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Prions, prion-like prionoids, and neurodegenerative
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Abstract

Prion diseases or transmissible spongiform encephalopathies are fatal neurodegenerative diseases characterized by the aggregation and
deposition of the misfolded prion protein in the brain. a-synuclein (a-syn)-associated multiple system atrophy has been recently shown
to be caused by a bona fide a-syn prion strain. Several other misfolded native proteins such as f-amyloid, tau and TDP-43 share some
aspects of prions although none of them is shown to be transmissible in nature or in experimental animals. However, these prion-like
“prionoids” are causal to a variety of neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic
lateral sclerosis. The remarkable recent discovery of at least two new a-syn prion strains and their transmissibility in transgenic mice
and in vitro cell models raises a distinct question as to whether some specific strain of other prionoids could have the capability of
disease transmission in a manner similar to prions. In this overview, we briefly describe human and other mammalian prion diseases
and comment on certain similarities between prion and prionoid and the possibility of prion-like transmissibility of some prionoid strains.
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Looking back, a half a century ago Carlton Gajdusek et al.
first reported the successful transmission of kuru to an
experimental animal in 1966.1" Subsequently, Creutzfeldt-
Jakob disease (CJD), Gerstmann-Strédussler-Scheinker
syndrome (GSS), and familial fatal insomnia (FFI) were
transmitted to nonhuman primates or transgenic (Tg) mice.
Kuru, CJD, GSS, and FFI were eventually found to be caused
by PrPs prions that were initially discovered in hamsters with
experimental scrapie.

Milton Shy and Glenn Drager in 1960 described two male
patients suffering from autonomic insufficiency, along
with a movement disorder that resembled Parkinson’s
disease (PD).[ Nine years later, Graham and Oppenheimer
suggested, based on overlapping clinical features that Shy-
Drager syndrome should be combined with striatonigral
degeneration and olivopontocerebellar atrophy and that
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these three entities be called multiple system atrophy
(MSA).P! Subsequently, the brains of MSA patients as
well as Lewy bodies from the brains of PD patients were
shown to harbor silver-positive glial (MSA) and neuronal
(PD) intracytoplasmic inclusions, which exhibited positive
immunostaining for a-synuclein (o-syn).® Parallel
molecular genetic investigations discovered a genetic
linkage between the A53T point mutation in asnl gene
that encodes o-syn and inherited PD.P Most recently,
Stanley Prusiner et al. have demonstrated the successful
transmissibility of MSA by a unique a-syn strain to
TgM83"" mice expressing human asnl (A53G) mutation,®
thus demonstrating a-syn as a new human prion and MSA
as a new prion disease.!’!
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Similar to sporadic CJD and MSA, late-age neurodegenerative
diseases, including Alzheimer’s disease (AD), amyotrophiclateral
sclerosis (ALS), frontotemporal dementia (FTD), and PD, are
characterized by the coalescence of misfolded protein oligomers
into highly ordered protein aggregates in the affected brain.
Just like prion, aggregates of misfolded proteins progressively
spread to the structurally- or functionally-related neuronal
network, resulting in progressive neuronal loss as the disease
progresses, a characteristic hallmark of all neurodegenerative
diseases.”® Additionally, it is becoming clear that the chemical
identity and topography of each of these misfolded proteins is
unique and that the principle governing protein aggregation and
deposition into the affected brain is strikingly stereotypical in
each of the prion and prionoid misfolding diseases (PMDs). It
is also becoming obvious that these misfolded protein aggregates
can spread from cell to cell,"'? eventually affecting the whole
system of neuronal network similar to prion diseases. For these
reasons, these misfolded proteins are collectively called prion-
like “prionoids.”®' However, they are not found to transmit
between individuals or to experimental models so far and thus,
they are not strictly infectious in nature. They are rather prion-
like misfolded proteins and further research will determine if
some specific strain of prionoids can behave as true transmissible
prions. This overview focuses on the recent advances in
understanding the mechanism of prion and prionoid formation
and their spread and disease causation in PMDs.

