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Abstract

Background: Mucopolysaccharidoses (MPSs) are a group of lysosomal storage disorders caused by the deficit of
lysosomal hydrolases involved in the degradation of glycosaminoglycans (GAGs). The course is chronic and progres-
sive, with multisystemic involvement that often leads to cardiovascular disease. We describe the overall incidence
and type of cardiac damage in a cohort of Italian MPS patients, and their progression over time, also with reference to
treatment efficacy in patients under Enzyme Replacement Therapy (ERT). Moreover, we report a possible association
between genetic variants and cardiac phenotype in homozygous and hemizygous patients to understand whether a
more aggressive clinical phenotype would predict a greater cardiac damage.

Results: Our findings confirm that cardiac involvement is very common, already at diagnosis, in MPS VI (85.7% of

our cohort), and in MPS Il (68% of our cohort) followed by MPS | subjects (55% of our cohort). The most frequent

heart defect observed in each MPS and at any time-point of evaluation was mitral insufficiency; 37% of our patients
had mitral insufficiency already at diagnosis, and 60% at post-ERT follow-up. After at least six years of treatment, we
observed in some cases (including 6 MPS I, 2 MPS IV and 2 MPS VI) a total regression or improvement of some signs of
the cardiac pathology, including some valve defects, though excluding aortic insufficiency, the only valvulopathy for
which no regression was found despite ERT. The general clinical phenotype proved not to be strictly correlated with
the cardiac one, in fact in some cases patients with an attenuated phenotype developed more severe heart damage
than patients with severe phenotype.

Conclusions: In conclusion, our analysis confirms the wide presence of cardiopathies, at different extent, in the MPS
population. Since cardiac pathology is the main cause of death in many MPS subtypes, it is necessary to raise aware-
ness among cardiologists about early cardiac morpho-structural abnormalities. The encouraging data regarding the
long-term effects of ERT, also on heart damage, underlines the importance of an early diagnosis and timely start of
ERT.
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(GAGs), with consequent substrate accumulation in vari-
ous cell types and tissues, and progressive multi-organ
dysfunction. Eight distinct subtypes of MPS (I, I, III, IV,
VI, VII, IX and X), the result of 12 enzyme deficiencies,
have been described. All MPSs are inherited in an auto-
somal recessive manner except MPS II, which follows
an X-linked inheritance pattern. The incidence of MPSs
varies within each disorder and in different populations
and ethnic groups, with a global prevalence between 1.9
and 4.5:100,000 live births [1]. Patients with MPS gener-
ally appear normal at birth, but later on they may develop
multiple clinical manifestations including coarse facial
features, skeletal abnormalities leading to growth impair-
ment, poor joint range of motion, organomegaly, corneal
clouding, hearing loss, valvular heart disease, cardiac
hypertrophy. Also neurological involvement is present
in MPS IH (Hurler), in the severe forms of MPS II and
VII, in most MPS III patients [2, 3]. MPS diagnosis pro-
ceeds from clinical suspicion, going through biochemical
analysis, including urinary GAGs and enzymatic assays,
and finally is confirmed by molecular diagnosis. Beyond
symptomatic therapy, substantial progress has been
made in the last years in understanding the pathophysi-
ology of lysosomal storage disorders, leading to newly
targeted therapeutic options [4]. Hematopoietic stem cell
transplantation (HSCT) has been successfully applied
almost exclusively in Hurler syndrome and rarely in other
MPSs [5], and the best results were obtained when it was
performed before the age of two [1, 6—8]. The observa-
tion that genistein considerably inhibits the synthesis
of GAGs in cultured fibroblasts [9], at some extent also
registered in the MPS II mouse model [10], suggested the
use of this molecule as substrate reduction therapy for
these patients [11], although its clinical efficacy remains
uncertain to date. Enzyme replacement therapy (ERT) is
currently available for five types of MPS (MPS I, MPS II,
MPS IVA, MPS VI, MPS VII). It has been widely dem-
onstrated that ERT is effective in reducing urinary GAG
excretion, mostly resolving hepatosplenomegaly and
improving cardiopulmonary function [12, 13]; moreo-
ver, ERT proved to be safe, so that it is currently practi-
cable in home setting for some MPS subtypes [14]. Gene
therapy was also considered as a therapeutic option for
MPSs [15], however its application in clinical practice is
still rare.

One of the most important clinical aspects of MPSs is
cardiovascular pathology, which is frequent and with a
wide spectrum of manifestations [16, 17]. Cardiac abnor-
malities occur in all MPS subtypes, with the most com-
mon being valvular defects and cardiac hypertrophy, that
are the result of GAG accumulation in the spongiosa
of cardiac valves, myointima of coronary arteries and
myocardium [2]. The onset and extent of cardiovascular
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involvement differs for each MPS type, however cardio-
vascular system impairment significantly increases mor-
bidity and mortality in affected patients [18, 19].

