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Mucopolysaccharidosis (MPS) are a genetically heterogeneous group of rare monogenic metabolic diseases associated
with hereditary insufficiency of lysosomal enzymes involved in the catabolism of glycosaminoglycans, or mucopoly-
saccharides. The pathogenesis of MPS is due to the accumulation of non-cleaved glycosaminoglycans in lysosomes,
which can destroy cells. All MPS are characterized by a polysystemic manifestation, the simultaneous involvement
of many organs and tissues in the pathological process, first of all, connective tissues, bones and cartilaginous.
This review presents the epidemiology, clinical, biochemical, and molecular genetic characteristics of MPS types |
and Il, caused by the recessive mutations in the alpha-L-iduronidase and iduronate-2-sulfatase genes, respectively,
and by the accumulation of dermatan and heparan sulfate. Each of these diseases is characterized by clinical poly-
morphism, especially observed in MPS |, which often manifests in a severe form of Hurler syndrome, but can also
occur in a milder form of Scheie syndrome. Currently, there is an increased interest in MPS in the world due to
the identification of the spectrum and frequencies of mutations in the /DUA and /DS genes in various populations,
including in Russia, and the practical availability of methods for individual molecular diagnostics. The description
of the existing experimental models, their role in the study of the biochemical basis of the pathogenesis of these
severe hereditary diseases and the development of various therapeutic approaches are given. Discusses the possibility
of early diagnosis of MPS | and Il types based on neonatal screening in order to increase the effectiveness of their
prevention and treatment, as well as the advantages and disadvantages of the main approaches to the treatment of
these serious diseases, such as hematopoietic stem cell transplantation, enzyme replacement and substrate-reducing
therapy. A clinical example of a combination therapy for a severe form of mucopolysaccharidosis type | - Hurler
syndrome is presented
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JIN30COMHDIE BOJIE3HN HAKOMNNEHUA: MYKOMOJIMCAXAPUAO3bI I U IT TUNOB
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Mykononucaxapmaosbl (MMNC) — 370 reHeTUYeCKK reTeporeHHas rpynna peaknx MOHoreHHblx 6onesHei obMeHa, CBsA3aH-
HbIX C HAaC/1e4CTBEHHOW HEeA0CTAaTOYHOCTbIO IM30COMHbIX GEPMEHTOB, y4aCTBYHOLWMX B KaTab0IM3ME MTIMKO3aMUHOTTMKAHOB,
unu mykononucaxapupaos. MatoreHes MINC 06ycnioBNeH HAaKOMNIEHUEM B IM30COMAX HEPACLLEMNIEHHbIX TMMKO3aMUHOTN-
KaHOB, NPeACTaBAAOWMX Yyrpo3y Ana knetok. Ana scex MIMC xapakTepHa NOAUCUCTEMHOCTb NMOPAXEHUS, OAHOBPEMEHHOE
BOBJIEYEHME B MATONOTMYECKMI MPOLLECC MHOTUX OPraHOB M TKaHEN, Mpexae BCero, COeAMHUTENbHOM, KOCTHOW U XpaLe-
BOI. B ;aHHOM 0630pe npeacTaBneHbl 3NUAEMUONONUS, KIMHMYECKas, BUOXMMMUYECKAs M MONEKYNSPHO-TEHETUYECKas Xa-
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pakTepuctuka MIMC tunos | u Il, 06ycnoBneHHbIX NPUCYTCTBMEM peLLeCCUBHbIX MyTaLMi B reHax anbda-L-uaypoHunaasbl
M MAypoHaT-2-cynbdaTtasbl COOTBETCTBEHHO, M HAKOMJEHMEM AepMaTaH- M renapaHcynbdarta. [ng KaxAoro us 3Tux
3abo0neBaHUI XxapaKTepeH KAMHMYeCKMi nonmmopdumsm, 0cobeHHO BbipaxeHHbI npu MIMC | TMna, KOTOpPbIV Yawe npo-
aBnseTca B Taxenow dopme cuHapoma [ypnepa, HO MoOXeT npoTekaTb M B Bonee nerkon dopme cuHapoma Lleiie.
B HacToswee BpemMs B MUpe HabnogaeTcs noBblleHHbIW MHTepec K MIC B cBA3W C MaeHTUdUKALMEN CneKTpa U YacToT
MyTauui B reHax /IDUA v IDS B pasnnuyHbiX nonynaumsax, B ToM yucne u B Poccuu, n npakTM4yeckon AOCTYMHOCTbIO Me-
TOAOB MHAMBUAYANbHOW MONEKYNSIPHOM AMArHOCTUMKK. [laHO onucaHue CyLecTBYHLWMUX SKCMEPUMEHTaNbHbIX MoAenen,
UX PONU B U3YyYeHUU BUOXMMUYECKMX OCHOB MATOreHe3a 3TUX TSXKEeNblX HacNeLCTBEHHbIX 3aboneBaHUi U paspaboTke
pa3NnyHbIX TepaneBTUYeCKMX NOAXO0A0B. B mepByk ouvepeab 06cCyxAaeTcs BO3MOXHOCTb paHHel auarHocTuku MIC
TMnoB | un Il Ha 6a3e HEOHATaNbHOTO CKPMHMHIA C Leblo NoBbiWeHUS 3PDEKTUBHOCTU MX NPODUNAKTUKM U NIeYeHuUs,
BO BTOPYH — MpPeMMYyLLecTBa M HeJO0CTAaTKM OCHOBHbIX MOAXOAOB K Tepanuu 3TUX Taxenbix 3aboneBaHuii, TakMX Kak
TpPaHCMNAHTALMSA KOCTHOrO MO3ra M reMono3TMYEeCKMX CTBOJIOBbIX KNeTOK, PepMeHTHas 3aMecTuTenbHas M cybcrpat-
peayuupytowas tepanus. NpenctasneH KAMHUYECKUMIA NpUMep KOMOUHUPOBAHHOW Tepanuu Taxenon GopMbl MyKomMo-

