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1 Annotation concerning the structure of this thesis

This thesis comprises the work of two different studies on Fabry disease.
The first one (in the following referred to as “Study I”) is an experimental
study including skin samples of patients with Fabry disease (FD) and
healthy controls. In the course of this study, the idea behind the second,
clinical study (including only patients with Fabry disease; in the following
referred to as “Study II”) was developed, comparing clinical and laboratory
parameters of different Fabry disease subgroups. For better
comprehension, introduction (partially), methods, results, and discussion
(partially) of this thesis are divided according to the respective Study | and
Study II.

2 Introduction

2.1 General theoretical background: Fabry disease

2.1.1 Definition and pathophysiological background

Fabry disease (OMIM 301500) is one of approximately 50 inborn lysosomal
storage diseases (LSD) — more precisely, a glycosphingolipidosis — resulting
from mutations in the gene encoding the hydrolyzing enzyme a-galactosidase A
(a-GalA). Unlike most LSDs that are passed on autosomal-recessively, FD is
inherited in an X-chromosomal manner (Boustany, 2013) leading to severe
disease manifestation especially in men. As mutated a-GalA can only limitedly
or not at all hydrolyze the terminal a-galactosyl moieties from glycosphingolipids
for degradation, substrates such as globotriaosylceramide (Gb3) and its
derivatives (e.g. the deacylated form lyso-Gb3) accumulate excessively in a

variety of body tissues and fluids including kidneys, heart, nervous and vascular
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system, and blood plasma. Substrate accumulation induces cellular dysfunction,
cell death, and eventually organ failure reducing life expectancy (Ferreira et al.,
2017; Sueoka et al., 2015).

2.1.2 Epidemiology

Albeit a rare disease, FD is pan-ethnic and occurs worldwide. It is estimated
that between 1:40000 and 1:117000 people carry a-GalA mutations (Meikle et
al., 1999), with a high variety between countries. Since many studies are based
solely on affected patients, the actual prevalence is probably higher. (Germain,
2010).Therefore, a growing number of newborn screenings has been performed
over the past years, revealing that up to 1 out of 1250 newborns carries an a-
GalA variant, mostly of yet unknown significance (Hwu et al., 2009; Lin et al.,
2009; Van der Tol et al., 2014).

2.1.3 Genetic basis

FD results from mutations in the gene encoding the enzyme a-GalA, which is
located on the X-chromosome’s long arm of, in the Xg22.1 region, and consists
of 12436 base pairs (Kornreich et al., 1989), of which 1393 are arranged in
seven exons and are thus protein-encoding. FD mutations have been found in
all exons and parts of the introns. While point mutations such as missense and
nonsense mutations induce exchange of a single amino acid in a-GalA or
creation of a stop codon, larger gene rearrangements such as deletions,
insertions, duplications or splice site mutations lead to a grossly altered
polypeptide sequence (Bishop et al., 1988; Garman et al., 2004a). Over 1000
different mutations have been described so far (http://fabry-
database.org/mutants/), most of which are private, i.e. merely occur in a single
family. When mutations are found in several unrelated families, they usually

form ‘mutation hot spots‘ such as CpG nucleotides. Of all types, missense



mutations build the majority (approx. 60%), while the other mutation types are
found less frequently (Cooper et al., 1988; Pastores et al., 2002). Although less
suggested by the X-linked mode of inheritance, up to 91% of heterozygous
women have subjective or objective disease manifestations (Street et al., 2006;
Wang et al., 2007). The pathophysiological basis is not yet fully understood,
some studies support the concept of skewed X-inactivation (Dobrovolny et al.,
2005; Maier et al., 2006; Redonnet-Vernhet et al., 1996), while others ascribe
less importance to this theory (Elstein et al., 2012; Juchniewicz et al., 2018).

2.1.4 Symptoms and disease process

As most LSDs, FD may present with a wide clinical variability. Disease severity
depends i.a. on the underlying mutation since the different mutations impair a-
GalA activity to a variable extent (Nagueh, 2014). Based on residual a-GalA
activity and clinical presentation, two different phenotypes can be differentiated:
the classical and the non-classical or late-onset phenotype. Especially men with
a classical phenotype have no or very low residual a-GalA activity, while those
with non-classical phenotype and generally women show less of it (Rozenfeld,
2009). a-GalA activity determines substrate accumulation and thus, drives
disease severity and progression (Ferreira and Gahl, 2017). In general, men are
affected earlier and often more severely than women, due to the X-linked type
of inheritance (Germain, 2010). Disease severity among women varies between
asymptomatic courses, also in classical phenotypes, and full disease
expression (Wang et al., 2007; Whybra et al., 2001). As demonstrated in Fig. 1,
disease severity and progression differs between patients with classical and

non-classical phenotypes.



Classical phenotype - i
P yP Course of life Non-classical phenotype

Childhood |
FD-associated pain  Dyshidrosis ! ﬁ;’o \
Cornea verticillata Angiokeratomas ‘ X \‘ No symptoms
Gastrointestinal symptoms ‘ “
' Adulthood |
A & |
Cardiomyopathy Nephropathy “ » ( Single to oligo organ involvement
NS i \ ¥ ‘ = Cardiomyopathy
involvemen
\ = Nephropathy

!

High risk for life-threatening
events

Figure 1. Disease process in classical and non-classical FD phenotype

In patients with a classical phenotype, symptom onset is in childhood. Patients report
neuropathic pain, dyshidrosis, and gastrointestinal symptoms such as diarrhea or
abdominal pain and cornea verticillata. Also angiokeratomas can typically be found
already. As adults, patients suffer from a multi-organ involvement with high risk for
life-threatening events. In contrast, in patients with non-classical phenotype, disease
manifestation does not start before adulthood and is typically limited to a single or
few organs such as heart or kidney. Abbreviations: CNS=central nervous system;

FD=Fabry disease. Content adapted from Germain, 2010.

In many cases of classical FD, symptom onset is in childhood, more precisely at
a mean of six years in boys and nine years in girls (Ellaway, 2016) starting with
an involvement of the nervous system, presenting with FD-associated pain.
Pediatric patients additionally report dyshidrosis with heat intolerance and
gastrointestinal problems such as abdominal pain or diarrhea. Also, cornea
verticillata and angiokeratomas can be found already in children (Hopkin et al.,
2008; Zarate et al., 2008). Early-onset symptoms usually remain present in
adulthood, while more organ systems are affected and organ damage increases
due to progressive substrate accumulation. Likely because of higher residual a-
GalA activity and thus slower substrate accumulation, patients with non-
classical FD develop symptoms up to four to six decades later in life, and report
limited spread of disease, usually of one or few inner organs (Desnick, 2018;

Germain, 2010). Major inner organs that may be severely affected are the heart



and kidneys, usually starting in adulthood. Cardiac abnormalities such as
arrhythmias or left ventricular hypertrophy can result in need for organ
transplantation due to heart failure and even sudden cardiac death if not
prevented with an implantable cardiac device or pacemaker (Shah et al., 2005;
Weidemann et al., 2016). Also, renal impairment inducing albuminuria and
reduction of glomerular filtration rate (GFR), often begins in young adulthood
and can result in end-stage renal failure with obligation to renal replacement
therapy, e.g. via hemodialysis or transplant (Waldek et al., 2014; Wanner et al.,
2010). Cerebral strokes and transient ischemic attacks are also more frequent
among FD patients than in the general population (Grewal, 1994; Rolfs et al.,
2013). Additionally, Gb3 can also harm smaller organs such as the inner ears,
inducing tinnitus or hearing loss. All these processes sooner or later give rise to
a number of restrictions in everyday life. It is therefore not surprising that many
FD patients suffer from depression and experience limited quality of life (Arends
et al., 2015; Cole et al., 2007). Life-threatening events usually occur between 40
and 50 years of age, and mean life expectancy is reduced to 58 years in males
and 75 years in females (Waldek et al., 2009). The main causes of death
among FD patients are cardiovascular events (36%), infections, e.g. following
hemodialysis (15%), and renal failure (9%) (Mehta et al., 2009). For the
convenience of the clinical reader, Table 1 provides an overwiev of all main

typical symptoms and live-threatening events in FD.



Table 1. List of typical symptoms and life-threatening events in FD

Organ system

Nervous system

Heart

Kidneys

Gastrointestinal
tract

Skin

Ears

Eyes
Others

Symptoms

FD-associated pain

SFN

Anhidrosis or hypohidrosis
Left ventricular hypertrophy
Arrhythmia (e.g. impaired heart
variability)

Angina and dyspnea

Heart failure

Reduction of GFR (<60
ml/min/1.72m?
Albuminuria

Proteinuria

Nausea and vomiting
Diarrhea

Postprandial pain
Angiokeratomas

Tinnitus

Hearing loss

Cornea verticillata

Chronic fatigue

Depression

Chronic cough and wheezing
Difficulty gaining weight

Vitamin D deficiency

Life-threatening events

Cerebral stroke
TIA

Myocardial infarction

ICD- or pacemaker-obligatory
arrhythmias

Atrial fibrillation

Cardiac decompensation

RRT- obligatory renal failure

Abbreviations: FD=Fabry disease; GFR=glomerular filtration rate; ICD=implantable cardiac

device; RRT=renal replacement therapy; SFN=small fiber neuropathy; TIA=transient ischemic

attack



2.1.5 Diagnostics

Due to its rarity and wide clinical variability, FD is often missed or remains
unrecognized for over a decade. Despite the long time since the first description
and FD experts* efforts to spread information and guidelines to the medical and
general community, this delay in diagnosis has not improved since about the

year 2000 (Reisin et al., 2017). Fig. 2 shows the diagnostic sequence in FD.

History taking and clinical examination
~ Childhood Adulthood ~
» Unexplained episodes of acral burning pain + Unexplained episodes of acral burning pain
= induced by . = induced by
- fever - exercise ’ Family - fever - exercise
- heat . cold + Familial occurence of acral pain - heat - cold
= often resistent to analgesic drugs + Familial cardiomyopathy or = often resistent to analgesic drugs
+ Chronic pain/discomfort in extremities nephropathy + Strokes in young adulthood
= Angiokeratoma and/or cornea verticillata * Unexplained early death incidents . ynexplained renal dysfunction
» Unexplained gastrointestinal symptoms » Unexplained cardiomyopathy
- Abdominal pain - Nausea/vomiting = Arrthymias
- Diarrhea - Left ventricular hypertrophy
Positive

l

Meausurement of aGalA activity

7 \
Reduced = FD likely Normal
| 7 N\

Females =) uncertain Males = FD unlikely
Genetic examination of aGalA gene

/ | \ I_ 7 N\ l

High Risk Low Risk
Wildtype New variant FD mutation I Other differential
l A, / diagnoses
Other differential A t of organ
diagnoses impairment

Figure 2. Diagnostics in FD

Red flags in medical history and clinical examination can hint towards FD and, if positive, are
followed by biochemical investigations including measurement of a-GalA activity and genetic
testing of the a-GalA gene to exclude or confirm FD. If a FD mutation or a new variant in a-
GalA gene is found, physical and instrument-based examination by a muli-disciplinary team is
performed to evaluate disease severity and detect organ impairment. If FD is not present,
other differential diagnoses need to be considered. Abbreviations: a-GalA=a-Galactosidase
A; FD=Fabry disease. Content adapted from Desnick et al. 2003 and Ugeyler and Sommer,
2013.



Several red flags hinting towards FD can be detected by thorough medical
history taking and clinical examination. If present, biochemical investigations
and/or genetic testing of the a-GalA gene are crucial to exclude or confirm FD. If
a FD mutation or a new variant in the a-GalA gene is found, physical and
instrument-based examination by a multi-disciplinary team is performed to
evaluate disease severity and detect organ impairment (see Table 2)
(Tuttolomondo et al., 2013; Ugeyler et al., 2013b).

Table 2. Multi-disciplinary examination in FD

Medical specialty Specific examinations
Neurologist Nerve conduction studies
QST
Skin biopsy
Extra- and transcranial duplex sonography
Cranial MRI
Cardiologist (exercise) ECG
Cardiac MRI
Echocardiography
Nephrologist Determination of
e Serum creatinin
e Creatinin clearance
e Protein excretion
e GFR
Kidney biopsy (if appropiate)

ENT physician Tone audiometry
Caloric tests

Ophthalmologist Slit lamp examination

Dermatologist Screening for angiokeratomas, teleangiectasia and
lymphoedema

Abbreviations: ECG=Electrocardiogram; ENT=Ears, nose and throat; FD=Fabry disease;
GFR=Glomerular filtration rate; MRI=Magnetic resonance imaging; QST=Quantitative sensory

testing. Content adapted from Uceyler and Sommer, 2013.



Also, a family screening should be considered to identify other family members
with FD. After baseline assessment, regular follow-up investigations each or
every two to five years are essential to monitor disease process and reevaluate

therapeutic options, also for asymptomatic patients (Desnick et al., 2003).

2.1.6 Therapy

FD therapy requires interdisciplinary collaboration and should ideally be
managed by specialized centers. Though therapeutic aims should be
determined individually for each patient, the key therapeutic aims are:

- reduction of symptom severity

- prevention of disease process/organ manifestation

- improvement of quality of life and organ manifestation as well as

- normalization of life expectancy (Mehta et al., 2010).
Treatment of FD includes specific therapeutic approaches as well as
symptomatic therapy. Table 3 gives on overview of current and possibly

emerging FD-specific therapy options.

Table 3. FD-specific therapy forms and their current status

Therapy Current status

Agalsidase a/f§ Approved for treatment in the EU since 2001
Migalastat Approved for treatment in the EU since 2016
Lucerastat Phase 3 trial

AVR-RD-01 gene therapy Phase 1/2 trial

Abbreviation: FD=Fabry disease.

Since the underlying pathophysiology of FD is deficient activity of the enzmye a-
GalA, it seems natural that one therapeutic approach is the enzyme
replacement therapy (ERT). Approved for treatment in the EU in 2001, it was
the first and up until 2016 the only FD-specific therapy, available via two

different compounds: agalsidase a (Replagal®) and agalsidase 3 (Fabrazyme®)



("Fabrazyme," 2020; "Replagal,” 2018). ERT is applied intravenously every
other week and is generally suitable for all patients tolerating this therapy. Many
studies have shown that ERT effectively reduces substrate accumulation,
improves symptoms and reduces complication rates in patients (Germain et al.,
2015; Pastores et al., 2001; Schaefer et al., 2009; Schiffmann et al., 2003;
Schiffmann et al., 2001). However, it is often associated with severe side effects
such as headache, fever, and shivers that sometimes even lead to therapy stop,
and is inconvenient due to its i.v. application (Wilcox et al., 2004).

In 2016, a new drug with a different approach was approved for treatment of
FD: the oral chaperone migalastat (Galafold®) ("Galafold," 2019). The
functional mechanism is based on the fact that some mutant forms of a-GalA
still possess residual activity, but are degraded prematurely due to misfolding.
Migalastat intervenes in the degradation process of misfolded a-GalA by
stabilizing the mutant a-GalA and restoring its activity (Markham, 2016;
McCafferty et al., 2019). While its oral application, the few side effects, and the
promising first clinical results are great achievements in FD therapy, this type of
treatment is amenable for merely 35-50% of all mutations (Hughes et al., 2017),
leaving the remaining patients with the only option ERT.

A new promising therapeutic approach that is currently investigated in a phase
3 clinical trial, is substrate reduction therapy (SRT) with lucerastat. SRT aims at
reducing substrate amount to such a level that remaining residual activity of
mutant enzymes is sufficient to prevent pathological substrate accumulation.
(Lachmann et al., 2001). Studies showed that lucerastat reduces Gb3 levels in
in-vitro models of human skin fibroblasts (Welford et al., 2018) and Gb3
concentration in plasma and urine in-vivo of all FD subjects, independent of
their mutation (Guérard et al., 2018). However, further studies need to confirm
the beneficial effects on clinical outcome in patients. In the future, lucerastat
might be a therapeutic option for all patients, entailing its advantages of oral
application and good tolerance (Guerard et al., 2017; Guérard et al., 2018).

