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RESOURCE AND TECHNICAL ADVANCE

Modeling skeletal dysplasia in Hurler
syndrome using patient-derived bone
marrow osteoprogenitor cells

Samantha Donsante,’ Alice Pievani,? Biagio Palmisano,' Melissa Finamore,? Grazia Fazio,?
Alessandro Corsi,’ Andrea Biondi,** Shunji Tomatsu,® Rocco Piazza,** Marta Serafini,>*
and Mara Riminucci’

'Department of Molecular Medicine, Sapienza University of Rome, Rome, Italy. *Tettamanti Center, Fondazione IRCCS San
Gerardo dei Tintori, Monza, Italy. *Pediatrics, Fondazione IRCCS San Gerardo dei Tintori, Monza, Italy. “School of Medicine
and Surgery, University of Milano-Bicocca, Monza, Italy. *Department of Biomedical Research, Nemours Children’s Health,

Wilmington, Delaware, USA. *Hematology, Fondazione IRCCS San Gerardo dei Tintori, Monza, Italy.

Dysostosis multiplex is a major cause of morbidity in Hurler syndrome (mucopolysaccharidosis
type IH [MPS IH], OMIM #607014) because currently available therapies have limited success
in its prevention and reversion. Unfortunately, the elucidation of skeletal pathogenesis in

MPS IH is limited by difficulties in obtaining bone specimens from pediatric patients and poor
reproducibility in animal models. Thus, the application of experimental systems that can be
used to dissect cellular and molecular mechanisms underlying the skeletal phenotype of MPS
IH patients and to identify effective therapies is highly needed. Here, we adopted in vitro/in
vivo systems based on patient-derived bone marrow stromal cells to generate cartilaginous
pellets and bone rudiments. Interestingly, we observed that heparan sulphate accumulation
compromised the remodeling of MPS IH cartilage into other skeletal tissues and other critical
aspects of the endochondral ossification process. We also noticed that MPS IH hypertrophic
cartilage was characterized by dysregulation of signaling pathways controlling cartilage
hypertrophy and fate, extracellular matrix organization, and glycosaminoglycan metabolism. Our
study demonstrates that the cartilaginous pellet-based system is a valuable tool to study MPS
IH dysostosis and to develop new therapeutic approaches for this hard-to-treat aspect of the
disease. Finally, our approach may be applied for modeling other genetic skeletal disorders.

Introduction

Mucopolysaccharidoses (MPSs) are rare, inherited lysosomal storage diseases caused by loss-of-func-
tion mutations of genes encoding glycosaminoglycan-degrading (GAG-degrading) enzymes (1, 2). MPS
type I results from the lack or reduced activity of the a-L-iduronidase (IDUA) enzyme, with consequent
accumulation of 2 highly abundant GAGs, heparan sulfate (HS) and dermatan sulfate (DS) (3). HS
and DS storage interferes with the normal development and/or function of multiple tissues and organs,
although the severity of the clinical phenotype varies according to the residual enzymatic activity. Hurl-
er syndrome (MPS TH, OMIM #607014) is the most severe phenotype of MPS type I, reflecting absence
or extremely low levels of IDUA enzymatic activity, associated with insertions/deletions, nonsense,
splice variants, and missense variants in the IDUA gene (4). In MPS IH patients, symptoms appear
shortly after birth and progress with a widespread organ involvement that, in the absence of treatment,
may lead to early death. The clinical picture is dominated by progressive skeletal abnormalities with
impaired musculoskeletal function, coarse facial features, hepatosplenomegaly, valvular heart disease,
vision and hearing loss, upper airway obstruction, and delayed mental development with a maximal
functional age of 2—4 years (5).

Dysostosis multiplex is a characterizing skeletal component of the MPS IH phenotype and a major
cause of disease morbidity, as it is less likely to be prevented or resolved compared with other features by
current therapies, consisting of enzyme replacement therapy and hematopoietic stem cell transplantation
(6, 7). It develops in late infancy and childhood, resulting in short stature, facial dysmorphism, and several
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chest and limb bone deformities (8, 9). Experimental work on MPS IH transgenic mice and other sponta-
neously occurring dog and cat models supports the hypothesis that dysostosis multiplex may result from
early developmental changes that become clinically apparent after birth (10, 11). In particular, many studies
identified inappropriate retention of cartilage at sites of bone formation as a recurrent pathological feature
of the disease (10, 12-14). This suggests that HS and DS accumulation during skeletal development and
growth interferes with the replacement of cartilage anlage with bone and bone marrow (BM), a process
that relies on endochondral ossification and, as recently shown, on the direct phenotypic switch of the car-
tilaginous tissue (15). However, pathological changes and mechanisms observed in MPS TH animal mod-
els could not be confirmed in human patients because performing bone biopsies at growing cartilaginous
skeletal sites in pediatric patients is not advisable. Thus, there is an urgent need to develop relevant disease
models that can be used to identify and study the pathophysiological mechanisms that underlie the skeletal
phenotype and to adequately test new therapeutic strategies. In particular, suitable human-cell-based exper-
imental systems that reproduce the different phases of cartilage formation as well as the different processes
that ensure cartilage replacement with other skeletal tissues are highly required.

In this study, we used BM stromal cell (BMSC) populations, which include skeletal stem/progenitor
cells (16, 17), isolated from pediatric MPS TH patients and performed in vitro and in vivo assays to inves-
tigate the effect of IDUA mutations on human cartilage features and fate. We observed that early stag-
es of cell condensation and cartilaginous differentiation steps occurred and progressed normally in MPS
IH BMSC pellet cultures. However, in the late phases of maturation, structural and molecular changes
appeared and impaired the ability of MPS IH cartilage to complete its maturation in vitro and to remodel
into bone and BM in vivo.

Results

Early stages of differentiation are preserved in MPS IH cartilage. BMSCs isolated from the BM aspirates of
MPS IH patients and age-matched healthy donors (HDs) were grown to confluence and then incubat-
ed in high-density pellet cultures in the presence of TGF-f1-supplemented chondrogenic differentiation
medium (CDM) (Figure 1A). After 3 weeks, MPS IH skeletal progenitor cells formed 3-dimensional carti-
laginous structures similar to those formed by BMSCs isolated from HDs in terms of overall size (Supple-
mental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.173449DS1), morphology, and histochemical features, such as metachromatic staining with tolu-
idine blue and alcianophilia (Figure 1B). Histological analysis revealed only focal morphological abnor-
malities for MPS TH pellets in their inner core, consisting of slender-shaped and/or vacuolated chondro-
cytes hosted in poorly defined lacunae (Figure 1B). Similar patterns of immunolocalization for SRY-box
transcription factor 9 (SOX9) and the 2 major components of cartilage matrix, collagen type II al chain
(COL2A1) and aggrecan (ACAN), were observed in the MPS IH and HD groups (Figure 1C and Supple-
mental Figure 1B). In addition, gene expression analysis confirmed the absence of significant differences
between the 2 groups in the expression of SOX9, COL2A1, ACAN, and other cartilage genes such as VCAN
(versican) and HSPG2 (perlecan) (Supplemental Figure 1C).

