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Abstract: Fabry disease is an X-linked lysosomal multisystem storage disorder induced by a mutation
in the alpha-galactosidase A (GLA) gene. Reduced activity or deficiency of alpha-galactosidase A
(AGAL) leads to escalating storage of intracellular globotriaosylceramide (GL-3) in numerous organs,
including the kidneys, heart and nerve system. The established treatment for 20 years is intravenous
enzyme replacement therapy. Lately, oral chaperone therapy was introduced and is a therapeutic
alternative in patients with amenable mutations. Early starting of therapy is essential for long-term
improvement. This review describes chaperone therapy in Fabry disease.
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1. Introduction

Fabry disease (FD) is a multisystem lysosomal storage disorder induced by a mutation
in the alpha-galactosidase A (GLA) gene located on the X chromosome [1]. Reduced
activity or deficiency of alpha-galactosidase A (AGAL) is leading to escalating storage
of intracellular globotriaosylceramide (GL-3) in numerous organs, including the nervous
system, kidneys and heart [2]. Typical manifestations include peripheral neuropathic pain,
gastrointestinal symptoms, angiokeratoma, anhidrosis, left ventricular (LV) hypertrophy,
cornea verticillate, renal failure or cryptogenic stroke [3–8]. Several articles have been
published on the diagnosis and treatment of FD [9–11].

In addition, measurement of AGAL activity is highly recommended. In males, reduced
AGAL activity (<1% of the mean normal) is extremely suggestive of classic FD [9]. In females
and in patients with late-onset mutations, the enzyme activity may be residual or even in a
normal range; thus, in such cases, genetic testing for Fabry mutations is essential [12]. The
supplementary measurement of globotriaosylsphingosine (Lyso-Gb3) is advocated. Lyso-
Gb3 levels ≥2.7 ng/mL are pathological and in general the level of Lyso-Gb3 is related to
disease activity and to the severity of mutation [13]. In addition, Lyso-Gb3 can be used to
monitor therapy effects during specific treatment such as chaperone therapy. For assessment
of important cardiac involvement, measurements of highly sensitive Troponin (hsTnT) and
B-type natriuretic peptide (NT-proBNP), as biomarkers, are recommended [14]. Whereas
hsTnT indicates mainly myocardial fibrosis in hypertrophic left ventricles, NT-proBNP is
elevated in end-stage Fabry cardiomyopathy. Both blood biomarkers are part of the important
diagnostic tools to initiate and to monitor chaperone therapy.

Even though blood tests are comfortable to do, a large number of patients are diag-
nosed late during the disease progression, because symptoms can vary extremely and thus
it is challenging to designate broad clinical symptoms to this very rare disease. Overall, it
takes 10 years from the first symptom to the appropriate diagnosis of FD.
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In patients with FD, morbidity and poor prognosis are largely driven by cardiomy-
opathy [15,16]. The usual treatment of FD is enzyme replacement therapy (ERT), either
Replagal® (Agalsidase alfa) or Fabrazyme® (Agalsidase beta), and since a few years ago
chaperone therapy Migalastat [17]. In end-stage cardiomyopathy, patient heart transplan-
tation should be considered [18]. Regardless of the kind of treatment concept, starting
the therapy early is key for long-term prognosis [19]. For future therapy options, several
therapeutic approaches along with gene therapy are under development. This review
describes the chaperone therapy in Fabry disease.

2. Chaperone Therapy from Bench to Bedside

Some patients with FD have missense mutations with normal AGAL catalytic activity,
but a reduction in overall AGAL enzymatic activity due to reduced stability of the mutated
protein, caused by protein misfolding and premature degradation [20,21]. To correct for
this misfolding and to prevent premature degradation a small molecule called chaperone
was developed.

In 1995, Okumiya et al. proved that galactose stabilized a missense mutation of AGAL.
In their in vitro experiment, they demonstrated that after administering 100 mM galactose
to cells expressing a missense mutant an increasing amount of AGAL protein could be
recorded and a higher activity of the protein was present [22]. Thereafter, Frustaci et al.
used a very high dosage of galactose infusion (1 g/kg body weight) in a Fabry patient
and showed an improvement of the present cardiomyopathy [23]. However, it was clear
that such a high dosage of galactose is not practicable in patients with Fabry disease [23].
Thus, other small molecules were tested in cells with missense mutations for AGAL such
as 1,5-dideoxy-1,5-iminogalactitol, which is an iminosugar analog of galactose was one
of the promising candidates [24]. The major advantage of this iminosugar was that the
biological half-time period was far longer than galactose [24]. This small molecule was
chemically called 1-deoxygalactonojirimicin (DGJ). Fan et al. proved in 1999 that DGJ was
more effective than galactose in stabilizing responsive AGAL mutants [25]. They proposed
a concept of a chemical chaperone as a small molecule which can assist a protein to fold
properly allowing it to enter physiological processing pathways smoothly [25]. Later on,
the concept was called a pharmacological chaperone and for missense mutations in Fabry
disease, it is known as Migalastat. In 2018, this therapy was approved by the FDA for
amenable mutations [26] and the trademark name is Galafold® [24].