nucaxapugosa tuna | — cuHgpoma lypnepa.

KnwoueBbie cnosa: 0630p; NIN30COMHble 60Ie3HM HAKONNEHUS; MYyKONo/ncaxapuaosbl.

This article in combination with others on lyso-
somal storage disorders (LSDs), present information
on diseases belonging to various classes of LSDs
according to a unified scheme. This includes themes
such as clinical presentation and epidemiology; bio-
chemical fundamentals of pathogenesis; mapping
and identification of the mutant gene; spectra and
frequencies of mutations; experimental models; labo-
ratory diagnosis and treatment.

This review is focused on the most common
mucopolysaccharidoses (MPS) types I and II [10].
Allelic of Hurler syndrome, Scheie syndrome, and
Hurler—Scheie syndrome belong to MPS 1. They are
due to the presence of autosomal recessive mutations
in the /IDUA gene for alpha-L-iduronidase. MPS II,
or Hunter syndrome [24], is X-linked inherited re-
cessive disorder which is caused by mutations in
the /DS gene of iduronate 2-sulfatase. Alpha-L-
iduronidase and iduronate 2-sulfatase are lysosomal
enzymes involved in the degradation of glycosami-
noglycans (GAGs).

MUCOPOLYSACCHARIDOSIS TYPE |,
HURLER SYNDROME, SCHEIE SYNDROME,
AND HURLER-SCHEIE SYNDROME

Clinical presentation and epidemiology

Hurler syndrome is the most common and severe
form of MPS I [13]. At birth, affected patients look
normal, but later they develop symptoms characte-
ristic of MPS of which hernias and hepatospleno-
megaly are often the first clinical manifestations.
Moreover, the disease is often diagnosed at the age
of 9-18 months.

All types of MPS 1 are characterized by
Hurler-like phenotypes: coarse grotesque facial
features, or ‘“gargoilism,” high forehead, broad
eyebrows, synophrys, hypertelorism, a short sad-
dle nose, full lips, macroglossia, a low-set ears,
and a short neck (Fig. 1). In the skeletal sys-
tem, there is dysostosis multiplex which includes
changes in the skull (macrocephaly, often com-
bined with hydrocephalus, thickening of the dip-
loe), skeleton (wide clavicles, short and wide ribs

R Y

Monozygotic twins with Hurler syndrome
MoHo3uroTHble 6n1sHewbl € cuHApoMoM [ypnepa

Fig. 1.
Puc. 1.
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located horizontally), spine (C2 hypoplasia, dys-
plasia of the thoracolumbar spine vertebrae with
kyphosis; in severe forms kyphosis occurs at the
age of 6—8 months, when the child begins to sit),
limbs (short and wide diaphysis of tubular bones,
dysplastic metaphyzes, flattened epiphyzes), hands
(bullet-shaped phalanges), pelvis (rounded iliac
wings, sloping acetabular roofs, coxa valga, dys-
plasia of the femoral heads), malformations of the
lower extremities (genu valgum), and joint stiffness.
Growth usually at the age of 2 and the height of
patients usually does not exceed 110 cm. Involve-
ment of the cardiovascular system in the form
of hypertrophic cardiomyopathy and myxomatous
degeneration of the valves is often observed. Due
to GAG deposits in the interatrial and interventricu-
lar septa, arrythmias are often encountered. Patients
are prone to frequent otitis media and respiratory
infections due to narrowing of the upper and lower
respiratory tracts as a result of thickening of the
mucous membranes, accumulation of viscous se-
cretions, and hypertrophy of the lymphoepithelial
pharyngeal ring. Sleep apnea is a common com-
plaint from parents. Furthermore, corneal opacity,
and glaucomas are often encountered. Most children
experiences difficulty in speaking due to develop-
mental regression, hearing loss and macroglossia,
and they have hoarse voices. Delay in psychomo-
tor development in the first year of life is typi-
cal for children with Hurler syndrome, but devel-
opment is progressive in the next six months. The
child experiences a gradual regression of the ac-
quired skills in the future, in the absence of therapy
[1, 2, 5].

Death can occur from 1 to 12 years of age due
to airway obstruction, respiratory infections, and
heart failure.