MPS IH cartilaginous pellets show defective remodeling into bone in vitro. To investigate the subsequent matu-
ration of MPS IH cartilage in vitro, pellets grown in standard CDM for 3 weeks were exposed to mineral-
ization-inductive conditions for 2 additional weeks (Figure 2A). At the end of the incubation time, 2 zones
with distinct morphology and histochemical properties were recognized in HD pellets, which showed a
peripheral collar composed of a dense, toluidine blue—negative and periodic acid—Schiff—positive (PAS-pos-
itive) tissue matrix and an inner region composed of large hypertrophic chondrocytes (Figure 2B). In con-
trast, 5-week MPS IH pellets were almost entirely composed of hypertrophic chondrocytes, often with
heterogeneous size and vacuolated cytoplasm as shown by toluidine blue and Alcian blue/PAS staining
(Figure 2B). At this time, SOX9 immunoreactivity showed a different distribution in HD pellets, in which it
was restricted to the inner core, compared with MPS IH samples, in which it was more abundant and found
throughout the whole cross-sectional area (Figure 2C).

The peripheral collar of HD pellets was highly reminiscent of bone-like matrix. Indeed, double staining
with Alcian blue and Sirius red performed on sections from formalin-fixed, decalcified, paraffin-embedded
(FFDPE) pellets clearly distinguished the type I collagen—enriched Sirius red—stained peripheral region from
the central alcianophilic region in which hypertrophic chondrocytes were dispersed (Figure 3A). This zonal
pattern was poorly delineated in MPS TH samples, in which the outer Sirius red—positive border was absent or
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Figure 1. Chondrogenic differentiation of HD and MPS IH BMSCs after 3 weeks of micro-mass culture. (A) Schematic representation of the experimen-
tal model for cartilage differentiation. (B) Representative histological images of consecutive sections stained with toluidine blue and Alcian blue/PAS
demonstrating similar staining for pellets generated from HD and MPS |H BMSCs. Higher-magnification images highlight the morphology of MPS IH chon-
drocytes, with elongated shape and indistinct lacunae. Scale bars: 25 um. (C) Representative confocal images of pellet sections immunostained for SOX9
demonstrating a similar expression pattern in HD and MPS IH. Scale bars: 200 pum (left column) and 50 pum (right 3 columns).

very thin and discontinuous (Figure 3A). Furthermore, von Kossa stain on undecalcified, resin-embedded pel-
lets highlighted peripheral calcium deposits in HD but not in MPS IH pellets, in which the fraction of the min-
eralized extracellular matrix (ECM) was significantly reduced (Figure 3B). Consistent with these findings, an
enriched immunoreactivity for COL1A1 and other proteins typically expressed during late cartilage hypertro-
phy and ECM mineralization, such as alkaline phosphatase (ALPL), matrix metalloproteinase 13 (MMP13),
and osteocalcin (OCN), was observed in the outer layer of HD pellets but not in MPS ITH samples (Figure 3C).

JCl Insight 2024;9(5):e173449 https://doi.org/10.1172/jci.insight.173449 3
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Figure 2. Histological and immunohistochemical analysis of 5-week HD and MPS IH pellets. (A) Schematic representation of the experimental model for
mineralization of cartilage matrix. (B) Representative histological images showing the presence of the toluidine blue-negative/PAS-positive peripheral
collarin HD samples (dotted lines) and its absence in MPS IH pellets. Higher-magnification bottom images show hypertrophic chondrocytes with enlarged
and vacuolated cytoplasm in MPS IH compared with HD. Scale bars: 200 um (top) and 25 um (bottom). (C) SOX9 immunofluorescence demonstrating the
differential expression pattern between the inner, proteoglycan-rich (toluidine blue-positive) matrix and the peripheral proteoglycan-poor (toluidine blue-
negative, dotted lines) zone in HD pellets and the widespread staining in MPS IH pellets. Scale bars: 50 um. All the toluidine blue images are derived from
the same sections of the HD and MPS IH pellets represented in B and C. Therefore, different fields of the same pellet are shown in multiple panels.

Temporospatial pattern of GAG accumulation in MPS IH cartilage. Total GAG content was assessed at
different time points during in vitro chondrogenic differentiation. Comparison between the 2 experimental
groups demonstrated significantly higher levels of GAGs in MPS IH compared with HD pellets at 1 week
of chondrogenic differentiation (Figure 4A), thus indicating that GAG accumulation in MPS IH can be
seen during cell condensation and early differentiation stages.

At 3 and 5 weeks, GAG levels were similar in HD and MPS IH pellets (Figure 4, B and C). However,
immunolocalization of HS revealed a peripheral enrichment in MPS IH samples starting from week 3 as

JCl Insight 2024;9(5):e173449 https://doi.org/10.1172/jci.insight.173449 4
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Figure 3. Mineralization and ossification of 5-week HD and MPS IH pellets. (A) Representative histological images and
quantification (right graph) of pellet areas stained with Alcian blue and Sirius red, respectively, showing the COL1A1-en-
riched (Sirius red-stained) collar in HD samples and its reduction in MPS IH samples (pellet area stained with Sirius red,
mean + SEM from 5 HDs and 4 MPS IH): HD, 23.53% + 3.81%; MPS IH, 10.57% * 0.84%. *P < 0.05 by unpaired, 2-sided

t test. (B) Different amounts of von Kossa-stained calcium deposition in the 2 types of pellets. Histomorphometry
results (right graph) show a significant reduction in the fraction of mineralized matrix in MPS IH samples compared with
HDs (pellet area stained with von Kossa, mean + SEM from 5 HDs and 9 MPS [H): HD, 20.66% + 4.90%; MPS IH, 717% +
3.40%. *P < 0.05 by unpaired, 2-sided t test. Scale bars (A and B): 200 um (left) and 100 um (right). (C) Immunohisto-
chemical staining for COL1A1, ALPL, MMP13, and OCN of 5-week HD and MPS IH pellets. Scale bars: 100 pm.

opposed to HD samples, which showed an overall even spatial distribution of the proteoglycan in the ECM
at all times (Figure 4, A-C).

