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Preface to ”PrPS¢ Prions: State of the Art”

Prions were defined by Stanley Prusiner, in 1982, as “proteinaceous infectious particles” and more
recently redefined as “alternative protein conformations that exhibit self-propagation” (Watts &
Prusiner, Cold Spring Harb. Perspect. Med. 2018; 8:a023507). The scrapie isoform of the prion protein,
PrPS, was the first prion to be identified. Identification of several fungal and yeast prions followed.
More recently, a strong debate has erupted about whether Ap, tau, alpha-synuclein, and other
amyloids that propagate throughout the brain through templating mechanisms are prions too. From
a purely biochemical point of view it seems that they are. However, the fact that only the PrP% prion
is known to date to have caused epidemic and epizootic events puts it in a unique position within
biology. In this special issue of Pathogens, a number of reviews summarize the state of the art of our
knowledge of PrPS¢ prions. Reviews are presented on what we know about their structure and
propagation, the basis of strains and transmission barriers, the mechanisms of PrP% toxicity, the
possible function of PrP5’s properly folded precursor, PrPC and its evolutionary history, and recent
technical breakthroughs in diagnostics and therapy development, among other key aspects of PrPS

prion biology.

Joaquin Castilla, Jestis R. Requena
Special Issue Editors
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Abstract: The prion diseases are a collection of fatal, transmissible neurodegenerative diseases that
cause rapid onset dementia and ultimately death. Uniquely, the infectious agent is a misfolded
form of the endogenous cellular prion protein, termed PrP%¢. Despite the identity of the molecular
agent remaining the same, PrP> can cause a range of diseases with hereditary, spontaneous or
iatrogenic aetiologies. However, the link between PrP> and toxicity is complex, with subclinical
cases of prion disease discovered, and prion neurodegeneration without obvious PrPS¢ deposition.
The toxic mechanisms by which PrP>¢ causes the extensive neuropathology are still poorly understood,
although recent advances are beginning to unravel the molecular underpinnings, including oxidative
stress, disruption of proteostasis and induction of the unfolded protein response. This review will
discuss the diseases caused by PrP5¢ toxicity, the nature of the toxicity of PrP, and our current
understanding of the downstream toxic signaling events triggered by the presence of PrPSc.

Keywords: prion disease; neurodegeneration; neurotoxicity; proteostasis; PrPSe

1. Introduction

The Prion diseases, or transmissible spongiform encephalopathies, are a group of fatal
neurodegenerative diseases characterized by extensive neuronal death, spongiform change and gliosis.
Uniquely among neurodegenerative disease, the prion diseases are transmissible, with infection
between members of the same species, and in some cases between different species, possible. Since
the discovery that the infectious component of prions is comprised solely of protein, more specifically
a misfolded form of the cellular prion protein (PrPC), a great deal of research has focused on how
this misfolded protein can cause such extensive and catastrophic damage to neurons. The major
histopathological feature is the accumulation of extracellular amyloid plaques, comprised of misfolded
PrPC (termed PrPS¢ for PrP scrapie). However, it is not known how PrP5¢ causes neurodegeneration,
or indeed what the exact toxic species is, as the link between PrPS, infectivity and toxicity is not
sharply defined. The role of cellular PrP€ also remains elusive, further clouding the investigation
into disease processes. Due to its insolubility, the structure of PrP5 has not been definitively proven,
hampering rational drug discovery efforts, although recent advances have allowed various models
to be proposed [1]. Unfortunately, and largely due to our poor understanding of these molecular
mechanisms, therapeutic treatments for prion disease remain elusive.

Recent research has begun to unravel the role PrP5 plays in the neurodegeneration associated
with prion disease. This review will discuss the diseases caused by PrP*¢ toxicity, the nature of the
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toxicity of PrPS¢, and our current understanding of the downstream toxic signaling events triggered by
the presence of PrP%c,

1.1. PrPC

The human prion protein is highly conserved in mammals, suggesting an essential role for the
protein [2]. It is a small glycoprotein found mainly on the outer leaflet of the plasma membrane, held in
place by a C-terminal glycosylphosphatidylinositol (GPI) anchor [3]. Although highly expressed in the
tissues of the central nervous system (CNS), PrPC is also expressed to varying degrees in most tissues
in the body. Expression begins early in embryogenesis, and in adults the highest levels are in neurons,
with moderate expression observed in glial cells and the peripheral nervous system [4]. Human PrP¢
is synthesized as a 231 amino acid polypeptide (after removal of a 22 residue signal peptide [5]),
which is processed through the endoplasmic reticulum (ER) and golgi apparatus. Post-translational
modifications, including the removal of a signal sequence from the C-terminal end of PrPC, result in
a mature protein of 208 amino acids in length. The main structural features are a globular C-terminal
domain made up of three alpha helices with a small antiparallel beta sheet composed of two separate
strands, and a largely unstructured flexible N-terminal tail [6].

The exact cellular function of PrP¢ remains unclear, with several distinct and overlapping roles
suggested. One of the most important proposed roles of PrPC is the maintenance of myelination
in the peripheral nervous system [7]. Interestingly, neuron-specific PrP€ expression is enough to
maintain myelination, as although PrPC is expressed in Schwann cells, it appears to not be essential
there [7]. It is unknown what effect PrP€ has on CNS myelin. The first proposed role for PrP€ was
in Cu?* homeostasis due it its high affinity binding [8], although a functional physiological role for
this affinity remains elusive. PrPC has a putative role in protecting against stress, especially oxidative
and some apoptotic stresses [9-11]. There is also evidence it helps to regulate neuronal excitability
and memory [12,13]. Interestingly, it is also involved in the regulation of the circadian rhythm [14]
and cellular differentiation [15,16]. The wide variety of biological roles has led to the suggestion that
PrPC is a scaffold protein that regulates the formation of a number of multi-protein complexes, but it is
unlikely that the entirety of its physiological roles have been discovered [2].

1.2. Prpse

The crucial event in the development of prion disease is the structural and conformational
change of PrPC to the disease associated misfolded form, PrPSC. This conversion changes PrP¢ from
a protein characterized by alpha-helices to a partially protease-resistant misfolded protein categorized
by beta sheets [17]. Proteinase K (PK) partially digests PrP5¢ and is often used to determine the
presence of misfolded PrP5 [18]. Despite this conversion being essential for the pathogenesis of
prion disease, the molecular underpinnings are still not understood. The transformation is thought
to be a post-translational change in conformation which initiates the catalytic conversion of PrP®
into more PrP%, by the interaction of existing PrP> molecules (Figure 1). Continuous synthesis of
PrPC in the brain only provides more substrate for the pathological conversion to PrP5. While this
mainly occurs after exposure to already misfolded PrPS, conversion can occur spontaneously in
rare cases without exposure or a genetic basis. There are no primary sequence differences between
PrPC and PrP%, so the change is mediated by different secondary structures and a propensity to
aggregate. This pathological change involving only the prion protein is summarized in the protein
only hypothesis [19]. Strong evidence supporting PrP> as being the main cause of prion disease comes
from the production of infectious PrP5¢ in vitro [20]. Whatever the mechanism, this conversion is the
basis for all the prion diseases.
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Figure 1. The conversion of PrPC to PrP5. The protein only hypothesis of prion conversion posits
that misfolded PrPS acts a catalyst, directly binding to PrP¢ and causing its conversion to PrPSc.
This self-perpetuating recruitment leads to large aggregates of PrP>, and underlies its infectious
potential. Surprisingly, aggregated PrPS¢ appears to be minimally toxic, with smaller, soluble oligomers
of PrP% likely mediating the majority of the observed neurodegeneration. Importantly, PrPC is required
for both the conversion process and for the toxicity of PrP> to manifest.

1.3. The PRNP Gene

PrPC is encoded by the PRNP gene found on chromosome 20 in humans, and chromosome 2 in mice.
It is significantly conserved across mammalian species and even vertebrates as a whole. It contains three
exons, but the entire open reading frame lies within exon 3 [21,22], with all of the disease-associated
mutations discovered so far located within exon 3 [23]. The PRNP gene encodes a nonapeptide region
followed by four octarepeats; this motif is thought to be important for its copper binding ability. More
than 30 disease-causing mutations in PRNP have been discovered, leading to a single amino acid
substitution, the addition of superfluous residues or an early truncation of the protein [24]. A number
of insertion mutations have also been discovered in the octarepeat region. Many of these mutations are
believed to facilitate the conversion of PrP€ to PrPS¢, linking these mutations to disease. There are also
polymorphisms in the PRNP gene that can influence the risk of developing prion disease. The most
important is at codon 129, as it predisposes to sporadic, iatrogenic and variant Creutzfeldt-Jakob
Disease (CJD-see below) [25]. Codon 129 codes for either methionine (M) or valine (V), and M/M
homozygosity predisposes to an earlier and more rapid onset of disease, while heterozygosity is
protective. A glutamate to lysine substitution at codon 219 also appears to confer a protective effect
against prion disease [26]. The shortest incubation times for prion disease occur when PrPS¢ and the host
PrPC share the same sequence, and when inoculation occurs intracerebrally instead of peripherally [27].
If the inoculating prion differs to the host PrPC, incubation times can be greatly increased, or clinical
signs of disease never develop. This can prevent transmission between species, and is known as the
species barrier.
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1.4. Human Prion Disease

Human prion diseases are characterized by the presence of spongiform change, gliosis,
amyloidosis and neuronal loss. Spongiosis appears as a series of vacuoles in fixed brain tissue.
Astrocyte proliferation and neuronal cell death are other common features, and insoluble amyloid
plaques containing aggregates of protease resistant prion protein (PrP) are often correlated with
prion diseases. Uniquely in the field of neurodegeneration, prion diseases are transmissible between
members of the same species, and often between (mammalian) species, although not freely as species
barriers do exist. They can be sporadic, familial or acquired in origin. The most common is CJD;
others include Kuru, Fatal Familial Insomnia (FFI) and Gerstmann-Straussler—Scheinker (GSS) disease.
Although all are caused by the misfolding of PrPC, these diseases often display startlingly different
pathological and biochemical characteristics. These diseases can also affect different regions of the
brain, causing further differences in disease course and symptoms.

Mutations in PRNP cause inherited prion disease that accounts for approximately 15% of prion
disease cases, producing a wide spectrum of clinical phenotypes [28]. Inherited prion diseases generally
have an earlier onset, but slower disease progression than sporadic cases. These mutations are
autosomal dominant, and can result in either an expanded octapeptide repeat in the normal sequence
of the prion protein, a non-conservative point mutation or a stop codon insertion in the PRNP open
reading frame (ORF). This can lead to familial CJD (fCJD), GSS and FFI. fCJD causes a rapidly
progressive dementia with myoclonus and abnormal electroencephalogram (EEG) recordings, GSS
is characterized by a slow progression of ataxia and late onset dementia, and FFI is unique with its
refractory insomnia, dysautonomia and motor dysfunction. These disease syndromes are not absolute;
however, the same mutation can lead to highly divergent phenotypic and pathological variation
between individuals [29].

Sporadic CJD (sCJD) accounts for 85% of cases of human prion disease, occurring in around one
in a million people over the age of 65. Early onset cases are extremely rare. The disease presents with
a rapidly progressive dementia with myoclonus and development of movement disorders such as
tremor and rigidity. Associated neurological symptoms include cerebellar ataxia, pyramidal and extra
pyramidal signs, and cortical blindness. Most cases have a characteristic EEG that includes periodic
sharp-wave complexes. Death occurs after an average of 4 months from diagnosis, making it one the
most aggressive forms of neurodegeneration [30].

Acquired prion diseases include Kuru, iatrogenic CJD (iCJD) and vCJD. Kuru is caused by the eating
of infected brain tissue, and is characterized by progressive cerebellar ataxia, mood and personality
changes, and a late onset dementia [31]. Death occurs approximately one year after the emergence
of clinical symptoms. iCJD is rare, and has occurred after the exposure of patients to contaminated
medical treatments or equipment. Contaminated dura matter and corneal grafts, inoculation with human
pituitary-derived growth hormone and gonadotrophins have all been reported [32]. Improperly sterilized
surgical equipment has also led to iCJD after brain surgery. iCJD caused by intracerebral infection is
relatively rapid in onset and duration, with prominent early dementia. In contrast, peripheral inoculation
is associated with a prolonged incubation time and late onset dementia.

In the mid-1990s, in the wake of the Bovine Spongiform Encephalopathy (BSE) epidemic, a new
neurodegenerative illness emerged in the UK. Clinically and pathologically, it resembled sCJD, but the
disease had a longer duration with a protracted neuropsychiatric syndrome, and critically, mainly
affected young people [33,34]. After the realization, it was a new disease, it was termed new variant,
or variant CJD (vC]D) [35]. The age of onset was much earlier than sporadic CJD, with a mean age
of 29, and patients as young as 16. The initial symptoms are mainly behavioural, followed by ataxia
and movement disorders. Dementia occurs at a much later point in the disease than CJD, with EEG
abnormalities frequently absent. It also progresses slower than sporadic CJD, with a mean duration
of 14 months. As none of the patients had PRNP mutations and were at a very low risk of iatrogenic
exposure, BSE was considered to be the most likely cause. Molecular studies on vCJD tissue showed
that the biochemical properties of the protease-resistant prion protein found in these patients were
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distinct from other human prion diseases [36], but similar to that of BSE [37], leading to the acceptance
that BSE exposure causes vCJD.

1.5. Animal Prion Diseases

Several mammalian species are also afflicted by prion disease, including scrapie in sheep, Chronic
Wasting Disease (CWD), which mainly affects deer and elk in North America and transmissible mink
encephalopathy, which affects mink feeding on infected livestock. Unlike in humans, most cases
are infectious in origin, although the increased surveillance for prion disease after the BSE outbreak
is identifying increasing numbers of spontaneous cases. The histopathological features are grossly
similar between human and animal prion disease. BSE affects the brainstem of cattle causing ataxia,
with a presymptomatic incubation time of 5 years [38]. CWD is thought to be highly contagious due
to the high number of animals infected despite the free-ranging habits of deer and elk. It has spread
through much of North America and been detected in South Korea [39,40]. CWD has recently been
observed in free ranging reindeer in Norway, with the origin of this outbreak currently unknown [41].
Despite not being natural carriers of prion disease, mice have been used extensively to model prion
disease. They have been infected with sheep scrapie, and genetic modification of the carried Prnp gene
allows prion disease from other hosts to be replicated (Figure 2).

A

Prion C Control Prion

Cortex

Hippocampus

Thalamus

Brainstem

Cerebellum

Figure 2. The neuropathology of prion disease. (A). The Rocky Mountain Laboratory (RML) strain
of prion disease induces extensive neurodegeneration in mice, especially in the hippocampus where
considerable neuronal death is observed in the CA1 region (hematoxylin and eosin stained hippocampal
sections from uninfected control mice, or prion-infected terminal tg37*/ ~ mice) (B). Prion infection is
associated with the accumulation of PrP5¢, which is often detected by its partial proteinase resistance
to digestion by proteinase K (total PrP and PrP*¢ levels, detected with and without proteinase
K digestion) (C). Spongiosis, an intracellular oedema that appears as holes in histological slices
after fixation, is observed throughout the brain in both human and animal cases of prion disease
(hematoxylin and eosin stained hippocampal sections from uninfected control mice, or prion-infected
terminal tg37+/ ~ mice).
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1.6. Selective Neuronal Vulnerability in Prion Diseases

The same disease agent, PrP5, is associated with all the prion diseases, however, the signs and
symptoms of each disease can differ dramatically. This may be due to the regional differences of
PrPS¢ accumulation in the brain and the neurons affected. This is thought to be a result of many
factors including specific interactions of different protein conformers as well as region-specific
micro-environments which contain a different combination of metals, chaperone proteins and
translational machinery [42].

For instance, in FFI, neurodegeneration occurs in the thalamus, accounting for the insomnia
associated with this prion disease due to the involvement of the thalamus in sleep regulation [30,43].
In Kuru, the damage often occurs in the cerebellum, leading to defects in coordination, while GSS
has a wider range of clinical manifestations ranging from cerebellar ataxia to spastic parapesis, often
in combination with dementia [43]. In CJD, the cerebral cortex is the main affected brain region [44],
which results in mental impairments, mood change and various visual disturbances.

2. Is the Prion Protein Directly Responsible for Prion Disease?

Despite initial resistance, the protein only hypothesis of prion disease is now widely accepted.
However, many unanswered questions remain. The most pressing, and to this day still the most
elusive, is how exactly does the conversion of PrP€ to PrPS¢ cause prion disease? There are several
possibilities that have been suggested to be a cause: the conversion of PrPC to PrPS¢ causes a toxic loss of
function in the PrP¢ protein; PrP5¢, or aggregates of PrP5¢, are directly toxic to neurons; the conversion
process itself is somehow toxic, or there are transient intermediaries formed that mediate the toxicity.
In addition to the main cause, multiple toxic downstream processes are likely to be engaged, with
neuroprotective responses failing or behaving ineffectively.

2.1. PrPC is Essential for Prion Disease

It is now known that PrPC loss of function is not the main cause of prion disease. Knockout
mice models are grossly normal and display no obvious phenotypes [12,45,46]. In species where
prion disease is naturally occurring, such as cows and goats, PrP knockout is again non-toxic [47,48].
Therefore, loss of PrP€ function does not cause prion-induced neurodegeneration. However, since the
first reports of PrPC knockout, many subtle phenotypes have been described, including some related
to neuroprotective pathways such as neurogenesis and stress protection [49]. Although not a direct
cause, impairment of some of these processes might contribute to disease under specific stress insults.

PrPC does appear to have some directly neuroprotective abilities. PrPC is upregulated in neurons
after ischaemic stroke in humans, and knocking out PrPC was shown to greatly increase infarct size in
an animal model [50]. PrP€ is involved in the maintenance of myelin in the mouse peripheral nervous
system [7]. PrPC is also involved in protecting against the neurotoxicity induced by the artificial
expression of its closest homologue, doppel (Dpl). This was first discovered due to the accidental
expression in the brain of Dpl by a group trying to delete the Prnp gene in mice [51], caused by the
fusion of the PrP promoter to the Dpl open reading frame and its subsequent ectopic expression in
the brain [52]. Dpl expression caused Purkinje cell death [51] and a late onset ataxia [53] that could be
rescued by PrPC expression in a dose-dependent manner [54]. However, Dpl is not normally expressed
in the CNS in any significant quantities, and levels are not increased during prion disease [55], so the
physiological extent of neuroprotection by PrPC cannot be inferred.

The most important observation from PrP¢ knock out experiments is the absolute and total
requirement of the presence of PrPC for any PrP> induced pathology. This was first demonstrated in
mice lacking PrPC, which were resistant to prion infection [56]. A set of elegant experiments further
proved this effect. Brandner and colleagues grafted neural tissue overexpressing PrPC into the brain
of PrP null mice [57]. After inoculation with prions, the grafts accumulated high levels of PrP5¢ and
developed the severe histopathological changes characteristic of prion disease. Substantial amounts
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of graft-derived PrP5 migrated into the surrounding areas of the host brain, but even 16 months
after inoculation no pathological changes were seen in PrP null tissue [57]. Therefore, in addition to
being resistant to scrapie infection, brain tissue devoid of PrP® is not damaged by exogenous PrP%,
providing further evidence that PrP5 is not directly toxic in vivo. This was further demonstrated in
experiments in which PrPC was depleted during the course of prion infection [58]. Double transgenic
mice were generated that had floxed PrP transgenes, from which the PrP coding sequence is deleted
by neuronal Cre expression at 9 weeks of age. When these mice are inoculated with prions before
PrP knockout, they develop the initial stages of prion disease, including spongiosis and hippocampal
shrinkage. When the Cre-mediated excision of the Prnp gene occurred, prion disease was prevented
from developing and the early spongiform changes were reversed, despite continued prion replication
in non-neuronal cells and further astrocytic extra-neuronal PrP5¢ deposition. The mice lived for the
normal lifespan, and remarkably, they never developed further clinical disease [58]. These results
also argue against direct neurotoxicity of PrP5, because the continued non-neuronal replication and
accumulation of PrP*¢ throughout the brains of scrapie-infected mice was not pathogenic.

2.2. The Weak Links between PrP5 and Neurotoxicity

A number of other experiments have also demonstrated the complicated relationship between
PrPS¢ and toxicity. Interestingly, the GPI-anchor has been demonstrated to be required for PrPS
induced toxicity. Prion inoculated mice expressing anchor-less PrP which is released into the
extracellular space instead of being tethered to the plasma membrane, freely replicate PrP> but
do not develop disease [59]. This again suggests that PrP* is not directly toxic to neurons, and also
that either conversion at the membrane or subsequent internalization mediated by the GPI anchor is
required for toxicity. In concert with this, the levels of PrP5¢ deposition are poorly correlated with
disease progression, with subclinical cases of prion infection and prion disease observed with low prion
titers observed in both animal and human cases [60]. Several studies have noted neurodegeneration
without amyloidgenic PrPS¢ when passaging BSE prions into mice or rats [61,62]. In humans, several
inherited mutations cause neurodegeneration without plaques [63-65]. A transmembrane form of
the prion protein has been demonstrated to cause GSS without any detectable PrPS¢ [66]. Studies
using hamster prions injection into mice have demonstrated cases of substantial PrP replication
without the emergence of clinical signs [67,68]. These experiments have profound implications for
the development, diagnosis and treatment of prion disease. It may be that PrP> is a better marker
for prion infection rather than prion-induced neurodegeneration, and again demonstrates the relative
lack of neurotoxicity of PrPS¢. Subclinical infection also poses a public health risk, as PrP% from
non-symptomatic individuals can still be infectious to other, perhaps more susceptible individuals [69].

Unfortunately, the identity of the actual infective agent even in purified scrapie infectious fractions
remains a source for debate. Only 1 in 10° particles appears to be infectious [70], so the structure of the
infectious agent cannot be definitively inferred. The most infectious particles have been shown to be
non-fibrillar in nature, and comprised of 14-28 PrP molecules, with infectivity significantly reduced
in oligomers larger or smaller than this [71]. PrP> is partially protease resistant by definition, but
infectious PK-sensitive forms of PrPS¢ have also been detected [72-74]. These PK-sensitive forms share
structural features with PK-resistant PrP5¢, and are similarly infective [74]. In contrast, high levels
of PK-resistant PrPS¢ are not always correlated with disease [75], or infectivity [76]. Partial protease
resistance is not consistently correlated with infectivity, and non-infective protease resistant PrP can be
produced [77]. Furthermore, infectious PrP5 can be comprised of both protease sensitive and resistant
fractions. All of these studies highlight the complexity and heterogeneity of the toxic agent in prion
disease, obfuscating a better understanding of the mechanisms of disease.
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2.3. PrP%¢ Structure and Toxicity

A puzzling characteristic of prion disease is the existence of different strains/isolates of PrP¢ that
when inoculated into model organisms can produce drastically different incubation times, clinical signs
and pathology. Biochemically, the strains display different immunohistopathological characteristics
and protease sensitivities [78]. As prions are comprised only of protein and are generated by the
conversion of host PrPC, the prion strain phenomenon cannot be attributed to genetic variability.
Instead, prion strains are likely to result from distinct conformational changes, that are maintained
during the conversion process [79]. This suggests that the structure of PrP5 may help to explain the
associated neurotoxicity. Unfortunately, difficulties in purifying and determining the structure of PrPS
have hindered investigations.

The toxic conversion results in PrPS¢ characterized by extensive (3-sheet secondary structure [17],
a protease resistant core [80] and new epitopes not shared with PrPC [81]. From here, monomers,
oligomers, protofibrils and insoluble fibrils of PrP% then accumulate, creating a heterogeneous
assortment of structures. It is believed the B-sheet is essential for the aggregation of PrP% into
amyloid fibrils [82]. Several models of PrP¢ amyloid have been suggested, including short compact
fibrils or parallel 3-sheets (see [1] for review). It is believed that fibrils dictate infectivity and the
species barrier effect [1], as fibril load correlates with infectivity, but not toxicity [83]. Even if they
are not the toxic species, their presence may catalyze the formation of a more toxic species [84], with
growing evidence pointing towards oligomers of PrP*¢ as being the culprit. They display increased
toxicity compared to fibrils both in vitro and in vivo [85-87]. These results are in agreement with the
current evidence from other protein misfolding neurodegenerative diseases, where smaller oligomer
molecules are thought to be the most toxic [88]. Determining the exact structure of the various PrP5
species remains elusive, and thus so does the exact relationship between PrP5 structure and toxicity.
There is evidence that the disordered N-terminal domain of PrP¢ mediates the toxicity of PrPSe [89];
it is likely that a better understanding of similar relationships between structure and function will
improve our understanding of PrPS¢ neurotoxicity.

3. The Molecular Underpinnings of PrP5¢ Toxicity

Despite the weak evidence for the direct neurotoxicity of PrP%, there are numerous reported
detrimental effects of PrPS¢ formation/aggregation that explain at least some of the toxicity of prion
disease. This includes the induction or inhibition of a range of cellular processes, discussed below.

