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Abstract

Skeletal anomalies represent a characteristic feature of type 1 Gaucher disease (GD1). Here we evaluated the impact of an integrated therapy
comprising enzyme-replacement therapy (ERT), cholecalciferol, and a normocalcemic-normocaloric-hyposodic diet (bone diet) on bone health
in GD1 patients. We also performed a systematic review to compare our results with available data. From January 1, 2015 to February 28,
2019, all GD1 patients referred to Federico Il University were enrolled and treated with the integrated therapy. Bone turnover markers and bone
mineral density (BMD) were evaluated at baseline (TO) and after 24 months (T24). We enrolled 25 GD1 patients, all showing 25-hydroxy vitamin
D (250HD) levels < 50 nmol/l (hypovitaminosis D) at TO. Response to cholecalciferol treatment was effective, showing a direct relationship
between 250HD levels before and after treatment. At TO, 2 GD1 patients showed fragility fractures, 5 the Erlenmeyer flask deformity, 3
osteonecrosis, and 7 a BMD Z-score <-2. Overall, GD1 patients with bone anomalies showed higher C-terminal telopeptide levels compared
with those without bone anomalies. No new bone anomalies occurred during 2 years of follow-up. At T24, BMD remained stable across the
entire study cohort, including in patients with bone anomalies. The systematic review showed that our study is the first that evaluated all bone
health parameters. Hypovitaminosis D is prevalent in GD1 patients. The response to cholecalciferol treatment was effective but different to
healthy subjects and in patients with metabolic bone disorders. Integrated therapy including ERT, cholecalciferol, and bone diet guarantees bone
health.
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Graphical Abstract

25 GD1 patients enrolled
250HD <50 nmol/l =25;
Fragility fractures = 2;
Erlenmeyer flask deformity =5;
Osteonecrosis = 3;

BMD Z-score<-2=7
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During the whole time of study, all GD1
patients received: enzymatic replacement
therapy, cholecalciferol, and bone diet

(balanced calories content; salt intake < 5
g/die; calciumintake > 1 g/die)

After 24 months all GD1 patients
presented with:

T24

250HD > 75 nmol/I

No new bone abnormalities
and/or fragility fractures
Stable bone mineral density

The integrated approach
resulted successfulin
manteining bone health

In GD1 patients bone health is guaranteed by an integrated approach including enzymatic
replacement therapy, cholecalciferol, and bone diet

Introduction

Gaucher disease (GD) is a rare lysosomal storage disorder
usually caused by mutations in the GBA1 gene, encoding the
lysosomal enzyme beta-glucocerebrosidase, also known as
acid beta-glucosidase (GCase). Other very rare forms of GD
are caused by mutations in the PSAP gene that encodes the
GCase activator protein, Saposin C.! GCase deficiency leads
to intra-lysosomal accumulation of glucosylceramide in the
cells of the reticuloendothelial system of the liver, the spleen,
and the bone marrow (Gaucher cells).! GD is a proteiform
disease and, conventionally, 3 main forms are described. GD
type 1 (GD1, OMIM #230800) is the most common GD form
(>90%), characterized by organomegaly (spleen and liver),
hematologic manifestations (anemia and thrombocytopenia),
and skeletal abnormalities, without a classical neurological
impairment. Skeletal involvement is described in >80%
of GD1 patients. Indeed, the 2023 version of nosology of
genetic skeletal disorders classifies GD as a lysosomal storage
disease with skeletal involvement (group 22).2 GD type 2
(GD2, OMIM#230900), or the acute neuropathic form, is
characterized by early onset of neurological impairment,
whereas GD type 3 (GD3, OMIM #231000), or the sub-
acute neuropathic form, is similar to GD2 but with less severe
neurologic and clinical impairment. Although these defini-
tions are useful clinically, the 3 phenotypes are a continuum.’
Formal diagnosis of GD requires the measurement of GCase
activity, while the genotyping confirms the diagnosis.'»*
Enzyme-replacement therapy (ERT) and substrate-reduction
therapy (SRT) are gold-standard treatments for GD.> ERT
overcomes blocks in the catabolic pathway and reduces
accumulated substrates, influencing the clinical features and
life expectancy of GD patients. ERT significantly impacts on
organomegaly and blood count alterations, but it does not
completely prevent and/or treat bone involvement although

it gradually reduces bone marrow infiltration, osteopenia,
bone pain, and bone crises.®8 Bone health is closely related to
25-hydroxy vitamin D (250HD) status and an appropriate
diet, characterized by low salt intake (<5 g/die), adequate
calcium intake (>1 g/die), and balanced calorie content.”
Indeed, vitamin D deficiency and/or unhealthy diet worsen
bone health.”>'? Due to a lack of data regarding the
prevalence and management of hypovitaminosis D and
bone response to integrated treatment in GD1 patients,
the aims of this prospective study were to evaluate: (1) the
vitamin D status and prevalence of GD1 skeletal anomalies,
including alterations in bone mineral density (BMD); (2)
the efficacy of cholecalciferol treatment in the correction of
vitamin D deficiency; and (3) the efficacy of an integrated
therapy comprising ERT, normocalcemic, a normocaloric
and hyposodic diet (bone diet), and cholecalciferol on GD1
skeletal anomalies and bone turnover markers (BTMs).

