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Abstract

In patients with Fabry disease (FD), cardiovascular involvement is the main cause of death and reduction of quality of life. Left ven-
tricular hypertrophy mimicking hypertrophic cardiomyopathy is the main feature of FD cardiac involvement although glycolipid storage
occurs in all cardiac cellular types. Accumulation of lysosomal globotriasylceramide represents the main mechanism of cardiac dam-
age in early stages, but secondary pathways of cellular and tissue damage, triggered by lysosomal storage, and including altered energy
production, inflammation and cell death, contribute to cardiac damage and disease progression. These mechanisms appear prominent in
more advanced stages, hampering and reducing the efficacy of FD-specific treatments. Therefore, additional cardiovascular therapies are
important to manage cardiovascular symptoms and reduce cardiovascular events. Although new therapies targeting lysosomal storage
are in development, a better definition and comprehension of the complex pathophysiology of cardiac damage in FD, may lead to identify
new therapeutic targets beyond storage and new therapeutic strategies.

Keywords: Fabry disease; left ventricular hypertrophy; lysosomal storage; autophagy; unfolded protein response; myocardial inflam-
mation

1. Introduction
Fabry disease (FD) is a rare, X-linked, inherited lyso-

somal storage disorder caused by pathogenic variants in the
α-galactosidase A gene (GLA), resulting in complete or par-
tial deficiency of the α-galactosidase A (α-Gal A) enzyme
activity [1]. The enzymatic deficit leads to a progressive
accumulation of lysosomal globotriasylceramide (Gb3) and
related globotriaosylsphingosine (lyso-Gb3) in affected tis-
sues, including heart, vessels, kidney, and peripheral ner-
vous system [2–4].

Fabry disease is pan-ethnic and, although reported in-
cidence figures range from 1 in 40,000 to 1 in 117,000,
the true prevalence may be underestimated [2] and varies
in different geographic regions, as highlighted by newborn
screening programs in Italy and Taiwan reporting a preva-
lence of up to 1:8800 newborns [5,6].

Currently, over 1000 GLA variants have been iden-
tified [1,2], and characterized as pathogenic, variants of
unclear significance (VUS) or benign without clinical rel-
evance [1,2]. Nonsense variants and stop-codons lead-
ing to absent or very low α-Gal A enzyme activity, are
usually associated with the ‘classic’ early-onset FD phe-
notype, characterized by multiorgan involvement. Con-
versely, most missense variants allowing for residual α-
Gal A activity, cause a late-onset phenotype, predomi-

nantly affecting the heart. In particular, the missense ge-
netic variants p.N215S, p.F113L (prevalent in Portugal),
and IVS4+919G>A (c.936+919G>A) (prevalent in Tai-
wan and southern China) are associated with prevalent car-
diac disease [7,8].

In the last 5 years a widespread application of high
throughput next generation sequencing for the screening
of high-risk patient cohorts, has led to identify many GLA
VUS. To determine the pathogenic nature of these variants,
clinical, biochemical, and histopathological evidence of FD
is mandatory. Accordingly, some variants previously con-
sidered pathogenic have been recently reclassified as be-
nign polymorphisms, as no evidence of Gb3 storage in tar-
get tissues could be demonstrated [9].

In female patients, random inactivation of the X chro-
mosome in each cell during embryonic development (ly-
onization) results in a mosaic pattern with some cells ex-
pressing the normal allele and others the mutated one [10],
leading to substantial variability in clinical phenotypes. The
classic phenotype is associated with early symptoms start-
ing in childhood and a rapid disease progression with clini-
cal manifestations affecting the heart, kidney, and central
nervous system [1–5]. In most heterozygous female pa-
tients, clinical manifestations range from an asymptomatic
or mild phenotype affecting one or more organs and man-
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Fig. 1. Classic pathophysiology of cardiac involvement in Fabry disease. In blue the main pathophysiologic mechanisms; in red the
main clinical manifestations.

ifesting later in life, to a severe phenotype resembling that
of males with classic FD [10].