3.1. Autophagy

Autophagy is the cell’s main clearance mechanism for aggregated or dysfunctional proteins, which
delivers cytoplasmic macromolecules or organelles to be degraded to the lysosomes. The structure
to be degraded is enclosed in a double membrane structure termed the autophagic vacuole
(or autophagosome), which then fuses with a lysosome containing hydrolases and digestive enzymes.
Autophagic processes can ultimately initiate a form of cell death similar to apoptosis if levels of
aggregated protein are deemed to be too high. Due to the large buildup of aggregated proteins in
the protein misfolding neurodegenerative diseases, it is no surprise that dysfunction of this pathway
is often observed, and increasingly autophagy is being explored as a possible therapeutic target.
The links between autophagy and prion disease were first described in a hamster model of prion
disease [90], where large autophagy vacuoles were observed, which increased in size as the disease
progressed. Since then, autophagic vacuoles have been observed in many experimental models and
human patients [91-94].

Pharmacological treatments that induce autophagy have conferred neuroprotection in various
models of prion disease. Lithium, astemizole and the experimental compound FK506 have all been
reported to induce autophagy and prolong survival in prion infected mice, with the authors attributing
the neuroprotective effects to an increased removal and degradation of PrP5¢ [95-97]. The mTOR
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inhibitor rapamycin, which also induces autophagy, was shown to be neuroprotective in a mouse
model of GSS [98]. Despite these results, it is still unclear if reduced or dysfunctional autophagy is
a direct toxic effect of PrP¢, or if inducing autophagy confers neuroprotection by increasing clearance
of PrP% preventing other toxic downstream effects from occurring.

3.2. The Induction of Apoptosis

Apoptosis is the programmed death of cells, and is characterized by cell shrinkage, condensation
of the chromatin and fragmentation of the nucleus. It is an active process requiring gene transcription
and protein translation, and markedly different from the uncontrolled necrosis [99]. Apoptosis occurs
in both experimental prion disease and human patients [100-104]. However, it is likely that the
apoptosis observed in prion disease is a downstream effect of the prion infection, rather than the direct
cause of PrP° toxicity. Genetic deletion of the major pro-apoptotic protein Bax has no effect on prion
disease progression [105], and over expression of the anti-apoptotic Bcl-2 again has no effect [106].
Deletion of caspase-12, a pro-apoptotic protein induced by ER stress, also failed to protect neurons in
prion diseased mice [107].

3.3. Proteasome/Ubiquitin Inhibition

The Ubiquitin Proteasome (UPS) system is the main route for targeted protein degradation in
mammalian cells. Degradation of proteins by the UPS occurs over two stages; firstly, the protein to be
degraded is conjugated with multiple ubiquitin (Ub) molecules, targeting it for destruction. The Ub
tagged protein is then degraded by the 26S proteasome [108] and broken down into its constituent
peptides, which can be recycled for future protein synthesis.

Numerous studies suggest that disruption of the UPS by PrP> in prion disease is a contributing
factor to pathogenesis. An increase in ubiquitin immuno-reactivity, which is indicative of UPS
dysregulation, has been reported in prion-infected mice in the early stages of disease and precedes
behavioural deficits as well as correlating with PrPS¢ deposition [109].

PrP isoforms have been shown to directly inhibit the 26S proteasome [109-113]. In vitro data
using purified proteasomes and three different cell lines show that PrP oligomers directly inhibit the
26S proteasome [112]. It is thought that PrP molecules rich in 3-sheet conformations such as PrpSc
inhibit the 26S proteasome by reducing gate opening of the 20S subunit and hence limiting substrate
entry [111]. This has been inferred because 3-sheet rich PrP does not inhibit mutant proteasomes
with a constitutively open gate [110]. Inhibition of the proteasome can also increase aggregation
of PrP%, in addition to affecting the processing of PrPC [114,115]. This could result in a positive
feedback mechanism where PrP5¢ induces proteasomal malfunction, which in turn leads to increased
aggregation of PrP> and a backlog of poly-ubiquitinated proteins (Figure 3).

Proteasomal dysfunction is a common feature of many neurodegenerative diseases and given that
PrP5¢ can directly inhibit the UPS, this could make activation of the UPS a possible therapeutic target in
prion disease. McKinnon et al., found that activation of the UPS by a small molecule inhibitor resulted
in enhanced clearance of poly-ubiquitinated substrates and reduced PrP* load in prion infected
cells [109]. Reducing PrPS¢ and its effects on proteostasis in this manner could be doubly beneficial.

3.4. The Unfolded Protein Response

Recent studies have implicated aberrant signaling by the unfolded protein response (UPR) as
a major pathological player in prion disease progression and neuronal cell death [116-122]. The UPR
is made up of three signaling cascades all beginning in the endoplasmic reticulum membrane.
They are controlled by PKR-like endoplasmic reticulum kinase (PERK), Inositol-requiring enzyme
1 (IRE1) and Activating transcription factor 6 (ATF6) [123-125], and all are activated in response
to an unfolded protein load within the ER. PERK phosphorylation attenuates protein translation
via the phosphorylation of elF2¢ at serine 51, in an attempt to prevent additional unfolded protein
production, and a number of stress response genes are upregulated by ATF6, XBP1 (a transcription



Pathogens 2017, 6, 63

factor downstream of IRE1) and ATF4 (a transcription factor induced by elF2cc phosphorylation) [126].
After the resolution of unfolded protein stress, GADD34, the elF2«-targeting component of protein
phosphatase 1, reduces elF2x phosphorylation and restores translation [127].
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Figure 3. Disruption of the ubiquitin proteasome system by PrPS¢. PrPS¢ can directly inhibit the 26S

proteasome by binding to the 20S subunit, preventing substrate entry. The causes increased PrP5
aggregation and accumulation of poly-ubiquitinated proteins in the cytoplasm.

A series of studies using Tg37 hemizygous mice infected with Rocky Mountain Laboratory (RML)
prions identified aberrant UPR signaling as a pathogenic mechanism in prion disease. These mice
overexpress wild type murine PrP around 3-fold normal levels and follow a well-documented disease
progression after prion inoculation. Loss of synapse regeneration is evident at 7 weeks post inoculation
(wpi), and PERK activation and phosphorylation of elF2«x at 9 wpi precedes neuronal loss, which is
apparent at 10 wpi [122]. Lentivirally expressing GADD34 reduces elF2« phosphorylation, restores
translation and prevents neurodegeneration. In contrast, administration of salubrinal (an inhibitor of
elF2x dephosphorylation) accelerates disease in these mice. Interestingly, targeting the PERK pathway
in this model confers neuroprotection without affecting levels of PrPC or PrP%. In a subsequent study,
prion-infected Tg37 hemizygous mice were treated with GSK2606414 [121] a potent and bioavailable
PERK inhibitor [128]. This compound effectively prevented neurodegeneration, even when dosed
after the emergence of early neurological disease indicators. Again, this protection was independent of
PrP5¢ levels.

Another compound, ISRIB (integrated stress response inhibitor), which acts downstream of elF2oc
phosphorylation, has been used to successfully delay neurodegeneration in prion-infected mice [119].
ISRIB binds to eIF2B, a guanine exchange factor essential for supplying the energy needed for the
initiation of translation, stabilizing it in its dimeric form [129]. This allows eIF2B to act as a guanine
exchange factor even in the presence of eIF2a-P, which normally inhibits this action. The result is
a partial restoration of protein synthesis in ER-stressed conditions. Administration of ISRIB to prion
mice resulted in an increase in survival and marked neuroprotection of hippocampal neurons, with
the treated mice also performing better in behavioural tests [119]. These studies validate PERK and
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the PERK-elF2« pathway as therapeutic targets, with the restoration of translation proposed to be the
neuroprotective process.

A further study aimed at repurposing drugs for use in neurodegeneration identified two
molecules, trazodone and dibenzoylmethane (DBM), that partially restore protein synthesis rates
during ER stress [120]. Both were neuroprotective in prion disease and a model of fronto-temporal
dementia [120]. Trazodone is a serotonin agonist and reuptake inhibitor that can be rapidly repurposed,
and DBM is a curcumin analogue under investigation as an anti-cancer agent.

The results of these studies suggest that the decline in protein synthesis rates mediated by PERK
pathway signaling is a main contributing factor to prion disease associated neurodegeneration (Figure 4).
Neuroprotection was observed despite the continued replication of PrP%¢, further demonstrating the
lack of direct toxicity of PrP5 and instead implicating downstream processes as mediating the toxicity
in prion disease.

LV-GADD34

Salubrinal == [FLLEY]

Ternary Complex

ISRIB

p——— Trazodone
DBM

INCREASED TERNARY COMPLEX REDUCED TERNARY COMPLEX
INCREASE IN TRANSLATION REDUCED GENERAL TRANSLATION
NEUROPROTECTION NEURODEGENERATION

Figure 4. The role of the unfolded protein response (UPR) in prion neurodegeneration. Aggregates
of PrP%¢ activate PERK signaling, leading to a reduction in protein synthesis rates mediated by the
phosphorylation of e[F2«. This starves neurons of essential proteins, leading to neurodegeneration.
Restoring translation rates via lentiviral expression of GADD34 or treatment with a variety of small
molecule inhibitors increases translation and is substantially neuroprotective.
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3.5. Oxidative Stress

Increased oxidative stress and prion disease have been linked in a plethora of previous
studies. However, it is unclear if prion disease progression causes increased oxidative stress or
if prion-associated pathology results from oxidative stress.

Conversion of PrPC to PrP> as an effect of oxidative stress has been reported in various
in vitro studies [130-132]. It has been postulated that prion misfolding in disease, particularly
those of a sporadic nature, could be triggered by oxidative stress. It has also been suggested
that PrPC plays a role in cellular resilience to oxidative stress via copper metabolism associated
with PrP® and superoxide dismutase (SOD) activity [133,134]. Loss of the antioxidant functions of
PrPC after conversion to PrP% could hence contribute to pathogenesis of prion diseases. Studies
performed in scrapie-infected mice and hamsters show an increase in markers of oxidative stress
such as heme oxidase 1 [135] during disease progression. Alterations in free radical metabolism
and increased oxidative stress can cause mitochondrial dysfunction in the brains of scrapie-infected
animals, suggesting that this mitochondrial dysfunction is a contributing factor to prion disease
progression [136,137].

3.6. Synaptic Dysfunction

One of the starkest phenotypes of prion disease is the gradual but continuous loss of
synapses as the disease progresses. In mice, the number of synapses progressively decreases
across a number of brain regions, including the hippocampus, with both pre- and post-synaptic
processes affected [138-142]. This loss of synapses is correlated with a number of behavioural
phenotypes [122,143,144], and precedes neuronal loss, suggesting that it is the loss of synapses that
is causing the behavioral phenotypes. In human disease, there is also evidence for large quantities
of synaptic loss and neurological deficits without extensive neuronal loss [145], but examples are
limited due to the necessity of waiting until a post-mortem for investigation, where neuronal loss
leaves a much more catastrophic signature than synaptic dysfunction.

PrP can modulate the activity of N-methyl-d-aspartate (NMDA) receptors, an important ion
channel involved in long-term potentiation, but also to the detriment of neurons during excitotoxicity.
In prion disease, an increase in activity through NMDA receptors is observed facilitating neuronal
death, which can be attenuated by expressing PrP® [146-148]. There is also evidence for PrP5¢ directly
forming pores in the plasma membrane, disrupting the electrochemical balance of the neuron [149].
Here, soluble oligomers of misfolded PrP insert into the plasma membrane forming ion channel like
structures that allow the passage of ions, causing homeostatic disruption [150].

3.7. Microglia

Microglial accumulation is observed in a range of neurodegenerative diseases, including prion
disease. Microglia are the macrophages of the CNS and release cytokines in response to a wide variety
of stressors. There is some evidence that microglia can actually be involved in the dissemination
of PrP5¢ throughout the brain. Baker and colleagues demonstrated that purified microglia from
CJD-infected mice show similar infectivity to crude homogenate, despite having 50x less PrPS¢ [151].
Microglia have been shown to be required for the toxicity of a human PrP fragment in vitro, while
release of reactive oxygen species (ROS) from activated microglia is suggested as the cause of neuronal
apoptosis [152,153].

However, one study [154] suggests a protective role of Cx3cl1/Cx3cr1 signaling in prion disease.
The chemokine Cx3cl1 is expressed by neurons and its receptor Cxcrl is solely expressed by microglia.
Prion incubation times in Cx3cr1 null mice were significantly reduced, with no observed changes in
microglial activation or chemokine/cytokine expression.
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Brain slices with microglia ablation aggravated prion-induced neurotoxicity, and L34/~ mice
(which present with reduced microglia) amplified deposition and accelerated prion disease [155].
However, contrasting work suggested microglia are not efficient at clearing PrP5 [156].

4. Discussion

The prion diseases display a unique pathological and biochemical profile characterized by
spongiosis, astrocytosis and neuronal death. These disorders are accompanied by a unique set of
biological features, and remain among some of the most puzzling and inscrutable diseases known.
Uniquely for a transmissible disease, the infectious agent is a protein encoded by the host’s own
genome. The protein only hypothesis of prion disease is now widely accepted, but many unanswered
questions still remain. At the center of the prion phenomenon is the conversion of PrP® to PrP5,
usually followed by the widespread aggregation of PrPS¢ throughout the brain. One of the first major
milestones of prion disease research was the discovery that disease was not caused by the loss of
function of PrP€ [56]. Subsequent research has uncovered a number of proposed cellular roles for PrP<,
including some neuroprotective processes [2], so the loss of function of PrP¢ cannot be completely
ruled out as a contributor to pathology, especially as levels drop during the disease course [157].
Another interesting finding, and one that has yet to be fully explored, is that PrPC is required for the
toxicity of prion disease to manifest [57,58]. Uncovering why will surely be a major step in the search
for a cure for prion disease.

If the loss of function of PrPC is not the main pathological cause, then the aggregation of PrP5
becomes the most likely suspect for the mediator of toxicity. Unfortunately, prion disease is rarely
so simple. Aggregates of PrP> correlate poorly with disease progression, subclinical cases of prion
disease with large amounts of PrP® have been discovered, and prion disease without aggregates of
PrP5¢ has also been observed [68,69]. In addition, the extra-neuronal replication of PrpSe by glial cells
is not toxic to neurons if they no longer express PrPC [58]. Even the infectivity of PrPS is not fully
understood, as only a tiny proportion of PrPS¢ appears to be infectious, and protease resistance, usually
the main marker of the presence of PrP, is poorly correlated with infectivity [71,75,76].

At the heart of prion disease is the structural change from o-helical PrP€ to 3-sheet rich PrPS¢ [17].
This, along with the puzzling prion strain phenomenon, suggests that determining the structure of
PrPS¢ and its various misfolded states will greatly illuminate the molecular mechanisms of PrPS
associated toxicity. Unfortunately, this has proven extremely difficult due to the insolubility of PrP5,
hampering our understanding. However, growing evidence is suggesting that it is oligomers of PrP5
that are most toxic, compared to the larger fibrils of PrP5¢ or single monomers [158]. Why PrPC is
more prone to misfolding than other proteins, and exactly how this happens, especially in sporadic
cases where no template of PrP> is present, is an extremely important topic of research. It has been
suggested that there are cofactors that may contribute to the misfolding [159], but so far no definitive
explanation has been found. Another suggestion is that an intermediate between PrP® and PrP5¢ may
be the most toxic species, but as even stable PrP is proving difficult to determine the structure for,
more temporary species are likely to be even harder to uncover.

Despite the evidence that argues against a direct toxic role of PrP5¢, a number of detrimental
processes are associated with the misfolded protein. Among the best characterized are inhibition of
the proteasome and over-activation of the UPR, but a number of other processes including synaptic
disruptions, the initiation of apoptosis and induction of oxidative stress are also observed. A consensus
on the molecular underpinnings of PrP5¢ associated toxicity is far from clear, and the heterogeneity of
PrPS¢ may mean some of these processes are strain/structure dependent. It is also possible that the
mere presence of an aggregating misfolded protein, rather than the intrinsic properties of PrPSe, explain
some of the associated toxicity. Similar damaging pathways are activated in other neurodegenerative
diseases such as Alzheimer’s and Parkinson’s, where the identity of the misfolding proteins are
different, but many similarities remain [88,160].
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Unfortunately, treatment options for the prion diseases are extremely limited, but several strategies
have been suggested. Reducing levels of PrPC will remove the substrate of the conversion to
PrPS¢ [161,162], but the increasing number of beneficial cellular roles attributed to PrPC reduces
the attractiveness of this approach. Another is to prevent the conversion of PrP® to PrP5 by either
stabilizing PrP© or inhibiting the conversion process [163]. This has been the most popular approach, as
it is amenable to small molecule or therapeutic antibody intervention, while preserving the function of
PrPC [164,165]. A third method is to accelerate clearance of PrP5¢ from the brain [166]. A new approach
is to target the downstream effects of prion replication, by inhibiting processes such as the UPR. This is
surprisingly effective, as the underlying prion conversion and aggregation is unaffected, but extensive
neuroprotection is still observed [119-121]. The effectiveness of UPR inhibitors again illustrates
the complicated relationship between PrP5¢ and neurotoxicity; the elucidation of these underlying
molecular mechanisms will undoubtedly improve our ability to treat these devastating diseases.
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Abstract: Prion diseases are associated with the conversion of the cellular prion protein (PrPC),
a glycoprotein expressed at the surface of a wide variety of cell types, into a misfolded conformer
(the scrapie form of PrP, or PrP) that accumulates in brain tissues of affected individuals. PrP5
is a self-catalytic protein assembly capable of recruiting native conformers of PrP®, and causing
their rearrangement into new PrP5 molecules. Several previous attempts to identify therapeutic
agents against prion diseases have targeted PrP>, and a number of compounds have shown potent
anti-prion effects in experimental models. Unfortunately, so far, none of these molecules has
successfully been translated into effective therapies for prion diseases. Moreover, mounting evidence
suggests that PrPS® might be a difficult pharmacological target because of its poorly defined structure,
heterogeneous composition, and ability to generate different structural conformers (known as prion
strains) that can elude pharmacological intervention. In the last decade, a less intuitive strategy
to overcome all these problems has emerged: targeting PrPC, the common substrate of any prion
strain replication. This alternative approach possesses several technical and theoretical advantages,
including the possibility of providing therapeutic effects also for other neurodegenerative disorders,
based on recent observations indicating a role for PrP¢ in delivering neurotoxic signals of different
misfolded proteins. Here, we provide an overview of compounds claimed to exert anti-prion effects
by directly binding to PrP€, discussing pharmacological properties and therapeutic potentials of each
chemical class.

Keywords: cellular prion protein; prion diseases; PrP ligands; pharmacological chaperones

1. Introduction

With few exceptions, proteins evolved their biological function in parallel with the ability to
remain soluble under physiological conditions. However, in several pathological situations, specific
proteins lose their native fold and acquire a different tertiary and quaternary conformation, clustering
into aberrant aggregates. This phenomenon, known as protein misfolding, lays at the root of a wide
variety of human diseases, such as neurodegenerative disorders, in which protein aggregation occurs
in the brain [1]. Examples include common disorders such as Alzheimer’s and Parkinson’s diseases,
or rarer disorders such as amyotrophic lateral sclerosis and prion diseases. Despite the fact that the
pathological protein component is different in each neurodegenerative disorder, compelling evidence
coming from genetic, biophysical and biochemical studies indicate that misfolded proteins are toxic
to neurons. In fact, they often expose regions that are normally buried in the native state, leading to
aggregation and aberrant interaction with cellular components such as membranes, proteins, or other
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macromolecules. These events may negatively affect neuronal homeostasis, for example, by blocking
axonal transport, damaging synaptic endings or sequestering essential proteins, ultimately leading
to cell death [2]. Possible strategies for tackling protein aggregation include breaking-up aggregates,
increasing their degradation, or blocking their formation by stabilizing the native conformation
of the monomeric protein precursors. While the first two have largely been explored in the past,
the latter is a relatively new concept, and may possibly provide theoretical and technical advantages.
For example, although detailed information about the structure of protein aggregates is rarely
available, the three-dimensional organization of the monomeric precursors is often well characterized.
A particularly meaningful example is represented by prion diseases. These disorders have the
peculiarity of manifesting in a sporadic, inherited or transmissible fashion, and are associated with the
conformational conversion of the cellular prion protein (PrPC), a glycoprotein of uncertain function
anchored to the outer surface of the plasma membrane, into a misfolded isoform (called PrP5°) that
accumulates in the central nervous system of affected organisms [3]. PrP% is a proteinaceous infectious
particle (prion), capable of multiplying by directly recruiting native conformers of PrP¢, and causing
their conformational rearrangement into new PrP5¢ molecules [4].

The vast majority of experimental strategies aimed at identifying therapeutics for human prion
diseases has so far targeted PrPS¢, the most direct, pathologically-relevant form of PrP [5]. However,
the structure of PrPS is poorly defined, and this form is also likely to be heterogeneous in composition
and conformation. In fact, one of the most puzzling aspects of prion diseases is the phenomenon of
prion strains [6]. It is believed that distinct conformations of PrP5¢ may explain the unusually wide
spectrum of biochemical, neuropathological and clinical features that characterize prion diseases [7].
Prion strains are of particular relevance for the treatment of prion diseases, as their appearance may
cause the acquisition of drug resistance to therapeutic treatments [8,9]. Indeed, a number of previously
discovered anti-prion compounds have been shown to act in a strain-specific fashion, a property that
severely limits their therapeutic potentials [10-12].

A possible, perhaps less intuitive strategy to overcome these limitations could be to target PrPC,
the common substrate of any prion strain replication. The structure of PrPC is known at atomic level
resolution, thanks to multiple previous reports employing nuclear magnetic resonance (NMR) or
X-ray crystallography [13-15]. This provides a convenient ground to carry out rational drug design
campaigns. Moreover, from a theoretical standpoint, a molecule binding to PrP€ with sufficiently
high-affinity might in principle stabilize its folding by reducing the Gibbs free energy. Consequently,
the activation energy (AG) required for the unfolding process will increase proportionally, with
the result that the rate of formation of any PrP5 strain will be kinetically and thermodynamically
disfavored. Small molecules acting with such mechanisms are known as pharmacological chaperones.
Interestingly, two or more ligands with independent binding sites on PrP® could synergize to
completely block the formation of any unfolded form, since the relationship between AG and the
stability constant of a folded polypeptide chain is exponential. In light of these conclusions, PrP®
appears as a convenient molecular target for tackling prion propagation [16]. Is this protein also
the right pharmacological target for preventing prion diseases? It is widely agreed that PrP¢ plays
a crucial role in the pathogenesis of prion diseases not only by virtue of its ability to serve as substrate
for generation of PrP%. In fact, it has been reported that genetically depleting neuronal PrP¢ in
mice with established prion infection reverses neuronal loss and progression of clinical signs, despite
the continuous production of infectious PrPSc by surrounding astrocytes [17]. Similarly, the absence
of endogenous PrPC renders host brain tissue resistant to the toxic effects of PrP> emanating from
implanted graft tissue [18]. These data indicate that other toxic species, rather than fully aggregated
PrP5¢, are responsible for the pathology of prion diseases. This conclusion is consistent with a number
of previous reports underscoring the distinction between prion infectivity and prion toxicity [19-22].
In particular, recent experiments indicate that accumulation of infectivity and neurodegeneration
proceed in distinct chronological and mechanistic phases [23]. While infectivity accumulates relatively
rapidly, and requires only a minimum expression of PrP®, neurodegeneration takes much longer and
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is directly dependent on the amount of PrPC expressed in the brain. Taken together, these lines of
evidence suggest that an unknown PrP conformer, either “on” or “off” pathway to PrP%, could be the
pathological form in prion diseases. These data provide a possible explanation for the evidence that,
with few exceptions [12,24], none of the anti-prion compounds identified so far has shown a substantial
effect in vivo. In fact, these molecules could disfavor PrP% accumulation without hampering the
neurotoxicity originating from other toxic conformers. Conversely, stabilizing the folded state of
PrPC has the potential to block not only PrP5 formation and propagation, but also the appearance
of any putative toxic conformer. Another potential advantage of targeting PrP® arises from recent
observations indicating that PrP¢ may exert a toxicity-transducing activity upon binding to PrP%,
as well as to various disease-associated, misfolded oligomeric assemblies, such as those formed by the
amyloid 3 (APB) peptide, or by the protein alpha-synuclein, linked to Alzheimer’s and Parkinson’s
diseases, respectively [25-29]. Importantly, mice depleted for PrP expression develop normally, with
subtle phenotypic changes appearing only later in life, thus suggesting that pharmacological decrease
of PrP® function could produce little side effects. This conclusion is also supported by the recent
identification of loss-of-function PrP alleles in healthy subjects [30]. Overall, these data support the
potential value of targeting PrPC, as this approach may provide therapeutic benefits not only for prion
diseases, but possibly also for other neurodegenerative disorders. In this manuscript, we review the
main chemical classes reported to act against prion replication in a PrPC-directed fashion, focusing
our discussion on molecules for which binding constant (Kp), structural information and anti-prion
half-maximal effective concentration (ECsp) have experimentally been determined (Figure 1).
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Figure 1. Chemical structures of the different compounds claimed to directly bind PrPC.

