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rion diseases are rare, progressive, and incurable neuro-

logical disorders that naturally afflict both humans and
animals, with the former including Creutzfeldt—Jakob disease,
fatal familial insomnia, and Gerstmann—Straussler—Scheinker
disease.

Decades of research efforts have determined that these
disorders share a common molecular mechanism, which is the
conformational conversion of the GPI-anchored, properly
folded cellular prion protein (PrP®) into an infectious
misfolded self-replicating form (PrP scrapie, PrP%) that
accumulates in the brain of affected individuals." While the
key role of PrP for prion pathology is thus established, the
physiological function of this cell membrane protein is not yet
clarified.

The strong scientific evidence confirming PrP as the central
player suggests that any therapeutic strategy for prion diseases
potentially able to affect PrP® and/or PrP™, through direct or
indirect mechanisms, is worthy of investigation.

Against this backdrop, early attempts to identify therapeutic
agents for these disorders have primarily targeted PrP*c.
However, several data indicate that PrP% is a challenging target
because of its high aggregation propensity, poorly understood
structure, and ability to exist in different structural con-
formations (known as prion strains) that can evade therapeutic
intervention via drug-resistance.

Unlike the unsuccessful modalities against PrP%, compelling
proofs of principle support the hypothesis that targeting the
other partner of the misfolding process, i.e. PrP¢, would be
therapeutically effective against prion diseases.”

Indeed, increasing evidence suggests that PrP¢ plays a dual
role in the pathogenesis of prion diseases by acting as a
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substrate for PrP* formation and propagation, and by acting as
a transducer of its neurotoxicity.” Additionally, PrP® has been
proposed to play an important role in other neurological
disorders such as Alzheimer’s and Parkinson’s diseases, serving
as a neuronal receptor for a-synuclein and f-amyloid proteins,
respectively.”

Over the years, several PrP¢-directed drug discovery
approaches have thus been pursued to lower/remove the
cell-specific substrate needed for prion conversion. Compre-
hensive reviews of some of these approaches have been
published previously.”>® Conversely, here we provide a
focused overview of single representative examples for each
therapeutic hypothesis directed against PrP® or against
signaling pathways in which the protein is involved (Figure 1).

A first strategy consists of lowering the PrP gene expression.
Three options have mainly been explored so far: RNA
interference (RNAi) compounds, knockout options, and
antisense oligonucleotides (ASOs). The latter represents the
most recent advance in the prion disease field and offers great
promise given their potential modality of lowering the levels of
a single target protein in the brain and the ongoing clinical
trials in other neurological diseases (e.g, amyotrophic lateral
sclerosis, Parkinson’s disease, and Alzheimer’s disease).””*
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Figure 1. PrP¢-directed drug discovery strategies.

Indeed, although ASOs do not efficiently cross the blood—
brain barrier (BBB) due to their size and charge, these
molecules can achieve broad brain distribution by intrathecal
delivery.

As a general background, ASOs are small sequences
(typically 16—22 bases in length) of single-stranded DNA-
like molecules, able to recognize specific complementary RNA
structures. The ASOs initially developed for clinical use had as
an important limitation the susceptibility to rapid cellular
degradation by nucleases, and for this reason chemical
modifications were subsequently introduced to improve their
therapeutic usefulness.” In the context of a PrP-lowering
approach, these macromolecules are able to modulate gene
expression as they selectively bind PrP mRNA, forming a
hybrid ASO-mRNA, which induces degradation of mRNA by
the ribonuclease HI1. It is noteworthy that a recent study
reported that ASOs designed to target and degrade PrP mRNA
showed efficacy against prion disease in vivo as they were able
to extend the survival of prion-infected mice.” These and other
promising findings have paved the way for ongoing preclinical
development of PrP mRNA-targeting ASOs,” which thus
currently appear to be the closest to a possible clinical
application.
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A second sound approach involves the targeting followed by
the stabilization of PrPC. As the conversion of PrP® to PrP*° is
the key molecular event in the pathogenesis of prion diseases, a
molecule able to lock the protein in its native conformation
might in principle prevent the misfolding process, with a
detrimental effect on the production, aggregation, and
replication of the infectious forms.