Prenatal and neonatal histopathology studies demon-
strated that Gb3 accumulations occur in fetal renal, myen-
teric plexus, and liver cells [11]. Similarly, myocardial
damage starts early in life and progresses sub-clinically be-
fore significant signs and symptoms occur.

Overt cardiac involvement is represented by left ven-
tricular hypertrophy (LVH) mimicking hypertrophic car-
diomyopathy (HCM). Indeed, timely diagnosis is often
missed, delayed ormistaken for other forms of hypertrophic
cardiomyopathy (HCM) [3,4]. Accordingly, a prevalence
of GLA mutation of 0.93% in males and 0.90% in females
has been recently reported among patients with a diagnosis
of HCM [12].

Cardiac involvement represents the most common
cause of death and reduction in quality of life in both male
and female patients with FD [2,3,13], and represents an
under-recognized cause of heart failure and ventricular ar-
rhythmias in men aged >30 years and women aged >40
years [14]. However, the introduction of FD-specific ther-
apies significantly modified the natural history of the dis-
ease with early diagnosis becoming essential to slow the
progression or even prevent the development of cardiac and
non-cardiac damage [2,3,15].

Recent progresses in understanding the mechanisms
underlying progressive cardiac damage have reshaped the
pathophysiology of cardiac involvement in FD, emphasiz-
ing the relevance of secondary storage-triggered cellular
pathways. The therapeutic approach and the expected re-
sponse to currently available therapies, have been alsomod-
ified accordingly. The evolving treatment landscape aiming
to prevent glycolipid storage would likely require, in a next
future, the association of complementary treatments target-

ing additional intracellular and tissue-specific damage path-
ways.

This review article aims to provide an accurate and
up-to-date review of current knowledge on the pathophysi-
ology of cardiac damage and on the currently available and
emerging therapeutic strategies for cardiac involvement in
FD.

2. Pathophysiology of Fabry Disease Cardiac
Manifestations
2.1 Classic Pathophysiology of Cardiac FD

In FD storage of Gb3 occurs in all cardiac cellu-
lar types: myocytes, endothelial and smooth muscle cells
of intramyocardial vessels, endocardium, valvular fibrob-
lasts and conduction tissue [16,17]. Intracellular glycosph-
ingolipids organize in concentric lamellar bodies (zebra
bodies) causing engulfment of the cytoplasm and cellu-
lar enlargement. Storage in myocytes causes a mechani-
cal impairment, initially detectable only through advanced
echocardiographic techniques as subclinical diastolic and
systolic dysfunction [18]. Intracellular storage leads to car-
diac wall thickening resulting in overt LVH that can mimic
HCM. Progression of LVH and worsening of diastolic func-
tion can lead to further remodeling, including atrial enlarge-
ment and atrial fibrillation [19,20]. Storage in intramyocar-
dial vessel walls causes structural and functional changes
leading to ischemia and ultimately replacement fibrosis
with possible progression to systolic dysfunction [20]. Fi-
brosis and involvement of conduction tissue represent the
substrate of ventricular arrhythmias and conduction distur-
bances [21] (Fig. 1). Valvular involvement, rarely severe,
may contribute to disease progression and development of
symptoms.
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Fig. 2. Additional secondary cellular and tissue pathways of damage triggered by lysosomal storage. ER, endoplasmic reticulum.

Right ventricular involvement is common in FD and
mainly represented by right ventricular hypertrophy and
speckle-tracking abnormalities, rarely associated with overt
right ventricular dysfunction, at variance with other infil-
trative disorders like cardiac amyloidosis with comparable
degree of right ventricular wall thickening [22,23].

2.2 Secondary Pathways of Cellular Damage beyond
Storage

Although accumulation of Gb3 in lysosomes repre-
sents the main pathophysiological mechanism in FD, grow-
ing evidence indicates that secondary pathways of damage,
activated by tissue-infiltrating and circulating glycosphin-
golipids, play a central role in the pathophysiology of the
disease (Fig. 2) [24].

