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1 Einleitung

1 Einleitung

Fiir die Entwicklung von Therapien fiir seltene Mendelsche oder Stoffwechselkrankheiten
stehen eine ganze Reihe verschiedener Konzepte zur Verfligung. Einige basieren auf der Nutzung von
Nukleinsduren, andere nutzen Proteine oder andere Stoffwechselprodukte oder steuern diese in der
Zielzelle an. Ausloser der Krankheiten sind Genmutationen, die zu einem Mangel an Enzymen,
Cofaktoren oder Transportern fihren. Die lysosomalen Speicherkrankheiten (LSD von engl. lysosomal
storage disorder) sind eine heterogene Gruppe von weit Uber 50 Krankheiten, denen Defekte in Genen
der lysosomalen Biogenese und Funktion zugrunde liegen. Die Anhdufung oder Fehlallokation von
unabgebautem Stoffwechselmaterial flhrt schlieflich zur beobachteten Pathophysiologie.
Therapiekonzepte fir die LSDs fuRen auf der Verringerung der Substratakkumulation oder auf Ersatz
oder Verstarkung des fehlenden oder unzureichend funktionierenden Enzyms. Bei Krankheiten wie
Morbus Fabry (M. Fabry), Morbus Gaucher (M. Gaucher) und Morbus Pompe (M. Pompe, Glycogen
storage disease type Il) ist dem geschadigten Enzym durch das Vorliegen einer Punkt- oder
Komplexmutation in vielen Fallen eine Proteinfehlfaltung inhdrent. Neben der Enzymersatztherapie
(ERT von engl. enzyme replacement therapy), die fir alle drei Krankheiten zur Verfligung steht, liegt
ein aktueller Schwerpunkt auf der Entwicklung von niedermolekularen Therapien, zu denen die so
genannten pharmakologischen Chaperone (PCs) zdhlen, deren therapeutische Wirkung in der
Verstarkung der reduzierten Aktivitat des endogenen Enzyms liegt. Die angestrebten Vorteile der PC
Therapie (PCT) im Vergleich zur ERT sind die orale Verfligbarkeit und eine verbesserte
Bioverfligbarkeit, beispielsweise ins zentrale Nervensystem bei Erkrankungen mit neurologischer
Symptomatik. Zu den vielen Herausforderungen fiir die Umsetzung dieses Ansatzes in die klinische
Anwendung zahlt, dass PCs in der Regel den natiirlichen Substraten der Zielenzyme strukturdhnlich
sind und daher, speziell in hohen Konzentrationen, zu einer kompetitiven Hemmung fihren kénnen.
Zudem sind PCs abhangig von der Genetik und daher nicht fir die Anwendung bei jedem Patienten
geeignet. Es bedarf der Entwicklung spezifischer pharmakogenetischer Testsysteme und robuster,

pradiktiver Readouts fiir eine erfolgreiche medizinische Translation wirksamer PC Kandidaten.

1.1 Das lysosomale System

1.1.1 Aufbau und Funktion des Lysosoms

Das Lysosom ist ein vielschichtiger Reaktom-Komplex, dessen Funktionalitdt durch interne
Interaktion der katabolischen Komponenten bestimmt wird und der durch Kommunikation mit
externen regulatorischen Faktoren hochgradig mit der Zellumgebung vernetzt ist. In den 1950er und

friihen 60er Jahren waren es Christian de Duve und seine Mitarbeiter, die erstmals saure Hydrolasen
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enthaltende Kompartimente in der Zelle identifizierten und diese als Lysosomen bezeichneten
(Uchiyama et al. 2008; Viki¢-Topi¢ und Carevi¢ 2009). Lysosomen kommen in allen pflanzlichen und
tierischen Zellen aufler ausgereiften Erythrozyten vor (Kurz et al. 2011). In den lysosomalen
Kompartimenten werden Makromolekiile aus den Stoffklassen der Fette (Lipide), Zucker
(Kohlenhydrate) und Eiweil3e (Proteine) abgebaut, die der Zelle wieder als Bausteine zur Neusynthese
zur Verflgung gestellt werden kénnen (Lodish 2002; Jaishy und Abel 2016). Zu diesem Zweck wirken
im Lysosom eine Vielzahl spezialisierter Enzyme aus der Klasse der Phosphatasen, Proteasen,
DNAsen/RNAsen, Lipasen und Glykosidasen, welche, dem sauren intra-lysosomalen Milieu angepasst,

eine erhohte Stabilitdt und einen optimierten Aktivitatslevel bei tiefen pH Werten um 3-5 aufweisen
(Abb. 1).
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Abb. 1. Das Lysosom ist ein Organellensystem von enormer Bedeutung und mit vielfaltigen Funktionen. Daher
ist das System einzigartig in seiner Anpassung an spezifische Aufgaben in Bezug auf Redoxpotential und pH-Wert,
gekennzeichnet durch Kanale zur Regulierung des lonengleichgewichts, die Ausstattung mit Proteinen und
Enzymen mit charakteristischen Aktivitatsoptima und eine begrenzende Doppelmembran und innere Matrix, die
die Bediirfnisse der Kommunikation und des Schutzes erfiillen und den Reaktionsraum von der duferen
zytosolischen Umgebung abgrenzen. Das lysosomale Lumen enthalt eine Reihe von |6slichen hydrolytischen
Enzymen, die Proteine (Proteasen), Glykoproteine und Glykolipide (Glykosidasen), Lipide (Lipidasen),
Phosphatester (z. B. DNAsen) und Heparansulfate (Sulfatasen) spalten. Die Abbildung wurde teilweise unter

Verwendung von Servier Medical Art erstellt, bereitgestellt von Servier, lizenziert unter einer Creative Commons
Attribution 3.0 unported license.

Aufgabe der Lysosomen sind das Recycling von Biomolekiilen, sowie komplexe Vorgange zur
Uberwindung des ZellverschleiRes (Plasmamembranreparatur), der Sekretion, Instandhaltung des
Cholesterolgleichgewichts, Steuerung des Energiehaushaltes der Zelle, Funktionen im Zusammenhang
mit der Immunitat sowie Beeinflussung von Signalwegen wie der Autophagie und dem

programmierten Zelltod (Settembre et al. 2013; Turk und Turk 2009; Appelqvist et al. 2013). Der saure
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lysosomale pH bedingt neben den genannten Anforderungen an die Beschaffenheit der residenten
Proteine ebenfalls Besonderheit im Aufbau der begrenzenden selektiv-permeablen Membran, die aus
einer Lipiddoppelschicht besteht und sich durch eine dicke Kohlenhydrat-haltige Glykokalyx auf der
lumenalen Seite von anderen zellularen Organell-Membranen unterscheidet (Lodish 2002). Dieser
Kohlenhydratanteil und eine Ausstattung mit spezifischen integralen Membranproteinen schaffen eine
Barriere, die die Zelle vor dem Verdau durch die eigenen lysosomalen Hydrolasen schiitzt und die
physiologische und biochemische Grundlage fiir die hochspezialisierte Funktionalisierung des

Organells darstellt (Schulze et al. 2009).

1.1.2 Synthese, Reifung und Transport lysosomaler Proteine

Die endosomale Sortierung zum Lysosom erfolgt lber zwei Hauptwege. Einmal die
rezeptorvermittelte Internalisierung an der Plasmamembran, die im Gegensatz zum Biosyntheseweg
steht. Im Letzteren werden neu synthetisierte Hydrolasen und andere lysosomale Proteine auf ihrem
endozytischen Weg ins endosomale/lysosomale System sortiert. Abbildung 2 fasst die wesentlichen
Schritte des Biosyntheseweges zusammen. Die Biosynthese lysosomaler Proteine beginnt mit der
Transkription im Zellkern der Zelle (Abb. 2A). Lange Zeit wurde angenommen, dass lysosomale Gene
konstitutiv exprimiert werden und zu den so genannten »housekeeping« Genen zu zahlen sind. Die
Entdeckung des als CLEAR (Coordinated Lysosomal Expression and Regulation) bezeichneten
regulatorischen Netzwerkes (Sardiello et al. 2009) um den Master Regulator Trancription factor EB
(TFEB) wies eine koordinierte Transkriptionsregulation lysosomaler Gene nach und lieferte
mechanistische Details aktiver lysosomaler Funktionssteuerung als Anpassung auf zelluldre
Bedirfnisse bei wechselnden Umweltreizen (Ballabio und Bonifacino 2020).

Lysosomale Proteine sind mit einer N-terminalen Signalsequenz versehen, die wahrend der
Synthese der Polypeptidkette (ber Signalpeptidasen abgespalten wird. Das Ribosom, welches das
Protein synthetisiert, ist direkt mit der Membran des endoplasmatischen Retikulums (ER) verbunden.
Mit Ribosomen besetzte Regionen des ER werden als raues endoplasmatisches Retikulum (rER)
bezeichnet. Die naszente Polypeptidkette wird am rER in einem co-translationalen Prozess durch die
ER Membran transloziert und im Lumen freigesetzt (Alberts 2002). Die Translokation wird Gber signal
recognition protein (SRP-) Komplex und das SEC61-Porenprotein vermittelt, die das ER Translocon
bilden (Mandon et al. 2013) (Abb. 2B). Lysosomale Proteine sind Glykoproteine, die an Asparaginresten
innerhalb einer Asn-X-(Ser/Thr)-Sequenz glykosyliert werden. Bei der N-Glykosylierung kommt es zum
Anhdngen von Glykosylgruppen an Aminogruppen (»N«-Gruppen) des Proteins. Diese Art der
posttranslationalen Modifikation hat direkte Auswirkungen auf Eigenschaften und Bioaktivitat des
Proteins. Entfdllt die initiale N-Glykosylierung im ER, so konnte fiir lysosomale Hydrolasen eine

Beeintrachtigung der strukturellen Integritdt, des subzellularen Transports und der katalytischen
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Funktion festgestellt werden (Gieselmann et al. 1992; loannou et al. 1998). Die Glykosylierung wird
durch Oligosaccharyltransferasen getrieben, welche ein aus Glucoses-Mannoseg-N-Acetylglucosamin,
(GlcsMangsGIcNACc,) vorgefertigtes Kernglykan-Geriist an die Aminogruppe des Asparagins transferieren
(Moremen und Molinari 2006). Eine entscheidende Rolle spielt die Glykanprozessierung im ER fiir die
Proteinfaltung und den anterograden Transport zum Golgi Apparat. Unmittelbar nach der Ubertragung
von GlcsManyGIlcNAc; werden Glucosidase | und Il aktiv, die die terminalen Glucosereste abspalten.
Das Glc;ManyGIcNAc; Glykangerist wird von den Lektinen Calnexin (CANX) und Calreticulin (CRT)
erkannt und das Protein durchlduft den Calnexinzyklus, die wichtigste Qualitdtskontrolle der
Proteostase des ER. Nach Entfernen des letzten Glucoserestes durch Glucosidase Il werden Proteine,
die den Faltungsprozess nicht abgeschlossen haben, vom Faltungssensor UDP-glucose:glycoprotein
glucosyltransferase (UGT1) erkannt und erneut glykosyliert. Diese Zurtickbehaltung unreifer Proteine
im ER ist der erste Schritt der Qualitatssicherung. Proteine, die auch bei wiederholtem Durchlaufen
des Calnexinzyklus von UGT1 als unreif erkannt werden, werden dem BiP Chaperon System, der
zweiten Qualitatssicherungsphase, Gberantwortet oder (iber die ER-assoziierte Degradation (ERAD)
endgililtig entsorgt. Der Signalgeber fiir den finalen Abbau ist »Mannosetrimming« (iber ER-residente
a-Mannosidasen. Korrekt gefaltete Glykoproteine verlassen den Calnexinzyklus und werden in
anterograde Transportvesikel verpackt (Moremen und Molinari 2006). Die lysosomalen Proteine
treten dann auf der cis-Seite in den Golgi Apparat ein, dessen Golgi-Stapel sie von cis nach trans
durchqueren. Es wird angenommen, dass sowohl das cis-Golgi-Netzwerk (CGN) als auch das trans-
Golgi-Netzwerk (TGN) flr die Proteinsortierung wichtig sind. Dabei werden die Proteine auf ihrem Weg
weiteren Modifikationen ihrer N-gebundenen Oligosaccharide unterzogen (Abb. 2C). Bei der Art der
Glykosylierung werden komplexe Oligosaccharide und Oligosaccharide mit hohem Mannosegehalt
unterschieden. Hoch-Mannose Oligosaccharide werden im Golgi Apparat nicht mit neuen Zuckern
angereichert. Sie entsprechen im Wesentlichen der ER Vorstufe bestehend aus zwei N-
Acetylglucosaminen und einer hohen Anzahl an Mannoseresten. Im Gegensatz dazu werden komplexe
Oligosaccharide durch eine Kombination aus Entfernen der urspriinglichen im ER konjugierten N-
gebundenen Oligosaccharide und dem Anreichern durch weitere Zucker wie Galactose- und
Sialinsdureresten sowie Fucose erzeugt. Die Prozessierung zu komplexen oder mannosereichen
Oligosacchariden im Golgi-Apparat wird weitgehend durch das Protein und die Position der N-
glykosylierten Aminosdure auf dem Proteinmolekil bestimmt (Alberts 2002). Phosphomonoester- und
Phosphodiesterbindungen an endstandigen Mannoseresten werden im CGN durch die
aufeinanderfolgende Wirkung von zwei Enzymen, einer Phosphotransferase und einer Diesterase,

hergestellt.
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Abb. 2. Endozytischer Transport lysosomaler Proteine ins Lysosom. Die Abbildung stellt die wesentlichen
Prozesse und Meilensteine lysosomaler Proteine von ihrer Synthese bis ins Zielorganell dar. (A) Im Zellkern erfolgt
die Transkription lysosomaler Gene in Abhangigkeit von CLEAR Sequenzelementen in der Promotorregion, die
vom Master Regulator Trancription factor EB (TFEB) gebunden werden, woraufhin die Transkription angeschaltet
wird. (B) Nach dem nuklearen Export der reifen mRNA wird diese von ER-assoziierten Ribosomen am rauhen ER
(rER) gebunden. Die naszente Polypeptidkette transloziert co-translational iber das SEC61-Porenprotein (ER
Translocon) in das Innere des ER und die Faltung des Proteins wird Gber ER Chaperone ermdglicht, die eine
vorzeitige Proteinaggregation verhindern und intramolekulare Bindungen knipfen. Im ER Lumen erfolgt der
Transfer eines vorgefertigten Kernglykan-Gerists auf Asparaginreste durch Oligosaccharyltransferasen. Als ein
entscheidender Teil der Qualitdtskontrolle im ER erfolgt die Qualitatsprifung von Glykoproteinen lber den
Calnexinzyklus als Voraussetzung fiir die Sortierung in Transportvesikel in Richtung Golgi-Apparat. (C) Im CGN
wird das Zuckergeriist weiter prozessiert und terminale Mannosereste werden durch die N-Acetylglucosamin-1-
Phosphotransferase phosphoryliert, um die lysosomale Sortierung Giber Mannose-6-Phosphat Rezeptoren (Man-
6-P-Rezeptoren) zu gewihrleisten. (D) Im Lysosom kommt es zu einer Abspaltung der Phosphatreste und in
einigen Féllen zu einer proteolytischen Spaltung, die (iber die Freisetzung der katalytischen Domé&ne Enzym-
aktivierend wirkt. Auf Grund der harschen Umgebungsbedingungen ist die Halbwertzeit lysosomaler Proteine
begrenzt. Die ultimative Degradation beendet den Lebenszyklus des Proteins im Lysosom. Der Transport
zwischen ER und Golgi-Apparat sowie Golgi-Apparat und Lysosom (endosomal/lysosomalem System) erfolgt
Vesikel-basiert, so dass lysosomale Proteine niemals im direkten Kontakt mit dem Zytosol stehen. Die Abbildung
wurde teilweise unter Verwendung von Servier Medical Art erstellt, bereitgestellt von Servier, lizenziert unter
einer Creative Commons Attribution 3.0 unported license.
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Die bei den meisten lysosomalen Proteinen zu findende Mannose-6-Phosphat (Man-6-P) Markierung
dient der Identifizierung der Proteine durch spezifische Kationen-abhangige Man-6-P-Rezeptoren, die
eine Sortierung des Proteins in Vesikel mit dem Bestimmungsort Lysosom ermoglichen (Braulke und
Bonifacino 2009). Dieser Prozess ist bei der I-Zellkrankheit (Mukolipidose Typ Il), bei der eine
Untereinheit der N-Acetylglucosamin-1-Phosphotransferase mutiert ist, gestért und Iost eine
Fehlsortierung multipler lysosomaler Enzyme aus. Auch wenn das mutierte Enzym nicht selbst im
Lysosom wirkt, so gilt die I-Zellkrankheit als LSD (Brooks et al. 2007). Es existieren auch Man-6-P
unabhadngige Transportmechanismen lysosomaler Proteine, zum Beispiel Uber das
Adapterproteinkomplex-1/Clathrin System oder Bindung an weitere Proteinrezeptoren (VAMP7, LIMP-
2, Sortilin) (Pols et al. 2013; Reczek et al. 2007; Zeng et al. 2009).

Mit dem Eintritt ins Lysosom ist das optimale saure Milieu fiir die residenten Proteine gegeben,
um an den katabolischen Prozessen teilnehmen zu kdonnen. Allerdings ist der Reifungsprozess der
Enzyme auch mit dem Eintritt ins Lysosom noch nicht abgeschlossen (Abb. 2D). Reife, lysosomale
Enzyme sind auf Grund eines intralysosomalen Abbaus der Phosphatreste wenig phosphoryliert
(Matsuura et al. 1998). Zusatzlich benétigen einige lysosomale Enzyme wie die heparan sulfate acetyl-
CoA: a-glucosaminide N-acetyltransferase, verantwortlich flir Mucopolysaccharidose IlIC (Sanfilippo
Syndrom), eine Umwandlung in eine aktive und gleichzeitig stabilere Form durch proteolytische

Spaltung Uber saure Proteasen, die Cathepsine (Braulke und Bonifacino 2009).

1.2 Aligemeine Aspekte lysosomaler Speicherkrankheiten

1.2.1 Geschichte und klinische Einordnung der lysosomalen Speicherkrankheiten

Lysosomale Speicherkrankheiten (LSDs) umfassen eine Gruppe verwandter Erkrankungen, bei
denen auf Grund spezifischer Gendefekte eine ungesteuerte Speicherung von Makromolekilen in
Lysosomen hervorgerufen wird. Die erste klinisch durch den Ophthalmologen Warren Tay
beschriebene LSD war GM,-Gangliosidose (Tay-Sachs Syndrom) im Jahre 1881 (Walker 2007). Wenig
spater folgten Morbus Gaucher (M. Gaucher) (1882) und Morbus Fabry (M. Fabry) (1898). M. Fabry
wurde im selben Jahr unabhdngig voneinander von dem deutschen Dermatologen Johannes Fabry und
dem britischen Chirurg William Anderson beschrieben. Trotz der Bekanntheit der meisten LSDs seit
dem endenden 19. und beginnenden 20. Jahrhundert konnten die zugrundeliegenden physiologischen
Defekte erst durch die Identifizierung und Charakterisierung des Lysosoms und die Entdeckungen der
Krankheits-assoziierten lysosomalen Gene in den 1960er Jahren schrittweise aufgedeckt werden. Die
zu M. Pompe flihrende saure a-Glucosidase (GAA) Defizienz war die erste Entdeckung eines
Krankheits-assoziierten lysosomalen Gens im Jahre 1963. Das fir M. Gaucher verantwortliche GBA1

Gen wurde Mitte der 60er Jahre (Brady et al. 1966), die fiir M. Fabry verantwortliche Enzymdefizienz
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erstmals im Jahr 1967 beschrieben (Brady et al. 1967), das zugehorige Gen der a-Galactosidase A
(AGAL) einige Zeit spater im Jahr 1970 (Kint 1970).

Die meisten LSDs zeichnen sich durch einen progredienten Verlauf aus, was haufig zu einer
schweren Krankheitsmanifestation und friihzeitigem Tod fiihrt. Mit wenigen Ausnahmen folgen die
LSDs einem autosomal rezessiven Erbgang, molekular damit einem loss-of-function Prinzip. Es
existieren sowohl pédiatrisch-neurologische als auch rein viszerale Verlaufsformen mit sehr
heterogenen Verlaufen. Auf Grund der fehlenden Spezifitat des GrolSteils der Symptome sollten LSDs
bei der Differentialdiagnose vieler systemischer Erkrankungen bericksichtigt werden. Es wird
postuliert, dass eine hohe Rate nicht oder falsch diagnostizierter Falle zu einer weltweiten
Unterschatzung der Haufigkeit von LSDs fiihrt. Einzeln betrachtet gehoren die LSDs zu den seltenen
Krankheiten, wobei die gemeldeten Inzidenzen von 1 zu 45 000 Lebendgeburten bei Morbus Niemann-
Pick Typ C (NP-C) bis zu 1 zu 4,2 Millionen bei Mucolipidose Typ | variieren (Gieselmann 2006). Die
Zahlen konnen auch von der ethnischen Zugehorigkeit der untersuchten Bevolkerungsgruppe
abhangen. Beispielsweise ist der M. Gaucher bei Menschen mit aschkenasisch-jlidischer Abstammung
mit 1:450 beziffert (Zimran et al. 1991). Auch Tay-Sachs Syndrom tritt in dieser ethnischen Gruppe
etwa 100-fach haufiger auf als in anderen Ethnien. Bei NP-C wird eine erhéhte Pravalenz in der
kanadischen Provinz Nova Scotia beschrieben (Vanier 2010). M. Fabry hingegen zeigt eine panethnisch

homogene Verteilung (Germain 2010).

1.2.2 Molekulare Grundlagen lysosomaler Speicherkrankheiten

Die Uber 50 LSD-assoziierten Gene sind gemeinsam Bestandteil des CLEAR Netzwerks. Die
Ausbildung der Pathologie basiert auf dem Totalausfall oder nicht ausreichender Funktionalitat eines
Gens mit der Folge eines zellularen Stoffwechseldefizits (Wenger et al. 2003). Man unterscheidet die
LSDs anhand des akkumulierten Speichermaterials oder des defekten Gens in Sphingolipidosen,
Mucopolysaccharidosen, Glykoproteinosen, Glykogenspeicherkrankheiten, Lipidosen, lysosomalen
Transportdefekten und anderen Krankheiten beruhend auf Defekten lysosomaler Proteine (Vellodi
2005). Durch eine Schaden-induzierende Genmutation beispielsweise eines der katabolischen
Hydrolasegene des Netzwerks kann der zelluldre Stoffwechsel derart aus dem Gleichgewicht geraten,
dass eine schwerwiegende klinische Symptomatik resultiert. Im Allgemeinen werden in betroffenen
Patienten und in Tier- und Zellmodellen neben der verschlechterten lysosomalen Funktion und
Biogenese weitere Fehlfunktionen wie oxidativer Stress, ER Stress, gestérte Autophagie, veranderte
Kalzium-Homoostase, abnormaler Transport verschiedener Zellkomponenten, Entziindungsprozesse,
Autoimmunreaktionen, Energieungleichgewicht, peroxisomale Dysfunktion, mitochondriale

Dysfunktion, Dysfunktion des Golgi-Apparats usw. festgestellt.
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Eine der zentralen pathophysiologischen Fragen bei allen LSDs ist, wie das Speichermaterial
den Stoffwechsel einer Zelle beeinflusst und in der Folge zu Organpathologie und klinischen
Symptomen fiihrt (Gieselmann 2006). Dabei haben die chemische Natur der Speicherverbindung, das
Ausmall und die Kinetik der Speicherung sowie die Art und das Spektrum der betroffenen
Speicherzellen meist einen offensichtlichen Einfluss auf die Pathophysiologie. So bietet der
Glykogengehalt der Muskeln eine Erklarung dafiir, warum bei der Pompe-Krankheit die Myopathie die
dominierende Rolle in der Pathophysiologie einnimmt (Gieselmann 2006). Beim M. Gaucher wird
angenommen, dass die Pathophysiologie durch Glucozerebrosid-angereicherte Makrophagen
angetrieben wird (Scharenberg et al. 2020), was die Einordnung von M. Gaucher als in erster Linie

hamatologische Krankheit erklaren kann.

1.2.3 Die Primarmutation als Haupteinflussfaktor auf die Pathophysiologie
Die Sequenzen der fiir die LSDs verantwortlichen Gene wurden aufgeklart, die Funktionen der meisten
Gene ebenso und es wurden viele Mutationen, die zu Funktionsverlust (z.B. Enzymmangel) bei den
verschiedenen Erkrankungen fihrten, aufgedeckt. Durch die Fortschritte in der DNA
Sequenzierungstechnologie der vergangenen beiden Jahrzehnte wurden fiir die meisten LSDs eine
Vielzahl an Mutationen entdeckt, in der Regel zwischen einigen Hundert bis zu Uber Tausend
Mutationen. Diese groRe Anzahl erklart sich daraus, dass die Mutationen normalerweise auf eine
einzige Familie oder eine sehr kleine Population beschrinkt sind; man spricht von so genannten
»privaten Mutatonen«. Auch wenn regelmalig neue Mutationen beschrieben werden, sind die LSDs
daher auf genetisch-deskriptiver Ebene gut verstanden. Punktmutationen werden solche Mutationen
genannt, die auf eine einzelne Genregion und eines oder wenige Nukleotide beschrankt sind.
Nonsense-Mutationen und Deletionen/Insertionen in  exonischen, Protein-kodierenden,
Genbereichen sowie von groReren Intra- oder Interlokus Umstrukturierungen bewirken eine vorzeitige
Beendigung der Translation und/oder eine Leserasterverschiebung und damit eine verdnderte
Aminosaurekette (Abb. 3). Die molekulare Folge all dieser Veranderungen ist offensichtlich ein
vollstandiger Funktionsverlust des Genprodukts. Stérungen des mRNA Splicing sind schwerer zu
bewerten. Die Beeinflussung eines Splicing Consensus durch eine Mutation ist oft nicht absolut,
weshalb der Krankheitsschweregrad mit dem sich einstellenden Gleichgewicht zwischen falsch und
richtig gespleifRter mRNA zusammenhangen mag. Die in Asien haufige GLA Variante c.640-801G>A
(IVS4 +919G>A) mit einer Haufigkeit von 1 in 823 X-Chromosomen (Chien et al. 2012) fihrt zur
Aktivierung eines Pseudoexons und einer erhohten Expression eines um 57 Nukleotide verlangerten
MRNA Molekiils (Palhais et al. 2016). Diese Mutation wird ausschlieRlich in Patienten mit atypisch-

abgeschwachten, meist kardialen, M. Fabry Verlaufen gefunden (Filoni et al. 2008).
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Abb. 3. Typen von Mutationen in genetischen Krankheiten. A. Arten und Auswirkungen exonischer
Punktmutationen. Rote Buchstaben markieren die punktuelle Veranderung. Die schwarzen Klammern
bezeichnen den normalen Leserahmen, rote Klammern weisen auf einen veranderten Leserahmen hin. B. RNA
Splicing Mutationen und groRe chromosomale Umstrukturierung und ihre Auswirkungen. *Gezeigt sind drei
Beispiele fur die Konsequenzen aus Mutationen, die das RNA Splicing beeinflussen. Das gezeigte Protein ist ein
theoretisches Produkt, dessen tatsachliche Synthese meist unbekannt ist und weiteren Faktoren unterliegt. **In
der Human Genome Mutation Database (HGMD) werden Mutationen als »groRe Rearrangements« bezeichnet,
wenn mehr als 20 Nukleotide betroffen sind. Komplexe chromosomale Umstrukturierungen kénnen zu
Krankheitsbildern fihren, die atypisch fir monogenetische Krankheiten sind. Die Abbildung wurde teilweise
unter Verwendung von Servier Medical Art erstellt, bereitgestellt von Servier, lizenziert unter einer Creative
Commons Attribution 3.0 unported license.

Besonders bei der prozentual bei den LSDs haufigsten Klasse der Mutationen, den Missense
oder nichtsynonymen Missense Mutationen, ist die Auswirkung auf einen eventuell entstehenden
Enzymmangel kaum offensichtlich. Zuverladssige Vorhersagemethoden sind fiir diese Mutationen
daher von diagnostischem und prognostischem Interesse. Wenn Aminosaurereste betroffen sind, die

an der Architektur des aktiven Zentrums direkt beteiligt sind, ist ein schadliches Resultat fir das Enzym
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sehr wahrscheinlich (Saito et al. 2010). Derartige Mutationen bilden allerdings nur einen
verhaltnismaBig kleinen Teil aller Mutationen. Beispielsweise betreffen beim M. Fabry laut Human
Genome Mutation Database (HGMD) nur 8,9% aller bekannten Mutationen (HGMD professional,
abgefragt im 4. Quartal 2015) das aktive Zentrum, die Aminosaurereste Trp47, Asp92, Asp93, Tyrl34,
Cys142, Lys168, Asp170, Glu203, Leu206, Tyr207, Arg227, Asp231, Asp266, und Met267. Weitere 5,4
% entfallen auf den Austausch von Cysteinresten, die fiir die Faltung wichtige Disulfidbriicken bilden.
Auf Grund der Tatsache, dass sich fir die Mehrzahl an Missense Mutationen bei den LSDs eine
Schadensvorhersage komplex darstellt, kénnen durch den Einsatz von Computer-gestiitzten
Pradiktionsprogrammen wie PolyPhen-2 (Adzhubei et al. 2010), SIFT (Ng und Henikoff 2003) und
Mutation Taster (Schwarz et al. 2010) biochemische Auswirkungen auf das Enzym anhand der Art der
Aminosauresubstitution, Konservierung  der  Aminosdure und struktureller  Folgen
(Proteinfaltungsverhalten) ermittelt werden. Die Computer-unterstiitzte Vorhersage ist jedoch mit
Problemen verbunden und lasst nur begrenzt Riickschliisse fir eine klinische Interpretation zu, was
das folgende Beispiel veranschaulicht. Die zwei M. Fabry auslésenden GLA Mutationen ¢.335G>A
(p.Argl12His) und c.725T>A (p.lle242Asn) waren beide sind in der Vorhersage mit dem hochsten
Pathogenitats-Score von 1.000 (Bereich 0-1) bei PolyPhen-2 assoziiert. Jedoch wurde p.Arg112His
ausschlieBlich in Patienten mit milderen Krankheitsverldufen gefunden, wahrend die p.lle242Asn
Variante in Patienten mit der klassisch-schweren Verlaufsform gefunden wurde. Eine im zelluldren
Expressionssystem durchgefiihrte molekularbiologische Untersuchung wies fiir die klinisch mildere
p.Argl12His Variante sogar eine leicht geringere Enzymaktivitat auf (Lukas et al. 2013). Allerdings
zeigten beide Enzymvarianten eine Aktivitat von unter 5% der normalen Aktivitat, was die Polyphen-2
Vorhersage einer biochemisch stark beschadigten Enzymvariante mit einer um >95% reduzierten
Aktivitat stutzte. Es ist der Redundanz des lysosomalen Systems zuzuschreiben, dass eine geringe
Enzymaktivitdat wie die der AGAL Variante p.Argl12His zu milden M. Fabry Verlaufsformen fiihren
kann. Dennoch wirft das Beispiel der beiden beschriebenen Mutationen die Frage auf, inwieweit der
Verlauf der Fabry-Krankheit mit der Enzymaktivitat der zugrundeliegenden AGAL Mutante korreliert
oder ob es Aktivitatsgrenzen oder -bereiche gibt, anhand derer der klinische Verlauf prognostiziert
werden kann. Dieselbe Frage stellt sich fiir eine eventuelle Untergrenze der Enzymaktivitat oberhalb
der ein asymptomatischer Verlauf erwartet werden kann. Kann daher eine holistische Untersuchung
von GLA-Genvarianten neue Erkenntnisse zu diesem Sachverhalt beisteuern? Verschiedene Verfahren
wurden - meist im Rahmen einer einzigen Studie - zur Untersuchung von Restenzymaktivitat,
Enzymmaturierung und intrazelluldaren Transport angewendet (Ishii et al. 2007; Ron und Horowitz
2005; Schmitz et al. 2005; Yang et al. 2015; Lukas et al. 2013). Eine systematische Charakterisierung

der Genvarianten war zum Beginn unserer Studien jedoch noch nicht publiziert.
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1.3 Therapieformen lysosomaler Speicherkrankheiten

1.3.1 Enzymersatztherapie (ERT)

Bei den drei in dieser Abhandlung thematisierten Krankheiten, M. Fabry (MIM #301500), M.
Gaucher (MIM #230800, #230900, #231000) und M. Pompe (MIM #232200), handelt es sich im
molekularen Sinn um Enzym-basierte Krankheiten. M. Fabry und M. Gaucher sind
Glykosphingolipidosen und M. Pompe ist eine Glykogenspeicherkrankheit oder Glykogenose nach den
jeweils betroffenen Stoffwechselpfaden. Es existiert mit der Enzymersatztherapie (ERT) eine
gemeinsame haufigste Therapieform. Wie alle anderen Therapieformen ist die ERT kein Heilmittel fir
LSDs und sie erfordert lebenslange Infusionen des therapeutischen Enzyms. Eine Ubersichtsdarstellung
aller bekannten kausativen als auch begleitenden symptomatischen Behandlungsformen von LSDs ist
in Abbildung 4 gezeigt. Kausative Therapieformen sind in ihrer Wirkung unterschiedlich effektiv und
hangen von allgemeinen Parametern wie dem Krankheitsfortschritt bei Therapiebeginn als auch
krankheitsspezifisch von der Art des geschadigten Gewebes und der Pharmakokinetik und —dynamik

des Medikaments ab.

Gendefekt Abb. 4. Therapieformen fiir LSDs.
Behandlungsmoglichkeiten far
LSDs reichen von kausativ bis
Enzymersatz, pharmakologische symptomatisch. Add-on Therapien
Chaperone durch  Ansteuerung sekundar
beeintrachtigter biologischer
Prozesse sind ebenfalls verbreitet.

Protein
defekt

Speicher- Substratreduktion

material
Abhangig von Pathophysiologie,
/ Nachgeschalteter A z.B. Entziindungshemmstoffe,
/ Schritt \ Autophagie-Modulatoren, etc.

Symptomatische Behandlung,
z.B. Analgesie,
Schlaganfallprophylaxe, etc.

Bei M. Fabry sind weltweit zwei rekombinante Enzymformulierungen fiir die ERT zugelassen.
Agalsidase beta (Fabrazyme™; Genzyme Corporation, Cambridge, MA, USA) wurde in den Jahren 2001
und 2003 durch die Europdische Arzneimittelagentur (EMA von engl. European Medicines Agency)
bzw. die Food and Drug Administration (FDA) in Europa und den USA zugelassen. Fabrazyme wird in
gentechnisch veranderten CHO-Zellen (von engl. Chinese hamster ovary) hergestellt, die die GLA-Gen-
DNA erhalten haben, die sie zur Produktion des Enzyms beféhigt (Lee et al. 2003). Im Gegensatz dazu
wird Agalsidase alfa (Replagal™; Takeda Pharmaceutical Company Limited, Tokio, Japan; ehemals Shire

Human Genetic Therapies AB, Danderyd, Schweden) nicht rekombinant hergestellt, sondern aus
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kultivierten menschlichen Fibroblasten gewonnen, deren GLA Expression durch Aktivierung
angeworfen wird (Sakuraba et al. 2006). Replagal ist fiir die Verwendung in einer Dosis von 0,2 mg/kg
und Fabrazyme fir die Verwendung in einer Dosis von 1,0 mg/kg alle zwei Wochen zugelassen.
Wirksamkeit und Sicherheit beider ERTs wurden in verschiedenen Studien verglichen, und es wurden
keine signifikanten Vorteile einer der beiden Formulierungen festgestellt (Vedder et al. 2007; Pisani et
al. 2013). Ein weiteres Produkt erwartet in Pegunigalsidase alfa, das in BY2-Tabakzellkultur exprimiert
wird, auf die Zulassung durch die EMA. Die ERT fir den M. Pompe erfolgt mit alglucosidase alfa
(Lumizyme®, Sanofi Genzyme, Cambridge, MA, USA) und ist seit 2006 die zunachst einzige zugelassene
Behandlung des M. Pompe. Die GAA-Dosen sind deutlich héher als die Dosen, die fiir eine ERT bei
anderen lysosomalen Speicherkrankheiten erforderlich sind, da die Schwelle fiir die Korrektur des
GAA-Mangels in den Skelettmuskeln von M. Pompe Patienten sehr hoch ist (Sun et al. 2015). Seit 2021
ist das zweite-Generation ERT Praparat avalglucosidase alfa (Nexviazyme™, ebenfalls Sanofi Genzyme)
erhaltlich, welches einen erhohten Grad terminaler Phosphoglykogenierung zur spezifischen
Versorgung des Skelettmuskels durch das Enzym aufweist, um eine verbesserte Aufnahme durch
Mannose-6-Phosphat-Rezeptoren zu erméglichen (Pena et al. 2019). Gleich drei unterschiedliche ERT
Préaparate stehen zur Behandlung von M. Gaucher zur Verfligung (Imiglucerase, Genzyme Corporation,
Cambridge, MA, USA; Velaglucerase alfa, Takeda Pharmaceutical Company Limited; Taliglucerase alfa,
Protalix, Carmiel, Israel). Im Jahr 2009 musste Genzyme eine virale Kontamination seiner Bioreaktoren
bekannt geben, die zu einer weltweiten Verknappung von Imiglucerase fihrte und eine sofortige
Zulassung der rekombinanten Enzyme Taliglucerase alfa und Velaglucerase alfa zur Deckung des
Patientenbedarfs zur Folge hatte (Hofstetter et al. 2015). Die ERT bei M. Gaucher wird in der Regel gut
vertragen, Uberwindet die katabolische Blockade, indem sie ausreichend exogenes Enzym bereitstellt,
das gespeicherte Substrat abbaut und die Beteiligung peripherer Organe sowie Leber- und
Milzschdden riickgangig macht (Gregory M Pastores und Derralynn A Hughes 2018). Leider ist die ERT
nicht zur Behandlung von akut neuronopathischem M. Gaucher Typ Il (MIM #230900) und nur bedingt
zur Behandlung von subakutem neuronopathischem M. Gaucher Typ lll (MIM #231000) geeignet, da
es zwar fast alle systemischen Manifestationen bei diesen Patienten aufhebt, aber die Blut-Hirn-
Schranke nicht Gberqueren kann (Altarescu et al. 2001; Zimran und Elstein 2014). Den zahlreichen
Belegen fiir die Wirksamkeit und Sicherheit und der langen klinischen Erfahrung mit der ERT stehen
die begrenzte Gewebepenetration (z.B. keine Uberwindung der Blut-Hirn-Schranke), die
unvollstiandige Riickbildung der Pathologie, unerwiinschte Reaktionen bei der Infusion, weitere die
Wirksamkeit verringernde Effekte wie die Bildung neutralisierender Antikérper und die hohen
jahrlichen Therapiekosten gegeniber (Azevedo et al. 2020). Die lebenslange, intravendse
Verabreichung des Enzyms wird von den Patienten lberdies als unangenehme Biirde empfunden,

weshalb oral verfiigbare Therapieformen angestrebt werden.

12



1 Einleitung

1.3.2 Substratreduktionstherapie (SRT)

Ebenfalls eine lebenslange Behandlung erfordert der unter dem Namen
Substratreduktionstherapie (SRT von engl. substrate reduction therapy) bekannte Therapieansatz. Die
Grundidee hinter der SRT besteht darin, die Bildung von Metaboliten zu begrenzen, die auf Grund des
zugrunde liegenden enzymatischen Defekts nicht abgebaut werden kénnen (van der Veen et al. 2020).
Bei Patienten mit ausreichender Restenzymaktivitat kann eine SRT die Produktion des Substrats auf
ein Niveau reduzieren, das mit der verbleibenden Enzymaktivitdt vereinbar ist. Bei Patienten mit
minimaler oder ohne Restenzymaktivitat reicht die SRT als alleinige Therapie moglicherweise nicht aus,
konnte aber als Ergdnzung zur ERT dennoch von Nutzen sein. Im Gegensatz zur ERT basiert die SRT auf
einem niedermolekularen Prinzip. Es handelt sich um eine Klasse von Stoffen mit einer Molekilmasse
von unter 800 g/mol, die in der Regel oral verabreicht werden kann und eine im Vergleich zur ERT
erhdhte Bioverfiigbarkeit zum Beispiel durch die Uberwindung der Blut-Hirn-Schranke erméglicht.
Allerdings bestatigte sich die Hoffnung auf Behandelbarkeit von neuronopathischem M. Gaucher
mittels des Iminozuckers N-Butyldeoxynojirimycin (NB-DNJ, Miglustat, Zavesca®, Actelion
Pharmaceutical Ltd, Schweiz) nicht, weshalb es aktuell nicht zur Behandlung von neuronopathischem
M. Gaucher zugelassen ist. Das seit 2002 (Europa) bzw. 2003 (USA) zugelassene Miglustat hemmt den
ersten Schritt der Glykosphingolipid-Synthese durch Hemmung der Glucosylceramid-Synthase (GCS).
Auf Grund schwerer Nebenwirkungen stellt es nur dann eine Therapiealternative dar, wenn Patienten
Anzeichen einer Unvertraglichkeit gegenliber einer ERT zeigen (Substrathemmung durch Miglustat
2022). Eliglustat (Cerdelga™, Sanofi Genzyme) ist hingegen ein Ceramid-dhnliches GCS-hemmendes
Pharmacophor, welches im Jahr 2014 seine erste Zulassung fiir die M. Gaucher-Therapie in den USA
erhielt (Poole 2014). Auch bei der Anwendung von Eliglustat gibt es allerdings Einschrankungen wie
bestimmte Stoffwechselstorungen und Leberschdaden (Committee for Medicinal Products for Human
Use 2015) und auch dieses Medikament ist nicht fiir die Verwendung bei neuronopathischen Formen
von M. Gaucher indiziert. AuBerdem sind die Auswirkungen einer dauerhaften Abschaltung des
Glykosphingolipid-Synthesewegs auf die Homdostase und Zellgesundheit kaum untersucht. Der
Stoffwechselweg ist von derart basaler Bedeutung, dass er auch in der M. Fabry Forschung ins Zentrum
der Aufmerksamkeit geraten ist (Abe et al. 2001). Allerdings fihrten schwere Nebenwirkungen
(unerwiinschte neurologische Ereignisse, Gewichtsverlust und Atrophie lymphoider Organe) letztlich
zu einer zu groBen Skepsis gegenliber Miglustat als Therapieoption fir M. Fabry, so dass weitere
klinische Studien eingestellt wurden. Neue Kandidatenverbindungen wie das Ceramid-dhnliche
Venglustat und das Galactose-Derivat Lucerastat wurden seitdem identifiziert (van der Veen et al.
2020) und befinden sich aktuell in klinischen Phasel/Il Studien (z.B. NCT05206773, NCT03425539). Es
ist nur ein einziger Ansatz bekannt, um eine Substratreduktion bei M. Pompe durchzufiihren. Dieser

basiert auf der Reduktion der Muskelglykogensynthase 1 (Gys1) mit Hilfe von Nukleinsduresonden,
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was zu einem genetischen Knockdown und damit zu einer verminderten Bildung von lysosomalem

Glykogen fihren soll (Douillard-Guilloux et al. 2008; Clayton et al. 2014).

1.3.3 Pharmakologische Chaperon Therapie (PCT)

Sowohl die ERT als auch die SRT sind prinzipiell in ihrer Wirkweise unabhangig vom Genotyp,
da sie nicht das veranderte Enzym selbst zum therapeutischen Ziel haben. Anders verhilt es sich mit
den so genannten pharmakologischen Chaperonen (PCs), welche als ebenfalls niedermolekulare
Alternative spezifisch die Funktion des korpereigenen mutierten Enzyms (zumindest teilweise)
wiederherstellen. Mit dem Iminozucker-Analogon des terminalen Galactoserestes des neutralen
Glykosphingolipid-Substrates, Migalastat (Galafold™, Amicus, NJ), das experimentell unter dem
Namen 1-Deoxygalactonojirimycin (DGJ) im Jahr 1999 entdeckt wurde (Fan et al. 1999), erhielt im Jahr
2016 das erste PC fir eine LSD die internationale Zulassung (Markham 2016). Das Wirkprinzip dieses
Wirkstoffs ist die Stabilisierung jener ansprechbaren Formen des Zielproteins liber direkte Bindung, im
Fall von DGJ an das aktive Zentrum mutierter AGAL-Formen des M. Fabry, so dass deren Zuriickhaltung
und Abbau im ER verhindert und der Transport zu den Lysosomen ermdoglicht wird (Abb. 5). DGJ wurde
als PC der ersten Generation bezeichnet (Liguori et al. 2020), da seine Entdeckung als Stabilisator der
AGAL aus der begrindeten Vermutung entstand, dass DGJ als ein Glykomimetikum mit einem
Sechsatomring dem natlirlichen Substrat Galactose so dhnelt, dass es in das aktive Zentrum des
Enzyms eintreten kann (Citro et al. 2016). Es ist wichtig, sich bewusst zu machen, dass die meisten
bisher getesteten PCs Inhibitoren ihrer Zielenzyme sind. Ein PCist nur fiir Patienten mit ansprechbaren
GLA-Mutationen eine therapeutische Option, so dass die Eignung jedes Patienten von der Genetik
abhangt und aktuell nur ein in vitro-Test zur Verfligung steht, um die in vivo-Responsivitdt zu
bestimmen oder vorherzusagen (Benjamin et al. 2017). Frihere Studien schatzen das Potential der auf
DGJ ansprechbaren Mutationen auf 35-50% (Hughes et al. 2017) bis zu 60% (Wu et al. 2011) aller GLA-
Mutationen. Trotz der Seltenheit der Krankheit weist M. Fabry eine stetig wachsende Zahl von
Mutationen auf. Durch die Haufigkeit privater Mutationen hat die Gesamtzahl der bekannten

Mutationen mittlerweile die 2000er-Marke Gberschritten (View GALAFOLD® Amenability Table 2022).

Fir die Anwendung von PCT bei M. Gaucher ist der GBA1 Genotyp ebenso entscheidend wie
der GLA Genotyp bei M. Fabry. Obwohl PCT in den vergangenen Jahren bemerkenswerte Fortschritte
gemacht hat, wies von den initial fir M. Fabry, M. Gaucher (Isofagomin, Plicera™, IFG, AT2101) und
M. Pompe (1-Deoxynojirimycin, duvoglustat, DNJ, AT2220) in klinischen Studien getesteten PCs
(Parenti et al. 2015) nur das M. Fabry PC DGJ eine ausreichende Wirksamkeit und Sicherheit fir eine
internationale Zulassung nach. Auf Grund der haufigen Allele wird in vitro Expressionsuntersuchungen
zur Ansprechbarkeit von GBA1 Mutationen auf eine Behandlung mit kleinen Molekiilen offenbar

weniger Relevanz beigemessen als beim M. Fabry, denn es existiert keine systematisch durchgefiihrte
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Studie. Aus Expressionsstudien zu den haufigen Allelen p.Asn370Ser und der mit neuronopathischem

M. Gaucher Typ-assoziierten p.Leud444Pro ist abzuleiten, dass eine grolRe Anzahl an Patienten auf

molekulare Therapien wie PCs,

Proteasomhemmstoffe,

Proteostaseregulatoren und andere

Mutations-abhangig wirkende Stoffe (Chen et al. 2018) geeignet sein kbnnten. Zudem stehen mit dem

bei Atemwegserkrankungen eingesetzten Sekretolytikum Ambroxol (ABX) (Maegawa et al. 2009),

Isofagomin Nachfolge-Verbindungen (z.B.
AT3375) (Sun et al. 2012) und auch PCs anderer
Substanzklassen (Scherer et al. 2021) neue

Kandidatenverbindungen zur Verfligung, so dass

zuklinftig mit derartigen Studien, die die
Ansprechbarkeit weiterer GBA1 Missense
Mutationen thematisieren und somit die

Pharmakogenetik in den Mittelpunkt stellen, zu

rechnen sein wird.

Wie erwdhnt gab es bereits
Bestrebungen auch beim M. Pompe eine PCT zu
realisieren. Die erste Erwdhnung effektiver PC-
Kandidaten in M. Pompe Zellen geht auf zwei fast
zeitgleich erschienene Arbeiten der beiden
Pioniere der PC-Forschung, Giancarlo Parenti
und Arnold Reuser, aus dem Jahr 2007 zuriick
(Parenti et al. 2007; Okumiya et al. 2007). Auch
hier handelte es sich wieder um Substratanaloga,
die beiden bereits weiter oben erwidhnten
Iminozucker DNJ und NB-DNJ, die uUber
spezifische Bindung an das aktive Zentrum des
Enzyms die Aktivitdt der mutierten GAA in der
Zellkultur erhohten. Es folgten weitere Studien,
in denen das Wirkungsspektrum der PCs auf eine
breitere Basis von GAA-Mutationen und die
als

Eignung Kombinationsbehandlung mit

rekombinanter GAA zur ERT-Verstarkung

untersucht wurden (Flanagan et al. 2009; Porto

et al. 2009; Khanna et al. 2012). Mit N-
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Abb. 5.

Wirkweise eines
Chaperons (PCs). Abhadngig von der Art der Mutation
unterliegt das mutierte Proteine vielfach einer
Fehlfaltung im ER. Nicht zur Faltung fahiges Protein

Pharmakologischen

wird Uber Membrankanalproteine ins Zytosol
geschleust, wo sie proteasomal abgebaut werden
(oben). PCs binden co-translational an das sich
faltende Protein und fiihren zu einer Korrektur der
Faltung, wodurch der Weitertransport des Proteins
Uber abgeschniirte Vesikel tiber den Golgi-Apparat
und in die Lysosomen gelingt (unten). Die Abbildung
wurde teilweise unter Verwendung von Servier
Medical Art erstellt, bereitgestellt von Servier,
lizenziert unter einer Creative Commons Attribution
3.0 unported license.



1 Einleitung

Acetylcystein, welches Uberschiissigen Schleim in den Atemwegen reduziert und zur Behandlung von
chronischen Atemwegserkrankungen, als Gegenmittel bei Uberdosierung von Paracetamol und bei
anderen Erkrankungen im Zusammenhang mit Cystein/GSH-Mangel eingesetzt wird, befindet sich ein
Kandidat fir ein allosterisches PC in der Testung (Porto et al. 2012). Allosterische PCs kdnnten eine
verbesserte Anwendersicherheit und ein verbreitertes Wirkspektrum als ein isosterisches PC zur Folge

haben.

Es existieren mit der hamatopoetischen Stammzelltransplantation, Gen- und
Zelltherapieansatzen weitere Therapiemoglichkeiten, welche in manchen Féllen bereits erfolgreiche
Anwendung gefunden haben. Da diese aber fiir die vorgestellten Studien nicht relevant waren, sollen
sie an dieser Stelle der Vollstandigkeit halber lediglich Erwdahnung finden. Auf Grund der vorhandenen
Therapien gilt allgemein, dass eine friihzeitige Diagnose die Prognose fiir die Patienten verbessert.
Derzeit hat sich jedoch keine der technischen Plattformen, die bereits fir den klinischen Einsatz
zugelassen sind, fir eine generelle Anwendung bei den LSDs geeignet erwiesen. Im Gegenteil, die
Wirksamkeit aller zugelassenen Medikamente ist in der klinischen Praxis bei einer betrachtlichen
Anzahl von Patienten erheblich eingeschrankt. Das breite klinische Spektrum und die
unterschiedlichen Krankheitsverlaufe weisen auf unterschiedliche Patientenbediirfnisse und somit
unterschiedliche Anforderungen an die Medikamente hin und machen die Entwicklung neuer,

individualisierter Therapieformen einen lohnenswerten Ansatz.

1.4 Die lysosomalen Speicherkrankheiten M. Fabrym M. Gaucher und M.

Pompe
Im folgenden Abschnitt werden M. Fabry, M. Gaucher und M. Pompe in Form kurzer

Steckbriefe vorgestellt und auf wesentliche unerfiillte Anforderungen zum Zeitpunkt des Beginns der

durchgefiihrten Studien fokussiert.

1.4.1 Steckbrief: M. Fabry

M. Fabry (MIM #301500) ist eine X-chromosomale Erkrankung mit einer Pravalenz von etwa
1:40.000. Fir die Krankheit ist eine Mutation im langen Arm des X-Chromosoms (Xqg22.1)
verantwortlich (Kornreich et al. 1989). Das hier lokalisierte GLA-Gen kodiert fiir ein Glykosidhydrolase-
Familie 27 Enzym, a-Galactosidase A (AGAL, EC-Nummer 3.2.1.22). Das Gen umspannt bei 7 Exons
einen genomischen Bereich von 12 kb (Kornreich et al. 1990). Mutationen gehen einher mit der
Unfahigkeit, neutrale Glykosphingolipide, hauptsachlich Globotriaosylceramid (Gb3), abzubauen.
Ablagerungen von nicht abgebautem Gb3 treten in praktisch allen Zellen auf, insbesondere in

vaskularem Endothel und glatten Muskelzellen, glomeruldaren und tubularen Epithelzellen der Nieren,
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1 Einleitung

Myokardzellen und Neuronen der Spinalganglien und des autonomen Nervensystems, was zu einer
multisystemischen Beteiligung fiihrt. M. Fabry ist gekennzeichnet durch Rheuma-ahnliche Schmerzen
mit akuten und episodischen Schmerzkrisen, gastrointestinalen Beschwerden, Verdickung der
Interventrikelscheidewand, Bluthochdruck, Proteinurie, Hitze- oder Kalteunvertraglichkeit,
Augenanomalien und angiokeratomas corporis diffusum (Hauser et al. 2004). Hauptursachen fiir den
vorzeitigen Tod bei M. Fabry umfassen Nierenerkrankung im Endstadium, Herzrhythmusstdrungen
und Schlaganfall. Wahrend die klassisch-schwerwiegende Form in der Regel in der Kindheit auftritt,
manifestiert sich die atypisch-milde Form von M. Fabry im Allgemeinen in der dritten oder vierten
Lebensdekade. Unbehandelt fiihrt der klassisch-schwerwiegende Verlauf bei mannlichen Patienten
mit M. Fabry im Durchschnitt zu einer um etwa zwanzig Jahre reduzierten Lebenserwartung (Miller et
al. 2020). Eine hohe Inzidenz verdnderter GLA Allele von 1:3.100 (Spada et al. 2006) in Italien, 1:1.250
(Hwu et al. 2009) in Taiwan und 1:13.341 (Wittmann et al. 2012) in Ungarn suggeriert eine groRere
Haufigkeit der Krankheit als in alteren Studien. Dies kann auf eine Unterdiagnose von M. Fabry
hinweisen, die auf milde und daher (ibersehene Symptome im Verlauf der Krankheit zurlickzufiihren
ist. Es flgt sich ins Schema, dass lange Zeit angenommen wurde, dass heterozygote weibliche GLA
Mutations-Tragerinnen nicht an M. Fabry leiden kénnen (MacDermot et al. 2001). Auf Grund der
zufdlligen Inaktivierung des gesunden elterlichen X-Chromosoms kann M. Fabry jedoch auch
heterozygote Frauen betreffen, die sogar &dhnlich schwere oder, typischer, mildere Symptome
aufweisen als mannliche Patienten mit der gleichen Mutation (Hauser et al. 2004).

Mutationen, die zu einem kompletten Verlust der Enzymaktivitat fiihren, werden bei Patienten
mit klassisch-schwerwiegendem Verlauf diagnostiziert, bei atypisch-milden Verldufen werden
mutierte Enzyme mit Restaktivitat entdeckt. Diese Mutationen haben hauptséachlich einen ER-Abbau-
Phédnotyp und sind ansonsten unverdndert kinetisch aktiv (Ishii et al. 2007). Eine weitreichende
Erganzung dieses Klassifizierungssystems konnte in molekularen Studien zur Auswirkung der
Mutationen verfeinert werden (Lukas et al. 2013). Es zeigte sich Uberdies wie konsistent in vitro
Enzymmessungen im Uberexpressionssystem mit dem kiirzlich entwickelten klinischen Biomarker
Globotriaosylsphingosin (Lyso-Gb3) Ubereinstimmen, was Lyso-Gb3 nicht nur als diagnostischen,
sondern auch als prognostischen und therapiebegleitenden Follow-Up Biomarker interessant macht.
Es zeigten sich lberdies gute Hinweise auf eine Genotyp-Phanotyp-Korrelation. Mutationen mit mehr
als 20% Restaktivitat waren mit milden Krankheitsverlaufen assoziiert und fiihrten in der Regel nicht
zu einer Biomarker-Erhéhung. Es blieb die Frage offen, ob Lyso-Gb3 nicht empfindlich genug war oder
ob es sich um gutartige Genvarianten gehandelt haben kdnnte. In anderen Worten, ob neben den
schwerwiegenden und milden Mutationen im GLA-Gen auch eine betrachtliche Anzahl insignifikanter
Polymorphismen vorliegen, eine Betrachtungsweise, die bisher nicht viel Aufmerksamkeit erhalten

hatte.
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1.4.2 Steckbrief: M. Gaucher

M. Gaucher (MIM #230800, #230900, #231000) ist eine autosomal rezessive Erkrankung,
welche durch homozygote oder gemischt heterozygote Mutationen im fir die Glucocerebrosidase (B-
Glu, EC-Nummer 3.2.1.45) kodierenden GBA1 Gen verursacht wird. GBA1 Mutationen fihren zu einer
extensiven Anhaufung von GlcCer, speziell in Zellen des angeborenen und adaptiven Immunsystems,
was zu chronischen Entziindungen fiihrt (Pandey et al. 2017). M. Gaucher wird phanotypisch in drei
Hauptuntertypen eingeteilt: Nicht-neuronopathischer Typ |, akuter neuronopathischer Typ Il und
subakuter neuronopathischer Typ lll. Typischerweise tritt M. Gaucher (Typ 1) in Erscheinung mit
Hepatosplenomegalie, Panzytopenie (insbesondere Thrombozytopenie), Andmie, Epistaxis,
Skelettanomalien, Knochenschmerzen und Manifestationen einer Organinfiltration durch
charakteristische  »Gaucher-Zellen«, groRe, vakuolisierte Makrophagen, die aus dem
retikuloendothelialen System stammen (Goldblatt 1988; Park et al. 2001). Die Typen Il und Illl haben
eine Beteiligung des zentralen Nervensystems und neurologische Manifestationen. Typ | ist die
haufigste Form von M. Gaucher, speziell in der aschkenasisch-jidischen Bevoélkerung ist Typ | die am
haufigsten anzutreffende Form (Jmoudiak und Futerman 2005), was auf Homozygotie oder gemischt-
Heterozygotie mit der Mutation ¢.1226A>G (p.Asn370Ser) zurlickzufiihren ist. Das Auftreten dieser
Mutation ist ausschlieBlich mit dem klinischen Typ | verbunden (Koprivica et al. 2000) und macht etwa
75% aller M. Gaucher Allele in der aschkenasisch-jlidischen Bevélkerung aus, wahrend der Anteil dieses
Allels in nicht-jlidischen Patienten mit einem Drittel der Allele deutlich seltener ist (Zimran et al. 1991).
Das breite klinische Spektrum reicht von betroffenen Sauglingen bis zu asymptomatischen
Erwachsenen. Insgesamt liegt die jahrliche Inzidenz von M. Gaucher in der Allgemeinbevélkerung bei
etwa 1:60.000 bis 1:100.000, kann aber bei den Aschkenasiern bis zu 1 in 450 Geburten betragen
(Zimran et al. 1991). Anders als beim Typ | gibt es keine ethnische Pravalenz bei M. Gaucher Typ Il und
Typ lll. Bisher wurden etwa 600 Mutationen im GBA1 Gen identifiziert, von denen die meisten
Missense Mutationen sind. Wie oben angedeutet sind anders als bei M. Fabry wenige Allele fiir eine
Vielzahl der klinischen Falle verantwortlich. Die vier haufigsten mutierten Allele p.Asn370Ser, c.84-
85insG, IVS2+1G>A und p.Leu444Pro machen sogar 93 % aller Allele in der aschkenasisch-jiidischen
Bevolkerung aus (Koprivica et al. 2000). Das p.Leu444Pro Allel steht bei Fehlen einer leichten Mutation
wie p.Asn370Ser mit neuronopathischen Formen der Erkrankung in Verbindung. Eine andere, ebenfalls
haufig auftretende Mutation, ¢.1342G>C (p.Asp409His), wurde mit einem spezifischen Typ IlI-
Phanotyp in Verbindung gebracht, der eine schwere kardiale Beteiligung und okulomotorische Apraxie
aufweist (Montfort et al. 2004). Ahnlich wie bei M. Fabry sind Mutationen mit héherer Aktivitdt mit
milderen Krankheitsverlaufen verbunden, aber im Allgemeinen sind die Mutationen zu selten, um eine
exakte Genotyp-Phanotyp-Korrelation herzustellen, und das Vorhandensein von gemischt-

heterozygoten Patienten erschwert die Situation zusatzlich.
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Das GBA1 Gen befindet sich auf dem Chromosom 1g21 und besteht aus 11 Exons und 10
Introns, die eine Sequenz von 7,6 kb umfassen (Zampieri et al. 2017). Eine Besonderheit des GBA1
Gens ist das Vorhandensein eines hochgradig homologen Pseudogens, das sich etwa 16 kb
downstream des funktionellen GBA1 Gens befindet und dessen exonische Region 96%
Sequenzhomologie aufweist. Diese Konstellation ist der Grund fir Gen/Pseudogen Rearrangements,
welche das Spektrum der GBAI Genmutationen zu den Punktmutations-Ereignissen wie
Missense/Nonsense, Splicingveranderungen, Basendeletionen/-insertionen erganzen (Balwani et al.
2011). Hinzu kommt, dass die molekulargenetische Diagnose von M. Gaucher durch das Pseudogen
erschwert wird. Dennoch ist die Sequenzierung des GBAI1-Gens Teil der Standarddiagnostik der
Gaucher-Krankheit. Des Weiteren beruht die M. Gaucher Diagnostik auf dem Nachweis eines Mangels
an B-Glu basierend auf der Messung einer verminderten Enzymaktivitat in peripheren Blutleukozyten
und der massiv erhdhten Plasmaspiegel von Biomarker-Material wie Glucosylsphingosin (Gregory M

Pastores und Derralynn A Hughes 2018).

1.4.3 Steckbrief: M. Pompe

M. Pompe (MIM #232200) folgt wie M. Gaucher einem autosomal rezessiven Erbschema. Die
Krankheit wird durch homozygote oder gemischt heterozygote Mutationen im Gen der sauren a-
Glucosidase (GAA, EC 3.2.1.20), auch als saure Maltase bekannt, auf Chromosom 1725, ausgel6st.
GAA wird als 110 kDa-Glykoprotein synthetisiert, das tGiber den Mannose-6-Phosphat-Rezeptor zum
Lysosom transportiert wird und im spaten endosomalen/lysosomalen Kompartiment nach einer Reihe
von proteolytischen und N-Glykan-prozessierenden Schritten die reife, aktive Form annimmt (Roig-
Zamboni et al. 2017).

M. Pompe Patienten weisen eine Gewebe-Glykogen Akkumulation in der Skelettmuskulatur,
den viszeralen Organen und dem zentralen Nervensystem auf, was zu einer Pathologie der
Skelettmuskulatur und bei schweren Formen schlielich zu Ateminsuffizienz und Tod fiihrt (Fuller et
al. 2013). Die klinische Einteilung erfolgt dhnlich wie bei M. Fabry in eine klassisch-schwere Form, IOPD
(von engl. infantile-onset Pompe disease) und eine spater einsetzende, meist milder verlaufende Form,
LOPD (von engl. late-onset Pompe disease). Bei der klassischen Form M. Pompe herrschen
Muskelschwache und Herzbeteiligung vor. Die betroffenen Kinder sind niedergeschlagen, stark
hypoton, das Herz sowie die Zunge sind in der Regel stark vergroBert. Schlafstérungen/Apnoe,
Wachstumsstorungen, Skelettmuskel-Beteiligung, Magenreflux, chronische Mittelohrentziindung und
Horverlust treten bei der schweren IOPD Form haufiger auf als bei LOPD (Kishnani et al. 2019). M.
Pompe wird mit einer Haufigkeit von 1:40.000 angegeben, wobei LOPD die hdufigere Form ist (Ausems
et al. 1999). Der Verlust der Enzymaktivitat ist bei den friihen Formen der Krankheit ausgepréagter als

bei den spaten Formen (Reuser et al. 1987), aber eine eindeutige Genotyp-Phanotyp-Korrelation ist in
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einzelnen Studien meist nicht herstellbar (Laforét et al. 2000). Dennoch gibt es eine Reihe von haufigen
Genotypen, bei denen eine Genotyp-Phanotyp-Korrelation etabliert ist. Eines oder zwei der drei Allele
IVS1-13T-G, 525delT und EX18DEL werden in 63% der niederlandischen M. Pompe Patienten gefunden
(Kroos et al. 1995). Nonsense-Deletionen wie 525delT (p.Glul76fs*45) sind am haufigsten mit IOPD
und das intronische 1VS1-13T-G-Allel ist mit LOPD verbunden. Obwohl die h&dufigsten Allele bei M.
Pompe keine Missense Mutationen sind, ist die Mehrheit (~ 60%) der insgesamt etwa 700 Mutationen
der Missense Kategorie zuzuordnen. Im ZellkulturmaRstab exprimierte GAA wird auch beim M. Pompe
fir in vitro Enzymmessungen als diagnostisches Hilfsmittel eingesetzt, um den katalytischen Defekt
und den Schweregrad der Mutation zu bestatigen (Kroos et al. 1998; Kroos et al. 2012; Ngiwsara et al.