3. Chaperone Therapy Concept

As described above galactose was used in the first in vitro studies. The enzyme activity
in vitro was increased after adding galactose to the culture medium of COS-1 cells with the
p.Q279E mutation [20]. However, it has been shown that galactose did not increase enzyme
activity in AGAL mutations [22]. Later studies mostly used 1-deoxygalactonojirimycin
(known as Migalastat, Galafold®, Amicus Therapeutics, U.S., Inc., Philadelphia, PA, USA),
a galactose analogue, in which oxygen is replaced by a nitrogen atom in the ring. As shown
in Figure 1, Migalastat binds to the active site of amenable mutant forms of AGAL. This is
stabilizing AGAL and prevents its degradation in the endoplasmic reticulum by properly
folding of AGAL. Due to the efficient “quality control” in the endoplasmic reticulum,
transport to the Golgi apparatus is limited only to properly folded and assembled proteins.
The mutant AGAL is retarded in the normal pathway, leading to deficiency of AGAL
activity [25]. Thus, stable AGAL folded by Migalastat migrates from the endoplasmic
reticulum to the Golgi apparatus for further processing and transport to the next destination,
the lysosomes. Migalastat dissociates in the lysosomes from AGAL, granting the enzyme
to apply its activity on GL-3 [27–29]. Here, GL-3 is broken down into lactosylceramide
by AGAL. In summary, chaperone therapy with Migalastat elevates correct folding of
the mutated protein and increases its stability, which leads to a reduction of GL-3 and its
substrates (Figure 1).
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Figure 1. Overview of action of Migalastat. AGAL, alpha-galactosidase A. GL-3, Globotriaosylce-
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Migalastat is also a strong competitive inhibitor of AGAL [10]; however, at lower
doses, it increases enzymatic activity for amenable AGAL mutations [25], as described in
Figure 1.

3.1. Migalastat

Currently, Migalastat is the only small molecule oral treatment for FD, administered
123 mg once every other day. Migalastat was approved by the European Medicines
Agency (EMA) in 2016, and by the US Food Drug Administration (FDA) in 2018 for
the treatment of patients aged ≥12 years, with estimated glomerular filtration rate (eGFR)
≥30 mL/min/1.73 m2 and amenable AGAL mutations [30–33]. Migalastat is not recom-
mended in patients pregnant or breastfeeding [31,32,34]. Due to the rarity of FD, large
clinical trials with Migalastat were not performed yet.

Migalastat has been approved in 43 countries worldwide and is available in 33 of them
(e.g., Argentina, Colombia and Brazil); the combined market experience worldwide on top
of studies is over 3500 patient years.

Compared to ERT, Migalastat therapy has considerable advantages: (a) it is non-
immunogenic, escaping antibody-related tolerability; (b) it is an oral treatment; (c) it
may lead to sustained enzyme levels that more closely mimic the endogenous enzyme(d)
potentially improved tissue and cellular distribution; (e) and capability to pass the blood–
brain barrier [17], as implied by the reporting of enhanced AGAL activity and diminished
GL-3 levels in the brain of Fabry transgenic mice [35,36].

Wu et al. assessed Migalastat and agalsidase beta biodistribution in mice. Their results
suggested that Migalastat had broad tissue distribution in the heart, kidney and small
intestine [37]. They showed that Migalastat might be distributed to tissues with limited
access to intravenous agalsidase beta [37].

3.1.1. Amenability to Migalastat

Some mutations and especially missense mutations result in a misfolded AGAL protein
which leads to reduced enzyme activity. The misfolded protein cannot enter the lysosomes
and thus premature degradation in the endoplasmic reticulum leads to storage of Gb3 [38].
Before starting to treat an FD patient with Migalastat, the amenability of the specific muta-
tion has to be evaluated. Amenability implies the pharmaceutical response with respect to
increasing enzyme activity of the AGAL mutation after incubation with Migalastat. Several
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different in vitro assays have been developed to evaluate amenability [39–41]. The basic
concept behind the assays is comparable as they all work with cell culture in human embry-
onic kidney cells (HEK). Lately, the good laboratory practice (GLP) HEK assay by Benjamin
et al. seems to be the gold standard and only patients with amenable mutations assessed
by this method should be treated with Migalastat [30]. This assay has been clinically evalu-
ated [30]. Some AGAL mutations are classified as non-amenable; such mutations include
insertions, truncations, splicing mutations, large mutations and frameshift mutations, and
do not pass for testing. Patients with mutations in the GLA gene are believed to be eligible
for treatment with Migalastat if the amended AGAL activity rises at least 1.2-fold, with
an absolute increase in activity greater than 3% of the enzymatic activity of the wild-type
AGAL [30]. The extremely variable biochemical response to the Migalastat therapy may be
explained by the extensive range of increase in AGAL activity (1.2–30.4-fold) after treatment
with Migalastat [30]. About 35–50% of FD patients have amenable AGAL mutations to
Migalastat [32]. Nonetheless, in vitro and in vivo amenability may not always match, as
an insufficient increase of the enzymatic activity and rising values of plasma lyso-Gb3 in
patients with certain AGAL mutations (classified as amenable on the basis of the in vitro
GLP-HEK assay) have been shown in recent trials [38,42,43]. Consequently, surveillance
of the clinical response and consecutive measurements of the AGAL enzymatic activity in
leukocytes and lyso-Gb3 are essential for assessing in vivo amenability to Migalastat [36].
The website (https://www.galafoldamenabilitytable.com/hcp, accessed on 4 November
2021) provides information on the amenability of AGAL mutations to Migalastat [44].

By using the in vitro information about amenability and as well as data on the clini-
cal response (in vivo amenability) four groups of amenable mutations should be consid-
ered [38]: (1) Patients with amenable mutations (e.g., N215S) with typical Fabry symptoms
which benefit clinically very well from Migalastat therapy, (2) Non-pathogenic amenable
mutations of genetic variants. These patients should not be treated with Migalastat or other
disease modifying therapy. (3) Amenable mutations that do not respond to Migalastat.
In these patients, alternative therapy concepts should be considered. (4) It is conceivable
that in a few mutations Migalastat acts as an inhibitor with a very strong affinity to the
center. Consequently, a potential increase in lyso-Gb3 could be observed. If these patients
clinically do not respond, Migalastat should be discontinued [38].

3.1.2. Efficacy of Migalastat

Migalastat therapy is applicable to ERT-naïve as well as to ERT-experienced patients.
Switching from ERT to Migalastat is also possible.

There are two relevant phase 3 trials on chaperone therapy in FD patients, the FACETS
trial and ATTRACT trial.

