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SUMMARY
Prion diseases, also known as transmissible spongiform encephalopathies (TSEs), belong to a
class of fatal neurodegenerative disorders characterized by vacuolation and neuronal loss in the
brain paralleled by cognitive and motor impairments.
The main pathological event at the basis of these disorders is the conformational conversion of
the physiological cellular prion protein (PrPC) into the misfolded and pathological isoform,
called PrPSc, which acts as a corruptive seed, initiating a chain-reaction of PrPC-misfolding and
aggregation.
So far, several studies have focused on the ability of small molecules to interfere with the
conversion mechanism, by either binding and stabilizing PrPC or blocking PrPSc aggregation
and accumulation.
However, we are still quite far from finding a cure, thus new therapeutic strategies and targets
are required.
Mounting evidence suggests that in addition to gene coding for the PrP (PRNP) other genes may
contribute to the genetic susceptibility of TSEs.
Indeed, recently, several studies reported that SERPINA3 (also known as alpha-1antichymotrypsin), and its orthologue in mouse SerpinA3n, is strongly up-regulated in different
model of prion diseases, both at mRNA and protein level.
Moreover, increased overexpression of this serpin it is found in prion-infected human specimen,
suggesting its possible involvement in the pathogenesis and progression of these disorders.
Since serpins are serine protease inhibitors, we hypothesized that SERPINA3/SerpinA3n are
involved in prion progression via inhibition of the protease, or the proteases, involved in prions
clearance.
Thus, given that all of the PrP- targeted therapeutic strategies developed until now have not been
successful in the clinical practice, one of the aims of the thesis is to propose a novel drug strategy
to clear prions interfering neither with PrPC nor with PrPSc.
Therefore, we decided to test, in models of prion diseases, the activity of anti-SERPINA3 small
molecules to evaluate possible changes in prion accumulation.
Moreover, we have investigated how this serine protease inhibitor is upregulated during prion
infection, focusing on the signaling cascade involved in this process.
In the second part of the PhD project, we tried to identify pathways correlating prion
accumulation and SERPINA3/SerpinA3n upregulation, with a special focus on the role of the
JAK/STAT3 pathway.
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1. INTRODUCTION
Neurodegenerative diseases are devastating disorders affecting million people worldwide. The
incidence of these diseases is high, and approximately 35 million of people worldwide are
affected. Nowadays, neurodegeneration represents one of the main threats to public health and
one of the major causes of death.
Indeed, the World Health Organization (WHO) reported that this number is predicted to further
increase, reaching more than 100 million people affected by 2050 (WHO) (Figure1).
This group of diseases include prion diseases, Parkinson’s disease (PD), Alzheimer’s disease
(AD), Huntington’s disease (HD) and Amyotrophic Lateral Sclerosis (ALS) among others
(Benetti, Gustincich, & Legname, 2012).
These disorders affect the nervous system determining the progressive loss of function and death
of nerve cells, causing severe motor symptoms (such as ataxia, tremors and balance impairment)
and a deleterious and fatal cognitive decline (such as insomnia, memory loss and apathy).
Among them neuro-infections constitute the sixth cause of neurological consultation in primary
care services worldwide and, even with the advent of effective antibiotics and vaccines, remain
a major challenge in many parts of the world (WHO neurological disorders report web).
Among these maladies, prion diseases represent fatal neurodegenerative disorders with a still
uncertain mechanism of action.
Prion diseases affect both humans and animals and during the ‘90s were the cause of the BSE
pandemic and, from that moment on, the entire scientific community focused its attention into
finding a possible cure.
Even though the spreading of these maladies is limited, many efforts are trying to explain the
mechanism at their basis.
Indeed, prion diseases have the unique feature of being transmissible even though the infectious
material lacks a genetic component.
In fact, according to the prion paradigm the main event that leads the development of prion
pathology is the conformational conversion of the physiological cellular prion protein (PrPC)
into the pathological misfolded isoform (PrPSc, where Sc stands for scrapie).
Noteworthy, in the last decade, several studies highlighted a relationship between prion disease
pathogenesis and the mechanisms at the basis of other neurodegenerative disorders like AD, PD
making the research in prion diseases still appealing.
Neurodegenerative disorders share the presence of pathological protein aggregates as the
hallmark of the disease, which are responsible for the typical pathological lesions: amyloid-β
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(Aβ) deposits and tau inclusions as neurofibrillary tangles (NFTs) in AD (Goedert, Spillantini,
& Crowther, 1991; Hardy & Higgins, 1992), α-synuclein (α-syn) inclusions in Lewy bodies in
PD (Spillantini et al., 1997), huntingtin aggregates in HD (Vonsattel & DiFiglia, 1998), Cu/Zn
superoxide dismutase (SOD1) and TAR DNA-binding protein 43 (TDP-43) in ALS (Neumann
et al., 2006; Rosen, 1993) and prions in human and animal transmissible spongiform
encephalopathies (Prusiner, Scott, DeArmond, & Cohen, 1998) (Table1).
These proteins are characterized by the alteration of their folding: basically, what happen is a
conformational change in the secondary or tertiary structure of the protein, which leads it to be
toxic and/or to a loss of its biological activity.
The main feature of misfolded proteins is the enrichment in β-sheet structures instead of α-helix
ones, determining the stabilization of oligomers and making the aggregates insoluble and
infectious. This conformational change can be induced by mutations, chemical modifications,
and environmental changes, but in the majority of cases unknown causes determine this
changing, like in sporadic prion diseases.

Figure 1. Dementia World Health Organization report

NEUROLOGICAL DISEASES

PROTEIN AGGREGATES

ALZHEIMER’S DISEASE

Aβ and tau

PARKINSON’S DISEASE

Α-synuclein

HUNGTINTON’S DISEASE

Hungtintin

AMYOTRPHIC LATERAL SCLEROSIS

SOD-1 and TDP-43

PRION DISEASES

Prions

Table 1. Schematic illustration of typical misfolded proteins for different neurological diseases.
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1.1 PRION DISEASES
Prion diseases, also known as transmissible spongiform encephalopathies (TSEs) are a group of
fatal neurodegenerative disorders that affect both animals and humans.
Among animals can be found bovine spongiform encephalopathies (BSE), also known as ‘mad
cow disease’, chronic wasting disease (CWD) in moose and deer, feline spongiform
encephalopathies (FSE) in cats and Scrapie in sheep and goat among others.
In humans they include Creutzfeldt-Jackob disease (CJD), Kuru, Gerstmann-SträusslerScheinker disease (GSS) and fatal familial insomnia (FFI) among others.
Human prion diseases can be classified into three different classes, based on their aetiology:
sporadic, inherited and acquired.
The prevalence of these diseases in human population is rather low (~1 to 2 cases per million
population per year, mostly among aged population) and the incubation period may be quite
long from as little as 5 years to up to 40 years in Kuru. Once first symptoms arise the disease
progression is very rapid.
From a histological point of view, they are all characterized by similar features, as the presence
of spongiform vacuolation, astrogliosis and amyloid plaques deposition even though the clinical
profiles can differ among the distinct prion diseases (Budka, 2003).
They have been discovered as infectious maladies around 1930, when two researchers of the
Toulouse national veterinary school study J. Cuillé and P. L. Chelle in 1938 demonstrated the
transmissibility of scrapie to sheep.
Moreover, thirty years later D. C. Gajdusek demonstrated prion diseases infectivity through
chimpanzee inoculation with Kuru and Creutzfeldt-Jackob disease brains (Gajdusek, Gibbs, &
Alpers, 1966; Gibbs et al., 1968). Despite this convincing evidence, the cause of the infectivity
of these diseases remained unexplained for sometime.
Only into 1982, Stanley B. Prusiner defined the prion diseases-causing agent, calling it
‘PRIONs’, standing for "PRoteinaceous Infectious ONly particles", lacking nucleic acids
(Bolton, McKinley, & Prusiner, 1982; Prusiner, 1982) (Figure 2).
Additional studies were carried out to find the molecular and biochemical structures of these
particles, to explain the mechanism of infection which is based on the conformational
conversion of the cellular prion protein (PrPC) into the so-called prion, or scrapie prion protein
(PrPSc).
During these attempts, it was discovered that a 27-30 kDa protein was the major protein present
in the brain homogenate extract from scrapie-infected hamsters after partial digestion with
protease; however the same protein has been also identified in the brains of infected animals
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prior to the appearance of clinical signs, excluding it from the possibility to be the pathological
isoform, even if it was identified as a part of it (Bolton, McKinley, & Prusiner, 1984).
Hereafter, the isolation of the infective particle proceeded to identify the specific pathological
particle. By the mean of immunoblots, a 33-35kDa PrP was found in brain homogenates of
scrapie-infected hamsters (33-35 PrPSc) and a similar protein was also found into healthy brains
(33-35 PrPC). Only thanks to the action of Proteinase K-digestion it has been possible to
discriminate the two of them, shedding light on the properties of the infectious particle.
Indeed, after the enzymatic digestion it has been shown that 33-35 PrPSc was degraded to PrP
27-30, while 33-35 PrPC was totally degraded (Meyer et al., 1986).

Figure 2. Timeline of the events related to the discover of TSEs (Soto & Castilla, 2004).
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1.1.1 Prion protein
The prion protein can exist in two different forms, the cellular prion protein (PrPC) and the
scrapie prion protein (PrPSc). As mentioned above, the first one represents the normal cellular
form of the causative agent of PrPSc.
PrPC is the host-encoded isoform. It is a cell-membrane glycoprotein encoded by the PRNP
gene, located on the short arm of the chromosome 20 in humans and the Prnp gene located on
the chromosome 2 in mice.
PRNP gene is highly conserved among different species, and depending on the species, it can
contain either 2 or 3 exons, with the entire coding region limited to the last exon, thus excluding
possible alternative splicing (Colby & Prusiner, 2011), and it can transcribe an mRNA of 2.12.5 kb in length (Prusiner, 1991; Wulf, Senatore, & Aguzzi, 2017).
Mutations in the PRNP gene are associated with the development of different clinical
phenotypes of prion diseases, including CJD, GSS and FFI. More than 40 mutations are known
and they can be classified as: point mutations (i.e., single nucleotide substitutions), which can
cause an amino change (missense mutation), or be silent (do not cause alteration in the amino
acid sequence), or less commonly can cause the coding to prematurely terminate (stop or
nonsense mutation); and mutations of insertions and deletions, which have been associated with
prion diseases (Acevedo-Morantes & Wille, 2014; Lloyd, Mead, & Collinge, 2013).
PrPSc has the peculiarity of being infectious itself, which make it different from all the other
proteins.
In particular, it possesses the unique feature of being infectious even if devoid of informational
nucleic acid, inducing the normal PrPC into a likeness of itself (Prusiner, 1982).
Importantly, numerous experiments provide evidence for PrPC to be a key player in prion
replication induced-neurodegeneration: it was demonstrated that mice lacking the prion gene
are resistant to the disease and that PrPSc alone is not enough to cause the disease (G. Mallucci
et al., 2003).
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1.1.2 PrPC structure
PrPC is a sialoglycoprotein linked to the outer leaflet of the cell membrane via a C-terminal
glycosylphosphatidylinositol (GPI)-anchor.
It is synthesised as a precursor protein of 253 amino acids (aa) with a molecular weight of 3536 kDa (Figure 3). The N-terminal domain functions as a signal peptide needed for its
translocation to the endoplasmic reticulum (ER).
However, not all the precursors can be transferred to the ER, probably due to a fail into the
translation of the code from the signal peptide, remaining into the cytoplasm (Castle & Gill,
2017).
Generally, the majority of the PrPC precursor molecules translocate properly into the ER, where
they undergo to the cleavage of a C-terminal signal peptide and the addition of a
glycophosphatidylinositol (GPI) anchor, giving rise to the mature form of the protein of about
208 aa (from the aa 23 to the 230) (Benetti & Legname, 2015; Castle & Gill, 2017).
The tridimensional structure (Figure 4) is well conserved among the mammals and it consists
of two main domains: the C-terminal domain, which is the most structured part of the protein,
and the N-terminal domain, which is mostly unstructured, even if it has been shown to possess
some stable regions that can allow the protein to interact with other components (Taubner,
Bienkiewicz, Copie, & Caughey, 2010).
In fact, the unstructured N-terminal domain consists of unusual glycine-rich repeats which are
known as the octa-repeat regions (OR). This segment seems to be fundamental for the binding
to different cations, like copper, zinc, and iron among others (Benetti & Legname, 2015), even
if the role of those binding is still not completely understood.
Conversely, the C-terminal domain presents a globular structure consisting of 3 alpha-helices,
2 short anti-parallel beta-strands and loops (Benetti & Legname, 2015; Castle & Gill, 2017).
Moreover, a disulfide link is present between the alpha-helix 2 (H2) and the alpha-helix 3 (H3),
where two N-linked glycosylation sites are also present (Figure 3) (Acevedo-Morantes & Wille,
2014; Wulf et al., 2017).
When the PrPC moves from the ER to the Golgi, the N-glycans can be attached to the protein
and, at that moment, the protein is ready to be targeted to the cell membrane where it can be
exposed on the extracellular space through the GPI-anchor bond (Castle & Gill, 2017).
However, some PrPC molecules can be found retained into the inner part of the cell, meaning
that PrPC trafficking consists of different recycling processes (Ballmer et al., 2017; Magalhaes
et al., 2002; Sunyach et al., 2003).
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Following these recycling pathways, PrPC can be found into different intracellular compartments
which become other sites of prion conversion, as well as the plasma membrane (Figure 5)
(Beranger, Mange, Goud, & Lehmann, 2002; Goold et al., 2011; Marijanovic, Caputo,
Campana, & Zurzolo, 2009).
Unravelling the structure of a protein is a fundamental step to understand its function.
Concerning prion protein, discovering the structure of PrPC is particularly needed since its
destabilization causes the conversion into the pathological isoform, PrPSc.
In fact, in the physiological condition, PrPC is prevalently folded in alpha-helices, while in
pathological conditions it acquires a beta-sheet folding (Figure 6).
In this scenario, different studies put the attention to find the structural determinants involved
in the folding and stability of this protein. Particularly, it has been shown that the N-terminal
domain of the PrPC is necessary to maintain the folding of the globular domain, through its
stabilization, and also it seems that the OR region is involved in this process (Benetti &
Legname, 2015), probably due to the presence of the metal binding sites on it (Benetti et al.,
2014).
Moreover, even if the structure of PrPSc is known (Glynn et al., 2020) and different prions share
the same conformation and biochemical features (like protease-resistance core, insolubility in
non-denaturing detergents, high enrichment in beta-sheets structure etc), different forms of
resistant prion protein (PrPSc) possess different infectivity and give rise to different strains
(Tanaka, Chien, Naber, Cooke, & Weissman, 2004; Telling et al., 1996).
Thus, a deep investigation of the PrPSc structure can allow to shed light also to better understand
the existence of different prion strains and prion disorders.
Recently, the generation of synthetic prions gave the opportunity to go into details of prion
transmission and structure (Bistaffa et al., 2019; Legname & Moda, 2017; Moda et al., 2015).
Since in vitro-generated prions can offer higher control over fibril polymorph distributions, they
may give more rapidly structural insights into prion assemblies (Terry et al., 2019).
In this scenario, the discovering of the atomic structures of both recombinant and tissue-isolated
prion assemblies would lead to a better understand also of strain specific features (Glynn et al.,
2020).
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a)

b)

Figure 3. Schematic representations of the primary sequence of PrPC in humans and mice.
a) Schematic illustration of the primary sequence of the human PrPC (Acevedo-Morantes & Wille, 2014)
and the mouse PrPC b), showing protein domains, sites of post-translational modification, and binding
sites for divalent cations and protein interactors of functional relevance (Wulf et al., 2017).
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Figure 4. Schematic representation of the three-dimensional (3D) structure of PrPC (Legname,
2017).

Figure 5. Misfolding of the cellular prion protein (PrPC) into the scrapie isoform (PrPSc). Schematic
representation of the mechanisms and sites of prion conversion (Colini Baldeschi, Vanni, Zattoni, &
Legname, 2020).
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Figure 6. Representation of the difference in the structure of PrPC and PrPres a) Differences in the
structure of PrPC and PrPres; b,c) two different view of the three beta-sheets present in the structure of
PrPres (Glynn et al., 2020).

1.1.3 Proteolytic processing of PrPC and implication in health and disease
PrPC can undergo to different post-translational modifications, among which proteolytic
processing. This modification differs from the others for its character of irreversibility.
When a protein is subjected to this process it can be cleaved in different fragments, which can
have also different functions, thus, this mechanism could be the explanation for the absence of
a specific function for several proteins, as well as PrPC (Linsenmeier et al., 2018).
As showed in Figure 3 (b), PrPC presents three different sites of cleavage, called α, β and γ,
which give rise to different fragments of the protein.
The α-cleavage can occur between 110-111 aa and it seems to be caused by the action of
members of the disintegrin and metalloproteinase domain-containing protein (ADAM) family.
There are many reports about the members of the ADAM family involved in the α-cleavage,
and up to now not all the members have been linked to this process.
Among those involved in this process, it has been shown a role for the ADAM 8, 9, 10 and 17
(Altmeppen et al., 2012; Liang & Kong, 2012; Linsenmeier et al., 2017).
The α-cleavage can happen in acidic endosomal compartments or in the Golgi (Castle & Gill,
2017) and leads to the formation of two different fragments, called the N-terminal fragment
(N1) and the C-terminal fragment (C1) (Figure 7).
The N1 fragment is released from the plasma membrane, while the C1 fragment is retained on
the plasma membrane by the presence of the GPI anchor.
It has been reported that this event has a physiological relevance; in fact, the N-terminal part of
the protein is involved in a lot of functions, since it determine the stabilization of the globular
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domain and also it contains the region where the interaction with copper and other cations takes
part (Altmeppen et al., 2012; Benetti et al., 2014).
Moreover, both isoforms produced, N1 and C1, seem to have different functions.
It has been shown that the N1 fragment has a neuroprotective role. Particularly, it has been
reported that this fragment can reduce cell death by reducing p53-dependent cell death (GuillotSestier, Sunyach, Druon, Scarzello, & Checler, 2009) and probably stimulating the activity and
interaction of microglial cells with the other cell types in the brain (Carroll et al., 2020);
moreover, it has been shown that transgenic mice expressing a PrPC lacking of the N-terminal
displayed more evident signs of neurodegeneration if compared with mice expressing a normal
PrPC (A. Li et al., 2007). N1 is also able to counteract the toxicity of the Aβ-oligomers, by the
inhibition of its assembly into fibrils or reducing the derived cell death (Guillot-Sestier et al.,
2012; Nieznanski, Choi, Chen, Surewicz, & Surewicz, 2012).
Concerning the C1 fragment, its role is a matter of debate, and controversial data are available.
It has been shown from one group that it exerts toxic effect in vitro, by enhancing the cell-death
(Sunyach, Cisse, da Costa, Vincent, & Checler, 2007) while another group highlighted its
neuroprotective function against prion infection (Westergard, Turnbaugh, & Harris, 2011) and
a role into myelin maintenance in the peripheral nervous system (Bremer et al., 2010).
The other proteolytic processes that can happen are the β and γ-cleavage: the first one starts at
the end of the octarepeat region and give rise to the N2 and C2 fragments, while the correct site
of the second one needs to be defined.
The β-cleavage is made by the action of calpains, lysosomal proteases and by the direct action
of Reactive Oxygen Species (ROS) and it has been mainly linked to a pathophysiological
condition. In particular, C2 fragment has been found both in prion-infected cells and in brains
from CJD patients, and it also shares different features with the resistant core of the PrPSc
(PrP27-30), like the insolubility in non-denaturing detergents and a peculiar pattern of
electrophoretic mobility (Liang & Kong, 2012; Linsenmeier et al., 2017).
Recently, the γ-cleavage has been proposed. In 2016, Lewis and collaborators found another
fragment of PrPC, smaller than 10kDa, called C3, to which they referred as the product of another
proteolytic process that they named as γ-cleavage.
The prevalence of this proteolytic event is not so high, even if it has been found in CJD brains,
leaving the possibility of a pathological role of this event (V. Lewis et al., 2016).
The precise site of cleavage is not yet known but it seems to happen at the C-terminal of the
protein, possibly through the action of several matrix metalloproteases (MMPs) and during the
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endocytic recycling and/or retrograde transport of PrPC to the Golgi/Trans-Golgi-Network
(TGN) (V. Lewis et al., 2016).
Lastly, PrPC can be subjected to another cleavage, which give rise to the so-called shed-PrPC
(Stahl, Borchelt, & Prusiner, 1990; Tagliavini et al., 1992). It resembles a full-length PrP,
lacking only few aminoacid together with the GPI-anchor and it derives from the action of the
ADAMs, especially the ADAM10 (Taylor et al., 2009). The function of this cleavage is not yet
clear, but it has been proposed to be implicated in the regulation of the PrP membrane levels
and functions (Linsenmeier et al., 2017). However, it has been recently shown that the soluble
form of the PrP can influence the neurite outgrowth by interacting with the membrane anchored
PrP, as demonstrated by Amin and colleagues in 2016 (Amin et al., 2016). Moreover, it has also
been correlated with the establishment of prion pathology. Indeed, there are different studies
that claim shed-PrP as a neuro-protector against PrPSc accumulation (Altmeppen et al., 2015;
Chesebro et al., 2010; McNally, Ward, & Priola, 2009) while other studies claim that the
presence of a GPI-anchorless PrP would allow the spreading of the pathology (P. A. Lewis et
al., 2006).
Since PrP is subjected to several proteolytic processes, it is plausible that these events are
involved in the various PrP functions and roles, both in health and in disease.

