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Abstract

Morquio A syndrome features systemic skeletal dysplasia. To date, there has been no curative
therapy for this skeletal dysplasia. No systemic report on a long-term effect of hematopoietic stem
cell transplantation (HSCT) for Morquio A has been described.

We conducted HSCT for 4 cases with Morquio A (age at HSCT: 4-15 years, mean 10.5 years) and
followed them at least 10 years (range 11-28 years; mean 19 years). Current age ranged between
25 and 36 years of age (mean 29.5 years). All cases had a successful full engraftment of allogeneic
bone marrow transplantation without serious GVHD. Transplanted bone marrow derived from
HLA-identical siblings (three cases) or HLA-identical unrelated donor. The levels of the enzyme
activity in the recipient’s lymphocytes reached the levels of donors’ enzyme activities within two
years after HSCT.

For the successive over 10 years post-BMT, GALNS activity in lymphocytes was maintained at the
same level as the donors. Except one case who had osteotomy in both legs one year later post
BMT, other three cases had no orthopedic surgical intervention. All cases remained ambulatory,
and three of them could walk over 400 m. Activity of daily living (ADL) in patients with HSCT
was better than untreated patients. The patient who underwent HSCT at four years of age showed
the best ADL score.

In conclusion, the long-term study of HSCT has demonstrated therapeutic effect in amelioration of
progression of the disease in respiratory function, ADL, and biochemical findings, suggesting that
HSCT is a therapeutic option for patients with Morquio A.

Keywords
Morquio A syndrome; hematopoietic stem cell transplantation; respiratory function; GVHD; ADL

1. Introduction

Mucopolysaccharidosis IVA (MPS IVA; Morquio A syndrome) (OMIM #253000) is a
lysosomal storage disorder with an autosomal recessive trait. Morquio A syndrome is caused
by defective N-acetylgalactosamine-6-sulfate sulfatase (GALNS). GALNS deficiency causes
accumulation of keratan sulfate (KS) and chondroitin-6-sulfate (C6S) in lysosomes and
excessive excretion of these substrates in blood and urine [1].

Patients with Morquio A have unique skeletal manifestations [1-7]. Patients with Morquio A
appear healthy at birth although some patients may have lumbar gibbous and another minor
bone deformity. Major signs and symptoms in most patients are usually seen before one year
of age, including kyphosis, protrusion of the chest, and prominent forehead [8]. Walking
alone often delays. Patients with Morquio A are clinically diagnosed during the second year
of life for unique skeletal features including knock-knee, growth retardation, cervical
instability, laxity of joints (hand, fingers, cervical spine, hip), and abnormal gait with a
tendency to fall in addition to kyphosis, protrusion of the chest, prominent forehead. These
clinical features with preservation of intelligence distinguish Morquio A from other types of
MPS.
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The most life-threatening feature in patients with Morquio A at an early stage is that
odontoid hypoplasia with ligamentous laxity and extradural GAGs deposition can lead to
atlantoaxial subluxation and/or cervical stenosis with or without cord compression, cervical
myelopathy or even death [2—7]. Later in life above a teenage a primary issue is related to
pulmonary compromise. Most patients have difficulty with anesthesia due to a narrow
obstructive airway and a small, restrictive lung, and sleep apnea increases with progress. The
difficulty with both upper and lower airways escalates as the disease advances and greatly
enhances the risk of anesthesia and sedation [9]. Mean lifespan in patients with a severe
form of Morquio A is the 3rd decade of life if untreated [2-7, 10].

In general multiple surgical procedures including cervical decompression/fusion, lower
cervical to thoracic fusion, osteotomy of legs, and knee and hip reconstruction are required
through the life of patients with Morquio A. Without surgical interventions, cervical
myelopathy and successive paralysis of extremities as well as inability of walking and
successive wheelchair bound life often occur in the second decade.

Therapies for Morquio A have been developed for the last two decades experimentally and
clinically. These include enzyme replacement therapy (ERT), gene therapy, and
hematopoietic stem cell transplantation (HSCT) [11-14]. ERT is approved for use in patients
with Morquio A in several countries. Patients with Morquio A treated with ERT showed
clinical improvement in 6 min walk test and improved quality of life. However, there are
several limitations with current ERT: i) limited effect on skeletal symptoms [15, 16], ii)
rapid clearance from the circulation, and iii) high cost compared with therapeutic efficacy
[11].

HSCT has been used to treat patients with poor-risk hematological malignancies and other
diseases of the hematopoietic system including severe aplastic anemia and fatal congenital
immunodeficiencies. Since the first bone marrow transplantation (BMT) was reported in a
patient suffering from a severe form of mucopolysaccharidosis | (Hurler syndrome) [17],
approximately 1,000 patients with MPS I, 11, VI, and VI have received BMT. Remarkable
clinical improvement and/or maintenance in visceral organs and central nervous system has
been reported until now especially if HSCT for patients with MPS I is conducted at an early
stage [18-20]. Therefore, it is widely accepted as a standard therapy for Hurler syndrome. It
is also proved that HSCT for patients with MPS |1 provides a better outcome in ADL than
conventional ERT [21-23]. Bone marrow (BM) including hematopoietic stem cells can
produce a large amount of leukocytes and macrophages that contain the enzyme deficient in
patients with MPS. After achieving engraftment, peripheral leukocytes and macrophages (or
microglia) begin to produce the deficient enzyme responsible for the disorder. The enzyme is
secreted into circulation and transported into damaged organs. Or the transplanted cells
themselves can migrate into a variety of tissues including CNS and secrete the enzyme on
the site. However, despite the improvement of biochemical variables obtained by newly
produced enzyme after HSCT, the clinical benefits are various by clinical phenotype of the
patient, type of MPS, and stage (or age) of disease at the time of BMT. Especially
improvement of skeletal dysplasia remains a challenge.
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To date, there has been only one case report of the systemic clinical consequence on HSCT
for MPS IVA [4, 5, 29, 30].