Indeed, a significant correlation between duration and
intensity of lysoGb3 lifetime exposure and overall disease
burden has been reported in both male and female pa-
tients with classic FD [25] suggesting that beyond storage,
lysoGb3 may also represent a pathogenic factor [26,27].
In fact, similarly to what has been observed in other in-
herited glycosphingolipidoses in vitro studies showed that
intra-lysosomal Gb3 storage through steric hindrance may
disrupt several lysosomal functions, including endocytosis
and autophagy, thus interfering with mitochondrial energy
production, and triggering apoptosis [28–30] (Fig. 2).

The autophagy–lysosome pathway (ALP) is an es-
sential recycling pathway regulating cell survival and pro-
grammed death. Disruption of this pathway is a com-
mon feature of lysosomal storage disorders, including FD
[31,32]. Accordingly, pathology studies on cardiac biop-
sies from patients with different disease severity revealed
increasing rates of cell death with subsequent development

of replacement fibrosis [33].
In addition, glycolipid accumulation may induce an

oxidative damage of DNA, myofibrils, and mitochondria
leading to degradation of contractile elements, reduced
ATP synthesis, and cell death [34,35]. These mechanisms
are probably responsible for the increased passive and de-
creased active forces described in isolated Fabry cardiomy-
ocytes [35].

Steric hindrance is also responsible for the altered mi-
tochondrial function and abnormal energy production pro-
cesses reported in lysosomal storage disorders. Lücke and
colleagues [36] observed a significant reduction of energy
metabolism and mitochondrial functions, namely lower ac-
tivities of respiratory chain enzymes I, IV, and V, in cul-
tured fibroblasts from FD patients. Reductions in adeno-
sine diphosphate ADP, adenosine monophosphate AMP
and adenosine triphosphate ATP were also observed. Ac-
cordingly, 31(P)-CMR-spectroscopy demonstrated energy
depletion of myocardial tissue in FD patients with LVH. In-
terestingly, in the same study energy metabolism improve-
ment following enzyme-replacement therapy (ERT), pre-
ceded LVH regression [37]. Energy depletion coupled with
the action of trophic factors like sphingosine, are thought to
activate pathways of cellular hypertrophy common to sar-
comeric HCM and other phenocopies [38].

Dysfunction of the endoplasmic reticulum represents
another consequence of steric hindrance determined byGb3
lysosomal storage. Consequences of endoplasmic reticu-
lum dysfunction are mainly represented by release of oxida-
tive stress products and mostly by induction of the unfolded
protein response observed in cells of FD patients [39].

Unfolded protein response regulates many compo-
nents of the secretory pathway to restore protein home-
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ostasis, including protein folding, maintenance of calcium,
but also inflammasome activation thus representing a well-
established pro-inflammatory trigger [40]. Besides inter-
ference with intracellular organelles functions, Gb3 storage
seems to also affect cell membrane structures. Birket and
colleagues [41] demonstrated enhanced function of sodium
and calcium channels, resulting in higher and shorter spon-
taneous action potentials, in FD cardiomyocytes obtained
from induced pluripotent stem cells. These findings are in
line with similar results on neuronal ion channels, thus sug-
gesting that stored glycosphingolipids may alter ion chan-
nel expression and/or cell membrane trafficking, interfer-
ing with the electrical properties of cardiomyocytes [42].
Indeed, Namdar and colleagues [43] hypothesized that an
increased conduction velocity in atrial and ventricular my-
ocardium may underlie the electrocardiographic abnormal-
ities in FD, including the presence of a short PR interval in
the absence of an accessory pathway.

Finally, when considering the complexity of myocar-
dial pathophysiology in FD, it should be emphasized that
patients with the same gene variant, even in the same fam-
ily, may present different severity of clinical manifesta-
tions, suggesting that also other genetic factors, like the
presence of additional GLA variants, concomitant variants
in other genes and environmental factors, may influence the
phenotypic expression [44]. With this regard, it’s worth to
mention that in patients with an established diagnosis of FD,
in the presence of significant LVH in children and adoles-
cents, severe LVH in young adults or evidence of male-to-
male transmission of LVH phenotype, the presence of con-
comitant sarcomeric gene mutations should be ruled out,
particularly when response to FD-therapy is scarce or null
[45]. Similar secondary mechanisms of damage mediated
by Gb3 and lysoGb3 beyond the lysosomal storage, have
been demonstrated also in other affected tissues. In arte-
rial vessels, lysoGb3 promotes smooth muscle cell prolif-
eration, causing wall remodeling with increase of intima
media thickness and arterial stiffness of small and large ar-
teries, including myocardial and renal vessels [46]. In ad-
dition, lysoGb3 at concentrations consistent with levels de-
tectable in FD patients, can impair endothelial nitric oxide
synthase, further contributing to the widespread vasculopa-
thy observed in Fabry patients, particularly in classic FD
[47,48].