Figure 7. Representation of the PrPC proteolytic cleavage. A) Representation of the cleavage sites on
the PrPC sequence. B) Representation of the different PrP fragments derived from the different cleavage
processes (Linsenmeier et al., 2017).
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1.1.4 PrPC expression and functions
PrPC is expressed throughout the entire life of an organism, starting from the embryogenesis,
and during the adulthood it reaches very high expression levels.
It is an endogenous, cell-surface glycoprotein with a wide expression in the organism; it is
present in different organs and tissues, but mainly in peripheral and central nervous systems
(PNS and CNS).
However, its physiological role is not yet well understood and a lot of studies, both in vivo and
in vitro, reported several discrepancies (Wulf et al., 2017).
In the CNS, PrPC is present both in neurons and in glia cells. In neurons is prevalently localized
at the synaptic level (Mironov et al., 2003) where it seems to be targeted by the presence of the
sialic acid on the GPI-anchor (Bate, Nolan, McHale-Owen, & Williams, 2016).
Due to this localization, it has been correlated with the regulation of synaptic activity. In fact, it
has been shown that mice devoid of PrPC show a reduced long-term potentiation (LTP) in the
hippocampus and a weaker inhibitory GABAergic synaptic transmission (Collinge et al., 1994).
LTP is engaged in synaptic plasticity and in learning and memory capacity and it has been shown
that Prnp KO mice present deficiencies in spatial learning and memory, due to the reduced LTP
activity (Coitinho et al., 2007).
Moreover, PrPC can be also involved in sleep homeostasis. In fact, some prion disorders, such
as fatal familial insomnia (Lugaresi et al., 1986), present the disruption of the sleep-wake cycle
as the principal symptom (Khan & Bollu, 2020). Indeed, it has been shown that mice devoid of
Prnp gene presented an alteration of the circadian rhythm with sleep interruption (Tobler et al.,
1996).
These roles can be explained by the fact that PrPC can interact with different players at the cell
membrane, activating different molecular responses into the cell.
Particularly, it has been shown that PrPC can interact with N-methyl-D-aspartate receptors
(NMDAR), inducing its post-translational modification, like the S-nitrosylation (Gasperini,
Meneghetti, Pastore, Benetti, & Legname, 2015).
As mentioned before, the N-terminal region of PrPC seems to be involved in the interaction with
different cations, like copper, which seems to be a key player in the modulation of the NMDA
receptor through S-nitrosylation (Benetti & Legname, 2015; Khosravani et al., 2008)
The alteration of the NMDAR regulation causes excitotoxicity and neuronal cell death following
a massive calcium influx, which determines the production and release of nitric oxide (NO) and
copper (Cu) into synaptic slot.
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The S-nitrosylation can impact on the NMDA receptor, inhibiting it by the modification of two
residues on the subunit GluN1 and three residues on the subunit GluN2A and it seems that PrPC
has a role in this process through the copper binding.
Since PrPC has a high affinity to copper ions and it shows a high expression levels in
hippocampal synapses, it is likely to bind copper when it is released in the synaptic slot.
When PrPC binds to Cu (II), it can determine oxidization of NO to NO+ through a reduction of
Cu (II) in Cu(I). At this point NO+ is able to bind to the subunits GluN2A and GluN1, inducing
the S-nitrosylation of NMDAR, fundamental to reduce the calcium influx and the subsequent
neurotoxic effects (Gasperini et al., 2015).
Thus, copper, PrPC and NO seem to act synergistically to regulate NMDAR, activating a process
of neuroprotection, which seems to be lost in prion diseases. This neuroprotective role seems to
be lost also in AD, since it has been shown that Aβ can alter the availability of the copper for
the NMDAR, disrupting its function of neuroprotection (You et al., 2012).
PrPC has also been associated with the regulation of cell stress. Indeed, it has been proposed to
directly interact with the stress-inducible protein 1 (STI1), inducing the activation of the prosurvival proteinase kinase A (PKA) pathway (Lopes et al., 2005).
Moreover, it has been related with the regulation of ROS and lipid peroxidation; it has been
shown that cells transfected with PrPC present lower ROS levels compared to the not transfected
controls (Rachidi et al., 2003).
It seems also that PrPC is able to protect against the exposure to oxidative toxins, maybe acting
on the antioxidant enzymes, like SOD1, that convert ROS into less toxic species (D. R. Brown,
Schulz-Schaeffer, Schmidt, & Kretzschmar, 1997; Paterson, Curtis, & Macleod, 2008);
however, not all the evidence agree with this hypothesis (Steinacker et al., 2010).
Moreover, it has been proposed that PrPC can impact on the Endoplasmic Reticulum (ER) stress
induced by the accumulation of misfolded or unfolded protein within the ER itself. In that case,
it has been observed that PRNP gene expression can be induced by the ER-stress; in fact, it has
been demonstrated that PrP levels are increased in cells treated with compounds able to induce
this kind of stress (Dery et al., 2013).
Since PrPC is a GPI-anchored protein present on the plasma membrane, it can interact with a
variety of proteins and it can be involved in the transmembrane signalling pathway (MouilletRichard et al., 2000).
Indeed, it has been reported that the 37/67-kDa laminin receptor (LR), involved in cell
migration, extracellular matrix remodelling and invasion (Khumalo et al., 2013), can interact
also with PrPC (Rieger, Edenhofer, Lasmezas, & Weiss, 1997) acting as a cell surface receptor
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(Gauczynski et al., 2001). In favour of this hypothesis, it has been shown that this interaction
can be interrupted by using a 37/67-kDa LR inhibitor, that acts stabilizing PrPC on the cell
membrane and inducing the recycling into the cytoplasm of the 37/67 kDa LR itself (Sarnataro
et al., 2016).
Interestingly, PrPC has been shown to interact not only with the receptor but also with laminin,
determining the induction of neuritogenesis (Graner et al., 2000).
Moreover, PrPC can promote the neurite outgrowth also through the interaction with neuronal
cell adhesion molecule (NCAM); in fact, through crosslinking experiments, it has been
demonstrated that PrPC forms complexes with NCAM, even though the exact function of these
complexes has not been elucidated (Schmitt-Ulms et al., 2001).
In 2005, it has been proposed that PrPC and NCAM co-localize at the neuronal cell surface and
that their interaction leads to the re-localization of the latter into lipid rafts, determining the
activation of the Fyn tyrosine kinase, which mediates neurite outgrowth (Santuccione, Sytnyk,
Leshchyns'ka, & Schachner, 2005). Recently, structural studies revealed the surface-interacting
epitopes at the basis of this interaction. Indeed, it has been shown that the N-terminal part of the
prion protein takes part into the binding of the extracellular domain of NCAM, specifically with
the fibronectin type-3(FNIII1, 2) domain (Slapsak et al., 2016).
Moreover, in 2016 our group studied the involvement or PrP in the neurite outgrowth via the
focal neurite stimulation; indeed, in this study they demonstrated that recPrP can induce neurite
outgrowth also interacting with membrane anchored PrPC (Amin et al., 2016).
The N-terminal region of the cellular prion protein has also been related to interact with Gprotein coupled receptor 126 (GPR126) on the surface of Schwann cells, suggesting a PrPC
involvement of in the myelin maintenance of the peripheral nervous system (PNS) (Bremer et
al., 2010; Kuffer et al., 2016).
Lastly, even if PrPC is prevalently expressed into the CNS and PNS, it has been found also in
immune cells, like natural killers, T-lymphocytes, mast cells and macrophages (Haddon et al.,
2009; R. Li et al., 2001; Mattei et al., 2004). It seems that PrPC can take part in the inflammatory
response, since it has been shown that cultured and activated mast cells, among the release of
many inflammatory mediators, showed an increased PrPC shedding (Haddon et al., 2009).
Moreover, it has been shown that knocking-down PrPC can increase the development of proinflammatory phenotype by the T-cells (Hu et al., 2010). Recently, it has also been proposed
that PrPC contributes to immunological quiescence, modulating the inflammatory response of
immune cells and protecting parenchymal cells from inflammation insults (Bakkebo et al.,
2015).
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1.1.5 PrPC to PrPSc conversion
After the discovery of the TSEs transmissibility in 1937, countless works were carried out to
find the responsible agent of prion diseases infectivity.
Due to the long incubation time of these disorders, it was thought that the causative agent of the
infection should be a “slow” virus, but it has been shown that the etiological agent was totally
different from a virus (Cho, 1976).
Moreover, due to its small dimension and the resistance to UV and radiation, it has proposed to
be a virino, encapsulated into a very tight protein coat which would be able to protect it from
degradation (Kimberlin, 1982).
However, no one was able to find any nucleic acids responsible for the TSEs transmission, so
the scientific community started to believe that the factor responsible for disease transmission
might be a protein with the ability to replicate in the body, as suggested in 1967 by J.S. Griffith.
To understand the real nature of this agent it was necessary to isolate the protease-resistant prionprotein (called PrPres) from the infectious material (Bolton et al., 1982; Prusiner, 1982). Thanks
to these analyses, it has been shown that PrP mRNA derived from a single host gene,
highlighting that PrP can exist in two different isoforms, called normal cellular prion protein (or
PrPC) and scrapie prion protein (PrPSc o PrPres).
These two isoforms have the same chemical profile, and the conversion seems to involve only
conformational changes, as the shifting from alpha helices to beta-sheets structures.
This event gives rise to the different biochemical features between the two isoforms, as well as
the protease resistance, solubility alteration and aggregates formation.
The confirmation of PrP infectivity has been proved in 1993 from Bueler H. et al. when they
demonstrated that mice devoid of Prnp gene were unable to develop prion diseases and to be
infected (Bueler et al., 1993).
This evidence was also supported by other studies which again demonstrated that prion protein
was the only agent necessary to induce infectivity (Kocisko et al., 1994; Saborio, Permanne, &
Soto, 2001).
Thus, according to the “protein-only hypothesis”, PrPSc is the infectious particle responsible for
prion propagation and it can replicate by inducing the autocatalytic conversion of PrPC into its
scrapie isoform (Prusiner et al., 1998).
The molecular details at the basis of this conversion are not well understood. Up to now there
are two models that try to explain this intricate process: the “seeding/nucleation process”
(Figure 8b) and the “template-assisted model or refolding model” (Figure 8a).
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The first one supposes that monomeric PrPSc exists in equilibrium with PrPC and it is stabilized
only when it aggregates in oligomers, which can act on other monomeric PrPSc to be part of the
polymer. The second one states that PrPSc itself contains the information of the refolding and
only when in contact with PrPC can determine its conversion, passing through the presence of
an intermediate structure. This last model attests that PrPSc monomers are needed for prion
replication instead of larger aggregates. However, Caughey and colleagues in 2005
demonstrated that small oligomers, made of less than six subunits, were not infectious in Syrian
hamsters (Silveira et al., 2005).
Growing evidence supports the hypothesis that small aggregates of PrPSc rather than monomers
or large fibrillar structures can catalyse the conversion of PrPC.
Recently, another model has been proposed: the “nucleated-assisted model” (Figure 8c). This
model postulates that PrPSc never exists as monomer but it requires two different intermediates
and cofactors to be converted into PrPSc oligomers (Abid & Soto, 2006).
PrPSc is the major component of the infectious agent, but in the last years one of the most
interesting and debated issue in prion biology regards the possible involvement of additional
factors during the conversion of PrPC into PrPSc. And the discovery of these possible factors can
amplify the understanding of this intricate mechanism of conversion.

Figure 8. Scematic representation of the different models proposed for the PrPC-PrPSc
conformational conversion (Abid & Soto, 2006).
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1.1.6 Prion strains and species barriers
Prion diseases are characterized by a moltitude of clinical presentations, different
neuropathological profile and also diverse molecular subtypes. All of these differences can be
explained by the existance of many prion strains, despite the absence of a nucleic acid as a part
of the infectious prions (Soto & Castilla, 2004).
The first demonstration of prion strains existance goes back to the 1961, when Pattison and
Millson described the appearance of different syntoms in goats injected with sheep brain
homogenates. Indeed, they observed that some goats developed the drowsy syndrome while
others were affected by scratching syndrome (Pattison & Millson, 1961).
Later, in 1973, Dickinson and collegues infected mice with five different strains of scrapie,
observing different lesion profiles (H. Fraser & Dickinson, 1973).
It has been shown that when prions are isolated from one species and inoculated in another one,
they become less efficient into the trasmission of the pathology, increasing the incubation time
and also inducing different neuropathological profiles (M. E. Bruce & Fraser, 1991). The
difference in the infectivity of these strains when passeged from one species to another one
introduce the concept of ‘species-barriers’ (M. Bruce et al., 1994).
Numerous studies have been made regarding the barrier existing between hamster and mice;
indeed, it has been shown that hamster scrapie strain Sc237 is not pathogenoic to mice.
However, when injected into mice overexpressing the hamster PrP it becomes infectious and
mice subjected to pathology (Scott et al., 1989). Thus, it seems that the species-barrier is caused
by the differences in the PrP primary sequence of the host and the inoculum.
Prion strains are characterized by different biochemical features of PrPSc as a different banding
pattern by western blot analysis and different rate of glycosilation (Figure 9) (Collinge, Sidle,
Meads, Ironside, & Hill, 1996; Parchi et al., 1996; Safar et al., 1998). They can determine
different phenotypes, as the formation of different PrPSc isoforms, PK sensitive and resistant,
for examples as observed when BSE prions are injected into mice (Lasmezas et al., 1997).
The existence of different PrPSc conformations is in contrast with the idea that the primary
sequence of a protein enciphers for one specific folding.
In this scenario, the sequence homology between host PrP and the inoculum is only one of the
causes for the existence of the species barrier, since also the presence of different conformations
seems to take part in this process.
Regarding the interspecies transmissibility, one relevant case has been represented by the
transmission of BSE prions to humans (Hill et al., 1997) but also in other animals (Bons et al.,
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1999; Kirkwood, Cunningham, Austin, Wells, & Sainsbury, 1994; G. A. H. Wells et al., 2003),
since it can induce the generation of new prion strains potentially dangerous for human health.
In light of this scenario, major attention is now put on Chronic Wasting Disease (CWD), a
recently discovered prion disorder affecting cervids (Williams, 2005), since a lot of hunters are
used to consume cervid meat and scavenging animals have been found to be in contact with
cervids prions, possibly inducing the production of new prion strains.
If the prion-only hypothesis is put in doubt by the definition of scrapie as derivative of different
PrPSc conformations, the existence of different polymorphisms supported this hypothesis
(Westaway et al., 1987). Different animals present several polymorphisms and they are
connected with different responses to prion strains: for example in sheep the polymorphism at
residues V136, R154 and Q171 (VRQ) has been related to an higher susceptibility to scrapie
compared with others polymorphisms (Baylis & Goldmann, 2004). Similarly, the polymorphism
at codon 129 in humans has been described to be involved in different susceptibility to PrPCPrPSc conversion, since the presence of Methionine, rather than Valine, at this position has been
shown to facilitate the conversion process (Palmer, Dryden, Hughes, & Collinge, 1991; TahiriAlaoui, Gill, Disterer, & James, 2004).
Prion strains possess very peculiar features, in particular it has been shown that when they are
adapted into the host and become more stable they can manifest and maintain their
characteristics (Bartz, Bessen, McKenzie, Marsh, & Aiken, 2000).
Moreover, it has been shown that different prion strains can co-exist into the host, as reported
for subjects heterozygous at the codon 129 (Schoch et al., 2006). Lastly, it has also been
demonstrated that some prions can increase their incubation time when injected with another
strain, phenomenon known as “competition of prion strains” (Bartz, Aiken, & Bessen, 2004).
Even if, initially the existence of prions strains creates some debates in light of the ‘prion-only
hypothesis’ is now clear that this event is the only one able to clarify the different clinical
features of prion diseases.
Moreover, since prion strains can represent a potential risk for public health, the awareness and
understanding of their existence can help to prevent from possible new pandemics.
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Figure 9. Different PrPSc western blot profiles after a PK digestion in different strains of human
prions (Morales, Abid, & Soto, 2007).

1.2 ANIMAL PRION DISEASES

Table 2. Classification of animal prion diseases (modified from T. Wisniewski and F. Goñi 2016).

Animal prion diseases include scrapie in sheep and goats, transmissible mink encephalopathy
(TME) in mink, BSE in cattle, CWD in cervids, FSE in cats and exotic ungulate encephalopathy
in

antelopes

(Houston

&

Andreoletti,

2018)

(Table

2).

The first one to be described was Scrapie, which is known from 1732 (Imran & Mahmood,
2011) even if the transmission is not yet well understood and remains unclear.
Clinical signs include behavioral modifications, ataxia, aggressiveness among others, but the
most peculiar ones is the appearance of an intense pruritus (Pattison & Millson, 1961).
BSE or ‘mad cow disease’ was first described in 1986 (G. A. Wells et al., 1987) in cattle and it
was initially attributed to the transmission of sheep scrapie to cattle via contaminated feed.
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It has been shown to be naturally transmitted to other animals (Sigurdson & Miller, 2003), but
also to humans in the form of variant CJD (vCJD) by the consumption of beef products derived
from classical BSE-infected cattle (Ironside et al., 1996).
TME was firstly discovered in 1947 in Minnesota and then described also in other countries. Its
origin is still unknown but it is mostly attributed to the consumption of infected feed (Imran &
Mahmood, 2011).
CWD was first discovered in Colorado in 1967 (Williams & Young, 1980) affecting wild and
captive cervids in 25 US states and two Canadian provinces, as well as in South Korea (Y. H.
Lee et al., 2013); more recently, it was identified in wild reindeer and moose in Norway and
Finland too (Sigurdson, Bartz, & Glatzel, 2019). The origin is still unknown but the possibility
of a zoonotic transmission of CWD prions via diet is of particular concern in North America
where hunting of cervids is a popular sport. However, even if up to date, no evidence of human
transmission has been reported (Sandberg et al., 2010), recent studies reported the potential
infectivity of CWD also to humans, making CWD a new potential BSE epidemic species (Barria
et al., 2014).
FSE is a TSE affecting wild and captive cats; it appeared at the same time of the BSE pandemic
leading to believe that the consumption of BSE-contaminated feed was the causative agent. In
fact, the biochemical analysis of FSE-infected brain revealed a similar pattern with the BSE
(Eiden et al., 2010).
Lastly, exotic ungulate encephalopathy (EUE) affects the exotic zoo ruminants of the family
Bovidae. As for FSE first cases were reported during BSE period indicating contaminated food
as the causative agent of this type of TSE (Sigurdson & Miller, 2003).
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1.3 HUMAN PRION DISEASES

Table 3. Classification of human prion diseases according to the etiology (Diane L. Ritchie, James
W. Ironside 2017)

Human prion diseases have been discovered in early 90’s. The first one to be described was
CJD, by the name of Creutzfeldt and Jakob, who firstly referred to this peculiar kind of fatal
neurodegenerative disease.
Later, in 1936 Gerstmann, Sträussler and Scheinker described another disorder denominated as
GSS, which has been characterized by the presence of amyloid plaques in the cerebellum.
In 1957 a new fatal neurodegenerative disorder has been identified in Papua New Guinea. It
has been called “kuru” and it has been associated with the common practice of cannibalism
among the local tribes, since when this practice has ceased number of cases decreased drastically
(Gajdusek & Zigas, 1957).
These disorders are devastating and invariable diseases that occur worldwide but, fortunately,
they are very rare with an incidence of 1-2 cases per million of population (Imran & Mahmood,
2011). They can be divided into three different categories, based on the etiology: idiopathic,
genetic and acquired.
The idiopathic group, also known as sporadic, accounts for 80-85% of the cases among all
human prion disorders and includes sporadic CJD (sCJD), sporadic fatal insomnia and variably
protease-sensitive prionopathy. The inherited or genetic group accounts for 10-15% of all the
cases including genetic CJD (gCJD), GSS, prion protein cerebral amyloid angiopathy and FFI.
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The last group accounts for only the 5% of all cases and comprises kuru, iatrogenic CJD and
variant CJD (Table 3).
These diseases have a long pre-clinical incubation period, which can extend from months to
several years, after which the affected individuals usually complain with vague sensory feelings,
such as depression, followed by progressive motor paralysis, dementia and often cerebellar
ataxia. Other atypical characteristics of prion diseases are the apparent lack of obvious
inflammation and of disease-specific immune response (Igel-Egalon, Beringue, Rezaei, &
Sibille,

2018).

Common histopathological features are spongiform degeneration of the CNS, formation of
amyloid plaques, reactive gliosis and neuronal loss.
For many decades the diagnosis has been made by postmortem histopathological examination,
searching for the typical spongiform change occurring widely in the CNS (Budka et al., 1995).
Other typical features of this group of maladies are neuronal loss, gliosis, hyperplasia and the
presence and accumulation of PrPSc plaques in the brain (Budka, 2003).

