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Abstract
Mucopolysaccharidosis (MPS) is a group of inherited conditions involving metabolic dysfunction. Lysosomal enzyme
deficiency leads to the accumulation of glycosaminoglycan (GAG) resulting in systemic symptoms, and is categorized into
seven types caused by deficiency in one of eleven different enzymes. The pathophysiological mechanism of these diseases
has been investigated, indicating impaired autophagy in neuronal damage initiation, association of activated microglia and
astrocytes with the neuroinflammatory processes, and involvement of tauopathy. A new inherited error of metabolism
resulting in a multisystem disorder with features of the MPS was also identified. Additionally, new therapeutic methods are
being developed that could improve conventional therapies, such as new recombinant enzymes that can penetrate the blood
brain barrier, hematopoietic stem cell transplantation with reduced intensity conditioning, gene therapy using a viral vector
system or gene editing, and substrate reduction therapy. In this review, we discuss the recent developments in MPS research
and provide a framework for developing strategies.

Introduction

MPS is a group of lysosomal storage diseases (LSDs)
arising from deficiencies in enzymatic glycosaminoglycan
(GAG) catabolism, and can be classified into seven main
diseases [1], which are caused by deficiencies in one of
eleven different enzymes, including MPS I (Hurler, Hurler–
Scheie, Scheie syndrome), MPS II (Hunter syndrome), MPS
III (Sanfilippo syndrome), MPS IV (Morquio syndrome),
MPS VI (Maroteaux-Lamy syndrome), MPS VII (Sly syn-
drome), and MPS IX (Natowicz syndrome, Hyaluronidase
deficiency) (Table 1) [2, 3]. The frequency and birth pre-
valence of disease phenotype varies depending on race
(Fig. 1) [4].

Enzyme deficiency leads to the progressive accumulation
of GAGs such as heparan sulfate (HS), dermatan sulfate
(DS), and chondroitin sulfate (CS) in lysosomes in various
cell types. This is followed by the secondary accumulation
of GM2 and GM3 gangliosides in the central nervous sys-
tem (CNS) [5–9].

Depending on the enzyme deficiency, the catabolism of
different GAGs is blocked either singly or in combination.
The accumulation of undegraded GAG affects the functions
of various tissues and organs. Patients with MPS are typi-
cally clinically characterized by coarse facial features,
skeletal abnormalities (dysostosis multiplex), hepatosple-
nomegaly, frequent infections such as otitis media or sinu-
sitis, thick skin, respiratory problems, cardiac involvement,
mental retardation, and reduced life expectancy. Expression
patterns for these symptoms vary depending on the type of
MPS, as shown in Table 1. Obstructive airway disease,
respiratory or systemic infection, and cardiac complications
are the usual causes of death that commonly occur in the
late teens or early adulthood. MPS diagnosis depends on the
detection of urinary GAG and deficiencies in specific
lysosomal enzymes.

Pathophysiology

Impaired autophagy and the role of microglia in
MPS

In MPS, cardiac, skeletal, and CNS abnormalities are the
most prominent symptoms. Cardiac valvular disease,
obstructive airway disease, or dysostosis multiplexing are
thought to be the direct result of GAG accumulation as
occupying lesions, but the mechanism of CNS symptoms
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remains unclear. Lysosomes are likely to involve immune
substances and be associated with immune events, including
autophagy [9, 10], antigen processing and presentation on
MHC [11], lysosomal degranulation [12], and mast cell
inflammatory mediator secretion [13]. However, how
lysosomal GAG accumulation affects innate and adaptive
immune cells remains unclear.

There are studies on impaired autophagy as an initiator of
neuronal damage, as lysosome storage in MPS may sup-
press the fusion of autophagosomes with the lysosome.
Suppressed fusion results in cellular death due to the
accumulation of autophagosomes including toxic proteins
or dysfunctional mitochondria [14–16]. Suppressed and
impaired autophagy in MPS would likely provide cellular

stress, damage, and death. Normal autophagy is considered
one of the most essential mechanisms of neuronal death in
MPS, because cells in apoptosis are not responded, but
damaged, stressed or necrotic cells are responded aggres-
sively by the immune system [17–19]. Conserved pattern
recognition receptors (PRR) as toll-like receptors (TLRs) on
immune cells recognize cellular injury or invading pathogen
via the expression of damage-associated molecular patterns
(DAMPs) [20, 21]. GAG accumulation activates microglial
cells through Tool like receptor 4 (TLR4) and triggers
neuro-inflammation, and TLR4 signaling play some
important roles in MPS bone and joint disease.

