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Abstract
Fabry disease (FD) is a rare X-linked lysosomal storage disease based on a deficiency of α-galactosidase A (AGAL) caused 
by mutations in the α-galactosidase A gene (GLA). The lysosomal accumulation of glycosphingolipids, especially globo-
triaosylceramide  (Gb3) and globotriaosylsphingosine (lyso-Gb3, deacylated form), leads to a multisystemic disease with 
progressive renal failure, cardiomyopathy with potentially malignant cardiac arrhythmias, and strokes, which considerably 
limits the life expectancy of affected patients. Diagnostic confirmation in male patients is based on the detection of AGAL 
deficiency in blood leukocytes, whereas in women, due to the potentially high residual enzymatic activity, molecular genetic 
detection of a causal mutation is required. Current treatment options for FD include recombinant enzyme replacement therapy 
(ERT) with intravenous agalsidase-alfa (0.2 mg/kg body weight) or agalsidase-beta (1 mg/kg body weight) every 2 weeks 
and oral chaperone therapy with migalastat (123 mg every other day), which selectively and reversibly binds to the active site 
of AGAL, thereby correcting the misfolding of the enzyme and allowing it to traffic to the lysosome. These therapies enable 
cellular  Gb3 clearance and improve the burden of disease. However, in about 40% of all ERT-treated men, ERT can lead to 
infusion-associated reactions and the formation of neutralizing antidrug antibodies, which reduces the efficacy of therapy. 
In chaperone therapy, there are carriers of amenable mutations that show limited clinical success. This article provides a 
brief overview of the clinical picture in FD patients, diagnostic confirmation, and interdisciplinary clinical management of 
FD. The focus is on current and future therapeutic options.

Key Points 

Diagnosis of Fabry disease in males includes the detec-
tion of decreased α-galactosidase A activity and in 
females the determination of a disease-causing mutation.

Current treatment options of enzyme replacement ther-
apy and chaperone therapy can improve disease burden 
and quality of life.

New therapy options include modified enzyme replace-
ment therapy, substrate reduction therapy, and gene 
therapy.

1 Introduction

Fabry disease (FD) is an X-linked lysosomal storage disorder 
based on a deficiency in α-galactosidase A (GLA/AGAL) 
activity causing a progressive, life-threatening multisystemic 
disease due to intracellular accumulation of glycosphin-
golipids (mainly globotriaosylceramide  [Gb3)] [1]. The aim 
of this article is to provide a brief overview of the clinical 
picture of patients with FD, the diagnostic confirmation, and 
interdisciplinary clinical management, with an additional 
special focus on current and future therapeutic options.

1.1  Overview of Epidemiology and Pathogenesis

FD affects men and women with an incidence of 
1:40,000–1:117,000, although newborn screenings have 
pointed to higher incidences of 1:3100–1:1250 in males [2, 
3]. Disease-causing mutations are detected in the GLA gene 
coding for AGAL, which is located on the long arm of the X 
chromosome (band q22), has a length of 12 Kb, and consists 
of 7 exons and 6 introns. Currently more than 1000 differ-
ent GLA mutations are known, while most patients carry 
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"private" (family-specific) mutations. Due to X-linked inher-
itance, family history is important and genetic counseling is 
recommended for every family with member who has FD.

Since almost all body cells accumulate  Gb3, numerous 
organs/organ systems such as kidneys, heart, blood vessels, 
and the central and peripheral nervous system are affected, 
and patients show varying degrees of progressive functional 
deficits.

1.2  Clinical Picture and Diagnostics for Diagnosis 
Confirmation

FD patients suffer from a multisystemic disease with pro-
gressive (dialysis-dependent) renal insufficiency, cardiomyo-
pathy with sometimes life-threatening cardiac arrhythmias, 
recurrent strokes, gastrointestinal pain, and neuropathic pain 
of the extremities, which can lead to Fabry crises (Table 1 
and Fig. 1) [1, 4]. Due to the random inactivation of one of 
the two X chromosomes in each cell during early embryo-
genesis, the variability of the clinical picture is greater in 
women than in men [5].