2019).

2 Zielstellung der experimentellen Studien

Eine Verbesserung der Situation fir die Patienten in Bezug auf Diagnostik und Prognostik
erfordert ein umfangreiches molekulares Verstdandnis der Pathophysiologie sowie der Mechanismen
potentieller Kandidaten-Verbindungen fiir eine molekulare Therapie. Die vorliegende kumulative
Schrift verwendet pharmakodynamische in vitro Modellstudien, die sich, unter besonderer
Berlcksichtigung  der  Pharmakogenetik,  quantitativ-statistischer und  mechanistischer
molekularbiologischer Methodik der Arzneimittelentwicklung und -bewertung widmen. Dabei wird das
Potential niedermolekularer Therapien untersucht, insbesondere der pharmakologischen Chaperone,
welche spezifisch die Funktion eines mutierten Enzyms wiederherstellen, dessen inharenter Defekt die

Destabilisierung der Faltstruktur ist.

Die vorliegende kumulative Arbeit gliedert sich in die folgenden libergeordneten Zielstellungen und

experimentellen Einzelstudien:

Ziel 1: Quantitative Untersuchungen zur molekularen Klassifizierung von GLA Mutationen

bei M. Fabry

Studie 1: Molekulare Charakterisierung und Phanotypisierung neuer GLA Mutationen bei M.
Fabry mit Schwerpunkt auf Genvarianten von unklarer Bedeutung. Hum Mutat. 2016

Jan;37(1):43-51. doi: 10.1002/humu.22910.

Studie 2: Meta-Analyse aller Studien, die sich mit der Messung der Enzymaktivitat und DGJ-
Ansprechbarkeitsuntersuchungen im zellularen In-vitro-Malstab befassen, um die Gultigkeit

der vorgenommenen Klassifizierungen in Abhangigkeit vom verwendeten zelluldren System
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und die Diskrepanzen zwischen den Laboren zu bewerten. Int J Mol Sci. 2016 Dec

1;17(12):2010. DOI: 10.3390/ijms17122010.

Studie 3: Ein hochgradig standardisiertes Protokoll fiir die in vitro-Messung der lysosomalen
Enzymaktivitat als Plattform fiir die Erprobung der Reaktionsfahigkeit auf pharmakologische

Chaperone. .J Vis Exp. 2017 Dec 20;(130). doi: 10.3791/56550.

Studie 4: Untersuchung zur Verifizierbarkeit der klinisch validierten Methode zur
Identifizierung von Fabry Patienten zur Eignung fir die PCT. Int J Mol Sci. 2020 Jan
31;21(3):956. doi: 10.3390/ijms21030956.

Ziel 2: Mechanistische Untersuchungen und Entwicklung neuer niedermolekularer

Wirkstoffe bei M. Fabry, M. Gaucher und M. Pompe

Studie 5: Korrektur des Phanotyps der Fehlfaltung und Proteinaggregation von a-
Galactosidase A im Fliegenmodell Drosophila melanogaster durch das pharmakologische
Chaperon 1-Desoxygalactonojirimycin. Int J Mol Sci. 2020 Oct 7;21(19):7397. doi:
10.3390/ijms21197397.

Studie 6: Ambroxol hat in cellulo eine signifikant-positive Wirkung auf die haufige M. Gaucher
Variante p.Asn370Ser von B-Glu, hat aber in vitro, verglichen mit dem fir das aktive Zentrum
spezifischen ersten Generation PC Isofagomin, eine geringe Fahigkeit, als PC zu wirken. Int J

Mol Sci. 2022 Mar 24;23(7):3536. doi: 10.3390/ijms23073536.

Studie 7: 2,6-Dithiopurin ist ein allosterisch bindendes pharmakologisches Chaperon der
zweiten Generation, stabilisiert lysosomale AGAL in vitro und rettet eine Mutation, die nicht
auf eine Behandlung mit dem zugelassenen pharmakologischen Chaperonen anspricht. PLoS

One. 2016 Oct 27;11(10):e0165463. doi: 10.1371/journal.pone.0165463. eCollection 2016.

Studie 8: Das Expektorans Ambroxol und der Peroxisom-Proliferator-aktivierter Rezeptor
(PPAR)-y-Agonist Rosiglitazon eignen sich als Enzym-Enhancer (EE) und kdnnen die reduzierte
Enzymaktivitat bestimmter AGAL Mutationen in Kombination mit dem pharmakologischen
Chaperon 1-Deoxygalactonojirimycin fast zur Vollstandigkeit wiederherstellen. Mol Ther. 2015

Mar;23(3):456-64. doi: 10.1038/mt.2014.22.

Studie 9: Enzym-Enhancer (EE) der Iysosomalen AGAL aus der Klasse der
Proteostaseregulatoren modulieren die zelluldare Proteasom-Aktivitdt und Genexpression und
steigern in Kombinationsbehandlung die Effektivitat des pharmakologischen Chaperons in

vitro. Biochem J. 2020 Jan 31;477(2):359-380. doi:10.1042/BCJ20190513.
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3 Kumulative Darstellung der Studienergebnisse und Diskussion

3.1 Proteinbiochemische Charakterisierung und Phanotypisierung von M.
Fabry-assoziierten Mutationen des GLA-Gens

3.1.1 In vitro Enzymmessung als Instrument zur Vorhersage des Krankheitsverlaufs

bei M. Fabry (Studie 1)

Die klare molekulare Abgrenzbarkeit zwischen atypisch-oligosymptomatischen und klassisch-
schweren Krankheitsverlaufen beim M. Fabry weist auf eine starke Genotyp-Phanotyp-Korrelation hin.
In vitro Enzymmessungen im heterologen Expressionssystem eignen sich als erganzendes Instrument
zur Biomarker-Bestimmung als Grundlage fiir ein verbessertes Gesundheitsmanagement im Hinblick
auf Prognose und Therapieentscheidungen. In der Studie »Functional characterisation of alpha-
galactosidase a mutations as a basis for a new classification system in Fabry disease« (Lukas et al.
2013) wurde ein neues Klassifikationsmodell fir M. Fabry Mutationen vorgeschlagen, das auf der
Messung der Enzymaktivitat in vitro basiert. Um das Modell zu bestatigen und ein ganzheitliches Profil
der pathologischen Folgen einer Vielzahl von M. Fabry Mutationen zu erstellen, wurden paraklinische
Daten des kirzlich entwickelten M. Fabry-Biomarkers Lyso-Gb3 (Aerts et al. 2008; Togawa et al. 2010)
und weitere klinische Details in die Analyse einbezogen. Allein die In vitro Enzymaktivitat im isogenen
Zellkultursystem zeigte mit 83,3 % eine sehr gute Vorhersagequalitdat des erwarteten klinischen
Phanotyps einer vorliegenden Mutation. Bei der Betrachtung des klinischen Biomarkers fallt auf, dass
die Vorhersagequalitdt vom Geschlecht des Patienten abhangt, wobei die klinischen Parameter von
weiblichen Patienten den Phanotyp weniger zuverlassig wiedergeben. Dies lasst sich durch die zufallige
mosaikartige Inaktivierung der elterlichen X-Chromosomen erklaren, die dazu fihrt, dass auch
weibliche Patienten mit klassischen Mutationen haufig atypisch-milde Verldaufe aufweisen. Dennoch
ist die Bestimmung von Lyso-Gb3 auch bei weiblichen Patienten sinnvoll, da bei Vorliegen einer GLA-
Mutation, die mit dem klassisch-schweren Phanotyp verbunden ist, in der Regel eine Erh6hung
beobachtet wird.

Ziel der vorliegenden Studie war zum einen die Einbeziehung weiterer neuer Mutationen, die
im Rahmen der M. Fabry Diagnostik gefunden wurden, und zum anderen die Verfeinerung der
klinischen Phéanotypisierung von Mutationen anhand von Parametern wie Biomarker und
Symptomspektrum. Ein besonderes Augenmerk galt in dieser Studie den »milden Mutationen, da die
Durchfiihrung von Screenings bei Neugeborenen und verschiedenen Risikopopulationen (Patienten
mit Niereninsuffizienz, Schlaganfall und Kardiomyopathie) viele neue GLA Mutationen zutage forderte
(Spada et al. 2006; Andrade et al. 2008; Brouns et al. 2010; Hwu et al. 2009; Wittmann et al. 2012; Fan

et al. 2021). Die signifikante Pravalenz von GLA-Mutationen in symptomatischen Populationen kénnte
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auf eine unterschatzte Anzahl von mit atypisch-oligosymptomatischen Krankheitsverlaufen
assoziierten GLA-Mutationen schlieBen lassen und somit auf eine hohe Dunkelziffer
fehldiagnostizierter M. Fabry Patienten in diesen Kohorten. Die Befunde erweiterten somit das
Spektrum solcher »milden Mutationen« und ebenfalls die Datenlage zu denjenigen genetischen
Varianten unbekannter Signifikanz (GVUS von engl. genetic variant of unknown significance), deren
pathogenes Potential kontrovers betrachtet wird wie beispielsweise die Falle von p.Alal43Thr und
p.Asp313Tyr zeigen (Hauth et al. 2018; Lenders et al. 2016; Palaiodimou et al. 2022). Diese Varianten
sind durch minimal erh6hte oder normale Lyso-Gb3-Biomarkerwerte charakterisiert und zeigen meist
in vitro Enzymaktivitat >20% des Wildtyp-Niveaus. Zu den bekannten Mutationen wurden die bis dahin
unpublizierten Mutationen p.Leu3Pro, p.Leu3Val, p.Asp33Gly, p.Gly35Glu, p.Glu71Gly, p.Gly80Asp,
p.Ala121Thr, p.lle154Thr, p.Vall64leu, p.Leul80Phe, p.Argl96Ser, p.lle198Thr, p.Lys213Arg,
p.Asn228Ser, p.lle242Val p.lle253Thr, p.Val254Ala, p.lle289Val, p.Ala309Val, p.Asp313Asn,
Asp315Asn, p.Val316Ala, p.Pro323Arg p.GIn333Arg, p.Ala352Arg, p.Gly375Ala, p.Arg392Ser und
p.Trp399Ser hinzugefigt, welche mit 61% (28/46) aller neu beschriebenen Mutationen den
Hauptanteil der Mutationen in der Studie ausmachten. Bei Patienten mit diesen Genotypen zeigten
sich gleichwohl mit M. Fabry vereinbare Symptome. Die Mutationen, die in der untersuchten Kohorte
oligosymptomatischer M. Fabry Patienten gefunden wurden, wiesen eine hohe mittlere
Enzymaktivitdit von >50% auf. Uberdies waren die wenigen asymptomatischen Patienten dieser
Kohorte, die durch Familientests identifiziert wurden, signifikant jliinger (24,0 (m) und 24,4 (w) Jahre)
als die symptomatischen Patienten (51,6 (m) und 44,7 (w) Jahre), was auf einen sehr spaten Ausbruch
dieses M. Fabry-Subtyps hinweist. Es muss jedoch bericksichtigt werden, dass chronische
kardiovaskuldare Erkrankungen und Symptome wie Nierenversagen, Schlaganfall und periphere
Nervenschdaden bei dlteren Menschen haufiger vorkommen und andere Pathologien in die
Differentialdiagnose einbezogen werden miissen. Die Studie liefert Hinweise auf die Pathologie
zahlreicher GLA Mutationen, erfahrt aber eine Einschrankung durch die einerseits allgemein geringe
Patientenzahl und andererseits die nicht genau bestimmbare Haufigkeit der untersuchten Mutationen
in der gesunden Bevdlkerung, so dass die Signifikanz dieser Mutationen weiterhin als unklar zu
bezeichnen ist.

Zum Zeitpunkt der Studie wurde eine neue Webanwendung angeboten, die entwickelt wurde,
um »Kliniker bei der Auswahl geeigneter Patienten fiir eine pharmakologische Chaperontherapie zu
unterstiitzen«! (Cammisa et al. 2013), basierend auf experimentellen Daten und einem

Vorhersagealgorithmus flir Mutationen, die noch nicht experimentell auf ihre Ansprechbarkeit

! Ubersetzt aus dem Englischen nach Cammisa et al. 2013. Fabry CEP: a tool to identify Fabry mutations
responsive to pharmacological chaperones. Orphanet journal of rare diseases 8, S. 111.
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getestet wurden. Der fiir die Mutationen in der vorliegenden Studie erhaltene Vorhersagewert von
0,81 (0 - 1) war vergleichbar mit dem in der friiheren Studie veroffentlichen Wert (Cammisa et al. 2013)
und hebt die Wichtigkeit der experimentellen Prifung der biochemischen Ansprechbarkeit einer

Mutation hervor.

3.1.2 Interassay-Variabilitdt in der Enzymmessung von GLA Mutationen (Studie 2)

Neben genetischen Modifikatoren und anderen extragenetischen (epigenetische,
umweltbedingte) Faktoren stellen die Missense Mutationen auf Grund der Variabilitdit der
verbleibenden Enzymaktivitat einen Erklarungsansatz fiir das breite phanotypische Spektrum bei M.
Fabry dar. GLA-Gen Missense Mutationen bedirfen daher einer besonderen Herangehensweise bei
der Diagnosestellung. Uberdies existiert seit 2016 eine zusétzliche Therapieoption mit dem PC DG fiir
geeignete Patienten (Markham 2016), wodurch ein weiterer Aspekt der Untersuchungen in den Fokus
riickt, die Pharmakogenetik. Der Vorteil der PCT gegeniber der ERT ist die orale Verfligbarkeit.
Allerdings muss die Eignung der Patienten fiir jede individuelle Mutation festgestellt werden, wahrend
die ERT unabhangig von der Genetik prinzipiell fir alle Patienten geeignet ist (Liguori et al. 2020). Die
vorliegende Studie beschreibt die Reproduzierbarkeit von in vitro und ex vivo Enzymaktivitat in Bezug
auf den Phanotyp und die Zuverlassigkeit der Aussage liber die Ansprechbarkeit auf das PC vor dem
Hintergrund der wachsenden Bedeutung neuer therapeutischer Alternativen. Die Ergebnisse von
insgesamt 13 Studien wurden miteinander verglichen, in denen im Wesentlichen dieselbe Methodik
zur Bestimmung der AGAL in vitro Enzymaktivitdt in Anwesenheit und Abwesenheit von DGJ
angewandt wurde. Die Zellen, die in diesen Studien verwendet wurden, stammten entweder von
Patienten (ex vivo Enzymaktivitdt) oder waren in den meisten Fillen Standard-Zellmodelle wie
HEK293- oder COS-Zellen, die transient mit Expressionsvektoren transfiziert wurden (in vitro). Die
Basalaktivitat (ohne PC) und der Anstieg von Enzymlevel sowie Enzymaktivitat wurden gemessen und
durch den Gesamtproteingehalt in den Zellextrakten normalisiert. Die in den
Uberexpressionsmodellen gewonnenen Daten zeigten eine starke Korrelation und hingen nicht von
der Art der Empfangerzellen ab, die fiir die Transfektion verwendet wurden, wahrend die erhaltenen
absoluten Daten aus Patientenzellen (Lymphoblasten und Fibroblasten), die dieselbe Mutation trugen,
weniger reproduzierbar waren. Im Vergleich der Werte zwischen den Patientenzellen und den
Uberexpressionssystemen fiel auf, dass die gemessenen absoluten Werte der AGAL Aktivitat ohne PC,
trotz vorhandener Korrelation (r = 0.7), in den Patientenzellen insgesamt deutlich niedriger waren als
in den Uberexpressionsmodellen. Fiir die Mutation p.Leu180Phe wurde ein Durchschnittswert von
32,4% WT Aktivitat in HEK293 Zellen ermittelt. In Leukozyten zweier unabhéangiger Individuen
hingegen nur 6,0% (+ 2,0). Ahnlich gravierend stellten sich die berechneten Abweichungen fiir die

Mutationen p.Asn215Ser und p.lle253Thr dar. Dies kann summa summarum das Risiko einer
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Unterschatzung der Pathogenitdt der Mutationen durch den in vitro Assay bedeuten. Dieser
bedeutsamen Einschrankung der in vitro Enzymmessungen durch die Interassay Variabilitat steht die
Uber alle untersuchten Arbeitsgruppen robust darstellbare Ansprechbarkeit der Mutationen fiir das PC
gegeniber.

Im zweiten Teil des Artikels wurden solche Mutationen genauer betrachtet, die als GVUS
einzustufen sind. Die zuvor eingefiihrte GréRe der PSSM (von engl. position specific substitution matrix)
kann dann eine bei der Schadenvorhersage fiir die entsprechende Mutation oder zur Vorhersage von
deren Ansprechbarkeit auf das neue PC DGJ eine Rolle spielen, wenn in vitro Daten nicht vorliegen
(Andreotti et al. 2011; Andreotti et al. 2010). Wir rekapitulierten, dass Mutationen am aktiven Zentrum
erwartungsgemaR keine Restaktivitat hatten und entsprechend nicht auf DGJ reagierten, wahrend
Mutationen an nicht konservierten Stellen in der Regel ansprachen. In Zahlen bedeutete das, dass
Mutationen mit einem Score >-1 meist responsiv waren und Mutationen mit einem Score <-2 nicht
responsiv waren. Fir alle in ExAC (fasst Exom-Sequenzierungsdaten aus einer Vielzahl groRer
Sequenzierungsprojekte zusammen) beschriebenen Mutationen (N=304) ergaben sich PSSM zwischen
0 bis -7. Fiur die Varianten mit nachgewiesen hoher Enzymaktivitat und unklarem klinischem Outcome
p.Argl18Cys (in vitro Aktivitat: 24,5%; PSSM: -2), p.Alal43Thr (in vitro Aktivitat: 39,7%; PSSM: -1),
p.Glub6GIn (in vitro Aktivitdt: 47,6%; PSSM: -2) und p.Asp313Tyr (in vitro Aktivitat: 75,5%; PSSM: -1),
ergab sich ein konsistentes Bild. Tatsachlich erwiesen sich p.Arg118Cys und p.Glu66GIn mit absoluter
Aktivitdtserhohung von +3,3% (des WT-Wertes) bzw. +6,1% (des WT-Wertes) und einer relativen 1,13-
fachen Erhéhung zum unbehandelten Wert experimentell als schwach responsiv. In der Literatur
werden diese Mutationen teilweise als M. Fabry-assoziiert, aber in einer steigenden Anzahl von
Berichten als genetische Modifikatoren oder Risikofaktoren fiir bestimmte Pathologien wie
Schlaganfall, Nieren- und Herz-Kreislauf-Erkrankungen betrachtet (Nakamura et al. 2014; Schiffmann
et al. 2016). Interessanterweise wurde die Pathogenitdt der Variante p.Asn215Ser niemals
angezweifelt. Wie gezeigt konnen auch diese hochaktiven Varianten einen Nutzen durch die
Behandlung mit DGJ erfahren, allerdings ist die Aktivitdtssteigerung verglichen mit der ohnehin hohen
Restaktivitat gering, wodurch sich die Frage der Notwendigkeit und der Effektivitdt einer Behandlung

anschlieRt.

3.1.3 Visualisiertes Plattenleser-Protokoll zur in vitro Enzymmessung lysosomaler
AGAL und GAA (Studie 3)

Die Inzidenz von M. Fabry wird mit 1:40.000 bis 1:117.000 angegeben (Snit et al. 2022).
Gleichwohl deuten Neugeborenen-Screenings und Screenings von Risikopatientengruppen auf
wesentlich hohere Raten hin (Spada et al. 2006; Hwu et al. 2009; Wittmann et al. 2012; Brouns et al.

2010). Darunter sind jedoch viele Falle von Mutationsvarianten, bei denen die Krankheit nicht wie bei
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den klassischen Mutationen in vollem Umfang ausbricht. Eine dhnliche Situation finden wir bei M.
Pompe vor. Mit fast identischen Zahlen, z.B. einer Haufigkeit von etwa 1 zu 40.000 Geburten in den
Niederlanden gehort M. Pompe mit klassischem Auftreten ebenfalls zu den seltenen Krankheiten
(Kanters et al. 2011). In Risikokohorten mit neuromuskuldaren Erkrankungen ist die Allelfrequenz der
GAA-Mutation mit 2,4 % jedoch keineswegs selten (Lukacs et al. 2016), was auf eine Untererfassung
der Pompe-Krankheit hindeuten kann.

Neben der Entwicklung effektiver Therapiestrategien konnte in den vergangenen Jahren auch
eine Beschleunigung der Diagnose fir die Erkrankten erzielt werden, so dass die Verzégerung zwischen
dem Auftreten der ersten Symptome und der Diagnose bei vielen LSDs betrachtlich reduziert werden
konnte. Eine rasche Diagnose verbessert die Prognose fiir den Patienten vor allem dann, wenn
wirksame therapeutische MalRnahmen ergriffen werden kénnen, wie es bei M. Fabry und M. Pompe
durch den Einsatz von ERT der Fall ist. Durch die Einfliihrung individualisierter Therapieansatze wie der
PCT bei M. Fabry kommt der Pharmakogenetik eine hohe Bedeutung zu. Wahrend alle M. Fabry
Patienten unabhdngig vom Genotyp von einer ERT profitieren kdnnen, sind nur Patienten mit
bestimmten ansprechenden Mutationen fiir eine Therapie mit dem PC geeignet. Wie bei M. Fabry sind
auch bei M. Pompe Hunderte von mutierten Allelen des beteiligten sauren Hydrolase-Gens an der
Krankheitsentstehung involviert. Typischerweise behindern kostspielige komplexe klinische Studien
mit geringen Patientenzahlen die Zulassungsverfahren, so dass die Anreize neue Therapien auf den
Markt zu bringen geschmaélert sind. Im Fall von Galafold™ wurden grofRe Anstrengungen
unternommen, um ansprechende Mutationen mittels eines eigens dafiir GLP-validierten in vitro Test-
Screenings Hunderter Genotypen vorherzusagen (Benjamin et al. 2017). Wie auch die Daten der 2016
veroffentlichten Meta-Analyse (Studie 2) zeigen, wurden bisher verschiedene Zellsysteme basierend
auf Fibroblasten-/Leukozytenkulturen von Patienten und transient transfizierten COS- oder HEK-Zellen
verwendet und Arbeitsgruppen-spezifische Protokolle zur Charakterisierung und Klassifizierung von
AGAL-Enzymmutationen kamen zum Einsatz. Zeitgleich zur Veroffentlichung der Daten der pra-
klinischen Untersuchungen von Benjamin und Kollegen im Jahr 2017 haben wir unsere »in-house«
durchgefiihrte molekulare Enzymanalytik zur Charakterisierung von AGAL und GAA Mutationen
ebenfalls standardisiert und ein visualisiertes Protokoll publiziert. Gleichwohl fiir die Therapie des M.
Pompe aktuell keine PCT zugelassen ist, so gibt es mit DNJ und NB-DNJ zwei Verbindungen, die als PC
wirken (Okumiya et al. 2007; Parenti et al. 2007). Diese konnen eine potentielle Ansprechbarkeit einer
GAA Mutation vorhersagen und als Leitstrukturen fiir zukiinftige Wirkstoffentwicklung bedeutsam
sein. Daher wurde die Bestimmung der GAA Enzymaktivitdit unter den beschriebenen
Standardbedingungen mit ins Protokoll aufgenommen.

Der Artikel besteht aus einer Einleitung, einem in vier Schritte gegliederten Protokoll (1.

Herstellung von mutierten pcDNA3.1/GLA- und pcDNA3.1/GAA-Konstrukten; 2. Kultivierung von
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HEK293-H-Zellen; 3. pcDNA3.1/GLA und pcDNA3.1/GAA Plasmid-Transfektion und Behandlung von
HEK293-H; 4. Zellernte und Messung der Aktivitdt von a-Galactosidase A oder saurer a-Glucosidase),
einem Teil, der reprasentative Daten vorstellt und einer kurzen Diskussion, sowie aus einem
Videoformat, das ausgewahlte Schritte dokumentiert. Das veroffentlichte Protokoll stellt zunachst die
vereinfachten molekulargenetischen Vorarbeiten zur Herstellung der Mutationen in den vorgestellten
Vektoren pcDNA3.1/GLA und pcDNA3.1/GAA (Lukas et al. 2013) vor. Der Zellkultur-Anteil des
Protokolls ist von zentraler Bedeutung. Hier sind die Einhaltung genauer Kulturbedingungen und
Zeitvorgaben wie dargestellt unbedingt zu beachten, u.a. Zelldichte bei Aussaat der Zellen, der
Zeitpunkt von Transfektion und Ernte sowie Dauer der Behandlung mit dem PC (Tabelle 1).
Typischerweise pendeln die Angaben in den Behandlungsprotokollen zwischen 48 Stunden und 5

Tagen Behandlungsdauer, was ergebnisrelevante Interassay Unterschiede hervorrufen kann.

Tabelle 1. Standardisierte Versuchsbedingungen der AGAL Aktivitdtsmessung.

Parameter Standardisierte Bedingung
Zelllinie HEK293-H
Plasmid-Vektor-System pcDNA3.1/v5-His TOPO
Zellkulturformat/ Zelldichte bei der Aussaat  24-Well/ 1.5 x 10° Zellen
Medium DMEM, 4,5 g/| Glucose (+GlutaMAX), 10 % FBS und 1% P/S*
Transfektion 24 Std nach Aussaat mit Lipofectamin 2000
Inkubationszeit (post-Transfektion) 66 Std (60 Std. mit Behandlung)
DGJ Konzentration 20 uM
Mediumwchsel Ja; 42 Std post-Transfektion
Zelllyse Gefrieren und Tauen in 200 pl bidestilliertem Wasser
Enzymmessung
- Substrat/Puffer 1,34 mM 4-Methylumbelliferyl-a-D-galactopyranosid in 0,06
M Phosphat-Citrat-Puffer, pH 4,7
- Reaktionsformat 96-Well
- Reaktionsvolumen 30 ul
- Probenkonzentration 50 ng Gesamtprotein/ pl
Unabhangige Versuchswiederholungen n =5 (Duplikate)

*P/S = Penicillin/ Streptomycin

Das Rational zur Anfertigung eines standardisierten Protokolls bestand vorwiegend in der
Festlegung bestimmter Zellkultur-Bedingungen (z.B. Kulturbedingungen der HEK293-H Zellen,
Transfektion und Ernte) und der Straffung zeitaufwendiger Schritte wie dem Herstellungsprozess der
mutanten Plasmid-Vektoren. Die bedeutendste Anpassung des Protokolls im Vergleich zu den zuvor
veroffentlichten Studien der Jahre 2013 und 2016 (Lukas et al. 2013) lag in der Erhéhung der
unabhadngigen experimentellen Wiederholungen, wodurch die Robustheit und Signifikanz der

Ergebnisse verbessert wurde.
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3.1.4 Untersuchung der Reproduzierbarkeit der Ergebnisse der GLP-validierten
Methode zur Identifizierung PCT-geeigneten Fabry Patienten (Studie 4)

Die Studie 1 widmete sich der Objektivierung der Schadensbestimmung lysosomaler AGAL
anhand einer holistischen molekularen und klinischen Charakterisierung. Die Daten liefSen den Schluss
zu, dass in vitro Enzymmessung einen pradiktiven Wert fur eine klinische Phanotypisierung hat. In den
Studien 2 und 3 lag der Schwerpunkt auf Grund der Fortschritte bei der Entwicklung der PCT
zunehmend auf dem Wert des Systems im Hinblick auf die Vorhersage, wann eine Mutation als
ansprechend betrachtet werden kann. Studie 4 knipft an dieser Stelle an. Gerade bei der Feststellung
der Eignung einer Mutation flir eine PC-Behandlung muss bei einer Fehleinschatzung mit gravierenden
medizinischen Konsequenzen zum Nachteil des Patienten gerechnet werden.

Wie erwahnt erschien in kurzem zeitlichen Abstand der Studien 1, 2 und 3 ein kongruenter
Bericht Gber die Entwicklung eines GLP-validierten pharmakogenetischen Enzymtests zur Bestimmung
der Ansprechbarkeit von AGAL Mutanten auf eine DGJ-Behandlung (Benjamin et al. 2017). In der
selben Studie wurde auch der pradiktive Wert des Assays anhand pharmakodynamischer DGJ-Daten
der klinischen Studien der Phase Il und Il GUberpriift. In einer folgenden Studie wurde die
Zuverlassigkeit der Vorhersage des GLP-validierten Assays getestet, indem 59 der 2017 von Benjamin
und Kollegen veroffentlichten GLA-Genmutationen in einem Messsystem, das den GLP-Assay
replizierte, erneut gemessen wurden (Oommen et al. 2019). Verglichen wurden nicht nur die
Reproduzierbarkeit der erhaltenen Rohmessergebnisse, sondern auch die endgiiltige Abschatzung der
Ansprechbarkeit auf der Grundlage der Definition fiir eine ansprechbare Mutation. Als Schwellenwert
fir eine ansprechbare Mutation gilt offiziell eine absolute Zunahme der Enzymaktivitdt um >3% WT
und eine relative Zunahme der Enzymaktivitdt um das 1,2-fache nach Inkubation mit 10 uM DG)J

(Committee for Medicinal Products for Human Use).

Absolute Steigerung der Aktivitat (% WT):

[Mut + DGJ 8 OOJ_{Mut - DGJ

x1 >
WT — DGJ WT — DGJ] 00i| =3

A

Relative Steigerung gegeniiber dem Ausgangswert (fold change):

[Mut+DG] . }_{Mut—DG]

— T x [ ——— 2 x100|> 1,2
WT — DGJ WT — DGJ }—
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Trotz der identischen Versuchsanordnung stellten die Autoren des Artikels eine
»offensichtliche Diskrepanz zwischen den Laboratorien bei der Messung der AGAL-Aktivitit«? fest, was
mit den zuvor beobachteten Unterschieden bei den Schatzungen der Ansprechbarkeit Gibereinstimme.
In der Tat wurde in friheren Studien ermittelt, dass die Anzahl der ansprechbaren GLA Missense
Mutationen zwischen etwa 40 und 60 % schwankte (Lukas et al. 2013; Wu et al. 2011).
Unterschiedliche Bewertungen einzelner Mutationen kamen ebenfalls vor, wobei zu beachten ist, dass
neben unterschiedlichen Messprotokollen auch unsere eigene Definition fiir eine ansprechbare

Mutation von den Fremdstudien abwich:

Absolute Steigerung der Aktivitat (% WT):

[Mut +DGJ OOJ_{Mut —DGJ

— 7 X 100|> 5
WT — DGJ WT — DGJ }

\

Relative Steigerung gegenilber dem Ausgangswert (fold change):

Mut + DGJ Mut — DGJ
— X100 |+ ————
WT — DGJ WT — DGJ

X 100}2 1,5
Voraussetzung zur Erfillung der Ansprechbarkeitskriterien ist eine Zunahme der Enzymaktivitat auf

mindestens 5% WT Aktivitat.

Die Studie von Oommen und Kollegen (2019) veranlasste uns zu einem Vergleich der im GLP-
Assay erhaltenen Daten (Benjamin et al. 2017) mit den eigenen AGAL Enzymaktivitdtsdaten aus
unserem sehr dhnlichen, intern entwickelten Test (Lukas et al. 2013). Wir verglichen 160 Mutationen,
zu denen Datensatze beider Arbeitsgruppen vorlagen. Wir stellten fest, dass im Allgemeinen eine gute
Ubereinstimmung sowohl bei den biochemischen Daten als auch bei der Bewertung der
Ansprechbarkeit gegeben war. Dennoch ergab ein Vergleich der Daten, dass 12,9 % aller Varianten
unterschiedlich klassifiziert wurden, als die internen experimentellen Daten mit denen des GLP-
validierten Assays und seinen dualen Ansprechbarkeitskriterien verglichen wurden. Es gab keine
Neigung zu responsiven oder nicht responsiven Mutationen, die im anderen System jeweils
unterschiedlich bewertet wurden, was auf einen systemischen Unterschied hindeuten wirde. Wir
stellten die Frage, ob die abweichende Einordnung hauptsachlich an unterschiedlichen biochemischen
Enzymaktivitatswerten oder der unterschiedlichen Definition fiir eine ansprechbare Mutation liegen

wiirde. Die beste Ubereinstimmung mit der offiziellen Ansprechbarkeitsklassifizierung auf der

2 Ubersetzt aus dem Englischen nach Oommen et al. 2019. Inter-assay variability influences migalastat
amenability assessments among Fabry disease variants. Molecular genetics and metabolism 127 (1), S. 74 - 85.
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Grundlage der GLP-validierten Benjamin-Studie wurde erzielt, wenn die Enzymdaten der GLP-Studie
und die Ansprechbarkeitskriterien aus unseren Studien verwendet wurden (Abweichung 6,2 %),
wahrend die groRRte Abweichung bei der Verwendung eigener Enzymdaten und der
Ansprechbarkeitskriterien der GLP-Studie zu beobachten war (Abweichung 18 %). Dies deutete darauf
hin, dass hauptsachlich die Interassay-Variabilitat bei den Enzymdaten und nicht die unterschiedlichen
Ansprechbarkeitskriterien fiir die Nichtlbereinstimmung verantwortlich waren. Anhand unserer
Datensatze wurde auch deutlich, dass eine niedrige Ausgangsaktivitdit und eine grenzwertige
biochemische Ansprechbarkeit Risikofaktoren fiir eine Fehlklassifizierung von GLA-Genvariante waren.
Die Messung der Ansprechbarkeit auf DGJ in zellbasierten In vitro Assays ist jedoch eine Methode, zu

der es derzeit keine Alternative gibt, um die Eignung von Patienten zu bestimmen.

3.2 Studien zu mechanistischen Aspekten neuer therapeutischer Ansatze bei
LSDs

3.2.1 Expression menschlicher GLA Mutationen in Drosophila fiihrt zu
Enzymfehlfaltung, Tod dopaminerger Zellen und einer kiirzeren Lebensdauer (Studie 5)

Pathophysiologische Studien bei M. Fabry und M. Gaucher sind im Wesentlichen auf
Nagetiermodelle beschrankt (Mark E Haskins et al. 2006; Farfel-Becker et al. 2011). Das fiir M. Fabry
verfligbare murine Knockout-Modell weist ein vollstandiges Fehlen der AGAL Aktivitat auf und
reprasentiert weder die genetischen noch die krankheitsspezifischen Aspekte von M. Fabry in
angemessener Weise (Ohshima et al. 1997). Die unter beachtlichem Aufwand entwickelten Modelle
fir den M. Gaucher lassen den Ansatz erkennen, Genotyp-vermittelten Besonderheiten in
humanisierten Tiermodellen Rechnung zu tragen. Doch in Bezug auf die Phdnotypisierung stellten sich
die Mausmodelle mit den haufigen Mutationen p.Asn370Ser und p.Leu444Pro als Enttduschung
heraus. Das p.Asn370Ser Modell, welches den milden, non-neuronopathischen M. Gaucher Typ |
abbilden sollte, verstarben in den ersten 24 Stunden nach der Geburt an einem schweren
ichthyotischen Zustand der Haut (Xu et al. 2003). Mause, die die Typ Ill/Typ ll-Mutation p.Leu444Pro
trugen, wiesen je nach Labor, in dem die Maus hergestellt wurden, sehr unterschiedliche Phanotypen
auf, die von sehr mild bis hin zu unmittelbar tédlich reichten, so dass der Wert der Modelle begrenzt
war (Liu et al. 1998; Mizukami et al. 2002). Flir den M. Fabry existiert ebenfalls ein humanisiertes
Mausmodell mit der gut charakterisierten GLA-Genmutation p.Arg301GlIn, aber diese Maus zeigt
keinen Phanotyp auBer einer verminderten AGAL Aktivitdt und einer moderaten Gb3-Akkumulation.
Sie wurde bislang ausschliefRlich fiir pra-klinische Wirksamkeits- und Dosierungstests fiir das PC DGJ

eingesetzt (Khanna et al. 2010). Auf Grund des erheblichen Aufwands in der Haltung, Zucht und
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Durchfiihrung von Experimenten eignen sich diese Modelle nur bedingt zur Untersuchung
pharmakologischer Beeinflussung zelluldrer Pathways mit dem Ziel molekularer Therapieentwicklung.

Im Jahr 2013 wurde ein Drosophila melanogaster-Modell fir M. Gaucher etabliert (Maor et al.
2013). Die ektopische Expression der Mutanten p.Asn370Ser und p.Leud444Pro in
dopaminergen/serotonergen Zellen der Fliegen fiihrte zu erhohter Aktivitdit der UPR (von engl.
unfolded protein response), Bewegungsstorungen, die an die Parkinson-Krankheit erinnerten und zum
Tod in frihen Entwicklungsstadien. Die Fliegen wiesen gleichwohl keinerlei GlcCer Akkumulation auf
und stellten ein reines Proteinfehlfaltungsmodell dar anhand dessen die Fehlfaltung mutierter B-Glu,
UPR Aktivierung und Enzymretention im ER in einen kausalen Zusammenhang mit der Stabilisierung,
Aggregation und Akkumulation von zelluldrem a-Synuclein gebracht werden konnten (Maor et al.
2016; Maor et al. 2019).

Studie 5 Ubertragt den fiir die Gaucher-Krankheit beschriebenen Ansatz der Expression einer
potenziell fehlgefalteten Genmutation in Zellen des zentralen Nervensystems von D. melanogaster auf
die Fabry-Krankheit. Zu diesem Zweck wurden transgene Fliegen erzeugt, die die mutierten AGAL-
Varianten p.Alal56Val und p.Ala285Asp exprimierten. Beide Varianten sind mit dem klassischen
Krankheitsverlauf bei M. Fabry assoziiert, wobei die erste Variante eine signifikante Restaktivitdt von
etwa 5 % in HEK293-H-Zellen aufweist und auf das PC DGJ anspricht; p.Ala285Asp hat keine
Restaktivitdt und spricht nicht auf eine PC-Behandlung an (Lukas et al. 2013). Bei ubiquitarer
Expression der AGAL-Varianten wurde in Fliegenzellen eine ER-Stressreaktion und eine Aktivierung der
UPR in Form von erh6htem Hsc-70-3, gespleiRtem Xbp1 und ATF4 beobachtet. Dariber hinaus wurden
fiir die AGAL Enzymvarianten selbst eine Verringerung des zelluldren Levels und eine vorwiegende ER-
Lokalisation als Indikator unreifen, inaktiven Enzyms beobachtet. Eine Normalisierung des Zustandes
wurde fiir p.Alal56Val exprimierende Fliegen Uber die Gabe von DGJ erreicht. Zwar konnte auch der
Enzymlevel von p.Ala285Asp durch die Gabe von 20 uM DG!J signifikant erhéht werden, die tbrigen
Parameter normalisierten sich hingegen nicht, was darauf schliefen lasst, dass die durch die
Proteinfehlfaltung der p.Ala285Asp-Mutante ausgeldsten Folgen durch das PC nicht behoben werden
konnten. Die Zelltyp-spezifische Expression von GLA durch einen in dopaminergen Zellen aktiven
Promotor erzeugte eine Unfahigkeit zu klettern (»Negative Geotaxis«-Versuch) in Mutation-
exprimierenden Fliegen, die mit einem vermehrten Absterben dopaminerger Zellen und einer
verkiirzten Lebensspanne einherging. Im Gegensatz dazu war die Lebensspanne von WT AGAL-
exprimierenden Fliegen nicht beeintrachtigt. Die DGJ-Behandlung von p.Alal56Val-exprimierenden
Fliegen fiihrte zu einer Erholung auf nahezu Kontrollniveau, d. h. Fliegen, die kein Transgen
exprimierten. Die Ergebnisse bei p.Ala285Asp-exprimierenden Fliegen zeigten keine signifikante
Verbesserung. Zusammengenommen zeigte sich, dass die ektopische Expression fehlgefalteter AGAL

in neuronalen Zellen der Fliege motorische Verhaltensstérungen hervorrufen konnte, die nicht auf
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einen Mangel an Enzymaktivitat zurickzufiihren waren. Der Phanotyp war durch das PC teilweise

reversibel, wenn eine durch DGJ korrigierbare Fehlfaltungsmutante exprimiert wurde.

3.2.2 Ambroxol als ein intrazelluldrer Enhancer mutierter B-Glu (Studie 6)

In der Erstpublikation des AGAL Enhancers 1-Deoxygalactonijirimycin wird die Verbindung als
‘chemical chaperon' bezeichnet (Fan et al. 1999). Dies ist eine der ersten Studien lberhaupt, die
kompetitive Inhibitoren als neue molekulare therapeutische Strategie fir die Behandlung genetischer
Stoffwechselkrankheiten vorschlagt. In der Folge wurden strukturell vergleichbare Zuckermimetika aus
der Klasse der Iminozucker verwendet, um geeignete Inhibitoren fir B-Glu (M. Gaucher) und GAA (M.
Pompe) zu identifizieren, die sich auch als Chaperone eignen (Sawkar et al. 2002; Steet et al. 2006;
Okumiya et al. 2007; Parenti et al. 2007). Bald darauf wurden PCs fir weitere Hydrolase-Enzym-
basierte LSDs entdeckt (Maegawa et al. 2007; Lee et al. 2010; Hoshina et al. 2018). Der
Wirkmechanismus beruhte stets auf der Bindung an das aktive Zentrum des Enzyms. Doch nicht alle
der Wirkstoffkandidaten waren offensichtliche Mimetika des natirlichen Enzymsubstrats. Das
Vorgehen der Wissenschaftler zeigte ein breites Spektrum, das vom »educated guess«-Ansatz (3hnlich
der DGJ-Studie) iber ein automatisiertes Hemmstoffscreening potenzieller Kandidaten, bei dem die
Substanzbibliotheken oft aus fiir andere Krankheiten zugelassenen Wirkstoffen bestanden (Maegawa
et al. 2007), bis hin zu Studien reichte, die ein durch Bioinformatik gestiitztes Vorscreening, das so
genannte molekulare Docking (MD) oder in silico-MD (Subramaniyan et al. 2018), verwendeten.
Screening (Zheng et al. 2007), Repurposing/Repositioning (Hay Mele et al. 2015) und rationales
Arzneimitteldesign (Zhu et al. 2005; Atrian et al. 2008) waren seither die Ansatze, die zur Entdeckung
einer Vielzahl an Leitstrukturen und deren Weiterentwicklung zur Behandlung von GBAl1
Proteinfehlfaltungsmutationen bei M. Gaucher fiuhrten. Ambroxol wurde als B-Glu-Enhancer im
Rahmen einer Studie entdeckt, in der erstmals nicht nach Hemmstoffen gesucht wurde, sondern nach
Verbindungen, die in der Lage waren, die thermische Denaturierung des Enzyms abzuschwachen, also
Enzymstabilisatoren (Maegawa et al. 2009). Die Ausgangsbedingung sah eine 10 mM
Behandlungskonzentration der zu untersuchenden Verbindung vor. In weiteren Untersuchungen zur
Bindungskinetik wurden ebenfalls hohe Konzentrationen von mindestens 2 mM eingesetzt, was
héchstwahrscheinlich eine klinisch unerreichbare Konzentration darstellt (Kim et al. 2020). Gleichwohl
konnte ABX die B-Glu Aktivitdt verschiedener Mutationen in Patientenzellen und im Fliegenmodell im
mittleren zweistelligen micromolaren Bereich erhéhen, darunter auch die Aktivitat der beiden
haufigen Mutationen p.Asn370Ser und p.Leu444Pro (Bendikov-Bar et al. 2011; Castilla et al. 2012;
McNeill et al. 2014; lvanova et al. 2018; Maor et al. 2016). Auch die klinische Anwendung bei Patienten
mit M. Gaucher Typ | verlief erfolgversprechend (Zimran et al. 2013). Die Ansprechbarkeit von

p.Leud444Pro ndhrte Uberdies die Hoffnung auf eine erste effektive Behandlungsform fiir den
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subakuten neuronopathischen M. Gaucher Typ lll. Durch diese aussichtsreichen Daten verdient ABX
unsere Aufmerksamkeit als Medikamentenkandidat fir die Behandlung von M. Gaucher. ABX wurde
zuletzt meist als pharmakologisches Chaperon bezeichnet (Enshaei et al. 2019; Kopytova et al. 2021),
was allerdings einen spezifischen Wirkmechanismus unterstellt, der auf einer Stabilisierung des
Enzyms beruht. Gleichwohl konnte dieser Wirkmechanismus in den zahlreichen in cellulo Studien fir
ABX bislang nicht nachgewiesen werden. Die hohen Konzentrationen, die in zellfreien Experimenten
verwendet wurden, um eine B-Glu Reaktion auszuldsen, kénnten auf einen anderen Mechanismus der
enzymstimulierenden Wirkung von ABX hinweisen, der auf komplexeren intrazelluldren Prozessen
beruht. In der vorliegenden Studie 6 wurde ein klassisches PC in Form des hochkompetenten
Iminozucker-Inhibitors IFG mit ABX verglichen. Untersucht wurden verschiedene bekannte Parameter
wie Hemmungseffizienz, Effektivitat auf die intrazellulare B-Glu-Aktivitat in patienteneigenen Zellen
und erstmals Enzym-stabilisierende Wirkung in einem quantifizierbaren Modell (TSA von engl. thermal
shift assay). In Ubereinstimmung mit vorherigen Studien konnte bei pH 4,7 nur minimale
Hemmwirkung von ABX festgestellt werden, wahrend IFG eine vollstandige Hemmwirkung entfaltete
(ICso = 0,32 uM). Es wurde berichtet, dass die inhibitorische Wirkung von ABX pH-abhéngig war und
eine vollstandige Hemmung von B-Glu bei einem pH 6,7, wie er im ER der Zelle herrscht, erreicht
werden konnte. Dies kdnne von Vorteil sein, da die Interaktion zwischen Enzym und Ligand im ER am
Ort der Enzymsynthese erwiinscht und am Ort der katabolen Funktion im Lysosom unerwiinscht ist.
Wir sahen allerdings von einer enzymatischen Bestimmung unter neutralen pH-Bedingungen ab, da
das Enzym hier kaum aktiv ist (Aerts et al. 2003). Da beide Verbindungen in zwei heterozygoten
Zelllinien (p.Asn370Ser/ 84GG) eine nahezu identische Steigerung der B-Glu-Enzymaktivitat bewirkten,
stellten wir stattdessen ein hitzeinduziertes Schmelzprofil des rekombinanten B-Glu-Enzyms mittels
TSA her. Hierin zeigte sich, dass das mit 2 mM IFG behandelte Enzym bei pH 5,5 eine um 22°C
verzogerte Denaturierung von 42°C auf 64°C aufwies. Unter gleichen Bedingungen konnte ABX nur
eine insignifikante thermische Stabilisierung von 2,3°C erzielen. In Ubereinstimmung hiermit zeigte
sich ABX-behandelte B-Glu im Zellkulturmodell instabiler und eine groRere unreife B-Glu Fraktion als
in IFG-behandelten Zellen wurde evident. Wir argumentierten, dass friilhere Studien gezeigt hatten,
dass ABX nicht nur als PC, sondern auch auf zellbiologischer Ebene als Transkriptionsregulator wirkt,
indem es GBA1 durch Erhéhung des lysosomalen Hauptregulators Transkriptionsfaktor EB, und CHOP,
einem weiteren ER-Stress-relevanten Transkriptionsfaktor, der an der GBA1-Regulierung beteiligt ist,
erhoht. Durch Nutzung spezifischer ABX-Strukturanaloga lieferte Studie 6 weiterhin Informationen zur
Struktur-Funktionsbeziehung von ABX. Die Daten zeigten, dass sowohl die 4-Hydroxylgruppe als auch
das Fehlen der Aminomethylgruppe (im Unterschied zum Strukturanalog Bromhexin) als

Charakteristika entscheidende Strukturmerkmale fir die Effektivitdit von ABX als B-Glu-Enhancer
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darstellen, was fir die kiinftige rationale Entwicklung von Arzneimitteln fiir M. Gaucher auf der Basis

von ABX als Leitstruktur Einschrankungen in der Derivatisierbarkeit mit sich bringt.

3.2.3 Entwicklung nicht-inhibitorischer PCs der »zweiten Generation« fiir M. Fabry
(Studie 7)

Der Einsatz von in silico-MD ist ein leistungsfahiges Instrument zur Abschatzung der
Bindungsfahigkeit potenzieller Interaktionspartner fir bei LSDs mutierte Hydrolasen. Diese
Technologie wurde bereits erfolgreich bei diversen Krankheiten wie M. Gaucher, M. Pompe und NP-C
angewandt (Subramaniyan et al. 2018; Borie-Guichot et al. 2021; Vélkner et al. 2022).
Computergestiitzte MD Experimente im eigenen Labor verwendeten die N-terminale Domdne, die die
Cholesterol-Bindungsstelle am NPC1 Protein beinhaltet (Kwon et al. 2009). Die N-terminale Domane
besteht aus ~240 Aminosduren und entspricht der ersten luminalen Domane des 13
Transmembrandoménen umfassenden NPC1-Proteins. Hier bot sich der natirliche Ligand als
Leitstruktur far eine kompetitive Proteinbindung an der Cholesterolbindungstasche an. Das
strukturbasierte Wirkstoffdesign wurde zum einen mit Hilfe oxygenierter Derivate (z.B. 25-
Hydroxycholesterol und 27- Hydroxycholesterol) (Porter et al. 2010; Ohgane et al. 2014) und zum
anderen mit Hilfe grofRer Substanzbibliotheken (Wishart et al. 2006) durch in silico-MD durchgefiihrt.
So konnten sowohl steroidale als auch nicht-steroidale (nicht substratmimetische) PC-Kandidaten
identifiziert werden. Neben der freien Bindungsenergie war ein wesentlicher Parameter zur
Bestimmung der Bindungsqualitat der pKb-Wert der Verbindung, da die pH-abhangige Bindungsstarke
durch den Unterschied zwischen dem Syntheseort und dem Wirkungsort des lysosomalen Proteins
eine Rolle spielt. Auf diese Weise kann eine erleichterte Reversibilitat der Bindung sichergestellt und
eine verbesserte PC Wirkung erzeugt werden. Am Beispiel von NP-C I3sst sich auch die Bedeutung von
PCs aufzeigen, die nicht kompetitiv an das aktive Zentrum des Proteins andocken. Ohgane und
Kollegen fanden Hinweise auf eine zweite Cholesterol-Bindungsstelle, deren Besetzung ebenfalls zu
einer Stabilisierung des mutierten Proteins fiihren kdnnte (Ohgane et al. 2013). Die Dynamik der
Cholesterolbindung sowie die Spezifitdt der zweiten Bindungsstelle ist nur unzureichend verstanden
(Dubey et al. 2020), birgt aber die Hoffnung auf stabilisierende Ligandenbindung ohne gleichzeitige
Hemmung des Cholesteroltransports.

In einer friheren Studie wurde an der AGAL ebenfalls eine zweite, allosterische Zucker-
Bindungsstelle distal des aktiven Zentrums mit erhohter Affinitat zu B-D-Galactose aufgedeckt. Da die
hemmende Wirkung dem therapeutischen Ziel der PCT im Wege steht und eine immer noch
signifikante Anzahl von Mutationen durch den isosterischen Iminozucker DGJ nicht adressiert werden
konnte, wurde im Rahmen der Studie 7 ein in silico-MD-Screening mit tGber 10.000 kommerziell

erhaltlichen Verbindungen aus der ZINC-Datenbank (Irwin und Shoichet 2005) an der allosterischen
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Zucker-Bindungsstelle durchgefiihrt. Die Bindungsstelle bot eine veranderte Ligandenspezifitat Gber
die mutmalliche Bindung an Asp255 und Lys374 und damit die potentielle Umgehung von
Kreuzinhibition mit der primaren Zucker-Bindungsstelle sowie die Moglichkeit, zusatzliche Mutationen
anzuvisieren, die von DGJ nicht angesprochen werden konnten. Von den zugelassenen Medikamenten
tat sich im virtuellen Screening keine Verbindung hervor, die sich fur das drug repositioning anbot,
aber ein Treffer stellte das 2,6-Dithiopurin (DTP) dar, welches zwar kein zugelassenes Medikament,
aber in Zellkulturexperimenten gut vertraglich war. DTP hemmte rekombinante AGAL (Fabrazyme,
Genzyme Corporation) bei einer Konzentration von 6 mM in einem enzymatischen Test mit dem
synthetischen Substrat 4-Nitrophenyl-a-D-Galactopyranosid nicht. Demgegeniiber stand eine nahezu
vollstandige Hemmung durch DGJ bei gleichem Versuchsaufbau und bei einer Konzentration von 1 uM.
Im TSA zeigte DTP allein und in Synergie mit DGJ eine stabilisierende Wirkung auf Fabrazyme. Im
Uberexpressionssystem in COS-7 Zellen wurde die Ansprechbarkeit verschiedener GLA Mutationen auf
DTP untersucht. Zwar erwies sich das Wirkspektrum von DTP als begrenzt, beispielsweise waren
Mutationen in unmittelbarer Ndhe der allosterischen Bindungsstelle, p.Ala37Thr, p.Pro40Ser,
p.Metd2Thr und p.Metd42Val, nicht ansprechbar, gleichwohl zeigte sich die DGIJ-irresponsive
p.Ala230Thr ansprechbar. Die durchgefiihrten Untersuchungen wiesen auf ein erweitertes Potential
fiir niedermolekulare PCT hin und lieferten Aussagen zur Vorhersagbarkeit der Ansprechbarkeit von

GLA Mutationen bei Adressierung der allosterischen Bindungsstelle.

3.2.4 Priifung potenzieller enzymverstirkender Verbindungen fiir AGAL und GAA
(Studie 8)

Verschiedene Punkte sprechen fiir eine gemeinsame Betrachtung Hydrolase-assoziierter LSDs
in Bezug auf ein therapeutisches Targeting. Das Vorhandensein eines lysosomalen Netzwerks (CLEAR)
zentral regulierter Gene (Sardiello et al. 2009) und die weitgehende ldentitat proteinbiosynthetischer
Prozessierungsablaufe lysosomaler Hydrolasen in der Zelle (siehe Abschnitt 1.1.2) o6ffnet die
Moglichkeit eines pharmakologischen Eingriffes mittels funktionaler ERAD-Inhibitoren,
Transkriptionsregulatoren und anderer Proteostaseregulatoren. Die lysosomalen Enzyme AGAL und
GAA weisen liberdies viele weitere Gemeinsamkeiten auf. Sie bilden den Glykosylhydrolase-Clan »GH-
D«, eine Superfamilie von Alpha-Galactosidasen und anderen zuckerspaltenden Hydrolasen, die neben
einem gemeinsamen katalytischen Mechanismus eine gemeinsame strukturelle Topologie bestehend
aus einer a/Bs-barrel fold in der Domane, die das aktive Zentrum enthalt, aufweisen.

Das groRte Manko der konventionellen ERT ist die begrenzte Effektivitdt bei bestimmten
Gewebsmanifestationen. So z.B. ist die Blut-Hirn-Schranke eine uniiberwindbare Barriere fiir diese
Therapie und Patienten mit zerebrovaskuldren Komplikationen und neuropathischen Schmerzen (M.

Fabry) kénnen nur unzureichend profitieren (Azevedo et al. 2020). Ebenso verhilt es sich mit
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Symptomen der Herz- und Atemmuskulatur (M. Pompe) (Sun et al. 2015). Eine weitere Gefahr besteht
in einer moglichen Immunreaktion gegen die applizierten Enzyme, die das Risiko einer
Effektivitaitsminderung beherbergen (El Dib und Pastores 2010; Wilcox et al. 2012; Azevedo et al.
2020). Patienten mit NULL Mutationen und besonders schadlichen Missense Mutationen, die mit
schweren Krankheitsverlaufen assoziiert sind, sind demnach besonders gefahrdet, wahrend der ERT
neutralisierende Antikoérper zu entwickeln (Wang et al. 2008).

Die in Studie 8 untersuchten niedermolekularen Verbindungen ABX und Rosiglitazon (RSG)
wurden in friheren Studien als genregulatorisch (McNeill et al. 2014) bzw. ERAD-hemmend
(Motomura et al. 2004) beschrieben. RSG hat durch seinen Einfluss auf PPARy und NFkB eine massive
Wirksamkeit auf zellphysiologische Wege, deren Beeintrachtigung in LSD Modellen bekannt ist und
deren pharmakologische Ansteuerung potenziell bedeutsam sein kann, z.B. als direkt
schmerzlinderndes Mittel gegen die M. Fabry Neuropathie (Formaggio et al. 2022). Weitere
systematisch untersuchte niedermolekulare Wirkstoffe, die den Prozess von Synthese und Transport
lysosomaler Enzyme unterstiitzen kénnen wurden in ER Stress-Auslésern (z.B. Tunicamycin),
Inaktivatoren des proteasomalen Abbaus (z.B. MG-132) und anderen PPAR-modulierenden Wirkstoffe
(z.B. Bezafibrat) analysiert. Die Verbindungen wurden zunichst im in vitro Uberexpressionsmodell an
neun ausgewahlten M. Fabry Mutationen untersucht. Die Mutationen wurden dergestalt selektiert,
dass sie in HEK293-H-Zellen (i) eine Restaktivitat (21 % des Wildtyps) und (ii) Ansprechbarkeit auf DGJ
(21,5-facher Anstieg, insgesamt =5 % des Wildtyps) aufwiesen, um deren Responsivitatspotential zu
gewadhrleisten. Zum Zeitpunkt der vorliegenden Studie wurde ABX erst kiirzlich als PC fiir M. Gaucher
identifiziert. Bei Einzelverabreichung einer Konzentration von 40 uM zeigte es nur auf wenige AGAL-
Formen eine signifikante Wirkung, darunter der Wildtyp, p.Alal56Val und p.Arg301GIn. Die
Konzentrations-Wirkungs-Beziehung ergab eine ECsp von 17,4 uM fiir das Wildtyp-Enzym unter
Verwendung eines sigmoidalen Kurvenanpassungsmodells. In Zellkultur als Kombinationsbehandlung
mit DGJ eingesetzt, zeigte ABX eine signifikante zusatzliche Steigerung auf die Enzymaktivitat aller
neun getesteten AGAL Mutationen. In gleicher Weise verstarkte ABX synergistisch die Wirkung des
ebenfalls als PC bekannten natiirlichen Substrats Galactose (Frustaci et al. 2001) auf die untersuchten
Mutationen. Die thermische Denaturierung unter steigenden DGJ- und ABX-Konzentrationen und die
anschlieRende Enzymmessung wurden analog zu den Arbeiten von Maegawa und Kollegen (Maegawa
et al. 2009) durchgefiihrt. Dabei zeigte sich kein nachweisbarer Effekt auf die Stabilitdt von
rekombinantem AGAL (Agalsidase alfa) durch ABX. Dennoch zeigte sich ein zusatzlicher stabilisierender
Effekt zur DGJ-vermittelten Stabilisierung bei zusatzlicher Gabe von 2,5 mM ABX. Zudem fungierte ABX
nicht als Inhibitor von Agalsidase alfa. In Zellkultur erhéhte ABX die durch die beiden PCs DNJ und NB-

DNJ erhohte GAA Aktivitat dreier ansprechbarer M. Pompe-assoziierter Mutationen in additiver Weise.
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ABX konnte nach unseren Untersuchungen als potentiell LSD-lbergreifender PC-Enhancer etabliert
werden.

Die weiteren Substanzen wurden bona fide an der AGAL Mutante p.Arg301GIn getestet. Der
PPARy Agonist RSG zeigte eine synergistische Wirkung mit DGJ in dhnlicher Weise wie ABX. Allerdings
schien die Wirkung der Einzelbehandlung mit RSG ausgepragter zu sein, so dass RSG bei zusatzlichen
grenzwertig DGJ-ansprechbaren Mutationen, p.Argl18Cys und p.Thr385Ala, erfolgreich getestet
wurde. Eine eventuell unterschiedliche Mutationsspezifitdt verschiedener Proteostaseregulatoren
konnte das Therapiespektrum niedermolekularer Substanzen erweitern, bedarf aber weiterfiihrender
mechanistischer Studien, um die Vorhersagbarkeit zu verbessern. Das RSG-Struktur- und
Funktionsanalog Pioglitazon als auch das eine hoéhere Spezifitat fiir PPARa aufweisende Bezafibrat
wiesen ebenfalls aktivitatssteigernde Wirkung auf die AGAL Mutante p.Arg301GIn auf. Die
proteasomalen Inhibitoren MG-132 und Lactacystin zeigten eine enzymstabilisierende Wirkung, aber
keine Erhohung der Aktivitadt, so dass davon auszugehen war, dass der Enzymabbau in gewissem MalSe
verhindert wurde, der Weitertransport und die Prozessierung von AGAL im HEK293-H-System jedoch
nicht stattfanden oder nicht abgebildet werden konnten. Zum Vergleich, Ishii und Kollegen wiesen
ebenfalls einen verringerten Abbau von AGAL-Mutanten in iberexprimierenden COS-7 Zellen nach,
malRen in ihrer Studie jedoch nicht die Enzymaktivitat (Ishii et al. 2007). Daher stehen unsere Daten
nicht im Widerspruch zu dieser Studie. Im Gegensatz dazu wurden positive Auswirkungen von
proteasomalen Inhibitoren auf die B-Glu-Mutante anhand von Enzymaktivitdtsmessungen gezeigt, die
aber an patienteneigenen Zellen vorgenommen wurden (Mu et al. 2008). Das groRe Potential der
Substanzklasse der proteasomalen Inhibitoren als Wirkstoffe bei LSDs ist ebenfalls an der
Durchfiihrung klinischer Studien zu NP-C und M. Pompe ablesbar (Sitarska et al. 2021),
(NCT025251723), so dass zu diesem Zeitpunkt offen bleiben muss, ob Proteasom-Inhibitoren eine
wirksame Behandlungsoption fir M. Fabry sein kdnnten. Die anderen Substanzen, die auf
verschiedene Weise in die ER-Physiologie eingreifen und ER-Stress erzeugen, Kifunensin, Thapsigargin
und Tunicamycin, hatten im Expressionssystem ebenfalls keine Wirkung auf p.Arg301GIn.

Sowohl ABX als auch RSG haben eine ganze Reihe von unterschiedlichen Auswirkungen auf die
Zellphysiologie. Ein klarer Mechanismus kann fiir beide Wirkstoffe ohne weitere Untersuchungen noch
nicht definiert werden. ABX ist ein nicht hemmender PC-Enhancer, der sowohl Auswirkungen auf den
Kalziumhaushalt der Zelle als auch erweiterte genregulatorische Effekte auslibt. RSG zeigte in einer
friiheren Studie Ubiquitin-hemmende Wirkungen (Marfella et al. 2006). Wir konnten keinen Hinweis

auf Hemmung des Proteasoms in der applizierten Konzentration feststellen. Um die Rolle des

3 In dieser klinischen Studie wird Bortezomib als immunmodulatorisches Medikament zur Reduzierung von IgG
Antikorpern auf die ERT eingesetzt.
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Ubiquitin-Proteasom-Systems beim beobachteten RSG-Effekt zu untersuchen, behandelten wir die
Zellen mit dem E1-Enzym-Hemmstoff Pyr-41, was weder einen Effekt auf die Aktivitdt noch auf den
Abbau des AGAL Enzyms hatte, so dass die Ergebnisse dieser Studie die Modulation PPAR-regulierter

Stoffwechselwege als wahrscheinlicheren Wirkmechanismus erscheinen lassen.

