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Abstract: Background: Gaucher disease is a lysosomal storage disorder caused by functional gluco-
cerebrosidase enzyme deficiency. Hepatosplenomegaly and hematological complications are found
in both Gaucher disease and Acid Sphingomyelinase Deficiency, which is caused by acid sphin-
gomyelinase dysfunction. The possible overlap in clinical presentation can cause diagnostic errors
in differential diagnosis. For this reason, in patients with an initial clinical suspicion of Gaucher
disease, we aimed to carry out a parallel screening of acid sphingomyelinase and glucocerebrosidase.
Methods: Peripheral blood samples of 627 patients were collected, and enzymatic activity analysis
was performed on both glucocerebrosidase and acid sphingomyelinase. The specific gene was studied
in samples with null or reduced enzymatic activity. Specific molecular biomarkers helped to achieve
the correct diagnosis. Results: In 98.7% of patients, normal values of glucocerebrosidase activity
excluded Gaucher disease. In 8 of 627 patients (1.3%), the glucocerebrosidase enzymatic activity
assay was below the normal range, so genetic GBA1 analysis confirmed the enzymatic defect. Three
patients (0.5%) had normal glucocerebrosidase activity, so they were not affected by Gaucher disease,
and showed decreased acid sphingomyelinase activity. SMPD1 gene mutations responsible for Acid
Sphingomyelinase Deficiency were found. The levels of specific biomarkers found in these patients
further strengthened the genetic data. Conclusions: Our results suggest that in the presence of typical
signs and symptoms of Gaucher disease, Acid Sphingomyelinase Deficiency should be considered.
For this reason, the presence of hepatosplenomegaly, thrombocytopenia, leukocytopenia, and anemia
should alert clinicians to analyze both enzymes by a combined screening. Today, enzyme replacement
therapy is available for the treatment of both pathologies; therefore, prompt diagnosis is essential for
patients to start accurate treatment and to avoid diagnostic delay.
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1. Introduction

Gaucher disease (GD, OMIM #230800, ORPHAZ355) is a rare, autosomal, recessive
genetic disorder determined by mutations in the GBA1 gene located on chromosome 1
(1921), coding for the lysosomal enzyme, glucocerebrosidase (GCase, also called gluco-
sylceramidase or acid 3-glucosidase 1, EC: 4.2.1.25) [1-7]. In lysosomes, this enzyme
hydrolyzes glucosylceramide (GlcCer) into ceramide and glucose; this impairment leads
to the accumulation of GlcCer substrate in macrophages, also known as Gaucher cells.
Penetrating the bone marrow, spleen, liver, and other organs, these cells are considered the
main protagonists of the disease’s symptoms [1].

The phenotype is variable, and three clinical forms have been identified. Type 1 is the
most common and causes no neurological damage: it is characterized by the association of
hepatosplenomegaly (volume increase of the liver and spleen), skeletal pathology (pain, os-
teopenia, osteolytic lesions with fractures, bone infarcts, and osteonecrosis), and cytopenia
(thrombocytosis, anemia, and, rarely, neutropenia).

Type 2 is characterized by neurological involvement, with onset before two years of
life, a low psychomotor development, and a rapidly progressive course with death within
two—four years of life.

Type 3, although characterized by central nervous system involvement with infantile
onset, has a slower progressive course and survival until the third or fourth decade of
life [8,9].

A few of signs and symptoms of Gaucher disease are also found in Acid Sphingomyeli-
nase Deficiency (ASMD) or Niemann Pick A /B disease [10]. It is caused by mutations in
the SMPD1 gene coding for acid sphingomyelinase (ASM), which is necessary for sphin-
gomyelin metabolism into ceramide and phosphocholine.

Since acid sphingomyelinase is essential for sphingolipid homeostasis, its failure
causes reorganization of membrane lipid micro-domains, causing lipid abnormalities in
the plasma membrane, lysosomes, and cellular signaling pathways [11].

The main signs and symptoms of ASMD affect the liver, spleen, heart, and respiratory,
hematological, and skeletal systems. The presence or absence of neurological involvement,
the extent of systemic disease, and the rate of disease progression make this systemic
disorder highly clinically variable [12]. We can distinguish the following forms of ASMD:
infantile neurovisceral ASMD, which is the most severe form, rapidly progressive, and
uniformly fatal in early childhood [13]; chronic neurovisceral ASMD, which is more slowly
progressive; and chronic visceral ASMD, which has onset of symptoms in childhood
through adulthood and is associated with significant morbidity [14]. Patients with ASMD
have clinical manifestations that overlap with other disorders: hepatosplenomegaly, hema-
tological disorders, and bone alterations are also found in patients affected by Gaucher
disease. In the case of chronic forms of ASMD, this overlap in symptoms and signs can
lead to a long diagnostic odyssey for patients [12,15]. Moreover, Niemann Pick A/B is
rarer than GD, with an estimated incidence between 1:100,000 and 1:264,000 in the general
population [14]. Therefore, the presence of several clinical manifestations peculiar to both
disorders should alert clinicians to think not only of Gaucher disease but also ASMD [10].

The clinical suspicion of both lysosomal disorders is confirmed by absent or deficient
enzymatic analysis and supported by genetic investigation which must detect one causative
mutation for each allele [16]. Moreover, molecular markers, such as, glucosphingosine
(Lyso-Gb1) and chitotriosidase in Gaucher disease, and lysosphingomyelin (Lyso-SM) and
lysosphingomyelin 509 (Lyso-SM-509), have also been found to be elevated in ASMD [17].
Several algorithms for pediatric metabolists and physicians involved in diagnosis and treat-
ment of LSD have provided simple, convenient, and sensitive tools for diagnosing late-onset
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forms of GD and ASMDthat show the possible overlap in clinical presentation [10,16,18].
In this study, we present for the first time the results of the enzymatic activity of both
glucocerebrosidase and acid sphingomyelinase in 627 patients with an initial clinical
suspicion of Gaucher disease from hematology, internal medicine, and pediatric centers
throughout Italy.

