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Abstract

Fabry disease is a complex, devastating, progressive, hereditary X-linked lysosomal storage disorder. Females were
once thought to be only carriers, but 25 years ago it became clear that heterozygous females can be as
symptomatic as males, depending on their X-chromosome inactivation pattern and other factors. Although females
are generally less affected, some are as severely ill as males. Patients with classical mutations show different
disease progression from those with later-onset mutations. In most cases, Fabry disease progresses slowly, which
limits the ability to demonstrate strong evidence for the efficacy of approved treatments. The best current evidence
for treatment effects comes from registries and real-world data, since controlled clinical trials are no longer feasible
after drug approval. Patients with classical mutations, especially males, should start treatment early to prevent
disease progression. Clinicians should avoid overtreatment in patients with late-onset mutations, where general
organ-protective rather than Fabry-specific treatment may be sufficient. Attention to each patient’s psychological
response to the disease is essential, and patient involvement in decisions is paramount for adherence. Regional and
international collaborations are crucial to advancing individualized management of Fabry disease.
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INTRODUCTION

Fabry disease, also known as Andersen-Fabry disease, is a rare, complex X-linked lysosomal storage
disorder caused by over 1,000 mutations in the galactosidase alpha (GLA) gene, resulting in reduced or
absent u-galactosidase A (a-Gal A) activity. The diminished enzyme activity leads to the accumulation of
globotriaosylceramide (Gb3)"**, causing progressive cellular, tissue, and organ damage. The clinical
presentation includes severe pain, ocular, dermatologic, gastrointestinal, and neuro-otologic manifestations,
and depression; severe cases may progress to renal failure, cardiovascular dysfunction, cardiomyopathy,
cerebrovascular events, and premature death”'”. Milder forms of the disease also occur, particularly in
females and in later-onset gene variants. Estimates of Fabry disease prevalence range from approximately 1
in 117,000 to 1 in 37,000 live male births for classic Fabry, and up to 1 in 1,400 in some newborn screening
projects when atypical Fabry gene variants are included™*'*. As an X-linked disease, Fabry disease was
initially thought to affect mainly or only male patients, with females considered carriers of the abnormal
gene variants; however, heterozygous female patients can also be affected, typically with later onset and
more variable phenotypes™'”. Many factors are responsible for the variable clinical manifestations in female
patients, including skewed X-inactivation; genetic variants; clonal expansion (which produces mature a-Gal
A enzyme that cells do not readily take up), and somatic mosaicism, which generates a-Gal A enzyme more
susceptible to plasma dephosphorylation!”.

Much of the information about Fabry disease above has accumulated since 2001, when two recombinant a-

Gal A enzyme replacement therapies became available!**°

. It was also the year when I became aware of, and
responsible for, the Fabry patients in Denmark. The Institute of Genetics, headed by Professor Sven Asger
Serensen at the University of Copenhagen, previously conducted research on Fabry disease, identifying
several affected families”'*®. However, the first description of Fabry disease in Denmark was published
much earlier), providing a pivotal contribution to the pathological characterization of the disease at the

cellular level.

Patients with Fabry disease were scattered throughout Denmark, and at that time, none had a stable
connection with a relevant clinical department, except for those with significant organ involvement, such as
neurological, renal, cardiac, or other Fabry-related symptoms. As chief of the Department of Endocrinology
and Metabolism at Rigshospitalet, Copenhagen, I was tasked with assuming clinical responsibility for these
patients. The management of this group resembled that of other endocrine/metabolic disorders with
multiorgan involvement, such as diabetes mellitus, and pituitary, adrenal, and thyroid diseases"**". With
experience in genetic counceling of families with inherited endocrine disorders such as multiple endocrine
neoplasia®*, I accepted the task on behalf of my treatment team™. However, I was not familiar with the
disease, which at that time was mentioned only sparsely in textbooks of internal medicine, paediatrics, and
even genetics. After reviewing the limited literature, I decided, together with my coworkers, to organize an
informational meeting with known family members in Denmark to explain the new treatment option of
enzyme replacement. We also invited them to participate in a comprehensive multiorgan assessment to
establish a proper baseline before making treatment decisions. Due to limited knowledge of phenotypic
disease penetration, we offered complete baseline evaluations to both male and female Fabry patients with a
confirmed disease variant, regardless of the presence of symptoms. Baseline assessments were conducted in
collaboration with highly dedicated and skilled organ-specific specialists, who subsequently formed the
National Fabry Team at Rigshospitalet. This team later expanded to the Capital Region following
restructuring of the hospital system concerning specialty fields in Copenhagen [Figure 1]. We also initiated
systematic cascade screening of families to identify all patients with potentially treatable phenotypes™.
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Figure 1. Composition of the National Fabry management team at Rigshospitalet/Capital Region, Denmark. The metabolic disease
physician was in this case specialist in Medical Endocrinology with strong collaboration with all other organ specialists. The
Paediatrician was instrumental for managing the children concerning diagnosis, treatment, growth and reproduction.

