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Abbreviations

3D = Three-dimensional

a-syn = a-synuclein

ApB = Amyloid-beta

AD = Alzheimer’s disease

ALS = Amyotrophic lateral sclerosis
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interacting

CMA = Chaperone mediated autophagy
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GAD2 = Glutamate decarboxylase 2
HD = Huntington’s disease

Hsc70 = Heat shock cognate 70 kDa
HSPs = Heat shock proteins

HOP = HSP70-HSP90 organizing protein
Hsf1 = Heat shock transcription factor 1
JUNQ = Juxtanuclear quality control
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Abbreviations

LAIV = Intranasal live attenuated influenza
vaccine

Lys = Lysins

MDD = Major depression

MTOC = Microtubule-organizing center
MVBs = Multivesicular bodies

mHtt = mutant huntingtin

NDs = Neurodegenerative disorders
PD = Parkinson’s disease

PN = Proteostasis network

PrP = Prion protein

PrP® = Native prion protein

PrPS¢ = Cellular prion protein

SCZ = Schizophrenia

SOD1 = Superoxide dismutase 1
TDP-43 = TAR DNA-binding protein 43
TIV = Trivalent inactivated influenza
vaccine

TNTs= Tunneling nanotubes

tRNAs = transfer RNAs

UPS = Ubiquitin—proteasome system



Dissertation scope

Dissertation scope

Disturbances in protein homeostasis, leading to the accumulation of misfolded toxic species,
has been associated with protein conformational disorders. However, the precise cause-
effect relationship of protein aggregation to disease progression is not yet characterized to
molecular detail. Problems are the heterogeneity of the disorders and to the dynamic nature
of protein aggregation. Understanding the mechanisms behind the protein homeostasis
disruption is crucial to better define the relevant factors in the progression of protein
aggregation disorders, such as neurodegenerative diseases (NDs) and chronic mental
illnesses (CMls). The factors that might trigger the formation of the first critical mass that later
accumulates as protein inclusions in protein conformational disorders remain unknown. A
strong gene-disease association has been described, however, in the majority of the cases, it
is the sporadic form of the disease is most prevalent. For example, it has been hypothesized
that environmental factors, such as microbes, air pollutants, or heavy metals, might have an

enhanced seeding effect for protein aggregation.

In this cumulative dissertation, built around three major manuscripts, we addressed the
protein homeostasis disruption from several perspectives. We discussed the assembly of
protein aggregates, and the effect of a pathogen such as a virus was investigated as a
possible ‘seed' for protein misfolding disorders. We were also interested in identifying new

biological markers for mental illnesses based in an aberrant proteostasis signature.

In chapter 1 (page 25), we discussed an alternative view in the assembly of protein
aggregates since similarities between virus capsid assembly and the protein aggregation had
been suggested. We review current literature in protein conformational disorders and current
perspectives in the viral capsid assembly. The evidence that cellular host factors are used for
catalyzing virus capsid assembly and protein aggregates is discussed, as well as which host

factors this could be.

In chapter 2 (page 36), we raise the question whether viral infections could be a real threat in
protein misfolding disorders. We investigated the relevance of acute influenza A infection in
the homeostasis disruption of distinct proteins associated with Parkinson’s disease (PD),
schizophrenia (SCZ), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis (ALS) in
an in vitro and in vivo context. In dopaminergic-like neurons, the acute viral infection seems
to ‘seed’ a-synuclein (a-syn) and Disrupted in Schizophrenia 1 (DISC1) aggregates, but
neither tau or TAR DNA-binding protein 43 (TDP-43). These findings were corroborated in

vivo by an increase in a-syn and DISC1 expression in the influenza-infected brain areas.
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Besides, oseltamivir phosphate - an anti-influenza drug, proved to prevent a-syn influenza-
induced aggregation. Disturbances in a protein clearance pathway were the proposed
mechanism for the accumulation of misfolded proteins upon viral infection. Accordingly,
impairment in early- and late- autophagy that might promote the accumulation of a-syn in the
cell was observed. Our data suggested that influenza A can be the initial trigger for seeding
of a-syn and DISC1. We consider that viral infections might be taken into consideration as a

future risk factor for synucleinopathies and DISC1opathies.

Aberrant protein homeostasis was also described to be associated with subsets of chronic
psychiatry disorders. In chapter 3 (page 84), we described the identification of insoluble
proteins exclusively present in CMIs patients post mortem brains. The main question was to
address if, misfolded proteins could be a biological signature of CMIs patient subsets
crossing clinical diagnostic boundaries. Using a proteomic approach, we found insoluble
glutamate decarboxylase 2 (GAD2) in a subset of CMIs patients. These findings were
confirmed by biochemical fractionation of individual brain samples from disease patients and
corroborated in an in vitro model (neuroblastoma cells) where a high tendency of GAD2 to

aggregate was observed.

The present studies highlight a mechanistic aspect of initial aggregate formation, an
environmental insult that might be involved in the etiology and pathophysiology of misfolded
disorders, and emphasize that aberrant protein homeostasis could be a biological signature

for a subset of chronic mental illnesses.
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Stérungen in der Proteinhomdostase kénnen zur Aggregation missgefalteter toxischer
Proteinspezies fihren und sind mit Proteinkonformationserkrankungen, wie den
neurodegenerativen und chronisch mentalen Erkrankungen assoziiert, wobei der exakte
Zusammenhang zwischen Proteinaggregation und Krankheitsverlauf bislang unklar ist. Dies
ist nicht zuletzt in der phanotypischen Heterogenitat der Krankheiten, sowie der
dynamischen Natur der Proteinaggregation begrindet. Ein Verstandnis der
zugrundeliegenden Mechanismen der Proteinhomdostase ist unumganglich, um relevante
Faktoren fur das Entstehen von Proteinaggregationserkrankungen zu definieren. Es ist daher
wichtig biologische Ereignisse zu identifizieren, welche die Formierung einer ersten
kritischen Masse von aggregierten Proteinen induzieren und zur spateren Akkumulation
dieser Proteine wahrend der Erkrankung fuhren. Far einen kleinen Teil der
Proteinkonformationserkrankungen ist bereits eine genetische Grundlage beschrieben, der
Groliteil der Falle ist jedoch von sporadischer Natur. Fir Letztere wurden Umweltfaktoren
wie Mikroben, Luftverschmutzungen oder Schwermetalle als Ursache der Proteinaggregation

vermutet.

Diese kumulative Dissertation bezieht sich auf drei Arbeiten, welche eine Stérung der
Proteinhomdostase aus verschiedenen Perspektiven beleuchten. Hierfir wurden sowohl die
Proteinassemblierung an sich, als auch die Induktion von Aggregationskeimen durch
Pathogene, wie Viren, untersucht (Abbildung 1). Des Weiteren wurden Uber eine veranderte

Proteostasesignatur neue potentielle Biomarker fir mentale Erkrankungen definiert.

In der ersten Arbeit wird eine alternative Sicht auf Proteinaggregation diskutiert. Hierbei
wurde ein ahnlicher Mechanismus sowohl der Assemblierung viraler Kapsidproteine, als
auch der krankhaften Aggregation von Proteinen zugrunde gelegt. Die aktuelle Literatur
bezlglich der Proteinkonformationserkrankungen, sowie die verschiedenen Sichtweisen auf
die virale Kapsidassemblierung wurden zusammengefasst. Die Evidenz, dass zellulare
Wirtsproteine von Viren fur die Kapsidzusammensetzung rekrutiert werden wie auch die
Moglichkeit diese Wirtsproteine als neuartiges therapeutischen Ziel zu definieren definieren

wurden diskutiert.

In der zweiten Arbeit wurde die Frage bearbeitet, inwieweit virale Infektionen
Proteinkonformationserkrankungen auslésen kénnen. Der Einfluss einer akuten Influenza A
Infektion auf die Stérung der Homoostase spezifischer Proteine, die mit Morbus Parkinson

(a-synuklein), Schizophrenie (DISC1), Morbus Alzheimer (Tau), sowie der Amyotrophen



Umfang Dissertation

Lateralsklerose (TDP-43) wurden in vitro und in vivo untersucht. In dopaminergen Neuronen
scheint die akute virale Infektion einen Keim fiir die Bildung von a-synuklein- und DISC1-
Aggregaten, jedoch nicht von tau oder TDP-43, zu beglnstigen. Diese Befunde wurden
durch Ergebnisse aus in vivo Studien in Mausen gestitzt, in denen ein Anstieg der a-
synuklein- und DISC1-Expression in Influenza-infizierten Gehirnarealen beobachtet wurde.
Darlber hinaus konnte der Anti-Influenza-Wirkstoff Oseltamivirphosphat die Influenza-
induzierte Aggregation von a-synuklein verhindern. Als Ursache fur die virusinduzierte
Proteinaggregation wurden Stérungen im gezielten Abbau fehlgefalteter Proteine vermutet
und untersucht. Hierbei ergab sich, dass Stérungen der frihen und spaten Autophagie die
Aggregation von a-synuklein in der Zelle fordern. Zusammengefasst deuten die Daten darauf
hin, dass eine Influenza A Infektion die Proteostase von a-synuklein und DISC1 initial stéren
kann und somit als potentielle Risikofaktoren fir synukleinopathien und DISC1opathien zu

bericksichtigen sind.

Eine gestorte Proteostase wurde nicht nur bei neurodegenerativen Erkrankungen
beschrieben, sondern auch mit chronischen mentalen Erkrankungen (CME) assoziiert, deren
biologische Charakterisierung bislang jedoch eine groRe Herausforderung darstellt. In der
dritten Arbeit wurden neue unlésliche und missgefaltete Proteine identifiziert, die exklusiv bei
Patienten mit CME auftraten. Dies ermdglicht die Identifikation einer biologisch definierten
Untergruppe von Patienten mit CME, jenseits der rein klinischen Diagnose. Mittels eines
proteomischen Ansatzes wurde unldsliches Glutamatdecarboxylase 2 (GAD2) Protein in
einer Untergruppe von Patienten mit CME mittels biochemischer Fraktionierung von
Gehirnmaterial identifiziert. Die hohe Tendenz von GAD2 unldsliche Aggregate zu bilden

wurde auch in vitro in Neuroblastomazellen beobachtet.

Die hier vorgelegten Studien beleuchten mechanistische Aspekte der initialen
Proteinaggregation, sowie einen Umwelteinfluss viraler Natur, der in der Atiologie und
Pathophysiologie von Proteinkonformationserkrankungen beteiligt sein koénnte. Daruber
hinaus bekraftigen sie, dass veranderte Proteostase die Grundlage fur die Definition einer

biologischen Signatur von CME bilden kann.



Introduction

Introduction

1. Protein homeostasis

In the cellular environment, synthesis and degradation of proteins are in a balanced
equilibrium so-called protein homeostasis (or proteostasis). That refers to the proteome
maintenance by the readjustment of the innate biology of a eukaryotic cell through the control
of concentration, conformation, binding interaction, and location of proteins. The process by
which this occurs, so-called proteostasis network (PN), is tightly regulated in all aspects from
the synthesis, folding, trafficking, and clearance to ensure proteome stability (1). The PN is
mainly regulated by different chaperones classes that according to the definition proposed by
John Ellis are, any factor involved in the folding or assembly of a protein without being in its
final structure (2). It has been suggested that PN comprises more than 2,000 factors
(reviewed in Fig.1B (3))

In the next chapters, more detailed information will be given in the major processes involved
in PN: protein synthesis (section 1.1); protein folding (section 1.2); protein stability

maintenance and degradation (section 1.3).

1.1. Protein synthesis

Proteins are involved in a range of biological processes to ensure regular cell survival and
function. In a very simplistic way, proteins are composed of a unique amino acid sequence
that is specified by different codons, translated from a nucleotide sequence that forms the
correspondent gene. The translation procedure takes place in ribosomes in the cell
cytoplasm, to where the mRNA ftranscript travels from the nucleus. The protein chain is
catalyzed by small RNA molecules known as transfer RNAs (tRNAs). This procedure occurs
in a repeated cycle of tRNA binding, peptide bond formation, and ribosome translocation until
the complete polypeptide is released. The process ends aided by two leading chaperone
families, hsp70 and hsp60, for proteins acquire the correct three-dimensional (3D) structure.
Cellular quality control mechanisms destroyed proteins that failed or acquired an incomplete
folded structure (see section 1.3) (4).

The human proteome, defined by Marc Wilkin as the complete set of proteins expressed in a
cell at a particular time (5) comprises in average more than 10,000 proteins per cell (6).
Furthermore, depending on the acquired cellular function, the protein copy number could
fluctuate in a range of nine orders of magnitude being histones, ribosomes, and cytoskeleton
proteins the most abundant (7). Apart from proteins with an intrinsically disordered region

that might only acquire a defined structure when interacted with other partners (8), most
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proteins acquired a stable folded 3D structure (9, 10). Proteins destined to the nucleus and
peroxisomes are transported from the cytosol already in a folded structure. For proteins
intended to the endoplasmic reticulum and/or to the correspondent secretory pathways, and
mitochondria, the chaperones are responsible for aiding the transport preventing the protein

folding prior their reach the target organelle (11).

1.2. Protein folding

The amino acid order in a polypeptide chain is the determinant factor in a 3D structure or
conformation acquired by a protein (12). The majority of polypeptide chains adopt distinct
conformations with equally stability, giving prevalence to the thermodynamically favorable
(native states) where free energy is minimized (13). During the folding process, there are
competing reactions leading to folding intermediates states, that might risk proteins adopting
a kinetically stable non-native state (14). The current purposed model comprises a free-
energy landscape (Figure 1) towards the proteins formed intramolecular contacts to maintain
the native state. However, they must cross kinetic energy barriers through folding
intermediates states. In the crowded cellular environmental with several molecules folding at
the same compartment, proteins could form intermolecular interactions between non-native
states. That might be thermodynamically more stable than the native states, leading to
protein aggregation (15). In the in vivo system, the folding process is aided by chaperones
that support the maintenance of proteins towards the folding intermediates through the native
state. They lower the free-energy barriers avoiding pathway reactions that lead to
aggregated species (1).

According to their structural organization, proteins are defined in four levels. The primary
structure refers to the amino acid sequence (16); the secondary structure refers to the a-helix
and B-sheet regions (17); the tertiary structure is the 3D organization of the polypeptide
chain; and the quaternary structure refers to a complex structure (18). Even being the protein
conformation unique, two main folded patterns, a-helix and the B-sheet are shared by
proteins. The a-helix was the first identified pattern, and it is generated when a polypeptide
chain twists around itself to form a rigid cylinder. They can also form stable coiled-coil
structures when two or more a-helix wrap around each other. That structure is the most
common in proteins due to the high stability of a-helix, i.e., transmembrane proteins are
characterized by the abundant presence of short a-helix regions. B-sheet was first identified
in fibroin protein, and it is a very rigid structure. They can form two distinct structures, a
parallel chain- with two polypeptide chains with the same orientation, or an antiparallel chain-
with a twisted structure from each polypeptide chain, with the chains being in the opposite

direction to each other (17) .
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Figure 1. Conformations acquired by proteins during the folding process. Different energy stages that
proteins can cross during the folding process. Folding intermediates stages are controlled by chaperone
machinery, enhancing the ‘on-pathway' reactions. That allows the progression of folding intermediates to the
native thermodynamically stable state. Factors such as mutations, cell stressors, or translational errors favoring
the passage of proteins to misfolded states and promote aggregate formation. Amyloid fibrils might occupy a

more stable state that makes the refold process unlikely to happen. (Adapted from Hipp et al. (11))

1.3. Protein stability maintenance and degradation
As mentioned in the section above, the native protein states are not in the majority of cases
the most thermodynamically favorable as for i.e., it is the case of proteins with more than 100
amino acids (19). They are in high abundance in the cell and typically fold via intermediate
states. That increases their aggregation propensity due to the wvulnerability of the
hydrophobic amino acid residues and unpaired (- strands, to the crowed cytosol (1).
Multiple factors such as mutations, cell stressors, translation aberrations, or defects in
MRNA, inhibits the ‘on- pathway’ reactions, favoring the ‘of pathway’ that results in protein
aggregation (Figure 1). The cellular chaperone machinery responsible for the de novo folding
and refolding processes in an ATP-dependent manner work in order to counteract the 'of-
pathways' (20). The chaperone families mainly involved in this process are the heat-shock
proteins (HSPs) 70 and 90 that are in general responsible for 15-20% of the newly
synthesized proteins, and the chaperonins (Hsp60s) involved in 10% of protein folding (20).

Heat shock factors, such as the heat shock factor 1, control their transcription. In a non-

10
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stressed condition, heat shock factor 1 is in an inactive complex with the chaperones (21,
22). In many cases where proteins were unable to fold or being refolded properly, they are
removed from the cell to avoid the accumulation of misfolded toxic species. Eukaryotic cells
have two major proteolytic pathways responsible for this process that are mainly aided by
molecular chaperones for the target recognition and maintenance of the degradation state
(23). According to the nature of the disposable target, the cell clearance occurs in an ATP-

dependent manner by the ubiquitin-proteasome system (UPS), or by the autophagy system.

1.3.1. Ubiquitin-proteasome system
Short-lived, misfolded, and defective proteins used the UPS as a clearance system in ~ 80-
90% of the cases (24, 25). The unique feature of UPS is the selective degradation of target
proteins by covalent binding to ubiquitin, a 76 KDa protein (25). The ubiquitination process
involves three ubiquitin molecules in a sequential procedure, E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-transferring enzyme), and E3 (ubiquitin ligase). For the subsequent
degradation by the proteasome, the ubiquitinated-target protein has to suffer a
polyubiquitinated process. Different lysines (Lys) are involved in this process, with Lys 48
and Lys 11 mediating the degradation of short-lived proteins. Lys 48 and Lys 63 mediate the
proteasomal and the autophagy degradation of misfolded proteins (26). ‘Tagged’ proteins are
then ready to be cleared by the 26S proteasome. This structure is a large multicatalytic
protease complex composed of two main components, the 20S catalytic core, and 19S
regulatory complex (27). The Hsp70 and 90 chaperones families also play a role in UPS
degradation through the interaction with the chaperone co-factor - carboxyl terminus of the
Hsc70-interacting protein (CHIP) involved in protein ubiquitination (28). Due to the size
constraints imposed by the proteasome, protein clearance by UPS is limited to monomeric

and soluble proteins (29) .

1.3.2. Autophagy system
Autophagy occurs for ~ 10-20% of cellular proteolysis and is responsible for the degradation
of insoluble and long-lived proteins (26). According to the mechanism used by the cell to
deliver the cargo to the lysosomes, three main mechanisms have been characterized in

mammals (30). 1) Macroautophagy is a multi-step process where the cytosolic cargo is

engulfed by a double membrane vesicle called autophagosome. Autophagosomes are
formed with the conjugation of the autophagy-related protein-LC3, with the lipid PE and a set
of autophagy-related proteins, i.e., Atg5, Atg6, Atg12. This process initiates with the
phosphorylation of the lipids present in the endoplasmic reticulum, in mitochondria or in the
Golgi complex, triggered by a kinase complex regulated by Beclin-1. Different cargo types

can be engulfed in the same autophagosome or selectively recruited according to the cargo

1
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type and transported to lysosomes. The fusion of autophagosomes with lysosomes, forming
a vesicle designated as autolysosome, allows the cargo to be degraded by the lysosome
hydrolases (31, 32). The core machinery of macroautophagy could be used in a selective
manner and depending on the selected cargo, different types were defined. In aggrephagy,
aggregated proteins are sequestered by autophagosomes after recognition of the p62
receptor. Protein aggregates can also be degraded by the chaperone-assisted selective
autophagy when the heat shock cognate 70 kDa (Hsc70) and Bag3 chaperones are involved
in the process (33). Dysfunctional mitochondria use the macroautophagy machinery such as
the receptors PTEN-induced putative kinase 1, Parkin, NIX, and BNIP, in a process called
mitophagy (34). In the case of lipids and ribosomes they are degraded in a selective
macroautophagy process called lipofagy and ribophagy, respectively (30); 2) Chaperone-

mediated autophagy (CMA) where chaperones assisted the process of single cytosolic

proteins selectively delivered to the lysosomes for degradation, is another clearance
mechanism. Proteins containing the KFERQ-like motif are recognized by Hsc70 protein
forming a complex that binds to the cytosolic part of lysosome-associated membrane protein
type 2A. The chaperone-substrate complex is then uptaken to the lysosome to be degraded
in the lysosomal matrix. On the other hand, the chaperone-substrate complex can also be
primary unfolded aided by the chaperone complex containing Hsc70 and the co-chaperones
BAG1, HIP, HSP70-HSP90 organizing protein (HOP) and HSP40/DNAJB1, and then be
degraded in the lysosomal lumen (35, 36). 3) Degradation of cytosolic proteins and
organelles, as well as small aggregates and oligomeric species, can occur in bulk by

invagination of the lysosomal membrane in a process designated as microautophagy. An

adaptation of microautophagy, endosomal microautophagy occurs when proteins containing
the recognized motif KFERQ-like are selectively targeted by Hsc70 for endosomal
degradation. Invaginations of the late endosome membrane form small vesicles for cargo
uptake and later degraded in the endosomal lumen. Additionally, autophagy also plays a role

in recycling essential cell components in order to maintain a proper brain function (37, 38).

2. Protein homeostasis disruption

Taking into consideration that around 5% of the proteins in human proteome are involved in
synthesis and protein degradation, maintenance of stable protein homeostasis through life is
a big challenge for the cell. As it was previously mentioned, a tight control from synthesis
until protein degradation is crucial to avoid either the accumulation of proteins usually

degraded, or an excessive protein degradation (3).
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Throughout life, protein homeostasis gradually deteriorates, starting in early adulthood. A
study conducted by Ben-Zvi et al in nematodes expressing temperature-sensitive folding
sensor proteins in diverse tissues, demonstrated an aggregated and mislocalized pattern of
proteins in early adulthood — day 2, 4 and 5 (39). In an independent study conducted by
David et al also using nematodes, detergent-insoluble protein aggregates were collected at
different time points during the lifespan. A proteomic-based approach analyzed the insoluble
proteome, and an increase in aggregated proteins was detected from day 3 of adulthood up
to aged animals (40). Both studies raise an essential point: proteostasis decline starts early
in adulthood and is not an exclusive function of time, cell or tissue type. It is clear that age
accelerates protein homeostasis disruption, however, it is still not known which are the main
factors and the trigger for that (1, 41). It is being proposed on one hand, a direct disturbance
in the components involved in the PN, such as a decline in the capacity of molecular
chaperones, UPS or autophagy to deal with misfolded species, or an overloaded reaction of
the PN components by an increase in misfolded species (3, 42). Many factors are associated
with the folding failure of newly formed protein and a consequent protein homeostasis
disruption. At the genetic level, i.e., some transcriptional errors, such as mutations or
truncations, or lack of a binding partner, have been described (14, 43) as well as,
environmental conditions, such as temperature, pH or reactive oxygen species (44, 45).
Indeed, the concerning point is when the capacity of the PN drops below a threshold, and the
aggregation-prone proteins can not long maintain a soluble state. That might result in a
positive feedback loop with a reduction in proteostasis capacity that leads to an increase of
misfolded species and a further PN collapse (11). To counteracts the PN disturbance, cells
can take some adaptive response i.e., manipulation of stress genes and nutrient sensors. In
a heat stress condition, the heat-shock transcription factor 1 (Hsf1) is activated and induces
the transcription of some proteostasis components (46). Induction of the autophagy system
by manipulation of the kinase target of rapamycin — TOR, was also observed with a dietary
restriction (47). It was also described a reduction in the production of defective proteins by
phosphorylation of the translation initiation factor 2a (48).

In the next chapters, the biological manifestation and cellular consequences of protein

homeostasis disruption will be addressed.

2.1. Protein aggregation: Biological manifestation
The biological manifestation of protein homeostasis imbalance is the protein accumulation in
aberrant conformational states well known as aggregated or misfolded proteins. According to
their organizational structure, they can form amyloid fibrils, native-like, or amorphous
deposits. In terms of biochemical characteristics, they are defined to be soluble either in a

lipid- or in detergent-enriched solutions with aqueous insolubility (49). The aggregation

13
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process starts when proteins acquire an aberrant conformation and turn insoluble. However,
in this early aggregated stage, they are rather unstable and have weak intermolecular
interactions being rather easy for the PN components to regenerate their solubility. If the PN
‘checkpoint’ fails, insoluble proteins organize in a more compact and stable species, rich in -
sheet structures called oligomers. By-self association with other oligomers, or by monomer
addition, a high structured molecule rich in B-sheets is formed and vulgarly defined as
amyloid fibrils (50-53). Alternatively, insoluble proteins without structured organization only
maintained the initial oligomeric structure originates amorphous deposits of disordered
proteins (54).

Amyloid-like aggregates have relatively short polypeptide chains length since they form an
ordered structure with a core rich in B-sheets that must be thermodynamically stable (55).
That contrasts with amorphous deposits that generally come from long-polypeptide chains. It
is also interesting to mention that protein aggregation could be functional. The most known
examples of that are the cytoskeletal proteins, actin, and tubulin, and the hemoglobin S.
These proteins form functional, reversible ordered aggregates that not require a
rearrangement of protein folding (56, 57). However, our attention will focus on non-functional

insoluble deposits.