A totally different approach that is currently investigated in phase 1/2 trials is a
personalized lentiviral gene therapy called AVR-RD-01®. In this therapeutic

approach, patients donate blood samples to collect stem cells via apheresis.
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Subsequently, a therapeutic a-GalA gene is introduced into the patients‘ stem
cells before returning them to the patient as one-time infusion with a potentially
life-long effect. Though first results in a very small cohort sound promising,
more and larger studies are required to determine whether this therapeutic
approach can be implemented into clinical practice (Khan et al., 2021).
Depending on symptoms and organ manifestations, complementary symptom-
oriented therapy can be offered, including medication such as anticonvulsants
or antidepressants for FD-associated pain (Politei et al., 2016) or angiotensin
converting enzyme inhibitors for nephropathy (Waldek and Feriozzi, 2014), and
interventional therapy such as implantation of an implantable cardiac device or

organ transplant (Akhtar et al., 2018).

2.1.7 Challenges in FD

Despite great advances in FD management over the past years, there are still
many issues that clinicians have to meet, such as:

- ldentifying each patient
This remains difficult due to several reasons: First, FD is insufficiently well-
known, even to medical professionals and hence, probably a high number of
patients remains undiagnosed and untreated (Cimaz et al., 2011). Second, FD
is a many-faced illness with wide symptom variety hampering simple diagnosis.
Third, an unknown number of a-GalA mutation carriers do not develop clinical
signs and remain undiagnosed, but can inherit the mutation to the next
generation (Desnick et al., 2003). Fourth, it is most likely that not all a-GalA
mutations are known so far, thus pathogenicity assessment of new a-GalA
variants is challenging (Cairns et al., 2018). All these aspects taken together
often lead to missed or delayed diagnosis and hence start of therapy.

- Monitoring disease progression and therapy
Even though it was shown that ERT provides benefit for patients on a long-term
basis, it is challenging for clinicians to assess therapy success and need for
therapy adaptation in the short-term. Proving reduction of substrate

accumulation via repeated biopsies is not practicable due to its invasiveness
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(Cairns et al., 2018). In this respect, biomarkers play a crucial role. An important
subject of current research is investigation of such FD-specific biomarkers to
reflect disease burden and therapy response. Plasma lyso-Gb3 has been
described as a reliable biomarker (Auray-Blais et al., 2010; Niemann et al.,
2014; Sakuraba et al., 2018), but also in urine and other tissue, lyso-Gb3
deposits have been described (Auray-Blais et al., 2010; Togawa et al., 2010).
Also, Gb3 itself has been detected in blood cells and urinary sediment
(Rozenfeld et al., 2009; Uceyler et al., 2018) and could be used as a biomarker,
although further studies need to assess its reliability.

- Finding the most suitable therapy for each patient
Not all patients receive FD-specific therapy immediately after the diagnosis is
made. If a patient is asymptomatic, watchful waiting with regular follow-up
investigations can be an option. However, choosing the right moment to start
and the type of therapy can be challenging. As mentioned above, not all
patients carry migalastat-amenable mutations, while others develop severe side
effects during ERT or antibodies against its compounds, which substantially
limits treatment options (Cairns et al., 2018; McCafferty and Scott, 2019; Wilcox
et al., 2004).

These are merely some of many challenging aspects, but they already show

that FD is and will remain an ongoing challenge. Continuously extending the

existing knowledge by basic and clinical research is therefore crucial.
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2.2 Theoretical background for Study |

2.2.1 Involvement of the peripheral nervous system

2211 Clinical presentation

Regarding the peripheral nervous system (PNS), FD-associated pain and small
fiber neuropathy (SFN) dominate the clinical picture.
SFN emerges from an affection of mostly the thinly myelinated Ad- and
unmyelinated C-fibers of the PNS and is associated with a reduction or loss of
intraepidermal innervation (Mgller et al., 2007; Ugeyler et al., 2013a). Clinically,
this is reflected by impaired thermal perception with a predilection for cold
sensation, and elevated heat-pain detection thresholds (Dutsch et al., 2002;
Low et al., 2007).
FD-associated pain is not only one of the first, but also one of the most
disabling symptoms in FD. In a study investigating 352 pediatric patients, it was
shown that 59% boys and 41% girls reported FD-associated pain, present as
episodic pain crises or chronic pain on a moderate to severe level (Hopkin et
al., 2008). In many patients, FD-associated pain persists during adulthood, as a
prevalence of 71-81% among men and 40-65% among females demonstrates
(Hoffmann et al., 2007; Ugeyler et al., 2014). Patients describe different types of
pain:

- evoked pain: triggered by e.g. pressure or hot/cold objects

- pain attacks: episodic pain that occurs spontaneously

- pain crisis: severe pain on the whole body that can last up to several

days

- permanent pain: pain that lasts > 24 hours or most time of the day.
Reported by 66% and 47% patients respectively, evoked pain and pain attacks

are most often mentioned as pain types. However, pain quality and location are

equal among all types of pain; FD patients mainly characterize pain as burning,
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less common as electrifying, squeezing or pressing and typically located in feet
and hands (Hoffmann et al., 2007; Ucgeyler et al., 2014). In most cases, FD-
associated pain is triggerable, usually by physical activity, thermal stimuli, and
fever, and may relief during FD-specific treatment, although permanent
analgesic medication or medication on-demand remain an important
complement (Politei et al., 2016). The relation between SFN and FD-associated
pain has only scarcely been investigated and is still unclear. Progress of SFN
and FD-associated pain differ over time, as severity of SFEN is likely to increase
over time while FD-associated pain often abates with age (Biegstraaten et al.,
2012).

2.2.1.2 Pathophysiology of FD-associated pain

While the exact pathomechanism of FD-associated pain is not fully understood,
there is evidence that its primary pathophysiology is, as in other FD symptoms,
associated with accumulation of substrates such as Gb3 or lyso-Gb3
(Rozenfeld et al., 2017; Schiffmann, 2006). Gb3 deposits have been found in a
range of different neural tissues, including dorsal root ganglia (DRG) and axons
of peripheral neurons (Schiffmann et al., 2002). However, there is growing
evidence that FD-associated pain may also have a more peripheral origin. Gb3
deposits that have were shown in skin and small vessels could also contribute
to FD-associated pain (John MacDermot et al., 2001).
Surely, the sole accumulation of Gb3 is not sufficient to explain the
pathophysiology of FD symptoms such as FD-associated pain. The exact
impact of Gb3 on cell function is currently investigated and studies have shown
that Gb3 and its derivatives can
- induce inflammation and oxidative stress (Biancini et al., 2012), leading
to deoxyribonucleic acid (DNA) damage and thus, apoptosis (Chimenti et
al., 2015; Shen et al., 2008);
- activate signal cascades such as the Notchl signaling cascade
(Sanchez-Nifio et al., 2015)
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- and thus, lead to secretion of pro-inflammatory cytokines like tumor
necrosis factor-a (TNF) and interferon-y (IFN-y) (De Francesco et al.,
2013), which in turn increases Gb3 accumulation (Uceyler et al., 2019);

- disturb signal transduction pathways like nociception (Schiffmann, 2009);

- impede proteins such as ion channels, in their cellular function
(Hofmann et al., 2018; Park et al., 2011).

2.2.2 Cutaneous nociception

2.2.2.1 Relevant structures and processes

Nociception is the way the somatosensory nervous system processes noxious
stimuli. Nociceptors are the nerve endings of the primary afferent Ad- and C-
fibers in various tissues, including inner organs, viscera, and the skin. Those
stimuli are then transmitted along the Ad- and C-fibers to the spinal cord and
the cerbral cortex, where the painful sensation is perceived (Vaskar, 2015).

In the skin, nerve endings of Ad- and C-fibers form the majority of all primary
afferent fibers and are specialized concerning their activation: chemospecific
nociceptors, thermoreceptors, and mechanoceptors were found, but also
polymodal nociceptors, responsive to different stimuli, were described (Millan,
1999). However, not only Ad- and C-fibers are important in nociception, but also
the surrounding cells since interaction between neural and non-neural cells via
cytokines can modify nociception. For cutaneous nociceptors, dermal fibroblasts
and epidermal keratinocytes play a role in that respect. Recent studies
increasingly put the role of non-neuronal skin cells in cutaneous nociception into
focus. Together they build a complex, interdependent network communicating in
reciprocal ways via pronociceptive neurotransmitters such as substance P,
calcitonin-gene related peptide, glutamate, acetylcholine, or neurokinin A; and
their receptors. (Scholzen et al., 1998; Stander et al., 2009; Talagas et al.,
2019). These mediators are released by both neuronal and non-neuronal skin
cells and can induce release of pro-inflammatory cytokines such as IL6, IL-1(3,
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and TNF that contribute to nociceptor sensitization. However, these cytokines
can also induce release of pronociceptive mediators. Via membrane receptors,
nociceptors detect this stimuli and convert them into an action potential that is
then transmitted to the central nervous system (CNS) (Julius et al., 2001,
Koltzenburg, 2000; Vaskar, 2015).

2.2.2.2 Role of dermal fibroblasts

Fibroblasts can be found in connective tissue all over the body. Skin fibroblasts
form the majority of cells in the dermal layer of the human skin and are
embedded among extracellular matrix and other cell types such as sweat
glands, blood vessels and also nociceptors (Vig et al., 2017). Dermal fibroblasts
communicate with their environment in reciprocal way and respond to changes
therein with adaptation of cellular processes (Kessler-Becker et al., 2004) and
hence, play an important role in inflammation by expression of cytokines and
chemokines (Saalbach et al., 2007). Human and animal models have shown
that fibroblasts express a variety of cytokines and chemokines such as
interleukin-6 (IL-6), IL-8, and IL-10, transforming growth factor-g1 (TGF-31),
TNF and chemokine (C-C motif) ligands 2 (CCL2), 5 (CCL5) and 7 (CCL7), and
also leukotrienes such as leukotriene B4, which are all involved in inflammatory
processes (Grimbacher et al., 1998; Jain et al., 2011; Mahmoudi et al., 2019). In
various tissues, fibroblasts are considered sentinel cells since they are sensible
to inflammatory triggers in their environment and can regulate responses (Diaz-
Araya et al., 2015; Fukuda et al., 2017; Smith et al., 1997). Nevertheless,
fibroblasts are not only involved in acute inflammatory processes, but also in the
transition from acute to chronic inflammation as they consistently express
cytokines like IFN-B as well as chemokines, retaining immune cells in the
inflamed area (Buckley, 2011; Buckley et al., 2001). Since inflammatory
processes in the surrounding tissue contribute to activation and sensitization of
nociceptors (Moalem et al., 2006), dermal fibroblasts can play a part in pain

sensation due to their close contact with cutaneous nociceptors.
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2.2.2.3 lon channels in dermal fibroblasts

By establishing the patch-clamp technique, developed in the 1970ies and
decorated with the Nobel Prize, Erwin Neher and Bert Sakmann signaled the
start of an era of ion channel research (Dale et al., 2007; "The Nobel Prize in
Physiology or Medicine 1991," n.d.; Sakmann et al., 1984). However, while
excitatory cells were analyzed extensively, non- excitatory cells such as dermal
fibroblasts have only scarcely been investigated with this technique. Hence, a
large number of ion channels has been described in excitatory cells such as
DRG neurons, of whom many were revealed as potential “pain targets”, e.g.
several voltage-gated Na*-, K* -, and Ca?*- channels (Vaskar, 2015). In
contrast, only a small number of ion channels was described in the membrane
of dermal fibroblasts:
- Volume-regulated anion channels (VRACSs) (Lakoma et al., 2016)
- Voltage-regulated CI- channels (CIC2) (Lakom4 et al., 2016)
- Stretch-activated cation channels (Stockbridge et al., 1988)
- Voltage-dependent Ca?* channels (Chen et al., 1988)
- Voltage-gated Na* channels (Estacion, 1991)
- Different types of K* channels:
o Vvoltage-gated K* channels
o inward rectifier K* channels
o small-conductance Ca?*-activated K+ channels (Kca 3.1) and
o large-conductance Ca?*-activated K+ channels (Kca 1.1).
(Estacion, 1991; Olivan-Viguera et al., 2017)

While little is known about ion channels that are expressed in the membrane of
dermal fibroblasts, even less is known about their function therein, such as their
potential role in activation or sensitization of nociceptors by fibroblasts. There is
evidence that ion channels in fibroblasts are involved in detection of mechanical
stress, changes in cell volume and coordination of signaling cascades by
receptor interaction (Stockbridge and French, 1988; Tian et al., 2014). Also,

functional alterations in these ion channels as parts of diseases are mostly
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unknown. In dermal fibroblasts of FD patients, for example, two types of CI-
channel are altered: VRACs are more effectively blocked by their selective
inhibitor when compared to dermal fibroblasts of healthy controls, and CIC2
channels synthetized in both FD and control cells, but can only be found in the
membrane of control cells (Lakoma et al., 2016). However, the
pathophysiological basis of these observations as well as their impact on cell

function or connection to FD-associated pain remain unclear.

2.2.3 Aims of Study |

There is growing evidence that Gb3 accumulation is the primary underlying
pathology in FD. The concept of cutaneous nociception increasingly unveils the
crucial role of non-neuronal skin cells in pain. We hypothesized that Gb3
accumulation in dermal fibroblasts may disturb cellular function, including ion
channel function. The aim of this study was to investigate the potential role of
dermal fibroblasts in cutaneous nociception and their contribution to FD-
associated pain. Therefore, the following questions were addressed:

e |sthe Gb3 load in dermal fibroblasts of FD patients higher than in those
of healthy controls?

e Which ion channels are present in the membrane of dermal fibroblasts?

e Are there differences in ion channel function between dermal fibroblasts
of FD patients and healthy controls?

¢ |If so, how could these be linked to FD-associated pain?

¢ Which other functional alterations in dermal fibroblasts of FD patients
could contribute to FD-associated pain?
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2.3 Theoretical background of Study Il

2.3.1 3D-structure defects in enzymes

2.3.1.1 3D-structure of enzymes

Most enzymes are proteins, i.e. they are long, unbranched amino acid chains
whose order is determined by the base sequence of the DNA in the
corresponding gene. Each amino acid of the protein is encoded by a codon, a
base triplet in the gene. The sole amino acid sequence forms the primary
structure of the protein and contains all information that is necessary for the
correct folding of the protein into its 3D-structure. This spatial structure of the
complete amino acid chain including all residues is referred to as the tertiary
structure of the protein. If several amino acid chains aggregate to a protein
complex, the single amino acid chains are referred to as its subunits (Rassow,
2012). The resulting native 3D-structure of a protein or a protein complex -
which most enzymes are - arises from bonding forces between the residues of
the amino acids in different segments and is crucial for the function of the
protein (Netzker, 2012). Hence, proteins like enzymes are vulnerable towards
mutations in the corresponding gene segment since these can induce
alterations in their primary structure and consequently in their 3D-structure,

resulting in altered protein function.

2.3.1.2 Impact of 3D-structure defects of enzymes in hereditary

Diseases

Determining the 3D-structure of protein complexes such as enzymes is an
elaborate process that can be performed using X-ray crystallography (Rassow,
2012). Despite its complexity, the 3D-structures of several enzymes that are
involved in hereditary diseases have been determined and published, especially
for LSDs (Clark et al., 2009; Gorelik et al., 2016; Lieberman et al., 2007; Mark et
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al., 2003). For example, in Niemann-Pick disease types A and B, sphingomyelin
accumulates in lysosomes because the enzyme acid shingomyelinase
(ASMase) is deficient due to mutations in the corresponding gene segment.
Similar to FD, several types of mutations have been described, including
missense and nonsense mutations or deletions (Schuchman, 2007). After
determining the 3D-structure of ASMase, amino acid exchanges due to
Niemann-Pick disease A and B missense mutations were mapped. Exchanges
were found in different segments of the enzyme — some were located in the
active site, some in saposin domains (activator domains for hydrolysis
(Kishimoto et al., 1992)) and others on the protein surface, each with different
impact on ASMase’s function and hence clinical manifestation in patients
(Gorelik et al., 2016). Similar discoveries have been made for the enzyme 3-
glucosidase in Gaucher disease (Lieberman et al., 2007). These observations
emphasize that investigation of alterations in the 3D-structure of enzymes can

play an important role in understanding the pathophysiology of diseases.

