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Abstract

Bi-allelic, pathogenic variants in the GBA2 gene cause hereditary spastic paraplegia subtype 46,
complicated by cerebellar ataxia. The GBA2 gene encodes the non-lysosomal R-glucosidase, also
known as GBA2. This enzyme is involved in the sphingolipid metabolism and catalyzes the breakdown
of glucosylceramide into glucose and ceramide.

To assess consequences of the disturbed sphingolipid metabolism, we have reprogrammed patient-
derived fibroblasts into induced pluripotent stem cells and differentiated these induced pluripotent
stem cells into cortical neurons. These patient-derived cells carry three different pathogenic variants:
Patient 1 carries compound heterozygous variants, comprising of a missense variant in exon 7 and a
nonsense variant in the last exon, exon 17. Two siblings are the carriers of the third pathogenic
variant studied in this work. Both patients carry a bi-allelic premature stop codon variant in exon 4.
As a part of the thesis, | generated isogenic controls by using the CRISPR-Cas9 technique and thereby
restored the enzymatic activity of GBA2 in these patient-derived cells. This technology allows
creating isogenic controls by the correction of the disease-causing variants while preserving the
genetic background of the donor cells.

To reveal differences in the sphingolipid metabolism in a disease-specific background and a disease
relevant cell type, | differentiated patient-derived induced pluripotent stem cells into cortical
neurons and analyzed these neurons via lipid mass spectrometry.

Two lipid classes were increased in patient-derived cortical neurons, these lipids belong either to the
class of dihydro-monohexosylceramides or monohexosylceramides. To verify the relevance of these
results in vivo, we analyzed biofluids, collected from the same patients we obtained fibroblast for
reprogramming induced pluripotent stem cells. Six different hexosylceramide species were measured
in plasma and cerebrospinal fluid samples. Two hexosylceramide species were increased in
cerebrospinal fluid samples and one hexosylceramide species was elevated in the plasma samples.
The same species were elevated in iPSC-derived neurons, demonstrating the relevance of our cell-
based disease model.

As a proof of principle study, | treated patient-derived cortical neurons with different compounds to
decrease hexosylceramide levels in these cells. One compound was Miglustat, an approved
treatment for substrate reduction therapy in Gaucher disease. This glucosylceramidase inhibitor
decreased hexosylceramide levels in cortical neurons originated from two different patients after a
four-day treatment.

These results improve the understanding of implicated mechanisms in this rare subtype of hereditary
spastic paraplegia and present a strategy to lower the hexosylceramide burden in patient-derived
cortical neurons.



Introduction

Hereditary spastic paraplegia

Hereditary spastic paraplegias (HSP) are a heterogeneous group of inherited disorders with the
pathological hallmark of progressive lower limb weakness and spasticity caused by degeneration of
upper motor neurons. Taken together, these rare neurodegenerative diseases have a prevalence of
about 2-10 per 100.000. More than 100 genomic loci are known to be associated with HSP (spastic
paraplegia gene: SPG1 - SPG83). Autosomal-dominant and autosomal-recessive modes of
inheritance predominate, but a few X-linked and mitochondrial transmitted genes are also known.
Age of onset can be quite variable and ranges from congenital forms of the disease well into older
age (8" decade) (Schiile et al. 2016; Erfanian Omidvar et al. 2019; Wagner et al. 2019).
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Fig. 1: Overview of the most frequent pathways disturbed in hereditary spastic paraplegia with examples of

affected proteins. A detailed look presents the localization of GBA1 and GBA2: two enzymes involved in the
lipid metabolism and important for this thesis. Bi-allelic, pathogenic variants in the genes encoding GBA1 and
GBA2, cause either Morbus Gaucher or SPG46, respectively. Created with BioRender.com, modified from
Blackstone 2018.

The clinical phenotype of HSPs is heterogenic; accordingly, HSPs can be classified as either pure or
complicated forms. Pure HSPs are characterized mainly by weakness and spasticity of the lower limbs
whereas in complicated forms spasticity is accompanied by additional signs and symptoms. These
additional features can include ataxia, cataract, cognitive decline, movement disorders, epilepsy,
peripheral neuropathy, thin corpus callosum, skeletal abnormalities, amyotrophy and optic atrophy



among others and indicate affection of neuronal systems other than the pyramidal tracts (Lo Giudice
et al. 2014; Erfanian Omidvar et al. 2019; Martin et al. 2013).

Despite the enormous genetic heterogeneity of HSPs, cellular pathways disturbed in the majority of
HSPs converge onto a number of common themes, including lipid metabolism, axonal transport,
endoplasmic reticulum (ER) morphogenesis and endosomal trafficking (Fig. 1).

Pathogenic variants affecting lipid metabolism

Disturbances of the lipid metabolism are an emerging and unifying theme among several HSP
subtypes (Fig. 1). HSP-genes encoding proteins regulating distinct pathways in lipid metabolism can
be classified into different functional groups. One subset of genes (PNPLA6, CYP2U1, DDHD1 and
DDHD?2) is involved in phospholipid remodeling; CYP2U1 additionally plays a role in fatty acid
hydroxylation (Lo Giudice et al. 2014; Tesson et al. 2012; Citterio et al. 2014; Synofzik et al. 2014;
Schubert, Hoffjan, and Dekomien 2016). Another affected biological function is sterol metabolism;
pathogenic variants in the CYP7B1 gene, encoding oxysterol 7-a-hydroxylase, lead to SPG5, an
autosomal-recessive form of HSP (Schols et al. 2017; Schubert, Hoffjan, and Dekomien 2016).
SLC33A1 encodes an ER membrane acetyl-coenzyme, a transporter mutated in autosomal-dominant
SPG42 (Peng et al. 2014; Lin et al. 2008). Disturbances of the sphingolipid metabolism are another
emerging theme. Sphingolipid dysregulations are not only restricted to HSP but are also discussed
with high interests in other motor neuron diseases (Dodge et al. 2015). Pathogenic variants in FA2H,
B4GALNT1 and GBA2 result in a dysfunctional sphingolipid homoeostasis (Peng et al. 2014; Garcia-
Cazorla et al. 2014; Blackstone 2018).

Bi-allelic GBA2 variants cause complicated HSP and spastic ataxia

Pathogenic variants in the GBA2 gene cause an autosomal-recessive HSP complicated with cerebellar
ataxia (SPG46, OMIM #614409 (Martin et al. 2013; Hammer et al. 2013; Citterio et al. 2014, Votsi et
al. 2014; Boukhris et al. 2010; Yang et al. 2016; Coarelli et al. 2018)). The disease mainly manifests
during infancy and early childhood. A lower-limb predominant pyramidal syndrome with lower limb
weakness, spasticity and brisk reflexes is commonly accompanied by a cerebellar syndrome with
dysarthria, cerebellar oculomotor disturbances, limb stance and gait ataxia. Additionally, axonal
neuropathy, cataract and a mild to moderated mental impairment followed in later stages by
cognitive decline have been described (Hammer et al. 2013; Martin et al. 2013; Boukhris et al. 2010).
GBA2 is located on chromosome 9p13.3 and encodes the non-lysosomal R-glucosidase (GBA2). GBA2
catalyzes the breakdown of glucosylceramide (GlcCer) into glucose and ceramide (Cer) in vitro and in
vivo. Glucosylceramide is a precursor for sphingolipids and plays a pivotal role in glycosphingolipid
metabolism (R. K. Yu, Nakatani, and Yanagisawa 2009; van Meer, Wolthoorn, and Degroote 2003).
Originally, GBA2 was identified as bile acid B-glucosidase (Matern et al. 1997; Boot et al. 2007).
Recently it was discovered, that GBA2 displays transglucoslysation activity towards cholesterol
(Margues et al. 2016).

The physiological function of GBA2 is incompletely understood. The GBA2 gene comprises 17 exons
and the protein consists of 927 amino acids forming a protein with a predicted molecular weight of



105kDa and a C-terminal catalytic domain. The GBA2 protein is conserved among multiple vertebrate
species (Aureli et al. 2016; Woeste, Stern, Diana Raju, et al. 2019). GBA2 mRNA is expressed
ubiquitously, with highest expression levels found in human brain, heart, skeletal muscle, kidney and
placenta (Matern et al. 2001). Expression increases during neuronal development. This was shown in
vitro in isolated granule cells from mice and rats, but also in human neuroblastoma SH-SY5Y cells
during retinoic acid induced differentiation (Aureli et al. 2011; Aureli, Gritti, et al. 2012; Aureli et al.
2016, 2013). Localization studies have revealed that the enzyme is associated to the cytosolic side of
the endoplasmic reticulum (ER) membrane and the cis-Golgi membrane. Additionally, GBA2 activity
can be measured on the external side of plasma membranes, thus suggesting additional localization
of GBA2 on the external leaflet of the plasma membrane (Kérschen et al. 2013; Aureli, Loberto, et al.
2012) (Fig. 1).

B-glucosidases in the mammalian cells

Three functional enzymes are known to catabolize GlcCer in mammals: GBA1, GBA2 and GBA3.
Although they all share the same enzymatic function, they differ in their nucleotide and amino acid
sequence, their structure as well as their cellular localization (Kérschen et al. 2013).

Lysosomal B-glucosidase

GBA1 was the first B-glucosidase to be identified and is the primary catabolic enzyme for GlcCer
located in the lysosome; it has therefore also been described as lysosomal B-glucosidase (Van Weely
et al. 1990; Brady, Kanfer, and Shapiro 1965).

GBA1 in Gaucher disease:

Bi-allelic, pathogenic variants in the GBA gene, encoding GBA1 protein, lead to Gaucher disease (GD),
an autosomal-recessive lysosomal storage disorder (Fig. 1). Deficiency of lysosomal B-glucosidase
leads to accumulation of GlcCer in lysosomes. Especially in macrophages, these GlcCer accumulations
become apparent and cause pathognomonic characteristically enlarged substrate-laden cells known
as Gaucher cells. Typically Gaucher cells accumulate in organs, in particular in spleen and liver,
causing organomegaly, a characteristic hallmark of the disease (Ellen Sidransky 2004; Boven et al.
2004; Zimran and Elstein 2015).

The phenotypic variability of Gaucher disease is striking and disease severity ranges from completely
asymptotic bi-allelic variant carriers to neonatal death (Ellen Sidransky, Sherer, and Ginns 1992;
Berrebi, Wishnitzer, and Von-der-Walde 1984). More than 300 disease-causing variants in the GBA
gene are known. However, many studies demonstrated that there is neither a consistent genotype-
phenotype correlation nor a convincing correlation between the residual enzymatic activity of GBA1
and the clinical phenotype (Smith, Mullin, and Schapira 2017; Goker-Alpan et al. 2005; Biegstraaten
et al. 2010; Ellen Sidransky 2004). Morbus Gaucher is classically categorized into three subtypes
based on their clinical manifestation and presence or absence of neurological involvement:

* Type | is classified as non-neuronopathic form. This is the most frequent disease condition
and is characterized by a mild phenotype restricted to visceral manifestations including:
organomegaly, anemia, thrombocytopenia and bone involvement.

* Type Il is the most severe subtype of Gaucher disease with a progressive neurological disease
manifestation. This acute neuronopathic form leads in many cases to an early death within 9
months.
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* Type lll is described as chronic neuronopathic form, with a milder progression than type Il
but still with distinctive neurological involvement (Mignot, Gelot, and De Villemeur 2013;
Ellen Sidransky 2004; Grabowski 2008).

GBA1 in Parkinson disease:

The assumption that Gaucher disease type | is limited to extra-neurological disease manifestations
was challenged when studies revealed an increased likelihood of patients with Gaucher disease type |
as well as their relatives to develop Parkinson’s disease (PD) (Westbroek, Gustafson, and Sidransky
2011; Hruska et al. 2008; E. Sidransky et al. 2009; Ellen Sidransky 2004). Heterozygous variants in the
GBA gene are now known to be the most frequent genetic risk factor for PD (Goker-Alpan et al. 2004;
E. Sidransky et al. 2009; Lwin et al. 2004), 5-12 % of idiopathic PD patients carry a pathogenic GBA
variant (Mullin et al. 2019; Avenali, Blandini, and Cerri 2020).

The lipid profile in these patients reflects the impaired enzymatic function of GBA1. Fibroblasts from
GBA-PD patients showed higher level of sphingolipids compared to fibroblasts from healthy donors
and idiopathic PD donors without pathogenic GBA variants. Within the sphingolipid profile an
increase of short chain sphingomyelin, ceramide and hexosylceramide was measured in GBA-PD
patient-derived fibroblasts, compared to control and idiopathic PD fibroblasts (without pathogenic
GBA variants) (Galvagnion et al. 2022). Patients with pathogenic GBA variants respond well to
Levodopa treatment (C. Ran et al. 2016; Aasly 2020) but several therapeutic approaches specific to
target GBA1-deficiency are tested in ongoing clinical trials (Tab. 1).

Tab. 1: Selection of therapeutic approaches to target GBA1-deficiency in GBA-PD (adapted and modified from
(Schneider and Alcalay 2020)).

Compound ClinicalTrials.gov identifier | Mechanism
(NCT number)
Ambroxol NCT04388969 Pharmaceutical chaperon
NCT02941822
NCT02914366
Venglustat NCT02906020 Substrate reduction /
(GZ/SAR403671) GlcCer-synthase inhibitor
PROO1 NCT04127578 AAV9-based gene therapy

Klotho-related protein

Klotho-related protein (GBA3) is a cytosolic enzyme most abundantly expressed in liver, kidney and
small intestine and has marginal impact on bulk GlcCer degradation (Dekker et al. 2011; Yahata et al.
2000). It has been suggested to be involved in detoxification of plant glycosides (De Graaf et al. 2001)
but may also contribute to neutral GlcCer catabolism (Hayashi et al. 2007). GBA3 has not been
associated to any human disease yet.
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Sphingolipidoses are caused by inherited defects of sphingolipid
metabolism

The majority of sphingolipid catabolizing enzymes are localized in lysosomes; in consequence,
pathogenic variants in genes encoding these enzymes commonly lead to substrate accumulation in
lysosomes. Inherited defects of sphingolipid metabolism have therefore been classified as lysosomal
storage disorders, with Gaucher disease being one of the most frequent representative of this group.
More than ten distinct human single-gene disorders are known to result from defective sphingolipid
metabolism. Hereby, pathogenic variants affecting sphingolipid-catabolizing pathways are more
frequent than deficits in sphingolipid biosynthesis (Tab. 2). In the majority of cases, pathogenic
variants in genes encoding enzymes involved in sphingolipid metabolism, lead to autosomal-
recessive inherited diseases with a severe neurological phenotype (Kolter and Sandhoff 2006; Sun
2018).
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Tab. 2: Overview of diseases resulting from disturbances of the sphingolipid metabolism (modified from (Platt 2014) and complemented by (Kolter and Sandhoff 2006)).

Disease OMIM # Gene Protein Biochemical Major symptoms Metabolic
consequences function
Farber lipogranulomatosis, spinal | #228000, ASAH1 Acid ceramidase Ceramide accumulation Joint deformation, lipogranulomas and Catabolic
muscular atrophy with #159950 hoarseness
progressive myoclonic epilepsy
Niemann-Pick type C #257220, NPC1 NPC1 Storage of all GSLs, Progressive neurodegeneration Trafficking
#607625 NPC2 NPC2 cholesterol, sphingomyelin and fusion
and sphingosine
Krabbe #245200 GALC Glactosyceramide-R- Accumulation of Progressive neurodegeneration Catabolic
galactosidase galactosylceramide
resulting in demyelination
Metachromatic Leukodystrophy | #250100 ASA Arylsulfatase A Accumulation of sulfatides | Progressive neurodegeneration and Catabolic
resulting in demyelination | mental regression.
Fabry #301500 GLA a-Galactosidase Gb3 storage Renal, cardiovascular and peripheral Catabolic
pain
Gaucher #230800, GBA R-Glucoserebrosidase | GlcCer accumulation and Hepatosplenomegaly, hematological Catabolic
Types 1,2 and 3 #230900, storage defects, inflammation, bone disease and
#231000 CNS involvement (types 2 and 3)
Sandhoff #268800 HEXB B-Hexosaminidase GM?2 ganglioside Progressive neurodegeneration Catabolic
B-subunit accumulation and storage
Tay-Sachs #272800 HEXA B-Hexosaminidase GM?2 ganglioside Progressive neurodegeneration Catabolic
a-subunit accumulation and storage
GM1-Gangliosidosis # 230500 GLB1 R-Galactosidase GM1 ganglioside Progressive neurodegeneration Catabolic
accumulation and storage
GM2 synthase deficiency #609195 B4GALNT1 | GM2/GD2 synthase Loss of GM2 and Spastic paraplegia Biosynthetic
(SPG26) downstream gangliosides
GM3 synthase deficiency # 609056 ST3GAL5 GM3 synthase Loss of GM3 and Infantile onset epilepsy with Biosynthetic

(Salt and pepper developmental
regression syndrome)

downstream gangliosides

developmental retardation and
blindness

13




Disease and control models for GBA2-deficiency

In vitro and in vivo models to study GBA2 function

The role of GBA2 has been studied in different cell culture systems as well as animal models and the
importance of GBA2 during neuronal differentiation and in neuronal cells was demonstrated (Aureli
et al. 2011; Aureli, Gritti, et al. 2012; Aureli et al. 2016). Both, in vitro and in vivo model systems,
have clear advantages but also distinctive limitations.