In this paper, we describe the overall incidence and
characteristics of cardiac damage in a cohort of MPS
patients enrolled in a multicentre, retrospective Italian
survey.

The aim of the study was to assess which and how many
cardiac defects were present since diagnosis, overall and
for each type of MPS, in order to understand if any path-
ological cardiac signs in a suspected patient could help to
address the correct diagnosis. We also evaluated the pro-
gression over time of the heart involvement, also in refer-
ence to treatment efficacy in patients under ERT. Finally,
we searched possible associations between each variant
and the cardiac phenotype in homozygous and hemizy-
gous patients, to understand whether a more severe clini-
cal phenotype necessarily predicts a more serious cardiac
damage.

Results

General characteristic of the population enrolled

Sixty patients, 37 males and 23 females, age range
3-51 years at the time of enrolment, affected by 5 differ-
ent MPS subtypes (9 patients with MPS I; 16 with MPS
II; 8 with MPS IIIA; 5 with MPS IIIB; 1 with MPS IIID;
12 with MPS IVA; 2 with MPS IVB; 7 with MPS VI) were
enrolled in the study.

The overall mean age at diagnosis was around 5 years,
with the minimum age of 4 months in a MPS I sub-
ject, attributable to a known familiarity for the pathol-
ogy (commonly, in fact, clinical symptomatology is not
present so early). The maximum age of 44 years was
instead reported in MPS II, for a patient presenting a
very attenuated non-neuropathic phenotype. By relating
the diagnostic timing to the type of MPS, we observed
that the peak of diagnoses occurred between the 1st
and the 3rd year of life for MPS II (median=2.85 vy),
MPS IV (median=2.75 y) and MPS VI (median=1.8 y).
For MPS I we found two peaks, one within the 1st year
of life, probably due to the early signs present in some
patients, and the other between the 3rd and the 10th
year, referable to more attenuated forms of disease (over-
all median=4.0 y). As for MPS III, the apex of diagno-
ses was reached between the 3rd and the 10th year of
life, probably due to the progressive nature of the disease
and to non-specific neurological symptoms exhibited by
these patients, which made difficult the differential diag-
nosis with other neurodegenerative diseases. Specifically,
median value was 5.3 and 6.0 years for MPS IIIA and
MPS IIIB, respectively.

Regarding treatment, data collected showed that: 4
patients (7%) (3 with MPS I and 1 with MPS II) had
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received hematopoietic stem cell transplantation, 5
patients (8%) with MPS III were treated with genistein
(substrate reduction therapy), 40 patients (67%) (6
patients with MPS I, 15 with MPS II, 12 with MPS IVA, 7
with MPS VI) were on ERT, one of which had previously
received HSCT. For eleven patients (18%) (9 affected by
MPS III and 2 by MPS IVB) no treatment was available.

As for ERT, the most common treatment applied,
Table 1 shows average values (in years) of the time
elapsed between diagnosis and initiation of ERT, and
of the age at start of ERT for each MPS. Consider-
ing the forty patients on ERT, the average time elapsed
between diagnosis and start of treatment was 5 years and
10 months (median 3 years), while the mean age at start
of ERT was 10 years and 5 months (median 7 years and
4 months).

Description and evolution of cardiac pathology

in the population examined in the three time-points
considered

Data analysis evidenced that 32 out of 60 patients (53%)
showed cardiac involvement at the time of diagnosis and
50 out of 60 (83%) at T1, the time at enrolment in this
study.

Figure la shows cardiac involvement found in the
cohort of patients at diagnosis, grouped by MPS sub-
type. At diagnosis (TD) cardiac involvement was a very
common finding in patients with MPS VI (85.7% of the
patients) and MPS II (68% of the patients), followed by
MPS I (55% of the patients). Overall, 37% of all examined
patients had mitral insufficiency, 13% had aortic insuf-
ficiency, 10% had ventricular hypertrophy at TD, while
the other cardiac manifestations presented with a lower
incidence.

It is interesting to highlight the relationship between
the age of the patients at the time of diagnosis and their
cardiac involvement. Out of the 6 patients diagnosed
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within the first year of life, 2 had cardiac involvement at
diagnosis: a patient with a classical form of MPS IVA,
who had only a mild tricuspid insufficiency and a patient
with a rapidly progressing form of MPS VI, who pre-
sented aortic insufficiency and mild mitral stenosis. Out
of 24 patients diagnosed between the 1st and the 3rd
year of age, 14 had cardiac disease at the time of diagno-
sis, including a patient with MPS IIIB. Particularly, it is
striking to observe that out of the 5 patients with MPS
VI diagnosed in this age group, 4 (80%) already presented
cardiac pathology at TD. Out of 24 patients diagnosed
between the 3rd and the 10th year of age, 15 presented
heart disease at TD; all MPS I patients diagnosed in this
age group already showed cardiac involvement at the
time of diagnosis; the only patient with MPS VI in this
group, with a mild clinical phenotype, had moderate
mitral insufficiency already at TD. Out of the 6 patients
diagnosed over 10 years of age, 3 had heart disease at
TD; five patients presented an attenuated clinical pheno-
type and there was one MPS IIIB patient with a severe
phenotype who did not present any cardiac diseases at
TD.