1.3.1 Idiopathic prion diseases
Sporadic prion diseases include sporadic CJD (sCJD), sporadic fatal insomnia and the recently
identified variably protease-sensitive prionopathy (VPSPr).
sCJD is the commonest among all human prion disorders and accounts for 1-2 cases per million
of population per annum (Collinge, 2001), while VPSPr is very rare with an onset age usually
in the late sixties to seventies (Puoti et al., 2012).
All of them are mainly characterized by a rapid cognitive decline leading to dementia, ataxia
and often by myoclonus too (Belay, 1999).
Up to date, the cause of sCJD and VPSPr are still unknown. It has been proposed that sCJD can
arise spontaneously, possibly for a somatic mutation in the PRNP gene or for a spontaneous
misfolding of the PrPC into the scrapie isoform while VPSPr has not been associated with
possible PRNP mutations. However, none of these has been proven yet (Aguzzi, Baumann, &
Bremer, 2008).
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1.3.2 Genetic prion diseases

Figure 10. PRNP gene polymorphisms and mutations (Lloyd et al., 2013).

Genetic prion diseases are inherited disorders with high penetrance, accounting for the 10-15%
of all prion diseases, and attributable to the presence of an autosomal dominant mutation of the
PRNP gene. More than 40 pathogenic mutations have been identified: most of them are caused
by missense mutations, but also insertion, deletion, and amber mutations have been described
(Lloyd et al., 2013) (Figure 10).
It has been proposed that mutations can render PrPC more susceptible to transformation into
PrPSc and they can influence the wide variety of clinic-pathological phenotypes reported for this
class of diseases (K. Brown & Mastrianni, 2010).
Genetic CJD is the most common one and more than 50% of cases have been reported without
a positive family history of the disease. In these cases, PRNP sequencing can be useful to unravel
possible mutations linked to genetic CJD, as for E200K mutation (Ritchie & Ironside, 2017). It
typically begins with rapidly progressive dementia, ataxia and different motor impairments
(Geschwind, 2015).
GSS has an incidence of 1 in 100 million of population per year and usually begins as a slowly
progressive ataxic or motoric disorder with a later dementia onset (Arata et al., 2006; Kovacs et
al., 2002).
point

P102L mutation is the first one associated with this disease but a lot of others

mutations

have

been

linked

to

GSS

(Head

et

al.,

2015)

2015).

FFI is a very rare form of genetic prion diseases, caused by a single mutation in the PRNPgene
termed D178N (Medori et al., 1992). It typically affects the thalamus and, therefore, the main
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clinical features are progressive insomnia, endocrine abnormalities and tachycardia, later
followed by motor and cognitive impairments (Collins, McLean, & Masters, 2001). Importantly,
more than the 60% of patients with genetic prion diseases had no family history of prion
diseases, but, more often, neurologic or psychiatric diseases were observed that likely had been
misattributed to other etiologies (Kovacs et al., 2005).

1.3.3 Acquired prion diseases
Acquired prion diseases count for less than 1% of all prion maladies and are attributed to the
transmission of the infectious agent from an affected individual to a healthy one.
They include Kuru, iatrogenic CJD (iCJD) and vCJD.
This group of diseases is commonly known because of the BSE or ‘mad cow disease’ epidemy
in the UK and in other European countries, between 1980s and 90s, which was demonstrated to
be transmissible to humans, causing a new form of prion disease termed vCJD, leading to
enormous public and scientific concerns (K. Brown & Mastrianni, 2010; Maheshwari et al.,
2015). In particular, vCJD was transmitted to humans via meat consumption of cattle infected
with prions (Aguzzi, 1996; Aguzzi & Weissmann, 1996; M. E. Bruce et al., 1997).
Kuru was the first discovered form of acquired prion diseases in the Fore people of Papua New
Guinea, mainly in women and young children of both sexes; the cause was attributed to rituals
of cannibalism, in particular to the consumption of prion infected material, such as brain and
viscera (Liberski, 2013). Although the incidence of Kuru has been strongly reduced through
cessation of endocannibalism practices, some rare cases still occur occasionally since the
incubation period can be longer than 50 years (Collinge et al., 2006; Whitfield, Pako, Collinge,
& Alpers, 2017).
iCJD was first described in 1974 in a patient who developed CJD 18 months after transplantation
of a cadaveric corneal graft from a donor who had been later confirmed to have CJD (Duffy et
al., 1974). Since then, several cases of human prion diseases have been associated with CJD
iatrogenic transmission, mainly caused by the use of contaminated neurosurgical instruments,
depth electrodes, dura mater grafts and human pituitary hormones treatments (Will, 2003).
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1.4 DIAGNOSIS
Prion diseases are maladies that affect the CNS and, as for other neurodegenerative pathologies,
the diagnosis is mainly based on the clinical examination, evaluating if patients’ symptoms fit
the standard guidelines (Budka et al., 1995).
However, the diagnosis of TSEs is quite difficult. First of all, clinical symptoms appear after a
long period of incubation and when they become visible the pathology is already in an advanced
stage. Moreover, classical clinical symptoms are dementia and loss of movement coordination,
which are similar to those of other neurodegenerative disorders, like AD and PD, leading to
often mistake them.
Differently from the other neurodegenerative disorders, prion diseases are characterized by the
presence and the accumulation of misfolded prion protein, which is peculiar for this illness.
However, since PrPSc lacks nucleic acid component and it is uneven distributed in body tissues,
is difficult to be detected with standard methodology, like PCR or serology (Kubler, Oesch, &
Raeber, 2003).
Thus, since the neuropathological examination reveals the presence of spongiform vacuolation,
gliosis and PrPSc deposits in the brains, currently the definite diagnosis seems to be possible
only post-mortem by histological analysis or biopsy of brain tissue (Budka, 2003).
However, brain biopsy is invasive and expansive so recently less invasive biopsy methods have
been evaluated, using for example olfactory mucosa, skeletal muscle, or skin (Glatzel, Abela,
Maissen, & Aguzzi, 2003; Mammana et al., 2020). After the biopsy, the protocol provides the
use of Proteinase K (PK) treatment and the following Western blot analysis to evaluate the
presence of the PrPSc.
Other methods used to diagnose prion disorders are the electroencephalography (EEG) and the
magnetic resonance imaging (MRI). The first one was used since 1954 and seems to be useful
to diagnose sCJD cases thanks to periodic sharp wave complexes found in these patients.
However, this technique has a low sensitivity leading to high levels of false positive, and
differences in sCJD subtypes complicate even more the diagnosis (Hansen, Zschocke,
Sturenburg, & Kunze, 1998; Wieser, Schindler, & Zumsteg, 2006). On the other hand, the MRI
is used mainly to exclude other causes of pathology and it is useful to discriminate from vCJD
and sCJD. However, it strongly depends on the interpretation and the expertise of clinicians
(Collins et al., 2000; Will et al., 2000).

32| P a g e

Unfortunately, all these tests are not sufficient to diagnose TSEs by themselves; thus, in order
to perform a correct diagnosis, clinicians need to combine them with the observation of clinical
signs.
As mentioned above, generally the definite diagnosis of TSEs happens post-mortem and the
development of a pre-symptomatic test is needed.
Recently, two techniques have been developed to detect even very low amounts of PrPSc in
different samples (urine, blood, olfactory mucosa) amplifying them: the protein misfolding
cyclic amplification (PMCA) and the Real-Time Quacking-Induced Conversion (RT-QuIC)
(Figure 11 a,b).
The first one, developed in 2001, consists in the incubation of a large excess of PrPC from a
healthy brain homogenate with a very low amount of PrPSc coming from infected samples to
promote its aggregation. Then, the sample is sonicated to break PrPSc aggregates and to increase
the number of so called “seed” (Saborio et al., 2001). So, increasing the number of cycles of
PMCA it has be possible to increase exponentially the number of seeds, giving the possibility
to amplify a single molecule of PrPSc (Barria, Gonzalez-Romero, & Soto, 2012). The presence
of newly generated PrPSc can be confirmed by biochemical assay, such as the resistance to PK
digestion or insolubility in non-ionic detergents.
The second one, appears in 2008 and it differs from PMCA since the tested samples can either
contain or not the pathological form of prion protein. Basically, the samples are added to a large
excess of recombinant prion protein and if the tested sample contains prions it can induce the
aggregation of the recombinant protein. In this case, the presence of newly generated PrPSc is
followed by using in the mixture a Thiofavin-T dye (ThT) able to bind only to the β-sheets of
aggregated proteins. Thus, an increase in ThT fluorescence resembles an increase in PrPSc
aggregates formation, meaning that the tested sample contains prions (Atarashi et al., 2008).
The efficiency of this methods is so high that even 10-40 particles of PrPSc can be detected.
Moreover, since it has been shown to detect prions from CSF and olfactory mucosa (Atarashi et
al., 2011; Zanusso et al., 2003), it has been suggested as a possible ante-mortem for TSEs.
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a)

b)

Figure 11. Representative scheme of the protein misfolding cyclic amplification (PMCA) and the
Real-Time Quacking-Induced Conversion (RT-QuIC). a) Schematic representation of PMCA assay
(Moda, 2017); b) schematic representation of RT-QuIC assay (Caughey et al., 2017).

1.5 THERAPY
To date, no effective therapies have been developed for these fatal neurodegenerative disorders,
however a lot of efforts have been spent to find a possible cure.
As already mentioned, the only requirement to develop these diseases is the co-existance of the
two forms of prion protein: PrPC and PrPSc. For this reason, blocking the conversion is the main
goal under a therapeutic point of view, and throughout years several approaches have been made
to hamper this interaction (Aguzzi, Glatzel, Montrasio, Prinz, & Heppner, 2001).
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At the beginning, the majority of the efforts have been spent to create molecules able to block
specifically PrPSc, since it represents the pathological isoform responsible for the misfolding of
PrPC. However, since not always the appearance of PrPSc aggregates follows the development
or the severity of the pathology, recently, different approaches focused their action on the
inhibition of the cellular prion protein with the idea of removing the only substrate needed for
the conversion (Barreca, Iraci, Biggi, Cecchetti, & Biasini, 2018).
To do that, a lot of approaches have been tested, as knocking-out or knocking-down of PRNP
gene, antisense oligonucleotides, and RNA interference techniques (G. Mallucci et al., 2003;
Raymond et al., 2019; White & Mallucci, 2009).
Unfortunately, even if different molecules have been tested so far also in clinical trials and a lot
of other strategies have been developed to inhibit prion conversion, no cure is still available.

1.5.1 Small molecule approach
In the last thirty years a lot of molecules have been designed to block PrP Sc or PrPC to try to
inhibit the conversion mechanism (Figure 12).
At the beginning, the majority of them have been directed toward PrPSc inhibition and, in this
scenario, we can mention beta-sheet breakers (Soto et al., 2000).
Beta-sheet breakers are short peptides which interact with PrP through sequence homology and
designed to unwind the beta sheet structures. This mechanism was proved in vitro, and then
tested in mice where it has been shown to lower the appearance of clinical symptoms.
Similarly, branched polyamines are designed to act on PrPSc, making it more susceptible to the
PK treatment (Supattapone et al., 2001).
However, as mentioned above, not always PrPSc presence follows the development of the
disease and the existence of prion strains can create different actions of these molecules. Thus,
a lot of molecules have been designed not to specifically bind PrPSc.
Particularly, different molecules have been generated to stabilize the cellular isoform of prion
protein, to prevent its misfolding. In this group of molecules, we can find: Chlorpromazine,
GN8, Fe (III)-TMPyP, Methylene Blue and Quinacrine. Even if, they have been tested both in
vitro and in vivo, except for Chlorpromazine, and the majority of them were able to decrease
prion load, only Quinacrine has been used in clinical trials due to its capacity to easily overcome
the Blood-Brain Barrier (BBB) (Cavaliere et al., 2013; Collinge et al., 2009; Kocisko et al.,
2006; Kuwata et al., 2007; Stincardini et al., 2017).
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However, it has been shown to be not particularly beneficial to patients and also extremely
hepatotoxic.
Other compounds used in clinical trials are: Doxycycline, Penotosan polysulfate (PPS) and
Amphotericin B. Among them only Doxycycline passes in phase II trial, but even the
encouraging results other trials are needed (Adjou et al., 2000; Haik et al., 2014; Terada et al.,
2010).
Thus, despite all the efforts spent to design or found molecules/drugs able to reduce prion load
and slow down the pathology, up to now none of them has been demonstrated to be effective.

Figure 12. General scheme of the PrPC-PrPSc interaction inhibition using small molecules
(Colini Baldeschi et al., 2020).

1.5.2 Gene therapy and monoclonal antibodies
Using monoclonal antibodies to block PrPC-PrPSc interaction has been demonstrated a lot of
years ago (Figure 13). However, despite an initial period of emphasis, this strategy has been
abandoned due to the difficulty to solve the problem of immunotolerance. Indeed, being PrP a
physiological protein, using antibodies against prion protein revealed a lot of issues, even though
the generation of PrP KO mice allows to overcome the problem (Polymenidou et al., 2004;
Prusiner et al., 1993).
Respect to small molecules, antibodies possess a higher binding affinity due to the larger contact
surface and specific epitope recognition.
A lot of studies have been performed using anti-PrP antibodies, showing their ability to decrease
prion load; however, one of the main limitations in using antibodies is that the majority of the
in vivo studies used full-length PrP antibodies, which were difficult to manipulate.
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Later, the issue has been exceeded when single-chain fragment (ScFv) has been created.
Another problem concerning the antibodies’ strategy consists in their high susceptibility to be
degraded, limiting their bioavailability. In this case, using viruses as carrier of antibodies or the
so called ‘intrabodies’ their availability was increased. Moreover, using AAVs it has been
shown an increased diffusion of ScFv in the brain (Donofrio, Heppner, Polymenidou, Musahl,
& Aguzzi, 2005; Moda et al., 2012).

Figure 13. General scheme of the PrPC-PrPSc interaction inhibition using antibodies (Colini
Baldeschi et al., 2020).

1.5.3 Knock-out and knock-down strategies
As already mentioned, PrPC is the only substrate needed for PrPSc accumulation, thus its
inhibition or deletion can be a useful strategy to block prion conversion.
Following this direction, several attempts have been carried out to lower PrP expression in order
to block prion conversion, since it has also been shown that the ablation of PrPC is not
detrimental (Bueler et al., 1992; G. R. Mallucci et al., 2002).
In light of this, it has been shown that mice lacking Prnp gene were effectively resistant to
develop prion disorders (Bueler et al., 1993). Later, also the knock-down strategy has been
followed to decrease PrPC trying to prevent prion accumulation and even in that case, lowering
PrPC has been demonstrated to efficiently decrease prion load (White et al., 2008). Even if these
data point out that lowering PrPC can prevent prions accumulation and it seems to be sufficient
to block prion replication, other studies reported slightly different results (Pulford et al., 2010).
Moreover, all these results have been observed in neuronal population and since astrocytes seem
to be fundamental in sustaining prion replication, it would be necessary to lower PrPC in both
populations to obtain better results (Raeber et al., 1997).
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1.5.4 RNA interference technique
In the context of PrPC knock-down strategy, RNA interference (RNAi) represents the gold
standard.
Basically, RNAi is a physiological mechanism that is able to reduce the expression of a target
gene using an exogenous double-stranded RNA (dsRNA) able to bind to the corresponding
target mRNA (Figure 14) (Fire et al., 1998).
To do that, two different constructs are used: small interfering RNAs (siRNAs) and short-hairpin
RNAs (shRNAs); siRNAs are dsRNAs with 2 nucleotides at 3’ end which lead to the
degradation of the target mRNA in a sequence-specific manner, while shRNAs act forming a
stem-loop structure on the target mRNA (Brummelkamp, Bernards, & Agami, 2002).
One of the limitations of this strategy is that PrP is mainly express into the brain, and to block
prion replication both siRNAs and shRNAs need to pass the BBB.
In this scenario different strategies have been carried out to increase their diffusion in the brain
such as, lentiviral vectors for the shRNAs delivery and liposome-siRNA-peptide complexes
(LSPCs) strategy for siRNAs. However, all of these strategies have been used in animals and
are not efficient or safe enough to be used in humans (Bender et al., 2019; Kumar et al., 2007).

Figure 14. General scheme of the PrPC-PrPSc interaction inhibition using RNAi technique
(Colini Baldeschi et al., 2020).
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1.5.5 Antisense oligonucleotides
In the same context of lowering PrPC levels, Antisense Oligonucleotides (ASOs) appear as the
most promising strategy.
Basically, ASOs are synthetic oligonucleotides made of 15-25nts that can bind to the target
mRNA, forming a heteroduplex, leading it to the degradation by the action of the RNAse H.
Moreover, ASOs can be modified to inhibit the RNA translation inhibiting the protein synthesis.
In this scenario, they appear as an appealing strategy for all of those neurodegenerative diseases
caused by the abnormal accumulation of misfolded proteins.
In fact, ASOs have been designed and used to lower toxic proteins responsible for pathologies
like HD, where ASOs have been designed to target mRNA for HTT and have been demonstrated
to be effective in diseased mouse models (Kordasiewicz et al., 2012).
Moreover, ASOs can be used also to target specific region of mRNA, modulating its splicing
and reducing protein expression, as it has been shown for spinal muscular atrophy (SMA).
Indeed, it has been demonstrated that ASOs designed to promote the inclusion of exon 7 in
SMN2 gene were able to compensate the loss of the mutated SMN1, modulating the mRNA
splicing. This is also the first FDA-approved treatment for SMA (Chiriboga et al., 2016; Wurster
& Ludolph, 2018).
Due to their wide use, they were used also for prion diseases and a recent study revealed that an
ASO designed against PrPC was able to increase prion-infected mice survival time, acting in a
sequence-specific manner (Raymond et al., 2019).
However, despite all these encouraging results, to be effective ASOs need to overcome the
problem of the intrinsic instability of the phosphodiester linkage to nucleases. To do so, ASOs
have been subjected to two sequential modifications: first of all, they have been modified using
a phosphorothioate (PS) instead of one non-bridging phosphate oxygen atom, to make the
backbone more stable to the degradation (C. A. Stein, Subasinghe, Shinozuka, & Cohen, 1988),
and then they have been modified at the 2’ position of the sugar moiety, introducing 2-Omethylnucleosides to increase their tolerability and the possibility to be used in humans (Goel
et al., 2006).
Despite all these modifications, their applicability for neurodegenerative disorders is still limited
by the presence of BBB and the problems derived from the delivery system.
Thus, further modifications and implementations are needed in order to be used in humans.
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1.6 IN VITRO AND IN VIVO MODELS FOR PRION DISEASES
Cell lines and cell-based in vitro models for prion disorders are widely used to study these
pathologies.
Cell-lines represent a good model to study prion disorders; first of all, they are low costs, then
they represent a simple model to be reproduced and standardized and they are also easily to
manipulate. However, as a very simplified and in vitro model not always corresponds to what
happens in human body.
Moreover, it has been shown that very few cell lines are permissible to prion infection and it has
also been demonstrated that the infection susceptibility is exclusively limited to the mouseadapted prion strains, with the only exception of RK13 cells, in which the expression of the
ovine PrPC render them permissible to sheep scrapie agent infection (Vilette, 2008).
The first cell line able to reproduce a stable prion infection was the Scrapie Brain Model (SBM)
(Clarke & Haig, 1970) derived from brain tissue of mice inoculated with the Chandler strain of
mouse-adapted scrapie prions (Chandler, 1961).
However, SBM lack of a control since it derives from infected tissue; thus, later on the goal was
to infect immortalized cell lines with prions.
After that moment different cell lines, both neuronal and not neuronal, have been successfully
infected exposing them to brain homogenates from infected animals (Table 4).
Until now, any murine glia-based cell culture models have been generated to propagate mouseadapted prions, leaving a gap on the understanding of prion diseases, given the important role
played by brain non-neuronal cells in disease pathophysiology.
However, recently a new study revealed for the first time the stable prion infection in
immortalized mouse astrocytes (C8D) (Tahir et al., 2020).
Moreover, another recent study highlighted the possibility to stably infect an immortalized
human cell line (SH-SY5Y) with prions, overcoming the risk of infection to humans. Basically,
in the study the authors deleted the PRNP gene and then they substituted it with the ovine one,
which is innocuous for humans (Avar et al., 2020).
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Table 4. Summary of the cell lines used as in vitro models for prion disorders (Krance et al., 2020).