We also performed a systematic review to evaluate the up-
to-date status of vitamin D and management of bone health
in GD1 patients.

Materials and methods

Study populations

We consecutively enrolled adult GD1 patients from Southern
Italy referred to the Department of Clinical Medicine and
Surgery of the Federico II University (FedII-DCMS), Naples,
a level 3 centre for GD1 management (https:/www.o
rpha.net/consor/cgi-bin/Clinics_Search.php?Ing=IT&data_i
d=98631&Centri%20specializzati=Centre-of-Expertise-for-i
nborn-errors-of-metabolism&title=Centre %200f %20Expe
rtise %20for%20inborn%20errors %200f %20metabolism&
search=Clinics_Search_Simple) from January 1, 2015 to
February 28, 2019. An alpha-numeric code, composed by
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“GD” and a number, was assigned to each GD1 patients
based on enrollement time. The study included males and
females older than 18 years who were affected by GD1
confirmed by both enzymatic and genetic assays. Exclusion
criteria for GD1 patients: (1) age <18 years, (2) chronic
kidney disease [estimated glomerular filtration rate (GFR)
<60 mL/min/1.73 m?; according to Kidney Disease Improving
Global Outcomes (KDIGO) classification (https://kdigo.o
rg/wp-content/uploads/2024/03/KDIGO-2024-CKD-Guideli
ne.pdf)],"* and (3) personal history of nephrolithiasis. Two
healthy control subjects age-, sex-, and body mass index
(BMI)-matched for all GD1 patients were enrolled among
employers, fellows, and undergraduates of the Federico II
University, in-law and non-genetically related relatives of
GD1 patients, and family reference panel. Exclusion criteria
for healthy controls included: (1) personal or familial history
of GD, rickets,’> bone deformity, or short stature (<-2.0
SD below a population’s mean for age and gender),!> (2)
personal history of nephrolithiasis, defined as calcification
in the kidney collecting system with a diameter higher than
2 millimeters, evaluated with ultrasound or evaluated using
a fixed sequence questionnaire aimed at detecting a history
of upper urinary tract stones,'* chronic kidney disease,'!
or gouty diathesis, described as the formation of urinary
stones in primary gout in the presence or absence of gouty
arthritis,! 15 or (3) biochemical evidence of secondary bone
disorders. These latter were excluded according to first- and
second-tier investigations proposed by the Italian Society
for Osteoporosis, Mineral Metabolism and Bone Diseases
(SIOMMMS).!¢ Controls were evaluated only at baseline.

Vitamin D status and cholecalciferol treatment

To evaluate the vitamin D status in GD1 patients, we referred
to criteria proposed by SIOMMMS for management of dis-
eases with bone phenotype.!” In particular, in GD1 patients,
250HD levels < or >75 nmol/L identified vitamin D defi-
ciency and sufficiency, respectively.!” The vitamin D defi-
ciency was treated with 50 000 UI (1.25 mg) of cholecalciferol
every week for 8 weeks. In case of non-correction of vitamin D
deficiency, GD1 patients carried out a second cholecalciferol
treatment, according to dosage previously exposed (50 000 UI
of cholecalciferol every week for 8 weeks).'0 After vitamin D
deficiency correction, a maintenance therapeutic protocol was
started and maintained for the entire follow-up, using chole-
calciferol 50000 UI monthly.' GD1 patients with vitamin
D levels >75 nmol/L were treated with cholecalciferol at the
maintenance dosage during the entire follow-up. The adher-
ence to cholecalciferol treatment was assessed by 250HD
serum levels dosage every 6 months. The eventually side effects
were evaluated according to published criteria.!®

ERT treatment

All enrolled GD1 patients were treated with ERT (Imiglucerase),

obtaining the therapeutic goals expressed by Pastores and
colleagues.!” The ERT dosage at enrolment is reported in
Table 1.

Bone diet

A normocalcemic (calcium intake >1 g/day), normocaloric
and hyposodic (sodium intake <5 g/day) diet (bone diet) was
suggested to all GD1 patients at enrolment (T0).'" Twenty-
four hours urinary sodium excretion was used to assess the
compliance to bone diet. GD1 patients, that have obtained a

reduction in urinary sodium excretion >44 mmol/24 h (corre-
sponding to a difference in sodium dietary intake >2.6 g/24 h),
and/or a urinary sodium excretion <100 mmol/24 h, were
defined as “diet compliant.”2°

Menopause definition

According to criteria proposed by the World Health Organiza-
tion, menopause was defined as permanent cessation of ovar-
ian function, diagnosed after 12 consecutive months of sec-
ondary amenorrhea (www.who.int/news-room/fact-sheets/de
tail/menopause).