This review provides a personal account of my experience with this unique patient group over the past 20
years or more. The journey has involved gaining close insight into individuals affected by a devastating
X-linked inherited disease, as well as understanding the national organization for managing these patients
and establishing a Danish patient organization. We have developed extensive international collaborations
with colleagues across multiple specialties related to the disease, participated in forming consensus
guidelines, and maintained close cooperation with pharmaceutical companies developing Fabry disease-
specific treatments. Our involvement has included numerous pharmaceutical company-based trials and
post-marketing patient registries. We have also taken the initiative to foster close Nordic collaboration and
have frequently engaged with health authorities questioning the cost-effectiveness of these expensive
treatments. This review does not aim to provide an exhaustive overview of all aspects or comment on every
publication on Fabry disease over the past 25 years. A PubMed search from 2001 to 2025 on Fabry disease
yielded 5,037 publications, including 152 clinical trials and 1,013 reviews.

THE FIRST ENCOUNTERS WITH FAMILIES WITH AN X-LINKED GENETIC CHRONIC
DISEASE

The patients and their family members were initially very willing to accept our invitation to undergo a
comprehensive baseline evaluation [Table 1], followed by individual discussions about initiating enzyme
replacement therapy. The preparation, first approved by the European Medicines Agency (EMA) in Europe,
was a-galactosidase-o. The males among members of the seven families were all seriously affected and
carried what is now recognized as classical gene variants””. We had therefore expected to offer treatment to
all hemizygous males, but not to females, who were considered heterozygous carriers and not
phenotypically affected. Surprisingly, many heterozygous women exhibited typical Fabry-related
symptoms™. These symptoms had been previously overlooked as Fabry-related and were attributed to
other diagnoses to align the patient's symptoms with an established diagnosis. For example, acroparesthesia
in some Fabry female patients was labeled as rheumatoid factor-negative rheumatoid arthritis and treated
with prednisolone for decades. The steroid did not improve the symptoms but caused the usual side effects
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Table 1. All patients in Denmark since 2001 have been referred to one National Expert Fabry Center, where evaluation of organ
manifestations in both male and female adult patients has been conducted according to the schedule below (paediatric patients
follow a modified schedule). All were offered subsequent regular follow-up depending on individual affections

Organ Supplementar
assessment Tests to be performed pp y
. tests
at baseline
Cardiac Echocardiography MRI
ECG Troponin
Brain natriuretic peptide
Myocardial biopsy
Neurologic Peripheral nerve assessment Skin biopsy
Tilt test
Pain assessment incl. temperature
Pain score
Renal Creatinine Kidney biopsy
mGFR (eGFR)
Urinary albumin and protein
Ultrasound kidney size
Cerebral Brain MRI CT scan if MRI

Dermatology

Audiology

Ophthalmology

General neurological assessment
Cognitive function tests if needed

Visual skin inspection for angiokeratomas

Sweat test pilocarpine

Hearing test
Tests for dizziness

Retinal photo
Vision, visual field

Slit lamp examination for cornea verticillata detection

contraindicated

Biopsy

Questionnaires

Bones DXA-scan of bones
Bone markers, vitamin D
Biomarkers U-Gb3/plasma lyso-Gb3
Vascular Brachial artery dilatory responses to increased flow and to nitroglycerin Neck ultrasound for
carotid artery plaques
Abdominal PRO questionnaires Referral to
gastroenterologist
Psychology Referral to psychiatrist or psychologist