As already mentioned, immortalized cell-lines are a very simplified model to study prion
disorders, especially for the absence of the diverse cell populations present in the CNS.
Thus, primary cells, organotypic slices and neurospheres have been extensively used to
complete the puzzle, since they are also less expensive and easier to be manipulated respect to
in vivo mouse models (Cronier, Laude, & Peyrin, 2004; Falsig et al., 2008; Giri et al., 2006;
Victoria, Arkhipenko, Zhu, Syan, & Zurzolo, 2016).
However, some limitations occur: first of all, the non-dividing nature of neuronal cells and the
non-proliferating nature of organotypic slices impact on their lifespan in culture, limiting also

41| P a g e

the time for prion replication. Indeed, it is not always easy to discriminate the newly generated
PrPSc from the possible residual inoculum.
To overcome the problem of proliferation, neurospheres represent a good model, but they are
extremely difficult to generate, manipulate, and reproduce.
In this scenario animal models remain the best tool to study prion diseases, as only them permit
a complete and extensive overview of clinical phenotypes, neuropathological characteristics,
transmission barriers, and the role of pathogenic mutations (Brandner & Jaunmuktane, 2017).
At the beginning, the experiments have been conducted on wild-type and inbred mice. Among
these mice the most widely used are: C57Bl/6L, C57Bl/6N, C57BL/10, FVB, and 129/Ola,
while RIII, VM, NZW, and CD1 are less widely used. They were used to transmit sheep scrapie
and adapt it to be propagated (Brandner & Jaunmuktane, 2017).
However, with the advent of transgenic mouse models the research of prion disorders has been
drastically changed.
Indeed, immediately after the generation of Prnp null mice (Bueler et al., 1993), they were used
to generate transgenic mouse models, crossing them with ones expressing human PrP carrying
the desired mutation to study and giving a deep understanding of human prion disorders (Asante,
Gowland, Linehan, Mahal, & Collinge, 2002).
However, different mouse lines express different PrP levels and different reads-out on
incubation time and prion replication, thus chimeric mouse models (MHu2M) have been
developed to overcome these issues, even if they poorly recapitulate other aspects of human
prion disease (Telling et al., 1994).
To conclude, the appearance of the Cre-lox recombination system allowed the generation of
conditional knock-out/knock-in mouse models to modify PrP expression, and the investigation
of the mechanism at the basis of prion conversion (G. Mallucci et al., 2003).
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1.7 SERPIN SUPERFAMILY
Serpins are the largest and most widely distributed superfamily of protease inhibitors (Law et
al., 2006). They have been discovered in 1980 by Hunt and Dayhoff, when they found
similarities between ovalbumin and two human proteins, antithrombin and α1-antitrypsin (Hunt
& Dayhoff, 1980).
The name of this superfamily is an acronym standing for SERin Protease INhibitors, derived
from their main function; however, not all the members of this family act in the same way.
In fact, this family is composed by a multitude of proteins which are all similar from a structural
point of view, but they exert different functions (Irving, Pike, Lesk, & Whisstock, 2000).
Indeed, a lot of serpins do not act as inhibitors but rather as chaperones, hormone transporters
or tumour suppressors (Nagata, 1996; Pemberton, Stein, Pepys, Potter, & Carrell, 1988; Zou et
al., 1994) and they are involved in a lot of physiological functions, like blood coagulation,
immunity and inflammation (Heit et al., 2013).
Serpins have been found in all the five kingdoms of life and around 1500 sequences have been
identified (Silverman et al., 2001).
Serpin genes are found in cluster in the same chromosomes, reflecting gene duplications and a
potential common precursor. Interestingly, despite their chromosomal proximity, they are
functionally divergent (Heit et al., 2013).
In Eukaryotes, according to their structural similarity, they are divided into the so-called clades,
from A to P. Human serpins are grouped in the first nine clades (A-I) and thirty out of thirtyseven act as inhibitors (Gettins & Olson, 2016).
The two largest clades are extracellular clade A (13 members in chromosome 1, 14, X) and
intracellular clade B (13 members on chromosome 18 and 6) (Silverman et al., 2001).
Mouse serpins account for 60 functional genes, many of which are orthologous of the human
SERPIN gene and some have been expanded into multiple paralogous genes (Heit et al., 2013).
Serpins are widely distributed throughout the body, even if liver represents the major site of
their expression and production.
The structure is well conserved among the members of serpins family; they consist of 350-400aa
with a molecular weight variable from 40kDa to 100kDa, depending on the number of
glycosylations (Heit et al., 2013; Sanrattana, Maas, & de Maat, 2019).
From a structural point of view, they are made of 8-9 α-helices (from hA to hI) ad 3 β-sheets
(A,B,C), but the most important part is the Reactive Center Loop (RCL), which represents the
active site where the inhibition process takes place (Law et al., 2006).
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In fact, in the native state of serpins the RCL is exposed to function as a “bait” for the target
proteases, inhibiting their activity by the binding of their active site and the formation of a stable
complex (Figure 15) (Gettins & Olson, 2016; Law et al., 2006; Silverman et al., 2001).
As inhibitors they are considered promiscuous proteins since they present more than a target
enzyme, even though it seems that all the target enzymes belong to the same cascade (Sanrattana
et al., 2019).

1.7.1 Mechanism of inhibition
Serpins use the so called ‘Stressed-to-Relaxed (S-to-R) transition’ to inhibit their target
proteases. In fact, the native serpins are trapped into an intermediate, metastable state, which
results in a dramatic increase in thermal stability (Law et al., 2006).
In the native state, serpins’ RCL is exposed and available to bind to their target proteases.
However, a more stable conformation, called the latent state, exists. In this conformation the
RCL is inserted into the centre of -sheet A, expanding it to a six stranded antiparallel-sheet as
the fourth strand, with the concomitant extraction of -strand C1 to permit the insertion of s4A
(Gettins & Olson, 2016).
However, the latent conformation does not possess inhibitory activity, so it has been suggested
that this transition to latency might be used as an important control mechanism in regulating
homeostasis in certain serpin (Law et al., 2006).
Concerning the inhibition mechanism, the initial step expects the formation of a non-covalent
complex between protease and serpin. Once the protease has been bound to serpin, the
subsequent cleavage allows the energetically favourable RCL insertion into -sheet A.
At this point, two different pathways can occur: on one hand, thanks to the S-to-R transition, the
protease active site can be disrupted by the formation of a final covalent complex with serpin
and the energy required for this translocation it is thought to come from the greater stability of
the cleaved conformation of serpin (Gettins & Olson, 2016); on the other hand, serpins can
escape from the formation of the metastable state, remaining inactive with the RCL inserted into
the b-sheet A, and the target protease free to be active (Figure 15) (Law et al., 2006).
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Figure 15. Serpins mechanism of inhibition. (a) Representation of native serpin structure with sheet
A (red), sheet B (green), sheet C (yellow), helices (hA-hI) (light blue) and the reactive center loop (RCL)
(magenta). (b) Formation of the Michaelis-like complex between the serpin and the target protease
(multicolors) docked onto the RCL. Upon docking, two possible pathways can occur: the serpin can
undergo the S to R transition, and the protease hangs distorted at the base of the molecule, resulting in
the final serpin-enzyme complex (c) or the serpin can escape the conformational trap structure, forming
an inactive and cleaved serpin (with the RCL inserted into the structure as a fourth β-sheet A) and an
active protease (modified from (Law et al., 2006)).

1.7.2 SERPINA3/SerpinA3n gene and structure
Human SERPINA3 (also known as ACT which stands for 1-antichymotrypsin) is a 66kDa
glycoprotein belonging to the serine protease inhibitor family of acute phase proteins; it belongs
to the clade A and among the serpins of this group it is one of the extracellular proteins (C.
Baker, Belbin, Kalsheker, & Morgan, 2007; Ianni et al., 2010).
It is encoded by a single gene present on chromosome 14q32.1, and it has been shown that it
undergoes a considerable expansion in mouse, as well as SERPINA1, as results of multiple gene
duplication events. In fact, mouse clade A3 serpin is represented by a cluster of 14 genes (named
Serpina3a-n) located on chromosome 12F1 (Forsyth, Horvath, & Coughlin, 2003).
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During this expansion process there is a high degree of overall sequence similarity in the
elements surrounding the divergent RCL, and this leads to a variable specificity to different
target protease (Forsyth et al., 2003).
It has been shown to inhibit several proteases like chymotrypsin, cathepsin G, mast cell
chymases, kallikrein 2 and 3 among others (C. Baker et al., 2007; Kalsheker, 1996; Law et al.,
2006).
This serpin is normally found in blood, liver, kidney, and lung (C. Baker et al., 2007) but it has
been shown to be present also in the brain, where the astrocytes represent the main source of
production (Gopalan, Wilczynska, Konik, Bryan, & Kordula, 2006).
Among the 14 different members present in mouse clade A3 gene cluster, SerpinA3n has been
hypothesized to be the functional orthologue of human anti-chymotrypsin and the two genes
share around 61% of homology (Horvath et al., 2005).
As SERPINA3, SerpinA3n is widely distributed throughout the body with a high expression in
thymus, spleen, lug, testis but also in the brain, where as well as its orthologue in human,
astrocytes are the main site of production (Horvath, Forsyth, & Coughlin, 2004; Pasternack,
Abraham, Van Dyke, Potter, & Younkin, 1989).
Regardless the sequence homology, SepinA3n presents a difference in the structure at the level
of the protease specificity determining region (RCL), where a Methionine is substituted by a
Lysine (Horvath et al., 2005).
It inhibits a lot of proteases, like chymotrypsin, trypsin, Cathepsin G, and human leukocyte
elastase, taking part in the leukocyte inflammatory response, and Granzyme β in Sertoli cells
inhibiting Granzyme β-mediated apoptosis (Horvath et al., 2005; Sipione et al., 2006).

1.7.3 Pathophysiological roles of SERPINA3/SerpinA3n
Both SerpinA3n/SERPINA3 are involved in the same physiological processes as complement
cascade, apoptosis, wound healing, inflammation, and extracellular matrix remodeling.
Furthermore, together with their biological role, they also share other similarities as the
overexpression in some pathologies (Aslam & Yuan, 2019).
In humans, serpin polymerization can cause different conformational diseases called
serpinopathies, including angioedema, thrombosis, emphysema, cirrhosis, and familial dementia
(Heit et al., 2013). Nonetheless, other serpin-related diseases are caused by null mutation or
point mutations that alter the inhibitory function or specificity of serpins (P. E. Stein & Carrell,
1995).
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SERPINA3 has been shown to be dysregulated in different pathologies like chronic obstructive
pulmonary disease, Alzheimer’s disease, stroke, Parkinson’s disease, cystic fibrosis and more
(C. Baker et al., 2007).
Its overexpression has also been related to the progression and severity of multiple types of
cancer, as melanoma, endometrial cancer, colon cancer, breast cancer, gliomas (Kulesza et al.,
2019; Luo et al., 2017; G. D. Yang et al., 2014; Zhou, Cheng, Tang, Martinka, & Kalia, 2017);
in fact, it has been demonstrated that the silencing of SERPINA3 leads to the inhibition of the
migration and invasion of metastasis in liver and colon cancer (Cao et al., 2018).
Moreover, in prostate cancer complex of SERPINA3 with Prostate-Specific Antigen (PSA) is
used as clinical marker (Stephan et al., 2002).
Conversely, in hepatocellular carcinoma (HCC) tissues and cells, it has been shown that
SERPINA3 is downregulated and its overexpression leads to hepatocellular proliferation
inhibition (Santamaria et al., 2013; Zhu et al., 2017).
Moreover, being acute phase proteins, SERPINA3/SerpinA3n can take part in several
inflammatory diseases; in fact, recent studies highlighted their involvement in retinal and
hypothalamic neuroinflammation, allergic airway inflammation, atherosclerosis and
myocarditis (Sergi et al., 2018; Wagsater et al., 2012).
An extensive part of research has also been focused on the role of SERPINA3 in AD; in
particular, it has been shown that this serine protease inhibitor is upregulated in the brain of AD
patients by the action of different inflammatory mediators, as by IL-1, TNF, OSM, IL-6/ soluble
IL-6 complexes (C. Baker et al., 2007; Das & Potter, 1995; Kordula et al., 1998).
Moreover, other studies reported a strong association between SERPINA3 and Aβ (Abraham,
Selkoe, & Potter, 1988), as further investigated with in vitro experiments where SERPINA3-Aβ
complexes formation has been assessed (P. E. Fraser, Nguyen, McLachlan, Abraham, &
Kirschner, 1993; Janciauskiene, Rubin, Lukacs, & Wright, 1998).
Also, in vivo experiments showed that a great upregulation of this serpin leads to Aβ peptide
deposition and cognitive impairments (Nilsson et al., 2004; Nilsson et al., 2001).
Dysregulated levels of SERPINA3 have also been found in motor cortex of sALS patients and
frontal cortex of MSA brains (Mills, Ward, Kim, Halliday, & Janitz, 2016; Sanfilippo et al.,
2017).
Moreover, it has been reported that also individuals affected by schizophrenia or bipolar
disorders presented dysregulated levels of this serpin, as a downstream activation of the immune
system inflammatory response (Fillman, Sinclair, Fung, Webster, & Shannon Weickert, 2014).
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As already mentioned, SerpinA3n is capable to inhibit Granzyme β in Sertoli cells (Sipione et
al., 2006) and this function has been related with its ability to decrease the rate of aortic rupture
and death in mouse model of abdominal aortic aneurysm, via inhibition of the granzyme mediated decorin degradation and enhancing collagen remodeling (Ang et al., 2011).
Moreover, since Granzyme β can induce T-cell mediated neurotoxicity and it has been also
found to be upregulated in Multiple Sclerosis lesions, it has been demonstrated that using
SerpinA3n it is possible to block Granzyme β-mediated neurotoxicity, inducing neuroprotection
for neurons (Haile et al., 2015; Haile et al., 2011). Indeed, SerpinA3n treatment reduce axonal
and neuronal injury in an Experimental Autoimmune Encephalomyelitis model and maintain
myelin integrity, reducing the severity of the disease (Haile et al., 2015).

1.7.4 SERPINA3/SerpinA3n role in prion diseases
Concerning prion diseases, several studies revealed that SERPINA3/SerpinA3n are upregulated
in different models of prion diseases.
Indeed, SerpinA3n mRNA levels have been reported to be highly expressed in different mouse
models of prion disorders (Campbell, Eddleston, Kemper, Oldstone, & Hobbs, 1994; DandoyDron et al., 2000; Riemer et al., 2004; Xiang et al., 2004). Moreover, it has been shown that this
serine protease inhibitor seems to follow the progression of the pathology, increasing during the
course of the disease (Vanni et al., 2017).
The same upregulation has also been reported for the human form of this serpin, SERPINA3.
Indeed, it has been shown that this serpin was highly upregulated also in other models of priondisorders, like BSE-infected cynomolgus macaques and rodents (Barbisin et al., 2014; Chen et
al., 2017).
Note of worthy, the overexpression of SERPINA3 has also been reported in humans, indeed it
has been shown that SERPINA3 was upregulated both at the transcript and the protein levels in
prefrontal cortex of post-mortem brains derived from different prion disorders (Vanni et al.,
2017). Moreover, analysis from CNS of sCJD patients revealed elevated levels of SERPINA3
RNA together with upregulated levels of the protein in the Cerebrospinal fluid (CSF) and urine
of the same patients (Miele et al., 2008).
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1.8 NEUROINFLAMMATION AND PRION DISEASES
Neuroinflammation has not immediately been associated with prion disorders. In fact, an
immune activation has been always related to neurodegenerative disorders like AD, PD, ALS,
multiple sclerosis and HD, but also in schizophrenia, bipolar disorders and brain injury (Fillman
et al., 2014; Y. Lee et al., 2014; Ransohoff, 2016; Wofford, Loane, & Cullen, 2019) .
This was due to the fact that the CNS is an immune-privileged site, and as such the immune
response acts to limit bacterial and viral infections (Amor et al., 2014).
However, one of the main hallmarks of prion diseases is the activation of glial cells upon prion
infection with the consequent production of many inflammatory mediators, as cytokines and
chemokines (C. A. Baker, Lu, Zaitsev, & Manuelidis, 1999; Campbell et al., 1994; TribouillardTanvier, Striebel, Peterson, & Chesebro, 2009; Van Everbroeck et al., 2002).
The exact role for glial cells in prion diseases is still not completely understood, but it seems
that they take part in the degeneration of these disorders (C. A. Baker et al., 1999; C. A. Baker,
Martin, & Manuelidis, 2002; Campbell et al., 1993). In fact, several studies demonstrated that
when exposed to aggregated PrP peptide p106-126 both astrocytes and microglia become
neurotoxic (D. R. Brown, Schmidt, & Kretzschmar, 1996; Song et al., 2012; Veerhuis et al.,
2002).
Moreover, glial cells are known to be involved in many other disorders affecting the CNS (like
ischemia, degenerative processes, infections among others) and it has also been shown that
activated glia is able to produce both neurotrophic and neurotoxic factors, which could lead to
its role in these diseases (Rock et al., 2004).
To activate glial cells, prions should interact with astrocytes or microglia. Several studies
reported a possible involvement of different receptors, as pattern‐recognition receptors or G
protein‐coupled receptor formyl peptide receptor‐like 1 (FPRL1), in this process since they were
observed to take part in the cytokines induction after PrP peptide p106-126 and Amyloid-beta
exposure (Fassbender et al., 2004; Le et al., 2001).
Thus, it seems reasonable to believe that upon prion infection several inflammatory responses
are activated via the activation of glial cells.
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1.8.1 Neuroinflammation, SERPINA3/SerpinA3n and prion diseases
Glial cells play a key role in the establishment of neuroinflammatory responses in several
disease, like neurodegenerative disorders, ischemia, brain injury among others.
Indeed, during the course of these disorders both microglia and astrocytes are activated and
consequently they produce different proinflammatory mediators, as chemokines and cytokines,
which take part in neuroinflammation.
In fact, it has been shown that proinflammatory mediators produced by reactive astrocytes take
part in hippocampal neuroinflammation, contributing to CNS diseases (Burda & Sofroniew,
2014).
Importantly, SERPINA3/SerpinA3n are mainly produced by reactive astrocytes in the brain and
it has been shown that many cytokines, particularly IL-1 and IL-6, induce a significant increase
in SERPINA3 expression (C. Baker et al., 2007; Campbell et al., 2014).
Moreover, SERPINA3/SerpinA3n are acute phase genes and, as such, they are involved in
inflammatory responses (Zamanian et al., 2012).
Thus, since SERPINA3/SerpinA3n have been found greatly upregulated during prion infection
and thus prion accumulation is associated with the activation of glial cells, there is a close
correlation between all these elements, suggesting a possible implication of these serine protease
inhibitors in prion pathogenesis.

1.9 THE JAK-STAT PATHWAY
The Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway is one
of the many pathways in animals used to transduce signal from membrane into the cells.
It represents the principal target for cytokines and growth factors (Leaman, Leung, Li, & Stark,
1996) as, CNTF, LIF, IL6, IL1β and others (Kisseleva, Bhattacharya, Braunstein, & Schindler,
2002; Nicolas et al., 2013; Rajan, Symes, & Fink, 1996).
The pathway is activated when JAKs are bound by the ligands, which induce the transphosphorylation of two JAK members located in proximity one to each other. Then, the
phosphorylated JAK can phosphorylate STAT proteins that can shift from the cytoplasm to the
nucleus, determining the transcription of several target genes (Rawlings, Rosler, & Harrison,
2004).
In mammals there are four members of JAKs and seven members for STATs (Darnell, 1997).
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Among the different signalling activated by this cascade, it has been reported that the canonical
JAK/STAT3 signalling pathway is the one involved in a variety of processes of inflammatory
and anti-inflammatory signalling (Jung et al., 2015; Nabavi et al., 2019; Nicolas et al., 2013;
Porro, Cianciulli, Trotta, Lofrumento, & Panaro, 2019; X. Yang et al., 2010).
Moreover, it is known to be implicated in other processes, like astrogliosis (O'Callaghan, Kelly,
VanGilder, Sofroniew, & Miller, 2014); in particular, it has been shown that activated STAT3
is present in reactive astrocytes in acute injury (Ceyzeriat, Abjean, Carrillo-de Sauvage, Ben
Haim, & Escartin, 2016) but also in neurodegenerative disorders like AD, HD (Ben Haim et al.,
2015) and prion disorders (Na et al., 2007)
Many inflammatory mediators produced during prion infection are also activators of the JAKSTAT pathway and it has been shown that in scrapie-infected mice there was the upregulation
of some players of JAK-STAT pathway at the protein and transcript levels, in particular
phosphorylated Stat1 (pStat1) and pStat3 (Carroll, Striebel, Race, Phillips, & Chesebro, 2015;
Na et al., 2007). Interestingly, functional STATs binding sites were found in the regulatory
regions of SERPINA3 gene (C. Baker et al., 2007) and it has been shown to regulate its
expression (Kulesza et al., 2019).
Several studies by Campbell and colleagues, highlighted the role of the IL6 in the activation of
the JAK-STAT pathway in the pathogenic brain (Campbell, 1998; Campbell et al., 1993;
Campbell, Hofer, & Pagenstecher, 2010).
IL6 can activate this pathway via two different signaling: the classic and the trans-signaling
(Scheller, Chalaris, Schmidt-Arras, & Rose-John, 2011), which differ only for the receptor.
In the first one, IL6 binds to IL6-receptor alpha (IL6Rα), while in the second one it binds to the
soluble form of the receptor (s)IL6R (Rose-John, Scheller, Elson, & Jones, 2006)
However, in both cases the binding induces the oligomerization of the gp130, which gives rise
to the pathway activation (Heinrich et al., 2003).
In 2014, Campbell and collaborators generated bigenic mice (termed GFAP-IL6/sgp130 mice)
characterized by an astrocytes-limited production of IL6 and the inhibitor of IL6 transsignalling. They observed that mice expressing IL6 trans-signalling inhibitor, showed decreased
levels of pSTAT3 and SerpinA3n transcripts and decreased levels of gliosis (Campbell et al.,
2014).
Thus, since prion disorders are characterized by a strong gliosis and, recently, a great
upregulation of SERPINA3/SerpinA3n has been found, we can hypothesis the IL6 signalling
via the JAK/STAT3 pathway as the missing link in the SERPINA3/SerpinA3n overexpression
upon prion infection.
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2. AIM OF THE STUDY
Prion diseases are rare and fatal neurodegenerative disorders caused by the conformational
conversion of the cellular prion protein (PrPC) into the pathological isoform (PrPSc), which has
the unique feature to be infectious.
Throughout the years, numerous attempts have been tried to find a cure, without success.
Until now, all the therapeutic strategies developed have been targeted to the inhibition of the
PrPC-to-PrPSc conversion but none of them was successful in clinical practice.
Moreover, mounting evidence highlighted the involvement of other genes in the development
of prion disorders, and several studies reported the overexpression of SERPINA3/SerpinA3n
levels in different models of prion diseases. Thus, we tried to elucidate the involvement of these
serine protease inhibitors in prion pathogenesis.
Indeed, we hypothesized that SERPINA3/SerpinA3n can determine the inhibition of the
protease, or proteases, generally involved in prion clearance.
So, we decided to test our hypothesis using anti-SERPINA3 small molecules to inhibit the action
of this serine protease inhibitor, observing what happen to prion accumulation.
Here we want to propose a novel therapeutic strategy to treat prion disorders, without interfering
with PrPC and/or PrPSc.
Moreover, since little is known about the molecular mechanism at the basis of this upregulation,
we decided to investigate how SERPINA3/SerpinA3n are upregulated upon prion infection.
In recent years, accumulating evidence reported the involvement of SERPINA3/SerpinA3n in
different neuroinflammatory diseases, including prion diseases, but the mechanism controlling
their expression have not been elucidated yet.
Thus, we decided to study the pathway involved in the upregulation of these serine protease
inhibitors upon PrPSc deposition, focusing on the JAK/STAT3 pathway.
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3. MATERIALS AND METHODS

3.1 Immortalized cell lines
Mouse neuroblastoma cell line, either not-infected (N2a) and chronically infected with Rocky
Mountain Laboratory (ScN2a RML) or with 22L prion strain (ScN2a 22L), were grown in
Minimal Essential Medium (MEM)-1% L-glutamax complemented with 10% fetal bovine
serum (FBS), 1% non-essential amino acids (NEAA), and 1% penicillin-streptomycin.
Immortalized mouse hypothalamic neurons (GT1) and chronically infected GT1 cells, with both
RML and 22L prion strains (ScGT1 RML and ScGT1 22L), were grown in Dulbecco’s modified
Eagle’s medium (DMEM)-1% GlutaMAX supplemented with 10% FBS and 1% penicillinstreptomycin. All cell lines were cultivated in 10 and/or 6 cm2 Petri dishes at 37 °C under 5%
CO2.