Additionally, in the brain, mononuclear cells such as
microglia survey for injury within the CNS and are incor-
porated in a range of homeostatic processes as phagocy-
tosis, antigen presentation, and neuronal regeneration.
These homeostatic processes are reported to play some
important roles in MPS-associated neuroinflammation
[8, 22, 23].

The extent of microglial cellular phenotype in the
pathogenesis of MPS has yet to be elucidated. Wilkinson
et al. reported that activated microglia and astrocytes are
associated with the neuroinflammatory processes in MPS
[8]. They reported increased activated astrocytes and
microglial cells in the cortex and spinal cord of mice with
MPS I, IIIA, IIIB, or GM2 gangliosidosis, which coincide
with an increase in the levels of transcripts associated with
macrophage migration and activation [24]. And GAG
mediated stimulation of microglial cells through TLRs

Table 1 Clinical phenotype of MPS

Clinical type I II III IV VI VII IX

Syndrome Hurler Scheie Hunter Sanfillipo Morquio Marotraux-
Lammy

Sly Natowicz

A B C D A B

Enzyme IDUA IDS SGSH NAGLU HGSNAT GNS GALNS βGAL ARSB GUSB HD

Genetic form AR XLR AR AR AR AR AR

CNS involvement ○ X ○ ○ X X ○ X

Coarse face ○ △ ○ △ △ ○ ○ △

Corneal clouding ○ △ X △ ○ ○ ○ X

Cardiac valvular disease ○ △ ○ △ ○ ○ ○ X

Dysostosis multiplex ○ △ ○ △ ○ ○ ○ ○

Joint contracture ○ △ ○ △ △ ○ ○ ○

Joint laxity X X X X ○ X X X

Hepatosplenomegaly ○ △ ○ △ △ ○ ○ X

GAG accumulation DS/HS DS/HS HS KS/C6S DS/C4S DS/HS/
C4,6S

HA

IDS iduronate sulfatase, IDUA a-L-iduronidase, SGSH N-sulfoglucosamine slfohydrolase, NAGLU N-acetylglucosaminidase, HGSNAT heparin
acetyl-coA:a-glucosaminide acetyltransferase, GNS N-acetyl glucosamine-6-sulfatase, GALNS N-acetylgalactosamine 6-sulfatase, βGAL β-
galactosidase, ARSB arylsulfatase B, GUSB β-glucuronodase, AR autosomal recessive inheritance, XLR X-linked recessive inheritance, DS
dermatan sulfate, HS heparan sulfate, C4S chondroitin 4-sulphate, C6S chondroitin 6-sulphate, C4,6S Chondroitin 4- and 6-sulfate, HA hyaluronic
acid, ○ present, X absent, △ present as mild form
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Fig. 1 Prevalence of MPS (/100,000 live birth/year). MPS type I is
prevalent in Caucasian populations (especially in Norway), but type II
is prevalent in eastern Asian (especially in Taiwan and Japan). The
combined prevalence of MPS tends to be higher in Norway, Australia
and Netherlands etc. Modified from ref. [4]
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provides an alternative pathway of immune activation in
MPS [25, 26].