In vitro models:

The consequences of GBA2-deficiency and overexpression were studied in various cancer and
immortalized cell lines including SH-SY5Y, HEK, Hela, COS-7, CHO and HAP1 cells (Schonauer et al.
2017; Aureli et al. 2013; Woeste, Stern, Diana Raju, et al. 2019; Koérschen et al. 2013; Sultana et al.
2015; Boot et al. 2007). Besides, in vitro cultured cells from GBA2 knock-out (KO) mice were analyzed
to reveal the function of GBA2 (Raju et al. 2015; Schonauer et al. 2017; Woeste, Stern, Diana Raju, et
al. 2019; Korschen et al. 2013).

In a GBA2-overexpression study using SH-SY5Y cells it was demonstrated, that GBA2 overexpression
promotes neuronal differentiation (Aureli et al. 2013). But most studies were performed on GBA2-
deficient cells with following results:

Loss of GBA2 leads to an accumulation of GlcCer in testis, brain, liver, sperm cells and dermal
fibroblasts obtained from mice (Raju et al. 2015; Yildiz et al. 2006). These GlcCer accumulations
change the cytoskeletal dynamics and lead to an increase of actin polymerization. Moreover, the
lipid packaging is altered in giant plasma membrane vesicles (GPMV) derived from mouse fibroblasts.
Both, a genetic deletion and a chemical inhibition of GBA2 resulted in reduced membrane fluidity in
these GPMV (Raju et al. 2015). Protein overexpression studies of wild-type (wt) and mutant mouse
GBA2 in CHO cells, revealed an oligomer formation of wt-mouse GBA2. Some nonsense variants
diminished the oligomerization of GBA2 proteins, compared to missense variants, which mostly
formed oligomers. The use of in vitro cultured cells from mice, allows the direct comparison between
in vitro and in vivo results, but species specific variation is apparent not only in phenotypic
differences but also in GBA2 function (Woeste, Stern, Diana Raju, et al. 2019).

However, the majority of these cell models displays a non-neuronal or non-human origin and thus
can only partially mimic the disease-relevant consequences of GBA2 dysfunction. Additionally,
various cancer and immortalized cell lines are known to carry a wide range of chromosomal
aberrations and rearrangements, hence these data should be interpreted with caution (Thompson
and Compton 2011; Frattini et al. 2015; Duesberg and McCormack 2013; Stepanenko and Dmitrenko
2015).

Functional assays in patient-derived cellular models allow studying variant-dependent consequences
in a disease-related context. Hereby, patient lymphocytes and fibroblasts are among the most easily
accessible tissues. Both model systems were used to determine GBA2 enzymatic activity. However,
GBA2 expression is rather low in fibroblasts and lymphocytes compared to neuronal cells (Martin et
al. 2013; Malekkou et al. 2018; Aureli, Loberto, et al. 2012; Aureli, Bassi, et al. 2012).
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Patient-derived lymphoblastoid cells with a pathogenic missense variant in the GBA2 gene showed
GBA2 mRNA expression, but GBA2 enzyme activity was highly decreased in cell lysate and at the
plasma membrane. GlcCer was elevated in comparison to control cells in this patient-derived
lymphoblastoid cell model (Malekkou et al. 2018).

In vivo models:
GBA2-deficiency has been modeled in vivo in zebrafish as well as two different mouse models
(Martin et al. 2013; Yildiz et al. 2006; Woeste, Stern, Diana Raju, et al. 2019; Raju et al. 2015).

In zebrafish, a commonly used vertebrate model organism was shown, that an in vivo antisense-
mediated knockdown of the GBA2-ortholog resulted in a curly tail phenotype and locomotor defects
in some of these morphants.

On a cellular level, abnormal axonal outgrowth and branching was observed in embryos treated with
the antisense morpholino oligonucleotide designed to target the GBA2-ortholog. This phenotype
could be rescued by injecting human wt GBA2 mRNA, but not with human mRNA carrying a known
human-pathogenic variant (c.1888C>T) (Martin et al. 2013).

Primarily, two GBA2-deficient mouse models are described and studied in literature. Both GBA2 KO
mice exhibit no GBA2 activity or Gba2 expression (Woeste, Stern, Raju, et al. 2019). The first created
mouse model deleted Gba2 exons 5-10 in mice with a C57BL/6J background (Yildiz et al. 2006).

The second characterized KO mouse model is the Gha2™ma(EUCOMMWsi

, @a mouse line with the genetic
background of C57BL/6N and the potential to express the R-galactosidase reporter gene under the
endogenous Gba2 promoter (Woeste, Stern, Raju, et al. 2019).

The first mouse model developed by Yildiz and co-workers aimed to identify the biological function
and metabolic relevance of GBA2. They showed high Gba2 mRNA expression in brain and testis,
while human have an increased GBA2 expression in brain, heart, skeletal muscle and kidneys (Yildiz
et al. 2006; Matern et al. 2001).

The examination of the GBA2 KO mouse model revealed no differences to wild-type mice in body
weight and life span. Additionally, these mice displayed neither observable neurological symptoms as
seen in SPG46 patients nor an enlargement of organs (organomegaly) in contrast to mice and
patients with a GBA1-deficiency (Enquist et al. 2007; Mistry et al. 2010; Yildiz et al. 2006).

The consequences of a Gba2 KO in mice resulted in substrate accumulation of GlcCer in testis, brain
and liver. Loss of GBA2 resulted in reproductive impairments and infertile male mice, but not female
mice. Further investigations revealed irregular large and round headed sperm (globozoospermia) and
motility defects in GBA2-deficient mice compared to control mice (Yildiz et al. 2006). These defects
were investigated later more closely and it was shown that accumulating GlcCer leads to a more
ordered lipid structure in the plasma membrane. This results in an enhanced actin polymerization
and cytoskeletal dynamics in different cells of GBA2 KO mice (Raju et al. 2015).

The second mouse model confirmed the high GBA2 expression in neurons by visualizing 3-gal
expression under the endogenous Gba2 promoter. This enzyme-deficiency influences the glycolipid
metabolism in the brain. Overall hexosylceramide (HexCer) levels in P10 and adult mice were
unchanged but HexCer levels with a chain length of d18:1 / 18:0 were elevated significantly in GBA2-
deficient mice. Besides, a slight increase of complex glycosphingolipids such as GM1a, GT1b, GD1b
and GM3 were measured in GBA2-KO mice compared to their respective wild-type controls.
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In behavioral test and locomotion assays a varying degree of impairment was exhibited in mice
lacking GBA2.

Phenotypic changes in GBA2-deficient mice comprise reduced muscle strength of front paws and an
altered gait pattern. While some mice had more severe impairments, some mice showed mild
phenotype. These GBA2-deficient mice do not relate entirely to the human phenotype, emphasizing
a different role of GBA2 in human and mice (Woeste, Stern, Diana Raju, et al. 2019).

Induced pluripotent stem cells as a disease model

In 2006 Yamanaka and colleagues first reprogrammed somatic mouse cells into so-called induced
pluripotent stem (iPS) cells (iPSC). One vyear later, two independent laboratories achieved
reprogramming of human adult fibroblasts into induced pluripotent stem cells (Takahashi and
Yamanaka 2006; J. Yu et al. 2007). This novel technique overcomes the ethical issues being discussed
in the context of human embryonic stem cells and enables completely new capabilities for diseases
modeling and therapeutic applications.

To reprogram induced pluripotent stem cells, patient-derived somatic cells are forced to transiently
express the so-called Yamanaka factors: OCT3/4, SOX2, c-MYC and KLF4. The resulting iPSC are
capable of self-renewal and able to differentiate into various tissues of all three germ layers
(Takahashi et al. 2007; Takahashi and Yamanaka 2006; J. Yu et al. 2007). The initial method was
adapted and improved steadily towards integration free reprogramming methods, including: mostly
episomal plasmids (Junying et al. 2009; Okita et al. 2011), recombinant proteins (Zhou et al. 2009; D.
Kim et al. 2009), mRNA (Warren et al. 2010) or integration free viruses (Ban et al. 2011; Fusaki et al.
2009). The ability of infinite proliferation holds both challenges and opportunities for new
therapeutic advances.

Disease modeling:

iPSC opened up new perspectives in the field of cell culture models systems. Previous inaccessible
patient-derived tissues, especially brain cells, heart tissue, hepatic cell and many more, could not be
easily obtained without harming a patient. Disease models for example neurological diseases relied
on artificial cell models or animal models without a human-specific or patient-specific background.
Converting accessible patient-derived tissue such as skin cells or blood cells into iPS cells allows
differentiating these iPS cells in any tissue of interest while providing a more accurate disease model
system (Fig. 2).
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Fig. 2: Application opportunities for iPSC. Somatic cells from either a patient or a healthy control subject can be
reprogrammed and differentiated in a second step towards specialized cells. a) These specific cells can be
combined to mimic a specific tissue composition or used as a pure cell culture for disease modeling. b) A
suitable disease model presenting characteristic hallmarks of the disease allows compound screening and
evaluation based on the disease characteristics. c) Additionally, compounds can be tested on several tissues to
assess toxicity profiles on defined cell types, e.g. hepatocytes. These models can be a new opportunity to
accelerate drug development in a so-called clinical trial in a dish (CTiD) approach or used as therapeutic cell
therapy. Created with BioRender.com, adapted from Bellin et al. 2012.

Drug screening:
The recent ‘clinical trial in a dish’ (CTiD) approach allows testing compounds on a large cohort of

donor cells. This method combines the advantages of preserving the human background with the
defined pattern of target cells to conduct safety and efficacy tests (Fig. 3). It is possible to combine
different cells types to mimic the in vivo environment by setting up cultures containing tissue specific
cells (e.g. neurons, astrocytes, oligodendrocytes and microglia for brain tissue). CTiD advancement
stratifies pharmaceutical development and could be more cost effective in the early stages of drug
development and leading to a more specialized treatment of diseases.
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Fig. 3: Comparison of the current drug development approach to a new strategy using iPSC in a clinical trial in a
dish (CTiD) approach. a) Artificial cell culture models and animal models are the foundation to screen and test
for potential compounds. In a clinical trial period these compounds often fail due to different kinds of
responsiveness in large heterogeneous cohorts. b) Using actual human cells collected from large cohorts to
model disease-specific features and for toxicity assays can allow to stratify inclusion criteria for more successful
clinical trials. Created with BioRender.com, modified from Hnatiuk et al. 2021.

Cell therapy:
Since the discovery of iPSC this powerful method was connected with the hope to repair, substitute

or replace damaged or diseased tissue. At the same time new challenges and obstacles needed to be
addressed such as: tumorigenicity, immune rejection, heterogeneity and engraftment. In 2014 the
first clinical trial using iPSC cells differentiated into retinal pigment epithelium cells was conducted in
Japan (Cyranoski 2014). A lot of progress has been made and clinical trials using iPSC as cell
replacement therapy are ongoing (Al Abbar et al. 2020; J. Y. Kim et al. 2022).
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CRISPR/Cas9 genome editing to generate gene-corrected isogenic
controls

To precisely model disease-relevant variants and eliminate the variability introduced by the different
genetic background of each individual cell line, we decided to use the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) / CRISPR-associated (Cas) genome editing technique
to correct the disease-causing variants in GBA2-deficient iPSCs and thus generate so-called isogenic
controls.

Introduction to gene editing

Before the introduction of CRISPR/Cas9 mediated gene editing in 2012 (M. Jinek et al. 2012),
chimeric nucleases such as zinc finger nucleases (ZFN) or transcription activator-like effector
nucleases (TALENs) were utilized to introduce sequence-specific genetic modifications (Fig. 4). These
engineered nucleases are composed of a DNA-binding domain fused to Fokl, an unspecific restriction
enzyme, which can induce a DNA double strand break (DSB) after dimerization (Urnov et al. 2010;
Porteus and Carroll 2005; Cermak et al. 2011; Gaj, Gersbach, and Barbas 2013; Bibikova et al. 2002).
These DSBs trigger two different DNA repair mechanisms in the cell; either the error-prone non-
homologous end joining (NHEJ) repair or the precise homology-directed repair (HDR) pathway (Fig.
4). To generate gene knock-out models the NHEJ repair pathway is employed. Hereby, the often-
imperfect end joining of DNA ends introduces small insertion or deletion (indel) variants. Indels can
result in a shift of the reading frame resulting in a premature stop codon variant. To trigger the HDR
instead, which is necessary for specific and precise gene editing, a repair template, either encoded by
a plasmid or a single stranded oligonucleotide (ssODN) needs to be provided simultaneously (F. Ran
et al. 2013; Richardson et al. 2016; Symington and Gautier 2011; Lieber 2010).

The more recent CRISPR/Cas9 approach greatly accelerates and facilitates gene editing. In contrast to
ZFN and TALENSs, the CRISPR/Cas9 system relies on RNA-DNA base pairing.

Originally, the CRISPR/Cas9 system contributes to the acquired immunity in bacteria and archaea.
Three types of CRISPR/Cas systems are described to be part of the adaptive immune system; gene
editing utilizes components of the CRISPR/Cas type Il system (Terns and Terns 2011; M. Jinek et al.
2012).

This RNA-directed gene editing system is composed of the CRISPR RNA (crRNA), a trans-activating
crRNA (tracrRNA) and the Cas9 endonuclease. Precise gene editing is achieved by the sequence
specificity of the crRNA containing a 20-nucleotide guide sequence complementary to the targeted
genomic region. To constitute the guide RNA, another part of the crRNA forms a duplex with the
tracrRNA, necessary for target recognition and as a scaffold to guide the Cas9 to their destined
target. The endonuclease Cas9 is only catalytically active, if the target DNA sequence is followed by a
5’-protospacer adjacent motif (PAM). The Cas9, most commonly used for gene editing is derived
from Streptococcus pyogenes with the PAM sequence 5’NGG, other Cas9 orthologs require different
PAM motifs (Esvelt et al. 2013; Martin Jinek et al. 2013; M. Jinek et al. 2012; F. Ran et al. 2013; Mali
et al. 2013).

One of the first described CRISPR/Cas9 gene editing approaches for mammalian cells was a vector-
based strategy coding for a human codon optimized and modified Cas9 and a single transcript guide
RNA (gRNA) comprising tracrRNA and crRNA (F. Ran et al. 2013; M. Jinek et al. 2012; Martin Jinek et
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al. 2013; Cong et al. 2013). This versatile and easy applicable approach nevertheless harbors the risk
of unintentional plasmid integration and an increased risk for off-target effects due to peak and
prolonged plasmid expression (Liang et al. 2015). More recent approaches circumvent these risks by
delivering either a ribonucleoprotein (RNP) or a Cas9-coding mRNA in combination with the chimeric
tracrRNA:crRNA duplex (S. Kim et al. 2014; Liang et al. 2015).
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Fig. 4: Schematic representation of different gene editing approaches. a) Two zinc finger nucleases bind
sequence specific to the DNA and allow the unspecific endonuclease Fokl to dimerize and thereby introduce a
double strand break (DSB) into the DNA. b) Two transcription activator-like effector proteins (TALEN) bind
sequence specific to target region on DNA, dimerizing Fokl nucleases introduce a DSB into the DNA. c) In the
CRISPR/Cas9 system, the Cas9 endonuclease introduces a DSB into the DNA target region by sequence specific
guide RNA complexed to the Cas9 protein. d) Repair: The introduced DSB can be repaired by two different
mechanisms in the cell. Either the non-homologous end joining (NHEJ) mechanism, that frequently leads to an
introduction of insertions or deletions (indel), which can result in a premature stop codon, or the homology-
directed repair (HDR) resulting in a precise gene editing by simultaneous addition of a donor repair template.
Created with BioRender.com, adapted from Li et al. 2020.

As seen after the discovery of reprogramming iPS cells, the expectations and concerns about the
CRISPR technique were comparable. New opportunities but also new hurdles are associated with this
new gene editing method. The first impact and application were the generation of new and more
precise disease models, which led to models for drug and toxicity testing.