2.3.1.3 3D-structure of a-GalA and its defects in FD

While the base sequence of the a-GalA gene and hence the primary structure of
a-GalA enzyme were revealed in 1989 (Kornreich et al., 1989), it took almost 15
further years until its 3D-structure was described. When X-ray crystallography
was used to determine the spatial structure of a-GalA, it was discovered that a-
GalA is a homodimeric protein, i.e. consists of two identical subunits, and is
formed by 398 amino acids. The active site, where the catalytic reaction takes
place, is formed by 15 amino acids and the side-chains of their residues,
respectively. Although distant in the primary structure, these amino acid
residues interact via hydrogen bonds, van der Waals forces, and polar
interactions in the 3D-structure (Garman and Garboczi, 2004a). Fig. 3 depicts
the 3D-structure of a-GalA.
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Whole enzyme

20 A sphere

Figure 3. 3D-structure of a-GalA

3D-structure of a-GalA was downloaded from the PDB Europe into Pymol Graphics System. A)
Overview of the 3D-structure of the whole enzyme. The two subunits are colored in blue and
green, the amino acids forming the active site are marked in red and their residues are shown to
demonstrate their spatial proximity despite their distance in the primary structure. B) Zoom into
the active site, reaching 20A sphere, in the same color mode as A. Abbreviations: a-GalA=a-
Galactosidase A; PDB=Protein databank.

Following determination of a-GalA 3D-structure, amino acid exchanges due to
FD missense mutations in the a-GalA gene were mapped. It turned out that
plenty of the 398 amino acids, spread in different segments of the enzyme,
were affected. The amino acid exchanges were grouped based on their

location:
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- Exchanges of an amino acid forming part of the active site
- Exchange of an amino acid in a-GalA core
- Exchange of an amino acid that at another location, mostly on the protein

surface.

Although it was clear already that the 3D-structure of a-GalA might help
clinicians to assess the impact of novel FD mutations (Garman and Garboczi,
2004a), clinical data of FD patients with known or new mutations has not yet

been analyzed in that respect.

2.3.2 Aims of Study Il

Symptom variety is large among FD patients due to many different individual
mutations found in the a-GalA gene. Previous findings have shown that amino
acid exchanges due to missense mutations are located in various parts of 3D-
structure of a-GalA, but can be grouped into three different location types.
Based upon this, the hypothesis was that the amino acid exchange (AAE)
location type in the 3D-structure of a-GalA has impact on symptom onset and
disease severity. The aim of this study was to map amino acid exchanges in the
3D-structure of a-GalA, assign them to a location type and investigate the
differences in clinical symptoms between the different location types. Hence,

the following questions were addressed:

¢ Which AAE location types can be found in FD patients?

e How frequent are the different AAE location types?

e Are there differences in laboratory and clinical findings of FD patients
when they are grouped according to their individual AAE location type?
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3 Materials and Methods

3.1 Study |
3.1.1 Study cohort
3.1.1.1 FD patient cohort

40 adult patients with genetically confirmed FD, who were seen at the Fabry
Center for Interdisciplinary Therapy at the University Hospital of Wirzburg,
Germany were included between August 2015 and December 2018.

All patients consented to study participation after oral and written information.
The study was approved by the Wirzburg Medical Faculty Ethics Committee
(#135/15).

3.1.1.2 Control cohort

Ten adult healthy control subjects were recruited from among friends and
acquaintances of the patients and provided skin samples for cell culture
experiments. Subjects were only included if no case or suspicion of FD had
occurred within their families and after they had consented to study participation

after oral and written information.

3.1.1.3 Subgroups in the study cohort
As shown in Fig. 4, the FD patient cohort was divided into subgroups for parts

of the experiments. For other experiments, a selection of several FD patients

was made.
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Figure 4. FD patient subgroups and selections

The Figure shows how the FD patient cohort was divided and how patients were selected,
respectively, for various analyses. Abbreviations: FD=Fabry disease;
Gb3=Globotriaoyslceramide; NRS=Numeric rating scale; SFN=Small fiber neuropathy.

Methods of collection of all mentioned parameters for stratification within the FD
patient cohort as well as the referring experiments will be explained in the
following (sections 3.1.2 - 3.1.6).

Also among the healthy control group, individuals were chosen for gene and
protein expression analysis (five males), patch-clamp analysis (four males) and

Western Blot analysis (three males).

3.1.2 FD mutation analysis: classical and non-classical

mutations

All FD mutations were entered into the International Fabry Disease Genotype-
Phenotype Database (Chen, 2016) and the corresponding phenotype was

extracted.
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3.1.3 Clinical phenotyping

3.1.3.1 Neurological assessment

3.1.3.1.1 Medical history and neurological examination

All FD patients reported their medical history and underwent complete
neurological examination. In particular, patients were asked for anhidrosis or
hypohidrosis, dysesthesia, presence and quality of pain, and their medication.

Also, signs of past cerebral stroke were assessed by interview and clinically.

3.1.3.1.2 Wirzburg Fabry Pain Questionnaire

To further assess FD-associated pain, all patients filled in the German version
of the Wirzburg Fabry Pain Questionnaire (Magg et al., 2015). The
guestionnaire consists of 15 questions and addresses:
- presence of permanent and/or pain crisis and/or pain attacks and/or
evoked pain (Uceyler et al., 2014)
- maximum and average pain intensity on a numeric rating scale (NRS)
from O (no pain) to 10 (maximum pain imaginable)
- pain quality (e.g. burning or stabbing)
- pain triggers (e.g. heat or infection)

- pain location.

3.1.3.1.3 Quantitative sensory testing (QST)

To test skin sensitivity, QST was performed according to a standardized
protocol of the German Research Network for the Study of Neuropathic Pain
(Deutscher Forschungsverbund Neuropathischer Schmerz e.V.) (Rolke et al.,
2006). QST was performed at the feet (test area), and cheek (control area)
examining thermal, tactile, mechanical, vibration, and pressure perception and
pain thresholds. Data were compared with published reference data (Magerl et
al., 2010).
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3.1.3.1.4 Nerve conduction studies

To exclude polyneuropathy, all FD patients received electroneurography of a
sensory nerve (sural nerve) and a motor nerve (tibial nerve) according to a
standardized protocol (Kimura, 2013). Data were compared with the normative

values of our laboratory.

3.1.3.1.5 Diagnosis of small fiber neuropathy (SFN)

After exclusion of polyneuropathy, SFN was diagnosed according to published
criteria. SFN was assumed when patients reported pain or dysesthesia and met
two of the following three criteria (Devigili et al., 2008): pathological findings in
QST and/or in neurological examination and/or reduced intraepidermal nerve

fiber density in skin punch biopsies (IENFD, s. below).

3.1.3.2 Assessment of cardiomyopathy

All FD patients received echocardiography and, if no contraindications were
present, cardiac magnetic resonance imaging (MRI) scans, to check for
presence of left ventricular hypertrophy and late gadolinium enhancement
(LGE) as indicators of cardiomyopathy (Putko et al., 2015; Serra et al., 2019).
The diagnosis of cardiomyopathy was made when at least one of the two

characteristics was found.

3.1.3.3 Assessment of nephropathy

Every FD patient provided a urine sample to measure glomerular filtration rate
(GFR; reference: >60 ml/min/1.73m?), a parameter that indicates nephropathy
(Schiffmann et al., 2010; Waldek and Feriozzi, 2014). The diagnosis of
nephropathy was made when the GFR fell <60 ml/min/1.73m?.
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3.14 Skin sample acquisition

3.14.1 Skin biopsy

40 FD patients (21 men, 19 women) and all healthy controls received a 6-mm
skin punch biopsy (punch: Kai Europe GmbH, Solingen, Germany) of the lateral
calf, approx. 10 cm about the ankle, under sterile conditions and in local
anesthesia (1-2 ml scandicain 1%) according to an established protocol
(Ugeyler et al., 2010). After withdrawal, samples were divided in halves. One
half was fixed in 4% buffered paraformaldehyde for determination of IENFD, the

other half was placed in fibroblast growth medium for cell culture experiments.

3.1.4.2 Determination of IENFD

After 30 minutes of fixation, skin samples were repeatedly washed with
phosphate buffer and subsequently stored in 10% sucrose/0.1M phosphate
buffer at 4°C over night. The next day, samples were transferred into Tissue
Tek® embedding compound (Sakura Finetek Europe B.V., Alphen aan den Rijn,
Netherlands) and frozen in liquid nitrogen-cooled 2-methylbutane for storage at
—-80°C. 40-pm cryosections were created for nerve fiber staining with antibodies
against the pan-axonal marker protein-gene product 9.5 (Ultraclone, UK, 1:800
or Zytomed, Berlin, Germany, 1:200)/ goat anti-rabbit IgG labeled with
fluorescent cyanine 3.18. Nerve fiber counting was performed at a Zeiss
Axiophot 2 microscope (Zeiss, Oberkochen, Germany) with a CCD camera
(Visitron Systems, Tuchheim, Germany) and SPOT advanced software
(Windows version 4.5, Diagnostic Instruments, Inc., Sterling Heights, MI, USA).
For each study participant, three sections were analyzed by a blinded

investigator, following published guidelines (Lauria et al., 2010).
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3.1.4.3 Primary fibroblast culture

Under sterile conditions, skin samples were cut into twelve equal pieces and
placed in culture flasks in groups of three. To enable attachment to the flask
ground, only ten pl of fibroblast growth medium, containing DMEM (+) I-
glutamine, 10% FCS and 1% PenStrep (all Thermo Fischer Scientific,
Darmstadt, Germany), were added initially. Each after an hour-long incubation
at 37°C and on the next day, 2.5 ml of fibroblast growth medium were added to
the flask. During the primary culture period, medium was changed every three
days and fibroblasts were transferred to a higher passage at about 80%
confluence via trypsinization (TrypLE Express, Thermo Fischer Scientific,
Darmstadt, Germany).

3.1.5. Cell culture experiments

3.15.1 Analysis of Gb3 deposits in fibroblasts

3.1.5.1.1 Immunocytochemistry for Gb3

Two days in advance to the staining, fibroblasts were transferred onto
coverslips and further incubated in medium until they were safely attached to
the ground, but still solitary. On the first day of staining, fibroblasts were
incubated with 4% buffered paraformaldehyde fixing solution for 10 minutes,
triple-washed with phosphate buffered saline (PBS) and before being incubated
with 0.3% triton/PBS for permeabilization and subsequently with 10% bovine
serum albumin/PBS for blocking, for 5 minutes and 1 hour, respectively.
Following blocking process, fibroblasts were incubated with monoclonal
antibodies against Gb3 (TCI Deutschland GmbH, Eschborn, Germany; 1:250)
or else, as a negative control (one for each subject), kept in blocking solution at
+4 °C overnight. On the second day, fibroblasts were repeatedly washed with

PBS before an hour-long incubation with donkey-anti-mouse 1gG labeled with
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alexa flour 488 fluorescent probe (Jackson ImmunoResearch, Ely, UK).
Afterwards, fibroblasts were newly washed with PBS, then incubated with 4',6-
diamidin-2-phenylindol (DAPI; Sigma Aldrich Chemie GmbH, Schnelldorf,
Germany) and finally covered with aqua-poly/mount (PolySciences, Warrington,
FL, USA).

3.1.5.1.2 Determination of Gb3 load

Using a fluorescent microscope (Ax10, Zeiss, Oberkochen, Germany) with a
CARV2-system and Visiview software (Visitron GmbH, Puchheim, Germany), a
blinded investigator performed a semi-quantitative determination of Gb3 load.
Therefore, each coverslip was comparted into five equal regions. In each
region, 10 fibroblasts were regarded concerning presence of Gb3 deposits and
morphology. The Gb3 load was then calculated using the formula

a

+ _‘ + _]

1) £
10710710 " 10
5

a/B/y/!d/¢e=fibroblasts with Gb3 depositsinregion1/2/3/4/5

The number of swollen fibroblasts was calculated in the same manner, but
included only those fibroblasts that had Gb3 deposits and a swollen

morphology.

3.1.5.2 Incubation experiments

Fibroblasts of ten male, severely affected FD patients (all with FD-associated
pain, cardiomyopathy and nephropathy) and five male healthy controls were
selected for incubation experiments for quantitative real-time-PCR (qRT-PCR)
experiments, enzyme-linked immunosorbent assays (ELISA) and Western Blot
analysis (please see below and Fig.4). Fibroblasts were transferred into 6-well
plates and T-25 flasks, respectively, and initially incubated with medium until

they reached approx. 80% confluence. To model inflammation, fibroblasts were
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incubated with 500 U TNF and 500 U IFNy (both Thermo Fisher scientific,
Darmstadt, Germany). As negative controls (one for each subject), fibroblasts
were kept in regular medium. After 24h, fibroblasts and supernatant were
harvested and stored at -20°C.

To analyze the effect of Gb3 clearance on ions channels, half of the male FD
patients selected for patch-clamp analysis, were likewise selected for
preceeding incubation experiments (please refer to Fig. 4). Fibroblasts were
transferred onto coated coverslips and initially incubated with medium, followed
by a 24h-long incubation with 1.32 pg/ml agalsidase-a (Replagal®, Shire,
Lexington, KY, USA) to clear Gb3. Afterwards, they were analyzed
electrophysiologically. As negative controls (one for each subject), fibroblasts

were kept in regular medium.

3.1.5.3 Patch-clamp analysis

Fibroblasts of four male FD patients suffering from FD-associated pain and with
high Gb3 load (s. above and Fig. 4) and four male healthy controls were
investigated using patch-clamp analysis. Two of the FD patients were selected
for pre-experimental incubation with 1.32 pg/ml agalsidase-a (s. above and
Fig.4). Two days before patch-clamp analysis, fibroblasts were transferred onto
coated coverslips, enabling stable attachment, but hindering conflation. Prior to
experiment, bath and pipette solution were prepared, containing 135 mM NacCl,
5.4 mM KCl, 1.8 mM CaClz, 1 mM MgClz, 10 mM glucose, and 5 mM HEPES
(bath solution) and 140 mM KCL, 1 mM MgClz, 2 mM EGTA, 5 mM HEPES,
and 2 mM CaClz, pH 7.4 (pipette recording solution). Patch pipettes were
produced by use of borosilicate glass capillaries (Kimble Chase Life Science
and Research Products, Meiningen, Germany), and heat-polished, reaching an
input resistance of 2 to 3 MQ. On solitary fibroblasts, whole-cell recordings were
performed at room temperature. Current recordance was conducted at -40mV,
using an EPC9 patch-clamp amplifier (HEKA, Ludwigshafen, Germany) with a
sampling rate of 20 kHz. A PULSE/PULSEFIT software package (HEKA,
Lambrecht, Germany) on a Macintosh computer-controlled stimulation and data
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acquistion, while data analysis was executed with IGOR software
(WaveMetrics, Lake Oswego, OR, USA). Division of current amplitude (in pA)
by cell size (in pF) yielded current density (pA/pF).

With a perfusion system (Solution Exchange System ALAVC3-8, ALA Scientific
Instruments, Farmingdale, NY, USA), recorded currents were characterized via
application of various channel blockers (all from Merck, Darmstadt, Germany),
listed in Table 4.