In the FACETS trial, 67 patients were randomized to six months double-blind Mi-
galastat or placebo, followed by open-labeled Migalastat for six to 12 months. During the
trial, patients were monitored by blood biomarkers, Fabry symptoms evaluation, clini-
cal assessment for kidney function and heart morphology and by histology assessment
with kidney biopsies. In the modified-intention to treat group (ERT-naïve patients with
Migalastat-amenable AGAL mutations), plasma lyso-Gb3 (as a blood disease biomarkers)
and the mean number of GL-3 inclusion in renal biopsy (for histology assessment) were
significantly reduced by Migalastat at six months (Figure 2).

https://www.galafoldamenabilitytable.com/hcp
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Figure 2. (A) Difference from baseline in kidney interstitial capillary globotriaosylceramide (GL-3)
in patients with mutant α-galactosidase forms that were suitable for Migalastat treatment [31]. An
analysis of covariance (ANCOVA) model with covariate adjustment for baseline value and factors
for therapy group and therapy-by-baseline interaction was used for the difference from baseline to
month six, the p value of 0.008 corresponds to the least-squares mean differences between Migalastat
and placebo. A mixed effects model for repeated measures was used for the difference from month
6 to month 12 in patients switching from placebo to Migalastat. The model used fixed effects for
therapy group and time, time-by-therapy interaction, and baseline GL-3 inclusion. I bars indicate
standard errors (SEM) [31]. (B) Change from baseline in plasma globotriaosylsphingosine (lyso-Gb3)
levels in patients with suitable mutant α-galactosidase. Baseline values were normalized to zero, and
data represent the mean difference from baseline of month six. An ANCOVA model was used to
compare Migalastat with placebo from baseline to month six and to compare the difference from six
to month 12 in patients changing from placebo to Migalastat. The ANCOVA model used covariate
adjustment for baseline value and factors for therapy group and therapy-by-baseline interaction.
p values correspond to the least-squares mean difference between Migalastat and placebo. Of the
44 patients who allowed plasma lyso-Gb3 analyses, 31 had suitable mutant α-galactosidase. I bars
indicate standard errors (SEM) [31]. (A,B) adapted from Germain et al., with permission [31].

In addition, the mean total GL-3 inclusion volume per podocyte in renal biopsies
decreased by the Migalastat therapy from baseline to 6 months [31,45]. This was an
important finding as clearance of podocytes from GL-3 is very difficult. For kidney function,
eGFR, measured glomerular filtration rate (mGFR), 24 h urine protein excretion, and 24 h
urinary GL-3 showed no significant differences between the groups at baseline levels and
insignificant variations from baseline to month 6 [31,45]. In contrast, there was a notable
reduction of the mean LV mass index (for heart morphology) relative to the baseline at 18
or 24 months of Migalastat therapy (Figure 3) [31,32].
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Figure 3. Differences in echocardiographic-derived Left-ventricular-mass (LVM) index change from
baseline to at least 18 months on Migalastat [31,32]. Red line: In the ATTRACT study, difference
to month 18 in mITT patients (all randomized, treated patients with amenable mutations). LVMi
decreased significantly (95%CI; 6.6 (−11.0 to −2.2 *) in patients switched from enzyme replacement
therapy (ERT) to Migalastat [32]. Blue line: in the FACETS study. Patients in the intention-to-treat
population who had suitable mutant α-galactosidase, underwent echocardiography baseline and
post-baseline, and received Migalastat for at least 18 months†. Month six was used as the baseline
for patients who received placebo for 6 months before switching to Migalastat. LVMi decreased
significantly (95%CI; −7.7 (−15.4 to −0.01 *) [31]. Values are means ± SEM, * The difference from
baseline was considered to be significant because the 95% confidence interval did not include zero,
†Month 18 or 24 was used as the baseline of the extension study, LVMi, left ventricular mass index,
mITT, modified intention-to-treat population, CI, confidence interval.

For assessment of typical Fabry symptoms 6 months after treatment with Migalastat,
an improvement in diarrhea was found [31,45,46]. In the subgroup of classic males from
the FACETS trial those results could be confirmed, regardless of disease severity [47].

In the 18-month, randomized, active-controlled ATTRACT trial, 57 ERT-experienced
patients, 53 of them with amenable AGAL mutations were selected to switch to Migalastat
or to continue ERT. Migalastat and ERT had comparable effects on renal function. Plasma
lyso-Gb3 levels stayed low and stable after switching from ERT to Migalastat. The mean
LV mass index was significantly reduced at 18 months after treatment with Migalastat.
The improvement of the LV mass index correlated with variations in the interventricular
septum thickness. In contrast, very little change of the mean LV mass index was observed in
the ERT group [32]. Furthermore, the open-label extension study done by Feldt-Rasmussen
et al. showed a notable reduction of the LV mass index, well tolerability of Migalastat and
long-term stability of renal function after 30 months of Migalastat 150 mg every other day
in patients with Fabry disease and amenable AGAL variants with LV hypertrophy (LVH)
at baseline [48].

In summary, the two randomized trials FACETS and ATTRACT documented a signifi-
cant reduction of LV hypertrophy (−7.7 g/m2 and −6.6 g/m2, respectively) after 24 and
18 months of treatment with Migalastat [31,32,49]. In addition, kidney function was stabi-
lized and diarrhea as a clinical symptom was improved during Migalastat therapy. Very
importantly, plasma lyso-Gb3 as a parameter for diseases activity decreased in previously
untreated patients and remained stable in ERT pretreated patients [31,32,49].

A post hoc analysis of changes in renal function in patients with amenable AGAL
variants who were treated with Migalastat for more than 2 years in the phase 3 FACETS
and ATTRACT trials, and the long-term, open-label extension (OLE) studies, showed
maintained renal function irrespective of the treatment status, gender, or phenotype [50].
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Müntze et al. showed that the LV mass index in 14 patients treated with Migalastat for
1 year significantly decreased, while the plasma lyso-Gb3 exhibited a similar trend in naïve
patients and was maintained in patients who switched from ERT. They reported signifi-
cantly reduced eGFR, in contrast to the findings in the pivotal clinical trials, and supposed
that this might be explained by the coincident beginning of angiotensin converting enzyme
inhibitors. Thus, they recommend further studies with Migalastat with longer follow-up
for kidney function [51].