Misfolded Protein Monomers, Oligomers, and
Higher Order Aggregates

Prion diseases or transmissible spongiform encephalopathies
(TSEs) are the best characterized PMDs. Prion diseases or TSEs
can be genetic, acquired, or sporadic. Prion diseases are caused
by the conversion of the normal cellular prion protein (PrP)
into a pathogenic B-sheet-enriched prion isoform designated as
PrP=, which is able to self-propagate by recruiting native PrP*
molecules.! This conformational change confers PrP= with an
increased tendency to aggregate, high resistance to heat and
chemical denaturation, insolubility in nonionic detergents, and
resistance to protease digestion.[!33!

The term “prion” (protein infectious particle) was first
articulated by Prusiner in the “prion only hypothesis” of
TSEs in 1982.11 Subsequently, a number of studies have
supported this concept, including the successful induction
of neurodegenerative disease in experimental animals just
from the recombinant prion forms of proteins.!") Whether
misfolded PrP= is itself an infectious agent or it requires
further specific posttranslational changes or other cofactors for
infectivity remains unresolved. Nevertheless, prion diseases
are entirely dependent on the expression of endogenous
PrPe (for template induction), as evidenced by the fact that
prup gene knockout mice are totally resistant to experimental
prion disease induction.' The mechanism by which PrP¢
converts into PrP« and adopts the capability to self-template
and self-propagate is not well-understood. However, PrP*
can fold into a variety of heat-resistant conformers whose
mixture in a relative proportion may result in more than one
prion strain.”!'1 Every conformer may not be pathogenic
but each pathological prion strain displays a specific disease
phenotype including incubation times, clinical signs, brain PrP

deposition-patterns, and histopathological lesions, all of which
is faithfully recapitulated upon serial passages within the same
Tg host genotype. Thus, existence of a variety of prion strains
explains the spectrum of disease phenotypes such as CJD, GSS,
FFI, and variant CJD (vCJD).b13141820 However, the molecular
mechanisms by which one or more PrP* conformer is/are
produced and selected has not been yet clearly elucidated.

Nonprion PMDs, including AD, FTD, PD, and ALS, resemble
prion diseases in that the alteration in the secondary structure
of proteins leads to the formation of abnormally folded
conformers and their deposition and propagation in the
neuronal network is the pathological substrate of these disease
phenotypes.”2 However, apart from an important exception of
o-syn in MSA, 1 all nonprion PMDs differ from putative prion
diseases in that the disease transmission in the former has not
yet been demonstrated.

Most existing evidence indicates a common model of disease
progression in all PMDs, including in putative prion diseases
[Figure 1]. Folded or partially unfolded conformer(s) of
a disease-linked protein can template the native protein
monomers and they interact with each other to form cross-beta
sheets.?13141820] Tyyo related models of prion self-templation
and propagation and disease causation are proposed. In
prion diseases, abnormally the nuclear polymerization model
proposed by Jarrett and Lansbury (1993), the PrP* and PrP* are
in a reversible thermodynamic equilibrium and in the presence
of stable oligomeric PrP* aggregates, the change from PrP to
PrP= is favored.! In this model, PrP* aggregates (seeds) are
indispensable for prion spread. In Prusiner’s template-assisted
model (1991), a high energy barrier prevents spontaneous
conversion of PrP¢ into PrP* and specifically, PrP* recruits
and converts PrP¢ to form nascent PrP<.?! Homodimers of
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Figure 1: The life cycle of protein monomers, oligomers,
and aggregates in prions and other protein misfolding diseases
(PMDs)
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PrPs-PrP* then dissociate to allow the formation of a new
heterodimer (PrPs-PrP) and the generation of further PrPs
molecules. In Prusiner’s model, the PrP* aggregate seeds are
not considered essential for the prion conversion and disease
propagation process. Debate still exists as to whether it is the
accumulation of PrP or possibly an intermediate form of the
prion during the conversion of PrP¢into PrP* that is responsible
for neurotoxicity and neurodegeneration.

