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Abstract

The prion paradigm has emerged as a unifying molecular principle for
the pathogenesis of many age-related neurodegenerative diseases. This
paradigm holds that a fundamental cause of specific disorders is the
misfolding and seeded aggregation of certain proteins. The concept arose
from the discovery that devastating brain diseases called spongiform
encephalopathies are transmissible to new hosts by agents consisting solely
of a misfolded protein, now known as the prion protein. Accordingly,
“prion” was defined as a “proteinaceous infectious particle.” As the concept
has expanded to include other diseases, many of which are not infectious by
any conventional definition, the designation of prions as infectious agents
has become problematic. We propose to define prions as “proteinaceous
nucleating particles” to highlight the molecular action of the agents, lessen
unwarranted apprehension about the transmissibility of noninfectious
proteopathies, and promote the wider acceptance of this revolutionary
paradigm by the biomedical community.
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INTRODUCTION

The success of biomedicine in reducing mortality early in life has increasingly displaced the societal
burden of disease to old age. One consequence of the lengthening life-expectancy is a rising
prevalence of neurodegenerative diseases. These debilitating and largely intractable disorders
are a growing source of suffering for the afflicted patients as well as their families and friends.
Age-related neurodegenerative disorders include Alzheimer’s disease (AD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and many others.
Although they vary greatly in their clinical and pathological characteristics, at the molecular
level the maladies share a fundamental pathogenic mechanism: the seeded aggregation of disease-
specific proteins (Guo & Lee 2014, Jucker & Walker 2013, Prusiner 2012). The canonical model
for the seeded aggregation of proteins is the prion paradigm (Prusiner 2012, 2013) (Figure 1),
one of the most illuminating pathogenic principles to emerge in the past half century ( Jucker &
Walker 2013). Indeed, this mechanistic commonality among the proteopathies could soon unify
and focus experimental and therapeutic approaches to these seemingly disparate disorders.

THE PRION PARADIGM

Pathogenic Protein Aggregates

The prion paradigm arose from decades of research on unusual diseases of animals and humans,
known collectively as transmissible spongiform encephalopathies (TSEs) (Collins et al. 2004). In
the 1930s, a TSE of sheep called scrapie was shown experimentally to exhibit atypical infectivity,
i.e., a very long incubation period, the absence of inflammation, and no demonstrable microbial
or viral agent (Fast & Groschup 2013). Later, several rare human spongiform encephalopathies
were found to be transmissible to nonhuman primates (Gajdusek 1977). By the 1980s, Prusiner
(1982, 1998) and colleagues had unambiguously demonstrated that the infectious agent consists
solely of an abnormally folded protein, for which Prusiner coined the term “prion” (proteinaceous
infectious particle). Prion diseases of humans include Creutzfeldt-Jakob disease, Gerstmann-
Sträussler-Scheinker disease, kuru, and fatal insomnias; in nonhuman species, they include scrapie
in sheep, chronic wasting disease of deer and elk, bovine spongiform encephalopathy (BSE), and
others (Caughey et al. 2009, Prusiner 1998). Pathologically, the prion diseases are marked by
spongiform change (vacuolation) in the brain, neuronal loss, astrocytosis, and the intracerebral
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Figure 1
The prion paradigm of seeded protein aggregation. A schematic diagram shows the hypothetical series of events leading from the
misfolding and self-aggregation of protein molecules to the formation of characteristic lesions. The assemblies that act as seeds for the
templated misfolding of other molecules can vary in size from small oligomers to large polymers. These seeds initiate and sustain the
disease process and may be the agents by which the aggregates proliferate and spread within the nervous system. In addition, small,
oligomeric assemblies have been identified as cytotoxic agents in several instances. The lesions that result from the seeding cascade can
occur as intracellular inclusions (such as neurofibrillary tangles or Lewy bodies) or extracellular masses (such as amyloid plaques).

buildup of misfolded prion protein (PrP) (DeArmond & Prusiner 1995; Parchi et al. 1999;
Prusiner 1982, 1998) (Figure 2).