2. Acridine and Phenothiazine Derivatives

Tricyclic derivatives of acridines (compound 1 in Figure 1, quinacrine) and phenothiazines like
chlorpromazine (compound 2 in Figure 1) were initially reported to be promising candidates for
the treatment of prion diseases [31,32]. Indeed, these drugs have already been used in humans for
many years, and are known to cross the blood-brain barrier, thus giving hope to their repurposing
for prion diseases. The antimalarial agent quinacrine and the antipsychotic drug chlorpromazine
showed inhibition of PrP5¢ formation in prion-infected N2a cells, with ECsy values of ~0.3 pM and
~3 uM, respectively. The acridine derivative quinacrine deserves particular attention, as it showed
better potency in cell cultures, and was tested in human trials for prion diseases (more extensively
than chlorpromazine, which was tested only in combination with the antimalarial agent). Quinacrine
enantiomers showed stereoselectivity against prions, with the (S)-quinacrine exhibiting superior
activity in eradicating PrPS¢ from cells [33]. Unfortunately, despite the promising in vitro profile, no
beneficial effects were observed in vivo, using prion-infected rodent models of prion disease [34,35].
In addition to animal models, the activity and safety of quinacrine was assessed in clinical trials in
human Creutzfeldt-Jakob disease (CJD) patients, but no effects were observed either on survival at
the two-month time point or on the clinical course of the disease [36,37]. Pharmacokinetic studies
unveiled that free quinacrine concentration in the brain reached only ~1 uM, which is a lower value
than the cellular ECs observed in vitro [11,38]. These results highlighted the difficulty of translating
results obtained by in vitro or cell-based methods to the clinical context. The lack of clinical efficacy
of quinacrine against CJD was mainly attributed to metabolic instability, scarce accumulation of the
drug into the brain due to active efflux by P-glycoprotein (P-gp) and the formation of drug resistant
prion strains [11]. Original studies suggested that the anti-prion activity of quinacrine was directly
connected to its ability to modify the lysosomal environment, causing improved clearance of PrP%¢ [31].
However, later studies reported that quinacrine binds to the globular domain of human recombinant
PrP (residues 121-230), as observed by NMR spectroscopy. Tyr225, Tyr226, and GIn227 of helix 3 (H3)
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were identified as key residues in such ligand-protein interaction (region 1 in Figure 2) [39]. Of note,
these experiments were conducted at very high concentrations, and the obtained dissociation constant
of quinacrine (Kp = 4.6 mM) was about four orders of magnitude higher than its cellular ECsy value
(required to clear PrP5¢ from prion-infected cells in vitro). Similar data (Kp ~1 mM) were obtained in
another study where quinacrine binding to recombinant human PrP was analyzed by surface plasmon
resonance (SPR) [40], although other SPR studies reported the ability of quinacrine to bind human
recombinant PrP with a Kp of 15 uM [41]. In another report, dynamic light scattering studies and
circular dichroism (CD) measurements suggested that quinacrine binding induces a conformational
change in PrP, disfavouring PrP5¢ formation [42]. It is worth noting that the potential of quinacrine as
a prion inhibitor has stimulated great interest in the 9-aminoacridine family as therapeutic candidates
for prion diseases, and intensive research efforts have been spent on the synthesis, biological evaluation
and structure-activity relationship (SAR) studies of quinacrine derivatives [43-46]. In particular,
the nature of the aliphatic side-chain on 9-amino group of the tricyclic scaffold was found to be
one key feature for enhancing binding affinity to PrP, PAMPA permeability and inhibition of PrP5
accumulation. As an example, a quinacrine derivative (compound 3 in Figure 1) showed improved
anti-prion activity, as compared to the parent compound, across different prion-infected murine cell
models (ScN2a, N167, F3). In addition, this compound exhibited stronger binding affinity by SPR, and
seemed to be a weaker substrate for P-gp [46]. However, more recent SPR- and NMR-based studies
have highlighted a non-specific binding interaction of quinacrine to PrP®, reiterating the original
observation that its mode of action involves PrP-independent mechanisms [47,48].
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GN8
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GJP14
NPR-053
NPR-056
Tegobuvir
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3. Fe(Ill)}-TMPyP

1. Quinacrine

Figure 2. Visualization of the proposed binding regions for the different PrP€ ligands (indicated).

Similarly to quinacrine, the direct binding of phenothiazine derivative chlorpromazine to PrP¢
was originally investigated by NMR [39] and SPR [41], showing a weaker interaction with recombinant
PrP, as compared to quinacrine. A subsequent study based on NMR and X-ray crystallography (PDB ID
4MAS) reported a precise binding site of phenothiazines on PrP®, located in a hydrophobic pocket
formed by helix-2 (H2) and the two anti-parallel 3-sheets (S1 and S2; region 2 in Figure 2) [49]. The data
also indicated that an unexpected intramolecular reorganization of the N-terminal, unstructured tail
of PrP€ around the C-terminal domain, through the formation of a hydrophobic anchor, directly
suggesting a mechanism by which phenothiazines may act as pharmacological chaperone of PrPC.
Unfortunately, the study did not provide an affinity value for the binding of phenothiazines to PrPC.

27



Pathogens 2018, 7, 27

Such value was instead precisely defined in the following report, employing SPR and dynamic mass
redistribution (DMR) [50]. The results confirmed original observations indicating a weak interaction
of chlorpromazine to PrP®, with an estimated Kp higher than 400 1M, compatible with data collected
in the original study [49], which employed millimolar concentrations of chlorpromazine to carry out
NMR and X-ray crystallography experiments. A Kp value in the high micromolar concentration
range is incompatible with the reported anti-prion effects of chlorpromazine in cells, indicating that
its mode of action is independent from direct PrP binding [50]. Moreover, chlorpromazine also
failed to inhibit prion replication in vitro (by the protein misfolding cyclic amplification reaction,
PMCA), as instead it would be expected for a pharmacological chaperone of PrPC. Interestingly,
the same study reported compelling evidence indicating that the mechanism of action underlying the
anti-prion effect of chlorpromazine is related to the previously known ability of the compound
to inhibit clathrin-mediated endocytosis, leading to decreased levels of PrP€ at the cell surface.
Consistent with this conclusion, two inhibitors of dynamins, proteins involved in the regulation of the
scission of membrane vesicles, and recently reported to be targeted by chlorpromazine [51], mimicked
PrPC-relocalizing effects, and blocked the replication of two different prion strains in cell cultures [50].
An additional recent work provided evidence for a chlorpromazine-induced redistribution of PrPS
from the endocytic-recycling pathway to the lysosomal compartment, an effect that could be the direct
consequence of the relocalization of PrPC from the cell surface [52].

Methylene Blue (MB, compound 4 in Figure 1), a phenothiazine derivative, has been shown to
affect the kinetics of PrP oligomerization by binding to a surface cleft on PrPC [53]. Using size exclusion
chromatography, static light scattering, differential scanning calorimetry and transmission electron
microscopy, the authors studied the influence of methylene blue on the oligomerization and fibrillation
of human, ovine and murine recombinant PrP, observing a decrease in oligomerization kinetics and
overall levels. NMR experiments mapped MB binding sites in a surface cleft delimited by residues
belonging to S1-H1 and H2-H3 loops, and H1, H2 and H3 helices (residues Asn146, Asn156, Tyr160,
Lys188, Thr191, Val192, Thr194, Thr195, GIn215). Of note, MB has been investigated as potential
therapeutic agent in other proteinopathies [54-57], which is consistent with the number of potential
applications that have been tested for this compound, likely reflecting its ability to engage non-specific
interactions with a broad range of proteins.

3. Cyclic Tetrapyrroles

Cyclic tetrapyrroles, planar aromatic ring systems coordinating metal ions and bearing pendants
of different chemical nature, were originally found to be effective in prion-infected cells, and later
claimed to act by directly binding to PrP® [58,59]. In particular, by employing isothermal titration
calorimetry (ITC), the cationic tetrapyrrole Fe(III)-TMPyP (compound 5 in Figure 1) was shown to bind
human recombinant PrP in the C-terminal, globular domain (Kp = 4.52 uM), which was consistent
with its cellular EC5j of 1.6 uM in cells (as tested in rocky mountain laboratory, RML-infected PK1
cells) and the range of concentrations (1-11 uM) active in the protein-misfolding cyclic amplification
(PMCA) reaction [48]. NMR studies allowed the identification of the binding site of Fe(III)-TMPyP
on human PrP, with key interacting residues clustered at the C terminus of H3 and in the loop
between residues 160 and 180 (region 3 in Figure 2). Importantly, Fe(III)-TMPyP, or highly similar
porphyrins, also showed the ability to inhibit the cytotoxic activity of a mutant PrP carrying a deletion
in the central region (A105-125), abrogated the PrPC-mediated synaptotoxic effects of Ap oligomers in
primary hippocampal neurons, and significantly prolonged survival time in prion-infected mice [60,61].
Unfortunately, the therapeutic potentials of porphyrins like Fe(III)-TMPyP is dampened by their poor
pharmacokinetic properties, such as possible non-specific interactions with plasma proteins, and
unlikelihood to cross the blood-brain barrier [62]. However, as assayed by in vitro and cell-based
tests, these compounds appear as the most effective pharmacological chaperones of PrP¢, and have
already been employed to gain insights into the physiological activity of PrPC, and its functional
connection to neurodegenerative pathways. Performing extensive pharmacokinetic profiling of this
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class of molecules, coupled to chemical optimization efforts and/or innovative ways of delivery to the
central nervous system, could provide effective therapeutic strategies for prion diseases, and possibly
other neurodegenerative disorders linked to the toxicity-transducing activity of PrPC.

4. Diazo Dyes

The diazo dye Congo red (compound 6 in Figure 1) was found to possess anti-prion activity in cells
and in vivo, using scrapie-infected golden Syrian hamsters [63-67]. In particular, Congo red prevented
the formation and accumulation of PrP5¢ in neuroblastoma cells with an ECs of about 0.015 M.
The binding of Congo red to human recombinant PrP was investigated by SPR, and showed a Kp
value of 1.6 uM [40]. However, other studies reported that, in physiological conditions, the molecule
binds non-specifically to PrP® as an aggregated polyanion [47]. Congo Red itself has a number of
shortfalls, such as non-specific interactions with various macromolecules, self-polymerization, toxicity
and poor permeability through BBB. For this reason, several Congo red derivatives were designed
and synthesized to improve the pharmacological profile of the compound, and a number of analogues
showed anti-prion effects at nanomolar concentrations, even though no information about their
possible interaction with PrPC was reported [68-70].

5. Chicago Sky Blue 6B

This molecule emerged from a screen of 1200 approved drugs and pharmacological tool
compounds (Prestwick Chemical Library) based on a fluorescence polarization (FP) assay, and aimed
at identifying compounds capable of inhibiting the binding of Ap oligomers to PrPC [71]. Chicago Sky
Blue 6B (compound 7 in Figure 1) was identified as the best-ranked candidate, with EC5, values of
0.41 uM and 19.7 uM in FP and ELISA assays, respectively. ITC experiments confirmed that Chicago
Sky Blue 6B is able to interact with human recombinant PrP, with a Kp value of 0.55 uM. Importantly,
the compound did not bind a PrP construct containing only residues 119-231, indicating that its
binding site lies within the N-terminal, unstructured tail of the protein. Since A3 oligomers are known
to bind PrP in the same region, the data suggested that Chicago Sky Blue 6B may act by a mechanism of
direct competition. Of note, Chicago Sky Blue 6B also showed anti-prion effects in RML-infected N2a
cells, with EC5 values in the low micromolar range, and in absence of evident cytotoxicity. At the time
this manuscript was prepared, no other studies have employed Chicago Sky Blue 6B in the context of
prion diseases.

6. Diphenylmethane Derivatives

A compound known as GN8 (compound 8 in Figure 1) emerged from an in silico, dynamics-based
drug screen of ~320,000 compounds aimed at directly identifying pharmacological chaperones for
PrPC€ [72]. In vitro validation studies estimated the affinity of GN8 for recombinant, mouse PrP in
the low micromolar range (KD ~5 uM). Heteronuclear NMR and molecular modeling mapped the
PrP binding region of GN8 at the C-terminal domain, particularly involving residues N159 and E196
(region 4 in Figure 2). Furthermore, the authors employed CD in a thermal-denaturation assay to
confirm that the binding of GNS stabilizes the PrP conformation significantly (AAH = 6.7 kcal /mol).
Biological validation showed that GN8 efficiently inhibits prion replication in cells, with an estimated
ECsg of ~1.35 uM. Importantly, GN8 was also found to prolong the survival of prion-infected mice,
thus confirming the effective anti-prion activity of this molecule. Subsequent studies focused on the
synthesis and evaluation of anti-prion effects for a series of GN8 analogues with the main objective
of generating a SAR profile [73]. Two derivatives (compounds 9 and 10 in Figure 1) were found
to be approximately three times more potent than the parent compound, with ECsy values around
0.5 uM, in absence of detectable toxicity. CD-coupled thermal-denaturation assays indicated that
one of these molecules significantly stabilized recombinant PrP, with a degree of stabilization by
this ligand approximately doubled, as compared with that of GN8 (AAH = 14.2 kcal /mol). Binding
was also confirmed by SPR. According to these data, GN8 and its derivatives appear as promising
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pharmacological chaperones of PrP¢. However, it is worth noting that two subsequent studies failed
to confirm binding of GN8 to mouse or human recombinant PrP, using a battery of biophysical
techniques [48,60]. Such experimental discrepancy is currently unresolved.

7. Pyridine Dicarbonitriles

Four pyridine dicarbonitrile analogues, originally identified as anti-prion compounds in
prion-infected cells [74], were later tested for their direct interaction with PrP€ using SPR [41].
One derivative (compound 11 in Figure 1) showed anti-prion activity (ECsy values ~20 uM) and
detectable binding to recombinant PrP. This observation justified the following efforts to generate small
libraries of pyridine dicarbonitrile derivatives, which were then tested by SPR for binding to PrP<,
and in cellular assays to evaluate anti-prion activity [75,76]. Unexpectedly, no direct correlation was
observed between binding to PrPC and anti-prion efficacy, with the most potent anti-prion pyridine
dicarbonitrile showing either weak or no binding to PrPC. Collectively, these data suggested that
pyridine dicarbonitrile likely inhibit prion replication in a PrP -independent fashion.

8. Diarylthiazoles

The same team originally involved in the study on the dicarbonitrile derivatives also reported the
synthesis and screening of 2,4-diarylthiazole-based compounds as potential anti-prion agents [77,78].
The authors stated that original 2,4-diarylthiazole scaffold was identified as a PrP ligand through
a virtual screening campaign, although details of such screening were not described. SPR was then
employed to test the binding of several derivatives to mouse or human recombinant PrP. Only one
compound (compound 12 in Figure 1) showed a high-affinity interaction with PrP. All the molecules
were also tested in prion-infected SMB cells, but once again no correlation was found between PrP
binding and anti-prion activity in cells. A second series of reverse amide 2,4-diarylthiazole-based
anti-prion compounds was later reported in a following study. The molecules were first tested for prion
inhibition in SMB cells and then evaluated for binding to recombinant PrP, as assayed by SPR. Among
the compounds active in cells, one derivative (compound 13 in Figure 1) (EC5 = 4 uM) also showed
affinity for PrP, although a careful evaluation of SPR data suggested the possibility of a non-specific
interaction. Overall, these studies highlighted a general lack of correlation between anti-prion activity
and PrP binding for 2,4-diarylthiazole-based compounds, suggesting that other PrP-independent
modes of action account for the anti-prion effects of this chemical class.

9. Natural Polyphenols

In search of small molecules able to interfere with prion propagation, another study screened
a collection of natural compounds with proven activity against amyloid formation in vitro [79,80].
The major polyphenols component of green tea, i.e., epigallocatechin gallate (EGCG, compound 14
in Figure 1) and its stereoisomer gallocatechin gallate (GCG, compound 15 in Figure 1), showed
anti-prion activity in prion-infected N2a cells. The direct interaction of EGCG with recombinant
PrP (residues 90-232) was experimentally tested by ITC, showing a strong affinity (Kp = 0.13 uM)
and a remarkable stabilization effect (AH of —43 K]). Further experiments on the effect of EGCG
binding revealed an unexpected destabilization effect of the compound on the native conformation
of PrPC, inducing its rapid transition into detergent-insoluble species, which were rapidly degraded
intracellularly. The authors also observed that the anti-prion activity depended on the gallate side
chain and the three hydroxyl groups of the trihydroxyphenyl side chain. Unfortunately, a subsequent
study characterized the binding properties of EGCG to PrP® by SPR and NMR, concluding that the
compound binds to the protein in a non-specific fashion [47]. These results dampened the enthusiasm
for the treatment of prion diseases with EGCG-like polyphenols.

30



Pathogens 2018, 7, 27

10. Miscellanea

Several structurally diverse compounds identified by virtual screening campaigns on the proposed
binding pocket for GN8 have been claimed to be specific PrPC ligands, capable of acting as chemical
chaperones. In 2009, a virtual screening study led to the selection of 205 commercially available
compounds to be evaluated for their effects on the PrPC conversion process [81]. Ex vivo-experiments
identified 24 non-cytotoxic molecules that significantly inhibited prion replication in GT-FK cells,
at a concentration of 10 uM. To further elucidate their mechanism of action, the authors measured
the binding affinity for recombinant PrP by SPR, and then compared anti-prion activity in cells with
affinity values. Eleven compounds were classified as PrP-directed anti-prion compounds; for example,
for a molecule named GJP14 (compound 16 in Figure 1), the authors reported an EC5j = 8.54 uM [82].
Compounds GJP14 and GJ49 (compound 17 in Figure 1) were further characterized for their binding
properties by SPR and NMR (for example, for GJ49 Kp = 50.8 uM), showing a ligand-binding pocket
in the C-terminal, globular domain of PrP® (region 4 in Figure 2) [47].

A related study performed a 3D pharmacophore-based virtual screen of an in-house chemical
library, and selected 37 potential anti-prion compounds to be assessed by cell-based and SPR-based
assays [83]. The results identified a molecule named BMD42-29 (a benoxazole derivative whose
structure was not disclosed) as the best hit among the screened molecules, with an ECsj value against
prion replication in cells in the low micromolar range (<5 uM). Of note, in prion-infected N2a cells,
the compound did not produce a marked reduction in total PrP levels. SPR experiments revealed that
BMD42-29 had strong binding affinity to PrPC (Kp = 21.5 uM), with kinetic rates characterized by rapid
association and slow dissociation constants. The predicted binding mode of BMD42-29 was located
in the same pocket of GN8, and was characterized by two hydrogen bonds with Asn159 and Glu196,
and hydrophobic interactions with Leu130 and Arg156. The author concluded that BMD42-29 may act
by stabilizing PrPC, thus inhibiting its pathological conformational change to PrP*¢. In 2016, another
group built a platform called “NAGARA”, aimed at unifying docking simulation, molecular dynamics
and quantum chemistry to perform large-scale screening of commercially available compounds [84].
One hundred hits predicted in silico to bind PrP® were subjected to cell-based validation to evaluate
anti-prion effects. Tegobuvir (previously known as an anti-hepatitis C agent, compound 18 in Figure 1)
emerged as one of the most promising candidates, with an estimated ECsg of 1.7 uM, as assayed
in immortalized neuronal mouse cells persistently infected with the human Fukuoka-1 prion strain.
The molecule also showed detectable binding to PrPC in the low micromolar range (Kp = 19 uM,
region 4 in Figure 2). In the same year, by coupling docking simulations of a large virtual library
(~200K compounds) and binding interaction analyses, another group reported the identification of
96 novel small molecules capable of binding PrP® in the same pocket of GN8 [85]. The ability of the
in silico-predicted hits to target PrP* was evaluated by SPR and thermal shift assay (TSA), whereas
their anti-prion effects were estimated using persistently infected cells and animal models of prion
diseases. Compounds NPR-053 (compound 19 in Figure 1) and NPR-056 (compound 20 in Figure 1)
emerged as the most promising candidates, in light of their ability to reduce PrP> levels in cultured
cells, with ECsg values of 7.68 uM and 3.72 uM, respectively. Both SPR and TSA provided evidence
for a direct binding of both compounds to PrP® (region 4 in Figure 2), with NPR-053 inducing the
strongest stabilization effect on PrP¢ native folding (ATp, = 2.69 °C). All of these compounds represent
promising candidate pharmacological chaperones for PrPC, although further experimental validation
is needed before considering them as promising therapeutic agents for prion diseases.
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11. Conclusions

Mounting evidence indicates that the accumulation of PrP5¢ alone could not account for the wide
spectrum of neurotoxic events occurring in prion diseases. Instead, an unexpected role for PrP® as
toxicity—transducer receptor for PrP5¢ and other disease-associated misfolded oligomeric assemblies,
such as A and alpha-synuclein, has raised great interest for targeting this protein pharmacologically.
In this manuscript, we reviewed previous efforts to identify PrPC-directed compounds, taking into
account limitations and reproducibility of each experimental attempt. A number of chemical scaffolds,
identified by combining computational methods with biochemical, biophysical and cell-based assays,
have been claimed to exert anti-prion effects by targeting PrPC (Table 1). Some of these molecules,
such as the cationic tetrapyrrole Fe(IlI)-TMPyP, provide a proof-of-principle for targeting PrP¢
pharmacologically. Others, such as chlorpromazine, reveal unexpected mechanisms to counteract
prion replication by lowering cell surface PrPC. However, the vast majority of compounds show
inconsistencies between affinity for PrP¢ and biologically-active concentrations, low binding specificity,
and/or lack of reproducibility. At the moment, none of these molecules appear as immediate candidates
for clinical testing in the near future. Moreover, the great deal of negative data eventually provide
further support to the notion that the vast majority of anti-prion molecules identified so far exert their
activity through unknown targets, or by altering the homeostasis of PrPC, rather than binding the
protein directly. What could be the reason for such a lack of success in identifying small ligands of
PrP? We believe the answer to this question may lie in a few, non-mutually exclusive possibilities.
First, the screening techniques employed so far (e.g., in silico approaches coupled to biophysical
assays) could have been inadequate for effectively identifying PrP¢-directed molecules. Moreover,
most of the approaches reviewed in this manuscript relied on recombinant PrP for testing the binding
of small molecules, while physiological, post-translational modifications of the protein (sugar and
lipid moieties) may heavily influence ligand binding. It is also possible that a single PrP¢ ligand will
never be truly effective in preventing prion replication, since its stabilization effect on PrP¢ folding
could be counteracted by the strong affinity of PrP> for its substrate. In this scenario, testing the
combination of two or three ligands binding PrP® in distinct pockets may produce the expected
anti-prion effects. Ultimately, it is also possible that PrP¢ simply lies among the proteins that can be
classified as “undraggable”. We like to believe that the latter conclusion will soon be refuted by direct
experimental evidence.
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Abstract: Pathogenic amyloids are the main feature of several neurodegenerative disorders, such as
Creutzfeldt-Jakob disease, Alzheimer’s disease, and Parkinson’s disease. High resolution structures
of tau paired helical filaments (PHFs), amyloid-f3(1-42) (A(1-42)) fibrils, and a-synuclein fibrils
were recently reported using cryo-electron microscopy. A high-resolution structure for the infectious
prion protein, PrP%, is not yet available due to its insolubility and its propensity to aggregate,
but cryo-electron microscopy, X-ray fiber diffraction, and other approaches have defined the overall
architecture of PrP> as a 4-rung B-solenoid. Thus, the structure of PrPS¢ must have a high similarity
to that of the fungal prion HET-s, which is part of the fungal heterokaryon incompatibility system
and contains a 2-rung p-solenoid. This review compares the structures of tau PHFs, A{3(1-42),
and x-synuclein fibrils, where the B-strands of each molecule stack on top of each other in a parallel
in-register arrangement, with the 3-solenoid folds of HET-s and PrP%¢.

Keywords: prion structure; $-solenoid; PHF-tau structure; Ap(1-42) fibril structure; x-synuclein
amyloid structure; parallel in-register (3-structure

1. Introduction

Pathogenic amyloids are the hallmark of many neurodegenerative diseases, such as
Creutzfeldt-Jakob disease (CJD) [1], Alzheimer’s disease (AD) [2], and Parkinson’s disease (PD) [3].
Most proteins are subjected to covalent or non-covalent post-translational modifications, including
N-linked glycosylation, disulfide bond formation, and protein folding, during which the protein obtains
its native conformation and its functional state. Proper folding allows for the protein to reach and
maintain a stable state and to exert its biological function(s). However, the amyloid state results from a
process by which monomeric proteins or poorly folded peptides self-assemble into fibrillar aggregates,
termed “amyloid”. Amyloid fibrils have a common architecture, consisting of a “cross-f structure”,
which is independent of the native fold of the protein [4]. The misfolded proteins for CJD, AD, and PD
are PrP%, amyloid-B and microtubule-associated protein tau (tau), and a-synuclein, respectively.
These proteins misfold and aggregate into a very stable 3-sheet architecture, and eventually form
amyloid fibrils. The molecular mechanisms how the altered conformations of these disease-associated
proteins lead to slow, progressive neurodegeneration remain elusive. Recent studies on the spread of
toxic forms of the tau protein and of truncated A, which results from the proteolytic cleavage of the
amyloid precursor protein, indicated that they share characteristics with PrPSe [5]. To date, there is
no effective treatment for the prion diseases and most other pathogenic amyloids [6], thus making
it necessary to understand the structure, formation, and aggregation processes of these pathogenic
proteins to devise therapeutic strategies.