Clinical, biochemical, and instrumental parameters

The following clinical, biochemical, and instrumental param-
eters were measured at TO and T24 in GD1 patients: weight,
height, BMI, blood count, ferritin, calcium (Ca), phosphate,
creatinine, 24 h urinary sodium, total alkaline phosphatase
(tALP), bone alkaline phosphatase (bALP), 250HD, 1,25-
dihydroxyvitamin D [1,25(OH), D3], chitotriosidase (CHT),
C-terminal telopeptide released from type I collagen (CTx),
total procollagen type 1 N-terminal propeptide (P1NP),
parathyroid hormone (PTH), hepatic and splenic volume
(expressed as multiples of normal volumes), and bone mineral
density (BMD). The concentration of CTx [assay range (AR)
0.033-6.000 ng/mL, detection limit (DL) 0.023 ng/mL, inter-
assay coefficients of variation (CV): 6.16%, intra-assay CV:
3.22%], intact PINP (AR 2 - 230 ng/mL, DL 1 ng/mL,
inter-assay CV 7.5%, intra-assay CV 2.86%), 1,25(OH),D3
(AR 7.5-150 pg/mL; DL 4.2 pg/mL, inter-assay CV 4.6%,
intra-assay CV 10.8%); bALP (AR 1-75 mcg/L, DL 0.4
mcg/L, inter-assay CV 7.28%, intra-assay CV 1.56%) were
measured by IDS-iSYS analyser, which uses competitive
[1,25(0OH); D3] or direct (CTx, PINP, bALP) immunoassay
and for quantification of reaction uses Chemiluminescent
Acridinium Ester technology. Measurement of 250HD (AR
4-150 ng/mL, DL 4 ng/mL, inter-assay CV 7.8 %, intra-assay
CV 2.3%) was conducted by means of competitive chemi-
luminescence immunoassay using the DiaSorin LIAISON
250HD TOTAL assay (DiaSorin, Inc., Stillwater, Minnesota)
and analyzed with LIAISON XL. The hepatic and splenic
volume were estimated by magnetic resonance imaging (MRI)
and expressed as multiples of normal volume.?! The BMD
was measured by Dual-Energy X-ray Absorptiometry (DXA;
General Electric’s Lunar Prodigy encore) at the lumbar spine
(L1 to L4) and hip (total hip and femoral neck). All data were
evaluated as part of research clinical protocol validated by the
Ethical Committee of University of Naples, Federico II (EC
protocol number 195/17).

GD1 skeletal anomalies — definition of fractures,
Erlenmeyer flask deformity, bone crises,
osteonecrosis, acute osteomyelitis, and reduced
bone mineral density

At baseline and during the entire follow up, the occurrence
of fragility fractures, bone crises, osteonecrosis, acute
osteomyelitis, and Erlenmeyer flask deformity (EFD) were
assessed and recorded. Fragility fractures were defined as
bone fractures resulting from low-energy trauma.'® The
vertebral fractures occurrence was evaluated by the semiquan-
titative Genant’s method followed by quantitative vertebral
morphometry.'® Bone crises were defined as episodes of
deep bone pain, usually located to one extremity or joint,
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Table 1. Clinical characteristics of patients with Gaucher disease type 1 at enrolment.

Cd Sex GBA mutation Age at Age at ERT Duration ERT dose Bone involvement
enrollment GD1 diagnosis® (years) (U/kg/3wks)
(years)
GDO1 F R353G/R353G 49 17 32 28
GDO02 F R353G/R353G 41 11 30 54 FF
GDO03 M N370S8/L.444P 44 28 16 22
GD04 M W312C/W312C 40 14 26 28
GDO0S5 F N3708/L444P 56 37 19 29 Z-score < -2
GDO06 M N370S/L444P 57 39 18 20
GDO07 F N3708/1.444P 47 24 23 28
GDO08 M L444P/S364T 29 19 10 24
GD09 F L444P/S364T 25 9 16 30
GD10 M N3708/N188K 60 54 6 30 EFD
GD11 F N3708/1.444P 59 33 26 36
GD12 M N370S8/L.444P 50 25 25 26 ON - Z-score <-2
GD13 F N3708/W393R 29 4 25 34 ON
GD14 F N3708/N3708 69 45 24 20 FF
GD1S F L444P /N370S8 20 4 16 30 Z-score < -2
GD16 M N370S/L354X 48 28 20 28 Z-score < -2
GD17 F N3708/L354X 49 30 19 35
GD18 F N370S/1L354X 38 17 21 44 Z-score < -2
GD19 F N370S8/Mut AH006907.2:g. 19 3 16 27 EFD
1942_7678 with100042_14165
GD20 F N3708/N3708 68 57 11 43 EFD
GD21 F N370S8/D283N 36 16 20 24
GD22 M N370S/F259L 48 44 4 33 EFD - Z-score < -2
GD23 F N3708/F259L 56 33 23 25 Z-score < -2
GD24 F R170C/589-12C> G 36 36 0 0
GD25 M N3708/W393R 50 50 0 0 EFD - ON