FD can be suspected in the presence of a the family 
history and/or from the evidence of the typical manifesta-
tions. In males, the determination of AGAL activity in 

blood leukocytes or from dried blood spots is the method 
of choice for confirmation a diagnosis. A pathologi-
cally low AGAL activity indicates the presence of FD. 
In females, molecular genetic testing demonstrating a 
disease-causing mutation in the GLA gene is necessary 
to confirm the diagnosis, since women with FD often 
present with AGAL activities within the reference range. 
In men with pathologically decreased enzymatic AGAL 
activity, molecular genetic testing should be used to detect 
the underlying mutation in order to select an appropriate 
FD-specific therapy (see below). As a marker of disease 
burden, a pathologically elevated globotriaosylsphingosine 
(lyso-Gb3) in plasma or urine can contribute to improved 
diagnosis and subsequent monitoring. In unclear diagnos-
tic cases (disputed mutation, ambiguous AGAL activity 
and lyso-Gb3 values, comorbidities) organ biopsies may 
be helpful. If biopsies are performed, electron microscopic 
multilamellar myelin bodies (so-called "zebra bodies" or 
"paper roll phenomenon") can be detected, which are 
pathognomonic for FD, but require special sample prepa-
rations. Prenatal diagnosis can be performed by measur-
ing AGAL activity in chorionic villi or cultured amniotic 
cells and, in the case of a mutation known in the family, 
by molecular genetic methods (see Table 2).

Table 1  Classical manifestations in Fabry disease according to age

Childhood, adolescence (≤ 16 years)
Peripheral/ autonomous nervous system: Acroparesthesia and neuropathic burning pain of the hands and feet, "pain crises" triggered by cold, 

heat, physical or emotional stress, intercurrent diseases, or alcohol consumption (detectable small-fiber neuropathy)
Hypohidrosis, reduced saliva and tear production, impaired intestinal motility, orthostatic dysregulation, vertigo
Skin: Angiokeratoma, mostly in groups gluteal, periumbilical, scrotal and on the thighs, sometimes on the lips, fingertips, mucous membranes 

(oral mucosa and conjunctiva)
Gastrointestinal: Gastrointestinal complaints (postprandial abdominal pain, flatulence, diarrhea, gastric reflux)
Lung: Obstructive (and restrictive) respiratory diseases
Eyes: Cornea verticillata, tortuositas vasorum (conspicuous tortuosity of the conjunctival and retinal vessels), Fabry cataract
Ears: Progressive sensorineural hearing loss (particularly high frequencies), tinnitus
Musculoskeletal system: Characteristic deformation of the interphalangeal joints of the fingers, in some cases drum flail fingers and toes. Ossi-

fied tendon insertions, degenerative joint changes, aseptic bone necrosis
Robustness: Physical exhaustion, fatigue
Additional manifestations: Reduced body growth, delayed puberty, fertility disorder, impotence, characteristic facial features, anomaly in the oral 

and dental area such as cysts and pseudocysts of the maxillary sinus
First renal and cardiac abnormalities (including microalbuminuria, proteinuria, abnormal heart rate variability)
Early adulthood (17−30 years)
In addition to the above-mentioned manifestations:
Fabry nephropathy: Proteinuria and progressive renal insufficiency; often renal cysts (unclear cause), renal hypertension
Fabry cardiomyopathy: Left ventricular hypertrophy (mostly concentric), conduction disorders (atrial fibrillation, supraventricular and ventricu-

lar tachycardia), valve dysfunction (mitral valve, aortic valve), angina pectoris, intramyocardial fibrosis ("late enhancement" in cardiac MRI)
Cerebral manifestation: Transient ischemic attack (TIA), ischemic insult, rare intracerebral hemorrhage, ectasia of the basilar artery and white 

matter lesions (lesions of the white matter in the cerebral MRI), disturbed cerebral blood flow, lymphedema of the lower extremity,
depression, psychoses, limited quality of life
Later adulthood (> 30 years)
Progression of the above-listed manifestations:
Renal insufficiency (dialysis, renal transplantation), heart failure, malignant arrhythmia, recurrent TIAs and insults, vascular dementia
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2  Therapy Goals and Treatment 
Recommendations

Once the diagnosis is confirmed, patients should be 
referred to an interdisciplinary Fabry center for initial 
examination, therapy planning, and therapy initiation. The 
following therapeutic goals should be aimed for in the con-
text of multimodal care [6, 7]: (1) Reduction of complaints 
(especially pain reduction), (2) delaying/preventing the 

progression of organ manifestations (especially in the kid-
ney, heart, and central nervous system), (3) improvement 
of quality of life, and (4) normalization of life expectancy.

