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Abstract Mucopolysaccharidosis type VII (MPS VII) is
caused by P-glucuronidase deficiency, resulting in lyso-
somal accumulation of glycosaminoglycans (GAGs) and
multisystemic disease. We present cardiovascular gross and
histopathology findings from a 11-year-old MPS VII male,
who expired after developing ventricular fibrillation fol-
lowing anesthesia induction. Gross anatomic observations
were made at autopsy; postmortem formalin-fixed paraffin-
embedded samples of the carotid artery, aorta, myocardium,
and valves were sectioned and stained with hematoxylin-
eosin, Verhoeff-Van Gieson, CD68, and trichrome stains.
Gross heart findings include an enlarged, dilated heart,
mitral valve prolapse with thick, shortened chordae tendi-
nae, and thickened aortic valve cusps. The aorta contained
raised intimal plaques mimicking conventional atheroscle-
rosis. Cardiac myocytes included hypertrophic nuclei,
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subendocardial fibrosis, and increased interfascicular colla-
gen. Coronary lumens were 40—70% stenosed by fibrointi-
mal hyperplasia containing storage material-laden cells,
CD68" macrophages, and fragmented elastin laminae.
Similar findings were visualized in aortic intimal plaques.
We confirm that arterial plaques, elastin fragmentation, and
activated CD68" macrophage infiltration occur in human
MPS VII, consistent with previously observed findings in
murine and canine MPS VII. We also confirm ultrasono-
graphically observed carotid intimal-medial thickening is an
in vivo correlate of histopathologic vascular fibrointimal
hyperplasia. MPS VII patients should be regularly moni-
tored for cardiac disease, with methods such as Holter
monitors and stress testing; MPS VIl-directed treatments
should effectively address cardiovascular disease.

Introduction

The mucopolysaccharidoses (MPSs) are inherited lyso-
somal storage diseases caused by deficiencies of enzymes
involved in catabolism of glycosaminoglycans (GAGs).
MPS type VII is caused by a deficiency of the lysosomal
enzyme [B-glucuronidase, which results in systemic accu-
mulation of GAGs, specifically chondroitin sulfate (CS),
dermatan sulfate (DS), and heparan sulfate (HS). Due to the
ubiquitous nature of these GAGs, clinical manifestations of
MPS VII include varying degrees of nonimmune hydrops
fetalis, cognitive impairment, corneal clouding, airway
obstruction, hepatosplenomegaly, orthopedic disease, and
cardiovascular disease (Montafio et al. 2016). Even
amongst MPSs, MPS VII is a rare condition, affecting
1 in every 345,000-2,000,000 live births (Muenzer 2011).
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Sudden death has been described in two older patients, and
corresponding reports of cardiovascular histopathology are
also minimal (Vogler et al. 1994; Metcalf et al. 2010;
Bigg et al. 2013; Gniadek et al. 2015). We describe the
cardiovascular histopathology findings in a 11-year-old boy
with MPS VII who died after sustaining ventricular
tachycardia during a dental procedure under anesthesia,
and relate the findings to findings in animal models of
MPS VII that may shed light upon pathogenesis of MPS-
associated cardiovascular disease. An up to date summary
compiling hypothesis from literature on MPS VII patho-
genesis is included to demonstrate the limited research.

Materials and Methods
Human Subjects

Consent for retrospective chart review and postmortem
tissue donation was obtained from parents (Children’s
Hospital of Orange County IRB #100109, approved 12
Apr 2010).

Pathology

Tissue samples of the heart, ascending and descending
aorta, rib cartilage, and spinal cord were frozen at —80°C.
Additional formalin-fixed, paraffin embedded tissue sam-
ples from the Los Angeles County Coroners’ office were
sectioned and stained.

Histopathology

Tissue samples frozen in OCT were sectioned on a Leica
CM3050 cryostat and stained with hematoxylin and eosin.
Cytochemical stains for elastic fibers (Verhoeff-Van Gieson
stain), glycosaminoglycan (Alcian Blue stain pH 2.5),
collagen (Mallory Trichrome stain), and immunohistochem-
ical stains for anti-human CD68 were performed on a
Ventana Benchmark Ultra autostainer. Immunohistochemi-
cal staining was developed with peroxidase-based detec-
tion.