Scheie syndrome, which was previously referred
to as MPS V [51], is the mildest form of MPS I [13].
The diagnosis is often made late, at the age of
10-20 years. The typical phenotype usually develops
after the age of 5 years [53]. Intellectual disorders
are usually absent or mild despite the persistence of
many external manifestations of Hurler syndrome.
It is characterized by joint stiffness, corneal opacity,
thickening of the mitral and aortic valves, and carpal
tunnel syndrome that often develops in the form
of numbness, tingling, or weakness of the fingers.
The prognosis is favorable for life. In the middle
age, patients may experience disabilities due to
progressive joint damage (stiffness, contractures,
degenerative and destructive changes in the joints),
decreased visual acuity (corneal opacity), or cardiac
surgery [9].

The Hurler—Scheie syndrome occupies an inter-
mediate position in terms of disease progression and
severity [13]. The main clinical manifestations are
dwarfism, corneal opacity, joint stiffness, umbilical
and inguinal hernias, recurrent hernias after hernia
repair, dysostosis multiplex, hepatosplenomegaly, and
moderate oligophrenia (a decrease in intelligence is
registered in some patients). A detailed phenotypic
presentation of the disease is formed at the age of
3-8 years. The prognosis for life is satisfactory [9, 53].

Rare cases of a “pseudo-deficiency” have been
described where the activity of alpha-L-iduronidase
is reduced, and the GAG metabolism remains within
normal limits. At the same time, clinical manifesta-
tions of MPS I are not noted in carriers of “pseudo-
deficient” alleles of the /IDUA gene [72].

The incidence of MPS 1 is 1 per 100,000 newborns.
The incidence is less in adults (1:500,000 newborns)
[10].

Biochemical base of pathogenesis

Using monoclonal antibodies, was performed the
immunoprecipitation of alpha-L-iduronidase from
human liver; were explored the biochemical and
catalytic properties of the enzyme, which functions
in the cleavage of the terminal residues of alpha-
L-iduronic acid from two GAGs, dermatan sulfate
and heparan sulfate [31]. With insufficient catalytic
activity of alpha-L-iduronidase in MPS I patients,
abnormally high concentrations of GAGs accumulate
in the lysosomes of all cells of mesenchymal origin,
which explains the highly pleiotropic nature of the
disease. The severity of the course of various forms
of MPS I depends directly on the residual activity
of the enzyme, which is almost completely absent
in Hurler syndrome and can reach 5-7% compared
with the norm in adult forms of the disease.

IDUA gene mapping and identification

Somatic hybridization of the /DUA gene re-
veals that the alpha-L-iduronidase is located in the
4p16.3 region, which was further confirmed by
in situ hybridization [60]. The /DUA gene consists of
14 exons distributed over an area of 19 kb of ge-
nomic DNA, with 13 kb being occupied by the huge
intron 2 of this gene [60, 61]. The IDUA gene is
expressed in many tissues (fibroblasts, liver, kid-
ney, and placenta), thereby forming tissue-specific
isoforms of the enzyme through alternative splicing.

Mutations in the IDUA gene

The spectra of mutations in the alpha-L-iduro-
nidase gene in patients with Hurler and Scheie syn-
dromes differ significantly. In the former, nonsense
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mutations are most often identified, two of which
(W402X and Q70X) are major ones [12, 59, 61, 62].
They are found in all European countries and to-
gether account for more than half of all known
mutant alleles of the IDUA gene. However, their
frequencies vary considerably, ranging from 37%
and 35% in the North of Europe to 11% and 13%
in Italy, respectively [25, 41]. Moreover, the W402X
mutation is registered approximately 2.5 times more
often than the Q70X mutation in the Netherlands
and Germany (48% and 19%) and in the Scandi-
navian countries (17% and 62%). In the USA, the
incidence of the W402X and Q70X mutations in
the IDUA gene in patients with MPS [ are 39%
and 30% [48]. In Russia, the ratio of these fre-
quencies is closer to that registered in the Scandi-
navian countries, namely 4% and 44%, respectively
[12, 13].

Along with nonsense mutations in patients with
Hurler syndrome, deletions with a shift in the read-
ing frame and missense mutations (to a lesser extent)
have been found. However, the frequency of one of
the severe missense mutations, P533R, is about 3%.
In a homozygous state, each of these three major
mutations (W402X, Q70X, and P533R) occurred in
patients with the most severe clinical forms of the
disease. In this case, the activity of alpha-L-idu-
ronidase is almost completely absent. Severe muta-
tions, accompanied by premature translation termi-
nation, combined with other mutations could occur
in patients with any forms of MPS I and even be
detected in “pseudo-deficiency” conditions [67, 71].
For example, in one family, a sister of a patient
with MPS I, who had no clinical manifestations of
the disease, had a heteroallelic combination of the
major nonsense mutation, W402X, and the missense
mutation, A300T [18].

Missense mutations are frequent in Scheie and
Hurler—Scheie syndromes. However, the first spe-
cific mutation identified in a patient with a typical
Scheie syndrome presentation is a G-T transition in
intron 5 of the /IDUA gene. This creates an additional
splice site, resulting in the insertion of additional
five nucleotides into a specific mRNA [52, 62].
Such alteration is compatible with the formation
of a small number of functionally active mRNAs,
while the complete inhibition of the synthesis of
alpha-L-iduronidase does not occur. Therefore, even
in a compound with nonsense-type mutations, this
splicing defect is implemented in the form of Scheie
syndrome. In addition, several missense mutations
in the /IDUA gene have been identified in patients
with Scheie syndrome. Thus, the Hurler and Scheie
syndromes represent a classic example of pheno-

typic polymorphism due to the existence of allelic
series [49].

