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1 Introduction

1.1 Familial Encephalopathy with Neuroserpin
Inclusion Bodies (FENIB)

1.1.1 Collins bodies as the neuropathological hallmark of FENIB

In 1986, Yerby et al. described an unusual case of Progressive Myoclonic Epilepsy
(PME) and dementia in a 33-year-old woman from Portland, Oregon.

A brain biopsy of the frontal gyrus revealed numerous eosinophilic inclusions in the
deeper layers of the cortex. The round-to-oval inclusions were mostly homogeneous
and 10 pm to 50 pm in diameter. Moreover, they were strongly periodic acid—Schiff
(PAS)-positive and diastase-resistant (Figure 1.1, A and B)(Yerby et al., 1986).

When examined by electron microscopy, the inclusions appeared to be composed
of a fine granular homogeneous material free of filaments or fibrils (Yerby et al.,
1986). Also, the inclusions seem to be confined to neurons and therein be enclosed
by rough endoplasmic reticulum (ER) (Figure 1.1, C and D)(Davis et al., 1999a).

A number of similar PME cases with comparable neuropathological findings have
been described before. However, regarding the etiology, only assumptions were
voiced and these case reports remained undiagnosed (Bergener and Gerhard, 1970,
Berkovic et al., 1986a,b, Dastur et al., 1966, Dolman, 1975, Ota et al., 1974).

By their histological appearance, the inclusions resembled the depositions found
in Lafora disease, a rare genetic disorder that is also characterized by severe neu-
rodegeneration leading to PME and cognitive decline (Yerby et al., 1986).

In Lafora disease, loss-of-function mutations in one of two genes (laforin or malin)
involved in the glycogen metabolism cause deposits of abnormal glycogen accumu-
lating into Lafora bodies within the cytoplasma of various tissues (Nitschke et al.,
2018).

However, several clues pointed towards a different cause for the symptoms found in
the 33-year-old woman from Portland: Lafora disease usually starts at the beginning
of the second decade of life and patients rarely live past the age of twenty-five.
Moreover, the so called Lafora bodies are not confined to the brain but can also be

found in heart, liver, muscle, and skin tissue (Nitschke et al., 2018).



A muscle biopsy from the female patient showed no abnormalities (Yerby et al.,
1986). Moreover, when examined by electron microscopy, cytoplasmic Lafora bodies
present as glycogen like granules scattered with fine filaments; in contrast to the
homogeneous inclusions confined by rough ER found in the described patient (Davis
et al., 1999b, Nitschke et al., 2018).

The composition of the inclusion bodies found in the patient from Portland has
not been identified for 13 years until similar inclusions were found in individuals
of a large, unrelated family from Syracuse, New York. Affected family members
encountered progressive cognitive decline leading to pre-senile dementia (Davis et al.,
1999a,b). Autopsies revealed the same eosinophilic neuronal inclusions in the deeper
layers of cerebral cortex and in many subcortical nuclei. White matter and cerebellar
cortex showed only very few inclusions and non-neuronal tissues were free of them
(Davis et al., 1999a).

Biochemical isolation and separation by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) revealed them to be composed of a single 57kDa
protein. Further amino acid sequence analysis identified the protein as neuroserpin

(NS), a serine protease inhibitor (serpin) of the brain. Moreover, immunohistochem-

Figure 1.1: Representative depictions of Collins bodies. (A)-(B) show light mi-
croscopy at 400x magnification stained with hematoxylin and eosin
(H&E) and anti-NS-antibody, respectively. Arrows point at Collins bod-
ies. (C)-(D) are electron microscopy images at 4000x and 20000x mag-
nification, respectively. (Modified from Davis et al. (1999a))



ical analysis of the inclusions showed a positive staining with an anti-NS-antibody
(Davis et al., 1999a,b).

Considering that these inclusions were distinctly different in appearance and com-
position to other known neuropathological entities, they were named Collins bodies
after their first describer (Davis et al., 1999a,b).

Thus, it became apparent that the two families were affected by a novel neurode-
generative disease. Davis et al. (1999b) termed it Familial Encephalopathy with
Neuroserpin Inclusion Bodies (FENIB).

1.1.2 Pathophysiology of serpinopathies

Familial Encephalopathy with Neuroserpin Inclusion Bodies (FENIB) joins the ranks
of a group of diseases termed “conformational diseases” (Lomas and Carrell, 2002).
The unifying characteristics of conformational diseases are the misfolding of pro-
teins and a toxic overload of undegradable aggregations. Examples are Aj-plaques
in Alzheimer’s disease, misfolded prions in spongiform encephalopathies and poly-
merization of serine protease inhibitors (serpins) in serpinopathies.

Serpins are a large group of evolutionary conserved proteins with a wide range
of physiological roles (Silverman et al., 2001). Cl-inhibitor, a-1-antichymotrypsin,
a-1l-antitrypsin and NS are prominent members of the serpin superfamily.

The standard serpin fold consist of three beta sheets, nine alpha helices and a
flexible reactive center loop (RCL) that acts as a pseudo-substrate for the target
protease (Figure 1.2, A).

[-sheet A plays a key role in the main function of serpins — the inhibition of serine
proteases. The inhibitory mechanism is initiated when the serpin’s flexible RCL
comes in contact with the active site of the protease. A noncovalent intermediate
Michaelis-complex is formed (Ye et al., 2001). After cleavage of the RCL by the
protease, an ester bond is formed between the serpin’s RCL and the protease.

This triggers a conformational change within the serpin that results in the subse-
quent shift of the protease from one pole of the serpin to the other. The insertion
of the cleaved RCL between strands 3A and 5A of -sheet A traps the protease in
this position (Wright and Scarsdale, 1995). The serpin-protease-complex can now
be delivered to further proteolysis for permanent inactivation (Huntington et al.,
2000).

In serpinopathies, specific mutants of these proteins are prone to form polymers
that are retained within the ER (Roussel et al., 2011). The serpinopathy FENIB is
caused by missense mutations in the NS gene resulting in polymerization of misfolded
NS within the ER of neurons. Genetic testing of affected individuals of the families

mentioned above show point mutations in the NS gene.



Mutations of residues near the so called shutter region in close proximity to (-
sheet A can make a serpin prone to loop-sheet linkage (see Figure 1.2, A) (Silverman
et al., 2001). The RCL of one serpin inserts between strands 3A and 5A of -sheet
A of another without interaction with a protease. The subsequent continuation of
this loop-sheet linkage results in the formation of polymers and loss of function of
the serpin (Figure 1.3) (Silverman et al., 2001).

The pathophysiology of FENIB has been investigated in several cell culture (Kroeger
et al., 2009, Ying et al., 2011) and mouse models (Schipanski et al., 2013, 2014).
These studies confirm ER retention of NS polymers previously described for FENIB
patients using electron microscopy (Davis et al., 1999b). Furthermore, they suggest
that polymers are targeted by endoplasmic-reticulum-associated protein degrada-
tion (ERAD), a cellular pathway that transports misfolded proteins from the ER
to the ubiquitin proteasome system (UPS) for degradation (Kroeger et al., 2009,
Schipanski et al., 2013, 2014, Ying et al., 2011).

Therefore, it has been suggested that exhaustion of ERAD and UPS may subse-

quently lead to the increasing accumulation of NS polymers — a process possibly

Figure 1.2: Molecular structure of NS and the shutter region. (A) shows the struc-
tural model of human NS. The RCL and (-sheet A are highlighted in
orange and red, respectively. Part of the RCL was not detectable by crys-
tallography due to its flexibility. The reported mutation sites (Leu4?7,
Ser49, Ser52, His338, Gly392) are depicted in green. The blue square
indicates the location of the shutter region. (B) shows the magnification
of the shutter region with the same color coding. The five known muta-
tion sites are in close proximity to strands 3A and 5A of -sheet A. The
figure was drawn using PyMOL and is based on the crystal structure of
human NS (Protein Data Bank ID: 3FGQ).



accelerated by aging (Schipanski et al., 2013).

1.1.3 Neuroserpin mutants cause conformational instability

To date, six different single nucleotide substitutions in the NS gene have been iden-
tified that cause FENIB:

e T to C transition at nucleotide 140 (exon 2) resulting in an amino acid sub-
stitution of leucine 47 to proline (NSU4™) (Hagen et al., 2011)

e T to C transition at nucleotide 226 (exon 2) resulting in an amino acid sub-
stitution of serine 49 to proline (NS%4F) (Davis et al., 1999b)

e A to C transition at nucleotide 235 (exon 2) resulting in an amino acid sub-
stitution of serine 52 to arginine (NSS*2R) (Takao et al., 2000)

e A to G transition at nucleotide 1013 (exon 9) resulting in an amino acid
substitution of histidine 338 to arginine (NSH33R) (Davis et al., 2002)

e A to G transition at nucleotide 1174 (exon 9) resulting in an amino acid
substitution of glycine 392 to arginine (NSE392R) (Coutelier et al., 2008)

e G to A transition at nucleotide 1175 (exon 9) resulting in an amino acid
substitution of glycine 392 to glutamate (NSY92E) (Davis et al., 2002)

Figure 1.2 shows the molecular structure of NS and the localization of mutant
residues within the shutter region nearby (-sheet A.

The closure of strands 3A and 5A is dependent on the correct expression of con-
served aminoacids. Replacements at certain positions are thought to have a signifi-
cant effect on the stability within g-sheet A.

Interestingly, the six known mutations in FENIB contribute in different amounts
to the instability of NS (Figure 1.4)(Davis et al., 2002).

The substitution of serines 49 or 52 will destabilize the interaction of strands 3A

SS52R)

and 5A. However, a charged and bulky arginine (as in N is predicted to cause

greater pertubation within the shutter region than a smaller and uncharged proline
would (as in NSS*P) (Davis et al., 2002).

The replacement of leucine 47 by proline is thought to have a destabilizing effect
similar in severity to the NS%2® mutant (Hagen et al., 2011).

An even greater impact is expected for the substitution of histidine 338. Posi-
tioned in strand 5A, histidine’s system of hydrogen bonds hold strand 3A and 5A
together. A replacement of histidine with arginine results in the loss of these bonds
and causes the opening of f-sheet A, making it vulnerable for loop insertion (Davis
et al., 2002).



However, the most destructive instability is thought to be caused by the substitu-
tion of glycine 392 (Davis et al., 2002). The importance of this glycine is underlined
by its consistent conservation within the serpin family. It is needed for the correct
arrangement of adjacent phenylalanines and thereby crucial to the stability of the
shutter region (Davis et al., 2002, Ryu et al., 1996).

Thus, a severity ranking from least to most destructive mutation can be expressed
as follows (Davis et al., 2002):

NSs49P < NSs52R/NsL47P < NsH338R < NsG392E/NsG392R

Note that NS™™ and NS®92R were discovered more recently and, thus, were
not discussed in the original study from Davis et al. (2002). Their conformational

instability was estimated by the observed symptoms and neuropathological reports

Figure 1.3: Polymerization mechanism of serpins. Certain mutations cause a con-
formational instability within the serpin molecule. The partial opening
of f-sheet A (green) results in the insertion of the RCL (red) and the
formation of an unstable intermediate (M"). The RCL can then fully
fold into [-sheet A, forming a latent serpin (L). Alternatively, 5-sheet
A accepts the RCL of a second serpin molecule (blue) forming a dimer
(D) and subsequently polymers (P). Individual molecules in the polymer
are colored in yellow, red and purple. (Modified from Lomas and Carrell
(2002))
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rather than structural considerations (Coutelier et al., 2008, Hagen et al., 2011).

1.1.4 Conformational instability determines severity of FENIB

These considerations correspond well with the observed neuropathology in affected
patients. The number and size of Collins bodies increase with the predicted severity
of mutations.

S549P allele show only few Collins bodies in the deeper

Patients carrying the mild N
layers of cortex — as is the case of the family from Syracuse (Davis et al., 1999a).

The PME patient from Portland and another unrelated family carrying the more
severe NS®52R mutation show approximately three times more inclusions (Davis
et al., 1999a, Takao et al., 2000).