The prion diseases are best known for their unorthodox infectivity, but they are extraordinary
in that they can also be heritable or idiopathic in origin. The key discovery that integrated these
heterogeneous causes was the finding that the prion protein is constitutively generated by cells
in the brain (Chesebro et al. 1985, Oesch et al. 1985) and elsewhere in the body (Oesch et al.
1985). Under normal circumstances, this cellular prion protein (often abbreviated PrPC) assumes a
nonpathogenic three-dimensional conformation with little β-sheet. Disease arises when the prion
protein folds into a shape that is abnormally enriched in β-sheet [PrP-scrapie (PrPSc)], in which
state it induces other prion protein molecules to misfold and aggregate into small oligomers,
protofibrils, and amyloid fibrils (Prusiner 1998, 2013). Amyloid—a generic term for abnormal
masses of fibrillar protein (Sipe et al. 2014)—is inconsistently present in prion diseases, but an
important molecular characteristic of misfolded prion protein is its enhanced potential to form
amyloid (DeArmond & Prusiner 1995).

Although the nature of prion protein deposits varies from one manifestation of the disease to
another, the essential disease mechanism is the seeded aggregation of the normally produced PrP.
This process can be facilitated by mutations in the gene for PrP that render the protein more likely
to misfold and aggregate (heritable); by the introduction of seeds of misfolded prion protein (i.e.,
prions; infectious); or, presumably, by the stochastic misfolding of PrP and subsequent formation
and proliferation of endogenous seeds (idiopathic or sporadic). There is a long, clinically silent
period during which the disease amplifies in the brain, followed by the appearance of characteristic
signs and symptoms that progressively worsen and invariably lead to death ( Johnson 2005).
Experimental inoculation studies implicate neurons and immune cells in the spread of prions from
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Figure 2
Prion protein immunoreactivity ( purple) and spongiform degeneration in the neocortex of a patient who had
died of Creutzfeldt-Jakob disease. Nissl counterstain.

the periphery to the brain (Aguzzi 2003). Within the brain, prions can be conveyed with high
specificity along established anatomical pathways, indicative of neuronal transport mechanisms
(Buyukmihci et al. 1983, Fraser 1982, Kimberlin & Walker 1986, Liberski et al. 2012).

Variations in the clinical and pathological characteristics of prion disease are influenced by dif-
ferences in the multidimensional architecture of the prion assemblies, a phenomenon referred
to as prion strains (Aguzzi et al. 2007, Collinge & Clarke 2007, Eisenberg & Jucker 2012,
Gambetti et al. 2011, Prusiner 2013). Variant structural and functional synthetic prion strains
can be generated by the experimental manipulation of cofactors during aggregation (Deleault
et al. 2012, Zhang et al. 2014). Notably, the potential to form conformationally distinct proteina-
ceous strains is now considered a generic property of amyloid-forming proteins (Chiti & Dobson
2006, Eisenberg & Jucker 2012, Knowles et al. 2014, Tanaka et al. 2006). In addition, prions vary
greatly in size, and small, soluble PrP assemblies are especially infectious (Silveira et al. 2005). Al-
though the experimental enrichment of prions in brain homogenates is facilitated by their relative
resistance to degradation by proteinase K, some prions are quite sensitive to this enzyme (Colby
et al. 2010, Safar et al. 1998). Prions, thus, are not homogeneous, isomorphic particles but rather
comprise a constellation of PrP assemblies that share the ability to structurally convert other PrP
molecules.

Prion Infectivity

The term infectious commonly refers to the instigation of disease by an exogenous pathogenic
agent that invades the body, often passing from one organism to another (see the section titled Per-
spective: Expanding the Prion Concept). In the case of prion infection, the particles enter the host
and then incite disease by compelling normally generated host prion protein to similarly misfold,
self-assemble, and form new prions (Prusiner 1998, 2013). Because the resulting assemblies consist
of host-derived protein, the immune system fails to respond as it would to a truly foreign agent.
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In humans, infectious prion disease is rare [approximately 3,400 total cases have been docu-
mented worldwide ( Jucker & Walker 2013)]. Rather, most instances of human prion disease are
idiopathic or genetic in origin. Furthermore, most infectious human prion disease has resulted
from uncommon means of exposure, i.e., ritual cannibalism in kuru (approximately 2,700 cases)
or internal exposure to contaminated medical instruments or biologics ( Johnson 2005). In addi-
tion, as of the end of 2014, 229 cases of variant Creutzfeldt-Jakob disease (vCJD) appear to have
resulted from consumption of beef contaminated with the prions of BSE or, secondarily (in 3 of
the 229 cases), owing to transfusion of contaminated blood (for up-to-date statistics on vCJD, see
http://www.cjd.ed.ac.uk/data.html). Fortunately, the wave of zoonotic human cases caused by
infection with BSE prions has largely passed, and as a result of improved understanding of prions,
infectious prion disease in humans has essentially disappeared (Brown et al. 2012).

