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Abstract

The lysosomal storage diseases chronic visceral acid sphingomyelinase
deficiency (ASMD) and Gaucher disease type 1 (GD1) are both macrophage
storage disorders with overlapping clinical manifestations. We compared
cross-sectional data on visceral, hematological, and biochemical manifesta-
tions of untreated adult patients with chronic visceral ASMD (n = 19) and
GD1 (n = 85). Spleen volume, liver volume, and bone marrow fat fraction did
not significantly differ between the two disease groups (p >0.05 for all). Chito-
triosidase activity was higher in GD1 (GD1: median 30 940 nmol/(mL.h),
range 513-201 352, ASMD: median 1693 nmol/(mL.h), range 326-6620,
p <0.001), whereas platelet levels were lower (GD1: median 102 10°/L, range
16-726, ASMD: median 154 10°/L, range 86-484, p <0.010), as were hemoglo-
bin levels (GD1: median 7.8 mmol/L, range 5.0-10.4, ASMD: median
9.0 mmol/L, range 7.0-10.4, p <0.001). No bone complications were reported
for ASMD, compared to 33% in GD1 (p <0.005). In ASMD pulmonary disease
was more severe as evidenced by a median diffusion capacity of the lungs for
carbon monoxide of 73% of predicted (range 26-104), compared to 85% (range
53-126) in GD1 (p = 0.029). In conclusion, bone complications, hematological
abnormalities, chitotriosidase activity, and CCL18 levels were more prominent
in GD1, while pulmonary manifestations were more common in AMSD. Dif-
ferent secondary pathophysiological processes surrounding sphingomyelin and
glucosylceramide accumulation might explain these differences.
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1 | INTRODUCTION

Acid Sphingomyelinase Deficiency (ASMD, OMIM
607616), also known as Niemann-Pick disease types A
and B, and Gaucher disease type 1 (GD1, OMIM 230800)
are lysosomal storage diseases (LSDs) with many similar
disease manifestations. Both LSDs are characterized by
sphingolipid accumulation. In case of ASMD sphingo-
myelin accumulates due to deficiency of acid
sphingomyelinase (EC 3.1.4.12); whereas in GD1 the
enzyme p-glucosidase (EC 4.2.1.25) is deficient, resulting
in accumulation of glucosylceramide."* In both LSDs,
the accumulation of sphingolipids occurs mainly in
macrophages.

Both diseases cover a broad clinical spectrum, varying
from children with severe neurological manifestations
who die at a young age (i.e., the infantile neurovisceral
subtype of ASMD and Gaucher disease type 2) to adult
patients with mild symptoms restricted to visceral organs
who show slow progression (i.e., the chronic visceral sub-
type of ASMD and GD1). Characteristic manifestations of
both LSDs are splenomegaly, cytopenia, hepatomegaly,
and elevated plasma levels of macrophage-associated
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Synopsis

Bone complications, hematological abnormalitie-
sand elevation of biochemical markers are more
excessive in untreated patients with Gaucher
diseasetype 1 (GD1) as compared to untreated
patients with the chronic visceral subtype of
Acid Sphingomyelinase Deficiency (ASMD),
while pulmonary manifestations are more com-
mon in ASMD. Differences between ASMD and
GD1 might be explained by a higher sphingoli-
pid load in GD1 and differences in the second-
ary pathophysiological processes surrounding
sphingolipid accumulation in both diseases.

biomarkers (i.e., chitotriosidase activity and chemokine
C-C motif ligand 18 (CCL18)) (see Figure 1).

Two therapeutic options to treat the visceral manifes-
tations of GD1 are available within the EU: enzyme
replacement therapy (ERT) and substrate reduction ther-
apy.>* Market authorization for ERT for the treatment of
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Clinical manifestations of ASMD and Gaucher, overlap and differences. ASMD, acid sphingomyelinase deficiency; AVN,

avascular necrosis; BMD, bone mineral density; CCL18, chemokine C-C motif ligand 18; DLCO, diffusion capacity of the lungs for carbon

monoxide.
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non-central nervous system manifestations of ASMD (oli-
pudase alfa, Sanofi Genzyme) has recently been granted
by the European Medicines Agency and the Food and
Drug Administration.”