2 Age at GD1 diagnosis is the same age of treatment initiation.

Abbreviations: bone involvement, occurrence of skeletal anomalies including frailty fractures (FF), Erlenmeyer flask deformity (EDF), bone crises (BC),
osteonecrosis (ON), and acute osteomyelitis (aOM); Cd, Enrolment code (alpha-numeric code assigned to each GD1 patients based on enlistment time); ERT
dose, enzyme replacement therapy dose at enrolment; ERT duration, Years of treatment with ERT; F, female; GBA, gene encoding the lysosomal enzyme beta-
glucocerebrosidase; GD1, Gaucher disease type 1; M, male; Z-score, bone mineral density (BMD) Z-score. GD01, GD02, GD10, and GD14 are splenectomised.

associated with fever and leukocytosis.22 The occurrence of
osteonecrosis, caused by bone ischemia causing bone tissue
death, was evaluated using the Ficat staging system.” Acute
osteomyelitis was defined as a bone infection, which is often
seeded hematogenously.” Erlenmeyer flask deformity (EFD)
was defined as the distal femur and endosteal scalloping based
on BM infiltration in GD, which starts before puberty.23
Always at enrolment and after two years, the BMD was
measured by DXA. According to Z-score, all GD1 patients
were classified as normal BMD, defined as a Z-score > —
2.0, and pathological low BMD, defined as a Z-score <-—
2.0.8:16 For GD1 men older than 50 years and for post-
menopausal GD1 women also Z-score values were examined,
and GD1 were classified as normal BMD, defined as a T-
score between +2.5 and -1, osteopenia, defined as a T-score
between —1.0 and -2.4, and osteoporosis (Op), defined as a
T-score > -2.5.8:16

Systematic review

A systematic review was performed according to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines?* (Figure 1). Two independent authors
(AV and VA) collected studies in PubMed, Google Scholar,
Cochrane, Scopus, Web of Science, and Google Book
databases on December 20, 2023, searching keywords
included “vitamin D,” “Gaucher,” “Bone Markers,” “Enzyme
Replacement Therapy”. All studies were screened for
duplicated articles. All selected studies were acquired in
full text. No language restriction was applied. We selected

only original articles (cross-sectional study, prospective study,
clinical trial). Two authors (AV and VA) independently
extracted the parameters from the selected studies, and
prepared a database. The extracted data included: (1) first
author’s last name, (2) publication year, (3) country in which
the study was performed, (4) latitude of the city in which
patients were enrolled, (5) total number of enrolled patients,
(6) gender, (7) mean age, (8) GD1 therapy, (9) prevalence of
hypovitaminosis D, (10) treatment to correct hypovitaminosis
D, (11) assessment for calcium intake, (12) assessment for
BMD, (13) Op assessment, (14) bone anomalies assessment,
(15) assessment for BTMs (resorption and formation bone
markers), (16) assessment for PTH levels, (17) assessment for
menopause occurrence, (18) follow-up duration. All eventu-
ally discrepancies related to the extracted data were resolved
through a discussion between AV and VA with AB and DR.
We selected only studies in which we found at least 4 of the
following parameters: hypovitaminosis D, hypovitaminosis D
treatment, assessment of calcium dietary intake, methodology
used for BMD assessment, Op prevalence, bone anomalies,
PTH assessment, BTM evaluation.

Statistical analysis

All statistical analyses were performed using the IBM
SPSS Statistics software, version 23 (International Busi-
ness Machines Corporation, Armonk, New York). The
Kolmogorov-Smirnov test was used to assess the data
distribution. Data are expressed as media + standard
deviation for continuous variables with normal distribution,
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Articles identified by
searching: 1652

Records excluded after
scanning the titles and
abstracts: 1634

Full text articles
assessed for elegibility:
18

13 articles excluded
with reason:
-9 did not report
useful data;
- 4 did not report at

least 4 bone
parameters evaluated?

5 studies included in
the Systematic Review

Figure 1. Systematic review flow-chart. 2Bone data: hypovitaminosis D,
hypovitaminosis D treatment, assessment of calcium dietary intake,
methodology used for bone mineral density assessment, osteoporosis
prevalence, bone anomalies, parathormone assessment, bone turnover
marker evaluation.

as median (25°-75°) for continuous variables with not-
normal distribution, and as absolute number (percentages) for
categorical variables.>® The analysis of variance (ANOVA),
the Mann-Whitney test, and the Chi-squared test were
used to assess differences in continuous variables with
normal distribution, in continuous variables with not-
normal distribution, and in categorical variables, respectively.
Differences from baseline after pharmacological treatments
were examined using the Student’s t-test for paired samples
in continuous variables with normal distribution. Pearson’s
and Spearman’s correlation coefficient was used to determine
relationships between different parameters at baseline and
during follow-up. All reported P values are two-sided, and
the significant level was set at P <0.05.