Amyloid-like aggregates

For a protein aggregate be considered amyloidogenic, three main features according to their
biophysical characteristics might be observed: (1) Amyloid fibrils composed by 2-8
protofilaments with a central spine of B-strands, perpendicular to the fibril axis in a cross-§
spine structure (58); (2) A fibril diameter that varies between 6-12 nm, that was observed in
extracted fibrils from patients with amyloid pathology, and in vitro (58, 59); (3) A positive
staining with dyes, i.e. Congo-Red or thioflavin-T (60). Most protein misfolding disorders,
especially NDs (detailed information on page 18; Table 1) are hallmarked by amyloid
aggregates (61). The overall pathway generally proposed to explain amyloid fibril formation is
next briefly described. The formation of amyloid fibrils was defined as a sequential process
starting with one-step nucleation. Monomeric species prone to acquire an aggregate
conformation, assemble to form oligomeric structures. From then, in a thermodynamically
unfavorable reaction, the initial nuclei are form, and the fibrils then grow by monomer
addition. The rate-limiting step for this process, is the oligomeric conversion into the nuclei
(62). This model has been used to described the aggregation kinetics of distinct misfolded
proteins, i.e. Prion protein (PrP) (63), Amyloid-beta (AB) 42, Ap40 (64) and a-syn (65).
However, other models based on multi-step-nucleation were also proposed (66), making
complicated find a consensual model to answer the question- how amyloid fibril formation

initiate.
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Amorphous aggregates

Macroscopic misfolded depositions characterized by the absence of a fibrillary amyloid
structure are vulgarly defined as amorphous aggregates (67). Structurally they are globular
proteins with a well-defined secondary and tertiary structure. In vitro they were observed
after heat precipitation, or high protein concentration treatments, i.e,. in the presence of co-
solvents (68). They have been defined by the maintenance of their initial oligomeric
conformation without a nuclei polymerization. However, it has been suggested that
amorphous-aggregates also acquired an ordered cross- structure, but in a small range in
comparison with amyloid fibrils. In a native-like state thermodynamically favorable, the
repeated structures are exposed to the crowed solvent to be converted into amyloid-like
aggregates (67). A representative example of that is the ataxin 3, and superoxide dismutase
1 (SOD1). These proteins were identified as macroscopically amorphous aggregates in

brains of spinocerebellar ataxia type-3, and ALS patients, respectively (69).

Aggregate deposition compartments

In mammalian cells, misfolded proteins were found to be deposited in two major cytoplasmic
compartments, depending on protein proprieties (70). Misfolded toxic species presenting a B-
sheet-rich amyloid structure are normally sequestered to inclusion bodies localized next to
the nuclear envelope at the microtubule-organizing center (MTOC), and so-called
aggresomes (71). Morphologically they are characterized as spherical structures with 1-3 um
size, and they present a vimentin cage-like shell (72). Polyubiquitinated aggregates binds to
the histone deacetylase 6 to be transported through the microtubules until the MTOC, and
rapidly cleared by UPS. They are dynamic structures and only appearing in the cell
associated with disease conditions (73). That is the case for misfolded DISC1 protein, which
was observed to be deposited in aggresomes (74).

An immobile compartment was also found in cell cytoplasm linked with the sequestration of
non-ubiquitinated misfolded or stress-damaged proteins (75). In the case that UPS is
impaired, misfolded proteins can be stored in the juxtanuclear quality control compartment
(JUNQ) for later clearance or refolding (70, 75). A representative example of JUNQ-like
inclusions are SOD1, Fused in sarcoma (FUS), and TDP-43 proteins, found in misfolded
forms in ALS (76, 77).

2.2. Protein aggregation: A pathological signature
PN disturbances are associated with many human diseases, including NDs (61), CMIs (78),
metabolic diseases, cancer (79, 80) and aging (81). In the next chapters, we focus our
attention on chronic brain disorders affecting the central nervous system, especially NDs and
CMils.
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Mammalian brain serves as an integrator of a pre-established genetic print and the
exposures to acute insults, such as trauma, infections, or toxins, that determine the brain
resilience over the life course. The most dramatic consequence of brain equilibrium
disturbance is chronic brain disorders, such as NDs and CMIs. NDs become the century
health problem, with an alarming exponential increase in the number of diagnosed cases.
Among them, AD is the most prevalent, followed by PD, ALS, and Frontotemporal lobar
degeneration (FTLD) (Table 1). Huntington’s disease, spinocerebellar ataxias, tauopathies
(such as corticobasal degeneration, Pick’s disease and, supranuclear palsy), dementia with
Lewy bodies (DLB), and Transmissible spongiform encephalopathies or prion disorders,
have the lowest prevalence.

In the past years, the world-health organization increased its concern regarding CMls, such
as SCZ or recurrent affective disorders. They are considered an epidemiological burden to
the society, with a severe patient disability and socio-economic impact (82). While significant
efforts have been taken in the research of these diseases over the last decades, they remain
incurable.

One of the dominant challenges for chronic brain disorders is the fact that they are
syndromic, which means that many different factors cause them. The genetic influence
account only for 5 - 15% of the diagnosed cases. The majority of the new cases are sporadic
manifestations, which might result from an interaction of environmental risk factors and
predisposing genetic factors (83). In table 1, the main biological, cellular, and clinical
characteristics, as well as the factors that might play a role in the etiology of NDs and CMIs
are summarized. Even having differential clinical manifestations, chronic brain disorders
seem to share many biological standard features. The chronic progressive nature, the
cognitive decline, the neuronal dysfunction associated with specific brain regions and the
synaptic network damage, indicates that they might have a similar pathological mechanism
even with the involvement of distinct biological players. The main pathological feature in
common to all of them is the deposition of extracellular or intracellular aggregates of specific
proteins, resulting in cell toxicity. Notwithstanding the considerable effort that has been done
to understand the progression of these disorders, there are still critical open questions. At
which aggregation state these species are toxic, what are the factors that might trigger the
aggregation cascade process, and how that spreads to other cells, are vital points still not

well-understood (84).

2.2.1. The cellular aspect of misfolded disorders
The main effects of protein misfolded are neuronal death and cell dysfunction, due to i.e., the
impairment in protein degradation mechanisms, oxidative stress, mitochondria dysfunction

and disturbances in ion homeostasis (85). Aggregation process leads to changes in the
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physiological function of proteins, generally classified into loss-of-function and gain-of-
function effects. Proteins can lose their function due to the sequestration to inactive cellular
inclusions, with similar effects for the cell as a genetic deletion. On the other side, misfolded
proteins can acquire new functions, generally with more dramatic consequences for the cell
then the loss of their original function (86). A new variant has been lately discussed that
consists of a loss-of-function resulting in a gain of toxic function (87, 88).

An association with disease progression and dissemination of toxic inclusions through the
brain is increasingly more apparent (89, 90). From the cellular perspective, these implicate
the release of a misfolded conformer from a donor cell and the acceptance and propagation
by a neighbor cell. The exact mechanism explaining how this is happening it is still not clear.
However, some cellular pathways have been lately proposed (91). Small microvesicles
denominated exosomes caring constituents from cytosolic and endocytic compartments are
released from a donor cell when multivesicular bodies (MVBs) fuse with the membrane.
Misfolded proteins might be packed in MVBs and incorporated in endosomes and then enter
in a neighbor cell by a still unknown process (92-96). Another proposed mechanism is
clathrin-dependent or - independent endocytosis. Here, misfolded species are secreted from
the donor cell to the extracellular space and then internalized by the receptor cell in clathrin -
depend or dynamin-dependent process (97-99). An alternative mechanism is a direct
passage of misfolded proteins from the cytosol of a donor to the cytosol of an acceptance
cell. That occurs through a membranous channel based in filamentous actin, and
microtubules, called tunneling nanotubes (TNTs) (100). TNTs are a ‘transit' mechanism of
cell connection responsible for transporting different cargos, i.e. organelles, such as the
endosomes, lysosomes, mitochondria, Golgi and proteins, that includes in pathological

cases, the misfolded ones (101-103).
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Neurodegenerative disorders

Risk factors

- UPS and autophagy
dysfunction
- Neurodegeneration

- Progressive muscle
weakness”;

- Atrophy;

- Dementia“;

Disease Aggregated Cellular Clinical Familial Sporadic References
protein changes phenotype (Genes) (External factors: environmental;
pathogens, etc)
AD Ap (extracellular - Synaptic excitotoxicity; - Hippocampal and cortex APP; PSEN1; HSV*; CMV*; HIV*; Chlamydia (104-109)
plaques); Tau - Synaptic loss; shrinkage®; PSEN2; TREM2; Pneumoniae”; Helicobacter pylori;
(Intracellular - Microgliosis; - Enlarged brain ventricles®; ~ APOEe4; Down Syndrome*; Head trauma*;
neurofibrillary - Astrogliosis; - Dementia’; SORL1; BIN1 MDD*; Atherosclerosis®;
tangles) - UPS and autophagy - Cognitive decline’; Stroke*; Hypertension®; Diabetes
dysfunction ' - Spatial memory change'; Mellitus*; Obeglty*; Thyr.0|.d disorders™;
- Neurodegeneration - Personality change’; Tabaco®; Aluminium toxicity*; Alcohol”
- Language impairment’;
- Motor dysfunction®
PD a-Syn (Intracellular - Loss of DA neurons in - Pallor of the locus SNCA; PARKIN;  Influenza A virus *; HSV*; HCV (110-121)
aggregates in Lewy SNpc; coeruleus®; LRRK2; PINK1; Pesticides*; Heavy-metals®;
bodies) - Oxidative damage; - Motor impairments® DJ-1; Melanoma*; Traumatic brain injury*;
- Mitochondrial dysfunction; Resting tremor”,
- Microgliosis; - Bradykinesia’,
- Astrogliosis; - Postural® instability*,
- Synapse loss; - Rigidity °;
- Decrease and lost 9f - Slowness of movement”;
synapse connectivity; - Dementia*-
- UPS and autophagy L
dysfunction - Constllpatlon ; ]
- Neurodegeneration - Psychiatry problems’;
- Sleep disruption’;
ALS TDP-43, FUS, SOD1 - Mitochondrial dysfunction; - Motor cortex and spinal TARDBP; FUS; HSV"; Heavy-metals™; (122-126)
(cytoplasmic and - Astrogliosis; cord motor neuron SOD1; CHMP2B; Pesticides*; Head trauma*;
nuclear aggregates); - Microgliosis; degeneration *; MAPT; VAPB; Diabetes Mellitus*;
- Oxidative damage; - Fatal paralysis”; DCTN1; ANG;
- Defective axonal transport; VEGF
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FTLD TDP-43; FUS; - Reduction in the axon - Motor cortex and spinal GRN; FUS; Head trauma®; (127-131)
Ubiquitin terminals in glutamatergic cord motor neuron unknown gene
(cytoplasmic and neurons; degeneration °; ch9; VCP
nuclear aggregates); - Neuroinflamation; - Frontotemporal atrophy”;
Tau (Intracellular - Microgliosis; - Semantic dementia’;
neurofibrillary - Neurodegeneration; - Progressive non-fluent
tangles) - Astrocyte degeneration. aphasia’;
- Cognitive decline®;
- Behavioral changes®;
Chronic mental illnesses
Risk factors
Sporadic
Disease Aggregated Cellular Clinical Familial (External factors: environmental; References
protein changes phenotype (Genes) pathogens, etc)
SCZ DISC1; CRMP1; - Dysfunction - Delusions®; AKT1; COMT; Influenza“; Rubella”; (132-137)
Dysbindin-1; of dopaminergic - Hallucinations"; DISC1; DRD3; Poliovirus™; Cannabis*;
NPAS3; TRIOBP neurotransmission - Impaired motivation®; DTNBP1; Prenatal environmental exposures (i.e.
(Increase in striatal DA); - Reduction in spontaneous  HTR2A; NRG; stress”, nutritional deficiency”,
- Glutamatergic dysfunction speech’; PRODH; RGS4; Toxoplasma gondii *; HSV-27)

(loss of GABA)
- Reduced neuropil
- Reduced dendritic spines

- Social withdrawal’; SLC6A4,
- Cognitive decline® ZDHHC8
- Ventricular enlargement’;

- Reductions in grey

matter’;

- Abnormalities of white

matter®
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BD DISC1; CRMP1; -Imbalance in monoaminergic - Episodes of elated BDNF; CACNA1C,  Asthma*; Obesity*; (138-141)
Dysbindin-1; neurotransmitter mood’; TENM4 NCAN; Migraine*; Head injury*
TRIOBP (mainly DA) - Episodes of depressive G72/DA0OA; DISC1, Influenza*; Rubella’;
- Dendritic spine loss mood”; NRG1; TPH2; HTT; Poliovirus*; Cannabis*;
- Mitochondrial dysfunction - Delusions’; DAT1; COMT prenatal environmental exposures (i.e.
- Endoplasmic reticulum stress  _ Hg||ucinations® stress”, nutritional deficiency”,
- Neuroinflammation - Sleep changes'; Toxoplasma gondii “; HSV-2")
- Apoptosis
- Decrease of GABAergic
interneurons
- Imbalance of GABAergic
system
MDD DISC1; CRMP1; - Impaired regulation of HPA - Increased amygdala, BDNF,; NR3C1; Chronic diseases (anxiety disorder*; (142-146)
Dysbindin-1; axis medial prefrontal cortex MOAO; GSK-3; Angina*; Arthritis*; Asthma®*; Diabetes®)
TRIOBP -Activation of proinflammatory  activity® GRM3; SLC6A4; prenatal environmental exposures (i.e.
cytokines - Dysphoria®; GRIK4; CRHR1; stress”, Alcohol*, Tabaco®)
- Loss of interest in CRHBP
activities®;
- Changes in sleep and
appetite®;
- Guilt and hopelessness®;
- Fatigue®;
- Restlessness”;

- Concentration problems®;
- Suicidal ideation®

Table 1. Features of chronic brain disorders characterized by aggregation and deposition of aberrant toxic species. The table summarized the biochemical, cellular
and clinical characteristics, as well as, the risk factors that might be involved in the progression of the distinct neurodegenerative and psychiatric disorders associated with
protein misfolding. Legend: “ - Pathogens, such as virus or bacteria, that might act as disease triggers; * - Pathologic conditions that represents a risk factor; * -
Environmental/ Toxins as a risk factor; *- Brain Anatomical changes; - Behavioral symptoms. Abbreviations: HSV - Herpes simplex virus; CMV — Cytomegalovirus virus; MDD
— Major depression; DA — Dopamine; SNpc - substantia nigra pars compacta; HCV - hepatitis C virus; FUS - Fused-In-Sarcoma; SOD1 - superoxide dismutase 1; GABA -

Gamma-aminobutyric acid; HPA- hypothalamic-pituitary-adrenocortical
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Neurodegenerative disorders

From the biochemical point of view, NDs are hallmarked by toxic inclusions with amyloid
structure. A seeding-nucleation process occurs in the conformers of disease-associated
proteins in order to form amyloid fibrils (as described in section 2.1). That mechanism has
been hypothesized to occur as a prion-like mechanism (147).

Prion diseases are hallmarked by B-sheet-rich aggregates of cellular prion protein (PrP%%)
that acts as a seed to initiate the conformation change of a native prion protein (PrP°) (148,
149). During disease transmission, PrPS¢ propagates until achieve a toxicity threshold
responsible for the cellular dysfunction and brain damage, characteristics of prion disorders
(150). The concept of a misfolded protein be a ‘prion’ is dependent on several factors: 1) The
non-native protein assemblies must be stable, with an irreversible aggregation process and
resistance to the cell clearance machinery; 2) An efficient recruitment of non-native
monomers to form aggregates; and 3) A cell-to-cell spreading capacity (148).

Despite that misfolded proteins implicated in NDs, seems to have a similar aggregation
seeding process, and a cell to cell spreading, they lack the prion infectivity characteristic.
Due that, it is being suggested the term ‘prionoids’ to defined them, instead of ‘prion proteins’
(151). Misfolded tau and A, hallmark proteins of AD and tauopathies, aggregated a-syn,
found in PD and cytoplasmic inclusions of TDP-43, related with ALS and FTLD, were proved
to share prion-like proprieties. At the molecular level, the conversion into a misfolded protein
state and consequent growth in a stable aggregate were described. At the cellular level, cell-
to-cell transmission of misfolded protein was also observed, as well as, a progressive
pathology spreading through the brain (109, 152-155). However, it is under discussion if
infectivity should remain a requirement to define prion species (156, 157). It was
demonstrated that oligomeric Prps° species could exhibit cell toxicity, but not infectivity, be
considered as ‘bona fide’ prions (158).

Interestingly to mention is the heterogeneity found in NDs among different patients, and
within distinct clinical diagnosed disorders, even sharing the same hallmark misfolded protein
(Table 1). One plausible explanation might be the existence of ‘protein misfolded strains’ that
can characterize the disease progression and the distinct pathologies. That was previously
described for prion protein, where different variants of PrPS® were found to be associated
with the distinct clinical phenotypes of prion disorders (159, 160). A similar observation was
seen in vitro and in vivo for tau protein, where strain-specific intracellular tau aggregates
were found in different cell types and brain regions. Intracellular tau deposits isolated from
brains of tauopathies patients showed an association of a differential strain phenotype with
disease nature and progression (161-163). In a recent publication, Laferriere et al. also

described a strain-phenotype of distinct misfolded TDP-43 conformations related to different
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stages of FTLD (164). For several other proteins, i.e. a-syn (165-167), and AB (168, 169),
similar evidence has been described.

On the other side, a cross-seeding phenomenon has been extensively observed in NDs. The
intriguing question is if specific misfolded proteins can be considered as a hallmark of a
disorder, or the misfolding of specific proteins are a shared feature of a clinical symptom
found, overlapped in several NDs (170). For instance, in AD patients, intracellular tau
neurofibrillary tangles and extracellular AB plagques are found simultaneously (171).
Neuropathological studies also demonstrated o-syn deposition in Lewy bodies (172) and
TDP-43 aggregation (173) nearly in half of AD cases. In PD patient brains, the presence of
AB deposits, tau aggregates (174) and TDP-43 deposits (175) were also reported. Several
studies have been lately conducted in vitro and in vivo, to understand if the disease is
initiated by a single type of aggregate, that later triggers a cascade event that leads to the
misfolding of other proteins (176-179, 180, 181, 182); or if, there is no a ‘main motor force’
and the protein misfolding occurs at the same time to more than a single protein. It is also
important to mention that the cross-seeding effect could be only a consequence of protein
homeostasis disruption, which in a cascade-event manner enhances the neuronal

vulnerability, i.e,. to external factors that might contribute to the disease progression (183).

Chronic mental ilinesses

Unlike to NDs, in CMIs there is a lack of a biological hallmark. The absence of a biological
signature associated with the mental illness conditions makes the clinical diagnosis still
exclusively based on clinical interview between psychiatrist and patient. A singular feature of
CMis is the considerable overlap in symptomology and genetic background across SCZ,
Bipolar (BD), and major depression (MDD) (184). It has been suggested they form a
spectrum, which makes even more complicated the clinical diagnostic only based on the
disease symptoms (185). In past years, strong evidence of an association of protein
misfolding to mental illnesses conditions has been reported (186-190). In line with the
research done for NDs which insoluble proteins found in sporadic forms of the diseases,
were also found mutated in the familial cases of the same disorders (191), a risk factor gene
for CMI was investigated. In 2018 Leliveld et al reported the first evidence on that direction
for DISC1, previously genetic associated with SCZ and other recurrent affective disorders
(192, 193). They found misfolded DISC1 as a hallmark of a subset of CMI patients.
Aggregated DISC1 was described in ~ 20% of pos-mortem human brains, clinically
diagnosed with SCZ, BD, and MDD but absent in healthy controls. Insoluble DISC1
conformers were then proved to lead to a loss-of-function phenotype by impairing the binding
to a key DISC1 ligand, the nuclear distribution element 1 (186). Furthermore, in vitro and in

vivo data gave new support to the hypothesis that aggregation of DISC1 protein has
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consequences for regular cell function, that might be related to CMls: 1) In an overexpressed
cell model, DISC1 forms aggresomes that acquire a gain-of-toxic function by sequestration of
the soluble protein - dysbindin; 2) DISC1 aggresomes showed cell-to-cell transmissibility
(187), and a perinuclear vimentin cage (194) even without an amyloid structure; 3) A
disease-associated polymorphism - S704C led to a high oligomerization of DISC1 (195, 196);
4) A transgenic rat, modeling the insoluble DISC1 found in CMI patients, demonstrated
changes in dopamine homeostasis (194); 5) DISC1 also shows a co-aggregation phenotype
with two proteins misfolded in NDs. In a transgenic mice model for Huntington’s disease
(HD), mutant huntingtin (mHtt) recruits DISC1 to the aggregates. A co-localization of mHitt
was found in HD patient brains (197). In FTLD patient brains and in a transgenic model, a
co-aggregation pattern of DISC1 and TDP43 was also reported (198). Altogether, these
findings support the suggested classification of ‘DISC1opathies’ as a misfolded disorder
(199).

Recent in vivo and in vitro data have been supporting the idea of aggregated proteins as a
biological definition for CMIs patient subsets (78). Dysbindin-1 (200), CRMP1 (188),
TRIOBP-1 (189, 201) and NPAS3 (202), are the best examples of candidate proteins that
might be used as a biological marker. That gives new hope for a more accurate clinical
diagnostic in mental illnesses and new insights to ameliorate pharmacotherapeutic

strategies.

To summarize, an overlap in the clinical manifestation of CMIs and NDs is often reported not
only restricted to the co-mobility of diseases but also the co-occurrence of them (for more
detailed information, (78)). That lead us to think that protein homeostasis disruption is

transversal to chronic brain disorders, and similar pathological mechanisms might be shared.
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Research aims

The research aims of the present thesis were to understand the mechanisms behind the
protein homeostasis disruption better, and in a translational approach find a biological
signature for mental illnesses, based on misfolded proteins.

The following aims were addressed here:

1. Characterization of the molecular/cellular conditions of aberrant protein

homeostasis induced by virus, in NDs and CMIs (Chapter 1 & 2);

2. ldentification of novel misfolded proteins in CMI (Chapter 3).
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Chapter 1

An alternative view in the aggregation process associated with

protein misfolding disorders

Viral capsid assembly as a model for protein aggregation diseases: Active processes

catalyzed by cellular assembly machines comprising novel drug targets

Rita Marreiros, Andreas Miiller-Schiffmann, Verian Bader, Suganya Selvarajah, Debendranath Dey,
Vishwanath R. Lingappa, Carsten Korth
Virus Research 207 (2015) 155—164

Author’s contribution (80 %):

R/

« Manuscript writing

The review presented here aimed to discuss a novel concept of how aggregated species, the
hallmark of protein conformational disorders, are built. The proposed hypothesis is based on
the assumption of a specific overlap with the cell assistance factors involved in the viral
capsid assembly and the ones involved in the assembly/ disassembly of misfolded proteins.
It has been recently suggested that, assembly of viral components during viral replication is
not a spontaneous process but is catalyzed by cellular host factors (203, 204) so-called
assembly machines. For a more effective replication, the virus might recruit multiprotein
complexes from the host cell in an energy-dependent manner, to accelerate the capsid
assembly process. In a similar way to NDs or CMIs, the monomers and/or small oligomers of
aggregated proteins are also substrates of these cellular multiprotein complexes.
Disturbances in protein homeostasis by recruitment of cellular machinery for aberrant, non-
homeostatic purposes, either during viral replication or in protein misfolding disorders lead to
a specific cellular phenotype characterized by protein inclusions. It is hypothesized that
cellular host factors involved in viral capsid assembly are also responsible for the impairment
of specific proteostatic pathways. If it is correct, these cellular factors involved in the viral
capsid assembly might be a valuable target for new therapeutics in NDs. To achieve the
goal, antiviral compounds that interfere with the cellular assembly machines would have to
be tested. In a cellular model showing oligomeric AR species, an overall reduction in
multimers was seen upon antiviral compound treatment.

In this review, we suggested a shared pathway of virus and protein conformational disorders,
involved in protein homeostasis disruption. ldentification and validation of new assembly
machines involved in the different protein conformational disorders might be a valuable

approach to explore novel therapeutic routes.
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Viruses can be conceptualized as self-replicating multiprotein assemblies, containing coding nucleic
acids. Viruses have evolved to exploit host cellular components including enzymes to ensure their replica-
tive life cycle. New findings indicate that also viral capsid proteins recruit host factors to accelerate their
assembly. These assembly machines are RNA-containing multiprotein complexes whose composition is
governed by allosteric sites. In the event of viral infection, the assembly machines are recruited to support
the virus over the host and are modified to achieve that goal. Stress granules and processing bodies may
represent collections of such assembly machines, readily visible by microscopy but biochemically labile
and difficult to isolate by fractionation.

We hypothesize that the assembly of protein multimers such as encountered in neurodegenerative
or other protein conformational diseases, is also catalyzed by assembly machines. In the case of viral
infection, the assembly machines have been modified by the virus to meet the virus’ need for rapid
capsid assembly rather than host homeostasis. In the case of the neurodegenerative diseases, it is the
monomers and/or low n oligomers of the so-called aggregated proteins that are substrates of assembly
machines. Examples for substrates are amyloid (3 peptide (AB) and tau in Alzheimer’s disease, a-synuclein
in Parkinson’s disease, prions in the prion diseases, Disrupted-in-schizophrenia 1 (DISC1) in subsets of
chronic mental illnesses, and others. A likely continuum between virus capsid assembly and cell-to-
cell transmissibility of aggregated proteins is remarkable. Protein aggregation diseases may represent
dysfunction and dysregulation of these assembly machines analogous to the aberrations induced by
viral infection in which cellular homeostasis is pathologically reprogrammed. In this view, as for viral
infection, reset of assembly machines to normal homeostasis should be the goal of protein aggregation
therapeutics.

A key basis for the commonality between viral and neurodegenerative disease aggregation is a broader
definition of assembly as more than just simple aggregation, particularly suited for the crowded cytoplasm.
The assembly machines are collections of proteins that catalytically accelerate an assembly reaction that
would occur spontaneously but too slowly to be relevant in vivo. Being an enzyme complex with a func-
tional allosteric site, appropriated for a non-physiological purpose (e.g. viral infection or conformational
disease), these assembly machines present a superior pharmacological target because inhibition of their
active site will amplify an effect on their substrate reaction. Here, we present this hypothesis based on
recent proof-of-principle studies against AR assembly relevant in Alzheimer's disease.

© 2014 Elsevier B.V. All rights reserved.

Proteins have evolved to execute multiple functions, amongst
them the prominent function of catalysis, i.e. the acceleration
of a chemical reaction without changing its final equilibrium.

* Corresponding author. Tel.: +49 211 8116153; fax: +49 211 8117804.
E-mail address: ckorth@hhu.de (C. Korth).
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Biochemical reactions occur spontaneously if given enough time,
but their kinetic facilitation by enzymes greatly accelerates evolv-
ability of biological processes themselves which is why, ultimately,
they were selected by evolution (Kirschner and Gerhart, 1998).
Proteins are generated in the cell through translating mRNA
according to the genetic code on multiprotein assemblies con-
taining RNAs, called ribosomes, followed by posttranslational
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modifications by virtue of a remarkable diversity of more or
less complex energy-requiring processes (Xue and Barna, 2012).
Complementing Anfinsen’s paradigm of sequence-encoded spon-
taneous (Anfinsen, 1973), and unassisted folding of a protein
notwithstanding, two critical dimensions of this process require
enzymic catalysis to be fully explained. The first is how these pro-
cesses proceed on the timescale observed in living cells, and the
second is how they can occur in the crowded environment within
the cell, where interacting proteins cannot find themselves as read-
ily as it would occur for purified proteins in isolation (Fulton, 1982;
Alberts, 1998; Hartl et al., 2011).

