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Abstract

Patients with mucopolysaccharidoses (MPS) have accumulation of glycosaminoglycans in
multiple tissues which may cause coarse facial features, mental retardation, recurrent ear and nose
infections, inguinal and umbilical hernias, hepatosplenomegaly, and skeletal deformities. Clinical
features related to bone lesions may include marked short stature, cervical stenosis, pectus
carinatum, small lungs, joint rigidity (but laxity for MPS 1V), kyphoscoliosis, lumbar gibbus, and
genu valgum. Patients with MPS are often wheelchair-bound and physical handicaps increase with
age as a result of progressive skeletal dysplasia, abnormal joint mobility, and osteoarthritis,
leading to 1) stenosis of the upper cervical region, 2) restrictive small lung, 3) hip dysplasia, 4)
restriction of joint movement, and 5) surgical complications. Patients often need multiple
orthopedic procedures including cervical decompression and fusion, carpal tunnel release, hip
reconstruction and replacement, and femoral or tibial osteotomy through their lifetime. Current
measures to intervene in bone disease progression are not perfect and palliative, and improved
therapies are urgently required.

Enzyme replacement therapy (ERT), hematopoietic stem cell transplantation (HSCT), and gene
therapy are available or in development for some types of MPS. Delivery of sufficient enzyme to
bone, especially avascular cartilage, to prevent or ameliorate the devastating skeletal dysplasias
remains an unmet challenge. The use of an anti-inflammatory drug is also under clinical study.
Therapies should start at a very early stage prior to irreversible bone lesion, and damage since the
severity of skeletal dysplasia is associated with level of activity during daily life.

This review illustrates a current overview of therapies and their impact for bone lesions in MPS
including ERT, HSCT, gene therapy, and anti-inflammatory drugs.

Keywords

mucopolysaccharidoses; skeletal dysplasia; enzyme replacement therapy; gene therapy;
hematopoietic stem cell transplantation; anti-inflammatory drug
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1. Introduction

Mucopolysaccharidoses (MPSs) are a group of lysosomal storage disorders (LSDs) caused
by deficiency of a specific lysosomal enzyme, consisting of seven subtypes. In MPSs, the
breakdown of the glycosaminoglycans (GAGS), chondroitin sulfate (CS), dermatan sulfate
(DS), heparan sulfate (HS), keratan sulfate (KS) and/or hyaluronan is disrupted.
Accumulation of undegraded GAG(s) is observed in multiple tissues, leading to broad
clinical manifestations including mental retardation, skeletal dysplasia, corneal clouding,
abnormal facies, coarse hair, hernia, hepatosplenomegaly, respiratory and heart valvular
diseases, and abnormal joint mobility. For instance, diagnosis of Hurler syndrome, a severe
form of MPS I, is commonly made between 4 and 18 months of age; a combination of
skeletal deformities, recurrent ear and nose infections, inguinal and umbilical hernias, coarse
facial features, hepatosplenomegaly, and enlarged tongue first prompt medical attention.
Clinically, patients with MPS develop a characteristic dysostosis multiplex due to
progressive storage of GAGs, especially, CS, DS and/or KS [1].

Patients with MPS appear normal at birth although some types of MPS show excessive
growth during the first 2-4 years of age [2,3]. MPS varies from severe systemic bone
dysplasia to a lesser form of the disease that includes mild bone involvement, depending
upon MPS type and clinical phenotype. MPS patients with skeletal dysplasia (dysostosis
multiplex) have deformity of the spine (lumbar gibbus, kyphoscoliosis), deformity of the
chest (pectus carinatum, flaring of the rib cage), abnormal joint mobility, abnormal gait,
short trunked dwarfism, and/or genu valgum (Fig. 1). Patients may require a series of
orthopedic surgeries (cervical decompression and fusion, femoral or tibial osteotomy, hip
reconstruction and replacement etc.) throughout their lifetime. These procedures are
complicated by anesthetic risks due to airway narrowing, elevated resistance to airflow, and
potential pulmonary compromise [4-6].

Supportive measures are often provided. For joint pain, patients are given non-steroidal anti-
inflammatory drugs (NSAID), and antibiotics are prescribed for upper respiratory infections.
Patients are given anti-inflammatory drugs, steroids, mechanical ventilation, and/or oxygen
to treat pulmonary issues. Surgical procedures are often required, including: adenoidectomy,
tonsillectomy, cervical decompression and fusion, corrective hip surgery for dysplasia, and
knee surgery for genu valgum deformity. Since patients with some types of MPS have
extradural collections of GAGs that cause spinal stenosis and odontoid hypoplasia, that in
turn lead to atlantoaxial subluxation, physicians recommend cervical spine fusion/
decompression surgery. The severity of skeletal dysplasia has a marked impact on activity of
daily living (ADL) in patients with MPS.

Currently, several treatments such as enzyme replacement therapy (ERT), hematopoietic
stem cell transplantation (HSCT), and gene therapy are being evaluated. ERT and HSCT are
clinically available to prevent or treat the progression of MPS, and gene therapy is under
clinical trials for some types of MPS. Substrate reduction therapy (SRT) is also being
developed. ERT is approved for use in patients with mucopolysaccharidosis | (MPS 1) [7],
MPS 11 [8-9], MPS IVA [10], and MPS VI [11-14]. Patients treated with ERT show clinical
improvement of somatic manifestations and improved quality of life (QOL). However, there

Mol Genet Metab. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tomatsu et al.

Page 4

are several limitations with current ERT: i) limited effect on skeletal symptoms [15-16] ii)
rapid clearance from the circulation, and iii) immunological issues (antibody production
leads to reduced therapeutic efficacy) [7,17-19]. To resolve the above issues, a long
circulating or bone-targeting enzyme was devised to deliver the enzyme to bone [20,21].
The earlier that ERT is performed in animal models and human patients, the better the
outcome [22].

HSCT of MPS patients improves their QOL, but the therapeutic effect on bone lesions
remains limited [23]. The musculoskeletal manifestations still deteriorate and impact the
QOL in most transplanted patients with MPSs [24]. One possibility is due to the limited
penetration of the expressed enzyme into musculoskeletal tissues [25]. Although substantial
clinical improvements of joint mobility, coarse facial features, and claw hands were reported
following transplantation [26], clinical and radiographic musculoskeletal abnormalities still
developed. Another possibility is that irreversible bone damage has already occurred prior to
the time of the transplant (median age, 16 months). A retrospective analysis demonstrated
superior long-term clinical outcome for patients with MPS | when HSCT was performed
early in life [27]. HSCT shows some benefits in physical activity and bone mineral density
of treated mice, and early interventions provides more benefits [32-34]. ERT and HSCT
provide a comparable impact on growth in patients with MPS 11 [35].

Experimental gene therapies have been tested in animal models and human subjects [28-29].
However, current viral vectors for gene therapy have not delivered enzyme to bone
efficiently and targeting the viral vector to bone remains a challenge. Gene therapy using
bone-targeting adeno-associated virus (AAV) vectors has been experimentally evaluated in
MPS mouse models [4,30,31].