Results

We enrolled 25 GD1 patients [male (M): female (F) 9(34.6):
16(65.4); mean age 45.0 £ 13.5 years; BMI: 26.6 £5.9 kg/mz,
7 women in menopause], all from Southern Italy. A post-hoc
sample size analysis indicated that the enrolled population
was representative of all GD1 patients living in Southern Italy,
given the estimated GD1 prevalence in Italy 0.89/100 000,
according to Carubbi and colleagues,?® and the Southern Italy
entire population (https://www.istat.it/it/files/2021/12/CE
NSIMENTO-E-DINAMICA-DEMOGRAFICA-2020.pdf),
accepting a 90% confidence level and a 15% margin of error
(https://www.epicentro.iss.it/strumenti/samplesize).

The clinical characteristics of enrolled GD1 patients are
summarized in Tables 1 and 2. Fifty control subjects age,
sex, and BMI-matched to GD1 patients [M: F 18 (36.0): 32
(64.0), mean age 45.3+12.9 years, BMI: 26.4+5.8 kg/mz,
14 women in menopause] were also enrolled. Biochemical
parameters of GD1 patients and controls at TO are reported
in Table 2.

All GD1 patients were analyzed at TO and T24. At TO,
2 GD1 patients reported a history of fragility fractures, 5

showed EFD, 3 reported a history of osteonecrosis, 7 a BMD
Z-score <-2.0 and 18 a BMD Z-score > -2 (Table 1). Two
post-menopausal women (GDO0S and GD23) and the man
aged > 50 (GD12) with a BMD Z-score <-2.0 showed a
BMD T-score <-2.5.Fourteen GD1 patients affected by skele-
tal anomalies (FF + EFD + Osteonecrosis + Op) had signifi-
cantly higher CTx levels compared to GD1 patients without
skeletal anomalies (0.42 4+0.23 vs 0.24 +0.11 ng/mL, respec-
tively; P <0.05). The age at initiation and the duration of
ERT treatment were not different between GD1 patients with
and without skeletal anomalies. No significant relationship
was found between different GBA1 mutations and the occur-
rence of skeletal anomalies in GD1 patients. Moreover, GD1
patients with BMD Z-score <-2.0 showed higher CTx levels
compared to GD1 patients with BMD Z-score > -2 (Table 2).

At TO, all GD1 patients showed 250HD levels <75 nmol/L,
without significant differences between women and men
(dns). Furthermore, GD1 patients showed lower 250HD
and higher PTH serum levels compared to controls (Table 2).
According to criteria previously exposed, GD1 patients were
treated with cholecalciferol (50000 UI of cholecalciferol
every week for 8 weeks!?). After 8 weeks (T2), 25OHD
increased significantly in all patients (P <0.01, Student’s t-
test for paired samples) up to 75.2+£23.0 nmol/L. GD1
patients who did not achieve 250HD levels >75 nmol/l
received a second cholecalciferol treatment at the same dosage
(50000 UI of cholecalciferol every week for 8 weeks!?). A
significant and direct relationship was found between TO
and T2 250HD levels (P <0.05; r=0.569) (Figure 1A). In
addition, the 250HD levels at T2 directly correlate to the
increase in 250OHD (P <0.05; r=0.631) (Figure 1B). Clinical
and biochemical parameters of GD1 patients who obtained
250HD levels >75 nmol/L after the first cholecalciferol
treatment were not significantly different compared to GD1
patients obtaining 250HD levels >75 nmol/L after the second
cholecalciferol treatment (dns). As reported in Table 2, at
T24, PTH levels were not significant different between GD1
patients and controls.

After vitamin D deficiency correction, GD1 patients
with BMD Z-score <-2.0 were treated with alendronate
70 mg/week. During the 2-year follow-up, no changes in ERT
dosage was made, and all GD1 patients were compliant to
bone diet. In particular, 17 GD1 patients showed urinary
sodium excretion <100 mmol/24 h and 8 a reduction in
urinary sodium excretion >44 mmol/24 h.

At T24, clinical and radiological investigation did not show
the occurrence of any new fragility fracture, EFD, bone crisis,
osteonecrosis, or acute osteomyelitis, in the entire study popu-
lation. No significant reduction in BMD was observed in GD1
patients both with BMD Z-score > and <-2. These results
were observed in naive GD1 patients (GD24 and GD25)
and in those with long-term ERT treatment (GD01-GD23,
mean ERT duration 19.4 4 7.1 years). The differences in CTx
levels, observed at TO in GD1 patients affected by skeletal
anomalies compared to those without skeletal anomalies, dis-
appeared at T24. Finally, no significant differences were found
between different GBA1 mutations and the response to ERT,
cholecalciferol, and bone diet. No patients developed kidney
stones.