CRISPR is not the first method used to edit genes, but compared to TALEN and ZFN, it is by far faster,
more specific, cheaper and more efficient. Through this advancement, disease models became more
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specialized and it is feasible to generate larger cohorts. The importance of isogenic controls in
understanding specific genetic variations and their effect in the metabolism are indispensable.
Keeping the genetic background the same and only introducing or correcting one variant allows
pointing at the effect to this particular variant. Especially in drug testing distinct variants can help to
explain the molecular mechanism behind effectiveness of drugs or their potential side effects. High
expectations and hopes are pinned to the combination of reprogramming somatic cells in association
with the opportunity to create specific genetic modifications (e.g. correcting a pathogenic variant)
and re-introducing these cells to cure the patient.
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Material & Methods

Human cell culture

iPSC reprogramming

All cells were cultured at 37°C and 5% CO,. Human iPSC were reprogrammed using an episomal
plasmid approach described by Okita et al. (Nagel et al. 2019; Okita et al. 2011). Fibroblasts were
cultured in Dulbecco's Modified Eagle's Medium (Life Technologies) supplemented with 10% fetal
calf serum (FCS) (Life Technologies). At a confluence of 80% fibroblasts were collected for
electroporation. 1 pg of each plasmid (pCXLE- hUL, ID: #27080; pCXLE-hSK, ID: #27078 and pCXLE-
hOCT3/4, ID: 27076; Addgene) was mixed with 82 pul Human Dermal Fibroblast Nucleofector solution
and 18 pl supplement solution to resuspend 10° human fibroblasts. The suspension was transferred
to a cuvette for the Amaxa 2b nucleofector. Cells were electroporated using program P-022 (Human
Dermal Fibroblast Nucleofection Kit VPD-1001, Lonza). Prior to electroporation, matrigel-coated
(Corning) 6-well plates (1:60) with fibroblast culture medium were prepared to gently distribute the
fresh electroporated cells. On the following day, medium was changed using fibroblast medium
supplemented with 2 ng/ml fibroblast growth factor 2 (FGF2) (Peprotech). The following medium
changes were performed with medium suited for arising iPS cells: E8 medium (DMEM/F12 (Life
Technologies), 64 mg/l L-ascorbic acid-2-phosphate magnesium (Sigma-Aldrich, St), 1% ITS-
Supplement 100x (Life technologies), 100 ug/l FGF2, 2 pg/l Transforming Growth Factor Beta 1
(TGFB1) (Peprotech), supplemented with 100 uM Sodium Butyrate (Sigma-Aldrich). Medium was
changed every other day. After eight days, the first iPSC colonies appeared. Colonies were monitored
until ready for picking. Dependent on the growth, colonies were picked manually after 2-3 weeks and
seeded for singularization one by one into matrigel-coated 12-well plates (1:60). After expansion up
to 80% confluency, iPSC were passaged onto matrigel-coated 6-well plates (1:60) in a ratio of 1:6 to
1:12. On the day of passaging, E8 medium was supplemented with 1 uM Rock inhibitor Y-27632
(Abcam Biochemicals) for 24 h after passaging. Medium was changed daily until cells were ready for
cryopreservation using 50% E8, 40% KnockOut Serum Replacement (KO-SR, Life Technologies), 10%
DMSO (Sigma-Aldrich) and 1 uM Y-27632. Prior to freezing, Mycoplasma contamination of each line
was excluded by a PCR Mycoplasma Test Kit (AppliChem) following manufacturer's
recommendations.

iPSC cell culture

iPSC were cultivated in E8 medium on matrigel-coated plates (1:60). Medium was changed every day,
after reaching 80% confluence cells were split in a 1:12 ratio using 0.02% EDTA in phosphate buffered
saline (PBS). Medium was supplemented with 1 uM Rock inhibitor Y-27632 for 24 hours after
passaging.
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Ethical approval by the Institutional Review Board at the University of Tiibingen Medical School,
Germany, approval number 819/2016A (2016/12/21) and (054/2013B0O1).

Characterization of induced pluripotent stem cells
Generated iPSC were characterized and validated for genomic integrity as well as pluripotency before

used for any following experimental setups (Nagel et al. 2019).

Genomic integrity:
Cells were analyzed after at least five passages; therefore DNA was extracted using GenelET-

Genomic DNA Purification Kit (Thermo Fisher Scientific). All lines were confirmed for their specific
variants via Sanger Sequencing using 3130x| Genetic Analyzer (Applied Biosystems). GBA has a highly
similar pseudogene. A nested PCR was performed for pathogenic variants in exon 9 and 10 to ensure
specificity (Tab. 3).

Tab. 3: Primers used to verify pathogenic GBA variants in reprogrammed iPSC via Sanger Sequencing.

Primer for GBA variants

Target (NM_000157.4) Forward / reverse Primer (5’-3’) Product length

GBA Exon 6 CTCTGGGTGCTTCTCTCTTC/ 271 bp
ACAGATCAGCATGGCTAAAT

GBA Exon 8-11 (PCR for GBA- TGTGTGCAAGGTCCAGGATCAG / 1682 bp

specific amplicon) ACCACCTAGAGGGGAAAGTG

GBA Exon 9 CACAGGGCTGACCTACCCAC/ 307 bp
GCTCCCTCGTGGTGTAGAGT

GBA Exon 10 CAGGAGTTATGGGGTGGGTC/ 329 bp
GAGGCACATCCTTAGAGGAG

Unintentional plasmid integration was excluded via PCR with specific primers for reprogramming
factors on the episomal vectors (Tab. 4). To demonstrate the genomic integrity of the iPS cells, a
whole-genome Single nucleotide polymorphisms (SNP) Array (Infinium OmniExpressExome-8
BeadChip, lllumina) was performed.

Tab. 4: Primers used to exclude unintentional plasmid integration.

Target Forward / reverse primer (5’-3’) Product length

KLF4_plasmid CCACCTCGCCTTACACATGAAG / 156 bp
TAGCGTAAAAGGAGCAACATAG

OCT3/4_plasmid CATTCAAACTGAGGTAAGGG / 124 bp
TAGCGTAAAAGGAGCAACATAG

L-MYC_plasmid GGCTGAGAAGAGGATGGCTAC / 122 bp
TTTGTTTGACAGGAGCGACAAT

SOX2_plasmid TTCACATGTCCCAGCACTACCAG / 111bp
TTTGTTTGACAGGAGCGACAAT
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By comparing the SNPs to the corresponding fibroblast lines, the parentage was additionally
confirmed. Fibroblast DNA was also used for an STR analysis, since balanced translocations are not
detected via SNP genotyping. iPS cells and their corresponding fibroblasts were compared and
varyfied with six short tandem repeats (STR) loci (D651624; D65265; D10S537; D10S606; D10S1730;
D10S605).

Pluripotency:
First, immunohistochemistry and an alkaline phosphatase (AP) staining demonstrated the

pluripotency of the generated iPS cells. For this purpose, iPSC were fixed with 4% paraformaldehyde
(PFA), 1 min at room temperature (RT) for AP staining and 15 min at RT for immunocytochemical
analysis. For AP staining, cells were washed three times after fixation with PBS, before incubated
with the staining solution (20 ul naphthol AS-MX phosphate alkaline solution (Sigma-Aldrich) and 500
ul Fast Red (1 mg/ml, Sigma-Aldrich)) for 30 min at RT. Cells for immunostaining were permeabilized
with 0.1% triton X (Carl Roth), blocked with 5% bovine serum albumin (BSA) (Thermo Fisher
Scientific) in PBS for 1 h at RT and stained with specific primary antibodies over night at 4°C (Tab. 6).
Specific primary antibodies were visualized by using Alexa Fluorophore-coupled secondary antibodies
for 1 h at RT (Tab. 6). For nuclear counterstaining Hoechst 33342 (1:10.000, Invitrogen) in PBS was
applied for 5 min at RT. Before mounting the cells using ProLong Gold Antifade Reagent (Life
Technologies), stained cells were washed thrice with PBS. Images were obtained using Axiolmager Z1
with ApoTome (Zeiss).

Second, RNA was extracted using the High Pure RNA Isolation Kit (Roche) followed by reverse
transcription of RNA to cDNA (Transcriptor First Strand cDNA Synthesis Kit, Roche) to evaluate
expression levels of pluripotency markers (Tab. 5) on transcriptional level. RT-qPCR was performed
using Light Cycler 480 SYBR Green | Master (Roche). GAPDH served as a housekeeping gene to

AA .
“ method was used to compare expression patterns from

normalize the data set. For analysis, 2°
reprogrammed iPSC to a human embryonic stem cell line HUES 6 (HUES 6 cDNA was provided with

kind permission of the MPI for Molecular Medicine, Minster, Germany).

Tab. 5: RT-qPCR primer to compare pluripotency marker on a transcriptional level.

Target Forward / reverse Primer (5’-3’)

KLF4 CCCCAAGATCAAGCAGGAGG / GGGCAGGAAGGATGGGTAAT
OCT4 GGAAGGTATTCAGCCAAACG / CTCCAGGTTGCCTCTCACTC
C-MYC ATTCTCTGCTCTCCTCGACG / CTGTGAGGAGGTTTGCTGTG
SOX2 AGCTCGCAGACCTACATGAA / CCGGGGAGATACATGCTGAT
NANOG CAAAGGCAAACAACCCACTT / TGCGTCACACCATTGCTATT
DNMT38 ACGACACAGAGGACACACAT / AAGCCCTTGATCTTTCCCCA
TDGF1 GGTCTGTGCCCCATGACA / AGTTCTGGAGTCCTGGAAGC
GAPDH (housekeeping gene) TCACCAGGGCTGCTTTTAAC / GACAAGCTTCCCGTTCTCAG

To further demonstrate pluripotency of the reprogrammed iPS cells, the differentiation potential
toward cells of each germ layer was shown by an embryoid-body (EB)-based differentiation protocol.
Embryoid-bodies were formed using EB-culture medium (80% DMEM/F12, 20% KO-SR, 1 x NEAA
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(Sigma-Aldrich), 1x penicillin-streptomycin (Merck), 2mM L-glutamine (Life technologies), 0.1 mM R-
mercaptoethanol (Merck)) in an AggreWell 800 Plate (Stemcell Technologies). Medium was gently
changed on day two before EBs were collected on day four. For ectodermal differentiation, EBs were
cultivated on matrigel-coated coverslips (1:30) in ectodermal differentiation medium (50%
DMEM/F12 with N-2 supplement (Life Technologies), 50% Neurobasal medium (Life Technologies)
1% NEAA, 1% B27-supplement with retinoic acid (Life Technologies), 1% penicillin/streptomycin,
1mM L-glutamine) for 14 days. Mesodermal differentiation was induced by plating EBs on 0.1%
gelatin-coated coverslips in mesodermal differentiation medium (82% DMEM high glucose (Life
Technologies), 16% FCS, 1% penicillin-streptomycin, 1% NEAA, 55 uM B-mercaptoethanol, 0.0004%
« -thioglycerol (Sigma-Aldrich)) for 2 weeks. Endodermal differentiation was performed according to
a protocol described by Carpentier and colleagues until definitive endoderm (Carpentier et al. 2014).
Cells were fixed for immunohistochemistry staining with 4% PFA to visualize germ layer specific
markers: TUJ, SMA and FOXA2 (Tab. 6) for ectoderm, mesoderm and endoderm, respectively.

Tab. 6: Antibodies used to demonstrate pluripotency of generated GBA1l-deficient iPSC by
immunohistochemistry staining.

Antibody, Company, Catalogue number Dilution
Pluripotency marker Goat anti-OCT4, Santa Cruz, sc-8628 1:100
Mouse anti-TRA-1-81, Millipore, MAB4381 1:500
Mouse anti-SSEA-4, Abcam, ab16287 1:500
Germ layer marker Mouse anti-B-Tubulin 11l (TUJ) Sigma-Aldrich, T8660 | 1:1000
Mouse anti-SMA, Dako, M0851 1:100
Rabbit anti-FOXA2, Millipore, 07-633 1:300
Secondary antibodies Alexa Fluor 488 donkey anti-goat IgG 1:500

Thermo Fisher, A11055
Alexa Fluor 488 donkey anti-mouse IgG

. 1:500
Thermo Fisher, A21202
Alexa Fluor 488 goat anti-rabbit IgG 1:500
Thermo Fisher, A11008 '
Alexa Fluor 488 goat anti-mouse IgG
1:500

Thermo Fisher, A11001

Cortical differentiation, immunostaining and compound treatment

To create a disease-relevant and biological background to investigate the impact of GBA2- and GBA1-
defective enzymes, | differentiated the characterized iPSC towards cortical neurons of layer V and
layer VI. On this account, a differentiation protocol published by Rehbach and colleagues (Rehbach et
al. 2019) was utilized.

Differentiation:
The differentiation protocol is based on a dual SMAD-inhibition of confluent cells using 10 uM SB-

431542 (Sigma-Aldrich), and 500nM LDN-193189 (Th. Geyer) in 3N medium (1:1 DMEMF12 /
N2:Neurobasal / B27). Medium was changed daily, supplemented with 20ng/ml FGF2 on day 9 after
induction (DAI). Cells were dissociated with Accutase (Gibco) on DAI 10 and replated 1:3 on matrigel-
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coated plates (1:30). FGF2 was withdrawn on DAl 12; 3N medium was changed every other day. To
promote neural rosette formation 100 ng/ml heparin was supplemented on DAI 14 and DAI 16. Cells
were frozen on DAl 20 and defined aliquots were thawed for every experiment. For the final
maturation step, cells were dissociated with Accutase on DAI 27 and a defined amount was plated
for further experiments. On DAI 28 and DAI 30 medium was supplemented with 10 uM DAPT (Sigma)
and 10 uM PD0325901 (R&D System).

Immunostaining:

Cortical differentiation was validated by immunostaining for a general neuronal marker (TUJ) and for
a marker of the cortical layer V. Cortical neurons were washed twice on DAI 37 with PBS, before they
were fixed with 4% (w/v) paraformaldehyde (Merck) for 15 min at RT. PFA was removed, cells were
washed three times with PBS. Afterwards cortical neurons were incubated with 5% BSA
supplemented with 0.1% Triton X in PBS (PBS-T) to block and permeabilize these cells for 1 h at RT.
Subsequently the first antibody was incubated in 5% BSA in PBS-T. As a neuronal marker TUJ was
used, cortical layer V was stained using CTIP2 (Tab. 7). After washing thrice with PBS-T, secondary
antibody was diluted in 5% BSA in PBS-T. As secondary antibodies Alexa fluorophores were used
(Tab. 7). Cells were washed three times with PBS-T, for nuclear staining neurons were incubated with
Hoechst 33342 (1:10.000) for 5 min at RT. Before mounting the cells with Dako (Agilent, $3023),
coverslips were washed three times with PBS. Images were acquired using Axio Imager Z1 with
ApoTome.

Tab. 7: Antibodies used for immunohistochemistry to stain neuronal markers.

Antibody, Company, Catalogue number Dilution
Neuronal marker Mouse anti-TUJ, Sigma-Aldrich, T8660 1:1000

Rat anti-CTIP2, abcam, ab18465 1:500
Secondary antibodies Alexa Fluor 488 goat anti-mouse IgG 1:1000

Thermo Fisher, A11001

Alexa Fluor 568 goat anti-rat IgG 1:1000

Thermo Fisher, A-11077

Compound treatment:

To assess possible changes in the lipid metabolism and lipid content of iPSC-derived neurons after
compound treatment, cells were treated and prepared for lipid mass spectrometry. Individual
treatment duration for each compound: neurons were incubated for three days with 300 pg/ml
Aminoglycoside G418 (Sigma); four days of treatment with 50 UM Migulstat (Cayman Chemical) and
neurons were incubated for seven days with 400 uM Arimoclomol (MedChemExpress). All neurons
were harvested on DIV37 and pelleted for further MS sample preparation.
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CRISPR/Cas9-mediated gene editing

To specifically target and edit the point mutations in patient-derived iPSC sequence specific crRNAs
were designed using http://crispr.mit.edu/ and http://crispor.tefor.net/.

Tab. 8: CRISPR approach and sequence-specific parts of the gRNA to correct pathogenic GBA2 variants
(NM_020944.3) in patient-derived iPS cells (PAM-sequence in grey).

Exon Specific sequence of gRNA for editing CRISPR approach
Exon 4 CAGTCCAGGCTCAGGGATAG AGG Cas9 Protein
Atto-labeled tracrRNA
Exon 7 Top: CACCgTTTAGCTCCAACCATGATCC Plasmid
Bottom: AAACGGATCATGETTGGAGCTAAAC
Exon 17 TCCGCTCACTGGCCTACATG CGG Cas9 Protein

iPSC were singularized by Accutase before 10° up to 3*10°iPSC were electroporated with either 8 ug
CRISPR Plasmid (Addgene: #48139) pSpCas9(BB)-2A-Puro (PX459) or a preformed RNP complex,
containing the sequence specific crRNA annealed to (ATTO 550-labeled) tracrRNA (4 pg duplex) and
20 ug Cas9 protein (all Integrated DNA Technologies). A single strand oligonucleotide was provided
simultaneously in the electroporation mix (1 uM) as a repair template. To enhance HDR efficiency an
asymmetric designed ssODN was used for the two approaches (Richardson et al., 2016; CRISPR
knockin tool by deskgen.com). Electroporated (Amaxa 2b, B-16, Human Stem Cell Nucleofector Kit 2,
Lonza) cells were seeded as single cells on matrigel-coated 10cm dishes (1:30), E8 medium was
supplemented with 10 uM y-27632 and 1% penicillin/streptomycin.