Results

Case Report

This patient was briefly reported in Montaiio et al. (2016)
as patient 12 (Montafio et al. 2016). His prenatal history
was significant for hydrops fetalis noted at 8 months’
gestation, and he was born at 38 weeks’ gestational age due

to pregnancy-induced hypertension and maternal protein-
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uria. Neonatal respiratory failure necessitated intubation
and mechanical ventilation until the hydrops resolved.
Organomegaly, thrombocytopenia, conjugated hyperbiliru-
binemia, and bilateral inguinal hernias were also present in
the neonatal period leading to diagnosis of MPS VIIL

He was lost to follow-up until 7 years of age, when he
presented for medical attention for his MPS due to
progressive behavioral difficulties and painful bilateral hip
dysplasia. He had recurrent otitis media requiring ear tube
implantation, hepatosplenomegaly, kyphoscoliosis, and
obstructive sleep apnea. Urinary GAGs were quantitatively
elevated at 32.9 mg/mmol creatinine (reference range
<12 mg/mmol creatinine) and qualitatively demonstrated
excess CS, DS, and HS. Molecular sequencing of the B-
glucuronidase gene GUSB identified compound heterozy-
gous, previously unreported c.295G>A/c.866G>A (p.
VIIM/W289X) variants.

The patient had quarterly electrocardiograms, echocar-
diograms, and cardiology evaluations. His initial echocar-
diogram at age 7.5 years showed mild aortic insufficiency,
mild-moderate mitral insufficiency, mild left ventricular
(LV) dilation, and normal fractional shortening (FS) of
35%. He was placed on enalapril due to the mitral
insufficiency. Over the next 4 years, serial echocardiograms
identified thickening of the mitral and aortic valves, mild
mitral valve prolapse, mildly impaired LV relaxation, then
mild-moderate diminished LV systolic function with an
ejection fraction of 49% (reference range, >58%). At age
8.8 years, carotid ultrasonography identified greatly
increased carotid intima media thickness (cIMT) of
0.50 mm on the right and 0.53 mm on the left compared
to controls (mean control cIMT 0.48 mm, standard
deviation 0.034 cm) (Wang et al. 2011).

His behavioral difficulties made it difficult to adequately
keep up with his dental care, and the patient was therefore
admitted for oral cleaning under anesthesia. He was
administered Sevoflurane, and shortly after, he spontane-
ously developed ventricular tachycardia that rapidly degen-
erated to ventricular fibrillation. Efforts to resuscitate the
patient were unsuccessful. Further pathology investigation
identified primary cardiac etiology as cause of death.

Histopathology

Parental consent was given for postmortem studies.
Weighing 275 g, more than twice the mean for age
(122 g) (Hamill et al. 1979), the heart and especially the
left ventricle were grossly enlarged and dilated. The mitral
valve revealed ballooning of the leaflets with thick and
shortened chordae tendinae. The aortic valve cusps were
also thickened. Raised intimal plaques were visualized
throughout the ascending and descending aorta. Noncardiac
gross findings included cerebral edema, mucous plugging
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of the conducting airways of the lung, and hepatospleno-
megaly.

Microscopically, the sinoatrial, atrioventricular nodes,
and conduction system were unremarkable. However, the
myocardium contained hypertrophic cardiomyocytes with
characteristic “boxcar” nuclei, prominent subendocardial
fibrosis, and increased interfascicular collagen, consistent
with chronic ischemic heart disease (Geer et al. 1980).
Severe myxomatous degeneration (red arrowheads,
Fig. la—c) and fibrosis (white arrowheads, Fig. 1b) were
visualized in the mitral and aortic valves. The surface of the
mitral valve was rich with numerous CD68" macrophages,
which are usually not present in normal mitral valves
(Fig. 1c: brown-stained cells marked with m).

Coronary lumens were 40-70% stenosed by intimal
hyperplasia (Fig. 2a, b) that was shown to be composed of
glycosaminoglycan-rich matrix (Fig. 2¢: blue periodic acid-
Schiff staining marked with g), storage-laden cells (Fig. 2d,
examples marked with red arrowheads), fibrosis (Fig. 2d:
blue Trichrome staining), fragmented eclastin laminae
(Fig. 2e: white arrowheads), and CD68" macrophages
(Fig. 2g: brown-stained cells marked with m). None of the
macrophages demonstrated lipid vacuole-laden cytoplasm
and the hyperplastic regions showed no cholesterol-clefting.
These findings are in dual contrast to normal arterial media,
which has continuous sheets of elastin fibers and no
macrophage infiltration, as well as to atherosclerotic
plaques, which demonstrate “foamy” lipid-laden macro-
phages and cholesterol clefting (Miller 2014). Similar
findings were seen focally in the aortic intimal plaques
(Fig. 2e, f, h), though elastin fragmentation was less
prominent compared to the coronary arteries.

