, convulsive
seizures, and vision loss. The other form of KD is
late onset, the symptoms of which can be very
various. Blindness, muscle weakness, and arrest
of intellectual development are always evident.
Other symptoms include behavioral problems,
ataxia, and spastic paraparesis [176, 177].

13.6.4 Diagnosis

GALC activity measurement, genetic analysis,
and psychosine measurement are the main diag-
nostic criteria which are performed only when the
symptoms occur. Some early clinical evidence
should be discovered to distinguish the KD in
an early time [178].

Magnetic resonance imaging is one of the
important diagnostic features and biomarkers for
the description of the CNS pathology of KD
[169]. The features differ according to the age of
disease onset. The infantile onset form often
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presented with white matter hyperintensities
which involve the dentate nuclei and cerebellar
white matter. For the juvenile form, the parieto-
occipital white matter is affected while the cere-
bellum is always normal. But the data for adult-
onset patients is quite limited [179].

Shoko Komatsuzaki’s study showed the earlier
onset of disease was strongly associated with a
higher cerebrospinal fluid protein concentration
which means it may be considered as a diagnostic
biomarker in the appropriate clinical background
of KD. However, since other diseases such as
CNS infections and demyelinating diseases also
have the similar laboratory findings, cerebrospi-
nal fluid protein concentration can be very limited
to specifically distinguish KD from other differ-
ential conditions [177].

The first-tier measurement of GALC enzy-
matic activity in DBS of the newborn alone can
be unreliable due to common pseudodeficiency
GALC gene variants. The psychosine has
emerged as a valuable biomarker for diagnosis
and prognosis of KD [180]. As for atypical KD
with PSAP mutations, genetic sequencing
supplemented with functional validation may be
the proper practice at current status.

13.6.5 Treatment and Advances

KD is a long-term debilitating disease that can be
life-threatening. Treatment options for KD
include HSCT, gene therapy, bone marrow cell
transplant, substrate reduction therapy, ERT, and
the wuse of small molecules ‘“chemical
chaperones,” but some of which haven’t been
conducted on human [181].

Currently, there is no FDA or EMA approved
treatment for KD. Two investigational
compounds, recombinant human GALC and
ibudilast were granted orphan drug designation
by the FDA. The former one produced by a
method known as “recombinant DNA technol-
ogy,” was also assigned orphan drug designation
by the EMA in 2011 [171].

Some experimental therapeutic approaches are
also focused on hematopoietic stem cells which
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can replace the missing enzyme. However, it is
risky, expensive, and of uncertain efficacy [175].

Recent information reported by a group of
public health and medical professionals showed
that the diagnosis and prompt initiation of HSCT
conducted before 30 days of life can improve the
future symptoms considerably. Several states of
America have begun considering about the neces-
sity of KD newborn screening [182]. Inversely,
some people question the efficacy of newborn
screening for KD due to the false positives of
the tests, and the efficacy of early HSCT [183].

However, prenatal diagnosis should be
performed with measurement of GALC enzyme
activity or molecular genetic testing if the family
member was diagnosed of KD. Carriers testing of
the family members is useful to prevent the risk
for future pregnancies with  potential
disease [172].

13.7 Niemann-Pick Disease A and B

13.7.1 Condition

Niemann—Pick disease (NPD) is a genetic lipid
storage disease, inherited in autosomal recessive
mode, and characterized by developing
hepatosplenomegaly, neuropathic symptoms,
and recurrent lung infections close to birth. The
first NPD patient reported by German pediatrician
Albert Niemann in 1914 was an Ashkenazi Jew-
ish infant. In 1961, Allen C. Crocker described
four subtypes of NPD, type A to type D. Later,
two more types, type E and F were delineated.
Nevertheless, NPD-A (MIM #257200) and
NPD-B (MIM #607616) are two classic forms
with the majority, with frequency suggested to
be 1 in 250,000 individuals [184]. From a world-
wide perspective, approximately 1200 cases have
been diagnosed as NPD-A or NPD-B. NPD-A is
also known as the classic infantile form or the
intermediate protracted neurovisceral form, while
NPD-B is recognized as the visceral form [185],
mainly based on clinical manifestations. The
signs and symptoms of NPD-B are similar with
NPD-A, but not as severe as NPD-A, thus NPD-B
patients usually survive into adulthood.
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13.7.2 Genetic Defects

NPD-A and NPD-B are caused by homozygous
or compound heterozygous mutation of
SMPD1 gene (MIM *607608), which is located
on human chromosome 11 (11p15.4), encoding a
lysosomal enzymatic protein termed acid
sphingomyelinase (ASM). This 631-amino acid
protein mainly functions in the hydrolysis of
sphingomyelin to ceramide and phosphor-
ylcholine [186, 187]. Respectively, ASM activity
is completely absent in NPD-A, but is residual
remaining in NPD-B. Pathogenic mutations in
SMPD1 result in deficiency of acid
sphingomyelinase, which leads to reduced degra-
dation of sphingomyelin. Over time, the buildup
of sphingomyelin causes lipotoxicity, further
arouses cellular dysfunction or even apoptosis.
Cell death further non-selectively impairs funda-
mental function of organs including the brain,
lungs, the spleen, and the liver.