Table 4. List of ion channel blockers applied for patch-clamp analysis

Name Effect Concentration
9-AC blocks CI™ channels 100 uM
CsCl blocks HCN channels 100 mM
ChTX blocks Kcal.1 channel 100 nM
Cholin replaces Na* und K* in their atomicity 140 mM
chloride*

DCPIB blocks VRAC channel 10 uM
DIDS blocks CI™ channels 100 uM
Diltiazem blocks Ca?* channels 20 uM
GdCl; blocks Ca?* channels 50 uM
NS 6180 blocks Kca3.1 channel 5 uM
TEA blocks K* channels 5mM
TRAM 34 blocks Kca3.1 channel 100 uM
TTX blocks voltage dependent Na* channels 100 nM

*cholin chloride is not an actual channel blocker, but an organic compound replacing Na* und K*
in their atomicity, with thus similar effect

Abbreviations: 9-AC=9-anthracenecarboxylic acid; ChTX=charybdotoxin; CsCl= caesium
chloride; DCPIB=4-(2-butyl-6,7-dichloro-2-cyclopentylindan-1-on-5-yl)oxybutyric acid;
DIDS=4,4'-diisothiocyano-2,2"-stilbenedisulfonic acid; HCN= hyperpolarization-activated cyclic
nucleotide-gated channel; NS 6180=4-[[3-(trifluoromethyl)phenyl]methyl]-2H-1,4-benzothiazin-
3(4H)-one; TEA=tetraethylammonium; TRAM 34=1-[(2-chlorophenyl)diphenylmethyl]-1H-

pyrazole; TTX= tetrodotoxin; VRAC=volume-regulated anion channel.
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3.1.54 Gene expression analysis

3.1.5.4.1 mRNA extraction

After harvesting fibroblasts (using QlAzol Lysis Reagant®; Qiagen, Hilden,
Germany) following incubation experiments (s. above), mMRNA extraction was
performed with reagents and instruction of a miRNeasy Mini Kit (Qiagen,
Hilden, Germany) and a Polytron 1600E® centrifuge (Luzern, Switzerland).

MRNA samples were placed in a -80°C freezer for storage.

3.1.5.4.2 Reverse transcription PCR

Next, mRNA was transcribed to cDNA using TagMan Reverse Transcription®
reagents and cyclers by Thermo Fischer scientific (Darmstadt, Germany). 5 yl
random hexamer, 10 pl 10x buffer, 22 ul MgClz, 20 pl dNTP, 2 ul RNAse
Inhibitor, 6.2 pl multiscribe RT and 2 pl Oligo-D and distilled water were added
to mMRNA and all samples were centrifuged before transcription to cDNA in a
Peglab Advanced Primus 96® cycler, incubating samples at 25 °C for

ten minutes, at 48 °C for 60 minutes and finally at 95 °C for five minutes. cDNA

samples were stored at -20°C.

3.1.5.4.3 gRT-PCR

Gene expression by gRT-PCR was performed with reagents, cyclers and
software by Thermo Fischer scientific (Darmstadt, Germany) for the following
targets:

- potassium calcium-activated channel subfamily-M-a-1

(Hs01119904_m1), encoding Kcal.1 channel

- transmembrane receptors notch homolog 1 (Notchl; Hs01062014 _m1)

- TNF (Hs00174128 m1)

- IFNy (Hs00989291_m1)

- chemokine C-C motif ligand 2 (CCL-2; Hs00234140_m1)

- transforming growth factor-B1 (TGF-f1; Hs00998133 m1l).
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As samples to be investigated, 5 pl cDNA were mixed with 0.25 pl of the
corresponding primer, 2 ul TagMan® Universal PCR Master Mix and 1.75 pl
nuclease-free water. As an endogenous control of each sample, 2.5 pl cDNA
were mixed with 0.25 yl 18s rRNA primer, 4.25 ul nuclease-free water, 2l
TagMan® Universal PCR Master Mix. Additionally, negative control and a
calibrator sample (the sample of that control person whose threshold cycle (Ct)
values came closest to the calculated mean of all control Ct values for the
corresponding primer) were added to each plate. Each sample to be
investigated was pipetted on the plate in triplicates, each 18s rRNA control in
duplicates. Measurement was performed using a StepOnePlus cycler,
incubating probes 50°C for two minutes, then at 95 °C for ten minutes, running
40 cycles at 95°C in 15 s and finally at 60°C for one minute. Data was analyzed
with the corresponding StepOne Software Version 2.1 and evaluated according
to the AACt method (Winer et al., 1999).

3.1.55 Protein expression analysis

3.1.5.5.1 ELISA

After incubation experiments (s. above), supernatant of unstimulated fibroblasts
was analyzed via ELISA (MyBioSource, sensitivity 0.1 ng/ml, San Diego, CA,
USA) to measure protein level of the Kcal.1 channel in fibroblasts. As a first
step, cell debris was removed by centrifuging the samples at 1000g for 15
minutes. Subsequently, samples were handled according to the instructions in
the ELISA kit and finally, the optical density of all samples was determined at
450 nm with a Multiskan™ FC Microplate Photometer (Thermo Fisher scientific,
Darmstadt, Germany) as correlate for the level of Kcal.1l channel in the

fibroblasts.
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3.1.5.5.2 Western Blot analysis

Out of the incubation samples of the ten male FD patients and the five male
healthy controls (s. above), we selected each three patient and control samples
for Western Blot analysis. At the end of the incubation, medium was removed
and fibroblasts were washed with PBS before detachment from the T-25 flask
and homogenization with lysis buffer for storage at -20°C.
For Western Blot experiment, 20 ug total protein of each sample were
transferred into 12.5% sodium dodecyl sulfate polyacrylamide electrophoresis
gel for electrical separation by protein size. Then, samples were transferred
onto polyvinylidene difluoride membrane (Hartenstein GmbH, Wurzburg,
Germany), that was blocked 5% milk buffer and incubated with antibodies
against
- nuclear factor kappa-light-chain-enhancer of activated B-cells p65 (NF-
KB p65; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and
- phosphorylated NF-kB p65 (p-NF-kB p65; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA)

- a-actin (Merck KGaA, Darmstadt, Germany), as loading control

at +4°C over night. The next day, the membrane was washed with 0.05%
tween/PBS buffer for 30 minutes before one-hour-long incubation with donkey-
anti-mouse horseradish peroxidase antibody (DIANOVA GmbH, Hamburg,
Germany) at room temperature. Following the immunoreaction, the membrane
was washed a second time with 0.05% tween/PBS buffer before visualization of
immunoreactive bands with chemiluminescent reagent (GE Healthcare,
Diegem, Belgium) and quantification with ChemiDoc™ Touch Imaging System
(Bio-Rad Laboratories GmbH, Minchen, Germany). Density of signal saturation
was analyzed with the imagine processing tool of ImageJ software (Abramoff et
al., 2004) in raw data format with a light background of 50. Finally, division of
the signal saturation density p-NF-kB p65 by that of NF-kB p65 yielded the p-
NF-kB p65/NF-kB p65 ratio which was used for inter-sample comparisons. A-
actin signal was evaluated in each probe to assure comparability of protein

amount and hence, signal saturation density.
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3.1.6 Statistical analysis and figure preparation

Statistical analysis and graph preparation was performed using SPSS Statistics
for Windows, Version 25.0. (IBM Corp, Armonk, NY, USA) and GraphPad Prism
version 8.0.0 (for Windows, GraphPad Software, San Diego, CA, USA). Prior to
comparative analysis, data distribution was determined with a Kolmogorov-
Smirnov test. For inter-group comparison of metric variables, a t-test (for
normally distributed data) or a Mann-Whitney-U-test (for non-normally
distributed data) was used. Dichotomous variables were analyzed with a x? test.

Significance level was set to p<0.05.

3.2 Study Il

3.2.1 Study cohort

80 adult patients with genetically confirmed FD, who were seen at the Fabry
Center for Interdisciplinary Therapy at the University Hospital of Wirzburg,
Germany were included between August 2015 and October 2019.

All patients consented to study participation after oral and written information.
The study was approved by the Wirzburg Medical Faculty Ethics Committee
(#135/15).

3.2.2 Subgroups in the study cohort

Fig. 5 demonstrates how the study cohort was divided by sex, AAE location
type and age (the latter for clinical paratmers only). Since the clinical phenotype
of patients carrying active site and buried mutations resembled each other, they
were combined for analysis and compared with patients carrying other

mutations.
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Whole study cohort

Males | Females
e r 1

Active site Buried Other Active site Buried

]
Other
mutation mutation mutation mutation mutation

mutation

for clinical parameters

<35 35-55
years years

I:l combined for laboratory and clinical parameters

<35 35-55
years years

Figure 5. Subgroups in the study cohort

First, the study cohort was divided by sex. Each group was then subdivided by AAE location
type and, for clinical parameters, further by age. Patients with active site and buried mutation
were combined for analysis of clinical and laboratory parameters. Abbreviation: AAE=amino
acid exchange.

Method of collection of the different AAE location types will be explained in section
3.2.2.2.

3.2.2 FD mutation analysis
3.22.1 Distinction between classical and non-classical
mutations

The analysis was performed in the same manner as in Study I. For details,

please refer to section 3.2.1.
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3.2.2.2 Distinction by AAE location in the a-GalA 3D-structure

3D-structure of a-GalA, available at free disposal at the Protein Databank
Europe (Garman et al., 2004b) was illustrated in Pymol 1.8 Graphics System
(Schrodinger, 2015). Both the amino acid code and the 3D-structure of a-GalA
were depicted. Each amino acid exchange due to a single FD missense
mutation was entered into the amino acid code and marked in the 3D-structure
of a-GalA. Based on the location of the consecutive amino acid exchange, FD
missense mutations were subdivided into three groups, following the description
by Garman and Garbosczi (Garman and Garboczi, 2004a):
- Mutations inducing an exchange of an amino acid building part of the
active site (= active site mutation)
- Mutations inducing an exchange of an amino acid in a-GalA core with
consecutive enzyme misfolding (= buried mutation)
- Mutations inducing an exchange of an amino acid on the protein surface

(= other mutation)

3.2.3 Clinical phenotyping

3.23.1 Neurological assessment

Neurological assessment was performed in the same manner as in Study I. For
details, kindly refer to section 3.1.3.1.

3.2.3.2 Assessment for cardiomyopathy

As in Study I, every FD patient received echocardiography and, if no
contraindications were present, cardiac MRI scans, to check for presence of left
ventricular hypertrophy and LGE as indicators of cardiomyopathy (Putko et al.,
2015; Serra and Marziliano, 2019).
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Additionally, as summarized in Table 5, severity of cardiomyopathy was
assessed by calculating a score based on the degree of left ventricular
hypertrophy and LGE (i.e. 0-3 points for each category); carrying a cardiac
device such as a pacemaker or an implantable cardioverter-defibrillator,

hindering MRI scans, was scored 3 points.

Table 5. Cardiomyopathy score

Points 0 1 3

Left ventricular

hypertrophy

Septal wall thickness [mm] <12 12-14 >14

and/or

Left ventricular mass index <95 (women) 95-120 (women) >120 (women)

[9/m?] <115 (men) 115-135 (men) >135 (men)

LGE None Any intramural Transmural or
>2 segments

Cardiac device No Yes

Abbreviation: LGE=late gadolinium enhancement.

The calculated sum score differentiated between mild and severe
cardiomyopathy. A sum score <3 was classified as mild cardiomyopathy, a sum

score 24 points as severe cardiomyopathy.

3.2.3.3 Assessment for nephropathy

Every FD patient provided a urine sample to measure the GFR (reference:

>60 ml/min/1.73m?), urine albumin, and creatinine as parameters indicating
nephropathy (Schiffmann et al., 2010; Waldek and Feriozzi, 2014). Urine
albumin/creatinine ratio (reference: <30 mg/g) was calculated to categorize
albuminuria according to Kidney Disease: Improving Global Outcomes.
Category A2 (<30 mg/g) was declared incipient nephropathy, category A3 (<300
mg/g) overt nephropathy (Work, 2018).
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3.24 FD-related laboratory tests

All FD patients underwent blood withdrawal to measure a-GalA activity in
leukocytes (reference: 0.4 - 1.0 nmol/minute/mg protein; Podskarbi Laboratory,
Munich, Germany) and lyso-Gb3 levels in plasma (reference: <0.9 ng/ml,;
Centogene, Rostock, Germany) by liquid chromatography and mass

spectrometry.

3.25 Statistical analysis and figure preparation

Statistical analysis and graph preparation was performed using SPSS Statistics
for Windows, Version 25.0. (IBM Corp, Armonk, NY, USA) and GraphPad Prism
version 8.0.0 (for Windows, GraphPad Software, San Diego, CA, USA). Data
distribution was determined with a Kolmogorov-Smirnov test. Since data was
non-normally distributed, a Mann-Whitney-U-test was used for comparison.
Significance level was set to p<0.05.

Vectors for illustration purposes were obtained for free from Public Domain

Vectors (https://publicdomainvectors.org/).
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4 Results

4.1 Study |

4.1.1 Epidemiology

40 FD patients and ten healthy controls took part in Study I. The FD patient
cohort consisted of 21 men and 19 women, and their median age was 47 [17-
75] years (46 [17-64] years among men; 47 [25-75] years among women). The
healthy control cohort consisted of seven men and three women, and their
median age was 42 [21-65] years (38 [24-57] years among men; 46 [21-65]

years among women).

4.1.2 Characterization of the FD patient cohort

41.2.1 Genetic findings

Table 6 gives an overview of the individual genotypes and phenotypes of the
FD study cohort. The majority of FD patients carried a missense mutation, while
nonsense or intron mutations were found less often. Regarding the resulting
phenotype, classical and non-classical mutation were present in comparable

numbers of patients.
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Table 6. Genetic findings in the FD cohort

Mutation N of patients

M F
Mutation type
Missense mutation 17 14
Nonsense mutation 4 4
Intron mutation 0 1
Phenotype
Classical mutation 12 10
Non-classical mutation 9 9

Abbreviations: M=male; N=number; F=female

41.2.2 Clinical findings

4.1.2.2.1 All main organ manifestations in FD

Table 7 summarizes the most important clinical findings among the FD study
cohort in Study I. Regarding the nervous system, FD-associated pain was the
most often reported symptom, while cerebral stroke was generally rare. Among

the inner organs, the heart was most often affected.
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Table 7. Clinical findings and specific therapy in the FD study cohort

Disease manifestation

N of patients

Nervous System

Cerebral stroke

2121 (10%)

1/19 (5%)

FD-associated pain

17/21 (81%)

14/19 (73%)

SFN

9/21 (43%)

5/19 (26%)

Inner organs

Cardiomyopathy

15/21 (72%)

9/19 (47%)

Nephropathy

9/21 (43%)

4/19 (19%)

FD-specific therapy

ERT 9/21 (43%) 5/19 (26%)
Migalastat 9/21 (43%) 6/19 (31%)
None 3121 (14%) 8/19 (43%)

Abbreviations: ERT=Enzyme Replacement Therapy; FD=Fabry disease; SFN=Small fiber
neuropathy.

4.1.2.2.2 FD-associated pain

Regarding only FD-associated pain, analysis revealed that both average and

maximum pain intensities were comparable between men and women (Fig. 6).

FD-associated pain: Severity

Men
NRS I 1rrririTl
01 2 3 456 7 8 9 10 av. pain intensity
ws TT T T &T T T 717 S
012 3 456 7 8 9 10 e—e range
Women
NRS I_I_T_x T T 1T 17 11 max. pain intensity
01 2 3 456 7 8 9 10
X  mean value
s [T 1T T T 1 x L e—e range
01 2 3 456 7 8 9 10

Figure 6. Average and maximum pain intensity among FD patients

All patients filled in the FPQ including questions on average and maximum pain intensity on a
NRS from 0-10. Both average and maximum pain intensity were comparable between FD
men and women. Abbreviations: av=average; FD=Fabry disease; max=maximum,;

NRS=Numeric rating scale.
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As shown in Fig. 7, most patients reported several pain triggers, most often heat

and fever (Fig. 7a-c). ‘Other’ pain triggers were stress and pressure. The

majority of patients described pain of one two different qualities, most often

burning pain, followed by stabbing pain (Fig. 6d-f). The ‘other’ pain quality was

tingling.
A T
Number of pain triggers
(FD men)
m 1 trigger
m 2 triggers
u 3 triggers
>3 triggers
B Ty
Number of pain triggers
(FD women)
m 1 trigger
u 2 triggers
u 3 triggers
>3 triggers
C
Trigger factor N of patients
M F
Spontaneous 12/21 (57%) 719 (37%)
Heat 14/21 (67%) 11/19 (58%)
Cold 6/21 (29%) 8/19 (42%)
Fever 14/21 (67%) 7/19 (37%)
Exhaustion 12/21 (57%) 12/19 (62%)
Exercise 6/21 (29%) 10/19 (53%)
Others 2/21 (10%) 2/19 (11%)

Figure 7. Pain triggers and pain qualities among FD patients

Number of pain qualities
(FD men)

® 1 pain quality

2 pain qualities

® >3 pain qualities

Number of pain qualities
(FD women)

Pain quality

Burning

| Stabbing
| Sharp

Like electric shocks

Tearing

Others

| 3/21 (14%)
| 2/21 (10%) |
121 (5%)

= 1 pain quality

2 pain qualities

B =3 pain qualities

N of patients
M . F

| 17/21 (81%)  13/19 (68%)
11721 (52%) |
| 5/21 (24%) |

919 (47%)
4119 (21%) |
L4119 21%)
4119 (21%)
1119 (5%)

All patients filled in FPQ, including questions concerning pain triggers and pain quality. A)

Number of pain triggers among FD men. B) Number of pain triggers among FD women. C)

Frequency of pain triggers in exact numbers. D) Number of pain qualities among FD men. E)

Number of pain qualities among FD women. F) Frequency of pain qualities in exact numbers.

