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Abstract: The mobility of cellular prion protein (PrPC) in specific cell membrane domains and
among distinct cell compartments dictates its molecular interactions and directs its cell function.
PrPC works in concert with several partners to organize signaling platforms implicated in various
cellular processes. The scaffold property of PrP¢ is able to gather a molecular repertoire to create
heterogeneous membrane domains that favor endocytic events. Dynamic trafficking of PrP¢ through
multiple pathways, in a well-orchestrated mechanism of intra and extracellular vesicular transport,
defines its functional plasticity, and also assists the conversion and spreading of its infectious isoform
associated with neurodegenerative diseases. In this review, we highlight how PrPC traffics across
intra- and extracellular compartments and the consequences of this dynamic transport in governing
cell functions and contributing to prion disease pathogenesis.
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1. Introduction

Cargo compartmentalization and transport—processes involving the formation of different types
of transport vesicles within the cell for endocytic and exocytic trafficking—are essential for cell survival,
signaling and homeostasis [1]. Cellular prion protein (PrP%) is a membrane-bound glycoprotein,
preferentially located in lipid raft microdomains [2], where it interacts with different partners and
organizes signaling platforms, modulating many molecular mechanisms [3,4]. Nevertheless, PrP€ is
also capable of shifting dynamically throughout several cellular compartments, such as the cytosol,
Golgi apparatus, endoplasmic reticulum (ER), and perinuclear region [5-8]. Additionally, after protein
synthesis, processing and targeting to the cell surface, PrP® can be internalized by different types
of endocytosis, being primarily found in intracellular vesicles of several stages of the endocytic
process [9,10]. The type of PrP¢ internalization and the organelles involved in these mechanisms may
trigger numerous signaling pathways and cellular outcomes [9].

Overall, the process of endocytosis involves the formation of protein-containing vesicles from
distinct plasma membrane locations and, after internalization, different sets of cargoes can be routed to
recycling or degradation [1]. Endocytosis is classified into clathrin-mediated and clathrin-independent
processes [1]. In clathrin-mediated endocytosis (CME), clathrin acts as a heterodimer to form a
lattice-like structure that coats the forming vesicle [11]. In addition, clathrin interacts with adaptor
proteins, which in turn bind to phospholipids to assist the vesicle coating and the budding process [11].
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Thereafter, the GTPase dynamin is recruited to the clathrin coat and forms a ring-shaped structure
assisting vesicle fission along with myosin ATPases VI and 1E [12,13]. The large Ras superfamily of small
GTPases (Rabs) is important during several steps of the endocytic process. These proteins often confer
specificity to targeted vesicles during endocytosis, in addition to modulating the uptake of ligands and
vesicle budding [14]. Rab5, for instance, assists the sequestering of ligands to the clathrin-coated pits
and vesicle fusion to the early endosome [15]. Likewise, soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) proteins are key molecules able to execute membrane fusion
with the trafficking vesicle to ensure targeting specificity [16].

Other mechanisms of cargo internalization that do not involve clathrin are classified as
clathrin-independent endocytosis. This process is responsible for the internalization of lipid
raft-associated proteins, being highly sensitive to cholesterol depletion [17]. Among clathrin-independent
mechanisms, the most common requires caveolin as a transmembrane scaffold protein, which binds to
the cholesterol membrane and interacts with cytosolic coat proteins to form the caveolae, a flask-shaped
oligomer that plays major roles in invagination [18].

Moreover, the heterogeneity of the plasma membrane regarding phosphoinositide metabolism,
in addition to cholesterol and protein composition, can ultimately define the type of endocytic
internalization [19]. After internalization, endocytic vesicles may progress through different
mechanisms, being further sorted into two main routes: recycling to the plasma membrane
or lysosomal/autophagic degradation, in which vesicles are identified by distinct protein
compositions [14,20,21]. Rab11 is concentrated in recycling endosomes and presumably regulates
the return of the cargo to the plasma membrane [14,22]. When the sequestered cargo is targeted to
degradation, it undergoes the endocytic route with the assistance of Rab7 towards early endosomes, to
late endosomes, and ultimately to lysosomes [14,22].

Once the sorting has occurred, intralumenal vesicles (ILVs) are formed upon invagination and
there is subsequent detachment of specific portions from the endosomal membrane into its own
lumen [23]. This process is highly dependent on the targeting of ubiquitinated molecules for lysosomal
degradation, and ILVs accumulation culminates in the structuring of endosomal multivesicular bodies
(MVBs) [23]. The fusion of MVBs with lysosomes will trigger degradation of the ILVs content by
hydrolases [24]. Additionally, late endosome/MVBs can also fuse with plasma membrane and release
the enclosed ILVs (then referred as exosomes) into the extracellular milieu [23]. Exosomes contain
selective repertoires of biomolecules (nucleic acids, protein, lipids) able to orchestrate signaling
pathways and trigger specialized functions in a variety of recipient cell types [25]. Formation and
cargo sorting of ILVs/exosomes is mediated by a cooperative endosomal sorting complex required for
transport (ESCRT) machinery that consist of four different protein complexes: ESCRT-0, -1, -1I, -III and
the associated AAA ATPase Vps4 complex (VPS4) [26].