In all of the patients, glucocerebrosidase enzyme activity was within the normal range
except for eight samples, and clinical suspicion of Gaucher disease was confirmed by genetic
analysis. At the same time, acid sphingomyelinase analysis carried out in all samples
showed a normal activity except for three patients who had normal glucocerebrosidase
enzyme activity, so they were not affected by Gaucher disease; in these patients, we found
SMPD1 gene mutations responsible for ASMD. Biomarker levels further confirmed the
genetic data.

2. Materials and Methods

A total of 627 samples of patients with an initial clinical suspicion of Gaucher disease
from hematology, internal medicine, and pediatric centers throughout Italy were analyzed
at the Center for Research and Diagnosis of Lysosomal Storage Disorders of IRIB-CNR
in Palermo, Italy for the enzymatic activity values of glucocerebrosidase and acid sphin-
gomyelinase. Enzymatic assays of both enzymes were carried out in all samples. Samples
with GCase activity < 2.5 nmol/h/mL (reference range: >2.5 nmol/h/mL) were analyzed
for the GBA1 gene. The same diagnostic procedure was followed for acid sphingomyeli-
nase: samples with values < 1.7 nmol/h/mL (reference range: >1.7 nmol/h/mL) were
analyzed for SMPD1. Samples carrying compound heterozygous or homozygous muta-
tions in the GBA1 gene with a confirmed diagnosis of Gaucher disease were assessed for
Lyso-GB1 values (normal range: <6.8 ng/mL) where possible. Samples with homozygous
mutations in SMPD1 with a confirmed diagnosis of ASMD were assessed for lyso-SM509
values (normal range: <0.9 ng/mL) and for lyso_SM values (normal range: <46.3 ng/mL)
where possible.

2.1. Patients

Peripheral blood samples were collected, using EDTA as an anticoagulant, and dried
on specific absorbent paper (dried blood spot (DBS)). Genetic and enzymatic assays per-
formed at the Center for Research and Diagnosis of Lysosomal Storage Disorders of CNR
in Palermo were approved by the Hospital Ethics Committee of the University of Palermo;
signed informed consent was obtained from all participants.

2.2. Glucocerebrosidase and Acid Sphingomyelinase Activity Assays

Glucocerebrosidase and acid sphingomyelinase analyses were performed using the
Dried Blood Filter Paper test (DBFP) described by Chamoles et al. [19], with modifica-
tions. For the GCase enzymatic assay, the artificial substrate 4-methylumbelliferyl (3-F-
glucopyranoside (SIGMA-11.6 mmol/L in Phosphate-Citrate Buffer (CPB), pH 5.2), specific
for GCase, conjugated with a fluorophore was used. The fluorescence values detected by
the fluorometer (Aex: 365 nm, Aem: 448 nm) reflect the quantity of substrate degraded
by the enzyme present in the analyzed sample. Fluorescence data were processed by
an algorithm that provided for each sample an enzymatic activity value expressed in
nmol/h/mL. Furthermore, we added to the reaction mixture a cell lysis solution at pH 5.2
(CPB, TRITON-X 100, SODIUM-TAUROCHOLATE) and CBE (Conduritol B epoxide), a
specific inhibitor for the non-lysosomal (3-glucosidase (NLGCase), to discriminate between
GCase and NLGCase. Samples with the reaction mixture were incubated for 18 h at 37 °C
in a thermomixer (900 RPM) covered with film. ASM activity assay was performed by
CENTOGENE mass spectrometry. This test was performed for clinical purposes and its
performance has been validated by CENTOGENE.
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2.3. DNA Extraction

DNA extraction was performed using EZ1 Advanced XL automatic extractor of QIA-
GEN S.r1., Milano, Italy; the EZ1 Advanced XL DNA Investigator Card (a programmed
card containing protocols for DNA extraction by filter paper) was used in combination
with the EZ1 DNA Investigator kit of QIAGEN S.r.1.-Italy. Quantification of Genomic DNA
required the use of the Eppendorf D30 biophotometer of Eppendorf—Hamburg, Germany.

2.4. GBA and SMPD1 Genetic Analyses

The Long Polymerase Chain Reaction (Long PCR) method was applied after extensive
study of the literature [20] to identify specific mutations of GBA1 and GBAP recombinants.

Two pairs of PCR primers (Table 1) that exclusively amplify GBA1 and identify recom-
binant alleles with GBAP at 0.4 uM concentration in the reaction mixture were provided.
Long PCR amplification of the two macroregions, exon 1-intron 5 and intron 5-exon 11
(two reaction mixtures for each sample), was performed using biotechrabbit™ Long-Range
PCR Master Mix, 2X, following the basic protocol and cycling program in the reaction
manual. PCR Enhancer and MgCl, were not supplied in the mixture. The template DNA
concentration was 50-100 ng in each reaction mixture. Exon 1-intron 5 and intron 5-exon
11 PCR products were purified by ExoSAP-IT™ PCR and used for sequencing the specific
1-5 exons and 6-11 exons of GBA1. Sequencing primers are listed in Table 1.

Table 1. PCR and sequencing primers for genetic analysis of GBA1 and SMPD1. Nucleotide sequences
of the primers used to carry out the genetic study are shown.