Abnormal molecular profile of hypertrophic MPS IH cartilage. To explore the molecular mechanisms involved
in the delayed maturation and mineralization of the cartilage matrix of MPS IH pellets, we performed
RNA-seq analysis with next-generation sequencing (NGS) on 5-week pellets. This showed 122 differentially
expressed genes (DEGs), of which 87 were upregulated and 35 downregulated in MPS IH compared with
HD pellets.

The upregulated transcripts in MPS TH pellets included different genes involved in ECM organization
and composition, such as OGN (osteoglycin, a small keratan sulfate proteoglycan, 15.7-fold higher), SDCI

JCl Insight 2024;9(5):e173449 https://doi.org/10.1172/jci.insight.173449 5
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Figure 4. Analysis of spatial distribution of heparan sulphate and total GAG content in HD and MPS IH pellets at
different stages of cartilage maturation. (A-C) Confocal images showing the expression of heparan sulphate after 1
week (A), 3 weeks (B), and 5 weeks (C) of chondrogenic differentiation in HD and MPS IH samples. The whole pellets
and higher magnification of both central and peripheral zone are shown. The right graphs show the total GAG content
expressed as pug GAG/ug DNA in each sample, at the same time points. Each dot represents 1 pellet. Data are repre-
sented as mean + SEM. *P < 0.05 by unpaired, 2-sided t test. Scale bars (A-C): 200 um (left) and 50 pm (right).

(syndecan-1, a transmembrane HS proteoglycan, 4.2-fold higher), MMP7 (matrix metalloproteinase 7, a
proteolytic enzyme responsible for the syndecan-1 shedding, 2.2-fold higher), ANGPTLI (angiopoietin-like
protein 1, a gene that is known to regulate angiogenesis but it is also involved in connective tissue and car-
tilage development, 4.9-fold higher), and FGFR2 (fibroblast growth factor receptor 2, a receptor involved in
cartilage and bone development, 3.3-fold higher). In contrast, PAPPA2 (pappalysin 2, a protease that cleaves
insulin-like growth factor binding protein-5 [IGFBP-5] and regulates IGF signaling, 9.8-fold lower), BIRC3
(baculoviral IAP repeat containing 3, an inhibitor of apoptosis, 24.9-fold lower), PGF (placental growth

JCl Insight 2024;9(5):e173449 https://doi.org/10.1172/jci.insight.173449 6
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factor, a member of the vascular endothelial growth factor [VEGF] family, 5.3-fold lower), and PTGS2
(prostaglandin endoperoxide synthase 2, an enzyme involved in chondrocyte hypertrophy, 14.9-fold lower)
were included among the downregulated genes (Figure 5A). A Reactome pathway enrichment analysis
showed an overrepresentation of genes related to GAG degradation and ECM degradation in MPS TH—
derived pellets compared with controls (Figure 5B).

In line with these results, gene set enrichment analysis (GSEA) highlighted that several molecular path-
ways responsible for cartilage maturation and remodeling such as VEGFRI (VEGF receptor 1), HOXA5
(homeobox A5), TGFBI (transforming growth factor 1), and IGF1I (insulin growth factor 1) signaling were
significantly downregulated in MPS IH compared with HD pellets (Figure 5, C and D). On the other hand,
GAG pathway and genes related to ECM organization were upregulated in MPS TH compared with HD
(Figure 5, C and D, and Supplemental Figure 2A).

To further validate our system, we compared our data with a published whole-transcriptome data set
of human fibroblasts from patients with different MPS types (18). We initially generated an MPS-specific
gene set by isolating all the genes consistently upregulated in MPS in the published cohort and we used
it to carry out a GSEA using our gene data as ranked input. We found a statistically significant, positive
enrichment (Benjamini-Hochberg—corrected P = 0.0069; normalized enrichment score = 1.62) between
the 2, confirming that genes overexpressed in fibroblasts from different MPSs were also expressed at high
levels in our data set (Supplemental Figure 2B). Subsequently, a Pearson’s correlation analysis carried out
between the log,(fold change) of DEGs in the 2 data sets revealed a strong, positive correlation of our data,
especially with MPS TH (Pearson’s » = 0.71) as expected, and MPS IIIC (Pearson’s = 0.55).

MPS IH cartilage shows defective remodeling into bone and BM in vivo. To assess the fate of MPS IH carti-
lage in vivo, after 3 weeks of incubation in standard CDM, pellets were heterotopically transplanted into
immunocompromised mice for ossicle generation (Figure 6A). Eight weeks after transplantation, hema-
toxylin and eosin (H&E) staining of FFDPE ossicles showed replacement of HD pellets with a thin layer
of cortical-like bone and a well-structured marrow cavity hosting donor-derived adipocytes and murine
hematopoiesis. In contrast, at the same time point, MPS IH ossicles were extensively composed of resid-
ual cartilage (Figure 6B). The peripheral ring of bone was not clearly defined, whereas the area of the
marrow cavity was significantly smaller compared with HD and was occupied mainly by large adipocytes,
with a minimal amount of murine hematopoiesis (Figure 6B and Supplemental Figure 3). Interestingly, in
MPS IH ossicles, tartrate-resistant acid phosphatase—positive (TRAP-positive) osteoclasts were significant-
ly increased compared with controls (Figure 6C). In contrast with the cortical-like bony collar observed in
HD ossicles, the tissue encasing the poorly developed marrow space in MPS IH ossicles had histochemical
and structural features of both bone and cartilage, as shown by double staining with Sirius red and Alcian
blue (Figure 6D). Polarized light view of the same microscopic sections highlighted the absence of lamel-
lar bone in MPS IH ossicles (Figure 6D). Moreover, von Kossa stain on undecalcified, plastic-embedded
sections revealed variable levels of mineralization within the cartilaginous matrix of the MPS IH ossicles,
while mineralization in the ossicles from HDs involved the cortical-like bone collar circumferentially (Fig-
ure 7). Interestingly, in MPS IH ossicles, immunolocalization of osterix (OSX) and SOX9 on adjacent tis-
sue sections revealed cells with topographic distribution and morphological features typical of osteoblasts
coexpressing both transcription factors in the nuclei (Figure 8, A and B). In the same cells, immunostaining
for COL2A1 demonstrated a cytoplasmic reaction that was not observed in HD osteoblasts (Figure 8C).