Male FD patients generally have a higher risk of worse 
disease progression and outcome compared to females. 
Consequently, the international recommendations for ini-
tiating FD-specific treatment in adult male and female 
patients with classic or late-onset mutations reflect a per-
sonalized treatment approach that takes into account the 
natural history of the specific disease phenotype [6]. In 

Fig. 1  Fabry disease is a multi-
systemic disease. TIA transient 
ischemic attack, WML white 
matter lesion

Table 2  Concomitant medications and strategies in Fabry disease

ACE angiotensin-converting enzyme, ACVB aorto-coronary-venous-bypass, ARB angiotensin receptor blocker, ICD implantable cardioverter-
defibrillator, PTCA  percutaneous transluminal coronary angioplasty, RAS renin-angiotensin-system

Symptoms/manifestations Therapeutic strategy

Neuropathic pain Avoidance of pain triggers such as heat, cold, physical strain, stress, overtiredness
medication: pregabalin, in case of resistance to therapy possibly in combination with a dual serotonin and 

noradrenalin reuptake inhibitor (e.g., duloxetine)
Stroke Platelet-aggregation inhibition (e.g., ASS)
Depression Psychiatric/psychological care; serotonin reuptake inhibitors
Renal insufficiency (eGFR reduc-

tion, albuminuria/proteinuria)
RAS blocker (ACE inhibitor, ARB), anemia therapy

terminal renal insufficiency Dialysis, kidney transplantation (first choice therapy)
Hypertension Antihypertensives, e.g., ACE inhibitors or ARBs (no beta blockers in patients with sinus bradycardia)
Ventricular tachycardia Antiarrhythmics, implantable cardioverter defibrillator (ICD)
Bradykardia Pacemaker implantation
Heart failure Diuretics, ACE inhibitor (ARB for patients with ACE inhibitor intolerance), pacemaker or ICD implanta-

tion, heart transplantation
Coronary stenosis PTCA, ACVB
Dyslipidemia Statins
Airway obstruction Abstention from nicotine, possibly bronchodilators
Delayed gastric emptying, dyspepsia Small and frequent meals; metoclopramide, H2 blocker
Pronounced hearing loss Hearing aids, cochlear implant
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an adult male with a classic Fabry mutation, FD-specific 
treatment should be considered regardless of the patient’s 
symptomatology (symptomatic or asymptomatic). Treat-
ment decisions may be influenced by advanced patient 
age and severe comorbidity. In a female with a classic 
Fabry mutation, initiation of FD-specific treatment is 
warranted if she is symptomatic and symptoms/manifes-
tations are indicative of organ involvement. In an asymp-
tomatic woman with a classic Fabry mutation, initiation 
of FD-specific treatment should be considered if there 
is laboratory, histologic, or imaging evidence of renal, 
cardiac, or central nervous system damage. In males 
and females with a later-onset Fabry mutation (such as 
p.N215S), FD-specific treatment should be considered 
when there is laboratory, histologic, or imaging evidence 
of renal, cardiac, or central nervous system damage, even 
in the absence of typical Fabry symptoms. The abnor-
malities should be due to FD; this may require histologic 
evaluation or biochemical evidence of  Gb3 accumulation. 
In the absence of detectable FD-related tissue pathology 
or clinical symptoms, FD-specific treatment may not be 
appropriate, especially in heterozygous female patients. 
These patients should be monitored regularly by a multi-
disciplinary care team. Patients with "benign," non-dis-
ease-causing GLA variants/polymorphisms should not be 
treated with any FD-specific therapy.

Therapeutic goals are not always achievable in clini-
cal practice. Consensus recommendations [6, 7] provide 
guidance by establishing goals between clinicians and 
patients and considering treatment-related challenges to 
enable individualized treatment, optimize patient care, 
and improve quality of life. The patient-management 
algorithm addresses the need for early disease-specific 
therapy to delay or slow disease progression, as well as 
nonspecific adjunctive therapies that prevent or treat 
organ damage and stabilize quality of life [6].

3  Fabry Disease‑Specific Current Treatment

Currently approved medications including enzyme 
replacement therapy (ERT) as well as chaperone therapy 
aim to reduce intracellular  Gb3 accumulation by either 
replacing the deficient endogenous AGAL or correct-
ing the misfolded endogenous AGAL, with subsequent 
improvement of trafficking and increased enzymatic 
activity within the lysosomes. Future therapies such as 
next-generation ERT or gene therapy aim to diminish pre-
sent  Gb3 content whereas substrate reduction therapies 
aim to prevent the de novo synthesis of  Gb3.