13.7.3 Clinical Features and Diagnosis

Symptoms of NPD are closely related with the
tissues and organs where sphingomyelin
abnormally accumulates, including peripheral
symptoms (hepatosplenomegaly) and central
symptoms (dementia, dysarthria, dysphagia, and
ataxia). NPD-A is distinguished from NPD-B
with impaired neurological function [188]. Most
NPD-A patients show severe neuropathic
symptoms and shorter lifespan compared to
NPD-B subjects [185]. Moreover, typical
cherry-red spots of the retina macula are common
in NPD-A affected infants, and often combined
with fatal interstitial lung diseases [189]. An
early-stage diagnosis of NPD is established
in observing the deficiency of acid
sphingomyelinase activity in white blood cells
or cultured skin fibroblasts. Prenatal diagnosis is
anticipated via measuring sphingomyelinase
enzymatic activity, or the neonatal screening
panel based on the gene sequencing technique
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on uncultured or cultured chorionic villus sam-
pling, or cultured amniocytes [190].

13.7.4 Treatment and Advances

Liver transplantation might be efficient for NPD
individuals with severe liver and pulmonary dys-
function [191]. On the one hand, ERT, especially
in NPD-B patients, has been proven worked in
previous clinical trials [192]. On the other hand,
no curable treatment is available for NPD-A so
far. Meanwhile, recent study [193] has revealed
that cerebellomedullary cistern injection of AAV
serotype 9 encoding human ASM can effectively
restore ASM activity in ASM knockout mice,
which indicates the possibility of genetic therapy
in clinical trials in NPD-A as well as other lyso-
somal storage brain disorders. Enzyme replace-
ment therapy or gene therapy for treating NPD
and other human sphingolipid disorders might be
promising in the foreseeable future.

13.8 Farber Disease

13.8.1 Condition

Farber disease, also known as Farber’s lipogranu-
lomatosis (MIM #228000), is an extremely rare
autosomal recessive lysosomal storage disorder
caused by mutations in the ASAHI gene (MIM
*613468). The first case was referred as
“disseminated lipogranulomatosis” by Sidney
Farber in 1952 [194]. Meanwhile, the mutated
ASAH1 gene contributes to another disorder
known as spinal muscular atrophy with progres-
sive myoclonic epilepsy (SMA-PME) [195]. It
was originally believed that Farber disease and
SMA-PME were two independent diseases. How-
ever, there is an overlap in their clinical
phenotypes with the appearance of more case
reports. To date, less than 200 reported cases of
Farber disease or SMA-PME have been identified
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worldwide based on literature search and the true
incidence of this disease remains unknown.

13.8.2 Genetic Defects

The ASAHI gene is mapped to chromosome
8p21.3-p22 and encodes human acid ceramidase
enzyme (ACDase), which is a lysosomal hydro-
lase that degrades bioactive lipid ceramide into
sphingosine and fatty acid [196, 197]. Mutations
in ASAHI1 lead to deficiency in ACDase and
abnormal accumulation of ceramides in various
tissues of the body, such as joints, bones, brain,
liver, and spleen, and ultimately cause various
clinical features.

13.8.3 Lab Findings

The ACDase activity assay measured in cultured
skin fibroblasts and leukocytes, which is gener-
ally reduced to less than 10% of control cells,
could provide valuable evidence for the diagnosis
of Farber disease [198, 199]. Moreover, the sig-
nificantly decreased enzyme activity in
amniocytes and fetal fibroblasts is also employed
in prenatal diagnosis [200].

In addition, excess ceramide concentrations
could be detected in cultured cells as mentioned
above or in biopsy specimens and body fluid
samples from Farber disease patients [201—
203]. In the recent decades, the fundamentally
development of liquid chromatography and mass
spectrometry allowed for detailed detection and
quantification of ceramide species and their
derivatives, which has been applied to
demonstrating increased amount of ceramide spe-
cies in tissues and cells and provided novel
insights into the pathologic mechanism of Farber
disease [204]. Based on this technique, C26:0 cer-
amide has been reported as a potential sensitive
biomarker candidate for early detection and
intervention [205].

The morphological change of subcutaneous
nodules or other tissues from Farber disease
patients mainly includes granulomas and lipid-
laden macrophages (foam cells) infiltration.
Ultrastructural analysis revealed the presence of
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characteristic comma-shaped curvilinear tubular
Farber bodies, spindle-shaped bodies, and zebra-
like bodies among different cell types [206-208].

Recent studies also found that monocyte
chemoattractant protein 1 (MCP-1) was increased
in plasma of Farber disease patients and animal
models, which is consistent with the phenotype of
inflammatory infiltration in tissues [204, 209]. It
was suggested that MCP-1 could be a sensitive
cytokine biomarker for differential diagnosis of
Farber disease.