GBA1 PCR Primers exon 1-intron 5
GBA_EX1FOR-PC
GBA_EX5Rev-PC

GBA1 PCR Primers intron 5—-exon 11
GBA_EX5FOR-PC
GBA_EX11Rev-PC

GBA1 Sequencing Primers exon 1-intron 5

5'-3" sequence
CTCCATGCAAATCTGTGTTC
GGCCTGAAAAAGCTAGAATG

5/-3" sequence
CCAGGATGATTGCGAACTC
TGCTGTGCCCTCTTTAGTC

5'-3" sequence

Ex1F seq GBA AGATGAGAGGAAGCCAA
ex2R seq GBA TGGTCTCAGTCACTCAAAAG
EX3F seq GBA TCTTITGAAACAGAGTCTT
EX4R_GBA CAGAATGGGCAGAGTGAGAT
EX5F seq GBA GGCCTCCCAAAGTGCTGG
GBA1 Sequencing Primers intron 5-exon 11 5-3" sequence

Ex6R seq bb ATTGAGAGGCCCAAGGCT
Ex7R seq bb CCCTAGAAAGGTTTCAAGCGA
EX8F_GBA TCCAGGATCAGTTGCTCTTC
EX8R seq bb AGTAAGAGGTCTGAGGTCTG
EX9F seq bb TCTTACTAGTTTCACCAAAG
EX9R seq bb AAGTTACGCACCCAATTGGG
EXO9F seq bb2 CCTTGCCCTGAACCCCGAA
SMPD1 PCR Sequencing Primers 5/-3" sequence

Ex1F SMPD1 TGAGCGCGGATTCTGACA
Ex1R SMPD1 AGCAAACTCAGTGATGGATT
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Table 1. Cont.

Ex2F SMPD1 GTTGGCCTGGTTCCTCTGCT
Ex2R SMPD1 GTITCCCTTCTCCCTTCACTT
Ex3F SMPD1 CAGCACAGGAGGACCAGGA
Ex4R SMPD1 CAGCCTTCAGACACTCACCC
Ex5F SMPD1 CATCTCACCATCCCTGTTGT
Ex5R SMPD1 CTCCAACCTCCTTCCCCTAT
Ex6F SMPD1 TCCCTGGAGTTACCCTTGCT
Ex6R SMPD1 CTTGCCCTGCTTGCCTGGAA

Six SMPD1 exons and their flanking intronic sequences were analyzed using five pairs
of oligonucleotides (Table 1) at 0.4 uM concentration in the reaction mixture. Polymerase
Chain Reaction (PCR) of 5 regions, exon 1-exon 6 (5 reaction mixtures for each sample),
was performed using biotechrabbit™ Long-Range PCR Master Mix, 2X, following the basic
protocol and cycling program in the reaction manual. PCR Enhancer and MgCl, were not
supplied in the mixture. The template DNA concentration was 40-60 ng in each reaction
mixture. PCR products were purified and sequenced using the same PCR primers. Eurofins
Genomics service performed Sanger sequencing. Sequence analysis was performed using
LI-COR Align IR and Chromas bioinformatic programs 2.5.

2.5. Biomarkers Assays

Detection of glucosylsphingosine (Lyso-Gb1), lysosphingomyelin-509 (Lyso SM-509)
and lysosphingomyelin (Lyso SM) was performed in dried blood spots using the LC-
MS/MS technique [21-26].

3. Results

We studied 627 subjects (average age: 56.3 years old, 58.5% males and 41.5% females,
with average ages, respectively, of 55.4 and 57.5 years old) with clinical manifestations
attributable to Gaucher disease. Of the 627 patients, 70.8% came from hematology centers,
17.1% from internal medicine, 6.8% from pediatrics, and 5.3% from other centers. In
619 patients (98.7%), normal activity values of glucocerebrosidase excluded Gaucher disease
(Table 2). The average GCase activity in the unaffected patients was 8.3 nmol/h/mL. The
average GCase activity in the 100 healthy control subjects was 8.7 nmol/h/mL. In 8 of the
627 patients (1.3%), deficient glucocerebrosidase activity was found and one homozygous
mutation or two compound heterozygous mutations that confirmed the initial clinical
suspicion of GD (Table 3). Homozygous or compound heterozygous mutations in the GBA1
gene were not found in the 100 healthy subjects studied. In 624 patients (99.5%), normal
activity values of acid sphingomyelinase were found (Table 2). The average ASM activity in
the unaffected patients was 10.1 nmol/h/mL. The average ASM activity in the 100 healthy
control subjects was 10.6 nmol/h/mL.

In 3 of the 627 subjects (0.5%) with an initial clinical suspicion of GD, we found normal
glucocerebrosidase activity and acid sphingomyelinase activity reduction; homozygous
mutations in the SMPD1 gene responsible for ASMD were found (Table 4). Homozygous or
compound heterozygous mutations in the SMPD1 gene were not found in the 100 healthy
subjects studied.

Patient 1 was a 64-year-old man with moderate hepatosplenomegaly [27], thrombo-
cytopenia, and a biopsy with Gaucher-like lysosomal accumulation. Normal glucocere-
brosidase enzyme analysis values excluded the initial clinical suspicion of Gaucher disease.
Nevertheless, the acid sphingomyelinase enzymatic assay result was 0.7 nmo/h/mL, below
the normal range, and SMPD1 gene analysis detected homozygous ¢.1799G>A coding for
p-R602H mutation (Figure 1) which is considered responsible for chronic visceral ASMD in
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homozygous or compound heterozygous mutations [28]. We also investigated Lyso-SM-509
accumulation, which was 4.7 ng/mL, above the normal range of <0.9 ng/mL.

Table 2. Characteristics of the subjects with initial clinical suspicion of GD. Characteristics
of 627 subjects with clinical suspicion of Gaucher disease and the clinical centers from which
they came. Enzyme activity is measured in nmol/h/mL; normal glucocerebrosidase values as-
sayed in whole blood > 2.5 nmol/h/mL. Normal acid sphingomyelinase values assayed in whole
blood > 1.7 nmol/h/mL. Normal Lyso-Gb1 values < 6.8 ng/mL.

