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 Abstract: Background: Fabry disease (FD) is an inherited lysosomal storage disorder, leading to 
multisystemic manifestations and causing significant morbidity and mortality. 
Objective: The aim of this narrative review is to present the current and novel therapeutic strategies 
in FD, including symptomatic and specific treatment options. 
Methods: A systematic literature search was conducted to identify relevant studies, including com-
pleted and ongoing randomized-controlled clinical trials (RCTs), prospective or retrospective cohort 
studies, case series and case reports that provided clinical data regarding FD treatment. 
Results: A multidisciplinary symptomatic treatment is recommended for FD patients, personalized 
according to disease manifestations and their severity. During the last two decades, FD-specific 
treatments, including two enzyme-replacement-therapies (agalsidase alfa and agalsidase beta) and 
chaperone treatment with migalastat have been approved for use and allowed for symptoms’ stabili-
zation or even disease burden reduction. More therapeutic agents are currently under investigation. 
Substrate reduction therapies, including lucerastat and venglustat, have shown promising results in 
RCTs and may be used either as monotherapy or as complementary therapy to established enzyme-
replacement-therapies. More stable enzyme-replacement-therapy molecules that are associated with 
less adverse events and lower likelihood of neutralizing antibodies formation have also been devel-
oped. Ex-vivo and in-vivo gene therapy is being tested in animal models and pilot human clinical tri-
als, with preliminary results showing a favorable safety and efficacy profile. 
Conclusion: The therapeutic landscape in FD appears to be actively expanding with more treatment 
options expected to become available in the near future, allowing for a more personalized approach 
in FD patients.  
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1. INTRODUCTION 

Fabry disease (FD) is an inherited lysosomal storage dis-
order caused by mutations in the GLA gene (Xq21.3-q22), 
leading to the absence or deficiency of alpha-galactosidase A 
(α-Gal A) [1]. The markedly reduced activity of α-Gal A 
results in the diminished metabolism and the following ac-
cumulation of neutral glycosphingolipids and globotriao-
sylceramide (Gb3) in the plasma and cellular lysosomes of 
various tissues and organs [2], affecting the heart, kidneys,  
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central and peripheral nervous system, skin and eyes [3]. More 
than 1,000 mutations in the GLA gene have been pathogenet-
ically linked to FD manifestations [4]. The estimated preva-
lence of FD is calculated at approximately 1 in 3,000 individ-
uals [4]. Among female carriers, the prevalence varies be-
tween 1:6,000 to 1:40,000 females [5]. Despite that FD may 
be observed in all ethnic, racial and demographic groups, sig-
nificant variations in epidemiology exist and reported inci-
dence ranges with different geographic distributions, as as-
sessed by several newborn screening programs [6-11].  

Unless treated, FD is associated with significant mortali-
ty and morbidity, with a 20- and 10-year reduction of life 
expectancy in males and females, respectively, versus the 
general population, mostly due to end-stage renal disease and 
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life-threatening cardiovascular or cerebrovascular complica-
tions [4]. During the last two decades, there has been a sig-
nificant change of scenery in FD management [12]. Symp-
tomatic treatment has shifted to a more integrated therapeutic 
approach using FD-specific treatments, including enzyme 
replacement therapies (ERT) and chaperone treatment that 
have been approved for use and are currently available [13]. 
Current treatment options allow for FD stabilization or even 
disease burden reduction, while they improve quality of life 
[14]. Increased awareness is of utmost importance for a time-
ly and accurate diagnosis of FD, since available FD treat-
ments are capable of preventing complications and should be 
initiated before irreversible damage to target organs has de-
veloped [15].  

Apart from accurate diagnosis and prompt treatment ini-
tiation, management by a multidisciplinary expert team and 
adopting a personalized approach according to the genotype 
and phenotype of each patient are key aspects to consider 
when developing a strategic treatment plan for FD patients 
[16]. In this narrative review, we sought to present the FD-
specific treatment options that are currently available and 
provide an overview of developing treatments and potential 
future approaches.  

2. METHODS 

A systematic literature search was conducted to identify 
relevant studies published in MEDLINE, Scopus, Embase, 
Cochrane Library, EudraCT (European Union Drug Regulat-
ing Authorities Clinical Trials Database) and ClinicalTri-
als.gov. The combination of search strings applied to query 
all databases included the following keywords: "Fabry dis-
ease" and "enzyme replacement therapy", "chaperone treat-
ment", "gene therapy", "substrate reduction therapy", or 
"mRNA-based therapy". Database interrogation was per-
formed by two independent researchers (LP, CZ), who addi-
tionally manually searched conference abstracts and refer-
ence lists of published articles to ensure the comprehensive-
ness of the bibliography. The last electronic search was per-
formed on March 21st, 2022. 

Completed and ongoing randomized-controlled clinical 
trials (RCTs), prospective or retrospective cohort studies, 
case series and case reports that provided clinical data re-
garding FD-specific treatments were evaluated, and relevant 
information was abstracted. Additionally, relevant editorials, 
commentaries and reviews that provided an overview of FD 
management were also assessed to ensure the comprehen-
siveness of bibliography. 

This article is presented according to the Narrative Review 
Reporting Checklist, available as a Supplementary File [17]. 

3. RESULTS 

3.1. Clinical Characteristics 

FD is a multiorgan disease affecting various systems and 
presenting with a variety of manifestations and a phenotypic 
spectrum of severity that mostly depends on the genotype, 
the residual activity of α-Gal A and the disease duration [2]. 
Female carriers may also present with milder phenotypes 
comprising atypical symptoms. An overview of FD-
associated manifestations is presented in Table 1. 

Table 1.  Manifestations associated with Fabry Disease, in 
order of descending frequency of involvement.  