3.2.5 Identifizierung und mechanistische Untersuchungen an niedermolekularen

Enzym-Enhancern (Studie 9)

Wenn es sich um Wirkstoffverbindungen handelt, die die Funktion einzelner Proteine oder
ganzer molekularer Prozesse ausnutzen, um eine verstarkende Wirkung des mutierten lysosomalen
Enzyms zu erreichen, sind Uberexpressionsmodelle fiir die Translation in die Anwendung
fehleranfalliger als endogene Modelle. Beispielsweise sind HEK293-H-Zellen auf Grund ihres stark
abweichenden Karyotyps fiir Studien, welche genregulatorische Wirkstoffe nutzen, ungeeignet
(Stepanenko und Dmitrenko 2015). Weitere Eingriffe in die Zellphysiologie wie die Veranderung durch
Plasmidvektor-vermittelten Gentransfer erzeugen weitere Artefakte und schranken die Signifikanz
mechanistischer Studien ein. PCs nehmen eine Ausnahmestellung bei den niedermolekularen
Wirkstoffen ein und kénnen daher in der Regel auch in Uberexpressionsmodellen eingesetzt werden
(Flanagan et al. 2009; Wu et al. 2011). Eine mogliche Erklarung ist, dass die Klasse der PCs direkt mit
dem mutierten lysosomalen Enzym interagiert, dessen fiir die Ansprechbarkeit relevante strukturelle
Charakteristika weitgehend unabhangig von Zelltyp und Expressionslevel zu sein scheinen. Gleichwohl
ist die Liste an PC Molekiilen noch kurz, deren Wirksamkeit sowohl im Uberexpressionssystem als auch
im endogenen Modell empirisch belegt wurde. In wirkmechanistischen Studien an M. Gaucher
kommen so gut wie ausschlieBlich Patientenzellen zum Einsatz. Der Umweg Uiber Expressionsmodelle
ist unnotig, da die Verflgbarkeit geeigneter endogener Zellmodelle auf Grund der Haufigkeit
bestimmter Missense Mutationen (c.1226A>G (p.Asn370Ser); c.1448T>C (p.Leu444Pro)) gegeben ist.
Diese Mutationen stehen im Zentrum des Behandlungsinteresses. Derzeit gibt es keine Berichte zur
Ansprechbarkeit auf niedermolekulare Medikamente, die den Hunderten von GBA1 Missense
Mutationen Rechnung tragen wie bei den breit angelegten Studien bei M. Fabry. Im Gegensatz zu den
haufigen Mutationen bei M. Gaucher sind die hdufigen Mutationen bei M. Fabry deutlich weniger
verbreitet. Das Auftreten von Mutationen ist in der Regel auf eine oder wenige Familien beschrankt,
was die Wahl einer Modellmutation fiir Medikamententests erschwert und die Verfligbarkeit
geeigneter endogener Zellmodelle begrenzt. Dank intensiver Forschung an DGJ ist jedoch die
Ansprechbarkeit der Mehrzahl aller bekannten GLA Missense Mutationen bekannt. Die Punktmutation
€.902G>A (p.Arg301GIn) hat sich wiederholt als Beispiel fiir eine Proteinfehlfaltungsmutante (mit
restlicher katalytischer Funktionalitdt) erwiesen, die sich demnach fir die Untersuchung neuer

niedermolekularer Wirkstoffkandidaten eignet (Ishii et al. 2007; Khanna et al. 2010; Lukas et al. 2013).
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Fir die vorliegende Studie erhielten wir mit freundlicher Genehmigung von Amicus Therapeutics
(Cranbury, NJ, USA) eine hemizygote Fibroblastenlinie eines mannlichen Patienten mit der c.902G>A
Variante. Dariiber hinaus konnte eine Fibroblastenlinie tiber das Coriell Institute for Medical Research
(Camden, NJ, USA) bezogen werden, die hemizygot fiir eine C>G-Transversion im selben Codon in Exon
6 (c.901C>G) war, was zur Substitution von Arginin durch Glycin (p.Arg301Gly) fihrt.

Auf Grund der unbekannten Koharenz der zuvor erhaltenen Daten im Uberexpressionssystem
haben wir nicht nur bereits positiv getestete Verbindungen (ABX, RSG) in den Fibroblasten getestet,
sondern erneut ein Screening mit 23 Proteostase-regulierenden Verbindungen (PR) mit einer Vielzahl
von Funktionen (lonenkanalmodulatoren, UPR Stimulatoren, ERAD-Inhibitoren,
Energiestoffwechselmodulatoren) durchgefiihrt. Die proteasomalen Regulatoren (PRs) wurden auf ihr
Potenzial zur Steigerung der zellularen AGAL-Enzymaktivitat untersucht. Als wichtigste Eigenschaften
wirksamer PRs bei M. Fabry erwiesen sich die Fahigkeiten, die GLA-Genexpression zu induzieren und
das Proteasom zu hemmen (insbesondere die Chymotrypsin-ahnliche Aktivitat). Darliber hinaus wurde
ein charakteristisches Transkriptionsmuster beobachtet, das aus 29 Genen bestand. Hierbei fiel auf,
dass die regulierten Gene direkt mit Proteostase-assoziierten Prozessen, »Proteasomaler Abbau,
»Parkin-Ubiquitin-Proteasom-System« und der »NRF2-Abbauweg« (nach Wikipathways (Kutmon et al.
2016)) in Verbindung standen. Wir vermuteten daher, dass diese Transkriptionseffekte auf wichtige
Mechanismen hinweisen und hilfreich fur kiinftige Wirksamkeitsvorhersagen potentieller PRs sein
kénnen. Wichtige Genexpressionssignaturen sind aus Datenbanken wie iLINCS extrahierbar (Pilarczyk
et al. 2022) und konnen kinftige Arzneimittelentdeckungsprojekte unterstitzen. Darliber hinaus mag
es Kausalitaten geben, die eines Tages therapeutische Targets werden definieren kénnen.

Die wesentlichen wirksamen Verbindungen entstammten hier der Klasse der proteasomalen
Inhibitoren wie Bortezomib/MG-132/Lactacystin, gleichwohl sich der Inhibitor Celastrol, der sowohl zu
einer erhohten GLA-Genexpression als auch zu einer verringerten proteasomalen Aktivitat fihrte, als
unwirksam herausstellte. Griinde hierfiir kénnten eine unzureichende Erhéhung der Genexpression
bzw. eine unzureichende Hemmung der Proteasom-Aktivitdit oder andere ungiinstige, noch
unbekannte Einflussfaktoren sein, die einer Verstarkung von AGAL entgegenwirkten.

Weitere Erkenntnisse waren insbesondere der synergistische Effekt der PRs im Rahmen einer
Kombinationsbehandlung mit dem klinisch zugelassenen DGJ. Dies kdnnte ein Indikator fiir eine
klinisch relevante Steigerung der Wirksamkeit der PCT und eine Ausweitung des Wirkungsspektrums
auf Mutationen sein, die bisher als unzureichend ansprechbar galten. Darliber hinaus wurde gezeigt,
dass Verbindungen, die sich auf die Mutation c.902G>A positiv auswirkten, die AGAL-Aktivitat von

€.901C>G (p.Arg301Gly) in dhnlicher Weise positiv beeinflussten.
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4 Zusammenfassung

Die vergleichsweise intensiv erforschten lysosomalen Speicherkrankheiten M. Fabry, M.
Gaucher und M. Pompe zeigen eindrucksvoll die Fortschritte auf dem Gebiet der Diagnostik und
Therapie. In den letzten zwanzig Jahren wurden in diesem Bereich technologische Errungenschaften
wie die genetische Sequenzierung mit der Next Generation Sequencing-Technologie sowie die
Entdeckung und Entwicklung von Biomarkern mit Hilfe fortschrittlicher spektrometrischer Methoden

zu Diagnosezwecken implementiert.

Mechanistische Arzneimittelstudien zur
Neupositionierung und

Aufkldrung der humanen
AGAL Kristallstruktur
(Garman et al, 2004).
»Chemisches Chaperon«  1-
Deoxygalactonojirimycin  (DGJ)
fur M. Fabry (Fan et al, 1999).

Initialisierung klinischer Studien der
»erste-Generation«  PC  fur M
Fabry, M. Gaucher und M. Pompe.

Kombinationstherapie fir die relativ
haufigen LSDs M. Fabry, M. Gaucher
und M. Pompe (Studien 5, 6, 8 und 9).

I
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Systematische
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Abb. 6. Pharmakologische Chaperone bei M. Fabry. Oben: Das Diagramm zeigt einige wegweisende
Entwicklungen in der Forschung und Medizin von niedermolekularen PCs in LSDs (hier mit Fokus auf M. Fabry) in
den Jahren 1999 bis 2022. Die neun eigenen Studien sind im Diagramm ebenso benannt und in den Kontext der
Forschung eingebettet wie die einflussreichsten externen Studien. Der rot schraffierte Bereich kennzeichnet den
Zeitraum von 2015 bis 2022, in dem die hier zusammengefassten Studien durchgefiihrt wurden. Unten:
Entwicklung der Literatur zu LSDs und pharmakologischen Chaperonen in Zahlen. Gezeigt ist die Anzahl an
Studienveréffentlichungen in Abhdngigkeit des Veroffentlichungsjahres. Es wurden die Suchanfragen
[,,lysosomal storage*“ AND ,pharmacological chaperone”] als auch [,lysosomal storage*“ AND ,chemical
chaperone”] verwendet, um einerseits der Tatsache Rechnung zu tragen, dass die gebrauchlichen Begriffe
lysosomal storage disease als auch lysosomal storage disorder in der Suchanfrage bericksichtigt werden und
andererseits, dass der Terminus pharmacological chaperone in der LSD Literatur erst im Jahr 2006 erstmalig
auftaucht.

Die Entdeckung und Weiterentwicklung neuer und alternativer Therapieformen waren
sicherlich eine Triebkraft fiir diesen Fortschritt, da dadurch das Interesse von pharmazeutischer Seite
geweckt war, die Identifizierung von Patienten im Rahmen groRer Screening-Programme wirtschaftlich

zu unterstitzen. Dies wirkte sich wiederum sowohl fiir die Anbieter der pharmazeutischen Produkte
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als auch fir die Patienten vorteilhaft aus, denn eine friihzeitig erkannte und behandelte Symptomatik
flihrt zu einer deutlichen Verbesserung und damit der Prognose der Erkrankung. Da die meisten
Therapeutika unabhangig der Patientengenetik funktionieren, hinkten mechanistische Untersuchung
an individuellen Mutationen zum zeitlichen Beginn der hier vorgestellten Studien der Entwicklung
hinterher. Relativ neu war die Erkenntnis, dass einige Genmutationen mit einer Fehlfaltung des
Proteins oder Enzyms einhergingen, was einen Riickbehalt des Enzyms im ER und schlieflich einem
vorzeitigen Abbau im Proteasom zur Folge hatte. Gleichwohl riickte die Genetik der Patienten erst eine
ganze Weile nach der Entdeckung des ersten pharmakologischen Chaperons fiir M. Fabry, dem
Iminozucker 1-Deoxygalactonojirimycin, im Jahr 1999 in den Fokus. Ein wichtiger Meilenstein in dieser
Entwicklung war die Entschlisselung der Kristallstruktur des menschlichen AGAL Enzyms, die eine
computergestiitzte Vorhersagbarkeit des durch Missense Mutationen verursachten biochemischen
Defekts verbesserte (Abb. 6, oberer Teil). Nach und nach zeigte sich in der pathomechanistischen
Betrachtung, dass eine Vielzahl der zahlreichen Missense Mutationen bei M. Fabry (und anderen LSDs)
von Proteinfehlfaltung betroffen waren. Therapietheoretisch wurde somit die Aufmerksamkeit von
der Funktionalitdt der Enzyme im Lysosom einerseits und vom lysosomalen Speichermaterial
andererseits hin zur Bildung und Reifung des Enzyms im ER verschoben. Mit dem neuen Thema der
Wirkstoffe, die die Faltung der mutierten Enzyme im ER positiv beeinflussen kdnnten, wurden in den
2000er Jahren PC-Kandidaten fiir weitere LSDs entdeckt (Abb. 6, oberer Teil). Diese dhnelten dem
natlirlichen Substrat und traten mit der Bindungsstelle im aktiven Zentrum in Wechselwirkung, so dass
sie in ihrer Eigenschaft als Hemmstoffe auch als »erste Generation« PCs bezeichnet wurden. In den
Jahren 2009 und 2011 wurde in zwei Publikationen erstmals ein systematischer Ansatz zur Bewertung
der Ansprechbarkeit von 80 GLA Missense Mutationen auf das PC verfolgt, der erstmals das
pharmazeutische Potenzial im Hinblick auf die Wirksamkeit aufzeigte und eine Vorstellung von der
Anzahl der ansprechbaren Patienten gab. Die hier vorgestellten neun Studien der Jahre 2015 - 2022
fallen zeitlich in eine Phase, in der bereits die ersten klinischen Studien fir M. Fabry, M. Gaucher und
M. Pompe dieser ersten Generation PCs abgeschlossen waren. Die zunachst steigende und dann auf
einem gleichen Niveau bleibende Zahl von Primaérartikeln in PubMed (Abb. 6, unterer Teil) kann als
Indikator fir die zunehmend vielversprechende Forschung an neuen PC-Kandidaten dienen, deren
Entdeckung mit DGJ bei M. Fabry begann und sich bald auf andere LSDs erstreckte.

Unsere Untersuchungen legten das Augenmerk auf die Analyse weiterer Mutationen unter
Erweiterung um klinische, biochemische und bioinformatische Analysetechniken, der Standardisierung
der AGAL (und GAA) Enzymaktivitditsmessung und trugen zur systematischen Phanotypisierung der
Mutationen in Hinblick auf deren Pathogenitatspotential und somit zum heutigen umfassenden
molekularen Verstandnis Uber diese Mutationen bei (Lukas et al. 2013; Studien 1-4). Ein Wandel im

Grundverstindnis der Bewertung von Mutationen im GLA-Gen lasst sich an folgendem Beispiel
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aufzeigen: In alteren Studien werden niedrigere Pravalenzen fiir das Auftreten von M. Fabry von
1:40.000 bis 1:117.000 angegeben (Snit et al. 2022). Neuere Studien der spiten 2000er Jahre lieBen
auf eine wesentlich hohere Haufigkeit von M. Fabry-assoziierten GLA-Mutationen schliefen (Spada et
al. 2006; Hwu et al. 2009; Wittmann et al. 2012). Diese Befunde fiuhrten zu der Annahme, dass nur
etwa 10-20 % der M. Fabry-Falle mit dem klassisch-schweren Krankheitsverlauf assoziiert sind,
wahrend die weitaus hohere Zahl auf zuvor haufig Ubersehene mildere Krankheitsvarianten
zuriickzufihren ist. Die Thematik wurde durch unsere Studien erneut aufgegriffen und das bisherige
Bild gescharft. Durch die vielen GLA-Genvarianten mit hoher Enzymaktivitat und unklarer klinischer
Kennzeichen ist zu erwarten, dass es sich bei einer groBen Zahl dieser GLA-Varianten um gutartige
Varianten handelt, bei deren Vorkommen es nur in seltenen Fallen zum Ausbruch einer M. Fabry-
Symptomatik kommt (Duro et al. 2018). Mit anderen Worten: Die hohen Zahlen an GLA-Gen Varianten
beschreiben zunachst Allelhdufigkeiten, die nicht zwingend mit M. Fabry in Einklang stehen, so dass
die Pravalenz der atypisch-milden M. Fabry-Krankheit spekulativ bleibt, aber sehr wahrscheinlich
niedriger liegt als in den 2000er Studien gezeichneten Szenarien. Denkbar ist auch ein abweichender
Pathomechanismus fuRend auf fehlerhafter Proteinfaltung, die zu toxischem gain of function fiihren
konnte, was sich aus unserem Fliegenmodell-Ansatz ableiten lasst (Studie 5) und auch in neueren
Studien dokumentiert wird (Riillo et al. 2023).

Uberdies gelang es den Ansprechbarkeitslevel zahlreicher GLA-Mutationen fiir das PC DGJ zu
bestimmen und die Datenlage fiir behandelnde Arzte zu verbessern, indem der klinisch zugelassene
pharmakogenetische Enzymassays (GLP-HEK) einer unabhangigen Validierung unterzogen wurde. Die
Robustheit der Performance des PCs zeigte sich auch in anderen Krankheitsmodellen wie der
Fruchtfliege D. melanogaster (Studie 5). Zusammenfassend zeigen unsere Studien ein grolRes Potenzial
fir die therapeutische Anwendung von DGJ bei M. Fabry, da etwa die Halfte aller untersuchten
Missense Mutationen einen biochemischen Gewinn durch die Behandlung mit diesem
niedermolekularen Substratmimetikum zeigte. Die Identifizierung nicht-inhibitorischer PC Kandidaten
der zweiten Generation fir M. Fabry waren Gegenstand einer weiteren Studie, die offenbarte, dass
der nukleophile Radikalfanger 2,6-Dithiopurin ein verandertes Wirkspektrum als PC fiir mutierte AGAL
besitzt (Studie 7). Es besteht daher Hoffnung, dass in Zukunft Patienten mit solchen Mutationen
individuell behandelt werden kdnnen, die bisher nicht auf das zugelassene PC angesprochen haben.

Ambroxol ist ein Kandidat fir ein pharmakologisches Chaperon bei M. Gaucher und kénnte
dank seiner nur schwachen Hemmwirkung auf die B-Glu und seine allgemein sehr gute Vertraglichkeit
die Problemfelder bisheriger PCT Kandidaten bei M. Gaucher beseitigen. Mechanistische
Untersuchungen konnten die enzymfordernde Wirkung auf B-Glu bestatigen (Studie 6). In Verbindung
mit den zwischenzeitlich veroffentlichten Studien von Zimran et al. (2013) und Narita et al. (2016)

legen die Daten nahe, dass ABX als adjuvante Medikation zur derzeitigen ERT-Standardbehandlung
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oder als Verstarker eines PC Wirkstoffs wie IFG eine Option zur Steigerung der Effektivitat bekannter
M. Gaucher Therapeutika darstellen kann. Ein derartiger kombinatorischer Ansatz verschiedener
Wirkstoffkandidaten zur Steigerung von GAA und AGAL war Gegenstand der Studien 8 und 9, in denen
verschiedene proteostaseregulierende Wirkstoffkandidaten (PRs) zum Einsatz kamen. Sowohl bei der
singularen als auch bei der kombinatorischen Anwendung zeigten diverse Verbindungen wie ABX und
Bortezomib wirksame Verstarkungseffekte auf die mutierten Enzymformen. Ein spezifisches
Funktionsprofil einer solchen wirksamen Verbindung zur Steigerung der AGAL Enzymaktivitat beruhte
u.a. auf der Hemmung der proteasomalen Aktivitdt und der Steigerung der mRNA-Expression des
mutierten GLA-Gens in Patientenzellen. Dariber hinaus wiesen die Verbindungen globale
Auswirkungen auf die zellulare mMRNA Transkription aus, so dass charakteristische
Transkriptionssignaturen entstanden, die bei der zukiinftigen Suche nach Wirkstoffkandidaten helfen
kénnen.

Die prasentierten neun Studien liefern Anhaltspunkte fir eine effiziente Identifizierung
kiinftiger Arzneimittel. Da die derzeitigen Behandlungsmethoden, z. B. die Einzelwirkstofftherapie
durch Enzymersatz, Substratreduzierung oder pharmakologische Chaperone, fiir eine grolRe Zahl
schwer erkrankter Patienten (und damit verbundener Genetik) auf Grund unzureichender Wirksamkeit
ungeeignet sind, ndhren unsere Studien an niedermolekularen Wirkstoffkandidaten die Hoffnung, dass

diese therapeutischen Konzepte in Zukunft wirksamer und angemessener sein werden.

5 Zukunftsperspektive

Die derzeitigen experimentellen Ansatze zur Behandlung von LSDs zielen auf eine Vielzahl von
zelluldren Prozessen und Pfaden ab. Zu den moglichen Zielen pharmakologischer Interventionen
gehoren Transkription und Translation, das Autophagie-/Lysosom-System (Rega et al. 2016), die ER-
Proteostase, der Proteintransport (Yam et al. 2007), oxidative und entziindliche Prozesse (Tarallo et al.
2021; Zhang et al. 2022) sowie der Kalziumhaushalt (Wang et al. 2011; Zhong et al. 2016) und die
Anderung der Membraneigenschaften (Kakhlon et al. 2020). Die Stoff- und Funktionsklassen der
Medikamente sind noch vielfaltiger. Neben der bekannten ERT, die liber die Aufnahme von Man-6-P-
Rezeptoren in der &uReren Zellmembran (und anderen Aufnahmemechanismen, z.B. Uber
Fusionsprotein-ERT mit anti-Human-Transferrin-Rezeptor-Antikérper) funktionieren, Hemmstoffen
der Substratbildung und pharmakologischen Chaperonen gibt es eine ganze Reihe an Verbindungen,
die therapeutisch diskutiert werden. Unter ihnen sind Hemmstoffe von Histon-Deacetylase,
Hemmstoffe der ERAD, UPR Stimulatoren, Energie- und Lipidstoffwechsel Modulatoren, TFEB und
MTOR (mechanistic Target of Rapamycin) Regulatoren, miRNAs und translationale read-through-

induzierende Wirkstoffe (auch als nonsense suppressors bekannt). Mechanistisch greifen viele dieser
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Stoffe als Regulatoren der Transkription in den zellularen Stoffwechsel ein und beeinflussen mehrere
Pathways gleichzeitig. Doch selbst unter normalen Bedingungen sind viele der oben genannten
Pathways nur unzureichend erforscht, und die Komplexitat von Arzneimittelwirkungen und -
wechselwirkungen mit anderen Pathways unterbewertet. Eine Vielzahl an Arzneistoffen sind wahre
wblack boxes«. Bei nur etwa der Halfte der von der FDA zugelassenen Medikamente ist der
Wirkmechanismus laut offizieller Kennzeichnung vollstandig geklart, da die Kenntnis des genauen
Wirkmechanismus keine regulatorische Voraussetzung fiir die Zulassung eines Medikaments ist (Davis
2020). Die konsequente Weiterentwicklung zentraler, autoritativer Dokumentationssysteme wie der
»Guide to PHARMACOLOGY« (Pawson et al. 2014), welcher alle zelluldren Folgen einer Behandlung mit
jedem der derzeit zugelassenen und experimentellen Arzneimittel nachvollziehbar zuganglich machen,
muss in Zukunft ein Forschungsimperativ sein. Die Grundlagenforschung an seltenen Mendelschen
Krankheiten ist daher so wertvoll, weil die beobachtete Pathophysiologie auf einer monogenen
Storung beruht. Die Entwicklung von Modellsystemen zur Wirkstofftestung fiir seltene monogene LSDs
kann somit den Zweck erfiillen, ein besseres Verstindnis Uber die physiologischen und
pathophysiologischen Abldufe und neue Zusammenhange zu erlangen, woraus sich wiederum das
Verstandnis von Medikamentenwirkung verbessern und weitere Therapieansdtze ableiten lassen. Am
besten geeignet flr translationale Studien an Erbkrankheiten sind Patienten-abgeleitete endogene
Mutationszellmodelle, da sich diagnostische, prognostische und vor allem therapeutische Verfahren
hierin effizient entwickeln lassen. Ein besonderes Augenmerk sollte daher der Einrichtung und Pflege
von Zellarchiven zur Verbesserung der Forschungsinfrastruktur gewidmet werden, um die aktuell
defizitdre Verflugbarkeit wichtiger Materialien flir Forschungsarbeiten zur Herstellung genetischer
Zellmodelle zu gewahrleisten. Anfange wurden durch die Errichtung des Telethon Network of Genetic
Biobanks oder das vor 50 Jahren ins Leben gerufene und durch das Coriell Institute for Medical
Research (Camden, NJ, USA) betriebene Human Genetic Cell Repository des National Institute of
General Medical Sciences gemacht. Der Ansatz setzt die Bereitschaft von Patienten und
Patientenorganisationen voraus, sich an den Forschungsbemiihungen zu beteiligen. Es ist festzuhalten,
dass die Beteiligung von Patientenorganisationen als ein positives Kriterium fiir die Forderwiirdigkeit
eines Forschungsprojektes durch offentliche und nicht-6ffentliche Projekttrager immer groRere
Bedeutung erlangt.

Natlirlich existieren auch Limitationen fir den Einsatz von Patientenzellen in der
Wirkstofferprobung. LSDs stehen meist in Verbindung mit Hunderten unterschiedlicher Mutationen,
die verschiedene pathogene Mechanismen in Gang setzen - eine besondere Bedeutung fallt den so
genannten Missense Mutationen zu — und deren funktionsschadigende Effekte sowie Einfluss auf die
Pharmakogenetik, die Wirksamkeit eines Medikaments, schwer vorhersehbar machen. Ein

individualisierter Ansatz wie der der pharmakologischen Chaperone bedarf eines Systems, welches die
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Testung von Wirkstoffkandidaten an einem breiten Spektrum von Mutationen ermdglicht, um die
Wirkstoffe in angemessenen Modellen zu testen, so dass jene, die nur fiir eine kleinere Gruppe von
Patienten geeignet sind, in der Klinik nicht an falsch konzipierten Studien scheitern. Der seit 2016
klinisch validierte und von den Gesundheitsbehérden zugelassene pharmakogenetische »GLP HEK«
Assay fir die Beurteilung, ob ein M. Fabry Patient fir die DGJ-Behandlung geeignet ist oder nicht, ist
ein Beispiel fur die erfolgreiche Implementierung eines Expressionsmodells in die klinische Praxis
(Benjamin et al. 2017). Gleichwohl konnte in unseren Studien nachgewiesen werden, dass der
beobachtete pharmakologische Effekt des DGJ im endogenen System vergleichsweise etwas niedrigere
Effekte aufwies als im Expressionsmodell. Es ist daher Vorsicht geboten, die in
Uberexpressionsmodellen wie dem »GLP HEK« erzielten Effekte nicht zu (iberschitzen. Dariiber hinaus
zeigten wir, dass das Expressionssystem nicht fiir jede Wirkklasse von Verbindungen geeignet war
einen Behandlungseffekt nachzuweisen.

Ein weiterer wichtiger Aspekt, der sich in den letzten Jahren der Forschung herauskristallisiert
hat und den unsere Studien kontinuierlich verfolgen, ist die Kombinationstherapie. Klinische
Wirkstoffstudien sind bei seltenen Erkrankungen besonders durch geringe Teilnehmerzahl,
geografische Streuung der Patienten und geringe Anzahl von interessierten oder angemessen
ausgebildeten Forschern und Arzten und nicht zuletzt Vor-Zulassungskosten in Héhe von iiber 800
Millionen Dollar (Augustine et al. 2013). Die Entwicklung eines neuen Medikaments ist nicht nur
kostspielig; seltene, tddliche und schnell fortschreitende padiatrische Erkrankungen erlauben nicht
den Luxus von liber einen langen Zeitraum angelegten Studien. Bei einem individuellen Ansatz wie den
PCs kommt die Pharmakogenetik als einzubeziehendes Kriterium fiir eine Therapie im Vergleich zu
prinzipiell uneingeschrankt einsetzbaren Behandlungsformen wie der ERT als begrenzender Faktor
hinzu. Die tendenziell aufwendigeren Testverfahren unter Einbezug der Pharmakogenetik (z.B. "GLP
HEK"-Test) zur Erhdhung der Verschreibungssicherheit und Wirksamkeit sind oben bereits angefiihrt.
Abhilfe kénnen hier Repurposing/Repositioning Ansétze schaffen, um Kosten- und Zeitfaktor
signifikant zu senken, da bekannte, vertragliche und teils fir andere Erkrankungen zugelassene
Wirkstoffe zugdngig gemacht werden. Allerdings wirkt sich hierin bei einem Medikament wie ABX die
begrenzte Marktexklusivitdit mindernd auf die Aussicht auf Profite aus (Pearson et al. 2022).
Dementsprechend sind aufwendige Entdeckungsprozesse, ein begrenztes Wirkungsspektrum und eine
unzureichende klinische Wirksamkeit gewichtige Argumente fiir eine eher abwartende Haltung der
Industrie, so dass bestimmte Wirkstoffe in Schubladen landen, anstatt in aufwendigen
Zulassungsverfahren eine Chance zu erhalten. Nur 15 % der neuen Wirkstoffe in der klinischen Priifung
sind Monotherapien mit niedermolekularen Verbindungen, und nur 3 % sind PC (Verma et al. 2021).

Kombinationstherapien konnen eine passende Losung fur die fehlende Wirksamkeit und die

geringe Zahl zuganglicher Patienten fiir niedermolekulare Therapieansatze sein. Zur Behandlung der
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Mukoviszidose wurde kirzlich der dreifach-Wirkkomplex Trikafta® (Vertex Pharmaceuticals Inc.,
Boston, MA, USA) zugelassen, dessen Komponenten aus Elexacaftor, lvacaftor und Tezacaftor
bestehen. Bei allen drei Einzelwirkstoffen handelt es sich um mutationsspezifische Korrektoren des
CFTR (Cystic Fibrosis Transmembrane Conductance Regulator) Chloridkanals. Daher ist das Praparat
nur flr Patienten zugelassen, die mindestens eine F508del-Mutation im CFTR-Gen aufweisen, was auf
geschatzt 90 % der Mukoviszidose-Patienten zutrifft. An den Beispielen die ERT durch Zugabe des PCT-
Medikaments DNJ (M. Pompe) bzw. des EET Medikaments ABX (M. Gaucher Typ lll) effektiver zu
machen, zeigt die Bemihung diesen Ansatz bei den LSD Krankheiten einzusetzen (Khanna et al. 2012;
Narita et al. 2016; Charkhand et al. 2019).

Was die Kosten der PCT/ERT-Kombinationstherapie betrifft, so lohnt sich ein Blick auf die
Situation bei M. Fabry. Die Kosten fiir die ERT belaufen sich auf etwa 300.000 USS. Die Kosten der PCT
mit dem Iminozucker DGJ liegen in der gleichen GrofRenordnung (Pharmacoeconomic Review Report:
Migalastat (Galafold): (Amicus Therapeutics): Indication: Fabry Disease [Internet] 2018). Geht man
davon aus, dass eine Therapie mit DNJ bei M. Pompe in einer dhnlichen GroRenordnung liegen wiirde
und unterstellt, dass keine Dosisanpassung der einzelnen Wirkstoffkomponenten vorgenommen wird,
wirden die Kosten fiir eine Next-Generation ERT somit potenziell astronomische Hohen erreichen. Die
erganzte Medikamentenkomponente ABX bei M. Gaucher kdnnte dagegen eine kostenglinstigere
Alternative sein. Ausgehend vom Grundpreis des Hustensaftes Mucosolvan® mit dem Wirkstoff
Ambroxolhydrochlorid waren die jahrlichen Kosten von zuséatzlich 5.000 € fiir die Supplementierung
vergleichsweise gering. Die Frage, ob ABX als Ergdanzung zur ERT fir eine breite Anwendung bei M.
Gaucher Typ lll wirksam genug ist, bedarf weiterer Klarung im Rahmen klinischer Studien, hat

allerdings neben dem medizinischen auch einen politischen Aspekt.
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7.1 Abkiirzungsverzeichnis

Abb.
ABX
AGAL
Ala
Arg
Asn
Asp
B-Glu
C.

CGN
CHO-Zellen
CLEAR
COS-Zellen

Cys
DGJ
DNJ
DNA
DTP
ECso
EMA
ER
ERAD
ERT
FDA
GAA
Gb3
GCS
Glc
GIcNAc
Gln
Glu
Gly
GM,
GVUS
HEK/HEK293
HGMD
His
1Cso
IFG

lle
IOPD
Leu
LOPD
LSD
Lyso-Gb3
M.

Abbildung

Ambroxol

o-Galactosidase A

Aminosaure Alanin

Aminosdure Arginin

Aminosdure Asparagin

Aminosdure Asparaginsaure

Glucocerebrosidase

Angabe einer kodierenden DNA-Referenzsequenz nach Human Genome
Variation Society

cis-Golgi-Netzwerk

aus Ovarien der chinesischen Hamsterart Cricetulus griseus isolierte Zelllinie
Coordinated Lysosomal Expression and Regulation

aus dem Nierenbindegewebe der afrikanischen griinen Meerkatze
Chlorocebus aethiops isolierte Zelllinie

Aminosaure Cystein

1-Deoxygalactonojirimycin

1-Deoxynojirimycin

Desoxyribonukleinsadure

2,6-Dithiopurin

halbe maximale effektive Konzentration

European Medicines Agency, europaische Arzneimittelbehérde
Endoplasmatisches Retikulum

ER-assoziierte Degradation

Enzymersatztherapie

Food and Drug Administration, US-amerikanische Arzneimittelbehorde
saure a-Glucosidase

Globotriaosylceramid

Glucosylceramid-Synthase

Glucose

N-Acetylglucosamin

Aminosaure Glutamin

Aminosaure Glutaminsaure

Aminosaure Glycin

Monosialinsdaure-Gangliosid Typ 2

genetische Variante unbekannter Signifikanz

humane embryonale Nierenzelllinie

Human Genome Mutation Database

Aminosaure Histidin

halbe maximale Hemmstoffkonzentration

Isofagomin

Aminosaure Isoleucin

infantile-onset Pompe disease

Aminosadure Leucin

late-onset Pompe disease

lysosomale Speicherkrankheit

Globotriaosylsphingosin

Morbus
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Man Mannose

Man-6-P Mannose-6-Phosphat

MD molekulares Docking

MIM Mendelian Inheritance in Man, Kompendium humaner Gene und Phanotypen

mMRNA Boten Ribonukleinsdure

N Aminogruppe

NB-DNJ N-Butyldeoxynojirimycin

NP-C Morbus Niemann-Pick Typ C

NPC1 Niemann-Pick C1 Protein

p. Angabe flr eine Protein-Referenzsequenz nach Human Genome Variation
Society

PC pharmakologisches Chaperon

PCT pharmakologisches Chaperon Therapie

PR proteasomaler Regulator

Pro Prolin

PSSM position specific substitution matrix

reErR raues endoplasmatisches Retikulum

RSG Rosiglitazon

Ser Aminosdure Serin

SRT Substratreduktionstherapie

TFEB Trankriptionsfaktor EB

TGN trans-Golgi-Netzwerk

Thr Aminosaure Threonin

Trp Aminosaure Tryptophan

TSA thermal shift assay

Tyr Aminosadure Tyrosin

UPR unfolded protein response

Val Aminosaure Valin

WT Wildtyp

X beliebige Aminosaure

Xq langer Arm des X-Chromosoms

7.2 Kopien der inkludierten Studien
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ABSTRACT: Fabry disease (FD) is a rare metabolic disor-
der of glycosphingolipid storage caused by mutations in the
GLA gene encoding lysosomal hydrolase a-galactosidase
A (e-gal A). Recently, the diagnostic procedure for FD
has advanced in several ways, through the development
of a specific biomarker (lyso-Gb3) and the implementa-
tion of newhorn screenings, which acted as a catalyst to
augment general awareness of the disease. Heterologous
over-expression of &-gal A variants and subsequent in
vitro measurement of enzyme activity provided molecu-
lar data to elucidate the relationship between mutation,
enzyme damage, lyso-Gb3 biomarker levels, and clinical
phenotype. This knowledge is the foundation for improved
counseling with regard to prognosis and therapeutic deci-
sions. Herein, we resume the approach of in vitro charac-
terization, with a further 73 mainly novel GLA gene muta-
tions. Patient lyso-Gb3 data were available for most of the
mutations. All mutations were tested for responsiveness to
pharmacological chaperone treatment and phenotypic data
for 61 hemizygous male and 116 heterozygous female pa-
tients carrying a mutation associated with >20% residual
activity, formerly classified as “mild” variant, were col-
lected in order to evaluate the pathogenicity. We conclude
that a mild GLA variant is typically characterized by high
residual enzyme activity and normal biomarker levels. We
found evidence that these variants can still be classified as
a distinctive, but milder, sub-type of FD.

Hum Mutat 37:43-51, 2016. © 2015 Wiley Periodicals, Inc.

KEY WORDS: Fabry disease; GLA; variants of unknown
significance; GVUS; pharmacological chaperone therapy

Introduction

Fabry disease (FD; MIM# 301500) is a lysosomal storage disor-
der caused by mutations in the X-chromosomal GLA gene (Xq22),
encoding «-galactosidase A (a-gal A; MIM# 300644). The es-
timated number of GLA gene variations is approaching four-
figure number (Supp. Table $1; HGMD® Professional 2015.1

Additional Supporting Information may be found in the online version of this article.
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Department of Medical Genetics, Medical University of Rostock, Gehlsheimer Str. 20,
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[http://www.hgmd.cfacuk/]; and Fabry-database [http:/fabry-
database.org], accessed on 01-15-2015). Pathological changes in
GLA—both the gene and its encoded protein—result in storage
of complex sphingolipids in the lysosome, mainly Globotriaosylce-
ramide (Gb3}, which in turn causes FD, a cellular and microvascular
dysfunction with multiple organ involvement.

In the classical form of FD, symptoms are typically first expe-
rienced in early childhood, consisting of acroparesthesia, abdom-
inal pain and fever. During adolescence, the affected subjects ex-
hibitangiokeratomas, decreased ability to perspire, proteinuria and
progressive renal insufficiency and cornea verticillata. Progressing
with age, the patients manifest cardiomyopathy and arrhythmia and
cerebrovascular complications [Germain, 2010]. Formerly, the esti-
mated prevalence of FD has been reported as one out of 40,000 to
one out of 117,000 in males [Meikleetal., 1999, Desnick etal., 2001].
However, newborn screening initiatives suggest that the rate of GLA
gene alterations exceeds this number by an order of magnitude. In-
dicated incidences range from about 1:1,500 in the Taiwanese [Hwu
et al,, 2009] to 1:13,341 in the Hungarian population [Wittmann
etal., 2012] considering exonic changes only. Evidently, the elevated
incidence of GLA mutations is due to the fact that many patients
who present with a mild, late-onset symptomatology or with single
organ involvement—as observed in cardiac, renal, and cerebrovas-
cular variants of FD [Nakao et al., 1995; Nance et al., 2006; Rolfs
et al., 2005; Brouns et al., 2010]—are screened for variations in the
GLA gene to determine the etiology. This has led to the discovery of
many novel mutations within the last two decades (Supp. Table S1).
Moreover, adaptation of clinical management led to the inclusion
of female heterozygous mutation carriers affected by FD [Guffon,
2003]. A study in Italy, however, reported an unchanged incidence
of classic FD [Spada et al., 2006].

If a previously undescribed novel GLA variant is detected in a
patient who lacks typical clinical features of FD, prognosis is often
difficult, especially in females. Information gleaned from familial
testing may be limited because members can remain symptom-free
until the fifth or sixth decade or even throughout their entire life.
[ncorrect interpretation of the dinical significance of a GLA variant
can cause inappropriate disease counseling. In order to improve
the interpretation of uncertain GLA gene variants, we developed
a cell-culture based system to investigate the downstream enzyme
damage [Lukas etal,, 2013]. A high proportion of mutations (60%-
70%) lead to complete abolishment of, or very low, enzyme activity.
In such cases, the prognosis is clear and respective patients are
predicted to develop classic FD with all its phenotypic consequences.
Enzyme replacement therapy (ERT) can be initiated immediately
thus reaping the benefits of earlier treatment which is the most
efficacious.

© 2015 WILEY PERIODICALS, INC.
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However, the number of GLA mutations known to result in a-gal
A retaining a remarkable residual activity of about 20% or more of
the normal level has increased dramatically. These so-called “mild”
mutations generally occur in mono-, bi-, or oligo-symptomatic pa-
tients and are partially referred to as gene variants of unclear signif-
icance (GVUS) [van der Tol et al.,, 2014]. As all symptoms are not
exclusive to FD (e.g., stroke, cardiomyopathy), but rather represent
a differential diagnosis for a series of other disorders, the pathogenic
nature of some mutations requires further investigation.

The present article describes 73 mutations, which underwent in
vitro analysis. The aim of the study was to analyze GLA mutations
in-depth on the basis of a holistic approach involving in vitro en-
zyme activity measurement of the mutant or-gal A enzyme in cell
culture (over-expression) as well as determination of the biomarker
globotriaosylsphingosine (lyso-Gb3) from either plasma or dried
blood spots (DBS). Lyso-Gb3 is a deacylated metabolite of Gb3 with
a higher sensitivity than Gb3 and a good correlation to the FD phe-
notype [Tsukimura etal., 2014, Smid etal., 2015(11)]. Furthermore,
we introduce outline data for 61 male and 116 female patients with
atypical FD (including age of diagnosis and symptomatic spectrum)
in concurrence with one of 26 GVUS described in this study, in an
attempt to elucidate the pathogenesis of these specific cases.

As mentioned, FD is currently treated with ERT. A paradigm shift
in the approach to therapy was inspired by the fact that many of
the mutations cause the protein to misfold, with the consequence
of early ER-associated proteasomal degradation [Fan et al., 2007].
We therefore advocate that a great fraction of mutations can po-
tentially be treated by an alternative therapeutic approach involving
genotype-dependent pharmacological chaperone therapy (PCT).
Consequently, every ¢-gal A mutant was tested for responsiveness
to the pharmacological chaperone (PC) deoxygalactonojirimycin
(DGJ; AT1001, Migalastat) in our cell culture system in order to
establish whether PCT is a potentially suitable treatment option for
patients with these genotypes. This experimental step provides pre-
clinical evidence as to whether a mutation is a potential target for
PCT with DGJ [Wu et al., 2011] which is currently investigated in a
phase 3 clinical trial (ClinicalTrials.gov ldentifier: NCT01458119).

Materials and Methods

Patients and Blood Samples

Blood samples were obtained from patients undergoing biochem-
ical analysis or genetic testing for FD by Centogene AG (Rostock,
Germany). All patients agreed for testing of their blood samples.
The project was in concordance with the regulations of the local
Ethical Committee of the University Rostock.

Cell Culture

HEK-293H cells were maintained in DMEM (Dulbecco’s Modi-
fied Eagle Medium; Invitrogen, Karlsruhe, Germany) supplemented
with 10% FBS (fetal bovine serum; PAA Laboratories, Pasching,
Austria) and 1% penicillin/streptomycin (Invitrogen). All cells were
incubated in a water-jacket incubator (Binder, Tuttlingen, Germany)
under standard cultivation conditions (37°C, 5% CO, ).

Site-Directed Mutagenesis of «-Gal A

Expression vectors harboring GLA mutations were generated
by site-directed PCR mutagenesis using the Q5 Site-Directed

44 HUMAN MUTATION, Vol. 37, No. 1, 43-51, 2016

Mutagenesis Kit (New England Biolabs, Ipswich, MA). The ex-
pression vector harboring the wild-type cDNA of GLA has been
introduced before [Lukas et al, 2013]. Nucleotide exchanges or
deletions were individually introduced by PCR amplification using
sense and antisense primers designed according to the exponen-
tial amplification principle. Each mutant plasmid was sequenced at
Source Bioscience (Berlin, Germany) to ensure sequence integrity.
Throughout the manuscript, werefer to the GLA reference sequence:
GenBank NM_000169.2. In accordance with HGVS recommenda-
tions (v 2.0), nucleotide numbering uses +1 as the A of the ATG
translation initiation codon in the reference sequence, with the ini-
tiation codon as codon 1. Variants were submitted to the ClinVar
(NCBI) public database (http://www.ncbi.nlm.nih.gov/dinvar/).

Transient Expression and Enzymatic Measurement of
Mutant a-Gal A in HEK-293H Cells

The method for transient expression of mutant er-gal A in HEK-
293H cells and subsequent determination of enzymatic activity has
been carried out as described previously [Lukas et al,, 2013]. In
brief, we seeded HEK-293H cells on the day before transfection
using 24-well culture plates (Sarstedt, Nitmbrecht, Germany) and
antibiotic-free high glucose DMEM supplemented with 10% FBS.
On the day of transfection, the cells reached 70%-80% confluency.
Lipofectamin 2000 (Invitrogen, Carlsbad, CA) and the GLA cDNA
containing plasmid vector was added according to the instruction
manual. After 4 hr incubation, the antibiotic-free medium was re-
moved and 500 pul fresh DMEM supplemented with 10% FBS and
1% penicillin/streptomycin was added. In this step, DGJ (BIOZOL
Diagnostica, Eching, Germany) was added to the culture medium
from an aqueous stock solution (10 mM) where intended. The cells
were incubated for another 60 hr before being harvested. After this
period, the cells were homogenized in 200 yl deionized water and
subjected to five freeze/thaw cycles using liquid nitrogen. The ho-
mogenate was centrifuged at 10,000gfor 5 minin order to obtain the
supernatant for the enzyme activity assay. The artificial substrate 4-
MU-&-p-galactopyranoside (2 mM; Sigma-Aldrich, Munich, Ger-
many) in 0.06 M phosphate citrate buffer (pH 4.7) was added to
50 ng of total protein. Protein measurement was carried out using
BCA assay reagent (Thermo Fisher, Braunschweig, Germany). En-
zyme reactions were terminated by the addition of 0.2 ml of 1.0 M
glycine buffer (pH 10.5). The released 4-MU was determined by flu-
orescence measurement in a microplate fluorescence reader ( Tecan,
Minnedorf, Switzerland). The measured enzyme activity was cal-
culated as nmol 4-MU/mg protein and normalized to one hundred
percent wild-type activity.

Lyso-Gb3 Level Determination from Plasma and DBS

For detailed methods, see the Supporting Information.

Statistical Tests

All statistical tests were carried out using GraphPad Prism5 soft-
ware. To study the correlation of lyso-Gb3 with in vitro enzyme
activity and age non-parametric rank correlation test to calculate
spearman’s rho was used.
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Results

In Vitro Enzyme Activity Measurement of «-Gal A Mutants

Seventy-three mutations were tested for residual enzyme ac-
tivity, and responsiveness to the PC DGJ (see Table 1). The
majority of mutations have not previously been reported (45
out of 73) or have not been tested in a comparable overex-
pression system (63 out of 73). The remainder of the muta-
tions {¢.58G>C (p.A20P), c.118C>T (p.P40S), ¢.272T>C (p.I91T),
c.281G>C (p.C94S), c.605G=A (p.C202Y), c¢.776C>G (p.P259R),
c.826A>G (p.S276G), c.958A>T (p.N320Y), c.982G>C (p.G328R),
¢.1072G>A (p.E358K), RNA not analyzed) showed similar behavior
to that observed by other groups, with regard to residual activ-
ity and responsiveness towards DGJ (Supp. Table 52). Altogether,
34 out of 73 of the mutant enzymes responded to DGJ treatment
with a resulting elevation in activity according to the criteria estab-
lished by our previous work [Lukas et al., 2013, also summarized in
Table 1].

The data set was opposed to the DGJ-responsiveness pre-
diction algorithm “Fabry-cep” (available at http://www.icb.cnr.
it/project/fabry_cep/). “Fabry-cep” rated 19 out of 70 as “unclear”.
Mutations affecting the N-terminal signal peptide (N = 5) and non-
sense mutations (N = 3) were excluded from the analysis. Compar-
ison with the experimental data revealed 19 true negatives (in vitro
non-responders), 13 true positives (in vitro responders), but also
11 false negatives and three false positives. Supp. Table 53 summa-
rizes the results for all 46 predicted mutations indicating a positive
predictive value (0.81) comparable to the former report [Cammisa
etal,, 2013].

Biomarker Globotriaosylsphingosine

Globotriaosylsphingosine (lyso-Gb3) is an effective biomarker
for the classification of FD severity [Smid et al., 2015(I1)]. In the
present study, we measured this marker in plasma or DBS (for de-
tails see Supp. Methods S1). Records from 207 (132w/75m) pa-
tients with a GLA variant were collected (Table 1). There is a
strong negative correlation between residual enzyme activity and
height of the biomarker in the male portion of the cohort (Spear-
man’s tho: —0.73, P < 0.0001, compare Fig. 1} and a moderate
correlation for the females (Spearman’s rho: —0.44, P < 0.0001).
Most male individuals, even these with mutations with high resid-
ual in vitro enzyme activity (=20%), showed increased biomarker
values. Only few mutations caused inconspicuous biomarker lev-
els in males, that is, lower than the estimated pathological cut-
off of 0.9 ng/ml (c.7C>G (p.L3V), c.8T>C (p.L3P), c.683A>G
(p-N228S), c.926C>T (p.A309V), c.968C>G (p.P323R), c.989A>G
(p.Q330R), ¢.1055C>G (p.A352G), RNA not analyzed; in vitro en-
zyme activity range: 48.0%-117.7%). Lyso-Gb3 levels were only
slightly elevated by mean (<5 ng/ml) in male patients with muta-
tions ¢.179C>T (p.P60L), ¢.239G>A (p.G80D), ¢.337T>A (p.F1131),
¢.593T>C (p.I198T), c.641C>T (p.P214L), ¢.724A>G (p.J242V),
¢.1196G>C (p.W399S), RNA not analyzed (in vitro enzyme activity
range: 15.6%-70.6%), whereas single individuals even had normal
lyso-Gb3.

Mutations resulting in less than 1% residual enzyme activity were
mostly associated with dassic FD [Lukas et al., 2013]. Among these,
all male patients had pathologically elevated biomarker levels. For
the females, there appear to be factors other than GLA mutation
type that determine biomarker elevation. Analyzing two extensive
families with a classic FD-related mutation, p.C94Y [Eng et al., 1997]
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and p.E358K [Germain et al., 2002], respectively, we set out to test
whether biomarker level is correlated with age (Fig. 2). Both mutant
enzymes did not display any residual activity in the over-expression
system. In the family with the p.E358K genotype, two out of four
individuals between 3 and 22 years ofage show normal lyso-Gb3, and
other two patients show only a mild elevation. Individuals aged 25—
63 years show modest to strong biomarker elevation. However, the
relationship between elevated biomarker and age 1s not significant
as determined by Mann-Whitney Utest (data not shown). The same
holds true for the 21 female patients with the c.281G>A (p.C94Y,
RNA not analyzed) genotype. Even though it can be assumed that
lyso-Gb3 increases progressively with age in a single patient, the
variation between family members with the same genotype implies
that factors other than age determine the biomarker level. This
finding highlights the clinical heterogeneity of the disease even in
patients with the same genotype.

“Mild” Mutations can Provoke FD Symptoms

Patients carrying mild mutations (=20% residual in vitro activ-
ity) usually present with later-onset disease and a symptom spec-
trum different from the classically affected patients. In order to
investigate disease severity in patients with mild mutations, we col-
lected the clinical records from 61 male and 116 female patients. The
clinical spectrum for this sub-fraction of mutations encompasses the
whole spectrum of typical FD symptoms (Fig. 3A). However, the
frequency of mono- or bi-symptomatic cases is high, 59.0% in males
and 43.1% in females, respectively and in a small proportion of pa-
tients (seven out of 61 males and 15 out of 116 females) no apparent
FD symptoms were detected; these patients were recruited as family
members of affected patients. The median age of the asymptomatic
(24.0/m and 24.4/fyrs) versus affected (51.6/m and 44.7/f yrs) indi-
viduals differed significantly (P = 0.0276/m and P = 0.001/f), using
Mann-Whitney U test. This may argue for a potential very late on-
set pathogenicity of the mutations. In addition, 18 out of 61(m)
and 51 out of 116(f) had a more severe clinical record with three or
more symptoms. Interestingly, there is apparently no sex-dependent
difference in disease severity, unlike patients with classic mutations
[Vedder et al., 2007].

Discussion

In order to accurately interpret the various GLA gene mutations
potentially causing FD, systematic biochemical in vitro character-
ization with a clear and comprehensive read-out is imperative for
good clinical counseling. Cell culture-based over-expression and in
vitro enzyme activity measurement was carried out for 73, partially
novel, & -gal A variants.

In accordance with our preceding study we found good corre-
lation between in vitro activity of the mutants and the patient’s
biomarker level (Fig. 1) which illustrates that this method deliv-
ers solid and clinically relevant data regardless of the sub-fraction
of mutations under investigation. Even though, not surprisingly,
the correlation is better in male patients, females tend to display
genotype-dependent biomarker elevation related to the biochemi-
cal damage of the or-gal A enzyme. Despite the fact that the wide
spectrum of clinical manifestations in FD is presumably influenced
by the effects of a great number of modifier genes [Altarescu et al.,
2005] and epigenetic factors [Barba-Romero etal., 2010], this study
provides further evidence that reduced enzyme activity is actually
the main determinant for biomarker elevation and, hence, pheno-
typic severity.

HUMAN MUTATION, Vol. 37, No. 1, 43-51, 2016 45
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Figure 1. In vitro enzyme activity correlates with lyso-Gb3 level in males and females. The in vitro enzyme activity values of over-expressed
«-gal A mutants measured in HEK-293H cell homogenates were plotted against the mean lyso-Gb3 of the patients with the corresponding mutation,
thatis, each dotrepresents one genotype (not one patient} (for details see Table 1). The dotted line indicates the pathological cut-off for lyso-Gh3.
Individuals with lyso-Gb3 values below the limit of quantitation were calculated to display 50% of pathological cutoff value (0.45 ng/ml).

120-
.
%' 80 . a @ p.Co4y
S 40 . A4, a [\ p.E358K
c 1% .
2 20+
(ID -
8 a
3 . .
.
o2 .".“. ...'. A .
0 20 40 60 80

Age [yrs]

Figure 2. Lyso-Gb3 in female patients with classical FD mutations.
The diagram shows lyso-Gh3 values as a function of age in female
patients with p.C94Y (black circles) and p.E358K (open triangles). There
is no age-dependence of biomarker level in female patients from both
families.

However, even though we detected correlation between the en-
zyme damage (as can be interpolated from the enzyme activity
assay) and patient lyso-Gb3 as reflected by Spearman’s coefficients
of-0.73(m) and -0.44(f), there are still a few specific cases of equiv-
ocal compliance between the two parameters. For example, the
three mutants p.D33G, p.G35E, and p.G80D had a similar activ-
ity (29.396-38.0% of normal) and were consequently labelled as
“mild.” Although two male patients with either p.D33G or p.G35E
showed strong lyso-Gb3 elevation, the three hemizygous individu-
als carrying p.G80D only had normal to slightly elevated biomarker
values (Table 1). One reasonable explanation is that the patients with
unexpectedly high biomarker values had a greater chromosomal re-
arrangement not detectable by standard sequencing. There is also
a certain chance that the assay conditions might not totally reflect
the biochemical damage of these specific enzymes because excess
amounts of an artificial fluorogenic «-gal A substrate have been
used for the assay which may cause disparate kinetics than the nat-
ural substrate. However, it is interesting to note that the conversion
from glycine to arginine at codon position 35 also leads to a signifi-
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cant residual enzyme activity, but three male patients had strongly
elevated lyso-Gb3 of 63.0, 70.4, and 73.2 ng/ml {norm: <0.9 ng/ml)
[Lukas et al,, 2013]. Therefore, it can be argued that there is some
unforeseen damage occurring to mutations at that particular site
that cannot be resolved in the cell culture over-expression assay.
For this reason, we carefully investigated the mutations that are
situated in the vicinity of splice sites. We identified c.638A>G (—
p-K213R) as a potential splice site mutation (Alamut Visual version
2.7; Interactive Biosoftware, Rouen, France) which explains the high
lyso-Gb3 despite of the high residual activity after over-expression.
However, this analysis did not reveal splice site changes for ¢.540G>T
(p.L180F) and c.641C>T (p.P214L).

In heterozygous female carriers, in addition to the enzyme activ-
ity the X-inactivation process plays a crucial role in determining the
biomarker level by turning off either the normal or mutated allele.
In terms of the GLA gene, balanced ratios of mutant:normal alleles
reflecting random X-inactivation have been found, as well as evi-
dence for skewed X -inactivation leading to ratios of 70:30 and higher
which seems to firmly affect the phenotype [Echevarria et al., 2015].
Overall, lyso-Gb3-levels are highly variable across the whole spec-
trum of Fabry-related mutations and even intra-familial variation
remains high. It can be speculated that biomarker levels are more
deeply rooted in ontogenesis, rather than tied to a simple age-related
progression. Further investigation is required to clarify how, and to
what extent, lyso-Gb3 exposure time and level affect disease bur-
den. Conceivably, long-term investigations on ERT (and substrate
reduction therapy) effectiveness will facilitate the establishment and
validation of biomarker-based therapeutic goals of FD.

Some genotypes are associated with normal lyso-Gb3, even in
male patients. Moreover, these genotypes are characterized by absent
classical FD symptoms with onset in the 5th to 7th decade of life.
Thisholds true for many mutations with a residual activity =20% of
normal. Asanexample, thereis acontroversial discussionabout GLA
mutation p.D313Y. Based on an earlier in vitro study, this mutation
was labeled as a pseudodeficient variant [Yasuda et al., 2003], but is
still deemed relevantin most recentliterature [Bonoetal., 2011] and
screening programs [Baptista et al., 2010; Brouns et al., 2010] with
evidence that this mutation leads to a particular CNS involvement
[Brounset al., 2010; Lenders et al., 2013]. However, the mutation is
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A Distribution of symptoms in males and females with “mild” FD mutations
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no. of median age at median lyso-Gb3  Symptoms median in vitro
individuals onset (IQR) (IQR) [norm: <0.9]  no/mono/bi/multiple  enzyme activity (IQR)
male 61 51.6 yrs (22.0) 0.47 ng/ml (1.4) 7/22/14/18 51.3 (45.9)
female 116 44.7 yrs (21.4) 0.65 ng/ml (1.1) 16/27/23/51 51.3 (44.9)

Figure 3. Spectrum of symptoms in patients with mild mutations. The patient cohort harbors a total of 153 male and 246 female patients with mild
mutations (in vitro enzyme activity > 20% of wild type). A: The figure illustrates the symptom spectrum for 61 male (upper) and 116 female (lower)
individuals. The fractions of genotypes represented for each group is shown in the pie charts. B: Statistics of the patients represented above. Age
at disease onset was equated with age at diagnosis and only symptomatic patients were included.

associated with normal plasma lyso-Gb3 in patients [Niemann etal.,
2013]. Other recent reports questioned the pathology of mutations
formerly regarded as pathogenic, for example, p.P60L, c.352C>T
(p.-R118C) and c.888G>A (p.M296l), RNA not analyzed [Mitobe
et al., 2012; Smid et al., 2015(1); Ferreira et al., 2015].

A glance at the symptom spectrum of individuals harboring mu-
tations with high residual enzyme activity in the over-expression
system revealed evidence that the mutation was causative for the
observed phenotype. (1) The number of patients with exonic GLA
alterations in patients with FD symptoms is too high to be coin-
cidental; (2) in the investigated cohort, median age at symptom
onset in males and females was significantly higher than median
age of the asymptomatic mild mutation carriers (P = 0.0276/m and
P = 0.001/f); (3) in specific genotypes, for example, p.P60L, some
individuals had slightly elevated biomarker, some did not, indicat-
ing that certain mutations may play the role of a genetic risk factor
for common disease, that is, stroke or renal insufficiency, under cer-
tain genetic or extra-genetic conditions. However, genetic testing
was typically carried out when the patient had a physical symptom.
A large cohort of symptom-free and, reasonably, older individuals
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need to be screened for the presence or absence of mild GLA mu-
tations in order to support the finding that these can nevertheless
cause FD. Patients with early symptom onset (e.g., <40 years) are
particularly good candidates for whole genome/exome analysis, in
comparison with symptom-free mutation carriers.

To put it into perspective, some genotypes are probable targets
for an alternative therapeutic approach with PCT. The question as
to whether a given mutation can be addressed with a small molecule
like DG] has been approached by an in silico prediction algorithm
“Fabry-cep” [Cammisa et al, 2013]. We examined PPV, sensitiv-
ity (true negatives) and specificity (true positives) for a total of 46
mutations (compare Supp. Table §3). While principally valuable (as
indicated by a PPV of 0.81), “Fabry-cep” produced a high num-
ber of false-negative predictions leading to a low sensitivity of0.54.
However, “Fabry-cep” identified non-responders accurately lead-
ing to a specificity of 0.86 suggesting that this tool is capable of
offering a deliberated prediction of possible responders in the ab-
sence of experimental data. Interestingly, our experimental analysis
revealed that the fraction of responding mutants proved to be higher
amongst mutations with residual activity in vitro. Mild mutations
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with biochemical behaviour comparable to the wild type should also
benefit from PCT. Even though the increase in enzyme activity is
merely mild to moderate, the enzyme is stabilized and less vulnera-
ble to heat denaturation and resistant to protease attack [Guce et al.,
2011]. Therefore, an orally administered drug might be a preferable
option, rendering the more torturous life-long intravenous therapy
obsolete.

Of note, we have confirmed a positive genetic diagnosis by detec-
tion of a GLA mutation in about 1,205 patients with suspected FD,
since 2010. The obtained numbers of 771 out of 434 (females/males)
approach the expected Mendelian ratio of 2:1 for X-linked dis-
eases, which indicates that female carriers are rarely asymptomatic
throughout their entire lives.

Conclusions

‘We have characterized 73 GLA mutations (45 of which were novel )
in a cell culture over-expression system. Most of the corresponding
mutant enzymes display absent or strongly reduced enzyme activity.
Hence the number of GLA mutations resulting in a residual activity
=20% of normal level is increased (42.5%) relative to our previous
study (26.9%, Lukas et al., 2013). Biomarker lyso-Gb3 is normal
in most male and female patients with these mutations, so for this
reason cannot serve as a surrogate for genetic diagnosisin these cases.
There is, however, strong dlinical evidence that mild mutations may
lead to a mono- or oligo-symptomatic form of FD later in life. Based
on in vitro testing, we predict a high proportion of responders to
small molecule treatment (PCT based on the PC DGJ) among mildly
affected patients.
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Abstract: Fabry disease is caused by mutations in the GLA gene and is characterized by a large
genotypic and phenotypic spectrum. Missense mutations pose a special problem for graduating
diagnosis and choosing a cost-effective therapy. Some mutants retain enzymatic activity, but are
less stable than the wild type protein. These mutants can be stabilized by small molecules
which are defined as pharmacological chaperones. The first chaperone to reach clinical trial is
1-deoxygalactonojirimycin, but others have been tested in vitro. Residual activity of GLA mutants
has been measured in the presence or absence of pharmacological chaperones by several authors.
Data obtained from transfected cells correlate with those obtained in cells derived from patients,
regardless of whether 1-deoxygalactonojirimycin was present or not. The extent to which missense
mutations respond to 1-deoxygalactonojirimycin is variable and a reference table of the results
obtained by independent groups that is provided with this paper can facilitate the choice of eligible
patients. A review of other pharmacological chaperones is provided as well. Frequent mutations
can have residual activity as low as one-fourth of normal enzyme in vitro. The reference table with
residual activity of the mutants facilitates the identification of non-pathological variants.

Keywords: Fabry disease/drug therapy; «-galactosidase; pharmacological chaperones;
1-deoxynojirimycin

1. Introduction

Fabry disease (FD, OMIM #301500) is a rare pathology, but accounts for 8.8% of the patients
affected by inherited disorders of metabolism [1] and is the second most common lysosomal storage
disorder [2]. FD is caused by those mutations in the GLA gene that result in a deficiency of the protein
product, lysosomal «-galactosidase (AGAL Uniprot: AGAL_HUMAN P06280; EC: 3.2.1.22), and the
accumulation of its substrates. The real incidence of FD is difficult to establish. It was estimated at
1 in 100,000 [3].
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Screening of various at-risk populations, patients with renal failure [4,5], stroke [6],
and cardiomyopathy [7,8], have shown a significant prevalence of FD in symptomatic population.
GLA gene variations have been found in newborn screening with a frequency as high as 1 in 1200 or
1in 3100 [9,10]. Some of the found variations remain unclear with respect to clinical significance.

Although GLA is located on X chromosome (Xg22.1), heterozygous females can be symptomatic.
This is due to random inactivation and lack of cross-correction that occurs in other lysosomal
storage disorders such as mucopolysaccharidosis type II [11]. Random X-chromosome inactivation in
heterozygous females leads to a mosaic of cells, half of which express wild-type AGAL. Under these
circumstances, female patients have mild or no signs of the disease. In some cases, however, a skewed
inactivation, which occurs for unknown reasons, leads to the preferential expression either of the
chromosome carrying the wild type or the mutant GLA. Under these circumstances, female patients
can be as severely affected as much as the male patients carrying the same mutation [12].

AGAL is a homodimeric glycoprotein with 429 amino acids per chain and shares structural
similarities with the other lysosomal glycosidases. It catalyzes the removal of a-galactosyl residues
from glycosphingolipids, in particular globotriaosylceramide, Gb3 or GL-3 (also known as ceramide
trihexoside). Its products are lactosylceramide and galactose. Gb3 mainly occurs in the endothelial,
kidney, heart, and nervous cells and there is evidence suggesting its involvement in the renal
pathology [13,14], but the underlying mechanism remains largely unknown [15]. Gb3 and its
isoforms based on ceramide modification are detectable in blood and urinary samples [16,17] from
the patients for the use as diagnostic and prognostic biomarkers following and supporting genetic
testing. Meanwhile, a deacylated metabolite of Gb3, globotriaosylsphingosine (lyso-Gb3) has emerged
as a superior biomarker demonstrating higher sensitivity than Gb3 and a good correlation to the FD
phenotype [18].