Patients positive for the most destructive NSH338R = NSG392E o NGG392R glle]es
present with a considerable increase of inclusions. They can be found in most
neurons and are sometimes clustered in groups of three or more(Coutelier et al.,
2008, Davis et al., 2002, Ranza et al., 2017).

The acceleration of inclusion-body-formation could be demonstrated by histolog-
ical examination. Those affected by a more severe mutant already had far more
Collins bodies in autopsies or biopsies taken in the second or third decade of life
than did patients with the mild NS5%F allele after death in the sixth or seventh
decade (Davis et al., 2002).

In addition, onset of disease seems to be a characterizing difference between mu-
tants. The mildest form, NS5%F  has the latest onset in the fifth or sixth decade of
life. For the NS®2R and NS™7 allele an onset in the mid to late third decade of
life seems to be typical. Carriers of the NS%392E and NSH33R allele seem to develop
signs in the second decade of life (Davis et al., 2002, Ranza et al., 2017). In one
patient with the NS®392R allele first symptoms occurred as early as at the age of
seven years(Ranza et al., 2017).

Not only does the degree of conformational instability correlate with the rate of
inclusion-body-formation and the onset of disease, but also the range and severity
of symptoms vary between mutants (Davis et al., 2002).

Patients carrying the NS5#" allele develop cognitive decline accompanied by dete-
rioration of attention and concentration (Davis et al., 1999a,b). As the disease pro-
gresses, most patients develop additional signs of frontal dysfunction, e.g. reduced
oral fluency, perseveration, stereotypic behavior and motor-restlessness (Bradshaw
et al., 2001). Also, impaired visuospatial skills become more apparent over time
(Bradshaw et al., 2001, Davis et al., 1999b). Memory was also affected, but to
a lesser extent than typically seen in Alzheimer’s disease (Davis et al., 1999a,b).

The relentless process of disease usually ends in institutional care and death after

11



approximately ten years (Bradshaw et al., 2001, Davis et al., 1999a,b, 2002).

The more disruptive mutations result in a more rapid progression of cognitive

Mutation| Onset Polymigzgtlon Symptoms Autopsy
Dementia, tremor, [+~ S e
S49P e o
NS 48 + seizures in terminal | o .
stages £ "._ ez
; ..‘.’Q.' s ::'--':
Myoclonus, status |+ = e, R
NS$2R | 94 ++ Y S R g
epilepticus, dementia | - $.i0. oSt Ty
NSGLATP 24 44 Myoclonus, tremor, N/A
dementia
Myoclonic seizures,
NSH3R- |- 15 +++ dementia, tremor, N/A
dysarthria
Myoclonus, status
G392E S
NS 13 T+ epilepticus, dementia,‘f“;"' P
chorea
Dementia, epilepticus
NSG32R | g ot P N/A
of slow-wave sleep
Figure 1.4: Correlation of conformational instability, onset of symptoms and rate of

polymerization. Mutations that cause a greater disruption to the confor-
mation of NS have an earlier onset of symptoms (“onset” in years) and a
higher rate of polymerization. Also, the severity of symptoms increases
with growing instability. For those cases where an autopsy was per-
formed a representative histological image at post-mortem is depicted.
(Modified from Gooptu and Lomas (2009), Hagen et al. (2011))
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decline (Davis et al., 1999b, Yerby et al., 1986).

However, the most noticeable difference of the more severe mutants (other than
NS549P) is the occurrence of epilepsy. Several types of seizures have been reported in
FENIB, including myoclonic, generalized tonic-clonic, absence and electrical status
epilepticus in sleep (ESES). (Coutelier et al., 2008, Gourfinkel-An et al., 2007, Ranza
et al., 2017).

Apart from cognitive deterioration, most clinical reports mention PME as the car-
dinal syndrome (Amano-Takeshige et al., 2018, Davis et al., 1999a, 2002, Gourfinkel-
An et al., 2007, Hagen et al., 2011, Ranza et al., 2017, Takao et al., 2000, Yerby
et al., 1986).

Furthermore, generalized tonic-clonic seizures, which are difficult to control with
anti-epileptic drugs, often complicate the course of disease (Coutelier et al., 2008,
Davis et al., 2002, Gourfinkel-An et al., 2007, Hagen et al., 2011, Takao et al.,
2000). In fact, death by status epilepticus has been reported in a patient carrying
the NSG392E allele (Davis et al., 2002).

1.1.5 Are symptoms found in FENIB the result of a gain or loss

of neuroserpin function?

The intriguing correlation of Collins-body-formation and onset and severity of symp-
toms suggests that the inclusions are neurotoxic (Davis et al., 1999b). Moreover,
cell death and gliosis can often be linked to areas affected most by inclusions (Davis
et al., 1999a, Hagen et al., 2011, Takao et al., 2000).

However, we know from other serpinopathies that not only accumulation of poly-
mers (gain of function), but also the lack of inhibitory functions (loss of function)
can contribute to disease (Belorgey et al., 2007).

The most prominent representative of serpinopathies is the a-1-antitrypsin defi-
ciency (Roussel et al., 2011). It is one of the most common genetic diseases. In North
Europe approximately 1:2000 are homozygotes for the servere Z allele (Glu342Lys)
(Lomas et al., 2016).

a-1-antitrypsin is synthesized by the liver and released to the plasma at a concen-
tration of 1.5gL™! to 3.5gL~!. It is an inhibitor of neutrophil elastase, an enzyme
secreted by neutrophils and macrophages during inflammation(Roussel et al., 2011).

Certain mutations result in polymerization and accumulation of a-1-antitrypsin
mutants within the ER of hepatocytes. The protein overload is associated with liver
cirrhosis and hepatocellular carcinoma. Loss of function leads to lung emphysema
due to unregulated enzymatic stress by neutrophil elastase (Roussel et al., 2011).

Conversely, mutations that result in a mere loss of function but no accumulation

of polymers cause emphysema only and no liver cirrhosis (e.g. Pi null mutation)
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(Lomas et al., 2016).

Symptoms found in FENIB might not only be caused by the toxic effect of Collins
bodies (gain of function), but also be the result of reduced amounts of functioning
NS (loss of function).

It is noteworthy that the inhibitory effect of NS5 is not reduced in vitro. Only
mutations causing a higher degree of instability lose their inhibitory function (Be-
lorgey et al., 2002, 2004).

Therefore, both the residual activity of mutant NS and its polymerization rate may
account for the symptom divergence between the six known mutations of FENIB.

The following chapter gives a brief overview of known physiological functions of
NS.

1.2 Neuroserpin — an inhibitor of tissue-type

plasminogen activator

NS was identified as an axonally secreted serpin mainly expressed by neurons of the
central and peripheral nervous system. The NS gene was mapped on human chro-
mosome 3 at position 3q26 and consists of nine exons . The first exon is non-coding,
the remaining exons code for a 410 amino acids glycoprotein with an approximate
mass of 55kDa (Schrimpf et al., 1997).

Based on conserved residues within the RCL of serpins that act as pseudo-substrates
for the target protease (Elliott et al., 1996, Ryu et al., 1996), it has been suggested
that NS has an inhibitory function as well (Osterwalder et al., 1996). In vitro exper-
iments have identified NS as a strong inhibitor of tissue-type plasminogen activator
(tPA). A number of other serine proteases, including urokinase, trypsin and NGF-v,
are inhibited with a lower efficiency (Hastings et al., 1997, Osterwalder et al., 1998).

Furthermore, NS and tPA show widely shared expression patterns, suggesting that
tPA is the main target (Krueger et al., 1997, Teesalu et al., 2004). This observation
is further strengthened by a decrease in tPA activity measured in a transgenic mouse
model overexpressing NS (Cinelli et al., 2001).

One of the first recognized functions of tPA is the regulation of thrombolysis
in blood (Chevilley et al., 2015). tPA catalyses the conversion of plasminogen to
plasmin, a protease that degrades fibrin and thus leads to the disintegration of blood
clots. Due to the thrombolytic activity, recombinantly produced tPA (rtPA), such
as alteplase, is routinely administered intravenously to attempt recanalisation in
embolic or thrombotic strokes.

Within the brain, however, the pathways involving tPA are not yet as clearly

defined. tPA is thought to play important roles in processes as diverse as neuronal
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development and plasticity, axonal regeneration, microglial activation, excitotoxicity
and blood-brain barrier (BBB) integrity (Fredriksson et al., 2015).

Whereas plasminogen activator inhibitor-1 (PAI-1) is thought to be the main
inhibitor of tPA within the vascular system, studies have shown that NS is one of
the principle inhibitor within the central nervous system (CNS) (Fredriksson et al.,
2015). It is therefore thought to play an important role in these mechanisms by
regulating the proteolytic activity of tPA.

Gene expression dynamics in mice during the late stages of neurogenesis suggest
an important role for NS in neuronal migration, axonal outgrowth and synapse
formation. During these stages of neuronal maturation, tPA is discussed to play an
important role as well, further underlining the regulatory function of NS (Krueger
et al., 1997).

Both NS and tPA have been discussed to be involved in neuronal plasticity
(Reumann et al., 2017). Expression and secretion of both players are regulated
by neuronal activity — a feature often observed to be important for molecules in-
volved in neuronal plasticity (Lee et al., 2015, Miranda et al., 2008, Qian et al.,
1993).

Additionally, neurite extention (Parmar et al., 2002), cell-cell-adhesion (Lee et al.,
2008) and dentritic spike morphology (Borges et al., 2010) have shown to be de-
pendent on NS expression level. NS-deficient mice present with significantly less

spine-synapses within the hippocampal CAl-region.

1.3 Neuroserpin’s role in disease

NS has been studied in context of diseases other than FENIB. The following sections

give a brief overview on neuroserpin’s role in these diseases.

1.3.1 Epilepsy

SS9 variant and all other known

One of the striking differences between the N
mutants is the more frequent appearance of epileptic symptoms in the more severely
disruptive mutants. While this may be explained by an increase in the number of
inclusion bodies, a growing body of evidence suggests that part of it might result
from a lack of the inhibitory function.

Early in vitro studies with recombinant NS%*F and NS*2R show that while en-

SS49P is decreased, no inhibitory activity can be detected in

zymatic activity of N
NS%52R (Belorgey et al., 2002, 2004).
NS seems to have a protective effect in mouse models of epilepsy. Treatment with

NS dampens the neuronal excitability after injection with exitotoxic kainate (Yepes
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et al., 2002). Moreover, NS deficient mice are more vulnerable to kainate than NSWT
mice (Fredriksson et al., 2015).

It has been hypothesised, that this is due to a tPA-dependent increase in BBB
permeability. As an inhibitor of tPA, NS may play an important regulatory role in
this (Fredriksson et al., 2015, Yepes et al., 2003). However, exact mechanisms are
still under investigation. Recent research suggests that tPA influences the platelet-
derived growth factor receptor a (PDGFRa) pathway (Fredriksson et al., 2015).

tPA is also involved in NMDR receptor related increase in exitability (Baron et al.,
2010, Ferndndez-Monreal et al., 2004, Nicole et al., 2001, Samson et al., 2008). The
administration of NS reduces lesion size after excitotoxic insult induced by NMDA
injection into mouse brains. The exitotoxic effect of NMDA was dampened by the
addition of NS in neuronal cell cultures, as well(Lebeurrier et al., 2005).

In conclusion, these studies suggest that epilepsy associated with FENIB is in
part the result of a lack of the inhibitory effect of NS.

1.3.2 Stroke

In addition to the neuroprotective effect seen in models of epilepsy, NS has a positive
outcome effect in animal models of ischemic stroke.

In rats that suffered from artificial middle cerebral artery (MCA) occlusions, the
administration of NS reduced the infarct size (Yepes et al., 2000) and prolonged the
therapeutic window of tPA (Zhang et al., 2002). This effect could not be achieved
with cleaved NS that lost its inhibitory function suggesting an involvement of its
primary target protease tPA (Yepes et al., 2000).

Transgenic mice overexpressing NS had smaller infarcts compared to wild type
(Cinelli et al., 2001) in a MCA occlusion model. Moreover, the infarcts of NS
knock-out mice were bigger (Gelderblom et al., 2013).