Tab. 9: ssODNs used as repair templates to correct patient-specific variants in GBA2-deficient iPSC.

Exon GBA2 ssODN Sequence (5°-3'):

(NM_020944.3)

4 GACTGTGTACCAGCAAGTCCTGTCCCTGGAGCGCCCAAGTGTCCTCCGCAGCTGGA
ACTGGGGCCTGTGTGGGTACTTTGCTTTCTACCATGCACTCTATCCCCGAGCCTGGA
CTGTCTATCAGCTTCCT

7 CCAGTGCCGCCTGGAGTTTTCACTGGCTTGGGACATGCCGAGGATCATGTTTGGAG

(wt/R870%*) CTAAAGGCCAAGTCCACTACAGgtgaggggaccaagaaag

7 AGGAGTAGGCATTGCTGGAGCTGTGTGTGTTTCCAGCAAGTTGCGACCTCGAGGCC

(wt/wt) AGTGCCGCCTGGAGTTTTCACTGGCTTGGGACATGCCGAGGATCATGTTTGGAGCT
AAAGGCCAAGTCCACTAC

17 CTGGCCTTCCAGACCCCAGAGGCATACTGCCAGCAGCGAGTGTTCCGCTCACTGGCC
TACATGCGCCCACTGAGCATATGGGCCATGCAGCTAGCCCTGC

For cells electroporated with the fluorescent tracrRNA, single cells were sorted using the SH800 Cell
Sorter (Sony) into E8 supplemented with 1% penicillin/streptomycin and 10 uM y-27632. Afterwards,
cells were plated as outlined above. Single cell colonies were picked manually, screened via
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restriction fragment length polymorphism (RFLP) and validated by Sanger sequencing. Sequencing
was performed for the loci of interest and potential off-target effects (Tab. 10, Tab. 11, Fig. 5).

Screening strategy for:

A. GBA2exon 7 in Patient 1.1
Correction of ¢.1255T>G; p.F419V

B. GBA2exon 17 in Patient 1.1
Correction of ¢.2608C>T; p.R870*

C. GBA2exon 4in Patient 2.2
Correction of ¢.700C>T; p.R234*

215bp 195bp 230bp
c.1255T>G €.2608C>T €.2637G>C
N 5 N T o C PAM
mut mut mut
Mmel HpyCH4V
T wt C wt G wt
~ Bbvl ~ ~
M mut wt M mut  wt M mut het wt
— = 142 b) - - — 230bp
— — - P —_— -
- == — 215bp - = = 88bp — - - - 5213"
R < 115bp - = = 54bp
= 110bp — —
4% Agarose Gel 4% Agarose Gel 4% Agarose Gel

Fig. 5: Restriction fragment length polymorphism strategy to pre-screen picked iPSC colonies after each CRISPR
approach. Highlighted red letters indicate the silent variant change to introduce or abolish a cleavage site.
Restriction enzyme used for each experiment indicated in green. The expected pattern for each restriction
fragment length polymorphism condition is shown.

Tab. 10: Primers used in this study to pre-screen via RFLP, to confirmed variants in patient-derived cells and
check for unintentional plasmid integration.

Primer (GBA2: NM_020944.3)

Sequence (5’-3’)

GBA2 Exon 7 TCCCCTCACCTGTAGTGGAC
ACCCCTACGCAGAAAGGAGT
GBA2 Exon 7 RFLP CACCCCTACGCAGAAAGGAG
AGGATGAACACAAGCCCCAG
GBA2 Exon 17 CCTGTGCCCTGTTTGACTTT
GACAGCTGAAGGCTGCTACC
GBA2 Exon 4 GGAGGGCAATGGAAGATACA
GGCAGACTGTGTACCAGCAA
Plasmid integration #1 CAGAGCTTCATCGAGCGGAT
CGAACAGGTGGGCATAGGTT
Plasmid integration #2 ACCCAGAAACGCTGGTGAAA
TCCGGTTCCCAACGATCAAG
Plasmid integration #3 CAGAGCTTCATCGAGCGGAT
CGAACAGGTGGGCATAGGTT
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By introducing a specific silent nucleotide change in the repair template, a restriction enzyme
cleavage site was introduced or destroyed. This RFLP method pre-selects generated CRISPR clones
cost and time efficient. Clones with the anticipated RFLP-pattern were analyzed further by Sanger
sequencing (Fig. 5, Tab. 10).

Tab. 11: Locus and primers used to confirm potential predicted off-target sites.

Locus for potential
predicted off-target
effects

Sequence off-target site

Primer sequence
(5’-3")

Off targets crRNA E4 (CRISPOR)

CALCB-INSC TAGTTTAGGCTCAGGGATAA GGG | AGAAGAGTGTGACAGTTGCCT
(intergenic) CTACCTAGAGTCCACACGGC
WDR1-RP11-480G3.1 CTGTCCAGGCTCAGGAAAAG GGG | GCTCTGAGTCCTGGCTTCTA
CAGCGCTACCCTTGCATAG
TFDP2 TAGTACAGACTCAGAGATAG AGG | AGCCTCACCACCATGCTAAC
CTGTCACCTCCCCAGTGTTC
RP11-701P16.1 CTGACCTGGTTCAGGGATAG AGG | TTGCCTGCACTACTACCTCC
(LincRNA) TGGAGAGGACTGGCATGAAG
KCNT1 CTGTCCAGGCCCGGGGACAG CGG | GTTCTCGGAGGGATGAGCTG
TGCACACACCTGCAGATTCA
AC068137.5 CAGTGCATGAGCAGGGATAG TGG | ACTGTTGACTGTTCTCAGCCA
GCCTGGTAAGATGAGAGAGACTT
AC073869.7 CAGTGCATGAGCAGGGATAG TGG | TAAAGTTAATAGCACCTGCCTCT
GACGGGACTTAAACCCACGA
PRAMENP/IGLVI-70 AAGTTCAGGCCCAGGGATAG CAG | GTGGGGGTTTCAACTGGGAA
GTGAGAAGCTGGAGGAGGAG
RABL2B CGGTTCAAGCTCAGGGCTAG GGG | CCTCCAAAGTGTCTAGCCCA
CTTCCTGCCACCTCTTGAGA
KMT2D GAGACCAGGCTGAGGGACAG GGAAGTTCCCTGTGGCTACT
GGG CAATTTTGTCCGGTCCCCTG
FOXP4 CAGCCCAGGGTCAGGGAGAA GGG | AGAAAGGAGGGGAGAAAGCG
TATGAGCATCCGATACGCCC
RP11-83N9.5 CAGGCCAGGCACAGGGATGC TGG | GTTCTGCGAATCCCTTCACC
GTGGTGAGGTCCCTGTCC
C170rf96 CACCCCAGCCTCAGGGATTG CGG | GATCCAGGCCTATCTCACCC
GGAAACAAAACAAGCTGCACT
RAB13 CCGCCCAGGCTCCGGGAAAG AGG | ACCGATGGTGGAGATGTAAGTG
AGAGGGGAGCTACAATTACCGA
FBXO39 CATCCCAGGCTCCGGGATAG AGG | TGTAGCTTTGGGTATCTGCAC
CCTGGCTCACTCTTCCTCTT
PPP6R1 CAGTCCTGGCGCAGGGACTG TGG | GCAACAGATGCTTGTGGCAA
AGCTAGCCTTAGGGGTTCCA
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RP11-48B3.3 CACTCCAGCCTGAGGGACAG AGG

TCCCCTGATATTTCTAAGTCACTGT
GCAGTTAATATGTGGTAGCATCAGG

ST3GAL4 CAGTCCGGGCGCAGGGCTGG GGG | TCCCTGGACCAGATTTTCGC
CTCCCACTGACAACTCCACC
MANBAL CATTCCAGGCTCAGGGTCTG AGG | TGTGAACAAGAGGCCCAAGA
AGAGGAAGTGGTGGATTGCC
CRCP CACTCCAGGCTTAGTGACAG TGG GGCCAATCCTTCAACAGCTC
ACTGTTGTGCAAATGAGGCT
Off targets crRNA E7 (Zhang Lab, MIT)
CDRT4 CATGGCTCCTACCATGATCC CAG AAAGACCCTGGGCATCAAGG
GGACAGTCTCTGGAATCCGC
TMEM150C TTTGGGTTCAACCATGATCA AAG GGGGCAGTGAAGGTATGGTT
AGGAAGGGTATTCTTTTAATTGGCT
PLXNA3 TTTACCTACTACCCTGATCC CAG ACCCTGATGAGTTTGGCTTCC
CTTCAGCCCAGGACTCTCCAC
LRRC8A TTTAGGTTGAACCATGATTC CGG AGGAGTTCCCGATTGCTCTTAC
CCCCGAAGACGGCAATCAT
ZDHHC2 TTTACCTCCAGACATGGTCC TGG ACAGACTTGCCCACGTTTCA
TGTGCCACAGTGCTATTCGT
TMEM140 TTCAGTTCCAACCATGGTCA GAG GGTTTCTAGCTCTGGGCAGC
GGAGCTGGAGATCAGCGTTA
MIPEP TTTACCTTCAACCATGAGCA TGG CTGTGCAAGCAGGAGTCTGT
ACTTAGGACACAGTGAGACAGATG
MESTIT1 TTAAGCTCCTACCATGAGCA TGG ACGAAGGGGTTTTGGTTGAGA
AGCTGCCGTATCTCTCTCTG
DNM1P46 TTTAGCACCGACCATGTGCC GAG GGCCCAGGCACTATCAACTT
TCACTCCAGCCAACTGAAGC
TPH2 TTCAGCTCCACCCATGTGCC AGG GGAAGAAGGCAAGGGTGGTC
AAAGCATTGCAGCACAGAACA
XPNPEP1 TTTAACTCCAGCCCTGGTCC CAG GGCCTCCTGCCTGTTTAAGT
AGCACTCACACGCAATCTCA
Chr6:-51925144 TTGAGCTTCTACCATGATCC AGG ACCAACAAATGACTGCCCTTG
(intergenic) GGAACCACAAGCCAGGTAGT
Off targets crRNA E17 (Zhang Lab, MIT)
TMEM185A ACTGCTCGCCGGCCTACATG GGG TGTGTCAGAGGCTGCAAGTT
CCCCAAAGAGAACAGGGCTT
SLC4A11 TGAGCTCCCTGCCCTACATG AGG AGATCCACTACTTCACGGGC
CCCATTCTCCACACCTAGACT
cxcLio TCCCATCACTTCCCTACATG GAG GGGGAGCAAAATCGATGCAG
GCAGCTGATTTGGTGACCATC
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T5C22D1 TGCGCTTAGTGTCCTACATG GGG CTGTGTGCCTTTCCATCCCT
TCCCAGCTACCTGTCACCAT
TNKS1BP1 TCCTCTCACTGGCCTCGATG CAG CCAAGTGTGGAAGACAGCCT
TTCCCAGGAGGCACAAAGTG
EPG5 TCCGCTCGCTGGGCTTCATG TGG CACAATGCACTCACGTAGCC
TTGGTGCATAAGAAGAGTTCACA
NPTXR TCCGCACGCGGGCGTACATG TAG | TTTCTGAAGTGTGCCCTGTCC
CAGGCGGTGAATGCGTAGAG
NUTF2 ACCCCTCACTGGCCTTCCTG GAG TCCTAGCACTGGTCTGGCTT
CTCCCATTCTGGAGCGTCAC

Establishing a GBA2 and GBA1 enzymatic activity assay

To demonstrate the restoration of GBA2 activity in gene-corrected iPSC-derived neurons |
established a widely used assay to measure GBA1 and GBA2 enzymatic activity in our lab.

To establish the best working condition to measure GBA2 activity two different published assay
buffer and conditions and a more physiological condition were compared to each other. The assay is
based on the specific inhibition of either GBA1 or GBA2. Calculating the difference allows to
determine the respective enzyme activity.

Two different buffer compositions, 0.2 M Acetate buffer and Mclllvain buffer, with varying pH values
were tested, namely: Acetate buffer pH 5.2 and pH 5.8 (Sultana et al. 2015; Aureli et al. 2015;
Haugarvoll et al. 2017; Aureli, Loberto, et al. 2012), Mclllvain buffer pH 4 und pH 6 (K&érschen et al.
2013) and a more physiological condition of Mclllvain buffer of pH 5 and pH 7. Using conditions of
acetate buffer pH 5.2 and 5.8 revealed to be a more suitable condition to measure GBA2 activity, for
GBA1 activity no difference between buffer conditions was apparent. According to this outcome,
acetate buffer pH 5.2 and pH 5.8 were used in all further GBA1 and GBA2 enzymatic assays.

GBA2 is mainly expressed in neuronal tissue and neurons are the affected cell type, hence all
enzymatic activities were measured in lysates of iPSC-derived cortical neurons.

On DAI 34 to 36 differentiated cortical neurons were lysed with purified water supplemented with
complete Protease Inhibitor (Roche). Lysates was normalized to 20 ug total cell protein content using
the Micro BCA Kit (Pierce Thermo Scientific™ Pierce™).

To measure either GBA2 activity or GBA1 activity in cortical neurons, hypotonic lysates were
incubated for 30min at RT with 1,6 mM final concentration of Conduritol B epoxide (CBE) (Cayman
Chemical) a specific inhibitor for GBA1l or 7.9 nM N-(5-adamantane-1-yl-methoxy-pentyl)-
Deoxynojirimycin (AMP-DNM) (Cayman Chemical), a specific inhibitor for GBA2 (Overkleeft et al.
1998; Witte et al. 2010).

To adjust the pH value water-soluble 4-methylumbelliferyl-b-D-glucopyranoside (4MU) (Glycosynth)
was solved in a final concentration of 1.8 mM in 0.2 M acetate buffer of pH 5.2 / pH 5.8. and added
to the lysates. The reaction was stopped after 2 h at 37°C by adding 9 parts 0.2 M Glycinbuffer (pH
10.2). Fluorescence was measures using the Spectramax M2 (Molecular Devices) with filters of
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355nm/460nm for excitation and emission, respectively. Statistical analysis was done using Dunnett’s
test; outliers were removed.

For regulatory interaction studies between GBA1l and GBA2 the chemical inhibition of the two
enzymes was performed during cell culture. 48h prior to the assay, neurons were cultured with the
specific inhibitor for each enzyme. GBA1 was inhibited by a final concentration of 25 uM CBE, GBA2
was chemically blocked using 10 uM AMP-DNM (Overkleeft et al. 1998), supplemented to the
neuronal medium. Medium was refreshed after 24 h, to prevent potential loss of inhibitory capacity.
After 48 h, cortical neurons were lysed and measured as described above.

Western Blot analysis of GBA2-deficient and corrected cell lines

Cortical neurons were lysed on DAl 33 to 36 using RIPA buffer (Sigma) containing complete Protease
Inhibitor. The protein amount was determined using the Pierce™ BCA Protein Assay Kit (Thermo
Scientific). 40 ug protein was loaded onto a 8% Bis-Tris gel, transferred on a Nitrocellulose
membrane (GE Healthcare Amersham™ Protran™). Antibodies for GBA2 and R-actin (Tab. 12) were
diluted in 5% non-fat milk in Tris-buffered saline supplemented with 0.1% Tween 20 (TBS-T) and
incubated overnight at 4°C. On the next day, membrane was washed three times with TBS-T and
incubated with Horseradish peroxidase-coupled secondary antibody (Tab. 12) in 5% non-fat milk in
TBS-T for 1h at RT. Blots were washed thrice with TBS-T before development using ECL (Milipore) and
Biorad ChemiDoc MP developing system and software.

Tab. 12: Antibodies used in GBA2 Western Blot analysis.