13.8.4 Clinical Features and Diagnosis

The clinical symptoms of Farber disease patients
are varied and complicated. The most classic
three phenotypes consist of subcutaneous nodules
near joints, progressive immobilization and defor-
mation of joints and hoarseness due to nodules
formation within the larynx. Moreover, Farber
disease is characterized as seven types via differ-
ent clinical manifestations, age of onset, and the
severity of this disorder. The following
Table 13.1 summarized the main phenotypes of
Farber disease and SMA-PME.

The primary clinical diagnosis of Farber dis-
ease is based on the classic triad as mentioned
above. Generally, Farber disease might be
initially misdiagnosed as juvenile idiopathic
arthritis, rheumatoid arthritis, and juvenile hya-
line fibromatosis due to its rarity and similar
manifestations in joints and subcutaneous
nodules [197, 213]. Therefore, further biochemi-
cal and genetic analyses are required. Enzyme
activity assay and quantitation of excess
ceramides described above are the two most
methods assisting in definite diagnosis of Farber
disease. Gene testing provides a conclusive diag-
nosis, especially for those with mild or
non-classical symptoms, and SMA-PME patients.

13.8.5 Treatment and Advances

As for the management of this disease, there is no
effective therapeutic method to date. The basic
treatment are anti-inflammatory medications and
physical therapy to relieve pain and related
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Table 13.1 Clinical phenotypes of Farber disease

Age of
Classification onset
Type 1 (classic form) Infancy
Type 2 Infancy
Type 3 Infancy—
toddler
stage
Type 4 (neonatal- Neonatal
visceral subtype) stage
Type 5 Infancy—
toddler
stage
Type 6 (combined Infancy
Farber and Sandhoff (6 months)
disease variant-1 case
[210])
Type 7 [211, 212] Infancy
(Prosaposin deficiency
with intact ASAH1)
SMA-PME Childhood

Main clinical features

Classic triad®, dyspnea, pneumonia,
progressive neurological impairment
(developmental delay, hypotonia, muscle
atrophy, and seizures)

Classic triad and slight neurological
problems

Classic triad and intellectual disability

Hepatosplenomegaly and visceral
histiocytosis

Progressive neurological deterioration:
Seizures, quadriplegia, loss of speech,
myoclonus and intellectual disability;
nodules and joint involvement

Classic triad, hypotrophy, and cherry-red
macular spots

Hepatosplenomegaly, seizures,
myoclonus, and respiratory failure

Walking difficulties, sporadic falls,
muscle weakness, myoclonic epilepsy,
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Severity/
survival
Involved organs | period
Skin, joints, Severe/
larynx, lungs, infancy
and nervous
system
Skin, joints, Moderate/
larynx, and early-mid
nervous system | childhood
Skin, joints, Mild/young
larynx, and adulthood
nervous system
Liver, spleen, Severest/
lungs, thymus, early
and infancy
lymphocytes
Nervous system, | Moderate—
skin, and joints severe/early
childhood
Skin, joints, and | Moderate/
larynx early
childhood
(2.5 years)
Liver, spleen, Severe/
nervous system, | infancy
and lungs
Nervous system | Moderate/
adolescent

and tremors

?Classic triad: subcutaneous nodules, joint contractures, and voice hoarseness

symptoms. HSCT was reported for the first time
to treat a classic Farber disease case in 1989
[214]. Recently, a follow-up study evaluated the
effects on 10 Farber disease patients who
underwent HSCT within 15 years [215]. All the
data revealed that abnormal inflammatory
response could be corrected after HSCT, while
neurological symptoms and signs could not be
relieved. Therefore, for Farber disease patients
without nervous system involvement, HSCT
might be effective.

ERT has been commonly applied to clinical
treatment of lysosomal storage disease such as
Gaucher disease [216]. A recent study
demonstrated that human recombinant acid
ceramidase (rhACDase) derived from Chinese
hamster ovary cells overexpressing ACDase sig-
nificantly reduced ceramide in fibroblast from a
Farber disease patient [217]. Meanwhile, the

researchers administered rhACDase to the
asah1PAOIR/PIOIR -\ itant mice (Farber disease
mice) and found that the treatment improved
their survival rate, normalized spleen size,
decreased plasma MCP-1 levels, reduced macro-
phage infiltration in liver and spleen, and cer-
amide accumulation in tissues [217]. It was
suggested that ERT might be promising treatment
for Farber disease and further investigations are
urgently required for clinical translation.

13.9 Summary

In this chapter, we give a brief review about these
eight diseases belonging to sphingolipidoses. To
further compare similarities and differences
between them, Table 13.2 including genetic
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characteristics,

molecular changes, clinical

manifestations, and treatments is attached as
follows. Overall, limited effective choices have
been approved for treating sphingolipidoses,
especially for those patients affected with CNS.
Thus, further investigations are indeed warranted
for better understanding and managing these life-
threatening disorders.
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