NS might reduce infarct volume by inhibition of tPA-mediated microglia activation
(Gelderblom et al., 2013).

More evidence for a neuroprotective function comes from a mouse model investi-
gating the effect of temporary acute retinal ischemia. Administering NS intravitre-
ally prior to the ischemic attack reduces the number of apoptotic cells and weakens
the loss of retinal function. Similar effects were demonstrated in tPA knock-out
mice suggesting a tPA-independent function for NS (Gu et al., 2015).

Correlative studies in human stroke patients have shown that high concentra-
tions of neuroserpin in blood samples are associated with better functional outcome
(Rodriguez-Gonzélez et al., 2011b) and reduced inflammation (Rodriguez-Gonzalez
et al., 2011a). However, attempts to find a relationship between neuroserpin poly-

morphisms in humans and likelihood of stroke have produced little evidence of pro-
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tective neuroserpin variants (Cole et al., 2007, Tjérnlund-Wolf et al., 2011).

1.3.3 Alzheimer’s disease

A key pathophysiological hallmark of Alzheimer’s disease is the formation of amyloid-
B-plaques (AS) in the brain. While the exact mechanisms of disease are still under
extensive investigation, the hypothesis that A5 has a neurotoxic effect is widely
accepted (Selkoe and Hardy, 2016).

NS was found to be associated with AfS-plaques in Alzheimer’s disease (Fabbro
and Seeds, 2009, Kinghorn et al., 2006) and is elevated in patients’ cerebral fluid
(Nielsen et al., 2007).

To date, the role NS plays in Alzheimer’s is not conclusively explained. In wvitro
studies show that AB;.42 and NS form a 1:1 binary complex. Moreover, NS increases
the polymerization of AS (Kinghorn et al., 2006).

In a cell culture, however, NS has a beneficial effect and reduces the cytotoxicity
of AgS.

Animal models have further elucidated this protective role of NS in Alzheimer’s
disease. Injected Af is cleared slower in tPA-knockout mice and more rapidly in
NS-knockout mice. This relationship may come from the activation of plasmin by
tPA or the upstream inhibition by NS.

Further insights have resulted from knocking out NS in an Alzheimer’s mouse
model (transgenic J20 mice). These mice present with fewer and smaller A S-plaques

and a normal Morris water maze performance (Fabbro et al., 2011).

1.3.4 Schizophrenia

Gene expression was assessed using microarray analysis showing either an increase
(Hakak et al., 2001) or decrease (Vawter et al., 2001) in NS expression levels in the
dorsolateral prefrontal cortex in patients with schizophrenia. A real-time quanti-
tative polymerase chain reaction (Q-PCR) study agrees with decreased NS levels
(Vawter et al., 2004).

Although the data seems to be somewhat contradictory, altered NS levels in
schizophrenia may be explained by its functions involving brain development (sec-
tion 1.2) and neuroprotection (section 1.3). Since NS secretion is neuron activity
dependent (Miranda et al., 2008, Parmar et al., 2002) it also seems conceivable that
the changed expression level is due to uncontrolled activation as a consequence of
the underlying disease (Lee et al., 2017).
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1.4 Possible treatment approaches in FENIB and

other serpinopathies

FENIB is a very severe neurological disease that leads to disabling cognitive de-
cline and epilepsy. Attempts have been made to symptomatically treat reoccur-
ring episodes of epilepsy with anticonvulsant drugs, including phenytoin, valproic
acid, carbamazepine, piracetam, topiramate, levetiracetam, and ethosuximide, zon-
isamide, benzodiazepines and corticosteroids (Amano-Takeshige et al., 2018, Coute-
lier et al., 2008, Hagen et al., 2011, Takao et al., 2000). However, the treatment
often had very little or no effect. Furthermore, cognitive decline remains relentless.
To date, no potent therapy has been developed to cure FENIB.

Thus, researcher seek to find a definite and causative treatment to effectively treat
FENIB patients. The literature provides only little evidence for the prevention of
NS polymerization. However, some attempts have been made. Moreover, there is
a growing body of evidence for causal treatment of a-1-antitrypsin deficiency that
could be applied for FENIB in future.

In this chapter, treatment concepts that are currently under investigation or dis-

cussion for serpinopathies are examined.

1.4.1 Gene therapy

Gene replacement therapy In some serpinopathies, the lack of correctly folded
protein accounts for some or all of the symptoms. Examples of loss-of-function mu-
tations are found in a-1-antitrypsin and a-l-antichymotrypsin (lung emphysema),
antithrombin (thrombosis) or Cl-inhibitor (angio-oedema) (Lomas et al., 2016).
The lack of functioning protein can be tackled by either regular intravenous sub-
stitution (Lomas et al., 2016) or gene replacement therapy using adeno-associated
viruses (AVV) (Saraiva et al., 2016). However, a phase II clinical trial with the
attempt to introduce functioning a-l-antitrypsin to patients show only marginal
results (Mueller and Flotte, 2013). Moreover, the misfolded protein still remains
within the ER of hepatocytes, since the polymerizing variant is still expressed. Thus
even a more potent gene replacement therapy would be ineligible for serpinopathies

where symptoms rather arise from toxic polymers (gain-of-function).

Gene editing therapy In serpinopathies, a single point mutation causes the dis-
ease. This makes them vulnerable for techniques that can correct for such a single
nucleotide substitution. First approaches have been tested for a-1-antitrypsin defi-
ciency in induced pluripotent stem cells using zinc finger nucleases and a piggyBacd
donor vector (Yusa et al., 2011). Future gene therapies might include the CRISPR-
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Cas9 method where precise genome editing is possible (Cong et al., 2013). This
method has succesfully been used to knock-out genes in mice brain (Platt et al.,
2014). Correction of point mutations have also been reported (Komor et al., 2016).

However, safety and efficiency of gene therapy are still discussed.

1.4.2 Reduce production of misfolded protein using RNAIi

Using RNA interference (RNAi)-based methods, specific mRNA can effectively be
silenced by degradation (Fire et al., 1998). This method uses small interfering
RNA (siRNA) that bind specifically to certain mRNA and eventually lead to the
degradation by the RNA-induced silencing complex (RISC). This has already been
established in experimental biology, but first approaches have been made to use this
mechanism in treatment of genetic disorders.

Treatment with siRNA that have a liver motif has shown a reduction in production
and aggregation of mutant a-l-antitrypsin in a mouse model of a-1-antitrypsin-
deficiency. RNAi treatment also led to significant reduction in a-1-antitrypsin serum
levels in non-human primates (Guo et al., 2014).

Currently a phase I/II trial is been conducted, to test safety of RNAi therapy
in human with a-1-antitrypsin deficiency (identifier: NCT02503683). Considering
the specificity and efficiency, siRNA could be developed as a possible treatment for
other serpinopathies, including FENIB.

1.4.3 Increase clearance of polymers

Another approach to treat the aggregation of misfolded protein is to increase cellular
clearance.

Carbamazepine, an anticonvulsant that has been clinically used for over half a
century, has shown to also induce autophagy. A current clinical study is set out
to investigate if the clearance of polymeric a-1-antitrypsin is also increased (iden-
tifier: NCT01379469). If inclusion body formation can be reduced in this study,
carbamazepine would be a credible drug to test in FENIB as well, considering it’s
additional antiepileptic effect.

Another drug that has been in the focus of autophagy research is rapamycin. In an
a-1-antitrypsin mouse model rapamycin showed an increase in autophagic clearance

and a decrease in polymeric a-1-antitrypsin and liver damage (Kaushal et al., 2010).
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1.4.4 Using small chemical compounds to prevent

polymerization

In serpinopathies, the underlying mechanism of disease is the insertion of the RCL
of one serpin into the (-sheet A of another. This concept has been exploited in
attempts to inhibit polymerization by developing molecules that fit into the S-sheet
A to block the RCL insertion.

Using small 6-mer and 4-mer peptides, a proof of principle could be shown for a-
l-antitrypsin. The peptides, which were derived from RCL sequence, bound to a-1-
antitrypsin and reduced polymerization in vitro (Chang et al., 2006, 2009, Mahadeva
et al., 2002). However, the challenge to deliver these peptides inside the cells of
affected organs remained unmet.

It has been argued that small molecules that bind to the -sheet A are better
suited to find their way inside the cells (Elliott et al., 2000, Mallya et al., 2007).
Mallya et al. (2007) developed a virtual ligand screening method to identify small
compounds that fit into a cavity in close proximity to -sheet A of a-1-antitrypsin.
Compounds were identified that blocked polymerization in vitro and in a cell model
of disease.

Another strategy emerged with the identification of an antibody that prevents
polymerization of a-1-antitrypsin in vitro. A single-chain variable fragment of this
antibody could prevent up to 60 % of polymerization within the cells and significantly
improve secretion when expressed as an intrabody in an a-1-antitrypsin cell model
(Ordénez et al., 2015). The epitope of this intrabody spans helices A and I. This
is thought to stabilize S-sheet A and thus prevent RCL insertion (Motamedi-Shad
et al., 2016).

The intrabody gene would have to be introduced to the cell using gene therapy
methods. An advantage over RNAi would be that intrabodies are expressed more
stable in mammilian cells than siRNA (Ordénez et al., 2015).

To date, little research has been conducted regarding the inhibition of polymer-
ization in FENIB. However, the data gathered for a-1-antitrypsin deficiency can be
used as basis in the development of disease specific drugs for other serpinopathies
including FENIB and vice versa. This is due to the structural and mechanistic
similarities within serpins and serpinopathies.

Embelin is a compound that inserts into a cavity formed by helices D and F and
strand 2A of [$-sheet A of PAI-1. This antagonizes the inhibitory effect of PAI-1
(Lin et al., 2013).

Embelin has also shown to bind to NS and inhibit polymerization that occurs
when recombinant NS is heated in vitro (Saga et al., 2016). No data regarding the

effectivity in vivo is available.
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The incentive of this study is to identify small chemical compounds that in-
hibit polymerization. Two large libraries of commercially available compounds were
screened for molecules that mimic the RCL sequence Gsug-S-E-A-A-A-V-S355 of NS.
For this, the crystal structure of cleaved human NS was used (Protein Data Bank
ID: 3F02). Using the FlexX software, a virtual receptor docking screening assay
was performed searching for ligands that bind to those amino acids that are in a
6.5 A radius of the Ggu5-S-E-A-A-A-V-Sss5 sequence. We hypothesize that these
compounds inhibit polymerization by competing with the RCL over the insertion
site of 5-sheet A.

In this work, we tested 36 compounds for their anti-polymerogenic activity on
NSU392E hoth in wvitro using recombinant NS as well as in a FENIB cell culture
model. Results from this work will be employed to further improve the wn silico

compound screening assay.

21



2 Methods and Materials

2.1 Compounds

Based on the crystal structure of cleaved human NS (Protein Data Bank ID: 3F02),
an in silico model of reactive site loop insertion into §-sheet A was generated by
molecular dynamics simulations. For this, the MolPort database of commercially
available compounds (molport.com) was screened for ligands that mimic the Gz4s-S-
E-A-A-A-V-S355 sequence of the RCL. In a virtual receptor docking screening assay,
the receptor was defined as those amino acids that are in a 6.5 A radius of one of
the atoms of this sequence. Compounds that bind to this virtual receptor were then
identified.

This analysis was carried out by Johannes Kirchmair (Department of Chemistry
and Computational Biology Unit, University of Bergen) using the FlexX software
(BioSolvelT). The original in silico screening was later refined to improve the mim-
icking of the RCL sequence. Compounds of the first and second screening are here-
after referred to as 1°* and 2°¢ generation compounds, respectively.

The chemical compounds were delivered in powder form, dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich) and stored at —20°C. For analysis, they were
thawed and vortexed thoroughly before dilution for experiments.

Table 2.1 shows the provider’s identification number, the molar mass and the
stock concentration to which the compounds were diluted. For easier handling,
compounds were given labels that can be obtained from these tables as well (1%

generation compounds: A — T, 2°¢ generation compounds APU — STU).
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Table 2.1: Summary of 1% and 2"¢ generation compounds.