This report summarizes therapeutic effects and limitations in four HSCT-treated cases with
Morquio A, who have been followed up at least over 10 years.

2. Subjects and Methods

Subjects—All four patients were diagnosed by the enzyme assay of GALNS at
Department of Pediatrics, Gifu University. Genotyping was also performed at Gifu
University by PCR amplification of all 14 exons and exon/intron boundaries, followed by
direct sequencing [24, 25]. We conducted HSCT for four patients with Morquio A (age at
HSCT: 4-15 years, mean 10.5 years) and followed them at least 10 years (range 11-28
years; mean 19 years). Current age ranged between 25 and 36 years of age (mean 29.5
years). We defined the clinical phenotype by height according to the growth chart of
Morquio A [3, 6]. Among four HSCT-treated patients, three patients (2 males and 1 female)
had a severe phenotype (their height < 75th percentile on the growth chart of Morquio A
patients), and one male patient had an attenuated phenotype (their height > 75th percentile
on the growth chart of Morquio A patients) (Table 1).

Questionnaires for Activity of Daily Living (ADL) and MPS symptoms—The
questionnaires for ADL and MPS symptoms were described previously for patients with
Hunter syndrome [21]. Briefly, the questionnaire (12 items) consisted of three domains
(“Movement,” “Movement with Cognition,” and “Cognition”); each with four subcategories
scored from 0 — 5, 0 being the inability to perform task without maximum assistance, and 5
being the ability to perform a task without any assistance. “Movement” comprised basic
motor skills needed for normal daily function with the subcategories: 1) walking, 2)
movement on stairs, 3) grasping/finger movement, and 4) endurance in a 6-minute walk (6
MWT). “Movement with Cognition,” daily activities that required some level of cognitive
awareness, comprised 1) toileting, 2) changing clothes, 3) bathing, and 4) eating. For
“Cognition,” subcategories included 1) understanding of everyday conversation, 2)
conversation and speaking with others, 3) social participation and 4) problem solving. The
maximum possible score that could be obtained was 20 per domain with a total of 60 points.

In another questionnaire, twelve symptoms specific to MPS were assessed including: work/
study, behavioral problems, sleep, pain, joint flexion, respiratory status, infection, vision,
hearing, skin, hair, and appetite. These were all scored on 0 — 5 scales and total score were
60.

Questionnaires were sent to families, completed directly by the patient and/or the patient’s
parent/guardian, and then returned to the study group. Three of 4 patients here and 16
untreated patients over 20 years of age answered the questionnaires. Sixteen untreated
patients ranged between 20 and 43 years of age (mean; 32.7 + 7.4 years). The scores from
healthy controls (0.33 — 50 years) were described previously [21].
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3. Clinical course in patients with Morquio A

Casel

Clinical history—A female case with a severe phenotype is 25 years of age (Table 1). The
patient was diagnosed at the age of 1-year-old biochemically. Her genotype was p.M318R/
undefined. She received allogeneic BMT from human leukocyte antigen (HLA)-identical
sibling at the age of 4 years. She was preconditioned by 20 mg/kg of busulfan (Bu), 200
mg/kg of cyclophosphamide (CY) and 10 mg/kg of anti T-lymphocytic globulin (ATG), and
was administered cyclosporin A (CsA) for the prophylaxis of graft-versus-host disease
(GVHD). Hematopoietic recovery was prompt, and DNA polymorphism confirmed
engraftment. Acute GVHD grade | developed, easily treated with standard dose of
prednisolone. GALNS activity in her peripheral leucocytes reached normal range. Her final
height was 113 cm with 26 kg body weight at 20 years of age. Her cross-sectional growth
chart shows that her growth in height continues post-BMT (Fig. 1). The mild hearing loss
has been noticed, but the conversation is possible without tubing.

Her ADL score is 59 out of 60, deemed as equivalent to normal controls (the healthy control
group above 20 years of age: 60, n = 10) and far better than untreated patients over 20 years
(mean 38.5 + 11.8, n = 16) (Fig. 1, Video 1). Her movement and movement accompanied by
cognitive performance were superior to those in untreated patients. Cognitive performance
was similar between HSCT-treated and untreated groups. After 21 years follow-up post-
BMT, she can walk independently more than 1,000 meters easily and can climb and down
stairs. She can also do a squat and perform a regular range of motion exercises smoothly, in
which the age-matched patients with a severe form of Morquio A impairs such movements
(Video 1).

She still has several Morquio-related symptoms such as short stature, mild arthralgia, laxity
of joint with deformity of bone including knock-knee, mild shortness of breath after
walking, and mild hearing loss. The patient has no abnormal findings in visceral organs and
heart function except mild restrictive lung function. Her current MPS symptom score was
51.5 out of 60 (the healthy control group: 56, n = 10) while untreated patients over 20 years
(n = 16) had 41.3 £+ 8.1. She has never experienced any surgical intervention in her life and
is working as a technical dentist. Her spirometry at 15 years of age showed a reduced FVC
(73.9%) in the absence of reduction of a predicted FEVq (101.3%), suggesting a mild
restrictive lung problem but no obstructive lung.