Since PrP*c accretion typically occurs along a single axis, its
product is not a three-dimensional (3D) crystal but rather
filamentous structures sometimes called fibrillary filaments.
Multiple fibrillary filaments can interact with each other
and can form higher order fibrillary aggregates [Figure 1],
which following appropriate staining can be visualized by
light microscopy. It is unclear whether misfolded oligomers
or fibrillary fragments liberated from larger aggregates form
additional seeds that possess templating and therefore, self-
perpetuating activity of their own. Of note, this model of
cyclical amplification and spread does not entirely explain
the toxicity associated with the deposition of protein
aggregates. It appears likely that the PrPs= oligomers and
seeds or the larger aggregates or both cause neuronal
toxicity and loss. However, the exponential cascade of prion
production and spread explains the rapid progression of CJD
with typical disease duration of a few months from onset
to death.™! In principle, substances that reduce or reverse
protein misfolding and aggregate formation could possess
therapeutic potential.

Prion Diseases in Humans and other Mammals

Prion diseases or TSEs are fatal neurodegenerative diseases
that affect a diversity of mammalian species including CJD,
GSS, FFI, vC]D, variably protease-sensitive prionopathy,®!
and prion disease-associated with diarrhea and autonomic
neuropathy®! in humans, scrapie in sheep and goats,
bovine spongiform encephalopathy (BSE) in cattle, feline
spongiform encephalopathy (FSE) in cats, transmissible mink
encephalopathy in mink, and chronic wasting disease in deer
and elk.'*192031 PrPe encoded by prup gene is universally
conserved throughout evolution in mammals. PrP* is mostly
expressed in the central nervous system but also in the
Iymphoreticular tissue, skeletal muscle, heart, kidney, digestive
tract, skin, mammary gland, and endothelia.'**! Despite its
ubiquitous expression and distribution, the function of PrP¢
is not yet clear.

Each of the prion diseases can occur as an inherited disorder
(vertical transmission), arise spontaneously, or be acquired
by infection (horizontal transmission). Transmissions within
the same animal species and occasionally also between
different species have been reported for some prion diseases
and at least one of them, the BSE, is considered a zoonosis
(vCJD) now.

Scrapie is a naturally occurring TSE affecting sheep, goats,
and mouflons and it is endemic in many countries worldwide.
After a long incubation period (2-5 years), scrapie heralds
with behavioral changes, trembling, gait incoordination,
weight loss, emaciation, visual impairment, and pruritus, and

wool loss.? The animal usually dies in 1-6 months after the
disease onset. Although vertical transmission in scrapie is
known, the most prevalent route of prion infection is contact
transmission between ewes and her lambs around the time
of birth.” Additionally, the high resistance of scrapie prion
agent against denaturing factors contributes to its persistence
in the environment, i.e., in soil, and consequently favors a
horizontal transmission within the sheep and goat herds./®!
Rapid loss of sheep and goat herds and the attendant economic
loss have prompted their contact isolation as disease control
and eradication measure. Additionally, genotype-resistant
animal breeding programs have emerged as a tool to control
and eradicate scrapie in sheep and goat herds.!

BSE, commonly known as “mad cow disease,” was first
reported in the UK in 1986 and soon spread worldwide,
becoming endemic in many countries. BSE-infected cattle
display more than 2 years of incubation period, progressive
neurodegeneration affecting the cerebellum and cerebrum,
and death in a few months.?”! The practice of feeding cattle
with meat and bone meal contaminated with infectious
prions was proposed as the most likely mechanism for the
BSE epidemic. BSE agent has demonstrated a high capacity
to cross species’ barriers.'”?! During the BSE epidemic of the
1980s, not only did it spread to humans with the emergence
of the now well-known vCJD but also to cats and a variety
of zoo animals, probably including FSE in cats. BSE has been
experimentally transmitted to mice, hamsters, sheep, goats,
pigs, minks, and nonhuman primates with a high degree
of efficiency. Interestingly, upon serial passage in sheep,
neurotropic BSE becomes more lymphotropic and becomes
transmissible by the injection of lymphoid-blood tissue to
human-prup (PrP°) Tg mice.?! This has led to regulatory
restrictions prohibiting the use of processed animal protein
in feed to all livestock.