Quality of Life
Blood tests

Lungs*

Questionnaire PROs: SF-36; depression, Life situation form
Measurement of all other major organ related blood tests including endocrine testing

Lung function tests

*Lung function tests were added to the programme later. ECG: Electrocardiography; MRI: magnetic resonance imaging; mGFR: measured
glomerular filtration rate; eGFR: estimated GFR; CT: computer tomography; DXA: dual energy X-ray; PRO: patient reported outcomes.

of long-term, high-dose glucocorticoid therapy, including central obesity, diabetes, hypertension,
osteoporosis, muscle wasting, moon face, increased cardiovascular risk of strokes, and endogenous cortisol
deficiency.

Furthermore, before we had completed the baseline assessments for all family members, a 21-year-old
female from a family with a severe gene variant and many early male deaths was admitted as an emergency
to the local hospital with a severe stroke and complete hemiparesis (see later regarding treatment).

The struggle to obtain approval from the Danish medicines authorities

Faced with the emergent situation of an acute event in a young female officially considered only a carrier
and not having the disease, I sought permission from the Danish Health Authorities to use the EMA-
approved drug, which would entail reimbursement from the Danish public healthcare system. At the time,
this medication was by far the most expensive for any disease, and my request sparked a broad discussion
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on the prioritization of medical resources. The existing literature had not yet established when treatment
should begin to be effective, and uncertainty remained regarding its efficacy in females. Nevertheless,
drawing on data from initial clinical trials - although these were brief, involved small cohorts, and included
only males - it was possible to obtain approval for the first patient. We eventually received general approval
for the condition, with the stipulation that prescriptions be limited to a single national center [Figure 1].
Another requirement was close follow-up to monitor drug efficacy in terms of disease progression or
improvement. With the introduction of additional treatment options, this approach has generally persisted.
We were required to adhere to international guidelines and not commence therapy in patients who did not
meet global and European consensus criteria®”. Regular updated reports on treatment efficacy and
outcomes were also mandated, which has been challenging due to the extremely slow progression of disease
in each organ. Evidence regarding improvements in clinical events and hard endpoints, such as mortality,
has generally remained weak.

We initially involved pediatricians who were also clinical geneticists in planning the diagnostic and follow-
up program for children carrying the family Fabry gene variant [Figure 1]. The goal was to assess the
necessary organ measurements while adapting the program for children, minimizing burden and potential
side effects from scans or other assessments involving radioactivity. My team handled the planning, and my
laboratory technician collected all blood and urine samples from the children simultaneously with those
from adult family members. This approach allowed us, as adult physicians, and the rest of our staff to
become acquainted with the children and adolescents from their first visit, facilitating a smooth transition
from pediatric to adult care and enabling collaborative publications along the way™.

HISTORY AND OUTCOME OF APPROVED FABRY DISEASE-SPECIFIC TREATMENTS

As mentioned above, the EMA approved enzyme replacement therapy (ERT) with a-Gal A (Replagal) for
the treatment of Andersen-Fabry disease in August 2001, and soon after, they approved a second ERT, a-
galactosidase Beta (Fabrazyme). In the USA, the Food and Drug Administration (FDA) initially hesitated to
endorse ERTs. The FDA ultimately approved o-galactosidase Beta, not Alpha, and in 2021, Beta received full
FDA approval.