Pathogens 2018, 7, 50; doi:10.3390/ pathogens7020050 39 www.mdpi.com/journal /pathogens
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The infectious prion protein, termed PrPS, has the ability to convert native PrP® into a copy
of itself, adopting a non-native conformation that has the propensity to self-assemble into amyloid
fibrils [7]. The main features that distinguish PrPS¢ from PrPC are its high content in 3-structure [8],
its partial resistance to proteases [9], its insolubility, and its propensity to aggregate into amyloid fibrils
and other quaternary structures [10], which accumulate over time, resulting in brain cell and tissue
damage [11]. Based on its structural properties, PrP¢ differs in a number of epitopes from those that
are recognized by antibodies targeting PrPC [12]. Over the years, many structural models for PrPS
have been proposed [11]; however, the most prominent ones are the (3-solenoid [13], the 3-spiral [14],
and the parallel in-register 3-sheet models [15]. The insoluble nature and the propensity of PrP5 to
aggregate make it difficult to determine its structure. Hence, the high-resolution structure of PrP* is
still unknown, although efforts have been made to gain insights by combining techniques, such as X-ray
fiber diffraction [16], electron microscopy (EM) [17], and limited proteolysis using proteinase K [18].
Together, these data indicated that PrP is a B-solenoid protein, consisting of 4-stacked -rungs [7].
However, it is still unknown whether the 3-solenoid twists in a left- or right-handed sense.

Recent insights into the structure of PrP% have revealed similarities and differences with the
structures of non-pathogenic proteins adopting a 3-solenoid fold. Moreover, other classes of pathogenic
amyloids, such as Ap(1-42) fibrils, tau PHFs, and «-synuclein fibrils, which have been recently solved
by solid-state NMR spectroscopy (ssNMR) and cryo-EM [19-23], provide novel insights into the folds
of self-propagating amyloids that cause neurodegenerative diseases. While these last three amyloids
do not fall under the criteria of a -solenoid, they are similar enough to warrant a side-by-side
comparison. Thus, this review provides a comparison between the folds of PrP5¢ and those of other
pathogenic amyloids.

2. B-Solenoid Amyloids: PrP5¢ and HET-s

2.1. The Structure of PrP5

The current knowledge on the structure of PrP> has been summarized in another review of this
special issue [7]. Therefore, we provide only a short overview on what is known about the structure of
PrP5¢, its proteolytically truncated variant (PrP27-30), and related molecular species.

Fourier-transform infrared (FTIR) spectroscopy provided the first experimental evidence that the
N-terminally truncated PrP27-30 contains predominantly (3-structure [8,24]. Electron crystallography
analyses on 2D crystals of PrP27-30 and an engineered variant of only 106 residues, PrP5°106, suggested
the presence of a 3-solenoid fold as a key feature of the infectious conformer [13,17]. Subsequently,
X-ray fiber diffraction determined the molecular height of PrP27-30 in amyloid fibrils to be 19.2 A,
corresponding to the height of 4 B-strands (19.2 A = 4 x 4.8 A) [16]. In addition, the diffraction
data confirmed that the core of PrP27-30 adopts a 3-solenoid fold, consisting of 4-stacked -rungs
(Figure 1A). The repeating unit size of 19.2 A was also found in the diffraction patterns that were
obtained from PrP5¢106 amyloid fibrils [25]. Recently, cryo-EM and subsequent three-dimensional
(3D) reconstructions demonstrated that PrP27-30 amyloid fibrils can be formed by two intertwined
protofilaments. Furthermore, the cryo-EM analysis corroborated that the structure of PrP27-30 consists
of a 4-rung B-solenoid [26].

PrPS¢ has a p-sheet core that is assumed to be water-inaccessible with individual p-strands
that are connected by short turns and loops [27], although it is still unknown which residues are
in each fB-strand and which ones are facing outward or inward with respect to the -solenoid
core [7,28]. A proposed model, based on mass spectrometry of proteinase K-resistant fragments
obtained from PrP27-30, suggests which amino acids may be located in -strands or connecting
loops [18,28]. The structure of PrP5 has a high degree of stability, which provides resistance against
denaturation and decontamination, but not all of the factors contributing to this stability are fully
understood. It is clear that the highly-ordered hydrogen bonds that run up and down the 3-sheets are
essential for the structure and stability of the PrP5¢ B-solenoid fold [27]. However, van-der-Waals forces,
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hydrophobic and electrostatic interactions, as well as aromatic side-chain stacking also contribute to
its stability, as it has been demonstrated in other amyloids [29] and (-solenoid proteins [30].

C

Figure 1. Three examples of proteins that adopt a 3-solenoid fold. The characteristic distance between
individual B-rungs is 4.8 + 0.2 A. (A) Representative model of the 4-rung B-solenoid architecture
of PrP%¢ based on X-ray fiber diffraction and cryo-EM [16,26]. Characteristic distances of the 4-rung
B-solenoid spacing are labeled. Each cartoon color represents a single PrPS® monomer. (B) Structure
of an amyloid fibril formed by the prion domain (residues 218-289) of the fungal prion HET-s.
Each monomer adopted a 2-rung left-handed 3-solenoid fold and is shown in a different color. PDB
access code: 2rnm [31]. (C) Structure of the right-handed p-solenoid protein pectate lyase C from
Erwinia chrysanthemi. Its N- and C-terminal caps were removed for representation of the 3-solenoid
structure (residues 118-285). PDB access code: 2pec [32].

2.2. The Structure of the HET-s Prion Domain

HET-s is a known functional prion of the filamentous fungus Podospora anserina and it is involved
in regulating heterokaryon incompatibility among different mating types [33,34]. The prion domain
of HET-s (HET-s(218-289)) is able to form amyloid fibrils and it becomes protease resistant in the
process [35]. Its structure, which has been solved by ssNMR, consists of a left-handed, 2-rung
[-solenoid (Figure 1B) [31,36]. The 3-solenoid rungs are connected by a flexible loop of 15 residues [37].
There are eight 3-strands per molecule, and each -solenoid rung has four 3-strands connected by
short loops. The first two 3-strands are connected by a short, 2-residue 3-arc, changing the orientation
of the peptide backbone by ~90°; the second and third B-strands are connected by a 3-residue -arc,
changing the orientation by ~150°, and, lastly, the third and fourth (3-strands are connected by a single
glycine residue [31].

HET-5(218-289) has a triangular hydrophobic core formed by the first three 3-strands of each
[3-solenoid rung, which also includes two buried polar amino acids (T233 and S273) and two asparagine
ladders consisting of N226/N262 and N243/N279 [31]. The fourth f-strand is pointing away from
the B-solenoid core, forming part of the loop that connects the first and the second rungs of the
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[-solenoid structure. The 3-strands of the second 3-solenoid rung stack on top of the (3-strands of
the first rung, forming four intramolecular 3-sheets. These (3-sheets can connect with the 3-strands of
the next HET-s(218-289) molecule through intermolecular hydrogen bonds/(3-sheet contacts [31].
HET-s(218-289) contains polar and charged amino acids that are exposed on the surface of the
[-solenoid structure, where three salt bridges are formed between the residues K229, E234 and
R236 from the first 3-rung and the residues E265, K270, and E272 from the second p-rung [36].
The HET-s(1-227) N-terminal domain consists of nine «-helices and two short B-strands [38,39].
Overall, HET-5(218-289) has an amino acid composition that is very different to the yeast prions which
are Q/N rich [40].

In addition to the characterization via ssNMR, HET-s(218-289) has also been analyzed by
cryo-EM [41] and X-ray fiber diffraction [42,43]. In the latter studies, meridional reflections at ~4.8 A
and ~9.6 A confirmed that HET-s(218-289) adopts a 2-rung B-solenoid structure with clear similarities
to the structure of PrP5¢ [16,42].

3. The 3-solenoid Fold of Non-Pathogenic Proteins

{3-solenoid proteins are characterized by a polypeptide chain that folds into more or less regular
“solenoidal windings” (Figure 1B,C), while the canonical 3-helical proteins follow a more stringent
helical geometry [44]. B-solenoid proteins contain between three to well above 100 B-rungs [45].
Each p-rung contains two to four 3-strands and they are connected by tight turns, 3-arcs (two to six
residues), or longer loops (Figure 1C). Overall, the 3-rungs have a length between 12 and 30 amino
acids. A -rung corresponds to a complete turn of the amino acid backbone to where the next 3-rung
begins with an axial rise of 4.8 = 0.2 A [44,46]. The -rungs that form the (-solenoid structure are
connected by hydrogen bonds to the 3-rungs above and below, forming a hydrophobic core with
solvent-exposed side-chains on the surface [44,47]. A distinctive feature of $-solenoid proteins is the
stacking of identical residues on the same position in subsequent 3-rungs [44,48]. Such “ladders” are
usually comprised of polar residues, with asparagine being the most commonly followed by serine
and threonine, but aromatic residues can also form separate ladders that are stabilized by aromatic
stacking [44,47,49,50].

3-solenoid proteins can be classified into right- or left-handed polymers, depending on the
direction in which the polypeptide chain winds around the axis [30]. In addition, 3-solenoid proteins
can display a twist, which is determined by an angular offset between individual 3-rungs [30,49].
The shape of a 3-solenoid cross-section is defined by the 3-arcs connecting each -strand, with the
most frequent shapes being generally triangular, rectangular, or oval [44]. The short 3-arcs that connect
individual 3-strands are mainly formed by non-polar and uncharged polar residues [46], but longer
loops can also connect subsequent -rungs, while retaining the overall shape of the -solenoid.
Lastly, the N- and C-termini of 3-solenoid proteins generally have polymerization-inhibiting caps,
which contain polar and charged amino acids and protect the hydrophobic core from solvent
exposure [51,52].

4. Amyloid Folds of Other Pathogenic Proteins

4.1. Short Amyloid Peptides

Short, amyloidogenic peptides can be studied in great detail due to their small size, propensity
to form highly regular amyloid structures, and straightforward availability through synthetic routes.
Thus, short peptides of the prion protein have been analyzed as microcrystals that were obtained from
amyloid fibril preparations [53,54], while the structure of the more complex, full-length PrPS¢ remains
unsolved [7].
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These peptide structures have a minimal cross-f3-sheet structure, and the structural motif was
named a “steric zipper”, based on the interdigitation of the side chains from neighboring (3-sheets.
In total, eight classes of steric zippers were described for these short amyloid peptides [55]. The steric
zipper classes are defined by the orientation and the stacking of the 3-strands that make up individual
protofilaments—running either in parallel or antiparallel orientation. Moreover, adjacent 3-sheets may
pack face-to-face or face-to-back, and they also could be oriented up-up or up-down [54]. Examples of
peptides that are derived from human (SNQNNF) or elk prion proteins (NNQNTF) adopted different
steric zipper conformations [54,56], indicating the structural variability that is accessible to such short
peptides. It was speculated that these sequence stretches would adopt similar conformations in
PrP5¢, but the X-ray fiber diffraction data contained no indication of such tight stacking of B-sheets in
PrP5¢ /PrP27-30 [16,25]. Similarly, the tau peptide VQIVYK [54] does not adopt the same steric zipper
arrangement in the PHF-tau structure that was recently elucidated by cryo-EM [20] (see below).

4.2. The Structure of PHF-Tau

The microtubule-associated protein tau is a natively unfolded protein consisting of up to 441 amino
acids. It plays a key role in maintaining the elongated morphology of neurons by stabilizing
microtubules in the axon [57,58]. The tau protein contains three or four sequence repeats (R1, R2,
R3, and R4) as part of the microtubule-binding domain, with the presence of the repeat R2 being
determined by alternative splicing of the mRNA. Tau inclusions are observed in the brains of diseased
patients, either as paired helical filaments (PHFs) or straight filaments (SFs), with similar protofilament
structures [5,59,60].

Studies involving X-ray fiber diffraction, circular dichroism (CD) spectroscopy, and FTIR
spectroscopy on PHFs and SFs revealed a common cross-f3 architecture with stacks of 3-strands
being arranged perpendicular to the fiber axis [61-63]. A recent, high-resolution cryo-EM structure of
PHFs and SFs at a resolution of 3.4 A showed that R3 and R4 (residues V306-F378) form the core of
intertwined protofilaments that are based on a C-shaped subunit (Figure 2A) [20]. The protofilament
cores in PHFs and SFs are similar in structure and contain 8 3-strands that form the C-shaped subunit
by packing in an overall antiparallel arrangement [20]. The organization of these 3-strands is highly
ordered through parallel in-register stacking of tau molecules, allowing for identical amino acids
to stack on top of one another and forming hydrogen bond networks along the fiber axis with a
helical rise of 4.8 A [20,64]. The first B-strand of the PHF core contains the hexapeptide 305 VOIVYK311,
which aligns through face-to-face packing with the residues 373 THKLTF375 of the eighth (-strand [20].
The interaction is based on hydrophobic contacts that are similar to a steric zipper, but distinct from
the homotypic VQIVYK steric zipper that was predicted earlier by analyzing short, amyloidogenic
peptides only [54].

An interesting feature that was observed in the structure of PHFs is a 3-helix-like structure
spanning residues 337-353 in R3, which resembles a single (3-solenoid rung of the HET-s prion
domain [20,31]. Thus, the core of PHFs contains two structural motifs parallel in-register 3-sheets and
-helices. Overall, the side chains of the amino acids facing the exterior of the PHFs help to increase
the stability by forming hydrogen bonds between charged residues, asparagines, and glutamines,
while the 3-helix-like structure and the interior of the PHF protofilaments are stabilized by hydrophobic
clustering and aliphatic and aromatic stacking [20,55].
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Figure 2. Structures of pathogenic amyloid fibrils (A) paired helical filament (PHF) of tau; (B) A(1-42);
and, (C) a-synuclein. The fibril cores of these proteins are arranged as parallel in-register 8-sheet
structures, which are stabilized by hydrophobic interactions, salt bridges, and hydrogen bonds up
and down the fibril axis. The axial distance between the stacked protein molecules is 4.8 + 0.2 A.
(A) Top and the side views of a high-resolution structure of PHFs obtained by cryo-EM [20]. Five
successive layers of the tau protein along the fibril axis revealed that the fibril core is composed of
two C-shaped subunits (residues 306-378). PDB access code: 5031 [20]. (B) Top and side views of a
high-resolution structure of an Af3(1-42) fibril produced by cryo-EM [19]. The LS-shaped cross-sections
of each protofilament reveal a staggered stacking of molecules along the fibril axis. PDB access code:
50qv [19]. (C) Top and side views of a high-resolution structure of a-synuclein determined by ssNMR
and X-ray fiber diffraction [21]. The fibril core of « -synuclein contains a Greek key motif based on a
parallel in-register 3-sheet topology (residues 42-96). PDB access code: 2n0a [21].

4.3. The Structure of AB(1-42)

Ap is a peptide that is released through proteolytic cleavage of the amyloid precursor protein
(APP), which is expressed in many tissues, including neurons [5,65]. It has been shown that the
Ap C-terminal variants Ap(1-40) and Ap(1-42) are prone to aggregation, forming toxic oligomers
and amyloid fibrils. AB(1-42) is the predominant A molecule that is found in neuritic plaques of
Alzheimer’s disease patients [65,66], but it is unclear how A aggregates damage the brain and give
rise to neuronal dysfunction and cellular toxicity [67].

Among others, studies using X-ray fiber diffraction, EM, and ssNMR have shown that Ap
fibrils consist of two protofilaments that intertwine along the fibril axis, suggesting a two-fold
symmetry [67,68]. The fibrils were observed to have protofilaments with a diameter of ~5 nm and
a ~110 nm cross over distance with a left-handed twist [65,69,70]. ssNMR indicated that each AP
molecule contains four 3-strands between amino acids 15 to 42, resulting in a highly ordered structure
at the C-terminus of the peptide [55]. Within each A molecule, the four 3-strands stack on top of
each other, forming an S-shaped structure (Figure 2B). The individual 3-strands were stabilized by
hydrogen bonds to the molecules above and below, forming contiguous (3-sheets that run parallel to
the fibril axis. Moreover, the C-terminus of each S-shaped A3 molecule formed the fibril core with
residues 23 to 26 interacting in a steric zipper-like fashion [55,67].

More recently, a high-resolution cryo-EM structure revealed that A3(1-42) fibrils do not possess
a two-fold symmetry, but instead adopt a screw symmetry with a rise of ~4.8 A. The staggered
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arrangement, which produced the screw symmetry and cannot be detected via ssNMR, resulted in
each molecule of Af(1-42) interacting with six other molecules in the minimal fibril unit. Moreover,
as a consequence of the screw symmetry, the A(1-42) fibrils possess distinct end surfaces on the two
protofilaments, referred to as “groove” and “ridge”, based on residues 27-33, which either formed
a protrusion or indentation at the protofilament end [19]. In addition, the A((1-42) fibril structure
was stabilized by salt bridges between residues D1 and K28, D7 and R5, as well as E11 and H6 / H13.
The hydrophobic residues were buried in the protofilament core, while the polar side chains were
facing the outside of the protofilaments [19].

4.4. The Structure x-Synuclein

Relatively little is known about the structure and the function of the cytoplasmic protein,
a-synuclein, which is mainly found in the presynaptic terminals of neuronal cells. The native
form consists of three domains namely: the N-terminal lipid-binding a-helix (residues 1-60),
the amyloid binding central domain (NAC; residues 61-95), and the C-terminal acidic tail (residues
96-140) [21,71,72]. «-synuclein is a natively unfolded protein in aqueous solution and an o-helical
protein in association with phospholipids. Monomers of a-synuclein tend to aggregate into oligomers
through an unknown mechanism, which then further assemble forming long amyloid fibrils. These
fibrils are seen in the Lewy bodies and Lewy neurites from patients with Parkinson’s disease (PD) [73].
A 3D structure of a-synuclein amyloid fibrils has been determined using ssNMR and was further
validated by EM and X-ray fiber diffraction [21,74]. The ssNMR analysis showed that the core of
the a-synuclein fibril consists of residues 44 to 97, forming seven [3-strands that adopt a Greek-key
topology [21,75]. The resulting 3-sheets form a parallel in register cross-f3 structure that is stabilized
by hydrogen bonds along the fibril axis.

Recently, a high-resolution structure of the full-length a-synuclein amyloid fibril was deciphered
using cryo-EM at 3.4 A resolution, which revealed two intertwined protofilaments that were composed
of a staggered arrangement of subunits [23]. The fibrils adopt a 2; symmetry similar to the one seen
with PHF and A{(1-42) fibrils [19,20,23]. The fibril core consisted of residues 42 to 95 (as shown in
Figure 2C) and contained 8 3-strands forming a parallel in-register (3-sheet structure with a spacing of
~4.8 A between the B-sheets [23]. The side chains in the core were tightly packed through hydrophobic
and aromatic interactions, forming a hydrophobic pocket containing residues 188, A91, and F94 [21,76].
The observed Greek-key topology was supported through strong hydrophobic interactions between
residues V77, V82, A89, and A90, which formed p-strands [21]. Moreover, the 3-strands in each
molecule of a-synuclein were supported by a glutamine ladder along the fibril axis and turns that
mainly consisted of small hydrophobic amino acids, such as alanine and glycine.

5. Similarities and Differences between Common Amyloid Folds

Many different techniques have been used to elucidate the structures of amyloid fibrils from
neurodegenerative diseases as well as functional amyloids [77]. These structures have been studied
using recombinant proteins, short peptides, as well as full-length proteins (see above). Substantial
progress has been made using the classic X-ray fiber diffraction approach, as well as more recent
techniques, such as ssNMR and cryo-EM [78]. A spate of structural studies on amyloids containing
AB(1-42), a-synuclein, the tau protein (as PHFs and SFs), HET-s, and PrP*¢ revealed two predominant
folds: the parallel in-register 3-structure and the (3-solenoid structure (compare Table 1).
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5.1. Similarities between PrP5, HET-s, and B-solenoid Proteins

Interestingly, the two {3-solenoid structures among the amyloids are both linked to prions and the
autocatalytic conversion from an innocuous precursor into the prion state. Thus, it is informative to
compare these two structures (to the degree that they are known) and those of other, non-pathogenic
[3-solenoid proteins. The HET-s(218-289) prion domain contains 71 residues, and its structure forms a
2-rung 3-solenoid [31], which means that for a similar 4-rung 3-solenoid structure, 142 residues would
be needed. Intriguingly, this matches perfectly with the ~143 residues in the proteinase K-resistant core
of PrPS¢ (PrP27-30), which was revealed to contain a 4-rung (3-solenoid structure (Figure 1A,B) [7,16,26].

Many (-solenoids proteins contain asparagine ladders as a prominent surface feature,
which contributes to the stability of the fold. This feature can also be found in the HET-s(218-289)
2-rung f3-solenoid structure with N226/N262 and N243/N279 stacking on top of one another [31].
Other amino acids that are known to form stabilizing ladders on the surface of 3-solenoids proteins
are threonine and tyrosine, while glycine is prominently found in the turns that are connecting
(-strands due to its small size [44,46,47]. The high proportion of these residues in sequence of PrP27-30
(Thr (7.7%), Tyr (7.7%) and Asn (6.3%)) suggests that such ladders could also stabilize the 4-rung
B-solenoid fold of PrPS¢. In addition, PrP27-30 contains even more Gly (9.9%), which could serve
to make tight turns between adjacent (3-strands [28]. Moreover, 3-solenoid proteins usually have a
hydrophobic core that stabilizes its structure, while the side chains of solvent exposed residues tend
to be hydrophilic [44,46,47]. This arrangement is also found in the structure of HET-s(218-289) [31],
and are assumed to apply for the structure of PrP5¢ as well [7,11,28].

Lastly, most 3-solenoid proteins have a cap at the N- or C-termini (or both), which prevents
the propagation of the -solenoid fold into other regions of the protein [51]. This cap also prevents
[-solenoid proteins from aggregating, since the removal of the cap has been observed to result in
insoluble and /or amyloidogenic proteins [79]. Since PrP> has not been subjected to evolutionary
selection it does not appear to contain a capping structure, which would prevent aggregation and the
conversion of other protein molecules (e.g., PrP®) [7]. It could be argued that the N-terminal, o-helix
rich domain of full-length HET-s could be considered a cap for the 3-solenoid structure of the prion
domain [39].

5.2. Comparisons of AB(1-42), x-Synuclein, PHF-tau and B-Solenoid Amyloids

Recent high-resolution structures for A3(1-42) and a-synuclein amyloid fibrils, as well as tau
PHFs that were obtained via cryo-EM, demonstrated that all these fibrils are based on a parallel
in-register 3-sheet architecture [19,20,23]. This means that each successive layer in the fibril consists
of another protein molecule that stacks on top of the preceding one without substantial translation
or rotation. However, in all three pathogenic fibrils a staggered conformation of the subunits was
observed in the structures determined by cryo-EM, which resulted in a slight tilt for each layer. In turn,
this tilt imparted the fibrils with a 2; screw symmetry. The parallel in-register stacking of proteins
renders these assemblies very sensitive to charge repulsion wherever charged amino acids are found,
unless salt bridges neutralize the charge imbalance.

Similarly, the amino acid ladders that can be found in (3-solenoid proteins take advantage of
stabilizing interactions between identical/similar residues (see above). Furthermore, charge repulsion
between charged residues also threatens the stability of 3-solenoid proteins, and needs to be overcome
through formation of salt bridges. Nevertheless, the stacking of subsequent 3-solenoid rungs allows
for sequence variations that are not open to the parallel in-register 3-sheet architecture. In contrast to
the parallel in-register (3-sheet fold, 3-solenoid proteins possess a core that is encircled by a continuous
peptide chain, and is mainly composed of hydrophobic residues, and which is formed by the inward
facing amino acid side chains. The B-structure of the 3-rungs causes the side chains of the amino acids
to alternate between inward and outward facing orientations, respectively.

Thus, the structures of parallel in-register 3-sheet amyloids and those of 3-solenoid amyloids
are governed by the same types of interactions, but they fall into separate structure classes.
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Nevertheless, substantial overlap exists and both HET-s(218-289) and the mammalian prion protein
(PrP) can also adopt a parallel in-register fold, as demonstrated through X-ray fiber diffraction and
ssNMR [16,42,80,81].

6. Conclusions

In the last few years, high-resolution structures have been determined from Ap(1-42) fibrils [19,22],
PHEF-tau filaments [20], a-synuclein fibrils [21,23], as well as HET-s(218-289) [31,36,41] using cryo-EM
and ssNMR. However, a high-resolution structure of PrPS¢ is still lacking [7], and only lower-resolution
data are available [8,13,16-18,24,26,27]. Nevertheless, we can classify the structures of these amyloid
fibrils as either a parallel in-register fold (Ap(1-42), PHF-tau, and a-synuclein) or a 3-solenoid fold
(HET-s(218-289) and PrP5¢). While these folds differ in their principle architecture, they have many
molecular details in common (compare Table 1). In addition, the pathogenic amyloids are well known
for their resistance against denaturation, proteolysis, and biological clearance, which is based on the
properties of the underlying amyloid fold. A detailed understanding how these molecular details
influence the pathogenicity of the protein fibrils /aggregates is still missing.
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Abstract: Since chronic wasting disease (CWD) was first identified nearly 50 years ago in a captive
mule deer herd in the Rocky Mountains of the United States, it has slowly spread across
North America through the natural and anthropogenic movement of cervids and their carcasses.
As the endemic areas have expanded, so has the need for rapid, sensitive, and cost effective diagnostic
tests—especially those which take advantage of samples collected antemortem. Over the past
two decades, strategies have evolved from the recognition of microscopic spongiform pathology
and associated immunohistochemical staining of the misfolded prion protein to enzyme-linked
immunoassays capable of detecting the abnormal prion conformer in postmortem samples.
In a history that parallels the diagnosis of more conventional infectious agents, both qualitative
and real-time amplification assays have recently been developed to detect minute quantities of
misfolded prions in a range of biological and environmental samples. With these more sensitive
and semi-quantitative approaches has come a greater understanding of the pathogenesis and
epidemiology of this disease in the native host. Because the molecular pathogenesis of prion protein
misfolding is broadly analogous to the misfolding of other pathogenic proteins, including A3 and
a-synuclein, efforts are currently underway to apply these in vitro amplification techniques towards
the diagnosis of Alzheimer’s disease, Parkinson’s disease, and other proteinopathies. Chronic wasting
disease—once a rare disease of Colorado mule deer—now represents one of the most prevalent prion
diseases, and should serve as a model for the continued development and implementation of novel
diagnostic strategies for protein misfolding disorders in the natural host.