Overall Subjects Male Female
Subjects (%) 627 367 (58.5) 260 (41.5)
Average age [min—max] 56.3 [1-90] 55.4 [1-90] 57.5 [1-86]
Hematology % 70.8 69.1 73.5
Internal Medicine % 17.1 17.4 16.5
Pedjiatrics % 6.8 7.6 5.8
Other % 5.3 6.0 4.2
GD patients (%) 8 (1.3) 5(1.4) 3(1.1)
Niemann Pick A/B patients (%) 3(0.5) 2 (0.5) 1(0.4)
Unaffected GD patients (%) 619 (98.7) 362 (98.6) 257 (98.8)
Unaffected ASMD patients (%) 624 (99.5) 365 (99.4) 259 (99.6)
Unaffected patients (%) 616 (98.2) 360 (98.1) 256 (98.5)
Average GCase activity in the probands 0.9 0.8 1.0
Average ASM activity in the probands 1.0 0.9 1.0
Average GCase activity in unaffected patients 8.3 8.6 7.9
Average ASM activity in unaffected patients 10.1 10.0 10.3
3 H%G GWG“@FGG G(Iq
| p '
|
SMPD1 wt sequence
€.1799G>A: p.(R602H)

Figure 1. Index case mutation ¢.1799G>A. (a) Portion of the electropherogram of the SMPD1 exon 6
in index case; homozygous ¢.1799G>A is indicated by the blue line. (b) Portion of sequence of SMPD1
exon 6 in patient aligned with the corresponding sequence of a healthy control (wt). In the sequence
and electropherogram, blue is for cytosine, red is for thymine, yellow is for guanine and green is
for adenine.
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Table 3. Clinical and molecular data of patients with mutations in GBA1 gene. Normal glucocerebrosidase values assayed in whole blood > 2.5 nmol/h/mL; normal
acid sphingomyelinase values assayed in whole blood > 1.7 nmol/h/mL; normal Lyso-Gb1 values < 6.8 ng/mL; -- data not available; + present sign; - absent sign.

o GenderAge G mviy UMl Mitions  Diseme | SPlenomegaly Thrombocyiopemia Anemia iUt WEORE SO
23 F/66 normal 0.4 - G119R/N370S Typel + + - - - -
82 M/53 normal 0.8 - N370S/1L444P Type I1I - + - - - -
199 M/71 normal 0.3 346.0 R131C/N370S Typel + + - - - -
206 M/23 normal 0.5 643.0 R131C/N370S Typel + + + - - -
284 F/43 normal 1.7 332.0 N370S/1L444P Typel + + - - - -
464 M/77 normal 15 14.6 R131C/L444P Typel + + - - - -
565 M/63 normal 1.0 82.0 N370S/N370S Typel + + - - - -
Growth
627 F/12 normal 1.0 218.0 Q286R/N370S  Typel + + + + - dis“;;za“ce
leukopenia.

Table 4. Clinical and molecular data of patients with mutations in SMPD1 gene. Normal acid sphingomyelinase values assayed in whole blood > 1.7 nmol/h/mL;
normal glucocerebrosidase values assayed in whole blood > 2.5 nmol/h/mL; normal Lyso-SM-509 values < 0.9 ng/mL. Normal Lyso-SM values < 46.3 ng/mL;
-- data not available; + present sign; - absent sign.

Patient GCase ASM Lyso-SM- SMPD1 . . . Skeletal Pulmonary Other
No Gender/Age Activity Activity Lyso-SM 509 Mutations Splenomegaly  Piastrynopenia  Anemia Pathology  Involvement Signs
1 M/64 8,8 0.7 - 47 R600H/R600H + + - - - -
11 M/1 16.7 12 - 4.3 W393G/W393G + + + - + -
Recurrent
210 F/51 7.2 1.0 148.0 4.0 ¢.1829_1831del/ + + - - ear

¢.1829_1831del . .
infections
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Patient 11 was a 1-year-old boy with severe hepatomegaly (3.2 times normal volume)
and severe splenomegaly [27], thrombocytopenia, anemia, and pulmonary involvement.
On the basis of clinical signs, biochemical values, and radiological parameters, our first
hypothesis was Gaucher disease with an intercurrent respiratory disease or acid sphin-
gomyelinase deficiency (ASMD). Glucocerebrosidase enzyme analysis was within the
normal range, while the acid sphingomyelinase enzymatic analysis result was below
the normal range. SMPD1 genetic analysis revealed homozygous c.1171T>G coding for
p-W393G mutation (Figure 2); according to the literature, this is considered responsible for
chronic neurovisceral ASMD in homozygous or compound heterozygous mutations [29].
We also investigated Lyso-SM-509, which was 4.3 ng/mL, above the normal range of
<0.9 ng/mL.

2 IR GIRCSLog 1A G A ATGIN(S G GIOMMIOI G ATOA AR A8

SMPD1 wt sequence
c.1171T>G: p.(W393G)

Figure 2. Index case mutation c¢.1171T>G. (a) Portion of the electropherogram of the SMPD1 exon 3
in index case; homozygous ¢.1171T>G is indicated by the blue line. (b) Portion of sequence of SMPD1
exon 3 in patient aligned with the corresponding sequence of a healthy control (wt). In the sequence
and electropherogram, blue is for cytosine, red is for thymine, yellow is for guanine and green is
for adenine.