Two companies marketed ERT in Europe: Genzyme (later Sanofi) with Fabrazyme and TKT Europe 5S with
Replagal (later Shire, subsequently Takeda). Fabrazyme is produced in Chinese hamster ovary cells, whereas
Replagal is manufactured using genetically engineered human cell lines. Whether the biological properties
of the two drugs differ in detail remains unclear™. Findings from the two short-term randomized, placebo-
controlled, double-masked studies, which enrolled few patients'*"”, were encouraging but inconclusive. The
studies differed in patient entry criteria, administered dose, and primary and secondary endpoints. ERT was
initially, and remains, extremely expensive, with an annual cost per patient of approximately €150,000. The
annual cost was nearly identical for both drugs, even though the recommended dose of Replagal is only 20%
of that for Fabrazyme (0.2 vs. 1.0 mg/kg every other week). We commented that the limited evidence
suggested moderate efficacy and urged clinical and pharmaceutical societies to consider ERT for Fabry
disease as experimental therapy. Larger trials were needed to demonstrate potential benefits, as well as dose-
finding and comparative studies to identify the most cost-effective dose and drug™'. Although formal trials
did not occur, several investigator-initiated (often single-center) studies have contributed to some
clarification of dose comparisons, highlighted potential antidrug antibody formation, and examined organ-
specific efficacy. A Canadian attempt to conduct a well-powered head-to-head comparison was disrupted by
an unexpected manufacturing shortage of one ERT. Another attempt used the shortage period to compare
efficacy but was limited by small cohort sizes. A retrospective comparison showed that treatment with
agalsidase Beta at a higher dose versus agalsidase Alpha did not result in differences in clinical events,
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primarily occurring in patients with advanced disease*”. Other underpowered studies from the same period
also reported no efficacy differences, though a type 2 error could not be excluded. Since most experimental
evidence indicated similar bioavailability of the two ERTs, the Danish Medicines Agency requested that we
primarily use Fabrazyme. Nevertheless, Replagal has been used in cases of Fabrazyme intolerance (e.g.,
antidrug antibodies*) or when patients preferred Replagal for convenience (shorter infusion duration)
after the shortage period. Some patients with severe classical GLA gene variants later chose to return to
Fabrazyme.

We have advised patients to switch ERT products in cases of frequent infusion reactions that could not be
managed by other means. Antidrug antibodies have been measured annually since their availability, but we
have not observed a strong correlation with infusion reactions. We have therefore continually assessed other
potential causes, including infections (e.g., from a Port-A-Cath), intolerance to the cannula, syringes, or
tubing, and have addressed these by changing equipment as needed. We have also tried treatments with
antihistamines, nonsteroidal anti-inflammatory drugs, and/or glucocorticoids"”. In some cases, blood
samples were taken before and after infusion to measure eosinophils, other white blood cells, CRP, and
immunoglobulin E. These investigations have occasionally identified causes, such as a fungal infection in a
Port-A-Cath, which was subsequently treated with a favorable outcome. An alternative approach in the
presence of antidrug antibodies could be increasing the ERT dose'*”, though we have never attempted this.

Finally, we are left with long-term information from single-center real-world evidence, small multi-center
studies, or pharmaceutical company-based follow-up via post-marketing patient registries, such as the Fabry
Registry for Fabrazyme and FOS for Replagal (both recently reporting 20-year results)***". These sources
form the basis for decisions on whether the drugs are equipotent and which to use in individual cases.

The EMA and FDA have approved two additional products for treating Fabry disease. First, the Amicus-
produced chaperone migalastat (Galafold®) was approved as an oral therapy suitable for specific amenable
GLA gene variants". We were fortunate to have several Fabry patients with amenable mutations willing to
participate in some of the initial trials, which allowed us to become familiar with the drug early'”**. Patients
could subsequently join the patient-involving Amicus Registry for Migalastat, FollowME". Large
randomized clinical trials have not been performed; instead, a short-term placebo-controlled trial®*" and a
head-to-head comparison with ERT"" were conducted. Subsequent studies have been either trial extensions,
registry-based, or real-world evidence studies. Overall, the Migalastat studies indicated a stabilizing effect on
Fabry disease-induced organ damage™**. However, demonstrating an overall beneficial impact of

Migalastat, as with other Fabry treatment modalities, still requires more substantial evidence.

Furthermore, another approved ERT, pegunigalsidase Alpha, produced in plants and with a prolonged half-
life™, was designed with two specific goals: (1) to reduce immune reactivity by minimizing antidrug
antibody formation; and (2) to extend product efficacy through pegylation. Despite its approval, it has not
been widely adopted. Initial results on immune reactivity appear favorable™. Recently, the Danish
Medicines Agency recommended pegunigalsidase Alpha as the first-choice ERT for Fabry disease in
Denmark™, a recommendation based entirely on financial considerations despite limited data compared
with agalsidase Alpha and Beta.