Keywords: prion; cervids; PMCA; RT-QulC; diagnosis

1. Background and Introduction

Chronic wasting disease (CWD) is a naturally occurring transmissible spongiform encephalopathy
(TSE) known to affect a range of cervid species, including white-tailed and mule deer (Odocoileus
virginianus and Odocoileus hemionus), North American elk (wapiti, Cervus elaphus elaphus), moose (Alces
alces), and reindeer (Rangifer tarandus) [1-3]. Since its initial discovery nearly 50 years ago in Northern
Colorado and Southern Wyoming, the disease has been reported in 22 additional states, 2 Canadian
provinces, South Korea, and very recently in Norway (see https://www.nwhc.usgs.gov/disease_
information/chronic_wasting_disease/ for a current map of the geographic extent of CWD in North
America). As with other TSEs, including scrapie of sheep, bovine spongiform encephalopathy (BSE),
and human variant and sporadic Creutzfeldt-Jakob disease (CJD), CWD is characterized by central
nervous system pathology mediated by an abnormally folded isoform of the normal cellular prion
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protein (PrP™ when referring to the misfolded variant or PrP5¢ when referring to the infectious
isoform specifically, and PrPC, respectively). The primary structure of PrPC, dictated by the host’s
prion protein gene (PRNP), plays a vital role in intra- and inter-species susceptibility, reducing
susceptibility in animals with specific alleles and serving as the basis for the “species barrier”, limiting
the disease almost exclusively to cervids [4-9]. The molecular pathogenesis of prion diseases like CWD
shares many common traits with other protein misfolding disorders, including Alzheimer’s disease
and Parkinson’s disease, and while most prion diseases are decreasing or stable in prevalence, the
ever-expanding range of CWD makes it a tempting model system for the broad development of novel
diagnostic approaches for these proteinopathies.

In its present range, CWD has been found among both farmed and free-ranging cervids [2].
Although most evidence is anecdotal, both farmed and free-ranging animals have played a role in the
progressive spread of the disease across North America and to South Korea [10-12]. The recent
discovery of CWD in Norway is perplexing, with wildlife managers scrambling to determine not only
the extent of infection, but also its source—whether arising in situ or imported in some form from
North America [3,13]. While the natural or anthropogenic movement of animals may play the most
prominent role in the spread of CWD, the movement of animal carcasses has likely also been involved
in dissemination [14,15]; the role of animal byproducts and bodily fluids is less clear, although tissues
and bodily fluids including deboned muscle [16] and fat [17], antler velvet [18], saliva [19,20], feces [21],
and urine [19] have proven infectious under experimental conditions.

Making matters more difficult is the protracted nature of the disease—whereby several years may
pass between preliminary exposure and the onset of clinical symptoms. Not unlike the pathogenesis
of rabies infection in animals, the infectious PrPS protein must make its way from the periphery, most
likely following oral exposure, to the central nervous system. The spread to peripheral excretory tissues,
either concurrent with or pursuant to CNS infection, permits the shedding of de novo misfolded
PrP5¢ into the environment, perpetuating the transmission cycle. Most research has shown that
the appearance of the misfolded PrP> isoform in peripheral tissues and the onset of shedding may
take place months or perhaps years before the appearance of clinical signs. Preclinical peripheral
accumulation of prions and shedding in bodily fluids greatly contribute to the imperceptible movement
of disease to CWD-free areas via infected animals and those byproducts described above.

As a result of disease expansion and the risks that the movement of clinical or pre-clinical
animals, their carcasses, and byproducts may play in transmission, some urgency has been placed
on the development of diagnostic approaches which are rapid, sensitive, cost effective, and can
make use of samples collected either postmortem or antemortem. Paralleling the history of more
conventional infectious agents, the evolution of prion diagnostic strategies has progressed first from
the identification of characteristic microscopic pathologic changes [22], to antibody-antigen dependent
detection systems [23-26], and eventually to the advent of techniques for the isolation [27] and
amplification [28-32] of the building blocks of stored biological information—in the case of TSEs,
the very structure of the prion protein itself.

Building on these approaches, new strategies are being developed to allow for the quantification of
prion burden in a tissue, body fluid, or environmental sample. Perhaps a loftier goal, the development
of in vitro techniques which may allow for strain discrimination would be tremendously helpful
in identifying the source of recent or historic introductions of the disease across North American and
now Scandinavia. As these approaches are implemented and refined for the detection of CWD, they
will likewise lead to suitable diagnostic tests to meet objectives for the diagnosis of prions and other
protein misfolding disorders.

2. The History of CWD Diagnostics

Roughly 12 years passed between the early clinical recognition of chronic wasting disease in the
1960s and its definitive grouping within the rapidly growing category of transmissible spongiform
encephalopathies soon to be recognized globally as “prion” diseases [1]. The original clinical
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descriptions of CWD in mule deer are still appropriate today—a syndrome of slowly progressive
neurologic dysfunction, behavioral changes, polyuria, polydipsia and hypersalivation, dysphagia and
occasional aspiration pneumonia, and ultimately, death [2,33,34]. Like many other TSEs, postmortem
diagnoses were based primarily on characteristic neurohistopathologic changes in the gray matter
at all levels of the CNS—the spinal cord, mesencephalon, diencephalon, and both cerebellar and
cerebral cortices. At the heart of the clinical signs, pathognomonic central nervous system lesions
consisted of microcavitation of the neuropil, intracytoplasmic vacuolization, astrocytic hypertrophy
and hyperplasia, and neuronal degeneration. Cached amongst these CNS lesions: amyloid plaques,
best observed with Congo red or Bodian silver staining. Although the nature and origin of these
plaques were unknown at the time, they were a consistent finding across TSEs of both animals and man.

With the definitive identification of the agent responsible for prion diseases, an abnormally folded
and hardy conformer of the cellular prion protein [35,36], very specific immunoassays would be
developed that could be used on a range of platforms, including fresh and fixed tissues. In cases
where these immunoassays were not sensitive enough, bioassay in susceptible hosts—occasionally
requiring serial passage—became the de facto testing method for infectivity. Each of these has served
its respective fields—diagnostic medicine and research, for more than 20 years (Figure 1).

2.1. Immunohistochemistry, Western Blotting, and Enzyme Immunoassay

The initial discovery of the agents responsible for TSEs enabled the further development
of diagnostic approaches beyond basic clinical and microscopic histopathological descriptions.
The isolation of a misfolded cellular protein, found exclusively in the brains of TSE-infected animals
and solely capable of inducing disease [36], permitted the development of an array of diagnostic assays
dependent on the sensitivity and specificity of antibody-antigen interactions. These assays, including
western blotting [23], immunohistochemistry [25], and enzyme immunoassay (EIA) [26], capable of
distinguishing the normally folded cellular prion protein (PrP€) and the misfolded, infectious isoform
(PrP™es /PrPS), are still considered the “gold standard” diagnostic approaches for CWD and other
prion diseases (Figure 2).

The primary characteristic of the misfolded prion protein, PrP™, which these assays take
advantage of—its resistance to harsh conditions including acid treatment and enzymatic protease
digestion, allowed for the reliable detection of infected individuals with high specificity. The amyloid
plaques initially identified with routine histochemical staining in the CNS were found to be intensively
immunoreactive to serum prepared from rabbits inoculated with hamster scrapie amyloid [25].
Brain homogenates from infected deer were also found to have protease-resistant remnants of
immunoreactive prion amyloid when analyzed by SDS-PAGE and immune-dot blotting [23]. Although
the presence of the protease-resistant core of the infectious prion protein is common to all prion diseases,
its localization in the CNS and its immunoreactive banding pattern on western blot were found to help
distinguish one prion agent from another [2]. The immunoreactive plaques observed in the CNS of
deer with CWD are considered florid in nature, for example, whereas those found in cattle with bovine
spongiform encephalopathy appear more granular. The western blotting pattern of CWD is a triplicate
of di-, mono-, and unphosphorylated PrP™* protein bands 21-27 kD in size, with the diphosporylated
band being the most intense [29]. The banding appearance of bovine spongiform encephalopathy
PrP’s, in contrast, reveals a triplicate ranging from 17-28 kD, with di- and monophosphorylated bands
frequently of equal intensities [37].
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Figure 2. Summary of conventional CWD diagnostic strategies and seeded amplification
methods for amplifying CWD prions in vitro. Distinguishing conditions for each assay, as well
illustrative mechanisms of detection and representative diagnostic results are presented. IHC:
immunohistochemistry; WB: western blotting; EIA: enzyme immunoassay; PMCA: protein misfolding
cyclic amplification; RT-QuIC: real time quaking-induced conversion; * denotes that the structure of
amplified products arising from recombinant PrP in RT-QuIC may be different than that produced by
PMCA, potentially explaining the loss of infectivity seen with RT-QuIC.

From the advancements made with various immunoassays, more sensitive approaches to CWD
diagnosis quickly evolved. Postmortem immunohistochemical studies of samples collected in the field
and from experimental challenge studies have highlighted several target tissues as early harbingers of
CWD infection, most importantly the dorsal motor nucleus of the vagus (DMNYV) in the obex region
of the brainstem and the medial retropharyngeal lymph nodes (RLN)—which are still considered
the “gold standard” postmortem diagnostic tissues for regulatory diagnosis [38—40]. In deer, the RLN
becomes positive before the DMNYV, with rare exception [41], making it the most sensitive target tissue
in this species. Elk, in contrast, may be DMNV positive without evidence of infection found in the RLN;
as a result, both tissues should be examined in these animals [42]. In both species, progressive

57



Pathogens 2017, 6, 35

deposition of PrP™* in the DMNYV and other regions of the brain has allowed diagnosticians to estimate
the stage of infection through subjective scoring approaches [43-46]. Tonsilar tissue, interestingly,
was one of the first tissues showing evidence of immunodeposition following exposure, and has been
used experimentally to identify infected animals antemortem [39,47-49]. Later studies found that
lymphoid tissue in the caudal rectum may also serve as a prognosticator for CNS infection, providing
further opportunities for antemortem diagnosis [46,50].

Over the course of these diagnostic field and experimental studies, the growing geographical
extent of the disease was examined [51-55], and evidence was uncovered in both deer and elk which
showed that the host’s prion gene (PRNP) sequence may modulate susceptibility [56-62]. Animals
with several alleles harboring coding mutations, including 225S — F in mule deer [60], 132M — L
in elk [61], and 96G — S in white-tailed deer [62], were underrepresented among animals found
to be infected, and were therefore thought to have a lower relative risk of infection compared to
their wild-type counterparts. Later studies more clearly demonstrated that cervids with these alleles
were susceptible, though may have a more protracted incubation period than those with wild-type
alleles [57]. Collectively, these introductory studies allowed researchers to estimate the geographical
boundaries of CWD-endemic areas and assemble a preliminary picture of disease pathogenesis
in cervids with a range of genetic backgrounds.

As efforts to better characterize CWD pathogenesis, especially routes of transmission, continued,
it became necessary to pursue alternate strategies for prion detection in those biological samples
thought to be involved. Immunohistochemistry was not a practical approach for bodily fluids and
excreta like blood, saliva, urine, or feces. The presumably low levels of PrP™* in these samples also
made identification difficult using conventional western blotting and EIA. The experimental exposure
of susceptible species, then, became the most practical (albeit time consuming) mechanism for assessing
infectivity in body fluids.

2.2. Bioassay

The early experiments characterizing the transmissibility of CWD, and later uncovering potential
transmission routes, required an extensive reliance on both natural and experimental hosts. Initial
studies in natural hosts—mule deer and elk [39,63,64]—were used to demonstrate that animal to
animal contact and environmental contamination played very important roles in disease transmission.
More granular studies in white-tailed deer, addressing the roles of specific bodily fluids and cellular
components, soon showed that saliva and blood carried high levels of infectivity [20]; the roles of urine
and feces at that time were less clear. Not long after, the development of transgenic murine models,
susceptible to CWD, allowed for a more thorough examination of body fluids, greater consistency
within and across experiments, and even permitted the titration of infectivity [21,65]. Transgenic
mice helped further illuminate the role of specific blood fractions [66], and offered greater sensitivity
in identifying infectivity in both feces and urine [19], as well as in the tissues of animals inoculated
with these and other biological samples through secondary passage experiments [67]. While still
widely used today, biological models for diagnostic purposes are extremely impractical for obvious
reasons, including ethical considerations, costs, and prolonged incubation periods.

The development of antibody-antigen dependent assays (western blotting, IHC, and EIA) allowed
for a better understanding of the pathogenesis of CWD and other prion diseases, and helped to
identify the most appropriate tissues to collect and evaluate postmortem. As a result, the above
described conventional testing strategies have helped elucidate the ever-growing range of CWD
in North America and beyond, and have been used to identify cervid hosts with varying levels of
susceptibility linked to the PRNP gene. Bioassays, meanwhile, have helped uncover the likely routes of
transmission in bodily fluids, especially saliva—which could prove useful in developing antemortem
tests. However, additional in vitro approaches, which could mimic the misfolding process that occurs
in vivo, would need to be developed to allow for a more sensitive detection of infectivity in body
fluids and other diagnostically appropriate samples.
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3. The Present State of CWD Diagnostics

With the pioneering work of immunological and bioassay studies, much has been learned about
the pathogenesis, transmission, and, equally important, the geographic distribution of CWD and
other prion diseases. Although immunological tests were very specific for prion infection, concerns
arose early on that these assays were not sensitive enough—suspicions often supported by bioassay
findings [26,67,68]. Indeed, it is common practice to report CWD test results as “Not Detected”, instead
of “Negative”, to acknowledge the so far unmeasured insensitivity of IHC, western blotting, and EIA.
Because of ethical, practical, and monetary considerations, attention was turned from bioassay to other
methods which might allow more rapid, sensitive, and cost-effective detection of CWD and other
prion infections in vitro, using techniques and approaches common to the diagnosis of other infectious
agents—including cell culture and various amplification techniques.

Concurrent with the development of more sensitive techniques for identifying CWD infected
cervids, efforts have been made to shift the diagnostic focus in deer and elk from postmortem to
antemortem detection. With the frequent movement of farmed and wild cervids and their byproducts
across North America and beyond, it is becoming increasingly important to develop screening
programs to prevent the introduction of CWD into new areas. Currently, farmed cervid herds in both
the United States and Canada may enroll in voluntary herd health programs which facilitate the
interstate or interprovincial sale of animals [69,70]. These programs typically require meticulous
inventories and a consistent postmortem testing history and are commonly more stringent than the
limitations placed on wildlife relocations—however they are not fail safe. In both farmed and wild
cervids, antemortem testing prior to animal movement may add another layer of security to prevent
the spread of CWD.

While progress has been made on assay development and antemortem testing strategies, some
limitations remain. Bodily fluids have been shown to be infectious, and could therefore be used as
a diagnostic sample—but little is known about the kinetics of shedding in bodily fluids over the course
of disease. Easily accessible peripheral tissues (e.g., tonsil) have high diagnostic sensitivity late
in the course of disease, but fall short when animals are in earlier stages. Lastly, a specific host genetic
background, which has been linked to reduced susceptibility and/or delayed disease progression, may
complicate detection in either bodily fluids or peripheral tissues (Figure 3). With a better understanding
of CWD pathogenesis in all susceptible species and genetic backgrounds, the gains that have been made
in sampling and testing approaches can more effectively be applied to improve both test sensitivity
and specificity.

3.1. Amplification Assays for the Detection of Ultra-Low Levels of CWD Prions

Of the in vitro assays currently in development for detection of CWD prions, amplification
assays are by far the ones getting the most attention [28,31]. At their very basic level, these assays
take advantage of the proclivity of PrP> to induce a conformational change in a normal cellular
prion protein substrate (PrPC). They may make use of the high levels of PrP* found in the brains of
transgenic mice, for example, or they can rely on bacterial expression systems to produce large amounts
of recombinant PrPC for use as a conversion substrate. Amyloid fibril disruption and generation of
new prion “seeds” for amplification may be accomplished by simple shaking or through sonication.
The readouts of the assays may require blotting techniques to visually detect amplified aggregates of
PrP"s, paralleling conventional gel-based PCR, or they may take advantage of fluorescent molecules
which bind to growing amyloid fibers, allowing a readout similar to real-time, quantitative PCR.
In each case, the objective of these techniques is to amplify low levels of misfolded proteins in vitro
which may be present in a sample, to levels which can be readily observed by more traditional methods
(Figure 2).
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3.2. Protein Misfolding Cyclic Amplification

The first of these amplification techniques to be adapted for use with CWD, which helped to lay
the groundwork for future developments in CWD amplification-based diagnostics, was the protein
misfolding cyclic amplification assay (PMCA) [29,67]. This assay requires, most importantly, a cellular
prion protein substrate derived from brain homogenates of susceptible, or potentially susceptible,
hosts. For detection of CWD, very often these homogenates are derived from transgenic cervidized
mice, which may express high levels of white-tailed deer or elk PrPC, providing an abundance of
substrate for in vitro conversion. The brains are commonly homogenized in phosphate buffered saline
with a range of protease inhibitors and surfactants, to which the CWD-harboring sample, or “seed”,
is added and allowed to incubate at 37 °C for 2448 h. The samples are sonicated intermittently to
fragment the growing amyloid chain. These new amyloid fragments may then serve as seeds for
further conversion reactions. After each experiment, the seed-substrate preparations may be treated
with protease and evaluated by western blot for the resistant conformer, or they may be passaged into
a new preparation of brain homogenate, in the case of “serial” PMCA (sPMCA) [73,75]. Serial PMCA,
not unlike nested PCR, may involve up to ten passages or more of amplification over the course of
several weeks in an attempt to achieve even greater sensitivity than conventional PMCA.

Several modifications have been described which improve the sensitivity of PMCA or sSPMCA,
including the addition of plastic beads or putative cofactors [76,77]. Some researchers have
essentially hybridized PMCA with the quaking induced conversion assay described below, and
applied an electrical current in an effort to improve sensitivity [78]. To detect the misfolded protein,
many permutations still rely on protease treatment which destroys the normal cellular protein, and
potentially some protease-sensitive isoforms of the infectious proteins, ultimately reducing sensitivity.
To circumvent protease treatment, one group reported using a surround optical fiber immunoassay
(SOFIA) to specifically identify the disease-associated form of the prion protein using immunocapture
in combination with laser-induced fluorescence [79,80]. Each of these modified approaches have shown
potential for the detection of exquisitely low levels of CWD prions, perhaps down to the attagram
level—potentially at the cost of reduced specificity as is commonly seen in other diagnostics using
extended PCR or nested PCR protocols [77].

Variations of the PMCA assay have been used to explore various areas of CWD pathogenesis,
e.g., to assess the potential for infectivity in body fluids and other excreta [19,77,81,82], and to detect
low levels of misfolded protein in soil [83], water [84], and plant samples [85]. Notably, the CWD
seeds generated in vitro by sSPMCA have proven infectious to some degree in susceptible hosts [86],
indicating that the technique may accurately model what occurs in vivo; therein lays its advantage
among amplification strategies. Neither PMCA nor any of its derivatives have, however, been used
extensively in field studies which would allow researchers to test the true sensitivity and specificity
against conventional IHC or EIA. Ultimately, four important considerations continued to drive
the development of new diagnostic amplification techniques beyond PMCA: (1) the ethical concerns
raised by continued use of animal hosts for a PrP® conversion substrate; (2) the need for an assay
which could detect all potential infectious conformers of the prion protein, including protease-sensitive
forms; (3) time constraints commonly required in field surveillance; and (4) the need for a technically
simple assay with a practical read-out, one which could more easily allow for quantification.

3.3. Quaking Induced Conversion

Many of the considerations described above would be met by a conceptually similar technique
developed nearly in parallel—the quaking induced conversion assay, or QuIC [31,87]. Importantly,
this approach makes use of recombinant PrP®, an approach which has two distinct advantages over
traditional PMCA.: first, the protein substrate can be quickly and consistently produced in any cellular
expression system, commonly E. coli, and second, it allows for the rapid design of substrates tailored
to the researcher’s needs, without the complicated intermediate steps needed to generate transgenic
mice. Commonly, a truncated form of the Syrian hamster PrP protein is used as a substrate, however
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a number of cervid and non-cervid recombinant substrates have been developed for the detection of
CWD and other prions of both animals and humans [88,89].

The QuiC technique seemingly went unnoticed by those researching CWD, until modifications,
including the incorporation of a fluorescent dye and a plate reader capable of stringent shaking
protocols, allowed it to evolve into a format that satisfied each of the considerations which had
hindered the widespread implementation of PMCA [30]. As with PMCA, the shaking is believed
to disrupt growing amyloid fibrils and multiply the number of seeds available for further amyloid
formation. The fluorescent dye, commonly thioflavin T, is thought to intercalate within the growing
amyloid fibril. When bound to amyloid, thioflavin T exhibits a different emission spectrum than when
free in solution, permitting the user to monitor amyloid amplification in real time. Like qPCR, this
consolidates the assay read-out into a technically simple, unambiguous amplification curve which may
additionally allow some level of quantification.

Current permutations of the real time QulC (RT-QulC) assay monitor changes in fluorescence
every 15-60 min, over periods of time ranging from 24-96 h or more. As with sSPMCA, longer RT-QuIC
protocols allow for amplification of lower levels of misfolded prions, while concurrently risking
spontaneous misfolding and decreased specificity. Under these different protocols, RT-QuIC has been
used to examine the initial steps of CWD tissue invasion [74], quantify the levels of misfolded protein
in bodily fluids [71], and evaluate inter- and intra-species susceptibility to CWD in vitro [89]. It has
also been blindly evaluated in parallel with PMCA, IHC, and EIA [32,44,45,77], allowing a direct
comparison between RT-QulC and conventional diagnostic approaches. Generally, these studies have
shown RT-QuIC is at least as sensitive as IHC or EIA.

The strengths of RT-QulIC lie in its consistency, malleability, rapidity and ease of interpretation.
Because it relies solely on recombinant PrP® as a conversion substrate, it is less capable of modeling
the in vivo conversion process than PMCA. Importantly, the amplified products generated by RT-QuIC
have not yet been shown to be infectious in vivo, as they have with PMCA. In fact, very few diagnostic
approaches, short of viral or bacterial culture and isolation methods, are dependent on infectivity.
Thus, neither of these caveats should prevent the implementation of RT-QuIC as a diagnostic approach
for CWD or other prion diseases.

3.4. Tyramide Signal Amplification

While the goal of both PMCA and RT-QulIC is to amplify low levels of misfolded prions by
seeded conversion, tyramide signal amplification instead magnifies the signaling mechanisms present
in conventional assays, and has been used experimentally for CWD specifically to improve IHC
detection in fixed tissues [74,90]. In the case of IHC, horseradish peroxidase-labeled antibodies bound
to CWD prion antigen in situ activates the tyramide substrate which then accumulates in the immediate
vicinity of the antibody, amplifying signal intensity up to 15-fold [91]. This technique has been used to
more effectively track the early pathogenesis of experimental CWD in both transgenic mice and deer,
though has not yet found its way into clinical applications.

3.5. Cervid Prion Cell Assay

Just as cell culture systems have been developed for the detection and diagnosis of a range
of viruses and intracellular bacteria, cell lines have likewise been developed for the cultivation
and quantification of infectious prions [27]. Researchers have inserted a variety of alternate PrP
gene sequences into the mutable rabbit kidney epithelial RK13 cell line, which have rendered them
susceptible to species-specific prion replication. In the cervid prion cell assay, or CPCA, expression of
the elk PrP gene resulted in an RK13 line susceptible to CWD which permits the titration of an infectious
dose comparable to bioassay in transgenic mice. Although the CPCA effectively decreased the time
and cost required for bioassay, and models in vivo infection more closely than amplification assays,
the culture of prions in susceptible cell lines still remains limited in practicality compared to PMCA
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and RT-QuIC. As viral isolation and bacterial cell culture remain staples of microbiological testing
today, so may cell culture have a future in the diagnosis of CWD in cervids.