Full functionality of a protein is achieved after a series of
posttranslational modifications that occur simultaneously with
or after protein biogenesis. These can include covalent modifica-
tions like glycosylation, sumoylation and others, but also folding
into different conformers or multimerization. For posttranslational
modifications such as glycosylation, the host glycosyl transferases
that catalyze the addition of carbohydrate moieties to defined
amino acids within a recognition motif (Dennis et al., 1999) are
known. However, host factors regulating the folding of a protein
into different conformations (Lingappa et al., 2002) or multimers
(Fink, 1999) are less well understood. One reason for this could be
that the enzymatic activity for protein multimerization is not per-
formed by a single protein molecule as for glycosylation but by a
transient and labile complex of proteins that are difficult to detect
as such. Put another way, if the ribosome, itself a multiprotein com-
plex RNA-containing covalent assembly machine, were as unstable
as hypothesized here for non-covalent assembly machines, we
might still not understand how proteins are made.

In the course of our studies we have noted a striking simi-
larity between new findings in virus capsid assembly (Gay and
Neuman, 2013; Lingappa et al., 2013a,b) and endogenous protein
aggregation. This leads us to speculate that much of what has been
conventionally viewed as spontaneous protein aggregation may
in fact be catalyzed protein assembly. By analogy to viral capsid
formation, long viewed as self-assembly, and only more recently
recognized as the result of host catalysis through the action of
labile multiprotein complexes, perhaps diseases of protein aggre-
gation are initiated by action of aberrant assembly machines and
their disordered or dysregulated assembly intermediate products.
The novel notion that viral capsid assembly is an active process
executed by host factors that may be similar, overlapping or com-
pletely different from host factors promoting assembly of other
endogenous host proteins, including those involved key events in
neurodegenerative diseases, has consequences for drug discovery
strategies - it may greatly accelerate drug discovery by directing
research in a completely new direction from the current dominant
focus. What we should be asking then, is what are the catalysts that
bring this about, how are their functions different from the catalysis
that occurs under physiological, homeostatic conditions, and how
can that dysfunctional non-homeostatsis catalysis be normalized.

1. Virus capsid assembly

Viruses can be considered as dynamic molecular assemblies,
containing a nucleic acid genome that is enclosed in a protein cap-
sid shell. In many cases a lipid envelope is also observed. Typically,
the envelope also contains the protein(s) that bind to cell surface
receptors to target the virus. Some viral families (e.g. the Picor-
naviridae and Enteroviridae) have no envelope: for them, the capsid
is the virus.

Through evolutionary selection pressure favoring the fastest
generation cycles, virus components have evolved to manipu-
late host cellular machinery for rapid and optimal replication
(Dimmock et al., 2007; Prasad and Schmid, 2012). By virtue of their

fast replication cycles they have, in effect, discovered all cellular
“niches” that can be exploited to their advantages. That diverse
viral families appear to have chosen distinctive pathways of host-
catalyzed capsid assembly is remarkable (Lingappa etal., 2013b): it
suggests that such reprogramming of assembly machines is highly
profitable for viruses and therefore may be an inherent weakness
of metazoan biology-the price we pay for such complex organ sys-
tems such as the central nervous system (CNS) in constant need of
repair and attention, and therefore at constant risk of subversion.
And since protein machines are likely themselves built by protein
machines, the potential for “prion-like” epigenetic propagation of
dysfunctional assembly may exist.

Viral replication and propagation is a process of alternating
cycles with viral invasion of suitable cells, release of virus genome
into the cytosol where encoded viral components are replicated
and, finally, assembly of new infectious particles before their
release from the host cell, subsequently possibly infecting other
host cells and re-initiating the replication cycle (Mateu, 2013b). The
viral capsid consists of a protein shell that serves as a protection of
the virus genome and encodes invasion and release signals.

Several different stages in virus morphogenesis can be distin-
guished such as capsid assembly, nucleic acid packaging, and virus
particle maturation. Here, the focus will be on capsid assembly. The
size and shape of capsid structure is in general regular like symmet-
ric oligomers made by assembling of capsid protein subunits (Klug,
1999; Prasad and Schmid, 2012). The individual protein subunits
are asymmetrical, but they are assembled to form symmetrical
structures. Different viruses can build their capsids with a different
number of capsid protein subunits. The most abundant type of cap-
sids throughout virus families are helical and icosahedral capsids.
Theoretically, the structure of helical capsid is extremely simple,
since the number of capsid protein subunits required is extend-
able, depending only the length of nucleic acid genome that needs
to be encapsulated. On the other hand, the small icosahedral cap-
sids are made exactly with 60 capsid protein subunits that limit
the size of nucleic acid genome that can be enclosed. The larger
icosahedral capsids can be made using 60 multiples of subunits
of a capsid protein (Amos and Finch, 2004; Carter and Saunders,
2007). The intracellular compartments where this process occurs
are denominated “viral factories” (Novoa et al., 2005) (see below).

So far, capsid assembly has mainly been viewed as a spon-
taneously occurring process of self-assembly (Zlotnick, 2005),
dependent only on the presence of capsid protein subunits them-
selves (Johnson et al., 2005; Mateu, 2013a; Prevelige, 1998).
Thermodynamically, viral capsid assembly is described in two
states, the dissociated state where monomers of the capsid pro-
tein are found, and the associated state where the capsid is formed
(Fig. 1a). Energetically, this assembly process follows a sigmoidal
curve with a lag phase where the concentration of the proteins
that compose the capsid determines the speed of the reaction rate.
Off-pathway reactions can occur leading to aberrant capsid for-
mation where the quaternary structure is not native (Endres and
Zlotnick, 2002; Zlotnick, 2003). In the self-assembly of complex
icosahedral capsids, different thermodynamic kinetic models have
been proposed consisting of a lag phase, an equilibrium phase,
and an elongation phase with the formation of new virus capsid
nuclei, that initiate viral capsid assembly (Endres and Zlotnick,
2002; Zlotnick, 2005). In vitro experiments are useful to under-
stand the self-assembly of capsids, but do not take into account
the interaction with scaffolding proteins or viral nucleic acids that
are present in vivo. More specifically, because something can hap-
pen spontaneously does not mean that in vivo it is not accelerated
by catalysis.

Recently, findings comprising various viral families (Klein et al.,
2004, 2011; Lingappa et al., 2006, 2013a,b; Zimmerman et al.,
2002) suggest that the cellular pathway to capsid assembly may be
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Fig. 1. Representative scheme of the strategies for the assembly of virus capsids. (A) Unassisted capsid self-assembly. Note that the lines are dashed because capsids would
form by a progressive accretion of monomers rather than via discrete assembly intermediates. (B) Capsid assembly is catalyzed by host proteins serving as aberrant assembly
machines modified from their normal homeostatic assembly-related functions, and is an energy-dependent process occurring via discrete assembly intermediates, perhaps

with the participation of different assembly machines for distinct steps.

substantially different from the foundational self-assembly models
that conform to the minimum requirements of thermodynamics.
Indeed, without such catalytic “add ons” viral propagation might
not be possible, given the obstacles not only of cytoplasmic crowd-
ing but also of innate immune mechanisms. Specifically, it has
been suggested that capsid assembly is accelerated by transient
formation of virus-recruited multiprotein complexes with enzy-
matic activity that serve as “assembly machines” to accelerate
capsid formation (Lingappa et al., 2013a,b). This catalyzed viral
capsid assembly was demonstrated to be an energy-dependent pro-
cess, and host protein factors seem to play a major role (Lingappa
et al, 2013a,b). These novel assembly machines, perhaps together
with more classical notions of molecular chaperones and/or other
scaffold proteins, would have an essential role in directing newly
synthesized capsid protein subunits through discrete assembly
intermediates culminating in capsid formation (Fig. 1b). The cat-
alytic nature of this reaction was deducted from the absence of
co-factors in the final capsid and the process and its energy-
dependence (Lingappa et al., 1994). A detailed investigation of this
new pathway of viral capsid assembly will be highly relevant to
develop novel pharmaceutical targets for antiviral drugs (Gay and
Neuman, 2013; Lingappa et al.,, 2013a) (see below).

2. Protein conformational disorders

A hallmark of neurodegenerative disorders is the accumula-
tion of disease-specific proteins in the brain (Taylor et al., 2002).
Remarkably, the same proteins accumulate in sporadic and in
inherited forms of neurodegenerative diseases (Prusiner, 2001).
These disorders are therefore seen as protein conformational dis-
eases where multimerization of a specific protein is massively out
of balance, with the ultimate consequence of fatal neuronal loss.

Over the last thirty years, specific proteins identified as aggre-
gated or insoluble in biochemical purification procedures have
been identified in these diseases (Table 1), like AR or tau for

Alzheimer’s disease (AD), a-synuclein for Parkinson’s disease (PD),
superoxide dismutase 1in amyotrophic lateral sclerosis, huntingtin
in Huntington’s disease (for review see, for example (Prusiner,
2001), or Disrupted-in-schizophrenia 1 (DISC1) in subsets of
chronic mental illnesses (Korth, 2012; Leliveld et al., 2008; Ottis
etal, 2011).

The classical prion diseases like Creutzfeldt-Jakob disease in
humans or scrapie in sheep are caused by an alternatively folded,
disease-associated protein, termed PrPS¢, that induces conversion
of “normally” folded substrate conformers, termed PrPC, into the
disease-associated conformer thereby initiating a chain-reaction
type of replication of the alternatively, disease-associated con-
formation which triggers a neurotoxic cascade (Prusiner, 1998).
Initially thought to be unique to the specific, extracellular prions,
this concept of cell-to-cell transmission is now seen also in other
protein aggregates, including yeast prions, AR and cytosolic pro-
teins such as a-synuclein, tau, polyglutamine diseases, or DISC1
assemblies (Auli et al., 2014; Bader et al., 2012; Clavaguera et al.,
2009; Desplats et al., 2009; Domert et al., 2014; Grad et al., 2011;
Korth, 2012; Lee etal., 2010; Li et al., 2008; Munch et al., 2011; Ottis
etal,, 2011; Ren et al., 2009).

Thus, compelling in vitro and in vivo evidence demonstrates
that prion replication of protein aggregates is a general biologi-
cal feature. Even though the misfolding pathway of most of these
proteins (Table 1) can be modeled in cell-free in vitro systems with
exclusively synthetic or purified protein present, an efficient repli-
cation in vivo in the context of a crowded, complex cytosol is likely
to involve assembly-assisting molecules or multimolecular com-
plexes. These are potentially energy-dependent as many steps in
cellular protein folding from protein biogenesis to protein assembly
are such energy-dependent, active processes, perhaps not unlike
that described for capsid assembly above.

Spontaneous folding as originally conceived by Anfinsen (1973)
seems to be mainly caused by solvophobic interactions of polar
water molecules with hydrophobic side chains of proteins. In the
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Table 1

Protein confromational diseases associated with protein misfolding and amyloid aggregation.

Disease Protein involved Cellular Possible aggregation caused
localization of
aggregated protein
Prion diseases PrP Extracellular Mutations in prion protein gene, spontaneous conversion?®
AD AB Extracellular Mutations in APP gene and/or APP cleavage enzymes in prion
protein gene, increase in AP generation®
Tau protein Intracellular Post-translational modifications of tau protein®
PD a-Synuclein Intraneuronal Mutations or of a-synuclein or other genes, toxic effects on
dopaminergic neurons®
Amyotrophic lateral sclerosis Superoxide dismutase 1 Intracellular Mutation in Cu/Zn superoxide dismutase®
Huntington'’s disease Huntingtin Intracellular Mutation in huntingtin gene with CAG expansion®
Tauopathies, Frontotemporal dementias Tau, TDP-43 Intracellular Mutations in Tau?, TDP-43

Familial amyloidotic polyneuropathy Transthyretin

Extracellular

Mutations in Transthyretin®

@ Associated with gene mutations, or other alterations, the amyloid can also arise following disruption in the clearance mechanisms of the cell.

resulting dimensional structure of a well folded protein, the major-
ity of hydrophobic side chains are buried in the internal core, while
the hydrophilic residues are exposed to polar water molecules
(Dyson and P.E., 2005; Uversky et al., 2000). However, even in cell-
free in vitro systems, evidence against the Anfinsen dogma has been
demonstrated: proteins that normally function in globular states
can also adopt intermediate conformations (Waudby et al., 2013).
Some proteins that have a correct folded structure, can also adopt
a subsequently unfolded structure, and as a consequence display
dynamic structural fluctuations (Vendruscolo and Dobson, 2013).
Upon cellular stress, incorrect protein folding may occur, resulting
in aggregation, loss of function or association with other cellular
components (gain of function), leading to dramatic changes in the
biological functions and homeostasis of the cell (Dobson, 2004;
Sgarbossa, 2012).

In order to ensure that cellular integrity is maintained, the chap-
erone machinery plays akey role in securing correct protein folding.
This is executed by reversible binding to unfolded and misfolded
proteins, accelerating formation of a correct conformation of a non-
native protein in an energy-dependent manner. Proteins that are
not correctly folded may also be removed from the cell by the
ubiquitin-proteasome system or autophagy, depending on its size
(Hartl and Hayer-Hartl, 2002; Lee et al., 2013). Misfolded proteins
that escape from the cellular cleaning mechanism tend to aggregate
ininsoluble clusters, in the extreme cases of neurodegenerative dis-
ease packaged into fibrils or amyloid (Knowles et al., 2014; Stefani
and Dobson, 2003).

The amyloid fold of a protein is a particular fold because it is
one of the tightest ways a protein can be packaged (Greenwald and
Riek, 2010). Patterns of amyloid fibrils observed in studies using X-
ray diffraction demonstrated that the core of each protofilament
adopts a cross-f-structure, in which B-strands form effectively
continuous hydrogen-bonded B-sheets run along the length of the
fibril (Jimenez et al., 2002; Sunde et al., 1997). In vivo, amyloid
fibrils can also be characterized by the binding affinity to Congo
red dye, showing green birefringence when viewed in polarization
microscopy (Glenner et al., 1972; Sipe et al., 2010; Wolman and
Bubis, 1965).

The process where proteins are converted from functional, glob-
ular and soluble folds to the amyloid fold is a complex phenomenon
where multiple precursor species are present (Apetri et al.,2006).In
this process, nucleated polymerization is a crucial step for the for-
mation of aggregates from soluble precursor species (Nelson et al.,
2005). In the first phase of this process, called lag phase, nucle-
ation occurs through interaction between monomers that expose
their amyloid-forming segments at the same time and at suffi-
cient concentration for bonding and templating of the fibril pattern
(Eisenberg and Jucker, 2012). Nucleation is considered a rare event
that is considered to be a slow process and not frequent for

intracellular proteins. Once the aggregate nucleus is formed, a rapid
growth phase occurs and the single molecules will end up forming
B-sheet rich structures in a thermodynamically favorable pro-
cess, called elongation phase (Eisenberg and Jucker, 2012; Jarrett
and Lansbury, 1993). Subsequently, the amyloid process reaches a
plateau, the saturation phase, wherein the total quantity of protein
is in equilibrium (Nelson et al., 2005). The susceptibility of proteins
to form amyloid structures is correlated to their chemical proper-
ties such as net charge, secondary structure, hydrophobicity and
aromatic interactions (Chiti et al., 2003).

Remarkably, not all amyloid proteins are toxic, but some even
execute physiological functions (for review see Greenwald and
Riek, 2010). In bacteria, fungi and yeast, amyloid species can func-
tion in formation of biofilms, helping in host invasion, in the
modulation of fungal adhesion and promotion of an antiviral innate
immune response (Chapman et al., 2002; Fowler et al., 2007; Hou
et al, 2011). In mammals, these protein species are involved in
skin pigmentation and some hormones adopt the amyloid structure
when stored in secretory granules (Maji et al., 2009).

Amyloidogenic HetS protein has a function in fungal self/non-
self recognition (Seuring et al., 2012; Wasmer et al., 2008), and in
the invertebrate Aplysia, CPEB amyloid plays a role in regulating
synaptic strength (Si et al., 2010, 2003).

Even though the presence of amyloid deposits may be the
most striking feature in neurodegenerative diseases, the primary
pathogenic agents in these conditions seem to be oligomeric
species rather than the fibrils that correlate with clinical symptoms
(Lue et al., 1999; McLean et al., 1999; Naslund et al., 2000). These
oligomers may fulfill physiological functions and, in a disease con-
text, are observed in the transition phase between protein assembly
and aggregation with neurotoxic properties (Cremades et al., 2012;
Haass and Selkoe, 2007; Koffie et al., 2009). Oligomer toxicity could
in part be caused by their inherently misfolded nature, since the
oligomer surfaces display chemical groups that are non-accessible
under normal physiological conditions in a normal cellular envi-
ronment (Cheon et al., 2007). Several different types of oligomeric
species can be detected during the aggregation process depending
on the nature of the cells where they are formed and correlating
with a distinct cellular pathology (Campioni et al., 2010) (Table 1).
Fibril formation has also been considered to be part of a cellular
defense mechanism against oligomer toxicity (Ross and Poirier,
2004). At any stage during the assembly of protein monomeric
educts to low-n oligomers and larger multimers or amyloid could
assembly machines assist. For replication of mammalian prions
(PrPSc), early on the existence of cellular cofactors assisting in prion
conversion was deduced based on genetic experiments (Kaneko
et al., 1997; Telling et al., 1995). It is likely that these are specific
assembly machines. It is remarkable that the concept of prion repli-
cation has now been extended to many other protein mutlimers




R. Marreiros et al. / Virus Research 207 (2015) 155-164 159

characteristic in particular neurodegenerative diseases (Prusiner,
2013). It is clear that a cellular, catalyzed assembly will greatly
accelerate cell-to-cell transmission of an otherwise slowly occur-
ing conversion as demonstrated numerous times in cell-free in vitro
systems.

The following section will review the evidence for a sharing of
host factors or assembly machines between viral (capsid) assembly
and endogenous multimer assembly, respectively.

3. Evidence for the use of similar cellular factors for virus
assembly and protein assembly

Similarities between viral factories and the cellular localization
of protein aggregates in protein conformational diseases support
the notion that viruses and endogenous protein assemblies use
similar, overlapping or sometimes even same cellular machinery
for molecular assembly (Wileman, 2007). Disturbance of the cell
by hijacking the cellular machinery for aberrant purposes by either
viruses or protein conformational disease creates a proteostasis
problem which then results in a specific cellular phenotype of pro-
tein inclusions. We now introduce a selection of examples for this.

3.1. Involvement of cellular clearance systems

Cellular structures involved in the removal of protein aggregates
localize not only in the cytoplasm but also in the nucleus. These
structures are called nuclear domain 10 (ND10) bodies and can
contain ubiquitinated proteins and molecular chaperones (Fu et al.,
2005). When the degradative capacity of the cell is exceeded or a
defect in the mechanisms of clearance of the cell occurs, misfolded
proteins are deposited near the microtubule organization center
(MTOC) and/or in ND10 bodies and form aggregates (Wileman,
2007). In cells infected with viruses, similar structures are formed
by material containing full viruses and virus assembly interme-
diates designated “viral factories” (Novoa et al., 2005; Wileman,
2006).In both cases, protein aggregates and viral factories are local-
ized near the MTOC, recruiting cellular chaperones, ubiquitin and
mitochondria (Wileman, 2006).

Mitochondria are invariably recruited during the viral assembly
indicating energy-dependent processes involved in viral replica-
tion/assembly. Studies with African swine fever virus (Cobbold
et al., 2000) and with Human Immunodeficiency Virus (HIV) Type
1 (Tritel and Resh, 2001) showed that virus assembly is an ATP-
dependent process. Similarly, mitochondria are also recruited to
the cellular locations of protein aggregation to provide ATP for
correcting folding where the chaperone machinery is also of
paramount importance (Hartl and Hayer-Hartl, 2002). Expression
and colocalization of the chaperone machinery seems to be present
during the entire virus assembly process, and, for example, for vac-
cinia virus, the inhibition of HSP90 chaperone negatively affects
virus assembly (Hung et al., 2002). Finally, cell-free systems that
reconstitute viral capsid formation de novo have revealed its ATP-
dependence, suggestive of energy-dependent catalysis (Lingappa
etal, 1994, 1997, 2013a) (see below).

The autophagy system is another subcellular structure that is
important for the removal of pathogens from the cytoplasm of
the cell, in a process termed xenophagy (Gomes and Dikic, 2014;
Kirkegaard et al., 2004). Viruses submerged by autophagosomes
can be released from cells after fusion of lysosomes with the plasma
membrane, just as the clearance of soluble and aggregated forms
of protein in protein conformational disorders (Ravikumar and
Rubinsztein, 2006; Wileman, 2006). In poliovirus, for example, the
suppression of Atg12 and Atg18 genes, both required for autophagy,
leads to decreased poliovirus production (Jackson et al., 2005). Sim-
ilar links exist to other viruses: in HIV type 1, autophagosome

formation is a platform for viral assembly (Cheng et al., 2014).
During cellular infection with hepatitis B virus, the autophagy
machinery from the host is activated and when autophagy is insuffi-
cient, production of hepatitis B virus particles is decreased (Li et al.,
2011).

Interestingly, it has been observed for a long time that viral
infection of cells can induce subcellular, inclusion-like structures
that resemble protein aggregates (reviewed in Moshe and Gorovits,
2012). In fact, historically and in the absence of molecular diag-
nostics, the morphology of inclusions was an important diagnostic
phenotype.

For example, Negri bodies (NBs), cytoplasmic inclusions formed
during rabies virus infection (Jackson et al., 2001; Kristensson et al.,
1996) resemble aggresomes seen in some neurodegenerative disor-
ders. NBs have a functional role in the Rabies virus transcription and
replication. The organization of NBs can follow a mechanism similar
to cytoplasmic inclusions formed by a mutant form of huntingtin
protein in Huntington’s disease. These agressomes are composed
by a dense core of huntingtin aggregates surrounded by a ring that
consists of proteins that are successively recruited from the exte-
rior surface of the dense core (Matsumoto et al., 2006). The NBs can
also have a concentric organization due to the association of Tool-
like receptors and viral proteins, forming a ring into which proteins
can be inserted. Although the complete composition of NBs is still
unknown, these structures also accumulate HSP70 and ubiquiti-
nated proteins similar to aggresomes from protein conformational
diseases (Menager et al., 2009). However, NBs are not localized at
the MTOC where the “viral factories” are preferentially localized,
likely because of the lack of involvement of microtubule network
in the formation of these structures (Lahaye et al., 2009). Possi-
bly, NBs are a consequence of a cytoplasmic sequestration within a
cellular defense mechanism against viral infection involving com-
ponents of aggresome pathway such as some host factors involved
in stress response (Lahaye et al., 2009).

In protein conformational disorders, higher order oligomers and
aggregates that are inaccessible to the narrow proteasome opening
have a higher dependency of autophagy for the degradation pro-
cess. Previous studies using knockout mice for Atg genes, essential
gene for autophagy, revealed that autophagy is a critical process
for neruonal health. It was demonstrated contingent with loss of
Atg5 and Atg7 genes, an age dependent accumulation of intraneu-
ronal aggregates with polyubiquitination, inclusion formation and
neurodegeneration occurred (Hara et al., 2006; Komatsu et al.,
2006). A change in this process can be one of the key factors
involved in the increase of cell aggregates evident in misfolding
diseases.

3.2. Direct or indirect interactions of viral proteins with hallmark
proteins of protein conformational disease

The similarity of the cellular localization of viral factories and
that of endogenous protein aggregates has led to the hypothesis
that viral infections increase the risk of protein conformational dis-
eases (De Chiaraetal., 2012; Zhou et al., 2013). Likewise, alterations
in the CNS related to aging, the increase in oxidative stress and the
impairment in energy production can lead to an increased suscep-
tibility of the CNS to infections agents (Mattson, 2004). Taking this
into account, external insults, including the toxicity of viral pro-
teins or proteins aggregates, can lead to a vicious circle of mutually
increasing the vulnerability of aged neurons.

So far, direct evidence for a mechanistic involvement of such
a mutual increase in vulnerability of viral infections and protein
conformational diseases is rather sporadic or anecdotal. Chronic
exposition to Herpes simplex virus type-1 (HSV-1) has been asso-
ciated to an increase in the risk of AD by herpes viruses particles
specifically recruiting cell membranes from the host containing
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amyloid precursor protein (APP) (Bearer, 2004). This process can
affect the location and proteolysis of APP, and consequently leads
to an increase in toxic AR formation, resulting in a neuronal dys-
function associated with the progression of AD (Satpute-Krishnan
et al., 2003).

The presence of viral DNA in post-mortem brains of AD patients,
mainly in patients that carry the allele of the gene encoding
apolipoprotein E, a risk factor for this disease, is one of the facts
that supports this hypothesis (Itzhaki et al., 1997). Another study
identified an increased phosphorylation of several residues of tau
protein due to a HSV-1 infection (Wozniak et al., 2009). Wozniak
et al. also demonstrated a higher association between HSV-1 and
AR plaques in temporal and frontal cortices of AD patient’s brains,
compared with normal aged brains. Some genome wide associa-
tion studies have also correlated the brain susceptibility to HSV-1
infection with a genetic risk of AD (Porcellini et al., 2010).

Infection by HIV seems also to be correlated with an increased
deposition of AR plaques in the brains (Andras and Toborek, 2013).
However, the mechanism that triggers this is not fully understood
and could be due to the increase of AR synthesis (Aksenov et al.,
2010), decreased AP degradation by the inhibition of neprilysin, an
enzyme responsible for A degradation (Rempel & Pulliam, 2005),
changing the transport mechanisms across the blood brain barrier
(Andras et al., 2010), or a combination of all. The improvement and
general well-being of AD patients after antiviral treatment remains
to be established (Zhou et al., 2013).