Figure 1b shows cardiac involvement found in the
cohort of patients at TO, the closest time point before the
start of therapy, in relation to the MPS subtype. As previ-
ously mentioned, the clinical evaluation at this time point
was not possible for MPS III and MPS IVB patients, for
which no therapy was available. At TO, the incidence of
cardiac involvement increased especially among patients
affected by MPS II (87.5% of MPS II patients) and by
MPS IVA (50% of MPS IVA patients). In particular, we
recorded an increased incidence with respect to TD,
for tricuspid insufficiency (from 3% of patients at TD to
17% of patients at T0), for conduction disorders (from 5
to 15%) and for mitral stenosis (from 6% to 11.7%) while
the incidence of other cardiac disorders remained almost
unchanged.

Table 1 Main characteristics of the MPS patients enrolled in the present study

MPS subtype Number of pts Clinical phenotype Age at Time between diagnosis Age at start of

(male; female) diagnosis and start of ERT (years)® ERT (years)®
(years)®

MPS | 9 (6 M; 3F) 6 non-neuropathic, 3 neuropathic 254 2" 15418 6.2+6

MPS I 16 (15 M; 1F) 6 non-neuropathic, 11 neuropathic 4643% 4648 1054+ 10%

MPS HIA 8 (5M; 3F) 1 mild, 7 severe 6.27£5 - -

MPS 1IIB 5 (2 M;3F) 5 severe 42843 - -

MPS IID 1 (1 M; OF) 1 severe 548 - -

MPS IVA 12 (4 M; 8F) 5 slowly progressing,7 rapidly progressing 3342 95499 12.8+10

MPS IVB 2 (2 M; OF) 2 slowly progressing 10+£3 - -

MPS VI 7 (2 M; 5F) 2 slowly progressing, 5 rapidly progressing 2407 4743 6.7+3

# One patient, diagnosticated at fourteen years of age, was excluded from the average. *One patient, diagnosticated at forty-four years of age, was excluded from the

average; ®data expressed as mean = standard deviation
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Fig.1 (A) Cardiac involvement at the time of diagnosis based on the MPS subtype. (B) Cardiac involvement at TO based on the MPS subtype. (C)
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Figure 1c shows the cardiac involvement reported in
the cohort of patients at T1, the time of enrolment in this
study, with reference to the MPS subtype. At T1, the inci-
dence of cardiac diseases in our population increased for
each MPS subtype, especially for MPS III patients (from
35.7% at TD to 71% at T1) and for MPS I patients (from
55% at TO to 78% at T1), including almost all subjects in
the case of MPS II and MPS VI (94% and 100%, respec-
tively). At T1 we recorded an increased incidence espe-
cially for mitral insufficiency (from 37% of patients at
TO to 60% of patients at T1) and for aortic insufficiency
(from 17% of patients at TO to 43.3% of patients at T1).
Figure 2 shows representative echocardiographic images
evidencing mitral and aortic insufficiencies in two MPS
VI patients under ERT.

Considering the entire population under exami-
nation, mitral insufficiency was the most frequently
encountered cardiac pathology, both at diagnosis
(Fig. 1A) and at follow-up times (Fig. 1B, C), in all MPS
subtypes. The second most frequent cardiac pathol-
ogy was aortic insufficiency. Mitral stenosis, tricuspid
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insufficiency, aortic stenosis, ventricular hypertrophy,
heart failure, conduction disorders and cardiomeg-
aly were less frequently registered. Arrhythmias were
rare and there were no cases of congenital cardiac
abnormalities requiring cardiac surgery. In general,
along with disease progression there was a substantial
increase in aortic insufficiency and mitral insufficiency
at T1, compared to the time at diagnosis, as well as an
increased incidence of other cardiac pathologies, con-
firming the degenerative nature of this group of met-
abolic diseases. Multiple heart manifestations were
frequently found in a single subject. The most common
comorbid cardiac disorders were mitral insufficiency or
steno-insufficiency and aortic insufficiency, sometimes
even associated with aortic stenosis. Ventricular hyper-
trophy, or more correctly pseudohypertrophy, was
often associated with valvular defects of the left heart
but it did not correlate with the heart failure. Heart
failure, instead, was often associated with severe mitral
stenosis and aortic steno-insufficiency, as well as with
conduction disorders.