Bone and cartilage abnormalities in MPS are also critical.
Prenatal lysosomal GAG storage in chondrocytes has been
reported in MPS patients and animal models. In human,
fetuses aged 18-30 weeks gestation (MPS I, II, III, and IVA)
have storage vacuoles in chondrocytes [27, 28]. Tomatsu
et al. reported the knee joint of MPSVII mice showed
lysosomal storage within the articular cartilage at birth, and
the growth plate region in 1–2 days old MPSVII mice
already has ballooned vacuolated chondrocytes in the rest-
ing and proliferative area [29]. Regarding the pathophy-
siology, Simmonaro et al. reported MPS VII model mice
that were also deficient in TLR4 had improvements in bone
length and a reduction in synovial tumor necrosis factor
(TNF) RNA levels, although they did not assess the effect
on degenerative change in the bones [30]. Xing et al.
reported that TLR4 and Component 3 deficiency fail to
ameliorate skeletal abnormalities in MPS VII model mouse
[31]. And they also showed retroviral vector mediated
neonatal gene therapy improved bone length without effect
on manifestation of degenerative joint diseases as dysplasia,
bone irregularities, and osteophyte formation. Recently,
FGF signaling degeneration was reported to be associated
with early developmental skeletal defects in MPS II model,
suggesting a new venue to discover possible druggable
novel key targets in MPSII [32].

Tauopathy in MPS

We reported an autopsy case of a female with Hurler-Scheie
syndrome treated with long-term enzyme replacement
therapy (ERT), where we detected subunit c mitochondrial
ATP synthase (SCMAS) accumulation and mild tauopathy
(hyperphosphorylated tau or p-tau and accumulation of both
3-repeat and 4-repeat tau) in the same area of the brain [33,

34]. We detected the expression of phosphorylated tau, 3-
repeat isoform RD4, 4-repeat isoform RD3, and Alzheimer
precursor protein A4 (APP) (Fig. 2). Typical diseases pre-
senting tauopathy are Alzheimer’s disease (AD), Pick dis-
ease, progressive supranuclear palsy, and corticobasal
degeneration [35]. These diseases are classified by the
number of repeats in the microtubule-binding area (tubulin-
binding repeats) in the C terminal, as 3 repeats in Pick
disease, 4 repeats in progressive supranuclear palsy, corti-
cobasal degeneration, and both 3 and 4 repeats in AD. In
this case study of MPSI pathology, we reported a mild p-tau
accumulation of AD pattern. In MPS IIIB model mice, p-tau
protein accumulation in the medial entorhinal cortex and co-
expression of lysozyme protein in the same neurons have
been reported, suggesting that MPS IIIB presenting tauo-
pathy similar to the pathology of AD [36]. In Niemanpick
disease type C, Glöckner et al reported that intra-neuronal
cholesterol accumulation is induced by tau pathology [37].
There are some other reports suggesting p-tau or SCMAS
accumulation occurs as secondary manifestation, and we
need more investigation and discussion to have definite
conclusion whether these are primary or secondary mani-
festation in MPS pathophysiology [38].

MPS-plus syndrome (MPSPS)

As a novel concept, in 2007, two groups as Kondo et al. and
Dursun et al. reported a new disorder with features of the
MPS independently in different locations, presenting severe
systemic symptoms caused by a specific mutation in the
VPS33A gene [39, 40]. Kondo et al. reported several Yakut
patients presenting typical symptoms of MPS as coarse
faces, dysostosis multiplex, organomegaly, respiratory
problems, intellectual disability, and over excretion of
heparan sulfate in urine, with atypical symptoms for con-
ventional MPS as heart, kidney, and hematopoietic

Tau protein (AT8) 

A1                   A2

A   B

Alzheimer precursor
protein A4

Fig. 2 Tauopathy and Alzheimer precursor protein immunoreactive
axons detected in the neuropathology of the patient with MPSI. a
Expression of phosphorylated tau in the parahippocampus (arrow) in
an MPS I patient (Tau protein AT8, 1:1000; Thermo Fisher Scientific,
Tokyo, Japan). A1: Anti-Tau antibody, three repeat isoform RD3