Influenza virus has been implicated in PD when typical symp-
toms developed in the aftermath of the acute infection. This
disease was coincident with encephalitis lethargica causing pos-
tencephalitic Parkinsonism, apparently occurring at the same time
of influenza A pandemic (1916-1926) (Maurizi, 1985; Poskanzer
and Robert, 1963). In addition, it was subsequently shown that
individuals born during the influenza pandemic had a two or three-
fold increased risk of developing PD compared to individuals born
before or after the pandemic (De Chiara et al., 2012). Immunohis-
tochemical and biochemical analyses were performed in different
brain regions of patients with postencephalitic parkinsonism and
neurofibrillary tangles with hyperphosphorylation of 3R and 4R
variant of tau protein were detected. Interestingly, Lewy bodies
or other a-synuclein deposits, characteristic features of idiopathic
PD, however, were not detected, thus presenting a possibly atypical
pathological variant of parkinsonism (Buee-Scherrer et al., 1997;
Jellinger, 2009).

Jang et al. demonstrated that in mice infected with
A/Vietnam/123/04 influenza virus, viruses can be detected in
the CNS. A loss of dopaminergic neurons in substantia nigra, the
region most affected in PD, a persistent activation of microglia,
an increase in phosphorylation, and aggregation of a-synuclein
was detectable—all features of pathological alterations observable
in PD patients (Jang et al., 2009). Rohn et al. demonstrated the
presence of influenza A virus in macrophages of the substantia
nigra of PD patients (Rohn and Catlin, 2011). There is however no
direct correlation between presence of the virus and PD symptoms
or typical pathology which leaves a mechanistic understanding
difficult.

These scattered findings but not systematical investigations
show that viral infections of CNS could be causative agents or at
least co-factors of some of brain protein conformational diseases.

4. Targeting assembly host factors for pharmacotherapy

Thus, in summary, it is conceivable that not only virus capsids
are formed aided by redirected host factors to serve as enzymes
of capsid assembly, but that protein aggregation in neurodegen-
erative diseases is ultimately the result of aberrant catalysis by

dyregulated/misdirected assembly machinery. These cellular fac-
tors may be transiently assembled and biochemically labile
multimeric complexes themselves which is why they may be diffi-
cult to detect.

These ideas led us to hypothesize that compounds acting to
block the aberrant virally modified assembly machines might
prove to be valuable starting points for drug discovery relevant
to degenerative diseases not related to viral infections. Thus, for
example, the promising compounds or their chemical analogues
acting against neurotropic rabies capsid assembly (Lingappa et al.,
2013a,b) might also exhibit activity in protein conformational dis-
ease, like AD. The assumption would be that the lead drugs would
target allosteric sites on similar assembly machines (Tsai et al.,
2009).

According to the amyloid cascade hypothesis (Hardy and Selkoe,
2002),ADis triggered by increased production or reduced clearance
of the aggregation prone AP peptide, in particular AB4,. Espe-
cially the formation of synaptotoxic low-n oligomers (dimers and
trimers) of AB has been correlated with disease progression (Mc
Donald et al.,, 2010). Synaptotoxicity of these oligomers has been
demonstrated for naturally-derived, secreted, as well as for syn-
thetic oligomers, with cell-derived A3 dimers and trimers being
invariably up to 100x more toxic than their fully synthetic coun-
terparts (Jin et al., 2011; Reed et al., 2011). Bulk preparation of
synthetic AR oligomers is generally carried out in non-physiological
buffer systems without any cellular co-factors and using high
micromolar concentrations of the peptide which leads to a highly
heterogenous assembly of unfolded A monomers. Within the cell,
the processing of APP as well as N- and C-terminal modifications
of the resulting AP peptide is tightly controlled by cellular factors
(Muller-Schiffmann et al., 2011). Oligomerization of A supported
by cellular assembly machines may yield superior biological activ-
ity since there is evidence that very low picomolar concentrations
of AR oligomers positively modulate synaptic plasticity (Puzzo
et al., 2008).

If mechanisms of protein assembly between capsids and pro-
teins in neurodegenerative diseases were shared, drugs identified
for interfering with viral capsid assembly (Lingappa et al., 2013a,b)
should also interfere with assembly of proteins aggregating in neu-
rodegenerative diseases.

In order to test this hypothesis we used the 7PA2 cell line
that secretes high amounts of synaptotoxic low-n oligomeric A
species (Podlisny et al., 1995). These cells express full length APP
including the familial Indiana mutation that increases the amount
of cleaved, aggregation-prone AP4, peptide. These cells have
frequently been used to screen drugs with anti-oligomerization
potential (Muller-Schiffmann et al., 2010; Walsh et al., 2002, 2005;
Yamin et al., 2009). We analyzed a subset of structurally related
antiviral compounds that had been demonstrated to interfere with
the cellular assembly machine of rabies virus (Lingappa et al.,
2013a,b).

Here, 1 wM of the compounds was used to treat 7PA2 cells as
described before (Muller-Schiffmann et al., 2010). After immuno-
precipitation, the secreted AP species were visualized on Western
Blot using the 4G8 antibody (Covance) (Fig. 2). In the control lane,
SDS-stable dimeric and trimeric A species are clearly visible.
The monomeric AR is absent due to the lack of monomer stabi-
lizing serum (Podlisny et al., 1995). Non-toxic concentrations of
the antiviral compounds used in this assay had different effects
on oligomer formation. Compound C strongly reduced the overall
formation of low-n AR oligomers without changing APP expres-
sion levels indicating an effect on a very early step of A oligomer
assembly, whereas compound B led to a conversion of oligomers
back into monomers. In contrast, compound A was without effect.
Thus, all of these compounds may interfere with AR oligomeriza-
tion but at different assembly steps and with qualitatively different
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Fig. 2. Assembly-inhibiting antiviral compounds have distinct effects on oligomer-
ization of AP peptides. Western Blot of AP species (monomers to trimers) derived
from supernatants of 7PA2 cells that were treated for 7 days with 1 uM of different
antiviral compounds derived from a capsid assembly assay (Lingappa et al., 2013a).
AB was immunoprecipitated by IC16 that recognizes an epitope in the N-terminus
of AP (aa 2-8) and visualized by the 4G8 antibody (epitope 17-24 of AB). Signals in
the range of 25 kDa belong to the light chain of the IC16 antibody that was used for
the IP. Compared to the mock treated control, the compounds differentially affected
oligomer formation.

activity, indicating that different components and allosteric sites of
the assembly machine were targeted.

In summary, surprising similarities in the cellular biology of
virus capsid assembly and endogenous protein assembly suggest
that cellular host factors, i.e. assembly machines, assist in and
accelerate protein multimerization. Through their rapid genera-
tion cycles compared to their host cells, viruses have identified and
exploited cell-resident macromolecules provided by host proteins
used them to their advantage, i.e. fast and stable virus replica-
tion including capsid assembly. Similarly, same assembly machines
may also accelerate endogenous protein multimerization, either
aberrant in protein conformational diseases, or beneficial as in
the case of functional protein multimers. The catalytic nature of
these assembly machines makes them ideal targets for drug discov-
ery since blocking assembly machinery will slow down assembly
and the ensuing functional or toxic effects at substoichiometric
concentrations. As proof-of-principle, we present candidate com-
pounds, identified by virtue of their activity against a host assembly
machine subverted by a neurotrophic virus (rabies), that inhibit
various assembly steps of AP, the key molecule in AD.
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In the present study, we investigated the effect of a mouse-neuroadapted influenza A virus
(H1N1) strain in protein homeostasis disruption, associated with protein misfolding disorders.
It is still not clear what are the factors that might trigger the initial events involved in
proteostasis disruption leading to protein aggregation. In line with this, after acute influenza
infection, human-dopamine-like neurons (LUHMES) showed a-syn and DISC1 aggregates.
Interestingly, for tau and TDP-43 proteins, hallmarks of AD and ALS, aggregated inclusions
were not observed after infection.

Furthermore, in an in vivo mice model (Rag KO) instilled intranasally with influenza virus, a
dramatic increase in a-syn expression associated exclusively to the virally infected brain
regions was observed. We also observed an increase in DISC1 expression in the virally
infected brain areas. Surprisingly, the expression levels of tau and TDP-43 proteins were
independent of viral infection. Together, the in vitro and in vivo data indicates a selective

influenza effect in the homeostasis disruption of  specific proteins.
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Following treatment of infected cells with oseltamivir phosphate, an anti-influenza drug used
as a prophylactic treatment in clinical practice, we could prevent influenza-induced a-syn
aggregation. A reduction of > 50% in a-syn aggregates was observed with two distinct drug
concentrations. The possible cellular mechanism involved in protein homeostasis disruption
of a-syn and DISC1 upon influenza infection was also explored. We observed disturbances
in the macroautophagy pathway, with a decrease in autophagosomes and autolysosomes
formation as a consequence of the infection. Notably, influenza virus leads to an increase in
lysosomal number, although with a decrease in a-syn aggregates present in the lysosomes.

These findings contribute significantly to understanding the causes that could trigger the
cascade of events leading to protein misfolding disorders. Various expositions to influenza
virus across lifespan might induce/accumulate/accelerate protein homeostasis disruption,
and potentially trigger a critical mass of protein inclusions, such as the a-syn and DISC1
aggregates, subsequently enabling seeding. We suggest that influenza infection might be an

environmental risk  factor for  synuclein - and DISC1 - pathies.
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Abstract

Neurodegenerative diseases feature specific, misfolded or misassembled proteins associated
with neurotoxicity. The precise mechanisms by which the progressive increase in protein
aggregates is triggered in the majority of sporadic cases has remained unclear. Likely, a first
critical mass of misfolded proteins starts a vicious cycle of a prion-like expansion. We
hypothesize that viruses, having evolved to hijack the host cellular machinery for catalyzing their
replication, lead to profound disturbances of cellular proteostasis resulting in such a critical mass

of protein aggregates.

Here, we investigated the effect of influenza virus (H1N1) strains on proteostasis of proteins
associated with neurodegenerative diseases in Lund human mesencephalic dopaminergic
(LUHMES) cells in vitro and infection of RAG knockout mice in vivo. We demonstrate that acute
H1N1 infection leads to the formation of a-synuclein and Disrupted-in schizophrenia 1 (DISC1)
aggregates, but not of tau or TDP-43 aggregates indicating a selective effect on proteostasis.
Oseltamivir phosphate, an anti-influenza drug, prevented H1N1-induced a- synuclein
aggregation. As a cell pathobiological mechanism, we identified H1N1-induced blocking of
autophagosome formation and inhibition of autophagic flux. In addition, a- synuclein aggregates
appeared in infected cell populations connected to the olfactory bulbs following intranasal

instillation of the influenza virus in mice.

We propose that H1N1 virus replication in neuronal cells can induce seeds of aggregated a-
synuclein that may be able to initiate further detrimental downstream events and should thus be
considered a risk factor in the pathogenesis of synuleinopathies. More generally, aberrant
proteostasis induced by viruses may be an underappreciated factor in initiating protein

misfolding.
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Significance Statement

Synucleinopathies like Parkinson’s disease feature deposition of misfolded a-synuclein. A critical
concentration of misfolded a-synuclein is necessary to exhaust cellular control mechanisms and
favor a prion-like spread in the brain. Here, we demonstrate that in a cellular model of human
dopaminergic-like neurons and in the mouse brain, HIN1 influenza A virus induces aggregation
of a-synuclein by blocking protein degradation pathways. Following intranasal instillation, H1N1
spreading along the olfactory route into brain areas mimics synuclein deposits in
synucleinopathies. H1N1 may therefore be considered a risk factor for synuleinopathies that
could potentially be minimized by regular, lifelong vaccination. On the other hand, tropism for
olfactory epithelium of intranasal, live attenuated virus vaccines should be investigated for

possible long-term effects on protein misfolding.
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Introduction

A hallmark of neurodegenerative diseases is the occurrence of misfolded proteins (1), each
specific for a clinical disease: a-synuclein-containing Lewy bodies in synuleinopathies such as
Parkinson’s disease (PD), PD with dementia (PDD), multiple systems atrophy (MSA) and
dementia with Lewy bodies (DLB), extracellular beta-amyloid plaques and intraneuronal tangles
of hyperphosphorylated tau in Alzheimer’s disease (AD), or TAR-DNA-binding protein 43 (TDP-
43) aggregates in amyotrophic lateral sclerosis (ALS). The fact that the same proteins form
aggregates in familial cases of neurodegenerative disease where a mutant protein is involved,
and in sporadic cases where aggregates are caused independent of a mutation (2) has led to
the notion that aggregates are a manifestation of a step common to both familial and sporadic

disease that is critical for the disease process leading to neuronal death.

The synucleinopathies are characterized by cytosolic Lewy bodies, consisting of fibrillar a-
synuclein associated with neuronal degeneration. In PD degeneration is most prominent
dopaminergic neurons in the substantia nigra (SN), which leads to a loss of dopaminergic
innervation of basal ganglia and the characteristic motor symptoms of PD (3), In PDD limbic
structures are also involved, while in DLB the changes do not extend widely out of the olfactory

system connectome as described and reviewed in several papers (4-6).

Aggregate formation may also occur in at least a subset of chronic mental illnesses (CMI) like
schizophrenia or the recurrent affective disorders (7). Insoluble Disrupted-in- schizophrenia 1
(DISC1) protein has been identified in 15% of post mortem brains from patients with
schizophrenia, bipolar disease or major depression (8), and a transgenic rat model modestly
overexpressing the DISC1 protein modeling this CMI subset features aberrant dopaminergic
homeostasis, as seen in behavioral, neurochemical and biochemical changes, including the

induction of perinuclear DISC1 aggregates mainly in dopamine-rich regions (9).

An increasing set of data suggests that misfolded proteins, including a-synuclein and DISC1,
amplify their pathogenetic signaling similar to prion replication, i.e. misfolded conformers
accelerate conversion of correctly folded physiological conformers (10-14). In this case, once a
critical threshold of aggregated proteins is present, a cascade of events is triggered that ends
with neuronal death in affected anatomical areas (14). Similar to prions, misfolded synucleins

can also propagate transneuronally following anatomical connections (5).
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We currently lack an understanding for the initial phases of the formation of the critical mass of
misfolded proteins (“first prions”) that can initiate prion replication and trigger signaling events
leading to acceleration of the process and neuronal death. One hypothesis is that a disturbance
in protein homeostasis (proteostasis), i.e. a cellular imbalance between genesis of misfolded
proteins and their degradation, can contribute to the steady accumulation of aggregated proteins
(15, 16). Reasons for disturbed proteostasis can be manifold and involve toxins, inflammation,

oxidative stress and infections with viruses (17).

Viruses have much shorter replication cycles then their host cells (18, 19) and thus they have
evolved to take advantage of a host cell’s machinery for an efficient viral replication. We have
previously demonstrated that this catalysis is not limited to the viral genome but also comprises
its capsid assembly that is catalyzed by host multiprotein complexes (20). During viral
replication, host cell proteostasis is disturbed by affecting quality control mechanisms (21)
and depleting energy resources (reviewed in refs. (22-24). Viral infections could thus lead to
aberrant proteostasis and misassembly or aggregation of susceptible proteins instrumental in

fatal signaling cascades in neurodegenerative diseases (25).

In this study we used H1N1 influenza A/WS/33 strain for infections in vitro (26) and the mouse-
neuroadapted H1N1 influenza A/WSN/33 in vivo (27). This strain has been used for studies on
molecular and neurophysiological interactions with neurons (28). Although influenza is not
considered neuropathogenic in humans, certain strains, such as H5N1, have been found to be
highly neuroinvasive and spread along olfactory and trigeminal nerve routes following intranasal
instillation in mice and ferrets (29, 30). Suggestions for a pathogenetic role for influenza in
nervous system diseases such as post-encephalitic parkinsonism appeared following the
lethargic encephalitis epidemic 1916-1926 or “Spanish flu”, as well as certain neuropsychiatric
are controversial (31-33). Although there is no clear evidence for this, influenza can still not be

fully excluded to trigger such diseases (34).

Here, we demonstrate that the H1N1 influenza A/WS/33 strain (26) leads to aggregation of
endogenous a-synuclein and DISC1 in differentiated human dopaminergic neuron-like Lund
mesencephalic (LUHMES) cells, as well as in the brain of infected-mice. In addition, a- synuclein
aggregates are seen in populations of infected neurons connected to the olfactory bulb following
intranasal viral instillation of the neuroadapted WSN/33 strain in mice. We also show
mechanistically that the proteostatic disturbance of the autophagic flux in LUHMES cells caused
by H1N1 infection, which impairs protein degradation, could initiate a critical mass of aggregated

proteins.
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Results

Influenza A infection disturbs protein homeostasis in human-dopamine-like neurons. In
order to understand whether influenza A (H1N1) viral infection leads to a specific impairment in
protein homeostasis relevant for PD, LUHMES cells were differentiated into human-dopamine-
like neurons (35). At post-differentiation day 5, the morphology (Fig. S1A) as well as the
expression of dopaminergic cellular markers (dopamine transporter and tyrosine hydroxylase;
Fig. S1B, C) indicated neuronal maturity. In a candidate protein
approach, several endogenously expressed proteins related to protein misfolding diseases
where investigated in differentiated LUHMES cells. In undifferentiated, proliferating LUHMES
cells, human DISC1 and a-synuclein protein expression was not detected (Fig. S1D). A small
amount of TDP-43 and a noticeable expression of total tau was already detected in
undifferentiated cells (Fig. S1D). At differentiation day 5, a significant increase in the expression
of all proteins was observed (p = 0.05; Fig. S1D). All subsequent experiments were therefore all
done in 5-day differentiated LUHMES cells.

LUHMES cells were infected with a low multiplicity of infection (MOI) of H1N1 influenza A virus
strain A/WS/33 (36), MOI = 1 which resulted in an infection rate of 30% - 40% in LUHMES cells
24 h after viral infection (% of infected cells 33.3 £ 3.92; Fig. S2A). The replication kinetics of

H1N1 influenza A virus from Oh - 24h p.i. were analyzed. The viral concentration in the medium

increased substantially 12 h p.i. (logso pfu/ml, 0.6 x 10* + 0.46 x104) being stable at 24 h p.i.
(logso pfu/ml, 1.7 x 10* + 1.32 x 10* Fig. S2B). Since no morphological changes in the cells

24 h p.i. were observed, all following analyses in the present study were done at 24 h p.i.

Immunofluorescence analysis revealed dotted a-synuclein aggregates similar to what has been
described as “Lewy dots” (37) in LUHMES cells infected with H1N1 influenza A virus (Fig. 1A
and B). Quantification of aggregated a-synuclein showed a significant increase after viral
infection (59% + 19.20%, p = 0.002) in comparison with non-infected condition where a-
synuclein aggregates were rare detectable (Fig. 1C). An immunoblot analysis indicates that total
protein levels of a-synuclein were not affected by H1N1 influenza A infection (Fig. 1D). To
demonstrate the effect of HIN1 influenza A viral infection on a-synuclein in an independent cell
line, human NLF (non-dopaminergic) neuroblastoma cells (38) transiently transfected with
human a-synuclein were also infected with H1N1 (for 24 h, MOI 1), and likewise led to the

induction of a-synuclein aggregates (Fig. S3A, B).
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We were also interested to understand whether H1N1 influenza A replication leads to
misassembly of other disease-specific proteins, such as DISC1, which we had previously
identified to aggregate in vitro (39) and in vivo in a subpopulation of CMI patients (8, 9), tau
protein (40) or TDP-43 (41). Like for a-synuclein, H1N1 influenza A viral infection induced DISC1
aggregates from endogenously expressed DISC1 cells as observed by immunofluorescence in
LUHMES cells (Fig. S4A-B). DISC1 aggregates were quantified and a significant increase in the
percentage of aggregates per cell was observed after viral infection (93% + 29.20%, p = 0.01)
compared to the non-infected condition (Fig. S4C). We thus clearly demonstrate that
endogenous human DISC1 protein aggregates if stressed, in this case through by H1N1
infection. Induction of aggregated DISC1 by H1N1 infection was corroborated in human NLF
neuroblastoma cells transiently transfected with human mRFP- DISC1 (Fig. S4D). Of note, a-

synuclein and DISC1 did not co-aggregate excluding cross- seeding mechanisms (Figure S4E).

H1N1 influenza A infection in LUHMES cells did not lead to abnormal accumulation of
cytoplasmic TDP-43 aggregates (Fig. S5A). Neither tau protein changes like aggregation or
hyperphosphorylation were seen after H1N1 infection (Fig. S5B).

These data demonstrate that influenza A infection induces aggregation of a-synuclein and
DISC1, but not in tau or TDP-43, and suggest a selective effect of the Influenza A H1N1

replication on molecular circuitry of proteostasis.

Influenza A infection causes dramatically increases in a-synuclein expression in vivo.
Next, we wanted to understand the direct effect of HIN1 influenza A virus infection on neuronal
proteostasis of a-synuclein in vivo. In order to prevent any interference of an influenza infection
with the adaptive immune system, genetically modified mice lacking B and T cells due to a
deletion of the recombinant activating gene 1 (Rag-/-), necessary for an MHC-dependent
adaptive immune response were used (27). 3-5 month old female knockout mice were
intranasally instilled with 3.6 x 10° PFU/ul of A/WSN/33 (H1N1) strain (27) or with 0.01 M of
PBS, and sacrificed 28 days later. Notably, in this animal H1N1 viral antigens were mainly
detected in brain areas connected to the olfactory and trigeminal pathway projections (27).
Sections of the lateral hypothalamus from the study by Tesoriero and coworkers (27), taken at
28 days p.i., showed cells with densely dotted and cytoplasmic immunolabelling for a-synuclein
only in those also immunolabelled for viral antigens. In the neighboring non- infected areas, a-
synuclein was not detected, neither in the infected nor in the PBS- inoculated mice (Fig. 2). To
assess whether the different a-synuclein protein expression levels observed in the H1N1 -

infected brain area were due to an effect in the promoter
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activity of a-synuclein gene (SNCA), a luciferase reporter assay was performed. A pGL3
luciferase reporter vector with the canonical transcriptional start site 5’ of exon 1 of the SNCA
gene was transiently transfected to NLF neuroblastoma cells and the cells were infected with
H1N1 influenza A. Changes in the expression of SNCA 5'-promoter construct upon influenza
infection were not detected (Fig. S6) suggesting that the increase in a-synuclein levels was not
due to increased transcription or translation but, therefore, rather due to decreased degradation

(see below).

Next, we investigated whether H1N1 influenza A infection in mouse brain affected DISC1 as well
as tau and TDP-43 proteins. For DISC1, an increase in expression levels was observed in brain
areas infected with H1N1 influenza A (Fig. S7A), compared to PBS — inoculated mice where a
low background DISC1 expression level was observed (Fig. S7A). In a control experiment in
vitro, promoter activity of DISC1 gene after H1IN1 infection was probed using a luciferase
reporter assay. NLF neuroblastoma cells transiently transfected with a construct comprising the
DISC1 promoter, from — 2300 - + 45 bp relative to the transcription start site (42), in front of the
luciferase gene were infected with H1N1. No change in DISC1 promoter activity in infected vs.
non-infected controls was observed (Fig. S7B), likewise suggesting that the increase in DISC1
expression levels was not due to an effect of increased transcription or translation but likely
decreased degradation. For tau and TDP-43, we observed protein expression pattern
independent of H1N1 influenza A infection and without signs of aggregation (Fig. S8A-D) as for
a-synuclein and DISC1. These data suggest that H1N1 influenza A infection increased
aggregation of a-synuclein and DISC1 proteins but not tau and TDP43 protein levels in mouse

brains and thus was an effect on a particular proteostatic molecular circuitry.

Complete influenza A replication is required to disrupt a-synuclein protein homeostasis.
Influenza virus is an RNA coding virus with a helical nucleocapsid that comprises the viral
genome and four viral proteins with the nucleocapsid protein (NP) as the quantitatively major
component. During the viral replication cycle, NP plays a central role in transcription, replication
and packaging (43). Each viral RNA segment is associated with NP molecules in order to protect
the viral genome from nuclease degradation by the host cell (44).

To understand whether a complete influenza A virus replication with assembly of all
polypeptides was required for proteostasis disruption or whether NP assembly alone was
enough to induce a-synuclein proteostatic changes, NLF neuroblastoma cells were transiently
co-transfected with influenza A virus (A/WS/33) segment 5 NP and human a- synuclein. 48

hours after transfection, changes in the a-synuclein proteostasis were analyzed
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by immunocytochemistry (Fig. 3A). In NLF neuroblastoma cells, expression of the viral NP alone
was not able to trigger a-synuclein aggregates to the same extent as a complete H1N1 influenza
A infection (147% increase + 50.40%, p = 0.04) (Fig. 3B). Viral antigen detection in the
immunolabelling confirmed that the helical capsid protein was expressed by the host cell (Fig.
3A).

NLF neuroblastoma cells were also co-transfected with H1IN1 NP and mRFP-DISC1. 48 hours
after transfection, immunocytochemistry was performed (Fig. S9A). A slight, but no significant
increase in DISC1 aggregate number was detected in the co-transfected cells with NP (14%
increase * 21.70%) in comparison with non-infected condition (Fig. S9B). As expected, the
number of DISC1 aggregates with H1IN1 influenza A infection (63% increase = 31.30%, p =
0.05) was observed. We conclude that replication of a complete viral genome of HI1N1 influenza

virus is required to trigger aberrant proteostasis of a-synuclein and DISC1.

An antiviral compound can prevent the alterations in a-synuclein protein homeostasis
caused by the influenza A infection. Next, we wanted to understand whether a
pharmacological compound that interferes with H1N1 viral life cycle, would inhibit a-synuclein
aggregation. Oseltamivir phosphate inhibits the neuraminidase enzyme of influenza A and B
preventing the efficient release of newly replicated influenza virus (45, 46). LUHMES cells were
used to assess the effect of the anti- viral compound on H1N1-induced a-synuclein aggregates.
Cells were treated with two different concentrations of oseltamivir phosphate, 0.5 or 50 uM. PBS
was used as a control. The oseltamivir phosphate concentrations were selected according to a
correspondent range tested in different cell types, of ECs, against influenza virus (ECso 0.0008 —
35 uM) (47). After the first 8 hours of compound treatment, cells were infected with H1N1
influenza A virus (MOI 1 for 24h). The antiviral activity of oseltamivir phosphate was assessed
by TCIDs; assay, and a reduction in influenza infectivity was observed in a compound
concentration manner. In the supernatant of LUHMES cells treated with oseltamivir phosphate,
the viral infectivity decreased 57% for 0.5 yM and 99.9% for 50 uM (Fig. 4A).