FD is characterized by a large phenotypic spectrum, with mildly and severely affected patients,
and shares many symptoms with common diseases. In severe cases, often referred to as classic FD,
the first specific signs appearing in childhood or adolescence are angiokeratoma, cornea verticillata,
neuropathic pain, acroparesthesias and hypohidrosis. These are followed by progressive proteinuric
renal insufficiency, rhythm and conductance disorders with progressive hypertrophic cardiomyopathy
and cerebrovascular stroke [19-21]. In mild cases, often referred to as atypical FD, only some symptoms
are present, usually the cardiac ones. The Mainz Severity Score Index (MSSI) [22,23] was developed to
measure the severity of FD and to monitor the clinical course of the disease in response to therapy.
The MSSI includes four components or sub-scores that assess the general, neurological, cardiovascular
and renal signs and symptoms. Although the MSSI score is able to differentiate FD from other
severe debilitating diseases, a minor, still significant overlap, in particular for cardiac sub-scores,
between healthy and FD affected persons was observed. MSSI was originally developed for classic FD.
Other tools, such as Fabry Disease Severity Scoring System (DS3) [24] and Fabry STabilization ind EX
(FASTEX) [25], were subsequently developed to cover a broader range of cases.

The broad heterogeneous symptom spectrum might be due in part to genetic modifiers and other
extra-genetic (epigenetic, environmental) factors that are currently discussed [26,27].

Enzyme replacement therapy (ERT) has been approved for the last 15 years. There exist
two formulations of the recombinant AGAL, agalsidase « or [3, that are commercialized by Shire,
Lexington, MA, USA and Genzyme, a Sanofi company, Cambridge, MA, USA respectively [28].
ERT may decrease cardiac mass [29-32] and reduce the accumulation of the substrate Gb3
in the kidney [33-35], but the effects on nervous system and renal function have not been
definitively assessed [36-39]. Early start of ERT has been suggested because irreversible organ
damage, cardiac fibrosis or severe renal dysfunction, would render the therapy ineffective [34,36,40].
Recommendations for initiation and cessation of enzyme replacement therapy in patients with Fabry
disease have recently been provided by the European Fabry Working Group consensus document [28].
The effect of ERT on patients with mild mutations, which retain some residual AGAL activity, has not
been considered separately [41]. This is unfortunate because ERT is not the only possible therapy for
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FD. A new approach with pharmacological chaperones (PC) has been proposed and a small molecular
weight molecule is on the verge of being approved with the commercial name of Galafold™. This drug
is an iminosugar, which closely resembles the natural product of AGAL galactose, and has been known
by different names, 1-deoxygalactonojirimycin (DGJ), migalastat, AMIGAL, AT1001. DGJ inhibits
reversibly AGAL at nanomolar concentrations, but stabilizes the wild type enzyme in vitro against
thermal [42] and chemical induced denaturation [43] too. DGJ can be used in synergy with ERT
either co-administrating both drugs intravenously or one orally (DGJ) and the other intravenously
(recombinant enzyme). DGJ prolongs the half-life of AGAL in vivo, both in mouse models and in
humans and leads to an improved clearance of Gb3 [44-46].

DGJ can be used for a stand-alone oral therapy of FD for specific missense genotypes. The efficacy
of DGJ was tested in vitro, ex vivo, in cells derived from patients, and in vivo. Oral administration
of DGJ reduces Gb3 in kidney, heart and skin of Fabry transgenic mice carrying the responsive
human mutation R301Q [47]. When administered with an oral dose of 150 mg, it was well tolerated,
increased AGAL activity [48] and decreased plasma lyso-Gb3 [47] in the majority of the patients with
responsive GLA mutations. Interestingly, the best results are obtained when an intermittent regimen
is used. The results of a clinical trial phase 3 study carried out on males and females affected by
FD has been recently published. Patients received 150 mg of Galafold™ or placebo every other day.
The study began with six months of double-blind administration and proceeded with 6 + 12 months
of open-label administration. Although the authors conclude their abstract stating quite cautiously
that “the percentage of patients who had a response at 6 months did not differ significantly between
the migalastat (DGJ) group and the placebo group”, promising results are shown. A reduction of the
number of Gb3 inclusions per kidney interstitial capillary as well as a reduction of plasma lyso-Gb3
were observed [49].

More than 700 variants have been reported in HGMD for the GLA gene so far and, differently
from other lysosomal disorders such as Gaucher, there are not prevalent mutations, on the contrary
most are usually found only in a single family. The number of missense mutations, 467 described so
far, is a surprisingly high value for a medium size protein, such as AGAL. In order to appreciate this
finding it should be considered that more than 70,000 missense mutations affecting proteins associated
to human diseases have been reported, with seven variants per protein on average. The large number of
missense mutations poses several problems for making a diagnosis and initiating the most appropriate
therapy. Recently, it was proposed to use residual activity measured in vitro to classify mutations.
We wish to contribute to the evaluation of such a proposal with the first meta-analysis of the residual
activity of GLA missense mutations measured by several independent research groups employing
different protocols, either ex vivo, in cells derived from patients, or in vitro, in transiently transfected
cells. Results covering 317 of missense mutants, mostly cases reported in HGMD and associated to
FD, were collected. Data were obtained in the absence or in the presence of DG]. For this reason,
our analysis provides an independent perspective on the amenability to pharmacological chaperones.
In addition to this we reviewed other small molecules that were reported to have a stabilizing effect on
some GLA missense mutations in vitro and might be developed to act in synergy or as an alternative
to DGJ.

2. Results

Meta-Analysis of Data Reporting Residual Activity and Responsiveness to DGJ of GLA Missense Mutations

Several independent groups have tested the effect of DGJ] on AGAL mutants, administering the
drug to cells derived from patients, or most frequently, to HEK293 or COS cell transiently transfected
with expression plasmids. The enhancement of enzyme levels and that of the total enzyme activity
is monitored in the cells extracts and is regarded as a proof of the stabilization of the mutant in the
cell by DGJ. Residual activity is normalized by the total amount of protein in the cell and should not
be confused with specific activity, which is normalized by the amount of AGAL. Residual activity
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is influenced by the stability of the mutant in the cell and by its specific activity. In general, a fixed
concentration of DG] was used, usually 20 uM, in some cases, however, IC5y was determined and the
optimal concentration was used. The results gathered from literature are reported in Supplementary

File 51 and the methods employed in each study are summarized in Table 1.

Table 1. Experimental conditions under which DGJ responsiveness has been assessed.

Reference Cell Type Concentration and Incubation Time
Tshii_2000 [50] Transfection COS1 20 uM DGJ 1 day

Spada_2006 [10] Transfection COS7 20 uM DGJ 72 h

Shin_2007 [51] T-cells and fibroblasts 20 pM DG]J 3 or 4 days

Tshii_2007 [52]
Shin_2008 [53]
Park_2009 [54]
Benjamin_2009 [55]
Filoni_2010 [56]
Wu_2011 [57]
Andreotti_2011 [58]
Lukas_2013 [2]
Giugliani_2013 [59]
Lukas_2016 [60]

Lymphoblasts and fibroblasts
T-cells

Transfection COS7

Lymphoblasts and fibroblasts
Transfection COS1 and lymphocytes
Transfection HEK293

Transfection COS7

Transfection HEK293H

Transfection HEK293

Transfection HEK293

20 uM DGJ 5 days

20 uM DG]J 3 days

20 uM DG]J 2 days

Depending on EC50 5 days

20 uM DGJ 72 h

Depending on EC50 4 to 5 days
20 uM DGJ 48 h

20 uM DGJ 60 h

10 uM DG]J

20 uM DGJ 60 h

The last criteria for responsiveness were adopted for the clinical trial phase 3 published in 2016 [49]

and require a relative increase in AGAL activity >1.2-fold above baseline and an absolute increase in
AGAL > 3% of wild type after incubation with 10 uM DG]. The concentration of 10 uM is the Cmax
concentration in plasma when patients are treated with 150 mg of DG], as was the case in clinical
trials [47,49]. Ten micromolar, however, is not the highest concentration that can be safely reached
in plasma [59,61] and the data obtained before 2016 with 20 uM DG]J, can still be useful to choose
eligible patients.

In vitro results are robust and do not depend on the type of recipient cells used for transfection
(Figure 1).
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Figure 1. The residual activity of mutants transiently transfected and expressed in COS7 and in HEK293
is shown. In the case that multiple reports are available for a given mutant and a given recipient cell
type, the average value was plotted. Results in the absence of DGJ (A) or in the presence of DGJ (B)
are reported.

On the other hand, residual activity measured ex vivo varies among individuals and type of
cells. A few examples of the levels measured in white blood cells are provided with the average,
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standard deviation and number of individuals: E66Q 42.3 + 12.5 (n =9) [62]; A143T 359 £ 7.2 (n=4),
R112ZH72 £ 7.0 (n=5), R301Q 7.3 = 2.7 (n =6), R356W 1.2 + 1.9 (n = 4) (Supplementary File 51).

Figure 2 shows the average residual activity measured in lymphoblasts or in fibroblasts harboring
the same mutation. A moderate yet statistically significant correlation of the data is observed only in
the presence of DG]J.
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Figure 2. The residual activity of mutants measured in fibroblasts and lymphoblasts derived from
patients is shown. In case that multiple reports are available for a given mutant and a given cell type,
the average value was plotted. Results in the absence of DGJ (A) or in the presence of DG]J (B)
are reported.

Figure 3 compares the residual activity measured ex vivo in cells derived from patients,
(mostly lymphocytes or, in a few cases, fibroblasts), with that measured, in vitro, in transfected cells
(HEK293, COS7 or COS1). For each mutant, the averages among results obtained by different authors
without (Figure 3A) or with DGJ (Figure 3B) was determined. It can be observed that the residual
activity measured in cells derived from patients tends to be lower than that measured in transfected
cells, in particular in the absence of DGJ. A few examples are provided indicating in vitro result
in HEK293H cells, ex vivo results in leucocytes with average, standard deviation and number of
individuals: L180F: 32.4%, 6.0 £ 2.0 (n = 2); N2155: 39.5%, 27.1 4 16.3 (n = 10); and 1253T: 73.0%,
226+ 69 (n=3).
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Figure 3. The residual activity of mutants transiently transfected and expressed in vitro and derived
from patient cells is shown. In case that multiple reports are available for a given mutant, the average
value was plotted. Results in the absence of DGJ (A) or in the presence of DG]J (B) are reported.
Mutations affecting a site of splicing and corresponding to G183, are represented by red symbols,
G128E is represented by a green symbol.
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However, the residual activities in vitro and ex vivo correlate (Figure 3A r = 0.7, p < 0.01; Figure 3B
r =0.7, p <0.01). Thus, it can be concluded that tests in vitro can generally recapitulate the residual
activity ex vivo and responsiveness to DG]J.

When this manuscript had been completed, we became aware of a recent publication that reports
residual activity of AGAL mutants expressed in HEK293 cells and tested with DG] 10 uM [63].
These data correlate with those reported in Supplementary File S1 (—DGJ r = 0.8, p < 0.000001;
+DGJ] r = 0.7, p < 0.000001).

Test in vitro have a limitation because they cannot account for the effect of exonic mutation on
splicing. In fact, mutants are encoded by plasmids that do not contain introns. It is interesting to
analyze the case of the mutations affecting a site of splicing and corresponding to G183 represented by
red symbols in Figure 3. Substitution of GLY by SER results in a mutant that does not retain activity in
cells derived from patients and does not recover activity with DGJ. The same mutant recovers activity
with DGJ in vitro. We can hypothesize that the drug has a stabilizing effect on the protein, but cannot
correct the effect on splicing. On the other hand, G183A and G183D are responsive to the drug both
in vitro and ex vivo suggesting that these mutations mainly affect the protein, but not the splicing.
K213M might be another example where splicing could play a role to explain the in vitro and ex vivo
differences. Mutations not occurring at splicing sites can have effect on the maturation of RNA too.
We suspect that this might be the case for G128E, green symbol in Figure 3, because very low residual
activity was measured by several authors in cells derived from patients, either in the presence or in
the absence of DGJ, whereas the mutation retains residual activity and is responsive to DG] in vitro.
Although a putative consensus for an exonic splicing enhancer including the triplet 128 was found,
further experiments are needed to confirm the influence of the mutation on RNA processing.

We report the score obtained by a position specific substitution matrix (PSSM) that measures
whether the mutation was tolerated during the evolution of homologous proteins in Supplementary
File S2. Mutations affecting the active site, as expected, have no residual activity and do not respond to
DGJ, mutations occurring at non-conserved sites tend to be responsive.

Predictions were obtained with Web based Polyphen2 using HumDiv or HumVar as the training
setand are reported in Supplementary File S2. Both sets use disease mutations in UniprotKB as positive
controls, but differ for the negative control set. HumDiv uses differences between human proteins and
their closely related mammalian homologs, whereas HumVar uses common human SNPs (MAF > 1%)
without annotated involvement in disease. HumVar-trained model is suitable to distinguish mild
mutations, the HumDiv-trained model, considers also mild mutations as deleterious one. Although,
on average, the residual activity of mutations that are predicted as probably damaging with both
training sets is very different from the residual activity of mutations predicted as benign, exceptions
can be observed in particular with HumVar-trained model (Table 2).

Other in silico approaches based on the structural features of AGAL, some from our group [64],
have been attempted [65,66], to predict the severity of FD genotypes. We believe that data obtained
in vitro should always be preferred whenever available.

In Supplementary File 52, all missense variants of GLA described in EXAC [67] are reported.
ExAC summarizes exome sequencing data from a wide variety of large-scale sequencing projects.
Variants reported in this database, in particular those observed with higher frequency, are likely to
be non-pathogenic. The mean residual activity measured in vitro for a subset of ExAC variants, i.e.,
those observed in more than one male is reported in Table 2. The number of hemizygous individuals
reported in ExAC, the PSSM score, Polyphen2 prediction and the reference found in HGMD are
reported in the same table.
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Table 2. Putative non-pathological AGAL mutants: features and residual activity in vitro.
Mutation No. Hemiz —DG] +DGJ PSSM  Humdiv Humvar Reference
L3P 4 117.7 1294 -3 Probably damaging  Probably damaging  [60]
E66Q 3 476 53.66 -2 Probably damaging  Probably damaging  [68]
R118C 8 245 278 -2 Probably damaging  Possibly damaging  [10]
N139S 7 147.8 1764 -1 Benign Benign [69]
5§126G 18 51.3 67.4 -2 Benign Benign [70]
A143T 19 39.7 63.7 —1 Probably damaging  Possibly damaging [71]

1289V 3 799 95 0 Probably damaging  Possibly damaging

D313Y 129 755 100.3 -1 Probably damaging  Possibly damaging [71]
R363H 3 28 65.7 -1 Benign Benign [72]
A368T 3 103.7 93.3 1] Benign Benign 2]
T385A 36 45 489 -2 Possibly damaging  Benign 2]
W3995 5 53 515 —4 Possibly damaging  Benign [60]

R118C is the variant with the lowest residual activity, only 24.5% of wild type when tested in
transiently transfected cells. It is relatively frequent in the European population, but it is predicted as
deleterious both by Polyphen_Humvar and Polyphen_Humdiv. Oliveira and colleagues reviewed the
clinical, biochemical and histopathology data obtained from 22 individual carriers and reached the
conclusion that it “does not segregate with FD manifestations at least in a highly-penetrant Mendelian
fashion”, but might be a risk factor for stroke [73]. In accordance with this, low levels of lyso-Gb3,
a biomarker of FD, were measured in the carriers [2]. R118C s considered amenable to DGJ according to
galafold amenability table [63]. R118C was tested with DGJ and with Rosiglitazone by Lukas et al. [74].
Although in terms of activity fold increase, the effect of mono-therapy with either drug was small,
the combinatorial effect was significantly higher.

A143T has an average residual activity of approximately 39.7% of wild type. Brand and
coworkers [75] analyzed 15 females and 10 males carrying this mutation. They observed that
female and male A143T carriers showed less organ involvement in comparison to FD patients with
other missense mutations and those suffering from stroke/TIA showed no further FD-typical organ
manifestations. They came to the conclusion that “A143T seems not to be causal for FD, but rather
a genetic variant of unknown significance or a genetic modifier”. A143T is considered amenable for
the therapy with DGJ according to the galafold amenability table.

E66Q has specific activity, Vmax, and affinity for the artificial substrate 4-methylumbelliferyl-
a-galactopyranoside, Km, similar to those of wild type, but residual activity in transfected cells is
approximately one half of the wild type, possibly because the stability at neutral pH is reduced [52].
The mutation is relatively frequent in East Asian population. Sakuraba and coworkers measured the
activity in 20 Japanese or Korean male carriers with renal and cardiovascular disorders and found 13%
to 26% of the normal mean values for plasma and 24% to 65% of the normal mean values for white blood
cells, but the lyso-Gb3 levels were as low as those of healthy controls and no inclusion bodies were
found [62]. Hu and co-workers found that the mutation segregated with renal disease in a very large
Chinese family, but they did not measure the accumulation of the substrate or of lyso-Gb3 in the same
patients [76]. The involvement in cardiovascular disease has also been suspected, but no accumulation
of Gb3 was found in the heart of a patient carrying E66Q [77]. The association between E66Q) and the
risk cerebral small-vessel occlusion is debated [78,79]. In conclusion, pathogenicity of E66Q is still
vexata quaestio. E66Q is considered non amenable for DGJ according to galafold amenability table,
but an increase in activity upon drug administration was measured by other authors [52,55,57,80].

D313Y was first associated to classic phenotype [71]. Subsequent data clinically and biochemically
indicated that D313Y should be considered a variant [81]. Cardiac, nephrological, neurological,
laboratory and quality of life data were collected from carriers of D313Y with a 4-year follow up and
the results indicated that the mutation is non pathological. Very low levels of lyso-Gb3 were found [2].
The opinion that D313Y is a non-pathological variant is supported by the fact that its frequency of
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0.4% in the non-Finnish European population is much higher than the prevalence of FD in the same
population. D313Y is considered amenable for DGJ.

For other mutations such as S126G and N1395, the clinical picture did not include specific signs
of FD [69,70]. Both mutations are considered amenable for DGJ.

This survey would suggest that a residual activity higher than 25% can indicate a non-pathological
variant. Nonetheless, when considering administration of a therapy, if any, clinicians should be aware
of the fact that the severity of the disease depends not only on the damage caused to the protein itself
by the mutation, but also by other factors, which regrettably have not yet been clarified. It should be
considered that the phenotype can differ even among the members of the same family [82] and that
the residual activity in plasma or in white blood cells can vary largely in people carrying the same
mutation [62].

N2155 is a mutation affecting glycosylation of the AGAL enzyme [83]. It presents with
a proportionally high residual activity >25% of normal. It is considered a distinct sub-type of FD
due to its elevated prevalence compared to non-N2155 FD cases and late-onset occurrence [60,84].
Interestingly, this variant has never been scrutinized to cause a pathogenic phenotype. By contrast,
it is believed to cause a specific cardiac phenotype. Other cardiac-prone mutations might exist,
e.g., the so-called IV54 + 919G > A splice mutation highly prevalent in the Taiwanese population.
A clinical trial investigating the long term clinical course of N2155 patients is currently ongoing
(clinicaltrials.gov, NCT01429597). In this case, the diagnostic and prognostic value of biomarker
lyso-Gb3 can be appreciated. While apparently all (genetically) found patients were identified it was
demonstrated that Gb3 was normal in a great fraction of patients. Meehan et al. [85] showed that
N2155 was present in a patient with renal manifestation and is, thus, suggestive to cause mainly
cardiac and renal symptoms. N215S is amenable for DGJ.

3. Future Perspectives for Therapy

D(] is a promising drug, but it might not be the ideal drug yet. DGJ inhibits AGAL at nanomolar
concentration and stabilizes it at micromolar concentrations. Therefore a continuous exposure to the
drug can promote AGAL levels, but not AGAL intracellular activity. Reduction of Gb3 concentration
was not observed in fibroblasts derived from patients carrying the mutations R301Q or L300P and
incubated with DG]J for 10 days, but was observed if the incubation of seven days with the drug was
followed by a three day wash-out [55].

The discovery of DGJ was the result of an educated guess, and not of a methodical screening [86].
In fact, DGJ is a glycomimetic with a six-atom ring and very closely resembles the galactose, which is the
natural product and inhibitor, and also the first chaperone described for AGAL [87]. A more systematic
search was started with the aim of finding other drugs that might have a better ratio between the
stabilizing and the inhibitory effect. Most of the molecules considered so far are glycomimetics as
D] itself. DG]J is an amine and is positively charged at neutral pH. In order to facilitate its diffusion
through membranes, alkylation was proposed [88]. Contrary to what was observed for analogous
iminosugars active on other lysosomal glycosidases, alkyl-DG] derivatives had a lower affinity for
AGAL and apparently a lower chaperoning potential probably because one important hydrogen-bond,
the one established between the heterocyclic NH proton and D170 of AGAL, is lost.

On the contrary, aryl DGJ-derivatives (1-deoxygalactonojirimycin-arylthioureas) that form
a hydrogen bond between the aryl-N'H thiourea proton and D231 of AGAL, act as reversible inhibitors
and chaperones. When tested at 30 uM concentration on Q279E or R301Q mutants, the best candidate,
namely N’-p-methoxyphenyl-DGJ-Aryl thiourea, had a seven fold higher chaperoning activity than
D(J at its optimal concentration [89].

Iminosugars characterized by a smaller, five-atom ring system, have been described [90,91].
2,5-dideoxy-2 5-imino-D-altritol (DIA) inhibited AGAL and stabilized it against thermal denaturation
and acted as a chaperone when tested on Fabry R301Q lymphoblasts although at a concentration
20 times higher than the optimal one for DG]J. The effect on Gb3 accumulation was not tested.
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One derivative of DIA possessing an aminomethyl group showed a chaperoning effect higher than
DG]J when administered to N2155 patient lymphocyte cell line at high concentration (100 uM) [92].

DG]J binds and inhibits AGAL both at neutral pH, which is required, and at acidic pH, which is
not required [42]. It would be useful to find molecules that bind and stabilize AGAL mutants when
they are in the neutral environment of the endoplasmic reticulum, but dissociate when the protein
reaches the lysosome. This point was specifically addressed incorporating an orthoester segment into
DGJ [93].

Glycomimetics require a precise dosing, whereas non carbohydrate mimetics might offer a larger
therapeutic window and an improved therapeutic index. In order to look for chemically diverse
drugs, a library of 230,000 diverse compounds was screened but no inhibitors or activators of a-Gal
A with an IC5; below 50 uM were identified. Unfortunately the screening procedure relied only
on an enzymatic assay carried out at pH 5.9, but not at neutral pH or on assays based on AGAL
stabilization [94].

So far reversible inhibitors of AGAL that act as PC have been described. The association between
the two effects, inhibition and stabilization, is avoidable because active sites are not the only targets for
chaperones. Allosteric ligands might act as pharmacological chaperones, and might be more effective
than reversible inhibitors, since they would perform their stabilizing action without competing with
the natural substrate. Looking for allosteric PC is difficult because they do not resemble chemically
known substrates. Large libraries of structurally diverse compounds should be tested and preliminary
screening in silico might be functional. Allosteric ligands do not bind the active site, but one of the
many pockets occurring on the surface of a protein. Therefore it is difficult to restrict the area where
binding is allowed as required by structure based virtual screening. A recent screening, carried out
on 10,000 molecules, showed that it is possible to find molecules that, at least in silico, preferentially
bind an allosteric site than the active site. The two sites are located at the opposite sides of the catalytic
domain of AGAL [95].

The PC that have been described previously are specific ligands of AGAL. They are effective on
missense mutations that cause destabilization of the enzyme and, ultimately, its early degradation.
Other small molecules that do not physically interact with AGAL, but have effect on proteostasis,
can be considered for the treatment of these cases as well. Proteostasis regulators can be used in
synergy with specific PC potentiating their action or allowing lower dosages.

The before mentioned Rosiglitazone, a Peroxisome proliferator-activated receptor gamma (PPARY)
agonist rearranges global cellular ubiquitination by inhibiting the ubiquitin-proteasome system (UPS).
It displayed the highest beneficial effect on mutations with a significant residual activity (e.g., R118C
and T385A) and was even more effective in combination with a PC [60]. Mechanistic studies are
required to explain why other ubiquitination inhibitors such as Pyr-41 failed to increase AGAL activity.
This finding might be ascribed to intense adverse effects of cellular ubiquitination inhibition caused by
Pyr-41 and associated toxicological aspects.

Ambroxol, a mucolytic agent used in the treatment of respiratory diseases, was identified as
an enhancer of AGAL activity. The compound has formerly been demonstrated to act as a PC on
mutant Glucocerebrosidase in Gaucher disease. Even though its mechanism of action is not known it
was demonstrated to increase cellular AGAL level and activity of most (DG]—) amenable mutations
(E59K, A73V, A143T, A156V, 1232T, R301G, R301Q, R356W and R363H) indicating an impact on AGAL
proteostasis. Ambroxol was, however, not effective as a monotherapy, but only in the combination
with a PC, galactose or DGJ [60].

The synergistic effect of N'-p-methoxyphenyl-DGJ-Aryl thiourea with two proteostasis regulators,
4-phenylbutyric acid and celastrol has been assessed. The latter compound was not effective,
but 4-phenylbutyric acid at 0.1 mM concentration was able to enhance the chaperoning activity
of the aryl-thiourea (20 uM) on the fibroblasts harbouring Q279E [89].

The effects of lactacystin 2 uM (a proteasome inhibitor) and kifunensine 0.2 mM (an inhibitor of
ER a-mannosidase I) on the processing on some mutants assessing the amount of protein was tested
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by Fan and coworkers [52] They found that some mutants responded to both drugs (F113L, N215S,
and M2961), one responded only to lactacystin (E66Q), others only to kifunesine (M72V, I91T, A97V,
R112H, L166V, and Q279E), and others had low or no response to either (A20P, A156V, M296V, R356W,
G373D, G373S, E59K, and P1465). All mutants that are responsive to kifunensine or lactacystin are also
responsive to DGJ, while A156V, M269V, R356W, and E59K are responsive only to DGJ. These results
suggest that a different cocktail of drugs might be ideal for specific AGAL mutations.

4. Methods

Residual activities in Supplementary File S1 were obtained from the literature. In those cases
where the authors did not report the normalized percentage values, the activity of the mutant in the
presence of DGJ was divided by the activity of wild type AGAL multiplied by 100 (+DGJ/wild x 100).
The reference wild type activity, measured in the absence of DG] was obtained for each mutation from
the appropriate paper. ICs; values are reported when available.

Pearson correlation coefficients and two tailed p-values were calculated as described by
Lowry [96].

PSSM values were calculated as described [97,98]. Active site residues were identified with
DrosteP [99]. Predictions were obtained with Web based Polyphen2 using HumDiv or HumVar as the
training set under default conditions [100].

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/12/2010/s1.
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The use of personalized medicine to treat rare monogenic diseases like lysosomal storage disorders (LSDs) is challenged by complex clinical
trial designs, high costs, and low patient numbers. Hundreds of mutant alleles are implicated in most of the LSDs. The diseases are typically
classified into 2 to 3 different clinical types according to seventy Moreover, molecular characterization of the genotype can help predict clinical
outcomes and inform patient care. Therefore, we developed a simple cell culture assay based on HEK293H cells heterologously over-expressing
the mutations identified in Fabry and Pompe disease A similar assay has recently been introduced as a preclinical test to identify amenable
mutations for Pharmacological Chaperone Therapy (PCT) in Fabry disease. This manuscript describes an amended cell culture assay which
enables rapid phenotypic assessment of allelic vanants in Fabry and Pompe disease to identify eligible patients for PCT and may aid in the
development of novel pharmacochapercones

Video Link

The video component of this article can be found at https /Awww jove com/ivideo/56550/

Introduction

There are over a dozen lysosomal storage disorders (LSDs) related to glycosidase dysfunction as a result of primary gene mutations. In Fabry
(OMIM £301500) and Pompe (OMIM #232300) disease, more than 500 and 200 missense mutations'*? have been reported, respectively, which
corresponds to about 60% of the total mutation count. Numerous new gene variants are still being identified, many of which have unknown
significance Extensive biochemical studies revealed that certain genotypes do not lead to a complete loss-of-function of the GLA gene (OMIM
*300644) in Fabry disease, but cause the corresponding enzyme to fail to reach a thermodynamically favored folding state* This results in ER
retention and premature degradation of the otherwise functional enzyme Similar conclusions have been drawn in other LSDs including Fompe
disease’. Moreover, molecular characterization of enzyme variants can facilitate clinical interpretation of the mutations at the time of diagnoswss,
suggesting that LSD progression is an individual process based on the nature of the mutation. Therefore, the conventional classification into
typically 2 to 3 different clinical types should be reassessed in orderto streamline clinical counselling and therapeutic decisions.

Enzyme Replacement Therapy (ERT) is available for both diseases. ERT, however, has limited efficacy in affected tissues/organs such as the
brain and skeletal muscle. Furthermore, ERT can elicit an immunogenic response that jeopardizes its therapeutic benefits. Pharmacological
Chaperones [PCs) are an attractive treatment alternative for patients with so-called responsive mutations. PCs serve as a molecular scaffold
for correct protein folding and stabilization which in turn prevents endoplasmic reticulum (ER) retention and ER-associated degradation of the
enzyme. Moreover, PCs can be administered orally and are potentially able to cross the blood brain barrier. Therefore, PCT might be a more
viable o#)tion for treating patients with certain genotypes. For an extensive review on PC application in LSDs, refer to the excellent review by
Parenti’.

The discovery of hundreds of disease causing mutant alleles challenges pre-clinical drug testing and necessitates a simple, fast, and highly
standardized assessment of amenable patients for a personalized medicine approach. In order to assess the detnmental effects of LSD gene
mutations and to test candidate mutations to predict amenable patients for PCT, a highly standardized over-expression system in HEK293H cells
that allows for fast and reliable enzyme activity measurement was developed. Similar over-expression systems have been previously described
for Fabry and Pompe disease using either COS—?B'Q'm‘”, Hela cel\sn‘ or HEK293"3 141818 ca)is for the glycosidase gene.

A very similar method has even been patented as a "Method to predict response to Pharmacological Chaperone treatment of diseases""’

indicating the relevance of a cell culture system capable of being integrated into clinical practice
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1. Preparation of Mutant pcDNA3.1/GLA and pcDNA3.1/GAA Constructs

NOTE: The cloning strategies forthe GLA and GAA coding sequences (cds) have been reported earlier
1.

2.

15,18

Site-directed Mutagenesis Using Site-Directed Mutagenesis
1. Use the reference sequences NM_000169.2 and NIM_000152 .4 as templates for the mutagenesis of GLA and GAA genes,
respectively. Have a set of high purity salt free primers (25-37-mers) synthesized by a commercial provider, with sense and antisense
primers carrying one of the respective sequence modifications central to their length to individually introduce the mutation. Use the free
primer design tool to support the primer design
2. Forthe reaction mixture, use the standard conditions for the reaction solution and PCR conditions provided by the manufacturer.
1. Mix 5 L of 10x reaction buffer, 10 ng of double-stranded template plasmid DMNA (pcDMNAS 1/GLA or pcDMNA3 1/GAA), 125 ng
of each primer, 1 pyL of the provided dNTP mixture, 3 uL of DMSO reagent in an appropnate volume of deionized water (final
reactionvolume: 50 pL). Finally, add 2.5 U of DNA polymerase and mix by pipetting up and down. As a negative control, carry
along a no-primer sample

3. Startthe PCR using the following program: step 1: 95 °C for 1 min, step 2: 95 °C for 50 5, step 2: 80 ®°C for 50 s, step 4. 68 °C for 8
min, repeat step 24 18 times, and step 5: 68 °C for 10 min.
1. Following PCR, add 1 pL ofthe Dpnl restriction enzyme (10 U/uL ) and further incubate the reaction vial at 27 °C for 1 h.

Transformation and Screening forthe Desired Clone

1. Transform an aliguot of ultracompetent cells in accordance with the manufacturer's recommendations. Use SOC medium (tryptone
2% (wiv), yeast extract 0.5% (wh), NaCl 10 mM, KCI 2.5 mM, sterilize at 121 °C, and then add sterile-filtered solutions of MgCls and
glucose up to final concentrations of 10 and 20 mM, respectively) instead of the manufacturer's medium. After the procedure, plate 250
WL of the sample mutagenesis on an LB plate containing 100 pg/mL ampicillin and incubate at 37 °C for 18 h.

2. Assure that the number of transformants is =10 and the reaction yields at least three times as many colonies as the no-primer control
reaction, e.g., using a luminous plate to facilitate colony counting. Then pick 3 colonies and prepare 3 mL ovemnight cultures in LB Broth
medium

3. The next day, carry out plasmid preparation with a standard kit and analyze whole sequence using T7 (5-TAA TAC GAC TCA CTA TAG
GG-3')and BGHr (5-TAG AAG GCA CAG TCG AGG-3') pnmers via standard Sanger sequencing

4. Use a suitable molecular biology tool to analyze the sequence. When the desired mutation is detected and no further sequence
abnormality compared to NM_000169 2 (a-galactosidase A) or NM_000152 4 {acid a-glucosidase ) is seen, select the clone for
transfection-grade plasmid purification

5. Determine the purity of the DNA by measuring the absorbance in a spectrophotometer
NOTE: Allow only preparations that vield a plasmid purity with a 260/280 absorbance ratio of >1.8 for cell culture experiments.

2. Cultivation of HEK293H Cells

Maintain HEK293H cells in high glucose (4.5 g/L ) Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. Keep the cells in a waterjacket incubator at 37 °C under a 5% CCO 4, atmosphere.

Cultivate the cells to a density of 80 - 90%

Aspirate the medium and wash once using phosphate buffered saline (PES ) without ca’ and Mg2+.

Passage by adding 0.05% Trypsin-EDTA and incubate for 5 min at 37 °C and 5% CO»

Split the cells 1:15 in fresh medium and seed into a new T75 flask to maintain the permanent culture. Do not use cells with more than 25
passages

3. pcDNA3.1/GLA and pcDNA3.1/GAA Plasmid Transfection and Treatment of HEK293H

24 h prior to the transfection, wash the HEK233H cells in a T75 cell culture flask once with PBS with CaZ+, Mg2+. Harvest the cells with 0.05%
Trypsin-EDTA as stated above and seed 1.5 x 10° cells in the cavities of a 24 well culture plate using 500 pL DMEM medium supplemented
with 10% FBS without antibiotics.

Carry out a transfection protocol according to the manufacturers manual. Typically, use a mixture of 1 ug of plasmid DMNA and 2.5 uL of
transfection reagent in 100 pL of serum-free DMEM. Incubate for 20 min at room temperature and add to the cells in & drop-wise manner
thereafter.

Remove the medium containing the transfection reagent after a period of 4 h at 37 °C/5% CO; and add 500 uL of fresh DMEM with 109%
FES/ 1% penicillin/streptomycin

NOTE: During this step, 1-Deoxygalactonojirimycin Hydrochloride (DG J) or 1-Deoxynojirimycin Hydrochloride (DNJ) might be added to the
culture medium where intended (use an agueous stock solution of 10 mM in order to obtain a final concentration of 20 uM DGJ and DNJ).
Fresh DGJ or DNJwas added 42 h after plasmid transfection

4. Cell Harvest and a-galactosidase A or Acid a-glucosidase Activity Measurement

1.

Cell harvest
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1 Onzthe day o;the harvest, remove the cells from the incubator and aspirate the medium. Carefully wash the cells 2 times with PBS with
Ca*" and Mg™"
MOTE: This step is critical because DGJ and DMNJ are potent inhibitors of a-galactosidase and a-glucosidase, respectively, and any
leftover would invalidate the test.

2. Add 200 uL of deionized water directly on top of the cells. Rinse the cells from the plate and transfer them to a 1.5 mL reaction tube

2. Homogenization by freezing and thawing
1. Putthe samples in an appropriate foam rack and vortex for 5 s to make the lysis more efficient. Put the samples altemating in liquid
nitrogen for 10 s and in a room temperature water bath until the thawing was complete (5 min)
2. Repeat this procedure 5 times and then spin the samples for 5 min at 10 000 x g. Retain the supematant and pipette in a new reaction
tube

3. Protein concentration determination using bicinchoninic acid (BCA) assay

1. Prepare a fresh tube for each sample containing 40 WL of deionized H2O and add 10 L of sample. Mix solution by vortexing briefly and
transfer 10 pL into a cavity of a 96 well plate (each sample in trplicate). Dilute a 2 mg/mL bovine serum albumin (BSA) stock solution
in deionized H50 as follows to obtain a standard curve: 50 uL Ho0/50 uL BSA; 50 Pl H,0M40 L BSA; 70 L H20/30 ul BSA,; 80 pL
H20/20 pL BSA; 90 uL H,0/10 uL BSA; 100 uL H,0

2. Startthe reaction by adding 200 uL of BCA reagent (Reagent A and reagent B mixed at a 50:1 ratio) and incubate for 1 hin the dark at
37 °C under slight agitation on an orbital shaker (300 rpm). Measure the absorbance at 560 nm in a plate reader.
NOTE: The samples typically contain between 1 and 1.5 ug protein per ulL.

4. Enzyme activity measurement with artificial 4-Methylumbelliferyl substrates (4-MUG)

1. Dilute the calculated amount of each sample and pipet into fresh 1.5 mL reaction tubes to obtain 0.05 (for a-galactosidase A) or 0.5 (for
acid o-glucosidase) pg protein/ul solutions. Vortex the samples for 5 s again and pipet 10 uL of this dilution into a 96 well plate (each
sample in duplicate).

2. Start the reaction by adding 20 uL of the respective substrate solution:

For a-galactosidase A: 2 mi 4-Methylumbelliferyl-a-D-galactopyranoside (4-MU-gal) in 0.06 M phosphate citrate buffer, pH 4.7.
For acid o-glucosidase: 2 mM 4-methylumbelliferyl o-D-glucopyranoside (4-MU-glu) in 0.025 M sodium acetate, pH 4.0.

3. Incubate the enzyme reactions for 1 hinthe dark at 37 °C under slight agitation on an orbital shaker (300 rpm). Terminate the reaction
by the addition of 200 uL of 1.0 M, pH 10 5 adjusted glycine-NaOH buffer

4. Prepare a standard curve of 4-methylumbelliferone (4-MU) from a 0.01 mg/mL stock as follows
100 pL H20/ no 4-MU, 80 pL H,0/ 20 pl 4-MU; 60 pL H,0/ 40 pl 4-MU, 40 pL H,0/ 60 pL 4-MU; 20 pl H,0/ 80 plL 4-MU, no H,0/
100 Pl 4-MU, pipet 10 uL of each dilution into the 96 well plate (in duplicates) and add 200 uL ofthe 1.0 M glycine-NaOH buffer to
each well in order to adjust the volume and pH.

5. Measure the enzyme activity in a fluorescence reader equipped with the appropriate filter set and analyze the data using the
appropriate software for the fluorescence reader device
NOTE: Both 4-MIUG substrates are reduced to 4-MU during exposure to a-galactosidase A or acid a-glucosidase. Released 4-MU is a
fluorochrome, which can be measured at 360 and 465 nm as the excitation and emission wavelengths, respectively, using a microplate
fluorescence reader

Representative Results

The mutagenesis procedure: To assess the efficiency of GLA gene mutagenesis, the mutations were classified into one of the following
categories. This approach to generate mutations revealed that about 66.5% of the GLA mutations were obtained in the first attempt. A further
25% could be obtained after a slightly modified second PCR.

Category 1. The mutagenesis PCR was effective at first attempt

Category 2: First mutagenesis PCR failed (no colonies on the plate, no inserted mutation); repetition using the same primer set by increasing the
annealing temperature up to 68 °C was effective.

Category 3: More effort had to be undertakento yield the desired clone (a.g., typically one or more new sets of primers were designed)

a-galactosidase A and acid a-glucosidase enzyme activity measurement: Enzyme activity of the different mutant enzymes was

recorded after previous incubation of the transiently transfected cells in the presence or absence of a PC. Table 1 refers to the resuilts for

3o galact05|dase Aand 3 acid a-glucosidase mutations . Data are displayed as (1) absolute values for the substrate tumover (nmol 4-MU™

mg protein’ Ty )and as (2) relative values normalized to the wild type enzyme. Both expressions are useful, since total substrate turnover
illustrates the efficiency ofthe reaction and the sensitivity of the system, while the normalized values can give important hints for the likelihood

of the malignancy of the mutation on the one hand and the efficiency of the applied PC treatment on the other hand. For the experimental

phase, the work flow depicted in Figure 1 was set up, which scheduled a 60 h incubation period with the compound (due to technical reasons,

e g. fast HEK293H cell growth under the introduced conditions). Even though it has been stated that 10 uM was the approximate maximum
achievable plasma concentration for DGJ ", the current protocel uses 20 pM as a reasonable concentration for the purpose of a screening for PC
responsiveness as supported by numerous eamer works *20.21.22.23 . Moreover, it has been postulated that higher plasma levels can be reached”
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Figure 1: Work flow of the in vitro enzyme activity measurement. (A) The timeline of the experiment shows a 90 h cell culture effort with
relatively little hands-ontime required at the indicated time points. (B) Representative plasmid vectors pcDNAZ 1 containing the wild type cds

of GLA and GAA are shown. GLA and GAA wild type plasmids and plasmids including the respective inserted mutation of interest were used

to transiently transfect HEK293H cells plated in 24 well format. After a period to allow the cells to synthesize the respective gene products

and allow for enzyme processing, lysosomal transport, and PC action, the cells were lysed and measured in a fluorescence plate reader and
analyzed using the respective software. C: Cell momphology and growth status of the HEKZ292H cells are shown throughout the time course ofthe
experiment. Scale bars = 100 ym Please click here to view alarger version of this figure

in vitro enzyme
activity
GLA native 20 uM DGJ
mutation (AA) nmol 4-MUG-gal /mg/ |% mean (+SD, M) nmol 4-MUG-gal /mg/ |% mean (+SD, N) significance
h {mean) h {mean)
p.A143T 23847 29.2(+2.6,5) 42230 520 (+4 4, 5) e
p.A158Y 3792 43(x8 5) 14375 16.3 (1.3, 5) Rk
p.R301Q TIT 4 8.8 (+1.1,5) 30026 44 2 (+3 6, 5)
GAA native 20 UM DNJ
mutation (AA) nmol 4-MUG-glu /mg/ |% mean (+SD, N) nmol 4-MUG-glu /mg/ | % mean (5D, N) significance
h {mean) h (mean)
p.Y455F 411 54 (4 5) 2465 314 (£2.8,5) e
p.P545L 65.7 6.6(+4 5) 166.5 16.7 (15, 5) s
p.L552P 0.0 0.0(£25) 104 3 104 (+14,5) e

Table 1. Enzyme activity of o-galactosidase A and acid o-glucosidase. The table shows representative results for 3 o-galactosidase Aand 3 acid
o-glucosidase mutants with and without the PCs DGJ or DNJ. Absolute enzyme activity data was corrected for endogenous enzyme activity of
the HEK292H cells. To evaluate endogenous enzyme activity, the cells were transfected with a pcDNAZ .1 empty vector The values were 87.5
nmol 4-MU* mg protein” ™ h™ for a-galactosidase A and 41.6 nmol 4-MU* mg protein™ * h™ for acid a-glucosidase, respectively; enzyme activity
values were normalized to wild type enzyme from comresponding experiments, which explains the deviations of relative values between the
different mutants. After S independent cell culture experiments (N=5), each carried out intechnical duplicates, the standard deviation was not
allowed to be >15% ofthe mean. Ratio T-Tests were used to calculate the difference between untreated and PC-treated enzyme

*p<0.05 *p<0.01 **p<0.005, ****p<0.001

The protocol described herein delivers robust results for enzyme damage assessment in hereditary lysosomal diseases of metabolism. This
manuscript is an amendment to the protocol published earlier'®. The most crucial modifications involve stringency (f.e., in the process of mutant
vector construct preparation), standardization of the cell culture protocol (fe., HEK283H cell maintenance and transfection conditions), and the
high number of experimental repetitions (at least 5), which highly contributed to the reproducibility of the results. Altogether, both target genes
have been easily accessible for mutagenesis and a multiplicity of mutations can be assembled in parallel. A relatively high signal/noise ratio was
achieved considering that endogenous enzyme activity within the HEK293H cells was a negligible 1/50 (o-galactosidase A) and 1/20 (acid a-
glucosidase) of the over-expressed wild type gene. Thus, there is an excellent resolution between wild type and mutant enzyme. It should be
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noted that a different amount of total protein was applied for the activity assay of both enzymes (0.5 and 5 pg, respectively), because acid a-
glucosidase activity was an order of magnitude lower than that of o-galactosidase A

As stated above, assay parameters are often controversial, since many laboratories have developed their own assays to investigate lysosomal
glycosidases. The systems can differ in cell type, plasmid-vector design, cultivation conditions, and period of drug exposure just to name a few of
the numerous parameters. A recently published meta-analysis for Fabry disease demonstrated that enzyme activity recordings (with and without
PC) of transfected cell models (e g , HEK283 COS-7)was largely in accordance with the results obtained from patient-denved cells (mostly
Iymphocytes or fibroblasts) with regard to the question, whether a mutation is responsive to the PC™. Earlier reports directly comparing patient-
derived cells and transfection models demonstrated that over-expression systems reflect the situation in patient cells without compromising the
conclusion ™. It can therefore be concluded that, regardless of the particular protocol, the results obtained by different authors was not changed
by the different cellular systems, even though responder definitions can be divergent. The current definition for a responding mutation is 20%
relative enzyme activity increase and 5% absolute enzyme activity increase compared to the wild type enzyme after incubation with 20 uM DG J
for 60 h. A comprehensive database, FabryCEP, permits the companson of results obtained by different expenmental approaches for hundreds
of o-galactosidase mutants™.

Whether these criteria are sufficient to predict clinical benefits of DGJ and DNJ remains unclear, since the level of activity necessary to prevent
symptomatic disease is controversial. A former study suggested that 10 to 15% of residual activity might be sufficient for the system to work
properly™. However, in a recently published report from a phase 2 clinical study for DGJ, a 1% activity increase was deemed potentially
beneficial for the patient, when the baseline activity was less than 1% of normal™  Recent clinical results suggest that patients predicted to
respond to PCs by the responder definition of 220% relative increase and 23% absolute increase of wild type a-galactosidase A activity in
HEWK293H cells after incubation with 10 ul DG J actually denved clinical benefit with disease stabilization or even improvement by renal and
cardiac parameters®. Whereas DG J has already been approved by the FDA and the European Commission as a monotherapy for Fabry
disease, the course of PCs such as DMJ and the derivative N-Butyl-DMNJ in Pompe disease appears to be different. A monotherapeutical
approach with DNJ has been terminated during a Phase |l clinical trial due to severe adverse events in some of the patients™. However, PC
treatment in combination with approved ERT showed significantly improved results with regards to disease substrate (glycogen) reduction
compared to the ERT monotherapy

We suggest that the presented approach can be extended to other LSDs and other PCs such as Gaucher, Krabbe, Tay-Sachs/Sandhoff, and
GM1 gangliosidosis, but this might not work in specific cases, where for example the signal/noise ratio of the system is insufficient. Care should
be taken to select a suitable cell disruption method to prepare a cell lysate for enzyme activity determination, because the addition of detergents
into the Iysis buffer might be indicative of membrane-bound enzymes such as glucocerebrosidase in Gaucher disease while similar amounts of
detergent may harm other enzymes. For a-galactosidase A, a sonication-based cell disruption method should be avoided.
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Abstract: Fabry disease is one of the most common lysosomal storage disorders caused by
mutations in the gene encoding lysosomal «-galactosidase A (x-Gal A) and resultant accumulation
of glycosphingolipids. The sugar mimetic 1-deoxygalactonojirimycin (DG]), an orally available
pharmacological chaperone, was clinically approved as an alternative to intravenous enzyme
replacement therapy. The decision as to whether a patient should be treated with DGJ depends on
the genetic variant within the a-galactosidase A encoding gene (GLA). A good laboratory practice
(GLP)-validated cell culture-based assay to investigate the biochemical responsiveness of the variants
is currently the only source available to obtain pivotal information about susceptibility to treatment.
Herein, variants were defined amenable when an absolute increase in enzyme activity of =3% of
wild type enzyme activity and a relative increase in enzyme activity of >1.2-fold was achieved
following DGJ treatment. Efficacy testing was carried out for over 1000 identified GLA variants in
cell culture. Recent data suggest that about one-third of the variants comply with the amenability
criteria. A recent study highlighted the impact of inter-assay variability on DGJ] amenability, thereby
reducing the power of the assay to predict eligible patients. This prompted us to compare our own
a-galactosidase A enzyme activity data in a very similar in-house developed assay with those from
the GLP assay. In an essentially retrospective approach, we reviewed 148 GLA gene variants from our
former studies for which enzyme data from the GLP study were available and added novel data for
30 variants. We also present data for 18 GLA gene variants for which no data from the GLP assay are
currently available. We found that both differences in experimental biochemical data and the criteria
for the classification of amenability cause inter-assay discrepancy. We conclude that low baseline
activity, borderline biochemical responsiveness, and inter-assay discrepancy are alarm signals for
misclassifying a variant that must not be ignored. Furthermore, there is no solid basis for setting a
minimum response threshold on which a clinical indication with DGJ can be justified.
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1. Introduction

Fabry disease (FD; MIM# 301500) is a rare X-linked lysosomal storage disorder caused by
mutations in the GLA gene encoding for the lysosomal enzyme a-galactosidase A («-Gal A, E.C.
3.2.1.22). Pathological changes in the gene and its encoded protein result in a complete cellular
absence or insufficiency of x-Gal A enzyme activity. The consequence is a cellular and microvascular
dysfunction with multiple organ involvement [1]. The resulting storage of complex sphingolipids
in the lysosomes, mainly globotriaosylceramide (Gb3) and its metabolite globotriaosylsphingosine
(lyso-Gb3) serve as biomarkers in the diagnosis of FD [2] and are believed to play a major role in
disease pathophysiology [3].

Clinical FD manifestation involves acroparesthesia, abdominal pain and fever, angiokeratomas,
cornea verticillata, decreased ability to perspire, proteinuria, and progressive renal insufficiency.
Considerable morbidity in patients with FD is due to kidney failure, cardiac disease, and stroke in the
third to fifth decade of life [4-6]. However, a broad heterogeneous symptom spectrum can be observed,
which is largely associated with the genotype [7].

To date, more than 1000 mostly private GLA gene variants were found related to FD [8]. A majority
of approximately 60% of the variants are missense mutations associated with single amino-acid
substitutions [9]. Enzyme replacement therapy (ERT) can principally be administered to all FD patients
regardless of the underlying GLA gene constitution. However, the benefit of ERT is disadvantaged by a
number of limitations such as insufficient penetration of relevant tissues [10] and an immune response
that can lead to the formation of neutralizing immunoglobulin G (IgG) antibodies [11]. Therefore,
the orally available pharmacological chaperone 1-deoxygalactonojirimycin (DG] or migalastat, trade
name Galafold® [12]) was recently developed as an alternative to ERT, but is suitable only for patients
carrying biochemically responding gene variants. Typically, variants with residual enzyme activity are
likely to respond to chaperone treatment at a higher level [13]. Nevertheless, even gene variants that
severely affect enzyme activity can be classified as so-called “amenable”. In addition to the missense
variants, these may include nonsense variants near the carboxyl terminus, in-frame small deletions
and insertions, and variants with more than one nucleotide exchange on the same allele [14]. A large
number of studies concerned the assessment of variant x-Gal A enzyme activity in different cell culture
systems. It was found that inter-assay discrepancies in residual activity and DG]J responsivity of
the variants persist [15]. During the clinical phase 3 study, a standardized good laboratory practice
(GLP)-validated human embryonic kidney cell-based in vitro assay was established to identify DG]
amenability of GLA gene variants [14], and it is currently the only approved method for this assessment.
A very recent study stressed a significant inter-assay variability between the GLP-validated assay and
an in-house assay adapted to it [16]. Due to the impact of this study for physicians, patients, and the
relatives of patients, we felt that this study called on our own recent experience with further mutation
data in order to contribute to the important topic of amenability of GLA gene variants. Thus, we
comparatively analyzed the results from our in-house GLA gene variant amenability assessment with
the GLP study data for reproducibility of enzymatic data and DG] amenability classification of 178
GLA variants.

2. Results

Before the 178 datasets of the GLP-validated assay were compared with our in-house assay,
the following 10 GLA gene variants from previous articles [7,13] were reexamined according to the
in-house protocol to evaluate the robustness and reproducibility of the assay: M42V, N139S, G183V,
N2155, 5247P, L268S, L310F, S345P, R356Q), and G360C. Differences in the reexamination are shown in
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Table Al (Appendix A). Herein, one variant, L310F, changed category from non-amenable to amenable
in accordance with the GLP-validated study and another former study [17]. Furthermore, a strong
linear correlation of baseline activity and activity after DGJ treatment was obtained (Pearson r = 0.9484,
p <0.0001; r = 0.8864, p = 0.0006). However, there was no correlation with the DGJ-induced activity
change (Pearson r = 0.01734, not significant), which can probably be explained by the small case size
and the significantly different results for the three variants N139S, L310F (category switch), and R3560Q.

2.1. Global Description of the Investigated Gene Variants in the In-House Assay

Among the 178 gene variants implemented in the present study, 88 were classified amenable
and 90 were classified non-amenable by our in-house assay using our amenability criteria (Table 1).
Amenability classification requires an absolute increase in x-Gal A = 5% of wild type (WT) or a relative
increase in a-Gal A activity > 1.5-fold above baseline plus a minimum of 5% activity (%WT) after
incubation with 20 uM DGJ. Of the 88 amenable variants, all showed the required increase in absolute
enzyme activity of 5%. Only 58 of these showed the 1.5-fold relative increase compared to baseline
activity. For 15 of the 30 remaining variants, no fold change could be calculated due to lack of baseline
activity. Among the 90 non-amenable gene variants, six (A20D, A20F, L21P, V164G, G261V, and G271C)
had a fold increase >1.5, but did not comply with the 5% threshold for minimal enzyme activity (see
Table A2, Appendix A). Notably, 86.7% of the non-amenable variants had baseline enzyme activity
<1%, another 5.6% showed enzyme activity >50%, and only 7.8% an intermediate enzyme activity
between 1% and 50%. The amenable variants showed a different profile. Only 14.8% had baseline
enzyme activity <1%, 68.2% had intermediate enzyme activity, and 17.0% had enzyme activity >50%
baseline activity. The high percentage of variants with high baseline enzyme activity >50% is especially
important as these patients should be carefully evaluated in an initial clinical examination as to whether
chaperone therapy is appropriate, e.g., if sufficient evidence is available that the mutation is causal
for the symptomatology. This is particularly delicate if certain outcome measures are not available to
assess the success of the therapy. A different distribution was also observed for the clinical phenotype
of the non-amenable as compared to the amenable variants. In total, 73.3% (66/90) of the non-amenable
variants were associated with the classical phenotype, whereas the percentage of classical variants
within the amenable group was only 51.1% (45/88) (see Table A2, Appendix A).

Table 1. Comparison of the good laboratory practice (GLP)-validated assay and the in-house assay.

Good laboratory practice (GLP)

Parameter

In-House Assay

Assay
Cell culture GripTite™ HEK293 MSR HEK293H
Assay format 96 well 24 well
Transfection reagent Fugene HD Lipofectamine 2000
Incubation time 120 h 60 h
1-Deoxygalactonojirimycin (DG])
concentration 10 M 20 M
. L Lysis buffer containing 0.5% Triton Freeze and thaw in High Pure
Cell lysis condition %100 Water
Plasmid vector system pcDNAG/VS-His A pecDNAS.1/v5-His TOPO
Number of measurements n = 5, quadruplicate n z 3, duplicate

Criteria for amenability

=3% absolute increase of wild type
(%WT) AND 1.2-fold increase
relative to baseline o-galactosidase
A (a-Gal A) activity

>5% absolute increase (%WT) OR
1.5-fold increase relative to
baseline «-Gal A activity plusa
minimum of 5% activity (%WT)
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2.2. Inter-Assay Comparison of In Vitro Enzyme Activity between In-House and GLP Assay Data

Despite some differences in design parameters between the in-house measurements and the
GLP-validated study, especially concerning cultivation time and concentration of the pharmacological
chaperone DG]J, both assays were designed to test the in vitro responsiveness of mutations and predict
the responsiveness of patients. Table 1 shows the differences between the two assays under investigation
here. We compared x-Gal A activity of all 178 GLA gene variants, presented as a percentage of WT
(%WT) activity, without and with the addition of DGJ (see Figure A1, Appendix A) and separated
the variants initially according to whether amenability was testified (see Figure A1A and Table A2,
upper section, Appendix A) or not (see Figure A1B and Table A2, lower section, Appendix A) using the
data obtained in our in-house assay. It is important to note that amenability classification was strictly
applied according to the protocol of the respective study as summarized together with all crucial
differences between the two compared assays (Table 1); therefore, the in-house data were assessed with
the corresponding amenability criteria, whereas the data from the GLP-validated assay were evaluated
with the dual criteria previously described [14]. Following this evaluation there was agreement
between our in-house assessment and the GLP-validated study for 155 (87.1%) of the gene variants
with a balanced number of amenable (11) and non-amenable (12) variants (see Table A2, Appendix A).
The baseline activity appears to have a significant effect on the classification of amenability as shown
above. We used the Pearson r linearity coefficient to test associations between the in-house and the
GLP-validated assay, which revealed a good correlation for the baseline enzyme activity (Pearson
correlation coefficient r = 0.8729, p < 0.0001, Figure 1A). Moreover, a similar correlation was observed
between the two datasets comparing the o-Gal A activity with DGJ (r = 0.9448, p < 0.0001, Figure 1B).
We also examined the DGJ-induced «-Gal A activity change over baseline as %WT and found a Pearson
r of 0.7992 (Figure 1C). For a better comparison of the data with the previous study from Oommen
and colleagues [16], we also indicated the R? from linear regression analysis which indicated higher
agreement of the data despite using different assays. We obtained R? of 0.7620, 0.7692, and 0.6388 for
baseline activity, activity after DGJ treatment, and DGJ-induced activity change, respectively, compared
to 0.514, 0.4019, and 0.382 for the same parameters [16]. Still, the Bland—Altman analysis was in line
with the previous study demonstrating a weak inter-assay correlation with 95% limits of agreement
of —194.3% to 178.7% determined for the baseline activity without DGJ (Figure 2A) and —150.7% to
175.6% with DG]J (Figure 2B). The x-Gal A activity change in %WT showed 95% limits of agreement
from Bland-Altman analysis of —242.5% to 228.3% between the in-house assay and the GLP-validated
assay (Figure 2C). With the exclusion of the extreme result for variant A368T (red dot in Figure 2C), the
95% limits of agreement were —197.7% to 195.3%. This analysis indicated significant disagreement in
the measurement of enzyme activity depending on the examining laboratory.
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Figure 1. Linear correlation analysis of a-galactosidase A (x-Gal A) activity presented as absolute
increase (%WT) of GLA variants (a) without and (b) with DGJ between the in-house assay and the
GLP-validated assay. (c) Linear correlation analysis of DGJ-induced «-Gal A activity change over

baseline (%WT) of the GLA variants.
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Figure 2. Bland-Altman analysis of o-Gal A activity for GLA variants expressed as percentage difference
in activity (%WT) between the in-house assay and the GLP-validated assay. (a) Baseline o-Gal A
activity without the addition of DGJ. (b) a-Gal A activity with DG]. (¢) DGJ-induced o-Gal A activity
change. The dotted line indicates the 95% limit of agreement. SD: standard deviation.
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2.3. Comparison of Amenability Classification

The relatively weak inter-assay correlation observed in the Bland—-Altman plots was reinforced by
the fact that the classification of amenable versus non-amenable variants was inconsistent for 12.9%
(23/178) of the variants. We considered what the main risk might be for a variant classified differently.
Therefore, we compared the 23 differently categorized gene variants with the remaining consistently
classified variants. As observed in the former study by Oommen and colleagues [16], a high percentage
of 34.8% (8/23) of the differently classified variants had high enzyme activity >50%, including D175E,
K213M, R252T, V316l, A368T, F396Y, and L415F, with an essentially normal enzyme activity (min/max
= 50.1%/117.9%; mean activity = 85.1%). These variants may be benign with an uncertain clinical
significance. Moreover, F396Y was terminated from the Human Gene Mutation Database (HGMD)
because it is not a genomic mutation [13]. Interestingly, when analyzing the isolated 23 differently
classified GLA gene variants using Bland—Altmann analysis, the 95% limit of agreement did not differ
much from the value obtained for all 178 variants: —164.8% to 155.3% (without DGJ) and -162.7% to
182.9% (with DG]) (see Figure A2A,B, Appendix A). However, not surprisingly, for the DGJ-induced
«-Gal A activity change, the Bland—Altman analysis revealed a large difference between the assays with
a 95% limits of agreement from —441.1% to 338.3% (see Figure A2C, Appendix A). It is important to
note that the difference in the DGJ-induced activity change of 82.6% (19/23) of the variants was higher
than the applied threshold of >3% absolute increase from the amenability criteria of the GLP study.

2.4. Reconsideration of Amenability

There were 89/178 GLA variants classified as non-amenable according to the GLP-validated
assay [14] (see Table A2, Appendix A). In total, 84/89 variants lacked the required DGJ-induced 3%
increase in absolute enzyme activity, whereas 75/84 had no baseline activity and, hence, no fold over
baseline value was calculated. Lastly, 6/84 showed at least the required fold over baseline activity.
We tested whether a better agreement between the two datasets from the in-house assay and the
GLP-validated assay could be achieved by exchanging the amenability criteria. To this end, we applied
the amenability definition from the GLP-validated assay on our in-house dataset. Surprisingly, 9.6%
(n = 17) of the variants switched categories. All switches from amenable to non-amenable (n = 11)
were explained by an insufficient (<1.2) fold over baseline activity. Only gene variants of the category
50% activity and higher were involved (min/max = 50.0%/117.7%; mean activity = 79.3%). The cases in
which the switch from non-amenable to amenable occurred (n = 6) could be attributed to the lower
threshold of 3% absolute activity. However, the application of the different amenability definition
did not lead to an improved agreement between the assays. In this analysis, 18.0% (32/178) of the
variants had a discordant amenability classification with the eatlier study [14], which argues for an
experimental discrepancy rather than one of definition. However, when we exerted our amenability
definition on the GLP-validated assay dataset, 11 variants switched category. Here, a preferred switch
from amenable to non-amenable (11 = 7) was also observed compared to the reversed direction (1 = 4).
A summary of this analysis is shown in Table 2.

Table 2. Impact of the different amenability definitions on GLA variant classification.

Reference GLA Variant Amenability Classification
from the GLP Study [14] Was Compared to
Amenability Classification Obtained Using

Number (%) of GLA Variants Classified
Differently from the GLP Study; n = 178

In-house assay and amenability criteria from in-house

study [13] B9

In-house assay and amenability criteria from the 32 (18.0)
GLP-validated study [14] )

GLP-validated study and amenability criteria 11 (6.2)

from [13]
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The variants that failed at the fold over baseline threshold usually exhibited >50% enzyme activity
and were, therefore, variants of uncertain significance, which could be associated with benign outcomes.
The most frequent finding among the non-amenable variants was a non-calculable fold over baseline
due to a lack of baseline activity, which, however, is not an exclusion criterion for amenability as long
as the 3% threshold absolute enzyme activity is reached. Therefore, we considered the absolute %WT
increase in enzyme activity to be the more relevant of the two parameters of the amenability criteria and
abandoned the dual criteria in favor of a more stringent threshold for the absolute increase. We further
figured that this strategy may lead to better compliance of the amenability classification. We defined
common thresholds of 3%, 5%, 7%, 8%, and 10%, and then compared the data of the in-house assay
and the GLP-validated assay. Interestingly, the best achievable agreement was found at a threshold of
7%. Here, only 9.0% (16/178) of gene variants were classified differently (Table 3), but the number of
amenable variants was reduced to 76 or 80, depending on whether the in-house or GLP assay dataset
was used. In order to achieve agreement between both datasets, the number of amenable variants
was even reduced to 71. A lower set threshold or even higher threshold values also led to a slightly
improved agreement compared to the use of different amenability criteria.

Table 3. Effects of different thresholds for absolute enzyme activity increase (%WT) as the only criterion
for defining amenability of GLA variants when comparing data from the in-house assay and the
GLP-validated assay.

Number (%) of GLA Variants Classified Differently
between the GLP-Validated Assay and the
In-House Assay; n =178

Absolute Increase in o-Gal A Activity
(%WT) to Define DGJ Amenability

3% 19 (10.7)
5% 22 (12.4)
7% 16 (9.0)
8% 17 (9.6)
10% 20 (11.2)

2.5. First Evaluation of DGJ amenability for 18 GLA Gene Variants

New GLA variants are being identified continuously, for which no treatment recommendation
with DG]J can be published so promptly. We tested 18 novel GLA variants from the CentoMD® 5.4
database [18] (CentoMD® 5.4 database, queried 02/2018) for their DG] amenability (Table 4). In total,
33.3% (6/18) of the variants had residual activity >50%, which suggests that they may have been found
during differential diagnosis in patients with mild disease progression of unknown etiology [7]. Of the
18 variants, 14 were biochemically responsive to 20 uM DG]. Eight of the 14 amenable variants met both
amenability criteria, i.e., the absolute enzyme activity increase of at least 5% of WT and the 1.5-fold
over baseline (D165E, F169L, G171V, M208K, P214A, Y222D, V2691, and G271 A). Five of the 14 variants
were classified as amenable exclusively due to the sufficient absolute increase in activity (V22A, D25V,
S188A, R193S, and M208I), and for one variant the fold over baseline could not be determined due to
lack of activity (G183C).
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Table 4. Enzyme activity and DGJ amenability classification of 18 novel GLA gene variants.