Several other treatment approaches are under investigation, including substrate-reducing agents and
mRNA- or gene-based therapies, the latter being considered the potential ultimate cure for the disease”*.
None of these approaches is yet close to routine use in general patient management.
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Finally, clinicians and researchers should remember that general supportive therapies for organ-damaging
effects were initiated in most Fabry disease patients at the same time Fabry-specific treatments were
approved and started”’. Consequently, the results of clinical trials are also influenced by these supportive
therapies'™. Such therapies include angiotensin-converting enzyme (ACE) inhibitors and angiotensin II
receptor blockers (ARBs) to protect renal function in patients with proteinuria or microalbuminuria.
Recently, SGLT2 inhibitors have been added as kidney and heart protectors, demonstrating beneficial effects
on microalbuminuria’; further studies are needed to assess their full potential in Fabry disease. Additional
supportive measures include antiplatelet drugs (e.g., clopidogrel or acetylsalicylic acid) to prevent strokes,
antiarrhythmic drugs or implantable cardioverter-defibrillators (ICDs) to reduce death from severe cardiac
antiarrhytmia drugs, smoking cessation, antihypertensive and antiarrhytmia drugs, and pain management
for small-fibre neuropathy (e.g., carbamazepine). Paracetamol may also be used during infections to reduce
fever crises'™.

I usually advise patients to take 1 g of paracetamol as empirical treatment before intense exercise to prevent
heat accumulation caused by the reduced sweating ability present in many patients. The mechanisms
behind this effect are not well understood and have not been specifically studied in Fabry patients.
Paracetamol (acetaminophen) can act at the hypothalamus, modulating serotonin and other
neuroregulatory substances to influence thermoregulation'*”. It may also affect the immune system through
cytokines, which can, in turn, impact the hypothalamic thermoregulatory center, and influence the
autonomic nervous system via central effects in the brain and cerebellum. Acetaminophen may also
modulate neurotransmission in the medulla oblongata, primarily by inhibiting COX-3 and altering
prostaglandins. These mechanisms could be relevant for sweat gland modulation in patients with
hypohidrosis, as opposed to complete anhidrosis.

For comparison, in another chronic disease with a tendency to overheat during exercise (multiple sclerosis),
a recent randomized placebo-controlled trial demonstrated a significant protective effect of paracetamol
over placebo!””, supporting my experience with Fabry patients. A controlled trial in Fabry patients would be
valuable to provide robust evidence. Patients generally appreciate this advice because it enhances their
physical performance and ability to maintain high levels of fitness. Reduced sweating was recently identified
as the most common skin manifestation in Fabry disease, affecting 57.6% of patients, according to a

[64]

systematic review and meta-analysis

BACK TO THE PATIENTS

Our first encounters with patients were marked by enthusiasm at finally having a treatment option (ERT).
However, shortly after individual conversations, this excitement often began to wane. Patients exhibited a
wide range of psychological reactions to coping with the disease while considering a complex treatment.
Their perspectives on the potential benefits of therapy were highly individual, making clinical discussions
challenging. Some patients were relieved that treatment was available and looked forward to starting. Others
denied being ill despite organ involvement or symptoms. Notably, several significantly affected young males
with classical variants initially refused treatment, even when we demonstrated organ involvement and
explained the potential to slow disease progression. Many expressed a preference to “live fast and die
young”, attributing their outlook to family history - growing up without adult males at family gatherings
because of early deaths. These powerful experiences appeared to strongly shape their views on life and
family. In such cases, our approach required patience and understanding, aiming to persuade them to at
least accept annual follow-ups to monitor disease progression. Unfortunately, at least one young male
ultimately died early, having completely denied the disease and remained beyond our reach.
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Many patients still believed that only males could be affected, particularly females with a verified Fabry gene
variant. Many women carried a sense of family guilt for being “responsible” for the disease. They rarely
considered that they themselves might have Fabry-related symptoms. In fact, many did, but because it was
commonly believed at the time that females were merely carriers, neither they, their general practitioners,
nor other physicians considered a connection to the family disease. As a result, many affected females were
misdiagnosed with other conditions, such as rheumatoid arthritis, and treated accordingly, while still
believing they were “only” carriers. Accepting that they had actually experienced Fabry symptoms and
organ damage for decades proved to be a complicated process. Some were still eligible for treatment, which
we offered. However, many had minimal symptoms and declined therapy, and some continue to do so even
24 years later. When we later had the opportunity to study Gb3 and lyso-Gb3 analogue profiles in plasma
and urine (in collaboration with Professor Christiane Auray-Blais, Canada), their decision appeared
justified*”. Another study assessing similar measurements in males with Fabry gene variants is nearing
completion (unpublished; presented at WORLDSymposium 2024).