The compound concentrations used were non-toxic to the cells, not demonstrating any effect in
the cell viability in comparison with the PBS condition. (cell number/mm?: PBS - 12.8 + 1.14; 50
MM - 13.6 + 1.26; 0.5 uM - 13.18 £ 0.56; Fig. 4B). The effect of oseltamivir phosphate on H1N1-
induced a-synuclein aggregates was measured 30 h after compound treatment by
immunofluorescence (Fig. 4C). We observed a significant decrease in the percentage of a-
synuclein aggregates with both concentrations used (0.5 yM: 63 % * 10.00% reduction, p =
0.007; 50 MM: 65% £ 14.90% reduction, p = 0.006) relative to
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untreated PBS conditions (Fig. 4D). These data suggest that pharmacological modulation of

H1N1 replication also affects a-synuclein aggregation levels.

Influenza A infection affects the autophagic machinery leading to changes of a- synuclein
protein homeostasis. A disturbance in the later macro-autophagy stage (hereafter autophagy)
in GFP-LC3- expressing epithelial cells due to the inhibition of autophagosome fusion with
lysosome was previously described (48). Through modulation of c-Jun N-terminal protein kinase
1 and PI3K-Akt-mTOR pathways, an inhibition in the autophagosome formation was also
reported. (49). Early autophagy disruption was assumed to affect the clearance of presynaptic a-
synuclein. In 20-month old mice with a deletion in an essential gene involved in autophagosome
formation (Atg7), a-synuclein aggregates in striatal neuritic swellings were detected. The same
inclusions were also seen in cerebellar Purkinje axons from younger age animals (1.5-month
old) (50). Therefore, we hypothesized that the disturbance of autophagy by an external stressor,
such as an influenza infection, could lead to the accumulation of a-synuclein influenza-induced

aggregates.

In order to investigate the specific consequences of H1N1 influenza A infection for cellular
autophagy in a model as close to primary human dopaminergic neurons as possible, LUHMES
cells were again used. Cells were infected with H1N1 influenza A (MOI 1 for 24 h), and by
immunolabelling a decrease in cytoplasmic LC3 punctate structures, a specific protein involved
in the autophagosome formation was observed (Fig. 5A - B). Quantifiation of LC3 punctate
structures showed a significant reduction of autophagosomes after H1N1 influenza A infection
(62% £ 22.70% reduction, p = 0.05) in comparison with non- infected cells (Fig. 5C). A tendency
in reduction of total LC3 levels was observed by immunoblot (Fig. 5D). Immunolabelling of
infected LUHMES cells did not show an overlap between a-synuclein aggregates and LC3
punctate structures indicating an inefficient packing of these aggregates in autophagosomes, or
an interruption in the maturation of autophagosomes into autolysosomes, due to impairment of

the fusion with lysosomes.

Next, we wanted to analyze whether H1N1 infection leads to impairment of the lysosomal
turnover of the autophagosomes. For that, NLF neuroblastoma cells were transiently transfected
with a tandem-reporter-construct, mMRFP-GFP-LC3 (51) and infected for 24 h with H1N1
influenza A virus (MOI 1). The emission spectrum of the GFP component is pH sensitive, thus
not emitting light in the acidic conditions of the lysosome. However, this pH sensitivity does not
apply to mRFP. Therefore, the green ( -GFP) and red ( -mRFP) moieties of this construct are

both active when LC3 is localized in autophagosomes (neutral pH) being
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visible as yellow color in the images when merged. When autophagosomes fuse with lysosomes
forming acidic autolysosomes, LC3 is visible majority in the red channel (Fig. 5E). These
changes in fluorescent signal from yellow to red were used to analyze the effect of H1N1
influenza A virus in the autophagic flux,and to determine LC3 location (Fig. 5F). In the infected
cells a non-significant decrease in mRFP-LC3 punctate structures (number of
autolysosomes/cell, 1.5 £ 0.56) was seen in comparison with non-infected condition (number of
autolysosomes/cell, 3.0 + 0.94) (Fig. 5G). Concomitantly, influenza A infection led to a significant
increase in yellow-LC3 punctate structures (number of autophagosomes/cell, 3.6 £ 0.50; p =
0.05) in comparison to the non-infected controls (number of autophagosomes/cell, 2.0 £ 0.17)
(Fig. 5G). H1N1 influenza A infection led to a 73% % 7.8% reduction (p 0.05) in the

autolysosomes formed compared to non-infected cells, suggesting an impairment in the

autophagosome fusion with lysosome (Fig. 5H). The effects of influenza infection on
colocalization of LC3 with lysosome-associated membrane protein 1 (LAMP1) were also
investigated in LUHMES cells. While in non-infected cells a considerable colocalization was
detected, 24h after influenza A infection, a reduction in the colocalization of autophagosomes
with the lysosomal marker - LAMP1 was observed (Fig. S10), indicating impaired

autophagosome-lysosome fusion.

Next, we wanted to understand the effect of H1IN1 influenza A infection in the number of
lysosomal structures. LUHMES cells were infected with H1N1 influenza A for 24 h (MOI 1) and
immunolabelling of LAMP1 was performed (Fig. 6A-B). A significant increase in number of
lysosomes was observed in infected cells (51% + 8.60% increase, p = 0.05) in comparison with
non-infected cells (Fig. 6C). Immunoblot analysis of total lysates of infected LUHMES cells did
not show a significant effect of HIN1 influenza A in LAMP1 protein levels (Fig. 6D). We then
investigated the presence of a-synuclein aggregates in the acidified proteolytic lysosomes.
Immunolabeling of infected LUHMES cells showed a decrease in overlaps between a-synuclein
aggregates and LAMP1, 24 h of viral infection (Fig. 6E). Quantification of a-synuclein
aggregates colocalizing with LAMP1 structures confirmed the significant reduction in the
aggregate number present in the lysosomes in the influenza infected condition (24% % 12.70%
reduction, p = 0.05) in comparison with non-infected cells (Fig. 6F). These data suggest that,
H1N1 influenza A virus disrupts 1. the number of autophagosomes and 2. also the autophagic
flux in neurons, leading to an impairment in autophagy that might explain the accumulation of a-

synuclein aggregates observed after viral infection.



Marreiros et al Influenza- synuclein 12

Discussion

In this study we demonstrated that H1N1 influenza A viral infection and replication can be a
significant initiating event in the genesis of a critical mass of misfolded a-synuclein and DISC1
that could trigger disease. We also showed that in human dopaminergic neuron-like cells the
H1N1 infection disrupts proteostasis at the level of protein degradation through inhibiting
autophagosome-lysosome fusion that could explain the observed increase in endogenous a-
synuclein and DISC1 aggregation levels. These findings are mirrored in Rag knockout mice in
vivo where four weeks after intranasal H1N1 infection, increased expression levels of a-
synuclein and DISC1 in neurons can be detected, which was likely to due to decreased
degradation rather than upregulated expression. These findings are important for our
understanding of the causes of protein misfolding diseases where information is sparse on how
a critical, initiating concentration of a-synuclein is built up to trigger the ensuing cascades of

cellular events.

In our study we provide a mechanistic link of how a direct cellular H1N1 infection leads to a-
synuclein and DISC1 aggregates that make a scenario plausible where a-synuclein seeds are
initiated by H1N1 infection disturbing proteostasis via inhibiting autophagosomes and
autophagic flux. It is noteworthy that a-synuclein aggregates themselves inhibit autophagy
(52) thereby leading to a self-reinforcing loop of autophagy inhibition and promoting a-synuclein
aggregation (reduction in a-synuclein aggregate clearance). Inhibition of autophagy, in turn,
promotes the secretion of a-synuclein containing exosomes (53) thereby promoting a-synuclein
prion spread in the CNS (54) .

A similar effect of HIN1 infection was seen on the DISC1 protein, which is a product of a gene
linked to familial cases of CMI (8), and has been identified to be insoluble in a subset of cases
with CMI but not controls (8, 39). In continuation to our findings of insoluble DISC1 in the brains
of CMI patients (8), we demonstrate for the first time conditions under which endogenous DISC1
protein aggregates after aberrant proteostasis (Fig. S4A-C). This could mean that in addition to
the suggested effects of influenza infections on prenatal immune activation (55, 56), influenza
virus might affect DISC1 protein functions directly during neurodevelopment (57). Furthermore,
our data suggest that DISC1 aggregation induced by H1N1 infection may also affect the adult
brain and influence homeostatic processes related to CMI. Interestingly, the induction of protein
aggregation is dramatically stronger for a-synuclein and DISC1 than for tau and TDP43, two
other proteins misfolded in different neurodegenerative diseases, such as tau protein found in
hyperphosphorylated and aggregated form in AD brain patients (58) and TDP-43 protein found

in cytoplasmic
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aggregates in ALS patients (41). This suggests that the effects of H1N1 on proteostasis are

selective.

One of the control mechanisms that cell uses to maintain cellular homeostasis, in order to avoid
accumulation of protein aggregates is autophagy (59). Indeed, many pathogens have been
found to interfere with this catabolic process in order to reduce host cell death during the
infection process (60-62). Previous publications described a disruption in the autophagy process
in epithelial cells and in human lung samples by influenza A virus (48, 49, 63, 64) . In line with
this, our findings showed that a 24 h acute infection with H1N1 influenza virus (A/WS/33) led to
a decrease in autophagosome formation (Fig. 5A-C) and an increase in lysosomes (Fig. 6A-C)
in human dopaminergic neurons. Interestingly, we observed a reduction in the number of a-
synuclein aggregates in the acidified proteolytic lysosomes (Fig. 6E-F). This might be the effect
of a decreased degradation of the cargo that is imported to the autolysosomes by the reduced
fusion with autophagosomes. This finding could be a consequence of the impairment in the
autophagic flux in neuronal cells, seen after influenza infection (Fig. 5F-H; Fig. S10). A similar

effect was previously reported by Gannagé et al. in epithelial cells (48).

Tanik and coworkers reported that seeded a-synuclein aggregates per se, in an in vitro cellular
model, were able to impair autophagy, due to a reduction in autophagosome clearance (52).
However, since we showed already a low background of existing a-synuclein aggregates in non-
infected cells (Fig. 1A-C), the dramatic increase in a-synuclein aggregates must have been the
consequence of H1N1 infection and cannot have resulted of an interaction of a-synuclein with
autophagosomes. Taking this into account, we propose a possible explanation for the increase
in a-synuclein aggregates. First, influenza A infection suppresses the autophagy process at an
early stage, leading to less available autophagosomes to transport the misfolded proteins for
lysosomal degradation. Second, infection also affects autophagy at a later stage, with a
blockage of autophagosome fusion with lysosomes. These effects will consequently lead to a
vicious circle of increase in misfolded a-synuclein in dopaminergic neurons, protein homeostasis
impairment and a concomitantly dopamine neuronal loss, one of the neuropathological
characteristics of PD brains (Fig. 7). This scenario is corroborated by reports that impairments in

autophagy system result in a-synuclein accumulation (50, 65, 66).

Considering the fact that misassembled DISC1 protein located in aggresomes has been shown
to be degraded by autophagy (67), it is straightforward to attribute the accumulation of DISC1

aggregates seen here (Fig. S4) also relates to impairments in autophagy. It is still not
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clear what the main degradation pathways are for clearing misfolded tau (68-70) and TDP-43
protein (71, 72). An equal involvement of ubiquitin — proteasome system (UPS) and the
autophagy system has been proposed. Links between UPS and autophagy have being
extensively demonstrated (73-76). Previous work from Korolchuk and coworkers, showed that
autophagy inhibition compromises the UPS, due to accumulation of p62, that inhibits the
clearance of soluble ubiquitinated proteins leading to an increase in the levels of UPS clients.
However, they also showed that aggregation levels of a mutant polyglutamine (polyQ)-
expanded huntingtin fragment, a disease-associated protein like, proved to be cleared by UPS
and autophagy systems (77), did not increase with autophagy or UPS inhibition (78). Thus, if we
take into account that for different proteins, the clearance mechanisms used by the cell for
degradation of misfolded forms are different, we cannot exclude an UPS compensatory
mechanism as the reason for the absence of influenza A infection effect in tau and TDP-43

protein homeostasis.

We observed a reduction in >50% of a-synuclein aggregates in H1N1 infected human
dopaminergic neurons treated with oseltamivir phosphate (Fig. 4C-D). This compound is
commonly used in the prophylaxis of influenza A and B and inhibits neuraminidase, thus
exosomal release of the virus from the host cell. Indirectly, this affects the re-infection rate of the
same cell and neighboring cells through the decrease in viral titers (79) and, eventually, a higher
rate of defective viral assembly (80) such that proteostasis would be less affected in the overall
cell population, The effect of oseltamivir phosphate on a-synuclein aggregates was
concentration dependent, and our data also confirmed a parallel antiviral activity with a decrease
in the viral titer for both concentrations tested (0.5 and 50 uM) (Fig. 4A). These data
demonstrate that pharmacological treatment of H1N1-infected dopaminergic neurons can

prevent a-synuclein aggregation.

In our in vivo study the changes in a-synuclein were detected strictly in conjunction with the
presence of viral antigens after viral replication. Our data therefore suggest that influenza A
replication was able to disturb protein homeostasis directly and not only as a consequence of
the activation of the adaptive immune system. The infection was restricted to areas connected to
the olfactory and trigeminal systems and there was no further spread into the neocortex or
hippocampus, except in rare instances. From the infection in the olfactory bulbs we could follow
the retrograde axonal spread of the virus to nerve cell groups that send projections to the
olfactory bulbs (81). These included the diagonal bands, piriform cortex, cortical amygdaloid
area, lateral hypothalamic areas and locus coeruleus, but not, or only the most medial aspect, of
the substantia nigra (27). The lack of involvement of the substantia nigra does not reflect a

default neurotropism for the virus, since this nucleus is heavily
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infected following intracerebral viral injections (82), probably through retrograde spread in axonal
projections tothe striatum. Following injections of fibrillary a-synuclein into the olfactory bulbs
thread-like aggregates were initially seen only in areas that send or receive projections from
olfactory regions with a later slow (months) and secondary spread to limbic structures (5). This
distribution of Lewy body in neurons tallies well with that described in DLB disease (review see

ref (6)) and has been proposed as trajectories for spreading a- synuclein aggregates (83).

Notably, various strains of the highly pathogenic H5N1 influenza can, without prior adaptation,
distribute within the olfactory pathway only, or in combination with the brainstem in ferrets
following intranasal infection (30). A systemic infection of H5N1 strain, which spread widely in
the brain including substantia nigra, was followed by appearance of a- synuclein granules which
were localized to the nuclei of the cells (29). Whether our present findings of cytoplasmic a-
synuclein aggregates could link influenza infections to the postencephalitic parkinsonism
following encephalitis lethargica is not clear, since neither Lewy bodies nor a-synuclein
aggregates have been found in the brainstem of patients deceased from postencephalitic
parkinsonism. This disease is instead characterized by neurofibrillary degeneration and tau

aggregates (for review, see Jellinger (84)).

In summary, we show that direct effects of H1N1 replication may lead to a critical mass of a-
synuclein aggregates that subsequently have the potential to trigger a synucleinopathy. In light
of the efficient pharmacotherapy presented, our findings may inspire further research,

e.g. on the effects of anti-influenza vaccines on synucleinopathy incidence. It should also be
carefully evaluated whether live vaccines taken intranasally could cause aggregates in the
olfactory epithelium — and if so, whether they will be cleared by the turnover of neurons in the
epithelia or olfactory bulbs or slowly propagates over months or years as a-synuclein injected
into the bulb do. Since the olfactory epithelium is the only site where neurons are in direct
contact with the environment, effects of vaccine on the recruitment of resident memory T (T rem)
cells to (85) prevent viral-induced misfolding in the olfactory domain, burdened by DLB and

PDD, is an urgent research topic.
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Methods

Influenza A/WS/33 viral stock preparation and viral replication. The WS/33 viral strain H1N1
influenza, with 1 x 108 PFU/ul, purchased from ATCC® (ATCC® VR-1520™), was used to
prepare the viral stocks (26). Viral propagation was performed in MDCK.2 canine cells for 5
days, in a serum free medium. After the incubation time cells were harvested and centrifuged at
1000g for 5 min and the supernatant was collected and snap-frozen. Viral infectious titers were
determined using the TCIDs5o, method (86). Briefly, MDCK.2 cells were seeded in a 96 well plate
with a density of 3 x 10* cells per well and incubated in a serum free medium with serial log4g
viral dilutions. 72h later, the number of infected wells was counted and the tissue culture
infective dose was calculated. For animal inoculations a mouse-neuroadapted influenza A virus
(AJWSN/33) (1.4 x 10° PFU/ml) (kindly provided by Dr. S. Nakajima, The Institute of Public

Health, Tokyo, Japan) was used.

Culture and differentiation of LUHMES cells. Lund human mesencephalic (LUHMES) cells were
purchased from ATCC® company. LUHMES cells were maintained in an proliferative state in
DMEM:F12 medium supplemented with 1% N2 (ThermoFisher Scientific), 1% (v [/ v)
penicillin/streptomycin (PenStrep) (Invitrogen) and 40 ng/ml b-FGF (basic recombinant human
Fibroblast Growth Factor) (Sigma) in a pre-coated flask with 50 pg/mL poly-L- ornithine (Sigma)
and then with 1 pyg/mL of laminin (Sigma). Proliferating LUHMES cells were converted into
uniformly post-mitotic neurons by using a differentiation procedure, triggered by suppression
of v-myc expression, as previously described (87). The differentiation procedure in dopamine-
like neurons involves the cell maintenance in DMEM:F12 medium supplemented with 1 pg/ml
tetracycline (Sigma), 2 ng/ml GDNF (glial cell line-derived neurotrophic factor) (Sigma), and 1mM db-
cAMP (Sigma) for 5 days. Dopaminergic neuronal phenotype of differentiated LUHMES cells was
described previously (35, 87)

Human neuroblastoma and MDCK.2 cells. The Human neuroblastoma NLF cells were
obtained mycoplasma-free from the DSMZ (German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany) and regularly checked for mycoplasma. 2,5 x 10* NLF cells
were seeded onto 30 mm glass coverslips. 24h later, cells were incubated with the
DNA/metafectene complexes (METAFECTENE® PRO) in Opti-MEM without serum (Invitrogen)
for 4h, and then the transfection medium was replaced with RPMI medium (Invitrogen)
supplemented with 10% (v/v) FBS (Invitrogen), 1% (v/v) L-glutamine (Invitrogen), and 1% (v/v)

PenStrep (Invitrogen) for 48h. In order to assess the promoter activity of Li-
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synuclein and DISC1we used a pGL3 luciferase reporter vector with the canonical transcriptional
start site of SNCA gene, and pGL4.10 with a medium DISC1 promoter sequence. These
constructs were a kindly gift by Professor Leonidas Stefanis (88) ,and Professor Kathryn L.
Evans (42), respectively. Briefly, for the luciferase assays, all transfections were performed in a
96-well plate with 0,2 pg/well of target vector DNA 24h after 4x10* cells have been seeded. Cells
were Influenza A/WS/33 infected with a MOI of 1, and 24h later the luciferase activity was
measured. MOI was defined as the number of virions added per cell during infection time (89).
For all experiments, at least 10 technical replicates were measured per each condition. The
assay was performed according to the manufacturers” recommendations (Dual-Glo®Luciferase
Assay System from Promega).

MDCK.2 canine cells were maintained in MEM medium supplemented with 10% (v/v) FBS
(Invitrogen), 1% (v/v) non essential amino acids (Sigma), 1% (v/v) sodium pyruvate
(ThermoFisher Scientific), 1% (v/v) L-glutamine (Invitrogen), and 1% (v/v) PenStrep (Invitrogen)

upon viral infection.

Influenza A/WS/33 virus infection. LUHMES and human NLF neuroblastoma cells were
infected with the influenza A/WS/33 virus strain, in serum free medium, with a moi of 1. One
hour later, medium was replaced to normal supplemented medium, cell type required medium,
and the cells were incubated for 24h until the respectively analysis was performed. As described
in the study by Tesoriero and coworkers (27) mice were instilled with 4-5 yL of the virus
suspension or with 0.01 M phosphate-buffered saline, pH 7.4 (PBS) into one nostril for
immunohistochemistry. Previously we have found that intranasal instillation of WSN/33 in small
volumes causes a spread to the brain in RAG-/- mice that is not accompanied by virus spread to
the lung as determined by PCR (90). For the infection, the mice were briefly anaesthetized with
isoflurane (Baxter, Deerfield, lllinois, USA). They were then followed daily and sacrificed,
together with matched controls, before or when they showed signs of body weight loss, following

the institutional guidelines and ethical protocols.

Antiviral compound administration. LUHMES cells were kept for four days in differentiation
medium. Cells received 0,5 uM or 50 uM of oseltamivir phosphate (Sigma) dissolved in PBS. For
the negative control conditions, cells were treated with a PBS solution with an equivalent
concentration used to dilute the compounds. The compound was applied to the cells 8 hours
before A/WS/33 influenza infection. The dose was renewed when the new differentiation
medium was added to LUHMES cells after the viral infection or not. All the analyses were

performed 30h after the first compound dose administration.
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Immunocytochemistry. For immunocytochemistry analysis, cells were washed three times with
PBS (Invitrogen) and fixed with 4% (v/v) PFA in PBS for 15 min, followed by three washing steps
with PBS. Fixed cells were permeabilized and blocked with PBS including 0.5% (v/v) Saponin
(Sigma), 5% (v/v) nonfat milk (Oxoid), 1% BSA (Sigma) to PBS for 1h at room temperature (RT).
Primary antibodies (described in Table 1) were applied overnight at 4°C in blocking solution
without milk. At the day after, coverslips were washed three times with PBS and incubated with
Alexa-Fluor antibodies (anti-mouse IgG AlexaFluor 594; anti- rabbit IgG AlexaFluor 594; anti-
mouse IgG AlexaFluor 488; anti-rabbit IgG AlexaFluor 488; Invitrogen) for 1h at RT. After
washing three times with PBS and two times with water, cells were mounted with ProLong Gold
with DAPI (Invitrogen), and images collected with a Zeiss Axiovision Apotome.2 confocal

microscope (Zeiss).

Immunoblot. In brief, LUHMES cells were manually lysed with buffer A, containing 10 mM Tris-
HCL (Sigma), pH8; 150 mM NaCl (Sigma); 2 mM EDTA (Sigma); 0,5% Sodium Deoxycholate
(Sigma); 2% Nonidet P40 (Sigma) dissolved in water (for Western blots showed in Fig. S1B; D)
or lysed with buffer B, containing 1% Nonidet P40 (Sigma) dissolved in PBS (for Western blots
showed in Fig. 1D; 5D; 6D). Protein concentration was determined using the Dc Protein Assay
Kit (Bio-Rad), and 10 ug/ml of each sample dissolved in NUPAGE LDS Sample Buffer (including
2% p-mercaptoethanol) were applied to the gel. Novex NUPAGE SDS-PAGE Gel System
(Thermo Fisher Scientific) with the corresponding NUPAGE Novex 4-12% Bis-Tris Midi Protein
Gels, NUPAGE MES SDS Running buffer was used. Proteins were transferred to a nitrocellulose
or PVDF membrane, and then blocked with 5% nonfat milk in PBS containing 0.05% Tween-20,
for 1h at RT. Western blot analysis was performed with the correspondent antibodies described
in table 1 followed by a secondary species specific antibody (IR Dye 680 or 800; LI-COR Corp.).
VDAC was used as a loading control for all immunoblots performed. The membranes were
scanned using the LI- COR Odyssey CLX. Band intensities were calculated from fluorescent

signal using the Image Studio Version 2.1 software (LI-COR Biosciences).

Immunohistochemistry. For the immunohistochemical process, mice were deeply anesthetized
with sodium pentobarbital (50 mg/kg, i.p., APL, Stockholm, Sweden), and perfused transcardially
with 4% paraformaldehyde (wt/vol) with picric acid as previously described (91). Brains,
trigeminal ganglia and lungs were dissected out and post-fixed in the same fixative for 90 min at
4°C, followed by rinsing in 10% sucrose (wt/vol) in 0.1M phosphate buffer, pH 7.4, containing
0.01% sodium azide (Merck) and 0.02% bacitracin (Sigma). The tissues were kept in 10%
sucrose solution for 2 days at 4°C, and then frozen with liquid carbon dioxide and sectioned on a

cryostat (Microm, Heidelberg, Germany). Serial
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coronal sections were collected at 12 pym thickness for trigeminal ganglia, and 20 uym for brains
and lung. The sections were mounted onto superfrost plus microscope slides (Thermo Scientific)
and stored at -20°C (27)

The slides were then pretreated with a Dako target retrieval solution (Agilent) prior to blocking
solution, and incubated with respective primary antibodies listed in table 1. Conjugated Alexa
Fluor antibodies, anti-mouse 1gG AlexaFluor 594; anti-rabbit IgG AlexaFluor 594; anti-rabbit 1gG
AlexaFluor 488, (Invitrogen) were used as secondary antibodies and the slides were mounted
with ProLong Gold with DAPI (Invitrogen). Images were taken with a Zeiss Axiovision

Apotome.2 confocal microscope (Zeiss).