3.2 Mouse models
Age- and sex-matched CD1 mice (Crl:CD1(ICR) strain code 022, charles river) were used for
RT-qPCR, WB analysis and as source of prions to infect de novo primary mixed cell cultures
from FVB mice. Rocky Mountain Laboratory (RML) prion infected brain homogenate was
prepared at a 10% w/v in phosphate-buffered saline (PBS). 2.5μL of 10% brain homogenate was
stereo-tactically injected in the hippocampus of 2-months old outbred CD1 mice (n = 8). Not
inoculated age- and sex-matched CD1 mice were used as controls (n = 8). Pre-symptomatic
animals (n = 4) were sacrificed 3 months post inoculation (3mpi), while terminal stage animals
(n = 4) were monitored daily for clinical signs of prion disease and sacrificed at the end stage
(5mpi). Adult animals were sacrificed with CO2, brains were extracted, immediately frozen in
liquid nitrogen and stored at −80 °C. Brains of prion-infected and age-matched controls were
either homogenized for WB analysis or subjected to RNA extraction.
For the pharmacokinetic study male C57BL/6 mice, weighing 22-24 g, were used (Charles
River). All procedures were performed in accordance with the Ethical Guidelines of European
Communities Council (Directive 2010/63/EU of 22 September 2010) and accepted by the Italian
Ministry of Health. All efforts were made to minimize animal suffering and to use the minimal
number of animals required to produce reliable results, according to the “3Rs concept”. Animals
were group-housed in ventilated cages and had free access to food and water. They were

53| P a g e

maintained under a 12-hour light/dark cycle (lights on at 8:00 am) at controlled temperature
(21°C ± 1°C) and relative humidity (55% ± 10%).

3.3 Dissociated neurons protocol
Primary cell cultures were prepared from hippocampal neurons of FVB mice. All procedures
were approved by the local veterinary authorities and performed in accordance with the Italian
law (decree 26/2014) and the EU guidelines (2007/526/CE and 2010/63/UE).
Hippocampi were dissected from 0–2-day-old postnatal animals. The isolated tissue was quickly
sliced and digested in a digestion solution containing Trypsin (Sigma-Aldrich) and DNAse
(Sigma-Aldrich). The reaction was stopped with Trypsin inhibitor (Sigma-Aldrich) and cells
were mechanically dissociated in a dissection medium containing DNAse. After centrifugation,
the cell pellet was resuspended in the culture medium and distributed in 6 well Multiwell
(Falcon), or on coverslips (12 mm diameter), previously coated with polyornithine (50 mg/mL,
Sigma-Aldrich). Plating was carried out at a density of 150.000 cells per well (in this case the
cells were concentrated in the central region of the well) or coverslip.
Hippocampal neurons were cultured in culture medium consisting of MEM (Gibco),
supplemented with 35 mM glucose (CarloErba Reagents), 1 mM Apo-Transferrin, 15 mM
HEPES, 48 mM Insulin, 3 mM Biotin, 1 mM Vitamin B12 (Sigma-Aldrich) and 500 nM
Gentamicin (Gibco) and 5-10% dialyzed FBS (Gibco). Two days after plating, 2 μm cytosineβ-d-arabinofuranoside (Sigma-Aldrich) was added to the culture medium, to reduce the growth
of glial cells. The cells were maintained at 37°C, in a humidified atmosphere with 5% CO2.

3.4 De novo infection protocol of immortalized cell lines and primary cell cultures
ScGT1 RML cells were grown at confluence and lysed using 130watt ultrasonic processor with
thumb-actuated pulser for small volume applications (Sonic Material). The resulted lysates (coming

from three 10 cm2 Petri dishes) were added to the medium of GT1 cells, grown at 10-20% of
confluence. Medium was refreshed three days after infection and, after seven days of growing,
cells were split for four times and at each passage they were lysed in order to be tested for PrPSc
presence. For primary cultures infection, brain homogenates of CD1 mice infected with RML
prions were used to infect primary mixed cultures, following the protocol published in 2016 by
Victoria et al. (Victoria et al., 2016).
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3.5 Compounds
All the compounds were dissolved in 100% ethanol (library A-U) and dimethyl sulfoxide
(DMSO) (library 1-8), to a 200 mM stock solution. From these stock solutions, intermediate
dilutions were prepared as needed. For cell treatment, stock solutions were further diluted in
PBS 1X to a final concentration of 10mM. Each compound was then diluted in cell culture
medium to reach a final concentration of 20 or 40μM. In the cell medium, the final concentration
of DMSO was never above 0.1%. Detailed treatment conditions are provided in following
methods. Mock controls were treated with vehicle only, under the same conditions.

3.6 Structure-based Virtual Screening (SBVS) and similarity search
The X-ray structure of SERPINA3 (pdb: 1AS4) (Lukacs, Rubin, & Christianson, 1998)was used
as receptor for our SBVS campaign. The protein was prepared using the protein preparation
wizard protocol (Sastry, Adzhigirey, Day, Annabhimoju, & Sherman, 2013) implemented in
Maestro. Hydrogens were added and charges and protonation states were assigned titrating the
protein at pH 7. Short minimization steps were performed to relieve the steric clashes. The grid,
used for subsequent docking calculations, was centered on a pocket at the interface of β-sheets
B and C and α-helix H. Such pocket, called sB/sC pocket, has been identified for plasminogen
activator inhibitor 1 (pdb: 4G8O) and it is deemed to be conserved also for other serpins (S. H.
Li et al., 2013). An in-house collection of ~15,000 nonredundant and diverse drug-like
molecules was employed as virtual library. The ligands were prepared using the LigPrep tool,
implemented in Maestro. Hydrogens were added and ionization states were generated at pH 7.4
± 0.5. The library was filtered to retain only the molecules that obey Lipinsky’s rules (Lipinski,
2004) and that do not bear reactive functional groups. The SBVS was performed through Glide
software (Friesner et al., 2004), using Single Precision and retaining one pose for each ligand.
After a visual inspection of the best scored poses, a first set of compounds (i.e., A-U) was select
for biological assay. Finally, based on the common structural features of the most active
compounds (i.e. G and H), a similarity search was performed on the virtual library using Canvas
(Duan, Dixon, Lowrie, & Sherman, 2010). A second set of compounds (i.e., 1-8), bearing the 5aminopyrazole scaffold, was selected for biological assays. Schrödinger suite version 2015-4
was used for our calculations.
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3.7 Assessment of cell viability and MTT assay
Both un-infected and chronically infected, with RML or 22L prion strain, N2a and GT1 cells,
were maintained in culture and grown to 80% confluence. The medium was changed, and the
cells were detached. Cell density was determined by cell counting using ScepterTM 2.0 Cell
Counter (Millipore) and adjusted to 1 × 104 cell/mL with MEM (N2a, ScN2a RML and ScN2a
22L) or 2× 104 with DMEM (GT1, ScGT1 RML and ScGT1 22L). Cell suspension was added
to each well of a 96-well, tissue culture-treated, clear bottom, plate (Costar) and cells were
allowed to settle for 1 day at 37 °C under 5% CO2 prior to the treatment with compounds. Each
compound was diluted in the cell medium to a final concentration of 20 and 40 μM. After 24 h,
cell culture medium was removed and replaced by compound-containing medium. The plate
was incubated at 37 °C under 5% CO2 for 5 days. The Thiazolyl Blue Tetrazolium Bromide
(MTT, SIGMA) was diluted in PBS 1X to a working dilution of 5 mg/mL. Cells were incubated
with 20μL of MTT solution for 3 h at 37 °C. After incubation, 100μL of 1:1 DMSO/2-Propanol
solution was added to each well and the plate was kept at room temperature (RT) for 5 min
before reading. The emission intensity was quantified using the EnSpire Multimode Plate
Reader (Perkin Elmer). 70% of viability was set as threshold of toxicity.

3.8 Acute and chronic treatment
All the treatments were performed following the dilutions and concentrations described in the
compound section (see paragraph 3.5). After compounds preparation, cells were treated for
four days in acute treatment with only one dosage (at 20 or 40µM) or for one month in chronic
treatment with a dosage (at 20 µM) every week and then lysed to perform the experiments. Mock
controls were treated with vehicle only (DMSO and ETOH), under the same conditions.

3.9 Collection of conditioned media (CM), cell lysis, PNGase F and Proteinase K (PK)
Digestion
For extracellular SerpinA3n detection, conditioned media of un-infected and prion infected N2a
and GT1 cell lines were collected, cleared, and concentrated following Gueugneau et al., 2018
protocol. After 24 h incubation in serum-free medium, the CM was cleared by centrifugation
(10 min at 300 g followed by 20 min at 2000 g) to discard cell debris. Cleared CM were
subsequently concentrated using an Amicon Ultra-4 30 kDa cut-off spin Column (Millipore,
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Watford, UK). For intracellular protein detection, after removing the medium, cells were washed
with PBS and lysed on ice in lysis buffer (10 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.5% nonidet P40, 0.5% deoxycholic acid sodium salt). Nuclei and large debris were removed with a centrifugation at
13000 rpm for 3 min at 4 °C in a bench microfuge (Eppendorf, Hamburg, Germany). Protein

concentration of cleared cell lysate and conditioned media was determined using the
bicinchoninic acid (BCA) protein quantification kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). For intracellular or extracellular SerpinA3n detection, 100 μg of cell
lysate or 50 μg of conditioned medium, respectively, were added into 5X SDS- PAGE loading
buffer in a 1:5 ratio. 6 h PNGaseF (New England Biolabs) treatment of conditioned medium
was performed starting from 50 μg of protein, following manufacturer’s instruction in
denaturing reaction condition. For PrP detection, cell lysates were split into two parts. One part
was treated with 5 μg of PK (Roche Diagnostics Corp., Mannheim, Germany) at 37 °C for 1 h.
The reaction was arrested with 2 mM of phenylmethylsulphonyl fluoride (PMSF, SigmaAldrich). The PK-digested samples were precipitated by centrifugation at 55,000 rpm for 75
min at 4 °C in an ultracentrifuge (Beckman Coulter, Brea, California, USA) and the pellet was
resuspended in 1X SDS- PAGE loading buffer. The non-PK-digested samples were added into
2X SDS-PAGE loading buffer in a 1:1 ratio. All samples were boiled for 10 min at 100 °C. All
samples were stored at -20 °C until further processing or analysis.

3.10 Western blot
Samples were loaded onto 8%, 10% or 12% Bis/Tris Acrylamide gels (NuPAGE, Invitrogen),
separated by SDS-Page and transferred to PVDF membrane. The membranes were blocked with
5% non-fat milk in TBST (Tris 200 mM, NaCl 1.5 mM, 1% Tween-20, Sigma-Aldrich). For
extracellular SerpinA3n Ponceau S staining of the membrane, before milk blocking, was
performed to verify the accuracy of sample loading. For SerpinA3n detection, membrane was
incubated with polyclonal SerpinA3n antibody (1:500 R&D Systems) followed by a rabbit antigoat HRP secondary antibody (1:1000). For PrP detection, anti-PrP Fab W226 (1:5000,
recognizing residues 144–152) antibody was used, followed by a goat anti-mouse HRP
secondary antibody (1:1000). For Gfap detection, anti-Gfap monoclonal antibody (SigmaAldrich 1:1000) and goat anti-mouse HRP secondary antibody (1:1000) were used. pStat3 and
total Stat3 were detected with monoclonal anti-pStat3 (Tyr705) antibody (Cell Signaling
1:1000) and polyclonal anti-Stat3 (Sigma-Aldrich 1:1000), followed by goat anti-mouse and
goat anti-rabbit HRP secondary antibody (1:1000), respectively. Nuclear fractions were detected
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using monoclonal mouse monoclonal anti-Nup62 antibody (Sigma-Aldrich 1:1000) and
cytosolic fraction was detected using polyclonal anti-β-Tubulin3 (1:3000, Thermo Fisher),
followed by goat anti-mouse and goat anti-rabbit HRP secondary antibody (1:1000),
respectively. Monoclonal anti-β-actin-peroxidase antibody (1:10,000 Sigma-Aldrich) and
monoclonal anti-Vinculin antibody (Sigma-Aldrich 1:10000) were used to normalize results.
The membrane was visualized by chemiluminescence using Amersham ECL Prime (GE
Healthcare Life Sciences). Densitometric analysis was carried out using UVIBand software.
Data are expressed as mean ± SD, and the values of the controls are adjusted to 100%. Each
experiment was performed in technical duplicates or triples.

3.11 Recombinant full-length mouse PrP production and purification
The mouse construct was expressed in competent BL21 Rosetta2 (DE3) cells Escherichia coli
(Stratagene). Freshly transformed overnight culture was inoculated into Luria Bertani (LB)
medium and 100 μg/mL ampicillin and 30 μg/mL chloramphenicol. At 0.8 OD600 expression
was induced with isopropyl b-D galactopyranoside (IPTG) to a final concentration of 1 mM.
Cells were grown in a BioStat-B plus fermentor (Sartorius). The cells were lysed by a
homogenizer (PandaPLUS 2000) and the inclusion bodies were suspended in buffer containing
25 mM Tris-HCl, 5 mM EDTA, 0.8% TritonX100, pH 8, and then in bi-distilled water several
times. Inclusion bodies containing MoPrP (23-231) were dissolved in 5 volumes of 8 M
guanidine hydrochloride (GdnHCl), loaded onto pre-equilibrated HiLoad 26/60 Superdex 200pg column, and eluted in 25 mM Tris–HCl (pH 8.0), 5 mM ethylenediaminetetraacetic acid, and
5 M GdnHCl at a flow/rate of 1.5 mL/min. Protein refolding was performed by dialysis against
refolding buffer [20 mM sodium acetate and 0.005% NaN3 (pH 5.5)] using a Spectrapor
membrane (molecular weight, 10000 Da). Purified protein was analyzed by SDSpolyacrylamide gel electrophoresis under reducing conditions and Western blot.

3.12 RT-QuIC procedure
After purification, aliquots of the recombinant PrP (Full length MoPrP) (23-231) were stored at
−80 °C in 10 mM phosphate buffer (pH 5.8). Before each test, the protein solution was thaw at
room temperature and filtered using Millex-GV filter 0.22 µm (Millipore).
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The final reaction volume was 100 μL loaded into the plate (ViewPlate-96 F TC/50x1B, Perkin
Elmer) and the reagents (Sigma) were concentrated as follow: 150 mM NaCl, 0.002% SDS, 1X
PBS, 1 mM EDTA, 10 μM ThT and FLMoPrP 0.2 mg/mL.
The seed consists of sonicated ScN2a-RML cells. Before the sonication, the cells were collected
in 100 µl of PBS 1X, after the sonication the sample was quantified using the BCA assay, in
order to use it as a seed (1 µg of the protein).
After the addition of 10 μL of seed, the plate was sealed with a sealing film (Perkin Elmer) and
inserted into a FLUOstar OPTIMA microplate reader (BMG Labtech). The plate was shaken for
1 minute at 600 rpm (double orbital) and incubated for 1 minute at 45 °C.
Fluorescence readings (480 nm) were taken every 30 minutes (30 flashes per well at 450 nm).
A sample was considered positive if at least two out of three wells start the aggregation at the
same time of the positive control (moPrP+seed), around 12h of reaction.

3.13 shRNAs production
The shRNA design and production were carried out thanks to the collaboration of Doctor Thanh
Hoa Tran. He used the backbone of pHIV-Luc_ZsGrenn plasmid to generate the shRNAs used
for our experiment of silencing. The shCTRL was created using a short hairpin against
Luciferase in the structure, while the shSerpinA3n was created using a short hairpin against
SerpinA3n.The sequencing of both shRNAs was performed using LKO1 or U6 as primers and
after the midi prep (Qiagen) the shRNAs were quantified in order to be used for the further
experiment.

3.14 SerpinA3n shRNA transfection
For the shRNA transfection we plated ScN2a RML cells into 6cm2 Petri dishes and we
transfected them when the cells reached 50% of confluence, using the Effectene Transfection
Reagent (QIAGEN).
We prepared the mix by adding 150μL of BUFFER EC and 3μg of plasmids into 1.5mL
Eppendorf and we mixed them gently. Then, we added to the mixture 8X ENANCHER
(24μL/mix), we mixed it 10 seconds by vortexing, and we waited 5 minutes.
Then, we added 300μL of Effectene and we mixed it gently by pipetting 5 times. We waited 10
minutes and then we added 500μL of medium (Optimem), mixing gently by pipetting 2 times.
Then, we added the mix to each plate, drop by drop, and we left it in culture for 24h before
changing the medium. After 3 days cells were collected and analysed.
59| P a g e

3.15 Stable transfection with plasmid to generate SerpinA3n KO ScN2a cell line
In order to further investigate the role of SerpinA3n we generated KO cell lines, thanks to the
collaboration of our post-docs Silvia Vanni and Thanh Hoa Tran. Lipofectamine 2000 was used
for all plasmid transfection experiments according to the manufacturer’s protocol. Briefly, cells
were plated in 96-wells plates for each experiment at a density of 1000 cells/well. Lipofectamine
and Optimem medium were mixed and incubated for 5 min, then added to (plasmid + Optimem
medium) and kept for 15 mins at room temperature (RT). This solution was added stepwise to
cells and gently mixed. Cells were incubated at 37⁰C overnight, and the medium was replaced
by fresh complete medium. Then cells were split a 1:50 into selective medium in the following
day. Plasmid for KO were pSPCas9n-SERPINA3N-A, pSPCas9n-SERPINA3N-B

3.16 RNA extraction and Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)
After removing the medium, un-infected and prion infected cell lines were washed in PBS and
pellet at 12000 rpm for 5 minutes. Cell pellets were resuspended in 1mL TRIzol reagent
(Ambion, Life Technologies) following manufacturer’s instructions and store at -80°C until
further processing. Total RNA was extracted with PureLink® RNA Mini Kit (Life Technologies)
and on-column DNA digestion was performed using PureLink DNase Set (Life Technologies).
RNA was checked for concentration and purity on a NanoDrop 2000 spectrophotometer
(Thermo Scientific). For the total RNA from one hemisphere of mouse whole brain tissue, the
tissue was homogenized with Stainless Steel Beads 5 mm in Tissue Lyser II (Qiagen), in TRIzol
reagent (Invitrogen) following manufacturer’s instructions. RNA was extracted with PureLink
RNA Mini Kit (Life Technologies) and on-column DNA digestion was performed using
PureLink DNase Set (Life Technologies).
cDNA was obtained starting from 3μg of total RNA with 50μM Oligo(dT)20, 10mM dNTP mix,
5X First Strand Buffer, 0.1M DTT, 40 U RNAse inhibitor and 200 U SuperScript® III Reverse
Transcriptase (Life Technologies). A negative control was performed for each sample by
omitting the reverse transcriptase (-RT control).
Gene expression assays were performed using qPCR primer sequences (Gfap, Cd86, IL-1β, Il6, Stat3, SerpinA3n, Gapdh, Tubb3 and ActB) and protocol as reported in Vanni et al 2017 and
the relative expression ratio (fold change, FC) was calculated using 2-ΔΔCT method (Livak &
Schmittgen, 2001) as reported in Vanni et al., 2018.
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ΔCT were calculated subtracting the CT of the reference genes to the CT of the target genes, both
for “test” (prion infected cell) and “calibrator” (un-infected cells). Then, ΔΔCT were obtained
with the ∆CT of each sample (both of calibrator and test) minus the mean ∆CT of the population
of calibrator samples. Fold change values smaller than 1 were converted using the equation 1/FC, for representation.