3.6. Sample Selection for Antemortem Testing

Past and present detection strategies have supported the work on CWD pathogenesis and
demonstrated the kinetics of shedding in bodily fluids and excreta. Using amplification approaches,
evidence of CWD prion presence has been reported in a range of bodily fluids [19,77,81,92-94], making
them tempting targets for the development of novel diagnostic strategies. Studies in other model
systems, including sheep and humans, have identified peripheral tissues which may also serve as
a useful diagnostic sample and indicator of central nervous system infection [95-97]. Through these
discoveries, antemortem testing for CWD is becoming increasingly more sensitive and reliable, and
may someday prove useful for screening prior to animal movement (Table 1).

3.7. Bodily Fluids and Excreta

With many infectious diseases of veterinary and human importance, assays which utilize bodily
fluids—especially blood—are considered ideal choices for a diagnostic test. CWD is not unique
in this regard, and the primary focus has been on the development of a hematologic test to identify
infected animals [93,94]. Very little is known about the kinetics of prionemia (prion infectivity in the
blood), or the kinetics of prion shedding in other forms of excreta, and yet a number of primarily
amplification-based studies have attempted to identify the misfolded protein in these samples. In many
cases, these techniques have been developed using a very limited number of infected animals, and
more importantly a limited number of negative controls [98,99]. Very rarely have the techniques been
successfully applied to large field studies, although several laboratories continue to pursue testing of
saliva and urine [71], blood [94], and fecal samples [72] collected from experimentally exposed animals
or during depopulations of CWD-infected farmed deer and elk. These studies will eventually allow
for more direct comparisons to be made with conventional postmortem testing and allow researchers
to evaluate their sensitivity and specificity.

3.8. Accessible Peripheral Tissues

Several accessible tissues, including peripheral lymphoid and neuroepithelial tissues,
have been identified which may help identify CWD-infected deer and elk antemortem
or postmortem [44-46,100-102]. Each of these tissues offer both strengths and weaknesses in their
diagnostic feasibilities, and need to be considered on a case by case basis in their application.
For example, lymphoid tissues like tonsil—where CWD prions may accumulate early in the course
of infection—have been found to be quite sensitive when compared to central lymphoid and
nervous tissues collected postmortem. To that end, the direct sampling of medial retropharyngeal
lymph nodes might be expected to offer near perfect sensitivity. The aforementioned tissues are,
however, rather difficult to sample practically and repeatedly when compared to other, less sensitive
peripheral tissues like recto-anal mucosal associated lymphoid tissue (RAMALT) [41]. Real-time QulC
analysis of olfactory neuroepithelial swabs, a relatively simple technique shown to be quite sensitive
in the diagnosis of clinical Creutzfeldt-Jakob disease in humans, may only be effective in identifying
deer and elk in the most terminal stages of CWD [44,45]. Accordingly, it should be remembered that
irrespective of the sampling tissue and technique, or assay used, cases in the very early stages of
infection may still test negative—making serial sampling indispensable for antemortem diagnosis.
As more is learned about CWD pathogenesis and transmission, however, improvements in both tissue
and body fluid sampling strategies will most certainly be made.
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3.9. Sample Collection in Farmed and Free-Ranging Cervids

While post-mortem samples are relatively easy to collect on the necropsy floor or in the field,
weather and equipment permitting, antemortem sampling presents its own unique challenges in both
farmed and wild deer and elk. Farmed cervids are commonly collected in small groups, processed
in modern handling systems and restrained in standard large animal squeeze chutes, which greatly
facilitates the collection of accessible bodily fluid samples and rectal biopsies, for example [44,45,72].
More invasive biopsy collections from farmed cervids, including tonsil and retropharyngeal lymph
node, requires deep sedation and anesthesia—a practice that is all but necessary for the collection of any
samples from wild cervids [48,102]. Apart from the need for sedation or anesthesia, a more important
factor limiting the efficiency at which wild cervids may be sampled is first finding and then capturing
animals. Sampling in either group is not without risk, however, with farmed cervids occasionally
suffering from severe injuries like broken limbs, and wild cervids at risk for the development of capture
myopathy, an infrequent and often fatal syndrome resulting from the handling of wild cervids [103].

3.10. Genetic Background and Antemortem CWD Diagnostic Sensitivity

With the development of antemortem testing approaches came the discovery that an animal’s
genetic background could have a profound effect on antemortem diagnostic sensitivity. In both
deer and elk, RAMALT and nasal brush testing in animals with the prototypical PRNP genotype
(96GG in deer and 132MM in elk) have been found to have the highest diagnostic sensitivity [44—46].
Antemortem testing in animals with a PRNP genetic background considered less susceptible, for
example, 96GS or SS in deer and 132ML or LL in elk, is significantly less sensitive. Taken together with
the apparently reduced susceptibility in animals with specific PRNP sequences, the reduced sensitivity
of peripheral tissues can be best explained by a slower disease progression in these genotypes.
In support of this, less susceptible animals which were CWD-negative in peripheral tissues were
more commonly found to be in earlier stages of the disease, implying that the appearance of detectable
prions in these peripheral tissues may be dependent primarily on disease stage, and not genetic
background [44-46]. Several unanswered questions remain, however: do sensitivity limitations apply
to all peripheral tissues? Do they apply broadly to all diagnostic assays? How might bodily fluids
be affected? Should we use this information to encourage cervid farmers to breed highly susceptible
animals to afford regulators a greater test sensitivity, or should we encourage a shift towards more
resistant animals to help slow or prevent the spread of CWD? Ongoing research and policy discussions
will hopefully provide the answers needed to move forward.

As with well-described bacterial and viral diagnostic strategies, diagnostic approaches for CWD
and other TSEs began with clinical and postmortem pathologic detection methods. These strategies
quickly progressed to more sensitive molecular approaches, which sought to identify the agent using
amplification techniques, and shifted the focus from postmortem to antemortem diagnosis. While
not perfectly sensitive compared to postmortem testing, currently deployed amplification techniques
for CWD have a comparable sensitivity to assays for other important diseases—most notably bovine
tuberculosis in cervids, although the ramifications of CWD misdiagnosis may be far more consequential.
The available prion amplification approaches importantly take advantage of the infectious prion’s
mechanisms for storing and reproducing information, just as PCR targets RNA and DNA molecules.
In the case of TSEs, the ability to store and reproduce this information is imprinted in the structure
of the abnormal prion protein itself. What other information may lay in this structure? Perhaps
information which may encode strain, virulence, or zoonotic capacity? Can we identify a roadmap for
pathogenesis or transmission in hosts with diverse genetic backgrounds? These are questions with
absent or incomplete information, though with luck the tools currently in development will someday
provide sufficient answers.
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4. The Future of CWD Diagnostics

Detection capabilities for CWD and other infectious prions have progressed significantly over
the past two decades, although there are still a number of areas requiring further research. First,
demonstrating the improved sensitivity of prion amplification tests compared to conventional
diagnostics is challenging, and will require well-structured experiments and well-defined samples
in order for them to supplant immunohistochemistry or EIA. Second, there are critical gaps in
epidemiologic studies which make it difficult to identify the source(s) of CWD introduced into
previously naive populations and to estimate environmental contamination in non-endemic areas.
Finally, it should be remembered that while it is important to continue improving CWD diagnostics, it
is equally important to translate these findings for the benefit human medicine, in the form of improved
diagnostics for human prion diseases, Alzheimer’s disease and other protein misfolding disorders.

4.1. Improving Current CWD Diagnostic Approaches

As the pathogenesis of CWD is further defined in susceptible species and genetic backgrounds,
improvements in sampling strategies should be expected. For example, lymph node aspirates and
oral swabs, which are commonly used to diagnose a range of diseases in veterinary and human
medicine [104-106], could be suitable for early antemortem diagnosis when combined with the
appropriate testing platform. Fecal samples collected in the field, in contrast, may allow for a more
passive sampling strategy to identify populations with otherwise undetectably low levels of CWD
prevalence. Effective tissue and body fluid sampling has developed slowly over the past few decades,
and there is every expectation that it will continue to evolve into the future.

Testing strategies are likewise evolving, with ever increasing sensitivity being reported by PMCA
and RT-QulIC and other novel diagnostic approaches currently in development. A perpetual hurdle to
demonstrating advanced sensitivity is the difficulty in overcoming a “gold standard”—how should
we interpret samples which are positive by an amplification assay like sSPMCA or RT-QulIC, yet IHC or
EIA negative? To illustrate this point, experimental longitudinal studies have shown that sSPMCA can
identify misfolded prions in the blood of transgenic mice with a known exposure history [99]; however,
the amplification experiments were not performed blindly, and thus should be interpreted with caution.
Other, appropriately blinded studies have shown that both SPMCA and RT-QuIC more readily identify
CWD prions in terminal cervid samples compared when to IHC—however, because of their terminal
nature, it is very difficult to prove these animals were truly infected without a confirmatory test
like bioassay to support the diagnosis [32,67]. Ideally, studies seeking to demonstrate the enhanced
sensitivity of prion amplification approaches should prospectively incorporate both a longitudinal and
blinded strategy, with repeated sampling of animals with a known and unknown exposure history to
demonstrate presence or absence of infection, verified by IHC or EIA, in animals initially diagnosed
by experimental techniques. Appropriate negative controls, including tissue or bodily fluid controls
from negative hosts, are critical, while inter-lab validation is also an important strategy to consider,
especially when a limited number of samples are under evaluation. It remains to be seen how well the
quantitative or semi-quantitative nature of assays like RT-QulC may correlate to in vivo infectivity:
at what point does amplification-based detection become biologically relevant? Experiments such
as these are ongoing, and may soon provide insight into the true sensitivity and specificity of prion
amplification assays, and, perhaps as importantly, the true sensitivity and specificity of conventional
and “gold standard” diagnostic approaches.

4.2. Exploring New Frontiers in CWD Diagnostics

Along with ongoing improvements in current sampling and testing strategies, future efforts
should continue to pursue new and uncharted areas in CWD diagnostic capabilities. Several
studies have demonstrated the occurrence of a number of putative CWD strains circulating in the
wild [107,108], and while strain-typing is commonplace for viral or bacterial agents, no currently
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available approach has been shown to allow for rapid discrimination of diverse CWD prion strains.
Western blotting very crudely identifies differences between CWD and BSE, while clinical presentation
helps to differentiate sporadic CJD from variant CJD, for example, but current diagnostic technologies
do not confer the ability to differentiate CWD strains or specifically identify the sources of new
CWD incursions. The amplification-based assays could most likely address this diagnostic gap,
with preliminary research seemingly demonstrating that RT-QuIC could provide reliable information
regarding human Creutzfeldt-Jakob disease isolates [109]. This technology may effectively translate
to CWD strains, where the comparison of various amplification parameters of cervid isolates
in different amplification substrates could be employed. The ability to differentiate CWD isolates
would be extremely helpful in epidemiologic studies, by allowing apparently new epidemic foci
to be traced to specific geographic locations or source herds. Perhaps new strains would be
discovered, including isolates previously undetectable by currently available technologies. Strain
discrimination and characterization would additionally provide evidence and insight into prion
evolution and adaptation—critical information which could be incorporated into field studies and
efforts to investigate host resistance, and possibly help predict vaccine utility.

With the quantitative abilities of RT-QuIC, approximate titration of prion burden in biologic or
environmental samples may also be possible using CWD amplification assays [71]. Early studies
of saliva and other body fluids have shown variable levels of prion seeding potential in samples
collected at different time points during infection, and it may soon be possible to correlate levels of
shedding to incubation periods and genetic background as well as secondary underlying disease—renal
dysfunction or perhaps even viral or bacterial co-infections, for example. An understanding of
prion burden in tissues may provide a more thorough understanding of CWD pathogenesis and
disease staging, and permit diagnosticians to select more appropriate ante- or post-mortem tissues for
sensitive diagnoses. The ability to assess environmental contamination will allow wildlife biologists to
monitor disease movement more easily, while simultaneously affording estimates of reduced infectivity
following environmental decontamination efforts.

Advancements in CWD testing will certainly benefit from the introduction of prion amplification
assays into the diagnostic repertoire. Multi-dimensional assays like RT-QulC, which provides a range
of information including amplification rate and efficiency in mutable substrates, seem poised to shed
light on CWD strains and biological or environmental burdens which will allow for more detailed
studies into disease epidemiology and pathogenesis. The benefits that this work provides will not be
limited to cervid health, however.

4.3. Realms beyond CWD Diagnosis

The TSEs are increasingly regarded as models for other protein misfolding disorders of the
CNS and other organ systems, including Alzheimer’s disease, Parkinson’s disease, and chronic
traumatic encephalopathy (CTE) [110-113]. The application of the lessons learned through the
course of investigations into CWD and other TSEs to the diagnostic challenges presented by these
increasingly common human neurologic disorders should also be considered. The fundamental
mechanisms directing the propagation of prions are not unlike those responsible for the accumulation
of Alzheimer’s AP protein, or x-synuclein in Parkinson’s disease, and the techniques introduced
by sPMCA or RT-QulC should be transferrable with modifications to substrate and reaction
conditions [114]. Efforts are currently underway to assess this potential, with promising results
in both tau- and synucleinopathies.

Among TSEs, CWD perhaps represents the ideal model system for developing and deploying
these prion amplification tests, in that it uniquely represents a proteinopathy affecting natural
populations and is the only TSE currently expanding in distribution. Sample selection will undoubtedly
vary between distinct proteinopathies and host populations; however a structured implementation of
amplification assays for CWD would certainly help lay the groundwork for advancements in naturally
occurring protein misfolding disorders in humans.
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The future of CWD diagnostics depends on continued progress in the understanding of disease
pathogenesis and the identification of suitable antemortem samples, and most importantly refinement
and implementation of amplification assays like RT-QuIC. The potential for these assays to discriminate
CWD strains and quantify tissue and body fluid burden will provide invaluable information for both
epidemiologic studies and risk assessments. Challenges in the diagnosis of naturally occurring human
proteinopathies will be offset by opportunities to implement CWD diagnostic strategies, making the
continued development of these assays essential for advancements in human health.

5. Conclusions

Chronic wasting disease, a prion disease of deer and elk first reported five decades ago,
now represents the last of the TSEs for which transmission and dissemination remain unchecked.
The tools available to diagnosticians for identifying infected animals have steadily progressed
over that timeframe from clinical and pathological descriptions to antibody-antigen dependent
immunoassays, and more recently have begun incorporating qualitative and quantitative prion
amplification techniques. These tools have provided a deep understanding of disease pathogenesis
and transmission, and allowed animal health professionals to monitor the expanding geographical
presence of CWD. Sampling techniques have likewise evolved, with shifts from postmortem to
antemortem approaches targeting peripheral tissues and body fluids, and may someday offer the
ability to screen animals prior to movement or selectively identify animals for removal. In the future,
CWD diagnostics may also offer hope for the rapid discrimination of strains and assessment of tissue
burden and environmental contamination. Although CWD’s role as the last remaining unmanaged
TSE is a distinction neither agricultural nor wildlife professionals hold in high esteem, the discoveries
over the past several decades have greatly assisted the continued development of assays directed
toward protein misfolding disorders occurring in natural populations, and will ultimately benefit not
just animal health but human health as well.
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Abstract: PrP (scrapie isoform of the prion protein) prions are the infectious agent behind diseases
such as Creutzfeldt-Jakob disease in humans, bovine spongiform encephalopathy in cattle, chronic
wasting disease in cervids (deer, elk, moose, and reindeer), as well as goat and sheep scrapie. PrP% is
an alternatively folded variant of the cellular prion protein, PrPC, which is a regular, GPI-anchored
protein that is present on the cell surface of neurons and other cell types. While the structure of
PrPC is well studied, the structure of PrP% resisted high-resolution determination due to its general
insolubility and propensity to aggregate. Cryo-electron microscopy, X-ray fiber diffraction, and a
variety of other approaches defined the structure of PrP%° as a four-rung B-solenoid. A high-resolution
structure of PrP*¢ still remains to be solved, but the four-rung B-solenoid architecture provides a
molecular framework for the autocatalytic propagation mechanism that gives rise to the alternative
conformation of PrPS¢. Here, we summarize the current knowledge regarding the structure of Prpse
and speculate about the molecular conversion mechanisms that leads from PrPC to PrPSc.

Keywords: PrPS¢; prion structure; 3-solenoid; cryo-electron microscopy; prion propagation; amyloid

1. Introduction

PrP% was the first prion—i.e., infectious protein—to be discovered, and continues to be the
quintessential prion, not only because of its historical preeminence, but also because of its association
with a unique class of fatal diseases. PrP> is the only prion known to date to have caused local
epidemic and epizootic outbursts. Some of these have captured the attention of the public and even
caused shockwaves of panic [1].

Ovine and caprine scrapie—fatal neurodegenerative ailments endemic in Europe—have been
known for centuries, but it was not until the 1930s that its infectious nature was discovered [2]. Later,
in the 1980s, PrP5 was identified as the infectious agent causing transmission of scrapie, and as
the first prion ever, and was used to define the term “prion” [3,4]. Despite efforts to eradicate it,
scrapie continues to be enzootic in Europe. However, it is not transmissible to humans, a phenomenon
known as transmission barrier. The practice of industrial cannibalism resulted in PrP prions being
recycled into cattle feed and causing bovine spongiform encephalopathy (“mad cow disease”) [1,4,5].
The ensuing bovine spongiform encephalopathy (BSE) epizootic affected hundreds of thousands of
animals throughout Europe in the 1980s to 2000s. In turn, BSE PrP*¢ prions transmitted to humans,
causing transmissible variant Creutzfeldt-Jakob disease (vC]JD). Fortunately, the barrier governing
transmission of BSE PrPS¢ to humans is quite high, which limited the number of vC]D cases to about
200, whereas millions of individuals are likely to have been exposed to BSE PrP*¢ by the oral route [1].
While cases of vC]D have subsided, retrospective histopathological analyses of tonsil and appendix
samples suggest that thousands of individuals harbor PrP5 in their bodies, although a very long
incubation time has prevented the appearance of clinical disease so far [6]. Very long incubation
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times have also been observed for Kuru. Kuru was an epidemic caused by human PrP5 transmitted
orally through ritual cannibalism among the Fore people from Papua New Guinea beginning in the
1950s [7]. In this instance, an initial case of sporadic Creutzfeldt-Jakob disease (CJD) is suspected to
have triggered the localized epidemic. CJD PrPS¢ is known to have been transmitted from humans
to humans iatrogenically, through the reutilization of improperly decontaminated neurosurgical
instruments, dura mater grafts, or treatment with cadaveric growth hormone containing traces of
PrPS¢ [4,5]. Also, at least three cases of transmission of vCJD PrPS¢ through blood transfusion have
been documented [8].

Another example of widespread infectious transmission of PrPS prions is chronic wasting disease
(CWD), which affects various cervid species and which is very contagious resulting in efficient
horizontal transmission. CWD was first detected in the state of Colorado (USA) and has since
spread through very extensive areas of North America [9], where it appears to be becoming enzootic.
More recently, six cases have surfaced in Norway [10]. It is not currently known whether these are
related to North American CWD or arose spontaneously in Norwegian moose, reindeer, and red
deer populations.

All in all, while substantial experimental evidence is accruing to suggest that other misfolded
proteins such as A, tau or a-synuclein might be prions or at least feature prion-like behavior of
the affected proteins [11-13], PrPS¢ prions stand out as truly infectious, at times highly contagious,
and disease-causing pathogens that command close attention.

Yet, how can a protein become infectious? Classic infectious agents reproduce because they
contain nucleic acids, biomolecules that can be copied and therefore amplified. More specifically, what
is copied is the primary structure of these nucleic acids, whether DNA or RNA. In contrast, propagation
of prions, and more specifically, of PrPSc prions, involves reproduction not of their primary, but of
their secondary, tertiary, and quaternary structures, i.e., their conformation [4]. PrP5¢ coerces PrP,
a glycosylphosphatidylinositol-anchored (GPI-anchored) membrane protein with the same primary
but different secondary, tertiary, and quaternary structures, to adopt the PrP5¢ conformation. This likely
involves complete unfolding of PrPS, first, followed by refolding through a series of molecular events
in which PrP€ acts as a physical template (vide infra). To fully understand this process at the molecular
level, it is essential to first know the structure of PrPS¢. This review presents a comprehensive summary
of what we currently know about the structure of PrP¢ and how its structure might encode a possible
mechanism for its conformational replication. This mechanism also provides hints to explain the strain
and transmission barrier phenomena, crucial in the epidemiology and epizootiology of PrPSe.

2. The Architecture of PrPS¢ Prions

The structure of PrP5¢ is based on a four-rung 3-solenoid architecture (Figure 1), as was revealed
recently by cryo-electron microscopy and three-dimensional (3D) reconstructions [14]. By analyzing 3D
reconstructions from individual PrP5¢ amyloid fibrils, and by taking the molecular density of PrPS¢ into
consideration [15], it was possible to determine the average molecular height of each PrP% molecule
along the fibril axis as ~17.7 A [14]. Individual measurements ranged from 16.1 to 19.25 A, while a
four-rung B-solenoid architecture would be expected to have a height of 19.2 A (=4 x 4.8 A). A single
particle approach, which was used to average data from a much larger number of PrP5 amyloid
fibril segments, produced molecular height peaks around 20 and 40 A [14]. The former was in good
agreement with the results obtained from individual amyloid fibrils, while the latter measurement
suggested a larger assembly unit along the fibril axis, encompassing two monomers in a potential
head-to-head/tail-to-tail configuration (Figure 2). While the cryo-electron microscopy data helped to
decipher the overall architecture of PrP% as a four-rung p-solenoid, the resolution was not sufficient
to resolve the structure in atomic details.
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Figure 1. Four-rung {3-solenoid architecture of PrPS¢. (A) Three-dimensional reconstruction of a
PrP5¢ amyloid fibril with two protofilaments. (B) Cartoon representation of a four-rung p-solenoid
architecture drawn to approximate the 3D reconstruction in (A). The 4.8 A spacing of individual
B-strands running perpendicular to the fibril axis is indicated, as is the 19.2 A height of an individual
PrP5 molecule. Figure adapted from Vazquez-Fernandez et al. PLoS Pathog. 2016, 12, €1005835 [14].

38.4A

—— 1
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Figure 2. Schematic representations of possible head-to-tail and head-to-head (tail-to-tail) architectures
for PrPS¢ amyloid fibrils. The different architectures would lead to a polar fibril in the case of head-to-tail
stacking, while a head-to-head (tail-to-tail) architecture would give rise to a non-polar fibril. The ~40 A
signal that was obtained with the single particle image processing approach [14] would favor a
head-to-head arrangement, since there is no straightforward mechanism by which a head-to-tail

arrangement would produce such a spacing.
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A B-solenoidal core was originally proposed by one of us as the key architectural element of
PrP5¢, based on electron crystallography studies of 2D crystals from the N-terminally truncated PrPS
(PrP27-30) [16,17]. By comparing 2D projection maps from PrP27-30 2D crystals with those of an even
smaller “mini-prion”, PrP5¢106 [18], the structure of PrP5¢ was constrained to contain a B-helix or
-solenoid structure at its core. At the time, it was assumed that PrP5¢ would contain residual o-helix
structure at the C-terminus, an interpretation which is not supported by more recent experimental
evidence [14,19,20].

X-ray fiber diffraction from brain-derived PrP27-30 and PrP5¢ amyloid fibrils gave a series of
meridional diffraction signals at 9.6, 6.4, and 4.8 A, which correspond to the second, third, and fourth
order diffraction, respectively, of a 19.2 A B-sheet structure [21]. The equatorial diffraction signatures
were equally informative, in that a prominent ~10 A signal, which is characteristic for generic
stacked (-sheet amyloid structures, including those present in recombinant PrP amyloid fibrils [21,22],
was absent. This absence is a strong indicator that the underlying architecture is that of a 3-solenoid,
as demonstrated by comparison with diffraction results obtained from the HET-s amyloid [23], which
has been shown by solid state NMR to contain a two-rung p-solenoid structure [24]. All together,
the X-ray fiber diffraction results provided clear evidence that the structure of PrP5 contains a
four-rung f3-solenoid fold at its core [21]. Subsequent analyses indicated that shorter fragments of PrP
could either adopt a generic stacked [3-sheet structure or shorter (3-solenoids [25]. The shortest form of
PrP that could support the formation of transmissible prions, PrP5¢106, was also found to contain a
four-rung (3-solenoid fold [18,25]. A number of other studies have obtained high-resolution structures
from short, PrP-based peptides, often adopting “steric zippers” or related structures, but those short
peptides have no biological relevance and lack the structural complexities that characterize PrPSc.

Moreover, the 3-solenoidal structure agrees with a number of structural restraints gathered
through the years with a variety of biophysical and biochemical methods. Fourier-transform infrared
(FTIR) spectroscopy, and circular dichroism spectroscopy (CD), had demonstrated a high (-sheet
content of PrP> and its N-terminally truncated variant, PrP27-30 [19,26-29]. More specifically,
FTIR-based estimates of 3-sheet in PrP27-30 range from 43-61% [26-28]. For some time, the FTIR
data were interpreted to imply that PrPS and PrP27-30 contained a substantial fraction of c-helical
structure. However, Smirnovas et al. have shown that the ~1660 cm™! band in the FTIR spectra of PrPS
and PrP27-30, which had been attributed to x-helices based on calibration using globular proteins,
is also present in the spectrum of amyloid fibrils formed by recombinant prion protein (recPrP) known
to exhibit a parallel in-register 3-structure and to be completely devoid of a-helices [19]. Furthermore,
the ~1660 cm~! FTIR band overlaps with bands in the same region arising from turns and coils.
Therefore, it can be safely concluded that the FTIR-based data do not support the presence of x-helices
in PrP5 [20]. To sum up, all these studies suggest that PrP27-30 consists of about 50% f-strands and
50% random coil loops; this fits very well a four-rung 3-solenoid with short -strands connected by
loops. It should be noted that the HET-s(218-289) prion, whose structure conforms to a two-rung
B-solenoid and is probably quite similar to PrPS¢, contains ~53% of B-strands connected by ~47% loops
and turns [24].