Table 1. Primary antibodies used for western blot (WB)/ immunocytochemistry (ICC) and

immunohistochemistry (IHC) analysis

Antibody Dilution Source

DAT (rabbit) 1:500 (WB) MerckMilipore (#AB1591P)

TH (mouse) 1:600 (ICC) MerckMilipore (#AB152)

MAP2 (rabbit) 1:400 (ICC) Synaptic Systems (#188002)

14F2 (mouse) 1:1000 (WB; ICC) In-house

DISC1 (rat) 1:200 (IHC) In house

Syn211 (mouse) 1:400 (IC) Santa Cruz biotechnology
(#sc-12767)

Syn MJFR1 (rabbit) 1:200 (IC)/1:500(WB) Abcam (#ab138501)

a-synuclein (Sheep) 1:500(IHC) Abcam (#ab6162)

HT7 (mouse) 1:1000 (WB;ICC) Invitrogen (# MN1000)

Tau 5 (mouse) 1:200 (IHC) Invitrogen (#AHB0042)

AT180 (mouse) 1:400 (ICC) Invitrogen (#MN1040)

TDP-43 (rabbit) 1:1000 (WB;ICC) Proteintech (#10782-2-AP)

TDP43 [3H8] (mouse) 1:500 (IHC) Abcam (#ab104223)

Influenza A NP (rabbit) 1:1000 (WB;ICC) Invitrogen (# PA5-32242)

Influenza A/WSN/33 (rabbit) 1:100,000 (IHC) Gift kindly provided by Dr. S.
Nakajima, The Institute of Public
Health, Tokyo, Japan)

LC3B (mouse) 1:1000 (WB;ICC) Abcam (#ab48394)

LAMP1 (rabbit) 1:1000 (WB;ICC) DSHB

HuR [3A2] (mouse) 1:500 (ICC) Santa Cruz biotechnology

(#sc-5261)
VDAC (rabbit) 1:500 (WB) Enzo (#ALX-210-785/1)
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Statistical analysis. For quantification of protein aggregates in LUHMES and NLF
neuroblastoma cell line, a systematic manually counting procedure was used. For all
immunocytochemistry data, randomized confocal images were taken in an average of 30 images
from 2 independent wells per biological replicate, in a total number of, at least 3 independent
biological experiments. All data were normalized against the number of cells present in the
counted image. All data presented in the histograms were obtained by normalization to the
correspondent non-infected condition considered 100%. Autophagosomal and lysosomal
structures were quantified using 3D object counter plugin from the imagedJ software Fiji. LC3
punctate dots quantified were in the range of 50-200 nm, and LAMP1 positive structures
counted were in the range of 100-500 nm. GraphPad Prism (Version 5; GraphPad Software Inc.,
San Diego, CA, USA) was used to perform the statistical analysis. All data sets were tested for
normal distribution based on the expected experimental results and appropriate non-parametric
tests were chosen. Appropriate statistical tests and p-values are stated in the respective figure

legends. P-values of *P <0.05, **P < 0.01 were used as significance levels.
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Figure legends

Fig 1. A/WS/33 (H1N1) infection induces aggregated a-Syn in human dopamine like
neurons. (A) Non-infected LUHMES cells show only a low number of a-synuclein aggregates
(green - a-Syn, blue —DAPI, nuclear staining). (B) Aggregated a-synuclein was detected in the
cytoplasm of LUHMES cells 24h after influenza infection (MOI 1) (green: a-Syn, blue: DAPI,;
Red: influenza A). Scale bars 10 or 3um. (C) Quantification of percentage of influenza induced
a-synuclein aggregates per cell in infected condition (black bar) relative to the non-infected
condition (grey bar). Data presented as mean of replicates from six independent experiments +
SEM. Mann-Whitney U with one-tailed Dunn’s post hoc test was use as a statistical test (**p
<0.01). (D) Immunoblot of total protein levels of a-synuclein in lysates of infected and non-
infected LUHMES cells. One of the three experiments is shown. Quantification of the Western
blot band intensity, shown in percentage relative to the non- infected condition, normalized to
VDAC used as a loading control. Grey bar represents the non-infected condition and black bar

represents the infected condition (n=3 + SEM).

Fig 2. 28 days of A/WSN/33 (H1N1) influenza virus infection affects mouse a-Syn
expression in vivo. Mouse a-synuclein expression was exclusively detected co-localizing with
influenza A (hemagglutinin protein) in Rag1 knock-out mice (green-a-Syn, red — influenza A,
blue —DAPI, nuclear staining). In non-viral infected area and in non-infected mice (PBS control)
there was no detectable a-synuclein signal (green-a-Syn, red — influenza A, blue —DAPI, nuclear

staining). Scale bars 50 or 10um.

Fig 3. Influenza A virus (A/WS/33) segment 5 nucleocapsid protein is not sufficient to
induce a-Syn aggregates. (A) Influenza induced aggregated a-synuclein was only detected in
influenza infected condition in NLF neuroblastoma cells, transiently transfected with human a-
synuclein. In double transfected cells with a-synuclein and influenza virus segment 5
nucleocapsid, a-synuclein aggregates were not visible. Non-infected cells did not show
aggregated a-synuclein (green- a-syn, Red — influenza A, blue — DAPI, nuclear staining). Scale
bars 10 um. (B) Quantification of percentage of aggregated a-synuclein per cell infected for 24h
with A/WS/33 virus (MOI 1) and transfected with A/WS/33 nucleocapsid, relative to the non-
infected condition. Dark grey bar represents the non-infected condition, black bar represents
A/WS/33 infected cells, and light grey bar represents A/WS/33 nucleocapsid transfected
condition. Data presented as mean of replicates from three independent experiments + SEM.

Two-way ANOVA test was use as a statistical test (*P < 0.05; n.s. not significant).
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Fig 4. Oseltamivir phosphate prevents a-syn aggregate formation in human dopamine-
like neurons. The effect of the antiviral drug oseltamivir phosphate in a-synuclein aggregate
formation in infected LUHMES cells (MOI 1 24h) was tested. Histograms in the panels A, B, D
have an identical color code. Black bar represents PBS treated condition, red bar represents 0.5
MM and blue bar 50 uM (A) Compound antiviral activity measured by reduction in the percentage
of pfu/ml of A/WS/33 virus. TCIDs, assay performed in MDCK.2 cells (n=2 + SEM). (B)
Quantification of cell number per square millimeter in LUHMES preparation did not show a
compound dependent effect in cell viability. (C) Representative image of immunocytochemistry
of LUHMES cells virally infected and treated with 50 uM oseltamivir phosphate or the respective
PBS control (green- a-Syn, red- Influenza NP, blue — DAPI, nuclear staining). Scale bars 10 or
3um. (D) Ratio of aggregated a-synuclein per cell in infected LUHMES treated with low- and
high- compound concentrations. Oseltimivir phosphate treatment showed a reduction in a-
synuclein aggregate formation. Data shown in percentage of aggregated a-synuclein in infected
condition normalized for non-infected condition. Data presented as mean of replicates from three
independent experiments + SEM. Two-way ANOVA test was used as a statistical test (** p
<0.01).

Fig 5. 24h of influenza A (A/WS/33) infection decreases autophagosome number and
impairs autophagic flux in human dopamine-like neuros. (A-B) Visualization of the decrease
in LC3 structures in influenza infected LUHMES cells (MOI 1 for 24h) in comparison with non-
infected condition (green - LC3, blue — DAPI, nuclear staining). Scale bar 10 or 3 uym. (C)
Quantification of percentage of LC3 punctate structures in infected condition (black bar) relative
to the non-infected condition (grey bar). Data presented as mean of replicates from three
independent experiments + SEM. Mann-Whitney U with two- tailed Dunn’s post hoc test was use
as a statistical test (* p <0.05). (D) Immunoblot for LC3B in lysates of infected and non-infected
LUHMES cells. One of four experiments is shown. Quantification of the Western blot band
intensity in percentage relative to the non-infected condition, normalized with VDAC protein
levels used as loading control. Grey bar represents the non-infected condition and black bar
represents the infected condition (n=4 £+ SEM). Mann-Whitney U with one-tailed Dunn’s post
hoc test was used as a statistical test (*p <0.05). (E) Schematic representation of the
tandem report construct mRFP-GFP-LC3 usedto accesses the changes in autophagic flux under
influenza infection. (F) NLF neuroblastoma cells transiently transfected with mRFP-GFP-LC3
construct and, subsequently infected with influenza or non-infected (MOI 1 for 24h). GFP — and
RFP — fluorescence was analyzed by fluorescence microscopy. DAPI was use as nuclear
staining. Scale bar 10 um. (G) Quantification of yellow LC3 structures (merged mRFP -

and GFP signals) labeling
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autophagosomes and the red LC3 (mRFP) structures labeling autolysosomes. Yellow bars
represent autophagosomes, and red bars represent autolysosomes. Under viral infection an
increased number of autophagosomes was detected. Data presented as mean of replicates from
three independent experiments £+ SEM. Mann-Whitney U with one-tailed Dunn’s post hoc test
was used as a statistical test (* p <0.05; n.s. non-statistical significance). (H) A decrease in the
percentage of autolysosomes formed per cell was visible in infected condition (represented by
black bar) relative to the non-infected control (represented by grey bar). Data presented as
mean of replicates from three independent experiments + SEM. Mann-Whitney U with one-tailed

Dunn’s post hoc test was used as a statistical test (* <0.05; n.s. not significant).

Fig 6. 24h of influenza A (A/WS/33) infection leads to an accumulation of lysosomal
structures and a reduction in a-syn aggregate clearance by autolysosomes in human
dopamine like neuros. (A-B) Immunostaining of LAMP-1 showed an accumulation of
lysosomes in influenza viral infected LUHMES cells (MOI 1 for 24 h) in comparison with non-
infected cells (green- LAMP-1, blue —DAPI, nuclear staining). Scale bar 10 um. (C)
Quantification of the percentage of acidified lysosomes in infected LUHMES cells (represented
by black bar) relative to the non-infected condition (represented by grey bar). Data presented as
mean of replicates from three independent experiments + SEM. Mann- Whitney U with one-
tailed Dunn’s post hoc test was used as a statistical test (* P <0.05). (D) Immunoblot for LAMP-1
in lysates of infected and non-infected LUHMES cells. One of three experiments is shown.
Quantification of the Western blot band intensity in percentage relative to the non-infected
condition, normalized with VDAC used as a loading control. Grey bar represents the non-
infected condition and black bar represents the infected condition (n=3 + SEM). (E) Orthogonal
projections demonstrated a decrease in the co-localization of aggregated o-synuclein with
lysosomal structures in infected LUHMES cells in comparison with non-infected cells (green- a-
syn, red —-LAMP-1). Scale bar 10 ym. (F) Quantification of percentage of aggregated a-synuclein
associated with LAMP-1 per cell in infected condition (represented by black bar) relative to the
non-infected condition (represented by grey bar). Data presented as mean of replicates from
three independent experiments £+ SEM. Mann- Whitney U with one-tailed Dunn’s post hoc test

was used as a statistical test (* p <0.05).

Fig 7. Potential mechanism of protein homeostasis disruption in neuronal cells due to
H1N1 influenza A infection. Schematic representation of influenza A infection effect in
autophagy. Autophagy is one of the clearance mechanisms in the cell responsible for removing

misfolded proteins and dysfunctional organelles, in order to prevent accumulation
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of toxic species. Under normal conditions cell components selected for autophagy degradation
are engulfed into a phagophore to form the autophagosome. Then the autolysosome is created
by the fusion of autophagosome with lysosome where the cargo is delivered for degradation.
Regular autophagy allows a proper cellular protein homeostasis and a normal cell function.
Influenza A infection impairs autophagy at two stages. In an early stage, autophagosome

formation and in a late stage autolysosome formation.
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Supplementary fiqure legends

Fig S1. Characterization of Human-dopamine-like neurons (LUHMES). (A) Phase contrast
microscope images of undifferentiated LUHMES (0 day) and at day 5 of differentiation. Scale bars
100um (B) Representative immunoblot of dopamine transporter -DAT expression in LUHMES cells at
differentiated day 0, 5. VDAC was used as a loading control. One of the three experiments is shown.
(C) Immunostainings representing the dopaminergic phenotype of LUHMES cells at day 5 day of
differentiation (green -TH, Red — MAP2). (D) Immunoblot analysis of endogenous total protein levels
of alpha synuclein, DISC1, Tau and TDP-43 at differentiation days 0, 5. One of the three experiments
is shown. Histograms showing the respective quantification of the protein levels normalized to VDAC,
the loading control used. Data presented as mean of replicates from three independent experiments +

SEM. Mann-Whitney U with one-tailed Dunn’s post hoc test was use as a statistical test (* P <0.05).

Fig S2. Determination of A/WS/33 (H1N1) viral activity in LUHMES cells. (A) Percentage of
infected LUHMES cells in a culture preparation 24 h after AAWS/33 (H1N1) infection with MOI 1. Data
presented as mean of replicates from five independent experiments £+ SEM. (B) Viral infection titer at
different time points (0; 12; 24 h) showed an increase in viral replication activity across time.
Measurements done in MDCK cells infected with the culture medium from infected LUHMES cells with
MOI 1 (n=2 £ SEM) .

Fig S3. A/IWS/33 (H1N1) infection induces changes in a-syn protein homeostasis in human
neuroblastoma cells. (A) Aggregated alpha synuclein was detected in the cytoplasma of NLF
neuroblastoma cells transiently transfected with human alpha synuclein after 24 h of influenza infection
(MOI 1). Aggregated alpha synuclein was not detected in non-infected cells (Red — Influenza A, hSyn -
green, blue —-DAPI, Nuclear staining) Scale bars 10pym. (B) Viral infection titer (in log10 pfu/ml)
measured at different time points- during 48 h, showed a stable viral replication activity 24 h after
infection. Measurements done in MDCK cells infected with the culture medium from infected NLF

neuroblastoma cells (+ SEM) .

Fig S4. A/IWS/33 (H1N1) infection induces DISC1 aggregation in human cells. (A) Non-infected
LUHMES cells did not show DISC1 aggregates (green -DISC1, blue —DAPI, nuclear staining) (B)
DISC1 aggregates were detected in the cytoplasma of LUHMES cells 24 h after Influenza infection
(MOI 1) (green -DISC1, blue —DAPI, nuclear staining, red — Influenza A). Scale bars 10um. (C)
Quantification of percentage of aggregated DISC1 per cell in infected LUHMES (represented by black
bar) relative to the non-infected cells (represented by grey bar). Data presented as mean of replicates
from four independent experiments + SEM. Mann-Whitney U with one-tailed Dunn’s post hoc test was
use as a statistical test (*P <0.05). (D) 24h of Influenza infection (MOI 1) induces DISC1 aggregation in

NLF neuroblatoma cells transiently transfected with human DISC1. In non-infected cells influenza
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induced aggregates were not visible (blue —DAPI, Nuclear staining; red — Influenza A, mRFP-hDISC1
-green). Scale bars 10um. (E) LUHMES cells did not show alpha synuclein and DISC1 co-aggregation
24 h after Influenza infection (MOI 1) (green - a-Syn, red - DISC1, blue —DAPI, nuclear staining). Scale
bars 10; 3um.

Fig S5. A/WS/33 (H1N1) infection does not induce cytoplasmic TDP-43 aggregates, neither tau
protein changes in human dopamine like neurons. (A) Cytoplasmic inclusions of TDP-43 were not
detected in LUHMES cells 24 h after Influenza infection (MOI 1). Viral infection did not affect TDP-43
presence in stress granules - HuR signal (TDP-43 -green, red — Influenza A or HuR). Scale bars 10um.
(B) 24 h of infection did not induce changes in phosphorylation pattern of tau neither in the total tau in
LUHMES cells (phospho-tau (AT180) and total- tau (HT7) -green, blue —DAPI, nuclear staining, red —
Influenza A). Scale bars 10um. (C) LUHMES cells stained only with fluorescent secondary antibodies

(blue —DAPI, nuclear staining; green-Alexa 488, Red — Alexa 594). Scale bars 10um.

Fig S6. A/WS/33 (H1N1) infection does not affect the SNCA promotor activity. 24 h of influenza
infection (MOI 1) did not induce changes in the activity of SNCA 5’promotor gene. A luciferase reporter
assay was performed in NLF neuroblatoma cells transiently transfected with pLG3- SNCA 5'-promoter
and influenza infected for 24 h (MOI 1). Data presented as mean of replicates from three independent
experiments + SEM. Mann-Whitney U with one-tailed Dunn’s post hoc test was used as a statistical

test.

Fig S7. 28 days of A/IWSN/1933 (H1N1) infection changes mouse DISC1 expression in vivo. (A)
Increase mouse DISC1 expression was detected in AAWSN/33 (H1N1) infected brain region of a Rag1
knock-out mice in comparison with the non-infected animal (PBS control) (green-mDISC1, blue —
DAPI,nuclear staining; red — Influenza A). Scale bars 10um. (B) Luciferase reporter assay did not
reveal an effect of influenza infection in the activity of DISC1 promotor region. NLF neuroblatoma cells
were transiently transfected with pLG4.10- DISC1 promoter and 24 h after influenza infection a
luciferase reporter assay was performed. Data presented as mean of replicates from three
independent experiments + SEM. Mann-Whitney U with one-tailed Dunn’s post hoc test was used as a

statistical test.

Fig S8. A/WS/33 (H1N1) infection does not affect the protein homeostasis of Tau neither TDP-43
in vivo. (A; C) Changes in tau expression were not visible in the Rag1 knock-out mice infected for 28
days with A/IWSN/33 (H1N1) in comparison with non-infected PBS mice (blue —DAPI, nuclear staining,
green -mTau, red — Influenza A). Scale bars 50, 10um. (B; D) Similar levels of mouse TDP-43 was
detected in A/WS/33 (H1N1) infected Rag1 knock-out mice and in the non-infected PBS animal (blue —
DAPI, nuclear staining, green-mTDP-43, red — Influenza A. (E) A/WS/33 (H1N1) infected Rag1 knock-

out mice co-stained for hemagglutinin Influenza A protein and secondary antibody only (blue —DAPI,
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nuclear staining, green-Alexa 594, red — Influenza A). Scale bars 10um. (F) Co-stained cells of
A/WSN/33 (H1N1) infected Rag1 knock-out mice only with the secondary antibodies used in the
immunostaining analysis (blue —DAPI, nuclear staining, green -Alexa 594, red — Alexa 488). Scale

bars 10um.

Fig S9. Influenza A virus (A/WS/33) segment 5 nucleocapsid protein induces lower DISC1
aggregation levels (A) NLF neuroblastoma cells were double transfected with human DISC1 and
influenza virus segment 5 nucleocapsid, and a low number of DISC1 aggregates was visible in
comparison with influenza infected condition (24 h, MOI 1). Non-infected cells did not show influenza
induced aggregates. (green - mRFP-DISC1, Red — Influenza A; blue —DAPI, nuclear staining;). Scale
bars 10um. (B) Quantification of percentage of aggregated DISC1 per cell infected with A/WS/33 virus
(MOI 1) and transfected with A/WS/33 nucleocapsid relative to the non-infected condition. Dark grey
bar represents the non-infected condition, black bar represents A/IWS/33 infected cells, and light grey
represents A/WS/33 nucleocapsid transfected condition. Data presented as mean of replicates from
three independent experiments + SEM. Two-away ANOVA test was used as a statistical test (*P <0.05;

n.s. non-statistical significance).

Fig $10. 24H of Influenza A virus (A/WS/33) infection lead to a decrease in the fusion of
autophagosomes with the acidified proteolytic lysosomes. Immunostainings of autophagosome
marker-LC3, and lysosomal marker -LAMP-1 showed a decrease in co-localization of LC3-LAMP1 in
influenza infected LUHMES cells (24 h, MOI 1) in comparison with non-infected condition (blue —DAPI,
nuclear staining, green — LC3, red -LAMP1). Scale bars 10um.
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Accumulation of insoluble aggregates: a biological marker in sporadic

mental illness patients

Functional proteomic analysis identifies insoluble GAD2 in a subset of sporadic
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In this study, we attempted to identify novel misfolded candidate proteins present in the
insoluble proteome in post mortem brains of CMlIs patients in a hypothesis-free manner in
order to better define the pathophysiology of mental disorders. Following up on the efforts
conducted in our laboratory to identify subsets of sporadic CMIs patients characterized by
misassembled proteins, (186-189), but this time by using a hypothesis-free proteomic
approach, we identified novel, insoluble proteins linked to CMls.

The insoluble proteome of post mortem brains from two independent human cohorts (termed
sMRI and LIBD), diagnosed with SCZ, recurrent affective disorders, and matched healthy
controls was purified. We identified in the performed MS/MS analysis > 300 candidate
proteins in sMRI, and > 180 candidate proteins in LIBD cohorts, associated with the
pathology.

The singularity of this study was the identification of insoluble proteins exclusively present in
disease conditions, and present in both human cohorts. Furthermore, selected candidate
proteins could be validated by immunoblot in the insoluble proteome of individual patient
samples. We subsequently focused on the identified GAD2, an enzyme involved in GABA

synthesis by decarboxylation of glutamate to GABA and carbon dioxide, where insolubility

84
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was strongly associated with a subset of CMIs patients. We further investigated the GAD2
tendency to aggregate using cellular models of overexpression. In a neuroblastoma cell line
in vitro model, GAD2 showed an clear aggregation pattern, visualized by
immunofluorescence without any external trigger factor. The insoluble GAD2 inclusions were
also detected by biochemical purification.

This study which is currently prepared for submission for publication describes the insoluble
proteome of CMIs patients, presenting specific biological signatures associated with
psychiatric conditions that cross the clinical diagnostic boundaries. Ultimately, in the long
term, the identification of the insoluble proteins associated with psychiatry conditions might

lead to novel diagnostic procedures and generate novel therapeutic targets.
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Abstract

Chronic mental illnesses (CMIs) are complex and devastating brain conditions without a clear
biological origin or molecular pathway characterization. Disturbance in protein homeostasis, so-
called proteostasis, resulting in protein misfolding and subsequent aggregation recently came
into focus as one putative biochemical hallmark of chronic brain disorders. An aberrant
proteostasis signature of candidate proteins has been shown to define biological subsets of CMI

patients.

Here, we attempted to identify novel misfolded proteins present in the insoluble proteome of CMI
patients, in order to identify such biological subsets associated. We could show that post mortem
brain samples from two large independent cohorts of human brains, the Stanley Medical
Research Institute (sMRI) and Lieber institute brain collection (LIBD), including patients with
affective disorders and schizophrenia, exhibited a similar protein insolubility phenotype. By using
a functional proteomics approach, we identified more than 300 proteins in sMRI and 180 in LIBD
exclusively in the insoluble proteome of CMI patients. Sarcosyl-insoluble aggregates of
glutamate decarboxylase 2 (GAD2) protein were found in a subset of CMI patients. By applying
immunofluorescent and biochemical assays, GAD2 aggregation was reproduced in a cellular

neuroblastoma model.

Our data shows that there is a specific biological signature of insoluble proteins in mental iliness
with misassembled GAD2 as a novel candidate protein associated with sporadic CMI, crossing

the clinical diagnostic boundaries.
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Introduction

Chronic mental ilinesses (CMIs), such as schizophrenia, major depression, and bipolar disorder,
are complex heterogeneous disorders with a strong genetic (familiar) and non-genetic (sporadic)
component association. So far, the etiology of these diseases is still unknown with the diagnosis
relying almost exclusively on subjective psychiatric interviews . CMIs are polygenic conditions
characterized mostly by genome-wide association studies (GWAS). So far, they failed in
identifying a hit that explains the disease etiology 2 . As in other chronic brain diseases such as
neurodegenerative disorders (NDs), most CMI cases are known not to be hereditable, thus
involving non-genetic causes * *. However, it remains unclear which molecular pathways are
responsible for the sporadic forms of the disorders. In analogy to the NDs, we rationalized that
also in CMIs due to their chronic course, changes in the protein homeostasis would appear °.
Misassembly of candidate proteins such as DISC1 °, dysbindin-1 7, CRMP1 8, TRIOBP-1 °, and
NPAS3 ' were previously considered as signatures for a subset of CMI patients crossing the

clinical diagnosis boundaries.

In order to gain further insight into the molecular pathways involved in CMI, a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based proteomics approach was
performed with the insoluble proteome of CMI patients. In the past years, mainly studies at the
genomic level are being performed "%, So far, counteracting to other chronic brain disorders
such as NDs, there is only a published study performed in the insoluble proteome of post
mortem schizophrenia brain samples. Nucifora et al. characterized a subgroup of schizophrenia
patients based in an increased ratio of insoluble and ubiquitinated proteins in comparison with
the healthy controls ™. However, the singularity of our study was the identification of an insoluble
proteome pattern containing aberrant proteins in CMIs patient brains from two independent post

mortem human cohorts, and that crosses the clinical diagnostic.
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Glutamate decarboxylase 2 (GAD2 or GADG65) was identified to be detergent-insoluble in a
subset of CMI sporadic cases in both brain collections analyzed. Surprisingly, the paralogous

GAD2 gene, glutamate decarboxylase 1 (GAD1 or GADG67), was not detected in our analyses.

In the adult brain, two isoforms of glutamate decarboxylase (GAD) enzyme are expressed and
encoded by two independent regulated genes. They have a critical role in gamma-aminobutyric
acid (GABA) synthesis by decarboxylation of glutamate to GABA and carbon dioxide .
However, they have distinct brain distributions and play a different functional role in the central
nervous system '® . GAD2 is mainly present in the GABAergic synapses and associated with
vesicles, being transiently activated in response to the high demanding of GABA during intense

17

synaptic activity . GAD1, on the other hand, is constitutively active, being distributed

throughout the cytosol and contributing to the majority of GABA production levels 8.

Here, we demonstrated the presence of detergent-insoluble GAD2 in a subset of CMI patients
from two large cohorts of independent post mortem human brain collections (100 samples from
LIBD and 50 from sMRI). Using a neuroblastoma cell model, we could demonstrate that GAD2
but not GAD1 has a natural propensity to aggregate in vitro. An insoluble proteome list of
chronic psychiatric disease-associated cases was generated and validated, using mass-

spectrometry analysis as a tool.

This data might contribute to defining unique biological signatures of subsets of CMI patients,

based on specific misassembled proteins.
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Materials and Methods

Post mortem Human brain material. Post mortem brain tissue of the Consortium Collection
referred to as sMRI collection was obtained from the Stanley Medical Research Institute . A
total of 60 (Brodmann's area [BA] 6) frozen frontal cortex samples, n=15 healthy controls, n=15
schizophrenia, n=15 major depression, and n=15 bipolar patient samples were provided. In the
case of LIBD collection, a total of 100 post mortem brain tissue samples were evaluated
according to the respective clinical diagnosis: n=50 healthy controls, n=25 schizophrenia, and

n=25 major depression patient samples were obtained from BA23 cingulate cortex .

Rodent brain samples. Brains from 3 months old male transgenic rats expressing human
DISC1 ?' were extracted according to methods approved by the LANUV (State Agency for
Nature, Environment and Consumer Protection), North Rhine-Westphalia, Germany. Brains from
6 months old male mice overexpressing the 383 aa form of human tau with a P301S mutation %

were a gift from Dr. Michel Goedert (University of Cambridge, UK).