Lenders et al. showed in a prospective observational multicenter study (FAMOUS)
including 59 patients that treatment of previously ERT-treated and untreated FD patients
with Migalastat for 12 months was safe with a considerable reduction of LV mass index [42].
In patients with systolic blood pressure below 120 mmHg, a higher decline of eGFR was
shown. The latter was also reported in females with AGAL mutations and categorized as
non-amenable by the in-house assay based on AGAL-knockout HEK cells [42].

A study by Riccio et al. showed a significant decrease of LV mass with seven FD males,
who switched from ERT to Migalastat. This was also detected after 1 year of therapy with
Migalastat, whereas plasma lyso-Gb3 was not changed significantly. In contrast to other
real-life studies, eGFR remained unchanged and proteinuria notably decreased [52].

Headaches and nasopharyngitis have been reported as the most common side effects
of generally well-tolerated Migalastat [31,32].

Another clinical disadvantage of Migalastat compared to ERT is that so far only a few
trials on Migalastat are available. In addition, experience with ERT during daily clinical
work with Fabry patients is much better than with Migalastat.

4. Clinical Workup during Chaperone Therapy

Whenever a new Fabry patient is diagnosed the first step is to classify the AGAL muta-
tion for amenability. For most of the mutations, this can be easily done by checking the mu-
tation of interest in the reference website (https://www.galafoldamenabilitytable.com/hcp,
accessed on 4 November 2021). Only patients in which their mutation is assigned as
amenable on this website are eligible to be treated with Migalastat. For a better understand-
ing of the clinical impact of the found AGAL mutation the enzyme activity and lyso-Gb3
should be measured additionally.

The next very important step is that an interdisciplinary, collaborative team of Fabry
specialists have to evaluate the different organ systems [53]. Comprehensive cardiologic,
nephrologic, and neurologic work-ups have to be organized for more life-threatening
scenarios (e.g., cardiomyopathy, renal insufficiency, stroke) [53]. In general, Fabry-related
specialists have two main duties: (1) to confirm or rule out Fabry disease involvement of
the relevant organ system and assess the extent of disease progression; (2) to determine the
need for a specific therapy [54].

In patients where the start of a specific therapy is decided the team has to choose
either enzyme replacement therapy (ERT) or in amenable mutations chaperone therapy
with Migalastat. If Migalastat is chosen every 6 months a clinical follow-up should be
performed [38,55]. During every follow-up, the therapeutic goals should be checked [55].
This check should include information on patients’ reported symptoms, inclusive infor-
mation about quality of life, blood biomarkers inclusive lyso-Gb3 and AGAL activity and
a comprehensive evaluation of the different organ involvements. During therapy with
Migalastat, the therapeutic goals are: (1) stabilization of organ function, i.e., kidney insuf-
ficiency, (2) an improvement of organ function, i.e., decrease in left ventricular mass in
patients with a hypertrophic cardiomyopathy, (3) reduction in Fabry related symptoms,
(4) improvement of quality of life and (5) decrease of lyso-Gb3 in parallel to an increase of
AGAL activity [12,55]. Using all this information, it has to be decided if the therapeutic
goals are achieved and thus the patient is clinically amenable. [38]. However, if a patient
is clinically non-amenable, before considering discontinuation of therapy, the first step
is to check patients adherence [38] and in addition if adjunctive therapy is required [38].
If adherence is ensured the interdisciplinary Fabry specialist should again evaluate the
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in vitro amenability of the specific mutation by integrating the literature about this muta-
tion and the related amenability [38]. Taking all this information together, in some patients,
Migalastat has to be stopped and a switch to ERT should be discussed. In very rare patients
a co-medication of ERT together with Migalastat should be considered by the interdisci-
plinary Fabry team. However, so far, clinical data on this specific therapeutic concept are
not available.

5. Conclusions

Oral chaperone therapy with Migalastat in patients with Fabry disease is innovative
and very safe without severe side effects. Clinical data proved that during therapy with
Migalastat LV hypertrophy decreased and kidney function was stabilized in most pa-
tients. However, only patients with amenable AGAL mutations to Migalastat are potential
candidates for this treatment concept.

Author Contributions: Conceptualization, F.W., I.V.; writing—original draft preparation, F.W., I.V.;
writing—review and editing, F.W., I.V., A.J., K.H.; supervision, F.W., K.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: Vardarli states no conflict of interest in this work. Jovanovic has received
grant from Amicus Therapeutics and advisory board honoraria from Sanofi, Amicus Therapeutics
and Takeda. Herrmann reports personal fees from Bayer, stock options (less than 1%) from Sofie
Biosciences, personal fees from SIRTEX, non-financial support from ABX, personal fees from Adacap,
personal fees from Curium, personal fees from Endocyte, grants and personal fees from BTG, personal
fees from IPSEN, personal fees from Siemens Healthineers, personal fees from GE Healthcare,
personal fees from Amgen, personal fees from Novartis, personal fees from Y-mAbs, outside the
submitted work. Weidemann has received research grants from Genzyme and Shire and speaker
honoraria from Amicus, Genzyme, and Shire.

References
1. Brady, R.O.; Gal, A.E.; Bradley, R.M.; Martensson, E.; Warshaw, A.L.; Laster, L. Enzymatic defect in Fabry’s disease. Ceramidetri-

hexosidase deficiency. N. Engl. J. Med. 1967, 276, 1163–1167. [CrossRef] [PubMed]
2. Desnick, R.J.; Brady, R.; Barranger, J.; Collins, A.J.; Germain, D.P.; Goldman, M.; Grabowski, G.; Packman, S.; Wilcox, W.R.