The systematic review, performed according to criteria pre-
viously exposed, selected 5 studies,>’-3! that included at least
4 of the following parameters: hypovitaminosis D, hypovita-
minosis D treatment, assessment of calcium dietary intake,
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Table 2. Clinical and biochemical parameters evaluated in patients with Gaucher disease type 1 at the enrolment and after 24 months.

TO T24 Control
All (n=25) Z score <-2 Z score > -2 All (n=25) Z score <-2 Z score > -2 Values®
(n=7) (n=18) (n=7) (n=18)
BMI (kg/m?) 254+3.1 24.8+5.1 25.6+4.2 27.0+4.9 25.2+4.3 27.7+5.2 25.7+3.6
CHT (nmol/mL/h) 276.0 255.5 286 164.0 210.0 164.0
(211.3-421.0)  (110.0-345.0)  (229.0-451.5)  (122.0-334.0) (63.75-315.0)  (123.5-290.5)
Calcium (mmol/L) 2.39+0.02 2.40+0.03 2.39+0.02 2.40+0.03 2.45+0.02 2.38+0.03 2.40+0.02
Phosphate (mmol/L) 0.97+0.15 0.99+0.16 0.97+0.15 1.01+0.16 0.99+0.17 1.01+£0.15 0.99+0.16
Creatinine (umol/L) 69.9+10.6 70.7£10.7 69.6 £10.1 72.7+£10.5 749+11.3 71.8+9.8 70.1+10.2
Hb (mmol/L) 9.224+0.91 9.224+1.02 9.21+0.87 9.11+0.92 9.05+0.97 9.13+0.86 9.17+0.89
PLT (10°/L) 225.9+53.8 207.8+£62.6 232.9+57.6 179.5+64.8 185.5+63.0 177.2+67.8 238.8 £58.7
Ferritin (ug/L) 154.0 347.5 154.0 187.0 432.5 187.0 128.7+87.6
(60.3-468.8) (42.75-542.25) (66.0-435.0) (77.0-313.5) (50.25-662.25) (87.0-263.0)
Liver volume (MN) 0.4+0.1 0.4+0.2 0.39+0.1 0.3+0.1 0.4+0.1 0.3+0.1
Splenic volume (MN)4  3.240.5 2.9+0.6 3.3+£0.3 3.0+£0.5 3.2+0.3 3.0+£0.6
Femur BMD (g/cm?) 0.81+0.17 0.80+0.21 0.81+0.16 0.82+0.17 0.81+0.19 0.82+0.15
Femur Z-score -0.29+1.11 -0.30+1.19 -0.29+1.09 -0.46 +1.07 -0.38+1.17 -0.49+1.01
Femur T-score -0.80+1.26 -0.78 +£1.31 -0.81+1.25 -0.87+1.23 -0.77+1.30 -0.91+1.21
Lumbar BMD (g/cm?)  0.96 £0.17 0.98+0.19 0.95+0.16 0.95+0.19 0.984+0.20 0.94+0.18
Lumbar Z-score -0.25+1.33 -0.32+1.38 -0.22+1.32 -0.43+1.38 -0.35+1.39 -0.46+1.31
Lumbar T-score -0.92+1.50 -0.96 £1.52 -0.90 +1.48 -0.99+1.48 -0.96 £1.50 -1.00+1.47
tALP (U/L) 75.9+21.7 87.5+10.8 71.4+22.1 81.8+21.2 92.5+18.7 77.6 £22.9 78.8+16.5
bALP (ug/L) 16.6 +£10.5 13.4+10.7 17.8+10.5 16.6 9.4 19.4+9.3 15.5+10.6 15.3+9.8
CTX (ng/mL) 0.29+0.22 0.58+0.18P 0.18+0.22 0.26 £0.12 0.394+0.15 0.21+0.11 0.25+0.12
PINP (ng/mL) 57.74+23.2 52.6+27.2 59.7+23.1 59.1+23.5 59.9+25.1 58.8+19.2 50.3+18.3
PTH (pmol/L) 5.44+1.2?2 5.6+1.32 5.3+1.12 3.9+1.0 3.7+1.1 4.0+1.0 3.6+1.0
1,25(OH);D (pmol/L) 130.2+55.9 138.6 +60.1 126.9+55.1 139.5+46.8 138.7+59.9 139.8+15.6 124.6 +42.2
25(OH)D (nmol/L) 44.0+14.6° 42.8+13.8° 44.5+14.6% 85.2+15.0 86.1+16.4 84.9+14.8 75.24+19.7

Data are expressed as media + standard deviation for continuous variables with normal distribution at Kolmogorov-Smirnov test and median (25°-75°) for
continuous variables with not-normal distribution at Kolmogorov-Smirnov test. TO: data at enrolment. T24: data 24 months after the integrated therapy
with (1) enzyme replacement therapy, (2) normocalcic, normocaloric, and hyposodic diet, and (3) cholecalciferol.
aSignificantly different compared to controls (P < 0.05, ANOVA). bSignificantly different compared to GD1 patients with Z score > -2 (P < 0.05, ANOVA).
¢Control values measured in 2 healthy control subjects age-, BMI-, and sex-matched for each enrolled patient with Gaucher type 1 disease. dFour patients

with Z-score > -2 were splenectomised.