Ld A4C

52.08 mm)
LVEDV MOD A4C 47 ml|

and colour jet (d) evidencing a moderate-severe valve insufficiency

Fig. 2 Representative echocardiographic images from two MPS VI patients. Aortic valve insufficiency in colour flow from apical four chambers view
(a) and parasternal long axis (b), evidencing the thickness of valvular leaflets. Mitral valve in apical four chambers (c), showing mixomatous leaflets,
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Description and evolution of cardiac pathology

in the different MPSs

Among MPS I valvular disorders the most frequent were
mitral insufficiency, aortic insufficiency, mitral stenosis,
aortic stenosis and tricuspid insufficiency, ordered by
incidence. Cardiomegaly and conduction disorders were
rare. For MPS I there was no regression of valve damage
either in patients undergoing ERT or in those receiving
HSCT. Only one patient, who received HSCT just before
the age of 11, showed complete regression of cardiomeg-
aly, but with no effects on valvular disease.

The highest incidence of mitral insufficiency occurred
in MPS 11, along with a large spectrum of valvular defects,
conduction abnormalities, arrhythmias and ventricular
pseudohypertrophy. In 3 MPS II patients, including 2
with neuropathic and 1 with non-neuropathic phenotype,
we registered a total regression of mild tricuspid insuffi-
ciency approximately 6 years after the beginning of ERT
(T1). In 3 other MPS II subjects, 2 with neuropathic and
1 with non-neuropathic phenotype, a total regression of
mild mitral insufficiency was documented in the assess-
ment conducted approximately 6 years after the start of
ERT. Of the remaining MPS II patients (N=10), only
one received HSCT at about 3 years of age and devel-
oped only mild aortic regurgitation at T1 (about 20 years
after transplantation). In the other 9 patients, the heart
damage found at diagnosis, remained stable during the
follow-up or worsened despite ERT. For 7 of these 9
patients, the T1 assessment was conducted within 6 years
from the start of ERT.

In MPS III, as expected, cardiac involvement was pre-
sent, but it was less heterogeneous, essentially showing
mitral and aortic insufficiency. Of the 14 MPS III sub-
jects, only 5 presented heart disease at diagnosis, while
the incidence doubled at T1 (10/14), with progressive
worsening of the valve disease. The remaining 4 patients
did not develop any heart damage.

In MPS IVA, we found the highest number of patients
with right valvular defects, specifically tricuspid insuf-
ficiency (4 out of 12 examined subjects). In 2 MPS IVA
patients, examined at T1 less than 1 year after the start
of ERT, a correction of the arrhythmias, present at diag-
nosis, was observed together with the reduction of ven-
tricular hypertrophy in one case and cardiomegaly in the
other one. In all other patients, heart damage remained
stable or worsened. This is probably due to the fact that
ERT for this type of MPS has only been available for a
few years and therefore in many cases the assessment
at the time of enrolment (T1) was too close to the start
of therapy. Of the 2 patients with MPS IVB, both with
slowly progressive phenotype, only one developed valvu-
lar heart disease that worsened over time, as no therapy
was available.
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MPS VI patients showed a wide variety of cardiac dis-
orders. Compared to other MPSs, heart failure was more
frequent in these patients. Of the 7 MPS VI subjects
examined, the only one with a mild clinical phenotype
showed a reduction in the degree of mitral insufficiency
after about 6 years from the start of ERT, however devel-
oping mild aortic insufficiency during the follow-up. In a
patient with a severe phenotype, there was a total regres-
sion of moderate tricuspid insufficiency and mild heart
failure at evaluation, about 10 years after the start of ERT.
However, he developed severe tricuspid stenosis. In the
other cases of MPS VI, heart damage, especially valve
damage, worsened over time.

Considering the entire population under examination,
for aortic insufficiency we could not find any degree of
regression in spite of the therapy. At T1, it was, indeed,
often recorded an appearance or an aggravation of aor-
tic regurgitation, with an incidence rate, which doubled
from the time of diagnosis to the enrolment in this study.
At time TO, pre-therapy, we saw an incidence rate of tri-
cuspid insufficiency almost comparable to that of aortic
insufficiency. After the start of therapy, the incidence of
aortic insufficiency increased significantly while the same
did not happen for tricuspid insufficiency, the incidence
of which slightly increased.

Regarding heart involvement following HSCT, we
could not see any positive outcome of the treatment in
preventing or stopping the progression of valve damage
in any of the 4 transplanted patients.

Considering the 40 patients who underwent ERT, the
incidence of tricuspid insufficiency was 10/40 (25%),
both at TO and T1, while the incidence of aortic insuffi-
ciency doubled from 20% (8/40) at TO to 40% (16/40) at
T1. For the most frequent sign, i.e. mitral insufficiency,
in patients under ERT, the incidence was 11/40 (27.5%) at
TO0 and 16/40 (40%) at T1. Thus, the increase in incidence
following therapy was slightly lower for mitral insuffi-
ciency compared with aortic insufficiency.