Abbreviations: F=Female; FD=Fabry disease; FPQ=Fabry Pain Questionnaire M=Male;

N=Number.
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4.1.3 Gb3 load analysis

4.13.1 Median Gb3 load and median number of swollen cells

in fibroblasts of FD patients and healthy controls

Fig. 8 shows Gb3 load in fibroblasts of FD patients and healthy controls. While
Gb3 deposits (see arrows) were found in many cells and in large amounts in
fibroblasts of the FD patient (Fig. 8a), Gb3 deposits were scarce in fibroblasts of
the healthy control (Fig. 8b). This optical difference was confirmed by the
analysis of fibroblasts of all FD patients and healthy controls: the median Gb3
load and the number of swollen cells were higher in fibroblasts of FD patients
than in healthy controls (Fig. 8c-d; p<0.01).

cells (x cells/10)
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Figure 8. Gb3 deposition in dermal fibroblasts
Gb3 deposition in fibroblasts was shown with monoclonal antibodies against Gb3, cell nuclei
were visualized with DAPI. A) Large Gb3 deposition in FD fibroblasts. B) Scarce Gb3 deposition
in control fibroblasts. C) Median Gb3 load is higher in FD fibroblasts when compared to control
fibroblasts. D) Median number of swollen cells is also higher in FD fibroblasts when compared
to control fibroblasts. Abbreviations: DAPI= 4'0.6-diamidin-2-phenylindol; FD=Fabry disease;

Gb3=Globotriaosylceramide; n=number of patients. **p<0.01. Scale bar = 50 ym.
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413.2 Median Gb3 load and median amount of swollen cells in

fibroblasts of different FD subgroups

As shown in Fig. 9, stratification of the FD cohort neither for disease
manifestation in the PNS (FD-associated pain and SFN; Fig.9-b) nor for disease
manifestation in the inner organs (cardiomyopathy and nephropathy; Fig. 9c-d)
revealed a difference in median Gb3 load or number of swollen cells between

the subgroups.
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Figure 9. Median Gb3 load and median number of swollen cells in fibroblasts of

different FD subgroups

Gb3 deposition in FD fibroblasts was shown with monoclonal antibodies against Gb3, and
additionally, cell nuclei were visualized with DAPI. The Figure shows that no difference in
median Gb3 load (blue box plots) or median number of swollen cells (green box plots) was
found when stratifying for different clinical parameters. Abbreviations: DAPI= 4'0.6-diamidin-

2-phenylindol; FD=Fabry disease; Gb3=Globotriaosylceramide.
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4.1.3.3 Median Gb3 load at different ERT-biopsy intervals

For those patients who received ERT, the time interval between ERT infusion
and biopsy was noted to check the impact of Gb3 degradation by ERT. As seen
in Fig. 10, this revealed a decrease and re-increase of median Gb3 load in FD
fibroblasts over time, depending on the ERT-biopsy interval. If this interval was
only one day, the median Gb3 load in the FD fibroblasts was still high. With a
four days interval between ERT and biopsy, median Gb3 load was at a very low
level, comparable with those of controls (compare with Fig. 8c, right box plot).
However, when the interval grew again, median Gb3 load re-increased over
time, and reached similar amounts as with a one day interval at a 12-13 days

interval. At an 18-days interval, median Gb3 load had grown even higher.

n of patients
1:n 12: n=1
4:n 13: n=1
7:n 18: n=1
]
1 4

Time since Iast ERT (days)

()} (o]
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1o n
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Median Gb3 load (x cells/10)
P >

Figure 10. Median Gb3 load at different ERT-biopsy intervals

Gb3 deposition in FD fibroblasts was shown with monoclonal antibodies against Gb3, and
additionally, cell nuclei were visualized with DAPI. Median Gb3 load was analyzed semi-
guantitatively by a blinded investigator calculating the Gb3 deposits in ten cells in five equal
regions of the coverslip. The Figure illustrates that median Gb3 load varies with different
ERT-biopsy intervals. When this interval was short, median Gb3 load was still high. As the
interval grew, median Gb3 load decreased initially and then slowly re-increased with greater
intervals, reaching levels similar as with a one day interval at a 12-13 days interval and
exceeding this level at an 18-days interval. Abbreviations: DAPI = 4'0.6-diamidin-2-
phenylindol; ERT=Enzyme replacement therapy; FD=Fabry disease;

Gb3=Globotriaosylceramide; n=number of patients.
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4134 Median Gb3 load in two consecutive biopsies of two

male FD patients

To confirm the observations of section 4.1.3.3, two FD patients received
consecutive biopsies at two different ERT-biopsy intervals. Fig. 11 shows that
both in the first patient (Fig. 11a) and in the second patient (Fig. 11b), median
Gb3 load was higher in fibroblasts of second biopsy, taken after a greater ERT-
biopsy interval.

8- 8- 2nd biopsy
2nd biopsy

1st biopsy

Median Gb3 load (x cells/10)
Median Gb3 load (x cells/10)
IS

1st biopsy

0 T T 0 T T
11 13 7 18

Time since last ERT (days) Time since last ERT (days)

Figure 11. Median Gb3 load in two consecutive biopsies

Gb3 deposition in FD fibroblasts was shown with monoclonal antibodies against Gb3, and
additionally, cell nuclei were visualized with DAPI. Median Gb3 load was analyzed semi-
guantitatively by a blinded investigator calculating the Gb3 deposits in ten cells in five equal
regions of the coverslip. A) In the fibroblasts of first patient, median Gb3 load was higher in
second biopsy with a greater ERT-biopsy interval. B) Also in the fibroblasts of the second
patient, median Gb3 load was higher in second biopsy with a greater ERT-biopsy interval.
Abbreviations: DAPI = 4'0.6-diamidin-2-phenylindol; ERT=Enzyme replacement therapy;
FD=Fabry disease; Gb3=Globotriaosylceramide.
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4.1.4 Patch-clamp analysis

41.4.1 Description of the measured current

To investigate electrical characteristics of dermal fibroblasts, patch-clamp
technique was applied using whole-cell recordings. Fig. 12 shows that at
baseline conditions, only unspecific electrical activity was measured (Fig. 12a)
which did not change substantially upon application of a variety of channel
blockers (for list please refer to Table 4). However, after increasing the
intracellular Ca?* concentration, a current was observed that was only active
over +20 mV (Fig. 12b-c). Application of tetraethylammonium (TEA) induced a
reduction of current density, indicating that the channel in question was a Ca?*
activated K*-Channel. To further specify the channel, blockers of Ca?* activated
K*-Channels were applied. While 4-[[3-(trifluoromethyl)phenyl]methyl]-2H-1,4-
benzothiazin-3(4H)-one (NS6180) and 1-[(2-chlorophenyl)diphenylmethyl]-1H-
pyrazole (TRAM 34) had no effect (Fig.12d-e), application of charybdotoxin
(ChTX) lead to reduction of current amplitude (Fig. 12f). These observations
taken together lead to the conclusion that the channel in question was a Ca?*
activated K*-Channel 1.1 (Kcal.1).
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Figure 12. Characterization of Kcal.1. channel in dermal fibroblasts

To investigate electrical characteristics of dermal fibroblasts, patch-clamp technique was

applied using whole-cell recordings. A) Unspecific electric activity at baseline condition. B)

Currents measured at different holding potentials and under increased intracellular Ca?*

conditions. In the depolarizing range, electric activity was elevated (arrows). C) Current under

increased intracellular Ca2* conditions. D-F) Continous recording during application of 5mM
TEA, 100 uM TRAM 34, 5 yM NS6180, and 100 nM ChTX, showing decrease of current
amplitude upon TEA and ChTX application, but no effect of TRAM 34. Abbreviations:
ChTX=Charybodotoxin; NS6180=4-[[3-(trifluoromethyl)phenyl]methyl]-2H-1,4-benzothiazin-
3(4H)-one; TEA=tetraethylammonium; TRAM34=1-[(2-chlorophenyl)diphenylmethyl]-1H-

pyraz

ole.
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41.4.2

Functional difference of Kcal.1l between FD and healthy

control fibroblasts

Following the characterization of Kcal.l in dermal fibroblasts, the channel's

function was analyzed in both FD and healthy control fibroblasts. Fig.13 shows

current densities under different experimental conditions: in untreated

fibroblasts, current density of Kcal.1 was lower in FD fibroblasts compared to

healthy controls (p<0.01). However, after incubation with agalsidase-a, current

density increased dramatically, reaching a level that was 7-fold higher than

those of control fibroblasts (p<0.01).
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ok
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Figure 13. KCal.1 function in FD and control fibroblasts

Patch-clamp technique was applied on dermal fibroblasts of FD and control fibroblasts. FD

fibroblasts were incubated with 1.32 ug/ml agalsidase-a for 24h. The Figure demonstrates

that Kcal.l current density was lower in FD fibroblasts than in controls at baseline, but

increased over-proportionally upon incubation with agalsidase-a, reaching 7-fold the level of

control current density. Abbreviations: FD=Fabry disease; Kcal.1l= Ca?*-activated K*-channel

1.1. *p<0.01.
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4.1.5 Gene and protein expression of Kcal.1l in

fibroblasts of FD patients and healthy controls

To investigate the mechanisms underlying the observations described in section
4.1.4.2, the gene expression of Kcal.1 channel (encoded by the potassium
calcium-activated channel subfamily-M-a-1-gene) and its protein concentration
were analyzed. Fig. 14 shows that both gene expression (Fig. 14a) and protein
concentration (Fig. 14b) of the Kcal.1 channel were higher in FD fibroblasts

than in healthy controls (p<0.05 for both).
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Figure 14. KCal.1l gene and protein expression in FD and control dermal

fibroblasts

Kcal.l gene expression analysis was performed on dermal fibroblasts using gRT-PCR,
Kcal.l protein concentration was measured with an ELISA. A) Kcal.1 gene expression was
higher in FD fibroblasts than in control fibroblasts. B) Kcal.1 protein concentration was also
higher in FD fibroblasts when compared to those of controls. Abbreviations: ELISA = enzyme-
linked immunosorbent assay; FD = Fabry disease; Kcal.1 = Ca?*-activated K*-channel 1.1;

gRT-PCR = gquantitative real-time PCR. *p<0.05.
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4.1.6 Gene expression of various cytokines and
chemokines in fibroblasts of FD patients and

healthy controls

To further investigate the role of fibroblasts in FD-associated pain, the gene
expression of several cytokines and chemokines was analyzed in fibroblasts of
FD patients and healthy controls (kindly refer to Fig. 4 for case selection) before
and after stimulation with TNF and IFNy, respectively (Fig. 15).

Notch 1:

Notchl gene expression was higher in FD patients than in healthy controls prior
to and after stimulation with TNF (Fig. 15a; p<0.05 each).

CCL2:

CCL2 gene expression was higher in FD patients when compared to healthy
controls before and after stimulation with TNF (Fig. 15b; p<0.05 each).

TGE-B1:

Unlike Notch 1 and CCL2, gene expression of TGF-B1 did not differ between
FD patients and healthy controls at baseline. However, after stimulation with
TNF, gene expression of TGF-B1 was higher in FD patients than in healthy
controls (Fig. 15c; p<0.05).

IFNy:

Fig.15d demonstrates the amount of samples with detectable IFNy gene
expression. No IFNy gene expression could be measured in any sample of
healthy controls, neither before nor after stimulation with TNF. Among the
samples of FD patients, IFNy gene expression was detected in 40% of samples
before and in 70% of samples after stimulation with TNF. Since IFNy gene
expression could not be measured in any healthy control, no calibrator could be
determined, hindering the usual data analysis with the AACt method. However,
data allowed a x?test that showed that IFNy gene expression differed between
FD patients and healthy controls before and after stimulation with TNF (p<0.05

each).
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TNF:
No difference in TNF gene expression was detected when comparing FD

patients and healthy controls, neither before nor after stimulation with IFNy (Fig.
15e).
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Figure 15. Gene expression of various cytokines and chemokines in FD and control

fibroblasts

Gene expression analysis was performed on dermal fibroblasts using gRT-PCR. For
stimulation experiments, fibroblasts were incubated with 500U TNF or IFNy (the latter only for
measurement of TNF gene expression) for 24h. A-B) Notch 1 and CCL2 gene expression
were higher in FD fibroblasts when compared to control fibroblasts, both before and after
stimulation with TNF. C) TGF-B1 gene expression was only higher in FD fibroblasts than in
control fibroblasts after TNF stimulation. D) IFNy was expressed in more samples of FD
patients compared to healthy controls, both before and after TNF stimulation. E) TNF gene
expression did not differ between FD and control fibroblasts, neither before nor after
stimulation with IFNy. Abbreviations: CCL2= chemokine C-C motif ligand 2; FD = Fabry
disease; IFNy=Interferon-y; qRT-PCR = quantitative real-time PCR; Notchl= transmembrane
receptors notch homolog 1; TNF= Tumor necrosis factor a. TGF-B=transforming growth

factor-p1. *p<0.05.
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4.1.7 Analysis of pNF-kB p65 in fibroblasts of FD
patients and healthy controls pre- and post-TNF

stimulation

To further comprehend the cytokine expression pathways in dermal fibroblasts,
activation of NF-kB to pNF-kB p65 was analyzed using Western Blot before and
after stimulation with TNF. Fig.16 depicts Western Blot bands and shows that
NF-kB (Fig. 16a) and pNF-kB p65 (Fig. 16b) were detectable, but varying in
intensity in all samples, while loading control a-actin was detectable in

comparable amounts in all samples.

A Protein seize
Controls FD
70 KDA ©Q O Q0O O0OO OO ©O O
I —— ——— ——— o NFKB p65
50 kDA
— o q-actin
40 KDA
B Controls FD
70 kDA 0 000000000 O
i - | s S0 - - pNFkB p65
50 kDA
R — a-actin
40 kDA

© Atbaseline © After TNF stimulation

Figure 16. Western Blot analysis for NF-kB p65 in dermal fibroblasts

Western Blot analysis was performed with dermal fibroblasts of FD patients and healthy
controls before and after stimulation with TNF using antibodies against NF-kB, pNF-kB p65
and a-actin. A) Western Blot bands of NF-kB and loading control a-actin. B) Western Blot
bands of pNF-kB and loading control a-actin. Abbreviations: FD = Fabry disease; NFkB
p65 = nuclear factor kappa-light-chain-enhancer of activated B-cells p65;

pNFkB p65= phosphorylated NFkB p65; TNF= tumor necrosis factor-a.

-54 -



As seen in Fig. 17, the analysis showed that the median pNF-kB/NF-kB p65
ratio was low at baseline conditions in FD and control fibroblasts (0.018 in FD
fibroblasts vs 0.030 in control fibroblasts). After TNF stimulation, median pNF-
KB/ NF-kB p65 ratio rose by factor 24 in FD fibroblast (to 0.441) and factor 13 in
control fibroblasts (to 0.380). Hence, increase in pNF-kB/ NF-kB p65 ratio in FD
fibroblasts was almost twice as much as in control fibroblasts. Due to the low
number of samples (n=3 in each subgroup), this observation failed to reach

statistical significance.