It is now known that additional to traveling through distinct endocytic compartments, PrP¢ can
also reach the extracellular space via exosomes to play a plethora of functional roles according to its
localization [27,28]. Moreover, PrPC can be internalized by different mechanisms, including clathrin-,
lipid-raft-, caveolin- and metal-dependent mechanisms [2,8,9,29]. In addition, membrane heterogeneity
appears to influence the control of cargo uptake and destination [19]. In this sense, as a scaffolding
protein, PrP¢ binds with several distinct partners and may contribute to endocytic and exocytic
trafficking dynamics [30].

Furthermore, post-translational misfolding of PrPC can lead to its pathological form, called
PrPS—a form associated with transmissible spongiform encephalopathies (TSE)—which benefits
from cellular vesicle trafficking to convert PrP® into its infectious isoform and propagate between
cells [8,31,32]. PrP€ conversion to PrP¢ occurs on the plasma membrane and continues after endocytic
uptake, inside endosomal vesicles [8,10,33]. Therefore, substantial experimental evidence suggests
that vesicular transport has an essential role in the physiological and pathological functions of the
prion protein. In this review, we discuss the cellular trafficking of PrP®, new insights on the functional
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consequences of this dynamic transport, and how PrP*¢ takes advantage of these processes to convert
PrPC into the disease-associated form, spreading to other cells and tissues.

2. PrP€ Structure and Cellular Processing

Following its biosynthesis, PrPC (or PrP) traffics dynamically through diverse membrane
compartments to be processed, glycosylated, properly folded and then correctly anchored on the
plasma membrane. PrPC consists of two domains: The N-terminal, with four or five octapeptide
repeats; and the globular C-terminal, composed of three x-helices and two antiparallel 3-sheets [34].
The PrP¢ gene, termed PRNP, encodes a 253-amino acid precursor protein, which is imported into the
ER to be processed, glycosylated and folded into its final conformation before it traffics through the
Golgi to the outer layer of the plasma membrane [35,36].

Nascent PrPC is first translocated into the ER when the N-terminal signal sequence is recognized
and bound by the signal recognition particles (SRP) and directed to the translocon [37]. Following
its translocation, PrP¢ loses its glycosylphosphatidylinositol (GPI) signal peptide on its C-terminal
domain to receive a GPI anchor, resulting in the 208 amino acid mature protein [7,38]. The GPI anchor
mediates the anchoring of PrP¢ onto membranes.

During its synthesis, PrP presents four topological isoforms according to its topological orientation
in membranes: $¢°PrP, “MPrP, N™PrP and cyPrP. S*°PrP, or secretory prion protein, is fully translocated
into the ER lumen and it is the predominant isoform to be directed to the plasma membrane
(Figure 1) [37]. However, in some instances, the translocation of the N-terminal domain stops,
and an internal hydrophobic domain of PrP engages the translocon and generates the “™PrP isoform,
which spans the ER membrane once, with its N-terminal domain in the cytosol and its GPI anchor in the
ER membrane [7,38]. N'™PrP also spans the membrane once, but has an opposite orientation compared
with C™MPrP, with its N-terminal domain in the ER lumen and lacking a GPI anchor (Figure 1) [38].
The cellular functions of N™™PrP and “*™PrP are largely unknown, but a disruption in the proportion
of these topologic isoforms has also been associated with neurodegeneration without accumulation
of PrP5¢ [39,40]. Moreover, when there is a failure in the translocation of PrP¢ to the ER, a cytosolic
form of the protein (cyPrP) is generated. This is generally due to an inefficiency or lack of the peptide
signal. This isoform usually degrades rapidly, but the occurrence of cytosolic aggregates has been
described during ER stress [41].

Furthermore, PrPC can also be misfolded into the infectious form PrPS¢. Under healthy conditions,
misfolded PrP is detected by the quality control system of the ER, triggering an intracellular signaling
that ultimately leads to proteasomal degradation of the misfolded proteins. This degradation takes
place in the ubiquitin-proteasome system (UPS) and occurs to approximately 10% of total synthetized
PrPC [42,43]. However, under ER stress or impairment of the UPS, PrP¢ is prone to misfolding and
forms cytosolic aggregates that are directly associated with prion-like diseases and neurodegenerative
syndromes [44].

Continuing its processing, during transit from the ER to the Golgi, PrP¢ undergoes N-linked
glycosylation at Asn181 and Asn197, before being delivered to the cell surface [45]. PrPC anchoring
onto the plasma membrane depends heavily on the GPI domain and, like other GPI-anchored proteins,
it is also found in specific microdomains called lipid rafts, that are enriched with cholesterol and
sphingolipids [2,46]. PrP¢ can undergo further post-translational modifications while in the plasma
membrane, including proteolytic cleavages (namely the a-cleavage, 3-cleavage and y-cleavage) and
shedding, which are critical regulatory alterations in both physiological and pathological events [47].