The extremely compact nature of the 3-solenoid core, spanning virtually from the N- to the
C-terminus of PrP27-30 (~90 to 230) is also in good agreement with the known resistance of PrP27-30 to
protease digestion. Classically, when PrPS¢ of most strains is subjected to proteinase K (PK) treatment,
its N-terminal residues, up to position 86/98 depending on the strain, is readily digested. This portion
is therefore believed to retain the completely unfolded secondary structure that it exhibits in PrPC [4].
It is noteworthy that this region is totally dispensable for infectivity, and therefore it can be considered
as not being part of the “prionic domain” of PrP%. Nevertheless, insertions and deletions in the
N-terminal domain are known to cause familial prion diseases [30]. The C-terminal domain, which
corresponds to the B-solenoid part of PrPS, forms the core of the PrPS¢ amyloid fibril from which the
N-terminal 23-86/98 “tail” projects into the medium.
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On the other hand, the existence of connecting loops, would explain the presence of small
quantities of smaller PK-resistant fragments besides PrP27-30 [31-34]. Any (-solenoidal protein
subjected to treatment with a relatively non-specific protease such as PK would be expected to undergo
partial cleavage at the more flexible, less compact coils connecting the 3-strands, while these would be
relatively spared [35,36]. The extraordinary resilience of PrP5 to PK observed in early studies [4,37]
suggests that the PrP27-30 3-solenoid is extremely compact, i.e., its connecting loops and turns are
likely very tightly packed against the 3-strands that make up the solenoid core. This would result in the
scarcity of PK cleavages at these sites as compared to the fast, extensive, and complete digestion of the
unfolded N-terminal stretch. However, secondary cleavages within the 3-solenoid core have indeed
been progressively unveiled in many PrP> samples, particularly as a wider variety of antibodies has
been used to probe the PK digests [31-34]. Furthermore, a number of PrP% strains with increased
susceptibility to PK have been identified, including Variably Protease Sensitive Prionopaty (VPSP)
PrPS¢ [38,39], or PrP% from spontaneously ill transgenic bank voles overexpressing PrP with the
1091 polymorphism [40,41]. Also, shorter PK-resistant PrPS¢ fragments have been identified as being
characteristic of many “atypical” PrP strains [39,42]. It is noteworthy that many of these strains of
PrP5¢ are characteristically cleaved by PK at a position around ~150-153 [39]. The same cleavage has
been identified as one of the most prominent secondary internal cleavages within PrP> of “classic”
strains [31-34,36]. This strongly suggests that the ~150-153 region corresponds to an important loop,
perhaps connecting different rungs of the solenoid, a hinge of sorts.

Minor differences in threading (vide infra) and/or lateral packing of loops would obviously result
in very significant changes in susceptibility of different strains of PrP> to proteolysis.

3. Other Models of PrPS¢

Before confluent X-ray fiber diffraction and cryo-EM studies defined the 3-solenoid as the basic
architectural element of PrP5¢, a number of structural models were put forward. We have extensively
reviewed them and their shortcomings [20]. Here, we will just refer to a recent one, which has received
more attention due to its similarity to recently solved amyloid structures: the parallel in-register
intermolecular beta-sheet model (PIRIBS) [43]. In this model, each molecule of PrP stacks on top of
the preceding molecule perfectly in register. Hence, a single molecule of PrP contributes just 4.8 A in
height to the rise of a PrP amyloid fibril. Given the size of PrP, a single molecule would have to cover
both “protofilaments” in the observed amyloid fibrils. As a consequence, the “protofilaments” that can
be observed in electron micrographs of PrP5 amyloid [14,21,44] would not exist as separate entities
and represent merely imaging artifacts. Interestingly, X-ray fiber diffraction suggested a PIRIBS-like
conformation for recombinant PrP amyloid that was found to be non-infectious [21,22].

The PIRIBS model is incompatible with the height measurements from both the X-ray fiber
diffraction experiments [21], and the cryo EM observations [14]. Both had independently indicated the
height of a molecule of PrP5¢ to be 19.2 A (see above). Furthermore, the dense stacking of the PIRIBS
model cannot accommodate the bulk of the glycosylation side chains [45], which, due to their bulk,
take up more space than is available in a tight packing as the PIRIBS model requires (Figure 3).

4. Implications of the Structure of PrPS¢ for Its Propagation

While only the overall architecture of PrP> has been deciphered and important structural elements
are still undefined (Figure 1), it is now possible, for the first time, to formulate a sound hypothesis
about how PrP>¢ prions propagate [46]. A B-solenoid has inherent templating capabilities: its upper-
and lowermost rungs contain “unpaired” p-strands that can propagate their hydrogen-bonding
pattern into any amyloidogenic peptide they encounter [47]. In fact, the edge strands of native,
soluble proteins that contain a (3-solenoid have evolved to be capped by loops or x-helices that block
unregulated 3-sheet propagation. Furthermore, when these capping structures are eliminated by
means of protein-engineering techniques, the resulting “decapped” -solenoids become unstable and
undergo edge-to-edge-driven oligomerization [48]. Therefore, the upper- and lowermost 3-solenoid
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rungs in PrP5 can template an incoming, unfolded PrP molecule, and mold it into an additional
[-solenoid rung (Figure 3). Once this supplementary -solenoid rung is formed, it offers a fresh,
“sticky” surface that can continue templating the remaining, unfolded portion of the incoming PrP
molecule, until a second rung is generated. This process can be repeated two more times until
the entire length of the incoming PrP polypeptide chain has been molded into four newly formed
rungs, thus completing a new four-rung 3-solenoid structure (Figure 4). The newly formed upper-
or lower-most rungs can now serve as a fresh templating surface for a new incoming unfolded PrP
molecule, in a process that can proceed ad infinitum. As already mentioned above, the presence of
bulky carbohydrate chains in the incoming unfolded PrP molecule must certainly impose constraints
to the templating process; in turn, the GPI moiety present both in the incoming PrP molecule and in the
PrP5¢ template likely anchoring them to the cell membrane and /or endocytic vesicle milieu, probably
impose constraints relative to the cellular location(s) in which conversion takes place. Templating
must necessarily be based on either a head-to-tail or a head-to-head/tail-to-tail orientation. In the
former case, templating of 3-sheets would involve heterotypic contacts between different parts of
the molecule, while the latter would involve homotypic contacts. The structural arguments and data
favoring one or the other of these two possibilities will be discussed in the following section.
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Figure 3. The bulky, N-linked glycans impose spatial constraints on folding patterns of PrPS and rule
out a flat, in-register stacking. Cross (3-sheet structures carrying tri-antennary N-glycans (shown in
inset) on each successive -strand (A) or every fourth 3-strand (B). Polypeptide chains are represented
in tube form, whereas the N-glycans are shown as a combination of ball-and-stick and volume
representations. Each PrP molecule with corresponding N-glycan is rendered a different color. Sialic
acid residues are colored in red; N-glycan electrostatic surfaces are semi-transparent. To model the
dimension of cross-f structures, the Authors of the original figure (see below) adapted the parallel
beta-sheet model from PDB database entry 2RNM, an NMR structure for HET-s(218-289) prion in its
amyloid form [24]. The structure of a tri-antennary N-linked glycan was taken from PDB entry 3QUM,
a crystal structure of human prostate specific antigen (PSA) [50]. Adapted from Baskakov, I.V. and
Katorcha, E. Frontiers in Neuroscience 2016, 10, 358 [45].

How are strain and transmission barrier properties encoded in the 3-solenoid architecture of
PrP5¢? Slightly different threading, resulting in slight differences in the amino acid composition of
the p-strands and loops are an obvious source of variability giving rise to different variations of the
main B-solenoid theme, as already noted by Langedijk and colleagues [49]. These variations, affecting
the topography of the upper- and lowermost rungs, would have an obvious impact on the templating
properties of a given (3-solenoid variant (strain), as depicted in Figure 3. Thus, the presence in the
templating surfaces of charged or bulky amino acid residues might impose restrictions to their ability
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to receive and template a PrP chain of a given amino acidic sequence. This is particularly evident with
respect to the sequences at the N- and C-termini of the unfolded PrP substrate, the first stretches that
need to adapt to these templating surfaces; but also for the rest of the sequence, as every new rung
template generates a fresh templating surface with its own steric and charge constraints. Ultimately,
a higher resolution structure of PrPS should allow to fully understand these properties of PrPS at the
molecular level.

It is noteworthy that the molecular forces responsible for templating, namely, hydrogen-bonding,
charge interactions, aromatic stacking, and steric constraints, are essentially the same as those operating
during DNA replication. However, they lack its exquisite precision and the complex proofreading
mechanisms that provide the flexibility of nucleic acid replication. The higher complexity of the PrPS
structure, as compared to that of nucleic acids, will require particular efforts to achieve a complete
understanding of all the molecular aspects associated with propagation of PrP*¢ prions.

7 o

N

unfolded PrP

7\
a7 A

PrP monomer
(theoretical)

PrPS dimer
(theoretical)

Figure 4. The B-solenoid architecture of PrPS¢ suggests a mechanism to template incoming molecules
of unfolded PrP onto the existing 3-solenoid fold to generate a copy of itself. For simplicity, this
mechanistic model is based on a head-to-tail arrangement. An incoming molecule of unfolded PrP
would interact with an uncapped p-solenoid surface and adopt a 3-strand conformation by forming
backbone hydrogen-bonds (red arrows). Once the first rung of a nascent -solenoid configuration
has been formed, it would self-template successive rungs of -solenoid structure using the same
mechanism (green, blue, and purple arrows, respectively). Once the fourth and final rung has been
templated, a new molecule of PrP*¢ is formed and the original template surface has been re-created.
Any mutations facilitating unfolding of PrP€ would lead to increased chances of propagation events.

5. Head-to-Head or Head-to-Tail Stacking?

The four-rung B-solenoid architecture of PrPS¢ implies two possible stacking modes: a head-to-tail
stacking, resulting in polar fibril assemblies, or a head-to-head stacking, which would produce
non-polar fibril assemblies (Figure 2). A head-to-head stacking mode would result from a templating
process in which the first rung formed is in-register with respect to the templating rung, whereas
subsequently formed rungs are not. This initial in-register stacking seems a very elegant and
simple option. However, it adds the complication of successive PrP> subunits with opposite
handedness /twist, which would add an unusual level of complexity to the structure of PrPS. At the
moment, the experimental evidence of roughly four-nanometer axial repeats in single particle averages
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from PrP* fibrils slightly favor a head-to-head stacking [14], but the evidence is not strong enough to
unequivocally resolve the question. Furthermore, it should be noted that a similar “vertical pairing”
signal characteristically appears in Fast Fourier Transforms from Het-s prion fibers [15], in which
templating and stacking are unequivocally known to be head-to-tail [24].

In contrast, a head-to-tail stacking would entail templating between heterotypic sequences, lacking
the elegance and simplicity that in-register stacking/templating would provide. On the other hand,
this propagation mode would not result in the opposite handedness/twist problems, as discussed for
head-to-head templating. Intrinsically, the head-to-tail stacking would result in a prominent 19.2 A
periodicity, based on the molecular height of PrP¢ (see above). Any larger spacings along the fibril axis
would require alternative explanations, which cannot be provided based on currently available data.

6. Concluding Remarks and Outlook

Elucidation of the architecture of PrP5¢ allows at last to understand the molecular underpinnings
of the propagation of this lethal prion. It is noteworthy that the mechanisms involved are not too
different from those at play during replication of DNA: hydrogen bonding and steric fitting. However,
while for DNA all the templating information can be deduced from and therefore stored in its primary
structure, and can therefore be seen as “digital”, for PrP*° it involves secondary and tertiary and
maybe even quaternary structure levels, and therefore it can be viewed as “analog”. Hence, it is
not surprising that nucleic acids and not prions have been selected as the main elements of heredity,
although prebiotic templating of amyloid has been suggested as an early precursor of cellular life [51].
The basic understanding of the four-rung 3-solenoid also hints at a possible explanation of the strain
and transmission barrier phenomena: strains are likely to correspond to minor variations in the
threading of the solenoid, while transmission barriers are likely the consequence of steric hindrances
arising from differences in the sequence of the incoming and templating PrP molecules. However,
to fully understand these phenomena it will be necessary to refine our current understanding of
the structure of PrP5 through higher resolution data. Further studies to that end, using improved
cryo-EM techniques and NMR applied to recombinant PrP5¢ are being currently carried out in our and
other laboratories.
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Abstract: The cellular prion protein, notorious for its causative role in a range of fatal neurodegenerative
diseases, evolved from a Zrt-/Irt-like Protein (ZIP) zinc transporter approximately 500 million years
ago. Whilst atomic structures for recombinant prion protein (PrP) from various species have been
available for some time, and are believed to stand for the structure of PrPC, the first structure of a ZIP
zinc transporter ectodomain was reported only recently. Here, we compare this ectodomain structure
to structures of recombinant PrP. A shared feature of both is a membrane-adjacent helix-turn-helix
fold that is coded by a separate exon in the respective ZIP transporters and is stabilized by a disulfide
bridge. A ‘CPALL’ amino acid motif within this cysteine-flanked core domain appears to be critical
for dimerization and has undergone stepwise regression in fish and mammalian prion proteins.
These insights are intriguing in the context of repeated observations of PrP dimers. Other structural
elements of ZIP transporters and PrP are discussed with a view to distilling shared versus divergent
biological functions.
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1. Introduction

Prion proteins are notorious for their central role in fatal neurodegenerative diseases in a subset
of mammalian species, including humans [1-3]. In prion diseases, the cellular prion protein (PrPC)
undergoes structural rearrangements to a B-sheet-rich conformer termed PrP5° (named after Scrapie in
sheep, the first known prion disease). That essential role of PrP in these disorders was demonstrated
by showing that the knockout of the prion protein gene (Prnp) renders mice refractory to acquiring
the disease [4]. A side-product of mouse Prnp knockout studies undertaken concomitantly in several
laboratories was the identification of a paralog of the prion gene, termed Doppel (Dpl). Dpl maps to
a genomic region C-terminal to Prnp and, consequently, was determined to have arisen from a gene
duplication event [5,6]. Further genomic sequence analyses revealed that the Shadoo (Sho) gene coded
for an additional prion protein paralog [7,8]. The ancestry of this small gene family was enigmatic until
2009 when PrP was initially observed to interact with a subset of zinc transporters of the Zrt-/Irt-like
Protein (ZIP) family [9], and subsequent bioinformatic analyses revealed PrP and ZIP transporters to
meet several criteria that establish common ancestry [10]. The evolutionary relationship was particularly
apparent in comparisons of PrP and ZIP ectodomain sequences in fish genomes, which exhibit a degree of
sequence similarity and identity previously reported in pair-wise sequence comparisons of PrP and Dpl,
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or PrP and Sho. In contrast to ZIPs, which are multi-spanning transmembrane proteins, the prion protein
is anchored in the membrane by a glycosylphosphatidylinositol (GPI) anchor, a shift in topology also
observed in other protein families [11,12]. Consistent with the view that the prion protein founder gene
represented a truncated ZIP gene, such a shift in topology can be experimentally induced when a gene
coding for a transmembrane protein is truncated at the 3’ end of its first transmembrane domain [13].

Whereas the biology of the prion protein in health and disease has been extensively studied
and reviewed [3,14,15], considerably less is known about ZIP transporters, which are coded by
members of the solute carrier 39a (Slc39a) gene family. In humans and mice, this family comprises
14 genes, whose gene products appear to be tasked with the import of zinc and other divalent cations
into the cytosol, either from the extracellular space or from intracellular compartments. Autosomal
recessive mutations in ZIP4 and ZIP13 genes have been linked to Acrodermatitis enteropathica, a rare
zinc deficiency syndrome [16], and a form of Ehlers-Danlos syndrome characterized by a skeletal
dysplasia that mainly affects the spine, and also causes developmental deformations of the hands [17].
The latter symptoms speak to an emerging pattern of ZIP-dependent phenotypes that point toward
roles of these proteins in specific morphogenetic programs. In particular, members of the so-called
LIV1 subfamily of ZIPs, featuring ectodomains with homology to PrP [10], stand out in this way
(Figure 1A). For instance, ZIP6 and ZIP10, the ZIP transporters most closely related to PrP, were
shown to contribute to the mammalian oocyte-to-egg transition [18]. Moreover, the morpholino-based
knockdown of ZIP6 or ZIP10 caused an embryonic arrest in zebrafish that exhibited characteristics of
an impaired epithelial-to-mesenchymal transition (EMT) [19,20]. Test embryos exhibited a phenotype
reminiscent of a similar impairment to that observed following the knockdown of PrP in the same
paradigm [21]. The striking overlap in ZIP6- and ZIP10-dependent phenotypes was recently resolved
by data, which clarified that these proteins form a functional heteromer [19,22]. The ability of these ZIPs
to interact directly may also account for their original appearance amongst a short list of PrP interacting
proteins [9]. This theory assumes that PrP inherited structural features responsible for interactions
amongst these ZIPs from a common ancestor. It is currently unclear whether direct or third-party
interactions underlie shared links of PrP and ZIPs to EMT. Recent work in NMuMG cells, a mammalian
EMT model, put a spotlight on the neural cell adhesion molecule (NCAM1), by showing that not just
PrP [23-25] but also the ZIP6-ZIP10 heteromer [22] predominantly interacts with this cell adhesion
molecule. However, although both PrP and ZIP6-ZIP10 affect post-translational modifications on
NCAMI1 during its involvement in EMT, they do so in different and perhaps complementary ways.
More specifically, whereas signaling downstream of PrP was shown to control the transcription of
the sialyltransferase (ST8SIA2) that mediates NCAM1 polysialylation [26], the ZIP6-ZIP10 heteromer
appeared to control NCAMI1 phosphorylation at a specific cluster of cytosolic phosphoacceptor sites
through its recruitment of GSK3 [22].

What are the structural features that govern these similarities and differences between PrP and its
closest ZIP family members? Until recently, high-resolution structural data were only available for
recombinantly expressed PrP [27-29], but not for ZIPs. According to these data, prion proteins from
various species are composed of a disordered N-terminal domain and a folded C-terminal domain
characterized by three a-helices and a short two-stranded (3-sheet. The two most C-terminal «-helices
form a conserved helix-turn-helix fold that is stabilized by an internal disulfide bridge and can be
post-translationally modified by up to two complex N-glycans. Attempts to solve the structure of a fish
prion protein, which presumably would be more closely related to ZIP ectodomain structures, were
not met with success [30]. Finally, the first high-resolution crystal structure of a ZIP ectodomain [31,32]
became available in the past couple of years. This was followed by the discovery of a separate structure
of a prokaryotic ZIP containing the transmembrane domain conserved in the ZIP family [32]. Although
the ZIP ectodomain structure is from ZIP4, a relatively distant PrP relative [10], the sequence of its
membrane-adjacent domain is sufficiently similar to ZIP6 and ZIP10 to be of interest in this context.
Here we describe this structure, compare it to PrP, and discuss its significance for understanding the
biology and evolution of mammalian prion proteins.
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Figure 1. Comparison of molecular architectures of Zrt-/Irt-like Proteins (ZIP)s and prion protein (PrP)
molecules, comprising either helix-rich domains (HRDs) or disordered domains at their N-terminus and
a separate module consisting of helix-turn-helix motifs adjacent to the plasma membrane. (A) Domain
organization of selected members of the ZIP/PrP protein family. The depiction of all proteins was
centered on the predicted site of their insertion into the outer face of the plasma membrane. Pa,
Pteropus alecto; Hs, Homo sapiens; Tr, Takifugu rubripes. (B) Side-by-side views of the bat (Pa) ZIP4
ectodomain monomer (PDB: 4x82; Zhang et al., 2016; Nat Commun) and the human PrP NMR structure
(PDB: 1qm0; Zahn et al., 2000; PNAS). Homologous «-helices are colored in cyan. Just for reference,
the rendering also depicts the position of the side-chain of methionine-129 within the first short 3-strand
in PrPC. (C) Comparison of CFC domains of bat ZIP4 (PDB: 4x82) and human PrP (PDB: 1qm0). As the
available bat ZIP4 ectodomain structure does not contain residues C-terminally to the CFC, its structure
ends on the respective cysteine, but the PrP structure extends to the C-terminus.

2. Main

2.1. Comparison of Molecular Architectures of ZIP and Prion Proteins

The ZIP4 ectodomain (from Pteropus alecto, the fruit bat) was solved at a resolution of 2.85 A and
was shown to be composed of two structurally independent subdomains. Its N-terminal subdomain
of 156 amino acids, bearing no sequence homology to PrP, folds into a globular cluster of nine
a-helices, termed helix-rich domain (HRD). The HRD is connected through a flexible linker to a folded
C-terminal domain comprising amino acid residues 192-322. The latter featured two helix-turn-helix
folds composed of helices a10-x11 and x13-x14 that were connected to each other by a disordered
histidine-rich segment (residues 232-255) and a short «12 helix (Figure 1B). A striking feature of the
ZIP4 ectodomain is that it was crystallized as a dimer, held together by extensive interactions among
the hydrophobic residues on a large interface including the ‘PAL’ sequence motifs present in the middle
of helix «14 of interacting protomers. Hence, it was suggested to refer to the C-terminal subdomain as
the PAL-motif containing domain (PCD). When comparing the ZIP4 PCD to PrP, the most apparent
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shared characteristic is the C-terminal helix-turn-helix fold, which in PrP comprises its helices «2 and
a3 (often referred to as helices B and C). However, helix a2 in PrP is longer than «13 in ZIP4, thereby
spanning homologous sequence segments that encompass ZIP4 PCD helices «12 plus «13 (Figure 1C).
More N-terminal sequence elements present in mammalian prion proteins, including helix a1 (helix A)
and the short two-stranded [3-sheet observed in this sequence region, cannot be aligned to structural
elements within ZIP4. While these elements are well-conserved within mammalian PrP, they fall
within a sequence segment that is highly divergent not only in ZIPs but also in fish prion proteins.
The diversity of this region can be attributed to the presence of repetitive elements that are prone
to contract and expand throughout evolution but may also indicate that this region is not essential
for a shared core function of members of this protein family. In the ZIP4 PCD, a relatively short and
disordered histidine-rich fragment (31 amino acids) is present between the pair of helix-turn-helix folds.
The corresponding region is expanded in the subbranch of ZIPs closer related to PrP, encompassing
89 and 232 residues in human ZIP6 and ZIP10, respectively. As the respective N-terminal domain of
mammalian PrP¢ is known to be highly disordered, one may speculate that N-terminal regions of
related ZIPs might also not acquire a particular fold. This may indeed be the case for ZIPs 6 and 10,
whose histidine-rich fragments, preceding the second helix-turn-helix fold («13 and «14 in ZIP4 PCD),
are predicted to be unstructured, and which have no sequences that correspond to the HRD in ZIP4.