\N+

1, Fe (III)-TMPyP

The underlying goal can be achieved with direct high-affinity
PrP€ binders, e.g. antibodies, aptamers, and small molecules,
capable of acting as pharmacological chaperones. In this
context, many chemical classes have been described to exert
antiprion effects with a PrP¢-direct mechanism of action.””°
Two representative examples of such a strategy include the
cationic tetrapyrrole Fe(III)-TMPyP ([Fe(III) meso-tetra (N-
methyl-4-pyridyl) porphine], 1; K, for human PrP€ of 4.5 + 2
#M)"° and medical chaperone (MC, 2; K for human PrP° of
32 + 5.8 uM),"" which today appear as the most effective
molecules targeting PrP®. Compound 1 was shown to bind
PrP€ by employing multiple biophysical techniques and to
produce a dual effect of blocking prion replication and
inhibiting PrP®-mediated neurotoxicity.'” Although the ther-
apeutic potential of this antiprion agent is hampered by several
factors (e.g., poor pharmacokinetic properties), its value lies in
having provided a proof-of-principle for targeting PrP‘
pharmacologically. For what concerns 2, a recent multi-
disciplinary study described this compound as a molecular
chaperone showing high affinity for PrP® and efficacy in cell-
based assays."" Preliminary data on animal models and toxicity
studies underline the therapeutic potential of this agent, that
however still requires further optimization and characterization
to be considered as a valid clinical candidate.""'* It is worth
noting that, beyond the examples just mentioned, the vast
majority of molecules claimed as PrP® binders had low binding
specificity, inconsistencies between ligand binding affinity and
in vitro active concentrations, and lack of in vivo efficacy. In this
context, very recently an emblematic work by Reidenbach et
al.”® clearly demonstrated that PrP€ is a challenging target for
small-molecule ligands. The absence of obvious biologically
relevant binding sites and a large amount of negative screening
data ultimately lend further support to the idea that PrP¢ may
simply belong to the class of proteins classified as
“undruggable” by canonical drug discovery protocols.

In the last years, one of the alternative or complementary
approaches proposed to block PrP*-induced neurodegenera-
tion is the targeting of the PrP“-mediated neurotoxic pathway.
Indeed, several lines of evidence suggest an important role of
the cell-surface PrPC in transducing neurotoxic signals, possibly
as a result of the specific binding interaction between PrP® and
prpse! Ieadin}; to neurotoxic consequences, including synaptic
dysfunction.'* It is increasingly evident that treatments that
inhibit prion replication without affecting neurotoxicity could
be effective in the first stage of the prion disease progression
characterized by high PrP* infectivity, with less efficacy at
symptomatic stages.” Conversely, the identification of non-PrP
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proteins that affect downstream neurotoxic sequelae has
enormous therapeutic implications since these macromolecules
represent valuable targets for antiprion drugs even in the
presence of clinical symptoms.'* In line with this framework,
several actors of the neurotoxic PrP-mediated pathway have
been discovered," such as neuronal cytoskeleton proteins and
glutamate receptors. Of note, p38 MAPK was identified as a
key player of this toxic pathway.'® Pharmacological kinase
inhibition by VX-745 (3) and genetic suppression of p38
MAPK prevented PrP-induced synaptic abnormalities,
nominating this kinase as a new promising antiprion target
to be further validated in additional in vitro models.
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3, VX-745 4, chlorpromazine

Of note, thanks to the ability of compound 3 to achieve high
concentrations in the central nervous system (CNS), this p38
MAPK inhibitor is currently investigated in clinical studies for
neurological diseases such as dementia and Huntington’s and
Alzheimer’s diseases.'”