Insoluble protein fraction purification. For the insoluble proteome extraction via the high
stringency protocol (Method 1), rodent brain samples were homogenized to 10% (w/v) in 50 mM
HEPES pH7.5/250 mM sucrose/5 mM magnesium chloride/100 mM potassium acetate/2 mM
PMSF containing a protease inhibitor cocktail and were lysed by the addition of Triton X-100 to a
final concentration of 0.5% (v/v). The lysate was then centrifuged at 20,000 x g for 20 min. The
pellet was resuspended in the same buffer (including Triton X-100) and centrifuged a second
time. Then, the pellet was resuspended in a high sucrose buffer containing 50 mM HEPES pH
7.5/1.6 M sucrose/100 mM potassium acetate/1 mM PMSF/0.5% Triton X-100 and

ultracentrifuged at 130,000 x g for 45 min. This step was repeated a second time. The pellet was
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resuspended in a high salt buffer containing 50 mM HEPES pH7.5/1 M sodium chloride/20 mM
magnesium chloride/30 mM calcium chloride plus 40 units/ml DNase | and a protease inhibitor
cocktail. The solution was then incubated at 4 °C for 16 hours on a rotary wheel and afterwards
ultracentrifuged at 130,000 x g for 45 min. The pellet was resuspended again in the high salt
buffer (minus the DNasel) and ultracentrifuged at 130,000 g for 45 min. In the next step, the
pellet was resuspended in a sarkosyl buffer with 50 mM HEPES pH7.5/0.5% sarcosyl and
ultracentrifuged at 130,000 x g for 45 min. This was repeated and the final pellet subjected to
TCA protein precipitation. This entire procedure, including centrifugation steps, was done at 4 °C

and is adapted and optimized from one of our previously published protocols °.

The insoluble proteome of rodent brains and post mortem human brain samples extracted with
the low stringency protocol (Method 3) were homogenized to 10% or 5% (w/v) in 50 mM HEPES
pH7.5/250 mM sucrose/5 mM magnesium chloride/100 mM potassium acetate/2 mM PMSF
containing protease inhibitor cocktail. Homogenates were lysed by the addition of sucrose buffer
(in a 2:1 homogenate to sucrose buffer ratio): 50 mM HEPES pH 7.5/250mM sucrose/20 mM
magnesium chloride/100mM potassium acetate/2mM PMSF/3% NP-40/0.6% sarcosyl/15 mM
glutathione/120 units/ml DNase |, containing protease inhibitor cocktail. Lysis was performed for
16h at 4 °C on a rotary wheel. The following high sucrose / sarcosyl buffer was applied in a 5:4
homogenate to buffer ratio: 50 mM HEPES p H7.5/2.3 M sucrose/5 mM glutathione/1 mM
PMSF/1% NP-40/0.2% sarcosyl. The homogenate was then ultracentrifuged at 100,000 x g for
45 min. The pellet was resuspended in 50 mM HEPES pH 7.5/1.6 M sucrose/5 mM glutathione/1
mM PMSF/1% NP-40/0.2% sarcosyl and ultracentrifuged at 100,000 x g for 45 min. Pellet was
resuspended with a high salt buffer containing 50 mM HEPES pH 7.5/1.5M NaCl/5 mM
glutathione and ultracentrifuged at 100,000 x g for 45 min. Pellet was resuspended with a
sarcosyl buffer (60 mM HEPES pH 7.5/250 mM sucrose/5 mM glutathione/1% NP-40/0.2%
sarcosyl) and ultracentrifuged at 100,000 x g for 45 min. The final pellets from the rodent brain

samples were subjected to TCA protein precipitation. In the case of the extracted post mortem
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human brain samples, the insoluble fraction was solubilized in a dissolution buffer containing
5 M Triethylaminbicarbonat/ 8 M urea/ 1% SDS/ 10 mM Tris (2-carboxyethyl) phosphine
hydrochloride. This entire procedure, including centrifugation steps, was done at 0-4 °C and is
adapted and optimized from one of our previously published protocols 2. Insoluble proteome
purification for neuroblastoma cells (NLF) was performed using the previously described low

stringency protocol.

TCA protein precipitation. Proteins present in last pellet fraction were precipitated with a 25%
solution of 2,2,2-trichloroacetic acid (TCA) and incubated on ice for 30 min. The eluates were
centrifuged at 22,000 x g for 15 min at 4°C and the resulting pellets were washed 2x with cold
acetone. The resulting insoluble pellets were air-dried and solubilized in 2x SDS-loading buffer

containing 2% B-mercaptoethanol.

Liquid chromatography-mass spectrometry (LC-MS) analysis. The sample preparation and
mass spectrometry analysis were performed as described previously #*. The proteins were
separated on a 10% SDS polyacrylamide gel, fixed overnight ( 50% ethanol/ 3% phosphoric
acid) and stained with colloidal Coomassie Brilliant Blue G (Sigma-Aldrich). Each sample lane
was split into two fractions and cut into small fragments. The gel pieces went through two
subsequent destaining cycles with 50% acetonitrile in 50 mM ammonium bicarbonate,
dehydration in 100% acetonitrile and rehydration with 50 mM ammonium bicarbonate. After the
second dehydration, the fragments were digested with Trypsin/Lys-C Mix solution (Promega) in
50 mM ammonium bicarbonate overnight in a humid chamber at 37°C. Peptides were extracted

twice with 150uL 50% and 80% acetonitrile in 0.1% TFA and dried in a speedvac.
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Peptides were re-dissolved in 2% acetonitrile/ 0.1% formic acid solution and injected into the
Ultimate 3000 LC system. A 5 mm C18 PepMap 100 column was used to trap the peptides for 5
min before its separation on a homemade 200 mm C18 Alltima column at a flow rate of 5
ML/min. The acetonitrile concentration was linearly increased from 5 to 22% in 88 min, to 25% at
98 min, to 40% at 108 min and to 95% in 2 min. The peptides were electro-sprayed (at 5500 V)
into the TripleTOF 5600 MS (Sciex) operated in data-dependent mode. A single MS full scan
was acquired (m/z 350-1250, 200 msec) followed by the top 20 most abundant precursors
MS/MS (m/z 200-1800, 100 msec) at high sensitivity mode in LOW resolution (precursor ion >
100 counts/s, charge state from +2 to +5). CID spread energy was set to 15eV and the exclusion
time window to 16 sec. The data were analyzed using MaxQuant software (1.5.2.8) with default

settings %°. Label-free quantification (LFQ) was enabled with an LFQ min. ratio count of 1.

Proteins described in the insoluble proteome list were categorized according to LFQ or Intensity

Based Absolute Quantification (iBAQ) values (description in the figure legend).

Immunoblot. For total homogenates and TCA precipitated fractions, 10 ug/ml of each sample
dissolved in NUPAGE LDS Sample Buffer (4X plus 8% B-mercaptoethanol) were applied to the
gel. For the insoluble fractions, 15 ul of solubilized pellet in NUPAGE LDS Sample Buffer (4X,
plus 8% [B-mercaptoethanol) was applied to the gel. Novex NUPAGE SDS-PAGE Gel System
(Thermo Fisher Scientific) with the corresponding NUPAGE Novex 4-12% Bis-Tris Midi Protein
Gels, NuPAGE MES SDS Running buffer was used. Proteins were transferred to a nitrocellulose
membrane and then blocked with 5% nonfat milk in PBS containing 0.05% Tween-20, for 1h at
RT. Western blot analysis was performed with the correspondent antibodies described and
followed by a secondary species-specific antibody (IR Dye 680 or 800; LICOR Corp.). The

membrane was scanned using the LI-COR Odyssey CLX. Band intensities were calculated from
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the fluorescent signal using the Image Studio Version 2.1 software (LI-COR Biosciences). Total

protein in acrylamide gels was visualized using InstantBlue (Expedeon, Swavesey, UK).

Cell culture and immunocytochemistry. The human neuroblastoma cells (SH-SY5Y and NLF)
were obtained mycoplasma-free from the DSMZ (Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany). NLF cells used in sequential
biochemical fractionation were seeded in a 6-well plate format with a cell density of 5 x 10°
cells/well. Twenty-four hours later, cells were transfected with Metafectene (Biontex) according
to manufacturer’s instructions in Opti-MEM reduced serum media (Invitrogen) for 24h, and then
the transfection medium was replaced for RPMI medium (Invitrogen) supplemented with 10%
(v/v) FBS (Invitrogen), 1% (v/v) L-glutamine (Invitrogen) and 1% (v/v) PenStrep (Invitrogen) for
another 24h. The insoluble protein purification was performed as described in the ‘Insoluble
protein fraction purification' section. SH-SYS5Y cells used in the immunofluorescence analysis
were seeded onto 13mm glass coverslips with a density of 5 x 10* cells/well. Twenty-four hours
later, pLHCX-GAD1 or pLHCX-GAD2 transfection was performed using Lipofectamine
(Lipofectamine 2000) according to manufacturer’s instructions in Opti-MEM reduced serum
media (Invitrogen) for 24h, and then the transfection medium was replaced for DMEM:F12
medium (Invitrogen) supplemented with 10% (v/v) FBS (Invitrogen), 1% (v/v) MEM Non-
Essential Amino Acids (Invitrogen) and 1% (v/v) PenStrep (Invitrogen) for 48h. For
immunocytochemistry analysis, cells were washed three times with PBS (Invitrogen) and fixed
with cold 4% (v/v) PFA in PBS for 10 min, followed for one washing step with PBS. Fixed cells
were permeabilized and blocked by adding 0.5% (v/v) Saponin (Sigma), 5% (v/v) nonfat milk,
1% BSA (Sigma) in PBS for 1h at room temperature (RT). Cells were incubated at 4°C for 16h
with GAD2 or GAD1 antibody (1:500; both mouse), washed 3x for 5 min with PBS and

subsequent AlexaFluor 488 secondary antibody (1:500; Invitrogen) for 1 h in PBS. Cells were
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mounted with ProLong Gold with DAPI (Invitrogen), and images collected with the 63x oil

objective of a Zeiss Axiovision Apotome.2 confocal microscope (Zeiss).

Quantitative real-time PCR. For the quantitative real-time PCR the mRNA expression levels of
human GAD2 were measured in post mortem RNA samples, obtained from the sMRI Array
Collection, resulting in a final n = 8 healthy control subjects, and n = 13 CMI patients. Fragment
Analyzer (Advanced Analytical Technologies, Thermo Fisher, USA) was used to test the RNA
integrity and only samples with RNA Quality Number (RQN) > 8 were used for the analysis. The
StepOnePlus Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA), the Platinum
SYBR Green qPCR SuperMix-UDG mix (Invitrogen, Carlsbad, CA, USA), and MicroAMP Fast
Optical 96-Well plates (Applied Biosystems, Carlsbad, CA, USA) were used for the gPCR: 10
min at 95°C, 40 cycles of 15 s at 95 °C and 60°C for 1 min. The data analysis was performed
with the StepOne Software v2.3 (Thermo Fisher Scientific, Waltham, MA, USA) and GAD2
expression was normalized to the expression level of ARF1 gene. The primer sequence used to
detect hGAD2 were forward primer: 5-TGCTCTTCCCAGGCTCATTG-3’ and reverse primer: 5'-
GGCACTCACGAGGAAAGGAA-3'. For normalization, primers targeting the housekeeping gene
ARF1 were designed: forward primer: 5-GACCACGATCCTCTACAAGC-3’ and reverse primer:

5-TCCCACACAGTGAAGCTGTG-3'.

Antibodies. Commercial antibodies were used against actin (#A2066, Sigma-Aldrich, Munich,
Germany), total tau protein (HT7# MN1000, Invitrogen), phosphorylated tau (AT8 # MN1020,
Invitrogen), glutamate decarboxylase 2 (GAD65 #26113, abcam) and glutamate decarboxylase
1 (GAD1 #26116, abcam). The following described antibodies were obtained from Human Atlas
antibodies (www.proteinatlas.org): ALDH4A1 (HPA006401), CLIC4 (HPA060804), GAD2

(HPA044637), HSP90B1 (HPA049856), MAP2K1 (HPA026430), TRIM23 (HPA039605).


http://www.proteinatlas.org)/
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Data Analysis. Data alignment, filtering, and characterization were initially performed in
Microsoft Excel by manual filtering. In the second stage, the data were independently analyzed

using the FunRich_V3.1.3 software %.
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Results

Low stringency protocol, an effective procedure to isolate the insoluble proteome from

brain tissue

In order to generate an insoluble proteome list from clinically diagnosed CMlIs patients, two
previously published protocols ® % to purify insoluble proteins from brain tissue were tested. The
methodology used consists of a sequential biochemical fractionation of brain homogenate, which
will be referred to as the high and low stringency protocol and mainly differ in the buffer
components and centrifugation speeds (Figure 1A, see Materials and Methods). The protocols
were validated using brain material from two distinct transgenic rodent lines, 3 month old DISC1
transgenic rats (tgDISC1) and 6 month old TauP301S mice, previously described as models for
aggregate-related disorders 2" %2, In a biochemical context, they are well-suited models for this
approach, since tgDISC1 rats modestly overexpressing non-mutant full-length human DISC1
exhibit insoluble perinuclear aggregates, that mimic the DISC1 protein misassembly found in
CMI patients ®. In the case of TauP301S, the P301S mutation in the human tau gene leads to
neurofibrillary tangle-like inclusions with the presence of sarkosyl-insoluble tau and

hyperphosphorylated tau, associated with frontotemporal lobar degeneration (FTLD) cases ’.

The high stringency protocol, which was developed to enhance specificity, detects exclusively
unfolded insoluble proteins such as DISC1, but not actin that is known to exist as insoluble but
still folded fibrous F-actin (Figure 1B). Surprisingly, phosphorylated and insoluble tau was barely
detected using this procedure (Figure 1C). Unlike high stringency, in the low stringency protocol
that was developed to enhance sensitivity both, insoluble DISC1 and phosphorylated tau
proteins were enriched in the sarkosyl-resistant pellet to a comparable extent (Figure 1B-C).
Considering that in the high stringency protocol the amount of lost protein during the sequential
fractionation was higher (Figure S1A), as well the methodology variability, we pursued with the

low-stringency-protocol for the insoluble proteome extraction in post mortem human brains.
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Next, we determined the amount of starting brain material required. Taken the supply of human
brain tissue and the potential procedure variability between fractionations into consideration, 200

pl with 10% (w/v) of brain homogenate was chosen to be used as starting material (Figure S1B).

Functional proteomic analysis generates a unique insoluble proteome profile of CMI

patients from two independent post mortem human brain collections

In order to advance our research in defining CMI subsets by insoluble proteome signatures, we
investigated pooled insoluble proteins of CMI patients from two distinct human cohorts.
Sequential biochemical fractionation using the previously described low stringency protocol (see
Figure 1A) was performed individually for each biological sample. The sMRI Consortium
collection contained frozen brain tissue from the frontal cortex (BA6) of 60 diagnosed post
mortem cases (n = 15 for schizophrenia, major depression, bipolar disorder, and healthy
controls). For LIBD collection, frozen brain pieces from the cingulate cortex (BA23) of 100
diagnosed post mortem cases, with (n = 25 for schizophrenia and major depression, n = 50
healthy controls) were used (see Table 1 for demographic information of both collections). For
both analyzed collections, brain samples were matched for age, sex, brain pH, and post mortem
time (PMI). The gender distribution in healthy control cases is significantly distinct between
collections (Table 1). With an exception for the brain pH, that was significant higher in the
healthy control and schizophrenic cases in LIBD cohort, there was no significant difference in
analyzed parameters between collections (see Table 1). For the LC-MS/MS analysis, the
insoluble proteome fractions were pooled according to the respective clinical diagnoses. We
assessed the global insoluble proteome of ~ 1,600 proteins of the sMRI collection, with 364
being exclusively present in CMI patient samples (Figure S2A) and ~ 900 proteins of the LIBD
collection, with 183 being solely present in CMI samples (Figure S2B). The overlapping proteins

found to be aggregated in both collections underwent further analysis.



Marreiros et al Insoluble GAD?2 15

Glutamate decarboxylase 2 (GAD2) was found as the principal insoluble candidate

protein in a subset of CMI patients.

There is considerable overlap in the symptomology and genetic background of psychiatric
disorders such as schizophrenia, bipolar disorder, and major depression %, even though they
are considered to be distinct disorders in the clinic. In our approach to biologically define subsets
of CMI patients by their insoluble protein signature we chose as the main analysis criterion that
proteins must be present in CMI conditions (schizophrenia, bipolar disorder, or major
depression) and absent in the healthy controls. A total of 18 proteins were identified in the
insoluble proteome of CMI patients in both collections (Table 2). Surprisingly, in our LC-MS/MS
analysis GAD2 protein, encoded by the GAD2 gene and an essential element in the control of
GABA synthesis, was identified to be insoluble in the patient samples diagnosed with bipolar
disorder and schizophrenia but not in the major depression condition (Table 2). A higher
immunoreactivity against GAD2 in the sarkosyl-insoluble fraction of a subset of CMI patients was
observed in comparison to healthy controls (Figure 2A). The ratio of insoluble GAD2 with respect
to the total GAD2 present in the starting material, also confirmed the high GAD2 insolubility in a
subgroup of CMI condition in comparison to the healthy controls (Figure 2B). However, changes
in GAD2 total protein levels were not detected (Figure 2A). In order to avoid false positive
insoluble protein candidates, samples from 12 patients were excluded from the validation study
as they exhibited unspecific immunoreactivity to all antibody tested (see red marks in Figure 2A;
Figure S3). Six major depression cases showed GAD2 immunoreactivity signal in the
immunoblot but not detected by mass spectrometry (MS) analysis. In those cases, we assume
that the insoluble GAD2 levels might be below the detection limit of MS technique- Typically, as
a drawback of this approach, highly abundant proteins with similar isoelectric point and
molecular weight mask the identification of less abundant proteins. In order to exclude a
possible variation in GAD2 mRNA levels, a quantitative real-time PCR (qQPCR) was performed

on the sMRI Array Collection, a separate collection of CMI brain RNA. No changes were
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detected in the expression of GAD2 in CMI patients in comparison to healthy controls ( 1.0 +
0.10 vs 1.2 £ 0.08) (Figure S4). Interestingly, the paralogue gene GAD7, also involved in the
control of GABA synthesis and previously associated with increased risk for schizophrenia 2°*',
was not detected in the insoluble proteome of CMI patients in our LC-MS/MS analysis. This data

demonstrated the presence of a well-described regulatory target of cell activity - GAD2 - in the

insoluble proteome of a subset of CMI patients, independently of a previous clinical diagnosis.

The chaperone protein endoplasmin encoded by the HSP90B1 gene has a role in stabilization
and protein folding. Even though it was detected also in the control samples, CMI cases
exhibited higher endoplasmin immunoreactivity in insoluble fraction in comparison to healthy

controls (11.0 £ 2.17 vs 7.7 + 0.66; p< 0.0001) (Figure S5).

Our data confirms our assumption of an aberrant protein homeostasis signature in CMIs and
furthermore suggests the existence of a biological overlapped between the distinct psychiatric

conditions.

Glutamate decarboxylase 2 (GAD2) shows an aggregation pattern in an in vitro cell model

To further elucidate the consequence of GAD2 insolubility for the cell, we investigated whether
the full-length form of GAD2 was also insoluble in an in vitro context. The human neuroblastoma
cell line SH-SYSY was transiently transfected with GAD2 and after 48 hours changes in GAD2
solubility were analyzed by immunocytochemistry (Figure 3A). GAD2 showed a strong
aggregation tendency in the cytoplasm of transfected SH-SY5Y cells (Figure 3A). In order to
exclude a false positive result, SH-SY5Y cells were in parallel transiently transfected with the
control GAD1 protein and no aggregated GAD1 structures in SH-SY5Y cells were detected
(Figure 3B). Insoluble GAD2 species were also analyzed in a biochemical context. GAD2

detergent-insoluble aggregates were purified from transfected SH-SYS5Y cells, using the low
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stringency protocol, and the total and pellet fractions were immunoblotted (Figure 3C). We
observed a GAD2 enrichment in the sarkosyl-insoluble fraction that was relatively higher in

comparison with the detected levels for the control protein GAD1 (Figure 3C).

The data presented here suggest a propensity of GAD2 to aggregate in vitro, in contrast to

GAD1, strengthening our previous observations in post mortem human brains.

Quantitative analysis of the insoluble proteome of CMI patients

Next, as a second analysis criterion, we investigated overlapping candidate proteins of both
human brain cohorts showing an increased fold change in CMI patients in comparison to healthy
controls. Twenty-nine proteins were identified in schizophrenia and major depression conditions

(Figure S6A).

Identified candidate proteins were validated by immunoblot analysis of sarkosyl-insoluble pellets
and homogenate from each case of the 60 fractionated sMRI brain samples. In an unbiased
screening, EHD3 and MAP2K1 proteins were selected to be validated. A subset of post mortem
major depression cases exhibited EHD3 (Figure S6) and MAP2K1 (Figure S6) immunoreactivity
in the insoluble fraction. However, there was no detected increased in the signal intensity, for
any of proteins tested, neither for major depression or schizophrenia cases compared to healthy
controls (Figure S6B-C). These data suggest that although we identified EHD3 and MAP2K1 by

MS analysis, we would need higher patient numbers for confirmation.
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Discussion

The in-depth analysis of proteins that are present in the insoluble proteome of post mortem
human brains of patients with chronic brain disorders is a promising strategy to characterize and
identify differential protein aggregation profiles associated with disease conditions. In our study,
we provide proof-of-concept by applying this strategy to identify, an insoluble proteome profile of
chronic psychiatric disorders, such as schizophrenia, bipolar disorder and depression. When the
insoluble proteome of CMI patients was analyzed from a large cohort of two independent post
mortem human brain collections, we identified insoluble GAD2 in a subset of sporadic cases of
the disorders, crossing the clinical diagnoses. The GAD2 aggregation phenotype could be

reproduced in vitro, demonstrating an intrinsically tendency of this protein to aggregate.

Proteins are essential components for the normal cell function, and highly susceptible to
changes in their homeostasis *. Neurodegenerative disorders are the best reflection of protein
homeostasis disruption forming misfolded proteins that form aggregates of various sizes and in
distinct subcellular compartments **. More subtle protein misassembly without visible deposits in
the brain were found to be associated with CMI conditions °. In our study, the insoluble proteome
from post mortem human brain samples of CMI patients and healthy controls were isolated by
sequential biochemical fractionation. Two purification protocols were tested to understand which
methodology is the most suitable to efficiently isolate the insoluble proteome (Figure 1A; Figure
S1). The defined low stringency protocol detects not only aggregated unfolded proteins, such as
DISC1 and tau but also actin which is insoluble due to its formation of high molecular weight but
still correctly folded F-actin fibers (Figure 1B-C). This protocol was initially developed as a more
sensitive method to identify aging-related insoluble proteins in rodents #. In comparison, the
described high stringency protocol that was previously developed to isolate sarkosyl-resistant
DISC1 ©, did not purify F-actin (Figure 1B-C). Curiously, with this procedure tau protein was

barely detected in the sarkosyl-insoluble fraction (Figure 1C). It has been well described in the
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literature that insoluble protein isolation efficiency is directly correlated with the biophysical
characteristics of the intended protein. An example of that is the optimized variation of a
standard sarkosyl-based protocol published recently. They could purify only the pathological
insoluble inclusions of TDP-43 from Amyotrophic lateral sclerosis (ALS) and FTLD patient brains
* Intracellular aggregates of insoluble tau protein, a hallmark of Alzheimer disease (AD) *°, are
frequently purified by formic acid extraction which also detects actin in the insoluble fraction .
That data is in concordance with our results for the low stringency protocol purification, where
insoluble and phosphorylated tau as well as actin was detected in the insoluble fraction. The use
of this procedure allowed us a more sensitive and extensive detection of insoluble protein

complexes.

The present study aimed to define a biological signature of the insoluble proteome of CMI
patients by using functional proteomic analysis to generate an insoluble proteome profile in
CMI. Many decades of research in psychiatry illness mainly based on genetic studies, produced
an extensive and conflicting database of candidate gene association. An elucidative example of
that are the GWAS studies, arguing that the inadequate statistical power is the primary reason
for the failure of moving forward in psychiatry research *’. Parallel to other chronic brain
disorders such as AD, where common variants in genes involved in AR processing are not
highlighted by GWAS studies %, also in CMI identification of biological subsets of patients might
be beneficial. Based on the analysis of misfolded proteins we might be able to better understand
the pathophysiology of these disorders ° or if biological subsets thereof, possibly crossing the
restricted purely clinical categorization of mental disorders. In order to do so and as an
uniqueness of our approach, in this study only the overlapping insoluble proteins detected in
both human brain cohorts were considered. Twenty-nine candidate proteins were observed to
have a fold change increase in their insolubility in schizophrenia and major depression patients
combined in comparison to healthy controls (Figure S6). Interestingly, there were no insoluble

candidates identified in both collections, when the single clinical diagnoses were considered
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individually. It makes us raise the point that disruption of protein homeostasis, leading to
misassembled or aggregated proteins might be the overlapped molecular event across
psychiatric conditions. It is in concordance with our previous publications, where aggregation of
DISC1 ©, dysbidin-1 /, and CRMP1 8 was found in a subset of patients across different

. " also

psychiatric diagnoses. In concordance with our findings, a recent study by Nucifora et a
using an MS approach to identify aggregated proteins in post mortem brain samples of
schizophrenia patients, described an association of high protein insolubility and protein
ubiquitination in a patient subset. The identified proteins, mainly being associated with nervous
system development and axon target recognition, were grouped according to their functionality

predicted by bioinformatics tools. However, no single insoluble candidate was further

investigated in their study ™.

From the insoluble proteome list generated here, eighteen insoluble proteins were identified to
be overlapping in both human brain samples of CMI patients and absent in healthy control
samples (Table 2). GAD2 protein, preferentially present in presynaptic terminals and responsible
for GABA synthesis for vesicle release *° was found to be present in the insoluble proteome of
schizophrenia and bipolar samples (Table 2; Figure 2). GAD2 also seems to have a natural
tendency to form aggregates, as it was seen in our in vitro experiments, in contrast to the
paralogous protein GAD1 (Figure 3). So far, only genetic variations in GAD1 were consistently

associated with CMIs, mainly in schizophrenia 2°*?