In sum, the biosynthesis of PrP* and its domain architecture play a dominant role in the protein
correct dispatch through the secretory pathway, and a failure in the PrPC processing might contribute
to the loss-of-function of the protein and/or accumulation of its pathological form, which will be
discussed further in the next sections.
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Figure 1. Biogenesis, location and endocytic trafficking of PrPC. PrP translocation to the ER may result
in four different topological isoforms: $PrP, N'™PrP, C™™PrP and cyPrP (bottom right corner). S*PrP is
the most common isoform and is directed to the cell membrane after processing and maturation through
the secretory pathway. PrPC is preferentially located in lipid raft domains on the plasma membrane,
where it can be internalized through clathrin-mediated (1) and clathrin-independent (2-3) endocytic
pathways. (1) Clathrin-mediated endocytosis is the main route for PrP¢ internalization, involving
dynamin and the membrane receptors LRP and LRP1. (2) Caveolae-mediated endocytosis is a form of
clathrin-independent endocytosis, where PrPC interacts with dynamin and/or caveolin-1. (3) Another
form of clathrin-independent internalization is Cu**-mediated endocytosis of PrP®, which occurs due to
its ability to bind to copper ions through the N-terminal domain, with the assistance of LRP1. Different
endocytic compartments are identified by their specific proteins of the Rab GTPase family. As a result,
of those processes, PrPC can be sorted into the early (Rab5/Rab4/Rab6) or late endosomes (Rab?), as well
as intraluminal vesicles (ILVs) in multivesicular bodies (MVBs) (Rab?7), being targeted for recycling
endosomes (Rab11l), exosome secretion or lysosomal/autophagosomal degradation. Additionally,
the ESCRT machinery assists PrPC sorting into ILVs.

3. PrP€ in Intracellular Trafficking

GPI-anchored PrPC, preferentially located in lipid rafts on the cell membrane, functions as
a cell surface receptor or co-receptor in concert with numerous ligands. PrPC is transported by
specific vesicular trafficking events through endocytic/secretory membrane systems to find a correct
functional destination, and conversely towards recycling or degradation [48-50]. In different cell
types, through distinct modes of internalization, and interacting with specific ligands, PrP¢ triggers
particular signaling cascades [9,51]. For instance, it was previously established that PrP® was able
to modulate p53-dependent cell death, increasing caspase 3 activity upon staurosporine induction,
conferring a proapoptotic role to the protein [52]. Strikingly, as reported in mouse neurons and HEK293
cells, endocytosis of PrPC is necessary for this proapoptotic activity, since specific mutations in the
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regions of the protein responsible for its internalization resulted in diminished p53-dependent caspase
3 activation-induced phenotype [53].

Additionally, the endocytosis of PrP¢ is required for activation of Erk1/2 signaling by stress
inducible protein 1 (STI1), a major PrPC partner [51]. This study showed that, in hippocampal neurons,
STI1-induced Erk1/2 activation was impaired in cells harboring PrP¢-mutants devoid of endocytic
activity [51]. Dynamin inhibition led to PrP¢ and STI1 accumulation in the plasma membrane,
suggesting that a dynamin-dependent internalization is essential for PrP“-STI1-Erk1/2 activation,
modulating neuritogenesis [51]. In fact, the activation of MAPK and consequently Erk1/2 by signal
transduction mediated by PrP¢ can occur in several cell types, usually in lipid rafts [54-56]. However,
it is not clear if or when PrP€ internalization is required for signaling initiation and propagation of most
of the studied pathways. Nevertheless, further comprehension of how internalization occurs, and how
membrane heterogeneity can impact this process may shed light on the physiological relevance of
those events.

During its biosynthesis, PrP¢ associates with lipid rafts in the ER to stabilize its conformation [57].
At the lipid raft, GPI-anchored proteins (GPI-APs) can be internalized despite the lack of intracellular
sequences, usually associated with adaptor proteins at the membrane [9]. Lipid composition of
membrane microdomains seems to control the endocytosis of GPI-APs, and those associated with
fluid regions preferentially use early endosomes to be recycled, while GPI-APs associated with rigid
domains are directed into the late endosome to be degraded [58]. Membrane heterogeneity regulates
the entry of receptor and their cargoes into the endocytic pathways and it is decisive for each step
of the sorting process [19]. Remarkably, the scaffold property of PrP¢ may contribute to membrane
heterogeneity through the formation of multi-protein domains in distinct locations of the plasma
membrane and the surface of endosomes, favoring the recruitment of membrane remodeling proteins
required for the endocytic journey.

CME, modulated by membrane heterogeneity at every step, is the main route for internalization of
PrPC (Figure 1). CME of PrP€ is mediated by its N-terminal portion and by adaptor proteins at the cell
membrane [59,60]. The co-participation of the laminin receptor precursor (LRP) and the low-density
lipoprotein receptor-related protein 1 (LRP1) has been reported, and both proteins are highly active in
internalization processes of clathrin-coated pits, including in CME of PrP® [59-62]. As such, the lack
of clathrin and disruption of lipid rafts—by drugs such as filipin and nystatin [63] or inactivation of
Cdc42, an actin-remodeling GTPase usually recruited to lipid rafts—blocks PrPC internalization [49].
Association of PrP® with lipid rafts remains during the whole CME process, suggesting that PrP¢
and clathrin engage specifically at this location on cell membrane [49]. As briefly mentioned before,
PrP¢ internalization is dependent upon dynamin, and transits in endocytic vesicles positive for Rab5,
prior to be accumulated in the perinuclear region [64]. Interestingly, Rab5A silencing leads to the
impairment of PrPC internalization and recycling to the cell surface [64].