Radiographs (Fig. 3)—There was no radiograph available prior to BMT. At five years of
age (1 year post-BMT), dysmorphic changes (platyspondyly and oval shape with anterior
beaking) of the cervical vertebra with widening of disc spaces are seen without evidence of
cervical spine instability. MRI pictures of the cervical spine at 16 years of age showed
anterior subluxation of the atlas secondary to odontoid hypoplasia and mild compression of
the spinal cord without any sign and symptom. Bony changes of the thoracic and lumbar
spine with anterior beaking and platyspondyly of the vertebrae are seen. Small carpal bones
and tilting of the radial epiphysis towards the ulna led to hypermobile joints in hands. Oar
shaped ribs remained wide anteriorly and laterally and over constricted in their paravertebral
portions. Both femoral heads with some dysmorphic changes are in a position of
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subluxation. In the pelvis, an oblique acetabular roof with coxa valgus deformity, flared iliac
wings, and widely opened joint spaces were found. With age, an erect composite view of the
hips, pelvis, and lower extremities demonstrates genu valgum with open knee joint spaces.
Most bony deformities remain still unchanged with age, compared with the findings at five
years of age. Genu valgum is slowly progress with irregular and flattened femoral heads.

Overall, her health condition has been kept well with the normal ADL over 20 years post-
BMT. Compared with age-matched untreated patients with Morquio A, functional ADL
remains much better (Fig. 1, Video 1).

Clinical history—A 36-year-old male case with a severe phenotype is 115 cm tall (Table
1). The patient was diagnosed as Morquio A at four years of age with a typical skeletal
feature; marked short stature (92 cm), prominent chest, abnormal walking, and
kyphoscoliosis. His genotype was double gene deletion/p.Q148X. The patient received BMT
from HLA-identical unrelated donor when he was eight years old at a progressive stage. The
preconditioning regimen consisted of thoracoabdominal irradiation (TAI) 8 Gy and 200
mg/kg of CY, and GVHD prophylaxis comprised short-term methotrexate (MTX), CsA, and
2 mg/kg/day of prednisolone. HLA typing confirmed full engraftment. Acute GVHD grade |
developed, resolved by additional immunosuppression. The activity of GALNS in peripheral
blood was elevated to normal range after BMT. He never underwent any surgical procedure
post HSCT. His height had stopped when he was seven years old; however, he re-grew after
BMT until he was 15 years old (Fig. 4). His final height is 115 cm, and body weight is 32
kg. Both corneal clouding and kyphosis laxity of joints (knock knee, floppy hands) remains
present. He can walk independently at home and walk further several hundred meters with a
walking frame. His hearing is kept normal with bilateral tubing, and cardiac function is also
kept normal. He was graduated from college at 22 years of age; however, he could not obtain
the job and stayed at home, leading to low ADL score, 33. The patient has the ability of
walking, climbing stairs, toileting, changing clothes, bathing, and eating and has no
respiratory issue until now.

Radiographs (Fig. 4)—There was no X-ray picture available prior to BMT. X-ray
pictures (9 years post-BMT at 17 years) demonstrated anterior subluxation of the atlas
secondary to odontoid hypoplasia with platyspondyly of cervical vertebrae. Multiple
abnormalities were present in the pelvis, including spondylosis-epiphyseal dysplastic
femoral heads and moderate oblique acetabular roof with mild coxa valgus deformity and
flared iliac wings. Both femoral heads were subluxated although covered by their respective
acetabula. Mild dysplasia of epiphysis in bilateral femur and tibia remained in place.
Bilateral genu valgus was observed. The irregular distal radius and ulna and tilting of the
radial epiphysis towards the ulna were also seen. Overall, his health condition has been well
kept post-BMT until 36 years of age without surgical intervention and tracheal obstruction
and can live independently.
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Clinical history—A 31-year-old male case is defined as an attenuated phenotype with the
final height of 137 cm (Fig. 1, Table 1). Knock-knee was initially noticed at four years of
age. He underwent tonsillectomy and adenoidectomy at five years of age. The patient was
diagnosed as Morquio A at 12 years. His genotype was ins ex1/undefined.

He underwent BMT at 15 years of age with the height of 130 cm when he stopped growing.
The donor was a HLA-matched carrier, sibling. He received a full engraftment without
GVHD. The enzyme activity of GALNS reached the donor’s level.

His cross-sectional growth chart showed that his growth in height continues post-HSCT
(Fig. 1). At present, he can walk independently more than 800 meters although there is some
limitation of endurance. He can climb and down stairs. His ADL score is 55 out of 60, as
nearly equivalent to normal healthy controls (Fig. 2).

Current MPS symptom score was 51 out of 60. After 16 years follow-up post-BMT, he has
several Morquio-related symptoms such as moderate short stature and short neck, moderate
arthralgia, restriction of range of motion, and mild corneal clouding. The patient has no
abnormal finding in visceral organs and heart function. His respiratory condition remains
stable without any problem. He has no significant surgical intervention in the bone until
now.

Radiographs (Fig. 5)—There was no X-ray picture available prior to BMT. X-ray picture
of the cervical spine (9 years post-BMT at 24 years) showed no anterior subluxation of the
atlas with partial ossification of the odontoid process. Mild anterior central beaking of the
vertebra is observed with an oval shape. Mild abnormal and small ribcage is found with
slight oar-shaped ribs. MRI of cervical spine shows no slippage (subluxation) of the neck
vertebrae and compression of the spinal cord. Tapering of the proximal portion of
metacarpals is not seen with ossified carpal bones. A mild distal portion of the radius tilted
toward the ulna is observed. The irregularity and anterior beaking of vertebral bodies are
observed mildly. Mild spondylo-epiphyseal dysplastic femoral heads and oblique acetabular
roof are seen. Both femoral heads are well positioned in hip joints.