Abbreviations: 1,25(OH); D, 1-25 dyhydroxyvitamin D; 25(OH)D, 25 Hydroxyvitamin D; bALP, bone isoenzyme of alkaline phosphatase; BMD, bone mineral
density; BMI, body mass index; Calcium, total calcium corrected for albumin; CHT, chitothriosidase; CTX, C-terminal telopeptide of type I collagen; MN,
multiples of normal volumes for spleen (0.2% of body weight) and liver (2.5% of body weight); P1PNP, total procollagen type 1 N-terminal propeptide; tALP,

total alkaline phosphatase.

methodology used for BMD assessment, Op prevalence, bone
anomalies, PTH assessment, BTM evaluation. As reported in
Table 3, this is the first and only study contextually evaluating
the prevalence of vitamin D deficiency in GD1 patients and
their response to an integrated treatment, including ERT,
cholecalciferol, and bone diet. This latter was evaluated
using contextually biochemical, instrumental, and clinical
parameters.

Discussion

Skeletal manifestations in GD1 patients are often under-
diagnosed and under-treated. Our study results demonstrate
that: (1) hypovitaminosis D is highly prevalent in GD1
patients; (2) the proposed cholecalciferol treatment!” is
effective to correct vitamin D deficiency and to reduce PTH
levels, maintaining euvitaminosis D and PTH in the normal
range in GD1 patients; (3) GD1 patients with skeletal anoma-
lies, showed elevated CTx levels compared to GD1 patients
without skeletal anomalies; (4) the integrated treatment with
ERT, cholecalciferol, bone diet, and alendronate (only in GD1
patients with BMD Z-score <-2.0) guarantees BMD stability
and the occurrence of no new skeletal manifestations, without
any side effects.

Vitamin D comprises a group of lipid-soluble hormones and
prohormones.'” The vitamin D status is evaluated measuring

the circulating levels of the 250HD, while 1,25(OH),;D3
represents the active metabolite.'? The “canonical” proper-
ties of 250HD are associated to the control of calcium-
phosphate balance and skeletal homeostasis and, without
sufficient 250HD levels, a low percentage of calcium and
phosphate is absorbed, increasing PTH levels.!? The elevated
PTH levels in our study population were related to the low
vitamin D serum levels at baseline. Considering that GD1
is classified as a lysosomal storage disease characterized by
skeletal anomalies,? in GD1 patients the evaluation of vitamin
D status, measuring 25SOHD serum levels, is recommended.'”
Nevertheless, a previous report highlighted the lack of solid
data on assessment of bone health, vitamin D status and
management of vitamin D deficiency in GD1 patients,>* and
an expert consensus document from the European working
group referred the diagnosis and treatment of hypovitaminosis
D for GD1 to good clinical practice rather than management
goals.3?

The systematic review summarizes available studies
regarding vitamin D status in GD1 patients.””>! Our study
results show a high prevalence of vitamin D deficiency in
GD1 patients from Southern Italy, confirming the results of
Mikosch obtained at different latitudes,' and demonstrate
an excellent response to cholecalciferol treatment.'” For the
first time, this proves that a regular therapeutic schedule is
effective to treat vitamin D deficiency in adult GD1 patients.
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Figure 2. (A) Correlation between 25-hydroxy-vitamin D levels at baseline and 25-hydroxy-vitamin D levels after correction. (B) Correlation between

25-hydroxy-vitamin D levels after correction and its increase.

However, the response curve to the cholecalciferol treatment
observed in GD1 patient is different to what observed in
healthy subjects®? or in patients affected by Paget’s disease of
bone!® (Figure 2). These responses are linked to an increased
catabolism of vitamin D induced by cholecalciferol treatment,
linked to stimulation of 24-hydroxylase metabolic activities.*
In GD1 patients, we observed a direct relationship between
250HD serum levels at TO and T2, and between 250HD
serum levels at T2 and its increase. This unusual response
is probably linked to the mitochondrial alteration described
in GD, resulting in a reduction in function or in levels of
the cytochrome P450 3A4 (CYP3A4), an enzyme involved in
catabolism of vitamin D.3*