Antibody, Company, Catalogue number Dilution
Primary antibodies Mouse anti-GBA2, Santa cruz, D-10 sc-393782 1:1000
Mouse anti--actin, Sigma, Clone AC-15, A5441 1:50000
Secondary antibodies Goat anti-mouse peroxidase-conjugated AffiniPure, | 1:10000
Jackson Immuno Research

Lipid mass spectrometry to assess changes in the lipid metabolism

Lipid extraction was performed as described previously (Pellegrino et al. 2014) with some
modifications. To 20 pl of the sample, 1 ml of a mixture of methanol: MTBE: chloroform (MMC)
1.33:1:1 (v/v/v) was added. The MMC was fortified with the SPLASH mix of internal standards (Avanti
Lipids). After brief vortexing, the samples were continuously mixed in a Thermomixer at 25°C
(950rpm, 30min). Protein precipitation was obtained after centrifugation for 10min, 16000g, 25°C.
The single-phase supernatant was collected, dried under N2 and stored at —20°C until analysis.
Before Analysis, the dried lipids were re-dissolved in 100 puL MeOH:Isoproanol (1:1).
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Liquid chromatography was done as described previously (Cajka and Fiehn 2016) with some
modifications. The lipids were separated using C18 reverse phase chromatography. Vanquish LC
pump (Thermo Scientific) was used with the following mobile phases; A) Acetonitrile:Water (6:4)
with 10 mM ammonium acetate and 0.1% formic acid and B) Isopropanol: Acetonitrile (9:1) with 10
mM ammonium acetate and 0.1% formic acid. The Acquity BEH column (Waters) with the
dimensions 100mm * 2.1mm * 1.7 um (length*internal diameter*particle diameter) was used. The
following gradient was used with a flow rate of 0.6ml/minute; 0.0-2.0 minutes (isocratic 30% B), 2.0-
2.5 minutes (ramp 30-48% B), 2.5-11 minutes (ramp 48-82% B), 11-11.5 minutes (ramp 82-99%),
11.5-12 minutes (isocratic 100% B), 12.0-12.1 minutes (ramp 100-30% B) and 12.1-15 minutes
(isocratic 30% B).

The liquid chromatography was coupled to a hybrid quadrupole-orbitrap mass spectrometer (Q-
Exactive HFx, Thermo Scientific). A full scan acquisition in negative and positive ESI was used. A full
scan was used scanning from 200-2000 m/z at a resolution of 120000 and automatic gain control
(AGC) Target 1e6, max. Injection time 200 ms, while data-dependent scans (top10) were acquired
using normalized collision energies (NCE) of 20, 30, 50 and a resolution of 15,000 and AGC target of
leS5.

Identification of the lipids was achieved using following criteria: high accuracy and resolution with an
accuracy within m/z within 5 ppm shift from the predicted mass and a resolving power 70000 at 200
m/z. The fragmentation pattern matching to the in silico LipidBlast lipid fragmentation database.
Mass spectrometric data analysis was performed in Compound Discoverer software 3.3 (Thermo
Scientific) for peak picking, annotation and matching to LipidBlast.

Quantification was done using single point calibration by comparing the area under the peak to the
area under the peak of SPLASH internal standard closed in time s to the area under the peak of the
internal standard and then normalized to protein concentration.

Lipid mass spectrometry was done in cooperation with Dr. Alaa Othman, see statement of
contributions (page 61). The material and method description for lipid mass spectrometry was kindly
provided by Dr. Alaa Othman.

Subjects

The study was conducted in line with the Declaration of Helsinki and approved by the local
institutional review board at the University of Tubingen, Germany (054/2013B01). All
patients/controls gave written informed consent for clinical data collection, collection and storage of
biological samples, experimental analyses and the publication of relevant findings.
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Results

Cell lines used in this project and iPSC generation

To study GBA1- and GBA2-dysfunction in a human neuronal cell system, we created iPSC models
from patient-derived fibroblasts with Gaucher disease (GBA1-deficiency) and GBA2-associated HSP
(GBA2-deficiency). | included three different patients carrying three different pathogenic variants in
the GBA2 gene and two patient-derived lines harboring different pathogenic variants in the GBA
gene (Tab. 13). One patient with GBA1-deficiency carries the common bi-allelic p.(L483P) (historic
nomenclature: p.(L444P)). The other patient displays compound heterozygous amino acid change of
the p.(N409S) and the p.(W223R) variant (p.(N409S) historic nomenclature: p.(N370S))
(Nomencalture, Dimitriou et al. 2020).

Tab. 13: List of patients from which skin-derived iPSCs were generated in this project.

Affected gene Pathogenic variants Phenotype

GBA2 (Patient 1.1) | c.1255T>G, p.(F419V) and Complicated HSP
€.2608C>T, p.(R870*) compound heterozygous

GBA2 (Patient 2.1) | c.700C>T, p.(R234)* homozygous Complicated HSP

GBA2 (Patient 2.2) | c.700C>T, p.(R234)* homozygous Complicated HSP

GBA €.1448T>C, p.(L483P) (L444P) homozygous Neuronopathic GD

GBA €.667T>C, p.(W223R) and ¢.1226A>G, p.(N409S) Neuronopathic GD
(N370S) compound heterozygous

*Variant positions annotated according to the following transcripts: GBA: ENST00000368373.8 / NM_000157.4;
GBA2: ENST00000378103.7 / NM_020944.3. GBA nomenclature: Human Genome Variation Society (HGVS)
recommends numbering the codons beginning with the first ATG, historic nomenclature of GBA starts 39
codons downstream of the first ATG (Dimitriou et al. 2020).

While generation and characterization of GBA1-deficient iPS cells was part of this thesis, GBA2-
deficient iPSCs were already available (created by Stefan Hauser and Stefanie Schuster, see
statement of contribution, page 61). Patients with pathogenic, bi-allelic GBA2 variants were
described previously (Martin et al. 2013; Sultana et al. 2015).

To generate GBA1l-deficient iPSCs, patient-derived fibroblasts were reprogrammed using episomal
vectors encoding the Yamanaka factors: OCT4, KLF4, L-MYC, SOX2 and LIN28 (Okita et al. 2011).
Initial appearing of iPSC-like colonies were visible eight to ten days after nucleofection. Colonies
were observed until large enough to pick and selected according to their morphology and growth
rate. Each colony was manually picked for singularization around day 20 to day 25. After five
passages cells were assumed to be transgene free and the characterization was initiated.
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Characterization of reprogrammed iPSC

First, we confirmed the genomic integrity before demonstrating the pluripotency of the
reprogrammed iPS cells.

Genomic integrity:
iPSC were passaged for at least five times before DNA was extracted. During these cultivation steps,

iPS cells were monitored and evaluated based on their morphology and growth rate. Only cells that
displayed the expected morphology and growth behavior were further analyzed. The criteria
comprised dense and uniformly packed colonies with a distinct and sharp border. We aimed for a
split ratio of approximately 1:12 every 5 days.

Selected iPS cells were negative in the PCR for unintentional plasmid integration, whereas positive
plasmid controls showed an unambiguous band for the expected size (Fig. 6 E). In parallel, all
pathogenic variants were re-evaluated via Sanger Sequencing (Fig. 6 C, D). The parentage of each
fibroblast line with their reprogrammed iPSC line was confirmed by a STR analysis. All six STR markers
identified the origin of each iPSC line from their respective fibroblast line. In addition the whole
genome SNP analysis confirmed genomic integrity as well as the parentage by comparing fibroblast
to their corresponding iPS cell line (Fig. 6A).

Demonstration of pluripotency:
Pluripotency is defined by the ability of self-renewal and the capacity to develop into cells of all three

germ layers.

All generated iPSC cells are positive for an alkaline phosphatase staining and for specific pluripotency
markers, which were verified by immunocytochemistry. We stained for the surface markers TRA-1-81
and SSEA4 as well as for the transcription factor OCT4 (Fig. 6 F). The expression of pluripotency
markers was demonstrated by two different methods: immunohistochemistry staining against the
target and on a transcriptional level. Transcript expression levels of pluripotency genes: OCT4, SOX2,
KLF4, C-MYC, NANOG, DNMT3B and TDGF1 in the generated GBA1-deficent iPSC were similar to the
expression profile of HUES 6, a human embryonic stem cell line (Fig. 6 H). Differentiation potential in
all three germ layers was confirmed using an embryoid body-mediated differentiation protocol for
mesodermal and ectodermal markers. For endodermal differentiation, a protocol to differentiate
hepatocytes was followed for the first days (Carpentier et al. 2014). Morphological changes in the
differentiating endodermal 2D culture were visible within the first days. The usually small and
densely packed iPS cells became flatter, bigger and more spread in the well. Characteristic markers
for each layer were demonstrated by immunohistochemistry staining for mesodermal, endodermal
and ectodermal by SMA, FOXA2 and TUJ, respectively (Fig. 6 G). Pluripotency for our reprogrammed
iPS cells was demonstrated by these experiments. The generation of these iPSC-lines was published
by our lab (Nagel et al. 2019).

All validated iPSC were expanded in young passages and cryopreserved for following experiments.
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Fig. 6: Characterization and validation of genomic integrity and pluripotency of reprogrammed iPSC from GBA1-
deficient fibroblasts. Two iPSC lines with three different pathogenic variants in the GBA gene were analyzed
(iPSC-GBA-1: c.1448T>C; p.(L483P), homozygous; iPSC-GBA-2: c.667T>C, p.(W223R) and c.1226A>G, p.(N409S)
(compound heterozygous). Figure from Nagel et al. 2019.
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Differentiation of iPS cells into cortical neurons

To model one of the affected cell types in GBA2-associated HSP, patient-derived iPSC were
differentiated towards cortical neurons of layer V and VI (Yichen Shi et al. 2012; Schols et al. 2017;
Rehbach et al. 2019). Cortical differentiation was recapitulated using a protocol based dual SMAD
inhibition to stimulate neural induction. FGF2 withdrawal on day 12 promoted cortical neurogenesis.
Neural rosettes appeared, which are characteristic for cortical neuroepithelium. The differentiation
process comprises 37 days, staining for neuronal and cortical marker revealed an almost pure culture
of TUJ positive cells and the specific marker expression for cortical layer V (CTIP2) of over 75%
(Schuster et al. 2020). Astrocytes were excluded by immunofluorescence staining; differentiated
cultures presented no GFAP positive cells.

Experimental approach to GBA2 gene correction

To generate isogenic controls for two GBA2-deficient iPSC lines (Tab. 13) a precise gene editing
strategy was necessary. To design the sequence specific crRNA, online tools of the Zhang lab and the
CRISPOR tool (http://crispor.tefor.net/) were used. crRNAs targeting the following variants were
designed (Fig. 7) (F. Ran et al. 2013; Haeussler et al. 2016):

* ¢.1255T>G, p.(F419V) (exon 7) and c.2608C>T, p.(R870*) (exon 17) (Patient 1.1)
* ¢.700C>T, p.(R234)* (exon 4) (Patient 2.2)

Patient 2.1
Patient 2.2
c.700C>T
p.(R234*) (hom.)

GBA2 1 BN = 6 7 8 9 10 11 12 13 1415 16 17
' Patient 1.1 Patient1.1 |
' ¢.1255T>G €2608C>T
- p.(F419V) (het.) p.(R870%) (het.) !

Fig. 7: Summary of pathogenic GBA2 variants present in iPSCs generated from two unrelated families. Patient
1.1 carries compound heterozygous variants in GBA2, a missense variant in exon 7 and a nonsense variant in
exon 17. Patient 2 (two siblings, P2.1 and P2.2) show a bi-allelic nonsense variant in exon 4, leading to a
premature stop codon. GBA2: ENST00000378103.7 / NM_020944.3.

Over time the CRISPR technique improved continuously and thereby the development was directed
towards a more efficient and integration free editing approach. The original protocol used a plasmid-
based approach, with the drawback of unintentional plasmid integration (F. Ran et al. 2013). The
advancement of in vitro assembly of the RNP allowed a faster, more flexible and safer editing
process. Since only Cas9 protein and the RNA duplex is used for gene editing, the risk of
unintentional plasmid integrations is prevented. In this project, both methods were applied (Tab. 8).
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Specific requirements for designing the crRNA and ssODN were fulfilled. Firstly, the crRNA should
span the targeted variant on the affected allele. This was applicable for two variants, but not for
variant c.2608C>T, p.(R870)* (Patient 1.1), consequently, a sequence downstream of the variant
locus was selected. Secondly, the repair template should contain an additional silent variant in the
PAM sequence to prevent the Cas9 from repeated cutting after successful gene correction. Thirdly,
an additional consideration was to introduce or remove an enzymatic restriction site to facilitate the
screening for potential positive clones (Tab. 14, Fig. 5). The optimized protocol for correcting GBA2-
specific variants relied on the RNP approach.

In the first step of assembling the RNP, the sequence-specific crRNA and scaffolding tracrRNA were
annealed to form the gRNA. In the second step, the annealed gRNA was combined with the Cas9
protein to form the RNP. Hereby, we used a fluorescently labeled (ATTO 550) tracrRNA to allow FACS
sorting of successfully transfected cells and thus increase the efficiency of gene editing. The RNP was
assembled outside the cells and then electroporated into iPSC.

iPSC were pre-selected with an RFLP approach (Fig. 5) and positive clones validated further via
Sanger sequencing. After confirming the successful genetic editing, off-target effects of the most
likely predicted coding sites were excluded by direct Sanger sequencing (Tab. 11). To predict the off-
target sites the same online tools were utilized as for designing the crRNAs (Zhang lab and the
CRISPOR tool (http://crispor.tefor.net/)).

Tab. 14: Overview and efficiency of CRISPR experiments to generate isogenic controls.

Generated Number of Number of clones | Number of clones | Total efficiency
genotype with single-cell with restriction with variant and
CRISPR/Cas9 colonies digest pattern PAM correction

screened by suggestive of confirmed by

restriction variant correction | Sanger

digest sequencing
CRISPR wt / R870* 85 5 1 1.18% (1/85)
(P1.1)
CRISPR F419V / wt 105 2 1 0.95% (1/105)
(P1.1)
CRISPR wt / wt 142 11 1 0.70% (1/142)
(P1.1)
CRISPR R234* / wt 176 8 5 2.84% (5/176)
(P2.2)
CRISPR wt / wt 213 5 2 0.94% (2/213)
(P2.2)

Despite all advancements, the efficiency of gene editing remains low (Tab. 14) and the feasibility of
creating large cohorts and patient-derived iPSC studies remain difficult in practical application. This

highlights the value of these generated isogenic controls.
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Functional characterization of isogenic controls

To validate the generated isogenic controls, GBA2 was assessed on a protein level by Western Blot

analysis and for functionality by measuring GBA2 enzyme activity. All cell lines used in the following

experiments are listed in Tab. 15.

Tab. 15: Overview over iPS cell lines used in this study.

Name

Parent cell line

Variant status

iPSC F491V/R870*

Patient-derived (P1.1)

GBA2: ¢c.1255T>G, p.(F491V);
¢.2608C>T, p.(R870%)
(compound heterozygous)

iPSC wt/R870* Gene-corrected from iPSC GBA2:
F491V/R870* ¢.1255T, p.(F491);
€.2608C>T, p.(R870%)
(heterozygous)
iPSC F491V/wt Gene-corrected from iPSC GBA2:

F491V/R870* ¢.1255T>G, p.(F491V);
¢.2608C, p.(R870)
(heterozygous)
iPSC wt/wt Gene-corrected from iPSC wt/R870* = | GBA2:

isogenic control

¢.1255T, p.(F491);
¢.2608C, p.(R870)

(GBA2 wt)
iPSC R234*/R234* Patient-derived (P2.1) GBA2: ¢.700C>T, p.(R234*);
(homozygous)
iPSC R234*/R234* Patient-derived (P2.2) GBA2: ¢.700C>T, p.(R234*);
(homozygous)
iPSC R234*/wt Gene-corrected from iPSC GBA2:c.700C>T, (p.R234%*);
R234*/R234* (P2.2) (heterozygous)
iPSC wt/wt Gene-corrected from iPSC R234*/wt GBA2: ¢.700C, p.R234;
(P2.2) (GBA2 wt)
iPSC control 1-3 Derived from unrelated healthy GBA2 wt

(Co-1, Co-2, Co-3)

controls

Gaucher 1 Derived from unrelated GBA1 patient | GBA1l:c. 1448 T > C, p.(L483P);

(L483P/L483P) (homozygous), (GBA2 wt)

Gaucher 2 Derived from unrelated GBA1 patient | GBA1l:¢c.667 T>C p.(W223R),

(W223R/N4095S) c.1226A > G p.(N409S); compound
heterozygous), (GBA2 wt)

SPG5 Derived from unrelated SPG5 patient CYP7B1: c.1484C>T, p.(R486C);

(homozygous), (GBA2 wt)

*Variant positions annotated according to the following transcripts: GBA: ENST00000368373.8 / NM_000157.4;
GBA2: ENST00000378103.7 / NM_020944.3. GBA nomenclature: Human Genome Variation Society (HGVS)
recommends numbering the codons beginning with the first ATG, historic nomenclature of GBA1 starts 39
codons downstream of the first ATG (Dimitriou et al. 2020).
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Gene correction restores protein expression

WB analysis demonstrated full restoration of GBA2 protein expression in isogenic control neurons
compared to the corresponding patient cell line (Fig. 8). In the sample of Patient P1.1 a faint signal of
GBAZ2 protein is detectable compared to more intense signals in the heterozygous-corrected samples
and the isogenic control. Both siblings (P2.1 and P2.2) carrying the premature stop codon variant
p.(R234*) have no detectable full-length GBA2 protein, but full-length GBA2 protein content
increases depending on the restored wild-type alleles. The used antibody was raised against amino
acids 325 to 574 of the full-length GBA2 protein. Hence this antibody does not allow the detection of
a truncated protein due to the nonsense variant in exon 4 (amino acid 234). Quantification of GBA2
levels confirmed restoration of GBA2 protein in isogenic controls compared to unrelated controls.
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Fig. 8: Western Blot analysis demonstrated restoration of GBA2 protein in isogenic controls of iPSC-derived
cortical neurons in three independent lysates. A: 40 pg protein was loaded and detected with specific
antibodies; (GBA2: santa cruz, D-10 sc-393782 and R-actin Clone AC-15, A5441). B: Quantification of GBA2
protein expression in cortical neurons. GBA2 was normalized to the mean GBA2 levels of three unrelated
controls (Col- Co3).
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Gene correction restores enzymatic function of GBA2

First, | tested different assay conditions to evaluate the best condition to measure GBA2 activity,
since most publications focus on GBA1 activity (Van Weely et al. 1993; Kérschen et al. 2013; Aureli et
al. 2016; Haugarvoll et al. 2017; Sultana et al. 2015; Aureli et al. 2015; Aureli, Loberto, et al. 2012). To
assess the enzymatic function of GBA2 in a disease relevant tissue and concurrently a cell type with a
high GBA2 expression, | measured GBA2 activity in iPSC-derived cortical neurons.