Cardiac damage in relation to ERT starting age

Figure 3 shows patients in ERT grouped by age at start of
treatment, analysed as MPS subtype, clinical phenotype
and the presence of cardiac damage at TO and T1. Only 3
patients (2 MPS I and 1 MPS II) started ERT within their
first year of life and, two of them, a MPS I with Hurler-
Scheie phenotype and a MPS II with neuropathic phe-
notype, developed heart damage. Specifically, the MPS I
patient developed mild mitral and tricuspid insufficiency,
while the MPS II patient, showed only conduction disor-
ders at ECG. Both patients did not develop severe heart
disease, possibly suggesting that a very early ERT admin-
istration may not prevent heart damage, though it might
mitigate its progression.
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Fig. 3 Patients undergoing ERT clustered by age at the start of ERT treatment (n =40)

Nine patients started ERT between the first and
the third year of life, and 8 of them (89%) developed a
severe clinical phenotype. The one developing a non-
neuropathic phenotype was a MPS II subject showing
at diagnosis mild aortic and mitral insufficiencies, which
completely regressed at T1. Two patients with severe
phenotype, showed cardiac involvement only at T1: a
MPS II patient presenting mild aortic stenosis and mild
mitral insufficiency; and a MPS VI patient developing in
few years a moderate mitral insufficiency and a left ven-
tricular hypertrophy.

Most of the patients under examination started ERT
between the 3rd and the 10th year of life and 10 of them
(62.5%) presented with a severe clinical phenotype. This
data should be analysed considering that for many of
these patients ERT was unavailable for some years after
diagnosis. Thirteen patients out of 16 (81%) showed car-
diac involvement at diagnosis and this percentage already
increased at TO (94%). In only one patient, presenting
a neuropathic form of MPS II, a regression of the mild
mitral regurgitation reported at diagnosis, was observed
at T1, approximately 6 years after the start of ERT. Six
patients (37,5%) showed a stable heterogeneous and
moderate/severe cardiac involvement.

Of the 12 patients who started ERT after 10 years of
age, 75% (9/12) had a mild/moderate clinical pheno-
type. Despite this, 7 of them showed cardiac involve-
ment before the start of treatment, including 5 MPS II
patients, one with a neuropathic phenotype and 4 with

an attenuated phenotype. Only 2 patients, a MPS I and
a MPS IVA, did not develop any cardiac involvement. In
5 (4 MPS II and 1 MPS IVA) of these 12 patients (42%)
a moderate valvular heart damage was found, and in the
whole cluster following ERT there was no regression, but
rather a worsening, of pre-existing heart diseases, even in
patients with mild phenotype.

By evaluating how therapy could influence severity and
progression of each cardiac defect, we found that the
most frequent cardiac pathology was mitral insufficiency,
regardless to the start of ERT or the length of treat-
ment. The incidence of aortic insufficiency, on the other
hand, increased with increasing age at start of treat-
ment. Ventricular hypertrophy and conduction disorders
appeared more diffused in patients treated before 3 years
of age; however, we interpreted this data in the light of a
more severe phenotype that led to earlier diagnosis and
therapy.