At TO, GD1 patients and controls showed different
250HD serum levels, but similar 1,25(OH);D3 levels. In
subjects with normal kidney function, no direct relationship
between 1,25(OH);D3 and 250HD serum levels were
generally observed due to the tight regulation of the actions
of cytochrome P450 family 27 subfamily B member 1
(CYP27B1) and of cytochrome P450 family 24 subfamily
A member 1 (CYP24A1) enzymes.>’

Skeletal anomalies are common at all ages in GD1 patients
and represent the main cause of disability and poor quality of
life.%>7>3¢ The proposed integrated treatment of GD1 patients
including ERT, cholecalciferol, and bone-diet is effective to
stabilize BMD. This result was observed both in naive GD1
patients and in those with long-term ERT treatment. In addi-
tion, no new skeletal anomaly was registered during the 2-
year follow-up. Of note, CTx levels at TO were significantly
elevated in GD1 patients affected by skeletal anomalies, and
in particular in those with BMD Z-score <-2, compared
to GD1 patients without skeletal anomalies. This difference
disappeared at T24. CTx is related to bone remodelling and
resorption process, and it is considered as reference BTMs
for use in fracture risk prediction and monitoring of Op
treatment.’” CTx values of our GD1 patients with skeletal
anomalies exceed the cut-off value suggested in Op manage-
ment.>® Literature data are not conclusive regarding the effect
of cholecalciferol supplementation on BTMs. The BTMs were
reduced by cholecalciferol treatment in patients with vitamin
D levels <75 nmol/L.3° Moreover, the association between
cholecalciferol supplementation and calcium intake of at least
1 g/day decreased fracture risk and BTMs.*’ Grimnes and

colleagues demonstrated that the supplementation with both
high-dose (6500 IU/day) and standard dose (800 IU/day) of
cholecalciferol was effective to reduce BTMs, in particular
PINP and CTx.*' Also, Chen and colleagues observed a
negative correlation between vitamin D supplementation and
BTMs, in both women with osteopenia and osteoporosis.*?
One can argue that, in GD1 patients, cholecalciferol supple-
mentation associated with a proper calcium dietary intake
increases calcium and phosphate intestinal absorption and
reduces PTH, bone loss and consequently CTx, as reported
in Table 2. In addition, alendronate treatment in osteoporotic
GD1 could help to reduce CTx levels. Based on this considera-
tion, we suggest the use of CT'x as a marker of compliance dur-
ing the integrated bone health management of GD1 patients.

Both mineralized bone and bone marrow seem to play a
role in the pathogenesis of skeletal abnormalities in GD1
patients. The pathogenesis of these abnormalities as the
intra-lysosomal sphingolipid accumulation, which induces
an alteration of bone vascularity, increased intramedullary
pressure, inflammation pattern, and osteoblast, osteoclast,
and osteocyte activities.!»”>*3 Indeed, some experimental
studies emphasize the possible role of pathological osteoblasts
and osteoclasts in the development of osteopenia and Op in
GD1.44’45

Measuring BMD by DXA cannot differentiate between low
BMD due to Op or low BMD due to osteomalacia, caused
by hypovitaminosis D. However, none of our patients showed
the classical biochemical triade of osteomalacic syndrome
(hypocalcemia, hypophosphatemia, and increased ALP),* as
reported in Table 2. Furthermore, the bALP evaluation served
to rule out any alterations related to liver manifestations of
GD1.

Furthermore, the BMD stability, observed in GD1 patients
with BMD Z-score <-2.0 and treated with alendronate, is an
expected outcome. Indeed, antiresorptive treatments are able
to increase or stabilize BMD.*/ On the contrary, the BMD
stability in GD1 patients with BMD Z-score > -2.0 confirms
the efficacy of our integrated treatment in maintaining bone
health.!”

Our is a monocentric study. This may be considered a
limit but also a strength, because all biochemical parameters
were evaluated by the same operators, which are blinded to
the disease status, reducing the inter-laboratory inconsistency.
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Other strengths are: (1) all enrolled GD1 patients came from
Southern Italy and were Caucasian; (2) the use of DXA-
scan, the gold standard methods for BMD assessment; (3) the
contextual evaluation of BTMs and DXA parameters for bone
health assessment. Our study was not conceived as a double-
blind clinical trial; thus, it cannot prove the superiority of the
proposed integrated management of skeletal health in GD1
patients compared to a placebo (on top of ERT), but only its
effectiveness and tolerability. Our study results open the way
to further clinical trials that may help to clarify these features
and to evaluated our integrated approach with different GD
treatment, as SRT.

In conclusion, our study proposes an integrated approach
to bone phenotype in GD1 patients, thanks to the effects of
a balanced diet combined with vitamin D supplementation
on BMD and BTMs in GD1 patients. Indeed, in our GD1
patients, the association between ERT, cholecalciferol and
bone-diet obtained BMD stability and an improvement of
bone health. In our opinion, a cooperation with a bone
specialist in the management of GD1 patients can be improve
the prognosis and quality of life.
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