(arrow) (8E6/C11, 1:1000). A2: Anti-Tau antibody, four repeat iso-
form RD4 (arrow) (1E1/A6, 1:1000). b Alzheimer precursor protein
A4 immunoreactive axons (brown area) in the cerebral white matter.
Reprinted with permission from ref. [34]
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disorders, and could not be diagnosed as MPS by enzyme
assay. They detected homozygous c.1492C>T (p.
Arg498Trp) mutations in the VPS33A gene in 13 patients.
The detected mutation did not affect either endocytic or
autophagic pathways involved in VPS33A. The authors
detected lysosomal over-acidification and HS accumulation
in patient-derived and VPS33A depleted cells, suggesting a
novel role of this gene in lysosomal functions. The HOPS
complex is a large, multi-subunit tethering complex that
binds organelles together and regulates late endosome-
lysosome and autophagosome-lysosome fusion, composed
by six subunits as VPS11, 16, 18, 33A, 39, and 41.
Recently, VPS11 mutations in patients with infantile onset
leukoencephalopathy were reported [40–43]. The patients in
these reports showed distinct phenomena of lysosomal
storage and increased urinary excretion of glyco-
sphingolipids suggesting that the defect of a component of
the HOPS complex causes accumulation of lysosomal
substrates without lysosomal enzyme defects. These reports
support the data that a defect in VPS33A, a component of
the HOPS complex, causes GAG accumulation [39]. Clin-
ical phenotypes of this disease of VPS33A mutation are
similar to conventional MPS, and the authors indicated a
new function of VPS33A as the regulation of lysosomal
acidification and GAG metabolism other than in endocy-
tosis or autophagy, and proposed this disease as a new LSD-
like disease. This new disease was described as
mucopolysaccharidosis-plus syndrome (MPSPS) in the
Online Mendelian Inheritance in Man (MIM#617303).

Almost at the same time, Dursun et al. reported two Turkish
siblings with VP33A homozygous variant presenting
symptoms of MPSPS by genome-wide genotyping
and whole-exome sequencing [40]. Yakut belongs to the
Turkic peoples and migrated to Siberia from Central Asia in
the 13th century while being mixed with the Mongolians,
and it is possible to share the same genetic mutation among
them [44].

Differential diagnosis

Clinical differential diagnosis of MPS and its related dis-
eases as mucolipidosis is often difficult, and enzyme assay,
evaluation of GAG accumulation, and gene analysis should
be a decisive factor. In mouse models, analysis of GAG
accumulation in the brain should be difficult to distinguish
from accumulation without pathological significance. Shi-
mada et al. developed an analytical method for assessing
pathological GAG by tandem mass spectrometer [45–47].
We proposed a flowchart of differential inborn error of
metabolism diagnosis with dysostosis multiplex including
MPS (Fig. 3). Dysotosis multiplex with MPS is different
from other LSDs and X-ray findings should be critical to
differentiate the diagnosis. In contrast, early diagnosis and
interventional therapy have been recognized as important
for improved prognosis and quality of life. Additionally,
some clinical trials have begun for newborn screening,
using tandem mass spectrometry [48, 49].

DYSTOSIS MULTIPLEX (clinical/ X-ray)

Present

MildPresent

MPS IH II VI VII
ML II 

α-Mannosidosis
Aspartylglucasaminuria

Sialic acid storage disease
MSD

GM1 gangliosidosis
Sialidosis

ML III MPS III  IV

Present

Fucosidosis
Galactosialidosis

Mild
VISCEROMEGALY

Present

Mild

VISCEROMEGALY

COURSE FACE

Urine-GAG
MPS III  IV

Mild - NormalSevere

Fucosidosis
GalactosialidosisSevere

MPS I II VI VII
Mild - Normal

Enzyme assay
Enzyme assay

ML II III 
α-Mannosidosis

Aspartylglucasaminuria
Sialic acid storage disease

MSD
GM1 gangliosidosis

Sialidosis

Urine-GAG

Fig. 3 The algorism of differential diagnosis focusing on radiological findings as a diagnostic tool to assess patients with dysostosis multiplex in
neuro-degenerative disorders. MPS mucopolysaccharidosis, GAG glycosaminoglycan, MLII mucolipidosis type II, MLIII mucolipidosis type III,
MSD multiple sulfatase deficiency
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Trends in treatment

Enzyme replacement therapy (ERT)