PrPC expression in caveolae is enriched, and clathrin-independent internalization of PrP¢ may
occur by caveolae [65]. PrPC interacts with the transmembrane partners dynamin and/or caveolin-1,
and caveolae containing internalized PrPC are delivered to late endosomes and lysosomes, instead
of recycling compartments [65] (Figure 1). Indeed, PrPC is able to interact with caveolin-1 and
phosphorylated Fyn at the octarepeat site of PrP [66]. Interestingly, PrP® interaction with caveolin-1
regulates the activity of p59fyn in caveolae during neurite outgrowth [67] through the p42/44 MAP
kinase/Erk1/2-signaling pathway [68]. It is likely that PrP€ is able to recruit its neuronal receptor NCAM
to lipid rafts for p59fyn signaling activation and promotion of neuritogenesis [69]. In the absence of
caveolin-1 and caveolae, endocytosis of PrPC is preferentially mediated by clathrin [49,69,70].

In another form of clathrin-independent endocytosis, PrPC can also be internalized by copper ions
stimuli, functioning as a copper uptake molecule (Figure 1). PrPC has the ability to bind copper ions
through its flexible N-terminal domain. This specific binding seems to mediate structural changes in
PrP¢ moiety, stabilizing interactions between the N- and C-terminal regions, which may play a role as
transporter and sensor of metal ions [71]. Interestingly, the aforementioned LRP1 also participates in
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PrPC Cu?*-mediated endocytosis from lipid rafts in neuronal cells, when its octapeptide repeats domain
is fully loaded with copper ions [61]. Strikingly, it was demonstrated that, in the presence of copper,
flotillin-1 and PrP® can engage and be internalized in a process dependent on the octarepeat domain of
PrPC [72]. It was also demonstrated that dynamin-1 plays a role in PrP¢ internalization independently
of copper stimuli, through a recycling pathway modulated by the small GTPase Arf6 [63].

PrPC can be associated with ILVs from MVBs, being targeted to formation and secretion of
exosomes, or for degradation through lysosome [73]. PrP¢ is enriched in exosomes derived from
a variety of cell types, including neural cells, and is also found in cerebral spinal fluid [74] and
plasma [75]. Recent studies demonstrated that elevated levels of PrPC in extracellular vesicles
(EVs)/exosomes may play a role in intercellular signaling and it is implicated in early stages after
stroke [76]. Interestingly, the levels of PrPC in plasma exosomes of patients with Parkinson’s disease
(PD) was directly correlated with cognitive impairment, suggesting a role for exosomal-PrPC in the
prognosis of PD [77]. Additionally, PrP¢ is required for synaptic transmission, since its depletion
considerably decreases the release of synaptic vesicles (SV) and affects the expression of several
molecules related to vesicle recycling and fusion machinery, supporting the importance of PrP¢ in
exocytosis pathways [78].

The ESCRT machinery, involved in protein sorting to exosomes, is responsible for PrP¢ selection
as cargo during ILV formation [27] (Figure 1). The vacuolar protein sorting (VPS) components also
participate in ESCRT mechanisms, modulating retrograde transport of proteins from endosomes to
the trans-Golgi network [79]. Remarkably, inhibition of Vps35 expression leads to a decrease in the
internalization rate of PrP¢, while Vps28 silencing increases PrP¢ endocytosis [80]. Moreover, dominant
negative of Vps4 leads to enlargement of endosomes and accumulation of PrP€ [27]. Interestingly,
overexpression of aberrant metabolic forms of PrP® can block the fusion of autophagosomes with
lysosomes, as well as their degradation capacity due to inactivation of Mahogunin Ring Finger-1
(MGRN1), an ubiquitin E3 ligase that also participates in ESCRT machinery [81].

Neutral sphingomyelinase 2 (nSMase2), an enzyme related to the generation of a bioactive lipid
ceramide by hydrolysis of the membrane lipid sphingomyelin, can also modulate exosome biogenesis
and PrP¢ packaging, since nSMase2 knockdown impairs the association of PrP€ to exosomes [82].

Remarkably, recent data demonstrates that loss-of-PrP€ inhibits caveolin-1, which leads to
formation of the Atg12-Atg5 complex, stimulating autophagy. In turn, increase of autophagy promotes
degradation of MVB via lysosomes and reduction of exosome secretion [83]. Indeed, since we only
started to understand the singularities involved in the secretory pathway, in-depth studies are needed
to elucidate the molecular mechanisms involved in the sorting of PrP¢ as cargo of exosomes and the
functional role of the protein in these structures during their journey.

Thus, PrP€ traffics in different intra/extracellular compartments and across distinct domains in the
cellmembrane. The continued cycle of endocytosis and recycling prior to degradation may be important
for modulating a cascade of signaling pathways that governs the cellular function of PrP¢ (Figure 1).
Recent data demonstrate that infectious prion strains can take advantage of distinct trafficking routes,
that are, usually explored by PrPC, to spread. Therefore, the study of these processes is also crucial for
the understanding of the pathogenesis and replication of prions and will be highlighted as follows.