Apart from similarities, differences between the clini-
cal manifestations of these diseases exist. Pulmonary
manifestations (i.e., interstitial lung disease and
decreased diffusion capacity of the lungs for carbon mon-
oxide (DLCO)) are present in a large part of ASMD
patients® and have only been described in GD1 in rare
cases.”® Severe bone marrow infiltration leading to com-
plications such as infarctions and pathological fractions
is common in GD1 and has a major impact on quality of
life.” Bone involvement has been occasionally described
in ASMD patients and seems to be limited to decreased
bone mineral content and density.'*'!

Insight into the similarities and differences between
ASMD and GD1 could aid in understanding the differ-
ences in the occurrence and type of clinical manifesta-
tions. Biomarkers can be used as surrogate markers of
clinical manifestations.'*'* Because of the similarity in
clinical manifestations and pathophysiology, markers
that are used to assess disease in ASMD largely overlap
the biomarkers used in GD1. Since GD1 has been studied
more extensively, lessons could be learned for ASMD.
Therefore the primary aim of this study was to compare
markers of chronic visceral ASMD and GD1 in order to
define the similarities and differences between both dis-
eases. The secondary aim was to assess whether potential
differences reflect a different prognostic value of markers
regarding clinical manifestations in ASMD.

2 | METHODS

2.1 | Recruitment of patients

The Amsterdam UMC, location AMC is the national
referral center for both ASMD and Gaucher disease in
the Netherlands. GD1 patients have been monitored
closely since the early 1990s and chronic visceral ASMD
patients since 2005. All patients provided written consent
for the collection of clinical data, which took place
between January 1991 and March 2022. The study
(2014_092#A201468) was approved by the local Medical
Ethics Committee of the Amsterdam University
Medical Centers, location Academic Medical Center.

2.2 | Data collection

Data were retrieved from our prospective database in
which patients with a confirmed diagnosis of the chronic

visceral subtype of ASMD or GD1 are enrolled. Only data
from untreated adult patients were retrieved. Data were
collected for one time point per patient. If not all mea-
surements were performed at the same visit, measure-
ments within a year were included. If there were
multiple time points with all measurements available,
the most recent time point was included.

ASMD patients were monitored according to the clin-
ical pathway for GD1 patients, which was adjusted over
time based on experience and scientific literature. All
patients underwent periodical assessment of plasma
markers (e.g., hematological markers and macrophage-
associated markers), and magnetic resonance imaging
(MRI) of spleen, liver, and lumbar vertebrae. For the lat-
ter the quantitative chemical shift imaging (QCSI)
technique was used to assess fat fraction. In GD1 this is a
validated biomarker for bone involvement and
general disease burden.'* In ASMD patients, pulmonary
function tests were periodically performed. Pulmonary
function tests were not standardly performed in GD1
patients, but have been done when patients expressed
pulmonary complaints and in the context of a study.

2.3 | Interpretation of data

For the plasma levels of hematological markers
(i.e., hemoglobin, leucocytes, and platelets) local refer-
ence ranges were applied. Chitotriosidase activity in
plasma and CCL18 plasma levels were measured as
described previously.'>'® For patients with the 24-bp
duplication on one allele of the CHITI gene, chitotriosi-
dase activity was multiplied by two.'” Patients with a
chitotriosidase deficiency (i.e., homozygous for 24-bp
duplication in CHIT1 gene) were excluded from the ana-
lyses where appropriate. Fat fractions and bone marrow
burden (BMB) scores were measured with MRI-QCSI as
described by Maas et al."®'® BMB scores can vary from
0 to a maximum of 16."