Organ Involvement % Manifestations 

Heart 68% Left ventricular  
hypertrophy 

- - Right ventricular  
hypertrophy 

- - Congestive heart failure 

- - Arrhythmias 

- - Myocardial ischemia 

Kidney 45% Microalbuminuria 

- - Proteinuria 

- - Progressive renal failure 

Peripheral Nervous 
System 

45% Neuropathic pain 

- - Acroparaesthesias 

- - Acute pain crisis 

- - Thermal sensation deficits 

- - Dysautonomia  

- - Perspiration disorders 

- - Gastrointestinal  
dysmotility 

- - Median nerve entrapment 

- - Cramp-fasciculation 
syndrome 

Eye 38% Cornea verticillata 

- - Cataract 

Central Nervous  
System 

34% Ischemic stroke 

- - Transient ischemic attack 

- - Vascular dementia 

- - 
Hemorrhagic stroke 

Vertebrobasilar  
dolichoectasia 

Skin 34% Angiokeratomas 

- - Lymphedema 

- - Coarse facial features 

Ear 19% Hearing loss 

- - Vestibular disturbances 

Miscellaneous - Chronic cough 

- - Osteopenia 

- - Anemia 

- - Azoospermia 

- - Hypothyroidism 
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Cardiac involvement may be present in 40-70% of FD 
patients [18], with the most common manifestation being 
progressive diastolic dysfunction with concentric left ven-
tricular hypertrophy [19]. Fibrosis of the posterior wall, sep-
tum thickness, right ventricular hypertrophy, arrhythmias, 
electrocardiographic abnormalities, and, less often, coronary 
artery disease may also be present in FD patients [20-24]. 
Congestive heart failure occurs with disease progression [25, 
26]. Notably, a “cardiac variant” also exists as an atypical 
variant of FD, affecting predominately the heart, with mini-
mal, if any, other organ manifestations [27-29].  

Both male and female patients may exhibit renal manifes-
tations during the FD course [30, 31]. Renal involvement is 
initially manifested by microalbuminuria and proteinuria, 
which are typically present during the second or third decade 
[32]. During the earlier stages of FD, renal dysfunction may 
be masked by glomerular hyperfiltration, but with disease 
progression, fibrosis, sclerosis, tubular atrophy, and, ulti-
mately, kidney failure follow during the third to fifth decade 
of life [18]. Renal involvement is one of the most important 
causes of morbidity and mortality in FD. Characteristically, 
the 5-year survival rate has been calculated at 41% among 
patients with FD-associated nephropathy, compared to 68% 
in nephropathies of more common pathologies [33, 34]. 

Central and peripheral nervous systems are both involved 
during the course of FD [35]. Cerebrovascular disease is the 
hallmark of central system manifestations in FD patients and 
may include transient ischemic attacks, ischemic strokes of 
multiple underlying mechanisms, intracerebral hemorrhage, 
subarachnoid hemorrhage, and vascular dementia [36, 37]. 
Stroke may complicate both male (6.9%) and female (4.3%) 
FD patients at a median age of 39 and 45.7 years, respective-
ly, as reported in the Fabry registry [38]. Nevertheless, while 
relative risk of stroke in FD patients is greatly increased, the 
absolute risk remains low [39] and a FD-targeted evaluation 
should be pursued mostly in the cases of recurrent crypto-
genic strokes, when other, more common, causes of stroke 
have already been excluded [39, 40]. Regarding the periph-
eral nervous system, FD-associated manifestations are pre-
sent at a much younger age. Characteristically, neuropathic 
pain, gastrointestinal dysmotility, hypοhidrosis and heat in-
tolerance are the most commonly reported symptoms in FD 
during childhood [41]. Although not life-threatening, small-
fiber peripheral neuropathy and autonomic nerve dysfunction 
clearly impact the health and quality of life of affected chil-
dren [42, 43]. Over time, the positive neuropathic symptoms 
(i.e., burning pain, acroparaesthesias, pain crises) seem to 
ameliorate, probably due to reduction of axonal sensory hy-
perexcitability and central sensitization, while negative 
symptoms, such as numbness and hypoalgesia, become ap-
parent during adulthood. Furthermore, during the later stages 
of FD, large nerve fibers might also be affected, resulting in 
diminished position and vibration sensation, as well as motor 
dysfunction [44, 45].  

Other manifestations include dermatological, ophthalmo-
logical, and miscellaneous symptoms. A characteristic der-
matological manifestation of FD is angiokeratoma corporis 
diffusum, which presents as small, red-to-purple, raised skin 
lesions, commonly localized in the “swimsuit area” (i.e., 
buttocks, groin, thighs, abdomen), as well as in the inner part 
of the lips or the genitals [46, 47]. The prevalence of angio-

keratomas has been calculated at 83% in males and 80% in 
females with FD [48]. Other dermatological manifestations 
include lymphoedema [49] and coarse facial features [50, 
51]. Cornea verticillata, reported in up to 70% of FD patients 
[52, 53], and posterior subcapsular cataract (i.e., the “Fabry 
cataract”) [54] are pathognomonic ocular symptoms in FD. 
Therefore, ophthalmological evaluation should be performed 
in suspected FD patients, even when no ocular symptoms are 
reported. Finally, miscellaneous manifestations may include 
hearing loss [55, 56], respiratory symptoms [57, 58], osteo-
porosis [59], anemia [60], hypothyroidism [61], azoospermia 
[62], or priapism [63]. 