4. Cellular Trafficking in PrPS¢ Infection

As described above, PrPC processing requires several post-translational modifications, which occur
in distinct cellular compartments and depend on quality control performed by the ER [41,47]. Eventually,
failures in the processing of PrP® might lead to the aggregation and accumulation of misfolded prion
proteins in the cytoplasm and a posterior advance of PrP agents (here, PrP* or prion refers to
disease-associated infectious form) to other cells [44]. PrP*¢ is capable of catalyzing the conversion
of PrP€ to the infectious isoform (Figure 2), and it displays neurotoxic features, such as the capacity
of accumulating in the brain [84] and, causing synaptic dysfunctions [85,86]. Pathological prion
is related to the neurodegenerative effects of TSEs and also to the loss-of-function of physiological
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PrP¢ [3]. Notably, while PrPC is rich in a-helix, its infectious counterpart PrP> is composed mainly
of 3-sheets [87]. As the transformation of one form to another consists of structure remodeling, it is
possible to observe that the two isoforms are closely similar. PrP¢-PrP>¢ conversion was demonstrated
to take place in different circumstances, occurring during the intracellular traffic of PrP or when it is
attached to lipid rafts on the cell surface (Figure 2) [88]. Interestingly, macropinocytosis was associated
with PrP€ conversion to the infectious isoform in mouse neuroblastoma cells infected with PrPS¢ [89].
Furthermore, transformation of PrP¢ into its pathological version may occur while PrP¢ is associated
with MVBs, since data from the literature describe that the impairment of MVBs maturation may
decrease the rate of PrPS¢ infection [90]. Remarkably, the endosomal pH (~5.0) was demonstrated to be
important for PrP€ conversion to the PrP5¢-like conformation [91].

Earlylendosome

LC3 Il Autophagy
N Activated Inhibited
‘ ) P62
i \ AMPK
| \é o -
P
el ULk
L Autolysosome .

Figure 2. Prion infection mechanisms and PrP% processing through autophagy. PrP is capable
of catalyzing the conversion of PrP€ into the infectious isoform PrP%, and its spreading is highly
dependent on PrP€ trafficking throughout different mechanisms, such as (a) prion infection through
GPI-painting, in which PrP% from an infected cell attaches to the lipid rafts of another cell; (b) prion
infection through tunneling nanotubes, including transfer of endolysosomal vesicles in these structures;
and (c) prion infection via exosomes, occurring in different cells types. It is postulated that PrP¢-PrPS
conversion starts on the cell membrane (d) and continues throughout the endocytic trafficking
(e-g). Once PrPSC—Containing exosomes fuse with the surface of other cell membrane (e), PrP5¢ can
be directed to different endocytic vesicles. Multivesicular bodies (MVBs) can carry PrP* to the
autophagosomal/lysosomal degradation pathway (h), or to intraluminal vesicles (ILVs) to be secreted
as exosomes (g). Under physiological conditions, mTOR is inhibited via AMPK phosphorylation,
and PrP%¢ is sorted into the autophagosome (identified by markers p62 and LC3), being degraded after
autophago-lysosomal fusion (forming the autolysosome) (inset: T bars represent pathway inhibition)
(i). However, in prion-like diseases, mTOR inhibits the interaction between ULK1 and AMPK through
phosphorylation of ULK1, leading to the impairment of autophagy and PrP clearance (bottom
right corner).
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Regarding its spreading, PrP5 has been proposed to disseminate among cells through distinct
mechanisms, such as cell-cell contact [92], tunneling nanotubes (TNTs) [93] and exosomes [73,94].

First, cell-cell contact infection was determined by co-culture of PrP*-infected and healthy
cells [92], and later the transmission of pathological prions from the peripheral to CNS was described,
supporting cell-cell transmission [95]. This proposal of PrP5 spreading suggests that GPI-anchored
PrP5 could be released from the lipid raft where it is located and attach to another raft, including
one from a neighbor cell, in a process known as “GPI-painting” (Figure 2) [88]. Marshall et al. (2017)
demonstrated that GPI-anchored PrP¢ could be converted into a protease-resistant form of prion, [96],
supporting this hypothesis. Additionally, the disruption of lipid rafts containing anchored PrP¢ avoids
the propagation of infectious prions [97]. On the other hand, it was demonstrated that non-anchored
prions also present the ability to propagate the disease [98] with a slightly different phenotype,
characterized by the absence of gray matter spongiosis and a slow widespread of amyloid depositions
of PrP5¢ through the brain [99], forming plaques and neurofibrillary lesions [100], whereas anchored
prions promote the deposition of non-amyloid PrP5¢ and extensive gray matter spongiosis [99].

In the second mechanism of spreading, PrP5¢ was demonstrated to be inside EVs secreted by
distinct types of cells infected with pathological prions (Figure 2) [101]. Importantly, the intercellular
transfer of PrP> may occur through TNTs in endolysosomal vesicles, as demonstrated in a study
with infected neuronal cells in mice [102]. In this work, it was also shown that the formation of
TNTs augments in PrP -overexpressing cells and neurons infected with pathological prions, and that
PrP*¢ infection leads to higher membranous vesicle transferring, suggesting a promotion of infection
mediated by both cellular and scrapie prions themselves [102].