.. Absolute Amenable
Amino Acid cDNA [::,;‘2:;.? ;Sn“;ly:f‘ .:csh ];:;y Increase l;c;l:e;‘:: According to
(%WT) Present Study
Without DGJ With DGJ

p-L16R c47T>G 0.0 0.0 0.0 n/c No
p-V22A c.65T > C 332 43.3 10.2 1.3 Yes
p.D25V c74A > T 110.0 128.0 18.0 1.2 Yes
p-D165E cA95T > G 78 19.2 11.4 2.5 Yes
p-F169L ¢.505T > C 47.7 76.8 29.1 1.6 Yes
p.G171V c512G>T 3.6 17.0 134 4.8 Yes
p-G183C c547G>T 0.0 9.7 97 n/c Yes
p.5S188A c562T > G 915 116.1 246 1.3 Yes
p-R1935 579G > C 48.7 62.5 13.8 1.3 Yes
p.M208K c623T > A 27 49.6 46.9 18.5 Yes
p-M2081 c.624G > A 45.6 62.5 16.9 1.4 Yes
pP214A c.6d0C > G 63.9 130.6 66.7 2.0 Yes
p-Q221H c.663G > C 63.2 67.1 39 1.1 No
p-Y222D c664T > G 52 45.9 40.7 8.9 Yes
p-F2488 c.743T >C 108.2 90.4 -17.9 0.8 No
p-D255E c.765T > A 79.8 7722 -2.6 1.0 No
p-V269L ¢.805G > C 28 48.8 46.0 17.6 Yes
p.G271A c.812G > C 122 60.1 47.8 49 Yes

Green: Result complies with in-house amenability criterion. Red: Result does not comply with in-house
amenability criterion.

3. Discussion

Pharmacological chaperone therapy with the novel chaperone DG]J in Fabry disease depends on
the biochemical responsiveness of the GLA gene variant. It was demonstrated that residual baseline
activity of a gene variant has a positive effect on the likelihood of being responsive [13]; however, due
to the wide range of baseline «-Gal A levels among non-amenable and amenable variants, amenability
is difficult to predict and demands empirical testing. An amenability prediction method was also
developed [19,20], but did not completely represent the experimental investigations [7]. We introduced
a method to measure a-Gal A activity to assess the damage of GLA gene variants in FD [7,9,13].
A very similar method was engineered using a GLP-validated assay to predict the clinical outcome
of the chaperone therapy [14]. To date, the latter assay is the only source available to obtain pivotal
information on patients’ receptivity to treatment. In the present study, we compared the outcomes
of the GLP-validated assay and our in-house assay. Despite experimental differences, both assays
pursue the purpose of predicting patient treatment response. Amenability classification was already
carried out for more than 1000 GLA gene variants and compiled in the current summary of product
characteristics [8]. In the present study, complementary data for a subset of 178 gene variants were
compared for enzymatic data and amenability classification.

Correlation analysis suggested a strong correlation of in vitro enzyme activity data between the
in-house assay results and the GLP study (Figure 1). Moreover, linear regression analysis showed
improved R? for baseline activity, activity after DGJ treatment, and DGJ-induced activity change
as compared to the study by Oommen and colleagues [16], even though the latter study adopted
the conditions of the GLP study in detail. However, this may partially be attributed to the larger
number of variants investigated, because Bland-Altman analysis revealed rather strong deviation
between the activity values for the individual variants in line with the former study [16]. More
critically, a level of differently classified variants of 12.9% between the present study and the GLP
study regarding DGJ amenability was found. However, since a higher DGJ concentration was used
in combination with a shortened incubation period of 60 h in our in-house assay as compared to
the GLP-validated study, one could speculate that this difference has a significant systematic impact
on the reproducibility of the results. Nevertheless, it was impressively shown that even data from
different cell systems (COS-7 vs. HEK293 cells) correlate very well as long as they were obtained from
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in vitro overexpression systems [15]. It was also reported that there was a discrepancy of 10.5% in
the amenability classification [16] between a pre-GLP HEK assay developed in clinical phase II [21]
and the GLP-validated study [14]. A less pronounced correlation was determined when comparing
enzyme activity between overexpression systems and cells derived from patients. This finding is
reflected in various clinical trial studies. The study introducing the preliminary HEK assay showed
that one of eight GLA variants (12.5%) previously classified as amenable (F295C) failed biochemical
response in DGJ-treated patients that were tested for in vivo a-Gal A activity in peripheral blood
mononuclear cells (PBMCs) [21]. In another cohort, two of 16 (12.5%) variants (G144V, G325R)
failed to achieve biochemical response. However, both patients showed clinical response in terms of
biomarker reduction [14]; version the other hand, one patient of another cohort harboring the variant
5276G showed unexpected responsiveness in the PBMC assay, but showed no reduction of biomarker.
Notably, 5276G is one of the variants switching category from amenable to non-amenable between
References [21] and [14]. This variant is classified amenable in our in-house assay in contrast with the
GLP study. All 14 patients (representing nine different GLA variants) in another cohort showed clinical
responses in accordance with the classification of the GLP assay [14].

We hypothesized that, although the definitions of amenability appear similar, their impact on
the indication of whether treatment with DG]J should be initiated may be significant. Based on the
observation that many variants failed to meet the dual criteria of amenability, we considered the
influence of different definitions of amenability on the observed discrepancy of 12.9% of differently
classified variants. The application of the different amenability criteria to the datasets led to further
inconsistencies (Table 2). Thus, we endeavored to make use of a uniform simplified amenability
classification in order to achieve a better reproducibility between the assays. Since the fold over
baseline criterion is invalid for many variants due to a lack of baseline activity, we based this analysis
on absolute activity increase (%WT). It was assumed that the deviating classification particularly
affected those gene variants that showed DGJ-induced «-Gal A in the range of the thresholds defined.
Therefore, thresholds between 3% and 10% activity gain were set as a single amenability criterion. This
strategy led to the conclusion that a more stringent threshold of 7% absolute activity increase led to the
best compliance of the analyzed datasets with only 9.0% of the variants being differently classified
(Table 3). On this basis, it could be discussed whether amenable variants that lead to a lower increase
in activity should be labeled as mild or moderate responders.

To date, there is no established correlation between the biochemical enzyme activity increase
induced by DGJ and the clinical benefit. Although a minimal increase in enzyme activity to 1%-6% of
WT activity was suggested to be sufficient to achieve clinical benefits [22], it is highly questionable
whether such an increase, observed in the in vitro cell-based assay, allows conclusions to be drawn
about a beneficial outcome in vivo. It should also be considered that DG]J is an active site-specific
inhibitor of «-Gal A, which may lead to total inhibition of the enzyme and worsening of the patient’s
condition in gene variants with very low baseline activity. In a former study, patients with amenable
GLA gene variants were switched from ERT to chaperone. The general result suggested that the DG]
influence on renal function and other disease-specific markers was stabilizing or even improving
over the duration of the study in contrast to patients with non-amenable variants where lyso-Gb3
increased during the treatment period with DGJ [23]. In a recent study in patients with the variant
N215S associated with the atypical cardiac phenotype of FD, which, to our understanding, is a strongly
responsive GLA gene variant, an overall good outcome was shown, including increased a-Gal A activity
in leucocytes and reduced plasma lyso-Gb3 [24]. However, the same study revealed that patients
harboring the variant .294S, which is associated with classical FD, no baseline activity, and a moderate
biochemical responsiveness of in vitro enzyme activity, did not show a beneficial outcome. This GLA
gene variant was classified as amenable in both the GLP-validated and the in-house assay. However,
the biochemical responsiveness in the GLP assay was so low that it would have been considered
non-amenable according to our criteria. A recent study revealed that a patient carrying the presumed
amenable variant S276N had to be switched back to ERT due to biomarker escalation [25].
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It certainly remains a matter of debate whether amenability testing can still be improved by,
for example, the use of GLA knockout cell models as recently introduced [24]. However, the cases
of the variants L.294S, 5276G, S5276N, and F295C seem to suggest that only clinical data will be able
to unveil whether patients with variants of mild to moderate responsiveness will experience an
equivalent benefit from the treatment as patients with strongly responding variants. Nevertheless,
G325R seems to be strongly responsive in the GLP-validated assay and shows an inconsistent picture
in the paraclinical data, which may be a hint that not only borderline amenable variants may show
unpredictable clinical findings.

4. Materials and Methods

4.1. Material

All materials were purchased as described in the preliminary studies [7,9,13]. In brief,
HEK293H cells, culture medium, all supplements, pcDNA3.1/v5-His TOPOplasmid vector, and
the transfection reagent were purchased from Thermo Fisher Scientific (Carlsbad, CA, USA).
Additionally, 1-deoxygalactonojirimycin hydrochloride and the synthetic fluorogenic substrate
4-methylumbelliferyl--p-galactopyranoside (4-MUG) for «-Gal A activity measurement were
purchased from Sigma Aldrich (Steinheim, Germany).

4.2. Study Design and Selection of Mutations

In the present study, «-Gal A enzyme activity data from our in-house human embryonic kidney
cell-based assay were compared to the good laboratory practice (GLP)-validated assay for 178 GLA
gene variants. The differences of the assays are displayed in Table 1. The results of the x-Gal A
activity measurement for 148 variants were taken from previous studies; 114 variants were measured in
References [9,13], and 34 variants were measured in Reference [7]. The previously published variants
M42V, N139S, G183V, N2155, L268S, L310F, S345P, R356Q), G360C [13], and S247P [7] were reassessed
for the current study. Further variants A15P, W162C, D170H, G183A, M187R, E203K, P205T, Y207C,
P214S, Y216C, W226R, A230T, 1239T, Q250P, N263S, P265S, G271C, G271D, G274S, and M284V were
selected from the CentoMD database [18] (CentoMD® 5.4 database, queried 02/2018). Nonsense
variants and variants where no enzyme activity was published from the GLP-validated reference assay
were excluded from the study.

4.3. Generation of Novel GLA Mutations

The plasmid vectors containing the mutant GLA complementary DNA (cDNA) were produced
inpcDNA3.1/v5-His TOPO using site-directed mutagenesis PCR and were analyzed according to our
previous protocols [7,13].

4.4. In-House a-Gal A Activity Assay

The o-Gal A activity was measured as described previously [7,13]. In brief, HEK293H cells were
harvested in High Pure Water (TKA Wasseraufbereitungssysteme GmbH, Niedererlberg, Germany)
and lysed using the freeze and thaw method. The protein content of each sample was determined
using the bicinchoninic acid (BCA) Assay Kit (Thermo Fisher, Braunschweig, Germany). Enzyme
activity was measured in a sample containing 0.5 ug of total protein using the fluorogenic substrate
4-MUG. The lysates of each well were measured in duplicates in a plate reader (Tecan AG, Mannedorf,
Switzerland) at 360 and 465 nm, as the excitation and emission wavelength, respectively.

4.5. Enzyme Activity Calculation

In each experiment, the measured variant enzyme activity was corrected for endogenous enzyme
activity by subtracting the average activity obtained from two wells containing pcDNA3.1/v5-His
TOPOvector-only transfected cells. Enzyme activity was normalized to WT-GLA vector-transfected
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HEK293H cells (%WT) from corresponding experiments. Absolute increase in a-Gal A activity was
calculated by subtracting untreated (baseline) activity from the activity after addition of 20 pM DG]
as %WT. Relative enzyme activity was determined as fold increase above baseline. Endogenous
o-Gal A enzyme activity in pcDNA3.1/v5-His TOPOvector control-transfected HEK293H cells was
137.3 + 12.0 nmol 4-MU-mg protein~!-h~! withoutand 173.1 + 11.8 nmol 4-MU-mg protein™!-h~! (mean
+ SD) with the addition of 20 uM DGJ. Wild type enzyme activity was 7333.1 = 734.0 nmol 4MU-mg
protein ! -h™! and 7985.7 + 768.4 nmol 4-MU-mg protein~-h~! with and without DG]J, respectively.

4.6. Statistical Evaluation

Correlation and Bland-Altman analyses were calculated using GraphPad Prism, version 5.01.

5. Conclusions

The pharmacological chaperone DGJ is the model of an experimental drug. It provides highly
reproducible data in different in vitro systems for assessing the amenability of different GLA gene
variants. Treatment with the DGJ relies on biochemical responsiveness of the gene variant underlying
the disease. Therefore, the genetic profile of the patients will be an essential feature for future assessment
of the evaluation of treatment success with DG]J. The measurement of the responsiveness to DG]J in
in vitro cell-based assays is currently a method that has no alternative for determining amenability.
In comparisons of inter-assay reproducibility, a certain variability of the results of enzyme activity and
the amenability classification can virtually not be prevented. An accurate appraisal should be taken
into account for a treatment decision with DG] especially in cases of low baseline activity, borderline
biochemical responsiveness, and inter-assay discrepancy as risk factors to misinterpret the potential of
a GLA gene variant to be amenable to DGJ treatment. We also recommend a very close monitoring of
the patient’s well-being and biomarkers, especially lyso-Gb3 to monitor treatment response in patients.
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Figure Al. Comparison of x-Gal A activity of GLA gene variants without and with the addition of DGJ
between the in-house assay and GLP-validated assay [14]. (a) GLA gene variants that were classified
as amenable according to in-house data. (b) GLA gene variants that were classified as non-amenable
according to in-house data. GLA variants were ordered with respect to their positions on the amino-acid
sequence. Variants with no associated bar had no quantifiable -Gal A activity without or with the

addition of DGJ.
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Figure A2. Bland-Altman analysis of a-Gal A activity for the 23 differently classified GLA gene
variants expressed as % difference in activity (%WT) between the in-house assay and the GLP validated
assay. (a) Baseline a-Gal A activity without the addition of DGJ. (b) a-Gal A activity with DGJ and
(e) DGJ-induced a-Gal A activity change. The dotted line indicates the 95% limit of agreement. SD:

standard deviation.
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140f 22
Table Al. Reexamination of selected GLA variants.
. : Mean In Vitro Enzyme Activity as Absolute Increase Fold over A.men.a ble Category Switch
Amino Acid cDNA 9% WT (Initial Study Result [7.13]) % WT Baseli According to Compared to
° 1 y Reswitly, s aseline Present Study Initial Study
No DGJ 20 uM DGJ
p-M42V cl124A > G 0.0 (0) 72(11.9) 7. njc Yes No
p.IN1395 c4leA > G 64.6 (147.8) 74.3 (176.4) 9.7 1.1 Yes No
p.G183V c548G>T 0.0 (0) 6.9 (6.7) 6.9 nfc Yes No
p-N2155 cHoMA > G 36.7 (39.5) 61.5 (63.9) 249 1.7 Yes No
p.5247P c739T > C 0.0 (0) 6.8 (5.8) 6.4 nfc Yes No
p-L268S c803T > C 0.0 (0) 7.4(10.8) 70 njc Yes No
p.L310F c928C>T 1.6 (0) 27.7 (4.1) 17.7 13.4 Yes Yes
p-S345P c.1033T > C 0.0 (0) 9.7 (13.3) 9.5 nfc Yes No
p-R356Q c.1067G > A 33.3(89.1) 66.3 (99.4) 33.0 2.0 Yes No
p.G360C c1078G > T 16.2 (11.9) 32.9 (26.5) 15.4 2.2 Yes No
Green: Result complies with in-house amenability criterion. Red: Result does not comply with in-house amenability criterion.
Table A2. GLA variant enzyme activity and amenability table. Upper: amenable variants; lower: non-amenable variants.
Amenable Variants
. L Mean In Vitro Enzyme Absolute Mean In Vitro Enzyme Absolute Amenable
A:‘f';" ¢DNA Pﬁh“‘i’l Activity as %WT Increase I;"M ;’_"“ Activity as %WT Increase FB"” ;’_"“ A“‘;‘“bl"] (GLP-Validated
a enotype (In-House) as %WT aselin®  (GLP-Validated Assay [13])  as %WT aseline  (In-House [14])
Without DG]  With DGJ Without DGJ With DGJ
p-L3T c8T=C Uncertain 117.7 129 11.3 1.1 71.9 922 203 1.3 Yes Yes
p-D33G c98A > G n/a 374 62 24.6 1.7 29.3 70.6 41.3 24 Yes Yes
p-L36W c107T > G nfa 23 223 20 9.7 0.7 16.6 159 237 Yes Yes
P-AITT 109G = A Atypical av.6 1329 63.3 19 489 96.4 47.5 2 Yes Yes
p-M42V cI24A =G Classic 0 7.2 7.2 n/c 0.5 43 38 86 Yes Yes
p-M42T ¢125T = C Classic 29 214 18.5 74 25 203 17.8 81 Yes Yes
p-H46F c137A > C Atypical 40.1 98.8 58.7 25 31 106.9 75.9 3.4 Yes Yes
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Table A2. Cont.
Amenable Variants
. .. Mean In Vitro Enzyme Absolute Mean In Vitro Enzyme Absolute Amenable
A:‘ Egu cDNA P(Iihm:'al Activity as %W'{ Increase P;Dld ;J_v“ Activity as %W'{ Increase F;'ld ;J_V“ Am;:_;'l able] (GLP-Validated
< enotype (In-House) as %WT aseline  (GLP-Validated Assay [13])  as %WT aseline  (In-House [14])
Without DG]  With DGJ Without DGJ With DG]

p-R49C ¢145C>T Classic 0 5.1 5.1 n/c 0 2.7 2.7 nj/c Yes No
p-M51K c152T > A Classic 0 8.7 8.7 n/c 6.3 221 15.8 35 Yes Yes
p-M511 c153G = A Atypical 374 62 246 1.7 223 47.1 248 21 Yes Yes
p-E59K c175G = A Classic 22 185 16.3 84 8.6 17.5 8.9 2 Yes Yes
p.P60L c179C =T Uncertain 15.6 331 17.5 21 21.7 61 39.3 28 Yes Yes
p-E66K 196G = A Classic 6.8 183 115 27 48 129 8.1 27 Yes Yes
p-A73V c218C>T Atypical 44 647 20.7 1.5 53.6 86.9 333 16 Yes Yes
p-DB3N 247G = A nfa 629 716 8.7 1.1 69.2 93 238 13 Yes Yes
pI9T c272T = C Atypical 0.7 7 6.3 10 0.9 12.6 11.7 14 Yes Yes
p-S102L c305C=>T nfa 71.6 789 7.3 1.1 19.9 62.8 429 32 Yes Yes
p-R112H ¢335G = A Atypical 1.6 194 17.8 121 2.6 174 148 67 Yes Yes
p.L120V ¢358C> G Atypical 50.1 62 119 1.2 66.8 74.7 7.9 11 Yes No
p-A121T c361G = A Classic 50 555 55 1.1 18.9 67.9 49 36 Yes Yes
pS126G cI76A =G Uncertain 51.3 674 16.1 1.3 83.7 113.9 30.2 14 Yes Yes
p-Al35V c404C =T Classic 0 6.9 6.9 nfc 0 3.7 3.7 nj/c Yes Yes
p-DI136E c408T > A Classic 0 313 313 n/c 1.4 129 115 92 Yes Yes
p-N1395 cd4lbA > G Uncertain 64.6 743 9.7 1.2 65.5 79.1 13.6 12 Yes Yes
p-Al43T c427G > A Atypical 313 494 18.1 1.6 21.4 43.8 224 2 Yes Yes
p-Al56V c467C =T Classic 4.3 168 12.5 39 1.2 12.8 11.6 0.7 Yes Yes
p-W162G c484T > G Classic 0 5.2 52 n/c 0.8 59 5.1 74 Yes Yes
p-W162C 486G > C Classic 5.8 114 5.6 2 0.5 0 =0.5 0 Yes No
p-.D165H 493G > C Classic 34 119 8.5 35 1.3 8.3 7 6.4 Yes Yes
p-G183A ¢.548G = C nfa 10 466 36.6 4.6 224 56.4 34 25 Yes Yes
p.G183V c548G > T Classic 0 6.9 6.9 n/c 0 25 2.5 n/c Yes No
p-MI187V ¢559A > G Classic 228 67 442 29 1.3 149 13.6 115 Yes Yes
p-MI1871 c561G = A nfa 3.1 312 281 10.1 5.1 30.7 25.6 6 Yes Yes
pI198T c593T = C n/a 38.7 504 11.7 1.3 64.7 95.5 30.8 15 Yes Yes
p-P205T c.613C = A Classic 10.2 704 60.2 6.9 14.4 48.8 344 34 Yes Yes
p-F2145 c640C>T nfa 18.1 616 435 34 224 82.5 60.1 37 Yes Yes
p-P214L c641C>T nfa 194 64.1 47 33 33 91.6 58.6 28 Yes Yes
p-IN2158 c644A > G Atypical 36.7 615 249 1.7 15.6 35.6 20 23 Yes Yes
pY216C c647A > G Classic 23 259 23.6 11.2 2 20.7 18.7 10.4 Yes Yes
p1219T ¢.656T > C Atypical 533 853 32 1.6 55.8 93.6 7.8 17 Yes Yes
pIN224S c671A > G Classic 311 822 51.1 26 10.3 29.7 19.4 29 Yes Yes
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Table A2. Cont.

Amenable Variants

Amino Clinical Mean ?n_Vitm Enzyme Absolute Fold over Mean !n_Vitm Enzyme Absolute Fold over Amenable Amena_ble
Acid cDNA Phenotype Activity as %WT Increase Baseline Activity as %WT Increase Baseline  (In-House) (GLP-Validated
(In-House) as %WT (GLP-Validated Assay [13]) as %WT [14])
Without DGJ  With DGJ Without DGJ With DG]

p-H225D c.673C =G nfa 322 605 283 19 43.8 110.6 66.8 25 Yes Yes
p-IN228S ch83A > G nfa 59.5 706 1.1 1.2 1245 169.2 447 14 Yes Yes
pl232T c.695T = C Atypical 11.5 616 50.1 54 15 85 70 5.7 Yes Yes
p-S238N 713G = A Atypical 36 943 58.3 2.6 37.1 96.4 59.3 26 Yes Yes
p1239T c716T = C Classic 26.6 85 58.3 32 377 92.8 55.1 25 Yes Yes
pI242N c725T = A Classic 31 498 46.7 16.1 7.6 67.4 59.8 89 Yes Yes
p-L243F 729G > C Classic 114 70.8 59.4 6.2 7.9 423 344 5.4 Yes Yes
p.S247P ¢739T > C Classic 0 6.8 6.8 n/c 0 13 13 n/c Yes No
p-N249K c7HC = A Classic 237 546 309 23 17.9 35.2 17.3 2 Yes Yes
p-Q250P c749A = C Classic 18.5 61 425 33 248 58.7 339 24 Yes Yes
p.R252T 755G > C Uncertain 117 134.3 17.3 11 74.8 79.1 4.3 11 Yes No
p1253T c.758T = C Classic 73 115.8 428 1.6 38.9 80.2 41.3 21 Yes Yes
p1253S c.758T = G nfa 44 534 49 121 3.3 31.2 279 95 Yes Yes
pP259R c776C =G Classic 205 40 19.5 2 233 60.3 a7 26 Yes Yes
p-IN263S C7BBA = G Classic 6.7 644 57.8 9.7 15.8 80.5 64.7 5.1 Yes Yes
p.D264Y 790G =T Classic 0 5.4 54 njc 0.5 6.2 57 124 Yes Yes
p.P2655 «793C>T nfa 1.6 9.7 81 5.9 1 3.9 29 39 Yes No
p.L268S ¢.803T > C Classic 0 7.4 7.4 n/c 0 2.8 2.8 njfc Yes No
p-V269M 805G = A Classic 0 173 17.3 njc 44 259 215 59 Yes Yes
p-V269A c.806T = C Classic 9 45 36 5 0 7.8 7.8 nfc Yes Yes
pG271D 812G = A nfa 31 379 348 12.3 1.5 322 30.7 215 Yes Yes
p.5276G c.826A > G Classic 0 5.6 5.6 n/c 0 2 2 njfc Yes No
p-T2821 cB45C>T nfa 5 477 427 9.5 5.2 237 18.5 46 Yes Yes
p-M284V c.850A = G nfa 16.2 434 272 27 25.2 63.1 379 25 Yes Yes
p-A291T cB71G = A Classic 13.2 55.7 425 4.2 16.5 40.5 24 25 Yes Yes
p-1294S c.B881T = C Classic 0 124 124 njc 0 4.9 49 njc Yes Yes
p-R301G cOIC =G Classic 19.3 56.5 372 29 19.1 64.7 45.6 34 Yes Yes
p-R301Q 902G = A Atypical 85 48 395 5.6 5.5 445 39 81 Yes Yes
pR301P 902G > C Classic 0 5 5 n/c 0 42 42 nfc Yes Yes
p-L310F c928C =T Classic 1.6 277 26.1 17.3 0.8 11.6 10.8 145 Yes Yes
p-L311V c931C =G nfa 19 40.1 38.2 21.1 2 18 16 9 Yes Yes
p-D313Y c937G =T Uncertain 839 1003 16.4 1.2 59 80.9 219 14 Yes Yes
pI319T ©956T = C Classic 20.2 583 381 29 10.3 28 17.7 27 Yes Yes
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Table A2. Cont.
Amenable Variants
s . Mean In Vitro Enzyme Absolute Mean In Vitro Enzyme Absolute Amenable
A:‘ Egu cDNA P(Iihm:‘al Activity as %W% Increase P;Dld ;J_v“ Activity as %W% Increase F;'ld ;J_V“ 3"::;1 able] (GLP-Validated
< enotype (In-House) as %WT aselne  (GLP-Validated Assay [13])  as %WT aseline  Un-House [14])
Without DG]  With DGJ Without DGJ With DG]
p-N3201 c959A =T Classic 2 318 29.8 15.9 1.4 17.1 15.7 122 Yes Yes
p-Q321H ¢.963G > C nfa 33 253 22 7.7 1.9 19.8 179 104 Yes Yes
p-G3255 c973G = A Classic 256 554 29.8 22 247 62.5 37.8 25 Yes Yes
pQ327E c979C = G n/a 215 809 59.4 38 229 50.4 27.5 22 Yes Yes
p-G32BA 983G = C Classic 6.2 30 238 4.8 6.9 28.7 21.8 42 Yes Yes
p-53450 ¢ 1033T > C Classic 0 9.7 9.7 nfc 0 3.7 37 njc Yes Yes
p-R356W ¢ 1066C =T Classic 169 627 45.8 37 11 49.1 38.1 45 Yes Yes
P-R356Q c1067G > A Atypical 333 663 33 2 36.1 75.1 39 21 Yes Yes
p.G360C cl078G>T Classic 16.2 329 16.7 2 8.7 16.8 8.1 19 Yes Yes
p-R363H c.1088G = A Classic 319 579 26 1.8 20 50.5 30.5 25 Yes Yes
p.F396Y c1187T > A nfa 87.6 93.8 6.2 11 111.2 116.4 5.2 1 Yes No
p-T4101 ¢1229C>T nfa 23 161 13.8 7 0.4 12.2 11.8 305 Yes Yes
p.L415F ¢1243C>T nfa 83.2 99.5 16.3 1.2 91.8 103.3 11.5 11 Yes No
p-E418G cl1253A > C nfa 74.6 89.1 145 1.2 67.5 89.4 219 13 Yes Yes
Non-Amenable Variants
Amino Clinical Mean ?n_Vitm Enzyme Absolute Fold over Mean !n_Vitm Enzyme Absolute Fold over Amenable Amena_ble
Acid cDNA Phenotype Activity as %WT Increase Baseline Activity as %WT Increase Baseline  (In-House) (GLP-Validated
(In-House) as %WT (GLP-Validated Assay [13]) as %WT [14])
without DGJ with DGJ without DGJ with DGJ
p-AlL5P c43G > C nfa 0 0.3 0.3 n/c 0.9 1.2 0.3 13 No No
p-A20P ¢.58G > C Atypical 2.5 4.9 24 2 11.5 159 4.4 14 No Yes
p.A20D «59C> A nfa 28 4.5 1.7 1.6 4.3 10 5.7 23 No Yes
p.L21P c62T=>C Classic 0.6 1.7 1.1 2.8 1.1 1.6 0.5 15 No No
p-P405 cl118C =T Classic 0 14 14 nfc 0 1 1 nj/c No No
pG435 cl27G = A nfa 0 0 0 nfc 0 0 0 njc No No
p.L45P c134T = C Classic 0 0 0 n/c 0 0 0 nfc No No
P-R49G c145C > G Classic 0 0 0 n/c 0 0 0 nfc No No
p-Co2W c.156C = G nfa 0 0 0 nfc 0 0 0 nj/c No No
p-Co6Y c 167G = A Classic 0 33 33 nfc 0 7.3 7.3 nj/c No Yes
pC63Y c 188G > A Classic 0 0 0 nfc 0 0 0 njc No No
p-L&8F c202C=>T Classic 0 45 45 n/c 0 0.8 0.8 nfc No No
p-Y86H c.256T = C Classic 0 07 0.7 n/c 0 0 0 nfc No No
p-Y86D ¢.256T = G Classic 0 0 0 nfc 0 0 0 nj/c No No
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Table A2. Cont.

Non-Amenable Variants

Amino Clinical Mean In_Vi(m Enzyme Absolute Fold over Mean In_Vitm Enzyme Absolute Fold over Amenable Amena_ble
Acid cDNA Phenotype Activity as %WT Increase Baseline Activity as %WT Increase Baseline  (In-House) (GLP-Validated
(In-House) as %WT (GLP-Validated Assay [13]) as %WT [14])
without DGJ with DGJ without DGJ with DGJ

p-Du3Y c277G =T Atypical 0 0 0 nfc 0 i} 0 njc No No
p-D93E c279C =G Classic [\ 0 0 n/c 0 0 0 nfc No No
p-Co4Y c281G = A Classic 0 0 0 n/c 0 0 0 nfc No No
p.C94S c281G = C Classic 0 0 0 n/c 0 0 0 nfc No No
p-WY5L c284G =T Classic 0 0 0 nfc 0 0 0 nj/c No No
p-R100T 299G > C Classic 0 0 0 nfc 0 0 0 njc No No
p-R112C c334C=>T Classic 0 0 0 n/c 0 0 0 nfc No No
p-R118C ¢352C>T Atypical 20 237 3.7 1.2 24 29.5 5.5 12 No Yes
p-H125P c.374A > C nfa 0 0 0 n/c 0 0 0 nfc No No
p-L129P c386T = C Classic 0 0 0 nfc 0 0 0 njc No No
p-L131P c392T = C Classic 0 0 0 n/c 0 0 0 nfc No No
pG132R c394G = A Classic 0 0 0 n/c 0 0 0 nfc No No
p.G132E 395G > A nfa 0 0 0 n/c 0 0 0 nfc No No
pG138R cd12G = A Classic 0 0 0 n/c 0 0 0 nfc No No
p-T1411 c422C =T Classic 0 0 0 nfc 0 0 0 nj/c No No
p-Cl42R c424T > C Classic 0 0 0 n/c 0.4 0 -0.4 0 No No
p-Al43P cd27G = A Classic 0 0 0 n/c 0 0 0 nfc No No
pGl47R c439G = A nfa 0 0 0 n/c 0 0 0 nfc No No
p-Al56D cd67C = A Classic 0 0 0 nfc 0 0 0 nj/c No No
p-V164G c491T > G Classic 14 2.8 14 2 1.7 32 15 19 No No
p-D165Y c493G =T Classic 0 0 0 n/c 0 1.3 1.3 nfc No No
p.D165V cd494A > T Classic 0 0 0 n/c 0 0 0 nfc No No
pL167Q ¢.500T = A Classic 0 0.7 0.7 n/c 0 0.6 0.6 nfc No No
p-DI70N c.508G = A Classic 0 0 0 nfc 0 i} 0 nj/c No No
p-D170H 508G = C Classic 0 0 0 nfc 0 0 0 njc No No
p-C172G ¢.514T > G Classic 0 4.4 44 n/c 1.1 27 1.6 25 No No
p-C172Y c515G = A Classic 0 0 0 n/c 0 0 0 nfc No No
p.D175E ¢525C > G nfa 89.8 89 -0.8 1 44.3 53.4 9.1 1.2 No Yes
p-MI87R c560T > G Classic 0 0 0 nfc 0 0 0 njc No No
p-L191P c572T = C Classic 0 0 0 n/c 0 0 0 nfc No No
p-C202Y c.605G = A Classic 0 1.4 14 n/c 0 0 0 nfc No No
p-E203K cb07G > A nfa 0 0 0 n/c 0 0 0 nfc No No
PpY207C cb20A =G Classic 0 11 1.1 nfc 0 i} 0 njc No No
p.K213M c.638A >T Classic 834 825 -0.9 1 43.2 55.9 12.7 1.3 No Yes
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Table A2. Cont.

Non-Amenable Variants

Amino Clinical Mean !n_Vi(m Enzyme Absolute Fold over Mean ?n_Vitm Enzyme Absolute Fold over Amenable Amena_ble
Acid cDNA Phenotype Activity as %WT Increase Baseline Activity as %WT Increase Baseline  (In-House) (GLP-Validated
(In-House) as %WT (GLP-Validated Assay [13]) as %WT [14])
without DGJ with DGJ without DGJ with DGJ

p-H225R COH7AA =G Classic 0 3 3 nfc 0 2 2 nj/c No No
p-W226R c.676T > A Classic 0 0 0 nfc 0 0 0 njc No No
p-R227Q c.680G = A Classic 0 0 0 n/c 0 0 0 nfc No No
pR227P c.680G = C Classic 0 0 0 n/c 0 0 0 nfc No No
p-A230T C.688G = A Classic 0 0 0 nfc 0 0 0 nj/c No No
p-D231IN CO91G = A Classic 0 0 0 n/c 0.5 0 -0.5 0 No No
p-G261V c782G>T Classic 0.2 3.5 33 17.5 0 0 0 nfc No No
p-W2e2C c.786G = C Classic 0 0 0 n/c 0 0 0 nfc No No
p-D264A c.791A > C nfa 0 0 0 n/c 0 0 0 nfc No No
p-D264V C791A =T Classic 0 0 0 nfc 0 0 0 nj/c No No
p-M267T ¢.800T > C Classic 275 305 3 11 28.8 45.3 16.5 16 No Yes
p-G271C c81IG>T Classic 0.2 27 25 14.8 0 0.5 0.5 nfc No No
p-N2725 c.815A = G Classic 0 0 0 n/c 0 0 0 nfc No No
p.G2745 cB20G = A nfa 0 0 0 n/c 0 0 0 nfc No No
p-L275F c823C>T Classic 0 0 0 n/c 0 0 0 nfc No No
p-Q2830 c.848A > C Classic 0 0 0 nfc 0 0 0 njc No No
p-A285D c.854C = A Classic 0 0 0 n/c 0 0 0 nfc No No
p-5297C c.890C = G Classic 0 3.8 38 n/c 0 0 0 nfc No No
p.V316l 946G > A n/a 65.6 68.3 2.7 1 92,1 126.1 34 14 No Yes
p.V316G «947T > G Classic 0 0 0 nfc 0.7 3.8 31 5.4 No Yes
pI317S ¢950T = G nfa 0 27 27 n/c 0 0.8 0.8 nfc No No
p-N320Y c958A > T Classic 0 0 0 n/c 0 0.6 0.6 nfc No No
p.Q327K c979C > A Classic 0 0 0 n/c 0 0 0 nfc No No
p-E341K cl021G = A Classic 0 0 0 n/c 0 0 0 nfc No No
p-E341D c.1023A = C Classic 0 0 0 nfc 0 1.6 1.6 nj/c No No
pR3420 c 10256 > A Classic 0 0 0 nfc 0 0.9 0.9 njc No No
p-R342P ¢1025G > C nfa 0 0 0 n/c 0 0 0 nfc No No
p-R342L cl025G>T Classic 0 0 0 n/c 0 0 0 nfc No No
p-L344P c1031T = C Classic 0 0 0 n/c 0 0 0 nfc No No
p-E358K 072G = A Classic 0 0 0 nfc 0 0 0 nj/c No No
p-A368T ¢1102G > A Atypical 103.7 933 -10.4 09 54.6 72.6 18 13 No Yes
p-1372P c1115T > C nfa 0 2.6 26 n/c 1.2 2.6 14 22 No No
p.L372R c1115T = G Classic 0 0 0 n/c 0 0 0 nfc No No
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Table A2. Cont.
Non-Amenable Variants
. .. Mean In Vitro Enzyme Absolute Mean In Vitro Enzyme Absolute Amenable
Aﬁf‘;“ ¢DNA Pﬁl‘:::“ . Activity as %WT Increase i”:;‘ef_:": Activity as %WT Increase 1;;’::12;’_‘:1‘:' 3:‘;;‘:":; (GLP-Validated
: P (In-House) as %WT . (GLP-Validated Assay [13])  as %WT ! " [14)
without DG]  with DGJ without DGJ with DCGJ
p-G373D c1118G = A Classic 0 0 0 nfc Qa 0 0 n/c No No
p-C378R ¢1132T > C n/a 0 0 0 n/c 0 0 0 nfc No No
p1384N c1151T = A Classic 0 0 0 n/c 0 0.8 0.8 nfc No No
p.-T385A c1153A > G n/a 45 48.9 3.9 11 57.3 73.5 16.2 13 No Yes
p-Q386P c1157A = C Classic 0 0 0 nfc 0 0 0 n/c No No
p-P389L c1166C >T n/a 0 0 0 n/c 0 0.6 0.6 nfc No No
p.G395A ¢1184G > C nfa 20.1 23.1 3 1.1 244 30.7 6.3 13 No Yes
p-S405R c1213A = C nfa 91 92.7 1.7 1 52.5 59.6 7.1 1.1 No No
p.L415P c1244T > C Classic 0 0 0 njc 0 0 0 nfc No No

Bold = different conclusions of both assays toward DGJ amenability; nfa = not analyzed; n/c = not calculated.
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Abstract: Fabry disease, an X-linked recessive lysosomal disease, results from mutations in the GLA
gene encoding lysosomal a-galactosidase A («-Gal A). Due to these mutations, there is accumulation
of globotriaosylceramide (GL-3) in plasma and in a wide range of cells throughout the body. Like other
lysosomal enzymes, a-Gal A is synthesized on endoplasmic reticulum (ER) bound polyribosomes,
and upon entry into the ER it undergoes glycosylation and folding. It was previously suggested
that o-Gal A variants are recognized as misfolded in the ER and undergo ER-associated degradation
(ERAD). In the present study, we used Drosophila melanogaster to model misfolding of «-Gal A mutants.
We did so by creating transgenic flies expressing mutant a-Gal A variants and assessing development
of ER stress, activation of the ER stress response and their relief with a known a-Gal A chaperone,
migalastat. Our results showed that the A156V and the A285D «-Gal A mutants underwent ER
retention, which led to activation of unfolded protein response (UPR) and ERAD. UPR could be
alleviated by migalastat. When expressed in the fly’s dopaminergic cells, misfolding of «-Gal A and
UPR activation led to death of these cells and to a shorter life span, which could be improved, in a
mutation-dependent manner, by migalastat.

Keywords: Fabry disease 1; misfolding 2; UPR 3; ERAD 4; migalastat 5

1. Introduction

In misfolding diseases such as lysosomal storage diseases (LSDs) there is chronic retention of
misfolded proteins in the endoplasmic reticulum (ER), which leads to their ER-associated degradation
(ERAD) and causes ER stress and activation of the ER stress response in cells, known as the unfolded
protein response (UPR) [1,2].

Our lab showed in the past that in Gaucher disease (GD), resulting from accumulation of
glucosylceramides due to mutations in the GBAI gene, encoding acid-{-glucocerebrosidase (GCase),
the mutant variants are retained in the ER and activate the UPR [3-8]. Using Drosophila melanogaster as
an animal model, Maor et al. showed that expression of mutant human GCase in the dopaminergic
cells of the fly activated UPR, which led to death of these cells, to motoric disabilities and to shorter
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life span. The phenotype could be rescued by treatment with the known pharmacological chaperone
ambroxol [3,8].

In the present study we used Drosophila melanogaster as an in-vivo model to analyze misfolding
of a-Gal A, linked with Fabry disease, and its associated UPR, and to test whether we can improve
UPR-associated pathology by applying a pharmacological chaperone.

Fabry disease is the second most common lysosomal disorder, inherited as an X-linked recessive
disease. [t results from mutations in the GLA gene, encoding alpha galactosidase A (o-Gal A,
EC 3.2.1.22, NM_000169.2), leading to accumulation of globotriaosylceramide (GL-3) and its acylated
form lyso-GL3 (lyso-Gb3) [9-13] in various types of cells, including vascular end othelial cells, podocytes,
cardiomyocytes, arterial smooth muscle cells and kidney cells, peripheral and central nervous systems,
skin and eyes [10-13]. Death occurs mainly because of renal failure along with premature myocardial
infarction and strokes [11,14,15].

Fabry disease is broadly divided into “classic” and “late onset” phenotypes. Patients with the
classic phenotype of Fabry disease are usually males with significantly low or undetectable (<3% of
mean normal) x-Gal A activity, who present multiple organ manifestations. Patients with the late-onset
phenotype have varied ages of onset and clinical manifestations, with typical cardiac and renal
symptoms [16,17]. Fabry disease females are heterozygous and present varying degrees of symptoms,
ranging from asymptomatic to severe [18-20]. This phenotypic is due, most probably, to X-inactivation.
There are more than 1000 mutations in the GLA gene known to be associated with Fabry disease [17,21].
It was estimated that 35-50% of patients with Fabry disease have mutations that are amenable to
migalastat therapy [17,22]. The amenability of GLA mutations to migalastat therapy is determined by
an in-vitro assay, in which human embryonic kidney (HEK) 293 cells are transfected with individual
GLA-containing DNA plasmids, with and without migalastat. Migalastat-amenable mutations are
defined as those that present absolute increases of =3% over wild-type a-Gal A activity in the presence
of 10 uM migalastat [17,22].

Enzyme replacement therapy (ERT) based on intravenous administration of recombinant human
enzyme has been available for Fabry disease since 2001 (Raplagal, Shire Human Genetic Therapies
AB; Fabrazyme, Sanofi Genzyme) [23-26]. One main shortcoming of ERT is limited tissue penetrance.
Central nervous system manifestations such as cerebrovascular complications and neuropathic pain
in Fabry disease cannot be addressed due to the blood-brain barrier, which is not penetrated by
ERT. Another shortcoming is the risk of an immune response with potentially neutralizing antibodies
generated against the therapeutic enzymes [16,24,27]. Treatment with a pharmacological chaperone is
another option for Fabry disease patients. Pharmacological chaperones are small molecules with the
ability to cross the blood-brain barrier, which bind misfolded proteins in the ER to allow their correct
folding and trafficking via the secretory pathway to the lysosomes. In the case of a lysosomal enzyme,
the pharmacological chaperone dissociates in the lysosome from the enzyme, which binds to its substrate
and catalyzes its hydrolysis according to its residual activity [2,28,29]. One approved chaperone for the
treatment of Fabry disease patients is migalastat (AT1001, DGJ-1-deoxygalactonojirimycin, commercial
name Galafold) [17]. Migalastat is an analogue of «-Gal A substrate that binds to the active site of the
enzyme [30,31]. Treatment with migalastat was shown to increase enzyme activity in cell culture and
in mice expressing amenable mutations [32-37].

In the present study, we established transgenic flies harboring mutant (A156V, A285D) x-Gal A
variants to model their misfolding and to address the effect of a known pharmacological chaperone
on this misfolding. Mutant or WT GLA mutant or WT GLA cDNAs, coupled to a yeast upstream
activating sequence (UAS), which is inactive in the fly, were introduced into normal flies Expression
of the transgenes was controlled by the UAS/GAL4 system. In this system, the GAL4 gene is placed
under the control of a native gene promoter. When expressed, GAL4 binds and activates the UAS,
which is coupled to the gene of interest. Thus, expression of a target gene (a GLA variant in the present
study) is achieved by the presence of active GAL4 [38].
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Our results strongly indicated that the mutant variants, but not the WT «-Gal A variant,
were retained in the ER and underwent ERAD. Their retention in the ER activated the UPR machinery.
When expression of the mutant a-Gal A variants was driven in the dopaminergic cells of the fly,
misfolding and UPR activation led to death of these cells and to premature death of the flies, which
could be improved, in a mutation dependent manner, by migalastat.

2. Results

2.1. Alpha-Gal a Is ER Retained and Undergoes ERAD

Three fly lines harboring different variants of the GLA gene were generated: a WT human «-Gal
A, amutated human A156V «-Gal A variant and a mutated human A285D variant. The two latter are
considered classical mutations, the A156V variant has 4.3% in vitro residual activity while the A285D
mutant has no detectable activity [21]. All were introduced as cDNAs, coupled to a yeast upstream
activating sequence (UAS), which is inactive in the fly, and binds the transcription factor GAL4. Thus,
UAS-linked transgenes can be expressed in specific cell types under the control of a Drosophila promoter
linked to the GAL4 sequence [39].

Western blot analysis of lysates prepared from flies expressing the different «-Gal A variants
under the ubiquitous daughterless-GAL4 (DaGAL4) driver [40] depicted lower levels of x-Gal A in
flies expressing the mutant forms of «-Gal A (A156V and A285D) in comparison to flies expressing the
WT variant (Figure 1A,B). Moreover, the level of the more severe A285D mutant protein was lower than
that of the A156V variant (Figure 1A). The appearance of a major band in the WT sample, with a minor
upper band, two bands in the A156V lysate and only the upper one in the A285D mutant, suggested
that they represent different glycosylation states and cellular localization. Thus, we assumed that the
upper band was ER retained protein, while the lower band represented the mature lysosomal o-Gal A
form. To confirm our assumption, we treated the lysates with endoglycosidase-H (endo-H). Endo-H is
a specific endo-glycosidase that cleaves a high mannose (more than four residues) N-glycan complex
and not a mature counterpart [41,42]. Since high mannose structures (with 8-9 mannose residues in the
N-glycan trees) are mostly found on glycoproteins present in the ER, this fraction of glycoproteins is
endo-H sensitive. However, once glycoproteins arrive to the cis-Golgi network, five mannose residues
are removed from their N-glycans, rendering them with only four to three mannoses on the N-glycan
tree [43,44]. The oligosaccharide chain with four to three mannoses is not recognized by endoH.
Hence, this fraction of glycoproteins, which is mostly lysosomal, is endo-H resistant. All three a-Gal
A proteins showed sensitivity to endo-H cleavage, indicating that in all three variants, there was an
ER retained endo-H sensitive protein. The endo-H sensitive fraction was increased with mutation
severity. While ~17% of the WT protein was endo-H sensitive, ~46% and ~96% were endo-H sensitive
in the A156V and the A285D mutants, respectively (Figure 1C,D). The results indicated that most of
the A285D protein was ER retained, while a significant fraction of the A156V mutant variant was
able to exit the ER. A small fraction of WT «-Gal A resided in the ER. Thus, the results of the endo-H
resistance experiment confirmed that the upper a-Gal A band (seen in Figure 1A) represented the
ER retained, most probably the unfolded form of the enzyme, while the lower protein was a mature
lysosomal o-Gal A.

118



7 Anhang

Int. J. Mol. Sci. 2020, 21, 7397 4o0f18

protein @

cpﬁéoqﬁ v:\‘pi yﬁf‘b"o

o -Gal A .- -

Actin -

WT A156V  A285D

Y
N
=]

Tl

% endo-H sensitive fraglion © Relative a-Gal A
o
=)

Endo-H "= * 17 - +'7- E
60
C-GalA :
-— .: - 40
20
0
WT A156V A285D
E F
O @ ’
c .
RS <« B25 I :
MG132 - + - + - + é
GalA <’
a -Gal o — - - 31_5
3
o 1
ERK == - S
- - - - B s
zo
0
MG132 Lty oty ot
wT A156V  A285D

Figure 1. Alpha-Gal A expression in Drosophila melanogaster. (A) Lysates prepared from 15 day old
flies were subjected to sodium dodecyl sulphate polyacrylamise gel electrophoresis (SDS-PAGE) and
interaction with anti-Myc antibody, to identify «-Gal A and anti actin antibodies, as a loading control.
The red arrow indicates the higher molecular weight, endoplasmic reticulum (ER) retained fraction of
the protein; the black arrow indicates the lower molecular weight lysosomal fraction of the protein.
(B) Quantification of results as seen in A of three independent experiments (mean + standard error
of mean (SEM)). To quantify the results, x-Gal A intensity in each lane was divided by that of actin
in the same lane, and the number obtained for wild type (WT) was considered to be 100. Statistical
analysis included one-way ANOVA followed by one-sample t-test. (C) Lysates prepared as in A were
treated with endo-H and analyzed by Western blotting. The red dot indicates the higher molecular
weight, ER retained fraction of the protein before endo-H treatment; the red arrow indicates the ER
retained fraction of the protein after endo-H treatment; and the black dot marks the lower molecular
weight, endo-H resistant lysosomal fraction of the protein. (D) Quantification of results as shown in (C).
The amount of endo-H sensitive a-Gal A fraction in each treated lane was divided by the total amount
of protein in the same lane. The results are the mean + SEM of five independent experiments. Statistical
analysis included one-way ANOVA followed by post-hoc Dunnett test. (E) Twenty-four hours after
transfection of HEK293T cells with pcDNA4-MycHis-a-Gal A plasmids (human WT, A156V, A285D),
they were treated with 25 uM MG132 for 20 h, and their lysates were subjected to Western blotting and
interaction with anti-Myc antibody, to identify «-Gal A and anti ERK antibodies, as a loading control.
(F) Quantification of results as shown in (E). To quantify the results, a-Gal A intensity in each lane was
divided by that of ERK in the same lane, and the number obtained for every variant without treatment
was considered to be 1. The results are the mean + SEM of three independent experiments. Statistical
analysis included one-sample t-test. Significance: * p < 0.05; ** p < 0.01. The expression of the x-Gal A
mutant variants was under the daughterless GAL4 driver (DaGALA4).

To test whether mutant a-Gal A variants undergo ERAD due to their misfolding, and due to
sensitivity of flies to treatment with proteasome inhibitors like bortezomib or MG132, we performed
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the experiment in tissue culture. HEK293T cells, transfected with plasmids expressing the three
different a-Gal A variants, were treated with MG132 after which their lysates were subjected to
Western blot analysis. MG132 is a synthetic, membrane permeable, peptidyl aldehyde that effectively
blocks the proteolytic activity of the 528 proteasome [45-47]. Therefore, treatment with MG132
leads to an increase in the amount of proteins that are otherwise degraded by ERAD. The results
(Figure 1E,F) showed that the amount of mutant A156V and of the A285D «-Gal A proteins increased
by MG132 treatment. There were 2.2- and 2.1-fold increases in the amount of A156V and A285D
variants, respectively (Figure 1E,F), while the increase in the amount of the WT «-Gal A variant
was non-significant. The results strongly indicate that mutant «-Gal A variants underwent ERAD
(Supplementary Figure S1).

In order to examine the effect of chaperone treatment on the expression of the x-Gal A variants in
transgenic flies, a-Gal A-expressing flies were treated with different concentrations of migalastat for
22 days post-eclosion. Western blots of the proteins indicated that there was an increase in stability
of WT a-Gal A in flies treated with 50 M migalastat (Figure 2A,B). There was a 2.5- and a 3-fold
increase in the total amount of the A156V «-Gal A following 10 uM and 50 uM chaperone treatment,
respectively, and elevation in the lysosomal fraction of the mutant protein, indicating that migalastat
is able to bind the protein and to assist in its folding and trafficking from the ER to the lysosomes
(Figure 2C,D). Moreover, even in the A285D-expressing flies, there was a 2.5-fold increase in the total
amount of a-Gal A, as well as appearance of a small lysosomal fraction, following 20 uM migalastat
treatment (Figure 2E,F).
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Figure 2. Alpha-Gal A expression following migalastat treatment. (A,CE) Lysates prepared from
22 day old flies, carrying the different o-Gal A variants, as indicated in the graph, treated with different
migalastat concentrations, were subjected to SDS-PAGE and interaction with anti-Myc antibody,
to identify o-Gal A and anti actin antibodies, as a loading control. Blue lines separate the higher
molecular weight ER retained fraction of the protein from the lower molecular weightlysosomal fraction
(when applicable). (B,D,F) Quantification of results as shown in (A,C,E), respectively. To quantify
the results, x-Gal A intensity in each lane was divided by that of actin in the same lane, and the
number obtained for N.T. in each experiment was considered to be 1. The results are the mean + SEM
of three independent experiments. The expression of the a-Gal A mutant variants was under the
daughterless GAL4 driver (DaGAL4). Statistical analysis included two-way ANOVA (to determine
significant differences between genotypes’ reactions to concentrations) followed by one-way ANOVA
with post-hoe Dunnett t-tests. Significance: * p < 0.05; ** p < 0.01. N.T: Non-Treated.
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2.2. UPR Activation in Transgenic a-Gal a Expressing Flies

QOur results strongly indicated that when expressed in flies, mutant x-Gal A variants were
misfolded, were retained in the ER and underwent ERAD.

ER retention of misfolded proteins leads to ER stress and to activation of UPR. To examine UPR
activation in flies expressing different mutant «-Gal A variants, RNA was extracted from 22 day
old flies and was subjected to qRT-PCR. Changes in the levels of known UPR-induced fly genes
were monitored [8]. The results showed activation of the tested UPR markers: Hsc-70-3 (the fly
BiP homolog), spliced Xbp1 and ATF4 (Figure 3A). In order to test the effect of migalastat on UPR,
flies, collected at the day of eclosion, were treated with different concentrations of the chaperone for
22 days, after which RNA was extracted and subjected to real-time quantitative polymerase chain
reaction (QRT-PCR) analysis. The results (Figure 3B-E) strongly indicated that only the A156V o-Gal A
mutation was responsive to the chaperone treatment. There was a decrease in the level of the tested
UPR parameters: Hsc-70-3, spliced Xbp1 and ATF4 in flies expressing the A156V o-Gal A mutant after
22 days of migalastat treatment (Figure 3D). The highest concentration used, 50 uM, was proven to be
the most effective. There was no significant change in UPR parameters in flies expressing the A285D
o-Gal A variant (Figure 3E). There was a decrease in the level of spliced Xbp1 in flies expressing the
WT «-Gal A only at 50 uM (Figure 3C) with no accompanied change in other genes. We, therefore,
believe it does not reflect a real decrease in UPR. Interestingly, though there was a small increase in
the lysosomal fraction of the A285D mutant (Figure 2E,F), it was not significant enough to cause a
decrease in UPR.
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Figure 3. Unfolded protein response (UPR) activation in GLA transgenic flies and its alleviation
following migalastat treatment. RN A was isolated from untreated (A) or from migalastat treated flies
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(B-E), expressing the different «-Gal A variants, as indicated in the graph. The extracted RNA was
subjected to real-time quantitative polymerase chain reaction (qRT-PCR) with primers specific for
Hsc-70-3, spliced Xbp1 (sXbpl) and ATF4 mRNAs (as specified in Table 2), representing the three
UPR arms. The expression of the a-Gal A mutant variants was under the daughterless GAL4 driver
(DaGAL4). The results are the mean + SEM of five independent experiments. Each bar represents
the results of five different experiments. Statistical analysis included two-way ANOVA (to show the
significance of the reaction of the different genotypes to different migalastat concentrations), followed by
one-sample t-test. Significance: * p < 0.05;* p < 0.01.

2.3. Climbing Ability of Transgenic a-Gal a Expressing Flies

Negative geotaxis (climbing) of the flies, commonly used for assaying motor deficits as a result of
misexpression of neuron-specific proteins [48], was employed to assess the neural dysfunction caused
to the flies by expression of mutant x-Gal A in their dopaminergic cells. We monitored the climbing
ability of the flies at ages of 15- and 22-days post-eclosion. The results presented significant locomotion
dysfunction in flies expressing both A156V and A285D o-Gal A mutants compared to flies expressing
the WT GLA variant or control flies (Figure 4A,B).

A 6 Day 15
. GOpM  Z10pM  w20pM o 50uM
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A156V A285D
B . Day 22
2
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]
£ %
%

A156V Control
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Figure 4. Climbing ability of GLA transgenic flies. (A,B) Transgenic flies treated with different
concentrations of migalastat were analyzed for climbing ability at days 15 (A) or 22 (B) post-eclosion.
The results are the mean + SEM of three independent experiments. The expression of the «-Gal A
mutant variants was under the dopa decarboxylase GAL4 driver (DdcGAL4). Statistical analysis
included three-way ANOVA (to show the significance of the reaction of the different genotypes to
different migalastat concentrations and test if there is a difference between the different days evaluated),
followed by one-way ANOVA with post-hoc Dunnett test. Significance: * p < 0.05; ** p< 0.01.

Climbing ability of flies, treated with different concentrations of migalastat, was evaluated as well.
The results (Figure 4A B) showed a significant improvement in climbing ability of the A156V mutant
a-Gal A-expressing flies following chaperone treatment in all the tested concentrations. There was a
slight change in the climbing ability of flies expressing the A285D mutation at day 15 post-eclosion;
however, it did not reach statistical significance and was not recapitulated at day 22 post-eclosion.
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2.4. Death of Dopaminergic Cells in Brains of GLA Flies

Thus far we have shown that mutant x-Gal A variants underwent ERAD, and that their ER
retention led to UPR activation. This UPR activation, which affects the motor skills of the flies, could be
significantly alleviated in flies expressing the A156V «-Gal A mutant variant by migalastat treatment.

To further explore UPR activation in the flies, we followed the death of their dopaminergic cells.
To do that, we quantified the amount of tyrosine hydroxylase (TH), as a marker of dopaminergic
cells, in heads of aging flies. Fluorescence intensity of TH was analyzed in the posterior region of the
brain, where ~70 dopaminergic cells occupy very distinct areas [49]. The results showed significantly
decreased fluorescence intensity in brains of 22 day old mutant flies. We did not observe a significant
difference in flies expressing WT «-Gal A following chaperone treatment at 10-20 uM concentrations,
with a 40% increase in the presence of 50 uM migalastat. This increase is in line with the increased
amount of WT a-Gal A in the presence of 50 uM migalastat (Figure 2A,B). Fluorescence intensity was
significantly increased in brains of the A156V «-Gal A-expressing flies. In contrast, the increase in
fluorescence intensity was mild and only statistically significant at the 50 uM concentration in flies
expressing the A285D mutant x-Gal A (Figure 5A,B).
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Figure 5. Inmunostaining of dopaminergic cells in GLA transgenic flies. (A) Representative confocal
images of adult brains of transgenic flies, expressing the human WT or mutant GLA variants, untreated
or migalastat treated, stained with anti-TH antibodies at day 22 post-eclosion. (B) Quantification of TH
signal intensity obtained from six tested brains as shown in (A). The expression of the a-Gal A mutant
variants was under the dopa decarboxylase GAL4 driver (DdcGAL4). Statistical analysis included
two-way ANOVA (to determine significant differences between genotypes’ reaction to concentrations)
followed by one-way ANOVA with post-hoc Dunnett t-tests. Significance: **p < 0.01. N.T: Non-Treated.

To verify our results, we analyzed TH levels in head lysates of non-treated (Figure 6 A,B) and
treated (Figure 6C-H) flies by Western blotting. The results strongly indicated that while 22 days
treatment with migalastat had no effect in flies expressing the WT o-Gal A variant (Figure 6C,D), it had
a significant effect on the amount of TH produced in the brains of A156V o-Gal A-expressing flies,
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which is a measure of surviving dopaminergic cells (Figure 6E,F). There was also a significant (though
lower than that seen in the A156V a-Gal A-expressing flies) increase in the amount of TH in flies
expressing the A285D mutant x-Gal A variant (Figure 6G,H).
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Figure 6. Western blot analysis of tyrosine hydroxylase in brains of GLA transgenic flies. (A) Protein
lysates, prepared from heads of 10 control flies or flies expressing the different «-Gal A variants at
day 22 post-eclosion, were subjected to Western blotting. The corresponding blots were interacted
with anti-TH antibodies. As a loading control, the blots were interacted with anti-actin antibodies.
(B) To quantify the results, TH intensity in each lane was divided by that of actin in the same lane,
and the number obtained for Control was considered 1. Results represent the mean + SEM of four
independent experiments. Statistical analysis included one-way ANOVA with post-hoc Dunnett
test. (C,D) Protein lysates prepared from flies expressing the WT x-Gal A, treated with the shown
migalastat concentrations, were manipulated as in (A). To quantify the results, TH intensity in each
lane was divided by that of actin in the same lane, and the number obtained for N.T. was considered
to be 1. Results represent the mean + SEM of four independent experiments. (EF) Protein lysates
prepared from flies expressing the A156V o-Gal A, treated with the shown migalastat concentrations,
were manipulated as in (A). Quantification was as in (D). (G,H) Protein lysates prepared from flies
expressing the A285D «-Gal A, treated with the shown migalastat concentrations, were manipulated
as in (A), and quantification of results was as in (D). In (D,F,H), statistical analysis included two-way
ANOVA (to determine significant differences between genotypes’ reaction to concentrations) followed
by one-way ANOVA with post-hoc Dunnett t-test. Significance: * p < 0.05; ** p < 0.01. N.T: Non-Treated.
The expression of the «-Gal A mutant variants was under the dopa decarboxylase GAL4 driver
(DdcGAL4).
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2.5. Survival of Transgenic a-Gal a Expressing Flies

Life span of flies expressing the different x-Gal A variants was followed, with and without
migalastat treatment. The results showed premature death of transgenic flies expressing mutant o-Gal
A variants, in comparison to flies expressing the WT human a-Gal A (Figure 7A). Furthermore, the flies
expressing the A285D «-Gal A mutation presented earlier death in comparison to flies expressing the
A156V a-Gal A mutation (Figure 7A). In order to examine the effect of chaperone treatment on life
span, «-Gal A-expressing flies were treated with different concentrations of migalastat from eclosion to
death. The use of migalastat at different concentrations did not alter life span of flies expressing the
human WT «-Gal A protein (Figure 7B) but significantly prolonged the life span of flies expressing the
A156V a-Gal A mutant (Figure 7C). There was a small change in the survival of flies expressing the
A285D «-Gal A mutation treated with 50 uM migalastat, which should not be ignored (Figure 6D).
Interestingly 50% survival was also significantly increased for both A156V and A285D mutations
(Figure 6E).
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50% survival (Days) 54 56 62 64
A285D GLA NT 10uM 20uM
Longest survival (Days) 58 50 60 62
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Figure 7. Survival of flies. (A) Kaplan-Meier curve showing the overall survival rates of flies expressing
different GLA transgenes compared to normal control (Oregon-R) flies. (B-D) Kaplan—Meier curve
showing the overall survival rates of flies expressing the different «-Gal A variants, treated with
different migalastat concentrations. The expression of the x-Gal A mutant variants was under the dopa
decarboxylase GAL4 driver (DdcGAL4). N.T: non-treated. (E) A table showing the day reached by
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50% of the flies (50% survival) and the longest survival time (days) reached by the different lines as well
as statistical significance measured by Kaplan—-Meier’s multiple comparisons. In this test statistical
significance is p < 0.01 as compared to the wild type (A) or N.T. (B-D).

3. Discussion

Mutations in the GLA gene cause Fabry disease, an X-linked lysosomal disease characterized by
progressive accumulation of GL-3 in cells. The accumulation leads to tissue damage and eventual organ
failure. There are more than 1000 known mutations in the GLA gene [36,50]. Most of the mutations
disrupt the hydrophobic core of the protein, presumably leading to protein misfolding and degradation
in the ER [31,51-53]. Thus, Fabry disease is primarily a protein misfolding lysosomal disease.

In the present study we used Drosophila melanogaster to model misfolding of Fabry disease-
associated mutant o-Gal A variants. We did so by creating transgenic flies expressing WT and mutant
«-Gal A variants and assessing development of ER stress and activation of the ER stress response,
and their relief with a known «-Gal A chaperone, migalastat. We tested two classical human mutant
GLA variants, A156V, known to have 4.3% in vitro enzyme activity of WT, and the A285D «-Gal A
mutation, with no residual enzymatic activity [21,52,54]. Our results clearly showed that the A156V
and the A285D mutant proteins were misfolded and ER-retained. Their ER retention led to UPR
activation, which could be reduced by migalastat treatment. Migalastat, also known as AT1001, is
an active site-specific chaperone. It was first found as a potent competitive inhibitor of a-Gal A.
However, it effectively enhances a-Gal A activity in Fabry-derived cells, when given at concentrations
lower than that usually required for intracellular inhibition of the enzyme [31]. Migalastat is the
first pharmacological chaperone approved for treating Fabry disease patients with known responsive
mutations [17].