3.2. Diagnosis 

Prompt FD diagnosis requires increased awareness and 
clinical suspicion regarding the phenotypic spectrum of the 
disease. Measuring the activity of α-Gal A in plasma or in 
leukocytes is the initial laboratory test in suspected FD cases. 
Demonstration of α-Gal A reduction is a mainstay of diagno-
sis in male FD patients [64]. However, false-negative results 
are quite common in female patients [65]. Characteristically, 
female patients with late-onset FD may have residual α-Gal 
A function and Gb3 concentrations that are within the range 
observed in healthy individuals [66]. Thus, genotypic analy-
sis is warranted for the diagnosis of female patients [67]. 
When a pathogenetic variant is identified during direct mo-
lecular analysis of the GLA gene, FD diagnosis can be con-
firmed. On the other hand, when novel mutations and muta-
tions of unknown significance are present, molecular diagno-
sis of FD may be more challenging. Despite the fact that 
genetic testing should be performed for FD to be confirmed 
in both male and female patients, its results should be evalu-
ated critically and in adjunction with the clinical signs of the 
disease and the other biomarkers as well [68].  

As part of confirmatory testing, especially when a genetic 
variant of unknown significance is detected by GLA gene 
mutation analysis in male and female patients with FD suspi-
cion, measurement of the deacylated form of Gb3 in the 
plasma or urine, called the lyso-Gb3, may be performed. 
Lyso-Gb3 evaluation has been proven an important bi-
omarker for FD diagnosis and monitoring [69], and increased 
lyso-Gb3 values are considered very suggestive for FD [70]. 
Furthermore, in ambiguous cases, histopathological analysis 
of kidney, skin, or myocardial biopsies under electron mi-
croscopy may provide useful information [71, 72]. 

A proposed gender-specific diagnostic algorithm devel-
oped by the National Society of Genetic Counselors (United 
States) is presented in Table 2 [66, 73].  

Apart from the initial diagnostic tests for FD, further an-
cillary testing should be performed with the aim of evaluat-
ing the involvement of each target organ. Peripheral nervous 
system involvement may be evaluated through electrophys-
iological studies, including sympathetic skin response, ther-
mal quantitative sensory testing, sensory and motor nerve 
conduction studies and electromyography [74] and through 
skin biopsy for estimating intradermal nerve fiber density 
[75]. Central nervous system involvement may be assessed 
by brain MRI in several neuroradiological aspects [35], in-
cluding strokes, leukoencephalopathy, cerebral microbleeds 
or pulvinar sign [76]. Renal manifestations may be assessed 
by serum biochemical assays, evaluating plasma urea, 
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Table 2. Proposed algorithm for Fabry Disease diagnosis. 

In Patients with Suspected FD* 

Gender Step 1 Step 2 Confirmatory Test (if needed)† 

Males 
Measurement of α-Gal A activity in plasma 

or leukocytes 
GLA gene mutation analysis Measurement of lyso-Gb3 in plasma or urine;  

biopsy (heart, kidney, skin) 
Females GLA gene mutation analysis - 

FD: Fabry Disease; α-Gal A: alpha-galactosidase A; lyso-Gb3: globotriaosysphingosine. 
* Suspicion of FD could be indicated by one of the following:  
• presence of FD-characteristic signs, such as angiokeratoma or cornea verticillata. 
• known or suspicious family history. 
• otherwise unexplained hypertrophic cardiomyopathy or left ventricular hypertrophy. 
• otherwise unexplained proteinuria or renal failure. 
• otherwise unexplained stroke in young patients. 
• otherwise unexplained small-fiber neuropathy. 
† Confirmatory testing may be needed in suspected male and female FD patients when a genetic variant of unknown significance is detected by GLA gene mutation analysis. 
 
creatinine, age-corrected eGFR, microalbuminuria and pro-
teinuria [31], and imaging techniques, such as renal ultra-
sound or MRI [77]. Finally, electrocardiography, echocardi-
ography and cardiac MRI may be performed for the assess-
ment of cardiac involvement in FD patients [20, 78]. Special-
ized ophthalmologists, dermatologists and otolaryngologists 
should also examine an FD patient as part of the initial eval-
uation and during follow-up. 

3.3. Treatment 

The mainstay of FD treatment lies upon two pillars: 
symptomatic management of FD-associated symptoms and 
FD-specific treatment.  

3.4. Symptomatic Treatment 

Symptomatic treatment requires a multidisciplinary ap-
proach that should be individualized according to the pa-
tient’s manifestations. In cases of cardiac involvement, anti-
anginal and antihypertensive therapies are recommended, 
including administration of calcium antagonists, angiotensin-
converting enzyme inhibitors and angiotensin receptor 
blockers, whereas b-blockers may aggravate potential ar-
rhythmias, sinus bradycardia and atrioventricular block and 
should be avoided [79]. Amiodarone is another drug that 
should be avoided as a therapeutic option in FD-associated 
arrythmias, since it has been shown to interfere with lyso-
some function with the potential of inducing further decline 
of intracellular lysosomal enzyme levels [80]. Cardiac pac-
ing and cardioverter-defibrillator implantation may be sug-
gested in cases of documented clinically significant cardiac 
arrhythmias. Furthermore, when end-stage heart failure oc-
curs, the patient may be evaluated and referred for heart 
transplantation [81]. Interestingly, although FD is not listed 
among the various indications for heart transplantation ac-
cording to the International Society for Heart Lung Trans-
plantation [82], several case reports highlight that this may 
be a viable therapeutic option [83-87] that could be offered 
in carefully selected patients [88]. 

FD-nephropathy, which initially manifests with microal-
buminuria and proteinuria, may be managed by the use of 
angiotensin-converting enzyme inhibitors and angiotensin 
receptor blockers that limit urinary protein excretion and 
additionally control blood pressure [89-92]. As a treatment 

goal, protein excretion less than 500 mg/day is recommended 
for FD patients [93]. Sodium-glucose co-transporter-2 
(SGLT2) inhibitors have also been shown to delay disease 
progression in patients with chronic kidney disease, irrespec-
tive of diabetes mellitus status [94]. Considering that they 
may also have an additional cardioprotective role in patients 
with heart failure [95], SGLT2 inhibitors might be used as 
another therapeutic agent for the symptomatic treatment of 
FD. When end-stage renal disease occurs, renal replacement 
therapy is required with either dialysis treatment or kidney 
transplantation [96-98]. Importantly, the risks of all-cause 
graft failure and all-cause mortality do not differ between FD 
patients compared to transplanted patients with other causes 
of end-stage renal disease [99]. Therefore, kidney transplant 
should be offered as an option in patients with FD, especially 
in the current era of ERT, which carries an additional protec-
tive role in terms of graft and patient survival [100]. 