Patient 210 was a 51-year-old female with anemia, severe hepatosplenomegaly [27],
and recurrent ear infections. The main clinical suspicion of Gaucher disease was excluded
by glucocerebrosidase enzymatic analysis, which was found within the normal range at
7.2 nmol/h/mL (normal range: >2.5 nmol/h/mL). The acid sphingomyelinase enzyme
analysis values were very low, at 1.0 nmol/h/mL (normal range: >1.7 nmol/h/mL), which
led us to carry out a genetic study of SMPD1, and homozygous deletion ¢.1829_1831del
(p.Arg610del) (Figure 3) was detected. This mutation induces the elimination of one argi-
nine amino acid in the protein, with a consequent change in the reading order. The mutation
is considered responsible for chronic neurovisceral ASMD in homozygous or compound
heterozygous mutations [30]. We also investigated Lyso-SM-509, which was 4.0 ng/mL,
above the normal range of <0.9 ng/mL, and Lyso-SM, which was 148 ng/mL (normal
range: <46.3 ng/mL).
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b

G oG A oA G ool e

a GGAHAWG%’&AHQ&MG@AG%&GGAG

C CEI C ﬂc C C C m 666 A G SMPD1 wt sequence
g8 Ao A MG ARGGGAG| 1820 1831 cet: piargstode

Figure 3. Index case mutation ¢.1829_1831del. (a) Portion of the electropherogram of the SMPD1 exon

6 in index case; homozygous ¢.1829_1831del is indicated by the blue line. (b) Portion of sequence of
SMPD1 exon 3 in patient aligned with the corresponding sequence of a healthy control (wt). Dashes
are missing nucleotides present in SMPD1 wt sequence. In the sequence and electropherogram, blue
is for cytosine, red is for thymine, yellow is for guanine and green is for adenine.

4. Discussion

Gaucher disease is a rare enzymopathy with an incidence of 1/40,000 to 1/60,000 in the
general population, but it can reach 1/800 births in the Ashkenazi Jewish population [31,32];
on the other hand, ASMD has an estimated incidence of ~1: 100,000 to date [33]. These
two pathologies have several similar clinical features such as hepatosplenomegaly, throm-
bocytopenia, anemia, and pulmonary involvement, which is more serious in patients
afflicted with ASMD [34]. Therefore, differential diagnosis should be part of common
clinical practice in all patients with these signs and symptomes.

The inclusion of GD in differential diagnosis has been extensively implemented
through education programs, diagnostic algorithms, and many studies that have eval-
uated the prevalence of GD in high-risk populations in different regions [16,35-39]. These
programs, in addition to the development of specific and sensitive easy-to-use tools of
great support to clinicians for the analysis of glucocerebrosidase activity on DBS, have
contributed to the consideration of Gaucher disease as among the possible diagnostic
hypotheses and to an increase in testing of suspected cases.

Unfortunately, in Acid Sphingomyelinase Deficiency, the problems leading to diag-
nostic delay are still observed today. Among the causes of this, the overlap in the clinical
picture with other disorders such as Gaucher disease may be included. In the last years,
several algorithms have been presented to help the scientific community in diagnosing
GD and ASMD in subjects presenting with splenomegaly or hepatomegaly and further
differentiating signs or symptoms [9,14].

Moreover, a recent study which collected data from 61 countries between 2017 and
2022 on samples analyzed for glucocerebrosidase and acid sphingomyelinase enzyme
activities revealed that one in four cases suspected of Gaucher disease was a missed
diagnosis of ASMD [40]. In our study, we analyzed both pathologies in 627 patients, with
a diagnostic hypothesis of GD advanced by hematologists, internal medicine physicians,
and pediatricians. In 8 of the 627 patients, glucocerebrosidase activity was reduced and
one homozygous causative mutation or two biallelic causative mutations confirmed the
initial clinical suspicion of Gaucher disease (Tables 2 and 3). In 3 of the 627 patients with
an initial suspicion of GD, glucocerebrosidase activity was normal; nevertheless, acid
sphingomyelinase activity was decreased (Table 4). In each of these patients, SMPD1
homozygous mutations were found. Two patients had cDNA point mutations that caused
amino acid changes, p.R602H and p.W393G, both responsible for Niemann Pick A /B [28,29].
The third patient had one deletion of three nucleotides (GCC) in position ¢.1829_1831 of
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the cDNA, which causes deletion of the amino acid arginine in position 610 of the protein
(p-Arg610del), resulting in the reading code changing [30]. Lyso SM-509 was increased in
all three patients, which helped us to confirm the Niemann Pick A /B diagnosis.

Our study, performed on patients with signs and symptoms strongly attributable
to GD, confirmed the diagnosis of the disease only in 1.3% of patients. Because of the
overlap in the clinical picture between Gaucher disease and ASMD, if we had analyzed
only glucocerebrosidase activity we would have lost ~1 of every 200 patients afflicted with
ASMD. Like all metabolic disorders, its complex diagnosis needs to be informed by medical
cases, laboratory tests, and instrumental feedback [41]. For this reason, we believe that it is
important to carry out differential clinical and molecular study of the two pathologies to
avoid delaying the diagnosis.

Although some signs and symptoms, such as splenomegaly, hepatomegaly, and bone
and blood involvement, are common to the two pathologies, others are less frequent or
absent in Gaucher disease, such as pulmonary, hepatic, and cardiac involvement and
dyslipidemia [12,34]. Therefore, their presence or absence should ring an alarm bell for
clinicians, informing their suspicion of one or the other diagnosis. The combined screening
of both enzymes could help clinicians in differential diagnosis.

Moreover, the development of the first specific therapy represents a step forward in the
treatment of this rare disease that is associated with high morbidity and risk of premature
death, as were other lysosomal diseases in the past [42-44].

Author Contributions: Conceptualization, C.Z. and G.D.; data curation, C.Z, M.G.,P.C.,,D.E, M.Z,,
G.C,D.D, GG, LE,CM, AS, ARS. and N.V,; formal analysis, M.G. and C.Z,; investigation, G.C.,
DD, GG,LE,CM, AS,, ARS, and N.V; supervision, G.D. and C.Z.; writing—original draft, C.Z.,
M.G. and G.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the bioethical committee of
Palermo: COMITATO ETICO PALERMO 1_ Azienda Ospedaliera Universitaria Policlinico Paolo
Giaccone Palermo on 14 September 2022; N° 08/2022.