The artificial substrate 4-methylumbelliferyl-b-D-glucopyranoside (4MU) is hydrolyzed by GBA1 and
GBA2 to 4-methylumbelliferone, a quantifiable fluorescent product. Various conditions for this assay
have been described; they differ in their buffer constitution and their pH (Van Weely et al. 1993;
Korschen et al. 2013; Aureli et al. 2016; Haugarvoll et al. 2017; Sultana et al. 2015; Aureli et al. 2015;
Aureli, Loberto, et al. 2012). In our preparatory assay setup | included three cell lines and three
different buffer conditions. Three control lines were tested, two healthy wild-type controls (Co-2 and
P1.1 wt/wt) and a cell line with a HSP background (SPG5) as a disease control without a GBA2-
deficiency (Tab. 15). The buffer conditions differ in their composition (Mclllvain or Acetat) and pH
(Fig. 9). Specific inhibitors were used to distinguish between GBA1l and GBA2 activity. CBE is an
irreversible inhibitor of the lysosomal GBA1, whereas AMP-DNM is a potent and specific inhibitor of
the non-lysosomal B-glucosidase, GBA2 (Boot et al. 2007; Overkleeft et al. 1998).
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Fig. 9: Comparing assay conditions for measuring GBA2 activity. Three different cell lines, two healthy control
lines (Co-2 and P1.1wt/wt) and a disease control line with a SPG5 background were used. Two described assay
conditions and a more physiological assay condition were evaluated for GBA2 activity (A) and GBA1 activity (B).
Coefficient of Variation (CV) was determined for each buffer composition.

The optimal condition with the lowest coefficient of variation (CV) for GBA2 activity was chosen. The
CV of GBA2 is calculated by the ratio of the standard deviation to the mean of all tested
measurements for each condition of the three cell lines. All further enzymatic activity assays, the
characterization of all isogenic controls and the interaction of GBA1 and GBA2, were measured using
acetate buffer pH 5.2 for GBA1 activity and pH 5.8 for GBA2 activity (Condition 3, Tab. 16).
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Tab. 16: Evaluation of tested assay conditions to optimize the enzymatic assay for quantification of GBA2

activity.

Condition | Buffer pH GBA1 activity pH GBA2 activity Coefficient of variation (GBA2)
1 Mclllvain | 4 6 0.20

2 Mclllvain | 5 7 0.18

3 Acetate 5.2 5.8 0.15

| proceeded to demonstrate the recovery of GBA2 enzymatic function in all isogenic control cells and
their partially corrected intermediates. In cell lysates from cortical neurons of P1.1 (F419V/R870*) no
residual GBA2 activity could be detected, whereas in the isogenic control GBA2 activity was 74.5
[rfu/20mg protein] (Fig. 10A). Correcting the nonsense variant in P1.1 neurons lead to an increase of
GBA2 activity to 31.4 [rfu/20mg protein] and restoration of the missense variant resulted in a slightly
higher activity 49.8 [rfu/20mg protein].

Tab. 17: GBA1 and GBA2 activity in GBA2-deficient cortical neurons and a chemical GBA2 inhibited (AMP-DNM)
control line. Mean and standard deviation (StDev) measured in patient-derived cells.

GBA1l GBA2
GBA2 genotype Mean StDev Mean StDev
F419V/R870* 120.1 47.9 -2.5 14.7
P11 F419V/wt 114.4 14.8 314 8.0
wt/R870* 99.0 20.4 49.8 19.7
wt/wt 111.2 27.7 74.5 19.8
P2.1 R234%*/R234* 110.5 51.6 7.1 4.1
R234%*/R234* 113.7 214 4.8 3.8
P2.2 R234%* /wt 99.0 12.8 37.1 8.0
wt/wt 102.1 10.0 67.1 12.4
Co-2 Co-2 86.1 171 50.1 17.1
Co-2 + AMP-DNM 95.1 14.0 7.8 6.1

The enzymatic activity of GBA2 was completely abolished in both neuronal cell lines, generated from
siblings (P2.1 and P2.2) (Fig. 10A). The enzymatic activity of GBA2 in the isogenic control of P2.2 was
67.1 [rfu/20mg protein], demonstrating the full restoration of GBA2 functionality. Cells with
heterozygous gene correction (R234*/wt) showed an enzymatic GBA2 activity of 37.1 [rfu/20mg
protein] (Tab. 17). Inter-individual variability of GBA2 activity was observed when comparing the two
isogenic GBA2 controls lines with iPSC-derived cortical neurons from a healthy donor (Co-2 in Fig.
10). In conclusion, | could demonstrate full restoration of GBA2 enzymatic activity in gene-corrected
isogenic control neurons. AMP-DNM as a specific GBA2 inhibitor showed the same loss in GBA2
activity as the genetic GBA2-deficient cell lines (P1.1 - F419V/R870* and P2.1, P2.2 - R234*/R234%*).
This demonstrates a complete elimination of GBA2 activity in both model systems of either
pharmacological or genetic inhibition.

GBAZ1 activity was unchanged in GBA2-deficient cells compared to cells with full GBA2 activity (Fig.
10B) leading to the conclusion that GBA1 activity is independent from GBA2 activity.
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Fig. 10: Enzymatic characterization of patient-derived cortical neurons and their respective isogenic controls. A)
Full restoration of GBA2 activity in isogenic controls, complete abolished GBA2 activity in cells treated with
AMP-DNM (AMP-DNM, a specific GBA2 inhibitor). B) GBA2-deficiency and the specific GBA2 inhibitor (AMP-
DNM) have no effect on GBA1 activity. The specificity of the GBA2 inhibitor AMP-DNM is demonstrated in a
healthy wild-type control. Pharmacologic inhibition of GBA2 resulted in an almost complete abolished GBA2
activity (7.8 [rfu/20mg protein]) without affecting GBA1 activity.

Regulatory interaction between GBA1 and GBA2 activity

In literature there are contradictory reports on a regulatory feedback loop between GBA1 and GBA2.
Most studies focus on GBA1l-deficiency in either artificial, non-human or non-neuronal cell lines
without isogenic controls. | investigated the interaction between GBA1 and GBA2 activity in iPSC-
derived cortical neurons, a tissue with high GBA1 and GBA2 expression.

Cells from two patients with neuronopathic Gaucher disease were used as a genetic model of GBA1-
deficiency. As expected, bi-allelic presence of the common c. 1448 T > C, p.(L483P) variant (historic
nomenclature: L444P) in the GBA1 gene abolished GBA1 activity completely (2.8 [rfu/20mg protein])
(Tab. 18). Low residual GBA1 activity of 24.2 [rfu/20mg protein] was measured in neurons carrying
compound heterozygous ¢c.667 T > C p.(W223R) / ¢c.1226A > G p.(N409S) variants (Fig. 11B). GBA2

G BAL483P/L483P

activity remained unchanged in neurons compared to controls; surprisingly

GBAW?23R/NA0SS neurons, despite their residual GBA1 activity, demonstrated higher GBA2 activity than
healthy controls. These results, however, have to be interpreted with caution, as | did not use
isogenic controls but unrelated healthy controls and therefore do not control for intra-individual
variability of GBA2 activity. CBE is a potent inhibitor of GBA1 and abolished GBA1 activity to the same

L L . . .
483PL483P model. In accordance with the results in neurons harboring

level as the genetic GBA
pathogenic GBA variants, pharmacologic inhibition of GBA1 enzyme using CBE did not affect GBA2

activity (Fig. 11).
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Tab. 18: GBA1 and GBA2 activity in GBA1-deficient cortical neurons and control cells treated with a GBA1
inhibitor (CBE). In these patient-derived cells GBA1 and GBA2 activity are displayed as mean with standard
deviation (StDev).

GBA1l GBA2
GBA genotype Mean StDev Mean StDev
Gaucher 1 L483P/L483P 2.8 4.2 454 4.9
Gaucher 2 W223R/N409S 244 6.6 73.0 11.0
Co-2 86.1 17.1 50.1 17.1
Co-2
Co-2 + CBE 0.3 2.8 45.9 4.8

In conclusion, the results show that a complete abolishment of GBA1 activity does not influence
GBA2 activity. Both, chemical inhibition (48h CBE treatment prior to lysis) and pathogenic, bi-allelic
variants ¢.1448T>C p.(L483P) reduced GBA1 activity to background level, but resulted in no
significant change in GBA2 activity. An increased GBA2 activity was observed in cortical neurons
carrying GBA variants causing the amino acid changes p.(W223R)/p.(N409S) while some residual GBA
activity was measured. This higher GBA2 activity could be rather explained by high inter-individual
variability of GBA2 activity than a regulatory feedback caused by reduced GBA1 activity, taken the
data of a complete loss of GBA1 activity into account.
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Fig. 11: GBA1 and GBAZ2 activity in GBA1-deficient neuronal cells. A) CBE (Conduritol B epoxide, a specific GBA1
inhibitor) has no effect on GBA2 activity. B) Complete absence of GBA1 activity in both conditions, either cells
carrying bi-allelic p.(L483P) variants or neurons treated with CBE. Some residual GBA1 activity is measurable in
cells with the compound heterozygous variants (W223R und N4095S), likely reflecting intra-individual variability.
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Lipidomic studies in GBA2-deficient cells and their isogenic controls

GBA2 catalyzes the breakdown of GluCer to glucose and ceramide and is involved in the lipid
metabolism. Ceramide plays a pivotal role in the sphingolipid metabolism, since it is the building
block for all complex glycosphingolipids (GSL). To reveal the impact of GBA2-deficiency in the context
of hereditary spastic paraplegia type 46 we analyzed iPSC-derived cortical neurons from patients and
their respective isogenic controls by lipid mass spectrometry.

Lipidomics in cortical neurons reveals hexosylceramide accumulation

Previous studies demonstrated that GBA2-deficiency results in accumulation of GlcCer. Thin-layer
chromatography of GBA2 KO mice revealed GlcCer accumulations in testis and fibroblasts (Yildiz et al.
2006; Raju et al. 2015). Furthermore, GlcCer accumulation was shown in patient-derived
lymphoblastoid cell lines of three patients carrying the ¢.1780G>C variant compared to healthy
controls using thin layer chromatography (Malekkou et al. 2018).

To analyze lipid metabolism in a more disease relevant cell type iPSC-derived cortical neurons were
studied. Patient-derived cortical neurons in combination with their respective isogenic controls
represent a solid and robust disease model for HSP type 46. To investigate the consequences of
GBA2-deficiency on lipid metabolism we performed lipid mass spectrometry of iPSC-derived cortical
neurons from patients compared to their isogenic controls (lipid mass spectrometry was performed
in cooperation by Dr. Alaa Othman, see statement of contributions, page 61). Three independent
cortical differentiations of patient-derived iPS cells and their respective isogenic controls were
prepared for analysis.

GBA2 is an enzyme involved in the sphingolipid metabolism and is also called the non-lysosomal B-
glucosidase. GBA2 catabolizes GlcCer into glucose and ceramide. GlcCer and galactosylceramide are
the simplest glycosphingolipids; both are formed by adding a sugar residue (glucose or galactose,
respectively) to ceramide. With classical mass spectrometry both glycosphingolipids (GlcCer and
galactosylceramide) are indistinguishable.

All GSL have this basic building block in common; they all derive from the simple sphingolipid
ceramide. Ceramide is composed of a sphingoid base N-acylated to a fatty acid. While the sphingoid
backbone can differ in carbon chain length, hydroxylation and number of double bonds, the N-linked
fatty acid can vary in carbon chain length and their number of double bonds. Responsible for the N-
acylation is the ceramide synthase (CerS). In mammals, six distinct CerS are known (CerS1-6), every
CerS has a particular substrate specify towards the length of a fatty Acyl-Co-enzyme A. In neurons
the predominant CerS is the Cersl, linking fatty acids with a carbon length of C18 to the sphingoid
base (Merrill 2011; Kitatani, Idkowiak-Baldys, and Hannun 2008; Ben-David and Futerman 2010;
Spassieva et al. 2016; Levy and Futerman 2010).
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Fig. 12: Mass Spectrometry data of three independent lysates of cortical neurons depicted in a Vulcano Blot
analysis. Comparison of patient-derived cells versus their isogenic controls. Seven lipid species from two lipid
classes were increased: dihydro-monohexosylceramide and monohexosylceramide (HexCer), whereas two
sphingomyelin (SM) and one ceramide (Cer) species species were decreased. P-Value of 0.05 indicated as red
line.

Analysis of the different lipid species in patient-derived samples revealed ten single lipid species
differentially regulated (p-value < than 0.05; p-value = red line in Fig. 12), seven lipid species were
elevated whereas 3 lipid species were decreased in comparison to the isogenic control cells.

These seven elevated lipid species in patient-derived cortical neurons belong to two lipid classes:
dihydro-monohexosylceramide and monohexosylceramide; both are HexCer. Both classes distinguish
themselves by the present (monohexosylceramide, e.g. sphingosine d18.1) or absence (dihydro-
monohexosylceramide, e.g. spinganine d18.0) of a double bond in the sphingosine base.

In patient-derived cells, three lipid species were down regulated compared to isogenic controls, two
sphingomyelin (SM) species and a ceramide species (Fig. 12). SM is the most abundant complex
sphingolipid in mammalian cells and involved in signaling pathways of the cell. The other lipid species
reduced in patient-derived cells is ceramide, which is the essential building block for all complex
sphingolipids in the cell and ceramide itself is a bioactive sphingolipid and regulates various cellular
processes (Gault, Obeid, and Hannun 2010; Slotte 2013; Chakraborty and lJiang 2013; Stith,
Velazquez, and Obeid 2019; Merrill 2011; Adada, Luberto, and Canals 2016).
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Combining single lipid species into groups (Tab. 19) revealed two enriched lipid groups in patient-

derived cortical neurons compared to their isogenic controls. The lipid classes of mono-

hexosylceramides and dihydro-monohexosylceramides are increased in these cells, indicating the

importance of GBA2 for catalyzing the breakdown of these two lipid species.

The effect of decreased SM and ceramide species was not severe enough to contribute to a fold

change greater than -2 in these groups.

Tab. 19: Lipid classes and their respective fold changes in patient-derived cortical neurons versus isogenic

controls are measured in a lipid mass spectrometry approach. Lipid classes with a fold change greater than two
are highlighted.

Group | Measured lipid classes Fold Change (GBA2/isogenic controls)
1 Acyl Carnitine 1.4
2 Dihydroceramide 0.77
3 Ceramide (Cer) 0.71
4 Deoxydihydroceramide 1.12
5 Dihydro-monohexosylceramides (HexCer) 2.63
6 Monohexosylceramide (HexCer) 2.39
7 GM?2 Gangliosides 1,41
8 Lysophosphatidylcholine 0,98
9 Lysophosphatidylethanolamine 1.02
10 Phosphatidylcholine 0.87
11 Phosphatidylethanolamine 0.89
12 Sphingomyelin (SM) 0.7

Validation of glucosylceramide accumulation in human biofluids

To validate our in vitro model of GBA2-deficiency and to gain further insights in the lipid metabolism

of SPG46 patients we analyzed patient-derived cerebrospinal fluid (CSF) and plasma. These biofluids

were compared to healthy control subjects (Tab. 20).