Involvement of the peripheral nervous system may mani-
fest with neuropathic pain, often accompanied by pain crises. 
Avoidance of certain stimuli that may aggravate the pain, 
such as temperature changes or physical stress, should be 
recommended. Pharmacological measures in cases of persis-
tent acroparaesthesias or chronic neuropathic pain include 
carbamazepine, phenytoin, gabapentin, serotonin
norepinephrine reuptake inhibitors and duloxetine [101-103]. 
Analgesic drugs, such as non-steroidal anti-inflammatory 
drugs or opioids, should be reserved for acute relief during 
pain crisis management [101]. 

Cerebrovascular complications in the setting of FD neces-
sitate a targeted secondary stroke prevention treatment based 
on individual characteristics. In cases of ischemic strokes, 
antithrombotic therapy, with either antiplatelets or anticoagu-
lants according to specific indications, coupled with adequate 
control of other risk factors (e.g., diabetes mellitus, arterial 
hypertension, hyperlipidemia, hyperhomocysteinemia), should 
be recommended as preventive measures [104]. In the acute 
setting, there are no specific guidelines regarding the admin-
istration of acute reperfusion therapies in ischemic stroke of 
FD patients who are otherwise eligible for receiving those 
treatments. However, no safety concerns have arisen in several 
case reports presenting FD patients with acute ischemic stroke 
treated with intravenous thrombolysis and/or mechanical 
thrombectomy [105-108]. 
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Other FD-related symptoms should be treated as well 
since they may contribute to the significant disability of the 
patients. When gastrointestinal dysmotility is evident, meto-
clopramide and H-2 blockers may be used to alleviate de-
layed gastric emptying and dyspepsia symptoms. However, 
these pharmacological measures should be adjunctive, and 
adopting dietary changes such as increased fiber intake and 
eating more frequent and smaller meals should be encour-
aged [16].  Acute hearing loss may be treated by vasodilators 
and/or steroids [56], while chronic hearing loss may be man-
aged by placing hearing aids or cochlear implants. Support-
ive therapy for vertigo and tinnitus, which can be quite dis-
turbing for FD patients, should be offered using combina-
tions of antiemetic and antivertigo agents [16]. Ocular mani-
festations can be managed by wearing polarized glasses to 
correct night vision and by applying artificial tears or oint-
ment in cases of excessive eye dryness [16]. When angioker-
atomas cause discomfort to the patients, laser or other cos-
metic techniques may be applied locally to remove these 
lesions, although they are generally considered benign [16]. 
Symptomatic management using compression stockings may 
also be recommended in patients with lymphedema [16]. 

3.5. FD-Specific Treatment 

3.5.1. Enzyme Replacement Therapy 

Symptomatic treatment in FD is crucial fo patients; how-
ever, it has no effect on the pathophysiological history of the 
disease. On the other hand, an FD-specific treatment should 
have the potential to correct or improve the flaws in the cor-
rupted metabolic path (Fig. 1), prevent rather than treat the 
various complications of FD, and finally alter the natural 
history course of the disease. 

During the last two decades, a significant progression in 
FD treatment was noted with the approval of ERT. Current-
ly, two forms of ERT are authorized for use: agalsidase alfa 
at a dose of 0.2 mg/kg biweekly and agalsidase beta at a dose 
of 1.0 mg/kg biweekly [109, 110]. Both agents are indicated 
for FD treatment in adults, adolescents and children aged 8 
years and older [109, 110].   

3.6. Agalsidase Alfa 

Agalsidase alfa is a recombinant form of the human α-
Gal A enzyme that is produced in a cultured human cell line 
after activating the relevant encoding gene [111]. Following 
the preliminary but encouraging results of a pilot study 
showing that agalsidase alfa administration was associated 
with reduced Gb3 levels in both the liver and the urine sedi-
ment of 11 FD patients [112], the first placebo-controlled 
RCT was designed and conducted in 18 adult males with FD 
investigating the safety and efficacy of intravenous treatment 
with agalsidase alfa in this population [113]. In this study, 
treatment with agalsidase alfa led to improvement of neuro-
pathic pain and renal function as well as stabilization of car-
diac involvement; it also confirmed the Gb3 reduction in 
plasma and urine sediments. Furthermore, it was shown that 
the treatment was well-tolerated, while the common mild 
infusion reactions could be controlled with antihistamines 
and/or low-dose corticosteroids. A second RCT confirmed 
the positive results of agalsidase alfa on cardiac function 
among treated patients, presenting significant regression of 

the hypertrophic cardiomyopathy and reduction in myocardi-
al Gb3 deposits [114].  

Safety and efficacy of agalsidase alfa treatment were con-
firmed in pediatric patients as well, with a long term follow-
up of 6.5 years in an open-label setting [115]. Although ad-
verse events were common, with the majority of them being 
infusion-related disorders, none of the patients had to discon-
tinue treatment due to them. On the contrary, significant sta-
bilization of the disease course was noted, with no progres-
sion in renal or cardiac manifestations and plasma and uri-
nary Gb3 reduced. 