In nonhuman species, infectious prion disease is much more common than in humans. Scrapie in
sheep—the first form of the disease to be identified (Fast & Groschup 2013, Johnson 2005) and the
first to be experimentally transmitted—remains endemic in Great Britain and many other parts of
the world (Fast & Groschup 2013). In addition, chronic wasting disease is a particularly infectious
prion disease of free-ranging cervids that is spreading rapidly in North America (Saunders et al.
2012, Williams 2005). The reasons for the facile transmissibility of some types of prion disease
are not yet entirely clear.

Unconventional infectivity was the feature of prions that ultimately led to the discovery of
templated protein transformation as a new biological principle. However, as we discuss below,
ambiguities associated with the definition of prions as infectious particles have dissuaded many
researchers from fully adopting the prion paradigm as a framework within which other diseases
can be understood, as many of these diseases are not, by any customary definition, infectious.

PRION-LIKE SEEDING AND ALZHEIMER’S DISEASE

Alzheimer’s Disease

Intriguing clinicopathological similarities between the prion diseases and other neurodegenera-
tive disorders have not escaped the notice of researchers (Gajdusek 1977, Prusiner 1984). Notable
among these disorders is AD, a condition characterized clinically by a slow but inexorable de-
cline in cognitive function, and histologically by intracerebral senile plaques and neurofibrillary
tangles (Holtzman et al. 2011). Senile plaques are heterogeneous lesions consisting principally
of extracellular masses of fibrillar amyloid-β (Aβ) peptide, whereas neurofibrillary tangles are
intracellular bundles of fibrillar tau protein (Holtzman et al. 2011, Nelson et al. 2012) (Figure 3).
Other lesions can occur in the AD brain, such as cerebral Aβ-amyloid angiopathy, and comorbid
conditions are frequent in the elderly (Nelson et al. 2012); however, plaques and tangles remain
the defining histopathological features of AD, and current evidence favors the aggregation of Aβ

as the earliest pathognomonic signature of the disease (Bateman et al. 2012, Holtzman et al. 2011,
Jack et al. 2010, Selkoe 2012). Tauopathy, although downstream of Aβ in the ensuing cascade of
events (Hardy & Selkoe 2002), contributes importantly to the cognitive deficits that characterize
AD (Holtzman et al. 2011, Nelson et al. 2012).

Seeding Amyloid β

In the 1970s and 1980s, when many scientists still thought that the spongiform encephalopathies
were caused by an unorthodox slow virus, two research groups undertook experiments to test
the hypothesis that AD, like the spongiform encephalopathies, was transmissible. A team headed
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Figure 3
Senile [amyloid-β (Aβ)] plaque and neurofibrillary (tau) tangles in Alzheimer’s disease. (a) Light micrograph of hippocampal tissue that
has been dual-immunostained for Aβ (brown in an Aβ plaque) and hyperphosphorylated tau ( purple in neurofibrillary tangles).
(b) Electron micrograph of a mass of extracellular amyloid fibrils in an Aβ plaque. (c) Electron micrograph of intraneuronal fibrillar
polymers of tau protein, the ultrastructural components of neurofibrillary tangles. Labels denote two paired helical filaments.

by D. Carleton Gajdusek performed intracerebral injections of brain homogenates from patients
with AD (and several other neurodegenerative diseases) into nonhuman primates. The results
were inconclusive (Goudsmit et al. 1980). In Great Britain, Harry Baker, Rosalind Ridley, and
colleagues injected AD brain homogenates intracerebrally into marmosets (Callithrix jacchus) and
found an increase in senile plaque load after an incubation period of approximately 6–7 years
(Baker et al. 1993). The researchers concluded that the extract was capable of inducing plaque
formation, but the inductive agent remained uncertain.