0.7__ At baseline

0.6- After TNF stimulation
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0.1

0.0

Controls FD

Figure 17. Analysis of median pNF-kb/NF-kB p65 in Western Blot

Western Blot analysis was performed with dermal fibroblasts of FD patients and healthy
controls before and after stimulation with TNF using antibodies against NF-kB, pNF-kB p65
and a-actin (loading control). The Figure shows the median pNF-kB/ NF-kB p65 ratio which
was low in both groups at baseline conditions, but rose after TNF stimulation. In FD fibroblast,
increase in median pNF-kB/ NF-kB p65 ratio was almost twice as much in control fibroblasts.
Abbreviations: FD = Fabry disease; NFkB p65 = nuclear factor kappa-light-chain-enhancer of
activated B-cells p65; pNFkB p65= phosphorylated NFkB p65; TNF = tumor necrosis factor-a.
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4.2 Study Il

4.2.1 Epidemiology

80 FD patients took part in Study Il of whom 32 were men and 48 were women.
The median age was 52 [20-77] years (47 [21-68] years among men; 53 [20-77]

years among women).

4.2.2 Genetic characterization of the study cohort

4221 Frequency of classical and non-classical mutations in

the study cohort - separated by sex

For both FD men and women, the slender majority the patients carried a

mutation predictably leading to a classical phenotype, as seen in Table 8.

Table 8. Percent distribution of classical and non-classical FD mutations in the study

cohort, separated by sex

Mutation N of patients carrying the mutation

M F
Classical mutation 17/32 (53%) 27148 (56%)
Non-classical mutation 15/32 (47%) 21/48 (44%)

Abbreviation: n=number.

4.2.2.2 AAE location types in a-GalA 3D-structure

4.2.2.2.1 Frequency of AAE location types as wells as the frequency

of each individual mutation
Among both FD men (1/32, 3%) and women (3/48, 6%), active site mutations

occurred by far to the rarest (overall 4/80, 5%). Buried and other mutations were

found in comparable numbers (buried mutations: 35/80, 41% overall; 12/32,
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41% men; 22/48, 46% women vs other mutations: 41/80, 51% overall; 18/32,
56% men; 23/48, 48% women). Table 9 summarizes the frequency of the
location types as well as that of each individual mutation. Overall, 25 different
mutations were found and distributed as follows:

e oOne active site mutation
e 16 different buried mutations

e eight different other mutations.
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Table 9. AAE location type of the individual mutations and their frequency

Nucleotid
exchange
Active site
mutation
c.515G>A

Buried mutations

€.202C>T
€.334C>T
c.386T>C
c.404C>T
c.408T>A
c.4717>G
€.484T>G
c.486G>T
C.559A>G
€.708G>C
C.784T7>C
c.806T>G
c.860G>C
c.1021G>A
c.1025G>T
c.12507T>G

Other mutations

€.155G>C
c.188G>A
Cc.416A>G
Cc.427G>A
C.644A>G
€.902G>A
€.963G>C
Cc.973G>A

Mutation

Amino acid exchange (abbr.)

p.Cys172Tyr (C172Y)

p.Leu68Phe (L68F)
p.Argl12Cys (R112C)
p.Leul29Pro (L129P)
p.Alal35Val (A135V)
p.Aspl36Glu (D136E)
p.GIN157His (Q157H)
p.Trpl62Gly (W162G)
p.Trpl62Cys (W162C)
p.Met187Val (M187V)
p.Trp236Cys (W236C)
p.Trp262Arg (W262R)
p.Val269Gly (V269G)
p.Trp287Ser (W287S)
p.Glu341Lys (E341K)
p.Arg342Leu (R342L)
p.Leud71Arg (L417P)

p.Cys52Ser (C52S)
p.Cys63Tyr (C63Y)
p.Asn139Ser (N139S)
p.Alal43Thr (A143T)
p.Asn215Ser (N215S)
p.Arg301Gin (R301Q)
p.GIn321His (Q321H)
p.Gly325Ser (G325S)

Abbreviation: abbr.=abbreviation; n=number.
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N of patients

M
1/32 (3%)
1 (3%)
13/32 (41%)
1 (3%)

2 (6%)

2 (6%)

1 (3%)

1 (3%)
1 (3%)

1 (3%)

1 (3%)

1 (3%)

2 (6%)

18/32 (56%)

1 (3%)
3 (9%)

13 (39%)

1 (3%)

F
3/48 (6%)

3 (6%)
22/48 (46%)

1 (2%)
2 (4%)
5 (10%)
2 (4%)
1 (2%)
1 (2%)

1 (2%)
2 (4%)

1 (2%)
1 (2%)

3 (6%)
2 (6%)
23/48 (48%)
1 (2%)
1 (2%)
2 (4%)
4 (8%)
10 (20%)
3 (6%)
1 (2%)
1 (2%)



4.2.2.2.2 lllustration of AAEs in the a-GalA 3D-structure

Each individual mutation was mapped in the a-GalA 3D-structure and depicted
along with the fellow mutations of the same AAE location type. Fig. 18 presents

all occuring mutations in the study cohort, grouped by AAE location type.

Figure 18. AAE location types in the a-GalA 3D-structure

3D-structure of a-GalA was downloaded from the PDB Europe into Pymol Graphics System.
A) Active site mutation. The wildtype amino acid residues are marked in red, while the
mutated amino acid residue is marked in yellow. B) Buried mutations. The mutated amino
acid residues (marked in yellow) can be found in the core of a-GalA. C) Other mutations. The
mutated amino acid residues (marked in yellow) can be found solely on the protein surface,

not in the core of a-GalA. Abbreviation: a-GalA= a-Galactosidase A; PDB=Protein databank.
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4.2.2.2.3 Frequency of classical and non-classical mutations in the

study cohort separated by AAE location type

While the frequency of classical and non-classical mutations was comparable
when only dividing the study cohort by sex, a different observation was made
when dividing the cohort by AAE location type. As demonstrated in Table 10,
the active site mutation and the vast majority of buried mutations lead to a
classical phenotype, while the majority of other mutations lead to a non-
classical phenotype.

Table 10. Percent distribution of classical and non-classical mutations in the study
cohort, separated by AAE location type

Mutation AAE location type
Active site Buried Other
Classical mutation 1/1 (100%) 15/16 (94%) 3/8 (37%)
Non-classical mutation 0/1 (0%) 1/16 (6%) 5/8 (63%)

Abbreviation: AAE=amino acid exchange
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4.2.3 Clinical characterization of patient subgroups

42.3.1 Clinical characterization of male FD patients

4.2.3.1.1 Clinical characterization of male patients younger than 35
years (‘<35y-group’)

Fig. 19 gives an overview of the symptoms and FD-specific treatment in the

male <35y-group.

Nervous system

While cerebral stroke was rarely seen in patients carrying active
site/buried mutations and not at all in those with other mutations,
symptoms related to an affection of the PNS such as SFN or
anhidrosis/hypohidrosis were found more often, especially among
patients with active site/buried mutations. FD-associated pain was only
reported by a patient with active site/buried mutations.

Inner organs

Cardiomyopathy was more frequent in patients with active
site/buried mutations than in those with other mutations, and severe
cardiomyopathy was found merely in patients with active site/buried
mutations. Nephropathy was less common in this age group, however,
both patient groups suffered from overt nephropathy.

FD-specific therapy

Most patients in this age group were already being treated. All
patients with active site/buried mutations were on ERT, while the
vast majority of those patients with other mutations was treated

with migalastat.
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Figure 19. Clinical characterization of male patients younger than 35 years

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in
FD, comparing patients with active site/buried mutation and other mutation. A) Clinical
symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme

replacement therapy; FD=Fabry disease; max=maximum; NRS=Numeric rating scale;
SFN=Small fiber neuropathy.
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4.2.3.1.2 Clinical characterization of male patients between 35 and

55 years ("35-55y-group’)

Fig. 20 gives an overview of the symptoms and FD-specific treatment in the

male 35-55y-group.

Nervous system

While cerebral stroke was rarely seen also in this age group, affection
of the PNS was detectable in many cases. Among patients with active
site/buried mutations, SFN and anhidrosis/hypohidrosis were very
common, and FD-associated pain was in fact reported by all patients with
this AAE location type. These symptoms were found less often in
patients with other mutations; moreover, FD-associated pain was less
severe.

Inner organs

Cardiomyopathy was found in all patients with active site/buried
mutations and most patients with other mutations. It was severe in all
cases of active site/buried mutations, and most of those with other
mutations. Once more, nephropathy was less common, but all cases
suffered from overt nephropathy.
FD-specific therapy

Most patients of this age group received FD-specific therapy. All
patients with active site/buried mutations were on ERT, while the vast

majority of those with other mutations was treated with migalastat.
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Figure 20. Clinical characterization of male patients between 35 and 55 years

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in
FD, comparing patients with active site/buried mutation and other mutation. A) Clinical
symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme
replacement therapy; FD=Fabry disease; max=maximum; NRS=Numeric rating scale;

SFN=Small fiber neuropathy.

-64 -



4.2.3.1.3 Clinical characterization of male patients older than 55

years (>55y-group’)

Fig. 21 gives an overview of the symptoms and FD-specific treatment in the

male >55y-group.

Nervous system

While cerebral stroke was rarely seen in patients with active
site/buried mutations, affection of the PNS was very common among
these patients, concerning all investigated symptoms. Among patients
with other mutations, CNS and PNS were affected less often; moreover,
FD-associated pain was less severe.

Inner organs

Cardiomyopathy was found in all patients of this age group, of
whom the majority suffered from the severe form. Nephropathy was also
common in this age group. Among patients with active site/buried
mutations, nephropathy was overt in most cases, while patients with
other mutations mainly had an incipient nephropathy.

FD-specific therapy

All patients with active site/buried mutations and most patients
with other mutation received FD-specific therapy. While patients with
active site/buried mutations were all on ERT, the vast majority of patients

with other mutations was treated with migalastat.
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Figure 21. Clinical characterization of male patients older than 55 years

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in
FD, comparing patients with active site/buried mutation and other mutation. A) Clinical
symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme
replacement therapy; FD=Fabry disease; max=maximum; NRS=Numerics rating scale;
SFN=Small fiber neuropathy.
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4.2.3.1.4 Clinical characterization of all male patients

Fig. 22 gives an overview of the symptoms and FD-specific treatment of all

male FD patients.

Nervous system

While the CNS was generally rarely affected, an affection of the
PNS, manifested as FD-associated pain, SFN, and
anhidrosis/hypohidrosis was more frequent in patients with active
site/buried mutations. Moreover, FD-associated pain was more severe
among these patients.
Inner organs

Cardiomyopathy was common among men, and in many cases
severe. Nephropathy was found in about half of all male patients, with
more cases of overt nephropathy among those with active site/buried
mutations.

FD-specific therapy

Most patients received FD-specific therapy; all patients with active
site/buried mutations were on ERT, while the majority of those with other

mutations received migalstat.
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Figure 22. Clinical characterization of all male patients

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in
FD, comparing patients with active site/buried mutation and other mutation. A) Clinical
symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme
replacement therapy; FD=Fabry disease; max=maximum; NRS=Numeric rating scale;
SFN=Small fiber neuropathy.
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4.2.3.2 Clinical characterization of female FD patients

4.2.3.2.1 Clinical characterization of female patients younger than 35

years (<35y-group)

Fig. 23 gives an overview of the symptoms and FD-specific treatment in the

female <35y-group.

- Nervous system

An affection of the nervous system was not detected among
patients with other mutations, and only presented as FD-associated pain
in patients with active site/buried mutations. No other symptoms related
to an affection of the nervous system were found.

- Inner organs

While cardiomyopathy was not present in any patient of this age
group, nephropathy was detected in some cases. In the group with active
site/buried mutations, nephropathy was overt, while nephropathy was
incipient in the group with other mutations.

- FD-specific therapy

Only one patient with an active/site buried mutation, and no patient
with an other mutation received FD-specific therapy; the treated patient

was on migalastat.
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Figure 23. Clinical characterization of female patients younger than 35 years

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in
FD comparing patients with active site/buried mutations and other mutations. A) Clinical
symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme
replacement therapy; FD=Fabry disease; max=maximum; NRS=Numeric rating scale;

SFN=Small fiber neuropathy.
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4.2.3.2.2 Clinical characterization of female patients between 35 and

55 years ('35-55y-group’)

Fig. 24 gives an overview of the symptoms and FD-specific treatment in the

female 35-55y-group.

Nervous system
Both the CNS and the PNS were affected in less than half of

female patients in this age group. However, the PNS was affected in
more women with active site/buried mutations than in those with other
mutations. FD-associated pain was also more severe in patients with
active site/buried mutations.
Inner organs

Cardiomyopathy was detected in more patients with active
site/buried mutations than in those with other mutations. Most patients
suffered from severe cardiomyopathy. Over half of the women with active
site/buried mutations suffered from nephropathy (in most cases
incipient), while none of those patients with other mutations had
nephropathy.
FD-specific therapy

Many patients received FD-specific therapy. More women with
active site/buried mutation were treated with ERT than with migalastat,
while this was evenly distributed among those patients carrying other

mutations.
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Figure 24. Clinical characterization of female patients between 35 and 55 years

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in

FD, comparing patients with active site/buried mutations and other mutations. A) Clinical

symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme

replacement therapy; FD=Fabry disease; max=maximum; NRS=Numeric rating scale;

SFN=Small fiber neuropathy.
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4.2.3.2.3 Clinical characterization of female patients older than 55

years (>55y-group’)

Fig. 25 gives an overview of the symptoms and FD-specific treatment in the

female >55y-group.

- Nervous system

While cerebral stroke was rare in among all patients in this subgroup, an
affection of the PNS, especially presenting as FD-associated pain and SFN,
was more frequent in patients with active site/buried mutations. Also, FD-
associated pain was more severe in these patients.

- Inner organs

Cardiomyopathy was detected in almost all patients with active
site/buried mutations, and about half of those with other mutations; in most
cases, cardiomyopathy was mild. Nephropathy was almost twice as frequent
in patients with active site/buried mutations than in those with other
mutations, and was incipient in most cases.

- FD-specific therapy

The vast majority of women in this age group received FD-specific
therapy. Most women with active site/buried mutations were on ERT, while
about each a half of patients with other mutations received ERT and

migalastat, respectively.
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Figure 25. Clinical characterization of female patients older than 55 years

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in

FD, comparing patients with active site/buried mutation and other mutations. A) Clinical

symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme

replacement therapy; FD=Fabry disease; max=maximum; NRS=Numeric rating scale;

SFN=Small fiber neuropathy.
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4.2.3.2.4 Clinical characterzation of all female patients

Fig. 26 gives an overview of the symptoms and FD-specific treatment of all

female patients.

- Nervous system

While cerebral stroke was generally rare among women, the PNS was
affected in more women with active site/buried mutations than in those
with other mutations. FD-associated pain was more severe in patients
with active site/buried mutations.

- Inner organs

Cardiomyopathy was more common in women with active site/burieds
mutation than in those with other mutations. Mild and severe form were
evenly distributed. Nephropathy was also found in more patient with
active site/burieds mutation. While some women with active site/buried
mutations suffered from overt nephropathy, all patients with other
mutations had incipient nephropathy.

- FD-specific therapy

The majority of women received FD-specific therapy. While most
patients with active site/buried mutations were on ERT, more than half of

the women with other mutations received migalastat.