Both males and females also bore the heavy family burden of knowing that, at a certain time, it had become
customary to abort male fetuses after gender determination via chromosome tests. There are no
publications documenting this practice. Today, this approach has been replaced by modern fertility
techniques, which allow sorting of in vitro fertilized eggs after testing for the presence of the GLA gene
variant before implantation. Several of our young female patients have undergone this procedure following

59,66]

thorough genetic counseling!™..

We made every effort to maintain close contact with the families and individual patients and assisted them
in establishing a Danish Fabry patient organization (Fabry.dk). This organization remains highly active and
communicates with both Nordic (Iceland, Norway, Denmark, Sweden, and Finland) and international
Fabry patient organizations, such as the Fabry International Network (FIN). They have also formed a
subgroup of young Fabry patients who provide mutual support in many aspects of life.

In 2014, we established a stronger Nordic Fabry Expert Group, holding biannual meetings to foster
collaboration in conducting joint clinical trials and combining Nordic data, given our similar healthcare
systems and practices. While we successfully hosted several scientifically productive meetings, joint studies
proved more complex than anticipated due to legal obstacles, even between Nordic countries. Hopefully,
Nordic colleagues can improve this situation in the future.

The first families we referred for organ assessment and commencement of treatment all carried classical
gene variants, identified based on the phenotype of a proband and subsequent genetic screening
[Tables 2 and 3]. Table 2 presents the index patients and their family members, including age at diagnosis,
sex, status at study end (alive or deceased), age at study end or at death, loss of contact, and the first organ
manifestation of the index patients. Table 3 summarizes the 26 families, their 115 Fabry disease patients, and
the corresponding GLA-gene variants from the Danish Fabry Disease Register. The type of GLA pathogenic
variant, protein nomenclature, colloquial nomenclature, coding sequence (according to http://varnomen.
hgvs.org), site of mutation, and genotype classification (according to International Fabry Disease Genotype-
Phenotype Database (dbFGP) http://dbfgp.org/dbFgp/fabry/ and the http://fabry-database.org) are
presented. For the index cases, sex, age (years), and the primary clinical manifestation at the time of Fabry
disease diagnosis are also provided.

Referral of Fabry patients to our center has changed markedly over the past several years, with many now
referred following the screening of various patient groups or the incidental detection of a Fabry gene
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Table 2. lllustration of the affected individuals of the Danish Fabry cohort at diagnosis and/or baseline assessment from 2001
onwards and at the end of the study period

Amino acid change Nucleotide change Exon Likely phaenotype
Missense

p.Asn34Ser N34S c.101A>G 1 Classic
p.Gly85Asn G85N c.254G>A 2 Classic
p.Argl12Cys R112C c.334C>T 2 Classic
p.Ala156Thr A156T c.466G>A 3 Classic
p.Gly171Ser G171S c.5MG>A 2 Late-onset
p.lle232Thr 12327 c.695T>C 5 Likely classic
p.Trp236Cys W236C  ¢.708G>C 5 Classic
p.Gly261Asp G261D c.782G>A 5 Classic
p.Gly271Ser G271S c.811G>A 6 Classic
p.Ser276Asn S276N c.827G>A 6 Classic
p.GIn279Arg Q279R c.836A>G 6 Classic
p.Ser297Phe S297F c.890C>T 6 Classic
p.Arg301GIn R301Q  c.902G>A 6 Late-onset'’
p.lle317Thr 1317T c.950T>C 6 Classic
p.Asn355Lys N355K c.1065C>A 7 Classic
Nonsense

p.Lys168Ter K168* c.502A>T 3 Not investigated'
p.Arg227Ter R227* c.679C>T 5 Classic
p.Arg301Ter R301* c.901C>T 6 Classic
p.Arg342Ter R342* c.1024C>T 7 Classic