Treatment with laronidase partially reverts abnormal MPS IH cartilage phenotype in vitro. To further support
our results and to start to explore the utility of the pellet system in a therapeutic context, we evaluated the
effect of the treatment with the recombinant human a-L-iduronidase (laronidase) on cartilage maturation
and bone-like matrix deposition in MPS IH pellets. To address this point, MPS ITH BMSCs were induced
for cartilaginous differentiation for 5 weeks in differentiation and mineralization culture media supple-
mented with 5 ug/mL laronidase. As expected, laronidase-treated MPS ITH pellets showed higher IDUA
activity compared with untreated MPS IH pellets, with values comparable to those of HD samples (Figure
9A). The treatment with the recombinant enzyme was able to reduce the GAG content in MPS TH pellets
compared with untreated samples (Figure 9B). Importantly, histological analysis revealed a thickening of
the Sirius red—stained collagenic border in MPS TH-treated pellets, indicating an increased deposition of
type I collagen—enriched matrix likely reflecting an enhanced osteogenic differentiation. However, calcium
deposits at this zone remained poor, despite an overall increase in mineralization with respect to untreated
pellets, as showed by von Kossa stain on undecalcified sections (Figure 9C).

JCl Insight 2024;9(5):e173449 https://doi.org/10.1172/jci.insight.173449 7



A

RESOURCE AND TECHNICAL ADVANCE

@® NS ® Log:FC @ p-value @ p-valueandlog; FC

10.01 : i
PAPPA2 : |
7.51 | |
e e |
1o J . H !
g 50 BIRC3 . { ] . e
7 PGF H i OGN
25 i | sDCt
: PTGS2 EGE | MATN2-FGRR2® =« - ANGPTLT
——————————————————————————— 0—?.——-‘;—:——0— o T-AR L - 9&3—313———-—--'—--——-—————--
0.01 ——— e S
-10 5 0 5
Log, fold change m
B Cc o
Extracellular matrix organization _ PTGS2
ion HBEGF
. Collagen dagradano_n | VEGF VEGFA
Degradation of extracellular matrix I PGF
Collagen chain trimerization I PTGS2
Assembly of collagen fibrils and other multimeric structures /I HOXAS RELB
ic fi jon — 06
Elestic fibre forrnalfon ! VEGFA
Collagen formation (IR BIRC3
Collagen biosynthesis and modifying enzymes TGFB1 PTGS2
Molecules associated with elastic fibres | HBEGF
Non-integrin membrane-ECM interactions | gggrlm
ECM proteoglycans | IGF1 KRT81
MET activates PTK2 signaling | ABCA12
Signaling by FGFR2 llla TM | DNAJBS
e TV FGFR FGFR2
FGFR2 mutant receptar activation | sDC1
NCAM1 interactions | Extracellular MMP7
0 2 4 6 8 10 12 14 Matrix CHPF
OGN

D
VEGFR1 Pathway

ol

N

Ersktmend seore 18]

e A

Overrepresentation Analysis -Log10(FDR)

HD1
HD2
HD3
MPS4
MPS3
MPS1
MPS5
MPS52

HOXAS5 Pathway  Glycosaminoglycan Pathway  TGFB1 Pathway IGF1 Pathway

N

et seore (1)
Frestonne wors 15

L=

Figure 5. Whole-transcriptome analysis by next-generation sequencing of 5-week HD and MPS IH pellets. (A) Volcano plot showing the differentially
expressed genes (DEGs) in MPS IH samples; each dot represents 1gene and the log,(fold change) indicates the mean expression level for each gene. All
genes with Benjamini-Hochberg-adjusted P values of less than 0.10 were considered differentially expressed. (B) KEGG pathway enrichment analysis
showing significantly enriched pathways for DEGs in MPS IH pellets. (C) Heatmap representation of the top genes of different gene sets. (D) GSEA of

transcriptome data demonstrating

an underrepresentation of genes involved in VEGFR1, HOXAS, TGF-B1, and IGF1 pathways, and an overrepresentation

of genes involved in the GAG pathway. GSEA gene sets with a Benjamini-Hochberg-adjusted P value of less than 0.25 were considered to be significantly

enriched. HD,n=3; MPS |H, n = 5.
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Discussion

In this study, we used patient-derived models for reproducing and elucidating the cartilage pathology in
MPS IH using skeletal progenitor cells. We applied these models to provide insight into the biological
and transcriptional changes that are associated with endochondral ossification dysfunction in MPS TH
patients, offering the first evidence to our knowledge that cartilaginous pellets and heterotopic ossicles,
already employed in studies on hematological malignancies and infectious diseases (19, 20), could be used
to reproduce the skeletal pathology features of an inherited disease.

The timely cartilage replacement with bone and BM at sites of endochondral ossification is required
for normal skeletal development, growth, and shaping. Essential steps in the substitution process include
apoptosis of hypertrophic chondrocytes, resorption of mineralized ECM, and homing of blood vessel—
associated progenitor cells producing bone, marrow stroma, and marrow adipose tissue (16, 21). Accord-
ingly, available studies on the mechanisms underlying the abnormal retention of cartilage observed in MPS

ps://doi.org/10.1172/jci.insight.173449 8
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remodeling into bone and BM in vivo. (B) H&E-stained sections and marrow area histomorphometry showing the reduced marrow cavity of MPS IH sam-
ples compared with HD (Ma.Ar/TA, mean + SD from 4 HDs and 9 MPS IH): HD, 68.24% + 7.10%; MPS IH, 42.35% + 19.33%. *P < 0.05 by unpaired, 2-sided

t test. Scale bars: 200 um. (€) TRAP staining and histomorphometry showing the increased number of osteoclasts per bone perimeter in MPS IH ossicles
compared with HD (N.Oc/B.Pm, mean + SD from 4 HDs and 4 MPS IH): HD 4.32 + 0.46/mm; MPS IH, 5.88 + 0.24/mm. ***P < 0.001 by unpaired, 2-sided t
test. Scale bars: 50 um. (D) Alcian blue- and Sirius red-stained sections analyzed by transmitted (left panels) and polarized (right panels) light microscopy
demonstrating retention of cartilaginous tissue (blue stain) and an overall disorganized structure in MPS IH ossicles. Scale bars: 200 pm (top) and 100 pm

(higher magnification of the boxed areas, bottom).

IH endochondrally formed bone (12-14, 22-24) are mainly focused on the effects of GAG accumulation on
this sequence of events (10, 14, 25). Recent evidence, however, demonstrates that endochondral ossification
is a more complex phenomenon in which specific chondrocyte subsets escape death and undergo a pheno-
typic shift that leads to the direct remodeling of cartilage into other skeletal tissues (26-29). Therefore, we
attempted to better understand the fate of MPS IH cartilage in the developing skeleton by recapitulating ex
vivo and using human IDUA-mutated skeletal progenitor cells, the different processes, or specific aspects
thereof, through which endochondral ossification unfolds.