3.1  Enzyme Replacement Therapy (ERT)

First attempts with ERT were carried out in 1973 when 
Brady and colleagues successfully administered puri-
fied human placental AGAL to two FD patients [8]. Both 
patients tolerated the infusion well and AGAL activity 
increased about 68% compared to pre-infusion levels [8]. 
Over the course of time, AGAL obtained from spleen as 
well as human plasma was administered to two brothers with 
FD. The administration of plasma-derived AGAL resulted 
in a  Gb3 clearance of up to 70% [9]. Due to the complex 
purification and insufficient availability of human AGAL for 
infusion, clinical research progress was limited. However, 
improved biotechnology processes enabled the production 
of high amounts of recombinant AGAL protein in cell cul-
ture required for appropriate clinical studies. Since 2001, 
ERT is available as a causal treatment option for FD [10, 
11]. The enzyme is administered every 2 weeks as an intra-
venous infusion (Figs. 2 and 3a). Two preparations in dif-
ferent dosages are currently approved for life-long therapy, 
including agalsidase-alfa (Replagal, Takeda) produced in a 
human cell line (human fibrosarcoma cells HT-1080), with 
an approved dosage of 0.2 mg/kg body weight leading to an 
infusion duration of approximately 40 min and agalsidase-
beta (Fabrazyme, Sanofi Genzyme), which is produced in 
Chinese hamster ovary (CHO) cells with a recommended 
dose of 1.0 mg/kg body weight and an infusion duration 
of approximately 240 min. Depending on individual toler-
ance, the infusion duration of agalsidase-beta may be pro-
gressively reduced to 90 min. 

ERT shows good efficacy with stabilization or even 
improvement of disease load (reviewed in Lenders and 
Brand [12]) including improvement of quality of life and 
reducing life-threatening events [13–15]. Unfortunately, 
females with FD are often still untreated despite organ 
manifestations [16], although an early initiation of therapy 
is particularly important for the (long-term) success of the 
therapy in males as well as females [17–21].

Depending on the patients and their manifestations, the 
following therapeutic effects can be achieved with ERT: 
Stabilization of kidney function or delay of progression 
to terminal kidney failure, stabilization of the thickness of 
the heart wall and function or reduction of left ventricular 
hypertrophy, relief of neuropathic pain and improvement of 
gastrointestinal complaints, and improvement in the ability 
to sweat [12, 20, 22, 23]. With respect to Fabry nephropathy, 
a dose-dependent reduction of  Gb3 inclusions in podocytes 
was demonstrated in children, suggesting a dose-dependent 
ERT efficacy with regard to the stabilization of renal func-
tion [24–28].

Due to the origin (production) and application of the 
enzymes, ERT also has limitations resulting in challenges 
in everyday clinical practice. During infusion, allergic 
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infusion reactions may occur, including cephalia, pares-
thesia, drop in blood pressure, fever, chills, nausea, and 
fatigue (especially after infusions). These symptoms can 
usually be alleviated by reducing the infusion rate and 
administration of non-steroidal anti-inflammatory drugs, 
antihistamines, and/or glucocorticoids. More critically, 
approximately 40% of all males with FD undergoing ERT 
produce antibodies against the infused enzyme (especially 
males without endogenous AGAL activity), leading to an 
inhibition of the infused enzyme, resulting in a worse dis-
ease course and poorer outcomes [29, 30]. These neutraliz-
ing antidrug antibodies (ADAs) already inhibit the infused 
enzyme during infusion [31], and impact endothelial 
enzyme uptake as well as intracellular enzymatic activity 
[32]. Depending on the titers, higher enzyme doses can 
compensate for ADAs, but approved dosages limit this 
approach [31, 33]. So far, no specific immunosuppression 
approaches in clinical routine have been reported, but in 
a collective of transplanted male FD patients a suppres-
sion of the antibody-mediated ERT inhibition was dem-
onstrated due to immunosuppressive therapy [34]. In this 
respect, higher immunosuppressive doses were associated 
with lower antibody titers and a reduced enzyme inhibi-
tion [34]. Future studies are needed, aimed at developing 

ADA-specific immunosuppressive therapy protocols lead-
ing to improved disease course in patients with ADAs.