Label Provider-ID molar mass (gmol™!) stock concentration (mol L)
A 786135489 258.36 0.100
B 2740776016 343.51 0.100
C 764811594 479.62 0.100
D 2432791734 207.31 0.100
E 7432388384 421.56 0.100
F 7400358214 410.51 0.100
G 730159011 444.53 0.100
H 729313161 481.61 0.100
I 728039465 395.54 0.050
J 7238035840 439.57 0.050
K 7235988034 432.49 0.100
L 7235983168 419.48 0.100
M 7235975332 437.53 0.100
N 7235972546 496.02 0.100
O 7197898586 371.93 0.100
P 2196790666 275.39 0.100
Q 2190145714 460.54 0.100
R 7123861406 203.28 0.100
S 71139725383 273.37 0.100
T 7109022820 411.52 0.100
APU  Amb9790606 356.34 0.100
BRT  OSSL_298254 451.43 0.100
BUR 7969162 453.00 0.025
FLD  4464-1021 449.51 0.100
GPA  Amb9805036 340.33 0.050
HMR OSSL_293390 361.78 0.100
ITY  AN-329/41290765 390.40 0.100
KRY NRB00349 390.35 0.100
LSA  STKO079181 414.42 0.100
MGI  STKO084621 366.41 0.025
MHS Amb4120128 326.30 0.100
MOE PB340293238 367.32 0.010
MRG OSSL_293422 333.29 0.100
RLF  Amb9794462 402.36 0.100
SCY  AN-329/14723078 382.42 0.100
STU 72239055646 489.30 0.100
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2.2 In vitro screening assay with recombinant

neuroserpin

To test 1°* and 2"¢ generation compounds in vitro, commercially acquired full-length
recombinant NSWT and NS®32E produced in E.coli (Biomatik) was mixed with
compounds and heated for 16 hours at 37°C in a T100 Thermal Cycler (Biorad).

The solution consisted of 5.48 uM NS and a compound in 100-fold molar ex-
cess (h48pM). Table 2.2 shows the composition the 8 pL reaction solution. To
reduce pipetting mistakes, 10x stock solutions of compounds diluted in Dulbecco’s
Phosphate-buffered saline (PBS) (Life Technologies) were prepared and stored at
—20°C.

Table 2.2: Reaction solution for in wvitro screening

concentration (pM) reaction volume (pnl)

recombinant NS (8.76 pm) 5.48 5.000
Compound (10 mm) 547.62 0.438
PBS 2.562

As control, DMSO was used instead of a compound. An aliquot was directly stored
at —20°C after pipetting in order to avoid polymer formation (negative control).
An identical DMSO reaction was heated together with the reactions containing the
compounds and this served as positive control for polymerization. The experiment
was repeated three and four times for 1% and 2"¢ generation compounds, respectively.

After heating, the probes were separated by native PAGE as described below
(section 2.4). The gels were then washed with ddH2O for 5min and stained with
GelCode™ Blue Stain Reagent (Thermo Scientific™) for 60 min according to the
manufacturer’s protocol. Intensities of monomer, dimer and polymer bands were

measured with a gQuant™ spectrophotometer (BioTek).

2.3 Cell culture

For in vivo screening experiments, human embryonic kidney (HEK)-293-cells stably
transfected with NSWT and NS“392F were used (Schipanski et al., 2014). The cells
were kept in a humidified incubator at 37°C and 5% CO, and were handled under

sterile conditions.
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2.3.1 Compound concentrations

To determine suitable compound concentrations for in vivo screening, HEK-293-
cells were plated at a concentration of 8 x 102 cells per well and grown overnight on
96-well-plates Dulbecco’s Modified Eagle Medium (DMEM)(Gibco™) containing
10 % fetal bovine serum (FBS) (Thermo Fisher) and 0.5gL™" Geneticin (G418-BC)
(30.000 U/ml, Biochrom). The next day, the medium was discarded and exchanged
with DMEM-10%-FBS-Geneticin containing 1 generation compounds at varying
concentrations (1mm, 500 pM, 200 pM, 100 pM and 50 pM).  After 16 hours, cell

viability was observed under a light microscope with 400x magnification.

Table 2.3: Compound concentrations

examined concentrations in concentration used in cell culture

proliferation assay (M) screening experiment (1M)
A 100, 50 100
B 100, 50 100
C 50, 10 10
D 100, 50 100
E 100, 50 100
F 2, 0.4 2
G 100, 50 100
H 100, 50 50
I 50, 10, 2 p
J 50, 10, 2 50
K 100, 50 100
L 100, 50 50
M 10, 2 10
N 50, 10, 2 p
@) 100, 50 50
P 100, 50 50
Q 50, 10, 2 50
R 50, 10, 2 10
S 50, 10, 2 10
T 10, 2 p

To obtain a more precise information about the compound concentration that
can be administered to HEK-293-cells without toxicity, we performed a 3-(4,5-
dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide (MTT) assay. HEK-293-cells

were plated at a concentration of 8 x 10 cells per well and incubated overnight on
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96-well-plates as described above. The next day, they were treated with compounds
at concentrations estimated to be non-toxic by light microscopy evaluation. The
examined concentrations can be obtained from Table 2.3. Four technical replicates
were performed for every compound concentration. After overnight incubation, vi-
able cells were quantified using the CellTiter 96® Non-Radioactive Proliferation
Assay by Promega, a commercially available standardized MTT test kit. The kit’s
chemicals were applied according to the manufacturer’s protocol and absorption was
measured using a pQuant™ spectrophotometer (BioTek). As a control, the same

volume of DMSO was administered to cells.

2.3.2 Screening experiment

For compound screening, HEK-293-cells were plated at a concentration of 3.5 x 10°
cells per well and grown overnight in 6-well-plates with 2 mL DMEM containing 10 %
FBS and 0.5gL~! G418-BC. After overnight incubation, medium was discarded
and replaced with a treatment medium composed of 2mL Opti-MEM (Gibco™)
and 2mL 1% generation compound dissolved in DMSO. As a control, cells were
treated with Opti-MEM containing the same volume of DMSO only. The treatment
concentrations are listed in Table 2.3.

The next day, media were collected, centrifuged at 16 xg for 10 min at 4 °C and the
supernatant stored at —20°C until further analysis. Remaining cells were washed
with PBS. 100 pL of lysis buffer was added (see Table 2.4). Cells were scraped
off using a cell scraper, vortexed and stored on ice for 10 min. The solution was
centrifuged at 16 xg for 10 min at 4°C and the cell extract stored at —20°C until

further analysis.

Table 2.4: Composition of the lysis buffer

cOmplete™ Protease Inhibitor Cocktail (Roche) 1X
Triton X-100 (Roth) 1%
NaCl (Th.Geyer) 150 mm
Tris (Sigma) pH 7.5 20 mM

2.3.3 Immunocytochemistry

For immunocytochemistry imaging, HEK-293-cells were plated at a concentration
of 7 x 10* and grown overnight on glass coverslips in 24-well-plates as described
above. The next day, media were discarded and the coverslips were washed two

consecutive times with PBS. The cells were then fixed with a solution consisting
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of 4% paraformaldehyde (Merck) dissolved in PBS for 15min at room tempera-
ture. The fixed cells were washed three times for 5min in PBS. To minimize un-
specific antibody binding, a blocking solution was applied to the cells for 60 min
(Table 2.5). Then, the primary antibody (anti-NS ab33077 (rabbit), 1:100, abcam),
diluted in antibody incubation solution Table 2.6, was applied for 60 min. After an-
other PBS-washing-cycle, the secondary anti-rabbit antibody conjugated with fluo-
rescent Alexa 488 (anti-rabbit Alexa Fluor® 488 (donkey), 1:500, Life Technologies)
was incubated for 30 min in the dark. The cells were washed in PBS again, and cov-
erslips were mounted on plates with Fluoromount-G (Southern Biotech) containing
4’ 6-diamidino-2-phenylindole (DAPI) and stored in the dark until further analy-
sis. Immunocytochemical imaging was conducted with a Leica TCS SP5 confocal

microscope.

Table 2.5: Composition of blocking solution

FCS 10.0%
Glycine  0.1%
Saponin  0.1%
in PBS

Table 2.6: Composition of antibody incubation solution

FCS 1.0%
Glycine 0.1%
Saponin 0.1 %
in PBS

2.4 Polyacrylamide gel electrophoresis

For PAGE experiments, native or SDS (8 %) acrylamide gels with either 10 or 15
wells were prepared one day prior to the experiment and stored at 4°C (Table 2.7
to Table 2.10).

For SDS-PAGE experiments, running buffer composition can be obtained from
Table 2.11. Native PAGE was carried out in anode and cathode buffer (Table 2.12).
A pre-run for 10min at 100V in running buffer was carried out. Running buffers
were replaced with fresh ones before loading of probes.

In the in vitro experiment with recombinant NS, the 8 pLL reaction solution was
diluted to 40 pLh with 22 ul. ddH,O and 10 pL. 4% native loading buffer (Table 2.13).
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Table 2.7: Composition of native running gel

30 % Acrylamide 5mL
ddH,O 6.37mL
1M Tris pH 7.8 7.12mL
10 % Ammonium persulfate (APS) 187.5uL

Tetramethylethylenediamine (TEMED) 7.5nL

Table 2.8: Composition of native stacking gel

30% Acrylamide 1.3mlL

ddH,0O 6 mL
1M Tris pH 7.8 500 L
10% APS 80 pL
TEMED 8uL

For the in vivo experiment, 30 nLi of either cell extract or supernatant were mixed
with 10 pLL of 4x native loading buffer and loaded to the gels. First lane of every
gel contained native marker (NativeMark™, Invitrogen™). Gels were run at 100V

for approximately 95 min.

Table 2.9: Composition of SDS running gel

30 % Acrylamide 6.6 mL
ddH,O 8.2mL
4x Running Gel Buffer 5mL
10% APS 200 pLL
TEMED 8pL

SDS-PAGE was carried out in a similar manner. Prior to the loading, the probes
were mixed with SDS loading buffer and heated at 95°C for 5min (Table 2.13).
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Table 2.10: Composition of SDS stacking gel

30 % Acrylamide 1.35mL
ddH,O 6.2mL
4x Stacking Gel Buffer 2.5mL
10% APS 30 uL
TEMED 20 pLL

2.5 Western Blotting

Western blotting was done on nitrocellulose membranes (0.2 pm, BioRad) at 100 V
for 60 min in either native or SDS transfer buffer (Table 2.14).

Table 2.11: Composition of 10X native running buffer

Tris 250 mM
Glycine  1.92m
SDS 1%

Table 2.12: Composition of 10X native running buffer

Cathode Anode

Tris 0.53M 0.1m
pH 8.9 7.8
Glycine 0.68M 0.68 M

To reveal the native marker bands, the membranes were stained with Ponceau S
(Sigma-Aldrich) and bands were marked with a pencil. To investigate NS polymers
and protein disulfide isomerase (PDI) as a housekeeping protein simultaneously, the
cell extract membranes were cut horizontally just above the 146 kDa marker band.

Membranes were then blocked for 60 min with a solution containing 5 % nonfat
dry milk (Frema reform) in Tris-buffered saline with Tween 20 (TBST) (Table 2.15).
Milk-TBST-solution was discarded and replaced with a fresh solution containing
antibodies again NS (1:1000, ab32901, goat, abcam) and PDI (1:5000, anti-PDI,
rabbit, StressMarq Biosciences). The antibodies were incubated overnight on a
shaker at 4°C.

The next day, membranes were washed three times for 5 min with TBST before
administering the secondary anti-bodies (anti-goat [1:5000] and anti-rabbit [1:5000]
both coupled to horseradish peroxidase) in milk-TBST-solution for 60 min. After
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Table 2.13: Composition of 4x loading buffer

Native SDS
Glycerol 0% (v/v) 40% (v/v)
Tris pH 6.8 250 mM 200 mM
Bromophenol blue 0.4% (w/v) 04% (w/v)
SDS 8% (w/v)

Table 2.14: Composition of Western Blot transfer buffer

native SDS

10x Buffer 10% (v/v) 10% (v/v)
Tris pH 8.3 250 mMm
Glycine 1.92M

ddH,0 0% (v/v) T0% (v/v)

Methanol 20% (v/v)

a second wash cycle with TBST, a 1:2 mixture of SuperSignal™ West Pico and
SuperSignal ™ West Femto (Thermo Scientific) was applied for 5min. Bands were
visualized with ChemiDoc XRS and Quantity One software (BioRad).