Overall, his health condition has been kept well with nearly normal ADL, and he can live
independently.

Clinical history—This male case was described previously [13]. The patient is now 26
years of age with the final height of 103 cm and defined as severe phenotype (Table 1). By
1.5 years of age, the patient had Morquio-like clinical features including the short neck,
prominent chest, short trunk, genu valgum, kyphosis, and hypermobile joints of fingers and
wrist. At eight years of age, the patient underwent cervical decompression/fusion surgery,
because of spinal cord compression. He could not assume a half-sitting posture, squeeze a
towel, or sit without support. He had orthopnea all night, loud snoring, postural dyspnea,
occasional shortness of breath, and required a wheelchair. At 14 years of age, the patient was
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diagnosed as Morquio A biochemically. No mutation was found in all the 14 exons and each
exon-intron boundary region in the GALNS gene.

At 15 years and 8 months, BMT with marrow from an HLA-identical elder sister was
conducted. The patient’s height and weight were height 103 cm and 40.7 kg, respectively.
Conditioning consisted of Bu (4 mg/kg/day x 4 days), CY (50 mg/kg/day x 4 days), and
ATG (15 mg/kg/day x 4 days). After BMT, CsA (1.5 mg/kg x 2 div/day x 30 days) and
MTX (7~10 mg/day x 3/one week) were prescribed. He received a full engraftment without
GVHD.

Two years after BMT, the enzyme activity of GALNS in white blood cells reached half of
normal level as observed in his carrier donor sister. The level of uronic acid decreased
around 35% from pre-BMT (15 years seven months) to post-BMT (17 years 9 months) and
was maintained at the same level during the following period. At 25 years of age, the latest
level of uronic acid was reduced to 21% of a pre-BMT level (7.8 mg/dl cre). Three years
post-BMT, vital capacity (VC) increased from 1.08 to 1.31 (L), %VC from 43 to 48.2 (%),
peak expiratory flow (PEF) from 2.03 to 2.36 (L/sec), and one second forced expiratory
volume (FEV1 ) increased from 1.08 to 1.12 (L). In the following 11 years post-BMT, the
level of the pulmonary function was maintained, showing that %VC was 48.6 and FEV1 o,
was 87.8 with the pattern of the restrictive lung but no obstructive airway. Bone mineral
density (BMD) of the lumbar spine by dual-energy X-ray absorptiometry (DXA) showed
that BMD at L2—4 increased from 0.372 to 0.548 (g/cm?2) and was maintained at the level of
0.48 £ 0.054 until now. Annual echocardiography showed no valvular involvement.

Thirteen months later post-BMT, the patient underwent osteotomies of both femurs without
any complication of surgical and anesthesia procedures. After correction osteotomies for
knock-knee, the patient could walk for 100 meters by ankle-foot orthoses and for 400 meters
by hip-knee-ankle-foot orthoses. Orthopnea, loud snoring, and postural dyspnea have
ldisappeared and no difficult airway is observed..

At 26 years of age, he is working as a designer of computer graphics. His height and weight
were 103 cm and 34 kg, respectively and his BMI was improved to 30.2 (obese; > 30)
compared with pre-BMT status (103 cm, 41 kg, BMI; 38.6). His grip strength is still weak
with 3.5 kilograms by the right hand and 3.2 kilograms by the left hand (47.5 kg on the
average of the age-matched Japanese male controls). ADL score was a 34 at pre-BMT while
he scored a 46 at 11 years later post-BMT (Fig. 2). The patient scored a 40 in MPS symptom
at pre-BMT, while the score of MPS symptom improved to 56 at post-BMT. He can walk
over 400 m independently (Video 2).

Radiographs (Fig. 6)—Radiographs showed that platyspondyly and anterior beaking of
thoracolumbar vertebra increased slightly in size, while the margin of vertebra became clear.
Ulnar and radial deviation is observed. Eleven years later post-BMT at 26 years of age, these
figures including the upper limbs remained steady. Both femoral heads are well positioned.
Overall, his health condition is well maintained post-BMT and can live and walk
independently.
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Discussion

We have demonstrated that 1) all 4 patients (3 severe and one attenuated) had a full
engraftment after HSCT without a serious adverse effect and obtained the donor’s level of
the enzyme activity, 2) HSCT provides substantial improvement and maintenance of ADL
and the highest score of ADL equivalent to normal controls is provided with the youngest
patient, Case 1, at HSCT procedure, 3) no orthopedic surgical intervention except the
bilateral osteotomy in Case 4 (1 year post-BMT) has been performed in any patient over 11
years after HSCT, 4) dysmorphic changes of the bones are ameliorated or slowed, and 4) less
impact is provided on growth and laxity of joints in severe phenotypic cases. These findings
indicate that HSCT is effective for Morquio A, keeping their ADL better, compared with
untreated patients, and that early introduction of HSCT provides a more benefit.

Cases 1 and 2 reached normal enzyme activity while cases 3 and 4 obtained a carrier’s level
of the enzyme activity. There was no proof that a carrier enzyme activity impacts late
outcomes clinically although more HSCT cases are required to conclude the effect of the
enzyme activity by the donor.

The procedure of HSCT consisted of preconditioning that enables engraftment of infused
graft, hematopoietic stem cell infusion, prophylaxis of GVHD, and supportive therapy
including prevention of infection, both red blood cell, and platelet transfusions.