Chronic osteoarthritis is observed in some MPS patients, affecting major joints such as hip,
knee, wrist and ankle. To suppress metabolic inflammation caused by GAG accumulation,
inhibition of secondary inflammatory processes by anti-inflammatory (or
immunosuppressive) agents has been considered. The effect of anti-inflammatory drugs was
assessed in MPS VI rats. Early treatment in the presymptomatic period inhibited the
elevation of TNF-a, RANKL and other inflammatory factors in the blood, articular
chondrocytes and synovial fibroblasts [36]. However, there was no impact on bone growth
or mobility since stored GAGs still remained in chondrocytes of the growth plate. The
efficacy of ERT alone and combined treatment using ERT and anti-inflammatory drug was
also tested [37]. An anti-inflammatory treatment should be evaluated alone or in combined
therapy with ERT, HSCT, or future gene therapy for MPSs [38,39].

In this review, we describe potential therapies for bone lesions in MPS, which to date
include ERT, HSCT, gene therapy, and anti-inflammatory drugs. These approved and
experimental treatments provide a better QOL by ameliorating the underlying disease
progression of MPS, leading to prevention of further damage of targeted organs and
reduction of risks associated with additional surgical procedures.
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2. Therapies for bone

2.1. Initial pathological changes in bone

Most MPS patients have a nearly normal skeletal development at birth, although a few
already show signs of skeletal dysplasia such as a gibbus deformity [40,41]. There is
postmortem evidence of accumulation of GAGs in articular and epiphyseal cartilage in the
fetus or at birth for some forms of MPS. Therefore, the first months of life represent the best
window of opportunity for preventing bone deformities in MPS children.

Most skeletal manifestations are progressive and irreversible unless treated before signs and
symptoms appear. Recent development of newborn screening programs for patients with
MPSs may offer an opportunity to begin therapy in the first weeks of life [42-45].

Prenatal lysosomal GAG storage in chondrocytes has been demonstrated in MPS patients
and animal models. Initial clinical signs and symptoms for skeletal dysplasia in newborn
patients with MPSs include sacral dimple, gibbus, and abnormal shape of vertebrae in X-ray
images [46]. In human, fetuses aged 18-30 weeks gestation (MPS 1, Il, I1I, and IVA) have
storage vacuoles in chondrocytes as well as other major organs [47,48]. Newborn mice with
MPS I, Il, IVA, or VII, have storage vacuoles in chondrocytes [49,50]. Among all types of
mouse models with MPS, the MPS VII murine model is the most severe [51]. Skeletal
abnormalities represent the earliest clinical observations in MPS VII mice. Histological
analysis of the growth plate, articular cartilage and cortical bone show early pathology and
progressive bone lesion (Fig. 2).

2.1.1. Articular Cartilage—The knee joints of MPS VII mice show noticeable lysosomal
storage within the articular cartilage, even at birth. Most articular chondrocytes contain
accumulated vacuoles, although the cartilage structure is organized (Fig. 2). Affected mice
show marked lysosomal storage within the articular cartilage by 2.5 weeks of age. By 5
weeks of age, the articular cartilage layers (tangential, transitional and radial layers) are
abnormally thickened. Chondrocytes are increased in number and ballooned with vacuoles
although all three cartilage layers were still distinguishable and organized. Ten-weeks-old
affected mice show abnormal proliferation of the meniscal fibro-cartilage with ballooned
vacuolated cells. The articular cartilage layers are slightly irregular and hypercellular, and
chondrocytes are enlarged and vacuolated. The three layers are thinner compared with those
seen at 5 weeks, and their structure is disorganized. The articular cartilage layers at 32
weeks of age show more disorganization, with almost complete loss of the normal
arrangement of cells. The surface of articular cartilage is irregular, and few chondrocytes are
observed in the tangential layer. The transitional and radial layers show hypercellularity
compared with those in the age-matched wild-type mice. There are articular-meniscal-
synovial fusions with marked abnormal proliferation of articular, and meniscal cartilage
with thickened and vacuolated cells in the meniscus and synovium. The synovial space is
markedly diminished. All articular cartilage cells show marked distention, producing a
thicker layer. The cells in the periosteum also have marked vacuolar distension.

2.1.2. Epiphyseal cartilage—The growth plate region in 1- or 2-day-old MPS VII mice
already has ballooned vacuolated chondrocytes in the resting and proliferative zones. By 2.5

Mol Genet Metab. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tomatsu et al.

Page 6

weeks of age, the growth plate is thickened but shows normal resting and proliferative zonal
organization (Fig. 2). The cells are swollen with increased fibrillary or vacuolar contents,
which are especially prominent in the resting zone. The hypertrophic zone, although
hypercellular, shows disorganization with a distorted arrangement of cells. The primary
calcification zone is also increased in size. The longitudinal arrangement of the primary
trabeculae is abnormal with the trabeculae increased in number and thickness and includes a
marked increase of cartilage. Osteoblasts appear to be increased in number, especially in the
proximal intertrabecular spaces, and contain numerous vacuoles. At 5 weeks of age, the
chondrocytes in all zones are markedly vacuolated and ballooned. At 10 weeks of age, the
growth plates are thicker, and their boundaries become irregular. The column structure
through all layers of the growth plate is disorganized. The chondrocytes are ballooned with
vacuoles. The osteoblasts surrounding diaphyseal bone trabeculae and the cells lining bone
marrow sinusoids contain a large amount of clear cytoplasmic vacuoles (data not shown).

At 32 weeks of age, the column structure through all layers of the growth plate is markedly
disorganized, and all chondrocytes are prominently ballooned with vacuoles (Fig. 2). The
growth plates have a marked decrease in the number of cells in the proliferating zone. The
storage is marked, with lysosomal distention in osteoblasts lining the cortical and trabecular
bone and in the sinus-lining cells in the bone marrow. Light microscopic views reveal a loss
of the parallel order of the bone matrix with loss of the concentric arrangement of lamellae
or haversian system formation. The cortex is markedly thickened in affected mice. The
osteocytes show clearly increased cytoplasmic volumes filled with vacuoles.

Thus, by 5 weeks of age all chondrocytes in the MPS VII mouse model are vacuolated
markedly, leading to characteristic skeletal features.

Other MPS animal models with a severe skeletal form, such as the MPS VI cat and MPS VII
dog, have a similar pathology.

Overall, substantial storage materials have already accumulated in chondrocytes at a
prenatal (or fetus) period in patients or animal models with a severe form of MPS and fully
vacuolated chondrocytes are established at an early stage of the disease.

2.2. Enzyme replacement therapy (ERT)

2.2.1. Conventional and newborn ERT—Native lysosomal enzymes contain
mannose-6-phosphate (M6P) residues on their oligosaccharide chains that bind to the M6P
receptor which in turn delivers them to lysosomes. By this process, ERT can deliver the
deficient enzyme to lysosomes where it can catabolize accumulated GAGs [52,53]. Most
infused native enzymes are delivered to the visceral organs such as liver, kidney, and spleen.
Lysosomal enzymes have a short half-life in the circulation due to rapid binding to
carbohydrate-recognizing receptors such as M6P and uptake into these visceral organs. Only
a small fraction of the enzyme is able to reach the bone, and even less enzyme reaches
avascular cartilage. Consequently improvement of established bone lesions in patients with
MPS I, MPS Il, and MPS VI is restricted, even after long-term treatment. An ERT
preclinical trial in adult MPS mice resulted in a marked reduction of storage material in the
visceral organs but provided a limited effect in hyaline and fibrous cartilage cells in the
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femur, ligaments, and synovium. The column structure of the growth plate region remained
disorganized [54]. While it is well known that adult ERT provides a limited pathological and
clinical impact in animal models with several types of MPS, newborn ERT in animal models
with MPS are more promising.