2.4 | Statistical analyses

Data were analyzed using R studio version 4.0.3. Descrip-
tive statistics include frequencies or median and range. To
assess differences between two groups Mann Whitney U
tests and Fisher's exact tests were used for respectively
continuous and dichotomous data. The log-rank test was
used to compare the probability of bone complications
against age between ASMD and GD1 patients. The Spear-
man correlation coefficient was calculated to establish cor-
relations between two continuous variables. P-values were
considered statistically significant when 0.05 or lower.
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3 | RESULTS

In this cross-sectional cohort study, data of 19 adult
ASMD patients with the chronic visceral subtype and
85 adult GD1 patients were included. At all included data
points, patients were treatment-naive. Demographic
characteristics and clinical manifestations are summa-
rized in Table 1. Sex and age distribution of the two
groups were similar, but a difference between the num-
ber of splenectomized patients in both groups was pre-
sent (1/19 (5%) in ASMD and 26/85 (31%) in GDI1,
p = 0.022). For an overview of the markers discussed
below, see Table 2 and Figure 2.

Median plasma values of chitotriosidase activity and
CCL18 were lower in ASMD patients than in GD1
patients. Two ASMD patients and two GD1 patients were
homozygous for the 24-bp duplication in the CHITI gene
and were excluded from analysis. Five ASMD patients
and 25 GD1 patients were heterozygous, for them chito-
triosidase activity levels were doubled. Median chitotrio-
sidase activity was 1693 nmol/mL.h (range 326-6620) in
ASMD patients and 30 940 nmol/mL.h (range 513-
201 352) in GD1 patients (p < 0.001). Median CCL18
plasma levels were 469 ng/mL (range 104-1050) in

TABLE 1 Demographics and clinical manifestations.
ASMD
Number of patients 19
Mutation
R610del homozygous (%, n) 47%

R610del heterozygous (%, n) 5%
N370S homozygous (%, n) -
N370S heterozygous (%, n) -

Other (%, n) 47%
Age in years (median, range) 39.2 (18.7-64.2)
Female sex (%, n) 37%
Splenectomy (%, n) 5%
Spleen volume >1000 mL (%, n) 69%
Thrombocytopenia (%, n)* 47%
Anemia (%, n)° 6%
Bone complications (%, n)° 0%
Fat fraction <23% (%, n)° 36%
Decreased DLCO (%, n)® 67%

JIMDreporrstx, sem ERVVA B ) VA s

ASMD patients and 948 ng/mL (range 303-1878) in GD1
(p =0.003). In the subgroup of non-splenectomized
patients (ASMD n = 18, GD1 n = 59) these differences
were present as well (see supplemental table for an over-
view of the markers in the subgroup of non-splenecto-
mized patients).

Spleen and liver volumes did not differ between the
two groups. Median spleen volume was 1126 mL (range
550-1995) in ASMD patients (data available for
13 patients) and 960 mL (range 268-5358) in GD1 patients
(data available for 45 patients, p = 0.551). Median liver
volume was 2372 mL (range 1718-3465) in ASMD (data
available for 14 patients) and 2269 mL (range 924-5814)
in GD1 (data available for 57 patients, p = 0.834). Organ
volumes in multiples of normal (i.e., based on patients'
weight) did not differ between both diseases either.

Plasma levels of platelets and hemoglobin were
higher in ASMD patients than in GD1 patients. Median
platelet levels were 154 10°/L (range 86-484) in ASMD
and 102 10°/L (range 16-726) in GD1 (p = 0.007).
Median hemoglobin levels were 9.0 mmol/L (range 7.0-
10.4) in ASMD and 7.8 mmol/L (range 5.0-10.4) in GD1
(p <0.001). In non-splenectomized patients, these dif-
ferences were more pronounced (see supplemental

Gaucher p-value

85
9/19 =
1/19 =

9% 8/85

76% 65/85
9/19 14% 12/85

46.2 (17.6-65.4) 0.258
7/19 45% 38/85 0.614
1/19 31% 26/85 0.022
9/13 51% 23/45 0.346
9/19 71% 60/85 0.064
1/18 46% 39/85 0.001
0/19 33% 28/85 0.002
5/14 48% 25/51 0.547
12/18 37% 19/51 0.052

Note: The bold values are printed in bold because they have p-values < 0.05 and are therefore considered significant.
Abbreviations: ASMD, acid sphingomyelinase deficiency; DLCO, diffusion capacity of the lungs for carbon monoxide; MN, multiples of normal.