Following the results of the RCTs, in 2001, the European 
Medicines Agency authorized agalsidase alfa for use in all 
patients with confirmed FD at a dose of 0.2 mg/kg body-
weight administered during a 40-minute intravenous infusion 
every two weeks. Since then, real-world data on the com-
mercial use of agalsidase alfa have confirmed tolerability 
and efficacy in FD patients [116-118]. Importantly, no sex-
related differences have been noted, with both sexes present-
ing a similar response to the treatment [119]. Nevertheless, it 
has been shown that the earlier treatment initiation, before 
irreversible damage has occurred, was associated with better 
clinical outcomes [120, 121] and better biochemical re-
sponse, as shown by plasma lyso-Gb3 reduction [122]. Thus, 
it has been recommended by the European Fabry Working 
Group consensus that treatment with ERT should be initiated 
in all FD patients as soon as there present early clinical signs 
of kidney, heart or brain FD-related involvement, while it 
may be considered even in asymptomatic FD male patients 
aged ≥ 16 years old [123]. Although ERT initiation in pre-
symptomatic FD is based on Class IIB recommendation ac-
cording to the European Fabry Working Group consensus 
[123], such a proactive approach has been proven safe and 
effective in isolated asymptomatic male pediatric cases by 
reducing Gb3 accumulation [124]. Therefore, more recent 
consensus recommendations propose that asymptomatic 
male patients may initiate ERT, even earlier than the age of 7 
years old, based on individualized criteria, such as the pres-
ence of a pathogenic GLA variant associated with the classic 
phenotype, an undetectable α-Gal A activity, high levels of 
lysoGb3 in plasma or positive family history of severe FD 
[125]. Currently, no data support ERT initiation in asymp-
tomatic girls [125], mostly owing to the expected milder 
course of FD, if female carriers develop any symptoms.    

Following the initial drug-producing processes based on 
a “roller-bottle” technique using bovine serum and animal-
derived proteins, other agalsidase alfa regimens were manu-
factured following more sophisticated techniques with the 
aim of operational improvement, limiting the risk of drug 
supplies shortages. Agalsidase alfa produced using an animal 
component-free bioreactor process has been recently intro-
duced [126] and presented a tolerable safety profile for both 
adult and pediatric patients [127, 128].  

3.7. Agalsidase Beta 

Another recombinant form of human α-Gal A enzyme, 
called agalsidase beta, is produced in mammalian Chinese 
hamster ovary (CHO) cell culture [129, 130]. Agalsidase 
beta is also administered intravenously, at a dose of 1 mg/kg 
bodyweight during a 180-minute infusion every two weeks. 
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Fig. (1). Metabolic paths targeted by Fabry Disease-specific treatments. Enzyme replacement therapy is intravenously administered, provid-
ing exogenous recombinant forms of the human α-Gal A enzyme embedded in cells via endocytosis, where they perform glycosphingolipid 
hydrolysis (metabolic path 1; black arrow). Corrupted or misfolded endogenous α-Gal A enzymes are repaired by chaperone treatment, allow-
ing for sufficient glycosphingolipid hydrolysis (metabolic path 2; green arrows). Substrate reduction therapy acts by restricting the accumula-
tion of the deficient α-Gal A byproduct (metabolic path 3; blue arrow). Ex- or in-vivo gene therapy delivers the therapeutic gene into the nu-
clear and endogenous α-Gal A enzyme, leading to glycosphingolipid hydrolysis (metabolic path 4; red arrows). α-Gal A: alpha-galactosidase 
A. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 
Approval of this treatment has been granted by both the Eu-
ropean Medicines Agency and the Food and Drug Admin-
istration in 2001 and 2003, respectively. A phase 1/2 open-
label dose-escalation study of replacement therapy with 
agalsidase beta was the first study that provided persuasive 
evidence that the treatment could lead to a substantial reduc-
tion of Gb3 deposits in both plasma and tissues (kidney, 
heart and skin) [131]. Later, during the year 1999, the first 
RCT was conducted and confirmed the efficacy of  
agalsidase beta in reducing Gb3 deposits, while providing 
further safety data, highlighting that agalsidase beta was only 
associated with transient mild-to-moderate infusion-
associated reactions that could be prevented by reducing the 
infusion rate and/or administering premedication with anti-
pyretics and antihistamines [132]. Apart from the biochemi-
cal improvement, a clear clinical benefit was demonstrated 
by another placebo-controlled RCT that proved a significant-
ly reduced likelihood of experiencing any clinical event (re-
nal, cardiac, or cerebrovascular event or death from any 
cause) in the active treatment arm [133]. Smaller studies 
were also confirmatory of the clinical improvement associat-
ed with agalsidase beta treatment, with significant recovery 
observed in cardiac [134-136] and renal function [137], 
while gastrointestinal [138, 139] and neuropathic symptoms 
[140] were also controlled. Importantly, overall quality of 
life was improved in both men and women with FD treated 
with agalsisade beta [141]. 

A significant shortage of agalsidase beta occurred global-
ly in 2009 due to viral contamination in the manufacturing 
process. This led to the need for dose reduction or treatment 
shifting of the patients from agalsidase beta to agalsisade alfa 
[142]. Most of the observational studies reporting on patients 

who received a reduced dose of agalsidase beta or changed 
their treatment to agalsidase alfa demonstrated a similar ef-
fect of the treatments before and after the change of the 
treatment regimen, with no significant clinical events occur-
ring after the shifting [143-145]. However, some of the FD-
related symptoms, such as pain attacks, chronic pain, gastro-
intestinal pain, and diarrhea, as well as renal function, slight-
ly deteriorated in the dose-reduction and switch groups 
[145].  

So far, two RCTs have been designed with a head-to-
head comparison of agalsidase alfa versus agalsidase beta 
[146,147]. None of the studies reported any significant dif-
ferences regarding efficacy or safety outcomes. The two 
treatments seem comparable, and regimen selection should 
be based on individualized criteria [148]. Neutralizing anti-
body formation is reported in both ERT regimens, usually 
after 3-6 months of continuous treatment [149]; however, it 
occurs more commonly after treatment with agalsidase beta 
(83%) than agalsidase alfa (55%) [150]. Importantly, anti-
body formation may be related to increased Gb3 accumula-
tion [151], while it may attenuate the favorable treatment 
effect of ERT [152]. Further studies addressing the preven-
tion of neutralizing antibody formation, potentially with in-
creased dosages of infused enzymes or immunomodulatory 
therapy, are warranted [153, 154].   