Preconditioning is the most important process for the success of HSCT in patients with
MPS. At the current standard protocol, preconditioning for MPS consists predominantly of
CY and Bu. Total body irradiation (TBI) or total lymph node irradiation (TLI) may not be
recommended because of adverse effect on the growth and endocrine system. We reported
the engraftment rate in 35 stem cell-graft recipients with congenital metabolic diseases who
received different conditioning regimens [26]. We concluded that the conditioning, which
consists of 560 to 600 mg/m? of Bu + 200 mg/kg of CY + ATG, is enough to obtain durable
engraftment.

HSCT for MPS patients has been conducted before ERT has started; however, initial
attempts of HSCT were controversial because of a high mortality rate. HSCT has a risk for
the development of mortality by GVHD, infections, and additional complications. One of
the reasons why the mortality rate of HSCT was high during initial attempts in 1980-1990 is
based on the fact that patients, who underwent HSCT, were already at an advanced or even a
terminal stage of disease progression. It is not optimal for patients with advanced-stage
disease to execute the rigorous regimen of HSCT. Regimens for HSCT have been markedly
improved in each medical facility, and well-trained staffs contribute to the least mortality of
HSCT. As part of conditioning, Busulfan is used as a standard drug prior to HSCT, leading
to substantial reduction of the mortality rate of HSCT.

In Japan, 107 patients with MPS from 1986 to 2012 have been treated by allogeneic BMT
and registered to The Japan Society for Hematopoietic Cell Transplantation [27, unreported].
Although the detail concerning the efficacy is not analyzed until now, the result of the
survival is promising; 5-year survival rate after HSCT in MPS were 87%. Since 1999, at
Tokai University treated 21 MPS patients by HSCT, and except one case with MPS 1l there
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was no fatality due to complications of HSCT. This case failed in 1st HSCT in a local
hospital, but achieved durable engraftment after 2nd HSCT performed in our hospital. He
died of EBV-related lymphoproliferative disorder seven months after 2nd HSCT at local
hospital because of profound immunosuppressive condition due to repeated transplantation.

In Europe, since 2005 new international HSCT guidelines for MPS disorders were proposed
[28]. The survival and graft outcomes of MPS patients receiving HCT according to these
guidelines in two European centers of expertise were evaluated based on conditioning
regimens including busulfan. A non-carrier matched sibling donor, matched unrelated cord
blood, or matched unrelated donor were considered to be preferred donors. Study of 62 MPS
patients receiving HSCT at median age 13.5 months (range, 3 to 44 months) showed high
overall survival (95.2%) and event-free survival (90.3%) with only low toxicity similar to
our data.

Thus, HSCT is a therapeutic option for selected cases of MPS with careful pre-
transplantation counseling and clinical evaluation at the well-trained facility.

It is known that busulfan may still induce a severe adverse effect such as toxicity in lung and
liver and can not be used for the infants less than six months of age. Treosulfan, an
alkylating agent, is often applied as a chemotherapy drug with less toxicity in the treatment
of ovarian cancer and is increasingly used for HSCT, preferably in non-malignant diseases.

In Europe, treosulfan is used effectively and safely in pediatric patients with HSCT [329-
32]. Pediatric patients with MPS 1, who received a conditioning regimen consisting of
treosulfan, achieved stable hematopoietic engraftment and stable donor chimerism without
GVHD. The regimen with treosulfan could be an additional option when unrelated donor
HSCT is considered for a patient with MPS [33]. A pilot study of treosulfan in our facility
showed the better outcomes for pediatric patients with metabolic disorders treated by HSCT.
Thus, HSCT for neonatal or infant less than six months of age could be conducted safely as
a main therapy for patients with MPS if treosulfan regimen is established in each type of
MPS.

With the advanced technology and awareness of the disease, newborn screening for MPS is
also being conducted or under development. Such newborn screening programs for patients
with MPS in combination with a new regimen may offer an opportunity to consider HSCT

even in the first months of life before the appearance of signs and symptoms [12, 34].

The clinical outcomes of HSCT in patients with MPS have varied considerably. Factors that
affect the outcome of HSCT consist of the type of the MPS disorder, the genotype and HLA
typing of the donor, the degree of clinical involvement, preparative regimen and
complications by HSCT, and the age at the time of transplantation [35]. Treatments of HSCT
are effective, as for MPS | [36, 37] and MPS 11 [23, 38], to prevent deterioration of CNS if
HSCT is conducted at an early stage. Cases with MPS V1 [39] and MPS VII [40] have been
also reported with improvements of visceral organs. These types of MPS are thought to be
clinically impacted by HSCT. Meanwhile, there has been only one case with MPS 1A that
describes the detailed clinical consequence until now [4, 5, 13, 41, 42].
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Improvement of pre-existing skeletal phenotype by HSCT in the present and reported cases
with MPS remains partial and unmet challenges because bone abnormalities are irreversible
at the time of the transplant. During the perinatal life, patients with MPS appear nearly
normal at the skeletal development [5, 11, 12, 21, 34, 43]. Therefore, one can speculate that
the first months of life is the best window of opportunity for preventing bone deformities in
patients with MPS. According to this perspective, a long-term clinical outcome of patients
with MPS depends upon whether HSCT prevents the progression of the disorder and
provides maximal benefit when performed early in life [5, 11, 12, 21, 34, 43].

For the past years, bone marrow has been used as a primary donor source for HSCT, but the
availability of donors has been limited. To date, cord blood is recognized as another useful
source of HSCT for MPS. Full-donor chimerism and normal enzyme levels are frequent
during the follow-up period [37, 44]. HSCT with cord blood has several advantages such as
1) easy procurement, 2) no risk to donors, 3) low risk of transmitting infections, 4)
immediate availability, and 5) immune tolerance allowing successful transplantation despite
HLA disparity [45]. Cord blood transplantation also improves neurocognitive development
in children with Hurler syndrome [37].