Finally, data from the literature demonstrate how the inhibition of cholesterol trafficking and
ceramide production [103], as well as the silencing of ESCRT machinery components [82], may lead to a
decrease in exosome biogenesis and, consequently, to impairment of PrP*¢ spreading. In addition, it was
reported that the presence of disease-associated prions leads to ER-stress associated apoptosis through
negative modulation of MGRN1 [104]. On the other hand, vacuolation that causes spongiform-like
encephalopathies provoked by prions has neuronal origins and it is independent of MGRN1 [105,106].
Misfolded prions with mutations at the C-terminal domain may not be recognized by ER quality
control, reaching the Golgi apparatus and consequently the cell surface, as well as being internalized
and carried by endosomes to lysosomes for degradation, with a fraction recycled back to the surface,
maintaining the infection [107-109]. These findings highlight the importance of membrane dynamics
and cellular trafficking for infectious prion pathogenicity. This is corroborated by other studies,
which show that stimulating exosome secretion, through a drug named monensin, increases prion
infection [110], and that isolated exosomes from prion-infected neural cells have the ability to originate
new infections in healthy tissues and animals [94,111,112]. Additionally, since PrP¢ may be present in
lipid rafts that were incorporated into the membrane of exosomes, PrP¢ is able to use this extracellular
path to promote its own spread and disease progression [88].

Remarkably, studies with mouse neuronal cells show that infected exosomes contain both PrP5
and PrP€, although presence of PrP5¢ is related to some changes in these vesicles [113]. For instance,
in contrast to non-infected exosomes, the infected ones show more divergent sizes and tend to have
only one membrane layer in their structures [113]. When the PrP*-containing exosomes fuse with
the surface of other cell, PrP is incorporated to it and becomes able to propagate the infection
(Figure 2) [81,93]. Indeed, PrP%, in association with phospholipid vesicles (liposomes), presents a
10-fold increase in infectivity, and thus, vesicles play an essential role in prion infections [114]. Notably,
PrPS¢ forms amyloid peptides which contain, in their structures, lipids derived from the membranes of
vesicles that secrete other infectious prions [115].

Regarding PrP*¢ internalization, canonical PrP¢ internalization through clathrin-coated pits
or caveolae was expected, but data from literature presented controversial results [88]. In a
Creutzfeldt-Jakob disease (CJD) model, no differences were observed in caveolin-1 expression in
infected and healthy nervous tissue [116]. However, the blockage of both canonical endocytic pathways,
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clathrin- and caveolin-mediated, presented discrepant outcomes according to early or late stages
of infection and different PrPS¢ variant strains [117], denoting that there are plenty of unknown
mechanisms through which PrP5¢ may act. As the PRNP gene is known to show several distinct
mutations [118], it would be relevant to ascertain whether these differences in endocytosis might
occur due to these various types of genomic alterations. Interestingly, PrPC mutants at the N-terminal
site present a lack of copper-mediated endocytosis, which could lead to neuronal apoptosis and
symptoms of prion diseases as if they were infected with PrP%, supporting the importance of the
endocytic pathway for PrP5 cell—cell transmission [31]. Data from the literature demonstrate that
mouse neurons infected with protease-resistant prions internalize the protein aggregates through
vesicles, exclusively lysosomes and late endosomes, but not early endocytic or synaptic vesicles [119].
Moreover, protease-resistant prions accumulate in extremities of neurites, and the intercellular traffic
was observed as independent of endogenous PrP¢ [119].

Indeed, in murine neural cell lines, both PrP¢ and PrP5¢ are located in vesicles, especially late
endosomes. However, PrP5¢ was exclusively present in vesicles from CNS-expressing flotillin-1,
found in late endosomal vesicles enriched with lipid rafts and GPI-anchored proteins [120,121], similar
to B-amyloid proteins observed accumulating in endosomal vesicles from Alzheimer’s Disease (AD)
patients [121]. In this work, it was also observed that PrP>¢ was not found in LYAAT1-positive lysosomes
(Figure 2), but it was accumulated in LAMP1-positive late endosomes generating aggregates [121].
Strikingly, PrP5 accumulation leads to the lysosomal degradation of sortilin, an important molecule
involved in the cellular sorting of PrPC and PrP5¢ [122]. In this condition, the trafficking of both of
these isoforms to late endosomes for lysosomal degradation becomes impaired, which facilitates the
accumulation and propagation of the infection [122].

In addition, prion infection can affect Rab7, impairing its association with the membrane
and consequently avoiding lysosomal degradation and maturation, which supports the spread of
prions [123]. Other Rab proteins, such as Rab4 and Rabéa, participate in intracellular trafficking of
PrPC and present a role in its conversion to PrP%¢, since the modulation of expression of these proteins
directly affects the formation of PrPS¢ and its accumulation in the ER [124]. Remarkably, prion infection
can affect the traffic of proteins to the membrane in a post-Golgi vesicular pathway, including PrP¢,
insulin-like growth factor 1 (IGF-1) receptor, and attractin, with an accumulation of PrP% in recycling
endosomes, leading to severe malfunctions in neurons [125].