In Japan, major European nonsense mutations
were not revealed in most patients, but two other
mutations in the IDUA gene were frequent (an in-
sertion of five nucleotides 704ins5 and a mis-
sense mutation R89Q). They are registered with
frequencies of 18% and 24%, respectively [78].
The 704ins5 mutation was found in Korean pa-
tients with MPS I [48]. Homozygotes for 704ins5
were detected in patients with Hurler syndrome,
and the R89Q mutation in patients with Scheie
syndrome.

Experimental models

Hereditary diseases of cats and dogs similar in
clinical and biochemical manifestations to MPS 1,
have been described [64, 65]. The homologous ca-
nine alpha-L-iduronidase gene has been cloned, and
molecular identification of a defect in this gene lea-
ding to enzyme deficiency in mutant animals has
been performed.

The transgenic knockout line /dua—/— simulating
Hurler syndrome was constructed by targeted dis-
ruption of the mouse Idua gene [29]. The (Idua—/-)
mutants have no alpha-L-iduronidase activity, and
increased urinary GAG levels. Starting at week 4,
these animals show radiographic signs of dysosto-
sis, which become evident by week 15. Progressive
lysosomal accumulations first appear in reticuloen-
dothelial cells, then in hepatocytes, chondrocytes,
neurons, and tubular cells of the liver by Week 8,
and later in all studied cells. In the cerebellum of
mutant animals, a progressive loss of neurons was
observed; in the brain tissues, the levels of GM2
and GM3 gangliosides were increased.

All these models are widely used not only to
study the biochemical base of the MPS I pathogen-
esis, but also to develop specific treatment methods
for this condition, such as bone marrow transplan-
tation (BMT), immunosuppressive therapy, as well
as enzyme replacement therapy (ERT), and gene
therapy [27, 34, 45, 46, 79].

Laboratory diagnostics and treatment

Diagnosis of MPS I is based on data obtained
from clinical examination, biochemical, and mo-
lecular genetic analysis of a patient. One of the
earliest diagnostic signs of MPS [ is considered
to be an increased urinary excretion of GAG,
first of all dermatan sulfate and heparan sulfate.
To confirm the diagnosis and determine the clini-
cal form of MPS I, an analysis of the enzymatic
activity of alpha-L-iduronidase in the blood and mo-
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lecular diagnosis of major (W402X, Q70X, P533R,
G-T transition in intron 5) and other mutations in
the IDUA gene are performed.

Various approaches to the treatment of patients
with MPS 1 are being developed [11, 16]. One
of the first tested methods is BMT from healthy
HLA-compatible donors. The results of such treat-
ment 54 children with MPS 1, performed as part
of a collaborative study of storage diseases, have
been published [55]. For better compatibility of the
transplanted tissues, all patients received high doses
of chemotherapy with or without subsequent radia-
tion. The 5-year survival rate after the procedure was
64%, and it turned out to be higher when the donors
were siblings genotypically identical in the HLA-
system compared with haploidentical donors. The
mental development index of children after treat-
ment, on average, was 78 if BMT was performed
before 2 years of age (group 1), and 63 if BMT was
performed later (group 2). In 64% of the surviving
children in group 1 and only 25% of the children
in group 2, the general development was close to
normal or a little slowed down. Thus, allogeneic
BMT performed before the age of 2 years can slow
down or even prevent the development of severe
clinical manifestations of Hurler syndrome. How-
ever, this procedure is not available to all patients,
primarily due to the difficulty of finding compatible
donors.

Alternative technologies could be cord blood
transfusion from unrelated patients [32, 66] or he-
matopoietic stem cell transplantation [42, 70]. It has
been revealed that these procedures can increase the
patient’s life expectancy if performed before the age
of 2 years, but their success in preventing the devel-
opment of neurological abnormalities depends signif-
icantly on the child’s age [50, 56, 58, 68]. After such
transplantations in patients younger than 9 months
of age, their cognitive development and adaptive
behavior remain within the normal range. However,
MPS 1 is rarely diagnosed at this time. The Union
of Pediatricians of Russia developed recommenda-
tions for the early detection of MPS patients [14].
In some countries, neonatal screening for MPS I is
performed [30, 54] based on the levels of GAG and
alpha-L-iduronidase in dried blood spots of new-
borns [47, 57].

Great efforts are aimed all over the world at
the development of methods of gene therapy for
MPS 1. Various recombinant vectors for the target-
ed transfer of the normal human /DUA gene into
mutant cells with alpha-L-iduronidase deficiency
have been designed and tested in in vitro systems
and in experimental models [35, 38]. In addition,

successful clinical trials of gene therapy methods
have been performed in many cases as many patho-
logical parameters were adjusted [45]. However,
improvements are registered not in all patients.
In addition, gene therapy methods cannot prevent
the development of severe disabling manifestations
of MPS.