Table 2.15: Composition of TBST

Tris pH 8.0 10mMm
NaCl 150 mM
Tween 20 0.05%

2.6 Statistical analysis

In the in vitro screening assay with recombinant NS, intensities (I) of monomer,
dimer and polymer bands were normalized to the total intensity of the correspond-

ing lane.

Imonomers

Tmonomers =
-[monomers + ]dimers + Ipolymers

I dimers

Tdimers —
Imonomers + Idimers + [polymers
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I polymers

Tpol =
polymers
Irnonomers + Idimers + Ipolymers

In the cell culture screening assay, intensities of polymers only were measured and

normalized to the PDI signal.

o I cell extract
Lcell extract — T
PDI

I supernatant

xz supernatant — ]
PDI

Data are reported as average + standard deviation (£ SD). For in vitro experi-
ments, the total amount of protein per lane was set to 1. In the cell culture assay,
band intensity of the DMSO control was set to 1. For null hypothesis testing, a two-
sided unpaired Student’s t-test was used with the heated (positive) DMSO controls
as reference groups.

All statistical analysis was performed using the programming language R (version
3.6.1) in RStudio (version 1.2.1335).

31



3 Results

3.1 In vitro screening assay with recombinant

neuroserpin

Two virtual screening assays were performed to select compounds with high binding
affinity to the g-sheet A of NS from large libraries of commercially available small
chemicals. By binding to NS, the compounds should prevent polymerization of
mutant NS in FENIB. Compounds of the first and second virtual screening are
termed 1% and 2" generation compounds, respectively.

To test the anti-polymerization activity of these compounds in vitro, a screening
assay was designed using recombinant NSWT and NS®92E  a mutation leading to a
severe form of FENIB. NS was mixed with a compound and incubated at a temper-
ature of 37°C for 16 hours. The NS solution was then separated by non-denaturing
PAGE and stained with Coomassie-blue (Figure 3.1 to Figure 3.7).

NS separates into different bands. NSWT previously mixed with DMSO — the
solvent used to dissolve the compounds — was directly loaded on the gel and consists
mainly of monomers (m) and small traces of dimers (d) (first lane, DMSO sample).
As a control for polymerization, NSV was mixed with DMSO and heated as the
NS-compound samples (second lane, DMSO™). In consequence, the monomer band
was weaker, more dimers were present and bands consisting of high molecular weight

SWT incubated with

polymers (p) became apparent. The band pattern observed for N
compounds was very similar to the one observed for the DMSO™ sample, although
small variations in band intensity were apparent (e.g. incubation of NSWT with
compound BUR, Figure 3.4 to Figure 3.7).

In contrast to NSWT NS992E exhibited all three species (monomers, dimers and
polymers) before being incubated. The band pattern unaltered upon incubation
with DMSO or compounds.

The intensities of monomer, dimer and polymer bands were measured separately
and put in proportion to the total sum of intensities per lane. Values from the
different technical replicates were averaged (1% generation: n = 3, 2°¢ generation:
n = 4). Significant changes of treatment groups to DMSO™ control were tested using

a two-sided student’s t-test (Table 3.1 to Table 3.4 and Figure 3.8 to Figure 3.9).
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A significant reduction of NSW?T polymers from 0.54 4+ 0.07 to 0.39 4+ 0.05 (p =
0.0032) can be achieved by treatment with compound BUR. Moreover, treatment
with BUR results in a significant increase in dimers from 0.22 £+ 0.04 to 0.32 +
0.06 (p = 0.0358). Although not significantly, the amount of monomers showed a
tendency towards increment as well from 0.24 £ 0.05 to 0.29 £ 0.05 (p = 0.1037).

Two significant results were achieved for NS®92E: A decrease in dimers from
0.20 £ 0.03 to 0.14 £ 0.02 (p = 0.0367) after treatment with compound FLD and
an increase of NSE392E polymers from 0.70 4 0.04 to 0.78 £ 0.03 (p = 0.0450) after
treatment with compound O. The other compounds do not seem to significantly

affect the distribution of recombinant NS species.
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Figure 3.1: In vitro analysis of 1% generation compounds (set 1 of 3). Recombinant
NSWT (upper row) or NS992E (lower row) and a 1 generation com-
pound (A-T, dissolved in DMSO) were mixed with PBS and heated at
37°C for 16 hours. The NS species were separated by non-denatured
PAGE and stained with Coomassie blue. First and second lane of every
gel contain controls of NS mixed with DMSO only before and after in-
cubation, respectively. Bands corresponding to monomers (m), dimers

(d) and polymers (p) are labeled accordingly.
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Figure 3.2: In vitro analysis of 15* generation compounds (set 2 of 3). Recombinant
NSWT (upper row) or NS992E (lower row) and a 1% generation com-
pound (A-T, dissolved in DMSO) were mixed with PBS and heated at
37°C for 16 hours. The NS species were separated by non-denatured
PAGE and stained with Coomassie blue. First and second lane of every
gel contain controls of NS mixed with DMSO only before and after in-
cubation, respectively. Bands corresponding to monomers (m), dimers

(d) and polymers (p) are labeled accordingly.
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Figure 3.3: In vitro analysis of 1°* generation compounds (set 3 of 3). Recombinant
NSWT (upper row) or NS%92E (Jower row) and a 1 generation com-
pound (A-T, dissolved in DMSO) were mixed with PBS and heated at
37°C for 16 hours. The NS species were separated by non-denatured
PAGE and stained with Coomassie blue. First and second lane of every
gel contain controls of NS mixed with DMSO only before and after in-
cubation, respectively. Bands corresponding to monomers (m), dimers

(d) and polymers (p) are labeled accordingly.
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Figure 3.4: In vitro analysis of 2°¢ generation compounds (set 1 of 4). Recombi-

nant NSWT (upper row) or NS%92E (lower row) and a 2" generation
compound (APU-STU, dissolved in DMSO) were mixed with PBS and
heated at 37°C for 16 hours. The NS species were separated by non-
denatured PAGE and stained with Coomassie blue. First and second
lane of every gel contain controls of NS mixed with DMSO only before
and after incubation, respectively. Bands corresponding to monomers
(m), dimers (d) and polymers (p) are labeled accordingly.
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Figure 3.5: In vitro analysis of 2°¢ generation compounds (set 2 of 4). Recombi-

nant NSWT (upper row) or NS%92E (lower row) and a 2" generation
compound (APU-STU, dissolved in DMSO) were mixed with PBS and
heated at 37°C for 16 hours. The NS species were separated by non-
denatured PAGE and stained with Coomassie blue. First and second
lane of every gel contain controls of NS mixed with DMSO only before
and after incubation, respectively. Bands corresponding to monomers
(m), dimers (d) and polymers (p) are labeled accordingly.
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Figure 3.6: In vitro analysis of 2°¢ generation compounds (set 3 of 4). Recombi-

nant NSWT (upper row) or NS%92E (lower row) and a 2°¢ generation
compound (APU-STU, dissolved in DMSO) were mixed with PBS and
heated at 37°C for 16 hours. The NS species were separated by non-
denatured PAGE and stained with Coomassie blue. First and second
lane of every gel contain controls of NS mixed with DMSO only before
and after incubation, respectively. Bands corresponding to monomers

(m), dimers (d) and polymers (p) are labeled accordingly.
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Figure 3.7: In vitro analysis of 2 generation compounds (set 4 of 4). Recombi-

nant NSWT (upper row) or NS%92E (lower row) and a 2°¢ generation
compound (APU-STU, dissolved in DMSO) were mixed with PBS and
heated at 37°C for 16 hours. The NS species were separated by non-
denatured PAGE and stained with Coomassie blue. First and second
lane of every gel contain controls of NS mixed with DMSO only before
and after incubation, respectively. Bands corresponding to monomers
(m), dimers (d) and polymers (p) are labeled accordingly.
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Figure 3.8: In vitro screening assay with 15 generation compounds (A-T). Intensi-
ties of monomers, dimers and polymers were measured and put in pro-
portion to the total intensity of each lane. The means and standard
deviations were calculated for the technical replicates and plotted for
every compound. As controls NS (mixed with DMSO only) prior and
after incubation were used. Asterisks indicate a significant difference to
the DMSO™ control (* = p-value < 0.05, students t-Test).
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Figure 3.9: In vitro screening assay with 2°¢ generation compounds (APU-STU).

Intensities of monomers, dimers and polymers were measured and put in
proportion to the total intensity of each lane. The means and standard
deviations were calculated for the technical replicates and plotted for
every compound. As controls NS (mixed with DMSO only) prior and
after incubation were used. Asterisks indicate a significant difference to
the DMSO™ control (* = p-value < 0.05, ** = p-value < 0.01, students
t-Test).
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Table 3.1: In vitro screening experiment with 15 generation compounds

NSWT
polymers dimers monomers

mean SD#+ p-value | mean SD+ p-value | mean SD+ p-value
DMSO 043 0.16 04870 | 0.16 0.05 0.0161 | 0.41 0.13 0.2825
DMSO (heated) ~ 0.49  0.09 0.24 0.04 0.27  0.06
A 0.51 0.06 0.9556 | 0.27 0.02 0.1628 | 0.22 0.04 0.3133
B 0.50 0.05 0.8637 | 0.28 0.02 0.0929 | 0.22 0.05 0.3426
C 0.51 0.06 09734 | 0.27 0.02 0.2549 | 0.22 0.06 0.4975
D 049 0.06 0.7689 | 0.25 0.04 0.6602 | 0.26 0.05 0.9316
E 0.52 0.06 0.8242 | 0.24 0.04 0.9990 | 0.24 0.05 0.7448
F 0.55  0.04 04275 | 0.23 0.02 0.6877 | 0.22 0.04 0.3752
G 0.57 0.05 0.2644 | 0.20 0.03 0.2498 | 0.23 0.03 0.4128
H 0.58 0.05 0.2046 | 0.21 0.04 0.3299 | 0.21 0.03 0.2012
I 0.57 0.07 0.7211 | 0.22 0.04 0.6877 | 0.21 0.04 0.4015
J 0.57 0.08 0.7536 | 0.20 0.04 0.9904 | 0.22 0.05 0.6560
K 0.55  0.07 0.9989 | 0.20 0.03 0.9269 | 0.25 0.05 0.9546
L 0.54 0.08 0.9004 | 0.21 0.02 0.9447 | 0.25 0.06 0.8926
M 0.56 0.07 0.9087 | 0.21 0.02 0.9225| 0.24 0.05 0.8476
N 0.57 0.07 0.7216 | 0.21 0.02 0.8662 | 0.22 0.05 0.5483
O 0.59 0.04 04128 | 0.22 0.01 04918 | 0.19 0.03 0.1832
P 0.39 0.12 0.8398 | 0.29 0.03 0.3883 | 0.32 0.10 0.9856
Q 0.37 0.13 0.7264 | 0.30 0.03 0.3563 | 0.33 0.11 0.8848
R 0.34 0.15 0.5464 | 0.30 0.03 0.3145| 0.36 0.12 0.6346
S 0.34 0.15 0.5312 | 0.32 0.04 0.1754 | 0.35 0.11 0.7592
T 041 0.13 09846 | 0.32 0.06 0.3407 | 0.28 0.07 0.5182
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Table 3.2: In vitro screening experiment with 15 generation compounds