In kidneys, lysoGb3 is thought to contribute to
podocyte loss and glomerulus fibrosis through different
mechanisms, triggering apoptosis and inflammatory acti-
vation similarly to what described for myocardial tissue
[49,50]. With this regard it should be reminded that both
cardiomyocytes and podocytes are terminally differentiated
cells with very low, if any, rates of turn-over. A recent
proteome analysis study showed that α-Gal A-deficient
podocytes present dysregulation of proteins involved in
lysosomal trafficking and function, metabolism and ther-
mogenesis regulation, cell-cell interactions and cell cycle.

Of note treatment with induction of α-Gal A expression
normalized protein expression only in part. A similar ab-
normal protein expression was also observed in endothelial
and epithelial cells, suggesting a FD-specific rather than a
cell-specific intracellular pathways disruption [51].

At neuronal level it has been demonstrated that
lysoGb3 at concentrations detectable in plasma of FD
males, damages nociceptive neurons, likely accounting for
the reported small-fiber neuropathic pain affecting clas-
sic FD patients [52]. Similarly, duration of exposure to
lysoGb3 significantly correlated with thermal sensory li-
men and the cold detection threshold of hand and arms [53].

2.3 The Role of Inflammation
Increasing evidence supports a role of inflammation

in early pathogenesis and progression of cardiac damage
[50,54]. Accumulation of Gb3 and lyso-Gb3 can trigger
a chronic inflammatory response either promoting the re-
lease of—or behaving themselves as—damage mediators
[55] (Fig. 1). Altered peptides derived from oxidative stress
or from abnormal enzymes digestion may act as neoanti-
gens activating the immune system. Unfolded protein re-
sponse, as previously mentioned is also a potent trigger of
inflammatory response. Glycolipids can act themselves as
antigens when presented to natural killer T cells. The Gb3-
mediated effects can be abolished by antibodies blocking
the toll-like receptor 4, demonstrating a pivotal role of this
inflammatory pathway [50,54]. Activation of toll-like re-
ceptor 4 pathway may also enhance TGF-β response lead-
ing to remodeling of the extracellular matrix and myocar-
dial fibrosis [49].

Endomyocardial biopsy studies showed the presence
of myocarditis in up to 56% of patients with FD cardiomy-
opathy [56]. In the presence of positive antiheart and an-
timyosin antibodies and negative polymerase chain reac-
tion for viral genomes, an immune mediated process was
supposed and a significant correlation with disease sever-
ity was observed suggesting that myocardial inflammation
may contribute to progression of FD cardiac damage and
resistance to ERT.

In addition, signs of systemic and myocardial chronic
inflammatory activation are consistently detected in pa-
tients with FD [57].

The widespread use of new cardiac magnetic reso-
nance (CMR) techniques, namely T1 and T2 mapping, fur-
ther supported the view of FD as a storage/inflammatory
disease providing a qualitative assessment of myocardial
tissue in terms of myocardial lipid content and inflamma-
tion.