Additionally, when comparing FD men and women, it was apparent that
disease onset was later in women than in men (compare Figs. 24 and 28).
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Figure 26. Clinical characterization of all female patients

The Figure gives a synopsis of the main symptoms and disease-specific therapy options in
FD, comparing patients with active site/buried mutation and other mutations. A) Clinical
symptoms. B) Severity of FD-associated pain. Abbreviations: av=average; ERT=Enzyme
replacement therapy; FD=Fabry disease; max=maximum; NRS=Numeric rating scale;
SFN=Small fiber neuropathy.
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4.2.4 a-GalA activity and plasma lyso-Gb3 levels

As seen in Fig. 27, median a-GalA activity was lower in both male and female

patients with active site/buried mutations when compared to those with other

mutations (Fig. 27a; p<0.01 for men; p<0.05 for women). In line with these

results, plasma lyso-Gb3 levels were higher in both male and female patients

with active site/buried mutation than in those with buried mutation (Fig 27b;

p<0.01 for men; p<0.05 for women).
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Figure 27. a-GalA activity and lyso-Gb3 levels

Enzyme activity was measured in leukocytes (norm: 0.4-1.0 nmol/min/mg protein) and lyso-

Gb3 level was determined in plasma (norm: <0.9 ng/ml). A) FD males: while enzyme activity

was lower in patients with active site/buried mutation, plasma lyso-Gb3 level was higher. B)

FD females: while enzyme activity was lower in patients with active site/buried mutation,

plasma lyso-Gb3 level was higher. Abbreviations: FD=Fabry disease;
Gb3=Globotriaoyslceramide. *p<0.05; **p<0.01.
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5 Discussion

5.1 Study |

Study | investigated electrical characteristics and cytokine expression patterns
of human dermal fibroblasts, comparing cells of FD patients with those of
healthy controls. Our investigations revealed that Gb3 load in dermal fibroblasts
of FD patients was higher than in those of healthy controls. In those patients
who received ERT, Gb3 load varied with the time interval between previous
ERT and biopsy day. Further, dermal fibroblasts express Kcal.1 channels,
whose function was reduced in FD fibroblasts under baseline conditions, i.e.
when cellular Gb3 load was high. However, upon Gb3 cleavage by ERT, a
sudden over-proportionate increase of Kcal.l activity in FD fibroblasts was
observed. Investigations of cytokine expression patterns showed an activation
of the Notch1l signaling pathway in FD fibroblasts already at baseline, but even
more evidently under pro-inflammatory conditions. Hints towards elevated pNF-
KB p65 levels in FD fibroblasts in a pro-inflammatory environment further
supported this finding. Hence, Study | confirms the hypothesis that functional
alterations in Kcal.l activity due to Gb3 accumulation and elevated cytokine
expression may be a link between FD fibroblasts and cutaneous nociceptors

that may contribute to FD-associated pain.

When regarding genetic and clinical findings in different FD cohorts, varying i.e.
in ethnicity and sample size, patient characteristics of Study | are well in line
with those of previous studies: concerning genetic findings, a variety of many
different mutations can be found, even in smaller cohorts. However, the majority
of FD patients carries a missense mutation (Schaefer et al., 2005). Among
clinical aspects, PNS and cardiac involvement are generally frequent, while
renal and even more so CNS involvement are less common (KD MacDermot et
al., 2001; Uceyler et al., 2014; Vedder et al., 2007). FD-associated pain is
typically located in hands and feet, often triggerable by external stimuli such as

heat or cold, and internal stimuli such as fever or infections (Hoffmann et al.,
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2007; MacDermot and MacDermot, 2001; Ucgeyler et al., 2014). Hence, Study |
largely confirms previous studies in terms of patient characteristics, organ
involvement and pain parameters (Arends et al., 2018; Gibas et al., 2006; Maag
et al., 2008; Mehta et al., 2004).

In FD, pathological accumulation of Gb3 and its derivatives due to dysfunctional
a-GalA is regarded as the ‘root of all evil’ by many experts (Aerts et al., 2008;
Namdar et al., 2012). Gb3 deposits have been detected in many human tissues
and cells, such as in glomerular podocytes or cardiomyocytes (Alroy et al.,
2002; Chien et al., 2016; Germain et al., 2007), in endothelial cells (Shen et al.,
2008), in neuronal cells (Kaneski et al., 2016), and also in fibroblasts of different
organs (Lakoma et al., 2016; Song et al., 2016). Results of Study | are in line
with these findings, showing high Gb3 load in human dermal fibroblasts.

While methods for Gb3 visualization are well established, the
pathophysiological mechanisms underlying cellular dysfunction based on Gb3
accumulation are incompletely understood.

One hypothesis, how cellular Gb3 deposits may disturb cellular function is
interference with proteins such as ion channels. Previous studies have shown
that accumulation of Gb3 can interfere with various ion channels in different
tissues: a-GAL deficient mice, one of the currently investigated mouse models
of FD, showed reduced activity of pain-related Nav1.7 channels in DRG sensory
neurons which was reversed by Gb3 cleavage via incubation with ERT or SRT
(Hofmann et al., 2018). Although the exact mechanism of Gb3 interference with
Nav1.7 channels remained unclear, the authors concluded that Nav1.7
dysfunction may disrupt cell membrane homeostasis and hence, could play an
important role in PNS symptoms in FD. Further, Gb3 induced dysfunction of the
intermediate-conductance Ca?*-activated K* (Kca3.1) channel in endothelial
cells of a-GAL deficient mice by down-regulating gene and protein expression
and by interfering with the activation process (Park et al., 2011). In human cells,
its derivative lyso-Gb3 reduced Kca3.1 function in aortic fibroblasts by
downregulating its gene and protein expression via hindering phosphorylation
processes (Choi et al., 2016; Choi et al., 2015). As a consequence, collagen

synthesis and differentiation into myofibroblasts was impaired and hence,

-79-



weakened the vessel wall, which potentially elevates the risk for cardiovascular
events.

Although describing different ways of interaction, these studies exemplify, how
Gb3 can interfere with ion channels and hence, induce critical cellular
impairment.

The link between Gb3 accumulation and ion channel dysfunction was also
drawn in Study |, investigating not only Gb3 load in human dermal fibroblasts,
but also Kcal.1 activity in the cell membrane. This activity was reduced in FD
fibroblasts under baseline conditions (i.e. during high Gb3 load), but increased
over-proportionally upon Gb3 cleavage. Elevated gene and protein expression
of Kcal.l in FD fibroblasts supported these findings. Fig. 28 gives a synopsis of
the potential relations between Gb3 deposits and Kcal.l function:

No effect

® Gb3 deposits

For illustration purposes,
deposits are depicted
larger than their actual
size

Figure 28. Potential relations between KCal.1 gene and protein expression and activity
in FD dermal fibroblasts

The Figure shows how Kcal.1 activity and its gene and protein expression in FD fibroblasts
could be related: at baseline, Kcal.1 activity is reduced due to Gb3 accumulation, inducing
compensatory increase in its gene and protein. While this escape mechanism remains
inefficient in natural condition (i.e. when Gb3 load remains high), its activity increases over-
proportionately after Gb3 clevage, based on the elevated gene and protein expression.
Abbreviations: FD=Fabry disease; Gb3=Globotriaosylceramide; Kcal.1= Ca?*-activated K*-
channel 1.1.
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However, it remains unclear whether the negative consequences of Kcal.l
dysfunction also recover upon Gb3 cleavage, since Kcal.l is integrated in
cellular function in complex ways:

Human Ca?*-activated K* channels form a family of eight different ion channels
that are all activated by intracellular Ca?*. As a member of Kcal channels,
Kcal.l is both Ca?*- and voltage-gated. Although Kcal.1 can per se be activated
by Ca?* and voltage independently, sole increase of intracellular Ca?* or
depolarization do not suffice to raise the probability of open Kcal.1l channels to
a measurable level. Hence, high intracellular Ca?* and depolarization are both
required for enough Kcal.l channels to open, such that Kcal.l activity can be
measured. Since Kcal.l has a large single channel conductance of about 100-
300 pS, itis also referred to as BK channel (abbreviating Big K* conductance)
or MaxiK channel (Garneau et al., 2010; B Wang et al., 2009). While Study | did
not include investigations on the implications of Kcal.1l dysfunction, it is known
from previous studies that the Kcal.1 channel is distributed among both
excitable and non-excitable cells and plays a role in various cellular functions: it
is functionally connected to receptors such as 3-adrenergic- or angiotensin II-
receptors and enzymes like proteinkinase B, regulating metabolism, cell
signaling, and also apoptosis (Tian et al., 2014; Toro et al., 2014). Further, it
modulates secretion of e.g. luteinizing hormone that is stimulated by
gonadotropin-releasing hormone, fine tunes neurotransmitter release and
regulates pathways that are triggered by changes of intracellular Ca?*
concentration (Gribkoff et al., 2001; Lu et al., 2006; Waring et al., 2009). It can
also play a role in inflammatory processes as its dysfunction induces activation
of NF-kB p65 and expression of CCL2 (Park et al., 2006; Tajhya et al., 2016).
While Study | showed that Gb3 accumulation induces dysfunction of Kcal.l
activity in FD dermal fibroblasts, it failed to detect further ion channels in their
membrane, despite application of various ion channel blockers (kindly refer to
Table 4 for the list) and thorough analysis. However, it is likely that Gb3 does
indeed interfere with more ion channels, also in dermal fibroblasts, where other
ion channels have already been described (Estacion, 1991; Lakoma et al.,

2016). The underlying cause for the diversity of these findings could be variation
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in the origin of material (Study | and Lakoma et al.: lateral calf of adults;
Estacion: foreskin of newborns) and cell age (Study I: passages 3-5; Estacion:
passages 4-16 (mainly 8-12); Lakomé: passages 5-10).
In addition to that, it is important to mention that not only exactly how and with
what Gb3 can interfere, also how long it can disturb cellular dysfunction has
been described differently:
On the one hand, Hofmann and colleagues and Study | consistently report on
an immediate, short-term effect of Gb3 on ion channel function, which is
reversible by Gb3 cleavage. On the other hand, a previous study — in fact not
investigating ion channel function, but autophagy processes — showed that Gb3
cleavage did not recover cellular function (Braun et al., 2019), hinting towards
potential long-term effects of Gb3 accumulation.
When summarizing these observations, Gb3 may interfere
- with different ion channels: Na*and K* channels
- in various tissues: mouse DRG neurons, human aortic fibroblasts and
human dermal fibroblasts
- in diverse ways: down-regulation of gene and protein expression and
hindering activation processes
- with various times of effect: short-term consequences and long-term

impact.

Despite this prima facie divergence, the unanimous gist of all studies is that
Gb3 accumulation can induce ion channel dysfunction, which can lead to
cellular impairment and hence, be directly linked to FD-associated symptoms

and disease manifestation in various organ systems.

In addition to ion channel investigations, Study | included experiments on
cytokine expression patterns and the Notchl signaling pathway in dermal
fibroblasts.

Notchl is a transmembrane receptor whose signaling cascade is crucial for
many cellular processes, including cell proliferation and differentiation, making it

of great interest in cancer and leukemia research (Borggrefe et al., 2009).

-82 -



However, as Notchl can also activate the NF-kB pathway, inducing higher
expression of cytokines and chemokines such as IFNy, TGF-1, and CCL2
(Monsalve et al., 2009; Rozenfeld and Feriozzi, 2017; Shin et al., 2006; Shin et
al., 2014), Notchl is also involved in inflammatory processes, and induction of
fibrosis and sclerosis (Sanz et al., 2010). Elevated levels of Notchl have been
found in neurons of adult rats after nerve injury (Sun et al., 2012) and in models
of diabetic neuropathy (both in vivo and in vitro) (Chen et al., 2017),
emphasizing its role in the PNS, nerve fiber dysfunction and pain development.
Also, Notchl plays a role in pathological processes in FD. For example, in FD
glomerular podocytes, the Notchl pathway may be triggered by Gb3 and lyso-
Gb3, contributing to inflammation, fibrosis and eventually, organ impairment
(Rozenfeld and Feriozzi, 2017; Sanchez-Nifio et al., 2015). Also, a direct
association between Gb3 and elevated cytokine expression has been described
before (Sakiri et al., 1998; Zetterstrom et al., 1998). Study | is in line with those
results, as it shows elevated levels of Notchl, cytokines, and chemokines such
as TGF-B1, IFNy or CCL2 in FD fibroblasts, which are known to play a role in
inflammation and pain (Tsuda et al., 2009; Van Steenwinckel et al., 2011; Xiao-
Min Wang et al., 2009). While CCL2 and IFNy were increased in FD fibroblasts
at baseline and under inflammatory conditions, TGF-31 was only elevated upon
inflammation. These observations have been made before, in some cases using
lipopolysaccharide instead of TNF to mimic inflammation (Ho et al., 2008;
Lieberman et al., 1989; Sheng et al., 1995; Uceyler et al., 2019), and match the
clinical findings that FD patients report pain mainly during fever and infections.
Although not proven in Study I, fibroblasts may then release cytokines into their
surroundings, where cutaneous nociceptors are located, and thus contribute to
FD-associated pain. Summarizing the major points outlined above, Fig. 29
illustrates their potential relations as well as their combined impact on the

behaviour of cutaneous nociceptors in FD:
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Figure 29. Potential relations between FD mutation, dysfunction in FD dermal
fibroblasts and FD-associated pain

The Figure shows how a FD mutation may eventually be related to FD-associated pain: due
to the FD mutation a-GalA activity is reduced, and hence, Gb3 accumulates in FD fibroblasts.
This can lead to Kcal.1 dysfunction, as well as higher gene expression of various cytokines
and chemokines, enhanced by Kcal.1 dysfunction. These mechanism may sensitize
cutaneous nociceptors and thus, contribute to FD-associated pain. Abbreviations: FD=Fabry
disease; Gh3=Globotriaosylceramide; Kcal.1= Ca?*-activated K*-channel 1.1.
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5.2 Study Il

Study Il investigated the clinical phenotype of 80 adult FD patients carrying
missense mutations and determined the corresponding locations of the amino
acid exchanges in the 3D-structure of a-GalA.

The investigations revealed that the AAE can either be found in the active site,
buried in the core of a-GalA, or at an other location, mostly on the protein
surface.

While active site mutations were rare, buried mutations and other mutations
were found more often. Further, the active site and the vast majority of buried
mutations were associated with a classical FD phenotype, while most of the
other mutations lead to a non-classical FD phenotype.

Also, when regarding the clinical symptoms, a correlation between AAE location
and disease burden was found. Active site and buried mutations lead to a
severe clinical phenotype, presenting with early disease onset, multi-organ
manifestation and severe FD-associated pain. In contrast, patients with other
mutations generally reported FD symptoms that occurred later in life and were
limited to few inner organs; in most cases the nervous system was spared and
patients described less severe FD-associated pain.

Clinical findings were paralleled by laboratory parameters: patients with active
site or buried mutations had lower residual a-GalA activity and higher plasma
lyso-Gb3 levels.

Overall, Study Il gives evidence that the location of the AAE in the 3D-structure
of a-GalA due to FD missense mutations has a critical impact on disease
burden and demonstrates that stratification of FD missense mutation based
hereupon may become a useful additional tool in the management of FD
patients.

Although the clinical distinction of classical and non-classical FD has long been
established (Clarke et al., 1971; Opitz et al., 1965), it is still difficult to classify
new variants in the a-GalA gene immediately upon detection. This is due to the
fact that the classification into the classical and non-classical phenotype

requires i.a. the long-term observation of a larger cohort of individuals with the
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same mutation. While measurements of a-GalA activity and plasma lyso-Gb3
levels can give hints towards the potential phenotype, these sole laboratory
findings cannot build a solid basis for the management of patients with new
variants. As increasingly more variants are being found and more therapy
options become available, scientists and clinicians face the problem of how to
categorize the individual mutation as well as if and how to treat the patients.
Additionally, this classification system is not only stretched to its limits when
new variants occur, it can also be conflicting in the assessment of longer known
variants as it lacks a clear pathophysiological basis explaining why some
variants lead to a classical phenotype, some to a non-classical phenotype and
some not at all to FD. Hence, certain variants are regarded as pathogenic and
therefore, FD-inducing by some scientists, but as apathogenic and therefore as
a mere benign polymorphism by others. These inconsistent and conflicting
assessments were e.g. observed for the variants R118C (Ferreira et al., 2015;
Talbot et al., 2018), A143T (Hauth et al., 2018; Lenders et al., 2016), and
D313Y (du Moulin et al., 2017; Niemann et al., 2012; Oder et al., 2016). For
variant N215S, classification varied even within one study: one individual was
classified as having the classical phenotype, while the other patients were
classified as having the non-classical phenotype (Arends et al., 2017). Due to a
growing number of newly discovered variants in the a-GalA gene, these
conflicts are likely to continue in the future.

Seizing the results of previous studies describing the 3D-structure of a-GalA,
Study Il considered this problem by taking the AAE location type into
consideration for the clinical assessment of FD patients.