*Local reference ranges for definition of thrombocytopenia were used.
PLocal reference ranges for definition of anemia were used.

“Bone complications comprised avascular necrosis, bone crisis, pathological fracture or vertebral collapse.

dFat fraction measured with quantitative chemical shift imaging.

“Decreased DLCO is defined as less than 80% of predicted based on sex, age, and length.
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TABLE 2 Markers of disease in all patients.
ASMD Gaucher
Unit Refrange npatients Median Range n patients Median Range p-value
Chitotriosidase nmol/mL. 17-235 14 1693 326 74 30940  513- <0.001
uur -6620 201 352

CCL18 ng/mL 15-74 8 469 104- 27 948 303-1878 0.003
1050

Spleen volume mL 13 1126 550- 45 960 268-5358 0.551
1995

Liver volume ml 14 2372 1718- 56 2269 924-5814 0.834
3465

Platelets 10°/L 150-400 19 154 86-484 85 102 16-726 0.007

Hemoglobin mmol/L ?7.5-10.0 18 9.0 7.0-104 85 7.8 5-10.4 <0.001

3 8.5-10.5

Leucocytes 10°/L 4.0-10.5 19 6.7 3.9-146 85 5.1 0.8-23.5 0.111

Fat fraction % >23 14 29.5 12-50 51 24 6-62 0.228

BMB score - 14 7 4-10 37 10 2-16 0.007

Diffusion capacity for carbon % of 80-120 18 73 26-104 51 85 54-126 0.029

monoxide predicted

Note: The bold values are printed in bold because they have p-values < 0.05 and are therefore considered significant.
Abbreviations: ASMD, acid sphingomyelinase deficiency; CCL18, chemokine C-C motif ligand 18; BMB score, bone marrow burden score; DLCO, diffusion

capacity of the lungs for carbon monoxide.

table). Reference values of hemoglobin are different for
men and women, within subsets of male and female
patients the differences between ASMD and GD1
remained (data not shown). Anemia was present in 6%
of ASMD patients compared to 46% of GD1 patients
(p = 0.001). Thrombocytopenia was present in 47% of
ASMD patients compared to 71% of GD1 patients
(p = 0.064).

Fat fraction (Ff) values measured with QCSI were
available for 14 ASMD patients and 51 GD1 patients. Ff
was similar for both groups with medians of 29.5% (range
12-50) in ASMD and 24% (range 6-62) in GD1
(p = 0.228). The percentage of patients with Ff values
under 23% (previously suggested as the threshold for
increased risk of bone complications in GD1'*) was simi-
lar as well: 36% of the ASMD patients had Ff values
below 23%, which was the case for 48% of the GD1
patients (p = 0.547). Median BMB scores were 7 (range
4-10) for ASMD patients and 10 (range 2-16) for GD1
patients (p = 0.007). No bone complications were
reported for ASMD patients, while in 33% of the GD1
patients bone complications (i.e., avascular necrosis, bone
crisis, pathological fracture, or vertebral collapse) were
reported (p = 0.002). In Figure 3 the probability of bone
complications is plotted against age for ASMD and GD1
patients (p = 0.030, log rank test).

Pulmonary involvement was more profound in
ASMD. It should be noted that pulmonary function tests
were standardly performed in GD1 patients between
2000 and 2001 and later on indication, therefore data
were available for 51 out of 85 GD1 patients. Median
DLCO was 73% of predicted (range 26-104) in ASMD
patients and 85% of predicted (range 54-126) in GD1
patients (p = 0.029). Decreased DLCO was found in 67%
of ASMD patients and in 37% of GD1 patients
(p = 0.052).

Findings were similar in an age- and sex-matched
cohort: significant differences were found between
ASMD and GD1 patients for chitotriosidase activity and
BMB score (both lower in ASMD with a similar Ff in
both diseases) and platelet count, hemoglobin levels, and
leucocyte levels (all higher in ASMD, see supplemental
Table 1 and 2 and supplemental Figure 1).