Systematic evaluation of patients with different gen-
der, age and type of disease (classic or late-onset) led
to identify sequential phases of cardiac damage evolution
[58–60] suggesting a three-stage progression of Fabry car-
diomyopathy: an initial phase, starting since childhood,
characterized by myocardial storage without signs of in-
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flammation nor overt LVH. In the second phase, secondary
pathways particularly inflammation and hypertrophy take
place leading to clinical manifestations and ECG and imag-
ing abnormalities. In this phase T1 lowering, indicative
of myocardial glycolipid storage and T2 elevation indica-
tive of myocardial edema/inflammation, may precede LVH,
mostly in female patients. Markers of this phase, character-
ized by myocardial inflammation and injury, are the release
of troponin and an initial increase of NT-proBNP. In the
absence of specific therapy, cardiac damage progresses to-
wards severe LVH and fibrosis, precipitated by concomitant
mechanisms, in particular myocardial ischemia. Higher
NT-proBNP levels are typical of this phase, characterized
by overt symptoms and poor response to FD-specific ther-
apies. Myocardial perfusion impairment is another early
feature of cardiac involvement, likely reflecting microcir-
culation dysfunction induced by storage and inflammation.
Whether myocardial inflammation is the main mechanism
leading to myocardial fibrosis remains to be fully eluci-
dated. It remains also unclear whether secondary pathways
triggered by Gb3 storage, including systemic and tissue in-
flammation, may become storage-independent and thus re-
sistant to FD-specific therapies aimed at halting or prevent-
ing further Gb3 storage.

3. Management of Cardiac Fabry Disease
The increasing recognition of additional pathophysi-

ologic pathways operating in the pathogenesis of cardiac
damage in FD, while allowing a better comprehension of
the potential pitfalls of currently available treatments, also
paves the way for the development of additional therapeutic
strategies with targets beyond Gb3 storage prevention.

The main therapeutic goal of FD treatment is to halt or
at least to slow the progression towards irreversible tissue
damage and organ failure, thus preventing major cardiovas-
cular events [61]. According to a recent European expert
consensus statement on therapeutic goals in Fabry disease
[62], the impact of any FD-specific therapy depends upon
patient- and disease-specific factors and timing of initiation,
considering that the disease spectrum ranges from classic
early-onset disease to non-classic later-onset phenotypes,
and that complications occur in multiple organs or are con-
fined to a single organ depending on the stage of the disease.
In this document, a series of organ-specific treatment goals
and patient management algorithms are proposed, consider-
ing inter-patient differences in disease severity, natural his-
tory, and treatment responses as well as the negative burden
of therapy and the importance of multidisciplinary care.

The statement, while emphasizing the need for early
disease-specific therapy to delay or slow the progression of
disease, also highlight the need for non-specific adjunctive
therapies to prevent or treat the effects of organ damage on
quality of life and long-term prognosis.

Then, a comprehensive management of cardiac FD
should include FD-specific and cardiologic adjunctive ther-

apies to prevent major cardiovascular events and manage
cardiovascular symptoms.

4. FD-Specific Treatments
4.1 Currently Approved Therapies

Currently available FD-specific treatments include
ERT (agalsidase alfa and agalsidase beta) and an oral phar-
macological chaperone (migalastat). Both therapies are in-
dicated in patients with an established diagnosis of FD, with
the pharmacological chaperone indicated only in those pa-
tients with an amenable variant.

Long-term follow-up studies and registry data demon-
strated that ERT may halt or slow progression of cardiac
disease reducing the rate of cardiovascular events, particu-
larly when started early [2,15]. Regression of mild LVH has
been reported in patients with the classic and cardiac phe-
notype, with some evidence that LVH may be prevented by
early treatment [61]. In a recent study ERT-naïve patients
presented attenuated T1 lowering, with small reductions in
maximum wall thickness and stabilized LVMI after 1 year
of ERT [63].

When cardiac involvement is advanced, response to
ERT is limited [61,63] and there is evidence that despite 1-
year-ERT an increase of T2 signal and LGE area with wors-
ening global longitudinal strain can be observed at CMR.

Endomyocardial biopsy studies have shown that ERT
reduces endothelial Gb3 inclusions in myocardial vessels,
while clearance of Gb3 from cardiomyocytes is less sig-
nificant [64]. The development of neutralizing antibodies
binding exogenous enzyme molecules and preventing them
to reach target cells, is among the possible causes for a lim-
ited efficacy of ERT in some patients [65].