Cardiac phenotype and genomic variants

Molecular diagnosis was available for 50 of the 60 patients
enrolled (83%), and previously described [20]. Table 2
shows the genetic variants found either in homozygosis
(HO) or in hemizygosis (HE) (for MPS II) and the related
clinical phenotypes, with particular reference to cardiac
involvement, this allowing to possibly evaluate the effect
of each single mutation on the patient cardiac phenotype.
In a few cases, our data was also compared to cardiac
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Table 2 List of variants identified in hemyzygotic and homozygotic patients and related cardiac phenotype
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Gene \Variant Type of mutation Residual enzyme Clinical phenotype Cardiac phenotype Type of treatment
activity atT1
IDS c187A>G Missense NA Non-neuropathic Moderate aortic insuffi- ERT
p.AsnN63Asp ciency and mild mitral
insufficiency
IDS c1264T>C Missense NA Non-neuropathic Aortic, mitral and ERT
p.Cys422Arg tricuspid insufficiencies
and cardiomegaly
IDS homologous recombi- Homologous recom-  0.69% Neuropathic Regression of the mild ~ ERT
nation IDS-IDS2 bination mitral insufficiency
present before starting
therapy
IDS c811A>T Missense 0.69% Neuropathic Mild aortic and mitral ~ ERT
p.Arg271Trp insufficiencies
IDS €.589_592del; Deletion 33% Neuropathic Hypertrophy and mild ~ ERT
p. Pro197Thrfs*15 mitral insufficiencies
IDS c.1403G>A Missense 0.94% Neuropathic Mild aortic insuffi- ERT
p.Arg468GIn ciency
IDS c.1400C>T Missense 5% Neuropathic Mild mitral and ERT
p.Pro467Leu tricuspid stenosis, mild
aortic insufficiency,
moderate mitral insuf-
ficiency and grade 1
heart failure
IDS del ex 1-7 two dele- Deletion 0.72% Neuropathic Mild aortic stenosis ERT
tions in tandem with and mild mitral insuf-
2 duplications located ficiency
1.2 Mb distally from IDS
IDS c.708G>A Sense 2.6% Non-neuropathic Mild aortic insufficien-  ERT
p.Lys236Lys cies
IDS c592G>A Missense NA Neuropathic Mild mitral insuffi- ERT
p.Asp198Asn ciency
IDS c.1478G>C Missense Absent Neuropathic Mild mitral insuffi- ERT
p.Arg493Pro ciency
IDS €359C>G Missense 2.6% Neuropathic Mild aortic and ERT
p.Pro120Arg tricuspid insufficien-
cies, moderate mitral
insufficiencies
IDS C1563A>T Missense Absent Non-neuropathic Hypertrophy, moder- ~ ERT
p.Glu521Asp ate aortic and mitral
steno-insufficiency
(diagnosis at 44 years)
IDS deletion of the whole  Deletion Absent Neuropathic Cardiac impulse con-  ERT
IDS gene duction disorders
SGSH  ¢544C>T Missense 6% Severe Absent Not on treatment
p.Arg182Cys
SGSH  ¢617G>C Missense 17.2% Mild Absent Not on treatment
p.Arg206Pro
SGSH  ¢197C>G Missense Heavily reduced Severe Mild aortic insuffi- Genistein
p.Ser66Trp ciency
SGSH  ¢220C>T Missense Absent Severe Moderate aortic and Not on treatment
p.Arg74Cys mild mitral insufficien-
cies
GNS c814C>T Nonsense 0.45% Severe Absent Not on treatment
p.GIn272*
GALNS ¢c29G>A Nonsense 9.7% Rapidly progressing  Grade 2 heart failure ERT
p.Trp10* and moderate aortic
insufficiency
GALNS ¢c.29G>A Nonsense 3.2% Slowly progressing  Absent ERT

p.Try10*
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Table 2 (continued)
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Gene Variant Type of mutation

Residual enzyme

Clinical phenotype Cardiac phenotype Type of treatment

activity atT1
GALNS c1519T>C Missense 13.6% Rapidly progressing  Mild mitral stenosis ERT
p.Cys507Arg
GALNS ¢c.1520G>T Missense 10.8% Rapidly progressing  Mild tricuspid insuf- ERT
p.Cys507Phe ficiencies
GALNS c1520G>T Missense 5% Rapidly progressing  Mild tricuspid insuf- ERT
p.Cys507Phe ficiency
GALNS c1043C>A Missense 5.5% Rapidly progressing  Mild mitral insufficien-  ERT
p.Thr348Asn cies
ARSB c1213+6T>C Insertion Absent Rapidly progressing moderate mitral and ERT
- mild tricuspid insuf-
ficiencies
ARSB c944G>A Missense Absent Rapidly progressing  Severe tricuspid ste- ERT
p.Arg315Gly nosis and mild mitral
insufficiency
ARSB (8984 1_899-1)- Deletion 20.4% Rapidly progressing  Heart failure, mild ERT
(11424 1_1143-1) del mitral steno-insuffi-
ciency, cardiac impulse
conduction disorders
ARSB (898+1_899-1)- Deletion Absent Rapidly progressing  Heart failure NYHA 1, ERT
(11424 1_1143-1) del ventricular hypertro-
phy, severe aortic ste-
nosis, moderate mitral
stenosis and mild
aortic insufficiency
ARSB c323G>T Missense 50.1% Rapidly progressing  Ventricular hypertro- ERT
p.Gly108Val phy and moderate
mitral insufficiency
ARSB c245T>C Missense 18% Slowly progressing  Heart failure NYHA 1, ERT

p. (Leu82Pro)

mild mitral stenosis,
moderate aortic, mitral
and tricuspid insuffi-
ciency, cardiac impulse
conduction disorders

HE hemizygous, HO homozygous, NA Not Available

data reported in literature, for patients carrying the same
variants.