3.8. Chaperone Therapy 

The main disadvantages of ERT are the need for frequent 
intravenous infusions, the formation of neutralizing antibod-
ies and the fact that they are large molecules that do not 
cross the blood-brain barrier. In order to deal with these 
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drawbacks, chaperone treatment was introduced. Chemical 
chaperones are small molecules that facilitate the folding, 
maturation, binding or trafficking of the deficient, yet par-
tially present, enzymes and have already been used in several 
lysosome storage disorders [155, 156]. In FD, the currently 
approved chaperone, the iminosugar 1-deoxygalactono- 
jirimycin (migalastat), which is a reversible, competitive 
inhibitor of α-Gal A, has the potential to stabilize the endog-
enous enzyme of FD patients and increase its enzymatic 
function by assisting the trafficking from the endoplasmic 
reticulum to the lysosomes [157-159]. Treatment with 
migalastat is indicated in patients with FD attributed to ame-
nable mutations, aged ≥12�years [160]. The safety and effi-
cacy of migalastat in children younger than 12 years old 
have not yet been established. It is an oral treatment, admin-
istered every other day at a dose of 123 mg.  

Migalastat treatment was initially compared to placebo in 
the phase III FACETS trial [159]. In this RCT, when patients 
with amenable mutations were treated, migalastat was asso-
ciated with stable renal function, reduced cardiac mass, and 
reduced the severity of gastrointestinal symptoms [159, 161]. 
Amenable mutations allow for the production of a-Gal A 
enzyme that retains some residual catalytic activity despite 
having abnormal protein folding. Although migalastat-
amenable mutations account for 37% to 60% of all FD pa-
tients [162,163], the treatment effect of migalastat in these 
patients is comparable to ERT. In another phase III RCT, the 
ATTRACT trial, FD patients with amenable mutations were 
randomized to either continue RCT or shift to migalastat 
treatment [164]. Clinical outcomes, including renal function, 
left ventricular mass index, the composite of renal, cardiac or 
cerebrovascular events, and all-cause mortality, were similar 
in both treatment groups. Furthermore, Gb3 levels in plasma 
and adverse events did not differ between migalastat and 
ERT. Importantly, no safety issues emerged due to the 
switching from ERT to migalastat [165], which is a proce-
dure that requires no special precautions [166].   

A post-hoc analysis of the open-label extension phase of 
the FACETS and ATTACT trials has shown that the renal 
function of FD patients treated with migalastat for more than 
2 years remained stable during long-term follow-up [167]. 
This treatment effect was independent of sex, previous FD-
specific treatment (ERT-naïve or experienced patients) or 
disease phenotype [167]. Real-world data confirmed the pos-
itive effect of migalastat treatment in FD patients [168, 169]. 
Improvement of renal and cardiac function, coupled with 
increased a-Gal A activity and reduced Gb3 accumulation 
after chaperone therapy, led to the general concept that 
migalastat may be a feasible therapeutic option and a safe 
alternative to ERT in FD patients [168]. Furthermore, it 
should be noted that migalastat has the potential to cross the 
blood-brain barrier, and its efficacy on central nervous sys-
tem manifestations remains to be elucidated in future trials 
[170, 171]. The patient perspective, including treatment ad-
herence, quality of life and self-reported pain reduction, is 
the primary outcome of another ongoing, observational, in-
vestigator-initiated clinical trial [172]. Migalastat limitations 
include the strict indication in FD patients harboring amena-
ble mutations and the contraindications in pregnant women 
and patients with eGFR (estimated glomerular filtration rate) 
<30ml/min. 

3.9. Developing Treatments 

3.9.1. Substrate Reduction Therapies 

Substrate reduction therapies act by restricting the bio-
synthesis of the substrate that is accumulated due to the defi-
cient α-Gal A [173]. The main advantage of these therapies 
is that they are active irrespective of the genetic mutation 
leading to the enzyme deficiency. Importantly, they may be 
administered as a monotherapy but also as a complementary 
therapy to ERT [173]. Lucerastat is a glucosylceramide syn-
thase inhibitor that has the potential to reduce glycosphin-
golipids accumulated in FD [174]. An oral dose of 1000 mg 
twice daily has been shown to be well-tolerated in FD pa-
tients [175]. Caution and dose adjustments are needed in 
cases of renal impairment, since lucerastat is excreted in the 
urine [176]. In the first RCT testing of this treatment, the 
patients were randomized to receiving lucerastat in addition 
to standard of care treatment, including ERT (10 patients) 
versus ERT alone (4 patients) [177]. Plasma concentrations 
of Gb3, as well as its precursors, glucosylceramide and lac-
tosylceramide, were significantly reduced in the lucerastat 
treatment arm. However, no clinical benefit regarding renal 
and cardiac function could be demonstrated, possibly due to 
the short duration of the study (12 weeks of treatment). 
Lucerastat treatment was well tolerated, with no drug-related 
safety issues emerging. A long-term, multicenter, but single-
arm clinical trial addressing the safety and tolerability of 
lucerastat treatment in adult FD patients is currently ongoing 
[178]. Another clinical trial, the MODIFY trial, is a phase III 
RCT evaluating the efficacy and safety of lucerastat as a 
monotherapy in FD patients [179, 180]. Apart from plasma 
Gb3 reduction, MODIFY trial focuses on patient-reported 
clinical outcomes, including management of neuropathic 
pain and control of FD-related gastrointestinal symptoms 
[181]. This RCT has now been completed, and the results are 
awaited.  