ERT of MPS 1 was more successful, as it is able
to improve many neurological parameters [1, 2, 4,
36, 37], as well as treatment methods combining
different approaches such as cell transplantation
and ERT [45, 70]. Successful clinical trials of treat-
ment of MPS I patients using the enzyme laronidase
(Aldurazyme) after transplantation of hematopoietic
stem cells have been performed [57].

Clinical example of a combination of BMT
and ERT

A male patient was first time at the hospital at the
age of 11 months. Clinical findings in this patient in-
cluded delayed psychomotor development, deforma-
tion of the spine (kyphosis), noisy nasal breathing,
sleep apnea, frequent purulent rhinitis, otitis media,
hepatosplenomegaly.

Anamnestic findings: this boy was from the
third pregnancy, which proceeded in a mother who
presented with pyelonephritis, adnexitis, oligohy-
dramnion, and ended in delivery at term. Birth
weight was 4120 g, length was 56 cm, the head
circumference was 37 cm, the chest circumference
was 32 cm, and APGAR score was 7/8 points.
Ultrasound examination (US) of the brain revealed
no pathology.

Case history showed that a hepatomegaly was
detected at the age of 1.5 months, which was con-
firmed by an abdominal US. Serum virology was
performed for a group of hepatotropic viruses and
showed negative results. Moreover, a noisy nasal
breathing was noticed, and the child was examined
by otolaryngologists. He received antibiotic therapy
repeatedly for purulent rhinitis (8 episodes in the
first year of life). At the age of 2 months, neu-
rosonography for the first time revealed a slight
expansion of the lateral and occipital horns of
the lateral ventricles of the brain without impair-
ment of cerebrospinal fluid circulation. Dehydra-
ting therapy was administered. As from month 3,
there was a delay in psychomotor development.
At the age of 6 months, the boy was examined by
a geneticist where an MPS II (Hunter disease) was
suspected. The diagnosis was concluded to be un-
likely. At the time of examination, the delayed psy-
chomotor development, hepatosplenomegaly (liver
+4 cm, spleen +1 cm from under the costal arch),
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linear ear lobe creases, narrow palate, hernia
of the white line of the abdomen, wide umbilical
ring, hydrocele, and suspected neurosensory hear-
ing loss were observed. Beckwith—Wiedemann syn-
drome was posed as the probable diagnosis, and he
was closely monitored. At the age of 9 months, a
1-2-degree bilateral sensorineural hearing loss was
observed. Grade 1-2 scoliosis of the lumbar spine
and kyphosis of the thoracic spine were equally no-
ticed.

Due to multiple pathological changes in all or-
gans and systems, the child was re-examined by a
geneticist. A study of the activity of the enzymes,
alpha-L-iduronidase and iduronate sulfatase, as
the most common causes of MPS, was performed.
Based on the results, the type I mucopolysacchari-
dosis was diagnosed (alpha-L-iduronidase activity
1.73 nM/mg for 18 hours in blood leukocytes, nor-
mal ranges 61.00—175.50), and was confirmed by
molecular and genetic tests. Two nonsense mutations
were revealed in the compound heterozygous state,
characteristic of the severe phenotype of type I MPS
(W47X/Q70X).

At the age of 11 months, his height was 78 cm,
weight was 10.4 kg, and head circumference was
47.5 cm. Physical development was harmonious,
with mesosomatotype. The patient could sit inde-
pendently and walk with support. There was dif-
fuse muscle hypotension. Hurler-like phenotype
was registered, as well as corneal clouding; stiff-
ness of small joints of the hands and the knee
joints; and pronounced thoracolumbar kyphosis.
Nasal breathing was difficult, with profuse mu-
cous discharge from the nose. Heart sounds were
sonorous, regular, with systolic murmurs along the
left edge of the sternum. Hypotension of the mus-
cles of the anterior abdominal wall was observed.
Liver +4.5 cm from under the costal margin, spleen
+1 cm. The abdominal ultrasound revealed hepa-
tosplenomegaly; neurosonography showed triven-
triculomegaly; cerebrospinal fluid occlusion; echo-
CG showed dilatation of the cavities of the heart
(mostly the left ventricle), moderate hypertrophy of
the interventricular septum; myocardial contractil-
ity was normal; with thickening of both cusps of
the mitral valve, the movement of the cusps was
hypokinetic. The diagnosis was: MPS I (Hurler
syndrome). Delayed psychomotor and speech de-
velopment; organic brain damage, internal hy-
drocephalus; a 1-2-degree bilateral sensorineural
hearing loss; corneal clouding; secondary cardi-
opathy (left ventricular myocardial hypertrophy,
degree 2 mitral valve insufficiency); hepatospleno-
megaly.

To prevent the disease progression, as well as
to improve the somatic state of the child during
the search for a donor, ERT was initiated at a
dose of 100 U/kg intravenously once a week with
the drug Laronidase. The ERT was well tolerated.
Infusion reactions on the administrations 7, 8, and
10 of the drug were vomiting and low-grade fever.
The reactions were considered mild and did not
require therapy discontinuation. Subsequently, pre-
medication with prokinetics and antipyretic drugs
was performed. Adverse reactions did not recur. ERT
(8 months of therapy) resulted in the reduction of
liver size (up to +1.5 cm from under the costal arch),
normalization of spleen size, improvement of nasal
breathing, disappearing of sleep apnea, as well as
stabilization of heart disease.