With the introduction of Aβ precursor protein (APP) transgenic mouse models of cerebral Aβ

deposition in the mid-1990s, we initiated a series of experiments in which we injected Aβ-rich brain
extracts from AD patients or aged APP transgenic mice into APP transgenic hosts (Eisele et al.
2009, 2010, 2014; Fritschi et al. 2014a,b; Hamaguchi et al. 2012; Heilbronner et al. 2013; Kane et al.
2000; Langer et al. 2011; Meyer-Luehmann et al. 2006; Rosen et al. 2012; Walker et al. 2002; Ye
et al. 2015). These studies, and those of other laboratories (Duran-Aniotz et al. 2013, 2014; Morales
et al. 2012; Stöhr et al. 2012, 2014; Watts et al. 2011, 2014), have demonstrated that Aβ plaques,
cerebral Aβ angiopathy, and related pathologies such as neuritic changes and neuroinflammation
can be induced to form by the prion-like seeding of Aβ aggregation. Seeded induction of Aβ

deposition in young, APP transgenic hosts is possible even with subattomolar amounts of brain-
derived Aβ (Fritschi et al. 2014b) and with aggregates of pure, synthetic Aβ (Stöhr et al. 2012,
2014). However, as with PrP, the specific biological seeding potency of aggregated, synthetic Aβ

is much less than that of similar amounts of brain-derived Aβ. The reasons for this discrepancy
remain unclear; the inclusion of certain cofactors during aggregation can enhance the seeding
potential of synthetic prions (Deleault et al. 2012, Wang et al. 2010, Zhang et al. 2014), suggesting
that cofactors also might augment the potency of Aβ seeds.

Aβ seeds and prions share several other similarities. In vitro, Aβ has been shown to transfer
from neuron to neuron (Domert et al. 2014, Nath et al. 2012, Song et al. 2014), and in vivo, the
deposition of Aβ ramifies systematically through the brain, suggestive of neuron-mediated spread
along anatomical pathways (Hamaguchi et al. 2012, Ye et al. 2015). As in the case of prions, Aβ

can form strain-like variants in vitro (Mehta et al. 2013; Meinhardt et al. 2009; Nilsson et al. 2007;
Paravastu et al. 2008, 2009; Petkova et al. 2005) and in vivo (Heilbronner et al. 2013; Lu et al.
2013; Meyer-Luehmann et al. 2006; Rosen et al. 2010, 2011; Stöhr et al. 2014; Watts et al. 2014).
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Seeding-competent Aβ multimers also exist in a range of sizes (Langer et al. 2011). As for prions
(Silveira et al. 2005), small, soluble Aβ seeds are particularly potent, and these, unlike larger,
fibrillar assemblies, are readily neutralized by proteinase K (Langer et al. 2011). Furthermore, Aβ

aggregation in the brain can be triggered by seeds delivered to the peritoneal cavity (Eisele et al.
2010, 2014), and stainless steel wires coated with Aβ-rich brain extract are able to induce plaque
formation following implantation in the brains of APP transgenic mice (Eisele et al. 2009). Finally,
recent evidence indicates that Aβ seeds, like prions, are resistant to inactivation by formaldehyde
(Fritschi et al. 2014a).

It is important to note that these experiments have not induced AD per se, which to date has
only been identified in humans (Heuer et al. 2012, Jucker 2010). Rather, they have demonstrated
that, at the molecular level, the mechanisms that impel the formation of Aβ plaques and cerebral
Aβ angiopathy are virtually identical to those underlying the misfolding and proliferation of PrP-
prions.

Seeding Tau Protein

Tau protein is abundant in neurons and normally serves to stabilize microtubules (Avila et al. 2004,
Lee et al. 2001). In many brain disorders, including AD, tau becomes hyperphosphorylated and
abnormally polymerizes into intracellular neurofibrillary tangles (Lee et al. 2001, Spillantini &
Goedert 2013) (Figure 3). Tauopathy can result from autosomal dominant mutations in the tau-
coding MAPT gene on human chromosome 17, but more often it occurs as a nonspecific response
of neurons to various kinds of insult (Nelson et al. 2012). In AD, tauopathy is considered to be
a subsequent, but critically important, reaction to Aβ abnormalities in the pathogenic cascade
(Hardy & Selkoe 2002, Holtzman et al. 2011, Nelson et al. 2012).