Thirty-one patients were carrying 28 unique disease-
causing variants, either in HO or HE condition, since
3 variants were present each in 2 patients; 19 out of 28
were missense variants, 4 were deletions (2 small and 2
large), 2 were nonsense, together with a sense variant, a
homologous recombination and a splicing site variant.
All genetic variants were previously reported by Zan-
etti et al., including 4 novel mutations for which an in
silico prediction of pathogenicity could be performed,
as reported in [20]. Here we examined whether the type
of mutation could be related to the cardiac involvement.
This specific evaluation was not conducted for MPS I
since no homozygous patients were present, while we
could examine all MPS II, 5 MPS III, 6 MPS IVA and 6
MPS VI patients, for a total of 31 subjects and 28 vari-
ants. Among the mutations associated to a severe phe-
notype in our patient cohort (21/28=75%), only 10 had
been previously reported in literature. For 4 of them the

cardiac phenotype was available and only in one case,
related to GNS variant c¢. 814C>T, our findings were
consistent with the previous report. The deletion in the
ARSB gene c. [898+1_899-1] _ [1142+1_1143-1] del,
detected in our cohort in 2 unrelated patients with sig-
nificant cardiac involvement, was described in a patient
with mild cardiac phenotype in a previous study [21].
The IDS missense variant ¢.1403G > A, reported in our
study in a patient with mild aortic insufficiency, was pre-
viously described in literature in a patient presenting a
severe cardiac involvement. Hence, from this data we can
conclude that there is no association between molecular
genetic data and severity of cardiac phenotype.

Overall, 4 patients did not present any cardiac involve-
ment, 2 patients with a severe and 2 patients with a mild
clinical phenotype. Thirteen of the 23 severe patients
(56.5%) developed a mild to moderate heart disease,
mainly with valvular damage. Only two patients with a
non-neuropathic MPS 1II clinical phenotype had severe
cardiovascular involvement. One of them presented a
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new variant of the IDS gene: c.1563A>T (p.Glu521Asp),
hence the comparison with the previous literature was
not possible; in addition, the ventricular hypertrophy
and the mitral steno-insufficiency were possibly to be
ascribed to the late age at diagnosis (44 years). The other
patient, carrying the variant ¢.1264 T > C (p.Cys422Arg),
presented aortic, mitral and tricuspid valves insuf-
ficiencies and cardiomegaly. This variant correlated
with a neuropathic clinical phenotype in previous stud-
ies, where the description of heart involvement had not
been conducted [22]. Out of the 3 variants identified
each in 2 patients, 2 were detected in unrelated sub-
jects: the GALNS variant ¢.29G > A and the ARSB variant
(898 +1_899-1)_(1142+1_1143-1) del. As for the former,
the 2 patients presented a totally different cardiac pheno-
type (severe and absent respectively), while for the latter
both patients showed a severe cardiac involvement. The
variant ¢.814C>T (p.GIn272*) carried on the GNS gene
by a patient with MPS IIID, who had no cardiac involve-
ment throughout our entire follow-up, had previously
been described in another homozygous patient, whose
cardiac phenotype, following examination including
ECG, was reported as normal [23].

Discussion

One of the aims of the present study was to describe and
analyse the incidence of cardiac involvement in a large
group of patients (n=60) with MPS, enrolled in a multi-
centre program.

Our findings confirm what emerges from literature:
cardiovascular pathology prevails in the MPS subtypes
that involve a greater accumulation of dermatan-sulphate
due to enzyme deficits [2]. Particularly, cardiac involve-
ment is a very common finding in MPS II and in MPS
VI, followed by MPS I. It turned out that the most fre-
quent heart defect for each type of MPS and at any time
of evaluation was mitral insufficiency. As many as 37% of
patients had mitral insufficiency already at diagnosis and
45% of these were MPS II. Therefore, we can conclude
that valve disorders, particularly mitral insufficiency,
should be sought already at diagnosis in these patients,
and that, in some cases, cardiac disorders together with
a suspected clinical phenotype can support the diagno-
sis of MPS. As regards age at diagnosis, 6 of 7 MPS VI
patients had cardiac involvement at diagnosis and 5 of
them were younger than 3 years old. This highlights how
cardiological involvement can be evident even at an early
age, especially in some subtypes of MPS.

Regarding the efficacy of ERT on heart damage, we
observed that in patients who started ERT within the
first year of age, heart involvement, although present, is
often milder. Based on the results obtained, the hypoth-
esis that ERT is not able to prevent valve damage is
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confirmed, since heart valves are avascular connective
tissue and the therapeutic enzyme, indeed, is distrib-
uted by systemic perfusion; therefore, the amount of
enzyme that reaches the avascular tissue may be lim-
ited. However, data in literature shows that the cardiac
damage could be prevented with ERT, as long as it is
started very early in life, before the fibrosis of the valve
leaflets is established [24, 25]. Early diagnosis and treat-
ment, therefore, play a role of primary importance, and,
given the availability of ERT for five MPSs (MPS I, MPS
II, MPS IVA, MPS VI, MPS VII), it would be desirable
to achieve early diagnosis, hopefully in a presympto-
matic phase, before organ damage has occurred, for
example through the establishment of neonatal screen-
ing programs.