We observed that condensation/differentiation of skeletal stem/progenitor cells into cartilaginous pel-
lets as well as progression to hypertrophy of newly formed chondrocytes were not major targets of impaired
IDUA activity, as also demonstrated in our previous work (30). However, subsequent processes leading
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HD MPS IH

Figure 7. Matrix mineralization of HD and MPS IH ossicles. Von Kossa stain of undecalcified ossicles revealing the lack
of a mineralized bony cortex and a variable degree of cartilage mineralization in MPS |H ossicles. Scale bars: 200 um
(top) and 100 pm (higher magnification of the boxed areas, bottom).

to cartilage maturation, mineralization, and replacement with other skeletal tissues were greatly compro-
mised/delayed in MPS IH. In particular, the ability of MPS IH cartilage to shift to a bone-like phenotype
was reduced compared with normal cartilage. As previously reported (31) and as shown in this study,
when cartilaginous pellets are grown in vitro under culture conditions inducing mineralization, cells in the
peripheral zone assume a bone-like phenotype, expressing bone-related proteins such as COL1A1, ALPL,
and OCN. Our data demonstrate that IDUA mutations interfere with this phenotypic switch, as revealed
by the reduced COL1A1 deposition, matrix mineralization, and expression of bone markers detected in
the outermost layer of MPS IH pellets compared with HD pellets. Impaired cartilage-to-bone transition
was also observed in our in vivo model, where many cells within MPS IH ossicles seemed to retain their
cartilaginous phenotype at sites of prospective bone formation.

Direct differentiation of cartilage into bone, initially suggested by ex vivo studies (32-35), was recently
confirmed by lineage tracing experiments in mice as a physiological mechanism that contributes to bone
formation and repair (26, 36). Thus, abnormalities of this process in MPS IH could explain, at least in
part, the retention of cartilage in skeletal segments with consequent subversion of growth, maturation, and
remodeling that eventually leads to bone deformities.

Interestingly, immunolabeling of 5-week MPS IH pellets showed HS enrichment and increased SOX9
expression in their peripheral layers, in contrast with HD samples in which both molecules were markedly
reduced at the same time point. Previous work showed that the content of HS at the chondro-osseous
junction of the growth plate must be tightly regulated for a timely progression of chondrocytes to an osteo-
blastic phenotype (37), and subsequent studies reported that chondrocyte-to-osteoblast conversion in the
fracture callus (36) and in the growth plate (38) associates with a decrease in proteoglycan content in their
pericellular matrix. Similarly, SOX9 expression was shown to contribute to chondrocyte hypertrophy and
to prevent the appearance of an osteoblast phenotype in the growth plate and articular chondrocytes (38,
39). In addition, aberrant persistence of SOX9 expression was described in MPS VII mice and dogs as a
mechanism contributing to the altered hypertrophic differentiation of chondrocytes (15, 40). Based on
these observations, the abnormal temporospatial distribution of these 2 factors in MPS IH cartilage seems
to provide a potential explanation for the defective cartilage maturation and for the reduced transition to a
bone-like phenotype in vitro.
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Figure 8. Bone-forming cells in HD and MPS IH ossicles. (A-C) Immunolocalization of 0SX (A), SOX9 (B), and COL2A1 (C) on serial sections of HD and
MPS IH ossicles showing the presence in the latter of cells with osteoblast topography and morphology coexpressing bone (0SX) and cartilage (SOX9 and
COL2A1) markers. Scale bars (A-C): 50 pm.

The transcriptome of 5-week MPS IH pellets further highlighted dysregulation of signaling pathways
and molecules that may be implicated in cartilage development and hypertrophy and in lineage allocation
of differentiated chondrocytes. For example, the RNA-seq of MPS IH pellets revealed a reduced activity
of the IGF1 pathway, which it is known to be important for chondrocyte hypertrophy (41), and it is one of
the few pathways so far identified as necessary for chondrocyte-to-bone transdifferentiation (42), whereas
PAPPA?2 is the most downregulated gene, encoding a catabolic enzyme that positively regulates IGF bio-
availability and therefore cartilaginous metabolism through collagen secretion and matrix mineralization
(43). Moreover, we observed the downregulation of HOXAS5, which inhibits SOX9 expression, explaining
at least in part the retained expression of SOX9 in the outer layer of MPS IH pellets that led to an altered
hypertrophy and maturation of chondrocytes and eventually impaired their conversion into osteogenic cells
(38, 44). RNA-seq also revealed abnormal levels of factors linked to GAG metabolism and ECM remodel-
ing, consistent with data previously reported in an MPS TH mouse model (45) in which a change in ECM
components, secondary to the accumulation of partially digested GAGs, was detected as a very early event
in the pathogenesis of bone and joint disease (45). For example, we observed upregulation of SDCI and
MMP7. SDCI is expressed on the plasma membrane and regulates cartilage development (46), whereas
MMP?7 is responsible for SDC1 ectodomain shedding, resulting in the removal of bound growth factors
from the cell surface. Furthermore, we found a significant upregulation of FGFR2. The FGF pathway plays
a critical role in bone growth (47, 48) and the accumulation of abnormally sulfated HS in MPS TH may
interfere with its activation by trapping FGF2 and perturbing the FGF2-FGFR-HS interactions (49, 50).
Thus, the enhanced expression of the FGFR2 gene detected in our transcriptomic analysis may reveal a
compensatory mechanism to FGF seizure.
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Figure 9. MPS IH pellets treated with laronidase. (A) IDUA activity in 5-week MPS IH pellets untreated or treated with
laronidase (mean + SEM from 5 MPS IH and 5 MPS IH + rhIDUA pellets): MPS IH, 10.95 + 4.08 nmol/mg/h; MPS IH +
rhIDUA, 290.1 + 38.72 nmol/mg/h. **P < 0.01 by paired, 2-sided t test. The red dotted line represents the HD mean. (B)
Relative GAG content in 5-week MPS IH pellets treated with laronidase compared with untreated (mean + SEM from 5
MPS IH + rhIDUA compared with 5 untreated pellets): MPS IH + rhIDUA, 0.36 + 0.11. **P < 0.01 by paired, 2-sided t test.
(C) Histological images of Alcian blue- and Sirius red-stained (upper panels) and von Kossa-stained (bottom panels)
sections of MPS IH pellets from the same patient untreated or treated with laronidase. Scale bars: 100 pm.