Informed Consent Statement: Written informed consent was obtained from all patients involved in
the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

*®

Stirnemann, J.; Belmatoug, N.; Camou, F,; Serratrice, C.; Froissart, R.; Caillaud, C.; Levade, T.; Astudillo, L.; Serratrice, J.; Brassier,
A.; et al. A Review of Gaucher Disease Pathophysiology, Clinical Presentation and Treatments. Int. |. Mol. Sci. 2017, 18, 441.
[CrossRef] [PubMed]

Rosenbloom, B.E.; Weinreb, N.]J. Gaucher disease: A comprehensive review. Crit. Rev. Oncog. 2013, 18, 163-175. [CrossRef]
Nalysnyk, L.; Rotella, P.; Simeone, J.C.; Hamed, A.; Weinreb, N. Gaucher disease epidemiology and natural history: A compre-
hensive review of the literature. Hematology 2017, 22, 65-73. [CrossRef] [PubMed]

Dandana, A.; Ben Khelifa, S.; Chahed, H.; Miled, A.; Ferchichi, S. Gaucher Disease: Clinical, Biological and Therapeutic Aspects.
Pathobiology 2016, 83, 13-23. [CrossRef]

Hughes, D.; Mikosch, P.; Belmatoug, N.; Carubbi, F.; Cox, T.; Goker-Alpan, O.; Kindmark, A.; Mistry, P; Poll, L.; Weinreb, N.; et al.
Gaucher Disease in Bone: From Pathophysiology to Practice. J. Bone Miner. Res. 2019, 34, 996-1013. [CrossRef] [PubMed]

Baris, H.N.; Cohen, 1].; Mistry, PK. Gaucher disease: The metabolic defect, pathophysiology, phenotypes and natural history.
Pediatr. Endocrinol. Rev. 2014, 12 (Suppl. 1), 72-81.

Mignot, C.; Gelot, A.; De Villemeur, T.B. Gaucher disease. Handb. Clin. Neurol. 2013, 113, 1709-1715.

Sidransky, E. Gaucher disease: Insights from a rare Mendelian disorder. Discov. Med. 2012, 14, 273-281.

Hughes, D.A.; Pastores, G.M. GeneReviews; Adam, M.P,, Feldman, J., Mirzaa, G.M., Pagon, R.A., Wallace, S.E., Bean, L.J.H.,
Gripp, K.W., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 1993.


https://doi.org/10.3390/ijms18020441
https://www.ncbi.nlm.nih.gov/pubmed/28218669
https://doi.org/10.1615/CritRevOncog.2013006060
https://doi.org/10.1080/10245332.2016.1240391
https://www.ncbi.nlm.nih.gov/pubmed/27762169
https://doi.org/10.1159/000440865
https://doi.org/10.1002/jbmr.3734
https://www.ncbi.nlm.nih.gov/pubmed/31233632

J. Clin. Med. 2024, 13, 1487 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Cappellini, M.D.; Motta, L; Barbato, A.; Giuffrida, G.; Manna, R.; Carubbi, F; Giona, F. Similarities and differences between
Gaucher disease and acid sphingomyelinase deficiency: An algorithm to support the diagnosis. Eur. |. Intern. Med. 2023, 108,
81-84. [CrossRef]

Brianna, M.Q.; Deschenes Nm Ryckman, A.E.; Walia, ].5. A Comprehensive Review: Sphingolipid Metabolism and Implications
of Disruption in Sphingolipid Homeostasis. Int. . Mol. Sci. 2021, 22, 5793.

Wasserstein, M.; Dionisi-Vici, C.; Giugliani, R.; Hwu, W.L.; Lidove, O.; Lukacs, Z.; Mengel, E.; Mistry, PK.; Schuchman, E.H.;
McGovern, M. Recommendations for clinical monitoring of patients with acid sphingomyelinase deficiency (ASMD). Mol. Genet.
Metab. 2019, 126, 98-105. [CrossRef]

McGovern, M.M.; Aron, A,; Brodie, S.E.; Desnick, R.J.; Wasserstein, M.P. Natural history of type A Niemann-Pick disease: Possible
endpoints for therapeutic trials. Neurology 2006, 66, 228-232. [CrossRef] [PubMed]

McGovern, M.M.; Avetisyan, R.; Sanson, B.J.; Lidove, O. Disease manifestations and burden of illness in patients with acid
sphin-gomyelinase deficiency (ASMD). Orphanet |. Rare Dis. 2017, 12, 41. [CrossRef]

McGovern, M.M.; Dionisi-Vici, C.; Giugliani, R.; Hwu, P; Lidove, O.; Lukacs, Z.; Mengel, E.; Mistry, P.; Schuchman, E.; McGovern,
M. Consensus recommendation on a diagnostic guideline for acid sphingomyelinase deficiency. Genet. Med. 2017, 19, 967-974.e16.
[CrossRef]

Mistry, PK.; Cappellini, M.D.; Hayri Ozsan, E.L.; Mach Pascual, S.; Rosenbaum, H.; Solano, M.H.; Spigelman, Z.; Villarrubia, J.;
Watman, N.P.; Massenkeil, G. A reappraisal of Gaucher disease-diagnosis and disease management algorithms. Am. J. Hematol.
2011, 86, 110-115. [CrossRef]

Deodato, F.; Boenzi, S.; Taurisano, R.; Semeraro, M.; Sacchetti, E.; Carrozzo, R.; Dionisi-Vici, C. The impact of biomarkers analysis
in the diagnosis of Niemann-Pick C disease and acid sphingomyelinase deficiency. Clin. Chim. Acta. 2018, 486, 387-394. [CrossRef]
[PubMed]

Di Rocco, M.; Dionisi Vici, C.; Burlina, A.; Venturelli, F,; Fiumara, A.; Fecarotta, S.; Donati, M.A.; Spada, M.; Concolino, D.; Pession,
A. Screening for lysosomal diseases in a selected pediatric population: The case of Gaucher disease and acid sphingomyelinase
deficiency. Orphanet ]. Rare Dis. 2023, 18, 197. [CrossRef]