Patients with MPS IVA often require surgical interventions such as cervical fusion,
decompression of spinal cord, osteotomy, and hip replacement through their lifetime. In
general more than four times surgical interventions are required for most Morquio A patients
until mid-twenties [2, unpublished data]. Therefore, a substantial reduction in the number of
surgical interventions in treated patients here indicates a marked therapeutic effect of HSCT.

Achievement of walking was improved or stabilized in three cases without any surgical
intervention and spinal cord compression which requires surgical intervention has not been
recognized in any case. One case required the surgical intervention of osteotomy one year
later and was maintained in a stable condition. All four cases can live and walk
independently while 70% of patients with MPS IVA become wheelchair-bound and crawling
in the teenage years, as did Case 4 at pre-BMT [2]. Clinical course post HSCT improved
over pre-HSCT status in the disappearance of orthopnea and loud snoring as well as ADL.

Overall, the progression of skeletal dysplasia is slowed and prevented.

The pattern of growth in patients with MPS IVA is characterized by impaired growth
velocity by the first year of age that later progresses throughout life. Growth stops in patients
with MPS IVA up to 3-8 years of age, as observed in the patient with a severe phenotype
here [2-6]. Therefore, this accounts for why growth impact is not enough evident for the
present cases even if we consider the mean final height of Japanese patients with MPS IVA
(male Morquio; 107.5 £ 21cm, n = 12, female Morquio; 96.5 cm £ 11 cm, n = 10). Thus, in
spite of improvement or maintenance of ADL and MPS symptoms, impact on the growth
remains limited since HSCT was conducted at the age of 4-15 years.

Symptoms and signs in patients with Morquio A would worsen year by year with
progressive motor and respiratory dysfunctions. Respiratory failure with tracheal obstruction
and restrictive lung is one of the most important causes of morbidity and mortality in
patients with MPS IVA [10, 46]. None of patient treated with HSCT in this study showed
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any significant tracheal obstruction or respiratory problem until now. Thus, our results
indicated that respiratory function has been improved without any evidence of tracheal
obstruction and that no immediate life-threatening issue is observed.

There are several limitations to evaluate 4 cases: 1) still hard to assess therapeutic efficacy
precisely because of variability of the clinical severity, the disease stage, and age at HSCT in
each case, 2) small number of 4 cases as described here may not be applied to other patients,
and 3) direct comparison between treated and untreated clinical status in the same patients is
impossible. Therefore, it is required to accumulate more data of the HSCT-treated patients
retrospectively as well as prospectively.

When compared with ERT, the advantages of HSCT are 1) that it is a one-time permanent
treatment if fully engrafted, 2) that the enzyme can be supplied and circulated at the same
level as the donor’s level for the lifetime continuously, 3) that the enzyme expressed in bone
marrow will access the targeting site, bone, and cartilage readily, and 4) that cost is effective.

It has been thought that the HSCT procedure provides a high mortality rate in patients with
MPS. There has been no mortality in patients with MPS IVA treated by HSCT in our study
with minimum adverse effect. With the improved protocol, and with consideration of the
selection and condition of the patient and the type of donor, the risk of HSCT could be
minimized.

In conclusion, results of successful HSCT in four patients with Morquio A indicate that
HSCT should be a therapeutic option for patients with Morquio A. We cannot conclude
whether HSCT under the current regime is effective in entire patients with Morquio A, but
long-term evaluation of patients as described here and accumulation of data from additional
patients receiving HSCT should clarify this issue and define indication of HSCT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Successful four cases of HSCT are presented.
. Effect and limitation of HSCT for MPS IVA are described.
. Early HSCT provides a better therapeutic effect.
. Established bone lesion remains an unmet challenge.
. HSCT should start at a very early stage prior to the irreversible bone

lesion.
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Figure 1. Growth charts for patients with Morquio A
The baseline of growth charts in untreated patients with Morquio A was revised from

Montano et al. (2008) and Tomatsu et al. (2012). The average of the final height in patients
with Japanese Morquio A is 90 cm (female) and 95 cm (male).
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Figure 2. ADL score in patients with Morquio A with or without HSCT. The graph shows the
mean of the score for each item (HSCT, n = 4; untreated, n = 21; normal controls, n = 14)

All subjects are over 20 years of age.
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A. Five years old (1 year post-BMT)

B. 16 years old (12 years post-BMT)
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C. 22 years and 25 years (18 years and 21 years post-BMT): except hip joint x-ray (c)

all pictures are taken at 25 years of age.

Figure 3. X-ray and MRI photographs after BMT at five years, 16 years, 25 years (Case 1: 1
year, 12 years, and 21 years post-BMT)

A. 5 years old (1 year post-BMT)

a.

Cervical spine: Dysmorphic changes (platyspondyly and oval shape with
anterior beaking) of the cervical vertebra with widening of disc spaces are
observed. The thickness of the cervical spine itself is reduced in order
from the second cervical vertebra, and intervertebral distance is narrowed.
No evidence of cervical spine instability is seen.

Chest and hip: The upper thorax is narrow. The thorax is also squeezed to
the left diaphragm elevated. Formation of the acetabular bottom is wrong.
The femoral head is recessed in the femoral neck that has been reduced
itself. Both femoral heads with dysmorphic changes are in a position of
subluxation.

Spine: Thoracolumbar body is thin and flat with marked osteodysplasia.
Tongue-like anterior beaking of the lumbar vertebrae appears. The
vertebrae spaces are wide.