Altogether, these molecular data suggest that MPS IH cartilage is characterized by a profound derange-
ment of multiple networks implicated in the plasticity and growth of skeletal tissues. Importantly, our
results are consistent with a previously published database on human fibroblasts of different types and
subtypes of MPS (18), thus suggesting a similarly disturbed regulation of gene expression hypothetically
caused by common mechanisms operating in MPS as a coherent group.

Heterotopic transplantation of unmineralized pellets into immunocompromised mice allowed us to test
the ability of MPS ITH chondrocytes to undergo lineage reallocation in vivo and to investigate further aspects
of endochondral ossification that may not be reproduced in vitro. Following transplantation, cartilaginous
pellets typically generate ossicles composed of a bony cortex, sparse bone trabeculae, and a functional mar-
row cavity hosting murine hematopoietic cells (51, 52). In this system, cortical and trabecular bone forma-
tion relies on direct remodeling of peripheral cartilage, whereas the establishment of a BM cavity results
from vascularization and resorption of the inner cartilaginous core and from the conversion of released
chondrocytes into marrow stromal cells and adipocytes (51). Similar to the in vitro results demonstrating
that MPS IH chondrocytes had a reduced capability to differentiate into bone-like cells, a defect/delay in
cartilage-to-bone conversion was suggested also by in vivo studies. Indeed, after the canonical transplanta-
tion time, MPS IH ossicles still included a poorly developed cortical and trabecular bone and, most impor-
tantly, OSX-positive osteoblastic cells expressing SOX9 and COL2A1, suggesting a hybrid osteoblast/chon-
drocyte phenotype. In addition, the ossicle inner zone, normally occupied by marrow spaces, was still largely
composed of a poorly vascularized cartilaginous matrix. While the reduced vascularization was consistent
with the downregulation of the VEGF signaling pathway revealed by the RNA-seq analysis, the lack of
proper resorption despite increased osteoclastogenesis was in agreement with previous data showing that
ECM GAG storage compromises osteoclast function (14) and leads to a compensatory enhancement of
their formation (14, 30).

Furthermore, our in vivo ossicles suggest that in MPS IH, the transition of chondrocytes into a skeletal
cell lineage other than osteoblasts, such as marrow adipocytes and stromal cells, including hematopoietic
niche cells (53), is also compromised. This type of phenotypic conversion was first observed in transplanted
pellets (51) and then confirmed in other in vivo experimental models such as zebrafish (28) and mice (29).
Although in this study we did not investigate in detail the marrow microenvironment in MPS IH ossicles,
morphological analysis of marrow cavities clearly demonstrated enrichment in abnormally large and abun-
dant adipocytes and a low number of murine hematopoietic cells. This suggests that once released from
the ECM, MPS TH chondrocytes undergo an unbalanced differentiation toward adipocytes at the expense
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of stromal cells and hematopoiesis-supporting cells. Overall, these results are in agreement with previous
data on the function of the BM stroma in MPS IH patients (54) and highlight the need and importance of
further studies on the effect of IDUA mutations on the entire skeletal lineage.

Finally, we provide evidence that the addition of laronidase to MPS IH chondrogenic cultures led to a
partial correction of the cartilage phenotype, suggesting that the model can be useful to test the efficacy of
new potential therapeutic approaches for preventing or treating the skeletal changes occurring in MPS IH (55).

In conclusion, we used a patient-derived experimental model based on cartilaginous pellets and het-
erotopic ossicles to investigate the mechanisms underlying impaired endochondral ossification in MPS
TH. Despite the limited number of BMSC populations used and the high variability in genetic background
between individuals, we showed for the first time to our knowledge using this approach that IDUA muta-
tions greatly compromise the phenotypic plasticity of cartilage as well as other critical phases of the endo-
chondral ossification processes. Transcriptomic analysis demonstrated that this occurs through a strong
perturbation of ECM composition and regulatory pathways.

To the best of our knowledge, this is the first work that aims to demonstrate that use of the pellet system
can contribute to the elucidation of the mechanisms underlying a skeletal disease. This modeling becomes
an even more important tool in the case of rare genetic diseases in which obtaining quality samples and in
sufficient numbers is extremely difficult. Having a relevant study model that reproduces the pathological
features of the skeletal disease in MPS IH is a prerequisite to design and evaluate new therapeutic strategies
that can tackle the skeletal phenotype, which is difficult to prevent and correct with current treatments (55).
Finally, our in vitro—in vivo platform may be of foremost importance to translate this approach across dis-
ease states to model other disorders that affect cartilage, bone, or both.

Methods

Sex as biological variable. The sex of the HDs and the patients was not considered as a biological variable
for the experiments. The SCID Beige mice used in the in vivo transplantation of cartilaginous pellets were
females, as previously reported (51).

Isolation and culture of human BMSCs. Human BMSCs were isolated from BM of pediatric HDs (z = 5, 3
females and 2 males, age range 7 months to 9 years) and MPS IH patients (n = 8, 7 females and 1 male, age
range 8 to 20 months) carrying IDUA mutations and undergoing BM collection as backup prior to alloge-
neic hematopoietic cell transplantation, as previously described (30). IDUA mutations of MPS IH patients
are reported in Table 1. Specifically, mononuclear cells were isolated from BM aspirates using a Ficoll-Paque
Plus (GE Healthcare) density gradient and seeded at a density of 2 X 10° cells/cm? in basal growth medium
consisting of low-glucose Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen), 10% fetal bovine serum
(Biosera), 1% penicillin-streptomycin (Invitrogen), and 1% L-glutamine (Invitrogen). Cells were grown at 37°C
in a humidified atmosphere containing 5% CO,. The medium was changed after 24 hours to remove nonadher-
ent hematopoietic cells and subsequently replaced twice a week until stromal cell colonies reached 70%-80%
confluence. Then, the cells were lifted with 0.25% trypsin-EDTA (Invitrogen), plated at a density of 2 x 103
cells/cm?, and expanded in culture as multiclonal strains for a maximum of 3 passages. All BMSCs were char-
acterized for their clonogenicity, proliferation and differentiation capacity, and surface marker expression (30).

Generation of cartilaginous pellets. To induce cartilaginous differentiation of MPS IH and HD BMSCs,
the micro-mass culture system was used as previously described (51). Briefly, after expansion in growth
medium, the cells were transferred to 15 mL polypropylene conical tubes at a density of 3 x 10° cells/tube,
centrifuged at 1500g for 5 minutes, and cultured for 3 weeks in CDM consisting of high-glucose DMEM
(Gibco) supplemented with ITS Premix (BD Biosciences), 1 mM sodium pyruvate (Gibco), 50 pg/mL
ascorbic acid 2-phosphate (Sigma-Aldrich), 100 nM dexamethasone (Sigma-Aldrich), 0.1 mM nonessential
amino acid solution (Gibco), and 10 ng/mL TGF-B1 (Sigma-Aldrich). At the end of the incubation time,
MPS IH and HD pellets were processed for paraffin embedding or used for further in vitro and in vivo
assays as reported below.