As described previously, correlations between chito-
triosidase activity and numerous markers (e.g., spleen
volume, platelet count and Ff) have been established for
GD1.*>*! In Figure 3 correlations between several
markers are depicted for the ASMD and GD1 cohort of
this study. In this cohort of GD1 patients, correlations
were present between chitotriosidase activity and spleen
volume, platelet count, and Ff (respectively R = 0.51,
p=0.001, R=-046, p<0.001 and R=-0.37,
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p = 0.012). Additionally, correlations between spleen vol-
ume and platelet count were present (R = —0.48,
p <0.001). These correlations were not found in this
cohort of ASMD patients (see Figure 4).

4 | DISCUSSION
The aim of this study was to compare cross-sectional clin-
ical and biochemical data of untreated adult ASMD
patients with the chronic visceral subtype and untreated
adult GD1 patients in order to better understand the sim-
ilarities and differences between both LSDs. While sev-
eral clinical manifestations of ASMD and GD1 showed
overlap, clear differences were observed as well. First of
all, the extend of hepatosplenomegaly was similar in both
groups with significant enlargements of spleen and liver.
Although a similar splenomegaly would suggest equal
sequestration of blood cells in the spleen, platelets and
hemoglobin plasma levels were strikingly lower in GD1
than in ASMD, which is in line with previous
research."**** This would suggest a difference in the
degree of compromised hematopoiesis in the bone mar-
row. Hence bone marrow infiltration with lipid-laden
macrophages, related to clinical bone disease, could be
different in these disorders.

Indeed, bone complications were present in a third of
GD1 patients while absent in this ASMD cohort.

FIGURE 3
complications plotted against age for ASMD and

Probability of bone

Gaucher patients. ASMD, acid sphingomyelinase
deficiency.

Group
~+ ASMD
= Gaucher

However, Ff values measured by QCSI were comparable
in both groups. QCSI is a technique to assess the Ff in
bone marrow. It was developed and validated as a bio-
marker of bone involvement in GD1 in our center and
was therefore also measured in ASMD patients.'®**
Decreased Ff in GD1 is assumed to be caused by the
accumulation of storage cells in the bone marrow,
thereby compromising hematopoietic cells as well as adi-
pocytes containing triglycerides.” An Ff lower than 23%
was defined as a critical threshold in GD1 patients and as
an independent parameter to consider to start ther-
apy.'*'® Validation studies showed that Ff is subject to
several variables, including age, sex, increase in water
fraction due to active hematopoiesis, and other factors.'
So, while differences in Ff could not be established, BMB
scores, an MRI-based parameter to reflect bone marrow
invasion,'® were higher in GD1 than in ASMD and there-
fore reflected the differences in bone involvement more
accurately.

Both ASMD and GD1 patients had elevated chitotrio-
sidase activity and CCL18 plasma levels, but GD1
patients had significantly higher levels than ASMD
patients. Studies in which chitotriosidase activity was
compared between ASMD and GD1 describe similar find-
ings of distinct elevation in GD1 as compared to
ASMD.*>"?® This indicates a higher sphingolipid storage
load in GD1 than in ASMD as was previously sug-
gested.”® Moreover, in patients with the severe phenotype
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FIGURE 4 Correlations between several biomarkers in ASMD (left) and Gaucher (right). ASMD, acid sphingomyelinase deficiency.

of Fabry disease (OMIM 301500), another LSD, chitotrio-
sidase is mildly elevated.’® One study directly comparing
chitotriosidase activity in these three LSDs showed that

ASMD patients had higher chitotriosidase activity than
classical male Fabry patients, while GD1 patients had the
highest levels.*®
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In contrast, pulmonary manifestations were more
common in ASMD than in GD1. This is in line with pre-
vious research showing that pulmonary manifestations
are a hallmark of ASMD: more than 75% of the ASMD
patients showed signs of interstitial lung disease and/or
decreased DLCO in two natural history cohorts.*!' In
GD1 patients dyspnea, interstitial lung disease and
decreased DLCO have been described as well, albeit to a
lesser extent and in more severe cases.®”!