Fabry disease, an under-recognized multisystemic disorder: Expert recommendations for diagnosis, management, and enzyme
replacement therapy. Ann. Intern. Med. 2003, 138, 338–346. [CrossRef] [PubMed]

3. Van der Tol, L.; Smid, B.E.; Poorthuis, B.J.; Biegstraaten, M.; Deprez, R.H.; Linthorst, G.E.; Hollak, C.E. A systematic review on
screening for Fabry disease: Prevalence of individuals with genetic variants of unknown significance. J. Med. Genet. 2014, 51, 1–9.
[CrossRef] [PubMed]

4. Liguori, R.; Incensi, A.; de Pasqua, S.; Mignani, R.; Fileccia, E.; Santostefano, M.; Biagini, E.; Rapezzi, C.; Palmieri, S.; Romani, I.;
et al. Skin globotriaosylceramide 3 deposits are specific to Fabry disease with classical mutations and associated with small fibre
neuropathy. PLoS ONE 2017, 12, e0180581. [CrossRef]

5. Wozniak, M.A.; Kittner, S.J.; Tuhrim, S.; Cole, J.W.; Stern, B.; Dobbins, M.; Grace, M.E.; Nazarenko, I.; Dobrovolny, R.; McDade, E.;
et al. Frequency of unrecognized Fabry disease among young European-American and African-American men with first ischemic
stroke. Stroke 2010, 41, 78–81. [CrossRef]

6. Van der Tol, L.; Svarstad, E.; Ortiz, A.; Tondel, C.; Oliveira, J.P.; Vogt, L.; Waldek, S.; Hughes, D.A.; Lachmann, R.H.; Terryn, W.;
et al. Chronic kidney disease and an uncertain diagnosis of Fabry disease: Approach to a correct diagnosis. Mol. Genet. Metab.
2015, 114, 242–247. [CrossRef]

7. Nagueh, S.F. Anderson-Fabry disease and other lysosomal storage disorders. Circulation 2014, 130, 1081–1090. [CrossRef]
8. Laney, D.A.; Peck, D.S.; Atherton, A.M.; Manwaring, L.P.; Christensen, K.M.; Shankar, S.P.; Grange, D.K.; Wilcox, W.R.;

Hopkin, R.J. Fabry disease in infancy and early childhood: A systematic literature review. Genet. Med. 2015, 17, 323–330.
[CrossRef]

9. Vardarli, I.; Rischpler, C.; Herrmann, K.; Weidemann, F. Diagnosis and Screening of Patients with Fabry Disease. Ther. Clin. Risk
Manag. 2020, 16, 551–558. [CrossRef]

http://doi.org/10.1056/NEJM196705252762101
http://www.ncbi.nlm.nih.gov/pubmed/6023233
http://doi.org/10.7326/0003-4819-138-4-200302180-00014
http://www.ncbi.nlm.nih.gov/pubmed/12585833
http://doi.org/10.1136/jmedgenet-2013-101857
http://www.ncbi.nlm.nih.gov/pubmed/23922385
http://doi.org/10.1371/journal.pone.0180581
http://doi.org/10.1161/STROKEAHA.109.558320
http://doi.org/10.1016/j.ymgme.2014.08.007
http://doi.org/10.1161/CIRCULATIONAHA.114.009789
http://doi.org/10.1038/gim.2014.120
http://doi.org/10.2147/TCRM.S247814


Int. J. Mol. Sci. 2022, 23, 1887 9 of 10

10. Van der Veen, S.J.; Hollak, C.E.M.; van Kuilenburg, A.B.P.; Langeveld, M. Developments in the treatment of Fabry disease.
J. Inherit. Metab. Dis. 2020, 43, 908–921. [CrossRef]

11. Feriozzi, S.; Hughes, D.A. New drugs for the treatment of Anderson-Fabry disease. J. Nephrol. 2021, 34, 221–230. [CrossRef]
[PubMed]

12. Ortiz, A.; Germain, D.P.; Desnick, R.J.; Politei, J.; Mauer, M.; Burlina, A.; Eng, C.; Hopkin, R.J.; Laney, D.; Linhart, A.; et al.
Fabry disease revisited: Management and treatment recommendations for adult patients. Mol. Genet. Metab. 2018, 123, 416–427.
[CrossRef] [PubMed]

13. Niemann, M.; Rolfs, A.; Stork, S.; Bijnens, B.; Breunig, F.; Beer, M.; Ertl, G.; Wanner, C.; Weidemann, F. Gene mutations versus
clinically relevant phenotypes: Lyso-Gb3 defines Fabry disease. Circ. Cardiovasc. Genet. 2014, 7, 8–16. [CrossRef] [PubMed]

14. Weidemann, F.; Beer, M.; Kralewski, M.; Siwy, J.; Kampmann, C. Early detection of organ involvement in Fabry disease by
biomarker assessment in conjunction with LGE cardiac MRI: Results from the SOPHIA study. Mol. Genet. Metab. 2019, 126,
169–182. [CrossRef] [PubMed]

15. Linhart, A.; Kampmann, C.; Zamorano, J.L.; Sunder-Plassmann, G.; Beck, M.; Mehta, A.; Elliott, P.M.; European, F.O.S.I. Cardiac
manifestations of Anderson-Fabry disease: Results from the international Fabry outcome survey. Eur. Heart J. 2007, 28, 1228–1235.
[CrossRef] [PubMed]

16. Weidemann, F.; Breunig, F.; Beer, M.; Sandstede, J.; Stork, S.; Voelker, W.; Ertl, G.; Knoll, A.; Wanner, C.; Strotmann, J.M. The
variation of morphological and functional cardiac manifestation in Fabry disease: Potential implications for the time course of the
disease. Eur. Heart J. 2005, 26, 1221–1227. [CrossRef]

17. McCafferty, E.H.; Scott, L.J. Migalastat: A Review in Fabry Disease. Drugs 2019, 79, 543–554. [CrossRef]
18. Di Nora, C.; Livi, U. Heart transplantation in cardiac storage diseases: Data on Fabry disease and cardiac amyloidosis. Curr. Opin.