Discussion

Cardiomyopathy and cardiac valve disease are very
common manifestations of MPS VII, and frequently

account for mortality in affected patients (Montafio et al.
2016). However, the pathogenesis of MPS VII cardiac
disease is poorly understood due to scarce reports of human
postmortem analyses. Of known histopathology reports of
MPS VII patients (summarized in Table 1), most are in
infants or fetal losses and very few focus upon the
cardiovascular system. A MPS VII male who died suddenly
at age 19 years demonstrated cardiac enlargement,
thickening and calcification of the mitral and aortic valves,
and plaques of the thoracic aorta and left anterior descend-
ing artery (Vogler et al. 1994). The aorta, which demon-
strated cells distended with abundant storage material, was
subsequently shown to have a large amount of elastin
fragmentation (Metcalf et al. 2010). Cardiovascular pathol-
ogy in a 28-year-old MPS VII patient who died in his sleep
identified cardiac enlargement; myocardial interstitial fibro-
sis; pan-valvular thickening, fibrosis, and calcification;
concentric narrowing of all coronary arteries with increased
extracellular matrix, numerous CD68" macrophages, and
mesenchymal cells distended by storage material (Gniadek
et al. 2015). There was intimal-medial thickening of the
aorta with disruption of the elastin laminae and scattered
CD68" macrophages within.

Our patient demonstrated similar findings of cardiac
enlargement and dilatation, subendocardial and interfascic-
ular fibrosis, valve thickening, coronary artery stenosis and
aortic plaques both demonstrating prominent intimal-medial
hyperplasia, cellular GAG accumulation, CD68" macro-
phages, and fragmentation of the elastin laminae. Strik-
ingly, these abnormalities were present at 11 years of age,
indicating significant progression of MPS VII cardiovascu-
lar disease long before patients reach adulthood. The
additional finding of carotid artery intimal-medial hyper-
plasia confirms the utility of carotid ultrasonography in
identifying MPS-related cardiovascular disease in vivo. The
pathologic findings (subendocardial myocardial fibrosis,
dilated/hypertrophic cardiomyopathy, and anesthesia-
induced hemodynamic changes) may all be manifestations

Fig. 1 Mitral valve and myocardial histopathology with (a) hematox-
ylin-eosin, (b) trichome stain, and (¢) CD68 immunohistochemistry.
Labels: myo myocardium, asterisk mitral valve, m macrophages.

Myxomatous degeneration (red arrowheads), myocardial and valvular
fibrosis (white arrowheads), and macrophage infiltration into valve
parenchyma (brown-stained cells) are noted
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Fig. 2 Prominent luminal stenosis is visualized in hematoxylin-eosin stained (a) coronary artery and (b) ascending aorta. The stenosing

@ Springer



JIMD Reports

35

of longstanding, ongoing ischemic heart disease and have
contributed to the patient’s fatal dysrhythmia (Toda et al.
2001).

While MPS VII cardiovascular lysosomal storage begins
prenatally, the progression and pathogenesis of cardiomy-
opathy, valvular dysfunction, vascular intimal-medial
hyperplasia, and elastin fragmentation are being elucidated
(Irani et al. 1983; Molyneux et al. 1997; Geipel et al. 2002;
Venkat-Raman et al. 2006; Delbecque et al. 2009). The
canine model of MPS VII, which has a severe, rapidly
progressive phenotype, shows mitral and aortic valve
thickening as early as 0.3 years (Sammarco et al. 2000),
and demonstrates similar cardiovascular histopathology
(Muenzer 2011). MPS VII canine aortas also demonstrate
reduced elastin content, increased protease expression and
enzymatic activity, coupled with the abundance of activated
macrophages and increased expression of immune sensing
receptors (toll-like receptor 4) and proinflammatory cyto-
kines (TNFa). Findings implicating GAG-induced inflam-
mation in MPS I canine cardiovascular disease are highly
suggestive of a similar mechanism taking place in MPS VII
(Khalid et al. 2016). The finding of CD68" macrophages,
which promote inflammation, within valve tissue and
infiltrating arterial parenchyma in this patient lend credence
to this hypothesis. Additional functional or expression
studies are needed to confirm this hypothesis, highlighting
the importance of postmortem tissue collection to under-
stand pathophysiology of MPS VII disease.
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Synopsis

Significant cardiovascular disease (arterial fibrointimal
stenosis, hypertrophic cardiomyopathy, valvular and myo-
cardial fibrosis, and life-threatening dysrhythmias) was
observed in a 11-year-old with mucopolysaccharidosis type
VII; these findings indicate the importance of regular

cardiology monitoring for MPS VII patients starting in
early childhood.
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F“ig. 2 (continued) lesions are composed of (¢) glycosaminoglycans,
as visualized by periodic acid-Schiff staining and denoted by g, (d)
collagen fibrosis, and storage-containing “clear cells” (red arrow-
heads) as visualized by trichome staining. Elastin fragmentation

(white arrowheads) was more notable in (e) the coronary artery than
the (f) aorta. Macrophages, the CD68 (brown) staining cells marked
with m, were also abundant within the lesions of (g) the coronary
artery and (h) aorta but devoid of lipid-laden vacuoles
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Documentation of Approval from the Institutional
Committee for Care and Use of Laboratory Animals (or
Comparable Committee)
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