Like the seeded aggregation of Aβ, the pathogenesis of tauopathy now appears to fit firmly into
the prion paradigm. When brain extracts containing aggregated tau are injected into the brains
of young, tau transgenic host mice, tauopathy is induced that propagates systematically from the
injection site to axonally connected areas (Ahmed et al. 2014; Clavaguera et al. 2009, 2013), indica-
tive of neuronal uptake, transport, and release of tau seeds (Frost et al. 2009, Sanders et al. 2014,
Wu et al. 2013). The intracerebral injection of brain extracts from different human tauopathies
instigates tau lesions in mice that resemble those in the corresponding human diseases (Boluda
et al. 2015, Clavaguera et al. 2013), suggestive of proteopathic tau strains (Sanders et al. 2014).
Additionally, tauopathy can be induced in the brain by tau seeds administered intraperitoneally
(Clavaguera et al. 2014). Tau seeds also assume a range of sizes, the most potent of which are small
and soluble (Lasagna-Reeves et al. 2012). Unlike Aβ aggregation in vivo, which has not yet been
seeded in wild-type mice and is relatively weakly stimulated by synthetic Aβ seeds, tauopathy is
inducible in wild-type mice and (in tau transgenic mice) by recombinant tau fibrils (Clavaguera
et al. 2013, Iba et al. 2013, Lasagna-Reeves et al. 2012, Peeraer et al. 2015).

The induction of tau lesions by exogenous seeds has identified structurally variant tau as the
culpable agent, but tauopathy results—exclusively, as far as we now know—from the endogenous
generation of tau seeds. To establish a model of endogenous spreading of tau lesions, two labo-
ratories have used mice in which the expression of a pathogenic human tau transgene is mainly
restricted to projection neurons of the entorhinal cortex (de Calignon et al. 2012, Liu et al. 2012).
In this paradigm, tau abnormalities first emerge in the entorhinal cortex, followed by a time-
dependent expansion of lesions to axonally connected areas (de Calignon et al. 2012, Liu et al.
2012). These experiments, in the context of longstanding evidence for the expansion of tau lesions
along neuronal pathways in AD (Arnold et al. 1991, Braak & Braak 1995, Saper et al. 1987), im-
plicate normal neuronal transport mechanisms in the proliferation of neurofibrillary pathology.
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Figure 4
α-Synuclein-immunoreactive lesions (brown) in the neocortex of a patient with Lewy body disease. The
labels indicate Lewy bodies and a Lewy neurite. Nissl counterstain.

More recently, advanced in vivo imaging of structural and pathological features has disclosed a
general involvement of the connectome in AD and other neurodegenerative processes (Bero et al.
2011, Iturria-Medina et al. 2014, Raj et al. 2015, Zhou et al. 2012).

PRION-LIKE SEEDING AND OTHER NEURODEGENERATIVE
DISEASES

Most age-related neurodegenerative disorders involve the abnormal accumulation of disease-
specific proteins, often in the form of histopathologically appreciable amyloid lesions (Guo & Lee
2014, Jucker & Walker 2013). In PD, dementia with Lewy bodies, and multiple system atrophy,
misfolded α-synuclein assembles into fibrillar inclusions called Lewy bodies and Lewy neurites
(Goedert et al. 2013) (Figure 4). Similar to other proteinaceous deposits, these lesions can be
seeded in the brains of young, α-synuclein transgenic mice by the intracerebral injection of brain
extracts containing aggregated α-synuclein (Luk et al. 2012b, Mougenot et al. 2012). Recombinant
α-synuclein fibrils also are able to induce α-synuclein aggregation in cellular models (Aulić et al.
2014, Luk et al. 2009, Volpicelli-Daley et al. 2011) and in α-synuclein transgenic mice or wild-type
mice (Luk et al. 2012a,b; Masuda-Suzukake et al. 2013). α-Synucleinopathy also has been induced
in nonhuman primates by intracerebrally delivered brain extract from PD patients (Recasens et al.
2014).