NSG392E
polymers dimers monomers

mean SD#+ p-value | mean SD+ p-value | mean SD+ p-value
DMSO 0.69 0.08 0.4989 | 0.16 0.06 0.5042 | 0.15 0.02 0.8073
DMSO (heated)y ~ 0.70  0.04 0.13 0.04 0.16 0.03
A 0.71 0.06 0.7610 | 0.13 0.05 0.9457 | 0.15 0.05 0.7288
B 0.73 0.08 0.5888 | 0.12 0.05 0.7682 | 0.15 0.06 0.6520
C 0.78 0.12 0.3547 | 0.11 0.06 0.5942 | 0.11 0.08 0.3325
D 0.78 0.11 0.3384 | 0.09 0.07 0.4056 | 0.13 0.08 0.5222
E 0.79 0.13 0.3321 | 0.08 0.08 0.3548 | 0.13 0.08 0.5064
F 0.79 0.11 0.2809 | 0.08 0.07 0.3379| 0.13 0.07 0.4997
G 0.76 0.10 0.3994 | 0.08 0.07 0.3584 | 0.16 0.07 0.8369
H 0.71 0.08 0.7906 | 0.11 0.05 0.5989 | 0.18 0.06 0.8488
I 0.72 0.09 0.7523 | 0.12 0.05 0.6970 | 0.17 0.06 0.9465
J 0.70 0.06 0.8935| 0.13 0.05 0.8485| 0.17 0.04 0.9698
K 0.69 0.05 0.8636 | 0.13 0.04 0.8922 | 0.18 0.04 0.6594
L 0.74 0.02 0.2932 | 0.11 0.04 0.6489| 0.15 0.04 0.8154
M 0.75 0.02 0.1627 | 0.10 0.05 0.5647 | 0.15 0.04 0.6707
N 0.76 0.02 0.0773 | 0.09 0.05 03772 | 0.15 0.05 0.7653
O 0.78 0.03 0.0450 | 0.09 0.05 0.3424 | 0.14 0.06 0.5519
P 0.77 0.01 0.0633 | 0.08 0.06 0.3424 | 0.15 0.05 0.7789
Q 0.75 0.02 0.1585 | 0.09 0.05 04489 | 0.16 0.05 0.9468
R 0.74 0.04 0.3244| 0.10 0.05 04968 | 0.16 0.05 0.8934
S 0.74 0.06 0.4451 | 0.10 0.05 0.5539 | 0.15 0.05 0.8274
T 0.72 0.04 09023 | 0.12 0.05 0.8993 | 0.16 0.04 0.9643
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Table 3.3: In vitro screening experiment with 2°¢ generation compounds

NSWT
polymers dimers monomers

mean SD#+ p-value | mean SD+ p-value | mean SD+ p-value
DMSO 0.17 0.08 0.0025 | 0.31 0.05 0.1202 | 0.52 0.06 0.0021
DMSO (heated)  0.54  0.07 0.22 0.04 0.24 0.05
APU 0.59 0.06 0.5318 | 0.21 0.03 09788 | 0.20 0.04 0.3923
BRT 0.57 0.06 0.7987 | 0.23 0.04 0.4433 | 0.20 0.05 0.3801
BUR 0.39 0.05 0.0032 | 0.32 0.06 0.0358| 0.29 0.05 0.1037
FLD 0.55 0.11 0.8365| 0.24 0.04 0.2222| 0.21 0.08 0.6836
GPA 0.57 0.06 0.8951 | 0.23 0.02 0.1924 | 0.20 0.06 0.5103
HMR 0.55 0.04 0.7762 | 0.23 0.01 0.0889 | 0.21 0.04 0.6682
ITY 0.55 0.04 0.7404 | 0.23 0.01 0.1698 | 0.22 0.04 0.8727
KRY 0.54 0.05 04239 | 0.23 0.01 0.0659 | 0.23 0.04 0.8546
LSA 0.57 0.12 0.5051 | 0.21 0.05 0.5008 | 0.22 0.08 0.5726
MGI 0.58 0.11 0.4221 | 0.21 0.04 0.5056 | 0.21 0.09 0.4854
MHS 0.64 0.15 0.2173 | 0.19 0.06 0.2833| 0.18 0.11 0.2824
MOE 0.57 0.14 05477 | 0.22 0.07 0.7425| 0.21 0.10 0.5186
MRG 0.55  0.08 0.5663 | 0.23 0.04 0.8489 | 0.22 0.05 0.4568
RLF 0.55 0.07 0.5704 | 0.23 0.04 0.8090 | 0.22 0.04 0.4858
SCY 0.54 0.06 0.7110 | 0.23 0.04 0.9578 | 0.23 0.03 0.5774
STU 0.55 0.06 0.5436 | 0.23 0.03 0.7833 | 0.22 0.04 0.4556
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Table 3.4: In vitro screening experiment with 2°¢ generation compounds

NQG392E
polymers dimers monomers

mean SD#+ p-value | mean SD+ p-value | mean SD+ p-value
DMSO 0.52 0.06 0.5604 | 0.23 0.03 0.3122 | 0.25 0.04 0.6686
DMSO (heated)  0.53  0.04 0.20 0.03 0.27 0.02
APU 0.58 0.04 04388 | 0.17 0.03 0.4045| 0.25 0.02 0.6955
BRT 0.58 0.05 0.5426 | 0.16 0.02 0.2346 | 0.26 0.03 0.7424
BUR 0.56 0.08 0.9231 | 0.13 0.04 0.0536 | 0.31 0.05 0.1331
FLD 0.57 0.08 0.7117 | 0.14 0.02 0.0367 | 0.29 0.09 0.4838
GPA 0.57 0.07 0.8163 | 0.17 0.02 0.3310| 0.26 0.07 0.8035
HMR 0.55 0.07 0.8369 | 0.18 0.01 0.6506 | 0.27 0.08 0.6857
ITY 0.53 0.05 04779 | 0.19 0.00 0.7988 | 0.27 0.05 0.5168
KRY 0.51 0.05 0.1949 | 0.20 0.01 0.5818 | 0.29 0.05 0.2257
LSA 0.52 0.06 0.7627 | 0.18 0.01 0.0544 | 0.30 0.05 0.5128
MGI 0.54 0.04 03029 | 0.18 0.05 0.2601 | 0.28 0.03 0.9582
MHS 0.53 0.05 04723 | 0.17 0.05 0.1838 | 0.30 0.03 0.4626
MOE 0.55  0.05 0.2357 | 0.15 0.04 0.0688 | 0.30 0.03 0.3802
MRG 0.55 0.06 0.2693 | 0.18 0.03 0.1375| 0.27 0.03 0.6880
RLF 0.53 0.06 04283 | 0.20 0.03 0.5271 | 0.27 0.03 0.4406
SCY 0.53 0.04 0.5026 | 0.20 0.02 0.5664 | 0.27 0.03 0.5413
STU 0.52 0.04 0.7419 | 0.22 0.01 0.6363 | 0.27 0.02 0.4236
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3.2 In vivo screening assay with a FENIB cell model

3.2.1 Characterization of the FENIB cell model

To screen the possible anti-polymerogenic activity of 15 generation compounds in a
cell model of FENIB, experiments were designed with stably transfected HEK-293-
cells overexpressing NS@392E (NSG392E_ce]g).

First, NSG392F oxpression was characterized in stably transfected HEK-293-cells
and compared to HEK-293-cells stably overexpressing NSWT. Both cell lines (NSWT
and NS992E) were seeded in culture plates and incubated overnight. Cell extract
and supernatant were collected and separated using SDS and non-denaturing PAGE.
After Western Blot transfer, the membrane was probed with an antibody recogniz-
ing NS (Figure 3.10, A and B). In SDS-PAGE, NSWT can be found in the cell extract
(CE) as well as the supernatant (SN) of the medium as a single band at approx-
imately 45kDa (Figure 3.10, A). NS%32E appears only in cell extract, no band is
observed in the medium.

Similar to SDS-PAGE, a strong band representing NSWT monomers is found in
cell extract and faintly in supernatant as well (Figure 3.10, B). Moreover, a smear
of high molecular weight aggregates is observed at weak intensity in the cell extract.

NS392E on the other hand, is mostly detected in high molecular weight bands in

SE392E i5 found as monomers. Bands of high

cell extract. Only a small fraction of N
molecular weight become apparent in the supernatant as well.

Afterwards, the subcellular distribution and ER accumulation of NS was investi-
gated by immunohistochemistry (Figure 3.10, C and D). Again, both cell lines stably
overexpressing NSWT and NS992E were seeded on glass coverslips. After overnight
incubation, the cells were fixed and stained with anti-NS-antibodies and DAPI as

a marker of the nucleus. The green fluorescence signal of NSWT

appears evenly
distributed throughout the cell’s body in an ER-cisternae-like pattern (Figure 3.10,
C). In contrast, NS®2E forms punctate accumulations similar to those previously

described for polymerogenic NS by Miranda et al. (2004) (Figure 3.10, D).

3.2.2 Determination of suitable concentrations of compounds

for treatment

To our best knowledge, the compounds investigated in this study have not been
used as treatment in live cells before. Therefore, we set out to determine a suitable
concentration that is (i) high enough to have a measurable effect and (ii) not toxic
to NSU392E_HEK-293-cells.

First, suitable concentrations of 1% generation compounds where estimated by

applying them to NS®92E_cells at concentrations ranging from 50 M to 1 mM. Af-
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ter overnight incubation, cell viability and morphology was evaluated by light mi-
croscopy (400x magnification, data not shown). All compounds appeared to be
toxic at concentrations higher than 100 pMm.

Based on this prior estimation, a MTT cell proliferation assay was carried out
(Table 2.3). Again, compounds were administered at concentrations ranging from
0.41M to 100 pM and incubated on cells overnight. The assay indirectly evaluates
the number of viable cells by measuring the amount of yellow MTT that is reduced
to purple formazan by the cellular enzyme oxidoreductase.

As control, the same volume of DMSO (0.1%) was administered to the cells
(positive control for cell viability). Moreover, we used a high dose of 10 % DMSO
that is toxic to HEK-293-cells and, thus, represents a negative control.

Four measurements (n = 4) were performed, data were averaged and the 0.1 %
DMSO positive control was set to 1 (Figure 3.11). A threshold of 0.8 relative to the
positive control was chosen to identify viability. The lowest value was measured with
the 10 % DMSO negative control, proving feasibility of the assay. For the in vivo
screening assay, the highest compound concentration with values above 0.8 relative
to the DMSO positive control was used. In Table 2.1 the concentrations used in this

cell model assay are summarized.

3.2.3 Screening compounds in a HEK-cell-model of FENIB

To test the compounds’ ability to inhibit polymerization in a cell model of FENIB,
NSE392E_cells were incubated overnight in media containing the compounds in the as-
certained concentrations (see Figure 3.11 and Table 2.1). Incubation with the same
volume of DMSO was used as control. The next day, cell extract and supernatant
were collected, separated by non-denaturing PAGE and analyzed by Western Blot
(Figure 3.12 to Figure 3.15). Afterwards, membranes were cut above the 146 kDa
marker band to allow simultaneous investigation of NS polymers and PDI, the load-
ing control. Every treatment was performed in three technical replicates and every
experiment has been carried out two times.

NSE392E polymers appear in cell extract and supernatant. Their molecular weight
is above 242 kDa. The bands corresponding to the PDI signal are at approximately
66 kDa.

Intensities of the smeared bands representing NS polymers in cell extract and
supernatant were measured and normalized to the corresponding PDI signal. The
means and standard deviations of six measurements per compound are plotted in
Figure 3.16 and set relative to the DMSO control. A two-sided student’s t-test
was used to calculate p-values and identify compounds that inhibit polymerization

significantly (Table 3.5).
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Significant reduction of NS polymers can be observed in supernatant after treat-
ment with compounds G (0.72+0.10, p = 0.0032), O (0.71£0.09, p = 0.0002) and R
(0.77+£0.13, p = 0.0312). Compound N leads to a significant reduction of polymers
in cell extract (0.88 &+ 0.10, p = 0.0429). No other compound lowers the amount

of NS polymers in cell extract significantly. However, treatment with five different

compounds cause a significant increase of polymers within the cell: A (1.71 4 0.33,
p =0.0019), B (1.21£0.09, p = 0.0167), G (2.24+0.69, p = 0.0068), J (1.47 £ 0.22,
p = 0.0018) and Q (1.59 +0.39, p = 0.0131).