There are two insurance approved therapies for MPS, as
ERT and hematopoietic stem cell transplantation (HSCT).
ERT is currently considered as the standard therapy for
MPS I, II, IVA, and VI [50]. This therapeutic method
depends on the efficient delivery of intravenously injected
recombinant enzymes captured via cell-surface receptors of
the affected tissues, as mannose 6 phosphate receptor or
mannose receptor [51], and has been reported to improve
symptoms or test results including joint mobility, pulmon-
ary function, hepatosplenomegary, and urinary excretion of
GAGs [52, 53]. However, conventional ERT provides only
insufficient effect on the skeletal or cardiac symptoms [54],
and no effect on CNS manifestations mainly because the
recombinant enzymes cannot cross the blood-brain barrier
(BBB) [55]. And conventional ERT cannot penetrate
avascular cartilage and heart valve.

There are some post-marketing surveys of ERT for
MPSII. The Hunter Outcome Survey (HOS) is a global,
multi-center, longitudinal, observational registry that col-
lects data on the natural history of MPS II and the long-term
safety and effect of ERT using recombinant idursulfase
(Elaprase®) [56]. In the report on natural history, the data
from males in the HOS registry, who did not receive growth
hormones or ERT or had not begun treatment, was analyzed
[57] (n= 676; January 2014). Patients had large head cir-
cumference at all ages, and above-average body weight and
body mass index (BMI) during early childhood, with no
pubertal growth spurt. By analysis of repeated measure-
ments over time, an increased BMI was detected in patients
with cognitive impairment than in those without, but no
difference in height, weight, or head circumference between
the patients with and without cognitive impairment.
Logistic regression modeling revealed that greater BMI was
associated with the presence of mental retardation, as were
increased weight and head circumference, but not reduced
height. And clinical results in IDS-treated patients with
MPSII presented an improvement on GAG storage
(decreases in urine GAG levels), as well as the 6-min walk
test, Left ventricular mass index, forced vital capacity, and
forced expiratory volume in 1 s results after 3 years of
treatment [58].

Additionally, new ERT generation has been investigated
and developed to overcome the existing drawback that it
cannot reach the CNS. Conventional recombinant enzymes
for LSDs is not effective for CNS manifestations, mainly
because the enzyme cannot cross the BBB. The continuous
monolayer of brain capillary endothelial cells, the basement
membrane, and astrocytes constitute the BBB [59]. To
develop the delivery method of intravenously administered

proteins to the brain, the system called receptor-mediated
transcytosis (RMT) was investigated and utilized. This
system is originated from fact that some endogenous pro-
teins as insulin, leptin and transferrin can penetrate the BBB
via their specific receptors on the luminal side of brain
capillary endothelial cells [60–63]. For MPS II, the human
iduronate-2-sulfatase (hIDS)-fused humanized antibody
against the insulin receptor (HIRMAb-IDS) [64], and the
fusion protein consisting of a mouse/rat chimeric mono-
clonal antibody against mouse TfR and hIDS (cTfRMAb-
IDS) [65] were investigated. However no reduction in the
accumulative GAGs in the brain or cerebrospinal fluid was
reported in these studies [64, 65], although Hendricz et al.
indicated that MPS II patients with cognitive impairment
have elevated levels of CSF GAG [66]. Sonoda et al.
developed a BBB-penetrating fusion protein, JR-141,
which consists of intact hIDS and an anti-human transferrin
receptor (hTfR) antibody [67]. They reported efficient
reduction of the GAGs accumulation both in the peripheral
tissues and in the CNS by intravenous injection of JR-141
for hTfR knock-in MPSII model mouse, and furthermore,
JR-141, but not naked hIDS, was detected in the
CNS. These results provided a proof of concept, and the
clinical trial has begun for MPS II patients with CNS
involvement.