Several studies of newborn ERT have been performed in large animal models of MPS | and
VI. ERT was started at birth and continued for more than a year in dogs with MPS | [55]. At
the end of the study, skeletal abnormalities were reduced in the low dose group of treated
dogs and were nearly completely prevented in the high-dose group of treated dogs. Similar
results were obtained for MPS VI cats in which ERT was initiated at birth and continued on
weekly treatment for 5, 6 or 11 months [56]. Treated cats had improved bone quality,
density, and dimensions. Treated cats were heavier than untreated cats and had substantially
reduced or no spinal cord compression. Skeletal pathology was improved with normalized
bone dimensions, uniform bone density, and regular trabecular pattern visible on
radiographs by 5 to 6 months of age. However, no reduction in lysosomal vacuolation was
observed in cartilage cells [57].

Newborn ERT for MPS | mice improves visceral organ and brain development [58]; but
bone and joints showed only partial or no benefit. The avascular bone and joint were
difficult to correct, despite early treatment.

When ERT was started at birth for MPS VII mice, vacuolated epiphyseal and articular
cartilage cells remained refractory to therapy. However, more clinical improvements in bone
were observed [59-61], including less short femurs and tibias, normal sized nose, and less
thickening of cortical bone.

In newborn ERT of MPS IVA mice, clearance of storage in bone was also limited by the
avascularity of the growth plate, and the chondrocytes were still vacuolated although the
column structure was organized [22].

ERT started at birth for MPS | mice did not show any marked benefits for bone and joint
development [58]. These observations suggest that conventional ERT alone, even when
started at birth, cannot completely prevent bone pathology in MPS mice.

ERT in dogs with MPS | showed some improvement in skeletal disease [55], while studies
in patients with MPS suggest that conventional or even newborn ERT is only able to slow
the progression of the symptoms [62]. For instance, bone pathology in a patient with MPS
IVA, who underwent ERT for over one year, showed that all chondrocytes in iliac crest from
surgical remnants were fully vacuolated (Fig. 3). Studies of early ERT on human patients
with MPS show the similar findings as those in animal models, demonstrating the benefits of
early treatment in patients with MPS; however, skeletal dysplasia continues to progress even
if slowly.

In MPS VI patients treated with early ERT (6 weeks to one year), skeletal abnormalities
continued to progress although facial dysmorphism and growth were stabilized or improved,
and radiographic changes were milder when compared to untreated patients. Early initiation
of ERT in MPS VI patients prevents or slows the progression of some skeletal
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manifestations, but a complete reversal of skeletal pathology has not been observed.
Aggregated data from patients who had initiated ERT when less than 5 years of age showed
that over 50% of patients were below the 3rd percentile for height, although one girl was
above the 97th percentile. Comparing baseline height prior to initiation of ERT to height at
the end of the study, 37.5% patients remained on the same percentile growth curve, 9.4%
improved to a percentile curve above and 53% fell below their original percentile curve,
suggesting that growth is not normalized by ERT [63-65].

Recently more cases of MPS patients treated by ERT at early stages of disease have been
reported. A pre-symptomatic boy with attenuated MPS | was started on ERT at 5 months of
age. After 5 years of treatment, the boy displayed no signs of coarse facies, joint disease,
organomegaly, cardiac valve disease, or dysostosis multiplex [66].

For MPS 11, a sibling case report was published in which an affected boy was treated with
ERT since 3 months of age [67]. After 3 years of treatment, the only somatic sign of the
disease was a mild deformity of one vertebra. No other disease features were found. A more
traditional sibling case study was recently published for MPS I, with similar findings. Two
Japanese brothers with MPS 11 caused by a complex rearrangement between the IDSgene
and the IDS-2 pseudogene were followed [68]. The older brother began treatment with
idursulfase at 3.0 years of age, while the younger sibling started treatment at 4 months of
age. At the start of treatment, the older brother showed typical somatic features of MPS I,
including skeletal dysplasia with gibbus deformity, joint stiffness, coarse facies, short stature
as well as cognitive impairment. After 32 months of ERT (age 3.0 years), the younger
brother remained free from most of the somatic features that had already appeared in his
brother at the same age. Skeletal manifestations still included mild dysostosis multiplex with
slow progression at the age of 5 years (personal communication; Dr. Tajima).

Overall, current conventional ERTSs that target enzymes to carbohydrate-recognizing
receptors do not function efficiently on established bone and cartilage lesions. The receptor-
mediated ERT strategy has been used with substantial success to treat storage in visceral
organs in MPS mouse models; however, GAG storage in bone (cartilage) has been resistant
to clearance by ERT using conventional doses of enzyme. Newborn or early ERTS prove a
better resolution in bone morphology and clearance of storage materials [60-61] although
vacuolated materials are still observed in chondrocytes. Discrepancy of therapeutic effect of
newborn ERT among species may be related to kinetics and biodistribution of the enzyme
[58].

2.2.2. Long circulating ERT—A chemically modified -glucuronidase (GUS), treated to
make it resistant to clearance from circulation by mannose and M6P receptors (PerT-GUS),
showed prolonged circulation (half-life over 18 hours) compared with native enzyme (half-
life less than 30 min) in an MPS VII mouse model. Long circulating enzyme provided more
therapeutic efficacy than the native enzyme at clearing storage from cortical and
hippocampal neurons. Higher levels of the enzyme in other tissues suggested improved
delivery to other organs as well [69]. The mechanism, by which PerT-GUS enzyme escapes
uptake by the mannose and M6P receptors, relies on chemical inactivation of its terminal
sugars by treatment with sodium metaperiodate followed by borohydride reduction.
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MPS VII mice treated with PerT-GUS showed marked improvements in bone lesions of
legs, ribs, and spine of treated mice [21]. Quantitative histopathological assay also showed
moderate improvements in GAG storage and morphology of articular and epiphyseal
chondrocytes (Figs. 4 and 5). These findings indicate that the PerT-GUS therapy from birth
may significantly reduce disability caused by bone dysplasia in MPS, in addition to
addressing CNS storage.

The mechanism by which Pert-GUS is taken up by the cells remains unanswered. One
possibility is that long-circulating enzyme is slowly delivered to targeted cells by non-
specific fluid phase pinocytosis involving no requirements for cell surface binding. The
second possibility is that Pert-GUS may bind glucuronide residues of heparan sulfate on the
cell surface and be gradually taken up with the internalized membrane during membrane
recycling. The third mechanism by which PerT-GUS might correct bone pathology
indirectly is by correcting storage in visceral macrophages that elaborate inflammatory
cytokines like TNF-a. In support of this explanation, an antibody to TNF-a and an anti-
inflammatory drug (pentosan polysulfate) could substantially reduce the skeletal pathology
of rats with MPS V1 [36,39].