It is noteworthy that several miRNAs have been identified to be associated with prion-infected
exosomes, some of which are identifiable in body fluids, presenting potential as biomarkers for prion
disease [88,126-128].

Many efforts have been made to explore the identification of vesicles as a diagnosis and prognosis
method for prion diseases, supporting the practical importance of studying the role of membrane
trafficking in TSEs.

In summary, the aforementioned data reveal the relationship established between scrapie prions
and components of both cellular trafficking and membrane dynamics, and how they affect each other.
Furthermore, these components have direct impacts on the pathogenicity of PrPS¢ agents. For instance,
decreased exosome biogenesis causes the infectivity of prions to be reduced [82,103], which could be a
potential target for therapy against TSEs.

5. Prion and Autophagy

Autophagy is a lysosome-mediated pathway in which cells recycle cytosolic proteins and organelles
as a survival response to nutrient deprivation. Autophagy is also important for turnover of cytoplasmic
content and may have a role in neurodegenerative diseases. Notably, autophagy inhibition through
gene silencing or specific drugs favors infection by PrP5¢ [129]. In mammals, the failure of autophagy
induction leads to neurodegeneration: mice lacking Atg5, a protein involved in autophagic vesicle
formation in the nervous system, present accumulation of abnormal intracellular proteins, leading to
inclusion bodies in the cytoplasm of neurons and deficits in motor functions [130,131].
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Induction of autophagy by lithium, rapamycin, calcineurin, sulforaphane or other small molecules
can reduce the levels of PrP5¢ through different mechanisms and signaling pathways [97,132-134].
Studies have shown that metformin may reduce prion spreading and infection in the neuronal cell line
CADS by enhancing autophagy via the AMP activated protein kinase (AMPK) [135]. As shown in
Figure 2, AMPK activates ULK1 through serine phosphorylation when the cell is under starvation,
promoting autophagy. However, if the cell is not under nutrient deprivation, mTOR actively inhibits
ULK1 through the phosphorylation of another serine, disrupting the interaction of ULK1 with
AMPK [136]. Likewise, histone deacetylase 6 (HDACS), a protein involved with aggresome formation
in neurodegenerative diseases, is also upregulated in prion infection and is suggested to increase
autophagy through modulation of the PI3K-Akt-mTOR signaling pathway, resulting in neuronal
protection against PrPS¢ [137].

Additionally, the autophagy adaptor protein p62 is upregulated in prion-infected cells, co-localizing
with PrP*¢ aggregates when the UPS is inhibited [138]. This study also demonstrated that p62 is
involved in the formation of prion-containing aggresomes, and that p62 reduced the levels of PrP in
infected cells [138]. PrPC is also able to control the autophagic flux of neurons through the activation of
alpha? nicotinic acetylcholine receptor (o7nAchR) [139]. This activation was shown to have a protective
effect against prion infection via autophagy induction [139]. In scrapie models, there is a dysregulation
in the expression of autophagy genes. In less affected areas of the infected brain, upregulation of LC3
proteins and expression of p62 indicates a role for autophagic machinery in PrPS¢ clearance [140].

Besides being important for PrP% clearance, autophagy can modulate the release of prions
by exosomes. Knockout of Atg5 or inhibition of autophagy with wortmannin increases exosomal
prion release in murine neuronal cells [141]. In transport vesicles, PrPC can associate with muskelin,
which facilitates lysosomal degradation instead of exosomal release of PrP¢ [141]. Corroborating this,
the injection of PrP in mice knockout for muskelin facilitates prion disease onset [142].

In contrast, the octarepeat region of PrP¢ is thought to play a role in autophagy downregulation.
In PRNP‘") neuronal cells, LC3-1I increased, as well as accumulation of autophagosomes [143].
This activation of autophagy was reverted by introduction of PrP¢, but not when the PrP¢ lacked
the octapeptide repeat region [143]. Furthermore, in astrocytes, a similar phenomenon was observed.
Inhibition of autophagy in PRNP") primary astrocytes re-established exosome release and the
octapeptide repeat region of PrPC was shown to be essential for this process [83]. Moreover,
the octapeptide repeat region impaired the autophagosome formation induced by the Cav1-depedent
Atgl12-Atg5 complex in these astrocytes [83]. Therefore, further understanding of PrP® regulation
of autophagy versus exosome release is needed. This seemingly opposing effects of PrP¢ and PrP>
in autophagy and exosome release could be context-dependent, relying on the position of PrP¢ on
the plasma membrane and its binding and endocytic partners. Nevertheless, the use of autophagy
inducers is being evaluated for treatment of prion diseases.