Tab. 20: Overview of measured biofluid samples via

matching controls.

mass spectrometry of GBA2-deficient patients and

Sample Variant status GBA2 Sex Fasted

P1.1 F419V/R870* Male Yes

P2.1 R234*/R234* Female Yes

P2.2 R234*/R234* Female Yes

P3.1 V394Ffs*28/L554P Female No

Control A wt/wt Male Yes

Control B wt/wt Female Yes

Control C wt/wt Female (sister of P1.1) | Only Plasma
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In various neurological diseases such as Alzheimer’s’ disease as well as Niemann-Pick Disease Type C,
disturbances in the sphingolipid metabolism are described and investigated by lipid mass
spectrometry (Fan et al. 2013; Mielke et al. 2014). Especially measuring patient-derived CSF can be a
powerful and credible source to reveal pathological changes in the brain. The linkage between brain
and CSF allows access to the brain. Even in plasma samples a changed lipid metabolism is detectable,
in patients carrying pathogenic variants in the GBA gene, resulting in either Gaucher disease or
Parkinson’s disease. Glucosylceramide levels were increased in patient-derived plasma samples from
GBA1-deficient patients (Groener et al. 2008; Mielke et al. 2013).

Six hexosylceramide species were measured in patient-derived plasma and CSF samples (Fig. 13). In
CSF, two out of six measured hexosylceramide species were significantly elevated (HexCer: d18:1 /
18:0 and d18:1 / 20:0). These species consist of a sphingosine backbone N-acylated to a fatty acid
comprising C18 and C20 carbon chains (Fig. 13).

In patient-derived plasma samples one hexosylceramide species was elevated (d18:1 / 18:0),
containing a C18 carbon chain length fatty acid N-linked to the sphingosine backbone. Both of these
species (d18:1 / 18:0 and d18:1 / 20:0) were also elevated in iPSC-derived neurons (Fig. 12).

Plasma ¥ © CSF
o Q nel
& 7 $ »
N ] S S W
Vi < N
5 S K & 0.20 P
4 ] P “
= 3 N e
s & = S
3 2 5 I l f: 0.15 ¥
s 1 i °s 7
] Q =2 Q
2% 04 23
% = : % - 0.10 ‘\“/’ A
1] L 3= S o > L
=35 03 3 _ w3 o $ S & i
c & Patient £o 2 N ” N Patient
29 02 N Sy “ Q N
£3 $ 238 oos ? J
01 I
I Control l I Control
0.0 0.00
9 N N N N N N N o S N N
RN S, G ARG N 2 O U ¥ > v
@ & & & & 2 > & & < &
3 & S 8 $ 8 & & S & S &

Fig. 13: Comparison of hexosylceramide levels in plasma and CSF derived from different patients carrying bi-
allelic GBA2 variants to age and sex matched healthy control samples. The average of each lipid species was set
side by side. P-values (t-test) in bold indicate significant differences between patient and control samples.
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Proof-of-principle treatment trials: correction of HexCer accumulation

Dysregulated lipid metabolism was shown in patient-derived neurons and in biofluids from patients
with a GBA2-deficiency.

To restore lipid homeostasis in patient-derived neurons | pursued three different approaches: two
patient-specific strategies, targeting the different consequences of their GBA2 variants and one
general approach of substrate reduction.

Translational read-through:
Aminoglycosides such as G418 facilitate translational read-through of premature termination codons

(PTC). Distinct administration of G418 in vitro proved suppression of termination codons and
restored expression of full length protein (Heier and DiDonato 2009; Azimov et al. 2008; Howard,
Frizzell, and Bedwell 1996).

Patient-derived neurons carrying a premature stop codon variant in exon 4 (P2.2) were treated with
aminoglycoside G418 for three days before cell lysis and lipid mass spectrometry analysis.

Proper protein folding by chaperon induction:

Heat shock proteins play an important role in proper protein folding and protein homeostasis. This
cytoprotective aspect is an emerging therapeutic approach to induce a heat shock response by the
use of small molecules (Kalmar, Lu, and Greensmith 2014; Fog et al. 2018; Kirkegaard et al. 2016).
Arimoclomol is a heat shock protein amplifier and currently tested in clinical trails for Amyotrophic
Lateral Sclerosis (clinicaltrials.gov identifier: NCT03836716, phase 3), Inclusion Body Myositis
(clinicaltrials.gov identifier: NCT04049097, phase 3), Niemann-Pick Disease, Type C (clinicaltrials.gov
identifier: NCT02612129, phase 2/3) and Gaucher disease (type 1 and type 3) (clinicaltrials.gov
identifier: NCT03746587, phase 2).

We detected GBA2 protein in WB (Fig. 8), but no residual enzymatic activity (Fig. 10 A) in iPSC-
derived neurons from the patient (P1.1) carrying the compound heterozygous variants in the GBA2
gene.

Due to the existing protein with lacking enzyme activity the hypothesis was, that supporting proper
folding by induction of a heat shock response could restore enzymatic activity of the remaining GBA2
enzyme. To test this treatment opportunity, we cultured our iPSC-derived neurons (P1.1) in the
presence of the heat shock protein co-inducer Arimoclomol for seven days. Subsequently we
determine the lipid profile via mass spectrometry.

Substrate reduction:

Accumulation of toxic metabolites is a common characteristic for inborn errors of metabolism. One
unifying theme over these various diseases is the treatment approach to alleviate the burden of toxic
metabolites via substrate reduction (Yue, Mackinnon, and Bezerra 2019).

One prominent example for substrate reduction therapy (SRT) is the inhibition of glucosylceramide
synthase (GCS) (EC 2.4.1.80). Both glucosylceramide synthase inhibitors, Miglustat and Eliglustat, are
an approved treatment for Gaucher disease (Bennett and Turcotte 2015; Aerts et al. 2006).

GBA1 and GBA2 share the same enzymatic function and furthermore, we detected increased
hexosylceramide levels in patient-derived neurons and biofluids. Thus, STR outlines a treatment
opportunity for both patient-derived neurons; since it is independent of the genomic variants each
patient is carrying. Cells were cultured for four days with the glucosylceramide synthase inhibitor
Miglustat, before analyzed by lipid mass spectrometry.
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Outcome:

Patient-derived neurons harboring a PTC in exon 4 showed no reduction of hexosylceramides under
the treatment with aminoglycoside G418 (Fig. 14 A). In addition, there was no obvious effect related
to the level of ceramide with G418 treatment (Fig. 14 B).

The treatment approach using the heat shock response amplifier Arimoclomol did not reduce
hexosylceramide levels compared to the vehicle in Patient 2.2 (Fig. 14 A). Ceramide levels of treated
cells and vehicle control are both increased, most likely due to the induction of a general heat shock
response rather a specific effect.

The approach of substrate reduction leads to decreased hexosylceramides levels in both patient-
derived neurons (P1.1 and P2.2) (Fig. 14 A). Miglustat, a glucosylceramide synthase inhibitor, blocks
the glycosylation of ceramide, resulting in a reduction of measured hexosylceramides and an
increase of ceramide levels in all patient-derived cells (Fig. 14 B).

Substrate reduction therapy is one treatment option to decrease GlcCer levels in Gaucher disease
type | patients (Ficicioglu 2008; Hollak et al. 2009; Giraldo et al. 2009). Using the same strategy of
substrate reduction in patients with a GBA2-deficiency, | reduced the burden of hexosylceramide in
iPSC-derived neurons. By blocking the GCS, the amount of accumulating substrate is reduced and at
the same time ceramide levels are increasing, due to the inhibition of the biosynthesis step from
ceramide to GlcCer. This could create a treatment opportunity for patients with a GBA2-deficiency.
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Fig. 14: Lipid mass spectrometry analysis of three independent treatment approaches in cortical neurons with
G418, an aminoglycoside for translational read-through; Arimoclomol, as a co-inducer for the heat shock
response and Miglustat, as substrate reduction treatment. A) Evaluation of Hexosylceramide levels in patient-
derived neurons and their isogenic controls. B) Comparison of Ceramide levels in patient-derived neurons and
their isogenic controls.
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Discussion

iPSC generation, validation and cortical differentiation

Since 2006, the year Yamanaka and colleagues reprogrammed the first iPS cells, huge advancements
were made to improve reprogramming efficiency, applicability and genomic integrity.

Continuous development of reprogramming methods has advanced the technique. Starting from the
first application using integrating viruses (retroviral or lentiviral vectors) to non-integrating delivery
system, such as episomal vectors, RNA-based techniques and non-integrating viruses (Adeno viruses
and Sendai viruses) (Bellin et al. 2012; Cappella, Elouej, and Biferi 2021). Avoiding unintentional
vector integrations prepared the basis to use iPSCs in cell-therapeutic applications.

Based on the purpose and research focus a suited strategy for reprogramming should be chosen.

We reprogrammed human fibroblasts by electroporation of episomal vectors. This is a cost-effective
and well-described method to introduce the Yamanaka factors into the fibroblasts (Okita et al. 2011;
Nagel et al. 2019). With this method we were able to reprogram iPS cells from all patient-derived
fibroblast lines planned for this project (Tab. 15). For our model system, it was sufficient enough to
exclude unintentional plasmid integrations via PCR.

All generated lines passed our self-imposed validation criteria for iPS cells. The first assessment was
morphology-based and a simple but common ALP staining. This preliminary and soft evaluation of
morphological and immunohistochemical characteristics, helped to make the first selection of cells to
analyze in more detail. The more strict criteria to confirm iPS cells were demonstrated by the
immunohistochemical staining of pluripotency markers and the differentiation potential in cells of all
three germ layers (mesodermal, endodermal and ectodermal) (Fig. 6). Genomic integrity was shown
by a SNP assay in comparison with the corresponding parental line (Fig. 6). If a cell line showed an
increased growth rate compared to the other cells, the chances to fail in the SNP analysis were
increased. Therefore a well considered cell selection in the early passages facilitated the later
outcome. Genomic instability is always discussed in the iPS cell field and raises concerns regarding
the application in regenerative medicine. In summary, the reprogramming method, process and all
verification criteria should always be considered in relation towards their later application. For our
application of iPSC as a disease model, we evaluated our generated cells diligently (Nagel et al. 2019).
To examine a neurodegenerative disease, the importance of a suitable model system s
indispensable, hence various published protocols are available. These protocols allow to differentiate
iPSC towards distinctive neuronal cell types e.g. tyrosine hydroxylase positive neurons, motor
neurons or cortical neurons (Maury et al. 2014; Reinhardt et al. 2013; Yichen Shi et al. 2012; Rehbach
et al. 2019; Kriks et al. 2011; Schols et al. 2017).

For modeling hereditary spastic paraplegia forebrain neurons, telencephalic glutamatergic neurons
(cortical projection neurons) and cortical neurons positive for cortical layer V and VI (CTP2 and TBR1,
respectively) are described (Zhu et al. 2014; Havlicek et al. 2014; Rehbach et al. 2019; Denton et al.
2016; Peotter et al. 2022). | used a differentiation protocol to obtain cortical neurons mainly positive
for markers for layer V and layer VI. This differentiation process is robust with comparable outcome
providing an essential consistency in all experiments.
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GBA2 disease modeling using iPSC

In this thesis, | studied GBA2-deficiency the first time in iPSC-derived cortical neurons from two
independent HSP type 46 patients. Loss of GBA2 activity has been studied previously in peripheral
tissue of patients, cell models and animal models. Readily accessible patient tissue are lymphocytes.
There are two studies of patient-derived lymphoblastoid cells (Martin et al. 2013; Malekkou et al.
2018). These cells have the advantage to originate from SPG46 patients and are facile to sample,
however lymphocytes are not the affected tissue nor have the metabolic and structural
requirements as the disease-involved neuronal cell types. To recapitulate GBA2-deficiency in
previous studies, cell culture models of HAP1 cells and HEK-293 cells were utilized (Schonauer et al.
2017). These artificial cell lines are prone to genetic instability, display chromosomal aberrations and
do not resemble the affected neuronal tissue (Duesberg and McCormack 2013; Frattini et al. 2015;
Stepanenko and Dmitrenko 2015; Thompson and Compton 2011). The approach to reprogram easy
accessible tissue, such as patient-derived fibroblasts, towards iPSC overcame this obstacle since iPS
cells can be differentiated in a second step towards neuronal cells.

In addition, more complex model systems (mouse and zebrafish) were used to assess the
physiological interaction caused by bi-allelic variants in the GBA2 gene.

The zebrafish model was used to demonstrate the pathology caused by variants in the GBA2 gene.
Knock down of GBA2 ortholog resulted in abnormal motor behavior and was rescued by wild-type
human GBA2 mRNA (Martin et al. 2013). Mouse models allow studying the impact of known
pathogenic human variants in a physiological condition, but they reach their limitations, if these
genetic changes do not provoke the same phenotype as in human. GBA2 KO mice display no
neurological symptoms (Yildiz et al. 2006) or some inconsistent variety in the Catwalk test (Woeste,
Stern, Raju, et al. 2019). However no reliable phenotype resembling the human phenotype was
found in mice by today.

Despite the availability of mouse brain tissue, the structure of the corticospinal tract differs in mouse
and human, limits the application to model a motor neuron disease (Martin et al. 2013).

For this reason | established iPSC-derived cortical neurons from HSP patients carrying different
pathogenic, bi-allelic variants within the GBA2 gene.

iPSC-derived disease models and isogenic controls

To work with high quality control cells, we generated isogenic control lines for two independent
patient cell lines carrying pathogenic, bi-allelic GBA2 variants; one male (P1.1) and one female (P2.2)
cell line. For rare diseases, isogenic controls are crucial, since only a limited number of patients are
accessible. With this strategy we can control the genetic background variability among each
individual. This inter-individual variety is clearly visibly in the enzymatic activity of GBA1 and GBA2
measurements. Enzymatic activity of GBA2 varies significantly between the isogenic controls and the
healthy wild-type control (Fig. 10A). This variability of enzymatic activity between healthy controls
was also seen previously (Malekkou et al. 2018).

Although the commonly used GBA1 and GBA2 enzyme assays lack a bit of robustness, if you have a
closer look on the standard derivations in many of these assays (Fig. 9, Fig. 10.) (Schonauer et al.
2017), we used the enzyme assay as a proof of principal experiment to verify our isogenic controls
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with the expectation of significant changes in GBA2 activity after correcting pathogenic variants in
the GBA2 gene. We expected wild-type levels of GBA2 activity in the isogenic controls and a 50%
reduction from the wild-type levels in heterozygous corrected lines. For this purpose, the GBA1 and
GBA2 enzyme assay performs stable enough to validate our engineered cell lines (Fig. 8).

These isogenic controls enable us to study the consequences of GBA2-variants in patient-derived
cells and their corresponding controls harboring the same genetic background. This approach is
increasingly used to reveal underlying pathomechanism of different diseases (Schondorf et al. 2014;
Zaslavsky et al. 2019). Although gene-editing methods are improving continuously, the efficiency to
correct specific variants or introduce specific changes is still challenging (Tab. 14). However
pathophysiological differences could remain unrecognized due to the genetic background of
distinctive individuals, which highlights the importance of preserving the patient-specific genetic
background (Yanhong Shi et al. 2017). Taking the low editing efficiency into account, this emphasizes
the value of these genetic controls even more, but at the same time pointing out, that this process is
labor-intense. Advances in delivery and assembly of these gene-editing tools have been made,
nevertheless challenges remain. Not only the success rate of each transfection, but mainly the HDR
rate limits the efficiency of editing cells (Khalil 2020; Richardson et al. 2016).

To assess our generated model systems in the context of a potential regulatory feedback loop
between GBA1 and GBA2, we compared our genetic and chemical deficiency models.

The literature regarding the interaction and crosstalk between GBA1 and GBA2 are conflicting. There
is a broad consensus that loss of GBA2 activity has no influence on GBA1 activity (Korschen et al.
2013; Schonauer et al. 2017; Aureli et al. 2013) (Tab. 17). Except, Malekkou and colleagues found a
compensatory mechanism in patient-derived lymphoblastoid cells were GBA2 activity was abolished.
They found increased GBA1 activity in cell lysates and at the plasma membrane accompanied with
increased GBA1 protein but unchanged levels of GBA1 mRNA (Malekkou et al. 2018). In contrast to
that, no compensation for GBA2-deficiency was found in most publications, studying different cell
types, comprising HAP1 and HEK293 cells (Schonauer et al. 2017), lymphoblast cells (Martin et al.
2013) and a GBA2 KO mouse model (Korschen et al. 2013; Woeste, Stern, Raju, et al. 2019). | could
confirm that loss of GBA2 in cortical neurons did not affect GBA1 activity (Fig. 10), by the use of a
genetic and pharmacological approach to monitor GBA1 activity after loss of GBA2 activity. The
chemical inhibition using AMP-DNM reduced GBA2 activity almost completely to the same level of
patient-derived cells harboring bi-allelic GBA2 variants. In both conditions GBA1 activity was not
changed compared to wild-type GBA2 activity in cortical neurons (Fig. 10). Especially if we compare
patient-derived cells to their respective isogenic control, we could not measure significant changes in
GBA1 activity, highlighting the importance of a controlled genetic background. In accordance, one
study showed, that also overexpression of wild-type GBA2 in SH-SY5Y cells does not affect GBA1
activity (Aureli et al. 2013).