Chaperone molecules are iminosugars that in
amenable variants of FD bind to the catalytic domain of
α-Gal A promoting its proper folding and trafficking to
the lysosome, thus increasing enzymatic activity and Gb3
degradation. The same molecules at higher doses exert
an inhibitory action on α-Gal A. Amenable GLA variants
are defined by an increase by at least 20% of enzymatic
activity in patients’ lymphocytes cultured with 20 mM
Migalastat.

A list of GLA variants resulted amenable in vitro is
available online in a public online database. Clinical tri-
als and open-label extension studies have shown that treat-
ment with Migalastat is associated with a small but signif-
icant decrease in indexed left ventricular mass assessed by
echocardiography [66]. However, no CMR data on Mi-
galastat effects on myocardial damage are currently avail-
able. In addition, recent real-world studies demonstrated
that in some genetic variants a significant discrepancy be-
tween predicted in vitro amenability and the effective in
vivo increase in α-Gal A activity and clinical response
can be observed [67]. These pitfalls of Migalastat treat-
ment may recognize several causes including the possible
dosage-dependent inhibitory effects of Migalastat and the
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intrinsic limitations of the in vitro amenability test. Accord-
ingly, a careful monitoring of the biochemical and clinical
response to chaperone therapy is required when treatment
is initiated to confirm clinical efficacy.

4.2 Therapies under Development
New therapies under development are represented by

second-generation ERTs, substrate reduction therapies and
gene and mRNA therapies [5,68].

New generation ERTs include plant-derived ERTs de-
veloped to reduce ADAs formation and improve enzyme
biodistribution. Pegunigalsidase alpha is a novel pegylated
form of α-Gal A produced in a PlantCell Ex system (Pro-
talix Biotherapeutics, Carmiel, Israel) characterized by a
much longer circulatory half-life and increased heart and
kidney uptake compared to currently available ERTs.

In the phase III BRIDGE trial (NCT03018730) pa-
tients switched from agalsidase alfa to Pegunigalsidase
alfa showed stabilization, or at least slower progres-
sion of kidney failure (eGFR slope improved from –5.1
to 0.23 mL/min/1.73 m2/year in both male and female)
[69]. Other clinical trials (NCT02795676; NCT03018730,
NCT03180840) evaluating Pegunigalsidase alfa treatment
are still ongoing,

Substrate reduction therapy (SRT) is represented by
oral iminosugars blocking the glucosylceramide synthase
enzyme thus inhibiting glycosphingolipid synthesis to
lower the cellular amount of Gb3. This therapeutic ap-
proach, already validated in Gaucher disease, can be admin-
istered irrespective of genotype. There are two SRT formu-
lations, venglustat and lucerastat, currently under investi-
gation in phase II and III clinical trials respectively [70].

Both novel SRT agents are promising potential oral
therapeutics for the nearby future with no limitation regard-
ing specific mutations as seen in chaperone therapy.

In phase I/II clinical trials treatment with lucerastat
led to a significant reduction of glycosphingolipids, gluco-
sylceramide, lactosylceramide, and globotriaosylceramide
plasma levels compared to baseline, with a good safety and
tolerance profile [71]. A randomized multi-center double-
blind clinical phase III study with lucerastat is currently on-
going.

Genetic therapy is considered the definitive treatment
for many genetic disorders including lysosomal storage dis-
eases. In the last decades, both in vivo and ex vivo gene
therapy approaches have been explored. In a recent phase II
clinical trial, hematopoietic stem cells were retrieved from
patients, transfected with lentiviruses (AVR-RD-01, Avro-
bio) and re-administered to the patient showing a persistent
elevation in α-Gal A activity [72]. However, despite en-
couraging safety and efficacy results this research line has
been recently deprioritized by the pharmaceutical company.