We also documented ERAD of the tested mutant x-Gal A variants. Thus, the level of two mutant
proteins, A156V and the A285D, were elevated in transfected HEK293T cells, in the presence of the
proteasome inhibitor MG132. By decreasing UPR parameters, we could achieve an increase in the
number of TH containing dopaminergic cells in the brain, an improvement in motor abilities and
expanded life span of the mutant flies, which were more significant in the A156V containing flies.

Our results corroborated published studies on the responsiveness of the different Fabry mutations
to migalastat, arguing that they are misfolded. In an early report, Ishii et al. showed that in COS-1 cells
transfected with plasmids expressing the R301Q or Q279E, there was a fraction of x-Gal A that was
aggregated at the top of the gel and had no enzyme activity. The authors argued that the aggregate
originated from the ER [55]. Using confocal microscopy, Yam et al. showed that following chaperone
treatment, ER retained mutant o-Gal A successfully trafficked to the lysosomes and degraded GL-3 in
fibroblasts that derived from Fabry disease patients. The authors suggested that migalastat reduced
BiP binding to a-Gal A in the ER and allowed its trafficking [56,57]. Ishii et al. documented protein
stabilization by Western blot analysis of several x-Gal A mutations, including the A156V variant,
following either treatment with the ER mannosidase I inhibitor, kifunensine [58] or with the proteasomal
inhibitor, lactacystin [59], in COS-7 cells transfected with plasmids expressing the tested mutations.
The results indicated protein misfolding and ERAD of mutant «-Gal A variants. In addition, increase in
activity following migalastat treatment was shown [60].

A large number of publications documented the effect of migalastat on stabilization and increase in
activity of x-Gal A [32,61,62]. Improvement in enzyme activity of different mutant x-Gal A was shown
in HEK293-transfected cells treated with either migalastat [21,63,64] or migalastat and ambroxol [65],
the known pharmacological chaperone of glucocerebrosidase, deficient in Gaucher disease [66]. There
was a synergistic effect when treating cells with both chaperones [65]. The described results strongly
indicated ERAD of mutant «-Gal A variants.

Currently, there is a mouse model in which the endogenous gene was knocked out, and it expresses
a human mutant R301Q «-Gal A cDNA under the human «x-Gal A promoter [67]. While ERAD and
UPR were not specifically shown in this model, decreased accumulation of GL-3 was documented
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following its treatment with migalastat [67,68]. These results strongly indicated misfolding of the
R301Q mutant a«-Gal A variant in the ER and its folding and trafficking to the lysosomes in the presence
of the chaperone.

It is of note that De Francesco et al. ruled out apoptotic death associated with ER stress and UPR
by evaluating caspase 4 and UPR genes in peripheral blood mononuclear cells derived from Fabry
patients [69].

To summarize, in the present work we were able to document, using a fly model expressing
a«-Gal A variants, that the A156V and the A285D mutant variants are misfolded, are retained in the ER,
undergo ERAD and activate the UPR. UPR activation by the A156V amenable mutation can be relieved
by the pharmacological chaperone migalastat. On the other hand, treatment of the A285D-expressing
flies with migalastat does not alleviate UPR parameters.

4. Materials and Methods

4.1. Antibodies

The antibodies used in the present project are as follows. Primary antibodies: rabbit polyclonal
anti-tyrosine hydroxylase antibodies AB152 (Millipore, MA, USA); mouse monoclonal anti-Myc
antibody (Cell Signaling Technology, Beverly, MA, USA); mouse monoclonal anti-actin antibody
(Sigma-Aldrich, Rehovot, Israel); rabbit polyclonal anti-ERK antibodies (Santa Cruz Biotechnology,
CA, USA). Secondary antibodies: horseradish peroxidase-conjugated goat anti-mouse antibodies;
horseradish peroxidase-conjugated goat anti-rabbit antibodies, all from Jackson ImmunoResearch
Laboratories, West Grove, PA, USA).

4.2. Fly Strains

Control strain in all experiments was Oregon-R obtained from the Bloomington Drosophila Stock
Center, Indiana University, Bloomington, IN, USA). Transgenic flies, harboring pUAST- MycHis-WT
GLA on the second chromosome, pUAST-MycHis-A156V GLA and pUAST-MycHis- A285D GLA
on the third chromosome, were established by BestGene Inc. (Chino Hills, CA, USA). Da-GAL4
and Ddc-GAL4 were from Bloomington Stock Center (Indiana University, Bloomington, IN, USA).
Strains were maintained on standard cornmeal-molasses medium at 25 °C.

4.3. Cell Lines and Transfections

HEK293T cells (ATCC® CRL-11268™) were grown in Dulbecco’s modified Fagle’s medium
(DMEM DMEM; Gibco, purchased from Biological industries, Beit-Haemek, Israel), supplemented
with 10% FCS (Beit-Haemelk, Israel) at 37 °C in the presence of 5% CO2. Cells were transfected using
calcium phosphate solutions. A mixture of DNA in 250 uL of 250 mM CaCl2 was dropped into a tube
containing HBSX2 solution (50 mM Hepes, 280 mM NaCl, 1.5 mM Na2HPO4, pH 7.09) and incubated
for 20 min at RT. The mixture was then added dropwise to sub-confluent cells. Forty-eight hours later,
cell lysates were prepared for SDS-PAGE and Western blot analysis.

4.4. MG132 (Carbobenzoxy-v-leucyl-t-leucyl-L-leucinal) Treatment

HEK293T-transfected cells were treated with 25 uM of MG132 24 h post transfection (Calbiochem,
San Diego, CA, USA) for 20 h.
4.5. Plasmid Preparation

Gibson assembly (New England Biolabs, Beverly, MA, USA) was employed to create the
pUAST-MycHis or the pcDNA4-MycHis-B plasmids, containing the different GLA cDNAs. The inserts
were amplified from pcDNA3.1/V5-His-GLA (WT/A156V/A285D) plasmids (described in [21]),
with primers shown in Table 1. PCR was executed in 20 uL containing 30 ng of plasmid DNA,
4 ul of 5% ISO buffer, 0.4 mM dNTPS, 3% DMSQ, 20 units/mL of fusion polymerase (New England,
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Bio Labs, Beverly, MA, USA) and 10 pM each of forward and reverse primers. Thermal cycling
conditions were 30 s at 98 °C, then thirty-five cycles of 98 °C (10 s), 68 °C (1 min) and 72 °C (1 min),
following by 10 min at 72 °C for final extension. PCR reactions were carried out in Eorff Mastercycler
EP Gradient S (Eorf, Hamburg, Germany). PCR products were separated on 1% agarose gels, and
inserts were purified using “RBC Bioscience” kits, according to the manufacturer’s instructions. The
PCR products contained Xhol sequences on both sides (See Table 1 for primer sequences). The vector
plasmids pUAST-MycHis or pcDNA4-MycHis-B were linearized with the restriction enzyme Xhol.
Assembly and transformation were performed using a Gibson Assembly Cloning Kit (New England,
Bio Labs, Beverly, MA, USA), following the manufacturer’s instructions.

Table 1. Primers used for Gibson assembly.

Primer Name Primer Sequence
FP-GLA(ATG) + pUAST/mycHis-left arm 5 -CAGATCTGCGGCCGCGGCTCGAGGATGCAGCTGAGGAACCCAGAACTAC-3
RP-GLA(TAA) + pUAST/mycHis-right arm 5-GCCCTCTAGAGGTACCCTCGAGCCAAGTAAGTCTTTTAATGACATCTG-3
FP-GLA(ATG) + pcDNA4/myc-His-B-left arm 5-CAGCACAGTGGCGGCCGGTCGAGTATGCAGCTGAGGAACCCAGAA-3

RP-GLA(TAA) +pcDNA4/myc-His-B-right arm 5 -CCGCGGGCCCTCTAGACTCGAGCGAAGTAAGTCTTTTAATGACATC-3"

4.6. RNA Preparation

For RNA extraction from flies, adult flies were frozen in liquid nitrogen and then homogenized in
TRIzol® Rea gent (Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s instructions.

4.7. ¢cDNA Preparation and gRT-PCR

Two micrograms of RNA were reverse transcribed with M-MLV reverse transcriptase
(Promega Corporation, CA, USA), using oligo dT primer in a total volume of 20 uL at 42 °C
for 60 min. Reactions were stopped by incubation at 70 °C for 15 min. Three microliters of cDNA were
used for qRT-PCR. qRT-PCR was performed using power SYBR green QPCR mix reagent kit (Applied
Biosystems, Foster City, CA, USA) Rotor-Gene 6000. The reaction mixture contained 50% QPCR mix,
300 nM of forward primer and 300 nM of reverse primer, in a final volume of 10 uL. Thermal cycling
conditions were 10 min at 95 °C, 40 cycles of: 95 °C (10 s) 60 °C (20 s) and 72 °C (20 s). Relative gene
expression was determined by Ct value. The list of primers used for qRT-PCR is shown in Table 2.

Table 2. Primers used for qRT-PCR.

Primer Name Primer Sequence
ATF4 F 5"-AGACGCTGCTTCGCTTCCTTC-3"
ATF4R 5-GCCCGTAAGTGCGAGTACGCT-3"

Hsc70-3 F 5-GCTGGTGTTATTGCCGGTCTGC-3
Hsc 70-3 R 5 -CATCCCTCGGGATGGTTCCTTGC-3

Xbpl F 5-CCGAACTGAAGCAGCAACAGC-3
Xbpl R 5 -GTATACCCTGCGGCAGATCC-3"
RP49F 5'-TAAGAAGCGCACAAAGCACT-3'
RP49R 5-GGGCATCAGATATTGTCCCT-3"

4.8. Endonuclease-H Sensitivity

Endonuclease-H (endo-H) sensitivity was tested essentially as described elsewhere [7]. Briefly,
cell lysates, containing 80 wg of total protein, were subjected to an overnight incubation with endo-H
(New England Biolabs, Beverly, MA, USA), according to the manufacturer’s instructions.

4.9. SDS-PAGE and Western Blotting

For each preparation, either confluent cells or 10 or more flies were homogenized in NP-40 lysis
buffer (20 mM Tris HCL pH 7.5, 100 mM NaCl, 1 mM MgCl,, 5 Mm EDTA and 0.5% NP-40) containing
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protease inhibitors (10 ug/mL leupeptin, 10 ug/mL aprotinin and 0.1 mM PMSE, all from Sigma-Aldrich,
St. Louis, MO, USA). Samples containing the same amount of protein were electrophoresed through
10% SDS-PAGE and electroblotted onto a nitrocellulose membrane (Schleicher and Schuell BioScience,
Keene, NH, USA), which was interacted with the appropriate antibodies. The blots were developed
and analyzed by ChemiDoc™ XRS (Bio-Rad laboratories, GmbH, Munich, Germany).

4.10. Immunofluorescence and Confocal Microscopy

Brains of adult flies were fixed with 4% paraformaldehyde for 60 min. Following rinsing with
PBT (1x PBS supplemented with 0.3% Triton X-100), primary antibody, diluted in BBT (1x PBS
supplemented with 0.1% BSA, 0.1% Tween-20 and 250 mM NaCl) was added for overnight incubation
at 4 °C with shaking. Following three washes with PBT, secondary antibodies were added and
werte incubated under shaking for 2 h at room temperature. After three washes with PBT, the brain
samples were mounted with Galvanol mounting reagent (Mowiol 4-88, Calbiochem, CA, USA).
Slides were visualized using an LSM510 Meta (ZEISS) confocal microscope. For quantitative studies,
Z-projections of confocal sections (exposed and processed identically) were analyzed. Images of a
given experiment were exposed and processed identically, unless otherwise detailed. Captured images
were analyzed using Image] software. The Image] software ((NIH, Bethesda, MD, USA) automatically
subtracts background staining. Pixel intensity (in arbitrary units) was used to quantify fluorescence in
the indicated experiments. Data was statistically evaluated using one-way ANOVA with post-hoc
Dunnett test.

4.11. Chaperone Treatment

Eighty microliters of 1-deoxygalactonojirimycin hydrochloride (DGJ/AT1001/migalastat)
purchased from Sigma-Aldrich, Israel, at concentrations of 10 uM, 20 uM or 50 uM were poured on top
of 10 mL food-containing vials, which were kept at room temperature for at least 1 day before use.
Chaperone was diluted in DDW from a 10 mM stock solution.

4.12. Climbing Assay

Climbing behavior of adult flies was measured using a countercurrent apparatus essentially as
described elsewhere [70]. Briefly, groups of 30 flies (both males and females) were given 10 min to adapt
in the starting tube, which could slide along the apparatus, and then 20 s to move upwards against
gravity to the upper frame’s tube. The top frame of tubes was then shifted to the right so that the start
tube came into register with a second bottom tube, and flies, which successfully climbed up, were tapped
down again, falling into tube 2. The upper frame was then returned to the left, and the flies were once
again allowed to climb into the upper tube. After five runs, the number of the flies in each tube was
counted. Foreach time point, atleast four cohorts from each genotype were scored. The Climbing index
(CI) was calculated using the following formula: CI (the weighted mean) = Z(mn,)/N; m-number of
test vial, nm—number of flies in the ™ vial, N-total number of flies. CI ranged from 1 (min) to 6 (max).

4.13. Survival Assay

For each fly strain, 10 vials, each containing 5 males and 5 females (total of 100 flies), was maintained
on food from day one post-eclosion. Flies were flipped into tubes containing fresh food every second
day, and deaths were recorded. Kaplan-Meier was used to plot survival using the XLSTAT software.
Results are presented relative to the initial number of flies in each vial.

4.14. Statistical analysis

Parametric statistical tests were used for all comparisons. Data, obtained from 3-6 independent
experiments (in each experiment, 10-30 flies were used), were expressed as mean + standard error
of the mean (SEM). Comparisons between the groups were performed using one-way, two-way or
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three-way ANOVA according to the number of variants, followed by either post-hoc Dunnett test or
t-test. The tests used for the different experiments are detailed in each figure legend. All statistical
analyses were preformed using the SPSS software (IBM Corp., Armonk, NY, USA). Kaplan-Meier
analysis was performed using the XLSTAT software (Addinsoft Inc., New York, NY, USA).

Supplementary Materials: The following is available online at http://www.mdpi.com/1422-0067/21/19/7397/s1,
Figure S1: Mutant o-Gal A undergoes ERAD.
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Abstract: Ambroxol (ABX) is a mucolytic agent used for the treatment of respiratory diseases. Bioac-
tivity has been demonstrated as an enhancement effect on lysosomal acid B-glucosidase (B-Glu)
activity in Gaucher disease (GD). The positive effects observed have been attributed to a mechanism
of action similar to pharmacological chaperones (PCs), but an exact mechanistic description is still
pending. The current study uses cell culture and in vitro assays to study the effects of ABX on
B-Glu activity, processing, and stability upon ligand binding. Structural analogues bromohexine,
4-hydroxybromohexine, and norbromohexine were screened for chaperone efficacy, and in silico
docking was performed. The sugar mimetic isofagomine (IFG) strongly inhibits p-Glu, while ABX
exerts its inhibitory effect in the micromolar range. In GD patient fibroblasts, IFG and ABX increase
mutant 3-Glu activity to identical levels. However, the characteristics of the banding patterns of
Endoglycosidase-H (Endo-H)-digested enzyme and a substantially lower half-life of ABX-treated
B-Glu suggest different intracellular processing. In line with this observation, IFG efficiently stabi-
lizes recombinant 3-Glu against thermal denaturation in vitro, whereas ABX exerts no significant
effect. Additional 3-Glu enzyme activity testing using Bromohexine (BHX) and two related struc-
tures unexpectedly revealed that ABX alone can refunctionalize B-Glu in cellula. Taken together,
our data indicate that ABX has little in vitro ability to act as PC, so the mode of action requires
further clarification.

Keywords: Gaucher disease; small molecule therapy; pharmacological chaperone; drug repositioning;
lysosomal storage disease; rare disease; thermal shift assay

1. Introduction

The pharmacological chaperones (PCs) represent a novel form of therapy for diseases
involving protein misfolding, such as lysosomal storage disorders (LSDs). PCs specifically
bind to folded or partially folded proteins to provide enhanced stabilization and enable
trafficking of mutant but intrinsically functional protein to the target organelle [1,2]. Most
PCs are reversible competitive inhibitors of their target protein, even though the inhibitory
activity is not desired [3]. The development of efficient PCs is an unmet need for all LSDs as
the efficacy of existing therapies (e.g., enzyme replacement therapy and substrate reduction
therapy) is limited by their inability to cross the blood-brain barrier or by undesirable
side effects.
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Gaucher disease (GD; MIM# 230800, 230900, 231000) is a rare autosomal LSD caused
by mutations in the GBAT gene (MIM# 606463) encoding for the lysosomal enzyme acid
B-glucosidase (B-Glu, EC 3.2.1.45). GD has an estimated incidence of 1/40,000 in the
general population and an incidence of 1/1000 in the Ashkenazi Jewish population [4]. The
resulting decrease in enzymatic activity leads to a progressive accumulation of glucosylce-
ramide and glucosylsphingosine in lysosomes, causing organ enlargement, anemia, and
bone disease (Type I) and additional neurological impairment (Types Il and 1II) [5]. A range
of different GBAI gene variants, including the prevalent p.Asn370Ser allele associated with
Type I GD, have been tested for their response to various PCs [6-8], so GD can be considered
a reasonable target for PC development. One such PC, the iminosugar isofagomine (IFG),
selectively inhibits 3-Glu in cell lysates in a competitive manner, with ICs; values of 30 (5)
nM (wildtype B-Glu) and 128 (18) nM (p.Asn370Ser variant) at pH 5.2 (7.2) using 3 mM
of 4-methylumbelliferyl-B-D-glucopyranoside (4-MUG) [9]. A similar result was obtained
for wildtype B-Glu in a later study using recombinant enzyme [1]. A six-month Phase 2
clinical trial was carried out in 19 adults with Type I GD, but the drug was not advanced to
Phase 3 development due to a lack of meaningful reduction in disease symptoms in the
majority of the patients [10]. It can be assumed that potent competitive inhibitors harbor
the risk of interfering with the natural reaction conditions in the cells in an adverse manner.
Thus, it may seem that the development of either allosteric, non-inhibitory, or less-potent
isosteric PCs is imperative to comply with safety demands in the drug approval process.

Around the same time as IFG failed in clinical trials, the substituted benzylamin
ambroxol (trans-4-(2-amino-3,5-dibromobenzylamino)-cyclohexanol (C13H1sBraN2 O, ABX)
was identified by thermal denaturation assay [11]. In this study, recombinant f-Glu was
subjected to heat treatment at 51 °C for 12 min, and it was found that ABX-treated 3-Glu
exhibited higher enzyme activity compared to untreated enzyme. The evident advantage
of this assay was that ABX was detected by means of its 3-Glu enzyme stabilizing effect
rather than B-Glu inhibition. Maegawa and colleagues further investigated the inhibition
mode and binding site and characterized ABX as a mixed-type inhibitor that exerts its
inhibitory effect in the micromolar range [11]. It is of note that ABX is a derivative of
BHX; however, BHX did not prove to be a PC but exhibited inhibitory function towards
B-Glu [1,11,12]. Numerous studies followed in which patient fibroblasts with different
mutations, e.g., p.Argl20Trp, p.Phe213lle, and in some cases p.Leu444Pro, responded
significantly positively to ABX exposure [13-15]. The positive effects could be reproduced
in other cell and animal models, such as mouse and fruit fly [16-19]. ABX treatment
achieved a positive outcome on blood parameters and organ volume in a pilot study of
six previously untreated Type I GD patients and was well-tolerated [20]. Later studies
concluded with a similarly promising result in Type III GD patients using ABX as either
mono- or combination treatment with enzyme replacement therapy [21,22].

Successive studies suggested that ABX does not act solely as a PC but also at the
cell biological level as a transcriptional regulator, for example by increasing GBAT and
transcription factor TFEB mRNA [23,24] and the transcription of the ER stress-related
transcription factor CHOP [19,25], which are thought to play a role in the expression process
of 3-Glu [26,27]. However, no conclusive link has been established between chaperoning
and the influence on cellular physiology. Similarly, in studies on Fabry disease, a beneficial
effect of ABX on mutant x-Galactosidase A (x-Gal) was observed, but the mechanism of
action remained obscure [28,29]. Nevertheless, ABX was not efficient in single application,
whereas combinatory treatment indicated a PC-supportive effect. Furthermore, the study
by Seemann et al. [29] demonstrated that the efficient «-Gal enhancer compounds each
showed both an inhibitory effect on the proteasome and a positive gene regulatory effect
on the x-Gal target gene itself. Neither effect could be shown for ABX. Since both the
a-Gal and 3-Glu data do not currently allow the enzyme-enhancing effect of ABX to be
mechanistically termed “chaperoning”, in the present work we have studied the effects
of ABX and IFG on 3-Glu in various biochemical and cell biological experiments. There
are remarkable differences in the processing and stability of the enzyme under IFG and
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ABX influence in cells, and the investigation in a quantifiable in vitro B-Glu thermostability
assay indicated a much weaker ABX-mediated stabilization effect.

2. Results and Discussion
2.1. B-Glu Enzyme Is Weakly Inhibited by Ambroxol

Most of the identified PCs for lysosomal hydrolases are isosteric inhibitors. They are
biosimilar sugar compounds of the natural substrate. The benzylamin compounds ABX
and BHX are an exception among the inhibitor structures for 3-Glu. All these structures
have in common the aim to increase the stability of both normal and mutant enzyme
forms. In this way, the activity of functionally compromised enzyme variants can be
recovered. Unlike IFG, which was confirmed as a competitive inhibitor, the mode of
action for ABX and BHX was characterized as mixed inhibition [1]. In this study, we
reproduced the inhibitory activity of the substances. The half-maximal inhibitory con-
centration (ICs;) of the active site-inhibitor IFG was 0.32 & 0.0015 nM at pH 4.7 when
0.026 uM recombinant B-Glu was used and at a substrate concentration of 1.5 mM 4-MUG
(Figure 1a,d). The considerable dependence on pH, enzyme-substrate ratio, and other
parameters such as buffer substance were not considered in our experiment. The same
applies to the other experiment series. For ABX, an inhibition effect was measured that
was almost three orders of magnitude lower under the applied conditions, with an ICsy of
254.0 4 0.12 uM (Figure 1b,d). The half-maximal inhibitory concentration represents the
concentration of an inhibitor that is required to reduce enzyme activity by 50%. For ABX,
we defined it as the concentration at which the half-maximal inhibitory effect was achieved,
since the inhibition by ABX was incomplete (as known from previous studies) [12,30]. In
the current experiment, the residual enzyme activity was about 70%. Remarkably, BHX
had no significant inhibitory effect in the tested concentration range (Figure lc,d). While
it has been suggested that the strength of the inhibitory effect has a positive predictive
value for the efficiency of the chaperone effect [31], robust data for this hypothesis are not
available. At this point, the statement can once again be supported that IFG is a strong
inhibitor while ABX is a weak inhibitor. It should be noted that IFG shows a proven altered
kinetics with mutated enzyme [9], which can also be assumed for ABX as different binding
affinities have been calculated using molecular dynamics simulation for different drugs to
the abnormal enzyme variants [32].
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Figure 1. Inhibition of recombinant acid B-glucosidase (B-Glu). Endpoint enzyme activity mea-
surement was recorded in the presence of different concentrations of isofagomine (IFG) (a), am-
broxol (ABX) (b), and bromohexine (BHX) (¢) after a 20 min incubation phase using 1.5 mM 4-
methylumbelliferyl-p-D-glucopyranoside (4-MUG) synthetic substrate at pH 4.7. (d) IC5p was
calculated from the dose-response curves using the function “log(inhibitor) vs. response” (GraphPad
Prism 5 for Windows, GraphPad Software, La Jolla, CA, USA).
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2.2. Enzyme Activity Is Enhanced in Cell Culture

The p.Asn370Ser mutation is the most common GD associated mutation. It is present
in over 70% of Ashkenazi Jewish Type I GD patients (who are either homoallelic or
heteroallelic with another GD mutation) [33]. We analyzed the PC response in two
p-Asn370Ser/84GG compound heterozygous cell lines: GM00852 and GM00372. The two
cell lines exhibited B-Glu enzyme activity of 8.3 (£1.4) nmol 4-MUG x mg protein™! x h™!
and 5.0 (£0.5) nmol 4-MUG x mg protein~! x h~!, respectively. The wildtype cell line
used for comparison, GM01653, exhibited 3-Glu activity of 83.6 (-:10.3) nmol 4-MUG x
mg protein~! x h~! (Figure 2a—c). The reported activity of the p.Asn370Ser mutant ranges
from 14% to 30% [6,33]. The somewhat lower percentage activity of the two GD lines under
investigation here might be explained by the fact that the second allele is a NULL allele
carrying the nonsense mutation 84GG [34]. ABX and IFG treatment of the cells for 5 days
plus a short washout step of 6 h showed significant responsiveness of 3-Glu in both GD
lines (Figure 2a,b) and maintenance of activity in the WT cells (Figure 2c).
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Figure 2. Acid p-glucosidase (B-Glu) enzyme activity, stability, and glycosylation in compound-
treated patient fibroblasts. (a—¢) B-Glu activity in ambroxol /isofagomine (ABX/IFG)-treated cells.
Three cell lines of unrelated patients harboring either compound heterozygous p.Asn370Ser/84GG
(GM00852, GM00372) mutations or wildtype GBAI (GMO01653) were cultured for 5 days in absence
and presence of ABX (black columns) or IFG (grey columns). The cells were harvested followinga 6 h
washout period, lysed, and subjected to enzyme measurement using 3 mM 4-methylumbelliferyl-p-D-
glucopyranoside (4-MUG). Data are provided as mean = SEM from 6-12 (a,b) and 3 (¢) independent
experiments. Differences between the groups were analyzed using one-way ANOVA. Post-hoc
Dunnett test was used to analyze each column with the respective value of the untreated cells
(significance level is represented by *, **, *** as p-values of 0.05, 0.01 and 0.001); n.s., not significant.
(d) Cycloheximide (CHX) chase experiment. Patient fibroblasts of line GM00852 and control cells
(GM01653) were cultured for 5 days in the presence or absence of treatment. Then, in addition to
treatment, CHX was added for at 0, 2, 4, 6, 8, 12, and 24 h to study intracellular stability of $-Glu.
Cell lysates containing 20-30 pg were digested with PNGase F to obtain a singular protein band in
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immunoblot using anti-B-Glu (2E2) antibody. (e) Decay curves of p-Glu in fibroblast cells. Each
B-Glu band was normalized to its corresponding f-Actin band (not shown). All normalized values
obtained were referenced to the 0 h time point of each treatment series before CHX chase start (100%).
The values are provided as mean £ SD from 2-3 independent experiments. For each treatment
regimen, a nonlinear fit analysis of the resulting values was performed. (f) Glycosylation analysis
of cellular B-Glu. Cell lysates of ABX, [FG or control-treated fibroblasts were subjected to Endo-H
digestion and Western blot. Qualitative band analysis was repeated in two independent experiments:
Endo-Hr, Endoglycosidase H-resistant; Endo-Hs, Endoglycosidase H-sensitive.

GMO00852 cells showed increases of up to 14.1 (+2.5) nmol 4-MUG x mg protein~! x
h™! and 13.5 (£1.9) nmol 4-MUG x mg protein~! x h™! after treatment with IFG and
ABX, respectively, at the most effective concentrations of 40 uM each (Figure 2a). GM00372
had elevated B-Glu activity up to 6.7 nmol 4-MUG x mg protein™! x h™! for IFG and
ABX at 100 uM and 40 uM, respectively. In a previous study on a series of deoxynojir-
imycin derivatives as PC candidates, the two GD lines showed maximum responsiveness
of 1.7-fold (GM00372) and up to 2.4-fold (GM00852) after 4 days of treatment [35]. In other
studies with cells carrying the p.Asn370Ser mutation, similar relative increases were also
observed after application of different molecular drugs [7,35-39]. The values are generally
in the same range as the fold changes from the analyses carried out here (Table 1). IFG
showed a weak, insignificant 3-Glu chaperoning activity of 1.3-fold (1-100 uM) on the
wildtype enzyme in GM01653 cells. ABX also barely affected the activity (1.1-fold increase
at 5-40 uM). However, it is an important indication of the safety that normal activity is not
hampered by either of the PC treatments. Specifically, PCs for 3-Glu might be a potential
drug in combating Parkinson’s disease [13,40] due to the association between mutations in
the GBAT gene and an increased risk of early Parkinsonism [41,42]. These patients carry
the WT allele in addition to a mutant GBAT allele. It has previously been demonstrated
that cells carrying the p.Leud44Pro mutation are amenable to ABX [11,14]. We did not
intend to reproduce these results in this study because we concluded that the positive ef-
fects of ABX and IFG on mutant B-Glu activity in cell culture has been sufficiently verified.
Another indication of the safety of the treatment is the result of the MTT viability assay
(Supplementary Materials Figure S1a). Only high ABX concentrations (>40 uM) showed
slightly toxic effects in all three cell lines in vitro. Since it is known that even long-term treat-
ment with a high dose of ABX of up to 21 mg/kg/day is well-tolerated by the organism [43],
it cannot be excluded that the ABX toxicity here is a cell-culture-specific outcome.

Table 1. Maximum acid p-glucosidase (3-Glu) activity increases in cells.

B-Glu Activity [FC] B-Glu Activity [FC] B-Glu Activity [FC]

Cmpd (GM00852) (GM00372) (GMO01653)
ABX 2.0 £0.15 " (40 uM), #=** 1.6+ 0.12 (40 pM), ** 1.3 +0.12 (20 pM), n.s.
IFG 24 £ 0.17 (40 uM), ** 1.6 &+ 0.16 (100 uM), ** 1.3 £ 0.17 (100 uM), n.s.
BHX 1.1 £+ 0.09 (40 pM), n.s. n/a n/a
D1 1.3 + 0.16 (40 pM), n.s. n/a n/a
D2 1.2 £ 0.05 (40 uM), n.s. n/a n/a

Experiments were repeated (n = 6; except * 5 = 12). Statistical analysis was carried out as specified in the legend
for Figure 2a—c. Asterisks indicate significance level compared to the untreated state: **, p < 0.01; ***%, p < 0.0001;
n.s., not significant; n/a, not analyzed.

2.3. Differential B-Glu Stability and Processing Level Following ABX and IFG Treatment

Treatment with active-site-occupying compounds leads to a prolongation of the half-
life of the mutant enzyme [44]. To determine whether stabilization of 3-Glu in GM00852 is
equally efficient, we cultured the cells for 5 days with or without addition of ABX or IFG.
Thereafter, the cells were treated with the protein translation inhibitor cycloheximide (CHX)
for an additional 2, 4, 6, 8, 12, and 24 h to prevent de novo protein synthesis. PC treatment
was continued in each case. We found that ABX was able to slow intracellular 3-Glu
degradation compared to the native state (Figure 2d,e). After 24 h, 61.5% of native 3-Glu
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(Figure 2e, red curve) was degraded. ABX-treated intracellular -Glu showed degradation
by 21.5%, less than half of the untreated enzyme (black curve). IFG was so efficient that after
24 h hardly any protein degradation was detectable (gray curve). The wildtype enzyme in
GMO01653 cells (Figure 2e, inlayed picture, green curve) also showed stable enzyme levels
and insignificant 3-Glu degradation.

Lysosomal enzymes are synthesized in the ER. N-glycan conjugation allows further
transport to the Golgi apparatus, where sugar-chain modification leads to the formation of
high-order complex carbohydrates. Endoglycosidase H (Endo-H) cleaves high-mannose
but not complex oligosaccharides. The Endo-H reaction therefore identifies post-Golgi
processed protein by causing Endo-H sensitive (Endo-Hs) protein to undergo a size shift,
whereas Endo-H resistant (Endo-Hr) protein does not change size. Thus, indirect statements
about the cellular localization of proteins can be made. After 5 days of culturing GD
fibroblasts with the appropriate treatment and harvesting without a washout period, cell
lysates were obtained. The results of this experiment are shown in Figure 2f. The first
finding is that mutant p. Asn370Ser 3-Glu in GM00852 had approximately 36% residual
protein level (Figure 2f, lane 3) compared with wildtype enzyme in GM01653 cells (Figure 2f,
lane 1). Endo-H handled samples showed Endo-Hr and Endo-Hs protein fractions at
around 67 kDa and 54 kDa, respectively. The overall increase of 3-Glu total enzyme
by the treatments with ABX and IFG compared to the untreated condition is evident.
The p.Asn370Ser 3-Glu of [FG-treated cells showed a wildtype-like band pattern before
and after Endo-H digestion. ABX-treated enzyme shows a characteristic, particularly
pronounced Endo-Hs 3-Glu band in the blot, while less Endo-Hr form was expressed.

2.4. ABX-Related Structures Do Not Increase Intracellular p.Asn370Ser B-Glu Activity

As mentioned above, BHX had no effect in the former chaperone study [11]. We
synthesized two related BHX/ABX derivatives: 4-hydroxybromohexine (D1) contains
an additional hydroxyl substituent on the cyclohexyl ring of bromohexine, yielding
(1s,4s)-4-((2-amino-3,5-dibromobenzyl)(methyl)amino)cyclohexan-1-ol; in addition, the
nor-derivative of bromohexine 2,4-dibromo-6-((cyclohexylamino)methyl)aniline (norbro-
mohexine, D2) was synthesized. The latter structure lacks both the hydroxycyclohexyl
and the aminomethyl group. Neither compound had a significant effect on B-Glu activ-
ity (Table 1). In silico docking revealed that the binding of ABX to (3-Glu is dependent
on hydrogen bonding between the 4-hydroxyl group of ABX with Asp127 and Trp381
providing the acceptor and donor sidechains, respectively [45]. We propose that addi-
tional H-bond formation between the amino group and Glu235 of the 3-Glu enzyme
assists in the orientation of the cyclohexane group to point inside the binding pocket
(Supplementary Materials Figure S2a). The presence of a methyl group at the
amine, as for BHX (and D1), prevents the interaction with Glu235, therefore switch-
ing compound orientation so that the dibromophenyl ring is pointing inside the
binding pocket instead. In this case, the m-m and salt bridge interactions be-
tween the dibromophenyl ring and its positively charged NH2+ with Tyr313 and
Ser345, respectively, may compensate for the lack of the hydrogen bonding interac-
tion and, thus, explain the rather similar binding scores of the different compounds
(Supplementary Materials Figure S2c). Moreover, this binding model would provide
an obvious explanation for the observation that both the presence of the 4-hydroxyl group
and the absence of the aminomethyl group are crucial for the intracellular chaperone effect
of ABX.

2.5. Stabilizing Capacity of ABX and IFG on B-Glu Enzyme Defined

Heat-induced melting profiles of recombinant 3-Glu were recorded by thermal shift
at a pH value of 5.5 in the presence of 2 mM compound or respective vehicle as a control.
The enzyme was heated from 20 to 90 °C in the presence of Sypro Orange, similar to
the recent report for recombinant x-Gal enzyme [46]. ABX had a lesser stabilizing effect
than IFG (Figure 3). This reflects the fact that ABX has lower affinity than IFG for 3-Glu
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(K; 10 uM and 0.02 uM, respectively) [1]. The denaturing temperature of ABX-treated
B-Glu was 53.6 "C, which corresponded to a ATm of merely +2.3 °C (Figure 3a,c) at a
concentration in the millimolar range, whereas ABX plasma peak concentration can be
considered well below 1 mM even in high-dose treatments [43]. IFG effectively stabilized
the 3-Glu enzyme with a ATy of +22 °C up to 64.0 °C (Figure 3b,c). It should be noted
that a pronounced solvent effect was observed with ethanol (Figure 3b). BHX showed
a similar low stabilizing effect to ABX with a ATy of +1.2 °C (Figure 3¢). Hence, we
show here that ABX only mildly stabilizes $-Glu in vitro, whereas the active site-specific
competitive inhibitor IFG produced a significant increase in thermodynamic heat resistance
of 3-Glu. It is unlikely that technical aspects hamper the elucidation of stable enzyme:ABX
interaction in vitro since previous reports on the inhibitory effect of ABX cover a broad
range of conditions [1,7,39] with robust outcomes, indicating that the stabilizing effect
cannot be enhanced dramatically by changing assay conditions. Effective PCs typically
have binding affinities in the nanomolar to low micromolar range. Usually this is reflected
not only in the inhibitory effect but also in a stabilization of the target enzyme in vitro
while the enzyme: PC complex is formed [46,47]. Thus, the B-Glu stabilizing effect of ABX
observed intracellularly is most likely not due to direct interaction between the molecules
alone. Although it is conceivable that intracellular binding of the enzyme to ABX lowers
the energy needed for folding so the complex can be shuttled to the lysosome, the observed
incomplete processing of the enzyme in fibroblasts argues against it. Moreover, in direct
binding studies, unphysiological amounts of ABX were used that exceeded obtainable ABX
plasma concentration [11]. In agreement with previous results, we find that ABX is a weak
in vitro stabilizer of 3-Glu [24], but we cannot observe any significant gene regulatory effect
of ABX on gene expression in our cells [29,45]. The formerly described beneficial effects of
ABX in GD, as well as the prevention of «-synuclein protein aggregation in Parkinson’s
disease [24,40], based on putative direct 3-Glu stabilizing effects require reevaluation in
this light. It is possible that our data may indicate an overestimation of the PC activity of
ABX and thus indicate limited applicability of ABX.

23¢c — Ambroxal
16 — Waterivehicle
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Figure 3. Heat-induced melting profiles of recombinant acid B-glucosidase (3-Glu) with and without
ambroxol (ABX) and isofagomine (IFG). Recombinant 3-Glu was mixed with different concentrations
of ABX (a), IFG (b), or respective vehicle. Sypro Orange was added to a final concentration of
12.5 uM. Incrementally increased temperature over a range of 20-90 °C using the Lightcycler qRT
PCR system resulted in increasing denaturation of the enzyme. (c¢) Thermal shift values were obtained
by using first derivatives of raw data and were depicted for IFG, ABX, and bromohexine (BHX).

In Pompe and Fabry diseases, the outcome of a combination therapy consisting of ERT
and PCT utilizing the two iminosugar PCs DNJ and DG]J is expected to provide additional
benefit over ERT monotherapy [48,49]. The recently published study of a combination
therapy of ERT + ABX in Type Il GD attended to increased 3-Glu activity and encourage
normalization of the lyso-Gb1 biomarker [43]. PCT can achieve effects via two different
modes of action: firstly, by functionalizing and increasing the level of endogenous mutant
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B-Glu and secondly by stabilizing and thus increasing the half-life of the recombinant
replacent enzyme of ERT. It can be assumed from our in vitro data that ABX did not act
via the second mechanism because the low stabilizing effect of ABX suggests that it is
not suitable as an adjuvant for ERT, whereas strong PCs such as the DG]J, DNJ, or IFG
iminosugars may be an option.

We hypothesized that a combination therapy consisting of two distinct PCTs using
ABX and IFG may be an option because of the apparent partial difference in mechanism
of action. A cell culture experiment showed that ABX/IFG combination-treated GM00852
and GMO00372 cells displayed additive drug effects on 3-Glu enzyme activity elevation
compared to monotherapy with either treatment (Supplementary Materials Figure S3).
Even though the exact mechanism of action of ABX remains unclear, our data suggest that
additional intracellular factors are required to achieve the ABX effect, e.g., by utilizing
gene regulatory function and exploiting endogenous molecular chaperones that exert a
positive effect on 3-Glu [19,23-27,50]. This peculiarity of ABX also makes it a potential
drug candidate for other LSDs. Conversely, this aspect should be appreciated in future
studies on the utility of ABX as PD therapy, as its putative direct effect on the correct folding
of 3-Glu may be overestimated.

3. Materials and Methods
3.1. ICsp Measurements

Imiglucerase (Cerezyme®, Genzyme Corporation, Cambridge, MA, USA) was a left-
over from a patient who did not attend therapy in our outpatient clinic. Imiglucerase is
also referred to as (recombinant) 3-Glu in the text hereinafter. The powder was recon-
stituted in Strensen buffer, pH 4.7, containing 0.125% sodium taurocholate on the day
of the experiment. I[FG, ABX, or BHX was mixed with Imiglucerase (final concentration:
0.026 uM) in a 384-well black plate (Thermo Scientific, Waltham, MA, USA) and briefly pre-
incubated. An equivalent volume of 1.5 mM 4-methylumbelliferyl 3-D-glucopyranoside
(4-MUG, Sigma-Aldrich, Steinheim, Germany) was added and incubated for 20 min at
room temperature. The reaction was stopped with glycine-NaOH buffer pH 10.5. Liberated
4-methylumbelliferone was measured (excitation 365 nm; emission 440 nm) with a Tecan
Spark multimode microplate reader (Tecan, Mdnnedorf, Switzerland).

3.2. Cell Culture

Cell lines GM00372 and GMO00852 (both p.Asn370Ser/84GG) and wildtype control
cell line GM01653 (all obtained from Coriell Institute Cell Repository, Camden, NJ, USA)
were cultured under standard conditions at 37 “C under a 5% CQO; atmosphere. Typi-
cally, cells were seeded in T125 flasks in DMEM and 15% FBS with the addition of peni-
cillin/ streptomycin and sub-cultured while confluence was reached. Medium was changed
every 4 days.

3.3. Enzyme Activity Assay

The GM00372, GM00852, and GM01653 cells were seeded in 6-well assay plates and
incubated overnight. The next day, the medium was replaced with fresh medium containing
the respective compound dissolved in either dimethyl sulfoxide or water (ABX) or a mixture
of ethanol and water at a ratio of 1:1 (v/2) (IFG). The fibroblasts were incubated for 5 days.
After half the incubation period, the medium was replaced with fresh treatment medium.
The incubation was followed by a 6 h washout period in medium without the drug. The
cells were harvested by trypsination (0.25% trypsin/EDTA) and spun at 3000x g in a
benchtop centrifuge to pellet the cells. Cell pellets were washed twice with phosphate-
buffered saline and lysed by the freeze-and-thaw method in ultrapure water supplemented
with 0.15% Triton X-100. The protein amount of each sample was determined by the BCA
method (Thermo Scientific, Waltham, MA, USA). Lysosomal B-Glu activity was evaluated
by mixing 5 ug of total protein with 3 mM of 4-MUG (Sigma-Aldrich, Steinheim, Germany)
dissolved in Sorenson’s phosphate buffer (pH 5.3) containing 0.15% Triton X-100 and
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0.125% taurocholate in a total volume of 30 uL in 96-well reaction plates. The reaction was
incubated at 37 °C and terminated after 1 h by the addition of 0.2 mL of glycine buffer
(pH 10.5). The fluorescence was measured (excitation 360 nm; emission 465 nm) in a Tecan
Spark plate reader (Tecan AG, Ménnedorf, Switzerland).

3.4. Cycloheximide Assay

Cells were plated into 6-well assay plates and treated with ABX, IFG, or the vehi-
cle control for 5 days. Fresh treatment medium was then added with additional CHX
(100 ug/mL) for the indicated period. Then, the cells were harvested in order to obtain
B-Glu degradation kinetics via Western blot.

3.5. Western Blot

Cells were lysed on ice using RIPA buffer containing Roche complete protease inhibitor
cocktail, and the protein amount of each sample was determined as above. If applicable, En-
doglycosidase H (Endo-H) and peptide:N-glycosidase F (PNGase) treatment of cell lysates
was carried out prior to SDS-PAGE, containing 20-30 pg of total protein, according to the
company specifications (New England Biolabs, Ipswich, MA, USA). Aliquots of cell lysates
were separated using Criterion precast 4-15% Tris-HCl gels (Bio-Rad, Munich, Germany)
as described earlier [51]. Western blot analysis was conducted using monoclonal anti-3-Glu
2E2 antibody (Sigma-Aldrich, Steinheim, Germany) at 3 ug/mlL and mouse monoclonal
[3-actin antibody at a 1:10,000 dilution (cat-no. A5441, Sigma-Aldrich, Steinheim, Germany)
each diluted in Tris-buffered saline supplemented with 0.1% Tween-20 and 3% skim milk
powder. For fluorescence detection, appropriate secondary antibodies were used (Thermo
Fisher Scientific, Dreieich, Germany) for digital visualization via Odyssey Infrared Imaging
system (Li-Cor Biosciences, Lincoln, NE, USA). 3-Glu protein level was quantified and
normalized to the internal loading control, 3-actin, using the Odyssey software version 2.1.

3.6. Thermal Shift Assay

Imiglucerase (final concentration: 1 mg/mL) was mixed with 10X Sypro orange dye
(final concentration: 12.5 pM) in MES buffer, pH 5.5 (50 mM MES, 50 mM NaCl, and 2 mM
DTE) in LightCycler® 96-well white plates (Roche Applied Science, Penzberg, Germany).
The compounds were added to a final concentration of 2 mM and thoroughly mixed. The
plate was measured using Lightcycler 480 instrument II (Roche Applied Science, Penzberg,
Germany) at an excitation wavelength of 533 nm and emission wavelength of 610 nm.
The program melt curve was used to detect protein melting curves with a temperature
range between 20-95 °C at 1 °C/min. Ty, value was determined from the peak of the first
derivatives of the melting curve using GraphPad Prism 5.0 (GraphPad Software, La Jolla,
CA, USA).

3.7. Chemical Synthesis of D1 and D2
Synthesis of (1s,4s)-4-((2-amino-3,5-dibromobenzyl)(methyl)amino)cyclohexan-1-ol (D1).

3.7.1. Synthesis of tert-Butyl-hydroxycarbamate

Following the literature procedure [52], a suspension of NH,OH-HCl (4.8 g, 68.7 mmol,
1.5 eq) and K>CO; (9.5 g, 68.7 mmol, 1.5 eq) in Et,O (100 mL) and H>O (12 mL) was
stirred for 1 h at ambient temperature (evolution of CO;). Subsequently, a solution of
di-terf-butyldicarbonate (10.0 g, 45.8 mmol, 1.0 eq) in Et2O (100 mL) was added dropwise
to the stirring suspension at 0 °C, and the resulting suspension was stirred at ambient
temperature for 2 h. HO (20 mL) was added to the reaction mixture till a clear two-phase
system was obtained and the layers were separated. The aqueous phase was extracted with
Et,0O (3 x 60 mL), the combined organic layers were dried over Na;SO, and concentrated
under reduced pressure. The crude product was purified by column chromatography (5i0,,
n-pentane:EtOAc = 5:1) to afford tert-butyl-hydroxycarbamate (6.1 g, 45.8 mmol, quant.)
as a colorless solid. Ry = 0.23 (n-pentane:EtOAc = 2:1, KMnQOy). m.p. 51 "C. 'H NMR
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(300 MHz, CDCl3) 6 7.15 (s, 1H), 1.46 (s, 9H). 1>C NMR (75 MHz, CDCl3) b 159.0, 82.3, 28.3.
GCMS (EL 11/ z, relative intensity): 133 (0.1) [M]*, 59 (56), 57 (100), 43 (15), 41 (45), 39 (12).
HRMS (ESI-TOF, m/z): caled. for CsHy; NO;3 [M] 133.0733; found 133.0739. IR (ATR, neat,
em™1): 3356(m), 3282(w), 2979(w), 2940(w), 1679(s), 1514(m), 1459(m), 1393(m), 1367(s),
1282(s), 1252(s), 1161(s), 1119(s), 1048(m), 1014(m), 861(m), 774(m), 752(m), 517(s), 479(s).

3.7.2. Synthesis of tert-Butyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene-3-carboxylate

tert-Butyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene-3-carboxylate was synthesized following
a modified literature procedure [53]. CuCl (146.0 mg, 1.5 mmol, 0.2 eq) and pyridine
(58.9 uL, 57.6 mg, 0.7 mmol, 0.1 eq) were added to tert-butyl-hydroxycarbamate (982.0 mg,
7.4 mmol, 1.0 eq) and 1,3-cyclohexadiene (843.3 uL, 709.2 mg, 8.9 mmol, 1.2 eq) in THF
(30 mL). The resulting mixture was stirred vigorously for 4 h at RT and open to air. The
reaction was quenched with aqueous NHj (25%, 30 mL), THF was removed under re-
duced pressure, the aqueous phase was extracted with EtOAc (3 x 40 mL), and the com-
bined organic layers were dried over Na;SO4 and concentrated under reduced pressure.
The crude product was purified by column chromatography (SiO;, n-pentane:EtOAc =
5:1) to afford the title compound (1.4 g, 6.7 mmol, 90%) as a colorless solid. Ry = 0.60
(n-pentane:EtOAc = 2:1, KMnQO4). m.p. 345-36.5 °C. 'H NMR (300 MHz, CDCl3) 6
6.58-6.43 (m, 2H), 4.75-4.63 (m, 2H), 2.21-2.01 (m, 2H), 1.43 (s, 9H), 1.53-1.25 (m, 2H). 1*C
NMR (75 MHz, CDCl3) § 157.8, 131.8, 131.6, 81.6, 70.7, 50.2, 28.3, 23.7, 20.6. GCMS (EI, m/z,
relative intensity): 211 (2) [M]¥, 111 (13), 80 (39), 79 (66), 78 (12), 77 (12), 57 (100), 41 (30),
39 (12). HRMS (ESI-TOF, m/z): caled. for C;1H;zNO; [M] 211.1203; found 211.1208. IR
(ATR, neat, cm~1): 2979(m), 2937(w), 1673(s), 1615(w), 1455(m), 1395(s), 1360(s), 1293(m),
1253(s), 1162(s), 1125(m), 1110(s), 1076(s), 1049(s), 993(m}), 957(m), 918(m), 879(s), 849(m),
818(m), 797(m), 745(s), 713(s), 680(m), 666(m), 614(m), 492(m), 429(m).

3.7.3. Synthesis of 3-N-Methyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene

3-N-methyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene was synthesized following a modified
literature procedure [54]. A solution of tert-butyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene-3-
carboxylate (6.3 g, 30.0 mmol, 1.0 eq) in tetrahydrofuran (50 mL) was added dropwise to
a stirring suspension of LiAlHy (2.3 g, 60.0 mmol, 2.0 eq) in tetrahydrofuran (50 mL) at 0
°C. The ice-bath was removed, and the reaction mixture was stirred at ambient temperature
for 1 h. Afterwards, the reaction mixture was cooled to 0 °C and quenched carefully with
methanol and aqueous K>CO3 (pH = 10). The insoluble material was filtered off, and
volatiles were removed under reduced pressure. The crude product was dissolved in
dichloromethane and the aqueous phase was extracted with dichloromethane (5 x 50 mL).
The combined organic layers were dried over Na;SOj, and the crude product was purified
by column chromatography (SiO;, CHyCly:EtOAc = 20:1 + 2% NEt3 —+CH;Clp:EtOAc = 5:1 +
2% NEt3), affording 3-N-methyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene (2.6 g, 20.7 mmol, 69%)
as a brown oil. Ry = 0.60 (CH2Cl:MeOH = 10:1, KMnQy). 'H NMR (300 MHz, CDCl3)
5 6.66-6.56 (m, 1F1), 6.33-6.22 (m, 1H), 4.39-4.28 (m, 1H), 3.57-3.46 (m, 1H), 2.37 (s, 3H),
2.11-1.93 (m, 2H), 1.48-1.18 (m, 2H). '3C NMR (75 MHz, CDCl3) § 132.8, 129.4, 68.0, 56.0,
44.8,232,22.4. GCMS (El, m/z, relative intensity): 125 (10) [M]*, 124 (92), 111 (10), 97 (17),
96 (17), 95 (20), 83 (10), 81 (13), 80 (91), 79 (100), 78 (24), 77 (49), 69 (12), 68 (16), 67 (37),
57 (13), 55 (15), 54 (13), 46 (70), 43 (11), 41 (23), 39 (17). HRMS (ESI-TOF, 1/ z): caled. for
C7H11NO [M] 125.0841; found 125.0849. IR (ATR, neat, cm~'): 3051(w), 2953(m), 2877(m),
1452(m), 1431(m), 1368(m), 1310(w), 1220(w), 1179(m), 1164(m), 1087 (w), 1058(m), 998(m),
986(m), 955(s), 931(s), 853(m), 816(m), 801(m), 718(s), 704(s), 654(s), 569(m), 478(m), 438(s).

3.7.4. Synthesis of (Syn)-4-(methylamino)cyclohexan-1-ol

Following a modified literature procedure [55], a solution of (1R,45)-3-methyl-2-oxa-3-
azabicyclo[2.2.2]oct-5-ene 22 (1.0 g, 8.0 mmol, 1.0 eq) in dry methanol (40 mL) was hydro-
genated in the presence of 5% Pd/C (1.7 g, 0.8 mmol, 0.1 eq) at RT under atmospheric pressure
of Hy (balloon) for 24 h. The catalyst was removed by filtration through celite, and the crude
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product was purified by column chromatography (SiO,, EtOAc:MeOH = 5:1 + 2% NEt3) and
sublimation (0.02 mbar, 50 °C) to afford (syn)-4-(methylamino)cyclohexan-1-ol (227.3 mg,
1.8 mmol, 22%) as a colorless solid. Ry = 0.06 (EtOAc:MeOH = 5:1 + 2%NEt;, KMnOy). m.p.
84-85 °C. "H NMR (300 MHz, CD,Cly) § 3.87-3.73 (m, 1H), 2.59 (s, TH), 2.49-2.35 (m, TH),
2.37 (s, 3H), 1.78-1.43 (m, 8H). 13C NMR (75 MHz, CD>CL) 6 67.3, 57.1, 33.7, 31.6, 27.5.
GCMS (EL m /z, relative Intensity): 129 (12) [M]*, 71 (17), 70 (100), 57 (38), 42 (7), 30 (4).
HRMS (ESI-TOF, m/z): caled. for C;H;5sNO [M] 129.1154; found 129.1162. IR (ATR, neat,
em™Y): 3261(m), 3087(m), 2974{w), 2936(s), 2849(s), 2785(s), 2676(w), 1563(w), 1499(w),
1430(m), 1368(s), 1353(m), 1330(m), 1309%(w), 1284(m), 1261(s), 1218(m), 1137(m), 1119(s),
1090(m), 1060(m), 1031(m}, 974(s), 902(s), 824(m), 763(m), 686(m), 651(m), 507 (m), 494(m),
464(w), 416(m).

3.7.5. General Procedure for the Syntheses of 2,4-Dibromo-6-((cyclohexylamino)methyl)
aniline-derivatives (GP1)

2-amino-3,5-dibromobenzaldehyde (1.0 eq) and cyclohexylamine-derivative (1.5 eq)
were dissolved in dry iPrOH (0.1 M) in a preheated flask under Ar and at 40 °C. Then,
Ti(OiPr)y (2.0 eq) was added dropwise to the stirring reaction mixture. After the reaction
was continued at 40 °C for 24 h, NaBH, (2.5 eq) was added to the reaction solution in
portions and stirred at 40 °C for an additional 24 h. After completion, H,O was added to the
solution to quench the reaction and precipitate a large amount of solid, which was removed
by suction filtration. The solvent was evaporated, the aqueous phase adjusted to pH =10,
extracted with EtOAc (3 x 20 mL), dried, and purified by column chromatography.

3].:;’1.6. Synthesis of (1s,4s)-4-((2-Amino-3 5-dibromobenzyl)(methylJamino)cyclohexan-1-ol

( )Following the general procedure GP1, 2-amino-3,5-dibromobenzaldehyde (215.9 mg,
0.8 mmol, 1.0 eq) and cis-4-(methylamino)cyclohexan-1-ol (150.0 mg, 1.2 mmol, 1.5 eq) were first
treated with Ti(OiPr)y (469.5 uL, 439.9 mg, 1.6 mmol, 2.0 eq) and then with NaBH4 (73.2 mg,
1.9 mmol, 2.5 eq). Purification by column chromatography (5i0;, n-pentane:EtOAc = 5:1)
yielded the title compound D1 (190.8 mg, 0.5 mmol, 63%]) as a yellow viscous oil. Ry=0.25
(n-pentane:EtOAc = 1:1, KMnQy). TH NMR (300 MHz, CDCl3) & 7.46 (d, | = 2.2 Hz, 1H),
7.04(d, ] = 2.2 Hz, 1H), 545 (s, 2H), 3.99 (p, ] = 3.2 Hz, 1H), 3.60 (s, 2H), 2.50-2.34 (m, 1H),
2.14 (s, 3H), 1.93-1.69 (m, 4H), 1.66-1.41 (m, 4H). 13C NMR (75 MHz, CDCl3) 5 144.1,133.2,
131.8, 1102, 108.2, 65.8, 61.2, 58.0, 36.6, 32.2, 22.1. GCMS (EI, m/z, relative Intensity): 394 (7)
[M]*, 392 (13) [M], 390 (7) [M]*, 335 (10), 333 (20), 331 (10), 307 (10), 305 (21), 303 (11), 295
(32), 291 (34), 266 (28), 335 (10), 264 (57), 262 (30), 142 (15), 128 (29), 104 (16), 77 (10), 70 (100),
57 (10), 44 (14), 42 (15). HRMS (ESI-TOF, m /z): caled. for C;4HayON,7%Br, [M] 389.9937;
found 389.9928; caled. for Cp4HygON,7Br¥1Br [M] 391.9916; found 391.9925. IR (ATR, neat,
em~1): 3429(w), 3258(w), 2926(m), 2850(m), 2792(w), 1604(m), 1575(w), 1550(m), 1459(s),
1379(m), 1356(m), 1291(m), 1256(m), 1232(m), 1196(m), 1123(m), 1100(m), 1072(m), 1031(s),
987(m), 958(s), 929(m), 905(m), 885(m), 856(s), 816(m), 736(m), 679(s), 646(s), 551(s), 444(s).

3.7.7. Synthesis of 2 4-Dibromo-6-((cyclohexylamino)methyl)aniline (D2)

Following the general procedure GP1, 2-amino-3,5-dibromobenzaldehyde 18
(253.1 mg, 0.9 mmol, 1.0 eq) and cyclohexylamine (156.9 pL, 135.0 mg, 1.4 mmol, 1.5 eq)
were first treated with Ti(OiPr)y (550.5 uL, 515.8 mg, 1.8 mmol, 2.0 eq) and then with
NaBH, (85.8 mg, 2.3 mmol, 2.5 eq). Purification by column chromatography (5iO,, n-
pentane:EtOAc = 10:1) yielded the title compound D2 (292.7 mg, 0.8 mmol, 89%) as a light
yellow oil. Rf=0.13 (n-pentane:EtOAc = 10:1, UV). 'H NMR (300 MHz, CDCl3) & 7.46
(d,] =2.3 Hz, 1H), 7.09 (dt, ] = 2.3, 0.7 Hz, 1H), 5.41 (s, 2H), 3.79 (1, | = 0.5 Hz, 2H), 2.54-2.34
(m, 1H), 1.98-1.83 (m, 2H), 1.79-1.66 (m, 2H), 1.65-1.55 (m, 1H), 1.39-0.97 (m, 5H). ¥C NMR
(75 MHz, CDCl3) 6 144.1,133.2, 131 .4, 127.1, 110.5, 108.3, 56.2, 50.3, 33.6, 26.2, 25.0. GCMS
(EL m/z, relative Intensity): 364 (8) [M]*, 362 (15) [M]*, 360 (8) [M]*, 293 (13), 291 (27),
289 (15), 281 (49), 280 (10), 279 (100), 277 (52), 266 (42), 264 (87), 262 (45), 183 (10), 112
(12), 104 (16), 293 (13), 98 (67), 56 (18), 55 (12), 41 (11). HRMS (ESI-TOF, m/z): caled. for
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C13H 15N> 77Br81Br [M] 361.9811; found 361.9806; caled. for C13H; N, Bro [M] 363.9790;
found 375.9799. IR (ATR, neat, cm~1): 3435(w), 3265(w), 2922(s), 2849(m), 1606(m), 1577(w),
1552(m), 1459(s), 1408(m), 1371(m), 1346(m), 1284(w), 1242(m), 1195(m), 1144(w), 1111(m),
1077(s), 988(w), 956(m), 889(m), 858(s), 818(m), 799(m), 758(m), 682(s), 621(s), 551(s), 509(m),
448(s).

3.8. Statistical Evaluation

All statistical analyses were calculated using GraphPad Prism, versions 5.0 and 9.1.0
(for Windows).

4. Conclusions

Pharmacological chaperones merit attention as candidate drugs for the treatment
of Gaucher disease, specifically because they promise hope for the treatment of Type
IIT GD. The present report juxtaposes the specific properties of the effects of ambroxol
with those of the known PC isofagomine using molecular and biochemical examinations.
ABXincreases 3-Glu activity measured in lysates of GD patient fibroblasts, quantitatively
indistinguishable from IFG. Nevertheless, the ability of ABX to stabilize recombinant 3-Glu
in vitro is limited compared with IFG, and cellular stabilization of mutant B-Glu is also less
effective, as verified by evidence of incomplete cellular processing.

Closely related structural ABX analogues show no chaperone effect on 3-Glu, and
in silico docking reveals a possible position reversal in the binding pocket of compounds
with an aminomethyl group, suggesting that ABX and derivatives might enter the active
site in reverse position, with similar binding enthalpies but different stabilizing efficiency.
Thus, the efficacy of ABX as a GCase binder and stabilizer in GD (and likely as a protein
aggregation inhibitor for Parkinson’s disease) must be questioned. Our data emphasize the
possibility that ABX function may be due to an as-yet-unexplained mode of action in the
cellular context.
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Abstract

Personalized therapies are required for Fabry disease due to its large phenotypic spectrum
and numerous different genotypes. In principle, missense mutations that do not affect the
active site could be rescued with pharmacological chaperones. At present pharmacological
chaperones for Fabry disease bind the active site and couple a stabilizing effect, which is
required, to an inhibitory effect, which is deleterious. By in silico docking we identified an
allosteric hot-spot for ligand binding where a drug-like compound, 2,6-dithiopurine, binds
preferentially. 2,6-dithiopurine stabilizes lysosomal alpha-galactosidase in vifro and res-
cues a mutant that is not responsive to a mono-therapy with previously described pharma-
cological chaperones, 1-deoxygalactonojirimycin and galactose in a cell based assay.

Introduction

Fabry disease (FD) is a rare pathology, but accounts for 8.8% of the patients affected by inher-
ited disorders of metabolism [1]. It is caused by mutations in the gene GLA, which is located
on the X chromosome and encodes lysosomal alpha-galactosidase (AGAL) [2]. Enzyme
replacement (ERT) is the only approved specific therapy for FD; it is well tolerated and safe [3].
The large phenotypic and genotypic spectrum of the disease poses several problems and the
cost-effectiveness of ERT is still debated, in particular for patients who have residual enzyme
activity [4]. In FD, about 40% of all missense mutations are associated with a biochemically
mildly damaged enzyme [5]. A therapy with sub-inhibitory concentrations of 1-deoxygalacto-
nojirimycin (DGJ) was first proposed by Suzuki and co-workers [6] and then tested in cells [7-
13], in mouse models of FD [14] [15] and in clinical trials [16] [17]. Such therapy is suitable
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only for patients carrying specific mutations (40%-60% of missense mutants tested in cell
based assays [11, 12]) and requires fine-tuning of the dosage regimen because DGJ is an inhibi-
tor of AGAL. The approach with small molecules for FD is promising, but DGJ is not yet the
ideal drug. Molecules that either substitute DGJ or act in synergy with it to enable reduced dos-
age of DGJ should be sought, in particular for mutants that do not respond to a monotherapy
with DGJ. Analogues of DGJ have been developed [18] [19]. A new family of arylthioureas
showed a better balance between the stabilizing effect, which is required, and the inhibitory
effect, which is detrimental [20]. However, these molecules bind the active site, as demon-
strated by x-ray crystallography, and enhance enzymatic activity only at micromolar concen-
tration, not dissimilarly from DG], when administered to eukaryotic cells expressing AGAL
mutants [20].

Ambroxol, a mucolytic agent used in the treatment of respiratory diseases, proved to be use-
ful in association with DGJ to rescue some AGAL mutants [21]. Its mechanism of action is not
clear since ambroxol is not specific for AGAL, but it is effective also on lysosomal beta-gluco-
cerebrosidase [22] and alpha-glucosidase mutants [21].

Discovery of chaperones directed against the active site is facilitated by focusing on mole-
cules with structural similarity to galactose, a natural product of AGAL. Conversely, the discov-
ery allosteric ligands, i.e. ligands that bind AGAL at sites outside the active site, is complicated
by the fact that they may not chemically resemble any known substrates or products. We per-
formed in silico molecular docking (virtual screening) of over ten thousand low molecular
weight structurally diverse compounds previously filtered from ZINC database [ 23], by looking
for molecules that bind preferentially at a site different from the active site. Among the top
ranking hits we found one molecule, 2,6-dithiopurine (DTP). This molecule was chosen for
further studies since it has already passed some safety tests, is a known chemiopreventive agent
[24] [25] and it is safe when administered to mice [26]. DTP is able to stabilize AGAL against
thermal and urea-induced denaturation and is able to rescue a mutant that is not sensitive to
DGJ. It acts in vivo in synergy with galactose and with very low concentrations of DGJ.