Chamoles, N.A.; Blanco, M.; Gaggioli, D.; Casentini, C. Gaucher and Niemann-Pick diseases—Enzymatic diagnosis in dried
blood spots on filter paper: Retrospective diagnoses in newborn-screening cards. Clin. Chim. Acta 2002, 317, 191-197. [CrossRef]
Dardis, A.; Michelakakis, H.; Rozenfeld, P.; Fumic, K.; Wagner, J.; Pavan, E.; Fuller, M.; Revel-Vilk, S.; Hughes, D.; Cox, T.; et al.
Patient centered guidelines for the laboratory diagnosis of Gaucher disease type 1. Orphanet J. Rare Dis. 2022, 17, 442. [CrossRef]
Tang, C.; Jia, X,; Tang, F; Liu, S.; Jiang, X.; Zhao, X.; Sheng, H.; Peng, M.; Liu, L.; Huang, Y. Detection of glucosylsphingosine in
dried blood spots for diagnosis of Gaucher disease by LC-MS/MS. Clin. Biochem. 2021, 87, 79-84. [CrossRef]

Burlina, A.B.; Polo, G.; Rubert, L.; Gueraldi, D.; Cazzorla, C.; Duro, G.; Salviati, L.; Burlina, A.P. Implementation of Second-Tier
Tests in Newborn Screening for Lysosomal Disorders in North Eastern Italy. Int. J. Neonatal Screen. 2019, 5, 24. [CrossRef]

Polo, G.; Burlina, A.P,; Ranieri, E.; Colucci, F.; Rubert, L.; Pascarella, A.; Duro, G.; Tummolo, A.; Padoan, A.; Plebani, M.; et al.
Plasma and dried blood spot lysosphingolipids for the diagnosis of different sphingolipidoses: A comparative study. Clin. Chem.
Lab. Med. 2019, 57, 1863-1874. [CrossRef] [PubMed]

Burlina, A.B.; Polo, G.; Salviati, L.; Duro, G.; Zizzo, C.; Dardis, A.; Bembi, B.; Cazzorla, C.; Rubert, L.; Zordan, R.; et al. Newborn
screening for lysosomal storage disorders by tandem mass spectrometry in North East Italy. |. Inherit. Metab. Dis. 2018, 41,
209-219. [CrossRef]

Breilyn, M.S.; Zhang, W.; Yu, C.; Wasserstein, M.P. Plasma lyso-sphingomyelin levels are positively associated with clinical
severity in acid sphingomyelinase deficiency. Mol. Genet. Metab. Rep. 2021, 28, 100780. [CrossRef] [PubMed]

Kubaski, F,; Burlina, A.; Pereira, D,; Silva, C.; Herbst, Z.M.; Trapp, F.B.; Michelin-Tirelli, K.; Lopes, F.F.; Burin, M.G.; Brusius-
Facchin, A.C,; et al. Quantification of lysosphingomyelin and lysosphingomyelin-509 for the screening of acid sphingomyelinase
deficiency. Orphanet J. Rare Dis. 2022, 17, 407. [CrossRef]

Diaz, G.A ; Jones, S.A.; Scarpa, M.; Mengel, K.E.; Giugliani, R.; Guffon, N.; Batsu, L; Fraser, PA.; Li, ].; Zhang, Q.; et al. One-year
results of a clinical trial of olipudase alfa enzyme replacement therapy in pediatric patients with acid sphingomyelinase deficiency.
Genet. Med. 2022, 24, 2209. [CrossRef]

Simonaro, C.M.; Desnick, R.J.; McGovern, M.M.; Wasserstein, M.P.; Schuchman, E.H. The demographics and distribution of type
B Niemann-Pick disease: Novel mutations lead to new genotype/phenotype correlations. Am. |. Hum. Genet. 2002, 71, 1413-1419.
[CrossRef]

Ferlinz, K.; Hurwitz, R.; Weiler, M.; Suzuki, K.; Sandhoff, K.; Vanier, M.T. Molecular analysis of the acid sphingomyelinase
deficiency in a family with an intermediate form of Niemann-Pick disease. Am. ]. Hum. Genet. 1995, 56, 1343-1349.

Irun, P; Mallén, M.; Dominguez, C.; Rodriguez-Sureda, V.; Alvarez-Sala, L.A.; Arslan, N.; Bermejo, N.; Guerrero, C.; Perez de
Soto, I; Villalén, L.; et al. Identification of seven novel SMPD1 mutations causing Niemann-Pick disease types A and B. Clin.
Genet. 2013, 84, 356-361. [CrossRef]

Grabowski, G.A. Phenotype, diagnosis, and treatment of Gaucher’s disease. Lancet 2008, 372, 1263-1271. [CrossRef]
Stirnemann, J.; Vigan, M.; Hamroun, D.; Heraoui, D.; Rossi-Semerano, L.; Berger, M.G.; Rose, C.; Camou, E,; de Roux-Serratrice, C.;
Grosbois, B.; et al. The French Gaucher’s disease registry: Clinical characteristics, complications and treatment of 562 patients.
Orphanet ]. Rare Dis. 2012, 7, 77. [CrossRef]