At the age of 20 months, the patient underwent an
allogeneic bone marrow transplant (BMT) from an
unrelated donor. The transplantation was successful,
and the graft was rejected on day 12. After BMT,
the enzyme activity was within the normal range.
The enzyme activity on day 102 after BMT was
118 nm/mg for 18 hours (norm 61-175.5 nm/mg),
with urine GAG concentration of 31.2 nm/mM
(norm 5.6-10.6 nm/mM).

Dynamics of the underlying disease showed
progressive psychomotor development of the child:
speech production (phrasal speech by 4.5 years),
maintenance of normal liver and spleen sizes, nor-
malization of motor skills in the fingers, stabilization
of hearing loss and corneal clouding. There was a
progression of kyphotic deformity in the thoraco-
lumbar spine with narrowing of the spinal canal (the
changes were verified by X-ray, computed tomogra-
phy and magnetic resonance imaging), and appear-
ance of mild spastic paraparesis. The indication for
surgical treatment was a rapidly progressing severe
spine deformity and an increase in the occurrence
of neurological symptoms. In order to correct the
defect the surgical treatment was performed. It was a
posterior instrumental fixation of the thoracolumbar
region with a multi-support transpedicular system.
The postoperative period was uneventful. The muscle
tonus of the lower extremities and exercise tolerance
improved. The follow-up examination a year after
treatment showed no progression in the deformity,
a correct implant position, and stable neurological
status. Photographs of the patient with type I MPS at
the age of 11 months, 3 years and 5 months (before
surgical treatment); 4 years and 5 months (result
of surgical correction of deformity) are presented

(Fig. 2).
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Fig. 2.

b c

Boy with mucopolysaccharidosis type | in age: a - of 11 months; b - 3 years 5 months (before surgeon);

¢ - in age of 4 years 5 months (after correction of spine deformity) [6]

Puc. 2.

Manbuuk ¢ mykononucaxapugosom | Tuna B Bospacre: a — 11 mec.; b — B 3 1. 5 mMec. (nepen onepaTUMBHbIM NeYEHUEM);

¢ — B 4 r. 5 mec. (pesynbrat onepaTtMBHOM Koppekuun aedopmaumm) [6]

MUCOPOLYSACCHARIDOSIS TYPE II,
HUNTER SYNDROME

Clinical presentation and epidemiology

At birth, males with MPS II do not have any
clinical manifestations of the disease. At the age of
2—4 years, they develop some craniofacial features
such as full lips, large round cheeks, wide nose brid-
ge, macroglossia, and macrocephaly in combination
with hydrocephalus. Thickening of the vocal cords
induces coarse voice. Corneal clouding is uncom-
mon, although retinal degeneration sometimes de-
velops. Patients are prone to frequent otitis media
and respiratory infections. Umbilical and inguinal
hernias, as well as hepatosplenomegaly are the early
symptoms [7, 8].

Later the main clinical manifestations of MPS 11
are observed: grotesque facial features, multiple
dysostosis in combination with dwarfism, hepato-
splenomegaly, hypertrophic cardiomyopathy, and
myxomatous degeneration of the valves, resulting
in the development of cardiovascular insufficiency
and a high risk of cardiac arrhythmias, excretion of
large amounts of dermatan sulfate and heparan sul-
fate with urine. Some patients have a characteristic
diagnostic sign, local ivory-white formations in the
form of sea pebbles appear on the skin of the back
or lateral surface of the thighs.

The Figure 3 shows the age-related phenotypic
features of two brothers with Hunter syndrome.

MPS 1I is characterized by wide clinical poly-
morphism. There are two forms of the disease,
a severe infantile form A with progressive men-
tal retardation and a milder, adult form B, in
which intelligence is wusually not affected [51].
However, there is no clear boundary between these
forms, and there is a continuous series of intermedi-
ate conditions. Form A in its clinical manifestations
differs little from Hurler syndrome, although it de-
velops more slowly. Progressive encephalopathy at
the end of the disease leads to severe neurological
symptoms, decreased motor activity up to complete
immobility, cachexy, and lack of response to the en-
vironment. These patients are prone to chronic diar-
rhea. Severe diffuse coronary circulation insufficien-
cy may develop. MPS II patients aged 10—15 years
die most often from respiratory or heart failure
[7, 8].

Form B MPS II is more similar to Scheie syn-
drome. The disease is usually diagnosed at the end of
the first or at the second decade of life. Inguinal and
umbilical hernias formed early, as well as damage
to the cardiovascular system; gargoilism-like facial
changes occur, as well as signs of dysostosis mul-
tiplex (Fig. 4), joint stiffness (Fig. 5), sensorineural
hearing loss, retinopathy, possible obstruction of the
airways, sleep apnea, and carpal tunnel syndrome [9].
The course of the disease is slowly progressive.
Life expectancy varies widely. One of the typical
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Fig. 3. Two brothers with Hunter syndrome at different ages
Puc. 3. ®eHotun 6paTbeB ¢ CMHAPOMOM XaHTepa B pa3HOM BO3-
pacte

complications in older patients is narrowing of
the tracheal lumen, leading to the need for sten-
ting and/or tracheostomy. The respiratory or
heart failure is the most common cause of early
death of patients in the second or third decade
of life.