2.2.3. Targeting ERT—An alternative approach was developed to combine ERT with a
bone-targeting strategy. Hydroxyapatite (HA) [Ca;0(PO4)s(OH),] is a positively-charged,
major inorganic component of a hard tissue (bone) that is absent in soft tissues. Some bone
matrix proteins (osteopontin, bone sialoprotein etc.) that bind to HA have been found to
have a repetitive sequence of negatively-charged acidic amino acids (Asp, D or Glu, E), a
possible hydroxyapatite-binding site [70,71]. In osteoblastic cell culture, secreted
osteopontin and bone sialoprotein rapidly bind to HA [72]. A drug attached to HA is
released during bone resorption processes and targeting a drug to HA is a potential strategy
for a selective drug delivery to bone [73,74]. Kasugai et al., 2000 showed that they could
enhance estradiol uptake by bone and prevent osteoporosis by tagging the hormone to Glug
(E6) [75,76]. We and others have recently applied this new bone-targeting system to a large
molecule, an enzyme (tissue nonspecific alkaline phosphatase), showing that the tagged
enzymes are delivered more efficiently to bone [77-79] and that the tagged enzyme
improves clinical and pathological effects of a mouse model of a systemic bone disease,
hypophosphatasia, better than untagged native enzyme [80]. Human N-
acetylgalactosamine-6-sulfate sulfatase (GALNS) and B-glucuronidase (GUSB) have also
been bioengineered to add E6 and D6. These tagged enzymes had markedly reduced rates of
clearance from the circulation, increasing blood levels 10-20 times higher than those of
native enzymes [20,81]. The bone-targeting enzyme was retained longer in bone, with
substantial residual enzyme activity. The pathological features in MPS IVA and VII mice
treated with the targeting enzyme showed marked clearance of the storage materials in bone
(Fig. 6). These findings suggest that the tagged enzyme enhances delivery and reduces
pathological effects in bone.

Overall, newborn, long-circulating or targeting ERT provides the most robust results for
improvements of clinical and pathological bone lesions. Combination of newborn ERT with
either long-circulating or targeting ERT enhances further improvements.
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2.3. Hematopoietic stem cell transplantation (HSCT)

Potential advantages of HSCT for treating MPSs are that marrow-derived donor cells could
provide a continuous source of secreted enzyme, and also provide access of enzyme to bone
and cartilage that is close to the bone marrow. However, others have proposed that secreted
enzyme may not penetrate into the bone after HSCT [26,82-84].

HSCT has successfully corrected the disease course and severity in patients with MPS | or
MPS VI [23,85]. The clinical consequence of HSCT depend on 1) the age of the patient at
the time of transplantation, 2) the severity of clinical phenotype, 3) the type of donor, and 4)
the course of preparative regimen [86]. In patients with MPS | and VI, HSCT results in
maintained normal heart function, and hearing is improved. However, skeletal
manifestations still developed progressively.

2.3.1. MPS |—Over 500 patients with MPS | have been treated by HSCT. Early
hematopoietic stem cell transplantation (HSCT) is the standard of care for patients with a
severe phenotype of MPS I. Substantial clinical improvements of joint mobility, coarse
facial features, and claw hands were reported following transplantation [26]. However,
skeletal disease, including genu valgum, thoracolumbar kyphosis and hip dysplasia, still
develops after HSCT and consequently this treatment provides a limited impact to ADL
because of pain and loss of ambulation. Skeletal deformity is less responsive to HSCT
compared with favorable effects related to other important clinical outcome parameters
including CNS involvement [25,87-94]. The skeletal abnormalities lead to a need for
orthopedic corrective surgeries. For example, a 15-year-old patient with MPS | had received
successful HSCT at the age of 2 years old. His ADL has been kept normal but bone
deformity has still developed, resulting in hemiepiphysiodesis of bilateral medial proximal
tibia at 12 years old and successive arthrodesis of thoraco-lumbar spine at 13 years old;
however, skeletal pathology from surgical remnants showed almost complete clearance of
storage materials in chondrocytes with normal level of blood HS and DS (Fig. 7). Thus,
even though pathology in chondrocytes appeared to be normalized, there was incomplete
correction of the skeletal phenotype by HSCT. The reasons for the continued skeletal
phenotype are not known, but it is possible that irreversible bone abnormalities may have
already occurred prior to transplantation or that the structure of the extracellular matrix
(collagen) remains abnormal.

The first months of life represent the best window of opportunity for preventing bone
deformities in patients with a severe form of MPS I. A retrospective analysis supports
superior long-term clinical outcome of MPS | patients when HSCT is performed early in life
[27].

2.3.2. MPS VI—In over 50 MPS VI patients treated with HSCT including 45 cases in
Center for International Blood and Marrow Transplant Research (CIBMTR), long-term
improvements in facial dysmorphism, hepatosplenomegaly, joint mobility, and cardiac
manifestations has been demonstrated [95-98]; however, skeletal disease known as
dysostosis multiplex tends to persist or progress despite HSCT [26,82-84].
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2.3.3. MPS IVA—There is only one case report of HSCT for MPS IVA [4,30,99,100]. This
report shows over 9 years of long-term therapeutic efficacy in a 15-years-old boy with a
severe form of MPS IVA, who received successful HSCT. Lumbar bone mineral density
increased around 50% one year post-HSCT and remained high. Radiographs showed
appearance of figures of trochanter major and minor while epiphyseal dysplasia in the
femoral cap remained unchanged. ADL was restored in work/study efficacy, respiratory
status, sleep, joint pain, and frequency of infection. After osteotomies of both femurs, he
became ambulatory and could walk 400 m unaided although restriction of physical activity
due to hyperlaxity of joints remain unsolved. An additional 4 patients with MPS IVA have
undergone HSCT in Japan, and are currently under evaluation. All of the treated patients
survived the HSCT procedure.

The substantial clinical correction post-HSCT of one MPS IVA patient and the successful
HSCT for 4 other cases indicate that HSCT may be a therapeutic option for MPS IVA
patients (Fig. 8) [100]. More case reports are needed to prove this concept.