Venglustat is another small-molecule glucosylceramide 
synthase inhibitor that is being under consideration as a po-
tential substrate reduction therapy, not only in FD, but in 
other diseases as well, including Gaucher disease type 3, 
Parkinson's disease associated with GBA mutations, GM2 
gangliosidosis, and autosomal dominant polycystic kidney 
disease [182]. A phase II single-arm clinical trial tested 
venglustat as monotherapy in ERT-naïve adult FD patients 
[183]. This study showed that venglustat treatment, adminis-
tered in a daily dose of 15mg orally, was associated with a 
significant reduction in skin capillary endothelial cell Gb3 
deposits, plasma Gb3, plasma lyso-Gb3, and urine Gb3, 
while proteinuria and estimated glomerular filtration rate 
were also stabilized. No significant FD-related clinical 
events occurred during the 3-year treatment. Following these 
promising results, a phase III RCT, the CARAT trial, has 
been designed and is currently initiating recruitment, with 
the aim to investigate the effect of venglustat on the left ven-
tricular mass index compared to standard of care treatment 
(i.e., ERT or migalastat) in adult FD patients, irrespective of 
their previous FD-specific treatment [184]. Other outcomes, 
such as the composite of FD-related clinical events, all-cause 
mortality, reduction of pain, and adverse events, will also be 
explored. Another placebo-controlled RCT, the PERIDOT 
trial, will randomize treatment-naïve FD patients and specif-
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ically assess the efficacy of venglustat in reducing neuro-
pathic and abdominal pain [185]. After the completion of the 
12-month treatment duration, the study will be followed by 
an open-label extension phase, when all patients will be 
treated with venglustat. 

3.9.2. Other Enzyme Replacement Therapies 

Following the wide implementation of ERT in FD pa-
tients and the 20-year experience of administering this treat-
ment, the need for manufacturing more stable ERT mole-
cules has emerged. The goal of the “new-era” ERT is to pre-
sent longer half-lives and less adverse events, while ongoing 
treatment should not activate the development of neutralizing 
antibodies with the aim to maintain a high efficacy through-
out time. 

Pegunigalsidase alfa is a pegylated form of α-Gal A, 
manufactured in plant cell cultures, which is currently under 
investigation as an ERT agent in FD patients [186, 187]. In a 
phase 1/2 dose-ranging clinical trial, 16 FD patients received 
an intravenous infusion of pegunigalsidase alfa every other 
week for 1 year [188]. The prolonged enzyme stability, ini-
tially demonstrated in in-vitro studies [187], has also been 
confirmed in this study, showing sustained drug plasma con-
centrations and favorable pharmacodynamics throughout the 
study follow-up [188]. With regard to efficacy outcomes, 
Gb3 levels in kidney biopsies of patients receiving peguni-
galsidase alfa were significantly reduced, while the renal 
function remained stable. Additionally, adverse events were 
mild or moderate, and the developing antidrug antibodies 
were diminished with ongoing treatment. Following these 
promising results indicating attenuated immune response, 
favorable safety profile and clinical stability in patients treat-
ed with pegunigalsidase alfa, several phase-3 clinical trials 
are currently ongoing (BALANCE study [189]) or have just 
been completed (BRIGHT study [190] and BRIDGE study 
[191]). Preliminary results during an interim analysis of the 
BRIDGE study have recently been published, showing that 
the transition of FD patients from agalsidase alfa to peguni-
galsidase alfa at a dose of 1 mg/kg every 2 weeks was feasi-
ble and safe, without any serious adverse events [192]. 
Moreover, the renal function in patients on pegunigalsidase 
alfa seems to be stabilized [193] or at least deteriorate at a 
slower rate compared to agalsidase alfa [192].        

Another agent of ERT can be generated using the moss 
Physcomitrella patens as a production host [194, 195]. The 
produced enzyme, called moss-aGal, has been shown to be 
successfully embedded in cells through the mannose recep-
tors in in vitro and animal studies, disputing the previously 
established theory that mannose 6-phosphate receptor-
mediated endocytosis and phosphorylated terminal mannose 
residues, which are present exclusively in enzymes produced 
via a mammalian cell based-method, are a prerequisite for 
ERT in FD [196]. In the first phase-1 clinical trial, six FD 
patients received a single intravenous injection of moss-aGal 
at a dose of 0.2 mg/kg and were followed for 28 days [197]. 
No serious adverse events emerged, antidrug immune re-
sponse developing neutralizing antibodies did not activate, 
and importantly, Gb3 excretion was reduced throughout the 
study duration [197]. Further RCTs testing moss-aGal in FD 
patients are currently under preparation.    

3.9.3. Gene Therapy 

Gene therapy is a highly promising treatment strategy, 
which is expected to correct the enzyme deficiency by one 
single drug administration. The delivery of a therapeutic 
gene and the following endogenous cellular expression will 
guide the generation of the previously deficient enzyme, 
completely changing the natural history of FD [198]. Gene 
therapy may be applied by ex- or in-vivo delivery [198]. Ex-
vivo delivery constitutes transplanting hematopoietic stem 
cells that have been previously harvested from the patient 
and undergone gene editing in order to express α-Gal A [13]. 
On the other hand, the in-vivo method demands the infusion 
of recombinant adeno-associated virus vectors that carry the 
gene and stimulate the patient’s cells to undergo gene editing 
themselves, leading to the missing protein expression [13]. 