Within the brain, seeded α-synuclein pathology appears to progress through anatomically
linked regions (Luk et al. 2012a,b; Masuda-Suzukake et al. 2013) and is associated with a progressive
neurodegenerative disorder that mimics key aspects of PD (Luk et al. 2012a,b; Masuda-Suzukake
et al. 2014; Mougenot et al. 2012; Recasens et al. 2014). α-Synuclein aggregates from patients
with multiple system atrophy transmit a fatal brain disease to susceptible mice (Watts et al. 2013).
Interestingly, recombinant α-synuclein fibrils cross-seed tau fibrillization (Guo et al. 2013), and
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the efficacy of cross-seeding is governed by strain-like variations in the α-synuclein seeds (Guo
et al. 2013). Similarly, aggregates of α-synuclein in the brains of PD patients exhibit differential
proteinase K cleavage patterns, indicative of variant molecular conformations of α-synuclein in
the human brain (Guo et al. 2013). In addition, fetal brain cells transplanted into PD patients
can eventually develop Lewy pathology, suggesting that α-synuclein in the transplanted cells is
impelled to misfold and aggregate by α-synuclein seeds from the host (Kordower et al. 2008, Li
et al. 2008).

Numerous other proteopathies are also likely to originate and progress by the prion-like in-
duction of protein aggregation ( Jucker & Walker 2013). Among these are ALS and FTD, which
occupy two poles of a spectrum of loosely related brain disorders (Rademakers et al. 2012, Van
Langenhove et al. 2012). Proteins implicated in ALS/FTD spectrum disorders include tau, super-
oxide dismutase-1 (SOD1), TAR-DNA binding protein-43 (TDP-43), fused in sarcoma (FUS),
C9orf72, heterogeneous nuclear ribonucleoproteins, and others (Al-Chalabi et al. 2012, Bennion
Callister & Pickering-Brown 2014, Cruts et al. 2013, Kim et al. 2013, King et al. 2012, Li et al.
2013, Ling et al. 2013, Rademakers et al. 2012, Van Langenhove et al. 2012). These proteins are
prone to aggregation, and several incorporate aggregation-prone stretches of amino acids called
prion-like domains, which are present in some RNA-binding proteins (Han et al. 2012, Kato et al.
2012, King et al. 2012). The reversible acquisition of cross-β architecture and aggregation of
RNA-binding proteins can help cells to survive stressful conditions by downregulating protein
function, but if the assemblies convert to a more persistent amyloid-like state, they become harm-
ful to the cell (King et al. 2012, Mizielinska et al. 2014). In ALS and FTD, the lesions appear to
spread systematically among brain regions (Braak et al. 2013, Brettschneider et al. 2014, Ravits
& La Spada 2009), suggestive of the transport of a prion-like agent (Braak et al. 2013, Cushman
et al. 2010, Grad & Cashman 2014, Ling et al. 2013, Udan & Baloh 2011). TDP-43 aggregation
can be induced by cognate TDP-43 seeds in vitro (Furukawa et al. 2011, Nonaka et al. 2013). Cell
culture studies also confirm the seeded aggregation and cell-to-cell propagation of both SOD1
(Grad & Cashman 2014, Grad et al. 2014, Munch et al. 2011) and huntingtin, the protein linked
to Huntington’s disease (Pecho-Vrieseling et al. 2014, Ren et al. 2009). The existing data thus
underscore the likelihood that the prion principle applies to the instigation and propagation of
protein aggregation in an extraordinary variety of neurodegenerative diseases.

Many key issues remain unresolved. The mechanisms by which abnormal protein aggregates
injure tissue can vary within and among diseases, and these mechanisms are poorly understood.
We also need to learn more about the molecular structure of the pathogenic proteins, the diversity
of protein architecture, and the factors that govern molecular shape. How the aggregates emerge
and how they are normally removed are also critical issues, as these processes present potential
therapeutic targets. Finally, whereas it is increasingly apparent that prion-like seeded aggregation
of proteins is fundamental to these diseases, it is imperative to identify exogenous or endoge-
nous risk factors that can influence the likelihood that proteins will misfold and progressively
accumulate.