3.2  Chaperone Therapy

Missense mutations within the GLA gene often result in an 
unstable and misfolded protein, leading to reduced intracel-
lular AGAL activities. Misfolded proteins will not pass the 
protein quality-control mechanism within the endoplasmic 
reticulum (ER), resulting in premature degradation before 
reaching the lysosomes (Fig. 3b) [35, 36]. To restore fold-
ing and stability of the protein, pharmacological chaperones 
can be used, binding reversibly to the active center of the 
protein [37].

The small molecule 1-deoxygalactonojirimycin (DGJ) is 
an iminosugar, initially identified as a competitive inhibi-
tor of the AGAL enzyme. At sub-inhibitory concentrations 
(extracellular: 20–100 µM), the binding to the enzyme’s cat-
alytic center (wild-type and amenable mutations) promotes 
improved protein folding in the ER as well as accelerated 
maturation and trafficking to the lysosome [38, 39]. This 
results in an increase of enzymatic AGAL activity in healthy 
control cells and (more importantly) in Fabry patient-derived 

Fig. 2  Overview of the ceramide pathway and therapeutic tar-
gets of Fabry disease-specific approved and future treatments. 
AGAL/GLA α-galactosidase A, loss of function results in Fabry 
disease, A4GALT α-1,4-galactosyltransferase, B3GALNT1 
β-1,3-N-acetylgalactosaminyltransferase 1, B4GALT6 β-1,4-

galactosyltransferase 6, GBA glucosylceramidase beta, loss of func-
tion results in Gaucher disease, GCS glucosylceramide synthase, 
GLB1 galactosidase-beta 1, loss of function results in GM1 gangliosi-
dosis, HEXA hexosaminidase-subunit alpha, loss of function results in 
GM2 gangliosidosis
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lymphoblasts carrying the first described responsive muta-
tions p.R301Q and p.Q279E [38, 39].

Since May 2016, the pharmacological chaperone 
migalastat (Galafold; 123 mg hard capsules, every other day; 
Amicus Therapeutics) is approved as the first oral therapy 
for FD [40]. For numerous AGAL protein mutants, the addi-
tion of migalastat under cell culture conditions (HEK293T 
cells) leads to a significantly increased enzymatic activity 
[41]. According to current knowledge, this is based on a 
reversible binding of migalastat to the active center of the 

AGAL and, thus, as a consequence of the resulting stabi-
lization, facilitates improved transport to the lysosomes. 
After uptake of the chaperone enzyme complex into the 
lysosomes, the small molecule dissociates due to the acidic 
pH and the lysosomal AGAL concentration increases. As a 
result of more effective transport, a higher enzyme activity 
can be achieved in the lysosomes, leading to an improved 
catabolism of  Gb3 (Fig. 2). AGAL mutants showing an 
increase in enzyme activity after migalastat administration 
are described as "amenable." The small molecule compound 

Fig. 3  Schematic overview of current and future treatment 
approaches for Fabry disease. a Enzyme replacement therapy. b 
Migalastat-based chaperone treatment. c Lucerastat- and Venglustat-
based substrate reduction therapy. d Lentiviral-based gene correction 

in haematopoietic stem cells. e Adenoviral-based transduction of liver 
cells. rhAGAL recombinant human α-galactosidase A, Gb3 globo-
triaosylceramide, GCS glucosylceramide synthase, ER endoplasmic 
reticulum, gDNA genomic DNA, mRNA messenger RNA
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is available for the long-term treatment of adults and adoles-
cents aged 16 years and older with confirmed FD diagnosis 
and an amenable mutation. The website www. galaf oldam 
enabi lityt able. com allows specialists to find out which muta-
tion responds to migalastat in vitro (status as at May 2020: 
1384 amenable mutations).