In rare cases, Hunter syndrome is diagnosed in
girls, while they usually have small heterozygous
deletions in the long arm of the X chromosome
in the Xq27-q28 region or X-autosomal transloca-
tions with break points localized in the same re-
gion of the X chromosome [28]. In such girls, the
predominant inactivation of the normal X chromo-
some is registered [24]. The specific nature of lyo-
nization is apparently due to late replication of the
deleted or translocated X chromosome. To explain
this phenomenon, the hypothesis of chromosomal
imprinting is also used. At the moment, in the lit-
erature described ten girls diagnosed with Hunter
syndrome. There are literature data on minimal
manifestations.

Fig. 4. Hands deformity in MPS Il patients
Puc. 4. MopaxeHue KMCTM Npu MyKonosucaxapuaose tuna Il

Fig. 5. Hip changes in MPS Il patients
Puc. 5. Oucnnactuueckue n auctpoduyeckme nsMeHeHus Taso-
6eapeHHbIX CYCTaBOB Npu MyKononucaxapupose tuna |l

The incidence of MPS II ranges from 1 per
100,000 to 1 per 170,000 newborn boys.

Biochemical base of pathogenesis

For the first time, iduronate 2-sulfatase was iso-
lated in pure form from human liver, which enabled
to study its biochemical and catalytic properties [20].
In the liver, kidneys, lungs, and placenta, the ma-
ture enzyme is represented by two main forms with
molecular weights of 42 and 14 kDa. The mature
forms of iduronate 2-sulfatase are formed by pro-
teolytic cleavage of the precursor protein. The en-
zyme is very similar in amino acid sequence to
human arylsulfatases A, B, and C and glucosamine
6-sulfatase.

The main function of iduronate 2-sulfatase con-
sists in sulfate cleavage from the terminal 2-sulfoi-
duronic acid residue in two GAGs, dermatan sulfate
and heparan sulfate. As a result of the deficiency
of this enzyme in MPS II, the high concentrations
of dermatan sulfate and heparan sulfate accumu-
late in the lysosomes of almost all cells, tissues,
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and organs of patients. This explains the pleiotro-
pic phenotype of the disease, that is, the simul-
taneous involvement of many systems and organs
of the patient in the pathological process. The se-
verity of the course of various forms of MPS II
depends directly on the residual activity of the
enzyme.

IDS gene mapping and identification

For the first time, the full-length cDNA of the
iduronate 2-sulfatase (/DS) gene was isolated from a
tissue-specific library of endothelial cell genes [74],
which enabled to localize the /DS gene in the long
arm of the X chromosome in the Xq28 region [75].
The gene consists of 9 exons distributed over an
area of 24 kb [38, 75, 76]. The structure of the
gene promoter indicates that it is expressed ubiqui-
tously, so, it belongs to the housekeeping gene class.
In the cytogenetic region of about 90 kb, located
more along the telomere than the /DS gene, its pseu-
dogene, designated /DS2, was identified [21, 39].
It has been revealed that the cytogenetic re-
gion of the IDS2 pseudogene localization is in-
volved in recombination with the IDS gene
in approximately 13% of patients with Hunter
syndrome.

Mutations in the IDS gene. In 20% of patients
with Hunter syndrome, the /DS gene is completely
or partially deleted, or is involved in other structural
rearrangements [26, 43]. In about 13% of patients,
mutations in IDS gene presented by inversions af-
fecting the first 7 exons of the /DS gene. These
rearrangements occur as a result of homologous re-
combination between the /DS gene and the IDS2
pseudogene [22]. It has been detected that in this
case the “hot spots” of recombination are highly ho-
mologous DNA sequences (98% homology) of about
a thousand base pairs, located in the intron 7 of the
IDS gene and distal to exon 3 of the IDS2 locus,
respectively.

In about 23% of patients with Hunter syn-
drome, relatively small intragenic rearrangements
are identified — deletions or insertions that affect
several nucleotides. In other cases, point mis-
sense or nonsense mutations are revealed in pa-
tients, as well as mutations that disrupt the splicing
process.

The mutations identified independently in differ-
ent populations include three nucleotide substitutions
in codon 468 of exon 9 of the /DS gene, accompa-
nied by amino acid substitutions (R468W, R468Q,
and R468L) [33, 44, 72]. The major heterogeneity of
mutations in the /DS gene complicates the molecular
diagnostics of Hunter syndrome.

Experimental models

A natural experimental model of MPS II is
labrador retriever males with hereditary iduronate
2-sulfatase deficiency [73]. This deficiency is due to
mutations in the canine iduronate 2-sulfatase gene,
which is homologous to the human /DS gene. Dogs
have large heads with coarse features of the muzzle,
macrodactyly, generalized osteopenia, progressive
neurological disorder, unilateral retinal degeneration,
and a positive urinary GAG test.