Prionoids and Other Protein Misfolding Diseases

The ability to misfold and self-propagate is not exclusive to
prion proteins. Most later-age neurodegenerative disorders
are associated with the accumulation of misfolded abnormal
forms of specific proteins in the nervous system of humans
as well as animals. This heterogeneous group of diseases,
prionoid diseases, is caused by the conformational change
of physiologically soluble proteins into a f-sheet-enriched
forms.P! Similar to prions, such abnormal conformational
change triggers insolubility, aggregation propensity, and
resistance of protein aggregates to physical denaturants,
favoring their deposition in the nervous system and disruption
of neuronal/brain function.

To date, over 20 different misfolding proteins have
been reported in humans and animals, including a-syn
in in PD and MSA, amyloid precursor protein (APP),
and tau in AD, TDP-43 in ALS an FTD, huntingtin in
Huntington disease, and amyloid polypeptide in systemic
amyloid disorders.”! The exact mechanism by which these
misfoldings and aggregations occur remains unknown
but is reminiscent of prion replication. Further, evidence
supporting prion-like infectious properties of a-syn has
been recently reported.l”’ However, in contrast to prions,
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infectious transmission between individuals has not yet been
documented with a-syn or any other prionoid so far.

o-synuclein: PD and MSA are neurodegenerative disorders
characterized by the accumulation of protein aggregates called
Lewy bodies in the dopaminergic neurons of the substantia nigra
(PD) and intracytoplasmic inclusions in the cytoplasm of glial
(mainly oligodendroglia) cells in the brain (MSA).* Overtime,
this accumulation of abnormal aggregated proteins is linked
to toxicity and neurodegeneration, leading to characteristic
neurological syndromes. Similar to intracytoplasmic inclusions
in MSAs, the Lewy bodies in PD principally comprise a-syn.™
Mutations in asln gene and even overexpression of wild type
asln can cause PD.P In an important experiment, aggregated
o-syn was found to induce PD-like disease in wild type mice
and rats.®! Cytoplasmic levels of o-syn appear to increase
with agel” but the factors that trigger PD in specific cohorts
of individuals are unknown.

In a landmark recent experiment, intracerebral injection of
o-syn aggregates from the brain of the patients with MSA
successfully transmitted the disease in transgenic mice
harboring human asln mutation (TgM83*") and in transfected
human embryonic kidney cells (o-syn140*A53T). It remains
to be seen if some strain of o-syn propagates in nature as a
truly infectious disease.

B-amyloid and tau: AD, the most prevalent neurodegenerative
disease, is characterized by the deposition of extracellular AB-
containing amyloid plaques and intraneuronal aggregates of
hyperphosphorylated tau protein in the form of neurofibrillary
tangles (NFTs).BU Af is a proteolytic product of amyloid
precursor protein (APP), which is processed into amyloidogenic
fragments by the B and y secretases. Many different peptides
are generated in vivo, of which A, , has the highest propensity
to aggregate. Mice expressing an APP transgene that bears the
“Swedish” mutation (K670N/M67L) produce elevated levels
of AB, , peptide and show cognitive impairment.” Similarly,
mutations in the tau gene can cause neurodegeneration with
NFTs,®! thereby providing genetic evidence for the causal
role of tau aggregation in disease. As with prions, it is unclear
whether small oligomeric species or larger aggregates of Af
play a major pathogenic role in AD.

Although early studies of AD transmission to primates were
inconclusive, injection of AP accelerates the deposition of
endogenous A in transgenic mice overexpressing APP.53
But these phenomena are different from those occurring in
prion transmission since they occur only in recipients that
overexpress AP and are therefore, predisposed to the disease
process. Overexpression of AP is shown to form strains, which
may correspond to distinct conformational states of aggregates
and they are preserved even after serial transmission to
recipient Tg animals.”™ Whether any of these AP strains in the
inoculum can transmit the AD phenotype is currently an area
of intense research.