Two phase III studies for treatment with migalastat were 
conducted. The FACETS study is a placebo-controlled study 
including treatment-naïve patients (N = 50; 22 placebo vs. 28 
migalastat) [42]. The ATT RAC T study analyzed the efficacy 
and safety of migalastat compared to ERT (agalsidase-beta, 
agalsidase-alfa) in 57 patients (36 migalastat vs. 21 ERT 
males and females) [43]. The data were promising, since 
renal function remained stable under a maximum 18-month 
treatment period with migalastat, a significant reduction of 
the left ventricular mass index was observed, and plasma 
lyso-Gb3, as a marker of disease burden, remained low and 
stable when switching from ERT to migalastat (ATT RAC T 
[43]). An analysis of clinical events related to kidney, heart, 
and cerebrovascular events and death revealed a frequency 
of events observed in the migalastat group of 29% and within 
the ERT group of 44% (p = 0.36) [43]. Overall, migalastat 
therapy showed good tolerability, with side effects (includ-
ing ≥ 1/10 headache) not occurring more frequently than 
with ERT (ATT RAC T study) [43]. Although study popula-
tions were relatively small and the study duration was lim-
ited, the data are of clinical relevance since migalastat does 
not appear to be inferior to the previous gold standard of 
ERT. Both phase III studies reported a significant reduction 
of LVMi (− 7.7 g/m2 and − 6.6 g/m2, respectively) after 24 
and 18 months of migalastat-treatment [42, 43]. These data 
were subsequently confirmed by appropriate “real-world” 
studies including two single-center studies [44, 45] and one 
multicenter study [46]. Interestingly, 30 months of data from 
the open-label extension of the randomized, phase III ATT 
RAC T study demonstrated only a significant reduction of 
left ventricular mass index (− 10.0 g/m2) in those patients 
with left ventricular hypertrophy at baseline [47].

Oral therapy with migalastat seems to be a convenient 
alternative to intravenous ERT for patients with amenable 
mutations. However, patients with different amenable muta-
tions will show a different clinical response, partly due to 
the individual increase in AGAL activity, severity of the 
disease (at treatment initiation), possible comorbidities, and 
therapy adherence. Recent studies demonstrated that in vitro 
amenability does not always necessarily correspond to clini-
cal amenability [44, 46, 48]. Some amenable AGAL muta-
tions with low residual activity within the good laboratory 
practice (GLP)-HEK assay failed to show a biochemical 
response in appropriate migalastat-treated patients carrying 
these mutations [46, 48]. For critical mutations in patients 
lacking clinical amenability, future in-depth analyses includ-
ing the establishment of CRISPR/Cas9-knockout HEK cells 

(without endogenous AGAL activity) and/or the investiga-
tion of patient-specific cell models will allow a better under-
standing of the different clinical effectiveness of chaperone 
therapy of certain mutations [46, 48].

4  Future Treatment

4.1  Next‑Generation ERTs

Pegunigalsidase alfa (PRX-102, Protalix Biotherapeutics / 
Chiesi) is a novel PEGylated (PEG, polyethylene glycol) 
and covalently cross-linked form of AGAL, developed as 
ERT for FD and produced in tobacco cells (tobacco plant 
cell-based ProCellEx System) (Fig. 3a). Pegunigalsidase 
seems to be equivalent in functionality to the currently avail-
able ERTs, with prolonged in vitro stability and a tenfold 
increase in half-life in male Fabry mice (581 min) com-
pared to approved drugs [49]. A 1-year phase I/II clinical 
trial (dose-finding study) revealed increased efficacy due to 
prolonged plasma half-life (80 h) and reduced immunogenic-
ity [50]. The improved half-life (80 h) due to PEGylation, 
which stabilizes the AGAL homodimer, might allow the 
infusion interval (monthly intravenous administration) to be 
extended [51]. Three phase III studies are currently under-
way (BALANCE [NCT02795676], BRIDGE, and BRIGHT 
[NCT03180840]). BALANCE is a multicenter, randomized, 
actively controlled, direct comparison study (head-to-head) 
to evaluate the safety and efficacy of pegunigalsidase alfa (1 
mg/kg) compared to the approved dose of agalsidase beta (1 
mg/kg) with a special focus on renal function. BRIDGE is an 
open switch-over study to assess the safety and efficacy of 
the switch from an approved dose of agalsidase alfa (0.2 mg/
kg) to pegunigalsidase alfa (1 mg/kg). BRIGHT is an open 
switch-over study to evaluate the safety and efficacy of the 
switch from an approved dose of agalsidase alfa (0.2 mg/kg) 
or agalsidase beta (1 mg/kg) every 2 weeks to a higher dose 
of pegunigalsidase alfa (2.0 mg/kg) every 4 weeks.

Moss-aGal (ELEVA, former Greenovation) is a recom-
binant human AGAL expressed in Physcomitrella patens, 
which is a genetically modified moss (Fig. 3a). Preclinical 
studies suggest an improved uptake of the enzyme by man-
nose receptors instead of mannose-6-phosphate receptors 
into cells [52]. A phase I study showed good safety and tol-
erability of Moss-aGal in six women after a single intrave-
nous dose of 0.2 mg/kg [53]. Phase II and III studies are in 
preparation.