2.3.4. MPS ll—In MPS I, there are reports of around 160 patients treated with HSCT.
Over 30% of those reported cases are from Japan. Previous reports on the therapeutic effects
of HSCT in MPS Il patients suggested a limited impact with a high mortality rate; however,
most patients had existing neurological symptoms of loss of cognitive function prior to
treatment [101]. One reason for the high mortality rate of HSCT during initial attempts
between 1980-1990 is that patients who underwent HSCT were already at an advanced or
even a terminal stage of disease progression. HSCT will generally not be suitable for
patients with an advanced disease stage if they are unable to tolerate the rigorous regimen of
HSCT. However, with improved technology and increased awareness of the disease, early
diagnosis is becoming more feasible, so that patients with MPS Il can receive HSCT when
their health condition is favorable at an early stage. Donor-derived cells were detected in the
post-mortem brain of a transplanted MPS |1 patient, indicating the potential of HSCT to treat
neurological effects of this MPS [102]. Recent data on Japanese MPS 11 patients indicate
that 1) HSCT 5 year survival rate was 88.5%, 2) HSCT improves brain lesions in magnetic
resonance imaging (MRI) and ADL [35], 3) HSCT shows a similar improvement in growth
to ERT [103], 4) the average ADL score in HSCT-treated patients is higher than in ERT-
treated patients [104], and 5) patients treated with HSCT when under 5 years of age have a
better ADL than patients treated later in life [104]. HSCT treatment of patients with MPS |1
slows appearance of skeletal dysplasia. A patient with an attenuated form of MPS 11 showed
improvements of his skeletal dysplasia 13 years after HSCT, and his current height is over
170 cm at 18 years of age (personal communication; Dr. Yabe).

To compare the impact of HSCT on growth with that of ERT, clinical data were obtained
from 44 Japanese male patients with MPS I1; 26 had been treated with ERT, 12 had been
treated with HSCT and 6 had neither treatment. Patel et al. demonstrated 1) that MPS 11
patients who had been treated with either ERT or HSCT had increased height and weight
when compared to untreated patients, and 2) that HSCT and ERT were equally effective in
restoring growth of MPS 11 patients [35]. Among patients with severe phenotypes, there was
an indication that HSCT provides a higher ADL score than early ERT, and there was a
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significant difference in ADL scores between late ERT and HSCT groups. Early HSCT
treatment provided a higher score than late HSCT.

2.3.5. HSCT at birth—A few studies have evaluated the effect of HSCT at birth on
skeletal features in MPS animal models [32,33]. Newborn mice with MPS VII receiving
ablative BMT lived longer than untreated mice. Treated mice had less severe facial
dysmorphism, better mobility, and showed pathological and clinical improvements by
clearance of lysosomal storage granules in bones, joints, and visceral organs, even though
engraftment achieved was low (15-20%) [32]. Nonablative neonatal BMT showed that
twelve months after BMT, several structural features of femurs were more similar to those
of normal mice than untreated MPS VII mice. Periosteal circumference and bone cortical
thickness were significantly improved, and cortical density did not differ significantly from
values in normal mice. Significant reduction of lysosomal GAG storage corresponded with
GUS enzyme activity and percentage of histochemically GUS cells in visceral organs and
hematopoietic tissues.

We have tested the hypothesis that HSCT at birth can prevent skeletal dysplasia in MPS |
mice [105]. Newborn BMT was effective at restoring a-iduronidase (IDUA) activity and
preventing elevated glycosaminoglycans in blood and multiple organs. At 37 weeks of age,
all bone tissue parameters measured using radiographic, micro-CT, biochemical, and
histological analyses were similar to normal mice. The magnitude of improvements
correlated with the extent of hematopoietic engraftment. Moreover, improvements in bone
parameters correlated with high levels of bone marrow-derived cell engraftment in multiple
hematopoietic compartments, suggesting that the early and complete restoration of normal
hematopoiesis can have a significant impact on bone development of newborn MPS | mice.

This proof of concept study advocates newborn BMT as a highly effective therapeutic
approach for MPS I, demonstrating that an early treatment may further impact the clinical
outcome of these patients. Establishment of newborn screening procedures will allow early
diagnosis and early treatment of affected children. Patients identified with an attenuated
phenotype of MPS would not need treatment with HSCT, but may benefit from early less
aggressive treatment and disease progression could be monitored more closely after early
diagnosis.

Overall, these findings suggest that if HSCT is performed for MPS patients at an earlier
stage, skeletal deformities and impaired growth development for MPS patients can be
ameliorated or slowed. Regimens for HSCT have been revised over recent years and well-
established institutions with trained staff show the least mortality rates for HSCT. Survival
rates should be increased by selecting patients who are healthier and more likely to tolerate
HSCT. HSCT would not be ideal for patients who are in poor condition and ERT may be a
better therapeutic option at least in the short term.

Since the year 2000, Tokai University has treated over 20 MPS patients by HSCT with no
fatalities due to complications of the treatment (personal communication with Dr. Yabe,
Tokai University). HSCT is considered in selected cases with careful pre-transplantation
counseling, clinical evaluation and systemic longitudinal monitoring of the outcome.
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Moreover, cord blood from unrelated donors appears to be an excellent source of HSCT for
patients with MPS, resulting in full-donor chimerism and normal enzyme levels in almost all
transplanted patients [27,106]. Advantages of umbilical cord blood transplantation are 1)
easy tissue procurement, 2) no risk to donors, 3) low risk of transmitting infections, 4)
immediate availability, and 5) immune tolerance allowing successful transplantation despite
human leukocyte antigen (HLA) disparity [107].

The use of ERT before or after HSCT may be considered to improve condition of the
patient. Pre-transplant ERT could be critical for patients waiting for suitable donors [26,108]
while some patients receive ERT in addition to HSCT [85,109]. As no prospective studies
have compared the efficacy of HSCT to ERT, further research is required to support
physicians who have to assess the risks and benefits of all therapeutic approaches and define
the best regimen for individual patients.

2.4. Gene therapy

Gene therapy has not yet been approved as a therapeutic option but several gene therapy
studies on animal models have shown promising results for MPS [110-114], and four human
clinical trials have begun to date [112]. Nevertheless, therapeutic efficacy for bone lesion
remains unanswered, even after induction of supraphysiological enzyme activity levels in
animal models of MPS for several years. Here we summarize the recent achievements for
bone lesions in gene therapies of animal models of MPS.

2.4.1. MPS |—Gene therapy approaches for MPS | have used plasmids [115,116], sleeping
beauty transposon [117,118], gamma-retrovirus [58,119-121], lentivectors [122], and adeno-
associated virus (AAV) vectors [123,124]. Non-viral vectors (i.e. plasmids and transposons)
have shown improvements in some manifestations of the disease, but the low-level and
short-term expression limits the impact of these vectors in bone lesions. The sleeping beauty
transposon system resulted in a significant increase in IDUA activity in several tissues,
normalization of GAG storage in those tissues, and reduction of hepatomegaly [118]. In
addition, sleeping beauty-based therapy corrected thickening of the bone of the zygomatic
arch and growth plate abnormalities in femur and tibia; but consistent positive effects were
not observed in cortical thickness or diameters of mid-diaphyseal bone areas [118]. AAV
vectors have been evaluated only to correct the neurological alterations of the disease in
mice, showing significant improvement in accumulation of GAGs and neurocognitive
dysfunction [123,124].