3.17 Pharmacokinetic
Pharmacokinetic in vivo studies
Compound 5 was administered orally (PO) and intravenously (IV) to C57BL/6 male mice at 10
and 3 mg/kg. Vehicle was: PEG400/Tween 80/Saline solution at 10/10/80 % in volume
respectively. Three animals per each time point were treated. Blood samples and brains at 0, 15,
30, 60, 120, and 240 min after administration were collected for PO arm. Blood samples and
brains at 0, 5, 15, 30, 60, 120 and 240 min after administration were collected for IV arm.
Plasma was separated from blood by centrifugation for 15 min at 1500 rpm a 4°C, collected in
an Eppendorf tube and frozen (-80°C). Brain samples were homogenized in Phosphate buffered
saline and then split in two aliquots kept at -80 °C until analysis. An aliquot was used for
compound brain level evaluation, following the same procedure described below for plasma
samples. The second aliquot was kept for protein content evaluation by bicinchoninic acid assay
(BCA). Control animals treated with vehicle only were also included in the experimental
protocol.

Pharmacokinetic measurements
Plasma samples were centrifuged at 21.100 x g for 15min at 4°C, while homogenized brain
samples were vigourously whirled. An aliquot of each sample was extracted (1:3) with cold
CH3CN containing 200nM of an appropiate internal standard. A calibration curve was prepared
in both naïve mouse plasma and naïve mouse brain homogenate over a 1nM – 10µM range.
Three quality control samples were prepared by spiking the parent compound in both naïve
mouse plasma and naïve brain homogenate to 20, 200 and 2000nM as final concentrations. The
calibrators and quality control samples were extracted (1:3) with the same extraction solution as
the plasma and brain samples. The plasma and brain samples, calibrators and quality control
samples were centrifuged at 3.270 x g for 15min at 4°C. The supernatants were further diluted
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(1:1) with H2O, and analyzed by LC-MS/MS on a Waters ACQUITY UPLC/MS TQD system
consisting of a Triple Quadrupole Detector (TQD) Mass Spectrometer equipped with an
Electrospray Ionization interface and a Photodiode Array eλ Detector from Waters Inc. (Milford,
MA, USA). Electrospray ionization was applied in positive mode. Compound-dependent
parameters as MRM transitions and collision energy were developed for the parent compound
and the internal standard. The analyses were run on an ACQUITY UPLC BEH C 18 (50x1mm
ID, particle size 1.7µm) with a KrudKatcher ULTRA HPLC In-Line Filter (0.5µmx0.004in ID)
at 40°C, using H2O + 0.1% HCOOH (A) and CH3CN + 0.1% HCOOH (B) as mobile phase at
0.1mL/min. A linear gradient was applied starting at 10%B with an initial hold for 0.5min, then
10-100%B in 3min, followed by a hold for 0.5min at 100%B. All samples (plasma and brain
samples, calibrators and quality controls) were quantified by MRM peak area response factor in
order to determine the levels of the parent compound in plasma. The plasma concentrations
versus time were plotted and the profiles were fitted using PK Solutions Excel Application
(Summit Research Service, USA) in order to determine the pharmacokinetic parameters.

3.18 Bioinformatic research on SerpinA3n promoter
The bioinformatic research focused on the analysis of SerpinA3n gene and, in particular, on its
promoter. The Ensemble software (Zerbino et al., 2018) was used to find the mouse sequence
of SerpinA3n, from which the gene promoter sequence was selected and analyzed with the
Jaspar software (Bryne et al., 2008) to find possible Stat3 binding sites on this sequence.

3.19 Fractionation protocol for cellular lysates: Rapid Efficient And Practical (REAP)
protocol
The chosen fractionation method for cellular lysates is the rapid, efficient and practical protocol
(REAP) which is a two minutes non-ionic detergent-based purification technique (Suzuki, Bose,
Leong-Quong, Fujita, & Riabowol, 2010).
N2a and ScN2a cells were grown as monolayers in 10 cm diameter dishes, removed from culture
dishes on ice and collected in 1.5 mL micro-centrifuge tubes in 1 mL of ice-cold PBS.
After centrifugation (a "pop-spin" for 10 sec in an Eppendorf tabletop microfuge), supernatants
were removed from each sample and cell pellets were resuspended in 900 μL of ice-cold 0.1%
NP40 (Nonidet-P40, Sigma Aldrich) in PBS and triturated 5 times using a p1000 micropipette
(Gilson, WI, USA).
300 μL of the lysate was removed as "whole cell lysate" and kept on ice until the sonication
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step. The remaining (600 μL) material was centrifuged for 10 sec in 1.5 mL micro-centrifuge
tubes and 300 μL of the supernatant was removed as the "cytosolic fraction" and kept on ice.
After the remaining supernatant was removed, the pellet was resuspended in 1 mL of ice-cold
0.1% NP40 in PBS, centrifuged for 10 sec as above and the supernatant was discarded.
The pellet (~20 μL) was resuspended in 30 μL of ice-cold 0.1% NP40 in PBS and designated as
"nuclear fraction".
Nuclear and whole cell lysates that contained DNA were sonicated (Vibra cells Ultrasonic liquid
processor, amplitude 70%) 3 x 5 sec each.
Each sample was added with the inhibitor of phosphatases 1x (PhosSTOP EASYpack Roche,
Sigma Aldrich, 10x) in water to avoid the possible dephosphorylation of pSTAT3 and boiled
for 10 min at 100° C.

3.20 Immunofluorescence of fixed cells
N2a and ScN2a cells were seeded to semi-confluence in each well of a 24-well plate for 24
hours. After one day of incubation, the medium was removed, and the cells were fixed in 4 %
of paraformaldehyde (PFA) for 20 minutes. The PFA was discharged and the cells were washed
3 times with PBS. Then, the cells were permeabilized with 0,02% of TritonX-100 in PBS for 5
minutes and then washed again 3 times with PBS. After the permeabilization step the cells were
blocked in 1% Bovine Serum Albumin (BSA, Sigma-Aldrich) for 1 hour at room temperature.
After the blocking the cells were incubated with primary antibody (W226 1:500, pSTAT3 Cell
Signaling 1:100) in incubation buffer (1% BSA in PBS) for 1hour at room temperature. Next
the cells were washed 3 times with 1% BSA and then incubated with the secondary antibody
(Goat anti-mouse [GαMo]-AlexaFluor488 or 594, Life Technologies) diluted 1:200 in the
incubation buffer (1% BSA in PBS) for 1 hour at room temperature in the dark. After 2 washes
in 1% BSA and 1 in PBS, the cells were incubated with 0.1-1 µg/mL of DAPI (Life
Technologies) in PBS for 10 minutes. The cells were washed 3 times in PBS and then the
coverslips were mounted with a drop of Fluoromount-G (Invitrogen). The coverslips were
sealed with nail polish to prevent drying and movement under the microscope.
To reveal scrapie epitopes in ScN2a cells we followed the same protocol but before the blocking
step the cells were treated with PK 2,5mg/mL (15 minutes), washed 3 times in PBS and then
treated with PMSF for 10minutes and GndHCL for 5 minutes and then blocked.
For the PrPC surface staining we cultured cells to semi-confluence in each well of a 24-well
plate for 24 hours. After one day of incubation, we moved cells on ice for 15 minutes and we
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stained with primary Ab (W226, 1:500) in culture medium for 20 minutes, always in ice. Then,
we removed medium and we washed cells with PBS 2 times. We next fixed cells with 4% PFA
for 20 minutes and we washed with PSB 3 times. Then, cells were blocked with 1%BSA for 1
hour at RT and incubated with the secondary antibody (Goat anti-mouse [GαMo]AlexaFluor488, Life Technologies). After 2 washes in 1% BSA and 1 in PBS, the cells were
incubated with 0.1-1 µg/mL of DAPI (Life Technologies) in PBS for 10 minutes. The cells were
washed 3 times in PBS and then the coverslips were mounted with a drop of Fluoromount-G
(Invitrogen). For infected primary mixed cultures, we followed the protocol described by
Victoria et al., 2016. Images were acquired with C1 confocal microscope (Nikon). FITC and
TRITC filters were used for detection of PrP and pSTAT3 specific staining, while DAPI specific
staining was acquired with 500 nm filter.

3.21 Statistical analysis
Statistical analysis was performed using GraphPad Prism 7.0 software. Normal distribution of
data was assessed by D’Agostino-Pearson normality test.
For RT-qPCR analysis, differences between the ∆CTs of prion infected and uninfected cells and
mouse brain homogenates were assessed with Kruskal-Wallis and Mann-Whitney test for not
normally distributed data. Concerning Kruskal-Wallis test the level of significance was
calculated using Dunn's multiple comparisons test between ∆CTs of prion infected and
uninfected cells.
β-actin normalized Western blot signal values obtained from control and treated cells were
normalized to the mean of the control samples for each experiment (in technical duplicates or
triples). Groups were compared by using the non-parametric Mann–Whitney and Wilcoxon’s
matched pairs ranked test or Kruskal–Wallis and Friedman test with Dunn’s multiple
comparisons test. P-values ≤ 0.05 were considered as statistically significant.
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4. RESULTS
4.1 SerpinA3n expression in uninfected and prion-infected cell lines
We first analysed the expression of SerpinA3n transcript and protein in N2a and GT1 prion
infected cells. At transcript levels, SerpinA3n is highly upregulated in both RML and 22L
infected N2a and GT1 cells compared to uninfected ones (Figure 1a, 2a). Since SerpinA3n is
mainly secreted (Gueugneau et al., 2018; Sergi et al., 2018), we performed Western Blot on
conditioned medium collected from both prion-infected and un-infected N2a and GT1 cell lines
observing a statistically significant increase of extracellular SerpinA3n in the medium of RML
and 22L infected N2a (Figure 1b, c) and GT1 cells (Figure 2b, c). Nevertheless, we also
appreciated an increased signal of intracellular SerpinA3n in both RML and 22L infected N2a
(Figure 1b) and GT1 (Figure 2b) compared to uninfected cells.
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Figure 1. SerpinA3n expression in uninfected and prion infected N2a cell lines. a) Gene expression
analysis of SerpinA3n transcript normalized against β-actin between uninfected and prion-infected (with
RML and 22L prion strains) N2a cell lines. b) Representative Western Blot image of intracellular
SerpinA3n, PrPSc, β-actin and secreted SerpinA3n. PonceauS staining on membrane was performed to
verify the loading amount. c) Densitometric analysis of western blot signals from secreted SerpinA3n
between uninfected and prion infected (RML and 22L) N2a cell lines. N=5 biological replicates KruskalWallis test, Dunnett's multiple comparisons *p<0.05** p<0.01
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Figure 2. SerpinA3n expression in uninfected and prion infected GT1 cell lines. a) Gene expression
analysis of SerpinA3n transcript normalized against β-actin between uninfected and prion-infected (with
RML and 22L prion strains) GT1 cell lines. b) Representative Western Blot image of intracellular
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SerpinA3n, PrPSc, β-actin and secreted SerpinA3n. PonceauS staining on membrane was performed to
verify the loading amount. c) Densitometric analysis of western blot signals from secreted SerpinA3n
between uninfected and prion infected (RML and 22L) GT1 cell lines. N=5 biological replicates KruskalWallis test, Dunnett's multiple comparisons *p<0.05** p<0.01

4.2 Structure based virtual screening
Firstly, we conducted a structure based virtual screening (SBVS) campaign to identify novel
SERPINA3 binders able to inhibit the protein function. To do so, we docked a virtual library of
~15,000 compounds against the sB/sC pocket. Such pocket is located in the interface of the
sheets B and C and it has been found for the first time in the plasminogen activator inhibitor 1
(PAI). Due to high structural similarity among the Serpin’s family, it has been proposed that the
sB/sC pocket is also present in SerpinA3n (S. H. Li et al., 2013). After a visual inspection of the
best scored compounds, we selected 19 structurally diverse compounds (compounds A-U) for
biological assays.

4.3 MTT analysis and acute cell treatment of first library (A-U)
Before starting the evaluation of the potential anti-prion efficacy, we determined the effect of
compounds of the library (A-U) at 20μM concentration on cell viability using MTT assay. We
set the toxicity threshold at 70% of cell viability compared to vehicle treated cells, discarding
compound A (Figure 3a). Then, their ability to reduce the level of the resistant PrPSc in prioninfected cells was determined by Western blotting densitometric analysis. Relative amounts of
PK-resistant PrPSc were measured comparing to untreated ScGT1-RML cells, observing a
significant reduction of prion accumulation after the treatment with compound F, G and H
(Figure 4a, b); however, when we repeated the experiment, we obtained lower reduction in the
prion clearance using this dose, so we decided to test the molecules at a higher concentration.
Thus, ScGT1 RML were treated with a higher dose of the F, G and H (40μM) and the MTT
assay revealed the toxicity of the compound F (Figure 3b), so we next treated cells with G and
H at 40μM appreciating a high anti-prion effect in all the experiments performed (Figure 4c).
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Figure 3. Viability of RML ScGT1 cell line treated with the first library of molecules. MTT analysis
of ScGT1 RML treated with the vehicle (CTRL) or the drug (compounds A-U). a) 20μM b) 40μM
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Figure 4. RML ScGT1 cell line treated with the first library of molecules. Western blotting analysis
of PrPSc in lysates from ScGT1 treated with the vehicle (CTRL) or the drug (compounds A-U) at 20μM
(a) and 40μM (b). Molecular weight is represented on the right (kDa). β-actin was used as proteins
loading control and to normalize the expression level of PrPSc for densitometric analysis. Statical
significance was performed by Friedman test with Dunn’s multiple comparison. *P <0.05 (N=5)

4.4 Identification of the second library of compounds
We found that the most active compounds tested in MTT assay (i.e. G and H) share a common
scaffold based on 5-aminopyrazole core. This indicates that this heterocycle might be important
for the ligand binding and, therefore, we decided to further explore new compounds bearing the
5-aminopyrazole scaffold. A ligand-based similarity search on our in-house virtual library of
~15,000 compounds (Savardi et al., 2020) resulted in the identification of eight new compounds
tested in MTT assay. Compound 5 was found the most active compound and the proposed
binding mode is depicted in Figure 5. The 4-trifluoromethoxy-phelyl moiety finds room in the
small idrophobic pocket formed by Phe 198, Leu223, Leu226, Met 196, Leu242 and Trp194.
The 5-aminopyrazole core is located at the entrance of the sB/sC pocket. Finally, the piperidine
moiety is exposed to the solvent, interacting through an H-bond with the Glu195 (Figure 5).
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Figure 5. Binding mode of compound 5. Left: the structure of SerpinA3n (pdb: 1AS4) is shown in
cartoon style, with sheet A in pink, sheet B in light blue, sheet C in green, and the helix H in sand. The
compound 5 is shown in orange sticks. The sB/sC pocket is highlighted with a lemon circle. Right: the
sB/sC pocket is represented in grey surface and the bound compound 5 in orange sticks. Residues in the
binding pocket are shown in grey sticks.

4.5 MTT analysis and acute cell treatment of second library (1-8)
For what concern the second library (1-8), after MTT assay we discarded compound 3 from the
evaluation of anti-prion efficacy, due to its toxicity (Figure 6). So, we next treated ScGT1-RML
cells with the other compounds and we evaluated which molecules showed the higher anti-prion
activity. Western blotting analysis revealed that only the compound 5 was able to decrease
efficiently PrPSc amount (Figure 7a, b). Therefore, we choose it as the hit compound for next
experiments.
We repeated the acute treatment with compound 5 in six independent experiments on different
cell lines (GT1 RML- and 22L-infected and N2a RML- and 22L-infected) obtaining a PrPSc
amount decreased in all cases. Particularly, we obtained an average 55% PrPSc reduction in
ScGT1 RML, 35% in ScGT1 22L, 60% in ScN2a RML cell and 85% in ScN2a 22L (Figure 8,
9). These results indicated that compound 5 was able to decrease the amount of PrPSc regardless
of the cell line used, underlying its role in PrPSc inhibition via SerpinA3n inhibition and not via
PrP inhibition. Moreover, strain-independent compound 5 anti-prion effect highlights its
potential to be used in clinic.
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Figure 6. Viability of RML ScGT1 cell line treated with the second library of molecules. MTT
analysis of ScGT1 RML treated with the vehicle (CTRL) or the drug (compounds 1-8) at 20μM
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Figure 7. RML ScGT1 cell line treated with the second library of molecules. a) Western blotting
analysis of PrPSc in lysates from ScGT1 treated with the vehicle (CTRL) or the drug (compounds 1-8).
The experiment has been performed in triplicates. Molecular weight is represented on the right (kDa). βactin was used as proteins loading control and to normalize the expression level of PrPSc for densitometric
analysis (b).

a)

b)

c)

d)

Figure 8. RML- and 22L-infected GT1 cell line treated with compound 5 Western blotting analysis
of PrPSc in lysates from ScGT1 RML (a,b) and 22L (c,d) treated with the vehicle (CTRL) or the drug
(compound 5). The experiment has been performed in duplicates 6. β-actin was used as protein loading
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control and to normalize the expression level of PrPSc for densitometric analysis. Statistical significance
was performed by Wilcoxon matched-pairs signed rank test, *p < 0.05 N=6.
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Figure 9. RML- and 22L-infected N2a cell line treated with compound 5. a) Western blotting analysis
of PrPSc in lysates from ScN2a RML (a,b) and 22L (c,d) treated with the vehicle (CTRL) or the drug
(compound 5). The experiment has been performed in duplicates. Molecular weight is represented on the
right (kDa). β-actin was used as protein loading control and to normalize the expression level of PrPSc
for densitometric analysis. Statistical significance was performed by Wilcoxon matched-pairs signed
rank test, *p< 0.05 N=6
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IC50 of compound 5 in both N2a and GT1 prion infected cell lines revealed a range of prion
clearance efficacy between 6 and 19 µM. Indeed, we observed that the effect of compound 5
was prion strain- and cell line-independent since we obtained the highest IC50 in GT1 22Linfected cells and the lowest IC50 in N2a 22L-infected cells (Figure 10). These results are in
line with the idea that the compound acts on SerpinA3n. The observed differences in PrPSc
clearance are probably due to the different PrPSc amount in the cell lines used.
We also investigated compound 5 PrPSc reduction by the means of immunofluorescence in
ScN2a RML cell lines, showing that compound 5 treated cells presented a decreased signal of
PrPSc compared to untreated cells after PK digestion and GndHcl treatment to display the scrapie
epitopes (Figure 11).
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Figure 10. IC50 of compound 5 on RML- and 22L-infected GT1 and N2a cell lines. a) RML-infected
GT1 cells IC50=8.64 μM; b) 22L-infected GT1 cells IC50=19.3 μM; c) RML-infected N2a cells
IC50=11.2 μM; d) 22L-infected N2a cells IC50=6.27 μM. Each graph is the representation of three
different experiments.

Figure 11. Immunofluorescence of RML-infected N2a cell line treated with compound 5 at 20μM
concentration. Immunofluorescence staining of Total PrP and PrPSc in cells treated with compound 5
compared with ctrl cells (treated with vehicle only, DMSO 20μM). The upper panels represent the same
staining for the total PrP in cells treated and untreated, while in the panels below is represented the
amount of PrPSc which results lower if compared to ctrl cells, confirming the ability of the compound 5
in decreasing the accumulation of PrPSc.
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4.6 Chronic treatment of ScGT1 and ScN2a cell lines with compound 5
We next chronically treated both RML and 22L-infected GT1 and N2a cell lines with compound
5 every 5 days for several passages. As shown, an 80-90% of reduction in PrPSc levels was
observed from the first passage and was maintained for all the subsequent ones in all treated cell
lines infected with the two prion strains (Figure 12 and 13). The results highlighted that
compound 5 is able to slow down prion replication across passages under repeated
administration.
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Figure 12. Chronic treatment of ScN2a cell line with SerpinA3n inhibitor 5. Western blotting
analysis of PrPSc in lysates from RML-infected a) or 22L-infected b) N2a cells treated with vehicle
(DMSO) or the drug (compound 5) at 20 μM for several passages. Molecular weight is represented
between the two panels (kDa).
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Figure 13. Chronic treatment of ScGT1 cell line with SerpinA3n inhibitor 5. Western blotting
analysis of PrPSc in lysates from RML-infected a) or 22L-infected b) GT1 treated with vehicle (DMSO)
or the drug (compound 5) at 20 μM for several passages. Molecular weight is represented between the
two panels (kDa).
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4.7 De novo infection of GT1 cell line and treatment with compound 5
Next, we treated de novo RML-infected GT1 cells in parallel with and without compound 5. We
first observed the appearance of prion in GT1 cells after challenging them with RML prions,
which were stable for all the passages. Moreover, we observed that de novo prion-infected and
simultaneously compound 5-treated cells, showed a delayed appearance of prion accumulation
compared to control cells (Figure 14).