A

170kDa -

130kDa -

100 kDa -

70kDa -

55kDa -

40 kDa -

35kDa -

NSWT NsG392E B NSWT NsGSQZE

SN ‘ CE SN ‘ CE SN ‘ CE SN ‘ CE

= gl -

480 kDa -

[
242kDa -
!

146 kDa -

Figure 3.10: Characterization of stably transfected HEK-293-cells overexpressing ei-

ther NSWT or NS“392E (A) and (B) show Western Blots of super-
natant (SN) and cell extract (CE) after SDS-PAGE and non-denaturing
PAGE, respectively. Both membranes were stained with an antibody
directed against NS. (C) and (D) show representative immunocyto-
chemical stainings of HEK-293-cells overexpressing NSWT and NSG392E,

respectively. NS is shown in green.
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Figure 3.11: MTT cell proliferation assay to determine a suitable concentration of

15" generation compounds for in vivo experiments. Stably transfected
NSG392E_cells were incubated overnight with 15 generation compounds
at concentrations varying from 0.4 pm to 100 pM. As a positive and neg-
ative control for cell proliferation, cells were incubated with a medium
containing 0.1 % DMSO and 10 % DMSO, respectively. Cell prolifer-
ation was measured using the CellTiter 96® Non-Radioactive Prolif-
eration Assay. Measured absorptions were normalized to the positive
DMSO control (0.1%). Means and standard deviations are plotted
(n = 4). The highest concentration allowing 80 % (0.8 value) compared

to the 0.1 % DMSO control was chosen for further experiments.
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Table 3.5: In vivo screening experiment with 15 generation compounds

cell extract supernatant

rel. mean SD+ p-value | rel. mean SD4+ p-value
DMSO 1.00 0.14 1.00 0.15
A .71 0.33 0.0019 1.11  0.27  0.4005
B 1.21  0.09 0.0167 1.20 0.20 0.0780
C 1.06 0.28 0.6525 0.93 0.33 0.6461
D 0.90 0.10 0.3402 0.86 0.36 0.4354
E 1.15  0.08 0.1454 1.10 0.46 0.6397
F 1.08 0.20 0.5064 1.23 040 0.2672
G 2.24  0.69 0.0068 0.72 0.10 0.0032
H 1.01  0.07 0.9066 0.98 0.13 0.7951
| 0.99 0.14 0.8937 1.07  0.13 0.4129
J 1.47  0.22 0.0018 0.87 0.13 0.1293
K 0.82 0.16 0.0568 1.08 0.15 0.3342
L 1.34  0.37 0.0731 1.02  0.35 0.8841
M 1.09 0.16 0.2234 0.91 0.10 0.1082
N 0.88 0.10 0.0429 0.86 0.16 0.1123
O 1.14 0.15 0.0740 0.71 0.09 0.0002
P 0.98 0.30 0.8609 1.06 037 0.7311
Q 1.59 0.39 0.0131 0.84 0.36  0.3750
R 1.23  0.29 0.1277 0.77 0.13 0.0312
S 1.15 0.21 0.2266 1.21  0.35 0.2068
T 0.82 0.24 0.1906 0.75 0.28 0.0944
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Figure 3.12: In vivo screening assay with 1°° generation compounds (triplicate set
1 of 2, compounds A-L). Stably transfected NS%*92E_cells were treated

overnight with a compound. DMSO served as a control.

The next

day supernatant and cell extract were collected and analyzed by non-

denaturing PAGE and Western Blot.

Membranes were probed with

antibodies against NS and PDI (as housekeeping protein). Each exper-

iment was performed in triplicate. NS polymer formation was evaluated

in cell extract and supernatant separately.
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Figure 3.13: In vivo screening assay with 15 generation compounds (triplicate set
2 of 2, compounds A-L). Stably transfected NS%392E_cells were treated

overnight with a compound. DMSO served as a control. The next

day supernatant and cell extract were collected and analyzed by non-

denaturing PAGE and Western Blot. Membranes were probed with

antibodies against NS and PDI (as housekeeping protein). Each exper-

iment was performed in triplicate. NS polymer formation was evaluated

in cell extract and supernatant separately.
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iment was performed in triplicate. NS polymer formation was evaluated
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Figure 3.15: In vivo screening assay with 1% generation compounds (triplicate set
2 of 2, compounds M-T). Stably transfected NS%92E_cells were treated

overnight with a compound. DMSO served as a control. The next
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denaturing PAGE and Western Blot. Membranes were probed with

antibodies against NS and PDI (as housekeeping protein). Each exper-

iment was performed in triplicate. NS polymer formation was evaluated

in cell extract and supernatant separately.
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4 Discussion

Dementia is the leading cause of dependency, disability and institutionalization
among older populations (Sindi et al., 2015). Due to an expected increase in life
expectancy over the next decades, the prevalence rates of dementia syndromes are
thought to rise significantly (Prince et al., 2013). Clinicians and health care special-
ists are therefore faced with the increasing challenge to find reasonable treatment
options. In order to discover specific treatments an exact understanding of the
underlining disease is of the essence.

A common element of various dementia types is the aggregation of misfolded
proteins (Crowther, 2002). With increasing age the cellular mechanisms responsible
for clearance of toxic aggregates decline leading to neuronal death and appearance
of first symptoms (Schipanski et al., 2013).

Understanding the mechanism of protein aggregation opens the possibility to de-
sign disease specific drugs. By preventing aggregation, these drugs would assist the
cellular degradation apparatus and thus prolong the course of disease (Lomas and
Carrell, 2002).

FENIB is an inheritable dementia that is caused by the intracellular accumulation
of polymeric NS into so called Collins bodies. Patients carrying mutations that cause
FENIB suffer from inexorable deterioration of congnitive functions leading to early
onset dementia often accompanied by difficult-to-treat epilepsy (Davis et al., 1999b).

NS belongs to the well studied protein superfamily of serine protease inhibitors
(serpins) (Davis et al., 1999b). Throughout the serpin family, mutations that cause
the polymerization of serpins can be found. These genetic diseases are called ser-
pinopathies (Lomas and Carrell, 2002).

Finding a treatment solution for serpinopathies like FENIB will not only be di-
rectly beneficial for patients affected by the particular disease. Because of the
overlap of disease mechanisms, the gathered knowledge can be applied to other
serpinopathies as well (Lomas and Carrell, 2002).

Here we screened 36 small chemical compounds obtained from two rounds of
virtual ligand screening using an in silico model of RCL insertion.

Because of their small size, these compounds are likely to cross the BBB and
traverse the cell membrane to reach the ER. We hypothesized that they inhibit
polymerization by inserting into [-sheet A and blocking the loop-sheet-linkage of
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NSE392E “one of the most destructive mutations known.

For this study, we developed two screening methods to test the compound’s anti-
polymerizing activity. Recombinant NSWT and NS%*2F protein was utilized in an
in vitro experiment. Additionally, 15 generation compounds were tested in an in

vivo assay using stably transfected HEK-293-cells overexpressing NS©392E,

4.1 Compound BUR reduces polymerization of
recombinant NSWT

Recombinantly produced serpins like a-1-antitrypsin or NS have been used previ-

ously to test substances for their anti-polymerization activity. The heating for a

certain time results in the polymerization even of wild type serpins (Chang et al.,

2006, 2009, Elliott et al., 2000, Mahadeva et al., 2002, Mallya et al., 2007, Saga

et al., 2016).

When separated by native PAGE, recombinant NSWT is mainly found in its
monomeric form (see lane 1 of upper row gels in Figure 3.1 to Figure 3.7). Heating
at 37°C for 16 hours results in the formation of polymers (see lane 2).

Adding compound BUR to recombinant NSWT leads to significantly less polymers
after treatment (from 54% [£7%] to 39% [£5%], p = 0.0032). Furthermore, the
amount of dimers is significantly increased to a level comparable to the unheated
control (from 22% [+4%] to 32% [+6%], p = 0.0358, unheated control: 31% [£5%]).
Although not statistically significant, a tendency towards a rescue of the monomeric
state can also be observed (from 24% [£5%)] to 29% [£5%)], p = 0.1037) (Figure 3.4
to Figure 3.7 and Figure 3.9, Table 3.3).

This in vitro behaviour suggests that BUR prevents the RCL-insertion of a next
molecule and therefore polymer formation probably by binding to [-sheet A of
recombinant NSWT.

However, the measured effect is only moderate. Untreated N
(£8%) polymers. After incubation at 37 °C, the polymer count rises to 54% (£7%)

— an approximate 3-fold increase. The presence of compound BUR in the solution

SWT consists of 17%

inhibits polymer formation to a total of 39% (£5%) polymers which is still a 2-fold
increase compared to unheated control (Table 3.3 and Figure 3.9).

This moderate effect size could be due to an insufficient binding affinity towards
B-sheet A. Small changes within the molecular structure of BUR might improve the
binding. Future research will show if compounds derived from BUR have a greater
impact on inhibiting polymerization.

Moreover, further in wvivo testing will clarify if BUR can be used as an anti-

polymerization-agent in a cell model and thereafter possibly in an animal model of
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FENIB.
Unfortunately, the remaining tested compounds showed no anti-polymerization-

effect on recombinant NSWT in vitro. Again, the reason may be poor binding affinity
to [B-sheet A.

4.2 Recombinant NS®392E consists primarily of

polymers prior to incubation

The in vitro assay was extended by the analysis of recombinant NS&392F,

SG392E appears to be polymerized prior to incubation

However, even untreated N
at 37°C for 16 hours. After incubation, no significant difference is detectable (Fig-
ure 3.8 and Figure 3.9, Table 3.2 and Table 3.4). This could be due to polymer
formation directly after its recombinant production.

This is not surprising since the NS%3?2F mutation causes one of the most severe
disruption to the conformational stability of NS. Glycine 392 is necessary for the
correct alignment of adjacent phenylalanines and is essential for the stabilization of
the shutter region. The replacement by glutamate (NS%92E) or arginine (NSG392R)
results in the most severe forms of FENIB known today (Davis et al., 2002).

SG392E could not be used to investigate polymer formation, we

Since recombinant N
tested if incubation with compounds could efficiently dissolve pre-formed polymers
of NS%392E " This is an important issue, as serpinopathies are often diagnosed when
a substantial amount of polymers have already been formed.

Unfortunately, no compound proved to be able to reverse polymerization (Fig-
ure 3.1 to Figure 3.7 and Figure 3.8 to Figure 3.9). However, a slight increase in
polymers was detected after treatment with compound O (from 70% [£4%)] to 78%
[£3%], p = 0.0450). Not only is this result contrary to the objective of this study,
the measured effect is also rather small.

It remains unclear whether compound BUR would inhibit polymerization when
added to a solution of monomeric NS®92E To be able to test this, the production
of recombinant protein has to be altered to reduce polymerization prior to the ex-
periment. A possible solution could be the production of recombinant NS%392E at
very low temperatures.

Another approach would be to directly test the compound in an in vivo environ-
ment. The presence of a promising compound like BUR during NS protein synthesis

might result in the blockage of S-sheet A prior to RCL insertion.
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4.3 NSG392E cells are a suitable cell culture model of
FENIB

A variety of different animal and cell culture models have been used as models of
FENIB before (Galliciotti et al., 2007, Guadagno et al., 2017, Miranda et al., 2008,
Saga et al., 2016, Schipanski et al., 2014).

In the present work, 15 generation compounds were screened using a HEK-293
cell model stably overexpressing NS@392E. HEK-293-cells have been used extensively
for decades and proved to be an easy to handle and manipulate cell culture (Graham
et al., 1977, Schipanski et al., 2014). Before starting the compound screening, we
characterized expression and localization of both NSWT and NS&392F in the HEK-
293-cells.

Previous work has shown that NSW7 is post-translationally processed within the
ER and then secreted through vesicles via the Golgi apparatus (Ishigami et al.,
2007). Mutant NS, however, forms polymers that are retained within the ER and
eventually form large aggregates called Collins bodies (Davis et al., 1999b).