The use of gamma-retroviral vectors (RV) in MPS | mice and dogs has allowed long-term
expression, and enzyme activity in serum ranging from normal to supraphysiological levels.
Adult MPS | mice treated with the y-retroviral vector intravenously resulted in relative low
IDUA activity, although a complete correction of hearing and vision abnormalities, and
partial correction in femur diameters and bone mineral density was observed [120,121].
Neonatal treatment of MPS | dogs led to an increase in serum IDUA activity that was up to
28-fold greater than wild-type levels and was maintained for 1.8 years [119]. These
supraphysiological enzyme levels improved survival, normal facial appearance, and
reduction or elimination of umbilical hernias, chest deformities, joint disease (effusion,
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laxity, crepitus on manipulation, and/or deformity of the normal joint angle of the elbows,
carpi, phalanges, and/or stifles), corneal clouding, and heart disease [119]. After two years
of follow-up of treated dogs, skeletal disease evaluation showed no improvement in lengths
of cervical or lumbar vertebral bodies, reduction of vertebral fusion, modest improvement in
widening, beaking, and tipping in cervical spine, reduction in vertebral space, and reduction
in severity of stifle joint effusions. In summary, neonatal gene therapy in MPS | dogs
ameliorates, but does not prevent, skeletal disease even with supraphysiological enzyme
activity levels in serum and several organs [120,121].

Lentivirus has been used in MPS | gene therapy to transduce hematopoietic stem cells
(HSC) followed by transplantation of the modified cells. Mice treated with HSC-gene
therapy showed supraphysiological enzyme activity levels in serum and normalization of
GAG storage in urine and tissues [122]. Treated mice showed normalization of neurologic
and skeletal (width of the skull and of the humerus and femur, length of the femur, and
volume of the zygomatic bones) disease, which contrast with the results observed after the
infusion of wild-type HSC, which showed only partial correction of skeletal abnormalities
[122].

2.4.2. MPS IVA—Gamma-retroviral and AAV vectors have been used in MPS IVA gene
therapy studies. Gamma-retroviral vector was used in several cell lines showing a significant
increase in GALNS activity and reduction of GAG storage [125]. In-vivo experiments in
mice have been carried out with AAV2 vectors [126]. Twelve weeks after a single
intravenous administration of the AAV vector, plasma enzyme activity levels were restored
to 19% of wild-type levels, while enzyme activity in peripheral tissues increased up to 22%
of wild-type levels. However, activity was not restored in bone. Interestingly, co-
administration of AAV-GALNS with AAV-SUMFL1 resulted in a significant increase in
GALNS activity in several tissues, including bone, where activity was 33% of wild-type
levels [126,127]. Nevertheless, vector biodistribution analysis showed delivery to bone was
poorer than to other tissues [126,127]. To enhance vector delivery to bone, the vector capsid
was modified by insertion of multiple copies of a short acidic amino acid peptide [126].
Inclusion of short acidic amino acid peptide modification conferred affinity of the vector for
hydroxyapatite (HA), the major constituent of bone matrix, which resulted in higher vector
genome copies in bone cells, and enzyme activity was 42% of wild-type levels [111,127]
(Fig. 9). Recently, a new set of AAV vectors carrying both GALNS and sulfatase-modifying
factor 1 (SUMF1) genes were constructed using internal ribosome entry site (IRES), which
induced higher enzyme activity than that produced using AAV-GALNS: AAV-SUMF1 co-
transduction [128]. Furthermore, GALNS transduction mediated by the lentiviral vectors
allowed up to a 100-fold increase in enzyme activity in comparison to the levels observed
with the AAV vectors. In Morquio A fibroblasts, lentiviral vectors normalized GAG, f-
hexosaminidase and 3-galactosidase levels [128].

2.4.3. MPS VI—A couple of gene therapies have been evaluated for correction of bone
disease in a MPS VI cat. AAV2/8 vectors were administered intravenously to MPS VI cats
at 5 or 50 days of age and resulted in a reduction of GAG storage in urine and tissues,
improvement of femur and humeri length, reduction of heart valve thickness, and
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improvement in spontaneous mobility [129]. Although improvement in cervical spine and
joint abnormalities was limited regardless of the vector dose and the age of treatment,
clearance of GAG storage in cortical bone osteocytes and improvement of the growth plate
resting zone thickness and were observed only in MPS VI cats receiving high vector doses;
while reduction of GAG storage was not observed in articular cartilage regardless of the
vector doses. [129]. Furthermore, the presence of neutralizing antibodies was associated
with a significant reduction of the therapeutic efficacy measured by GAG normalization and
femur length improvement [130].

Neonatal gene therapy on MPS VI cats using a gamma-retroviral vector carrying feline
ARSB gene, showed that 8 years post-infusion supraphysiological enzyme activity levels
were maintained in serum and tissues [131]. Treated animals showed normalization of GAG
in urine and tissues, less pronounced facial dysmorphism, increased body weight and
improvement in appendicular skeleton lengths, articular cartilage erosion, and cervical
vertebral articular process widening, and mobility. Nevertheless, there was limited effect in
cervical vertebrae, cervical vertebral fusion, and intervertebral disc degeneration
[131].These results showed that an early treatment with a long-term supraphysiological
enzyme activity levels was not able to completely resolve all skeletal abnormalities.

2.4.4. MPS VII—Gene therapy reports for MPS VII have used plasmid [132] sleeping
beauty transposon [117], gamma-retroviral [120,121,132,133], lentiviral [134], and AAV
[135,136] vectors. Favorable results for bone lesions were reported in MPS VII dogs by
neonatal gene therapy using a gamma-retroviral vector [133]. Treated MPS VII dogs were
followed for up to 11 years, which showed maintained therapeutic levels of enzyme activity
associated with a reduction of GAG levels in urine and tissues. Treated MPS VII dogs
showed a significant correction for most bone deformities and could walk throughout their
lives, while untreated MPS VII dogs could not stand beyond 6 months and were dead by 2
years. Luxation of the coxofemoral joint and the patella, dysplasia of the acetabulum and
supracondylar ridge, deep erosions of the distal femur, and synovial hyperplasia were
reduced, and the quality of articular bone was improved in treated dogs [133]. Nevertheless,
treated dogs continued to have osteophyte formation, cartilage abnormalities, calcification of
the ventral epiphysis of the vertebral bodies, and intervertebral disk degeneration, resulting
in an abnormal gait. Thus, neonatal gene therapy reduces some skeletal abnormalities in
MPS VII dogs and dramatically improves their life span, but clinically-relevant
abnormalities in bone remain due to the inability of GUSB to diffuse into spine tissues,
suggesting that ERT will probably have similar limitations long-term [120,121,132,133].

Neonatal and adult gene therapy in MPS VII mice by the use of lentiviral vectors showed
improvement in parameters of bone mass and architecture as well as biochemical and
enzymatic correction [134]. However, growth plate chondrocytes were not responsive to
treatment, as evidenced by the lack of improvement in vertebral and femoral bone length
and growth plate height.

In summary, gene therapies for MPS animal models have shown a favorable safety profile
with long-term expression periods over 10 years for the viral vectors, and promising results
for non-viral vectors. Both vectors lead to substantial impact in bone lesion in animal
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models, when supraphysiological enzyme activity levels are maintained. However, spine
deformities especially on large animal models remain challenging to correct, even with
neonatal therapy and supraphysiological levels of the enzyme activity. The results for MPS
IVA show the potential to treat the bone lesion by using a novel system of AAV vectors
with a bone-targeting system. Further studies should shed light on the long-term evaluation
of gene therapy with both viral and non-viral vectors, which will show a great potential for
the treatment of bone disease in MPS.