The influence of GBA1-deficiency towards GBA2 activity is more contradictory.

Some studies describe a compensatory effect of GBA2, resulting in an increase of GBA2 activity,
mMRNA and protein in GBA1-deficient models. In fibroblasts of GBA -/- mice an increase of Gba2
mRNA and GBA2 protein expression was measured (Yildiz et al. 2013). In addition Burke et al.
compared GBA2 activity in GBA1l-deficient mouse brains as well as in leucocytes derived from
Gaucher-diseased patients to respective controls. In mouse brains, GBA2 activity was significantly
increased in comparison to wild-type mice. Gaucher patient-derived leucocytes displayed a less
consistent pattern of GBA2 activity. In 5 out of 13 samples GBA2 activity was increased compared to
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healthy control donors. Although GBA2 activity was very variable in these patients (Burke et al.
2013). In accordance with the results reported by Yildiz and — albeit less consistently — Burke et al.,
Aureli and colleagues detected an increased GBA2 activity in cell lysates and at the plasma
membrane of patient-derived fibroblasts including all three types of Gaucher disease (Aureli, Bassi,
et al. 2012).

In contrast, a decreased GBA2 activity was measured in human iPSC-derived dopaminergic neurons
from Gaucher patients and heterozygous GBA variant carriers with PD (Schondorf et al. 2014). The
consequences due to a chemical or a genetic loss of GBA1 were elaborated by Dagmar Wachten’s
group in various tissues and cell types including: fibroblasts (bi-allelic GBA variant carriers from
Gaucher disease patients and chemically inhibited GBA1), HAP1 and HEK cells, as well as mouse
fibroblasts and brain lysates. In all cell types with a GBA1-deficiency, they observed a decreased
GBAZ2 activity (Schonauer et al. 2017; Kérschen et al. 2013).

None of the studies reported here, except Schondorf and colleagues (Schéndorf et al. 2014), used
isogenic controls; results are therefore hampered by the large inter-individual variability of GBA2
activity that others and | observed (Malekkou et al. 2018; Burke et al. 2013). One study analyzed
human post mortem brain tissue, in these tissue samples of PD-GBA1 patients GBA2 activity was not
significantly affected (Gegg et al. 2012). Hence, | used the generated model system to investigate a
possible cross-talk between GBA1 and GBA2 activity.

Accordingly, | analyzed the effect of GBA1-deficiency in iPSC-derived cortical neurons from GD
patients and healthy controls with chemical GBA2 inhibition using AMP-DNM. In both conditions |
could not detect a cross-regulation between GBA1 and GBA2. | measured variations in GBA2 activity
between both Gaucher patients: the patient harboring the pathogenic c.667 T>C p.(W223R) /
¢.1226A > G p.(N409S) variants displayed around 20% residual GBA1 activity (Fig. 11B), whereas in
the patient with the pathogenic, bi-allelic c. 1448T>C p.(L483P) variant barley no GBA1 activity was
detectable. On that account we rather would expect a cross-regulation if no residual GBA1 activity is
detectable (Tab. 18). Thus | would explain these differences as inter-individual GBA2 activity, these
varying GBA2 activities where already detected between control cells (Fig. 10) (Malekkou et al. 2018;
Burke et al. 2013).

Little is known about the consequences of GBA2-deficiency and the implications on the lipid
metabolism, despite the increase of GlcCer levels (Raju et al. 2015; Woeste, Stern, Diana Raju, et al.
2019; Yildiz et al. 2006; Malekkou et al. 2018).

Hexosylceramides play a pivotal role in sphingolipid metabolism and display the building block for
more complex GSL. HexCer are glycosylated (glucose or galactose) ceramides. Ceramide is a crucial
lipid in sphingolipid metabolism and is composed of a sphingoid base N-acylated to a fatty acid.
These sphingoid bases can vary in chain length, number of hydroxylation and double bonds. These
HexCer species can be classified regarding their double bond in the sphingoid base as dihydro-
monohexosylceramide and monohexosylceramide (Kitatani, Idkowiak-Baldys, and Hannun 2008;
Merrill 2011).

Furthermore, the N-linked fatty acid can vary in the length of the alkyl chain and their double bonds.
In mammals the length of the acylated fatty acid depends on the CerS. The family of CerS comprises
six enzymes, specialized for different fatty Acyl-Co-enzymes A. The predominant CerS in neurons is
CerS1, adding mainly C18 Acyl-Co-enzymes A to the sphingoid base (Ben-David and Futerman 2010;
Spassieva et al. 2016).
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Most studies on defective GBA2 function and resulting consequences were performed in mice. These
experiments focused on the globozoospermia phenotype, demonstrating increased C16 GlcCer levels
(Yildiz et al. 2006; Raju et al. 2015). In one mouse study GBA2 KO mice displayed increased d18 / 10:0
HexCer levels compared to controls (Woeste, Stern, Raju, et al. 2019). In a human model of a
transformed lymphoblastoid cell line, C16 GlcCer was the most substantial species, but yet all species
were increased in the GBA2-deficient cell line (Malekkou et al. 2018). While in the brain C18 GlcCer
species are the most abundant (Levy and Futerman 2010), these species are the most interesting
lipids to investigate in the context of GBA2-deficiency in HSP type 46. These HexCer species with C18
fatty acids are increased (d18.0 / 18.0 and d18.1 / 18.0) in iPSC-neurons from GBA2 patients and
belong into the group of dihydro-monohexosylceramide and monohexosylceramide (Fig. 12). Since
Galactosylceramide and glucosylceramide are indistinguishable with classical lipid mass spectrometry
both are analyzed combined as hexosylceramides (Reza, Ugorski, and Suchanski 2021).
Galactosylceramide is highly abundant in the brain; hence this lipid will be measured as well in our
approach. Previous thin layer chromatography studies on mouse brain, showed that GBA2-deficiency
increases GlcCer but not galactosylceramide (Yildiz et al. 2013). In addition, this emphasizes again the
value of our GBA2-deficient cell model in combination with their respective isogenic controls. All
differences we measured can be traced back to the absence or presence of a functional GBA2
enzyme.

Three lipids species were significantly reduced (p<0.05); two species of sphingomyelin and a
ceramide species (Fig. 12). Sphingomyelin is synthesized at the Golgi and the plasma membrane and
is the most abundant complex sphingolipid in mammalian cells (Merrill 2011; Chakraborty and Jiang
2013; Adada, Luberto, and Canals 2016). Ceramide is a key lipid in sphingolipid metabolism and a
precursor for complex sphingolipids. Apart from this, ceramide itself is a bioactive lipid and plays a
pivotal role in regulating cellular processes (Stith, Velazquez, and Obeid 2019; Merrill 2011; Gault,
Obeid, and Hannun 2010). Species of these three important sphingolipids, HexCer, sphingomyelin
and ceramide, are dysregulated in neurons from patients of SPG type 46. Imbalances of these
sphingolipids can cause serious consequences since they are the basis for complex GSL.

To set our results in an even more biological relevant context, we compared HexCer species in
biofluids (CSF and plasma) from patients carrying pathogenic, bi-allelic GBA2 variants, including the
same patients used for reprogramming GBA2-deficient iPSC (Tab. 20), allowing a direct comparison
between generated cell lines and patient-derived biofluids.

In previous lipidomics studies patient-derived biofluids were measured and changes of sphingolipid
levels in plasma and CSF samples of Niemann-Pick Disease, Type C and Alzheimer patients were
revealed (Fan et al.,, 2013; Mielke et al., 2014). Elevated glucosylceramide levels were found in
plasma or CSF samples of patients carrying GBA variants causing either Gaucher disease or
Parkinson’s disease (Mielke et al. 2013; Groener et al. 2008; Huh et al. 2021). These studies
demonstrate the biological relevance of biofluids; especially CSF samples allow insights into the
metabolism in the brain.

HexCer species in biofluids were measured and compared to HexCer species in iPSC-derived neurons.
Hexosylceramide species with a N-acyl sphingosine backbone linked to a fatty acid with a carbon
chain length of C18 are significantly elevated in plasma and CSF samples. These HexCer species were
also significantly up-regulated in neurons differentiated from patient-derived iPSC, with a defective
GBA2 enzyme (Fig. 12, Fig. 13)
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CerS1 and CerS4 synthesize these HexCer species containing a sphingosine backbone N-linked to
fatty acids with a carbon chain of C18. CerS1 is highly expressed in brain tissue, underlining the
biological relevance of iPSC-derived neurons as a disease model (Laviad et al. 2007; Ben-David and
Futerman 2010; Levy and Futerman 2010). These iPSC-derived model systems could serve as an
option to test new compounds on disease-relevant tissues.

Using this cellular model system, | tested three different compounds in patient-derived cortical
neurons with the aim to reduce the HexCer burden to a comparable level of HexCer as measured in
isogenic controls. This proof of principle study to decrease HexCer levels in iPSC-derived neurons
showed no success in reducing HexCer for variant-specific treatment approaches but revealed
HexCer reduction for both patients applying a known treatment (Miglustat) to treat Gaucher disease.

It has been known for a long time that aminoglycosides such as G418 facilitate translational read-
through. Many studies have proven, that G418 can lead in vivo and in vitro to compound-induced
translational read-through. However, these aminoglycosides demonstrate severe toxicity, especially
oto- and nephrotoxicity (Dabrowski, Bukowy-Bieryllo, and Zietkiewicz 2018; Lopez-Novoa et al.
2011). The effect of the translational read-through to restore functional GBA2 enzyme in iPSC-
derived cortical neurons was too weak to facilitate a degradation of GlcCer strong enough to observe
an effect in HexCer via lipid mass spectrometry.

In the last few years Arimoclomol, a co-inducer of the heat-shock response emerged as a potential
candidate to ameliorate diseases such as Niemann-Pick Disease, Type C, Amyotrophic Lateral
Sclerosis (ALS), Inclusion Body Myositis and Gaucher disease. Several clinical trails for Arimoclomol
were conducted: Niemann-Pick Disease Type C (NCT02612129); ALS (NCT03491462); Inclusion Body
Myositis (NCT02753530) and Gaucher disease Type | and Type IIl (NCT03746587).

Heat shock proteins are molecular chaperones and promote proper protein folding to reduce cellular
stress. For this reason | treated iPSC-derived neurons from P1.1 carrying a missense variant on one
allele. The WB analysis of this patient displayed a faint band of residual GBA2 protein at the correct
size (105kDa) but no GBA2 activity in the assay. This could be an indication of GBA2 dysfunction
caused by a miss-folded GBA2 protein. The underlying concept would be to promote proper protein
folding to restore proper GBA2 function and thereby alleviating the GlcCer burden. Arimoclomol
treatment did not reduce HexCer levels in P1.1. Either protein folding was not enhanced or the
amount of restored functional GBA2 protein was not sufficient enough to reduce a measurable
amount of HexCer in patient-derived cells. Always taking into account, that we are measuring HexCer
(GluCer and GalCer), a small effect in decreased GluCer could be masked by the GalCer content. A
more sensitive mass spectrometry technique could discriminate between GalCer and HexCer.

The third tested compound, Miglustat, lead to a reduction in HexCer levels. Miglustat, a GlcCer
synthase inhibitor, is an approved substrate reduction medication for Gaucher disease and Niemann-
Pick Disease Type C. GlcCer is accumulated in HSP Type 46, hence this could be a promising
treatment opportunity independent of the bi-allelic variants affecting the GBA2 gene. HexCer levels
in patient-derived cells are lowered to untreated HexCer stage of isogenic controls. In Miglustat
treated isogenic control cells, HexCer levels decreased beyond the untreated isogenic controls,
demonstrating that Miglustat lowering HexCer levels to a natural level and not depleting the HexCer
content completely.

In parallel, Ceramide levels are increasing in all cells (patient-derived and isogenic controls) when
treated with Miglustat. Respecting the biological pathway, higher ceramide levels can be explained
by the inhibited synthesis of GlcCer, leaving the substrate unprocessed and therefore ceramide
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accumulates in the cells. This effect is investigated primarily in cancer studies, where GCS inhibitors
are studied in drug resistant cells to restore ceramide levels (Liu and Li 2013).

Miglustat is used to reduce the GlcCer burden in Gaucher disease type | since the first studies in the
year 2000 (Cox et al. 2000). Eliglustat, another GCS inhibitor was developed later and is also a
registered drug to treat Gaucher disease type | (Lukina et al. 2014). This medication approach of
substrate reduction could be an option to reduce GlcCer in patients with a GBA2-deficiency. Despite
different defective enzymes in each disease, both share the same substrate burden.

This first proof of concept study could be a first step toward treating patients with HSP type 46.
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Abbreviations:

a4MU 4-methylumbelliferyl-b-D-glucopyranoside
AGC Automatic gain control

AMP-DNM N-(5-adamantane-1-yl-methoxy-pentyl)-Deoxynojirimycin
AP Alkaline phosphatase

BSA Bovine serum albumin

Cas CRISPR-associated

CBE Conduritol-B-epoxide

Cer Ceramide

CerS Ceramide synthase

CRISPR Clustered regularly interspaced short palindromic repeat
crRNA CRISPR RNA

CSF Cerebrospinal fluid

CTiD Clinical trial in a dish

cv Coefficient of variation

DAI Dai after induction

DSB Double strand break

EB Embryonic body

ER Endoplasmic reticulum

FCS Fetal calf serum

FGF2 Fibroblast growth factor 2

GBA Lysosomal B-glucosidase gene (NM_000157.4)
GBA1 Lysosomal B-glucosidase (NP_000148)
GBA2 Non lysosomal B-glucosidase (NM_020944.3)
GBA3 Klotho-related protein

GCS Glucosylceramide synthase

GD Gaucher Disease

GlcCer Glucosylceramide

GPMV Giant plasma membrane vesicles

gRNA Guide RNA

GSL Glycosphingolipid

HDR Homology-directed repair

HexCer Hexosylceramide

HGVS Human Genome Variation Society

HSP Hereditary spastic paraplegia

Indel Insertion or deletion

iPS cell Induced pluripotent stem cell

iPSC Induced pluripotent stem cell

KO Knock out

KOSR Knock-out serum replacement

MMC Methanol: MTBE: chloroform

NHEJ repair Non-homologous end joining repair
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PAM Protospacer adjacent motive

PBS Phosphate buffered saline

PBS-T PBS with 0.1% Triton X

PD Parkinson’s disease

PFA Paraformaldehyde

PTC Premature termination codon

RFLP Restriction fragment length polymorphism
RNP Ribonucleoprotein

RT Room temperature

SM Sphingomyelin

SNP Single nucleotide variant

SPG Spastic gait locus

SRT Substrate reduction therapy

ssODN Single stranded oligonucleotide

STR Short tandem repeat

TALE Transcription activator-like effector
TALEN Transcription activator-like effector nuclease
TBS-T Tris-buffered saline supplemented with 0.1% Tween 20
TGFR1 Transforming Growth Factor Beta 1
tracrRNA Trans-activating RNA

WB Western Blot

Wt Wild-type

ZFN Zinc finger nuclease
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Statement of contributions

In my doctoral thesis | investigated the impact of GBA2-deficiency in iPSC-derived neurons from
patients with hereditary spastic paraplegia Type 46. Fibroblasts were reprogrammed towards iPSC
and differentiated into cortical neurons, a disease-relevant cell type in HSP. Isogenic controls were
generated using CRISPR/Cas9 and validated by WB and enzymatic activity testing. The lipid profile of
patient-derived neurons was compared using lipid mass spectrometry. Hexosylceramide species
were increased. These findings were validated using biofluids (Plasma and CSF) from patients
carrying bi-allelic GBA2-variants. In a small compound treatment study, Miglustat, an approved
medication for Gaucher disease, was able to reduce hexosylceramide content in patient-derived
neurons.

During the doctoral thesis | was supported by:

Prof. Dr. Rebecca Schiile, as my doctoral supervisor, she was responsible for most of the funding of
this project as well as the thematic cornerstones of the thesis. Rebecca Schiile and | were able to
raise a smaller amount of additional funding with a grant from the Tom Wahlig Foundation.

Dr. Stefanie Schuster and Dr. Stefan Hauser, both have generated the GBA2-deficient iPS cells used in
my project.

Dr. Alaa Othman from ETH Zurich, he performed lipid mass spectrometry measurements and
analyzed the generated MS-data.

Alexandra Bentrup, a master student performed enzyme assay optimization experiments during her
lab rotation under my supervision.

Dr. Maike Nagel, reprogrammed under my supervision GBA-deficient iPS cells and generated an
isogenic control during her lab rotation and master thesis.

The reprogramming of GBA-deficient fibroblast into iPS cells from Gaucher patients resulted in a
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