In vivo approaches with liver targeted adenoviral-
mediated gene transfer showed in preclinical studies with
α-Gal A knockout mouse model, a significant increase of

α-Gal A activity associated with a marked reduction of
lyso-Gb3 [73]. Regarding this approach, it remains unclear
whether the uptake of enzyme released by transfected cells
by affected tissues will be sufficient to compensate the en-
zymatic deficit. Indeed, when considering the case of het-
erozygous females, cross-correction doesn’t seem able to
restore adequate enzymatic activity and prevent Gb3 stor-
age. In addition, it is also possible that male patients with
classic FD and absent a-Gal A activity could develop ADAs
against the expressed enzyme, as observed for ERT, al-
though given the continuous exposure and endogenous syn-
thesis and glycosylation, tolerance towards the new antigen
could be expected in most of cases. To specifically target
myocardial tissue, novel cardiac-tropic vectors have been
developed and are currently tested in non-human primates.
Initial studies suggest an increased gene delivery and a re-
duced immunogenicity compared with conventional aden-
oviral vectors. Very recent data in adult male patients with
classic FD showed safety and efficacy of the vectors with
evidence of biochemical efficacy (sustained increase of α-
Gal A activity and significant decrease of lyso-Gb3 levels),
together with promising cardiac improvement in terms of
T1 mapping increase at CMR.

The administration of humanα-GALAmRNAencap-
sulated with lipid nanoparticles, has been also tested inmice
and non-human primates showing a significant increase of
α-GAL A levels in liver, heart, and kidney [74].

Cell transplantation represents another potential strat-
egy to treat lysosomal diseases. In a recent study a new ex
vivo gene therapy platform was developed using a trans-
plant pack, consisting of a porous membrane and spheroids
with scaffolds. These membranes have countless pores of
less than 0.1 mm2 allowing secretion of proteins keeping
them separated from the host immune system. The packs
with cells overexpressing α-Gal A were subcutaneously
transplanted into the backs of mice, leading to high levels of
enzyme in plasma and livers. Compared to classic ERT this
technique has several advantages including continuous en-
zyme secretion and potentially a one-time treatment to cure
diseases [75].

In general, while initial experience and short-term re-
sults, are promising, the long-term efficacy and potential
adverse effects of gene therapy and cellular therapies re-
main unclear and require larger studies with longer follow-
up.

4.3 Conventional Cardiovascular Therapies

Cardiovascular complications are the first cause of
morbidity and mortality in patients with FD. Therefore,
conventional cardiovascular therapies including pharmaco-
logical and interventional strategies are essential to improve
survival and quality of life in these patients. In a recent con-
sensus document, expert recommendations have been pro-
vided regarding treatment and follow-up [76]. It is impor-
tant to emphasize that FD does not represent a contraindi-
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cation to conventional invasive therapies including percuta-
neous and surgical myocardial revascularization procedures
or pacemaker and defibrillator implant. Similarly, interven-
tional structural cardiology and radiofrequency ablation can
be considered in FD patients with valvular disease or life-
threatening arrhythmias, while patients with advanced heart
failure can be proposed for cardiac transplant.

With this regard, sudden cardiac death prevention re-
mains challenging in FD, particularly in patients with ad-
vanced cardiac involvement. Current recommendations for
HCM, including the risk calculator developed by European
Society of Cardiology, cannot be applied. Therefore, prog-
nostic stratification relies on the identification of risk fac-
tors including advanced LV hypertrophy, extensive fibrosis,
and unexplained syncope [77].

Similarly, considering the increased risk of stroke
and also of cerebral microbleeds associated with FD,
when considering stroke prevention strategies in patients
with atrial fibrillation, classical scoring systems (i.e.,
CHA2DS2VASC and HAS-BLED) should not be applied.
As patients with HCM, all patients with FD and atrial fibril-
lation should be considered candidates to oral anticoagula-
tion. Although there are no studies assessing safety and effi-
cacy of direct oral anticoagulants in FD, these drugs should
be preferred (when not contraindicated for severe impair-
ment of renal function) considering the augmented risk of
intracranial hemorrhage and nephropathy associated with
vitamin-K antagonists administration. It is also important to
remind that amiodarone is a cationic amphiphilic molecule
that may further worsen lysosomal pH and functions, po-
tentially reducing the effect of ERT. Therefore, long-term
treatment with this drug, either for ventricular arrhythmias
or rhythm control in atrial fibrillation should be avoided or
limited to selected cases with close monitoring of ERT ef-
fects [76].