2.5. Anti-inflammatory drugs

In patients with MPS, chronic osteoarthritis associated with skeletal dysplasia can happen in
any major joints such as shoulder, wrist, hip, knee, and ankle. In the last decade, there have
been several key reports showing that inflammatory responses exacerbate MPS symptoms.
Accumulated GAGs (keratan sulfate; KS, chondroitin-6-sulfate; C6S) in bone, cartilage, and
extracellular matrix (ECM) induce pro-inflammatory factors (e.g. TNF-a, RANTES,
TIMP-1, MIP-1a IL-1, 2, 5 etc.), that lead to cartilage degradation by degradative proteases
(e.g. MMPs), and subsequently chronic osteoarthritis and spondyloepiphyseal dysplasia.
Chondrocytes and ECM in patients with MPS are markedly vacuolated and tissues are
affected with appearance of foam cells, macrophages, and T-cells (Fig. 10), suggesting that
inflammation plays a key role of skeletal dysplasia [137].

To suppress metabolic inflammation caused by GAG accumulation, two treatments are
available: one is to reduce the causative factor (reduce GAGs by ERT, gene therapy, SRT,
HSCT etc.), while the other is to inhibit secondary inflammatory processes using anti-
inflammatory (or immunosuppressive) agents. These anti-inflammatory agents have distinct
mechanisms of action, including inhibition of the action of cytokines, blocking cell-cell
interactions, and depleting certain cell types. TNF-a is a dominant proinflammatory
cytokine in the pathophysiology of MPS, and several biologic agents are approved to target
this cytokine to treat autoimmune diseases such as rheumatoid arthritis (RA).

The effect of anti-TNF-a (infliximab) therapy was assessed in MPS VI rats. Early treatment
in the presymptomatic period inhibited the elevation of TNF-a, RANKL and other
inflammatory factors in the blood, articular chondrocytes and synovial fibroblasts [36]. The
number of apoptotic articular chondrocytes was reduced, and there was no difference from
healthy control rats. However, there was no impact on bone growth or mobility since stored
GAG:s still remained in chondrocytes of the growth plate. The efficacy of ERT alone and
combined treatment using ERT and anti-TNF-a drug (specific monoclonal antibody against
TNF-a: CNTO1081) was also tested [37]. Both treatments markedly reduced serum levels
of TNF-a and RANKL, although only the combined treatment reduced TNF-a in the
articular cartilage. Analysis of cultured articular chondrocytes showed that combination
therapy restored collagen 1Al expression and reduced expression of apoptotic markers.
Only the combined therapy suppressed hyperplasia of synovial cells into underlying bone
and clinical effects on other organs that are not accessible to the enzyme (e.g. cartilage) [37].
However, these therapies do have adverse effects.

Pentosan polysulfate (PPS) has potent anti-inflammatory effects and is an FDA-approved
drug used for patients with interstitial cystitis and has also been used for thrombosis
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prophylaxis and to treat phlebitis in Europe for several decades. Successively, clinical trials
of PPS in patients with knee osteoarthritis provided significant reduction in pain [138].
Schuchman et al. also reported that oral and subcutaneous administration of PPS reduced
inflammation and improved skeletal pathology, bone mineral density, and mobility of joints
in MPS VI rats [39,139,140]. Ghosh et al. reported that PPS promotes proliferation, and
chondrogenic differentiation of adult human bone marrow-derived mesenchymal precursor
cells [139]. In our preliminary experiment, PPS suppressed GAG accumulation in fibroblasts
of several types of MPS patients. Osteoarthritis is one of the primary concerns in patients
with MPS. Progressive bone and joint disorders in MPS cause severe pain, resulting in
disability of walking and poor ADL. Since PPS reduced pain in interstitial cystitis and
osteoarthritis patients [138], anti-inflammatory effects of PPS could provide improvements
of ADL and QOL in patients with MPS. PPS will provide suppression of inflammation,
reduction of GAG accumulation, and/or promotion of chondrogenesis in chondrocytes of the
patients with MPS (Fig. 11).

A clinical study and a trial of PPS for patients with MPS | and Il started in 2014 and adverse
effects and therapeutic efficacy are under investigation.

3. Conclusion

Resolution of bone and cartilage issues remains an unmet challenge for patients with MPS.
Patients with MPS have severe progressive skeletal dysplasia that leads to significant
morbidity and handicap with poor ADL. Management requires multidisciplinary approaches
for the patient, particularly for those who have serious issues such as spinal cord
compression, ambulatory problems, and restrictive and obstructive lung issues. A
comprehensive assessment of individual patient at initial diagnosis is required, and
continued follow-up by primary care clinicians. Supportive management, physiotherapy, and
appreciation of possible complications can also improve the QOL of MPS patients and their
families. Families of the patients should be offered tailor-made management including
genetic counseling, choice of ERT, HSCT, gene therapy (if it becomes available), anti-
inflammatory drugs, supportive therapies, physiotherapies and orthopedic interventions.
Physicians who take care of MPS patients should be familiar with the most common
complications, diagnosis of the disease, and locations of expert centers as well as available
therapies. Metabolic and transplant doctors as well as genetic counselors should
cooperatively examine the range of therapeutic options to provide the optimal outcome for
individual patients. Hopefully, this will lead to earlier diagnosis for patients, resulting in
better comprehensive therapy and avoidance of progression to irreversible damage. ERT,
HSCT, gene therapy, and anti-inflammatory drug are therapies that could be offered before
or after onset of the disease. Although the current treatments will not cure the disease, they
provide the potential to rescue most patients from consequences of the disease and to
improve the QOL. It seems that therapy outcomes are better if treatment is started at an early
stage, which should drive support for policies that advocate newborn screening for these
diseases. Established systemic bone dysplasia remains a serious challenge, and robust,
innovative approaches such as bone targeting should be considered. Longitudinal
observation of MPS patients under current therapies provides more precise and valuable
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information regarding the appropriate assessment, including physical activity, supportive
treatment, efficacy of therapy, and the clinical endpoints.
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Figure 1.
Dorsolumbar spine X-ray pictures of patients with MPS (arrows show the apex of the

kyphosis).

MPS | (severe): A high lumbar kyphosis is seen at L2. The apical ovoid vertebral body has a
prominent anteroinferior beaking with hypoplasia of the anterosuperior aspect. The
prominent posterior scalloping of the lumbar vertebrae is observed. Hypoplasia of the
superior facets is seen. Similar features are seen to a less extent in the levels above and
below this vertebra. As a result of these skeletal anomalies, the patient has retrolisthesis
between the vertebrae at the apex of the kyphosis.

MPS 11 (severe): The inferior beaking of ovoid vertebrae at lumbar distinguishes the
abnormal condition from MPS IVA. The mild posterior scalloping of the lumbar vertebrae
with widening of interpediculate spaces is observed. MPS 11 is radiologically similar to MPS
| (Hurler syndrome); however, the bone deformity is mild with a slower rate of progression.
MPS 111 (severe): MPS 111 shows the mildest skeletal deformity among all types of MPS.
Ovoid vertebrae at lumbar are seen with mild widening of interpediculate spaces. The bone
deformity is mildest with a slower rate of progression among all types of MPS.