Infusion of autologous CD34+-selected hematopoietic 
stem/progenitor cells engineered to express α-Gal A via len-
tivirus transduction was successfully performed in 5 FD pa-
tients in a pilot study addressing this ex-vivo gene therapy 
[199, 200]. Intriguingly, produced α-Gal A levels were 
measured near normal within the first week post-infusion in 
all the patients, Gb3 and lyso-Gb3 levels were reduced, and 
3 of the patients managed to withdraw ERT [200]. Moreover, 
an immune reaction to the produced α-Gal A was minimal, 
while gene therapy was also found to ameliorate pre-existing 
immunity to foreign ERT. Another open-label, phase 1/2 
study, called FAB-GT (NCT03454893), also evaluated the 
ex-vivo lentiviral gene therapy AVR-RD-01 in FD patients, 
with preliminary results showing a promising safety and ef-
ficacy profile as announced in the American Society of Gene 
& Cell Therapy annual meeting in 2020 [201]. However, the 
results that followed were discordant, questioning the effica-
cy of the AVR-RD-01 agent and leading to the early termi-
nation of the study and the deprioritizing of the Fabry dis-
ease program by the company [202].  

In-vivo gene therapy is currently being tested in several 
phase 1/2 clinical trials.  Different biological agents compris-
ing adeno-associated virus vectors, such as the liver- and 
cardiac-directed 4D-310 [203], the liver-directed ST-920 
[204], and the liver-directed FLT190 [205], are under inves-
tigation. Early data regarding 4D-310 treatment of 3 FD pa-
tients have been announced in the 18th Annual World Sym-
posium annual meeting held in 2022, showing sustained 
near-normal α-Gal A activity, reduced Gb3 levels and an 
indication of benefits in the cardiac function [206]. An in-
crease in the α-Gal A activity was noticed in the two patients 
that have already received FLT190 treatment during the 
MARVEL-1 study; however, mild myocarditis was noticed 
in both of them, and this potential safety concern will be 
further evaluated [207].   

Apart from viral vectors, non-viral vectors using solid li-
pid nanoparticles are being studied in animal models. Non-
viral vectors are considered less immunogenic compared to 
viral vectors, and their development is simpler and cheaper 
[208]. Recently, the administration of a solid lipid nanoparti-
cle-based vector carrying DNA encoding α-Gal A in an ani-
mal model was shown to be associated with an increase of α-
Gal A activity in plasma and different tissues without pro-
moting liver toxicity [209]. Another potential application of 
nanoparticles is to deliver mRNA, which directly codes 
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Table 3.  Overview of Fabry Disease-specific treatment options that have been approved or are currently under investigation.  

Treatment Options 

Available  - - 

Enzyme Replacement Therapy 
- Agalsidase alfa (EMA) 

- Agalsidase beta (EMA, FDA) 

Chaperone Therapy - Migalastat (EMA, FDA) 

Under Investigation - - 

Substrate Reduction Therapy 
- Lucerastat 

- Venglustat 

Enzyme Replacement Therapy 
- Pegunigalsidase alfa 

- Moss-aGal 

Gene Therapy 

Ex-vivo 
Infusion of autologous hematopoietic stem cells engineered to express  

α-Gal A (ex-vivo lentiviral gene therapy AVR-RD-01) 

In-vivo 

Recombinant adeno-associated virus vectors (4D-310, ST-920, FLT190) 
carrying DNA encoding α-Gal A 

Solid lipid nanoparticle-based vector carrying DNA encoding α-Gal A 

mRNA-based Therapy - Exogenous mRNA via lipid nanoparticles 

α-Gal A: alpha-galactosidase A; EMA: European Medicine Agency; FDA: U.S. Food and Drug Administration. 
 
wild-type α-Gal A. The administration of such nanoparticle-
formulated mRNA has led to significant Gb3 reduction in 
animal FD models [210, 211]. Future studies are warranted 
for the better characterization of nanoparticle-based gene 
therapy in FD. 

All FD-specific treatment options that have been ap-
proved or are being under investigation are summarized in 
Table 3. 

4. DISCUSSION 

During the last two decades, FD-specific treatment has 
become available, comprising ERT and, most recently, chap-
erone treatment. The prompt administration of those thera-
pies is associated with symptoms’ stabilization and signifi-
cant change in FD prognosis, prolonging the patient survival 
and improving the quality of life. Although the long-term 
outcomes of available FD-specific treatments remain to be 
elucidated and may further be affected by several baseline 
patient characteristics (such as age at treatment initiation, 
male sex, classical phenotype) [212], a significant prolonga-
tion in the survival of more than 15 years has been shown by 
the Fabry Outcome Survey study [213].  However, the cur-
rently available therapeutic options suffer from several limi-
tations. The need for frequent drug infusions, the occurrence 
of infusion-related adverse events, the development of neu-
tralizing antibodies, and the inability to access the brain may 
limit the therapeutic benefit of ERT. These limitations were 
particularly challenging during the COVID-19 pandemic. 
Regarding chaperone treatment, the most important disad-
vantage is the strict selection of FD patients with an amena-
ble-to-treatment GLA mutation to be eligible for migalastat 
treatment.  

The scientific community took a step further in order to 
overcome those drawbacks. State-of-the-art therapies are 
under investigation with preliminary results looking quite 
promising. Human studies have been performed showing a 
favorable safety and efficacy profile for substrate reduction 
therapies and “new-era” ERT. Additionally, gene therapy has 
shown to be feasible in several pilot human studies, while 
more sophisticated methods of non-viral gene delivery are 
being investigated in animal models.  

Nevertheless, the importance of symptomatic treatment 
in FD should not be overshadowed by the ongoing develop-
ment of FD-specific agents. A multidisciplinary team should 
be involved in planning and executing a holistic approach for 
each patient with the aim of alleviating any FD-related signs 
and symptoms. In the end, patient survival and quality of life 
will be determined by the comprehensive management of the 
complications affecting each FD-targeted organ system.  

CONCLUSION 

FD used to be an untreatable disease causing significant 
morbidity and mortality. However, during the last two dec-
ades, different FD-specific treatments have been approved 
for use and are provided together with a multidisciplinary 
symptomatic treatment. Importantly, the therapeutic land-
scape in FD seems to be actively expanding, with more 
treatment options expected to become available in the near 
future, allowing for a more personalized approach to FD 
patients and, hopefully, achieving a definite management of 
the disease.  
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