https://doi.org/10.1016/j.ejim.2022.11.028
https://doi.org/10.1016/j.ymgme.2018.11.014
https://doi.org/10.1212/01.wnl.0000194208.08904.0c
https://www.ncbi.nlm.nih.gov/pubmed/16434659
https://doi.org/10.1186/s13023-017-0572-x
https://doi.org/10.1038/gim.2017.7
https://doi.org/10.1002/ajh.21888
https://doi.org/10.1016/j.cca.2018.08.039
https://www.ncbi.nlm.nih.gov/pubmed/30153451
https://doi.org/10.1186/s13023-023-02797-0
https://doi.org/10.1016/S0009-8981(01)00798-7
https://doi.org/10.1186/s13023-022-02573-6
https://doi.org/10.1016/j.clinbiochem.2020.10.011
https://doi.org/10.3390/ijns5020024
https://doi.org/10.1515/cclm-2018-1301
https://www.ncbi.nlm.nih.gov/pubmed/31091195
https://doi.org/10.1007/s10545-017-0098-3
https://doi.org/10.1016/j.ymgmr.2021.100780
https://www.ncbi.nlm.nih.gov/pubmed/34285875
https://doi.org/10.1186/s13023-022-02560-x
https://doi.org/10.1016/j.gim.2022.08.011
https://doi.org/10.1086/345074
https://doi.org/10.1111/cge.12076
https://doi.org/10.1016/S0140-6736(08)61522-6
https://doi.org/10.1186/1750-1172-7-77

J. Clin. Med. 2024, 13, 1487 12 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Schuchman, E.H. The pathogenesis and treatment of acid sphingomyelinase-deficient Niemann-Pick disease. |. Inherit. Metab.
Dis. 2007, 30, 654—663. [CrossRef]

Schuchman, E.H.; Desnick, R.J. Types A and B Niemann-Pick disease. Mol. Genet. Metab. 2017, 120, 27-33. [CrossRef]

Motta, I.; Filocamo, M.; Poggiali, E.; Stroppiano, M.; Dragani, A.; Consonni, D.; Barcellini, W.; Gaidano, G.; Facchini, L.;
Specchia, G.; et al. A multicentre observational study for early diagnosis of Gaucher disease in patients with Splenomegaly
and/or Thrombocytopenia. Eur. J. Haematol. 2016, 96, 352-359. [CrossRef]

Motta, I.; Consonni, D.; Stroppiano, M.; Benedetto, C.; Cassinerio, E.; Tappino, B.; Ranalli, P.; Borin, L.; Facchini, L.; Patriarca, A.;
et al. Predicting the probability of Gaucher disease in subjects with splenomegaly and thrombocytopenia. Sci. Rep. 2021, 11, 2594.
[CrossRef]

Lei, K.; Zhao, Y,; Sun, L.; Liang, H.; Luo, R.; Sun, X.; Tao, Y.; Chen, L.; Zhang, L.; Li, A; et al. A pilot screening of high-risk
Gaucher disease children using dried blood spot methods in Shandong province of China. Orphanet J. Rare Dis. 2018, 13, 48.
[CrossRef]

Huang, Y;; Jia, X,; Tang, C.; Liu, S.; Sheng, H.; Zhao, X.; Zeng, C.; Liu, L. High risk screening for Gaucher disease in patients with
splenomegaly and/or thrombocytopenia in China: 55 cases identified. Clin. Chim. Acta 2020, 506, 22-27. [CrossRef]

Russell, S.A.; Sholzberg, M.; Mangel, ].; Keeney, M.; Hedley, B.; Bode, M.; Gob, A.; Lam, S.; Phua, C.; Hsia, C.C. Gaucher disease
screening at a general adult hematology tertiary care centre: A prospective study. Int. J. Lab. Hematol. 2019, 41, e66—e69. [CrossRef]
Petra Oliva, P; Schwarz, M.; Mechtler, T.P; Sansen, S.; Keutzer, J.; Prusa, A.R.; Streubel, B.; Kasper, D.C. Importance to include
differential diagnostics for acid sphingomyelinase deficiency (ASMD) in patients suspected to have to Gaucher disease. Mol.
Genet. Metab. 2023, 139, 107563. [CrossRef] [PubMed]

Guerrero, R.B.; Salazar, D.; Tanpaiboon, P. Laboratory diagnostic approaches in metabolic disorders. Ann. Transl. Med. 2018,
6,470. [CrossRef]

Wasserstein, M.P.; Diaz, G.A.; Lachmann, R.H.; Jouvin, M.H.; Nandy, I; Ji, A.J.; Puga, A.C. Olipudase alfa for treatment of acid
sphingomyelinase deficiency (ASMD): Safety and efficacy in adults treated for 30 months. J. Inherit. Metab. Dis. 2018, 41, 829-838.
[CrossRef]

Wasserstein, M.; Lachmann, R.; Hollak, C.; Arash-Kaps, L.; Barbato, A.; Gallagher, R.C.; Giugliani, R.; Guelbert, N.B.; Ikezoe, T.;
Lidove, O.; et al. A randomized, placebo-controlled clinical trial evaluating olipudase alfa enzyme replacement therapy for
chronic acid sphingomyelinase deficiency (ASMD) in adults: One-year results. Genet. Med. 2022, 24, 1425-1436. [CrossRef]
Keam, S.J. Olipudase Alfa: First Approval. Drugs 2022, 82, 941-947. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10545-007-0632-9
https://doi.org/10.1016/j.ymgme.2016.12.008
https://doi.org/10.1111/ejh.12596
https://doi.org/10.1038/s41598-021-82296-z
https://doi.org/10.1186/s13023-018-0782-x
https://doi.org/10.1016/j.cca.2020.03.016
https://doi.org/10.1111/ijlh.12960
https://doi.org/10.1016/j.ymgme.2023.107563
https://www.ncbi.nlm.nih.gov/pubmed/37086570
https://doi.org/10.21037/atm.2018.11.05
https://doi.org/10.1007/s10545-017-0123-6
https://doi.org/10.1016/j.gim.2022.03.021
https://doi.org/10.1007/s40265-022-01727-x

	Introduction 
	Materials and Methods 
	Patients 
	Glucocerebrosidase and Acid Sphingomyelinase Activity Assays 
	DNA Extraction 
	GBA and SMPD1 Genetic Analyses 
	Biomarkers Assays 

	Results 
	Discussion 
	References