Another aspect here investigated was the effect of
long-term ERT on heart damage. We observed in 10
cases (6 MPS II, 2 MPS IV and 2 MPS VI) a regression
or improvement of cardiac symptoms, including valve
defects, after at least six years of treatment. Since it was
not possible to evaluate all patients after such a long
period of therapy, the data cannot be conclusive, but
this observation could be a starting point for further
studies on the effects of long-term ERT, also on valve
damage.

Among the valvulopathies, aortic insufficiency was
the only one for which no regression was found despite
ERT, rather its onset or worsening was reported at T1,
with an incidence doubled at this time-point compared
to diagnosis.

Valve defects were often found in association with
other cardiac disorders. Given that GAG accumula-
tion reduces the electrical conductivity of the myo-
cardiocytes [16], reason why the electrocardiographic
diagnostic criteria of ventricular hypertrophy are
not respected, ventricular pseudohypertrophy was
often associated with left valve defects, but not with
heart failure. Heart failure, more frequent in MPS VI,
was often associated with mitral stenosis and aortic
steno-insufficiency.

The general clinical phenotype proved not to be
strictly correlated with the cardiac one, in fact in some
cases patients with attenuated phenotypes developed
more severe heart damage than patients with severe
phenotype. In this regard, an attempt was made to cor-
relate cardiac damage with the genotype, or with the
specific genomic variants, in homozigosis or hemizy-
gosis. However, due to the limited data available in
literature regarding the cardiological aspects of MPS
patients harboring the same mutations as the patients
enrolled in our study, in most cases it has not been pos-
sible to compare different patients with the same gene
variant.
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Conclusions

In conclusion, our analysis confirms the wide presence
of cardiopathies, at different extent, in the MPS popula-
tion. Since cardiac pathology is the main cause of death
in many MPS subtypes, it is necessary to raise awareness
among cardiologists about the detection of early cardiac
morpho-structural abnormalities. The encouraging data
regarding the long-term effects of ERT, also on heart
damage, underlines once again the importance of an early
diagnosis and timely start of ERT, in order to prevent or
slow down the organ damage resulting from GAGs stor-
age, and to improve the quality of life of patients affected
by these rare metabolic diseases.

Methods

Sixty subjects affected by MPS were enrolled in a mul-
ticentre Italian study. Clinical, biochemical and molecu-
lar data was collected in a web-based platform shared
among the different units. The diagnosis of MPS was
accomplished by two-dimensional electrophoresis of
urinary GAGs, while enzyme activity assays were per-
formed in serum, leukocytes and/or skin fibroblasts. At
the time of enrollment, molecular diagnosis was available
for 50 subjects and it was recently described by Zanetti
et al. [20]; in the same paper, the novel missense variants
were evaluated in silico, for pathogenicity significance, by
using different prediction tools [20].

Each patient underwent a multidisciplinary clinical
follow-up, including cardiologic evaluation, examined
in the present work. In this paper, we refer to three spe-
cific time-points: the time at diagnosis (indicated as TD),
the closest time before the start of treatment (indicated
as T0) and the time at enrolment in the study (indicated
as T1). Being a treatment for MPS III and MPS IVB not
yet available, for these patients we only refer to two time-
points (TD and T1).

Cardiologic evaluation included physical examina-
tion, electrocardiogram and the echocardiogram. All
patients were evaluated for ventricular hypertrophy,
heart failure (NYHA Classification), valvulopathies
(aortic and/or mitral and/or tricuspid stenosis, aortic
and/or mitral and/or tricuspid regurgitation), heart rate
and arrhythmias, conduction disorders, cardiomegaly
and congenital cardiac abnormalities. Tricuspid valve
regurgitation was considered as pathological, and dis-
tinguished from physiological regurgitation, for right
ventricular pressure values higher than 20 mmHg. The
frequency of each cardiac reported manifestation, its
presence at the time of diagnosis or its appearance dur-
ing clinical follow-up, and the coexistence in the same
patient of several cardiologic disorders have been eval-
uated. In addition, we evaluated cardiac involvement in
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relation to age at start of ERT, by clustering patients in
four groups: patients who had started therapy within
the first year of age, between 1 and 3 years of age,
between 3 and 10 years of age, and after 10 years of age.
In these clusters we also distinguished between patients
with mild or severe clinical phenotype.

As for the analysis of genetic variants, among patients
for whom molecular diagnosis was available (a total of
50 subjects), only those presenting the pathogenic vari-
ants either in hemizygosis (for MPS II) or in homozygous
condition, were considered, for a total of 31 subjects. We
analyzed the possible impact of each individual variant
on the cardiac phenotype. For this purpose, we reviewed
any known association between genotype and cardiac
involvement in the literature for comparison with the
present cohort. We also tested whether variants associ-
ated with rapidly progressing phenotypes were unequivo-
cally associated with more severe cardiac involvement.
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