Methods and Materials

Virtual screening

We selected a random subset of 9 million molecules (including FDA-approved drugs) from the
ZINC database [23] for performing the virtual screening calculations in this study. Molecular
docking calculations were carried out on the structure deposited in the PDB with the code
35857 [27] with the Leadfinder [28] docking program using default parameters. Protein struc-
ture 3557 contains 2 ligands: alpha-D-galactose (GLA) bound at the active site through D92,
D93, K168, E203, R227, D231 (GLA site) and beta- D-galactose (GAL) bound at a different site
through D255 and K374 (GAL site). Thus, two boxes (x, y, z dimensions 40 A), centered on the
position occupied by either GLA or GAL, were set for docking. Using the global shape similar-
ity tool WEGA [29] alpha-D-galactose (the natural substrate of AGAL) was processed against
the selected compound library and those molecules with the highest values for similarity score,
ranging from 0.8 to 0.95, were selected for posterior docking studies. In total ten thousand pur-
chasable molecules obtained after filtering with WEGA were selected for docking.

Thermal unfolding

Thermal shift assay [30, 31] was adapted as described [32] using commercially available wt-
AGAL, Fabrazyme™ (Genzyme, Cambridge, MA). Melting profiles were recorded under differ-
ent conditions by thermal shift assay with the StepOne Real-Time PCR System ( Applied Bio-
systems). The protein (0.5-1 mg/mL final concentration) was equilibrated in Na-Hepes 20
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mM, NaCl 150 mM, pH 7.4 with Sypro Orange 2.5X (Invitrogen Molecular Probes, lifetechnol-
ogies.com), either without ligands or in the presence of ligands (6 mM DTP, 0.040 mM DGJ
(SIGMA, Milan, Italy). The samples were distributed in 48-well PCR plates (0.025 mL in each
well), sealed and heated from 20 to 90° at 1°C/min with increments of 0.6°C. The excitation
wavelength of 490 nm and the emission wavelength of 575 nm, which are optimal for fluores-
cein, were adapted to detect Sypro Orange. Melting profiles of recombinant human phospho-
mannomutase2 were recorded similarly, the only exception was the presence of ImM MgCl2
in the buffer. Phosphomannomutase 2 had been expressed and purified as described [33].

In order to verify the reversibility of the effect of DTP on Fabrazyme™, the enzyme equili-
brated in Na-Hepes 20 mM, NaCl 150 mM, pH 7.4 was incubated for 1 hour at 4°C in the pres-
ence of 6 mM DTP dissolved in DMSQ, then the sample was dialysed by ultrafiltration (by
using Centrifugal ultrafiltration unit 15-mL MWCO 10 kDa, Merck-Millipore). A control
experiment was also conducted incubating the enzyme with DMSO and dialysing it. Each dia-
lysed sample was analysed by enzymatic assay (at pH 7.5) and by TSA (the experiment was
conducted either in the presence of 6 mM DTP or with only DMSO) as described above.

Urea-induced unfolding

The experiment was carried out with a method firstly described by Kim et al [34] and adapted
as described [ 35]. In brief, Fabrazyme™ (0.32 mg/mL) was induced to unfold by urea in Hepes
buffer at pH 7.4, with or without DTP 6 mM, in a final volume of 0.028 mL. The enzyme was
incubated in the presence of urea concentrations ranging from 0 to 5 M. The samples were
incubated at 10°C overnight, then each sample was treated with the appropriate amount of
thermolysin necessary to obtain a 1:5 protease to protein ratio in the presence of CaCl, (10
mM final concentration). After 1 min incubation at 37°C the reaction was stopped by the addi-
tion of EDTA (40 mM final concentration). The samples were separated by SDS-PAGE and
coloured by Coomassie Blue Staining, then undigested proteins (Fabrazyme™ and thermoly-
sin) were quantified with a ChemiDoc XRS (Bio-Rad Laboratories, Hercules, CA-USA). Two
rectangular boxes were used to define specific protein bands, one for Fabrazyme™ and one for
thermolysin as shown in 51 File. The intensity of bands was corrected subtracting the appropri-
ate background (adjusted volumes), the ratio between the corrected values was calculated for
Fabrazyme™ and thermolysin in each lane and was plotted against urea concentration.

Transfection into COS-7 cells

COS-7cells were cultured in DMEM containing 10% FBS at 37°C and 5% CO2. The cells were
transfected with individual plasmids containing mutant AGAL-encoding ORF using the Lipo-
tect AMINE2000 cationic lipid reagent in suspension [36].

67.5 micrograms of plasmid DNA in 13.5 mL Opti-MEM (Invitrogen) were mixed with
0.135 mL Lipofect AMINE2000 reagent (Invitrogen) and incubated for 30 min at room temper-
ature. COS-7 cells were harvested by trypsin treatment and resuspended in DMEM containing
10% FBS.

COS-7 in suspension (40.5 mL) were added to the transfection mix solution, distributed
into 27 wells of six-well plates at 60% confluency and allowed to adhere for 5h.

The medium was substituted by fresh DMEM, 10% FBS, 1% DMSO (used to solubilize DTP
and ambroxol) (1 mL), and drugs were added either in monotherapy or in binary combination
as indicated in the specific figure legends. After 48 h incubation, the cells were washed in PBS
(5 times), scraped and harvested by centrifugation. Dry pellets were resuspended in 0.030 mL
of water and lysed by freeze-thawing. Three independent transfections were carried out for
A230T, C56Y, C63Y, two for the other mutants, E341D, A37T, P40S, M42T, M42V, §126C,
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C172G, R118C, Q280K, L300E L310F and G360C. Water-soluble extracts were used for
enzyme assays or western blot. The Bradford colorimetric assay was used for protein quantifi-
cation [37] using the Bio-Rad Protein Assay with bovine serum albumin as standard.

Alpha-galactosidase assay

Tests on transfected mutants were carried out as described in [36]. Briefly: cell lysates (1-2
microliters) were added to 38 microliters of AGAL assay buffer (sodium citrate 27 mM-sodium
phosphate dibasic 46 mM, 4-methylumbelliferyl-alpha-D-galactopyranoside 5 mM and N-ace-
tyl-D-galactosamine 100 mM, pH 4.5) and incubated for 0.5-1 h at 37°C. All chemicals were
obtained from Sigma. The reaction was stopped by adding 0.360 mL of 1 M sodium carbonate
buffer [10]. Fluorescence was detected using a fluorescence spectrophotometer (Cary Eclypse-
Varian) at 355 nm excitation and 460 nm emission.

A 4-methylumbelliferone standard curve ranging from 5 nM to 0.025 mM was run in paral-
lel for conversion of fluorescence data to AGAL activity expressed as nmol/mg protein per
min.

In order to measure the enzymatic activity in the presence of DTP 6 mM a spectrophoto-
metric assay was run. Fabrazyme (1-2 microliters 0.25 mg/ml) were added to 0.038 mL of
AGAL assay buffer (4-Nitrophenyl o-D-galactopyranoside 17 mM in Hepes 40 mM pH 7.4)
and incubated for 3-15 min at 37°C. The reaction was stopped by adding 0.360 mL of 1 M
sodium carbonate and the absorbance at 405nm was measured. The assay was conducted in
the presence of DTP 6 mM (previously dissolved in DMSQO) or DMSO.

Western blot analysis

Western blot analysis for the detection of AGAL was performed using rabbit polyclonal anti-
bodies (Abcam 70520) and HRP-coniugated anti-rabbit IgG antibody produced in goat (Bio-
Rad 1706515). After SDS-PAGE (15% acrylamide), proteins were transferred to a PVDF mem-
brane. The membrane was blocked with 5% (w/v) non-fat dried skimmed milk in blot solution
at 4°C overnight, then treated with the primary antibody diluted in a blot solution 1:500 for 1
hour at room temperature. After washing, the detection was performed by using the Precision
Plus Protein™ ( Bio-Rad). GAPDH was revealed with mouse monoclonal anti lapine GAPDH
(AbD seroTec (cat:4699-9555) 1:2000. All other chemicals were from Bio-Rad. Uncropped
images of the gels are provided as S1 File.

Deglycosylation

Deglycosylation of A230T expressed in COS7 cells (treated or untreated with DTP 6 mM)

(10 pg feach) was performed according to the producer's instructions. wt-AGAL was processed
at the same way as a control. Briefly, EDTA and SDS were added to the proteins (final concen-
trations were 20 mM and 0.1% respectively). The samples were then boiled for 5 min, immedi-
ately cooled before the addition of NP-40 to a final condition of 0.7% and N-Glycosidase F (0.5
unit) and incubated overnight at 37°C. A parallel experiment was conducted avoiding the
denaturation step (SDS and heating) before adding NP-40. The samples was analysed by west-
ern blotting as described elsewhere.

Bioinformatic and Statistical analysis

Standard deviations and p values (paired two-tailed Student's t-test) were obtained using
Microsoft Excel (Microsoft Office professional 2010).
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The effect of mutation on protein stability was predicted either running SDM on-line [38]
or running MUPRO1.1[39] locally. Secondary structure was assigned with SEGNO [40].
Accessibility to solvent was calculated by SDM. Active site residues were identified with Dro-
steP [41]. Molecular dynamics was run with Yasara program under default conditions for 50
nsec [42] and flexibility assessed as described [43]. Protein damaging scores based on sequence
conservation were derived using PolyPhen-2 software [44] or Fabry_CEP [45].

Results

Molecular docking calculations were carried out on the AGAL structure deposited in the pdb
with the code 355Z [27]. In this model AGAL binds two ligands per chain: alpha-D-galactose
at the active site through D92, D93, K168, E203, R227 and D231 (GLA site) and beta-D-galac-
tose at a different site through D255 and K374 (GAL site). This structure offers a good target to
identify molecules that have little inhibitory activity and/or act in synergy with drugs directed
against the active site. In proximity to the GAL site, we identified a hot-spot for binding that
will be referred to as the allosteric site. It comprises residues A37, R38, T39, P40, T41, M42,
E87, Y88 and does not overlap with the active site that is lined by W47, D92, D93, Y134, C142,
K168, D170, E203, L206, Y207, R227, D231, 5297 (Fig 1). The allosteric site is different from
the GAL binding site.

‘We looked for molecules that bind the allosteric site with a high score, but bind the active
site with a verylow score. Drug repositioning, which should always be considered as the first
choice when developing new therapies for rare diseases [46], could not be used because none of
the approved drugs tested (FDA database) bound specifically the allosteric site (results not
shown).

As a second choice we selected DTP, which is notan approved drug, but is a good candidate
because it is safe when tested on human skin cells [25] and on mice [24] [26]. Even if the dock-
ing simulations started at GAL site DTP contacted the allosteric site. As a control we carried
out a simulation limiting the search to a box centred on the active site as described in the meth-
ods. We show the interactions of DTP with the allosteric site in Fig 1B, and the corresponding
energetic contributions in Fig 2A, the potential interactions of DTP with the active site (GLA
site) in Fig 1C and the corresponding energetic contributions in Fig 2B. Docking simulations
calculated a binding affinity at GLA’s binding site 52% lower (absolute value) than at the allo-
steric site (Fig 2). Scores calculated with Leadfinder [28] are reported as kcal/mol in Fig 2, but
are meant only for rank-ordering different docking poses of DTP and cannot provide accurate
binding energy predictions.

DTP doesnot inhibit AGAL (Fabrazyme™, Genzyme) when tested at 6 mM concentration
using 4-Nitrophenyl o-D-galactopyranoside 17 mM in Hepes 40 mM pH 7.4, whereas DG]J
blocks completely the enzyme (1% residual activity) at concentration as low as 0.001 mM.Ther-
mal shift assay was used to evaluate the ability of DTP (6mM) to stabilize wt-AGAL, (Fabra-
zyme ", Genzyme) in the presence or in the absence of DG]J. DTP is able to stabilize the
enzyme against thermal denaturation alone or in synergy with the iminosugar (Fig 3A). with-
out forming covalent bonds. To prove the reversibility of this stabilising effect, DTP (6 mM)
was incubated with enzyme and subsequently removed by dialysis before thermal shift assay.
Results are indicated in Fig 3B (filled squares DTP/DTP; open squares DMSO/DTP; filled cir-
cles; DTP/DMSO; open circles DMSO/DMSQ) where the first word of the label corresponds to
the pretreatment and the second part corresponds to the presence of the compound during the
thermal scan. The specificity of effect of DTP was tested running thermal shift assay on phos-
phomannomutase2, an enzyme structurally and functionally unrelated to AGAL in the pres-
ence of DTP 6 mM or a positive control, glucose 1-6 bisphosphate 0.5 mM (51 Fig).
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Fig 1. The active site and the allosteric binding site in human lysosomal alpha-galactosidase. The structure of lysosomal alpha-
galactosidase is shown as a cartoon. In Panel A the active site (GLA site) is pinpointed by a blue sphere while the allosteric binding siteis
pinpointed by a violet sphere. Residues involved in the 2,6-dithiopurine allosteric and alpha-galactose binding site respectively are shown
as sticks in Panel B or C respectively along with docked DTP. Predicted hydrogen bonds between DTP and AGAL within the allosteric
binding site are shown as yellow dashed lines in Panel B. Best ranked pose of DTP in the alpha-galactose binding site area is shown in
Panel C.

doi:10.1371/journal.pone.0165463.9001

The stability of AGAL in the presence or in the absence of DTP was tested by unfolding
induced by a range of urea concentrations, followed by limited proteolysis. The enzyme unfolds
at 2.7 M urea in the absence of DTP, and at 3 M urea in the presence of DTP (Fig 4). A minor
band, which might represent a differently glycosylated form of AGAL, is observed in Fig 4. Its
intensity correlates with that of the major band (data not shown).

AGAL mutants were expressed transiently in COS-7 cells. We tested the effect of DTP on
the mutant A230T [47], which is non-responsive to DG]J [36], but eligible for PC therapy [48].

After transfection of A230T into COS-7 cells, specific bands were revealed by Western blot
(WB) and the total alpha-galactosidase activity was measured in cell extracts. In order to inter-
pret results it is worth remembering that AGAL is synthesized as a precursor of 50 kDa, but it
is converted into a mature form of 46 kDa. A detailed analysis of Ishii and co-workers [49]
demonstrated that when AGAL mutants are correctly processed into a 46 kDa form, they are
also transferred into lysosomes. In Fig 5A we show the migration of transfected wt-AGAL (90
+9 U/mg activity in the lysates) as a reference. A230T shows a faint band corresponding to the
precursor form of AGAL. This is not induced by the treatment with acknowledged PCs, DGJ,
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Fig 2. Energetic contributions to the binding of 2-6 dithiopurine to the allosteric site and the active site of human lysosomal
alpha-galctosidase. Depicted energetic contributions are: van der Waals interactions (dark blue), volume-based free energy of solvation
(green), hydrogen bonds (red), electrostatic energy (cyan), internal energy (pink), metal interactions (light yellow), energy of entropic
losses associated with ligand's rotatable bonds (dark yellow), dihedral energy (light blue), internal energy penalty (light green) and total
predicted binding affinity (black). A) Decomposition for the allosteric site, and B), decomposition for the active site.

doi:10.1371/journal.pone.0165463.g002
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Fig 3. 2-6 dithiopurine stabilizes human lysosomal alpha-galactosidase in thermal shift assay. Panel A.
Fabrazyme® (in Na-Hepes 20 mM, NaCl 150 mM, pH 7.4) was equilibrated in the presence of ligands dissolved in DMSO
20%: DGJ 1 microM (empty triangle) or 40 microM (empty circle); DTP 6 mM (empty diamond); DTP 6 mM plus DGJ 1
microM (filled circle); DTP 6 mM plus DGJ 40 microM (filled triangle). A control (with only DMSO) was also shown (x).
Panel B. Fabrazyme® (in Na-Hepes 20 mM, NaCl 150 mM, pH 7.4) was incubated in the presence of DTP & mM for 1 hour
at 4°C then DTP was eliminated by dialysis. A control experiment was conducted by incubating the enzyme only with
DMSO. Both the aliquots of Fabrazyme® were analysed by thermal shift assay in the presence of DTP 6 mM or in the
presence of DMSO. Filled sguares: DTP/DTP; open squares: DMSO/DTP; filled circles: DTP/DMSO; open circles:
DMSO/DMSO where the first word of the label corresponds to the pretreatment and the second part corresponds to the
presence of the compound during the thermal scan. The protein samples were heated from 20to 90" at 1°C/min in the
presence of Sypro Orange 2.5x. Data were shown as normalized curves.

doi:10.1371/journal.pone.0165463.0003
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Fig 4. 2-6 dithiopurine protects human alpha-galactosidase against urea-induced unfolding. Fabrazyme® was
incubated in the presence of urea (from 0 to 5 M), with (B) or without (A) DTP 6 mM, at 10°C over night, then each sample
was treated for 1 min at 37°C with thermolysin (1:5 protease to protein ratio). Folded undigested proieins were visualized
by SDS-PAGE. The intensity of the bands was quantified and the relative intensity of major band of Fabrazyme® and
thermolysin in each lane was plotted against urea concentration (C).

doi:10.1371/journal.pone.0165463.004

galactose [50] or ambroxol [21], at the dosages commonly used to measure their chaperoning
effect on transfected mutants, 0.020 mM, 100 mM or 0.040 mM respectively. However, DTP 6
mM promotes the maturation of A230T. Moreover, its effect is potentiated by galactoseand
DGJ, even at very low concentration (0.001mM), but not by ambroxol (Fig 5A, 5B and 5C).

The lowest concentration at which DTP promotes A230T maturation is 2 mM (Fig 5D and
5E). The different bands visualised on WB represent different glycosylated forms, as demon-
strated by treatment of A230T or wt-AGAL with N-Glycosidase F Fig 5F.

We tested the effect of DTP 6 mM on further mutants expressed in COS-7 cells: C56Y (Fig
6A), C63Y (Fig 6B) and E341D (Fig 6C). In these cases, enzymatic activity was not recovered
(Fig 6D), possibly because the proteins are not catalytically active, but increased protein pro-
cessing was detectable. C63Y and E341D are not responsive do DGJ [12, 13]. C56Y activity
increases in the presence of DGJ although it does not meet the criteria chosen Lukas et al [ 13]
to define responsiveness.

We tested four mutations affecting residues in the allosteric site, A37T, P40S, M42T, M42V.
None of these mutants responds to DTP (Fig 7). A37T [12], M42T [13] and M42V [8, 9, 12]
are responsive to 0.020 mM DG]J, whereas P40S is not [10, 11, 13]. This finding supports the
idea that DTP binds the allosteric site found in silico, although it does not prove it, because the
same molecule has no effect on mutations that do not affect the allosteric site. An example is
provided by S126C, C172G, and R118C which are not responsive to DG]J, [10-12, 51] (52 Fig)
and by Q280K, L300E L310F and G360C (53 Fig), which are responsive to DGJ [12] [36].

Discussion

The catalytic domain of AGAL is formed by a TIM-barrel and the active site is located at the
carboxyterminal end of beta-strands, as expected [52].

We identified a different druggable pocket located at the opposite side of the TIM-barrel of
AGAL. Some molecules resulting from our virtual screening bind better to the allosteric site
than to the active site. One of these molecules, a chemopreventive 2,6-dithiopurine DTP,
appeared particularly promising because it is actively transported into mammalian cells where
it accumulates at millimolar concentration [25] and it is safe [24] [26].

PLOS ONE | DOI:10.1371/journal.pone.0165463 October 27, 2016 8/15

156



7 Anhang

Dy
@ ) PLos ‘ ONE Dithiopurine |s an Allosteric Drug-Like Ligand of Alpha-Galactosidase

kDa . _
i - —— - P - - — i
45 & - B - § | BE T
o
E &
58
GAPDH - - = s o o o e Ty —— e —— . I
& -
_———— el — e = I
— = e O o B o o a
g e g S 8% 5258 5 F B ¢
i 3 | a 3 2 S + O 5 + kil - S 4 e
< g + o 3 2 _g * g : H . 5
(U] = a a (] G E g o g a R
< L] < o H o o ) o
a g g Lo
£ K
D £ g
0 e s - 5 & © o oo
E 2585356 £56
5 88423 & ;2
= E % 8 2 o
g kDa 4 g 0
E : 3
:“' 0- ey F H g
z 46 - . -—
z o A230T
a -
o *
H GAPDH - ‘_ Azt pTE wr
E o — kDa
4 s
" o = = : X
2 50 -
S & 5 - _w L |
= E - = - MmN
(=] [a]
PNG-F Y
denaturation - - + + = = o+ o+ ® & o+

=]
a
=
a

DTP 2 mM
DTP 6 mM

Fig 5. 2-6 dithiopurine rescues mutant human alpha-galactosidase in monotherapy or in synergy. COS-7 cells
were cultured in conventional medium and transfected with plasmid containing A230T mutant. Cells were treated with:
DTP 6 mM, DGJ 1 microM, DGJ 20 microM, ambroxol 40 microM, ambroxol 40 microM plus DTP 6 mM, galactose 100
mM, galactose 100 mM plus DTP 6 mM, DGJ 1microM plus DTP 6 mM. All the molecules were dissolved in DMSO and an
appropriate control was realized. After 48 h incubation, the cells were scraped and lysed then water-soluble extracts were
analysed by western blotting (A and B) and enzyme assay (C). The effect of DTP 2 mM is shown in D and E. Cell extracts
were treated with N-Glycosidase F and then analysed by WB (F). Standard deviations is indicated by bars and differences
that are statistically significant are flagged by * when compared to the control with DMSO (p < 0.05:*; p <0.01: **;

p <0.001:***), are flagged by § when comparedto DTP (p < 0.01:55; p < 0.001:555),

doi:10.1371/journal.pone.0165463.9005

DTP promotes the processing of some mutants of AGAL that are not responsive to DGJ
and in one case, A230T, enhances its activity in monotherapy as well as in synergy with DGJ or
galactose.

Not all missense mutations associated with FD are responsive to PC and we have not yet
found molecular features that are necessaryand sufficient to determine responsiveness. Muta-
tions occurring at non conserved sites are generally less severe and responsive to PC, but there
are exceptions to this rule. The best example we encountered is A230T, a mutation occurringat
anon conserved site. A230 is exposed to solvent and exhibits moderate flexibility (Root mean
square fluctuation, RMSE of alpha carbon 0.74 +0.02 A). A230 is not directly implicated in
catalysis, but it flanks D231, a proton donor that is essential for the hydrolysis of the substrate
and belongs to a short stretch in polyproline II conformation. Its mutation to Threonine is clas-
sified as mildly destabilizing by MUPRO [39] or SDM [38]. The position specific substitution
score, which measures the tolerability of the mutation in orthologous sequences and correlates
with responsiveness to DGJ, is benign [48]. A230T is classified as possibly damaging or benign
by HumDiv- and HumVar-trained PolyPhen-2 models respectively [44]. To summarize,
A230T is eligible for PC therapy and does respond to DTP, although it does not respond to
DG]J. Although DTP might be active only on a minority of AGAL missense mutations, we
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Fig 6. 2-6 dithiopurine promotes processing of some mutant human alpha-galactosidase. COS-7 cells were
cultured in conventional medium and transfected with plasmid containing C56Y, G63Y and E341D mutants. Cells were
treated with: DTP 6 mM, DGJ 1 microi, DGJ 1 microM plus DTP 6 mM. All the molecules were dissolved in DMSO and
an appropriate control was realized. After 48 h incubation, the cells were scraped and lysed then water-soluble extracts
were analysed by westemn blotting (A, B and C) and enzyme assay (D). Standard deviations are indicated by bars.

doi:10.1371/journal.pone.0165463.0006
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Fig 7. 2-6 dithiopurine has no effect on mutations affecting the allosteric site. COS-7 cells were cultured in conventional medium
and transfected with plasmid containing A37T, P40S, M42T, M42V mutants. Cells were treated with DTP 6 mM dissolved in DMSO and an
appropriate control was realized. After 48 hincubation, the cells were scraped and lysed then water-soluble extracts were analysed by
western blotting (A and B) and enzyme assay (C). Standard deviations are indicated by bars.

doi:10.1371/journal.pone.0165463.9007
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suggest that it should be tested in the cases that receive a positive score with Fabry_CEP [45],
but fail to respond to DGJ. We are aware that the interaction of DTP with AGAL, which occurs
in vitro only at high concentration, cannot exclude non specific off-target effects of the drug on
protein homeostasis. Derivatives of DTP obtained by techniques of lead optimization and

medicinal chemistry might prove to be effective at lower doses and more specific.

Supporting Information

S1 Fig. 2-6 dithiopurine does not stabilizes human lysosomal phosphomannomutase2 in
thermal shift assay. Human Phosphomannomutase2 (in Na-Hepes 20 mM, NaCl 150 mM,
MgCl, 1mM pH 7.4) was equilibrated in the presence ofligands dissolved in DMSO 20%: DTP
6 mM (empty circle) and glucose 1, 6 bisphosphate (G16) 0.5 mM (filled squares) as a positive
control. A control (with only DMSO) was also shown (filled circles).

(TIF)

S$2 Fig. 2-6 dithiopurine has no effect on some mutations that are not responsive to DGJ.
COS-7 cells were cultured in conventional medium and transfected with plasmid containing
R118C, §126C and C172G mutants. Cells were treated with: DTP 6 mM, DGJ 1 microM, DG]
1 microM plus DTP 6 mM. All the molecules were dissolved in DMSO and an appropriate con-
trol was realized. After 48 h incubation, the cells were scraped and lysed then water-soluble
extracts were analysed by western blotting (A, B and C) and enzyme assay (D). Standard devia-
tions are indicated by bars.

(TIF)

$3 Fig. 2-6 dithiopurine has no effect on some mutations that are responsive to DGJ. COS-
7 cells were cultured in conventional medium and transfected with plasmid containing L310F,
L300E, Q280K and G360C mutants. Cells were treated with DTP 6 mM. All the molecules were
dissolved in DMSO and an appropriate control was realized. After 48 h incubation, the cells
were scraped and lysed then water-soluble extracts were analysed by western blotting (A, B)
and enzyme assay (C). Standard deviations are indicated by bars.

(TIF)

S1 File. Uncropped gels. Images are relative to gels shown in Figs 4, 5, 6 and 7.
(PDF)
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Lysosomal storage disorders (LSD) are a group of het-
erogeneous diseases caused by compromised enzyme
function leading to muiltiple organ failure. Therapeutic
approaches involve enzyme replacement (ERT), which
is effective for a substantial fraction of patients. How-
ever, there are still concerns about a number of issues
including tissue penetrance, generation of host antibod-
ies against the therapeutic enzyme, and financial aspects,
which render this therapy suboptimal for many cases.
Treatment with pharmacological chaperones (PC) was
recognized as a possible alternative to ERT, because a
great number of mutations do not completely abolish
enzyme function, but rather trigger degradation in the
endoplasmic reticulum. The theory behind PC s that they
can stabilize enzymes with remaining function, avoid
degradation and thereby ameliorate disease symptoms.
We tested several compounds in order to identify novel
small molecules that prevent premature degradation of
the mutant lysosomal enzymes a-galactosidase A (for
Fabry disease (FD)) and acid o-glucosidase (GAA) (for
Pompe disease (PD)). We discovered that the expecto-
rant Ambroxol when used in conjunction with known
PC resulted in a significant enhancement of mutant
o-galactosidase A and GAA activities. Rosiglitazone was
effective on a-galactosidase A either as a monotherapy or
when administered in combination with the PC 1-deoxy-
galactonojirimycin. We therefore propose both drugs as
potential enhancers of pharmacological chaperones in
FD and PD to improve current treatment strategies.

Received 21 April 2014; accepted 7 November 2014, advance online
publication 20 January 2015. doi:10.1038/mt.2014.224

INTRODUCTION

Lysosomes contain acid hydrolase enzymes, which are involved in
the degradation and recycling of macromolecules. For example,
the enzymes «-galactosidase A (GLA, a-Gal A, NM_000169.2,
EC 3.2.1.22) and acid o-glucosidase (GAA, acid maltase,
NM_000152.3, EC 3.2.1.3) belong to the family of exoglycosi-
dases that catalyze the cleavage of terminal o-D-galactoside and
o-D-glycoside residues respectively."* Mutations within the genes
encoding lysosomal acid hydrolases lead to accumulation of the

corresponding substrates® with subsequent development of phe-
notypically distinct diseases described by the umbrella term “lyso-
somal storage disorders” (LSDs).

Fabry disease (FD, OMIM #301500), an X-linked lysosomal
storage disorder causing the accumulation of glycosphingolipids
(mainly globotriaosylceramides), classically presents with angio-
keratoma, chronic pain, major pain crisis, anhidrosis, and gastro-
intestinal problems in childhood or adolescence with a progressive
course.* Pompe disease (PD, OMIM #232300) is an autosomal
recessive neuromuscular disorder typically fatal during the first
12 months of life due to respiratory insufficiency.®® Despite dif-
ferent clinical presentations, both diseases share some important
analogies. The two lysosomal enzymes involved belong to the
same GH-D clan of the O-Glycosyl hydrolase group of the glycosyl
hydrolases superfamily possessing an o/}, barrel fold in the domain
containing the active site and a comparable catalytic mechanism
(retaining aspartate acts as catalytic nucleophile) (www.cazy.org).
Certain mutations in FD and PD are associated with a milder dis-
ease course, characterized by later onset and slower progression of
symptoms.”” These “mild” genotypes are missense mutations that
disrupt the structure and stability of the lysosomal enzyme, result-
ing in misfolding, premature degradation, and failure to reach the
target organelle.'™'* This leads to loss of specific lysosomal hydro-
Iytic activity. To date, the number of reported missense mutations
associated with both diseases is high, ranging from >200 in Pompe
to >400 in FD (HGMD Professional 2013.2, fabry-database).

Enzyme replacement therapy (ERT) based on the intravenous
administration of human enzyme (Replagal, Shire Human Genetic
Therapies; Fabrazyme, Lumizyme, Genzyme) is available for each
disease. The effectiveness of ERT relies on mannose 6-phosphate
residues being recognized by their widely distributed receptors in
the plasma membranes of cells.” One main shortcoming of ERT
is limited tissue penetrance. Central nervous system manifes-
tations such as cerebrovascular complications and neuropathic
pain in FD cannot be addressed due to the blood-brain barrier,
which is not penetrated by ERT. Another shortcoming is the risk
of an immune response with potentially neutralizing antibodies
generated against the therapeutic enzymes."" " This might partly
explain differences in ERT efficacy between individuals observed
in long-term safety studies. A positive correlation has been noted
between the deleterious effect of a mutation and the titer of cross-
reactive immunological material;'"¥ so, patients with damaging
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missense mutations are also at risk of developing antibodies,
which can compromise the efficacy of ERT.”

A new strategy in the treatment of LSDs is the use of small
molecules known as pharmacological chaperones (PC) to enhance
lysosomal activity by binding to and stabilizing the mutant enz
yme.”'"'**2* The prerequisite for this treatment approach, therefore,
is the presence of a misfolded enzyme, which is still capable of func-
tioning. The PC binds to the mutant enzyme, corrects protein fold-
ing, and recovers its lysosomal activity. A large number of mutations
are potential candidates for PC therapy, although this is not yet clini-
cally approved. For example, about half of all mutations described in
FD are missense mutations and among those, about 50% respond in
vitro to the PC galactose analog 1-deoxygalactonojirimycine (DGJ,
Migalastat hydrochloride).”*** A recently published study revealed
that 26 PD mutations responded to the PC glucose analogue
1-deoxynojirimycine (DNJ).” In Gaucher disease, the potent PC
Ambroxol (ABX), exists to treat mutant enzymes resulting from the
common missense mutations p.N3708 and p.L444P, which together
account for about two thirds of cases worldwide.?®* ABX was inves-
tigated in the current study as a potential PC for both FD and PD.
The reason behind this approach is that lysosomal hydrolases share
common structural and functional features. PC display little selec-
tivity for their target due to promiscuity within the glycosidase
enzyme family and therefore in theory may bind to various differ-
ent lysosomal hydrolases. For instance, the imino sugar N-butyl-
deoxynojirimycin (NB-DNJ) was shown to be a PC for both PD and
Gaucher disease.****" In another example, DGJ potently inhibits
o-Gal A and o-N-acetylgalactosaminidase.

It has already been established that PC correct misfolding, sta-
bilize protein structure, and prevent rejection in the quality con-
trol system of the endoplasmic reticulum (ER), thereby avoiding
premature proteasomal degradation and facilitating transport to
the lysosome. Another treatment approach used in Gaucher and
Niemann-Pick type C disease, both aim to bypass early enzyme deg-
radation in the ER by either upregulating molecular chaperones or
inhibiting the ubiquitin-proteasome-system.*** We therefore sys-
tematically investigated a broad range of small molecules for their
ability to avoid premature enzyme degradation by either of these two
mechanisms, e.g., Tunicamycin, MG-132, Rosiglitazone (RSG), etc.

The most effective small molecules in enhancing mutant lyso-
somal enzyme function in our cell culture-based system were
found to be Ambroxol, RSG/Pioglitazone, and Bezafibrate. The
fact that Ambroxol has been shown to be effective in increasing
activity of mutant enzymes in both FD (the current study) and GD
(previous study) suggests that one single compound could poten-
tially be used in the treatment of different LSDs.

RESULTS

A screening system for mutant glycosylase
enhancement

The purpose of this study was to produce different mutant forms
of the lysosomal hydrolase o-galactosidase A (c-Gal A) to inves-
tigate their response to small molecules with a view to (i) elucidat-
ing cellular pathways that can potentially be modulated in order
to increase mutant enzyme activity and (ii) to identify potential
compounds for the treatment of LSD. Substances with distinct bio-
logical and biochemical functions were investigated in an in vitro
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model for FD. HEK-293H cells were cultured and transfected with
various mutant GLA ¢cDNAs to produce o-Gal A with defects in
folding but residual enzyme activity. These o-Gal A mutants were
previously shown to be responsive to the pharmacological chap-
erone DGJ, which was used as an indicator of the capacity of the
enzymes to gain functional recovery (Supplementary Figure S1).
From the 32 mutations depicted in Supplementary Figure S1, a
set of nine mutations was selected for further testing based on (i)
residual activity (>1 % of wild type) and (ii) DGJ responsiveness
(>1.5-fold increase, overall >5% of wild type), as established in an
earlier article.”

The first candidate substance: ambroxol, a
pharmacological chaperone effective in Gaucher
disease

For FD, mutant misfolded o-Gal A enzymes were tested with
Ambroxol (ABX), a recently identified PC for Gaucher dis-
ease. Several of the mutant o-Gal A enzymes appeared to show
slightly elevated function after administration of 40 pmol/l ABX
to the cell-culture medium, but a significant effect was only seen
for wild-type o-Gal A and two specific mutants p.A156V and
Pp-R301Q (Figure la). The concentration-response relationship
was recorded for the wild-type enzyme (Figure 1b). ABX was
effective at a concentration range of 10-60 umol/l while displaying
a decline to about 40% of the maximal effect at 120 pmol/l ABX;
we used sigmoidal curve fit and calculated an EC, of 17.4 pmol/l.
‘The drop in activity detected at concentrations >80 pmol/l could
actually be caused by a harmful effect on the cultured cells that has
formerly been reported for ABX* rather than a specific inhibitory
effect of the compound on the enzyme. A concentration-response
curve was recorded for one mutant (p.A156 V), resulting in a simi-
lar EC_ to that of the wild-type, of 13.0 pmol/l (Supplementary
Figure §2). In the following experiments, ABX was also used at 40
umol/l, which represents approximately twice EC_. The mutations
from Figure la were tested using a combination of 20 pmol/l DGJ
and 40 umol/l ABX, which resulted in increased enzyme activity
for all nine mutations tested (p.E59K, p.A73V, p.A143T, p.A156V,
pI232T, p.R301G, p.R301Q, p.R356W, and p.R363H) when com-
pared to treatment with DGJ alone (Figure lc). The mutants
pA73V, pd232T, and p.R363H attained close to normal enzyme
activity, while the mutants pAI143T and p.R301Q exceeded 50%
activity thereby crossing the estimated threshold for the normal
range.” This increase in activity was associated with a parallel
increase in the level of a-Gal A protein in the cells (Figure 1d).
The stronger «-Gal A signals suggest a potential stabilizing effect
of the double treatment and/or enhanced transport into the lyso-
some. In summary, double treatment with DGJ and ABX resulted
in increased enzyme activity for all mutations tested. This in turn
prompted a similar double-treatment study using galactose and
ABX (galactose, like DG]J, is also a PC in FD). A subset of six
mutations responded with an elevated o-Gal A activity using this
particular double treatment (Supplementary Figure S3).

Ambroxol stabilizes a-Gal A in combination with DGJ
in vitro

We wanted to test the previous suggestion that the DGJ/ABX dou-
ble treatment stabilized the enzyme. We therefore carried out a
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Figure 1 Effect of ABX on overexpressed mutant forms of ¢-Gal A in HEK-293H cells. ABX was administered 6 hours after transfection of the GLA
cDMNA-containing plasmids and then cultured for 60 hours changing the media any other day adding fresh treatment as described in the Materials
and Methods section (a) Bona fide analysis with 40 pmol/l ABX revealed a tendency to mildly increase intracellular activities of several mutant
o-Gal A forms that was significant for p.A756V and p.R301Q. Wild-type enzyme increased markedly upon the addition of the compound as well.
(b) Concentration-response relation analysis showed increasing wild-type a-Gal A activity. An EC_ of 17.4 pmol/l was calculated by a nonlinear
regression analysis A maximum stimulatory effect was obtained at 60 pmol/l. At concentrations =80 pmol/l, the a-Gal A activity dropped back to nor-
mal. (€) In the same culture system as under (a), the GLA expressing HEK-293H cells were DG| or DG|/ABX combination-treated. The DGJ-responsive
o-Gal A forms (see also Supplementary Figure §1) displayed considerable gains from the additional administration of ABX. (d) Western blot of
the mutant o-Gal A forms indicated higher levels of intracellular enzyme after treatment with DG] in combination with 40 pmol/l ABX compared
to the monotherapy. Western blots were repeated at least three times. In each lane 30 pg of total protein was loaded and separated by 5D5-PAGE.
Semiquantitative analysis was carried out using the Odyssey software v1.2. Calculated intensities were normalized for GAPDH internal loading control
(not shown). The average intensities (“INT") are given as fold change + standard error. Enzyme activity values are shown as mean + SEM (n = 5).
Results were considered significant if *P < 0.05, **P < 0.01, ***P < 0.005. Control treatment denotes the respective carrier solvent used for the com-
pounds (DG) was diluted in hypure H,O as a 10 mmol/l stock solution, ABX was typically diluted in DMSO (100 mmol/I).

thermal denaturation test in a cell-free environment using human  artificial substrate 4-methylumbelliferyl-o.-D-galactopyranoside

o-galactosidase A produced in a human fibroblast cell line (agal-
sidase alfa, Shire Human Genetic Therapies, Berlin, Germany), to
examine the hypothesis that ABX could act via pharmacological
chaperoning (i.e., bind to the enzyme and in turn lead to stabi-
lization). Briefly, the method involves incubation of agalsidase
alfa at 51 °C for 60 minutes in a 96-well plate with or without the
respective additive (DGJ, ABX or a combination of both) as
previously described.® A control plate with the same sample
set up was kept on ice. Enzyme activity was measured with the
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(4-MUG). The thermal incubation of mock-treated (DMSQ)
o-Gal A at 51 °C led to a decreased active enzyme fraction of
about 29.9% compared to control incubation on ice (Figure 2).
Increasing DGJ concentrations attenuated o-Gal A thermal dena-
turation (restoring up to 63.4% of normal activity at 2.5 pmol/l)
whereas increasing concentrations of ABX led to an accelerated
loss of enzyme activity (reducing to 18.8% of normal activity at
2.5 mmol/1). Coadministration of DGJ and 2.5 mmol/l ABX led
to a further stabilization compared to DGJ alone. The conclusion
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Figure 2 Thermal denaturation of a-Gal A. Replagal was mixed with
increasing amount of compound. The mixture was incubated at 51 °C for
60 minutes and the enzymatic reaction was started upon the addition of
substrate directly thereafter. The decrease of activity was compared to a
reference sample kept on ice for 60 minutes before the enzymatic assay.
The curve obtained for DG| showed attenuated denaturation heat-treated
enzyme in a concentration-dependent manner (light-grey graph) and
significant stabilization at 500 nmol/l onwards. ABX showed no change
compared to the untreated state at concentrations up to 200 pmol/|
(dark—grey graph). In millimolar concentrations ABX accelerated the dena-
turation resulting in lowered enzyme activity compared to the untreated
enzyme. In combination with a constant addition of 2.5 mmol/l ABX, the
DG treatment led to enhanced stabilization of the enzyme at higher DG|
concentrations. At 2.5 pmol/l DGJ, the enzyme was more effectively stabi-
lized under combination compared to monotherapy. Data was obtained
from at least five independent experiments, each experiment included
duplicate measurements. Values are shown as mean + SEM (nz 5). Results
were considered significant if *P < 0.05, **P < 0.01, ***P < 0.005.

drawn is that following heat denaturation, ABX alone does not
preserve enzyme activity but when used with DGJ has a synergis-
tic positive effect.

Can the effect of ABX be applied mutatis mutandis to
other LSD cell culture models?

In a similar heterologous expression system as described for
GLA mutations in FD, ABX was combined with a PC to analyze
the effect on mutant GAA in PD. Mutations with a known abil-
ity to respond to PC treatment were investigated in this study.>**
For example, p. Y455F, p.P545L, and p.L552P showed a significant
benefit from the 60-hour N-butyl-deoxynojirimycine (NB-DNJ)
treatment, whereas no effect was achieved with the ABX (Figure 3,
upper part). Surprisingly, mutant p.L552P showed a significant
benefit from the combination of NB-DNJ and ABX indicated by
an increase of activity from 6.9 to 15.3% of wild type, compared
to monotherapy with NB-DN]J. The same did not hold true for
p.Y455F and p.P545L. The effect of another pharmacological chap-
erone DNJ, was also triggered by the addition of ABX, increasing
activity of the mutant p.L552P from 11.4 to 25.1% (Figure 3, lower
part), which corresponds to the ratio observed with NB-DNJ (2.2-
fold increase). A significant improvement in enzyme activity using
acombination of DNJand ABX was also seen for mutants p.Y455F
(1.6-fold) and p.P545L (2.3-fold). Apparently, in the case of the
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Figure 3 Acid a-glucosidase (GAA) activity in HEK-293H cells
expressing mutant forms of the enzyme treated with a pharmaco-
logical chaperone (NB-DNJ or DNJ) and a combination consisting of
NB-DNJ/ABX and DNJ/ABX. Upper: PC-responsive mutations of GAA
were treated with 40 pmol/l ABX, 20 umol/l NB-DNJ and a combina-
tion of 20 pmol/I NB-DN| and 40 ymol/l ABX. The monotreatment with
ABX did not beneficially influence mutant GAA activity. The NB-DN|
was effective on p.Y455F, p.P545L, and p.L552P, but not p.Y5755. The
mutant p.L552P was amenable to the double treatment whereas p. Y45 5F
and p.P545L did not display synergistic effects from the combination of
the PC with ABX. Lower: In the same set of mutations, DN| provoked a
similar response compared to NB-DNJ. In combination with ABX, the
mutations (except for p.¥5755) showed a siginificant synergistic effect
with the imino sugar compared to the monotherapy. Values are shown
as mean + SEM (n = 3). Results were considered significant if *P < 0.05,
P < 0.01,***P<0.005.

GAA enzyme, the success of combined administration with ABX
strongly depended on the chaperone used and the type of muta-
tion. The combination DNJ/ABX was efficient on all tested muta-
tions except p.Y5758S.

RSG, a known inhibitor of the ubiquitin-proteasome-
system, acts as enhancer of intracellular mutant a-Gal
A activity

ER stress inducers and ubiquitin-proteasome-system inhibitors
have both been proposed as potential drugs in several LSDs.”
Both strategies aim to modulate cellular proteostasis in order to
beneficially influence enzyme folding and subsequently deliver
mutant enzymes to the lysosome. We treated mutant o-Gal A
(p.R301Q), overexpressed in HEK-293H cells, in the presence
or absence of DGJ, with different ER stress inducing agents:
Kifunensine (an o-mannosidase inhibitor), Thapsigargin (an
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Figure 4 Mutant p.R307Q «-Gal A activity under treatment with
Rosiglitazone. The GLA mutation p.R307Q was overexpressed in HEK-
293H cells and treated with the known ubiquitination modifying agent
RSG in the presence or absence of 20 ymol/l DG). Significant enzyme
activity enhancement was gained at concentrations =250 pmol/l. In a
therapeutic margin of 50-140 pmol/l RSG proved to be an effective
enhancer of mutant a-Gal A activity.

ER Calcium releaser and reuptake inhibitor), and Tunicamycin
(an inhibitor of N-glycosidic linkage formation). None of these
three agents produced a positive effect on cellular enzyme activ-
ity (Supplementary Figure $4). Thapsigargin even had a negative
effect on o-Gal A activity in a concentration-dependent manner
and at concentrations >50 nmol/l, it appeared to be toxic to the
cells. MG-132,an inhibitor of proteasomal activity, showed a mod-
est, but not statistically significant increase on p.R301Q enzyme
activity at 50 nmol/l (1.2-fold) (Supplementary Figure S4). The
effect was also detected when MG-132 was administered in com-
bination with 20 umol/l DGJ leading to a 1.1-fold increase over
DGJ monotherapy (from 8.6- to 9.5-fold of the untreated control).
Other inhibitors of proteasomal activity, Lactacystin, Bortezomib,
and Ritonavir, were also tested, but did not show an effect on
mutant «-Gal A function (data not shown). Supplementary
Table 51 shows the effect on the distinet proteasomal activities
(Chymotrypsin-, Trypsin-, and Caspase-like activity) in the cell
system used at different concentrations. Remarkably, MG-132
had no inhibitory effect on the proteasome when applied at a con-
centration of 100 nmol/l. Only at a concentration of 1 pmol/l, an
inhibitory effect on all three proteasomal activities was noticeable.
However, due to the cytotoxic effect of MG-132, it was not feasible
to apply concentrations above 100 nmol/l over long periods (such
as 60 hours) in the present cell system. A short-term treatment
with 1 pmel/l MG-132 for 12 hours preceding cell harvest did not
significantly change ot-Gal A activity either (data not shown).
Contrary to the findings for MG-132, a major response to
RSG, a Peroxisome proliferator-activated receptor-y (PPAR-y)
agonist reported to inhibit global cellular ubiquitination,*® was
observed for p.R301Q. The administration of 50-140 umol/l RSG
led to approximately threefold increase of p.R301Q activity. RSG
in combination with DGJ was even more effective in enhancing
activity of the mutant p.R301Q enzyme (Figure 4). Therefore,
other mutant o-Gal A forms, which had previously been classi-
fied as DGJ nonresponders were also tested for responsiveness
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(compare Supplementary Figure S1). Mutant o-Gal A forms
P.RII8C, pA156V, p.R301Q, and p.T385A were exposed to 20
umol/l DGJ, 100 umol/lRSG, and a combination of 20 umol/l DGJ
and 100 umol/I RSG (Figure 5a). The DGJ nonresponding mutants
pR118Cand p.T385A showed a 1.2- and 1.1-fold increase in activ-
ity when DGJ was administered, which increased to a 1.4- and
1.3-fold increase when RSG was added, respectively. According
to the established responder criteria, both drugs failed to increase
the enzyme activity >1.5-fold. However, taking into account the
fact that p.R118C and p. T385A retain intrinsic activities of 22.9%
and 47.0% of wild type respectively, both mutations can be con-
sidered as RSG responders, because activity was increased by
over 5% up to 30.7 and 62.5%, respectively. The efficiency of the
combinational treatment exceeded the monotherapy. pAI56V
and p.R301Q are strong DGJ responders and the addition of RSG
boosted the monotherapy by 1.8-fold (p.R301Q) and 1.3-fold
(p.A156V). Pioglitazone is a structural and functional analogue of
RSG. The combination of DGJ/Pioglitazone was equally effective
as DGJ/RSG on p.R301Q activity.

The corresponding effect on the protein level is shown in
Figure 5b. As shown before, the mutant enzyme forms responded
to the administration of 20 pmol/l DGJ, 100 pmol/l RSG, and
the combination of both. In the case of p.R118C and p.1385A,
the band signal of 100 umol/l RSG-treated mutants was stronger
than for DGJ-treated mutants, but the combination revealed the
strongest effect. For mutants p.A156V and p.R301Q, RSG alone
increased the amount of the 50 kDa immature form of the enzyme,
whereas DG]J apparently enhanced maturation resulting in higher
levels of the 46 kDa mature form. With the combination therapy,
an enhancement of the effect of DGJ on the 46 kDa mature form
was observed. In order to clarify whether the inhibitory effect on
global cellular ubiquitination or the PPAR-y agonism was key
for the o-Gal A activity elevation, Ubiquitin-activating enzyme
(E1) inhibitor Pyr-41 and PPAR-ot/Y agonizing agent Bezafibrate
were tested. Pyr-41 did not enhance o-Gal A activity, whereas
Bezafibrate increased p.R301Q activity significantly in 100, 200,
and 500 umol/l with or without the simultaneous administration
of DGJ (Figure 5¢). This evidence shows that PPAR function may
play a role in mutant o-Gal A activity elevation rather than ubiq-
uitination inhibition alone.

DISCUSSION
To date, large scale screenings to identify compounds, which
enhance enzyme activity in LSD have been based on direct inter-
action with the lysosomal enzyme in vitro.**"* Our approach was
to instead use HEK-293H cells and screen for compounds that
enhanced activity of mutant lysosomal enzymes within a cellular
environment. The advantage ofa cell-based system over a cell-free
in vitro system is that any beneficial compounds identified may be
(i) more relevant for clinical applications and (ii) generally appli-
cable to different diseases sharing the same biochemical basis.
A particular problem however, is the relatively low throughput of
this system due to the time and labor demands of cell culture with
a high number of repetitions required for each compound.

In order to discover substances counteracting the loss of
enzyme activity in lysosomal storage disorders, Ambroxol (ABX)
was tested in the HEK-293H cellular model of Fabry and PD. ABX
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Figure 5 Mutant a-Gal A forms respond to PPAR-y agonist drugs. HEK-293H cells were transfected and treated as described in Materials and
Methods (“Transient GLA/GAA expression in HEK-293H cells”). (a) The administration of 100 pmol/l RSG increased the enzyme activity of mutant
forms of a-Gal A. In the case of p.AT56V and p.R307Q the DG) treatment is an efficacious single treatment, but the combination with RSG leads to a
further increase of activity. A structural and functional analogue of RSG, Pioglitazone (Pio), administered at 100 pmol/1is similarly effective on p.R307Q
in combination with DGJ. RSG had a distinct effect on mutants p.R178C and p. T385A4 that did not respond to DG| (see Supplementary Figure 51).
The combination of both drugs was most effective. Values are shown as mean + SEM (n = 3). Students T-test was used to investigate significance of
the combined treatment compared to control and to DG] monotherapy. Results were considered significant if *P < 0.05, **P < 0.01, ***P < 0.005.
(b) Western blot analysis of different mutant a-Gal A forms under DG, RSG and DG)/RSG combination treatment. In accordance with (a) the mutant
enzyme forms displayed best responsiveness towards the combination of pharmacological chaperone DG| and RSG. Experiments were repeated at
least 3 times for reliability. Western blot analysis was taken out essentially as described under Fig. 1d. (c) E1 ubiquitin activating enzyme inhibitor Pyr-
41 and PPAR-w/y agonist Bezafibrate were tested on overexpressed p.R307Q mutant in HEK-293H cells. No change of a-Gal A activity was observed
for Pyr-41 over a concentration range of 0.1-40 pmol/l. By contrast, treatment with Bezafibrate led to an increase from 8.4- to 12.7-fold and from
1.0 to 2.3 with or without additional administration of DG, respectively.

is a compound formerly tested in Gaucher disease that was shown
to interact with GCase, causing diminished enzyme activity in
vitro but increased activity of mutant enzymes in fibroblasts,”
(p.N370S in non-neuronopathic type I GD and p.L444P™ in sub-
acute neuronopathic type III GD). In the current study, ABX
alone was applied to HEK-293H cells expressing either normal
(wild type) or mutant «-Gal A (Figure 1a,b). Combined treat-
ment with ABX and synthetic a-Gal A PC DGJ was also tested
(Figure 1c). Wild-type o-Gal A showed a 1.4-fold increase in
activity after the addition of 60 pmol/l ABX, but its effectiveness
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was less pronounced at concentrations =100 pmol/l. Mutants of
o-Gal A, which were DGJ-responsive, showed an additional ben-
efit from combined treatment with ABX (Figure 1¢) leading to
higher enzyme levels after 60 hours of treatment (Figure 1d).
This was due to a stabilizing effect of DGJ/ABX on the enzyme
as demonstrated by an in vitro heat-treatment experiment using
the pharmaceutical form of ¢-Gal A (agalsidase alfa). DGJ mono-
therapy was not as effective in stabilizing the enzyme as when
used in combination with ABX (Figure 2). In contrast, ABX
monotherapy in vitro led to accelerated loss of enzyme activity.
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Hypothetically, binding of ABX to the enzyme and stabilization
could be enhanced by structural changes induced by DGJ bind-
ing. However, ligand binding to the protein has been reported to
barely affect the conformation of the enzyme.” Moreover, ABX
monotherapy provoked a significant, though modest, activity ele-
vation of o-Gal A wild-type, p.A156V and p.R301Q enzyme forms
in HEK-293H cells, which could argue for an alternative work
mechanism of ABX via a general cellular process, affecting pro-
tein maturation and transport. For example, it has been reported
that ABX regulates the efflux of extracellular Ca*' in dorsal root
ganglion cells* possibly mediated by inhibition of voltage-gated
sodium and calcium channels.” Calcium is a critical agent for
protein folding. Manipulating the release of Ca*' from the ER,
the largest intracellular Ca*' store, was shown to have an influ-
ence on mutant GCase enzyme in Gaucher disease.” Since o-Gal
A mutants show an increased propensity to aggregate within the
cell,# we can speculate that ABX perhaps enhances the effect of
the pharmacological chaperone via modulation of the protein
folding conditions in the ER. Besides the chaperoning effect, ABX
was recently speculated to impact on GBA expression and func-
tion in Gaucher disease fibroblasts.* Therefore, the utilized cell
culture system cannot elucidate the specific mode of action of sub-
stances that have a diverse functional spectrum.

Anyhow, ABX did not act as an in vitro inhibitor of o-Gal
A activity (Supplementary Figure S5), so evidently does not
bind the active site in a substrate competitive manner. Allosteric
binders of mutant lysosomal enzymes are regarded as promising
treatment options, because the risk of undesired side-effects and
overdosage is minimized.*

Mutant GAA activity was also beneficially influenced by the
combination of a PC and ABX (Figure 3). ABX alone had no effect
on mutant GAA; a differential effect was shown for both PCs,
NB-DNJ and DNJ, when used in combination with ABX. While
DNJ and NB-DNJ as a monotherapy had a similar outcome, it is
not yet clear why DNJ/ABX had a synergistic effect on mutants
p.Y455F and p.P545L and NB-DNJ/ABX did not.

PPAR-y agonist RSG increased mutant o-Gal A activity
(p.R301Q, p.A156V, p.R118C, p.T385A). It was assumed that
RSG mediates its effect via inhibition of cellular ubiquitina-
tion, thereby avoiding o-Gal A degradation. However, the ubiq-
uitination inhibitor Pyr-41 did not increase o-Gal A activity.
Interruption of the ubiquitin-proteasome system by the use of
proteasomal inhibitors (e.g., MG-132) was also ineffective. An
earlier report suggested that treatment with the proteasomal
inhibitor Lactacystin led to increased amounts of a-Gal A in
COS7 cells expressing several mutant forms of the enzyme, but
without a concurrent enhancement of enzyme activity.'” Western
blot analysis performed in our laboratory did indeed show that
Lactacystin and MG-132 increased the amount of p.R301Q, but
not p.A156V (Supplementary Figure $6), which is in accordance
with the results from Ishii et al. Since only the immature 50kDa
band of p.R301Q is markedly increased, we conclude that this o~
Gal A form does not significantly contribute to enzyme activity
under the applied assay conditions.

On the other hand PPAR-y agonist Bezafibrate did enhance
activity of p.R301Q which suggests that increased PPAR-y activity
may instead play a role. However, it cannot be excluded that both
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increased PPAR-yactivity and inhibition of ubiquitination enhance
enzyme activity since there is crosstalk between PPAR-y-mediated
transcriptional regulation and the ubiquitination machinery.* For
example, PPAR-v itself is an E3 ubiquitin ligase that facilitates the
degradation of NF-kb.*” Certain players in the ubiquitin machin-
ery have been shown to interact with mutant GCase™* indicating
a role in its premature degradation. Elucidation of why RSG was
operative demands further investigation. The use of more specific
drugs could reveal the pivotal mechanism of action. Interestingly,
RSG did not display an effect on GAA (data not shown).

Prospectively, these compounds need to be tested in patient-
derived cell systems (i.e., lymphoblastoid or fibroblast cell lines)
in order to verify the suspected effects. Such cell systems do not
require previous transfection of plasmid vectors harboring cDNA
of the mutations and allow for more flexible and optimized treat-
ment regimes.” This is an advantage over more “synthetic” cell
systems such as the HEK-293H system used here, in which tran-
sient expression (de novo enzyme synthesis) confounds the ben-
eficial effect of small molecules. Patient cell lines are therefore a
convenient solution for temporal-oriented studies and should be
applied as a second step. Testing findings in a humanized mouse
model is also practical.” Regrettably, to our knowledge, a mouse
model does not yet exist for PD.

This work delivers a novel step forward in drug development
for LSD. Our use of FDA-approved compounds renders this study
an attractive target for further research to elucidate the role of pro-
posed pathways in the enhancement of mutant enzyme stability
and activity as a prelude to preclinical and clinical testing.

In particular, ABX and RSG could potentially be suit-
able compounds as additional treatments in Fabry (or Pompe)
patients where monotherapy with a pharmacological chaperone
is not sufficiently effective. As described above, the combination
of DGJ and ABX was successful in restoring either near normal
o-Gal A activity (e.g., p.A73V) or boosting activity to >50% to
cross the threshold into the normal range (e.g., p.R301Q). Both
outcomes are potentially associated with an amelioration of the
disease (Fabry) not obtained using PC monotherapy. Moreover,
for mutants with residual activity but not responsive to DGJ, like
PR118C and p.T385A, the usage of RSG could be an alternative
treatment strategy because it exceeds the effect of DGJ (Figure 5).

In PD, a genotype/phenotype correlation model is not avail-
able, but it can be assumed that an elevation of GAA activity from
11.4% (DNJ) to 25.1% (DN]J/ABX) of normal, as observed for the
mutant p.L552P, is likely to be clinically relevant.

Lately, it was demonstrated that small molecules can also have
synergistic effects in ERT.** Evidently, we must endeavor to find
the most effective course of treatment for patients with FD and
PD, not limited to just one active agent. It is important to note
that combination treatments have possible implications for other
LSDs as well."**

MATERIALS AND METHODS

Materials. HEK-293H cell line was purchased from Invitrogen (Carlsbad,
CA). Ambroxol hydrochloride, Bezafibrate, 1-deoxygalactonojirimy-
cine hydrochloride, 1-Deoxynojirimycin, ¢-Lobelin, RSG, Thapsigargin,
Tunicamycin, and the synthetic fluorogenic substrates for c-Gal Aand GAA
were purchased from Sigma Aldrich (Steinheim, Germany). Kifunensine,
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MG-132 were obtained from Merck (Darmstadt, Germany). Lactacystin
and bortezomib were purchased from Biomol (Hamburg, Germany). A
rabbit polyclonal antibody targeted against human c-galactosidase A was
custom-made (Eurogentec, Liége, Belgium)® and mouse anti-GAPDH
(ab8245) was purchased from abcam (Cambridge, UK). Secondary anti-
body Alexa Fluor 680 Goat Anti-Rabbit IgG (H+L) was purchased from
Molecular Probes (Eugene, OR) and Anti-Mouse IgG (H&L) IRDye800
was purchased from Rockland (Gilbertsville, PA).

All primers were obtained from MWG Operon (Ebersberg, GER).
A register of used primers is shown in Supplementary Table S2.

Cultivation of HEK-293H cells. HEK-293H were maintained in Dulbecco’s
modified Eagle medium containing 4,500mg glucose/l supplemented
with 10% fetal bovine serum (both from Gibeo, Carlsbad, CA) and 1%
Penicillin/Streptomycin.

Cloning. Human ¢DNA clones of a-Gal A (IRAUp969H0320D, GLA,
NM_000169.2) and GAA (IRATp970C0971D, GAA, NM_000152.3) were
obtained from Source BioScience (Berlin, GER). cDNAs were amplified
by PCR (for primer sequences refer to Supplementary Table §2). After
subcloning into pGEM-T (Promega, Mannheim, GER) or pCRII TOPO
(Invitrogen), respectively, the fragments were obtained via restriction
digestion using the respective restriction endonucleases indicated in
Supplementary Table 82 and ligated into a mammalian expression vec-
tor (pcDNA3.1/V5-His TOPO, Invitrogen). Gene sequence integrity was
confirmed by standard sequencing and alignment analysis as described
earlier.”

Mutagenesis. Site-directed mutagenesis of GLA and GAA plasmids were
carried out as described before.” Supplementary Table 82 reports the list
of applied primers for all GLA and GAA mutations.

Transient GLA/GAA expression in HEK-293H cells. Commonly, HEK-
293H cells were seeded at a density of 1.5 x 10° cells/well of a 24-well plate
(Greiner Bio-One, Frickenhausen, GER) the day before transfection. On
the day of transfection, mutant GLA or GAA plasmid was transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s guide-
lines. The compounds were added 6 hours after transfection and left for a
60-hour cultivation unless indicated otherwise. Fresh medium and treat-
ment was added every other day. Transfection control was carried out by
parallel transfections of the wild-type and mutant GLA/GAA, which differ
by just one base pair.* Additionally, enzyme activity of every mutant was
checked for coherence and stability, indicating maintained plasmid quality.
For the compound serial tests, HEK-293H cells were plated on
10cm cell culture dishes and transfected with pcDNA3.1 p.AI56V and
PpR301Q mutated GLA inserts, Six hours after transfection, the cells were
trypsinized, collected in a 50 ml tube, and spun down at 1,000 x g. The cells
were then aliquoted in medium containing the respective compound or
compound combination and plated at a density of 2 x 10°/well on 24-well
plates in order to obtain identical transfection efficiencies for all samples.

In vitro enzyme activity measurements in HEK-293H cell lysates. «-Gal
A and GAA activities were measured in cell lysates of transiently express-
ing HEK-293H cells. On the day of cell harvest, 66 hours after transfection,
medium was aspirated with a vacaum pump (KNF Neuberger, Freiburg i.
Breisgau, GER) and washed in phosphate buffered saline. The cells were then
collected in 150 pl sterile distilled water and transferred to fresh 1.5ml cen-
trifugation tubes. The proteins were yielded using five cycles freeze and thaw
in liquid nitrogen. For normalization purposes, the protein was quantified
using BCA protein assay kit (Thermo Scientific, Braunschweig, GER). The
crude protein extract was subsequently used for enzyme activity measure-
ment (0.5 ug for o-Gal A and 5 pg for GAA) employing synthetic fluorogenic
substrates 4- methylumbelliferyl-o- D-galactopyranoside (for o-Gal A) and
4-methylumbelliferyl-ct- D-glucopyranoside (for GAA), respectively.
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a-Gal A enzyme thermal denaturation test. In vitro thermal denaturation
was carried out using 200 ng of human c-Gal A (agalsidase alfa, Replagal,
Shire Human Genetic Therapies, Berlin, Germany) in a whole volume of
25 pl (in 0.06mol/l phosphate-citrate buffer, pH 6.7). The enzyme was
pipetted in 96-well plates (Greiner bio-one GmbH, Frickenhausen, GER)
and incubated at 51 °C for 60 minutes with the respective additive DGJ,
ABX or a combination of both basically as reported elsewhere.® A refer-
ence plate was kept on ice during that period. Thereafter, 4 volumes of
0.06 mol/l phosphate-citrate buffer (pH 4.7) were added to the wells and
mixed. Twenty-five microliters of the mixture were transferred into a fresh
96-well plate. The enzyme activity measurement was started by addition of
20 pl of the substrate 4-methylumbelliferyl-ct-D-galactopyranoside solu-
tion (stock concentration: 2.0 mol/l. Samples were kept under slight agi-
tation in a 37 °C water bath for 20 minutes. To stop the reaction, 200 pl
of glycine-NaOH buffer (pH 10.5) was added and substrate turnover was
immediately surveyed as described above. Comparison of heat-treated ver-
sus reference sample was used to measure the reduction in enzyme activity.