Hematopoietic stem cell transplantation (HSCT)

Allogeneic HSCT has been applied to treat Inherited Error
of Metabolism (IEM) associated with LSD [68–70]. Since
the first report of HSCT for IEM in 1980 [71], many
transplants have been performed around the world. Kato
et al. reported in the Japanese registry of analysis of HSCT
for IEM the improving survival in unrelated cord blood
transplantation (UCBT) [72]. The introduction of reduced
intensity conditioning (RIC) after 2000 was considered to
contribute to this improvement, suggesting UCBT recom-
mendation for those who lack HLA‐identical sibling donor.
RIC regimen performed an acceptable success rate and
improved long-term quality of life in HSCT for non-
malignant diseases in children [73, 74]. Several groups have
reported encouraging results in RIC HSCT for X-linked
adrenoleukodystrophy (X-ALD) patients [75–78]. Recent
investigation using MPSII model mouse suggests that a
milder conditioning regimen could be effective while lim-
iting the risk of side effects for the patients [79].

HSCT is regarded as standard option for young patients
with MPS IH, Hurler syndrome [71, 80–82]. According to
the recommendations of guidelines, HSCT should be indi-
cated when MPS I patients are <2 years of age and show an
intelligence quotient (IQ) of ≥70. However, the indication of
HSCT for MPSII has been controversial, as some reports
suggested a limited benefit [83–85]. MPS II is the most
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frequent type of MPS in Asian patients, and recently, the
usefulness of HSCT for MPSII has been reevaluated in
Japan and other countries. Guffon et al. reported that the
efficacy of HSCT in visceral organs was clear and similar to
that of ERT [86]. Annibali et al. reported that HSCT was
successful in slowing down the progression of phenotype
and the improvement of neurological symptoms was slower
in the first years after treatment [87]. Tanaka et al. inves-
tigated the effect of HSCT for MPSII, showing the effec-
tiveness of brain- or heart-based therapeutics in MPS II
patients when treated before a sign of brain atrophy
appeared in MRI or cardiac valve dysfunction became
apparent [88]. Furthermore, they indicated outcomes of
HSCT superior to those of ERT in MPSII with
brain involvement, and same results has been reported by
another group [89, 90]. Additionally, some case reports
mentioned effectiveness of early HSCT in preventing neu-
rocognitive decline in MPSII [91, 92]. And a clinical study
of 12 MPSII patients given HSCT in China showed
improvements in speech, neurological impairments, and
100% survival rates [93]. Recently, HSCT has been pro-
posed as one of the important therapeutic options for early-
stage MPSII [94].

Recent reports of post-transplantation follow up results
of MPS I/II patients have shown that most cases of hepa-
tosplenomegaly, upper-airway obstruction, and recurrent
otitis media resolved, but outcomes of orthopedic impair-
ment remained unclear [95]. Regarding other types of MPS,
in MPS IIII patients, bone marrow or cord blood derived
HSCT fails to prevent neurological deterioration [96]. MPS
IVA mainly manifests as dysostosis multiplex without
mental retardation. Tomatsu et al. showed that HSCT
combined with surgical treatment for MPS IVA preserved
independent gait and mobility and improved respiratory
function, suggesting HSCT was beneficial [93, 97–99].
MPS VI is a progressive disease with dysostosis multiplex,
cardiac valve disease, respiratory complication, leukopenia,
and hepatosplenomegaly without neurological deficit. Some
reports suggested HSCT was effective in leukopenia,
hepatosplenomegaly, visual acuity, and mobility. Turbeville
et al. reported 45 cases of HSCT for MPS VI, and showed
survival rate was 78% at 100 days, and 66% at 1 year and
remained 66% at 3 years post-transplantation, with neu-
trophil recovery in 91% at 35 days post transplantation
[100]. MPS VII is very rare, and there are few reports of the
case treated with HSCT. Yamada et al. reported allogeneic
Bone Marrow Transplantation in a female case [101], and
Montano et al. reported five cases with HSCT, two of
them died but the three survivors had some clinical benefit
[102]. Sisinni et al. reported a case study of HSCT for
2-year-old female patient with MPS VII with stabilization
of skeletal deformities and normal neurorecogtive devel-
opment [103].

Gene therapy

To overcome the weakness of ERT and HSCT, gene ther-
apy for IEM or severe combined immunodeficiency has
been investigated and recently, some successful clinical
trials have been carried out [104–113].