A transgenic knockout line of mice without idu-
ronate 2-sulfatase activity in males, /ds-null, was
created [40]. From week 4 of age and throughout
life, mutant males showed increased urinary excre-
tion of GAG and accumulation of GAG in tissues
starting from week 7. Null mutants developed hep-
atosplenomegaly and enlargement of other organs.
Other phenotypic features were coarse fur, sporadic
alopecia, deformation of the dactyls, abnormalities
in the development of the skull, decreased mo-
tor activity, and a significant reduction of the life
expectancy. Histological examination revealed dif-
fusely distributed foamy vacuolated cells in many
organs.

These models can be used to study the molecu-
lar mechanisms of the pathogenesis of Hunter syn-
drome and conduct preclinical trials of therapies for
this severe disease, including BMT, ERT, and gene
therapy.

Laboratory diagnosis and treatment

Diagnosis of MPS 1I is based on data obtained
from the patient’s clinical examination, as well as
biochemical and molecular genetic analysis. One of
the earliest diagnostic signs of MPS II is an in-
creased urinary excretion of GAG, dermatan sul-
fate and heparan sulfate. To confirm the diagnosis,
an analysis of the enzymatic activity of iduronate
2-sulfatase in leukocytes or dried blood spots is per-
formed, as well as molecular analysis of extended
deletions, inversions, and other mutations in the
IDUA gene.

During retroviral transduction of the cDNA se-
quence of the /DS gene into lymphoblastosis cell
lines of patients with Hunter syndrome, the meta-
bolic defect was corrected [23]. The expression level
of iduronate 2-sulfatase in transduced cells was very
high, exceeding the norm by 10-70 times. It has
been established that the recombinant enzyme is ac-
tively involved in GAG metabolism. These studies
can be considered as an initial step in the develop-
ment of MPS II gene therapy programs.

The results of BMT performed in ten patients
with Hunter syndrome have been published [69].
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Only three of them survived more than 7 years after
the transplantation, and one of them died 11 years
after the procedure. This occurred most probably due
to poor selection of donors. In one of the surviving
patients, the mental capacity was fully preserved,
but there was a slight delay in physical develop-
ment. Currently, BMT in MPS II is not used in
Russia, but there are recommendations of the Asso-
ciation of Medical Geneticists for performing BMT
in severe MPS Il variants associated with missense
mutations [15].

In the USA and some European countries, the
drug idursulfase (recombinant human iduranate
2-sulfatase), or Elaprase, proposed for the treat-
ment of Hunter syndrome, has been licensed and
clinically tested [77]. Equally, Hunterase is also suc-
cessfully used in the world and in Russian practice.
Both drugs are registered in the Russian Federation.
It is possible to switch from one drug to the other
in case of intolerance and/or severe allergic reac-
tions in patients. With the early start of ERT, an
improvement in many pathological manifestations
of the disease is guaranteed. The sizes of the liver
and spleen are normalized, the degree of cardiovas-
cular involvement are stabilized, and the range of
motion in the affected joints are increased [2, 3].
To relieve intravenous infusion in MPS patients, im-
plantable venous systems can be used, which facilitate
significantly venous access [17]. But the disadvan-
tage of Elaprase consists in that it does not penetrate
the blood-brain barrier. To overcome this difficulty,
the drug was modified by adding specific antibod-
ies (AGT-182). The results of treatment of MPS II
patients using this modified drug are still unknown.
Hematopoietic stem cell transplantation in patients
with MPS II also proves to be successful only with
early diagnosis at the age of 2 years or earlier [19, 63].

Substrate-reducing therapy based on suppression
of GAG production may be promising for treatment
of types I and II MPS. For this purpose, the drug
Genistein (Soyfem) was developed, which showed
good results on experimental models. With an ear-
ly start of treatment in animals, it was possible to
stop the destruction of cells of the central nervous
system.

Some of the first patients in Russia who received
ERT for MPS I also received Genistein. The drug is
well tolerated, but often leads to excess weight as
it is analogous in structure to female sex hormones.
It is the drug of choice for MPS III, for which there
is currently no drug available for ERT.

Currently, about 80 patients with types I and
II MPS are receiving treatment in Russia. Most
of them are undergoing life-long ERT, and 25 pa-

tients have undergone BMT. Due to the high cost
of the drugs that must be administered to patients
on a weekly basis, the expenses are incurred by
the state for the treatment of orphan diseases. Thus,
the cost of one bottle of Elaprase ranges from 175
to 185 thousand rubles. For the treatment of one
patient with Hunter syndrome, 300-500 thousand
rubles are required weekly. Nevertheless, there is
no doubt that in the coming years, alternative thera-
peutic approaches in the prevention and treatment of
MPS patients as well as cheaper methods for the pro-
duction of new and better drugs will be developed.

Mucopolysaccharidoses of types 1 and II cur-
rently occupy a significant niche in the range of
orphan diseases. Despite the rarity of the pathol-
ogy, knowledge about these diseases is relevant for
primary care physicians to facilitate early diagnosis
which is an important stage in the therapy; thus,
improving the long-term results and quality of life
of MPS patients.
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