Other

(large deletion) ¢.195-?_801 + ?del 2-5 Not investigatedJ"
(deletion-insertion) €.369+3_c.547+954del4096insT 3-4 Classic
p.Phe295Leufs*22 (deletion-frameshift) c.885del 6 Not investigatedir
(splice site deletion c.999+1del* Not investigated*
exon 6 skipping)

p.l1e289Tyrfs*10 c.864dup 6 Not investigated*

(duplication-frameshift)

GLA gene pathogenic variants in the Danish Fabry Disease Register. Type of variants, protein nomenclature, colloquial nomenclature, coding
sequence (according to http://varnomen.hgvs.org), site of mutation and genotype classification (according to International Fabry Disease
Genotype-Phenotype Database (dbFGP) http://dbfgp.org/dbFgp/fabry/ and the http://fabry-database.org). "No available data in the
International Fabry Disease Genotype-Phenotype Database (dbFGP) (http://dbfgp.org/dbFgp/fabry/) nor the http://fabry-database.org; Trefers
to ref.”™ This table is reproduced from ref.?4,

variant. A large proportion are referred by cardiologists who screen for hereditary causes of hypertrophic
cardiomyopathy when no apparent cause is identified, with GLA gene testing included in their diagnostic
panel”. As a result, the diagnostic landscape for Fabry disease has become increasingly varied and complex.
Most probands are now adults, often of relatively advanced age, and many incidental findings prove to be
either non-pathogenic or variants of unknown significance (VUS). Some represent late-onset variants,
associated with milder or even absent symptoms apart from cardiomyopathy - or, when screened for other
conditions, limited to manifestations such as acroparaesthesia, kidney failure, stroke, or angiokeratomas.
Classical gene variants are now detected only rarely.

A new challenge has emerged, as patients referred from colleagues are often informed that a definitive
diagnosis has been established and treatment is available. The first step, however, is to explain that Fabry
disease may not be present and that confirmation depends on diagnostic testing. At our center, this involves
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Table 3. The 26 families, their 115 Fabry disease patients and their corresponding GLA-gene variants of the Danish Fabry Disease
Register

Family Amino acid change Nucleotide change N (deceased) Index-cases
ID All  Male Female Sex First manifestation
(age)
Missense
1 p.Asn34Ser N34S c101A>G 4 2 2 F (27) neuropathic pain
2 p.Asn34Ser N34S  c.101A>G 4 2@ 2 M (?) N/A deceased
3 p.Gly85Asn G85N  c.254G>A 26(7) 8(2) 18(5) F(?)  N/A deceased
4 p.Argl12Cys R112C  ¢.334C>T 15 3 12 M (12) neuropathic pain
5 p.Alal56Thr A156T c.466G>A 13(3) 3(1) 10(2) M (33) N/A deceased
6 p.Gly171Ser G171S  c511G>A 2 1 1 M (28) nephropathy
7 p.lle232Thr 1232T  c.695T>C 00 4 6 (1)  M(36) proteinuria
8 p.Trp236Cys W236C ¢.708G>C 3 2 1 F (51) cardiomyopathy
9 p.Gly261Asp G261D c.782G>A 6 2 4 F (68) cardiomyopathy
10 p.Gly271Ser G271S  c.811G>A 4 1 3(1) F(66) cardiomyopathy
n p.Ser276Asn S276N  c.827G>A 1 1 - F(»'  cardiomyopathy
12 p.GIn279Arg Q279R ¢.836A>G 1 1 - M (54) cardiomyopathy
13 p.Ser297Phe S297F ¢.890C>T 2 1 1 F(73) cardiomyopathy
14 p.Arg301GIn R301Q ¢.902G>A 2 - 2 N/A
15 p.l1e317Thr I3177T  c.950T>C 2 1 1 M (40) cardiomyopathy, nephropathy,
neuropathic pain
16 p.Asn355Lys N355K ¢.1065C>A 2 1 1 M (36) neuropathic pain
Nonsense
17 p.Lys168Ter K168X c.502A>T 1 - 1 F (63)'"" cardiomyopathy
18 p.Arg227Ter R227X  c.679C>T 2 - 2 M (?) N/A deceased
19 p.Arg301Ter R301X c.901C>T 3 - 3 F (53) cardiomyopathy
20 p.Arg301Ter R301X ¢.901C>T 1 - 1 M non-Danish
21 p.Arg342Ter R342X ¢1024C>T 4 1 3 M (33) neuropathic pain
Other
22 (Large deletion) ¢.195-?_801 + ?del 1 1 - M (47) cardiomyopathy
23 (Deletion-insertion) €.369+3_c.547+954del4096insT 1 - 1 F(16) migraine
24 p.Phe295Leufs*22 c.885del 3 2M 1 M (10) neuropathic pain
(deletion-frameshift)
25 (Splice site deletion c.999+1del* 1 1 - M’ non-Danish
exon 6 skipping)
26 p.11e289Tyrfs*10 c.864dup 1 1 - M non-Danish
(duplication-frameshift)
Total n5 39 76