In vitro mineralization of cartilaginous matrix. To evaluate the capacity of the cartilaginous matrix to
undergo mineralization, after 3 weeks of incubation in CDM, MPS IH and HD pellets were cultured for an
additional 2 weeks in mineralization medium containing 7 mM p-glycerophosphate (Sigma-Aldrich) and
50 nM thyroxine (Sigma-Aldrich) in the absence of TGF-B1, as previously reported (31). Pellets treated
with the recombinant human L-IDUA were supplemented with 5 mg/mL laronidase (Aldurazyme, Sanofi)
for the entire culture period.
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Table 1. List of MPS IH patients’ mutations

Pt Age Allele 1 Allele 2
1 20 months p.Q70X p.P436R
2 12 months p.Q70X p.P436R
3 18 months p.Q70X p.P496R
4 12 months p.P496R p.P496R
5 11 months p.W402X p-W402X
6 18 months p.W402X c.1163delC
7 13 months p.Q70X €.398_403del6
8 8 months p.G51D p.G51D
Table 2. Antibody details
Antigen Company (catalog no.) Dilution
0SX Abcam (ab22552) 1:200
ALPL Proteintech (11187-1-AP) 1:100
HS Asbio (370255-S) 1:100
COL1A1 Abcam (ab88147) 1:200
COL2A1 Abcam (ab53047) 1:200
MMP13 Proteintech (18165-1-AP) 1:250
OCN Abcam (ab93876) 1:100
ACAN Abcam (ab3778) 1:100
SOX9 Santa Cruz (sc-20095) 1:100

In vivo transplantation of cartilaginous pellets. To evaluate the generation of complete ossicles in vivo,
pellets were transplanted subcutaneously into 8- to 10-week-old immunodeficient SCID Beige female mice
(CB17.Cg-Prkdc“Lysts’/ Crl, Charles River Laboratories), as previously described (51). Briefly, after anes-
thesia with Zoletil 20 (5 mL/g of body weight, Virbac), 4 subcutaneous pouches were generated in the
mouse back and filled with pellets (2 MPS IH and 2 HD pellets/mouse, 1 pellet/pouch). After 8 weeks,
mice were sacrificed and the harvested implants were immediately fixed for histological analyses.

Histology, histochemistry, and histomorphometry. All samples were fixed in 4% buffered formaldehyde
solution for 12 hours at 4°C. Paraffin embedding was performed according to standard procedures, with
previous decalcification in 10% EDTA for the 5-week pellets and the ossicles. Paraffin sections (4 pm thick)
were stained with H&E for histological analysis, with toluidine blue and Alcian blue/PAS to stain the
cartilaginous matrix, and with a combination of Alcian blue (pH 2.5) and Sirius red to visualize matrix
proteoglycan components and collagen fibers.

TRAP histochemistry was performed to highlight mono- and multinucleated osteoclasts using Sig-
ma-Aldrich reagents. Briefly, 50 mg of naphthol AS-BI phosphate was dissolved in 4 mL of N,N-dimethyl-
formamide and mixed with 4 mL of acetate buffer and 92 mL of distilled water. Then, 150 mg of tartaric
acid and 30 mg of Fast Garnet were added to obtain the final working solution in which slides were incu-
bated at 37°C for 30 minutes.

For analysis of ECM mineralization, undecalcified 5-week pellets and ossicles were embedded in gly-
col methacrylate. Briefly, samples were dehydrated for 15 minutes in 50% acetone, followed by 15 minutes
in 95% acetone, and 15 minutes in 100% acetone; the dehydrated samples were infiltrated with solution A
(10 mL of hydroxyethyl methacrylate and 2 mL of ethylene glycol monobutyl ether) at 4°C for 1 week, and
with solution B (20 mL of solution A and 90 mg of benzoyl peroxide) for another week. After infiltration,
the specimens were transferred to a complete embedding mixture containing 20 parts solution B and 0.5
parts solution C (15 mL of polyethylene glycol 400 and 1 mL of N,N-dimethylaniline) in embedding molds
and left to polymerize for 48 hours at 4°C. All reagents were purchased from Sigma-Aldrich. Sections (3
um thick) were stained with von Kossa and counterstained with methylene blue to distinguish mineralized
and unmineralized matrix. Transmitted light and polarized light microscopy images were obtained using a
Zeiss Axiophot microscope.
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Table 3. Primer sequences used for real-time PCR

Gene: Sequence: 5'-3'
S0X9 Forward GGCAAGCTCTGGAGACTTCTG
Reverse CCCGTTCTTCACCGACTTCC
ACAN Forward GATGATCTGGCACGAGAAGGG
Reverse CGTTTGTAGGTGGTGGCTGTG
VCAN Forward TTGACCAGTGCGATTACGGG
Reverse ATGGTTGTAGCCTCTTTAGGTTT
COL2A1 Forward AGATCACGGTCCCTCTGGTG
Reverse ATCCTCTCTCACCACGTTGC
HSPG2 Forward GACATCGCCATGGATACCAC
Reverse CAGGACAAGCCAGAATAGCC
GAPDH Forward GTCTCCTCTGACTTCAACAGCG
Reverse ACCACCCTGTTGCTGTAGCCAA

Histomorphometry was performed on undecalcified mineralized pellets and ossicles. Von Kossa—
stained sections were used to measure the mineralization fraction of 5-week pellets, H&E- and Sirius red—
stained sections were used to measure marrow area/tissue area (M.Ar/TA), and TRAP-stained sections
were used to quantify the osteoclast number/bone perimeter (N.Oc/B.Pm). All histomorphometric mea-
sures were performed using ImageJ software (NIH).

Immunohistochemistry. For immunohistochemistry, 4-pum-thick paraffin-embedded sections were immu-
nostained with primary polyclonal or monoclonal antibodies listed in Table 2. Before primary antibody
incubation, antigen retrieval was achieved with heat-mediated or enzymatic methods, when necessary.
Endogenous peroxidases were quenched by incubating the slides in 3% hydrogen peroxide (Carlo Erba)
for 40 minutes. To prevent nonspecific binding of antibodies, blocking with 10% bovine serum albumin in
PBS was performed. After primary antibody incubation, slides were repeatedly washed in PBS and then
incubated with biotin-conjugated swine anti-rabbit IgG (P0217, Agilent) or biotin-conjugated rabbit anti—
mouse IgG (P0260, Agilent) for 30 minutes at room temperature in a humidified chamber. After washing
in PBS, slides were incubated with streptavidin-conjugated horseradish peroxidase (P0397, Agilent) for
30 minutes at room temperature. The peroxidase reaction was developed using a 3,3’-diaminobenzidine
(DAB) substrate kit (SK-4105, Vector Laboratories).