4.2  Substrate Reduction Therapy

While ERT aims to replace the missing or defective AGAL 
through the infusion of a genetically engineered enzyme and 
migalastat increases endogenous enzyme activities of AGAL 

http://www.galafoldamenabilitytable.com
http://www.galafoldamenabilitytable.com
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due to amenable mutations, the aim of a substrate reduction 
therapy (SRT) is the reduction of the substrate and, there-
fore, the subsequent inhibition of  Gb3 accumulation in the 
cells (Figs. 2 and 3c). Lucerastat (Idorsia) is a low molecular 
weight iminosugar inhibiting the upstream-located gluco-
sylceramide synthase (GCS) and, thus, the biosynthesis of 
glycosphingolipids including downstream  Gb3, indicating a 
potential new oral treatment alternative [54, 55]. The first 
in vitro studies demonstrated a successful reduction of  Gb3 
and an amelioration of abnormal cellular membranes in FD 
patient-derived fibroblasts [54–56]. A pivotal phase III study 
(MODIFY [NCT03425539]) was initiated in 2018 and is 
still recruiting patients (last updated 24 September 2020).

In addition, Venglustat as a GCS inhibitor demonstrated 
a favorable safety and tolerability profile (Sanofi Genzyme; 
NCT01674036; NCT01710826) [57].

4.3  Gene Therapy

Gene therapy is based on the introduction of DNA carry-
ing the genetic code for the AGAL protein into patients’ 
cells. Using this approach, the causal chain "mutated gene 
to defective enzyme with defective function to cellular  Gb3 
deposition in FD patients" would be reached one step ear-
lier compared to ERT (Figs. 2 and 3). Currently, several 
clinical studies are evaluating the safety of gene therapy for 
FD, which differ in their therapeutic approaches. The first 
interventional, multicenter, multinational, open-label study 
(NCT03454893, NCT02800070, AVR-RD-01, AvroBio) is 
based on the lentiviral ex vivo transduction of hematopoi-
etic stem cells (Fig. 3d). This approach aims to use trans-
fected hematopoietic stem cell-derived cells as the produc-
tion platform for functional AGAL production, which will 
be secreted to the plasma and subsequently internalized by 
AGAL-deficient cells.

Two fur ther clinical studies (NCT04046224, 
NCT04040049) [58, 59] are based on adeno-associated viral 
(AAV) in vivo transduction of hepatocytes, using these cells 
as an AGAL-secreting platform instead of hematopoietic 
stem cell-derived cells (Fig. 3e). STAAR is a multicenter, 
open-label, dose-finding study for the AAV2/6 vector-
based drug ST-920 (NCT04046224, Sangamo). The second 
clinical study on AAV-based gene therapy is also still in 
the recruitment phase (NCT04040049; FLT190; Freeline 
Therapeutics). FLT190 is a gene therapy in the test phase, 
based on a platform that is also developed for the potential 
future treatment of hemophilia A and B and Gaucher dis-
ease. FLT190 consists of a codon-optimized GLA transgene 
under the control of a liver-specific promoter. The construct, 
covered by a synthetic capsid, shows improved transduction 
of human hepatocytes compared to wild-type AAV serotypes 
[59]. A third clinical study on AAV-based gene therapy is 
also in the recruitment phase and uses an attenuated AAV 

(4D-310; 4D Molecular Therapeutics). Preclinical studies in 
mice demonstrated that the novel capsid 4D-C102 was espe-
cially efficient in transducing human cardiomyocytes. Since 
myocardial cells are hard to reach with ERT, this approach 
will be of interest for those patients with FD-specific cardiac 
manifestations.

5  Concomitant Medication

In addition to causal FD treatment, the need for concomitant 
medication of affected patients is strongly indicated.