Figure 14. De novo infection of GT1 cell line and treatment with SerpinA3n inhibitor 5. Western
blotting analysis of PrPSc in lysates from de novo infected GT1 cell line treated with vehicle (DMSO) or
the drug (compound 5) for several passages and western blotting analysis of PrP Sc in lysates from de
novo infected GT1 treated with compound 5 after stopping of treatment compared to cells never treated.
Molecular weight is represented on the right (kDa).
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4.8 Investigation of in vitro effect of compound 5 on prion fibril formation
To exclude possible compound 5 off-target effects on the prion protein itself, we performed an
RT-QuiC assay. As showed in Figure 15, the addition of compound 5 to recombinant mouse
PrP and ScN2a derived seed does not affect fibrils formation, suggesting that the compound is
not able to bind neither PrPC nor PrPSc and it is able to exert its anti-prion activity without a
direct interaction with either PrPC or PrPSc

Figure 15. RT-QuIC analysis of PrP-compound5 interaction. RT-QuIC technique to analyze and
exclude the possible interaction of the compound 5 with the PrPC or PrPSc (N=2)

4.9 Investigation of PrP localization after compound 5 treatment
To further investigate compound 5 specificity, we set up an immunofluorescence experiment on
compound 5 treated N2a cells to exclude any possible biological interaction with PrP. In this
case, we wanted to observe whether compound 5 treatment was able to induce a shift of PrPC
from the plasma membrane to the inner compartments, hiding the substrate necessary for PrPC
to PrPSc conversion. We observed that compound 5 treated N2a cells displayed a similar PrPC
and total PrP localization compared to untreated cells (Figure 16), indicating that the compound
was not able to induce a PrP shift to other cellular compartments.
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Figure 16. Immunofluorescence of Total PrP and surface PrPC in N2a cell line treated with
compound 5. Immunofluorescence staining of Total PrP and surface PrPC in N2a cells treated with
compound 5 compared with ctrl cells (treated with vehicle only, DMSO 20μM). The panels represent the
same staining for surface PrPC and the Total PrP in N2a cells both treated and untreated with compound
5, indicating that the localization of PrPC on the membrane is not affected by the treatment.

4.10 Binding specificity of compound 5 for SerpinA3n
To assess compound 5 specificity to SerpinA3n, we treated ScN2a RML cells with compound
5 and an anti-SerpinA3n antibody. We observed that compound 5 and antibody treated cells
displayed a reduced amount of PrPSc compared to control cells (Figure 17). Then, we generated
ScN2a RML cells knock-out for SerpinA3n. First of all, we observed that all of the obtained
clones showed a reduced or absent PrPSc signal compared to normal ScN2a cells, underlying a
SerpinA3n role played in PrP accumulation and replication (Figure 18 a). Since some
SerpinA3n KO ScN2a RML clones showed a remaining signal of PrPSc, we treated one of them
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(clone 5) with compound 5. As expected, compound 5 was not able to reduce PrP accumulation
in SepinA3n devoid ScN2a RML cells (Figure 18 b), suggesting again that the compound acts
on PrPSc clearance via a specific SerpinA3n inhibition.
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Figure 17. Specificity of compound 5 effect in decreasing of PrPSc with Anti-SerpinA3n antibody.
Western blotting analysis of PrPSc on RML-infected N2a cells after the treatment with Anti-SerpinA3n
antibody (R&D System) and compound 5 to confirm compound 5 specificity to SerpinA3n in decreasing
PrPSc. Molecular weight is represented on the right (kDa).
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Figure 18. Treatment of ScN2a RML cell line knock-out for SerpinA3n. Western blotting analysis
of PrPSc after the treatment with compound 5 in RML-infected N2a cell line knock-out for SerpinA3n to
confirm the compound 5 specificity to SerpinA3n in decreasing PrPSc. a) Western blotting analysis of
PrPSc signal in different clones of RML-infected N2a cells knock-out for SerpinA3n; b) treatment with
compound 5 of clone 5 of RML-infected N2a cells knock-out for SerpinA3n with a residual signal of
PrPSc. Molecular weight is represented on the right (kDa).

4.11 SerpinA3n genetic inhibition
As a complementary approach, we decided to decrease SerpinA3n levels in our cell line models
using shRNA approach in order to silence SerpinA3N gene expression.
Indeed, being a single-stranded RNA molecule, shRNA can be delivered to cells on a DNA
plasmid, ensuring continuous expression over time and avoiding the need of regular dosing. In
addition, it has been shown that single stranded RNAs have less “off-target” effects compared
to double-stranded RNAs and reduced propensity to elicit immune response activation,
inflammation and toxicity (Aguiar, S., et al., 2017). Our data showed a reduction of PrPSc
accumulation (around 50%) after SerpinA3n inhibition compared to un-transfected ScN2a RML
(Figure 19).
Taken together, these data suggest us that compound 5 is directed towards SerpinA3n inhibition
since, the results obtained from specific inhibition of SerpinA3n (SerpinA3n KO cells, shRNA
and Anti-SerpinA3n antibody) gave us the same results in decreasing PrPSc accumulation.
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Figure 19. SerpinA3n genetic inhibition. Western blotting analysis and quantification of PrPSc on
RML-infected N2a cells after the treatment with shRNA for SerpinA3n to confirm compound 5
specificity to SerpinA3n in decreasing PrPSc. Statistical analysis was made by Prism software and
Kruskal-Wallis test with Dunn’s multiple comparison was applied. Molecular weight is represented on
the right (kDa) N=4.

4.12 Pharmacokinetic of compound 5
Due to the encouraging results obtained with in vitro compound 5 treatment, we decided to test
the efficacy of this molecule also in vivo, performing a pharmacokinetic profile of this
compound.
All animals treated with the two different route of administrations displayed normal behaviour
without side effects for the entire period of experiments. Compound 5 showed fast and moderate
exposure (Cmax = 206 ng/mL P.O. and Cmax = 549 ng/mL I.V. at 5 min) and high clearance in
plasma (791 mL/min/kg). The exposure (AUC) over the time interval 0-4 hours was 12192
min*ng/mL, resulting in a ca. 26% oral bioavailability, calculated over the same time interval
(Figure 20 and Table 1). Only negligible amount (very low levels) of compound was measured
in the brain after IV and PO administration, very close to the limit of quantification (5nM).
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.
Figure 20. Pharmacokinetic profile of compound 5. Pharmacokinetic profile of compound 5 in
plasma following intravenous (I.V.) and oral (P.O.) administration to male C57BL/6 mice (n=3 per dose).

Pharmacokinetic Parameters
Parameter
I.V.
Dose (mg/Kg)
3
Cmax [ng/mL (µM)] (obs)
549 (1.55)
Tmax (min) (obs)
5
AUC [min*ng/mL (µM*h) (calc)
14192 (0.67)
t½ (min) (elimination phase) (calc)
98
VD (mL/Kg) (calc)
29000
CL (mL/min/Kg) (calc)
205

P.O.
10
206 (0.58)
5
12192 (0.57)
65
74291
791

Table 1. The observed and calculated pharmacokinetic parameters of Compound5 following intravenous
(I.V.) and oral (P.O.) administration to male C57BL/6 mice. The AUC was calculated based on the time
interval t=0-240min.
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4.13 Analysis of SerpinA3n and Jak/Stat3 pathway relationship in prion diseases
development

4.13.1 Immortalized prion-infected cell lines evaluation
Bioinformatic research of Stat3 binding sites on SerpinA3n promoter
Given the presence of STAT binding on ACT (SERPINA3) sequence (C. Baker et al., 2007),
we decided to investigate the presence of STAT3 binding sites in the promoter sequence of
SerpinA3n gene. Thus, we took the SerpinA3n promoter sequence (Figure 21 a) taking
advantage of the Ensembl website (Zerbino et al., 2018) and then, through Jaspar website
(Bryne et al., 2008) we searched for the STAT3 binding sites on SerpinA3n promoter and we
found at least three different STAT3 binding sites (Figure 21 b).
a)

b)

Figure 21. Bioinformatic analysis of STAT3 binding sites on SerpinA3n promoter.
a) SerpinA3n promoter sequence from Ensembl. The promoter coordinates are 104,406,600-104407401,
on chromosome 12 b) Bioinformatic Jaspar results for functional binding sites of STAT3 on SerpinA3n
promoter
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RT-qPCR reference genes selection
To elucidate a possible involvement of the JAK/STAT3 pathway in prion infected cells, we
analyzed the expression levels of the genes involved in this signaling cascade, correlating the
significant overexpression of SerpinA3n to the upregulation of different cytokines, in particular
of IL-6 and IL-1β.
cDNA for N2a, ScN2a 22L and RML was obtained by 8 different batches of cells.
The normalization against Gapdh, Actb and Tubb3 was performed to avoid variations among
the samples and experiment executions and the differences in terms of quantity cDNA between
the samples caused by pipetting errors.
In literature, the vast majority of RT-qPCR experiments use glyceraldehyde-3-phosphate
desidrogenase (Gapdh), β-Actin and β-Tubb3 as internal references to normalize results, since
they are found to be constitutively expressed in different cell types. However, variations of
their mRNA level were observed under certain experimental conditions, thus we checked for
their expression level among infected and control cells, observing similar expression profiles
in all the analyzed groups.

RT-qPCR results
A strong upregulation of SerpinA3n was found in both ScN2a 22L and ScN2a RML cells, with
a P value of 0.0002 and a fold change of almost 450 in ScN2a RML and up to 480 in ScN2a
22L. Similar results were obtained against all the reference genes. Regarding

un-infected

N2a cells, SerpinA3n mRNA was found at very low levels and in some cases not even
detectable. Then, we evaluated IL-1β and IL-6 expression level, observing a significant
upregulation of these transcripts in both 22L- and RML-infected N2a cells, with a fold change
of 6 and 4 respectively and a P value of 0.0002.
Thereafter, we evaluated the mRNA expression of Stat3 which showed an upregulation of
almost 3 folds in both ScN2a 22L and ScN2a RML respect to control cells, with a P value
around 0.0001 and 0.0002 (Figure 22).
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Figure 22. RT-qPCR analysis of the mRNA expression of SerpinA3n, IL-1B, IL-6 and Stat3 in
N2a, ScN2a RML and ScN2a 22L mouse cells normalized against Gapdh.
Fold changes (FC) are calculated using the 2- ΔΔCT classical method: first ΔCT is calculated as the
difference between the CT of the target gene and the CT of the housekeeping gene to normalize the CT
value of N2a, ScN2a RML and ScN2a 22L cells. ΔΔCT is calculated as the difference between ΔCT of
prion

infected

cell

and

ΔCT

of

uninfected

cells.

FC are represented with the Mann-Withney test (non-parametric) and the significance is given
according to the statistical criteria of P value, with a P value < 0.05 considered significant.
***P value ≤ 0.0003, ****p value < 0.0001.

N2a (n = 8), ScN2a RML (n = 8), ScN2a 22L (n = 8).
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Western blot analysis
Later, we moved to the analysis of the protein expression of all the players involved in the
suggested pathway. Firstly, we evaluated the differential expression of phosphorilated-STAT3
(pStat3) compared to Total STAT3 (Stat3 tot), to see if there were any differences between
prion

infected

and

uninfected

cells.

Western Blot analysis revealed a higher amount of pSTAT3 in ScN2a RML and22L cells,
whereas a lower protein concentration was found in N2a cells (Figure 23a).
The densitometric analysis showed the differential expression of the normalized pSTAT3 in
the three cell groups (Figure 23b).

a)

b)

Figure 23. Western Blot analysis of whole cell lysates from N2a, ScN2a RML and 22L
a) Western Blot analysis of p-Stat3 and Stat3 tot expression with beta Actin used as a marker of the
correct samples loading N=2. b) The graph shows the normalized pStat3 levels in N2a, ScN2a RML
and ScN2a 22L cells.

Thereafter, we evaluated the expression of pSTAT3 in the three subcellular fractions (whole
lysate, cytosolic and nuclear fractions) of N2a, ScN2a RML and ScN2a 22L cells, taking
advantage of the REAP protocol, since the shift of pStat3 from cytoplasm to the nucleus
indicates the activation of the JAK/STAT3 pathway.
pSTAT3 cellular compartmentalization was examined by comparing the cytoplasmic and
nuclear level between infected and uninfected cells (Figure 24a, b).
Concerning ScN2a RML cells, we found higher phosphorylation of Stat3 protein in the whole
and nuclear fraction compared to control cells.
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To ensure the efficacy of the protocol used to separate the subcellular compartments, we
assessed the level of Nup62 and βTubb3, respectively used as the nuclear and cytosolic marker.
Nup62 was found in the whole and nuclear fractions, while βTubb3 in the whole lysate and in
the cytosolic one, confirming the proper separation of the different cellular compartments
(Figure 24a).
Concerning ScN2a 22L, we firstly tried to fractionate the three cellular compartments using
the same REAP protocol used for the N2a and ScN2a RML, as described in the materials and
methods section. However, Western blot analysis revealed that this procedure was not effective
in separating the different cell fractions for the 22L-infected N2a, showing that both pSTAT3
and Nup62 were present in the whole and in the cytosolic fractions (Figure 24a).

Figure 24. Western Blot analysis on N2a, ScN2a RML and 22L after REAP fractionation protocol.
a) Western Blot analysis of pStat3 expression, with Nup62 used as a nuclear marker, β-Tubb3 as a
cytosolic

marker

and

β-Actin

as

a

marker

of

the

correct

samples

loading.

b) The graph shows pStat3 relative amount in N2a and ScN2a RML cells in the three subcellular
fractions.

Immunofluorescence
Since WB analysis allowed the separation of the nuclear fraction only in N2a and N2a RMLinfected cells, we proceeded by performing immunofluorescence analysis in N2a, RML- and
22L-infected N2a cells to better evaluate the distribution of phosphorylated Stat3 protein.
In particular, we wanted to analyze the cytosol to nuclear translocation of pStat3 since it is the
key event in the activation of the JAK/STAT3 pathway, which is necessary to modulate
SerpinA3n

expression.
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As shown, it is possible to observe that controls (N2a) are characterized by a higher amount of
pStat3 at the membrane level, while both strains of prion infected cells show a more diffused
signal between the membrane and the nuclear sites, indicating a possible activation of the
signaling cascade (Figure 25).

Figure 25. Immunofluorescence of pStat3 in N2a, ScN2a RML and ScN2a 22L cells. pSTAT3
localization was detected by means of IF. N2a, ScN2a RML and 22L infected have been stained for
anti-pSTAT3 antibody (Cell Signaling 1:100) and detected through Alexa-fluor Goat-anti mouse-488
as secondary antibody. Nuclei have been stained with DAPI (1μg/mL).
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4.13.2 FVB primary mixed culture evaluation
To further investigate the role of JAK/STA3 pathway in SerpinA3n upregulation upon prion
infection, we moved to primary mixed culture experiments in order to study both glial and
neuronal cells. Since we supposed that the pathway is activated upon prion infection, inducing
SerpinA3n upregulation, we analyzed JAK/STA3 pathway components in de novo infected
primary hippocampal cells from p2 FVB mouse brains (Victoria et al., 2016).

RT-qPCR results
We first analyzed the activation of the glial cells upon prion infection. Results showed that
cells infected with prions presented a slight activation of microglia at the beginning of the
process (7dpi) which increases at 21 dpi, as showed by the upregulation of the CD86 marker.
Concerning the astrocytes, the activation of this population seems to appear only at the
beginning of the process, as indicated by a slight upregulation of the Glial Fibrillary Acidic
Protein (GFAP) used as an astrocytic marker.
Then, we analysed the expression of Il-1β and Il-6, known to be produced upon prion infection
by glial cells (Aguzzi & Zhu, 2017; Campbell et al., 1994; Van Everbroeck et al., 2002)
observing an upregulation of both transcripts at 14 and 21 dpi.
Later, we evaluated STAT3 expression observing an upregulation of the STAT3 mRNA at 14
and 21dpi. Finally, we observed a SerpinA3n transcript overexpression at 14 and 21 dpi (Figure
26).
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Figure 26. RT-qPCR analysis of the mRNA expression of CD86, Gfap, IL-1β, IL-6, Stat3
SerpinA3n in FVB primary mixed culture at three different time points. Fold changes (FC) are
calculated using the 2- ΔΔCT classical method: first ΔCT is calculated as the difference between the CT of
the target gene and the CT of the housekeeping gene to normalize the CT value of. ΔΔCT is calculated as
the difference between ΔCT of prion infected cells and ΔCT of uninfected ones. Gapdh was used to
normalize results.
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Western blot analysis
After the mRNA evaluation, we moved to the analysis of the protein level. To begin, we firstly
assessed the infection protocol used, evaluating the presence of PK-resistant PrP isoforms
(PrPSc) through WB analysis, as signal of PrP infection.
As showed in Figure 27, hippocampal primary cells infected with RML prions presented the
typical banding pattern of the PrPSc after the PK treatment, whereas uninfected cells were
totally devoid of the signal. Moreover, we observed the accumulation of prions after 7 days
post infection, with a progressive increased signal over time.
Established the infection, we evaluated the presence of PrPSc aggregates by the means of the
immunofluorescence, using a previous published protocol (Victoria et al., 2016). As showed
in Figure 28, infected cells present an increasing accumulation of PrPSc aggregates over time,
as indicated by the white arrows.

a)
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Figure 27. Western Blot analysis of prion accumulation in primary mixed culture cells from
hippocampus of P2 FVB mice: a) Western Blot analysis of PrPSc and PrP ToT expression in both
infected and uninfected cells, with β-Actin as a marker of the correct samples loading.
b) The graph shows the ratio of PrPSc on normalized PrP ToT in controls (ctrl) and prion infected cells.
At all the time points PrPSc signal was detectable only in infected cells and it increases over time.
Statistical analysis was performed by Wilcoxon matched-pairs signed rank test (N=3).