In viral vector-mediated gene therapy, two major ways
for transduction are: in vivo (intravenous, intracranial,
intrathecal, and intraventricular direct injection of viral
vector), mainly using adeno-associated viral vector (AAV);
and ex-vivo (modified autologous HSCT), mainly using
lentiviral vector. AAV-mediated gene therapy has been
reported for MPSIII, in which nervous symptoms are pro-
found and there is no indication of ERT or HSCT [114–
118]. Intravenous study of MPSIIIA/B and intracranial
study of MPSIIIB are now under clinical trial, after com-
pleting preclinical studies [119, 120]. The other group stu-
died the effect of AAV9 injected directly to the CSF
through intra-cisternal injections in MPS II mice [121].
These data suggest that delivery of AAV vectors directly
into the CSF or intravenously are potential treatment
options to prevent further CNS pathology for MPS patients
with CNS symptoms.

Gene therapy using lentiviral vectors have been
employed for several genetic diseases [107–113] and shown
to be effective in mouse or other animal models of MPS I,
II, and III [119–126] For MPSII, we have reported the effect
on CNS pathology in young adult model mice [124].

Additionally, Gregory and High et al. developed a new
method of gene editing, employing an in vivo gene transfer
system via systemic injection of AAV vector including ZFN
for direct transduction and integration into the specific locus
under the albumin promotor. This method has resulted in
robust therapeutic enzyme protein in the liver cell. This
method is available for inherited diseases of protein defi-
ciency, such as MPS I/ II, Gaucher disease, Fabry disease,
and hemophilia [127, 128]. Laoharawee et al. reported a
zinc-finger nuclease (ZFN) system with AAV for MPSII
and are starting a clinical trial [129]. In the 1st clinical trial
of phase I study, the development team detected urine-GAG
reduction without severe adverse effect, although they could
not detect sufficient enzyme expression, and are planning to
dose up in the next trial [130].

Substrate reduction therapy (SRT)

SRT for MPS has been recognized as an optional therapy to
reduce GAG synthesis for correction of the imbalance
between the formation and breakdown of GAGs [131, 132].
Genistein (4′ 5,7 trihydroxy isoflavone) is a soy isoflavone,
which has been studied as a potential agent to supress the
expression of genes coding for enzymes responsible for
GAG synthesis. Recent reports suggest that Genistein
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modulates cell cycle in addition to modifying GAG meta-
bolism [133], and it was shown to cross the BBB in an MPS
II mouse model with histochemical evidence of GAG
reduction [134]. Additionally, other groups have reported
beneficial and adverse effects of SRT using Genisten for
MPSI or MPSIII [134–136]. In clinical trials, there is not yet
any apparent data to indicate that Genistein treatment can
cross the BBB. However, it has been associated with an
improvement in connective tissue elasticity and range of
motion in the joints of MPS II patients [137].

Pentosan polysulphate (PPS) is a semi-synthetic sulfated
polysaccharide polymer which has anti-coagulant, pro-
chondrial, and anti-inflammatory properties. PPS has been
reported to reduce GAG in tissue, to improve cartilaginous
and osseous pathologies, and to decrease inflammatory
markers in MPS I, III, VI and VII animal models [30, 138,
139]. Polgreen LE showed elevated TNF-α is associated
with pain and physical disability in MPS I,II, and VI
patients [140]. Hennermann JB reported clinical trial of PPS
treatment for MPS I, and showed it was well tolerated and
resulted in a significant reduction of urinary GAG excretion
and in an improvement of joint mobility and pain, sug-
gesting that PPS being effective for MPS [141].

Conclusions

We can detect wide clinical variation in MPS, and the
current ERT or HSCT curative therapies have their limita-
tions. Additionally, the pathophysiological mechanisms
remain unclear. However, these mechanisms have been
gradually clarified and new therapeutic methods have been
established that improve patient prognosis. These include a
new recombinant enzyme with the hTfR antibody, RIC-
HSCT, gene therapy using a viral vector system or gene
editing, and SRT. To improve the patient’s quality of life,
we need to investigate the pathological mechanisms and
therapeutic methods.
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