5.1  Pain Management

Neuropathic pain often affects the everyday life of many 
FD patients, significantly lowering quality of life. However, 
only limited data on the symptomatic treatment of neuro-
pathic pain in FD is available. According to current knowl-
edge, the combination of ERT/migalastat and symptomatic 
analgesic drugs leads to the most effective pain relief. Even 
if established drugs are recommended for the treatment of 
neuropathic pain, some are not advisable due to additional 
FD-typical manifestations. This includes tricyclic antide-
pressants, which negatively influence the cardiac conduc-
tion system, which is often affected in FD. The effect of 
non-steroidal anti-inflammatory drugs on neuropathic pain 
is minimal, so they should be used with caution, especially 
due to their nephrotoxicity. Current pain-management strate-
gies are based on clinical experience or follow national and 
international guidelines for the management of neuropathic 
pain [60–63]. Tricyclic antidepressants (cave), serotonin and 
norepinephrine reuptake inhibitors (e.g., duloxetine, ven-
lafaxine), carbamazepine, gabapentin, and pregabalin are 
considered as first-line options. Lidocaine, topical capsai-
cin patches, as well as tramadol are considered second-line 
options; strong opioids should only be considered third-line 
options [61]. In this respect, the use of controlled-released 
opioids is preferred over short-acting opioids. Cannabinoids 
may also be considered as third-line treatments. Finally, 
methadone (with both N-methyl-d-aspartate and opioid-
receptor effects), anticonvulsants with less evidence of effi-
cacy (e.g., lamotrigine and lacosamide), tapentadol, and bot-
ulinum toxin are currently considered fourth-line treatments 
[64]. However, if patients suffer from neuropathic pain, a 
neurologist with experience in FD should be consulted.

5.2  Reno‑Protective Medication

Management of proteinuria is a key feature in preserv-
ing renal function in patients with FD. A consistent anti-
proteinuric therapy with angiotensin-converting enzyme 
(ACE) inhibitors or angiotensin receptor blockers (ARBs) 
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was shown to decrease the progression of kidney disease in 
FD [19, 65]. Since a high-sodium diet can diminish the effect 
of ACE inhibitors and ARBs [66] and is associated with 
an increased risk of progression to end-stage renal disease 
in patients with proteinuria [67], a low-sodium diet in FD 
patients with proteinuria is strongly indicated [68].

5.3  Management of Gastrointestinal Symptoms

Gastrointestinal (GI) symptoms, including postprandial 
cramping pain, diarrhea, nausea, bloating, and vomiting are 
typical for patients with FD, especially in those with a clas-
sical phenotype. Some major GI symptoms in patients with 
FD can be treated by various symptomatically effective con-
comitant drugs. Patients with acute diarrhea can be treated 
with classical antidiarrheal medication such as loperamide. 
On the other hand, patients suffering from gastroparesis can 
benefit from treatments with pro-motility agents such as 
metoclopramide, which increase the contractile force and 
accelerate intraluminal transit [69]. Patients suffering from 
upper GI symptoms may benefit from proton pump inhibitors 
(e.g., omeprazole) or ondansetron if nausea is present [70]. 
Medication to combat bloating and flatulence may include 
the administration of simethicone, which eliminates and 
prevents foam formation [71, 72]. Furthermore, linaclotide, 
an oligo-peptide agonist of guanylate cyclase 2C, is used to 
treat irritable bowel syndrome with constipation and chronic 
constipation of unknown cause [73, 74]. However, most of 
these medications are not suitable for long-term use due 
to side effects. Hence, non-drug-management approaches 
including dietary modifications (including FODMAP-low 
diets) or oral AGAL substitution are valuable approaches 
[75].

6  Unmet Needs

In view of the health economic burden (cost of ERT and 
chaperone therapy per patient approximately €250,000/year) 
of a generally lifelong therapy, criteria have to be developed 
that consider on the one hand the therapy initiation and on 
the other hand the possible therapy discontinuation (hopeless 
clinical situation in case of FD progress or newly discovered 
metastatic tumor disease without foreseeable curative suc-
cess). It remains to be discussed whether chaperone therapy 
should be favored for obese patients with an amenable muta-
tion, as this is dosed independently of weight, in contrast 
to ERT, to avoid additional costs. Ethical aspects have to 
be considered, which complicate the daily clinical routine 
for every practitioner. Furthermore, the current therapy has 
limitations, as deaths occur despite therapy if therapy is 
started late. Further limitations of ERT are: (1) the short 
half-life, which results in short therapy intervals; (2) limited 

accessibility to specific tissues (does not cross the blood-
brain barrier); (3) the difficult clearance of clinically relevant 
renal (podocytes) and cardiac cells (cardiomyocytes) com-
pared to the endothelium; and (4) the high immunogenicity. 
In this respect, clinicians have not yet developed standards 
for the management of patients who have limited therapeutic 
success due to their therapy efficacy-limiting antibodies. To 
avoid these therapeutic limitations pharmaceutical compa-
nies are developing other therapies (gene therapy, SRTs, new 
ERTs).
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