A fourth strategy currently explored to prevent both prion
replication and toxicity is the relocalization of PrP¢ from the
cell surface to intracellular compartments.18 Indeed, since
PrP* needs cell membrane PrP© molecules for its propagation,
removal of the protein substrate can negatively affect both
prion infectivity and activation of PrP-mediated neurotoxic
signaling."” A number of compounds have been described as
able to redirect PrP%, including chlorpromazine (4). This
molecule was initially thought to operate as PrP© binder, but
recent studies clarified that it acts on the clathrin-mediated
endocytosis altering the PrP¢ cell surface distribution similarly
to what has also been observed for specific inhibitors targeting
of the GTPase activity of dynamins.”® Unfortunately, the
effects on the relocalization of PrP® were observed at
concentrations only slightly lower than those causing
cytotoxicity, and this behavior could reflect a possible intrinsic
propensity of 4 and dynamin inhibitors to induce the
intracellular rerouting of multiple surface proteins, thereby
affecting cell viability. Although at present no compound acting
with this mode of action appears as an ideal antiprion drug
candidate, from a therapeutic point the relocalization of Prp¢
represents a valuable option worthy of further investigation.

Lastly, drug discovery strategies targeting protein degrada-
tion, e.g. monomeric/monovalent protein degraders, hydro-
phobic tagging-induced degradation, and proteolysis-targeting
chimera (PROTAC), represent a rapidly evolving field to
selectively reduce the levels of a protein target associated with
a disease. Although in principle protein degraders may offer
some advantages over classical inhibitors (e.g., relatively high
selectivity, strong degradation power at relatively low
concentration, and ability to induce the degradation of
multiple target molecules),”" some concerns remain to be
addressed. Indeed, the aforementioned protein degrader
modalities target protein native structures, and thus may
have the same limitations of standard pharmacological
approaches if applied to challenge targets such as PrPC.
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To overcome this hurdle, we have recently reported the
hypothesis of pharmacologically modulating the expression of a
specific protein at the post-translational level by targeting
folding intermediates. This protein-degrader paradigm, named
Pharmacological Protein Inactivation by Folding Intermediate
Targeting (PPI-FIT), was tested on PrP® as proof of concept,
leading to the identification of four different small molecules
(5, SM875 as representative) capable of lowering the levels of
the PrP¢ by promoting its selective degradation.””*’
Br
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In light of these findings, while the validity of this innovative
approach is currently under intensive investigation on different
protein targets, yet the collected results lead to the first
example of PrP® small-molecule degraders which as such
deserve more in-depth studies.

The described antiprion compounds are only a representa-
tive example of the hundreds of molecules tested in several
assays in the past three decades. However, despite the massive
drug discovery efforts, to date no effective therapeutic against
prion diseases has advanced to an approved drug.

The lack of available treatment, combined with the
challenging early diagnosis and the extremely rapid progression
of prion diseases (average time from disease onset to death is
six months), underscores that further work is needed to
improve the landscape of potentially effective therapeutics,
identify novel targetable mechanisms and/or strategies, as well
as develop innovative screening technologies for human prions
diseases.

For what concerns the first point, based on the present
knowledge, some key aspects to be considered in the search of
promising candidates for clinical trials include proofs of
principle of their in vivo strain-independent efficacy and
wide brain distribution. The ideal therapeutic agent for prion
diseases should be thus effective against multiple prion strains
and able to reach an adequate concentration in the brain
thanks to its ability to either cross the BBB or be successfully
delivered directly into the CNS tissues. In this context, to date
the PrP-lowering ASOs appear to be the most promising
antiprion agents. Indeed, although the potential of ASOs
against prion disease has been known for decades, the recent
data collected on this class of non-small molecules have been
so encouraging to pave the way for ongoing preclinical
studies,”~” which if successful would lead these compounds to
advance clinically in the foreseeable future.

It is also worth noting that, since PrP“ has been proposed to
have implications in several neurological disorders, a PrP°-
directed approved drug would be even more valuable as it may
offer independent therapeutic options against other brain
disorders, such as Alzheimer’s and Parkinson’s diseases.
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