Western blot analysis. Western blot analysis was carried out basically as
described before.®

PPAR-y transcriptional regulation reporter assay. The HEK-293H
cells were seeded at a density of 4x 10" in a 96-well plate in antibiotic
free medium 24 hours before transfection. On the day of transfec-
tion, the medium was changed prior to adding the transfection solu-
tion (Lipofectamine 2000, Invitrogen) containing the reporter plasmid
constructs (Cignal PPAR Reporter (luc) Kit, Qiagen, Hilden, GER). Six
hours post-transfection, the compounds were added. The treatment was
carried out for 18 hours before the cells were lysed in passive lysis buffer
(Dual-Luciferase Reporter Assay System, Promega GmbH). The detected
firefly luciferase activity was normalized against intrinsic renilla lucif-
erase contained in the transfection solution at a plasmid ratio of 1:40.
Samples were diluted to ensure that the signal was in the linear assay
range, transferred to polypropylene round bottom tubes and measured
in a luminometer (Lumat LB9507, Berthold Technologies, Bad Wildbad,
GER) with the respective substrates.

SUPPLEMENTARY MATERIAL

Figure 51. Excerpt of pharmacological chaperone- (DGJ-) treated
GLA mutations.

Figure 52. ABX concentration-dependent increase of PC-treated
p.A156V o-Gal A activity.

Figure 53. Synergistic effect of a galactose/ABX combination on
galactose-responsive GLA mutations.

Figure 54. ER protein homeostasis re-modeling agents did not have
a significant effect on p.R307Q w-Gal A activity.

Figure §5. Agalsidase alfa inhibition assay with DG] and ABX.
Figure 56. Proteasomal inhibitors MG-132 and Lactacystin increased
cellular oi-Gal A mutants.

Table §1. Proteasomal activities in compound-treated HEK-293H cells.
Table $2. Primer registry.
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The lysosomal storage disorder Fabry disease is characterized by a deficiency of the
lysosomal enzyme c-Galactosidase A. The observation that missense variants in the
encoding GLA gene often lead to structural destabilization, endoplasmic reticulum reten-
tion and proteasomal degradation of the misfolded, but otherwise catalytically functional
enzyme has resulted in the exploration of alternative therapeutic approaches. In this
context, we have investigated proteostasis regulators (PRs) for their potential to increase
cellular enzyme activity, and to reduce the disease-specific accumulation of the bio-
marker globotriaosylsphingosine in patient-derived cell culture. The PRs also acted syner-
gistically with the clinically approved 1-deoxygalactonojiimycine, demonstrating the
potential of combination treatment in a therapeutic application. Extensive characterization
of the effective PRs revealed inhibition of the proteasome and elevation of GLA gene
expression as paramount effects. Further analysis of transcriptional patterns of the PRs
exposed a variety of genes involved in proteostasis as potential modulators. We propose
that addressing proteostasis is an effective approach to discover new therapeutic targets
for diseases involving folding and trafficking-deficient protein mutants.

Introduction

Fabry disease (FD, OMIM 301500) is one of more than 40 lysosomal storage diseases (LSD) [1].
Received: 17 July 2019 According to recent data, FD is possibly the most common LSD with an incidence found to be 1:1
Revised: 17 December 2019 250 to 1:37800 [2] depending on the severity of symptoms. FD is caused by mutations in the
Accepted: 2 January 2020 X-linked gene encoding the lysosomal enzyme o-Galactosidase A (gene symbol: GLA, protein: a-Gal

Accepted Manuscript online:
3 January 2020

A) leading to absent or diminished activity of the enzyme [3]. Many missense variants of the GLA
gene lead to impaired protein processing within the endoplasmic reticulum (ER) and an altered con-

Version of Record published: formation that results in ER retention and premature ER-associated degradation (ERAD) [4].
29 January 2020 Deficient activity of o-Gal A, in turn, causes progressive accumulation of Globotriaosylceramide (Gb3)
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or its metabolite Globotriaosylsphingosine (lyso-Gb3) [3]. The measurement of lyso-Gb3 in plasma and whole
blood is considered of diagnostic as well as of prognostic value for the assessment of the clinical outcome of
GLA mutations [5-7].

The current therapeutic strategy involves enzyme replacement therapy (ERT) with intravenous infusions of
o-Gal A. Different formulations are available from different sources and manufacturers. The benefit of ERT
may be impaired by many limitations including an insufficient penetration in key tissues [8], an immune
response leading to the formation of IgG antibodies that may hamper the effectiveness of the treatment [9], the
patient burden of a life-long inconvenient intravenous therapy and high cost. The clinical approval of the orally
available pharmacological chaperone (PC) therapy using the active-site specific sugar mimetic 1-
deoxygalactonojirimycine (DGJ) represents a recent therapeutic advance for a fraction of FD patients [10].
These patients harbor missense variants, which are associated with a destabilized though catalytically active
o-Gal A enzyme. The effectiveness of DGJ is based on its direct binding to the immature o-Gal A within the
ER. The variant enzyme then attains a thermodynamically favored folding state, which leads to a reduced elim-
ination by ERAD and, consequently, to a shift to a greater enzyme fraction being further transported along the
secretory route to the lysosomes raising the level of available, active -Gal A [11].

New therapeutic approaches include the use of small molecules, which have the capacity to modify proteosta-
sis, including protein synthesis, folding and degradation. They either increase the folding capacity of the ER or
enhance the degradation of misfolded proteins in order to resolve the protein overload [12]. Therefore, they are
referred to as proteostasis regulators (PRs). Many of these have been proposed as potential candidate drugs in
protein misfolding and aggregation diseases (e.g. Cystic Fibrosis, Alzheimer’s disease, retinitis pigmentosa) [12—
15] and particularly LSD [16-20]. Either the protein variants that have resulted in the diseases are to be
removed from the system, since toxic gain-of-function variants have developed, or the functionality of the
protein must be restored by preventing degradation, i.e. a rescue of loss-of-function. Depending on the goal to
be pursued, the properties of an effective drug are determined. Proteostasis is maintained by a highly conserved
cellular machinery that regulates protein folding in general, and specifically, the protein misfolding-induced
unfolded protein response (UPR) which activates the ERAD [21-23]. Signal integration within the proteostasis
network is associated with extensive gene regulation [24,25] and leads to cell type-specific transcriptional pat-
terns in response to stress in order to restore homeostasis [26]. The relation between protein folding diseases
and the expression of proteostasis genes is being examined by a growing research community [16,17,21,23,27-
33]. Additionally, the role of gene expression regulation, particularly of genes involved in proteostasis processes,
has been proposed to be part of the work mechanism of PRs besides their primary biochemical function
[16,17,21,27-30,33]. This gene regulator function of PRs might have an impact on the rescue of misfolded pro-
teins. First indications for a meaningful use of PRs in FD can be found in earlier studies [34,35].

The aim of this study was to screen for candidates able to increase variant o-Gal A activity in patient-derived
fibroblasts harboring the PC amenable variants ¢.902G>A (p.R301Q) and c.901C>G (p.R301G), respectively,
and to provide a profound characterization of the effects on the proteostasis network.

Materials and methods

Chemicals

Chemicals were purchased from Sigma-Aldrich (Steinheim, Germany) except for 17-AAG (Abcam,
Cambridge, U.K.); Rosiglitazon, Clasto-Lactacystin B-lactone (CLC), Eeyarestatin I (Eerl) and Ritonavir
(Cayman Chemicals, Ann Arbor, MI, U.S.A.); Pifithrin-u (Enzo Life Sciences, Lorrach, Germany); Lacidipine
(Key Organics, Cornwall, U.K.); MG132 (Merck (Darmstadt, Germany); 15d-PGJ2 (Santa Cruz Biotechnology,
Dallas, TX, U.S.A.); Kifunensine and 1-deoxygalactonojirimycine hydrochloride (Toronto Research Chemicals,
Toronto, Canada) and Bortezomib (USBiological, Salem, MA, U.S.A.).

Cell culture

Wild-type (WT) fibroblast cell lines GM01653 (wild-type 1, WT1), GM23249 (WT2), GM23250 (WT3),
GM23968 (WT4) from healthy male donors and Fabry fibroblasts hemizygous for the c.901C>G (p.R301G)
variant (GM00882, GLAPF1G/°) ywere purchased from Coriell Institute cell repository (Camden, U.S.A.). Male
Fabry fibroblasts hemizygous for the c.902G>A (p.R301Q) variant (GLAP™®'?°) were a kind gift of Amicus
Therapeutics (Cranbury, NJ, U.S.A.). Both variants were reported to be amenable to PC treatment [5,35]. All
lines were sequenced prior to use to verify the genotypes. Fabry disease was excluded for all healthy donors.

360 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).
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However, GM23249 carried the intronic haplotype found to be associated with reduced mRNA expression [36].
Fibroblasts were cultured in Dulbecco’s modified Eagle medium containing 4.5 g glucose/l (Gibco, Carlsbad,
CA, US.A) supplemented with 15% heat-inactivated fetal bovine serum (Gibco) and 1% Penicillin/
Streptomycin (Invitrogen, Carlsbad, CA, U.S.A.) at 37°C in 5% CO,. Monolayers were passaged with 0.25%
Trypsin-EDTA (Fisher Scientific, Schwerte, Germany) when reaching full confluency.

Drug treatment

The patients’ fibroblasts were seeded one day prior to the treatment to give the cells time to adhere to the
surface of the culture vessel. At the beginning of the treatment, the cells typically had ~80% confluency. The
cells were treated with PR, DG]J, and a combination of both. The exact duration of the treatment and the drug
concentrations used can be seen in the figures. Typically, the treatment was followed by a 6-h off-treatment
period (‘washout’) for enzyme activity measurement, because o-Gal A required this recovery phase for stable
assessment after DG]J treatment (Supplementary Figure S1) and a 4 days washout for biomarker measurements
as reported before [37]. The PR treatment was also discontinued for the washout period. After the treatment,
the cells were processed according to the downstream application as described in the following paragraphs.

a-Galactosidase A activity assay

After the treatment for the indicated time, the activity assay was run. The cells were harvested with 0.25%
Trypsin-EDTA, washed with phosphate-buffered saline (PBS), resuspended in deionized water and lysed during
five freezing and thawing cycles. The protein amount in the cell lysates was determined using the BCA protein
assay kit (Thermo Scientific, Waltham, MA, US.A.). Five micrograms of total protein was used for enzyme
activity measurement with the substrate analog 4-methylumbelliferyl-o-p-galactopyranoside. The reaction
product 4-methylumbelliferone was recorded at 360 nm excitation and 460 nm emission in a fluorescence plate
reader as described earlier [38].

Lyso-Gb3 determination in patient-derived fibroblasts

We seeded 2% 10° fibroblast cells and treated them with PRs for the specified period of time. On the day of
harvest, the cells were trypsinized then pelleted, washed with PBS, resuspended in 70 pl deionized water and
vortexed for 3 min. The cell suspension was lysed during six cycles of freezing in liquid nitrogen and sonication
for 5 min. Samples were centrifuged and the supernatant with the protein extract was transferred to a new
tube. The protein amount in the cell lysates was determined using the BCA protein assay kit (Thermo
Scientific). Sample preparation for lyso-Gb3 determination and the mass spectrometric analysis was performed
as described [39]. For each batch of analyses, a calibration curve was added with a concentration range from 0
to 1000 ng/ml in water. The concentration of the lyso-Gb3 was recorded in ng/mg protein extract.

Lipid extraction

Lipids were extracted according to Bligh and Dyer [40] with slight modifications. 1 x 10° human fibroblasts
were seeded and cultured for the indicated time points with and without treatment. On the day of cell harvest,
the cells were pelleted in non-adhesive wall glass tubes (Schott AG, Mainz, Germany) allowing for lipid extrac-
tion. A mixture of chloroform, methanol and hydrochloric acid (2:4:0.1) was added to the samples together
with 1% butylated hydroxytoluol, to prevent lipid oxidation. In addition, a fluorescent internal standard,
TopFluor® Lyso PA was added at a concentration of 1 mg/ml to ensure the reproducibility of the lipid extrac-
tion. The compound is a synthetic lipid, and therefore absent from the real samples. The fluorescence was later
measured by CAMAG visionCATS at 366 nm. Chloroform was added to the homogenized samples and vor-
texed three times with a 10 min break in between. Next, water was added to the samples and vortexed three
times with a 10 min break in between, followed by 30 min incubation and centrifugation at 1260 xg for 10
min. A biphasic separation was visible, and the bottom phase containing a mix of chloroform and lipids was
transferred into a new non-adhesive wall glass vessel. Finally, the chloroform was evaporated in an N,
chamber, fresh chloroform was added, and the bottles were stored at —20°C until use.
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Separation and analysis of Gb3 by high-performance thin-layer

chromatography (HPTLC) and Far-Eastern blot

Samples were transferred to the HPTLC with an automatic TLC Sampler 4 (ATS 4) from CAMAG. The sta-
tionary phase was 10 x 10 cm silica gel (60 F254 Merck, KGaA, Darmstadt, Germany). For the mobile phase a
chloroform (SupraSolv Merck KGaA, Darmstadt, Germany), methanol (LiChroSolv Merck KGaA, Darmstadt,
Germany), ammonia 32% (HiPerSolv VWR Chemicals, Radnor, PA, U.S.A.), water (Rotisolv Carl Roth GmbH,
Karlsruhe, Germany) solution at a ratio of 161:75:5:10 was used. Lipids then developed on the HPTLC plate
were sprayed with primuline reagent (Derivatizer, CAMAG) and visualized under ultraviolet light (366 nm,
TLC Visualizer, CAMAG).

Far-Eastern blotting was made according to Taki et al. [41], with slight modifications (TLC blot (far-eastern
blot)) and its applications. The plate was immersed in a mixture of isopropanol 0.2% CaCl, : methanol (40:
20:7, viviv) for 2 s, then covered with an activated polyvinylidene difluoride (PVDF) membrane (0.45 pm GE
Healthcare Amersham Hybond, Fisher Scientific, Pittsburgh, PA, US.A.) and a glass microfiber filter (APFFE,
Merck, KGaA, Darmstadt, Germany). The transfer cassette was pressed for 30 s with an iron heated at 180°C,
after which the PVDF membrane was separated from the plate and dried.

PVDF membrane was blocked over night at 4°C with 0.1% BSA diluted in PBS followed by antibody incuba-
tion with anti-Gb3 (1 : 1000, TCI, amsbio, Mainz, Germany) in 3% BSA/PBS for 2 h at RT. The secondary anti-
body used was Mouse Ig, HRP-Linked Whole Ab, Sheep (1 :5000, ECL) conjugated to horseradish peroxidase.
After incubation for 1 h at RT, Gb3 was detected using clarity western ECL Substrate (Bio-Rad 1705061 1:1)
and analyzed by using ImageLab 6.0 software (Bio-Rad Laboratories, Hercules, CA, US.A.).

Synergy analysis

All calculations were performed using R 3.3.0. The synergyfinder [42] tool was used in version 1.3.0 (with
minor patches, see https://github.com/struckma/synergyfinder). For calculating the three-dimensional inter-
action surface over the dose matrix, the package synergyfinder was used as well. For synergy analysis, the
enzyme activity after the treatment of GLAP®*!'° was calculated as the percentage of the maximal determined
activity. The enzyme activity of the untreated control cells was subtracted from the non-control samples.
Synergy values (excess over bliss, eob) were determined by calculating the difference between the actual enzyme
activity after the combined treatment and the expected additive drug effect given by the BLISS independence
model [43] and calculated with the following equation: Ep, + Ep - Ep * Ep. Here, Ep represents the enzyme activ-
ity after single treatment with DG]J and Ep describes the effect of the respective Bortezomib (BTZ) concentra-
tion. Synergy was called if the achieved enzyme activity after the combined treatment was higher than the
expected additive effect. The BLISS synergy scores for each treatment were plotted as a function of the two
drug concentrations.

Western blot analysis

Cultured WT and GLAP®*? fibroblasts were pelleted, washed with PBS and resuspended in 45 pul RIPA
buffer containing complete protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) followed by a
20 min incubation on ice to complete the lysis. After centrifugation of the samples, the supernatants were used
for protein measurement using the BCA protein assay kit (Thermo Scientific) according to the specifications by
the manufacturer. The PNGase digestion was carried out using the PNGase F kit from New England Biolabs
(Ipswich, MA, U.S.A.) according to the manufacturer’s specifications. Hundred micrograms of protein per
sample were mixed with Laemmli buffer and incubated for 5 min at 95°C. For the separation of the proteins,
SDS-PAGE was performed using the precast 4-15% Criterion™ TGX Stain-Free™ Protein Gels (Bio-Rad
Laboratories). Proteins were transferred to a nitrocellulose membrane (GE Healthcare, Braunschweig,
Germany), using the Trans-Blot® Turbo™ Midi Nitrocellulose Transfer Packs and the Trans-Blot® Turbo™
Transfer System (Bio-Rad Laboratories). The membrane was blocked in 5% non-fat dried skim milk solution
for 1h at room temperature and incubated with primary rabbit polyclonal GAPDH antibody (Abcam,
Cambridge, U.K.) at a 1:10000 dilution in TBS-Tween 20 supplemented with 3% non-fat dried skim milk at
4°C overnight. Afterwards, the membrane was washed five times with TBS-Tween 20, incubated with mouse
monoclonal o-Gal A antibody at a 1: 500 dilution in TBS-Tween 20 supplemented with 3% non-fat dried skim
milk (Abcam, Cambridge, UK.) for 2 h at room temperature and washed again with TBS-Tween 20. Then, the
membrane was treated with 1:20000 diluted secondary goat anti-rabbit antibody (LI-COR Biosciences,
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Lincoln, NE, U.S.A.) and 1:10000 diluted goat anti-mouse antibody (Rockland Immunochemicals, Limerick,
PA, US.A)), both diluted in TBS-Tween 20 including 3% non-fat dried skim milk, for 2 h at room temperature
protected from light. After a final washing step, the blots were visualized using an Odyssey® Infrared Imager
(LI-COR Biosciences). The determination of the protein size and the quantification of the bands were done
using the Odyssey Application Software version 1.2.

Proteasomal activity assay

Specific proteasome inhibition was examined using the Cell-Based Proteasome-Glo™ Assays (Promega,
Madison, W1, US.A.) according to the manufacturer’s protocol. One day before the assay GLAP®**'?° fibro-
blasts were seeded in 24-well plates (Sarstedt, Niimbrecht, Germany) and cultured overnight. The experiment
was initiated by the addition of the compound. The cells were incubated for 2 h. For the luminometric meas-
urement, the cells were harvested by scraping and 20 000 cells were dissolved in 100 pl PBS + compound. An
equal volume of Proteasome Proteasome™-Glo Reagent (Promega) specific for chymotrypsin-like activity
determination was added [44] and the suspension was incubated for 10 min followed by a measurement with a
Lumat 9507 instrument (Berthold Technologies, Bad Wildbad, Germany) with a measurement time of 2 s.

Quantitative real-time PCR

GLAP®1Q fibroblasts were treated for 24 h. The cells were harvested and 2 l of the crude RNA extract was
reverse transcribed using the FastLane Cell ¢cDNA kit (Qiagen, Hilden, Germany) according to the
manufacturefs specification. PCR samples were prepared with the FastStart Essential DNA Green Master kit
(Roche, Mannheim, Germany) according to the manufacturer’s specification. Primer sequences were
5-TTCAAAAGCCCAATTATACAGAAA-3' (forward) and 5-CTGGTCCAGCAACATCAACA-3" (reverse) for
GLA and 5-TGCCCCCGACCGTCTAC-3' (forward) and 5-ATGCGGTTCCAGCCTATCTG-3' (reverse) for
G6PD, respectively. PCR was carried out with the LightCycler® Nano (Roche, Mannheim, Germany) in combin-
ation with the LightCycler® Nano SW 1.1 software. Changes of mRNA amounts were calculated using the effi-
ciency corrected relative quantification model [45].

Microarray analysis

1.2%10° GLAP®'9% fibroblasts were seeded in 10 cm dishes and treated with the indicated compound for
24 h (see Supplementary Table S1). Each condition was performed in quadruplicate. The cells were homoge-
nized in Buffer RLT Plus of the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Total RNA was purified
utilizing the RNeasy Plus Mini Kit according to the manufacturer’s specification. Microarray-based gene expres-
sion analysis was performed with GeneChip® Human Transcriptome Arrays 2.0 (Affymetrix, St. Clara, CA, U.S.
Al). The RNA samples were amplified and labeled using the GeneChip® WT PLUS Reagent Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. For the overnight hybridization, the GeneChip®
Hybridization Oven (Affymetrix) was utilized and the visualization was done using the GeneChip Scanner
3000/7G (Affymetrix). The original data were subjected to quality control using the Expression Console
Software (Version 1.4.1.46, Affymetrix). Background correction and normalization were performed using the
Robust Multichip Average procedure [46]. Differentially expressed genes were identified by moderated t-test
with Benjamini-Hochberg P-value adjustment. An absolute fold change>1.5 coupled with an adjusted
P-value < 0.05 were considered significant.

Wikipathways analysis

Transcriptional signatures of MG132, BTZ, CLC and Eerl were analyzed for pathway annotation.
WikiPathways analysis was performed using the R software version 3.2.3 utilizing the Bioconductor package
org.Hs.eg.db [47].

Extended proteostasis gene signature

We compiled an extended ERAD/proteasome gene signature. We obtained a list of known ERAD/proteostasis
genes [23]. We then constructed a gene-centric interaction network based on the STRING 10.0 interactome
database. Querying this network with the candidate genes yielded multiple network subcomponents. We identi-
fied genes that could parsimoniously bridge these subcomponents, yielding a set of additional ERAD/proteosta-
sis candidate genes. We subjected these candidate genes to a manual review to positively establish their
involvement in ERAD/proteostasis, assessing whether they were annotated with GO terms related to ER
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protein folding, UPR or ERAD. Finally, the candidate gene list was augmented by adding ubiquitin associated
E1/E2 and proteasome-associated genes utilizing the respective HGNC gene lists. Three hundred and fifty-seven
genes were identified that are in the described context with proteostasis.

Statistical analysis

Statistical data analysis was carried out using GraphPad Prism 5 (GraphPad Software Inc., U.S.A.), Excel soft-
ware (Microsoft, U.S.A.) and R software (R Foundation). Experimental data are given as mean+ SD.
Differences between treatment groups were analyzed using One-way ANOVA with post-hoc Dunnett test as
indicated (¥, **, ***, ****P-values of 0.05, 0.01, 0.001 and <0.0001). The number of independent experiments is
indicated in the figure legends.

Results

Abnormal changes in Fabry patient-derived fibroblasts

Enzymatic o-Gal A activity in patient-derived fibroblasts from adult male hemizygous Fabry patients harboring
the variants p.R301Q (GLAPROIQ0y 40q p.R301G (GLAPR301G/0) yuas initially compared with four fibroblast
cell lines from healthy age and sex-matched donors (WT 1-4) (Figure 1A). The values for the enzyme activity
in GLAP®'Q° (1670 +3.70 nmol 4-MU/mg protein/h) and GLAPF*'S° (1228 (+4.93) nmol 4-MU/mg
protein/h) fibroblasts, respectively, were reduced compared with the WT cells (58.5 (+31.1) nmol 4-MU/mg
protein/h). Both common FD storage products lyso-Gb3 and Gb3 were also analyzed. Lyso-Gb3 showed a sig-
nificant increase in both patient cell lines compared with WT1 cells (Figure 1B). The Gb3 level of GLAPR3® e
fibroblasts was also found to be elevated (Supplementary Figure S2).

Proteostasis regulators as effective a-Gal A enhancers

In this study, we first screened 23 PRs as potential variant a-Gal A activity enhancers (Table 1). To this end,
GLAP™1¥° fibroblasts were treated with proteostasis regulating substances of varying concentrations for 5
days. For the treatment with DGJ and all DGJ combinations, a 6-h non-treatment phase was applied before
cells were harvested (see Materials and methods). A substance was considered effective if the mean value of
enzyme activity increased by more than 1.2 times compared with untreated GLAP™**'?" fibroblasts and statis-
tical significance was obtained from at least three independent measurements. The proteasome inhibitors
MG132, BTZ and CLC were classified as effective activity enhancers of variant p.R301Q. Enzyme activity in
GLAPR¥ A cells was elevated up to 2.1-fold by MG132 and BTZ, which is comparable to the 1.9-fold increase
observed with 50 pM DGJ (Figure 2A). CLC increased the activity of o-Gal A up to 1.7-fold. The
concentration-dependent effect of the active PRs is shown in Supplementary Figure S3. When testing the sub-
stances with GLAP™%'%" fibroblasts, the concentrations most effective in the GLAP™'@° cells showed a high
efficacy, enhancing the variant p.R301G enzyme up to 6.5-fold (MG132), 8.5-fold (BTZ) and 4.1-fold (CLC),
respectively (Figure 2B).

Proteostasis regulators with synergistic effects in combination with DGJ

Both the GLAP®¥!Q% 4nd the GLAP®"° el lines were treated with a combination of the PRs and 50 pM
DG]J. After 5 days of treatment, o-Gal A activity was significantly increased when compared with the single
treatment with DGJ (Figure 3A,B). Evidently, MG132 and BTZ increased the DGJ effect from 2-fold up to
6.5-fold and 6.8-fold, respectively, in GLAPR3Q (ells and up to 13.2-fold and 17.8-fold, respectively, in
GLAP™15% cells. The combination of DGJ and CLC resulted in a 4-fold and 7-fold increase in enzyme activ-
ity in GLAPF*1Qe and GLAP®3S fibroblasts, respectively. Eerl, which inhibits the Sec61-mediated protein
translocation from the ER into the cytosol, had no significant effect in GLAP™** 2 fibroblasts when used as a
single substance (Figure 2A), but in combination with DGJ, a significant effect beyond that of DGJ single treat-
ment was observed up to 3.3-fold of the untreated and 1.9-fold of the DGJ single treated state, respectively
(Figure 3A). In GLAP0Ge els 4 4.3-fold increase above untreated and 2.2-fold above DGJ single treatment
was achieved (Figure 3B). Hence, Eerl was evaluated as an effective substance. The secretolytic and mucoactive
agent Ambroxol (ABX) was formerly described as a potential PC for FD [35]. ABX at a concentration of
10 wM slightly elevated the effect obtained with DGJ single treatment by 1.1-fold in GLAP™%'@' (Figure 3A)
and by 1.3-fold in GLAP™%'%" fibroblasts (Figure 3B), respectively. Even though this was a bit less than the
effect observed on these two variants in HEK293H cells in the previous study, ABX was included in the further
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Figure 1. Determination of the pathophysiology of Fabry patient-derived fibroblasts.

{A) WT and FD fibroblasts were cultured for 5 days. Cell homogenates were used to determine enzyme activity with
4-methylumbelliferyl-u-o-galactopyranoside as a substrate. Shown is the substrate tumover per hour per mg protein as the
mean. The wild-type control bar represents the activity obtained from four different fibroblast cell lines. The data are reported
as mean + SD. Each individual wild-type cell line was tested at least four times. The FD cell activity was obtained from 16
independent experiments. (B) WT1, GLAP30@ ang GLAP-RI91S fihroblasts were cultured for 7 days followed by lyso-Gb3
determination, which was normalized to the protein amount in each sample (left y-axis). The data are reported as mean +SD ng
lyso-Gb3/mg protein (left y-axis) and fold change (right y-axis) from three independent experiments. Statistics: Differences
between the groups were analyzed using One-way ANOVA with post-hoc Dunnett test (%, **, *™, ***"P-values of 0.05, 0.01,
0.001 and <0.0001). For (B), the statistical evaluation refers to the left y-axis.

analyses. The remaining PRs listed in Table 1 were inactive in both single and combination treatment with
DGJ (data not shown).

Based on the BLISS independence model, the synergistic mechanism of action was determined for the com-
binations of DGJ plus BTZ. The BLISS model provides a formula for the investigation of the interaction of two
simultaneously applied compounds to determine the efficacy of combination treatments. To examine the
dynamics of the most effective combination treatment, different concentration ranges of DGJ (1-200 wM) and
BTZ (1-10 nM) were combined for the treatment of GLAP™'Y° fibroblasts (Figure 3C). Exceeding the clinic-
ally achievable plasma concentration by 20 times, DGJ at a concentration of 200 pM triggered an increase in
o-Gal A activity up to 60% of the mean normal activity obtained from four WT fibroblast lines (35.3
(+5.4) nmol 4-MU/mg protein/h). However, only 5 nM BTZ were sufficient to increase the activity of variant
o-Gal A in combination with the clinically effective 10 pM DGJ up to the normal level (84.6 (+6.8) nmol
4-MU/mg protein/h). The maximum effect was achieved with the combination of 200 pM DGJ + 5 nM BTZ.
To get a better overview of the synergy of DGJ and BTZ, an analysis based on the BLISS independence model
was performed. Drug interaction of BTZ and DGJ in the GLAP™'?" fibroblasts featured synergy as demon-
strated by the BLISS synergy scores of the combined treatment (Figure 3D).

Bortezomib corrects the Fabry-related cellular phenotype

The o-Gal A protein undergoes a complicated process involving folding and transport in the cell en route to
the lysosome. Higher enzyme activity should correlate with an improved processing of variant o-Gal A. For a
quantitative assessment of o-Gal A, GLAP®*%'Y° fibroblasts were treated with DGJ and BTZ for 5 days with
subsequent washout for 6 h. The occurrence of several N-glycosylated o-Gal A forms renders its quantification
difficult (Figure 4A). In vitro deglycosylation of the enzyme prior to western blot analysis using PNGase F was
applied to collect all cellular o-Gal A forms in a distinct band for a more comprehensive measurement
(Figure 4B). Quantification of the indicated 39 kDa band revealed a reduced «-Gal A protein level by half in
the GLAP®¥'9% cel] line in relation to WT1 fibroblasts (Figure 4C). o-Gal A level tended to be slightly elevated
after the single treatment with 50 pM DGJ or 5 nM BTZ to 1.3-fold and 1.5-fold, respectively (Figure 4C). In
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Table 1 Panel of proteostasis regulators used in this study
Proteostasis regulator
Molecular function Small molecule Disease examined reference
Ca™" channel blocker Lacidipine Gaucher disease Wang et al. Chem Biol.
(2011)
Dartrolene Gaucher disease Wang et al. ACS Chemn.
Biol. (2011)
Ong et al. Nat. Chem. Biol.
(2010)
Diltiazem Gaucher disease Ong et al. Nat. Chem, Biol.
(2010)
Coinducer of heat shock Armoclomol NPC1 Kirkegaard et al. Sci
proteing HSPs) Transl. Med. (2016)
Inhibitor of cyclooxygenase lbuprofen Cystic fibrosis Carlile et al. J. Cyst Fibros.
(2015)
ERAD inhibitor 17-AAG (HSPOO) Glioblastoma Sauwvageot et al. Neuro
multiforme Oncal. (2009)
Bortezomib (proteasome) Pompe disease Shimada et al. JIMD Rep.
(2015)
Celastrol ( proteasome) Gaucher disease, Mu et al. Cell (2008)
Tay-Sachs disease
Clasto-Lactacystin Fabry disease Ishii et al. Biochem. J.
B-lactone (proteasome) (2007)
Eeyarestatin | (VCP) Gaucher disease Wang et al. J. Biol. Chem.
(2011)
Kifunensine (MAN1B1) Gaucher disease Wang et al. J. Biol. Chem.
(20171)
MG 132 (proteasome) Gaucher disease, Mu et al. Cell (2008)
Tay-Sachs disease
Pifithrin-p. (HSP70) Cancer Leu et al. Mol. Cell (2009)
Pyrd1 (ubiguitination) Fabry disease Lukas et al. Mol Ther.
(2015)
Ritonavir (proteasome) Solid malignancles Kraus et al. Mol. Cancer
Ther. (2008)
SAHA (histone NPC1, Pipalia et al. Proc. Natl
deacetylase) Gaucher disease Acad. Sci. U.S.A. (2011),
Lu et al. Proc. Nall Acad.
Sci U.S.A. (2011)
TSA (histone deacetylase) NPCA Pipalia et al. Prac. Natl
Acad. Sci. U.S.A. (2011)
MNa” channel blocker/PC Ambroxol Fabry disease/Pompe Likas et al. Mol. Ther.
disease, (2015),
Gaucher disease McMeill et al. Brain (2014)
PC DGJ Fabry disease Fan et al. Nat. Med. (1999)
Peroxisome Rosiglitazone (PPARY) Fabry disease Lukas et al. Mal. Ther.
Proliferator-Act-ivated Receptor (2015)
agonist Pioglitazone (PPARY) Alzheimer's disease Papadopoulos et a. FLoS
One (2013)
16d-PGJ, (PPARY) Multiple myeloma Sperandio et al. Exp. Mol.
Pathol. (2017}
Bezafibrate (PPARw/&/y) Fabry disease Liukas et al. Mol Ther.
(2015)
accordance with the enzyme activity measurement (Figure 3A), the combined treatment with DGJ/BTZ
increased the o-Gal A to supraphysiological levels.

It is not possible to prove with certainty how high a potential gain in protein stability or enzyme activity
must be in order to restore normal cell physiology and, hence, provide a clinical benefit. Therefore, an import-
ant result of the treatment is a functional reduction in pathophysiological lyso-Gb3 levels. GLAPT"1@e
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Figure 2. Enhancement of mutant a-Gal A activity by proteostasis regulators.

GLAP-FR01%e (8) and GLAPT3U1S/ (B) fibroblasts were treated for 5 days with the pharmacological chaperone DGJ and different
proteostasis regulating drugs (MG132, BTZ, CLC and Eerl). Reported enzyme activity was normalized to the activity of
untreated mutant control cells. Data are reported as mean = SD of at least three independent experiments. One-way ANOVA
with post-hoc Dunnett test was carried out to test statistical significance (7, **P-values of 0.05 and 0.001); n.s., not significant.

fibroblasts were treated with 50 pM DGJ and 5 nM BTZ for 7 and 14 days with a subsequent washout for 4
days. After 7 (+4) days, DGJ (10%) and BTZ (32%) single treatment caused an insignificant reduction in
lyso-Gb3 in the cells (Figure 5A). In contrast, the combination of DGJ and BTZ lowered the cellular lyso-Gb3
significantly by 49%. Increasing treatment time to 14 days did not improve the effect of DGJ but enhanced the
BTZ effect after single treatment (60%) as well as in combination with DGJ (70%) (Figure 5B). However, the
differences between the 7-day and 14-day treatment have not been significant being P =10.2140 for the single
and P =0.4081 for the combination treatment (unpaired two-sample f-test). The lyso-Gb3 clearance after the
single and combined treatment with DGJ and BTZ followed relatively slow kinetics. It behaves in an almost
linear way within the monitored time of the experiment. Moreover, the lyso-Gb3 level is far from normal,
being 3.8 times higher than in the control fibroblast cell line after the 14-day treatment. Enzyme activity,
however, approached (in case of DGJ, BTZ single treatment) or even exceeded (in case of combined treatment)
the normal level after 5 days (compare Figures 2A and 3A). Therefore, we wanted to determine how enzyme
activity changes during prolonged exposure to treatment and whether the effect can become exhausted, or
potentially, increase over time. At first, only the duration of treatment was adjusted to 14 days, but the washout
time was left at 6 h specified for DG] (Figure 5C). As expected, enzyme activity increase after DGJ] and BTZ
single treatments remained relatively stable compared with 5 days. A slight trend was observed indicating a
stronger increase using longer incubation periods (DGJ: 1.9-fold (5 days) vs. 2.3-fold (14 days), P=0.0173;
BTZ: 2.1-fold (5 days) vs. 3.0-fold (14 days), P=0.0921, unpaired two-sample t-test). The combined treatment
was significantly more effective and achieved a 24-fold increase in the initial activity (DGJ/BTZ: 6.8-fold (5
days) vs. 24.0-fold (14 days), P <0.0001, unpaired two-sample t-test). We then adjusted the washout period
likewise to 4 days in accordance with the lyso-Gb3 experiments (Figure 5D). The DG]J effect resembled the
level observed for the 5-day treatment and 6-h washout regimen while the beneficial effect of BTZ single treat-
ment on the o-Gal A activity could not be observed after 4 days of washout. The combined treatment of DGJ
and BTZ yielded an elevation identical with the level observed for 5-day treatment and 6-h washout (6.8-fold).
Although the combination treatment after 4 days of washout still resulted in a significant increase in activity
compared with the DG]J single treatment, the reduced activity compared with the 14-day treatment and 6-h
washout (6.8-fold vs. 24.0-fold, P < 0.0001, unpaired two-sample t-test) indicates that a part of the BTZ effect
was eliminated by the discontinuation of treatment.

Altogether, these data suggest that the DG]J effect on a-Gal A will persist for prolonged periods of time when
treatment is discontinued. Although the effect produced by BTZ is temporary and decreased rapidly when cells
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Figure 3. Drug synergy of PRs and the pharmacological chaperone DGJ on Fabry disease mutants.

GLAP-R3010 (8) and GLAPR015% (B fibroblasts, respectively, were treated with combinations of DGJ and various PRs.
Reported enzyme activity was normalized to the activity of untreated mutant control cells. For the statistical evaluation, DGJ
treatment was compared with the untreated condition, the combinations were compared with DGJ single treatment. (C) Drug
interaction landscape for enzyme activity in GLAPR3Y2/ fibroblasts was established for DGJ and BTZ. (D) Drug interaction
landscape for enzyme activity in GLAPF3019% fibroblasts based on the BLISS model revealed BLISS Synergy Score of 34.3 as
the representative mean of all calculated single Synergy Scores. Data in (A) and (B) are representative of mean + SD of at least
three independent experiments. Data in (C) and (D) are reported as mean of 3 independent experiments. Statistics (A,B):
One-way ANOVA with post-hoc Dunnett test (*, **, *“P-values of 0.05, 0.01 and 0.001).

were no longer exposed to treatment, the BTZ effect could reach very high levels through prolonged treatment
time (Figure 5C). Moreover, the lyso-Gb3 reducing effect of BTZ also appears to be sustainable in the inter-
rupted treatment regime (Figure 5A,B). The GLAP®**1° fibroblasts showed a significant reduction in lyso-Gb3
with all applied substances using the 7 (+4)-day washout treatment regimen (Figure 5E) and confirmed the
principle trend in the GLAP**'Y cells.

Proteostasis regulators display different effects on the proteasome

The proteasome is a major effector of the PRs by definition, and MG132, BTZ and CLC are known inhibitors
of the proteasomal activity. The decrease in proteasomal function in GLAPR¥1Q° fibroblasts was observed after
the application of the effective concentrations of MG132, BTZ and CLC, but the level of reduction was obvi-
ously very different being 19.8%, 56.5% and 1.5% of the normal activity, respectively (Figure 6A). A concentra-
tion of 50 nM BTZ could further lower the proteasomal activity but had no additional effect on variant o-Gal
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Figure 4. Protein level of a-Gal A in GLAPR®19 fihroblasts after treatment with DGJ and BTZ.

WT1 cells and GLAPF1% fiproblasts were treated for 5 days with 50 .M DGJ and 5 nM BTZ with subsequent washout for

6 h. (A) Protein level of a-Gal A was reduced in GLAPT99% finrablasts in comparison with WT1 cells. Treatment with DGJ and
BTZ increased the protein level of a-Gal A in GLAP™'?" fibroblasts above the WT level. (B) Deglycosylation with PNGase

F prior to western blot resulted in a condensation of all antibody-reactive material in a distinct band at ~39 kDa. (C)
Quantification of (B). Fluorescence intensity of the «-Gal A bands was normalized to the corresponding GAPDH band and to
untreated GLAPF31%% cells. Data represent three independent experiments and are plotted as mean = SD. Statistics:
Differences between the groups of treated GLAPF9""“/ fibroblasts were analyzed using One-way ANOVA with post-hoc
Dunnett test (*P-value of 0.01); n.s., not significant.

A activity (Supplementary Figure S3C). Thus, BTZ was most effective in increasing the activity of ¢-Gal A at
sub-IC50 concentrations related to proteasomal inhibition [48]. Application of DG]J, Eerl and ABX had no
effect on the proteasome. Celastrol (CTR) was included in this analysis as a proteasomal inhibitor that was
unable to increase c-Gal A activity in the GLAM*'?? cells in order to obtain a mechanistic explanation for
this finding. Treatment with CTR resulted in an inhibition of the proteasomal activity down to 75.0%. It is
crucial to investigate whether there is a critical threshold of proteasomal activity necessary for the rescue of
variant o-Gal A or, more generally, whether regulation of the degradation of o-Gal A via the proteasome is a
relevant factor at all.

GLA gene expression elevation in GLAPR319% ce|ls by proteostasis regulators

PRs have an impact on the transcriptome. An obvious suspicion is that the PRs investigated here up-regulate
the mutated GLA gene itself. Thus, we tested whether the effective PRs could trigger GLA gene expression in
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Figure 5. Lyso-Gb3 level and a-Gal A activity in GLAPR3%19/° cells in response to prolonged treatment with DGJ and
BTZ.

GLAP-R3010% finroblasts were treated for 7 days (A) or 14 days (B) with 50 pM DGJ, 5 nM BTZ and the DGJ/BTZ combination
with subsequent washout for 4 days. Lyso-Gb3 values were normalized to DMSO-treated GLAPR319 cells. The white
barshows the lyso-Gb3 level in DMSO-treated WT1 fibroblasts. (C) «-Gal A activity after the prolonged 14-day treatment and
6-h washout analogous to the described treatment scheme (Figure 2) and (D) an additional 4-day washout. Reported enzyme
activity was normalized to the activity of untreated mutant control cells. For the statistical evaluation, DGJ and BTZ

single treatments were compared with the untreated condition, the combination was compared with DGJ single treatment. (E)
GLAP-R301G" fihroblasts were treated for 7 days as in (A) and lyso-Gb3 was normalized to the DMSO-treated cells. All results
are normalized to the untreated GLAP-P01%¢ cells, Data are plotted as mean = SD from 4 (A) or 3 (B-E) independent
experiments. Statistics: Differences between the groups were analyzed using One-way ANOVA with post-hoc Dunnett test

(%, =, ""P-values of 0.05, 0.01 and 0.001); n.s., not significant.

the GLAP™9'Y° fibroblasts. MG132, BTZ, CLC and Eerl induced increases in expression levels of up to
7.9-fold, 8.4-fold, 9.2-fold and 5.4-fold (Figure 6B). The application of DGJ] and ABX had no effect on GLA
expression. CTR increased the expression level of GLA up to 2.6-fold which indicates that the ability to elevate
GLA gene expression is an important, but not an exclusive attribute of a PR that acts as an enhancer of o-Gal
A activity, and it appears that a critical limit must be exceeded to trigger a functional enzyme activity boost.

Potential role of transcriptional regulation in a-Gal A activity restoration

Given the global impact of PRs on the transcriptome and the proteostasis interactome, in particular, it is of
great relevance to identify genes whose expression level in the cell is significantly altered by the effective PRs.
Unbiased transcriptional profiling could unveil deeper mechanistic insights into PR function and lead to the
identification of new therapeutic targets. Whole transcriptome microarray analysis was therefore performed on
GLAPROIQe G oblasts after treatment with DGJ and the effective PRs.

We performed principal component analysis (PCA) on the global gene expression profiles (29 799 probesets)
(Supplementary Figure S4). Broadly, the samples can be grouped into three clusters, which are distinguished by
their PC1 scores, having high inter- and low intra-cluster variance. One of the clusters comprises the untreated
DMSO controls, single treatments of ABX and DGJ and the combination treatment thereof. This indicates that
the global impact of those treatments on the transcriptome is rather limited. On the other hand, a cluster

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).
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Figure 6. PRs show distinct effects on proteasomal activity and GLA gene expression in GLAPT®%19% fiproblasts.

(A) Proteasomal activity under the influence of proteostasis regulators. GLAP-F319 fibroblasts were PR-treated for 2 h and
immediately harvested in PBS. The obtained cell suspensions were then used for the luminometric measurement of
chymotrypsin-like proteasomal activity. Results were nomalized to the DMSO-treated GLAP ™% cells, The data are reported
as mean + SD of five independent experiments. Statistics: One-way ANOVA with post-hoc Dunnett test (%, **, ***P-values of
0.05, 0.01 and 0.001); n.s., not significant. (B) PRs with different effects on GLA expression. Relative GLA mRMNA expression
was analyzed by quantitative RT-PCR. Ahead of RT-PCR, GLAP"*'®" fibroblasts were treated for 24 h with indicated
concentrations of PRs. The data represent 3-5 independent experiments and are plotted as mean + SD relative to DMSO
treatment. Statistics: Differences between the groups were analyzed using One-way ANOVA with post-hoc Dunnett test

%, **, ""P-values of 0.05, 0.01 and 0.001); n.s., not significant.

containing single treatments of BTZ and MG132 and the combination treatment of the latter with DGJ is
located at a considerable distance from the cluster containing the controls, indicating a major impact on tran-
scription. This is in line with our findings on the phenotypic effects of these proteostasis modifiers as shown
above. Finally, a cluster containing CLC and Eerl features PCl scores close to zero; this suggests that the tran-
scriptomic effect of those drugs is smaller than that of MG132 and BTZ. Furthermore, the underlying gene
expression changes are likely to affect distinct sets of genes, implying different modes of action of the drugs.

The treatment with MG132 and BTZ regulated the expression of 1332 and 1060 genes, respectively
(Supplementary Tables S2 and $3). CLC and Eerl changed the expression of 471 and 512 genes, respectively.
The intersection of those four sets of differentially expressed genes contained 235 genes. Treatment with DGJ
and ABX caused no substantial change in gene expression, with zero and two differentially expressed genes,
respectively. We identified 86 biological pathways by enrichment analysis using the WikiPathways collection
[49] that show gene content overlap with the 235 consensus genes, and calculated the statistical significance
thereof; Table 2 gives the most significant pathways (P<0.001, hypergeometric test) of which
Hs_Proteasome_Degradation (WP183), Hs_Parkin-Ubiquitin_Proteasomal_System_pathway (WP2359) and
Hs_NRF2_pathway (WP2884) stand out, as these are directly proteostasis-related pathways. Other pathways
such as Hs_Histone Modifications (WP2369), Hs_Cell Cycle (WP179) and Hs_Nucleotide Metabolism
(WP404) may be indicative of involved gene regulatory mechanisms. An effect on various
proteostasis-associated pathways can also be demonstrated using the differentially expressed genes of each indi-
vidual treatment (Supplementary Tables S4-57).

To obtain a more proteostasis/ERAD focused view, we intersected the list of differentially expressed genes
with our proteostasis genes identified (see Materials and methods). Indeed, of the 357 proteostasis-related
genes, 6 were not annotated on the microarray and, hence, excluded from the analysis, and 64 (18.2%), were
differentially expressed in at least one of the treatments (Figure 7A, Tables 3, Supplementary Tables S8 and 59),
significantly more than expected by chance (P <4.13 x 1072°, hypergeometric test). It is of note that of those
64 differentially expressed genes, 60 were up-regulated, while only 4 were down-regulated, in at least one treat-
ment (Figure 7A). Altogether, 29 signature genes were common to all four treatments (BTZ, MG132, CLC and
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Table 2 Overrepresented signaling pathways within the intersection of
global transcriptional signatures obtained from MG132, BTZ, CLC and

Eerl

No. WIKI pathway

1 Hs_Proteasome_Degradation_WP183

2 Hs_Histone_Modifications_WP2369

3 Hs_Retinoblastoma_(RB)_in_Cancer_WP2446
4 Hs_Parkin-Ubiquitin_Proteasomal_System_pathway WP2359
5 Hs_Gastric_Cancer_Network_1_WP2361

6 Hs_Pentose_Phosphate_Pathway_WP 134

7 Hs_NRF2_pathway WP2884

8 Hs_Benzo{a)pyrene_metabolism_WPE96

9 Hs_Cell_Cycle_WP179

10 Hs_Polyol_Pathway_WPE30

11 Hs_Nucleotide_Metabolism_WP404

12 Hs_Oxytocin_signaling_WP2889

Shown are the significantly overrepresented pathways with the 12 lowest corresponding
P-values. bold: protecstasis-asscciated pathways.

Eerl). Fifty-seven genes underwent differential expression upon BTZ treatment (Figure 7B). Mapping these
genes on the functional chart of proteostasis suggests their involvement in subcategories like ‘misfolded protein
recognition’ and ‘proteasomal degradation’ (Figure 7C). To investigate whether there were already differences in
baseline gene expression in the GLAP™**'Y® cells, we compared the gene expression profiles of the FD cells
with the 4 WT cell lines. PCA was applied to all 29 799 (Supplementary Figure S5A) and the 351 proteostasis
related (Supplementary Figure S5B) probesets. The high inter-cluster variance was observed for all five cell lines
indicating that the FD cells were no less different than the WT lines among themselves. A more detailed view
at the proteostasis genes showed no signs of differential regulation or ER stress. Only 19 genes were different
between the GLAP ™' (ells and at least one WT line, but not a single proteostasis gene showed rectified
regulation to all 4 WT lines (Supplementary Figure S5C).

Discussion

The aim of the present study was to identify candidate small molecules able to increase mutant a-Gal A activity
in patient-derived fibroblasts, and to provide a deeper understanding of the mechanisms initiated by the PRs
that may be responsible for the effect on 0-Gal A. We have demonstrated the efficacy of the PRs MG132, BTZ,
CLC and Eerl as potential drugs for FD by increasing enzyme activity of variant forms of the o-Gal A. We
have further shown synergistic increase in mutant o-Gal A activity by combination of PRs with the clinically
approved drug DG]J (trade name: Galafold [50]). The results of the current study can, therefore, be a valuable
indication for a future clinical combination application of PRs with one of the approved treatments, e.g. the
PC.

Due to a large number of variants leading to marginally stable a-Gal A protein, FD can be referred to as a
protein misfolding disease for this portion of the variants. Misfolding of «-Gal A results in premature proteaso-
mal degradation of the often still catalytically active enzyme [34]. Thus, an insufficient number of enzyme
molecules are transported to the lysosomes, resulting in a diminished degradation of substrates and their accu-
mulation within the cells and the extracellular space [6,51,52]. A first step towards the elimination of cellular
dysfunction in protein misfolding diseases associated with loss-of-function mutations seems to be to increase
the reduced protein amount of the damaged protein or enzyme in the cells. Proteostasis regulating drugs are
interesting options to correct these particular phenotypes. In an approach to identify novel highly effective PRs
and unravel their mode of action, we identified BTZ amongst others as being (i) highly effective and (ii) super-
ior to the FDA-approved PC DGJ in attenuating hallmark pathology (increase in a-Gal A activity and decrease
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Figure 7. Proteostasis-associated transcriptional signature of PR-treated GLAPR2019/ fiproblasts.

(A) VENN diagram of differentially expressed proteostasis genes after the treatment of GLAPF?19 fibroblasts with PRs. An
intersection of 29 proteostasis genes was differentially expressed in all four treatments. The majority of the proteostasis genes
was up-regulated and only a few were down-regulated. For detail, please refer to Supplementary Tables S8 and S9 (B)
Heatmap of the 57 BTZ-regulated genes. (C) Visualization of the proteostasis gene signature of BTZ on a functional chart of
ERAD/proteostasis. The chart includes 254 of the 357 manually reviewed proteostasis components based on their biological
function in the network. Differentially expressed genes are indicated in red (up-regulation) and green (down-regulation).
Differential gene expression was defined by >1.5-fold difference with a P-value threshold of 0.05.

Table 3 Number of differentially expressed proteostasis genes after the treatment with DGJ and PRs

Treatment
Genes DGJ MG132 BTZ CLC Eel ABX DGJ+MG132 DGJ+Eerl DGJ+ABX
Up-regulated genes 4] 58 55 36 35 ¢} 64 4
Down-regulated genes 0 4 2 0 3 0 3 2
Sum of regulated genes 0 62 57 36 38 0 67 43
© 2020 The Authors). This is an open access arficle published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 373
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in biomarker lyso-Gb3 levels in patient fibroblast) by acting on several involved pathways (increasing gene
expression, decreasing proteasomal activity). Of note, BTZ is an FDA-approved proteasome inhibitor for the
treatment of plasmocytome (trade name: Velcade * [53]) and is thus available for re-positioning approaches.

In the GLAP™'@° fibroblasts DGJ was able to increase enzyme activity in a concentration-dependent
manner. A 2-fold increase in enzyme activity restored ~60% of wild-type activity in the GLAP ™' fibroblasts
cells at a concentration of 200 wM (Supplementary Figure S3A). Nevertheless, a washout phase of 6 h after
treatment had to elapse to unfold the full DG]J effect. The screening of different PRs revealed that MG132, BTZ
and CLC showed the ability to increase the activity of o-Gal A as well, with concentrations of 0.3 pM (for a
2.1-fold increase), 0.005 M (2.1-fold increase) and 5 uM (1.7-fold increase) for MG132, BTZ and CLC,
respectively (Figure 2A). Eerl was able to increase a-Gal A activity in combination with DGJ above the level of
the single DGJ treatment and was, therefore, also regarded as an effective PR. The optimal concentration of
BTZ to increase o-Gal A activity was 5 nM and, therefore, lower than BTZ concentrations used in other studies
on NPC1 and Pompe disease [20,54].

The results for a second cell line, GLAPT**'%" fibrablasts, could reproduce the efficacy of the individual PRs,
using the most effective concentration established in the first cell line. It is noteworthy that the treatment with the
PRs MG132, BTZ and CLC as a mono-therapy as well as in combination with DGJ showed a trend towards a
stronger responsiveness of the p.R301G variant than observed in the GLAPT¥!° cells. Eerl also tended to be
effective as a mono-therapy in the GLAP™*"'% fibroblasts (FC: 1.54 +0.14, not significant, Figure 2B) at a con-
centration of 6 LM, while no activity change was observed in GLAP™*'¥® fibroblasts (FC: 1.09 + 0.25, not signifi-
cant, Figure 2A). DGJ, on the other hand, demonstrated a comparable efficacy in both fibroblast lines. It is still
too early to conclude about the different responsiveness of the two GLA variants since only one cell line per geno-
type was tested. Although there is not much work on genetic and epigenetic factors as FD phenotype modifiers, it
can be assumed that there are factors independent of the primary GLA gene mutation that have a direct influence
on o-Gal A activity in cell culture and may thus also have an influence on the PR effect. Yet, it is not unlikely
that the p.R301G variant may have a higher effect potential for the PRs used. Since p.R301Q and p.R301G are
known DGJ] amenable GLA gene variants [5,55], we can only speculate whether non-amenable variants also
respond positively to the PRs. Due to the observed promising effects on variant enzyme activity and the bio-
marker lyso-Gb3, an extension of the mutation spectrum should be considered in future studies. Even though we
only assessed cells from male hemizygous FD patients, PR treatment is a mutation-specific therapy such as the
PC therapy. Therefore, the tested drugs have the potential for usage in both male and female patients likewise as
is the case with PC therapy, provided the therapy is approved for the respective variant [56].

The approach to administer combinations of a chaperone and a compound with the capability to remodel
cellular proteostasis is relatively new, but it has already been shown to be a promising approach to render
future therapies more efficient [57]. In the present study, it was demonstrated for the first time that the use
of DGJ in combination with the PR BTZ leads to a synergistic increase in variant o-Gal A activity. The
combination of the clinically approved DGJ and BTZ even normalized o.-Gal A activity in the patient cells.
The combination of therapeutically used 10 pM DGJ [58] with 5 nM BTZ increased the enzyme activity in
GLAPT3Q% fibroblasts up to the normal level (compare Figure 3C). It is worth mentioning that the
maximum plasma concentration of BTZ during standard therapy of patients with multiple myeloma is
~290 nM [53,59]. The most effective concentration of BTZ for increasing a-Gal A activity in this study was
5 nM. This high potency of BTZ with regard to enzyme activity increase is a good prerequisite for initiating
long-term studies with BTZ. Since FD is a progressive genetic disorder and the therapy has to last a lifetime,
the use of a low concentration formulation will likely reduce adverse effects.

It has already been described that lyso-Gb3 contributes to the pathophysiology of FD [3,60]. A recent study
suggests plasma lyso-Gb3 as an appropriate clinical marker to measure the biochemical response to DGJ since
the levels were found to reflect the disease course in the patients examined [61]. Lyso-Gb3 induces the prolifer-
ation of smooth muscle cells in vitro [3], inhibits cell growth and differentiation of fibroblasts [62] and contri-
butes to the sensitization of peripheral nociceptive neurons [60]. Thus, therapeutic intervention is expected to
reduce lyso-Gb3 in order to improve FD pathology. After a period of 7 days the BTZ treatment lowered
lyso-Gb3 by 32% in GLAP ™™ ¥° fibroblasts (Figure 5A), after 14 days, the cells demonstrated a 60% reduction
(Figure 5B). Even though enzyme activity was close to normal (or even completely normalized in the DGJ/BTZ
combination), lyso-Gb3 clearance progressed slowly. After 14 days the level was still markedly above the level
within the wild-type cells. Of note, lyso-Gb3 was only marginally reduced by DG]J even though mono-therapy

was as effective as the BTZ mono-therapy when considering enzyme activity. Since DGJ is a reversible
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competitive inhibitor of «-Gal A and acts as active-site-specific chaperone [63], its efficacy seems to depend
very much on the washout period and not on the on-treatment period, as after 7 (+4)-day and 14 (+4)-day
washout phases no significant difference was found. Another study has demonstrated that Gb3 degradation was
inhibited by the structurally similar lyso-Gb3 in vitro and in vivo, likely due to direct inhibition of o-Gal A [3],
which may jeopardize the usefulness of ERT or another inhibitor of the enzyme such as DGJ for certain
advanced FD patients with very high lyso-Gb3 levels.

In contrast, the obtained reduction using BTZ seems to be linear to the ‘on-treatment’ period, as the doubled
treatment duration led to a further ~50% reduction in the lyso-Gb3 level. BTZ function could be influenced by
its ability to increase autophagy [64,65] and lysosomal exocytosis [66], which could contribute to the better
clearance effect in an o-Gal A independent manner. This argues for an extension of the range of applications
to patients who carry variants that do not respond sufficiently to DGJ or who do not express any functional
enzyme at all, for example in combination with ERT [67]. Despite therapeutic success in FD patients harboring
the amenable p.N215S o-Gal A variant, in which it was also noted that lyso-Gb3 was reduced under treatment,
chaperone treatment may not be sufficiently effective for all gene variants whose in vitro amenability is proven
[61]. Combination therapy using DGJ/BTZ is highly likely to be a more effective option here.

Mechanistically, we were able to highlight that an important aspect of effective PRs in FD is the ability to
induce GLA gene expression. It has already been shown in a previous study that GLA expression is particularly
highly responsive to MG132 treatment compared with other lysosomal genes in Gaucher patient fibroblasts
[28]. This conclusion can be extended to the effect that all tested proteasomal inhibitors as well as Eerl cause a
significant increase in GLA gene expression. However, the ineffective CTR also increased GLA gene expression
significantly. In addition, we addressed the aspect of inhibition of proteasomal activity. It has already been
shown that proteasome inhibitors reduce the degradation of misfolded lysosomal proteins, thus increasing their
transport to the lysosomes [15,16,53]. Our data show that the most effective concentrations of MG132, BTZ
and CLC were able to inhibit the proteasome. There are indications that proteasome inhibition plays a central
role in the observed effects on the «-Gal A, but since there appears to be no correlation between the intensity
of proteasome inhibition and the increase in o-Gal A activity, the need for a concomitant proteasome inhib-
ition on the quality of the o-Gal A enhancing effect needs further investigation.

Several studies describe that the mechanism of action of PRs is, amongst others, based on the regulation of
gene expression of proteostasis genes [15,16,27]. Furthermore, it is known that the proteasomal system crucially
influences gene expression [68]. We took a detailed look at gene expression in GLAP™'?° fibroblasts and
demonstrated that the effective PRs have a strong impact on global and proteostasis-associated gene expression.
The transcriptional signatures of MG132, BTZ, CLC and Eerl exhibited regulation of numerous ERAD genes,
most of which were up-regulated. MG132 and BTZ showed similar, only slightly different, patterns regarding
the globally regulated genes. Of the 1332 (MG132) and 1060 (BTZ) regulated genes, 990 were found in both
signatures. Both treatments were statistically indistinguishable (P < 2 x 107'¢, hypergeometric test), indicating
the mechanistic identity and equiefficacy at the applied concentrations that were most effective on variant
o-Gal A (0.3 pM MG132; 5 nM BTZ). However, proteasomal inhibition was significantly different at the con-
centrations we used (Figure 6A), which suggests a subordinate role for the strength of the inhibitory effect.
This is also supported by the fact that the application of 50 nM BTZ increased the inhibition of the proteasome
but did not lead to an increased «-Gal A activity (Supplementary Figure S3C). Furthermore, many proteasomal
genes were induced. One reason for this might be based on the transcription factors Nrfl and Nrf2, whose deg-
radation is reduced under treatment with proteasomal inhibitors [69]. Downstream genes of Nrf2 are related to
oxidative stress [70] and this pathway was identified by our analysis of the signature genes (Table 2). However,
even though Eerl slightly elevated proteasomal activity, proteasomal genes were likewise elevated. Eerl inhibits
the retrograde transport of proteins from the ER into the cytosol, which are intended for degradation. We
speculate that a feedback pathway between proteasome and nucleus leads to an increase in the expression of
proteasomal subunits, as the proteasomes cannot perceive or degrade substrate material due to this blockade.

Transcriptional signatures also demonstrated the regulation of PERK and ATF6 signaling pathways while the
IREI pathway was not affected (Figure 7C). The latter is mainly associated with ERAD while PERK and ATF6
are associated with increased folding capacities in the ER [71]. Various ER-associated chaperones were
up-regulated as well, indicating an increased cellular protein folding capacity. Therefore, the effect on transcrip-
tional regulation may be beneficial to enhance variant o-Gal A. We assume that among the differentially regu-
lated proteostasis components, some could potentially be suitable for more specific pharmacological targeting.
Although the potential to identify new treatment targets these pronounced gene expression signatures, such
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Figure 8. Model of the DGJ and BTZ mechanism leading to synergy in the recovery of a-Gal A function.

o-Gal A level is determined by mRNA transcription and efficiency of synthesis and protein folding. In the state of falsely
incorporated amino acids due to point mutations, there is a shift in the balance between folding and misfolding of the protein.
The pharmacological chaperone DGJ binds to the active site of the enzyme causing the enzyme to fold into a
thermodynamically more stable state and o-Gal A is then less efficiently retained by the ER quality control. BTZ inhibits
proteasomal activity and may, therefore, make a higher amount of «-Gal A available for DGJ. An equally important aspect of
the BTZ effect seems to be its influence on the induction of the GLA gene expression and, speculatively, also the influence on
the expression of many other genes putatively involved in proteostasis. As a result, more «-Gal A leaves the ER and is
transported to the lysosomes.

phenotypes may raise the question of therapeutic versus adverse effects. This aspect should not be ignored
when using proteasomal inhibitors as drug candidates. DGJ, on the other hand, appears to be in this aspect an
extraordinarily neutral drug.

Low molecular mass compounds such as PC and PRs have proven to be promising approaches to overcom-
ing protein folding diseases in recent years. In our study, the mechanisms of action complement each other in
such a way that the synergy of the active substances can be accomplished. While DGJ increases the processing
and transport of variant «-Gal A and therefore reduces its degradation [63], the studied PRs apparently
mediate their effect via effective proteasomal degradation inhibition and a pronounced effect on cellular gene
regulation (Figure 8). The positive-inducing effect on the GLA gene itself, which provides an increased amount
of o-Gal A in the ER for folding and processing indicates the strong association between proteasomal and lyso-
somal systems. Indeed, 33 (7.6%, P <0.006, hypergeometric test) of the 432 annotated signature genes [72]
were differentially expressed in any of the PRs treatments including genes deficient in other LSD
(Supplementary Figure S6, Supplementary Table S10). In sum, the PRs had a vast effect on the cellular gene
expression regulation of degradational pathways, more specifically on the proteostasis network, which is likely
to support the action of the drugs.
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It can be assumed that a positive effect can only be achieved if the properties of the PRs are combined in a
proportion that does justice to the respective misfolded protein variant. In FD, the proteasomal inhibitors
studied here seem to best fulfill this need and are therefore candidates for clinical application.

In conclusion, we identified PRs that effectively elevate mutant o-Gal A activity and reduce lyso-Gb3 in the
cells. The mechanism of action of the effective PRs included marked inhibition of the proteasome and a pro-
nounced elevation of GLA gene expression as two main effectors on o-Gal A enzyme activity. Additionally, we
analyzed the transcriptional effects of the PRs and identified a panel of commonly regulated proteostasis genes.
We suggest that these transcriptional effects describe important aspects that influence the efficacy of PRs.

Availability of data, software and research materials

All materials used to conduct the research in this study will be made available to any researcher for purposes
of reproducing the results or replicating the procedure. Affymetrix GeneChip® Human Transcriptome Arrays
2.0 CEL files are made available via Gene Expression Omnibus (GEQ) database repository.
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