Lower extremities: Genu valgum is observed. Expansion of both distal end
of the femur and the proximal end of the tibia are seen.

Hands: Hand phalanges, metacarpals, and carpal have marked dysplasia.
Bilateral hand radiographs show the cone-shaped tapering of the distal
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portion of metacarpals 2 through 5, expansion of the radius distal end, and
shortening of the ulna distal end.

Upper extremity: Both proximal and distal ends of the humerus and the
forearm bones are swollen, and the forearm bones are curved. The hands
take on a characteristic with tilting of the radial epiphysis towards the
ulna, resulting from a combination of metaphyseal deformities, hypoplasia
of the bones, and degradation of connective tissues.

B. 16 years old (12 years post-BMT)

a.

Cervical spine: Compared to that at 5 years old, ossification failure of the
entire cervical spine has become more sophisticated. Dysmorphic changes
(platyspondyly and oval shape with anterior beaking) of the cervical
vertebra with widening of disc spaces are not changed.

Chest: Oar shaped ribs remain wide and are over constricted in their
paravertebral portions.

Spine: Bony changes of the lumbar spine with anterior inferior beaking
and platyspondyly of the vertebrae remain evident.

Hip and Femur: Acetabular space is more expanded in a position of
subluxation, and the femoral cap is not observed. There are an oblique
acetabular roof with coxa valgus deformity and flared iliac wings. Coxa
valga appears, and genu valgum is improving.

Knee and tibia: Persistent genu valgum is seen (left leg is more severe than
right leg). The medial tilt of the ankle mortise is noted.

There is no evidence of cervical myelopathy due to compression of
cervical spinal cord in the first and second cervical vertebrae.
Platyspondyly of cervical vertebrae is observed.

The tapered irregular distal radius and ulna are observed with tilting of the
radial epiphysis towards the ulna. Remarkable swelling of the humeral and
radial distal end is prominent. Ossification failure of carpal is notable.

C. 25 years (21 years post-BMT): hip joint X-ray (c) are taken at 22 years of age.

a.

Cervical spine: Dysmorphic changes of the cervical vertebra with
widening of disc spaces remain present. Cervical vertebrae become
thinner, but the extent of ossification is kept. No evidence of cervical spine
instability is seen.

Cervical spinal cord: Mild compression of the spinal cord is seen, but
cervical myelopathy is not noticed.

The femoral neck has been damaged and shortened. Ossification of the
entire pelvis is well maintained. Oblique acetabular roof with coxa valgus
deformity and flared iliac wings are observed. Subluxation of the hip
joints is seen.
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d. Bilateral genu valgus can be seen, and intense deformation and swelling of
the knee joint are observed. The mild curvature of the femur can be seen.

e. MRI of spine shows slight compression of the cervical spinal cord.
Universal platyspondyly with anterior beaking is observed in cervical and
thoracic vertebrae.

f. An elbow joint is swollen, and its destruction is in marked. The curvature
of the ulna and radius is seen with tilting of the radial epiphysis towards
the ulna in the distal end. Cortical thinning and mild widening of the
diaphysis of the humerus are visible.
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Figure 4. X-ray and MRI photographs after BMT at 17 years of age (Case 2: 9 years post-BMT)

a.

Cervical spine: The picture depicts anterior subluxation of the atlas
secondary to odontoid hypoplasia.

Hip: the femoral head is not seen as collapse, the acetabular cover is
destroyed, and hypoplasia of the lower iliac with flared iliac wings is
marked. Coxa valga is maintained.

Knee: Knee joint is swollen (distal femoral end and tibial proximal end).
Synovial membrane surface is irregular, and cartilage is destroyed.

Humerus and forearm bones are shortened. Swelling of the elbow is
marked, and destruction of the elbow joint causes a strong contracture,
leading to the extension limit. The irregular distal radius and ulna and
tilting of the radial epiphysis towards the ulna are observed.
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L)

Figure 5. X-ray and MRI photographs after BMT at 24 years of age (Case 3: 9 years post-BMT)

a.

Cervical spine: Skull is thickened, and Sella Tunica is not enlarged. The
picture shows no anterior subluxation of the atlas with ossification of the
odontoid process. Mild anterior central beaking of the vertebra is observed
with a round shape. The cervical spine is thin, and intervertebral space is
expanding. There is neither compression of the cervical spinal cord, nor
cervical myelopathy.

Chest: Development of the rib cage is almost normal, and interval of ribs
is also close to normal. Deformation of the ribs itself is not seen almost.

Spinal Cord: MRI of cervical spine shows no subluxation of the neck
vertebrae and compression of the spinal cord. Vertebral bodies are mildly
affected.

Hands: Bilateral hand radiographs in a patient aged six years. Tapering of
the proximal portion of metacarpals is not seen with ossified carpal bones.
The distal portion of the radius tilted toward the ulna is observed mildly.
Metacarpal bones of the second to fifth fingers are slightly shortened, and
cone-shaped variation of the proximal end is mild.

Spine: X-ray of the thoracolumbar transition shows that thickness of
vertebral bodies and intervertebral space are kept normal, corresponding to
an intermediate type of MPS IVA.

Pelvis: Mild spondylosis-epiphyseal dysplastic femoral heads and oblique
acetabular roof are observed. Both femoral heads are well positioned in
hip joints.
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Figure 6. X-ray photographs at 26 years of age (Case 4: 11 years post-BMT)

a.

Hip: Femoral head is fitted into the femoral neck, and femoral neck is
rudimentary. The acetabular roof is destroyed, and the iliac has been
scraped off the top with flared iliac wings. Coxa valga is seen. Both
femoral heads are well positioned.