For immunofluorescence, 4-um-thick paraffin sections were immunostained with primary antibodies
listed in Table 2. Heated antigen retrieval and blocking of nonspecific binding sites with 20% goat serum
in PBS were achieved before primary antibody incubation. After washing in PBS, sections were incubat-
ed with Alexa Fluor 488—conjugated goat anti-rabbit IgG (A-11008, Invitrogen) for 30 minutes at room
temperature and nuclei were stained with TO-PRO-3 (T3605, Invitrogen). Sections were coverslipped with
Vectashield antifade mounting medium (H-1000, Vector Laboratories) and confocal fluorescence images
were obtained using a Leica TCS SP5 confocal laser scanning microscopy system (Leica Microsystems).

GAG quantification. Pellets at 1, 3, and 5 weeks were snap frozen in liquid nitrogen to evaluate GAG
content. Pellets were digested with 100 pg/mL papain (Sigma-Aldrich) in digestion buffer (200 mM sodium
phosphate buffer pH 6.4 containing 100 mM sodium acetate, 5 mM cysteine HCI, and 10 mM EDTA-2Na).
After incubation overnight at 65°C with papain, supernatants were clarified for 10 minutes at 10,000g. The
amount of DNA in clarified supernatants of pellet homogenates was determined by a Quant-iT PicoGreen
dsDNA assay kit (Invitrogen). GAG levels were measured using the Blyscan Sulfated Glycosaminoglycan
colorimetric assay kit (Biocolor Ltd.) according to the manufacturer’s instructions. Chondroitin 4-sulfate
was used as standard. Samples were read at 620 nm emission wavelength using a Tecan GENios microplate
reader fluorometer, and GAG levels are expressed as pg GAG/ug DNA in each sample.

IDUA activity assay. Pellets at 5 weeks treated or not with laronidase were digested in 100 puL of 0.9%
NaCl/0.4% Triton X-100/Protease Inhibitor Cocktail (P8340, Sigma-Aldrich).

Protein concentration in clarified supernatants of pellet homogenates was determined by Pierce BCA
assay (Thermo Fisher Scientific). IDUA activity was measured fluorometrically using the fluorogenic sub-
strate 4-methylumbelliferyl-o-L-iduronide (Glycosynth). Five micrograms of protein was incubated for 1
hour at 37°C with a solution of 0.1 M sodium formate buffer (pH 3.2) containing 8 mM D-saccharic acid
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1,4-lactone and 0.4 mM 4-methylumbelliferyl-a-L-iduronide (Sigma Aldrich). After stopping the reaction
by adding 1 mL of 0.5 M carbonate buffer (pH 10.7), fluorescence was read at 365 nm excitation and 488
nm emission wavelengths using a Tecan GENios microplate reader fluorometer.

RNA extraction and real-time PCR. Gene expression analysis by real-time PCR was performed on 3-week
pellets. Pellets were snap frozen and homogenized using a Mikro-Dismembrator U (Gottingen). Total
RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. RNA was
reverse transcribed with a QuantiTect Reverse Transcription Kit (Qiagen) and the real-time PCR was per-
formed on a 7500 Fast Real-Time PCR System (Applied Biosystems) with PowerUP SYBR Green master
mix (Thermo Fisher Scientific) and specific primers listed in Table 3. As reference, the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used. Gene expression relative to the housekeep-
ing gene was quantified by the ACt method, comparing MPS IH with HD 3-week pellets.

Library generation and RNA-seq. RNA-seq analysis was performed on 5-week pellets by next-generation
sequencing. RNA of 5-week pellets was extracted using TRIzol reagent from pellet homogenates and ana-
lyzed with a Qubit RNA HS Assay Kit (Invitrogen) and Agilent RNA 6000 Nano Kit to assess quantity and
integrity before processing for library generation and sequencing.

Library preparation was performed on total RNA using the Universal RNAseq kit (Nugen, Tecan),
accordingly to the manufacturer’s protocol.

RNA-seq was generated by 75 X 2 paired-end sequencing on an Illumina NextSeq 550, using a High
Output v2.5 150-cycle cartridge, with an average of 40 million uniquely mapped reads per sample. Raw
sequences were quality tested using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Subsequently, fastq reads were aligned against the reference human genome (GRCh38/hg38)
using the splice-aware aligner Star (56) and the quantMode GeneCounts parameter. DESeq2 v.1.30 (57)
was used to perform normalization and to calculate differential gene expression. Bam alignment files were
indexed using Samtools (58). The sorted, indexed bam files, coupled with bai indexes, were then manu-
ally inspected using the Integrative Genomics Viewer (59). GSEAs were performed with GSEA software
v.4.2.1 (https://www.gsea-msigdb.org/gsea/downloads.jsp) by performing 1,000 random permutations at
the gene-set level.

Statistics. Quantitative characteristics are described as mean and standard deviation (SD) or standard
error of the mean (SEM), as appropriate, and categorical variables as percentages. Pairwise comparisons
were performed by means of unpaired or paired 2-sided ¢ test, and the significance level was set as 0.05.
All graphs and statistical analyses were produced with Prism 9.0 software (GraphPad Software). Negative
binomial distribution was used to model the RNA-seq counts in order to account for RNA-seq data overdis-
persion. False discovery rate was controlled using the Benjamini-Hochberg procedure; the adjusted P value
threshold for the identification of statistically significant DEGs was set to less than 0.1. Gene sets were con-
sidered to be statistically significant with of a Benjamini-Hochberg—adjusted P value of less than 0.25, as
recommended by the GSEA team. The direction of the enrichment is indicated by normalized enrichment
score, the absolute value of which was also used to prioritize the list of significant gene sets.

Study approval. The isolation of BMSCs from BM samples collected from pediatric MPS TH patients
and HDs was approved by the Ethics Committee of San Gerardo Hospital-Monza; written informed con-
sent from either parents or legal guardians was obtained. Experimental protocols for animal studies were
approved by the Italian Ministry of Health.

Data availability. The data generated in this study are available within the article and the supplemental
material. FASTQ files are available in the ArrayExpress-BioStudies repository (https://www.ebi.ac.uk/
biostudies/arrayexpress) with accession number E-MTAB-13129. Values for all data points in graphs are
reported in the Supporting Data Values file.
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