The difference in bone and pulmonary manifestations
between ASMD and GD1 indicates contrasting local
(e.g., organ specific) pathophysiological processes sur-
rounding sphingolipid accumulation. Sphingolipids are
bioactive and regulate key cell processes such as apopto-
sis, cell differentiation, and autophagy, but also maintain
balance in these processes by reciprocal stimulation and
inhibition.”>** Sphingomyelin and glucosylceramide are
closely related sphingolipids, both can be degraded to cer-
amide, which in turn can be converted to sphingosine
and sphingosine-1-phosphate (see Figure 5). Several
factors might partially explain different effects of sphingo-
myelin and glucosylceramide accumulation (see Figure 5):
(I) local effects of the storage material or storage
cell, (I1) local effects of derived metabolites (i.e., lyso-
sphingomyelin and glucosylsphingosine), (III) distur-
bances within the metabolic pathway (e.g., depletion of
substrate for formation of upstream metabolites or
increased formation of downstream metabolites),
(IV) secondary accumulation (e.g., cholesterol in ASMD)
and (V) secondary inflammatory processes triggered by
(some of) these processes. Potentially, the higher storage
load and/or enhanced macrophage activation in GD1 trig-
gers (some of) these processes to a larger extent explain-
ing the more extinct clinical manifestations. Moreover, in

Sphingomyelin

glucocerebrosidase\‘ ] ‘/acid sphingomyelinase
Gaucher ASMD
Sphingosine

FIGURE 5 Sphingolipid metabolism surrounding
sphingomyelin and glucosylceramide. GlcCer, glucosylceramide;
GlcSph, glucosylsphingosine; LacCer, lactosylceramide; lysoSM,

lysosphingomyelin; S1P, sphinosine-1-phosphate.

ASMD more storage of sphingomyelin outside the lyso-
somes might be present since sphingomyelin is an impor-
tant component of the plasma membrane and is present
throughout the cell.>* This might lessen the burden of
lysosomal storage and might trigger different pathophysi-
ological processes. Lastly, these processes probably differ
between tissues. In bone tissue for instance, sphingolipids
are suggested to play a role in the regulation of both oste-
oblast and osteoclast function.*>*® In pulmonary tissue,
the ratio between ceramide and sphingosine-1-phosphate
levels has been proposed to play a role in maintaining cell
survival and vascular barrier function.’”*

A strength of this study is the well-defined patient
cohort; all ASMD and GD1 patients are monitored in the
national referral center according to the most recent sci-
entific insights. Diagnoses are confirmed by enzyme
activity measurements and mutation analyses, and bio-
chemical markers are measured in a dedicated lab and
have been studied extensively.'>'®2%?3° The clinical
and biochemical markers have not been validated as bio-
markers for ASMD, but they were carefully reviewed by
our group and others.*>*' Nonetheless, this study has
some limitations: first, a cross-sectional study design was
used since the majority of GD1 patients started therapy
soon after the baseline assessments; therefore, some
markers are missing and patients could not be followed
over time. Most of the missing markers can be explained
(e.g., chitotriosidase deficiency and some patients did not
undergo MRI scans due to ineligibility or claustropho-
bia). Lastly, it should be mentioned that pulmonary func-
tion tests were performed in GD1 patients in the context
of a clinical study during a few years. Afterward, pulmo-
nary function tests were in some cases performed at the
baseline visit of new patients, a selection bias in this
group might be present.

In conclusion, bone complications, hematological
abnormalities, elevation of chitotriosidase activity, and of
CCL18 plasma levels are more excessive in GD1 than in
ASMD. A decreased DLCO is more commonly observed
in ASMD. Different secondary pathophysiological pro-
cesses surrounding sphingomyelin and glucosylceramide
accumulation and a higher sphingolipid load in GD1
might (partially) explain these differences. Future research
could focus on elucidation of the biochemical processes
surrounding sphingomyelin and glucosylceramide accu-
mulation, potentially leading to new therapeutic targets.
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