Knee and lower extremity: Knee joint is hypoplasia of the bone, defined as
severe. Femur and the entire lower leg have ossification failure.

Chest: Thorax diaphragm is lifted, and chest cavity is compressed. The
space between the ribs is also narrow, and the deformation of the ribs is
seen, leading to a reduction in air content of the thoracic cavity inferred.

Thoracolumbar spine: Thoracolumbar vertebral bodies are flattening, and
anteriorly beaking like tongue-shaped deformation. The intervertebral
body space is enlarged. Platyspondyly and anterior beaking of
thoracolumbar vertebra were almost unchanged 11 years later post-BMT.

Upper extremity: Due to a high degree of dwarfism, humerus and forearm
bone are shortened, and swelling of the elbow is marked. Destruction of
elbow joint leads to a strong contracture and the extension limit.
Shortening of the metacarpal bone and carpal ossification of failure are
marked.
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Table 1
Summary of patients with Morquio A
Case 1 Case 2 Case 3 Case 4
Gender F M M M
Present age 25 years 36 years 31 years 26 years
Diagnosis 1.5 years 4 years 12 years 14 years
Age at transplantation 4 years 8 years 15 years 15 years
Follow up duration 21 years 28 years 16 years 11 years
busulfan (20 mg/kg ), busulfan (4 mg/kg),

cyclophosphamide
(200 mg/kg), anti T-
lymphocytic globulin

cyclophosphamide (200 mg/
kg), thoracoabdominal
irradiation 8 Gy

Regimen of BMT

Detailed data not avialble
(Performed at Nippon Medical
School)

cyclophosphamide (50 mg/kg), anti
T-lymphocytic globulin (15 mg/kg/

(10 mg/kgiday) day)
Genotype p.M318R/undefined Double deletion/p.Q148X ins ex1/undefined Undefined
Donor HLA-identical sibling  HLA-identical unrelated donor  HLA-identical heterozygous sibling  HLA-identical heterozygous sibling
GVHD grade | grade | None None
Engraftment Full Full Full Full
Enzyme activity Normal Normal carrier level carrier level

Walking walk independently walk independently walk independently walk independently
Height 113 cm at 20 years 115 cm at 24 years 137 cm at 18 years 103 cm at 25 years
ADL score (full score *
60: higher is better) o9 = =8 341046
Other MPS
Symptoms (full score 50 425 51 4410567
60: higher is better)
Orthopedic Surgical .
Intervention post ND ND ND Osteotomies ofebaortsh femurs at 16
BMT Y
ND: not done

*
pre-BMT to post-BMT

Mol Genet Metab. Author manuscript; available in PMC 2017 February 01.



	Abstract
	1. Introduction
	2. Subjects and Methods
	Subjects—All four patients were diagnosed by the enzyme assay of GALNS at Department of Pediatrics, Gifu University. Genotyping was also performed at Gifu University by PCR amplification of all 14 exons and exon/intron boundaries, followed by direct sequencing [24, 25]. We conducted HSCT for four patients with Morquio A (age at HSCT: 4–15 years, mean 10.5 years) and followed them at least 10 years (range 11–28 years; mean 19 years). Current age ranged between 25 and 36 years of age (mean 29.5 years). We defined the clinical phenotype by height according to the growth chart of Morquio A [3, 6]. Among four HSCT-treated patients, three patients (2 males and 1 female) had a severe phenotype (their height < 75th percentile on the growth chart of Morquio A patients), and one male patient had an attenuated phenotype (their height > 75th percentile on the growth chart of Morquio A patients) (Table 1).Questionnaires for Activity of Daily Living (ADL) and MPS symptoms—The questionnaires for ADL and MPS symptoms were described previously for patients with Hunter syndrome [21]. Briefly, the questionnaire (12 items) consisted of three domains (“Movement,” “Movement with Cognition,” and “Cognition”); each with four subcategories scored from 0 – 5, 0 being the inability to perform task without maximum assistance, and 5 being the ability to perform a task without any assistance. “Movement” comprised basic motor skills needed for normal daily function with the subcategories: 1) walking, 2) movement on stairs, 3) grasping/finger movement, and 4) endurance in a 6-minute walk (6 MWT). “Movement with Cognition,” daily activities that required some level of cognitive awareness, comprised 1) toileting, 2) changing clothes, 3) bathing, and 4) eating. For “Cognition,” subcategories included 1) understanding of everyday conversation, 2) conversation and speaking with others, 3) social participation and 4) problem solving. The maximum possible score that could be obtained was 20 per domain with a total of 60 points.In another questionnaire, twelve symptoms specific to MPS were assessed including: work/study, behavioral problems, sleep, pain, joint flexion, respiratory status, infection, vision, hearing, skin, hair, and appetite. These were all scored on 0 – 5 scales and total score were 60.Questionnaires were sent to families, completed directly by the patient and/or the patient’s parent/guardian, and then returned to the study group. Three of 4 patients here and 16 untreated patients over 20 years of age answered the questionnaires. Sixteen untreated patients ranged between 20 and 43 years of age (mean; 32.7 ± 7.4 years). The scores from healthy controls (0.33 – 50 years) were described previously [21].
	Subjects
	Questionnaires for Activity of Daily Living (ADL) and MPS symptoms


	3. Clinical course in patients with Morquio A
	Case 1
	Clinical history
	Radiographs (Fig. 3)

	Case 2
	Clinical history
	Radiographs (Fig. 4)

	Case 3
	Clinical history
	Radiographs (Fig. 5)

	Case 4
	Clinical history
	Radiographs (Fig. 6)


	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