Organ Transpl. 2020, 25, 211–217. [CrossRef]
19. Beck, M. Agalsidase alfa for the treatment of Fabry disease: New data on clinical efficacy and safety. Expert Opin. Biol. Ther. 2009,

9, 255–261. [CrossRef]
20. Ishii, S.; Kase, R.; Sakuraba, H.; Suzuki, Y. Characterization of a mutant alpha-galactosidase gene product for the late-onset

cardiac form of Fabry disease. Biochem. Biophys. Res. Commun. 1993, 197, 1585–1589. [CrossRef]
21. Romeo, G.; D’Urso, M.; Pisacane, A.; Blum, E.; De Falco, A.; Ruffilli, A. Residual activity of alpha-galactosidase A in Fabry’s

disease. Biochem. Genet. 1975, 13, 615–628. [CrossRef] [PubMed]
22. Okumiya, T.; Ishii, S.; Takenaka, T.; Kase, R.; Kamei, S.; Sakuraba, H.; Suzuki, Y. Galactose stabilizes various missense mutants of

alpha-galactosidase in Fabry disease. Biochem. Biophys. Res. Commun. 1995, 214, 1219–1224. [CrossRef] [PubMed]
23. Frustaci, A.; Chimenti, C.; Ricci, R.; Natale, L.; Russo, M.A.; Pieroni, M.; Eng, C.M.; Desnick, R.J. Improvement in cardiac function

in the cardiac variant of Fabry’s disease with galactose-infusion therapy. N. Engl. J. Med. 2001, 345, 25–32. [CrossRef] [PubMed]
24. Liguori, L.; Monticelli, M.; Allocca, M.; Hay Mele, B.; Lukas, J.; Cubellis, M.V.; Andreotti, G. Pharmacological Chaperones: A

Therapeutic Approach for Diseases Caused by Destabilizing Missense Mutations. Int. J. Mol. Sci. 2020, 21, 489. [CrossRef]
[PubMed]

25. Fan, J.Q.; Ishii, S.; Asano, N.; Suzuki, Y. Accelerated transport and maturation of lysosomal alpha-galactosidase A in Fabry
lymphoblasts by an enzyme inhibitor. Nat. Med. 1999, 5, 112–115. [CrossRef] [PubMed]

26. Moran, N. FDA approves Galafold, a triumph for Amicus. Nat. Biotechnol. 2018, 36, 913. [CrossRef]
27. Yam, G.H.; Zuber, C.; Roth, J. A synthetic chaperone corrects the trafficking defect and disease phenotype in a protein misfolding

disorder. FASEB J. 2005, 19, 12–18. [CrossRef]
28. Asano, N.; Ishii, S.; Kizu, H.; Ikeda, K.; Yasuda, K.; Kato, A.; Martin, O.R.; Fan, J.Q. In vitro inhibition and intracellular

enhancement of lysosomal alpha-galactosidase A activity in Fabry lymphoblasts by 1-deoxygalactonojirimycin and its derivatives.
Eur. J. Biochem. 2000, 267, 4179–4186. [CrossRef]

29. Yam, G.H.; Bosshard, N.; Zuber, C.; Steinmann, B.; Roth, J. Pharmacological chaperone corrects lysosomal storage in Fabry disease
caused by trafficking-incompetent variants. Am. J. Physiol. Cell Physiol. 2006, 290, C1076–C1082. [CrossRef]

30. Benjamin, E.R.; Della Valle, M.C.; Wu, X.; Katz, E.; Pruthi, F.; Bond, S.; Bronfin, B.; Williams, H.; Yu, J.; Bichet, D.G.; et al. The
validation of pharmacogenetics for the identification of Fabry patients to be treated with migalastat. Genet. Med. 2017, 19, 430–438.
[CrossRef]

31. Germain, D.P.; Hughes, D.A.; Nicholls, K.; Bichet, D.G.; Giugliani, R.; Wilcox, W.R.; Feliciani, C.; Shankar, S.P.; Ezgu, F.;
Amartino, H.; et al. Treatment of Fabry’s Disease with the Pharmacologic Chaperone Migalastat. N. Engl. J. Med. 2016, 375,
545–555. [CrossRef] [PubMed]

32. Hughes, D.A.; Nicholls, K.; Shankar, S.P.; Sunder-Plassmann, G.; Koeller, D.; Nedd, K.; Vockley, G.; Hamazaki, T.; Lachmann, R.;
Ohashi, T.; et al. Oral pharmacological chaperone migalastat compared with enzyme replacement therapy in Fabry disease:
18-month results from the randomised phase III ATTRACT study. J. Med. Genet. 2017, 54, 288–296. [CrossRef] [PubMed]

33. Amicus Therapeutics. Galafold™ (Migalastat) Capsules, for Oral Use: US Prescribing Information. 2018. Available online:
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/208623Orig1s000Approv.pdf (accessed on 2 November 2021).