TDP-43: TDP-43 is a soluble, nuclear protein that undergoes
cytoplasmic redistribution and aggregation in a majority of
the cases of sporadic and familial ALS and FTD.*¥! Missense
mutations in TDP-43 gene are linked to familial ALS,¥

strongly supporting the idea that TDP-43 proteinopathy
is indeed central to the pathogenesis of these diseases.
Furthermore, in ALS and FTD, the disease spreads over time
and the underlying pathologic substrate in these diseases
indicates a focal beginning and a regional spread as the disease
progresses, leading eventually to diffuse neuronal loss.['*¥]
Such disease transmission form cell to cell likely involves a
donor cell-releasing prionoid aggregate and the acceptor cell
that is competent for maintaining propagation. Transmission of
TDP-43 pathology by protein aggregate seeds in experimental
animals has been unsuccessful so far and thus, it remains
unclear whether it can be propagated as a truly transmissible
disease.

In the studies cited here, apart from the lack of transmissibility
of prionoids, another key question remains about whether
misfolded protein oligomers or higher order aggregates or
both are the toxic drivers in prion diseases and other PMDs.
Some researchers have questioned the neuronal toxicity of all
aggregates or plaques.™ It is possible that fibril aggregates
break spontaneously once they reach a critical length,
producing an equilibrium between the growth and fragmented
byproducts or seeds [Figure 1]. Studies in yeast have identified
Hsp104, HSP70, and HSP40 disaggregases, a sophisticated
machinery that can dissolve cytosolic aggregates, including
the yeast W prions.*” As expected, overexpression of Hsp-104
can cure yeast from W prions but curiously, yeast cells lacking
Hsp-104 display a phenotype, which is resistant to prion
infection,! suggesting that aggregation/disaggregation is a
dynamic process and probably disaggregation (oligomeric
seeds) is essential for prion replication. The existence of the
mammalian cellular disaggregase system remains largely
unexplored. Nonetheless, the identification of the cellular
machinery that enables aggregation and disaggregation of
misfolded proteins is likely to offer inroads into the therapy
of PMDs, including prion diseases.

Prion diseases, as also other PMDs, are currently incurable,
though investigators in several research centers are searching
for treatments to prevent the formation or reverse the
preformed PrP* into PrP¢ or block the action of PrPs (see
review™). Diverse approaches including drug therapy,
antibodies, gene silencing through RNA interference (RNA1)
and antisense oligonucleotides (ASOs), vaccines, and stem
cell therapy remain areas of current active research.** Drug
treatments such as quinacrine, and the antibiotics tetracycline
and doxycline initially offered some promise but ultimately
failed in placebo-controlled trials.* Drugs (tacrolimus and
astemizole) that reduced PrP*levels in prion-infected mice and
prolonged their survival have been recommended for treatment
in humans and for prophylaxis in familial prion cases.[*! Until
disease mechanism-based therapy is discovered, the therapy
in PMDs remains symptomatic and palliative.

Conclusion

As the average life expectancy of the world’s population is rising
and age remains the strongest risk factor for neurodegenerative
diseases, the overall burden of PMDs is expected to reach
to epidemic proportions in the coming decades. While
many important phenomena remain unexplained and
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efficacious therapies for most PMDs are still lacking, rapidly
accelerating prion basic research is a strong reason for optimism.
Accumulating knowledge in prion diseases may notably
help researchers in deciphering the nature of more common
PMDs, offering opportunities for the control and prevention
of neurodegenerative disorders. Without doubt, we will see
important theoretical advances in PMDs in the near future, from
which effective therapeutic approaches will eventually emerge.
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Vacancy

Vacancy available at Nitte university (UGC accredited & NAAC- A grade, private university ) in Mangalore, Karnataka for

the following posts in the Department of Neurology

* Assistant Professor/ Associate Professor in the Department of Neurology at KS Hegde Medical Academy, Nitte University,

Mangalore, Karnataka.

* Post doctoral fellowship in Autoimmune CNS disorders (1 year fellowship), for an eligible candidate who has completed

DM/DNB from an MCI recognized Institution

Interested candidates may please contact Dr. Lekha Pandit MD., DM., PhD, Professor and HOD, Department of Neurology, KS Hegde Medical
college, Nitte university, with updated CV at panditmng@gmail.com for more details.
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