. Histopathological impairments in the
GABAergic system are associated with the cognitive dysfunction observed in schizophrenia
patients **. An overall reduction in GABAergic activity seems to be the most plausible scenario in
the disease: it has been suggested an initial presynaptic reduction of GABA synthesis ** *°,
followed by a compensatory reduction in the reuptake by the presynaptic protein transporter
GAT-1 ** %" and consequent upregulation of postsynaptic GABA receptors 2. However, it is still

not clear the crucial initial factor in the pathological cascade, which lead to GABAergic

neurotransmission changes related to the disease. Previous research in post mortem human
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brains did not reveal a consistent association of GAD2 %% with changes in Schizophrenia **

%A recent study showed a decreased expression of GAD2 full-length transcript in the prefrontal
cortex of Schizophrenia and bipolar patients, while a truncated form of this gene was shown to

51

be increased in bipolar and decreased in Schizophrenia patients °'. Despite the lack of
consistency in the literature showing a positive association of GAD2 with CMI, we hypothesize
that specific environmental challenges might lead to a protein homeostasis disruption and GAD2
misassembly. One possible explanation could be an intrinsic vulnerability of specific neuronal
subpopulations to external stressors ®2. A further investigation into the molecular mechanism
underlying GADZ2 protein insolubility and the physiological consequence of this phenomenon for
brain connectivity is necessary. It was also previously described that the absence of the GAD2
gene did not lead to a lethal phenotype. GAD2 knock-out (KO) mice appear to be healthy and do
not exhibit apparent morphological brain abnormalities >. In this mouse, also in concordance

with a phenotypic characteristic of SCZ patients, deficits in the prepulse inhibition test were

observed .

Similarly to other aggregated proteins *°, we hypothesize a gain of toxic function by misfolded
GAD2 as a possible explanation of CMI pathology in the identified patient subset. In

concordance with this thought, i.e. in tau KO mice models *°

a lack of neurodegenerative
phenotype was also observed, supporting the hypothesis that aggregation of tau protein
associated with AD and FTLD pathology is a consequence of a gain-of-toxic protein function .
A similar mechanism is being proposed for aggregated superoxide dismutase 1 (SOD1), found
as a hallmark of SOD1-familial ALS % ®° In a mouse model of overexpressed SOD1, a SOD1

aggregation and motor neuronal toxicity as seen in ALS patients ', whereas SOD1-KO mice

presents a lack of ALS-like phenotype .

Taken together, our results demonstrated an association of insoluble GAD2 with sporadic cases

of CMI, which might be a biological signature for a new subset of patients. By presenting an
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insoluble proteome list generated by functional proteomic analysis, a set of novel insoluble
candidate proteins was provided that could establish unique biological signatures for CMlIs
(Table 2; Figure S6A). Notably, as it was shown here, post mortem tissue analysis represents a

valuable resource to investigate the pathophysiology of psychiatric disorders.

Nonetheless, there are limitations that may affect the outcome of post mortem measurements %
® There are many factors commonly described that affect the tissue quality, since brain tissue
integrity is particularly sensitive to the manner of death or the process of obtaining and

stabilizing samples * * ¢

. For our study, the brain material was obtained from well
characterized human brain collections ' %. The factors that might affect the outcome of post
mortem measurements were carefully considered without a relevant variability in pH and PMI,

between individuals. Despite this, a difference in PMI time was observed in healthy and

schizophrenia patients between collections.

In past years, proteomic approaches have also been applied to blood, plasma, or serum from
psychiatric patients ®. In other disorders, such as AD, proteomic approaches using peripheral
material are being extensively used, to identify new biomarkers and better monitor the disease
progression in patients 2. As a next step, we suggest validating our findings in a different set

of biological samples

Here, applying a proteomic approach to two independent human brain cohorts, we identified a

proteome profile of misassembled proteins in sporadic cases of psychiatry disorders.

Further exploration of the consequence of certain protein misfolding for the brain might help in
understanding the molecular pathways underlying psychiatric disorders to improve the diagnosis

and generate novel therapeutic targets.
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Figure Legends

Figure 1. Sequential biochemical fractionation procedure used to purify the insoluble
protein fraction of brain tissue. (a) Schematic representation of method 1 and method 3,
defined as high and low stringency protocols respectively, were optimized to purify the insoluble
protein fraction from brain material. Samples were homogenized and solubilized with specific
buffers before a double or a single centrifugation step to separate supernatant and pellet
fractions. Full detail information can be found in the material and methods section. (b)
Biochemical analysis of homogenate and pellet (insoluble) fractions derived from 3 months old
DISC1 transgenic rat brain demonstrated aggregated DISC1 for both purification protocols. F-
actin is only detectable using low stringency protocol. (c) Corresponding immunoblot for tau and
F-actin purified from brain material of 6 months old TauP301S mice. Phosphorylated tau (pTau -
at positions Ser202, Thr205), total-Tau (tTau), and F-actin were only detectable with low
stringency protocol. In the results shown in b, ¢, DISC1 and tau insoluble fractions were enriched
relative to the whole homogenate signal (high stringency protocol: 6.67-fold, low stringency: 10-

fold). One out of the three independent experiments is shown.

Figure 2. Insoluble GAD2 is detected across distinct chronic mental ililness conditions
independent of clinical diagnosis. (a) Immunoblots for hGAD2 of sarcosyl-insoluble pellets
(top panel) and total homogenate (bottom panel) of 60 individual cases from the sMRI collection
with a differential clinical diagnosis of schizophrenia (S), bipolar disorder (B), major depression
(D) and healthy controls (C) are shown. Each lane corresponds to an independent biological
sample. The marked red samples were excluded from the analysis due to unspecific
immunoreactivity signal against different antibodies tested. Asterisks indicate immunoreactivity
above threshold (defined as the mean immunoreactivity for healthy controls) in the insoluble

pellet fraction. (b) Scatter plot of insoluble GAD2 signal in chronic mental illness (CMI) (n=34)
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cases versus healthy controls (n=14) [4.7 £ 0.87 vs 2.8 + 0.55; p < 0.0787]. The ratio of western
blot intensity signal of the insoluble fraction by the total homogenate, normalized to the loading
control actin (data not showed) is shown. Unpaired t-test with two-tailed Welch's correction was

used as a statistical test (**P < 0.01), means +SEM.

Figure 3. GAD2 aggregates in an in vitro neuroblastoma cell model. Immunocytochemistry
of SH SY5Y neuroblastoma cells transiently transfected with (a) full-length form of human GAD2
(pPLHCX-hGAD2), showing cytoplasmic aggregates (green- hGAD2; blue —DAPI, nuclear
staining) and (b) full-length form of human GAD1 (pLHCX-hGAD1) that did not show aggregated
structures (green- hGAD1, blue —DAPI, nuclear staining). Scale bars 10um. (c) Representative
immunoblot of total (Top panel) and insoluble (bottom panel) levels of hGAD2 and hGAD1
transiently transfected into NLF neuroblastoma cells. Quantification of band intensity of insoluble

by total levels are shown (n=2 £ SEM).
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Table 1. Demographic information of post mortem human brain samples from two

brain collections used for LC-MS/MS analysis. The sMRI collection consists of n=15

cases of schizophrenia (SCZ), n=15 cases of bipolar disorder (B), n=15 cases of major

depression (D), and n=15 healthy control cases. The LIBD collection consists in n=25 cases

of schizophrenia (SCZ), n=25 cases of major depression (D) and n=50 healthy control cases.

The table depicts mean values for age, brain pH, post-mortem interval (PMI) represented by

hours, and gender distribution. p values correspond to statistical analysis performed to the

analyzed variants in between collections. Pearson's chi-squared test was used as a

statistical test for gender distribution (**P < 0.0021); Unpaired t-test with two-tailed with

Welch's correction was used as a statistical test for age, brain pH and PMI (**P < 0.0021).

sMRI collection LIBD collection p
Healthy SCz D B Healthy scz D Healthy SCz D
Controls patients patients patients | Controls _patients _patients | Controls patients _patients
Case 15 15 15 15 50 25 25
Number
Gender Male 40 40 40 40 66 40 44
0.001** 0.0 0.567
(%) Female 60 60 60 60 34 60 56
Age (mean+SD ) | 48.1+28 445+34 465+24 423+3.0( 454+24 535+28 47.7+28| 0,526 0,051 0,786
pH (mean+SD) | 6.3+0.1 6.2+01 6.2+01 6.2+01| 65+0.0 64+00 6.2+0.0 | 0,001* 0,005** 0,752
PMI (h) (mean+SD ) | 23.7+2.6 33.7+38 27.5+28 325+4.2( 326+23 404+40 415+64( 0,05 0,266 0,108
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Table 2. Insoluble proteins identified in chronic mental ililnesses patient samples
independently of clinical diagnostic Proteins listed were identified by mass spectrometry
in the insoluble proteome of CMIs patients independent of clinical diagnosis. Only proteins
overlapping to both post mortem human brain collections (sMRI and LIBD), as well as being
absent in healthy control samples were considered. Color code corresponds to a LFQ signal
intensity with dark blue being the lowest and red the highest values. Abbreviations: B =
Bipolar; D = Major depression; SCZ = schizophrenia; ID = unique identifier for each protein;
Uniprot = Uniprot accession code; gene name = gene name according with Uniprot

database; Description = Protein name/description derived from *.fasta database; Z# Unique

Peptides = sum of unique peptides per protein; LFQ = Label-free quantification values for

each sample analyzed. LFQ corresponds to the raw intensities and was normalized to

accurately reflected the relative protein amount.

Candidate proteins exclusively present in CMI patients
[Independently of clinical diagnosis]

sMRI collection

LIBD collection

. e S#Unique LFQ LFQ LFQ | LFQ LFQ
ID Uniprot gene name Description Peptides B D scz scz
1 splQ05329] GADZ_HUMAN _ Glutamate decarboxylase 2 5 5316 O 1951 800
2 sp|P14625] ENPL_HUMAN  Endoplasmin 17 78760 8901 4235 | 11247 10741
3 sp|094826] TOM70_HUMAN  Mitochondrial import receptor subunit 3 6198 955 859
4 sp|095716] RAB3D_HUMAN Ras-related protein 3 7155 7744 3612
5 sp|P14866] HNRPL_HUMAN Heterogeneous nuclearribonucleoproteinL 17 3698 1135
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Supplementary Figure legends

Supplementary Figure $S1. Optimization of insoluble proteome purification
methodology in brain tissue from DISC1 transgenic rat. (a) The supernatants obtained
after the centrifugation steps with method 1 (high -), and method 3 (low- stringency protocols)
using DISC1 transgenic rat brain material, were analyzed. Supernatant fractions were
subjected to SDS-PAGE followed by Coomassie blue staining of total proteins. By using
method 3 (right panel) less material was lost during the fractionation procedure in
comparison with method 1 (left panel). (b) An immunoblot against DISC1, showing the
relevance of using optimized amounts of brain homogenate starting material in the low
stringency protocol. Actin is shown as a loading control, equivalent amounts of insoluble
pellet relative to starting material was loaded (a-b) Experiments were independently repeated

n>3 times.

Supplementary Figure S2. The total number of insoluble proteins detected in the
functional mass spectrometry analysis according to clinical diagnosis. (a) Identified
proteins in the insoluble proteome of post mortem human brains from the sMRI collection,
polled according to the differential clinical diagnostic of schizophrenia (S), bipolar disorder
(B), major depression (D). Only proteins absent in healthy control were considered. (b)
Corresponding analysis for the LIBD collection. The analysis was done according to the
differential clinical phenotype of schizophrenia (S) and major depression (D) and excluding
the mass spectrometry hits detected in healthy controls. Represented proteins were selected
according to, intensity Based Absolute Quantification (iBAQ) values obtained by the
calculation of raw intensities divided by the number of theoretical peptides. iBAQ values are

proportional to the molar quantities of the proteins.
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Supplementary Figure S3. Immunoblot analysis showing immunoreactivity signal in
the 12 samples excluded from the analysis for all tested antibodies. Sarcosyl-insoluble-
pellets from 60 sMRI collection patients clinically diagnosed with schizophrenia (S), bipolar
disorder (B), major depression (D), and healthy controls (C). Arrows mark immunoblotted
samples probed against GAD2, endoplasmin, EHD3, and MAP2K1 that were excluded from

the analysis due to immunoreactivity across all antibodies.

Supplementary Figure S4. Expression levels of GAD2 transcript in human brains.
Expression of GAD2 transcript in individuals diagnosed with CMI (n=13) versus healthy
control individuals (CTR, n=8) from the sMRI Array Collection of brain RNA. The y-axis

represents relative expression in the brain normalized to the ARF1 gene.

Supplementary Figure S5. Imnmunoblot validation of insoluble endoplasmin in chronic
mental illnesses patients. Western blot for endoplasmin in sarkosyl-insoluble pellets (top
panel) and the total homogenate (bottom panel) of 60 brains from sMRI post mortem human
brain collection. Each lane corresponds to an independent biological sample, clinically
diagnosed with schizophrenia (S), bipolar disorder (B), major depression (D), and healthy
controls (C). The marked red samples were excluded from the analysis due to the
immunoreactivity signal against different antibodies tested. Quantification of the
corresponding levels in insoluble pellet by the total homogenate is presented by scatter plot
(left panel) for all subjects considered in this experiment. Every single dot represents an
individual subject sorted in two distinct groups, CMI (n=34) and healthy controls (n=14).
Unpaired two-tailed t-test with Welch's correction was used as a statistical test (**P < 0.01),

with means represented +SEM.
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Supplementary Figure S6. Quantitative proteomic analysis identified 29 proteins with
increased insolubility in schizophrenic and depression patients. (a) Heatmap showing
the protein fold change for the 29 proteins identified in the insoluble proteome of
schizophrenia and major depression patients. Only proteins detected overlapping in the
insoluble proteome of both post mortem human brain collections were considered. The fold
change values correspond to the ratio of peptide intensity in disease versus control. For
sMRI collection, only proteins exhibiting > 1.5-fold difference were considered. In the overall
analysis, for LIBD collection, the intensity levels of the detected peptides was lower, meaning
that proteins with > 1.0-fold difference were taken into account. Protein selection was made
according to LFQ signal intensity and the color code corresponds to the fold-increase level
for each collection. (b-c) Sarcosyl-insoluble-pellets from the 60 patients in sMRI collection,
clinically diagnosed with schizophrenia (S), bipolar disorder (B), major depression (D), and
healthy controls (C) were analyzed by SDS-PAGE and immunoblotted against EHD3 and
MAP2K1. The marked red samples were excluded from the analysis due to the
immunoreactivity signal shown against different antibodies tested. The right panel
corresponds to the representative scatter plot for EHD3 and MAPK2. Data obtained by the
quantification of the western blot intensity signal in insoluble fraction by the total protein level

in the homogenate, normalized to the loading control — actin.
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Discussion

Discussion

Overall, the main aims proposed at the outset of in this dissertation were achieved. 1) The

assembly of toxic protein conformers featured in chronic brain disorders was investigated in

the context of proteostasis interference by viral capsid assembly. Acute infection with

influenza virus was identified as a possible risk factor for synuclein - and DISC1 — opathies,

by triggering the initial events of protein misfolding disorder cascade (Figure 2). 2) A

differential insoluble protein expression profile in the brains of CMI patients was identified

and characterized. Specially, insoluble GAD2 was identified as a biological marker of a

subset of CMI patients.
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Figure 2. lllustration summary of the findings discussed in the first part of this dissertation (Chapter 1; 2).

(A) In healthy brains, monomeric proteins can become misfolded and aggregate. PN components can act in the

protein refolding, disaggregation, and clearance avoiding the ‘off-pathway' reactions that lead to misfolded and

aggregated species. (B) Environmental factors, such as viral infections, could be coadjutants to other factors

(i.e., genetics) and inhibit the ‘on-pathway' reactions, favoring the formation of toxic aggregates, a hallmark of
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protein misfolding disorders — such as NDs and CMIs. The direct consequence is the neuronal degeneration in
NDs and the neuronal impairment in CMIs. Aberrant cellular host factors catalyze the assembly of protein
aggregates in a similar way to the ones used by the virus, to assembly their capsids.

An alternative view in the aggregation process associated with protein misfolding
disorders

Proteins are essential for the normal cellular function, and protein homeostasis maintenance
is crucial to avoid their accumulation in toxic species leading to the protein misfolding
disorders (206). During the folding process, proteins acquire different conformations until
they reach functional proteins. This is an extremely dynamic process that requires precise
control of PN to avoid that protein go to the ‘off-pathway' and form misfolded toxic species
(207). One point that remains questionable is the protein multimerization process, which is
still considered as a spontaneous cellular event that occurs mainly by self-assembly (208).

The arising question is, how a spontaneous event can occur in a crowded environment as is

a_cell? Following that idea, here, we suggested that protein aggregation is a catalyzed
process that involves the presence of ‘assembly machines' (page 25). In parallel to the viral
capsid assembly process, where the virus used the host cellular machinery to replicate
efficiently, we suggested that similar assembly machines are also involved in the aberrant
protein multimerization found in protein misfolding disorders. If we compare the virus lifecycle
(hours) and human lifecycle (decades), we immediately perceive that the virus needs to take
advantage of the host cell machinery, called ‘assembly machines', to efficiently infect a cell
(209). These assembly machines are incredibly complex transient cellular components
governed by allosteric sites. So far, and despite the impressive advances done in the
understanding of misfolding protein disorders (210), they remain incurable (211, 212). One of
the explanations for that might be that conventional pharmacologic approaches involve the
blockade of enzymes and receptors directly (213). An example is a y-secretase inhibitor —
Semagacestat from Eli Lilly & Co., which was in phase 3 of clinical trials for AD. Preclinical
animal studies showed a reduction in soluble AB and amyloid plaque burden. In 2011, it was
suspended due to ineffectiveness and the increased risk of skin cancer and infections (214).
For PD in a similar way to other NDs, a long list of clinical trial failures was described. MK-
0657 drug from Merck's company, that is an antagonist of NR2B subunit of the N-methyl-D-
aspartate receptor was proved to improve the motor symptoms in a preclinical model of PD.
However, an increase in systolic and diastolic blood pressure was the reason given in 2008
to halted the study (215). We suggest that targeting assembly machines might lead to
superior therapeutic efficacy since we are modulating a more physiological way of biological
regulation. That assumption is based on the results obtained after an antiviral compound
treatment developed against viral capsid assembly (203, 204) which a reduction in the Aj

oligomeric species was observed (chapter 1, page 25).
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These findings were the proof-of-principle that there is a shared mechanism between viral
capsid assembly and aggregate formation in protein misfolding disorders, that might be

mediated by cellular host factors, called ‘assembly machines’.

Viral infections: a real threat to protein misfolding disorders?

Disturbances in the proteome (imbalance in protein synthesis and degradation and a decline
in folding capacity), and metabolome (changes in the local microenvironment) can lead to
aberrant protein phase transitions that might be critical drivers for protein misfolding
disorders (216). With age, the brain becomes more susceptible to be affected by
environmental factors such as viral infections (217). Notwithstanding over the past several
years, significant advances have been made in identifying factors that contribute to the
pathogenesis of the disorders (218), there are still many critical open questions. A

remarkable one is, what the trigger mechanism for the conversion of a normal protein into the

misfolded form that leads to their accumulation in pathological cases, is? In concordance

with that, we investigated whether an H1N1 influenza A could trigger cellular events that lead
to protein aggregation. Following the hypothesis presented in chapter 1 (page 25) we
suggested that upon viral infection, the host cellular machinery is used by the virus to
catalyze their replication and that might lead to a disruption in protein homeostasis driving
aggregate formation (see chapter 2, page 36). Influenza A has demonstrated the ability to
infect the CNS without immediately fatal consequences. Across lifetime, multiple expositions
to HIN1 influenza A virus might affect the cellular protein homeostasis leading to chronic
brain disorders (219). In an H1N1 infected cellular model of human dopamine-like neurons
and an in vivo viral infected mouse brain, we observed an induction of misfolded a-syn and
DISCA1. A disruption in the autophagy system was also seen with viral infection, which might
explain the observed aberrant protein deposition. Remarkably H1N1 influenza A virus did not
disrupt the protein homeostasis of tau either TDP-43 (see chapter 2, fig S5), hallmark
insoluble proteins for AD and ALS respectively (see table 1). It is still not clear how
aggregates cause toxicity and cellular dysfunction, with variable modes of toxic function be
related to specific disease proteins and cell types (220). However, it is undeniable that
aberrant toxic depositions interfere with the proper function of PN. In a vicious feedforward
cycle a decreased in PN capacity, due to the initial aggregate mass, leads to an increase in
misfolded proteins that might end with a protein homeostasis collapse (221). In our study a
pharmacological modulation of H1N1 replication was investigated (see chapter 2, Fig. 4).
Oseltamivir phosphate, a drug commonly used in the treatment of acute, uncomplicated
illness due to influenza A and B infection was seen to prevent a-syn protein misfolding.
Taken the data present here (see chapter 2), we can consider H1N1 infection as a risk factor

for a-syn and DISC1 related disorders. That might us raise the next question: could be
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seasonal influenza vaccination used as a preventive procedure for PD, Dementia with Lew

bodies (DLB), or DISC1opathies? Considering the efficient pharmacotherapy, our data

suggest that it could be a very effective way to minimize the risk factor of influenza infection
for these disorders. Although the type of influenza vaccination administrated should be
considered. Currently, there are two main types of approved vaccines available, the trivalent
inactivated influenza vaccine (TIV) and the intranasal live attenuated influenza vaccine
(LAIV) (222). Since in our research we also described a requirement of an influenza virus
with replication ability to induce a-syn aggregation (see chapter 2, Fig. 3), we propose
avoiding the administration of LAIV as a prophylactic treatment until a negative interference
with proteostasis can be excluded. LAIV is administered intranasal and requires viral
replication in the nasal mucosa to trigger host immunization (223). Braak et al initially
hypothesized that sporadic PD could trigger by an environmental stressor, as a pathogen,
that enters the body via the nasal cavity and trigger the initial event cascade of a-syn
misfolding leading to a subsequent a-syn aggregation in the olfactory bulb (224). At that
point, no epidemiological studies have been performed investigating the effects of reliable
and regular influenza vaccination on the incidence of PD, DLB or CMis. Since influenza
vaccination, however, comes with minimal risk, based on our data and with the appropriated

precaution, we would recommend using them for the prevention of critical risk factor for NDs.

Accumulation of insoluble aggregates: a biological marker in sporadic mental
ilinesses

Analogous to NDs, the accumulation of insoluble proteins has been lately referred as a
potential hallmark for CMIs (78). So far visible deposits of toxic species were not found in
CMis patient brains, neither a progressive, and irreversible neuronal death is associated with
these conditions (225). Although, it has been hypothesized a subtler protein aggregation
phenotype that might lead to neurological impairments, reflecting neuronal dysfunction rather
than neuronal loss (226). It is well described in the literature that aberrant misfolded proteins
impair the neuronal activity at different levels, inducing synaptic deficits, neural network
changes, that precede the ultimate failure of neurological functions (227). That could be a
reasonable mechanism behind the psychiatry phenotypes found in the early stages of NDs
(228), which forms a continuum with the idea that cellular consequences of insoluble protein
deposits might be the overlapped mechanism for CMIs and NDs. Despite decades of

research in the field, why is there still a lack of a biological hallmark in the diagnosis of

mental illnesses? In the psychiatry field, CMIs are consistently considered as separate

clinical entities with distinct pathology and symptoms (229). However, when we have a closer
look at the genetic, molecular, and the cellular level is overlapping molecular players and

patterns are obvious. In line with this, the present study attempted to define a biological
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signature of insoluble proteins for subsets of specimens (5) even though the vast majority of
the studies still focusses on the analysis of the proteome of specific brain tissue in disease vs
control conditions. In such studies, several candidate proteins differentially expressed and
related to specific pathways that might be a tissue-type response associated with nonspecific
aspects of the disease, rather than a pathophysiologic effect are identified (230, 231). This
concern was well-reviewed in work published by English et al. They combine proteomic
studies done in SCZ and NDs patient samples and described a significant overlapped in the
identified candidate proteins (232). In the analysis present here, we attempt to counteract the
lack of specificity in this approach, and we focus on the subproteome of our interest — the
insoluble proteome which represents a functional preselection (see chapter 3, page 84). The
common insoluble candidate proteins in two independent post-mortem human brain cohorts
were used. One of the two proteins involved in GABA synthesis (GAD2), by the
decarboxylation of glutamate to GABA, was identified as a biological marker for a subset of
CMis patients (see chapter 3, Table 2, Fig. 2,). To our knowledge, GAD2 insolubility has not
been reported in the context of any of the chronic brain disorder. In the study published by
Metaxas et al, the analysis of the insoluble proteome of an amyloidosis mice model
(APPgwe/PS1agg), demonstrated GAD2 downregulation in disease vs wild-type animals at the
different time points of disease progression (3 and 24 months) (233).

Therefore, the value of the data generated here is the initial evidence to establish GAD2 as a
possible biological hallmark for CMIs. Determination of the functional consequence of GAD2
insolubility for GABA production, as well as, how that modulates the glutamate/GABA-
glutamine cycle, and ultimately disrupt the excitatory/inhibitory balance, will be our next

attempt.
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The last years have been marked by an increase in research leading to remarkable findings
in the pathophysiology of chronic brain disorders. Despite the unknown aspects of these
disorders, the still critical point is ‘What is the relationship between protein homeostasis
disruption and the pathologies?’. So far misfolding protein disorders, such as NDs and CMIs,
remains incurable. Translating the basic research to new therapeutic approaches is being the
central issue in the field. Although that reality seems not to change soon, due to the lack of
new perspectives in the pathological phenomena, that is poisoning further progression.
Should protein homeostasis disruption be considered the common mechanism that plays out
across the protein misfolding associated pathologies? Or is the aberrant accumulation of

toxic species only the consequence of a neuronal impairment that occurs in the pathologies?

In a different perspective, the present work has addressed some central points that might
help to give new insights into the field: 1) A new angle in protein aggregation assembly
mechanism was proposed, suggesting a novel and potent therapeutic target for protein
misfolding disorders; 2) A suggested synuclein- and DISC1 - opathy etiological mechanism in
which influenza A infection might be a seed for protein aggregation. These findings
emphasize the evidence found in the literature that viral and other microbial infections, may
play a role in the pathogenesis of misfolded disorders; 3) Applying the previously published
theory of insoluble proteins as a hallmark of CMls, a new biological marker was described for
a subset of CMIs patients. Consider the similarities found in protein misfolding disorders,

advances done in NDs research might be used as a mold in the psychiatry field.
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