34. European Medicines Agency. Migalastat (Galafold). EU Summary of Product Characteristics. 2016. Available online: https://www.ema.
europa.eu/en/documents/product-information/galafold-epar-product-information_en.pdf (accessed on 2 November 2021).

http://doi.org/10.1002/jimd.12228
http://doi.org/10.1007/s40620-020-00721-4
http://www.ncbi.nlm.nih.gov/pubmed/32193835
http://doi.org/10.1016/j.ymgme.2018.02.014
http://www.ncbi.nlm.nih.gov/pubmed/29530533
http://doi.org/10.1161/CIRCGENETICS.113.000249
http://www.ncbi.nlm.nih.gov/pubmed/24395922
http://doi.org/10.1016/j.ymgme.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30594474
http://doi.org/10.1093/eurheartj/ehm153
http://www.ncbi.nlm.nih.gov/pubmed/17483538
http://doi.org/10.1093/eurheartj/ehi143
http://doi.org/10.1007/s40265-019-01090-4
http://doi.org/10.1097/MOT.0000000000000756
http://doi.org/10.1517/14712590802658428
http://doi.org/10.1006/bbrc.1993.2659
http://doi.org/10.1007/BF00484919
http://www.ncbi.nlm.nih.gov/pubmed/812485
http://doi.org/10.1006/bbrc.1995.2416
http://www.ncbi.nlm.nih.gov/pubmed/7575533
http://doi.org/10.1056/NEJM200107053450104
http://www.ncbi.nlm.nih.gov/pubmed/11439944
http://doi.org/10.3390/ijms21020489
http://www.ncbi.nlm.nih.gov/pubmed/31940970
http://doi.org/10.1038/4801
http://www.ncbi.nlm.nih.gov/pubmed/9883849
http://doi.org/10.1038/nbt1018-913
http://doi.org/10.1096/fj.04-2375com
http://doi.org/10.1046/j.1432-1327.2000.01457.x
http://doi.org/10.1152/ajpcell.00426.2005
http://doi.org/10.1038/gim.2016.122
http://doi.org/10.1056/NEJMoa1510198
http://www.ncbi.nlm.nih.gov/pubmed/27509102
http://doi.org/10.1136/jmedgenet-2016-104178
http://www.ncbi.nlm.nih.gov/pubmed/27834756
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/208623Orig1s000Approv.pdf
https://www.ema.europa.eu/en/documents/product-information/galafold-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/galafold-epar-product-information_en.pdf


Int. J. Mol. Sci. 2022, 23, 1887 10 of 10

35. Khanna, R.; Soska, R.; Lun, Y.; Feng, J.; Frascella, M.; Young, B.; Brignol, N.; Pellegrino, L.; Sitaraman, S.A.; Desnick, R.J.; et al. The
pharmacological chaperone 1-deoxygalactonojirimycin reduces tissue globotriaosylceramide levels in a mouse model of Fabry
disease. Mol. Ther. 2010, 18, 23–33. [CrossRef] [PubMed]

36. Azevedo, O.; Gago, M.F.; Miltenberger-Miltenyi, G.; Sousa, N.; Cunha, D. Fabry Disease Therapy: State-of-the-Art and Current
Challenges. Int. J. Mol. Sci. 2020, 22, 206. [CrossRef] [PubMed]

37. Wu, Y.S.; Khanna, R.; Schmith, V.; Lun, Y.; Shen, J.S.; Garcia, A.; Dungan, L.; Perry, A.; Martin, L.; Tsai, P.C.; et al. Migalastat
Tissue Distribution: Extrapolation From Mice to Humans Using Pharmacokinetic Modeling and Comparison With Agalsidase
Beta Tissue Distribution in Mice. Clin. Pharmacol. Drug Dev. 2021, 10, 1075–1088. [CrossRef]

38. Lenders, M.; Stappers, F.; Brand, E. In Vitro and In Vivo Amenability to Migalastat in Fabry Disease. Mol. Ther. Methods Clin. Dev.
2020, 19, 24–34. [CrossRef]

39. Benjamin, E.R.; Flanagan, J.J.; Schilling, A.; Chang, H.H.; Agarwal, L.; Katz, E.; Wu, X.; Pine, C.; Wustman, B.; Desnick, R.J.; et al.
The pharmacological chaperone 1-deoxygalactonojirimycin increases alpha-galactosidase A levels in Fabry patient cell lines.
J. Inherit. Metab. Dis. 2009, 32, 424–440. [CrossRef]

40. Shimotori, M.; Maruyama, H.; Nakamura, G.; Suyama, T.; Sakamoto, F.; Itoh, M.; Miyabayashi, S.; Ohnishi, T.; Sakai, N.;
Wataya-Kaneda, M.; et al. Novel mutations of the GLA gene in Japanese patients with Fabry disease and their functional
characterization by active site specific chaperone. Hum. Mutat. 2008, 29, 331. [CrossRef]

41. Oommen, S.; Zhou, Y.; Meiyappan, M.; Gurevich, A.; Qiu, Y. Inter-assay variability influences migalastat amenability assessments
among Fabry disease variants. Mol. Genet. Metab. 2019, 127, 74–85. [CrossRef]

42. Lenders, M.; Nordbeck, P.; Kurschat, C.; Karabul, N.; Kaufeld, J.; Hennermann, J.B.; Patten, M.; Cybulla, M.; Muntze, J.;
Uceyler, N.; et al. Treatment of Fabry’s Disease With Migalastat: Outcome From a Prospective Observational Multicenter Study
(FAMOUS). Clin. Pharmacol. Ther. 2020, 108, 326–337. [CrossRef]

43. Lenders, M.; Stappers, F.; Niemietz, C.; Schmitz, B.; Boutin, M.; Ballmaier, P.J.; Zibert, A.; Schmidt, H.; Brand, S.M.; Auray-Blais, C.;
et al. Mutation-specific Fabry disease patient-derived cell model to evaluate the amenability to chaperone therapy. J. Med. Genet.
2019, 56, 548–556. [CrossRef] [PubMed]

44. Galafold Amenability Table. 2021. Available online: https://www.galafoldamenabilitytable.com/hcp (accessed on 4 November 2021).
45. Mauer, M.; Sokolovskiy, A.; Barth, J.A.; Castelli, J.P.; Williams, H.N.; Benjamin, E.R.; Najafian, B. Reduction of podocyte

globotriaosylceramide content in adult male patients with Fabry disease with amenable GLA mutations following 6 months of
migalastat treatment. J. Med. Genet. 2017, 54, 781–786. [CrossRef] [PubMed]