PRION-LIKE PROCESSES BEYOND THE NERVOUS SYSTEM

The reach of the prion paradigm extends well beyond neurodegenerative diseases, and now in-
cludes systemic amyloidoses (Lladó et al. 2010, Murakami et al. 2014, Westermark & Westermark
2010, Xing et al. 2001) and possibly some forms of cancer (Ano Bom et al. 2012, Forget et al.
2013, Rangel et al. 2014, Xu et al. 2011). Although we focus this review on disease mechanisms,
the discovery that prion-like processes govern heritable traits in certain fungi opened a rich and
productive field of research that has yielded invaluable insights into the biology of prions (Krauss
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& Vorberg 2013, Liebman & Chernoff 2012, Newby & Lindquist 2013, Prusiner 2013, Sugiyama
& Tanaka 2014, Tuite 2013, Wickner et al. 2013). Prion-like processes also appear to influence
functional protein aggregation in such phenomena as memory formation (Raveendra et al. 2013,
Si et al. 2003), peptide storage (Maji et al. 2009), and the innate immune response (Cai et al. 2014,
Hou et al. 2011) and inflammation (Franklin et al. 2014). The prion paradigm thus has evolved
from a limited mechanistic explanation for atypical infectivity to become a compelling principle
of biological information transfer.

PERSPECTIVE: EXPANDING THE PRION CONCEPT

The discovery of prions as transmissible agents has enriched our understanding of molecular
communication in health and disease. In many instances, however, diseases caused by structurally
aberrant proteins do not have an infectious source; rather, they emerge endogenously when spe-
cific proteins misfold and accumulate within the organism in the absence of exogenous seeds.
Critical insights into this phenomenon will emerge from a deeper comprehension of the molecu-
lar mechanisms that regulate inductive protein folding ( Jucker & Walker 2011, 2013; Walker &
LeVine 2012), regardless of whether the seed is exogenous or endogenous in origin. An important
challenge for the field is to establish the factors that govern the origination and persistence of
endogenous seeds. For example, an intriguing possibility is that somatic mutations influence the
generation, architecture, or persistence of seeds (Frank 2014, McConnell et al. 2013). Epigenetic
influences also may contribute, such as age-related changes in DNA (CpG) methylation (Horvath
2013). Another likely factor is the integrity of cellular proteostasis; a decline in protein disposal
with age, for instance, is one means by which misfolded proteins could accumulate beyond the
threshold for irreversible autopropagation (Balch et al. 2008).

Unfortunately, acceptance of the prion paradigm in the general context of disease has been
hindered by the ambiguous and somewhat disconcerting connotations of the term “infectious” as
a defining feature of prions. As defined by Stedman’s Medical Dictionary, infectious (“Capable of
being transmitted by infection, with or without actual contact”) is essentially synonymous with
contagious (“communicable or transmissible by contact with the sick or their fresh secretions or
excretions”) and transmissible [“Capable of being transmitted (carried across) from one person to
another, as a transmissible disease, an infectious or contagious disease”] (Stedman 2012, pp. 857,
388, 1705). In this prevailing sense of the term, there is no evidence that AD, PD, Huntington’s
disease, or any of a number of other proteopathies are infectious diseases (Irwin et al. 2013, Jucker
& Walker 2013); to imply otherwise could unjustifiably stigmatize patients and distress caregivers
who already are suffering under the burden of disease (Hardy & Revesz 2012).

Accordingly, sound scientific and ethical reasons exist for using the word prion judiciously.
However, prion is a useful, descriptive, and firmly established term in the biomedical literature,
and it is increasingly invoked as a comprehensive designation for the concept of self-propagation of
proteinaceous aggregates ( Jucker & Walker 2013). We propose that the time has come to modify
the definition to encompass the full scope of the prion paradigm in biology and to accommodate
the many instances in which proteopathic diseases lack an infectious origin. The fundamental
molecular mechanism that unifies the templating capacity of prion-like proteins is the nucleated
transformation of protein conformation. In this spirit, we suggest that “prion” should be defined
broadly as a “proteinaceous nucleating particle” (rather than a “proteinaceous infectious particle”).
This revised definition does not deny the infectivity of PrP-prions or the potential infectious insti-
gation of certain other proteopathies such as AA amyloidosis (Murakami et al. 2014, Westermark
& Westermark 2010) or transthyretin amyloidosis (Lladó et al. 2010). Rather, the designation
of prions as proteinaceous nucleating particles more fully embodies the true scope of prion-like
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processes in biology and allows the prudent inclusion of noninfectious proteopathies under the
umbrella of the prion concept. This expanded and refined definition could help to obviate un-
necessary confusion and concern about the communicability of noninfectious proteopathies and
speed acceptance of this important paradigm within the biomedical community.
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