"Never referred to the Department: ' 'does not live in Denmark: ' 'no contact with the family; ?: unknown: N/A: not available; This table is
reproduced from ref.?4,

retesting for the Fabry genetic variant and measuring the biomarker lyso-Gb3®***\. In female patients, it is
essential, if possible, to test a male family member to determine whether a variant is pathogenic”. The next
step is to decide whether, and to what extent, family screening should be pursued. In some cases, results
ultimately exclude Fabry disease, which requires informing the patient. Although one might expect this to
bring relief, it often provokes anger and disappointment, amounting to a psychological crisis. In patients
where a pathogenic Fabry variant is confirmed, a full organ assessment should be performed, along with
family screening and genetic counseling. Based on age, sex, and phenotype, the next step is to decide
whether the patient qualifies for Fabry-specific therapy, supportive or organ-preserving treatment, or no
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treatment. In younger patients, early treatment may be indicated””, but not always.
Using recently published consensus guidelines”’", a more uniform and evidence-based approach across
patient groups may be achievable. The “PRoposing Early Disease Indicators for Clinical Tracking in Fabry
Disease (PREDICT-FD)” initiative identified expert consensus on 27 early indicators of disease progression,
as well as on factors influencing treatment initiation in Fabry disease. This framework may support the
development and international adoption of clearer, more consistent guidance for treatment initiation in
Fabry disease!””.

KEY CONCLUSIONS

Fabry disease is a complex, devastating, progressive, X-linked lysosomal storage disorder. Historically,
females were considered only carriers; however, it was established more than 25 years ago that heterozygous
females can be as symptomatic as males, depending on their X-chromosome inactivation pattern. In
general, females are less severely affected and present later in life, but some are as seriously ill as males and
require the same management. Disease progression differs between patients with classical mutations and
those with later-onset variants. In most cases, Fabry disease progresses slowly, which has contributed to the
difficulty in demonstrating strong evidence for the efficacy of approved Fabry-specific therapies.

Nevertheless, treatment with either alpha-galactosidase beta (Fabrazyme) or alpha-galactosidase alpha
(Replagal) has shown convincing effects, supported by robust long-term data from the Fabry and FOS
registries. Patients or families with milder mutations than the classical type, as well as females with fewer or
milder symptoms, may benefit from alternative therapies and still achieve favorable outcomes. In addition
to Fabry-specific therapy, appropriate management of affected organs is essential, following general clinical
guidelines - for example, kidney protection in microalbuminuria with ACE inhibitors or ARBs, pain
management for acroparaesthesia, and treatment of gastrointestinal symptoms.

The best current evidence for treatment efficacy is derived from registries and real-world data, as controlled
clinical trials are generally not feasible after drug approval, except for studies of new formulations or
treatment strategies. Small molecules targeting substrate reduction, for example, are currently under
investigation. In patients with classical mutations, early initiation of therapy is essential to prevent disease
progression, particularly in males. Early treatment is also indicated in females with a clear Fabry phenotype.
For late-onset mutations, overtreatment should be avoided, and in many cases, general organ-protective
therapy is sufficient rather than Fabry-specific treatment. Psychological aspects of disease perception must
be carefully considered, as they significantly affect adherence, and patient involvement in decision-making
is equally crucial. Regional and international collaboration is strongly recommended to enable evidence-
based progress in managing Fabry disease, as no single center can generate sufficient data for this rare
condition. Emerging therapies, such as gene transfer or stem cell therapy, hold promise for more durable
effects and reduced frequency of hospital visits, although their widespread application remains distant.
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