5. Future Perspectives
In the last decades FD-specific therapies have signif-

icantly changed the natural history in terms of long-term
survival and quality of life. On the other hand, the effects
of these therapies on cardiac involvement appear still in-
complete, as a significant impact on cardiac FD can be ob-
tained only with early treatment, while clinical effects are
more limited in advanced cases. Many factors may limit
the efficacy of ERT on cardiac damage (anti-drug antibod-
ies formation, lower concentrations and higher instability
of administered enzyme in myocardial tissue, inability to
clear terminally differentiated cardiomyocytes) while data
on long-term cardiac efficacy ofMigalastat are still lacking.

Several strategies to optimize currently available ther-
apies have been proposed, like immunosuppression to min-
imize the detrimental effect of anti-drug antibodies, or the
co-administration of ERT and chaperones to improve stabil-
ity and bioavailability of exogenous enzyme [78]. Never-
theless, the activation of the secondary pathways of damage

previously described represents an additional component of
cardiac damage progression despite FD-specific therapies,
particularly in patients with overt cardiac involvement. In-
deed, restoring lysosomal function could represent only a
part of the treatment of this cardiomyopathy (Fig. 3). A
better comprehension of the pathways triggered by lysoso-
mal dysfunction and the possible development of specific
therapies, appear essential to further improve the manage-
ment of these patients. In particular, it will be important
to clarify which pathogenic pathways may become storage-
independent, thus representing alternative therapeutic tar-
gets. In this regard, the role of inflammation in both early
and late stages of cardiac damage must be further investi-
gated, also in therapeutic terms. In recent studies, pentosan
polysulfate, a mixture of semisynthetic sulfated polyan-
ions, showed anti-inflammatory activity in mucopolysac-
charidosis type 2 patients, and reduced pro-inflammatory
cytokine secretion in cultured peripheral blood mononu-
clear cells from patients with Fabry and Gaucher disease
[79]. In this sense the use of cardiomyocytes derived from
isolated pluripotent stem cells may also offer the opportu-
nity to study genomic and proteomic changes occurring in
early stages of the disease.

Fig. 3. Schematic representation of relevance of Gb3 stor-
age and secondary mechanisms and clinical impact of FD-
specific and organ-specific treatments, according to progres-
sion of cardiac involvement and age. With the progression of
cardiac damage the relevance of Gb3 storage decreases while sec-
ondary pathaways become prominent. Accordingly the impact of
therapies targeting Gb3 storage gradually decrease with the need
of additional organ specific treatments targeting secondary path-
ways.

A deeper understanding of mechanisms of cardiac
damage in FD may also provide insights for other car-
diomyopathies and other non-cardiac conditions. Under-
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standing the central role of defective lysosomal/endosomal
transport has recently revealed links between Gaucher and
Parkinson’s disease [80]. Additionally, the lysosomal pro-
tein NPC1, defects in which result in Niemann Pick disease,
is also involved in the Ebola virus infection-replication cy-
cle. On the other hand, new therapies targeting the patho-
physiological mechanisms of HCM like myosin modulator
mavacamten have been recently approved, opening the way
to drugs interfering with the intracellular molecular path-
ways and potentially representing an additional therapeutic
option also for FD-related cardiomyopathy [81].

6. Conclusions
Lysosomal storage of glycosphingolipids represents

the main mechanism of cardiac damage in early stages of
FD, while secondary pathways of cellular and tissue dam-
age, triggered by lysosomal storage, contribute to cardiac
damage and disease progression. The role of these mech-
anisms appear prominent in more advanced stages, ham-
pering and reducing the efficacy of FD-specific treatments.
Conventional cardiovascular treatments in addition to FD-
specific therapies are necessary to manage cardiovascular
symptoms and reduce cardiovascular events. Although new
therapies aimed to halt or slow lysosomal storage or to cor-
rect the genetic defect are in development, a better defini-
tion and comprehension of the complex pathophysiology of
cardiac damage in FD, is essential to identify new therapeu-
tic targets beyond storage and new therapeutic strategies.
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