Figure 28. Immunofluorescence of PrPSc aggregates in infected primary cells. Primary mixed
culture cells were stained with W226 1:500 and Goat anti-mouse [GαMo]-AlexaFluor594 (Life
Technologies) to evaluate PrPSc aggregates. White arrows indicate the aggregates of PrP scrapie.
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We then analysed the levels of the main players of the JAK/STAT3 cascade and we observed
a higher pSTAT3 levels upon prion infection, at all the time points, suggesting us that prion
infection in primary hippocampal cells induces JAK/STAT3 activation (Figure 29).
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Figure 29. Western Blot analysis of pStat3 and total Stat3 expression in infected and uninfected
primary mixed culture cells. a) Western Blot analysis of pSTAT3/total STAT3 expression in both
infected and uninfected cells. b) The graph shows the ratio of pSTAT3 on total STAT3 in controls (ctrl)
and prion infected cells. At all the time points pSTAT3 signal in infected cells is higher compared to
the one coming from controls. Statistical analysis was performed by Wilcoxon matched-pairs signed
rank test (N=3).
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We then analyzed SerpinA3n induction by the activation of the JAK/STAT3 pathway,
confirming RT-qPCR results. As expected, we observed an increased SerpinA3n signal in all
infected cells compared to control samples (Figure 30).
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Figure 30. Western Blot analysis of SerpinA3n expression in infected and uninfected primary
mixed culture cells. a) Western Blot analysis of SerpinA3n expression in both infected and uninfected
cells,

with

β-Actin
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of

the

correct

samples

loading.

b) The graph shows the ratio of SerpinA3n on β-Actin in controls (ctrl) and prion infected cells. At all
the time points SerpinA3n signal in infected cells is higher compared to the one coming from controls.
Statistical analysis was performed by Wilcoxon matched-pairs signed rank test (N=3).
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Immunofluorescence
We performed immunofluorescence experiment to evaluate whether pSTAT3 was not only
increased but also delocalized in different compartments in prion infected cells, possibly with
a higher presence into the nucleus.
As shown in Figure 31, we obtained, as observed in immortalized cell lines, a higher signal of
pSTAT3 in all the infected cells compared to uninfected ones. In particular, at 14 days postinfection, we observed a strong and diffuse signal in infected cells.

a)

7dpi

Wt

RML
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b)
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Figure 31. Immunofluorescence of pSTAT3 levels in infected primary cells. Primary mixed culture
cells were stained with pSTAT3 (Cell Signaling) 1:100 and Goat anti-mouse [GαMo]-AlexaFluor 488
(Life Technologies) as secondary antibody to evaluate the localization of the protein in infected cells
(RML) and uninfected cells (WT), at the three different time points: a) 7dpi b) 14dpi and c) 21dpi.
Nuclei have been stained with DAPI (1μg/mL).
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4.13.3 Mouse brains evaluation

RT-qPCR results
To deeply investigate the role of JAK/STAT3 pathway in SerpinA3n upregulation upon prion
infection, we took advantage of an in vivo model of prion disorders. We homogenized brains
of CD1 RML-infected mice sacrificed at 3 months and 5 months post-infection and then we
analyzed the expression levels of the genes involved in this signaling cascade.
cDNA was obtained from 16 different samples, 8 prion-infected and 8 control brain
homogenates. In particular we analyzed 4 RML-infected brain homogenates at 3 months post
infection (3mpi) and 4 at 5 months post infection (5mpi) with the relative age matched controls.
As for the immortalized cell lines and primary mixed cultures, mRNA expression was
normalized against Gapdh, β-Actin and β-Tubb3.
We analyzed the glial activation upon prion infection evaluating the expression of GFAP and
CD86, as marker for glial population. Results showed that prion-infected mice presented a
significant upregulation of both transcripts only at 5mpi (Figure 32). These results indicate
that the activation of glial cells becomes consistent after a long period of incubation, explaining
the variability of results obtained in the primary mixed culture cells.
Then, we analysed the expression of the two interleukins produced upon prion infection by
glial cells, Il-1β and IL-6, and we found again a significant upregulation of both mRNAs at
5mpi, but also a significant upregulation of IL-6 at 3mpi (Figure 32).
Later, we evaluated also the expression level of STAT3, observing an upregulation of the STAT3
mRNA at 5mpi, and SerpinA3n which also becomes statistically significant upregulated at
5mpi (Figure 32).
The absence of statistically significant results in the group of mice at 3mpi infection would
probably rely on to the presence of a mouse devoid of PrPSc signal, which was equally included
into the analysis.
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Figure 32. RT-qPCR analysis of the mRNA expression of Gfap, Cd86, Il-1β, Il-6, STAT3 and
SerpinA3n in CD1 mice RML-infected and uninfected normalized against β-Actin.
Fold changes (FC) are calculated using the 2- ΔΔCT classical method: first ΔCT is calculated as the
difference between the CT of the target gene and the CT of the housekeeping gene to normalize the CT
value of RML infected and uninfected mice (two different time points, n=4 for each group). ΔΔCT is
calculated as the difference between ΔCT of prion infected brain homogenates and ΔCT of uninfected
ones. FC are represented with the Mann-Withney test and the significance is given according to the
statistical criteria of P value, with a P value < 0.05 considered significant. *P value < 0.05.
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Western blot analysis
Then, we performed WB analysis to analyze the signal for PrPSc, GFAP, pSTAT3, STAT ToT
and SerpinA3n in infected mouse brains. We wanted to investigate whether pSTAT3 levels
were upregulated in infected mouse brains compared to uninfected ones, to confirm our idea
of STAT3 involvement in SerpinA3n expression, as consequence of prion infection.
We used 8 mouse brain homogenates, 4 infected with RML prions and 4 not infected and for
each group two were sacrificed 3 months post infection (3mpi) and other two 5 months post
infection (5mpi).
As expected, the appearance of the typical PrPSc banding pattern was observed only in RML
brain homogenates (Figure 33).
Since astrogliosis is one of the main hallmarks of prion diseases, we found that GFAP signal
was higher in all infected mice compared to controls, as shown in Figure 33, confirming that
prion infection induces astrocytes reactivity.
To analyze JAK/STAT3 pathway activation, as shown in the Figure 33, we used anti-pSTAT3
antibody, observing signals coming only from mice infected with RML prions.
Due to the absence of pSTAT3 signal in WT mouse brains, we evaluated the presence of total
STAT3, observing a similar expression level in all the samples. These results indicated us that
pSTAT3 overexpression is closely related to prion infection.
Collectively, these results suggested us, again, that the pathway of JAK/STAT3 can be
activated upon prion infection.
Therefore, we moved on analyzing SerpinA3n levels upon pathway activation, to confirm our
hypothesis. As shown in Western Blot analysis, even SerpinA3n levels were upregulated only
in RML-infected brain homogenates. In particular, the lower band corresponding to the precise
molecular weight of SerpinA3n protein was barely detectable in not-infected brain
homogenates (Figure 33).
Thus, these results suggested us that JAK/STAT3 signaling cascade can be the one involved in
SerpinA3n overexpression upon prion infection.
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Figure 33. Western Blot analysis of RML-infected and uninfected mouse brain homogenates.
Western blot analysis of PrPSc, SerpinA3n, GFAP, total STAT3 (Stat3 ToT) and phosphorylated STAT3
(pStat3) to evaluate the activation of the JAK/STAT3 signalling cascade in the upregulation of
SerpinA3n after prion infection. Vinculin is used as a loading control. Molecular weights (kDa) are
represented on the right of the image.
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5. DISCUSSION

5.1 SerpinA3n inhibitors
Having identified SERPINA3 highly upregulated in prion infected mice, macaques, and
humans (Barbisin et al., 2014; Chen et al., 2017; Vanni et al., 2017), we selected a library of
inhibitors of this protein with the aim of interfering with the process of prion conversion and
accumulation.
Indeed, despite all active efforts for these disorders, there are currently no drugs available.
To date, drug discovery aimed to identify useful compounds for prion disorders treatment
followed the so-called ‘small molecule design’, whose rationale relies in the ability of a given
compound to interfere with either PrPC or PrPSc, hampering the pathogenic conversion.
However, despite a huge number of compound libraries has been generated, all these molecules
failed to prove significant therapeutic effect when administered to humans (Colini Baldeschi
et al., 2020).
Thus, for the first time, we propose a novel not-PrP targeted therapeutic strategy to treat prion
and, likely, prion-like disorders.
Indeed, our strategy is direct towards the inhibition of protease inhibitors, in this case
SERPINA3/SerpinA3n, that may be responsible for defective prion clearance.
The aim is to reduce protein conversion and/or accumulation without interfering with the
cellular or misfolded prion protein. This strategy could also be applied to treat other diseases
such as AD, PD and other prion-like neurodegenerative diseases that share the same misfolding
mechanism. Indeed, it has recently been shown that SERPINA3 is upregulated also in AD
samples (Vanni et al., 2017).
Since the evaluation of anti-prion molecule efficacy is prevalently focused on cell-based in
vitro screening (Moda, Bolognesi, & Legname, 2019), we took advantage of two immortalized
cell-based models of prion infection, N2a and GT1 RML- or 22L-infected cells (Vilette, 2008).
Our tested molecules have been selected to specifically inhibit the activity of the serineprotease inhibitor SERPINA3/SerpinA3n.
Our hypothesis is that in prion-infected subjects, the up-regulation of SERPINA3/SerpinA3n
leads to the inhibition of the target protease(s) that, in physiological conditions, would degrade
the aberrant PrPSc isoform. Thus, using inhibitors of these serpins we could restore protease(s)
activity, leading to PrPSc clearance and slowing down the disease progression.
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Among the first library of 19 compounds (A-U), we in vitro selected compound H as the one
showing a higher anti-prion activity. Given its high effective concentration, we screened a
second library of 8 structural compound H-analogs, selecting compound 5 as the most effective
one. Indeed, our SerpinA3n-directed ‘hit compound’ demonstrated a strong inhibition of PrPSc
accumulation in all in vitro experiments, confirming that SerpinA3n plays a key role in prion
replication.
However, even if we demonstrated that SerpinA3n is certainly involved in prion accumulation
process and that Compound 5 is able to induce prion clearance, we lack a direct demonstration
of the Compound5-SerpinA3n specific binding.
Indeed, we tried to demonstrate the specific binding of Compound 5 to SerpinA3n in silico and
in vitro, as showed by SerpinA3n-KO ScN2a RML cells treatment, but we were aware that a
specific assay to assess this binding was needed.
Thus, we purified a recombinant SerpinA3n protein and we used it to set up some experiments
to test its functionality. In particular, we incubated the recombinant protein with one of its
known target proteases (Chymotrypsin), to see if SerpinA3n was able to block its activity or
not. We used WB analysis to evaluate the results coming from the incubation of the
recombinant SerpinA3n and the Chymotrypsin and the results coming from the incubation of
SerpinA3n isolated from N2a cells overexpressing SerpinA3n and the same protease.
What we found was that the recombinant protein was not functional, since it was being
degraded by the action of Chymotrypsin, when incubated together (see Appendix, Figure 1),
while SerpinA3n isolated from N2a conditioned medium presented a higher band when
incubated with the target protease, meaning that it was able to bait the protease into its structure,
inhibiting its activity, and to form the complex, as stated by the mechanism of inhibition of
serpins (see paragraph 1.7.1).
For this reason, we could not perform a direct assay to establish the Compound5-SerpinA3n
direct binding; thus, we are now trying to set up a new procedure to produce a functional
recombinant SerpinA3n, to be used for this purpose.
However, encouraged by the promising results obtained in vitro in the prion clearance, we
decided to try the efficacy of the Compound also in vivo.
Unfortunately, in vivo compound 5 testing showed a poor pharmacokinetic profile,
demonstrating a low brain concentration and a fast plasma clearance.
Thus, we are now planning the design of new libraries of molecules based on compound 5
structure with increased in vivo capacities.
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However, all together, these results suggest us that our novel not-PrP targeted anti-prion
strategy could represent the most promising way to pave the way for innovative anti-prion, and
prion-like, therapies.
Importantly, the up-regulation of SerpinA3n has been detected also at a pre-symptomatic stage
in prion-infection (Vanni et al., 2017). Therefore, together with the improvement of more
sensitive pre-symptomatic diagnostic tools for prion disorders (Zanusso, Monaco, Pocchiari,
& Caughey, 2016), compound 5-based therapies could be used to delay symptoms appearance
increasing patients’ life expectancy.
So far, no inhibitors against SERPINA3 or SerpinA3n have been developed for
neurodegenerative disorders. A SERPINA3/SerpinA3n directed therapeutic strategy has
limited to the use of SerpinA3n itself as protease-inhibitor (Haile et al., 2015) or about
inhibitors of other components of the serpin family (Jacobsen et al., 2008). Indeed, SerpinA3n
itself has been used to inhibit granzyme-β activity in a mouse model of Multiple Sclerosis,
showing reduced axonal and neuronal injury (Haile et al., 2015). For what concerns the use of
other serpin inhibitors to treat neurodegeneration, a small molecule inhibitor (PAZ-417) of
SERPINE1, has been shown to partially block amyloid deposition in a mouse model of AD
(Jacobsen et al., 2008).
Therefore, it is the first time in which the use of molecules that specifically inhibit SerpinA3n
is proposed to treat prion disorders and, likely, other neurodegenerative diseases.

5.2 The JAK/STAT3 pathway
In the last years, different studies have reported a role of SERPINA3/SerpinA3n in prion
disorders; indeed, it has been demonstrated that these serpins are particularly upregulated in
several models of prion diseases, like BSE-infected cynomolgus macaques, prion-infected
mice but also in human samples (Barbisin et al., 2014; Chen et al., 2017; Vanni et al., 2017).
However, the molecular mechanism at the basis of SERPINA3/SerpinA3n up-regulation has
not been investigated yet. Thus, we focused on the identification of the cellular process that
correlates prion infection and SERPINA3/SerpinA3n appearance.
One of the main hallmarks of prion diseases is the activation of glial cells upon prion infection
with the consequent production of many inflammatory mediators, as cytokines and
chemokines. The exact role for glial cells in prion diseases is still not completely understood,
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but it seems to take part in the degeneration of prion-infected brain tissues (Aguzzi & Zhu,
2017).
SerpinA3n is mainly produced by the astrocytes in the brain, thus the activation of glial cells
upon prion infection, can explain its upregulation during the course of the disease. However, it
remains to understand the peculiar signalling pathway involved in this process.
Among the inflammatory mediators produced after prion infection, Interleukin-6 (Il-6) is the
one related to astrocytes activation (Chiang, Stalder, Samimi, & Campbell, 1994). Many
studies reported that IL-6 can induce the activation of the JAK/STAT3 pathway, which has
been already correlated to different inflammatory responses, including astrogliosis (Ceyzeriat
et al., 2016). Indeed, it has been reported that activated STAT3 is present in reactive astrocytes
involved in acute brain injury and neurodegenerative disorders, among which prion diseases
(Ben Haim et al., 2015; Na et al., 2007). Moreover, in 2007 Baker et al. discovered STAT
binding sites on SERPINA3 promoter sequence, suggesting us a possible correlation between
SERPINA3 and the JAK/STAT3 pathway.
Supported by literature data, we wondered if this signalling cascade would be the one linking
prion infection and SerpinA3n upregulation.
Firstly, we searched for the presence of possible STAT3 binding sites on SerpinA3n promoter,
since no data are available about that, and we found at least three possible binding sites of this
transcription factor.
Then, we moved to the analysis of the pathway activation in prion infected immortalized cell
lines and we started from a transcriptional analysis of the different cascade components,
observing that cells chronically infected with prions presented increased mRNA expression
levels of Il-1β, Il-6, Stat3, and as already demonstrated, SerpinA3n.
Later, we analysed protein levels, since the activation of this pathway is characterized by the
phosphorylation of STAT3 and its consequent shift into the nucleus of cells, necessary for the
activation of target genes transcription.
We found that prion infected cells presented higher amount of phosphorylated STAT3,
compared to uninfected ones. Moreover, separating the different cellular fractions we observed
that pSTAT3 was prevalently present into the nucleus of infected cells, indicating a pathway
activation during prion infection.
However, our cellular model lack of glial cells, which represent the key players in this pathway.
Thus, we decide to take advantage of a more complex prion disease model, using hippocampal
primary mixed cell cultures.
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After de novo RML-prion infection of these cells, we evaluated the expression of those genes
involved in the pathway, analysing in this case also the activation of the glial cells (Gfap and
Cd86 were used as astrocytic and microglial marker, respectively).
We found that in prion infected cells the majority of the genes were upregulated at 14- and 21days post infection (dpi), while Gfap and Cd86 showed an overexpression immediately after
the infection (7dpi) and, only Cd86 was upregulated again at 21 dpi. At protein levels, we found
that both pSTAT3 and SerpinA3n were increased in infected cells compared to controls.
However, since we could maintain cells in culture only up to 30 days, this limited time window
was probably not sufficient to analyse properly the effect of prion infection on JAK/STAT3
pathway.
So, we decided to move on RML- infected CD1 mouse brain homogenates to have a more
reliable model. We found that all the pathway related genes were upregulated in prion-infected
mouse brains compared to un-infected ones, with statistically significant differences at the end
stage of the disease (5mpi). Moreover, at the protein level we found higher level of STAT3
phosphorylation, GFAP and SerpinA3 in all infected mice.
All together, these data suggested that prion infection is able to activate glial cells, which
induce the secretion of many inflammatory mediators, such as IL-6, which can lead to the
activation of JAK/STAT3 pathway, as observed by an increase phosphorylation of STAT3 in
prion infected models, where also SerpinA3n is overexpressed. Thus, we claim that the
JAK/STAT3 pathway could be responsible for SerpinA3n overexpression during prion
infection.
To further analyse the involvement of this pathway on SerpinA3n overexpression in prion
diseases, we performed LPS treatment on immortalized cell lines to induce inflammation and
activate the same signalling cascade (Greenhill et al., 2011).
Indeed, we wondered that whether SerpinA3n is an acute phase gene, expressed as a
consequence of an inflammatory response, we should observe its upregulation and
JAK/STAT3 pathway activation upon LPS-induced inflammation, as demonstrated during
prion infection.
To assess this question, we left in culture LPS-treated N2a cells (1μg/mL) for 6 and 24 h before
collecting cells and conditioned media. Then, we analysed treated and untreated cells by the
means of RT-qPCR and WB, evaluating STAT3 and released SerpinA3n levels.
Interestingly, we found increased levels of both STAT3 and SerpinA3n at the transcription
(Figure 2, Appendix) and protein level (Figure 3 and 4, Appendix), suggesting us that LPS
acts as prions, inducing an inflammatory response and activating JAK/STAT3 pathway.
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However, it has been shown that LPS-induced inflammatory response is dependent on TollLike Receptor (TLR) 4 interaction (Greenhill et al., 2011), a receptor expressed by lymphoid
or myeloid cells and microglia in murine CNS (Vaure & Liu, 2014).
Thus, since we used N2a cells to induce the LPS inflammation, we evaluated whether TLR4
was expressed in our cell model; indeed, through Western Blot analysis we observed that TLR4
is also expressed in N2a cells (see Figure 5, Appendix).
Concluding, we hypothesised that prion infection induces an inflammatory response in the cells
(as LPS does), leading to IL-6 production and JAK/STAT3 activation, with the consequent
SerpinA3n overexpression.
Of course, other experiments are needed to deeply investigate the detailed mechanism
responsible for JAK/STAT3 pathway activation, as the analysis of the JAKs involved in the
phosphorylation of STAT3 and the soluble and/or the membrane bound receptors recognized
by IL-6. Moreover, we wondered to use inhibitors of the pathway, as SOCS3, or downregulate
STAT3 itself to observe what happen to SerpinA3n expression.
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6.CONCLUSIONS
For our work we started from the observation of a great overexpression of the serine protease
inhibitor SerpinA3n, the murine orthologue of human SERPINA3, in several models of prion
diseases. Prion diseases are characterized by a progressive conversion and accumulation of
misfolded prion protein into the brain, which leads to vacuolation, gliosis and neuronal death.
To date, all the therapeutic strategies developed for prion disorders were based on the
interference of the PrPC-PrPSc conversion mechanism.
However, no effective therapies have been found yet and new therapeutic interventions are
needed. Thus, we decided to focus our attention on prion related SerpinA3n overexpression.
Indeed, being SerpinA3n a protease inhibitor, we supposed that it could be involved in the
development of the pathology, through the inhibition of the protease(s) involved in prion
clearance. To test our hypothesis, we used SerpinA3n inhibitors to evaluate PrPSc accumulation
upon treatment; interestingly, we found that one of these inhibitors was able to induce prion
clearance, confirming our idea.
Thus, we concluded that SerpinA3n plays a crucial role in prion disease development since it
possibly blocks the activity of the protease (s) involved in the clearance of the aberrant prion
protein. As far as we know, this is the first time that SerpinA3n is targeted to clear prions and
we propose a novel, promising and not-PrP targeted therapeutic strategy to treat prion diseases,
which might be applied also for other neurodegenerative disorders.
Moreover, since no data are available regarding the relationship between SerpinA3n
overexpression and prion accumulation, we tried to unravel the molecular mechanism at the
basis of this event. Indeed, being SerpinA3n an acute phase gene prevalently expressed by
brain astrocytes, we suggested that prion infection induces an inflammatory response which
stimulates glial cells to release many inflammatory mediators to counteract the infection, as Il1β and Il-6. Given that Il-6 has been proposed as activator of the JAK/STAT3 pathway, which
has been showed to induce the transcription of several acute phase genes, we investigated its
activation in different in vitro models of prion diseases.
Analysing the principal components of the cascade (Il-6, Gfap, Stat3) and SerpinA3n
expression at the transcriptional and protein level, we observed the activation of the pathway
in all the in vitro models used; thus, we propose this signalling cascade as the one responsible
of SerpinA3n overexpression upon prion infection.
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7. APPENDIX

Figure 1. Recombinant SerpinA3n in complex with Chymotrypsin. As shown in the WB
recombinant SerpinA3n shows a double band that is degraded when it is incubated with the protease
target (Chymotrypsin), indicating that the function of the SerpinA3n RCL is impaired in the
recombinant protein. As control we used medium of N2a overexpressing SerpinA3n in complex with
Chymotrypsin. In this case, SerpinA3n is able to block the activity of the protease, forming a complex
with a higher molecular weight, around 100kDa

Figure 2. RT-qPCR of STAT3 and SerpinA3n in N2a cells treated with LPS. Both STAT3 and
SerpinA3n transcripts are upregulated in N2a cells treated with LPS for 24 hours compared to Ctrl cells
(N2a untreated).

109| P a g e

Figure 3. Western Blot analysis of SerpinA3n expression in N2a treated with LPS. SerpinA3n level
is higher in N2a cells treated with LPS (1μg/mL) compared to untreated N2a and it increases over time,
with a higher level after 24 hours of treatment. β-Actin is used as control for sample loading. Molecular
weights are represented on the right of the image.

Figure 4. Immunofluorescence of pSTAT3 in N2a and ScN2a cells. Immunofluorescence of pSTAT3
signal in N2a cells treated with LPS (1μg/mL) and untreated, compared to ScN2a cells. Cells were
stained with pSTAT3 (Cell Signaling 1:100) and Goat anti-mouse [GαMo]-AlexaFluor 488 (Life
Technologies) as secondary antibody to evaluate the localization of the protein. pSTAT3 signal appears
to be higher in the nuclei of N2a cells treated with LPS both after 6h or 24h of treatment compared to
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untreated cells (N2a) and particularly after 24h of treatment the signal is similar to the one present in
the ScN2a cells.

Figure 5. Western Blot analysis of TLR4 expression in N2a and ScN2a RML cell lines. Western
Blot analysis reveals that both N2a and ScN2a RML cells express TLR4. β-Tublin3 has been used as a
marker of the correct sample loading. Molecular weights are represented on the left of the image.
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