The importance of the integrity of the 3D-structure of a-GalA and impact of AAE
due to FD missense mutations has yet only scarcely been investigated,
especially towards their correlation with clinical symptoms. However, previous
studies on this topic have described that most AAE occur in the core of a-GalA,
while AAE in or around the active site are less frequent (Garman and Garboczi,
2004a). Amino acid exchanges in these two location types either interfere with
substrate binding or disrupt the 3D-structure of a-GalA with consecutive protein

misfolding, and hence, have a clear negative effect on enzyme function.
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Further, some amino acids that are neither in the active site nor in the core of a-
GalA, but have other functional relevance, e.g. for bonding forces, or are
located on the protein surface, can also be affected in FD (‘other’ mutation).
AAE in this location have a less clearer and varying impact on the 3D-structure
and are often better tolerated concerning their function (Garman and Garboczi,
2004a; Matsuzawa et al., 2005; Shabbeer et al., 2006). The results of Study II
are well in line with these studies, including FD patients carrying different
missense mutations with the three different AAE location types, of which active
site mutation were by far the rarest, while buried mutations and other mutations
occurred more often. The difference in impact of the different AAE types was
reflected by the different clinical phenotypes of patients with active site or buried
mutations and other mutations. Moreover, results of Study | go beyond those of
previous studies, as it investigated individual clinical symptoms and not only the
general classical or non-classical phenotype and additionally, divided the study
cohort by age:

On the one hand, this detailed analysis revealed that patients with other
mutations, regardless of their individual mutation, developed disease
manifestations in fewer organs and later in life than those with active site or
buried mutation. Especially women with other mutations were less severely
affected. In most patients with other mutations, both men and women, the
nervous system was not affected. Interestingly, the number of patients carrying
active site or buried mutations and suffering from FD-associated pain and/or
hypohidrosis in Study Il was higher or comparable with those of previous
studies that did not subdivide their cohort, while that of patients with other
mutations was well lower (Lidove et al., 2006; Mehta et al., 2004; Orteu et al.,
2007). While similar observations were made concerning cardiomyopathy and
nephropathy in female patients, the number of male patients with
cardiomyopathy and/or nephropathy was comparable to previous studies in
both patients with active site/buried and other mutations (KD MacDermot et al.,
2001; Mehta et al., 2004).
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These observations suggest that the stratification by AAE location type could
help to better establish patient subgroups within big FD cohorts, especially
regarding the PNS and women in general.

On the other hand, Study Il emphasized that each mutation still needs to be
regarded separately. For example, the mutation c.644A>G (N215S) belongs to
the group of other mutations, but is known to induce a severe to lethal cardiac
manifestation in FD (Oder et al., 2017). This exemplifies that some mutations of
the other AAE location type can induce a severe disease burden of a single
organ and can be life-threatening. Thus, the sole assignment of FD missense
mutations to one AAE location type is not sufficient to reliably evaluate their
pathogenicity and assess the clinical course of the patient. Regarding each

mutation individually remains essential in the clinical management.

In addition to clinical symptoms, Study Il also investigated relevant laboratory
parameters in FD, namely residual a-GalA activity and plasma lyso-Gb3 levels.
Previous studies have shown that low residual a-GalA activity correlates with
early organ manifestation and severe disease burden (Branton et al., 2002; Wu
et al., 2010), which was also observed in Study Il. Plasma lyso-Gb3 is
considered as a biomarker in FD that can help to differentiate FD patients and
the healthy population (Dupont et al., 2013; Niemann et al., 2014), and also
classic and non-classic FD (Nowak et al., 2018). On cellular level, lyso-Gb3 is
involved in the release of pro-inflammatory cytokines and eventually, in disease
manifestation, e.g. in heart and kidneys. (Sanchez-Nifio et al., 2015). On clinical
level, plasma lyso-Gb3 is therefore used to assess disease burden and
potential prognosis (Aerts et al., 2008), as well as to monitor disease process
(Nowak et al., 2017) and therapy success (Sakuraba et al., 2018).

However, it is important to keep in mind that laboratory findings should not be
regarded separately, but always in context with clinical symptoms. In Study II,
this combined analysis was performed and showed matching clinical and
laboratory results that suggested a severe clinical phenotype with poor

prognosis in patients with active site or buried mutations.

- 88 -



5.3 Limitations and strengths

531 Study |

One limitation of Study | is that patch-clamp analysis, incubation experiments as
well as gene and protein expression investigations, were performed with a
relatively low number of samples, focusing on male FD patients with pain. This
was due to the arduous nature of those experiments which obliged sample
selection. Patch-clamp analysis is an elaborate single-cell investigation that
requires thoughtful preparation, execution and conclusion of the observations.
As this is a time-intensive process, a reasonable selection had to be made.
Since the aim was to put the results of patch-clamp analysis in context with
cytokine expression patterns, the same sample selection was also made for
incubation experiments with following gene and protein expression
investigations. As a consequence of the sample selection, results of the
experiments concerned might not be applicable to further patient subgroups like
FD men without pain or FD women.

Potential alternatives to the patch-clamp technique such as micro-electrode
array may allow the analysis of a much bigger sample, e.g. including different

patient subgroups.

As a further limitation, only dermal fibroblasts were analyzed, while other skin
cells such as keratinocytes or mast cells were not investigated. Therefore,
conclusions about their potential role in FD pain cannot be drawn.

A comprehensive analysis of these cell types would require larger skin biopsies
and individual cell culture conditions for each cell type so that enough cells

could be harvested for the experiments.

The major strength of Study | is the broad analysis of dermal fibroblasts that
contextualized gene and protein expression patterns with ion channel function,
also considering inflammatory circumstances and the potential confounder Gb3.

The investigations were performed with a well-characterized patient cohort
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which can help further understand the different clinical phenotypes of FD. The
results indicate that Gb3-associated functional disruption of non-neuronal cells
may be relevant in FD-associated pain and may provide the basis for future
studies on how non-neuronal cells could be involved in FD-associated pain.
Following this course of research might open up new treatment options for FD

patients.

5.3.2 Study I

As one limitation, the classification system based on AAE location in the 3D-
structure of a-GalA, as it was used in Study I, can only be applied to missense
mutations since nonsense mutations or deletions and insertions mostly hamper
the formation of the complete enzyme (Maquat, 2004) and thus, render the
localization of the impaired residue impossible. Therefore, a comparative
analysis between e.g. patients with missense mutations and nonsense
mutations could not be performed.

As the impact of e.g. nonsense mutations on gene transcription and protein
translation is complex and variable, an investigation similar to that of missense
mutations is challenging and would require in depth analysis of each individual
mutation, including i.a. investigation on the mRNA level of the mutant allele,
how it could escape non-sense mediated RNA decay, and how the potentially
arising protein would be formed and function (Dyle et al., 2020; Frischmeyer et
al., 1999).

Further, patients with active site mutations were not regarded as a separate
group, but together with patients with buried mutations. This joint analysis had
be to carried out because of their relatively low number which is likely due to
the fact that only 15 of 397 residues form the active site of a-GalA (Garman and
Garboczi, 20044a; Riera et al., 2015), so that patients with active site mutations
comprise the smallest subgroup of all FD patients carrying missense mutations.
As a consequence, the combined analysis of patients with active site and buried

mutations hindered separate conclusions for these two subgroups.
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Larger FD patient cohorts would likely contain enough patients with active site

mutations, so that this group could then be analyzed separately.

The major strength of Study Il is the implementation of a classification system
that is based the direct pathofunctional impact of FD missense mutations,
linking a-GalA structure and function with laboratory and clinical parameters. By
considering the alterations in the 3D-structure of a-GalA, objective and
subjective FD manifestations were put in context with a-GalA pathology,
bringing basal FD pathofunction into clinical application. Study Il may hence lay
the ground for future studies on the impact of alterations in the 3D-structure of
a-GalA, such as experimental or further clinical trials with larger cohorts. They
could provide further evidence for the beneficing of this classification system
that could in the future serve as an additional stratification and evaluation tool in
clinical practice, helping to assess disease burden and potential prognosis of

FD patients.

5.4. Overall conclusion

Study | experimentally investigated how dermal fibroblasts can impact pain in
FD. Study Il clinically described why looking at the 3D-structure of a-GalA may
be worthwhile for the clinical management of FD patients. Despite this
difference in research direction, the two studies conjointly describe that a-GalA
pathology induces functional alterations in cells such as dermal fibroblasts and
eventually FD manifestations like e.g. FD-associated pain. Their severity
depends i.a. on how the mutation in the a-GalA gene disrupts the integrity of a-
GalA.
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6 Summary/Zusammenfassung

6.1 English Summary

FD is a genetic lysosomal storage disorder based on mutations in the gene
encoding a-GalA. Missense mutations induce an AAE in the a-GalA. Pain is a
predominant symptom in FD and the pathophysiology is unclear. Evidence is
increasing for the concept of cutaneous nociception. Study | aimed at
investigating the impact of dermal fibroblasts on FD-associated pain. Skin
punch biopsies were obtained from 40 adult FD patients and ten healthy
controls and dermal fibroblast cultures were generated. Gb3 deposits were
visualized immunocytochemically, patch-clamp analysis was conducted to
investigate ion channel activity, and gene and protein expression patterns were
analyzed via PCR, ELISA, and Western Blot. FD dermal fibroblasts showed
high Gb3 load depending on treatment interval and expressed Kcal.1l channels.
Activity was reduced in FD cells at baseline, but increased over-proportionately
upon Gb3-cleavage by ERT. Gene and protein expression of Kcal.1l was
increased in FD cells. FD dermal fibroblasts showed higher gene expression of
Notchl and CCL2, TGF-3, and IFNy. Western Blot analysis gave hints towards
elevated pNFkB levels under inflammatory conditions. These results show that
dermal fibroblasts may be involved in FD-associated pain. Study Il aimed at
investigating the correlation between the AAE location type in the a-GalA and
the clinical FD phenotype. 80 adult FD patients were investigated and
characterized clinically and their a-GalA activity and lyso-Gb3 level was
measured in leucocytes and plasma, respectively. The 3D-structure of a-GalA
was downloaded into Pymol Graphics System and the AAE was depicted and
located. The study showed that three different AAE location types can be
differentiated: mutations in the active site (‘active site’), those buried in the core
of a-GalA (‘buried’) and those at another location, mostly on the protein surface
(‘other’). FD patients carrying active site or buried mutations showed a severe
clinical phenotype with multi-organ manifestation and early disease onset.

Patients with other mutations were less severely affected with oligo-organ
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manifestation sparing the nervous system and later disease onset. The clinical
impression was paralleled by laboratory findings. Patients with active site or
buried mutations had lower a-GalA activity and higher lyso-Gb3 levels than
patients with other mutations. These results demonstrate that stratification of FD
patients carrying missense mutations by AAE location type may be an

advantageous parameter that can help in the management of FD patients.
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6.2 Deutsche Zusammenfassung

M. Fabry ist eine genetisch bedingte lysosomale Speichererkrankung aufgrund
von Mutationen im Gen der a-GalA. Missense-Mutationen fiihren zum
Austausch einer Aminosaure in der a-GalA. Schmerz ist ein haufiges Symptom
bei Patient*innen mit M. Fabry, dessen Pathophysiologie bisher unklar ist,
wobei Studien die Beteiligung von Hautzellen beschreiben. Studie | untersuchte
die Rolle von dermalen Fibroblasten hierbei. Hierflr wurde bei 40 Patient*innen
mit M. Fabry sowie zehn Kontrollprobanden eine 6-mm Hautstanzbiopsie
durchgefthrt und zur Kultivierung von dermalen Fibroblasten verwendet. In
diesen wurden Gb3-Ablagerungen dargestellt, und die lonenkanalaktivitat der
dermalen Fibroblasten via Patch-Clamp Verfahren sowie Gen- und
Proteinexpression mittels PCR, ELISA und Western Blot betrachtet. Es zeigte
sich, dass dermale Fibroblasten erh6hte Gb3-Ablagerungen beinhalten,
abhangig von der Zeit zwischen Enzymersatztherapie und Biospieentnahme,
sowie Kcal.1l Kandle, deren Funktion in Patientenzellen unter
Normalbedingungen reduziert war, der jedoch eine tberproportionale
Aktivitatszunahme nach Gb3-Abbau mittels ERT zeigte. Die Gen- und
Proteinexpression des Kanals war in Patient*innenzellen erhdoht. Zudem zeigte
sich in Patient*innenzellen eine erhdhte Genexpression von Notchl sowie
CCL2, TGF-B1 und IFNy. Der Western Blot lieferte Hinweise auf eine erhdhte
Expression von pNFkB unter inflammatorischen Bedingungen. Die Ergebnisse
zeigen, dass dermale Fibroblasten zu Schmerz bei M. Fabry beitragen kdnnen.
Studie Il untersuchte den Zusammenhang zwischen dem Ort des
Aminosaureaustausches (ASA) in der a-GalA durch Missense Mutationen und
dem klinischen Phanotypen. 80 Patient*innen mit M. Fabry wurden klinisch
charakterisiert, ihre a-GalA-Aktivitat in Leukozyten und Lyso-Gb3 Spiegel im
Blutplasma wurde gemessen. Die 3D-Struktur der a-GalA wurde in Pymol
Graphics System geladen und der Ort des ASA dargestellt. Es gab drei
verschiedene ASA Gruppen: Mutationen im aktiven Zentrum (,active site®), in
der Tiefe des Enzyms (,buried®) und an anderen Orten, meist an der Oberflache

(»other®). Patient*innen mit active site- oder buried-Mutationen zeigten einen
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schweren Phanotypen mit Multi-Organbeteiligung und frihem
Krankheitsbeginn. Patient*innen mit other-Mutationen zeigten eine Beteiligung
von wenigen Organen ohne Nervensystem und spateren Krankheitsbeginn.
Zudem zeigten Patient*innen mit active site- oder buried-Mutationen geringe a-
GalA-Aktivitat und hohe Lyso-Gb3 Spiegel. Die Ergebnisse zeigen, dass die
Einteilung von Patient*innen mit M. Fabry-Missense Mutationen anhand des
Ortes des ASA ein gewinnbringender Parameter bei der Betreuung dieser
Patient*innen sein kann.
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Appendix

I Abbreviations

O-AC . 9-Anthracenecarboxylic acid
AAE . Amino acid exchange
O-GalA. a-Galactosidase A
ASMEASE. ... Acid shingomyelinase
A A Aminosaureaustausch
CCL e, Chemokine C-C motif ligand
CNS ., Central nervous system
T X Charybdotoxin
1= Caesium chloride
DAP. . 4' 6-Diamidin-2-phenylindol
DCPIB....coeeeiiee i 4.4'-Diisothiocyano-2,2'-stilbenedisulfonic acid
DN A deoxyribonucleic acid
ELISA Enzyme-linked immunosorbent assay
I Pt Fabry disease
(€] o 1C PR Globotriaosylceramide
GF R Glomerular filtration rate
HCN........ooei, Hyperpolarization-activated cyclic nucleotide-gated channel
D Implantable cardiac device
IENFD. ..o, Intraepidermal nerve fiber density
N Interferone-y
L e e Interleukin
LGE. . Late gadolinium enhancement
LS D Lysosomal storage disorder
MR . Magnetic resonance imaging

NF-kB p65....Nuclear factor kappa-light-chain-enhancer of activated B-cells p65
Notch1... ... Transmembrane receptors notch homolog 1
NRS .. Numeric rating scale
NS 6180....4-[[3-(Trifluoromethyl)phenyllmethyl]-2H-1,4-benzothiazin-3(4H)-one



PB S .. Phosphate buffered saline

p-NF-kB p65.......... posphorylated Nuclear factor kappa-light-chain-enhancer of
activated B-cells p65

PN S . Peripheral nervous system
QST Quantitative sensory testing
gRT-PCR......ccoiiiiii, Quantitative real-time polymerase chain reaction
RRT Renal replacement therapy
SN Small fiber neuropathy
SR e Substrate reduction therapy
TE A Tetraethylammonium
TOF-B Transforming growth factor-g1
T A Transient ischemic attack
TNF Tumor necrosis factor-a
TRAM 34, 1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole
I 10 Tetrodotoxin

VRAC. .. Volume-regulated anion channel
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