Our cell model nicely reflects this predicted subcellular behaviour. This can be
demonstrated by analyzing HEK-293-cells overexpressing either NSWT or NS@392E
with denaturing SDS and native PAGE (Figure 3.10, A and B).

In SDS-PAGE, NSWT can be found in both cell extract and supernatant as a single
band of approximately 45 kDa, suggesting that NSWT
as expected (Figure 3.10, A and B). Bands of weak intensity above 50 kDa both in
NSWT and NSE392E cel] extracts are most likely unspecific background noise by the
antibody (Figure 3.10, A).

Similarly, native PAGE confirms the presence of N

is synthesized and sectreted

SWT in its monomeric form in

both cell extract and supernatant (Figure 3.10, B).

Contrary to NSWT, NSG392E i5 known to rapidly form polymers within the ER
that are mostly retained there. When analysed with denaturing SDS-PAGE, this
shows as a single band only in cell extract (Figure 3.10, A). Western Blotting after
native PAGE reveals polymeric NS%392F t0o be separated into a high molecular weight

SG392E in monomeric form

ladder (Figure 3.10, B). Only a faint band representing N
was observed.

Interestingly, a faint polymer ladder can be found not only in cell extract but also
in supernatant (lane 3, Figure 3.10, B). This could be in part explained by an increase
in cell death and subsequent contamination of the supernatant with intracellular
molecules. However, no increased cell death was observed when handling the cell
cultures. Moreover, secreted polymers have been previously found in the media of

different cell culture models of FENIB (Guadagno et al., 2017, Miranda et al., 2004,
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2008). Guadagno et al. (2017) cultivated neural progenitor cells derived from mouse
cerebral cortex. Native PAGE and Western Blotting show similar polymer ladders
in the media of this neuronal cell culture. This suggests a previously unexamined
mechanism of partial NS polymer secretion.

More evidence that NS%392E cells represent a suitable model for screening assays
comes from immunocytochemistry experiments. In NSWT cells the immunofluores-
cence signal is evenly distributed in an ER-cysternae-like pattern as previously de-
scribed (Figure 3.10, C) (Oberhauser, 2013, Schipanski et al., 2014). As expected,
NS9392E accumulates as numerous dots within the cell bodies indicating polymer
formation (Figure 3.10, D).

Taken together, our results show that HEK-293-cells overexpressing NS%392F rep-

resent a valid cell culture model for FENIB.

4.4 Compound G enhances polymer retention in vivo

Twenty 15 generation compounds were screened for their ability to inhibit polymer-
ization of NS%39%F in the HEK-293-cells model, eight compounds altered the amount
of polymers significantly.

When examining intracellular polymers in cell extract, only compound N had a
polymer reducing effect. While being statistically significant, the measured effect
is considerably small with a reduction to only 88% (£10%, p = 0.0429) compared
to control (100% + 14%). Moreover, the polymer reduction in supernatant was not
significant. In the in vitro experiment compound N had no significant effect on the
polymerization of recombinant NSWT or NSG392E

Five compounds had an opposing, polymer increasing effect in cell extract: A
(171% [£33%], p = 0.0019), B (121% [+9%], p = 0.0167), G (224% [£69%)], p =
0.0068), J (147% [£22%], p = 0.0018) and Q (159% [£39%], p = 0.0131).

While this is seemingly an unfavorable effect, it is particularly interesting in the
case of compound G. Treatment with compound G not only increased the amount
of polymers within the cell more than two-fold, but it also reduced the extracellular
amount of NS%92E polymers to 72% (£10%, p = 0.0032). Compounds A, B, J and
Q had no polymer altering activity in supernatant.

These findings give rise to three alternative conclusions for the intriguing in vivo
behavior of compound G.

One possible explanation is that the presence of compound G leads to increased
interaction between mutant NS and cell membrane. During protein extraction,
polymers that were originally secreted into supernatant would wrongly be detected

in cell extract.
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Another conceivable explanation is that compound G interferes with NS in a
way that rather enhances the polymerization rate within the cell. Compound G
might bind to [-sheet A but instead of blocking the RCL from insertion it might
destabilize the sheet further and thus even promote loop linkage. The enhanced
polymerization of NS might in turn result in an increased retention within the cell
and reduced secretion into media. In vitro we did not detect any increase in polymer
formation in the presence of compound G. The opposing results obtained from the
in vivo and in wvitro assay might be explained by slight changes in the structure of
recombinant NS produced in E.coli compared to NS synthesized by HEK-293-cells
(e.g. glycolysation state, unphysiological conditions).

Another possibility why compound G seems to have no impact on recombinant
NS might be due to the limitations of the in vitro assay. Compound G might only
have an effect on NS®92F and not NSWT. This might be masked by the fact that
NS@392E ig already polymerized prior to the treatment with compounds. Such an
effect might only be detectable in the in vivo experiment since compound G would
be present during biosynthesis and prior to polymerization.

The combination of these considerations leads to the third explanation for the
unique n vivo polymerization pattern: Compound G might not interact with NS
at all. Instead, a role as an inhibitor of pathways involved in the secretion of
polymeric NS seems plausible. To our best knowledge, such pathways have not yet
been investigated. However, the data from different cell culture models, including
ours, strongly suggest that mechanisms exist to secrete polymeric NS into media
(Guadagno et al., 2017, Miranda et al., 2004, 2008). Inhibition of such pathways

SG392E ijy cell extract and lower amount

would result in the observed retention of N
of secreted polymers.

Interestingly, the effects of compound G on NSE392E cells do not result in increased
cell death due to protein overload. Even a treatment at a concentration as high as
100 mM results in no significant change of cell proliferation (Figure 3.11). This leads
to the conclusion that increased intracellular polymers are not particularly toxic to
HEK-293-cells. In fact, this has been reported for a number of cell culture models
of FENIB including COS-7 cells (Miranda et al., 2004), PC12 cells (Miranda et al.,
2008) and HeLa cells (Roussel et al., 2013). While this might be due to the strong
proliferative nature of these cultures, a recent study comes to similar conclusions for
a neural progenitor cell model derived from mouse cerebral cortex (Guadagno et al.,
2017).

If intracellular polymer accumulation in itself is not harmful, then secreted extra-
cellular NS polymers might be toxic to neurons and eventually cause neurodegener-

ation in FENIB. Further work is now needed to investigate this possibility. In case

extracellular mutant NS plays a role in the pathogenesis of FENIB, the treatment
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with compound G inhibiting polymer accumulation in the extracellular space might
be promising.

Additionally to compound G, the treatment with two other compounds led to a
significant reduction of polymers in the supernatant: O (71% [+9%], p = 0.0002)
and R (77% [£13%], p = 0.0312). Again, this anti-polymerizing effect was not
detectable in the in vitro assay. In principle, the same assumption apply for these
two compounds as for compound G. However, in contrast to compound G, these
compounds had no effect on polymers in cell extract, suggesting that they may not

reach the intracellular space.

4.5 Conclusions

Aim of this study was the screening of small chemical compounds that efficiently
prevent loop-sheet-polymerization by binding to S-sheet A of mutant NS. For this
purpose, we successfully develop two assays: the in vitro assay utilizes recombinant
NSWT and NS%392F produced in E.coli and allows to rapidly test many compounds
simultaneously. In the in vivo assay, in addition to the anti-polymerization activity
of the compounds, their toxicity and ability to penetrate the cell were investigated
using a HEK-293-cells model.

Compound BUR successfully reduced polymer formation in the in wvitro assay.
However, compound BUR was not able to dissolve already formed NS polymers.
Further research is needed to show if slight alteration to the structure of compound
BUR will create compounds with higher anti-polymerizing activity.

Twenty of the 36 compounds were further tested in the in wvivo cell model of
FENIB. The most interesting result was obtained with compound G that signifi-
cantly reduced the amount of mutant NS secreted by the cells. However, an increased
accumulation of polymers within the cell became apparent. Since compound G had
no effect on polymerization of recombinant NSWT or NSG392E in yitro, we speculate
that it may rather affect pathways involved in the secretion of NS polymers. Further
work is needed to identify such pathways and to understand the pathological role
of secreted NS polymers. The unique effect of compound G might prove useful to

antagonize possible extracellular toxic events.
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Abstract

FENIB is an autosomal dominantly inherited neurodegenerative disease that leads
to early onset dementia and epilepsy. It is caused by point mutations in NS, a
serine protease inhibitor (serpin) predominantly expressed in the nervous system.
These mutations lead to polymerization and accumulation of pathological mutants
in cortical inclusion bodies. Polymer formation is caused by sequential insertion of
the reactive center loop of one NS mutant into the S-sheet A of another.

Using molecular dynamics simulations, small chemical compounds with high bind-
ing affinities to S-sheet A were identified as potential candidates to block loop-sheet-
insertion. Here, we developed a screening assay to test 36 of these pre-selected
compounds utilizing recombinantly produced NS. Additional to this in wvitro char-
acterization, 20 compounds were further tested in a cell culture model of FENIB.

We found that one compound (BUR) successfully reduced polymer formation in
the in vitro assay. However, already formed polymers were not dissolved. Further
research is needed to show if structural alterations to compound BUR enhance the
anti-polymerizing effect.

Another compound (G) significantly reduced the amount of NS polymers secreted
by cells. However, intracellularly, increased amounts of polymerized NS were mea-
sured. Additionally, compound G showed no effect on recombinant NS in the in vitro
experiments. Rather than inhibiting polymerization, we speculate that compound G
might interact with pathways involved in secretion of mutant NS. Investigation of

such pathways will possibly shed light on mechanisms of mutant NS toxicity.
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Zusammenfassung

FENIB ist eine autosomal dominant vererbte neurodegenerative Erkrankung, welche
zu einer frithen Form der Demenz und Epilepsie fithrt. Sie wird durch Punktmutatio-
nen im Neuroserpin-Gen verursacht, ein Serin-Protease-Inhibitor, der hauptséchlich
im zentralen Nervensystem exprimiert wird. Diese Mutationen fithren zu einer ver-
mehrten Polymerisation und Akkumulation von pathologischen Neuroserpin-Mutanten
in kortikalen Einschlusskorperchen. Zur Polymer-Bildung kommt es durch die aufeinan-
derfolgende Insertion der reaktiven Zentralschleife eines Neuroserpin-Molekiils in das
[S-Faltblatt A eines anderen.

In dieser Arbeit entwickelten wir ein Screening-Verfahren, um 36 chemische Verbindun-
gen auf ihre Fahigkeit hin zu testen, die Insertion der Zentralschleife zu verhin-
dern. Diese Verbindungen haben in einer vorangegangenen Molekulardynamik-
Simulation eine hohe Bindungsaffinitat zum [S-Faltblatt A gezeigt und kénnten sich
daher durch eine Blockade der Insertion als therapeutische Option eignen. Fir
dieses Screening-Analyse wurde rekombinant hergestelltes Neuroserpin verwendet.
Zusatzlich zu dieser in vitro Untersuchung wurden 20 dieser Substanzen in einem
FENIB-Zellmodel getestet.

In der in vitro Analyse konnte gezeigt werden, dass eine der untersuchten Verbindun-
gen (BUR) die Polymer-Bildung erfolgreich reduzieren konnte. Bedauerlicherweise
konnten bereits geformte Polymere durch diese Verbindung nicht aufgelést werden.
Weitere Untersuchungen sind notwendig, um zu zeigen, ob Veranderungen an der
Molekiilstruktur von BUR zu einer Verbesserung des Anti-Polymerisation-Effektes
fithren.

Im Zellmodel zeigte eine weitere Verbindung (G) eine signifikante Reduzierung der
Neuroserpin-Sekretion. Gleichzeitig wurde intrazellular eine erhohte Neuroserpin-
Konzentration gemessen. Da die Verbindung G keinen Effekt auf rekombinantes
Neuroserpin zeigte, vermuten wir, dass diese Resultate im Sinne einer Interaktion
im Sekretionsweg von mutiertem Neuroserpin zu deuten sind. Weiterfithrende Unter-
suchungen solcher Sekretionswege konnten Aufschluss geben iiber die Mechanismen

der Toxizitat von Neuroserpin-Mutanten in FENIB.
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