Several autophagy inducers have been tested successfully against prion infection in vitro, but they
lacked those effects in vivo [131]. Imatinib mesylate, an inhibitor of the tyrosine kinase c-Abl, was shown
to activate autophagy in mammalian cells [144] and to reduce PrP5 loads in the spleen and spinal cord
of prion-infected mice, prolonging their survival [145]. However, imatinib mesylate does not cross the
blood-brain barrier (BBB) efficiently, which hindered its effects after prion neuroinvasion [145]. On the
other hand, rapamycin, the classical mTOR inhibitor, was shown to prolong the survival of prion
infected mice in combination with lithium [132] or alone [146], which indicates a potential of rapamycin
for crossing the BBB and reaching the brain. Another mTOR inhibitor with similar mechanism of action
to that of rapamycin is FK506 (tacrolimus), which also increased survival of prion-infected mice [147].

The use of drugs to induce autophagy and modulate the re-routing of prions for degradation
instead of exosome release needs further investigation on the mechanisms of prion infection and
spreading. Additionally, the stage of the disease during administration of such drugs might play a
role in the observed effectiveness. Nevertheless, these studies shed light on the importance of a better
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understanding of the autophagy process in prion infected cells and how it affects prion degradation
and spreading.

6. Conclusions and Perspectives

Briefly, we discuss the endocytosis of PrPC, which occurs through both clathrin-mediated and
independent mechanisms [9]. PrP¢ conversion to PrP> takes place in the plasma membrane and
continues after endocytic uptake, inside endosomal vesicles [33,148]. Indeed, vesicles enable a favoring
environment for prion conversion due to the close proximity of the proteins, while the acidic pH
facilitates the transition to B-sheet forms [33,148]. Furthermore, endosomes enriched with PrP5¢ can be
recycled back to the plasma membrane or be directed to the Golgi, where it can interact with nascent
PrPC€ [149,150].

As mentioned before, membrane heterogeneity is essential for endocytosis and relies heavily on
specific lipid and protein composition. Additionally, data suggest that such heterogeneity is maintained
throughout the endocytic pathway [19]. As a scaffold protein, PrPC is able to organize signaling
platforms and, therefore, protein distribution in its surroundings. As such, membrane heterogeneity
that is maintained during the endocytosis process must rely on organizing molecules such as PrP¢.
Indeed, when we look at the players involved in such heterogeneity, many are capable of engaging
with PrPC, such as flotillin-1 [72] and clathrin [49]. Moreover, proteins of the Rab family can also be
postulated to interact with PrP<, as Rab4, Rab6a and Rab7 seem to play an important role in regulating
PrPS¢ infection [123].

Additional to its role in TSEs, PrP® and its internalization might also be key to the propagation
of a-synuclein (x-syn) aggregates, which are known to cause neurodegenerative diseases such as
PD [151]. Indeed, data suggests that the internalization of x-syn is facilitated and modulated by the
presence of PrP¢, with its depletion impairing «-syn uptake [152]. Likewise, cells infected with PrP5¢
also present a decreased internalization of a-syn [152]. Interestingly, PrP¢ can also act as a receptor for
amyloid B, proteins involved in AD [153]. Therefore, PrP® internalization is not only a key player
in the propagation of TSE, but it also has an indispensable role in the promotion of other common
neurodegenerative diseases. Thus, a better understanding of PrP¢ and its internalization process may
contribute to develop new treatments for a great variety of nervous system diseases.

As an attempt to eliminate the accumulation of PrP5¢, the cell targets PrP> to lysosomal and
ubiquitin-proteasome degradation as well as exocytosis [149,150]. PrPS, however, continues to
accumulate in the cells due to the inefficacy of the above-mentioned processes to overcome the rate
of prion conversion, leading to PrP*¢ spread and infection of other cells through exocytosis [149,150].
The use of intracellular antibodies could prove to be a powerful weapon in the combat against TSE,
as studies are exploring specific PrPC-binding intrabodies that can promote the diversion of PrP®
vesicular traffic to proteasomal degradation, inhibiting PrP> formation [154]. Another important
mechanism against PrP>¢ spread is autophagy degradation, since it recognizes prion mutants that
cause infection, and promotes the partial degradation of aggregates [132,133]. Notwithstanding, drugs
related to autophagy induction have been broadly investigated as an approach to control and reduce
the infection of prions [131-135].

Along with these findings, it is necessary to develop an understanding of the mechanisms for
prion spreading throughout the organism, since the cellular and infectious isoforms present differences
in cellular trafficking. Those differences rely on their distinct molecular constitutions that may affect the
signaling for transport to specific compartments, requiring detailed studies to understand each isoform
dynamics. On the other hand, it is noteworthy that the mechanism of PrP€ internalization remains
elusive, because despite several studies describing the methods for endocytosis, how each pathway is
triggered is still unknow and further investigation is required to unveil these processes. On this note,
recent developments in technology allow for a greater exploration of vesicle content, which could help
shed light into unexplored pathways [155]. Not only that, but the ability to modulate the fusing of
membrane through optical traps allows for manipulation of vesicle components, which can in turn
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affect trafficking and membrane dynamics, therefore being of great therapeutic significance [156].
Indeed, many researchers are focusing in countering PrP¢ conversion by disturbing its intracellular
vesicular transport a means to combat TSE promotion and spreading [154,157], which can benefit
immensely from such emerging technologies. As such, data suggest that the key to TSE prevention
and treatment seems to lie in the better understanding of the cellular trafficking pathways related to
PrpPSe predecessor, PrPC.
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