46. Schiffmann, R.; Bichet, D.G.; Jovanovic, A.; Hughes, D.A.; Giugliani, R.; Feldt-Rasmussen, U.; Shankar, S.P.; Barisoni, L.; Colvin, R.B.;
Jennette, J.C.; et al. Migalastat improves diarrhea in patients with Fabry disease: Clinical-biomarker correlations from the phase 3
FACETS trial. Orphanet. J. Rare Dis. 2018, 13, 68. [CrossRef]

47. Germain, D.P.; Nicholls, K.; Giugliani, R.; Bichet, D.G.; Hughes, D.A.; Barisoni, L.M.; Colvin, R.B.; Jennette, J.C.; Skuban, N.;
Castelli, J.P.; et al. Efficacy of the pharmacologic chaperone migalastat in a subset of male patients with the classic phenotype of
Fabry disease and migalastat-amenable variants: Data from the phase 3 randomized, multicenter, double-blind clinical trial and
extension study. Genet. Med. 2019, 21, 1987–1997. [CrossRef] [PubMed]

48. Feldt-Rasmussen, U.; Hughes, D.; Sunder-Plassmann, G.; Shankar, S.; Nedd, K.; Olivotto, I.; Ortiz, D.; Ohashi, T.; Hamazaki, T.;
Skuban, N.; et al. Long-term efficacy and safety of migalastat treatment in Fabry disease: 30-month results from the open-label
extension of the randomized, phase 3 ATTRACT study. Mol. Genet. Metab. 2020, 131, 219–228. [CrossRef]

49. Lenders, M.; Brand, E. Fabry Disease: The Current Treatment Landscape. Drugs 2021, 81, 635–645. [CrossRef] [PubMed]
50. Bichet, D.G.; Torra, R.; Wallace, E.; Hughes, D.; Giugliani, R.; Skuban, N.; Krusinska, E.; Feldt-Rasmussen, U.; Schiffmann, R.;

Nicholls, K. Long-term follow-up of renal function in patients treated with migalastat for Fabry disease. Mol. Genet. Metab. Rep.
2021, 28, 100786. [CrossRef]

51. Muntze, J.; Gensler, D.; Maniuc, O.; Liu, D.; Cairns, T.; Oder, D.; Hu, K.; Lorenz, K.; Frantz, S.; Wanner, C.; et al. Oral Chaperone
Therapy Migalastat for Treating Fabry Disease: Enzymatic Response and Serum Biomarker Changes After 1 Year. Clin. Pharmacol.
Ther. 2019, 105, 1224–1233. [CrossRef]

52. Riccio, E.; Zanfardino, M.; Ferreri, L.; Santoro, C.; Cocozza, S.; Capuano, I.; Imbriaco, M.; Feriozzi, S.; Pisani, A.; Group, A. Switch
from enzyme replacement therapy to oral chaperone migalastat for treating fabry disease: Real-life data. Eur. J. Hum. Genet. 2020,
28, 1662–1668. [CrossRef]

53. Weidemann, F.; Sommer, C.; Duning, T.; Lanzl, I.; Mohrenschlager, M.; Naleschinski, D.; Baron, R.; Breunig, F.; Schaefer, R.;
Strotmann, J.; et al. Division-related function and organ-related therapy in Fabry’s disease. An interdisciplinary challenge. Med.
Klin. 2009, 104, 10–19. [CrossRef]

54. Weidemann, F.; Niemann, M.; Warnock, D.G.; Ertl, G.; Wanner, C. The Fabry cardiomyopathy: Models for the cardiologist. Annu.
Rev. Med. 2011, 62, 59–67. [CrossRef] [PubMed]

55. Wanner, C.; Arad, M.; Baron, R.; Burlina, A.; Elliott, P.M.; Feldt-Rasmussen, U.; Fomin, V.V.; Germain, D.P.; Hughes, D.A.;
Jovanovic, A.; et al. European expert consensus statement on therapeutic goals in Fabry disease. Mol. Genet. Metab. 2018, 124,
189–203. [CrossRef] [PubMed]

http://doi.org/10.1038/mt.2009.220
http://www.ncbi.nlm.nih.gov/pubmed/19773742
http://doi.org/10.3390/ijms22010206
http://www.ncbi.nlm.nih.gov/pubmed/33379210
http://doi.org/10.1002/cpdd.941
http://doi.org/10.1016/j.omtm.2020.08.012
http://doi.org/10.1007/s10545-009-1077-0
http://doi.org/10.1002/humu.9520
http://doi.org/10.1016/j.ymgme.2019.04.005
http://doi.org/10.1002/cpt.1832
http://doi.org/10.1136/jmedgenet-2019-106005
http://www.ncbi.nlm.nih.gov/pubmed/31010832
https://www.galafoldamenabilitytable.com/hcp
http://doi.org/10.1136/jmedgenet-2017-104826
http://www.ncbi.nlm.nih.gov/pubmed/28756410
http://doi.org/10.1186/s13023-018-0813-7
http://doi.org/10.1038/s41436-019-0451-z
http://www.ncbi.nlm.nih.gov/pubmed/30723321
http://doi.org/10.1016/j.ymgme.2020.07.007
http://doi.org/10.1007/s40265-021-01486-1
http://www.ncbi.nlm.nih.gov/pubmed/33721270
http://doi.org/10.1016/j.ymgmr.2021.100786
http://doi.org/10.1002/cpt.1321
http://doi.org/10.1038/s41431-020-0677-x
http://doi.org/10.1007/s00063-009-1003-0
http://doi.org/10.1146/annurev-med-090910-085119
http://www.ncbi.nlm.nih.gov/pubmed/21090963
http://doi.org/10.1016/j.ymgme.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/30017653

	Introduction 
	Chaperone Therapy from Bench to Bedside 
	Chaperone Therapy Concept 
	Migalastat 
	Amenability to Migalastat 
	Efficacy of Migalastat 


	Clinical Workup during Chaperone Therapy 
	Conclusions 
	References