MPS IVA (severe): MPS IVA shows the most severe skeletal deformity among all types of
MPS. Prominent lumbar kyphosis is seen at L2. Universal platyspondyly shows a central
anterior beaking in contrast to the inferior, anterior beaking seen in MPS | (Hurler
syndrome). Marked increase of interpediculate spaces (most severe), multiple vertebral
subluxations (most severe), and small sacrum are seen. Bone mineral density is low.

MPS VI (severe): Prominent kyphosis is seen at L2. Universal platyspondyly shows a
central anterior beak in contrast to the inferior, anterior beaking seen in MPS | (Hurler
syndrome). The moderate posterior scalloping of the lumbar vertebrae is observed.
Hypoplastic lumbar vertebrae (L1-L5) with characteristic superior notch (L4 and L5),
multiple vertebral subluxations, marked increase of interpediculate spaces, and small sacrum
are seen. Bone mineral density is low.

MPS VI (severe): Kyphosis is seen at L1. Moderate ovoid vertebrae at lumbar distinguish
the abnormal condition from MPS IVA. The lumbar vertebrae with widening of
interpediculate spaces are observed. Universal platyspondyly of dorsolumbar vertebrae is
observed with a mild central anterior beaking. The patient with MPS VII here shows
radiologically less severity compared with MPS IVA.
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Figure 2.

Age-dependent change of storage vacuoles at an early stage in cartilage of MPS VII mouse
model. Left panel: 2-3 days old, middle panel: 2.5 weeks old, right panel: 5 weeks old. Clear
vacuoles are observed in most chondrocytes at birth. Vacuoles in chondrocytes increase in
number with age and storage materials are fully accumulated at the age of 5 weeks old.
Vacuolization and disorganization of the column structure in articular cartilage is more
progressive than seen in epiphyseal cartilage (toluidine blue-stained 0.5-um-thick sections:
X 40).
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Figure 3.
Bone pathology of iliac crest in a 17-year-old patient with MPS IV after clinical trial and 6

months extension study of ERT (toluidine blue-stained 0.5-um-thick sections: X 100).
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Figure 4.
Histopathology of the knee joint of 17 weeks-old IV GUS and PerT-GUS treated MPS VI

mice (ERT started at 5 weeks old). Images are of the growth plate and articular cartilage.
PerT-GUS treated mouse shows substantial reduced number of vacuolated chondrocytes
compared with native GUS treated mouse. Arrows show vacuolated cells in the growth
plate, articular cartilage and meniscus area. AC: articular cartilage, GP: growth plate, M:
meniscus. Toluidine blue-stained 0.5-um-thick sections.
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Adapted from Rowan DJ, Tomatsu S, Grubb JH, et al. Long circulating enzyme replacement
therapy rescues bone pathology in mucopolysaccharidosis VII murine model. Mol Genet
Metab 2012 107(1-2):161-72.
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PerT-GUS

Figure 5.
Three-dimensional micro-CT reconstructions of knee joints of wild-type, untreated MPS

VII, and PerT-GUS treated MPS VII mice intraperitoneally (IP) (IP 2 mg/kg ERT started at
day 2-3 and continued weekly until the autopsy). Each picture shows unsectioned bone (left
side) or sagittal-sectioned bone (right side). Cross sections are sagittal through the midlines.
The long arrows identify areas of thickened cortical bone. The short arrows identify
abnormal exophytic bone formations on articular surfaces. Ages of wild-type and untreated
MPS VII mice are 5, 23, and 36 weeks old. Ages of 2 mg/kg PerT-GUS treated mice are 27,
41, and 57 weeks-old.

Adapted from Rowan DJ, Tomatsu S, Grubb JH, et al. Long circulating enzyme replacement
therapy rescues bone pathology in mucopolysaccharidosis VII murine model. Mol Genet
Metab 2012 107(1-2):161-72.
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Untreated E-6 tagged enzyme

Figure 6.
Growth plate histology of 8-weeks-old MPS IVA mouse treated with bone-targeting

enzyme. Newborn ERT started at day 2, and weekly ERT continued for 8 weeks. Vacuolated
storage is substantially reduced in a treated mouse with MPS IVA. Toluidine blue-stained
0.5-um-thick sections (X 100). Adapted from Tomatsu S, Montafio AM, Oikawa H et al.
Enzyme replacement therapy in newborn mucopolysaccharidosis IVA mice: early treatment
rescues bone lesions? Mol Genet Metab Jun 4. pii: S1096-7192(14)00185-1. doi: 10.1016/
j.ymgme.2014.05.013. [Epub ahead of print].
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Figure 7.
A 13-years-old Hurler patient: 10 years post-HSCT X-ray of spine and pathology at lumbar

spine. Left (X-ray): Severe humpback of L2 is seen. The patient underwent spinal surgery at
13.5 years of age. Mild invagination of the superior and inferior endplates of the lower
dorsal vertebrae is observed, and the vertebrae appear flattened. Moderate posterior
scalloping of the lumbar vertebrae is observed. There is a mild dextroscoliosis of the lumbar
spine. Appearance of the spine is not significantly changed since 6 years of age. Deformity
of spine is much milder than that seen in an untreated patient with a severe form. Right
(pathology from surgical remnants): no storage vacuoles appear in chondrocytes of lumbar
spine at 13.5 years of age and the size and morphology of chondrocytes are normal.
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Figure 8.
X-ray photographs with age in a patient with MPS IVA after BMT. Lateral view of

thoracolumbar vertebrae a: pre-BMT (left) and three years later post-BMT (right).
Platyspondylia and anterior beaking of thoracolumbar vertebra increase slightly in size, and
the margin of vertebra becomes clear. One year later post-BMT, BMD at L2-4 increases
from 0.372 to 0.548 (g/cm?), and it is maintained at the level of 0.48 + 0.054 for the
following 9 years. Adapted from Chinen Y, Higa T, Tomatsu S, et al. Long-term therapeutic
efficacy of allogenic bone marrow transplantation in a patient with mucopolysaccharidosis
IVA. Mol Genet Metab Rep 1 (2014) 31-41.
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Figure 9.
Mechanism of multiple-AAA targeting system. Viral capsid in the right panel has multiple

copies of D8 integrated into capsid proteins, showing the retargeting of gene vector to bone
(hydroxyapatite in the mineral region) schematically.

Mol Genet Metab. Author manuscript; available in PMC 2016 February 01.



Tomatsu et al.

Figure 10.
Appearance of foam cells/macrophages/vacuolated cells in tissues in autopsied specimens

from a 20-year-old male MPS IVA patient!. Left; Bone marrow in the vertebrae shows foam
cells and vacuolated osteoblasts (40x), right; Trachea shows ballooned vacuolated
chondrocytes (100x). Stained with toluidine blue (0.5 um; light microscopy).
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Figure 11.
Hypothesis for role of PPS on reduction of GAGs, suppression of inflammation, and

promotion of chondrogenesis in chondrocytes RUNX2: runt-related transcription factor 2,

MAP: Mitogen-activated protein, NF-xB: nuclear factor-kappa B.
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