2.2. Disappearance of CPAL Motif in the Prion Protein Subbranch of ZIP-PrP Protein Family

The ZIP4 ectodomain structure draws attention to the membrane-adjacent helix-turn-helix fold,
which appears to be a core element shared between homologous members of the ZIP /PrP protein family
(Figure 1C). Extensive sequence comparisons of ZIP genes across a multitude of organisms revealed
this sequence segment to have evolved approximately 750 million years ago in a ZIP ancestral gene
around the time when metazoans evolved [33]. The approximate timing of this event can be inferred
from the presence of homologous exons in the genomes of basal metazoan organisms, including
Trichoplax adhaerens, a marine organism with a body plan lacking organs. Whereas the exon-intron
structure of ZIP genes is generally quite diverse, the genomic segment coding for this core region is
invariably flanked by introns in metazoans (Figure 2A). Consequently, the absence of these flanking
introns in all PrP sequences represented one of the strongest pieces of evidence in support of the
conclusion that the prion protein founder gene must have evolved by retroinsertion of a spliced
transcript of an ancient ZIP gene [33]. Additional elements by which this segment is recognizable
include a pair of highly conserved cysteines (hence its designation as the cysteine-flanked core (CFC)
domain) and the aforementioned PAL sequence. Close comparison of PrP and ZIP ortholog sequences
bearing the PAL motif establish that only the proline in this motif is highly conserved, the second
position is very often occupied by a small amino acid (A/G), and the third position by a hydrophobic
one (mostly L/I1/V). The motif is often preceded by a cysteine residue and is followed by another
hydrophobic amino acid (mostly L/I/V). A regression of this extended CPALL motif appears to
have occurred throughout PrP evolution, i.e., fish prion proteins lack the cysteine residue, which is
present in its closest ZIP relatives, and a full replacement of the PAL motif with a sequence stretch
characterized by polar amino acids occurred in mammalian PrP genes (Figure 2B). The CFC also
frequently encompasses Nx(T/S) glycan acceptor sites, which, in a subset of prion proteins [34] and
close ZIP relatives [35], were shown to be glycan-occupied, but nonetheless cannot be considered a core
feature of the CFC domain. There is another variation to the CFC that can be observed in a subset of
members of the ZIP /PrP family, namely a relatively large sequence insertion at a site predicted to form
the “turn” within the helix-turn-helix fold. Such insertions are found in ZIP orthologs of some insects
(e.g., the mosquito Anopheles aegypti) and a subset of fish prion proteins (e.g., PrP2 from pufferfish,
Takifugu rubribes). Consistent with the interpretation that the respective region in the native folds of
these proteins must be able to accommodate relatively large additional structures, the second N-glycan
acceptor site in mammalian PrP also maps to this ‘turn’. One may speculate that the lack of the PAL
motif in mammalian PrP is linked to the insertion of this second N-glycan acceptor site. For example,
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it may either functionally replace the PAL motif (see below) or offer some other unknown evolutionary
fitness adaptation.
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Figure 2. The cysteine-flanked core (CFC) domain represents an ancient intron-flanked module, from
which the PAL motif gradually disappeared in the prion protein subbranch of this protein family.
(A) Intron—-exon gene architecture of selected ZIP and PrP sequences. The organization of most
prion protein genes resembles the one shown for human PrP. Examples in this panel represent a
wide breadth of available architectures. (B) Multiple sequence alignment of selected CFC sequences
illustrates the gradual loss of the extended CPALL motif in fish and mammalian prion proteins.
The selection of sequences was made with a view to best illustrate trends and features described in
the main text. Note the absence of the cysteine preceding the PAL motif in fish PrP sequences, and
the replacement of the PAL motif in mammalian PrP. Species abbreviations: Hs, Homo sapiens; Mm,
Mouse musculus; Dr, Danio rerio; Tr, Takifugu rubripes; Ga, Gasterosteus aculateus; Md, Mouse domestica;
Gg, Gallus gallus; Ol, Oryzias latipes; Pa, Pteropus alecto; Ci, Ciona intestinalis; Bf, Branchiostoma florida;
Ta, Trichoplax adhaerens; Ag, Anopheles gambiae; Aa, Anopheles aegypti; Ts, Trachemys scripta. Both panels
are derivatives of original Figures 2 and 3 in reference [33] used under CC BY.
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2.3. The CPAL Motif Represents a Dimerization Interface

In the context reviewed here, perhaps the single most interesting insight revealed by the ZIP4
ectodomain structure is the discovery of the ZIP4 dimer interface as being centered on the hydrophobic
PAL motif (Figure 3A). Several lines of evidence suggested for some time that ZIP proteins comprising
a CFC domain can assemble into dimers in vitro, and may also exist as dimers in vivo. For example,
recombinant ZIP5 and ZIP13 ectodomains were observed to purify as homodimers [36,37]. Additional
combinatorial complexity of ZIP protein structures may exist due to the formation of heterodimers.
The aforementioned ZIP6-ZIP10 heteromer is the first example of this phenomenon (note that current
data are consistent with the latter complex representing a heterodimer. However, a rigorous validation
of the stoichiometry of this interaction has not been made, hence its tentative designation as a
heteromer [19,22]). As all of the above proteins share a homologous PAL motif, it is to be expected that
this motif will also be central to their dimerization interface. When the recombinant ZIP4 construct
was truncated C-terminal to its helix «11, the expressed protein no longer eluted as a dimer on
size exclusion chromatography, indicating that the CFC is indeed essential for dimerization [31].
Moreover, a serine-to-cysteine replacement of the amino acid that precedes the ZIP4 PAL motif,
thereby mimicking the predicted dimerization interface of the ZIPs that naturally harbor a cysteine in
this position, caused the mutant to migrate in a Western blot as an SDS-resistant dimer (Figure 3B).
This finding is intriguing, as it suggests the enhanced stability of the mutant dimer is due to the
respective cysteine residues in the interacting monomers forming a disulfide bridge in trans. Consistent
with this interpretation, the protein shifted to monomeric molecular weight, when the same samples
were subjected to disulfide bridge reducing conditions prior to their SDS-PAGE separation. Additional
evidence supporting this dimerization model came from the biochemical characterization of the
ectodomain of ZIP14 (from Pteropus alecto), which naturally possesses a cysteine residue immediately
preceding the conserved proline residue. Again, as for the aforementioned artificial ZIP4 mutant,
a disulfide bond-mediated dimer was observed in the SDS-PAGE analysis, and a cysteine-to-serine
substitution led to a monomeric species under non-reducing condition. These results corroborate the
conclusion that the PAL motif-centered dimerization represents a universal model for ZIPs containing
this motif in their ectodomains.

Whereas there seems to be good agreement on the predominant existence of ZIPs comprising
a CFC domain as dimers, the same cannot be said for PrP, although PrP dimers were repeatedly
reported. For instance, a 60 kDa PrP dimer was initially observed in murine neuroblastoma cells
expressing hamster PrP [38]. Extensive subsequent recombinant work with various PrP constructs,
which most often relied on in vitro refolding steps, revealed the protein to give rise to monomeric
NMR structures [28]. The folding repertoire of PrP is more complex though, as the protein could
be observed to crystallize as a monomer or dimer [39]. Curiously, subtle differences in the protein
sequence (e.g., single amino acid mutations or the presence of the M129V polymorphism) were critical
for whether the protein crystallized as a non-swapped or swapped dimer, and seemed to determine the
specific architecture of the dimer interface [38,40]. Although the aforementioned studies corroborated
the notion that PrP can adopt a surprising diversity of conformational states, the in vivo relevance of
these states is difficult to gauge. Cell-based studies with N-glycosylated wild-type PrP< observed a
monomer—dimer equilibrium on the basis of crosslinking experiments, size exclusion chromatography,
and enzyme-linked immunosorbent assay analysis [41]. Similarly, expression of cattle, hamster and
human PrP in baculovirus-transduced insect cells led to dimeric PrP [42]. It is currently not understood
if differences in the folding behavior of PrP in bacterial or eukaryotic cells merely reflects a need
for a eukaryotic cellular protein folding environment, indicates that the attachment of N-glycans is
critical for dimer formation, or has other causes. That dimerization might play a critical role in PrP’s
biogenesis and trafficking was corroborated by fusing it to the dimerization domain of the FK506
binding protein (Fv). When dimerization was induced by the addition of an Fv dimerization ligand,
the authors observed profound increases in the levels of PrP that reached the cell surface [43,44].
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Figure 3. The CPAL motif present in LIV-1 and fish PrP sequences represents a dimerization interface.
(A) Structural model of human ZIP4-ECD dimerization interface based on the crystal structure of
Pteropus alecto ZIP4-ECD. The two protomers are colored in green and cyan, respectively. The residues
in the ‘SPAL’ sequence are shown in stick mode. The *” symbol indicates the residues from the other
protomer. The yellow dashed line shows the distance between the Cg atoms of the two interacting
5297 residues. (B) Validation of the dimerization interface in (A) by substitution of S297 with a cysteine
residue in the full-length human ZIP4 expressed in HEK293T cells. Both panels are derivatives of the
original Figure 3C, D in reference [31] used under CC BY.

Currently available data on dimerization motifs for mammalian PrP indicate that these are
non-homologous to the ZIP4 dimer interface discussed above and instead rely on structural features
not shared with this ZIP transporter. It remains to be seen to which extent the structures of more
closely related ZIPs will be informative for understanding this aspect of the biology of mammalian PrP.

To date, the smallest extensively studied PrP deletion construct known to convert and transmit
prion-like disease in mice was of 106 amino acids (A23-88, A141-176) [45]. This expression product
comprised the entire helix CFC domain, which in human begins at amino acid 179. However, although
the CFC is a critical component of disease-associated prion proteins, and appears to be retained in their
proteinase-resistant core of 27 to 30 kDa (PrP27-30), the study of ZIPs may not help us elucidate their
structures (the reader is reminded that even fish PrP or the mammalian paralogs Dpl and Sho have not
been shown to undergo prion-like conversion). Rather, we anticipate that comparative analyses of PrP
and ZIPs may continue to help elucidate the physiological function of PrP¢, and may hold a key to
understanding the molecular mechanisms by which PrP affects its next neighbors.

Based on the striking conservation of the PAL motif in fish PrP sequences, our prediction is that the
latter not only exist naturally as dimers, but also adapt the interface seen in ZIP4. Dramatic effects of

92



Pathogens 2018, 7, 4

point mutations on the ability of ZIP4 to fold and reach the cell surface [16,31] and a strong interaction
of the ZIP6-ZIP10 complex with calreticulin (an ER resident chaperone) suggest that the assembly of
ZIPs might be intricate. It then may not come as a surprise that fish PrP was observed to be refractory
to recombinant protein refolding protocols that repeatedly produced high-quality NMR structures
for mammalian prion proteins [30]. It is tempting to speculate that a move to a eukaryotic expression
system, possibly augmented by a tyrosine-to-cysteine replacement of the tyrosine preceding the ‘PAL’
motif present in fish prion sequences, will lead to better-behaved fish PrP expression products [30].

3. Conclusions

Studying the physiological function of homologous segments within ZIPs may hold a key to
understanding elusive aspects of the biology of PrP. Nonetheless, because ZIP4 is a relatively distant
PrP relative, there are limits to the extent insights into its biology will be informative for understanding
PrP. However, this overall approach should become more valuable once structures for the ZIP6-ZIP10
heteromer become available. Already, this general comparative approach has precipitated research that
revealed a role of PrP in EMT [26]. It also was instrumental for understanding that the PrP-NCAM1
interaction is unlikely to have evolved following the split of PrP sequences from its ZIP relatives, but
was most likely inherited by PrP and the ZIP6-ZIP10 complex from a common ancestor [22]. Currently
missing are insights into the molecular workings of PrP and the molecular mechanisms by which its
presence influences its interactors. We anticipate that major advances in this direction will be made
once the ZIP6-ZIP10 complex can be functionally interrogated to dissect how structural elements
within this complex affect its function.
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Abbreviations

Aa Anopheles aegypti

Ag Anopheles gambiae

AE Acrodermatitis enteropathica
Bf Branchiostoma florida

CDF cation diffusion facilitator
CFC cysteine-flanked core

Ci Ciona intestinalis

CTD carboxy-terminal domain
Dm Drosophila melanogaster

Dr Danio rerio

ECD extracellular domain

Ga Gasterosteus aculateus

Gg Gallus gallus

GPI glycosylphosphatidylinositol
HRD helix-rich domain

Hs Homo sapiens

LZT LIV-1 subfamily of ZIP zinc transporters
Md Monodelphis domestica

Mm Mus musculus

@] Oryzias latipes

ORF open reading frame
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Pa Pteropus alecto

PCD PAL-motif containing domain

PL prion-like

PrpC cellular prion protein

SLC solute carrier

Ta Trichoplax adhaerens

™ transmembrane

Tr Takifugu rubripes

Ts Trachemys scripta
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Abstract: The misfolding of the cellular prion protein (PrPC) into the disease-associated isoform
(PrP5) and its accumulation as amyloid fibrils in the central nervous system is one of the central
events in transmissible spongiform encephalopathies (TSEs). Due to the proteinaceous nature of the
causal agent the molecular mechanisms of misfolding, interspecies transmission, neurotoxicity and
strain phenomenon remain mostly ill-defined or unknown. Significant advances were made using
in vivo and in cellula models, but the limitations of these, primarily due to their inherent complexity
and the small amounts of PrP5 that can be obtained, gave rise to the necessity of new model systems.
The production of recombinant PrP using E. coli and subsequent induction of misfolding to the
aberrant isoform using different techniques paved the way for the development of cell-free systems
that complement the previous models. The generation of the first infectious recombinant prion
proteins with identical properties of brain-derived PrP> increased the value of cell-free systems
for research on TSEs. The versatility and ease of implementation of these models have made them
invaluable for the study of the molecular mechanisms of prion formation and propagation, and have
enabled improvements in diagnosis, high-throughput screening of putative anti-prion compounds
and the design of novel therapeutic strategies. Here, we provide an overview of the resultant advances
in the prion field due to the development of recombinant PrP and its use in cell-free systems.

Keywords: Prion disease; TSE; recombinant PrP; in vitro propagation; PMCA; QulC

1. Introduction

Transmissible spongiform encephalopathies (TSEs) are a group of neurodegenerative disorders
which have in common the formation of amyloid plaques due to the accumulation of prion
protein (PrP) which has been converted to an abnormal conformation, known as PrP5, in the
central nervous system (CNS). The misfolding of the normal cellular form of the PrP (PrP) to the
disease-associated form, PrP%, leads to neuronal damage, is invariably fatal but generally preceded
by motor problems, such as myoclonus and ataxia, and by cognitive deficiencies. Different variants of
TSE exist in many mammalian species [1]. In humans, five different prion diseases have been reported
to date: Kuru [2], Gerstmann-Straiissler-Scheinker Syndrome (GSS) [3], Fatal Familial Insomnia
(FFI) [4], Creutzfeldt-Jakob Disease (CJD) [5] and Variably Protease-sensitive Prionopathy (VPSPr) [6].
Each variant presents with distinct clinical signs and a different prion accumulation pattern in the
brain. Besides human prion diseases, the best known examples due to the number of affected animals
are: Scrapie in sheep and goat [7], Transmissible Mink Encephalopathy (TME) [8], Bovine Spongiform
Encephalopathy (BSE) [9] and Chronic Wasting Disease (CWD) in cervids [10]. A slow virus was
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initially hypothesised to be the causal agent of these disorders. However, the lack of identification of
any virus, despite extensive investigations and transmission of the disease after subjecting neural tissue
to treatments known to inactivate nucleic acids, refuted this hypothesis and opened the possibility
of another causal agent [11,12]. An alternative hypothesis was developed by S. Prusiner, known
as the protein-only hypothesis. This controversial theory proposed that TSEs are caused solely by
PrP5¢, a misfolded form of the physiologically normal PrP¢ which is expressed abundantly in the
CNS. This misfolded form of the protein is able to induce transformation of the normal PrPC into a
pathogenic conformation, initiating an infectious process in the brain of the affected individuals [13].
Due to the long incubation periods and phenotypic variability of prion disorders, reminiscent of virus
strains, the existence of a pathogen devoid of nucleic acids was not widely accepted at first. However,
the weight of evidence increased inexorably during the last three decades has proven irrefutably the
proteinaceous nature of this infectious agent that defied the central dogma of the molecular biology [14].
According to the source of the PrP5 seed that initiate the infectious process, TSEs can be classified
as: (1) acquired, when the PrPS¢ comes from an exogenous source [15-17]; (2) genetic, when the PrPC
misfolds due to mutations in the PrP encoding gene [18]; (3) or sporadic, when the cause is unknown
although an spontaneous misfolding of the host’s wild type PrPC is suspected [19]. The latter is the
most common in humans, representing about 85% of the total cases [18].

The PrP is a glycosylphosphatidylinositol (GPI)-anchored membrane glycoprotein encoded
by the PRNP gene, which is present in all superior animals and highly conserved in mammals.
The native form of this protein is comprised of a mostly «-helical globular domain and a flexible
amino terminal region [20,21]. The conformational change that results in transformation to the
pathogenic isoform dramatically alters the biological and physicochemical properties of the PrP,
which becomes neurotoxic, aggregation prone and partially resistant to protease digestion in most
cases [22-24]. The details of this process remain largely unknown at the molecular level hindering
the understanding of several aspects of TSEs. The main limitation comes from the impediment to
unraveling the three-dimensional structure of the pathogenic conformer due to its amyloidogenic
nature [25]. This hinders an adequate understanding of some of the most striking characteristics of
prions such as the strain phenomenon, which is responsible of the existence of phenotypically distinct
TSEs that share identical PrP sequences [26,27], or interspecies transmission of prions, since there is a
transmission barrier between many species due to differences in their PrP amino acid sequences [7,28].

The study of TSEs and their causal agent has been limited for a long time to animal models
naturally susceptible to prion diseases and started with Gajdusek and colleagues who demonstrated
that both Kuru and CJD were infectious disorders by direct inoculations in the CNS of monkeys [29,30].
A similar approach was used to prove the relationship between BSE and variant CJD (vCJD) [31],
and for the generation of rodent-adapted prions by inoculation of scrapie into mice [32]. The difficulties
and costs associated with the maintenance, long incubation periods related to interspecies transmission
barriers and the lack of ability to adapt and study certain prion strains significantly hindered progress in
TSE research despite the advances achieved using naturally susceptible animal models. The emergence
of the first transgenic mice expressing different PrPs [33] greatly increased the interest in animal
models for research on prion diseases. These new models permitted evaluation of the transmissibility
of different prion strains to transgenic animals bearing human PrP [34] and PrPs from other species [35]
and also showed the effect of different PRNP gene mutations on the susceptibility to prion infection [36].
Moreover, models overexpressing PrP permitted shortening of the usually prolonged incubation times
and facilitated obtaining large enough amounts of infectious material to study prions at the molecular
level [35]. Nevertheless, generation of transgenic mice did not ameliorate all the problems related to
animal models such as the high costs associated with their development and housing of high number
of animals needed to reach valid conclusions.

The development of cell cultures derived from different cell lineages all susceptible to prion
infection addressed some of the limitations of the animal models and their use increased rapidly in
the prion field [37]. However, most of the cell lines only propagate mouse-adapted prions in a highly
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strain-specific manner. In fact, different clones from the same cell line can show different susceptibility
to the same prion strains [38] and cell lines highly susceptible to infection by some prions can be
completely resistant to others [39]. Specificity issues were recently overcome by the development of
non-neuronal cell lines [40] and these in vitro models are used to study several aspects of the cellular
biology of prions including the native, non-pathogenic prion protein (PrP<). Nonetheless, developing
cell models for prion infection is highly challenging and frequently unsuccessful [37].

Some of the problems associated with in vivo and in cellula models, primarily the limited quantity
of PrP%¢ that could be obtained, were overcome in 1997 when Wiithrich and collaborators developed
a novel technique to generate large amounts of recombinant PrP (rec-PrP) in Escherichia coli using a
nickel-based purification system [41]. This technique enables the production of highly concentrated
and pure rec-PrP for use in further investigations and has already proven its value in the study of TSEs.
Despite the differences between brain-derived and recombinant PrP (the latter lacks glycosylations and
GPI-anchoring to the cell membrane), it has enabled the atomic structure of the non-pathogenic
PrP to be derived [21] and the development of several cell-free systems for prion generation
in vitro [42-51]. Initially, in vitro generated misfolded protease-resistant PrPs (rec-PrP™*) were poorly
infectious in vivo [42], limiting their use as bona fide prion models. However, this situation changed
with the generation of a highly infectious misfolded rec-PrP able to cause prion disease in vivo and
reproduce all the characteristic hallmarks of a TSE [49]. Subsequently, recombinant PrP and cell-free
systems for prion propagation have become invaluable tools. Herein, we focus on the different uses of
rec-PrP and infectious misfolded rec-PrP and how their development has been pivotal in the field of
TSE by enabling: mechanistic and structural studies, improvements in diagnosis and high-throughput
screening of anti-prion compounds and the design of new therapeutic strategies (Table 1).

2. Molecular Mechanisms

Compelling evidence has been gathered in support of the protein-only hypothesis of prion
disease [13,14] resulting in the proteinaceous nature of the etiologic agent of TSEs accepted widely.
Due to the novelty of a proteinaceous pathogen totally devoid of nucleic acid, the molecular
mechanisms that lead to its transmission and propagation and the subsequent neurodegeneration
were completely unknown. The first clues to the etiopathogeny of TSEs were from using animal
models [29,52]. However, the complexity of these in vivo models limited the information that could
be derived on the molecular mechanisms of the pathogen. Moreover, the long incubation times
and the high costs associated with animal maintenance led to the search for a simpler, shorter
term and more versatile models in order to make advances on the study of this unusual infectious
agent. Cell culture models offered a simpler model that allowed unravelling several aspects of the
cellular biology of the native PrP and the pathogenic isoform [53], although they are still complex
models not totally suitable to study some aspects of the PrP such as tertiary structure or detailed
misfolding mechanisms. The development of the first protocol to produce large amounts of pure,
bacterially-expressed, recombinant PrP by Wiithrich and collaborators [41] provided a starting point for
the development of cell-free systems and offered a new, reliable model that complemented the in vivo
and in cellula models. The use of rec-PrP allows production of modified PrPs with chosen deletions,
insertions, point mutations, distinct labeling and fusion proteins rapidly, providing versatility never
seen before. Initially, the in vitro misfolded PrPs did not reproduce the hallmark characteristics of
brain-derived PrP%¢, being either poorly infectious in vivo or totally non-infectious [42-48], limiting
their usefulness in studying the native form of PrP. It is noteworthy that the first misfolded PrP
produced in cell-free systems with minimal components was with brain-derived purified PrP® and
polyA RNA which resulted in a 50-100% substrate conversion efficiency [43] and demonstrated that
fully infectious prions could be produced from purified components and cofactors. The production of
the first misfolded rec-PrP infective in vivo (bona fide prion) by Ma and collaborators [49] demonstrated
that it is possible to generate recombinant prions with all the hallmarks of PrP5¢ in cell-free systems,
although the substrate conversion efficiency was <5% and the specific infectivity <100-fold lower than
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the previous recombinant prion. Finally, the first recombinant prion with high specific infectivity was
produced a few years later using purified phosphatidylethanolamine (PE) as a cofactor instead of
the lipids used by Ma and collaborators [54]. Therefore, at present, cell-free systems are the simplest
model available to study several aspects of prion disorders that will be summarized in this section.

Prior to obtaining infectious recombinant prions, rec-PrP and cell-free systems demonstrated
their utility for (i) the search for molecules that could interact with the prion protein; (ii) studying
the proneness to misfolding of different PrPs; and (iii) evaluating putative transmission barriers
and the molecular mechanisms underlying these phenomena. The possible interactions of PrP with
copper for example, have been a topic of interest as PrP has long been considered to play a central
role in the homeostasis of copper in the CNS [55]. Its implication in prion propagation has also
been reported [56,57], although its exact role in these process is unknown. The interaction of copper
with octarepeat regions was known previously [58] but an additional domain was described using
rec-PrP [59]. The effect of the interaction between copper and PrP and the misfolding process was also
studied using rec-PrP-based cell-free systems [60-62]. The stability and misfolding proneness of distinct
PrPs has been studied using rec-PrP and cell-free propagation systems too. Since the assessment of
the influence of different domains and polymorphisms on the misfolding proneness of PrP usually
requires modifying its primary structure, rec-PrP has been chosen as model for many of these studies
due to the ease with which this can be accomplished. This is the case in research focused on unravelling
the role of the N-terminal region of the PrP, which is intrinsically disordered [21], on misfolding and
prion-associated neurotoxicity. Rec-PrPs with deletions in the N-terminal region have been used to
show this domain is not necessary for PrP fibril formation, at least for mouse rec-PrP (amino acids
121-231) [63], hamster rec-PrP (90-231) [64], and human rec-PrP (90-231) [65]. Moreover, toxicity studies
of the latter on cell cultures suggest that this domain is not directly involved in prion-associated
neurotoxicity. The Central Lysine Cluster (CLC), encompassing amino acid residues 101-110 of the PrP,
has been identified also as a critical region for the conversion to the pathogenic isoform due to the
presence of several mutations associated with genetic prion disorders [66,67]. Specifically, recombinant
hamster and mouse PrP were mutated to determine the effect of GSS-associated mutations in the CLC
(P102L and P105L) on their proneness to misfolding. These mutations and others in the CLC were
shown to play a pivotal role on the susceptibility of PrP to misfolding [68]. Similarly, the effect of
different polymorphism that were suspected of influencing the susceptibility to prion infection in vivo
have been confirmed in vitro using rec-PrPs. The susceptibility of humans to BSE infection is known
to be influenced by a polymorphism at amino acid residue 129, where the presence of a methionine
residue instead of a valine one results in increased susceptibility [69]. Experiments using human
rec-PrP with both polymorphisms demonstrated that a methionine residue in position 129 makes the a
a-helix more solvent-exposed, increasing its proneness to misfolding [70]. Polymorphisms in mouse
PrP that define genotypes a (L108/T189) and b (F108/V189) were also known to influence significantly
the pathogenesis upon infection with scrapie in vivo [71]. Recombinant prion fibrils obtained from both
polymorphic forms of mouse rec-PrP determined a clear difference in the nucleation phase [72], clearly
demonstrating the influence of these amino acid residues on the misfolding ability of PrP. Besides
evaluating the effect of different protein regions and amino acid residues on the fibril formation process,
the influence of chemical modifications can be tested easily also using rec-PrP. For instance, the role
of methionine oxidation, an event that could be related to the ease of prion propagation [73,74] was
proven using hamster rec-PrP, which upon methionine oxidation showed increased proneness for
(3-sheet structure acquisition [75] and fibril formation [76].

Despite most of the previous examples being performed using cell-free systems and giving
rise to non- or poorly infectious amyloid fibrils composed of rec-PrP, their use for the investigation
of possible molecular mechanism related to PrP misfolding is beyond doubt. However, the results
from these methods need to be interpreted cautiously as they may not correlate completely with the
molecular mechanisms that take place in vivo. For this reason, the generation of bona fide recombinant
prions was a significant breakthrough in the field of TSE research. Nonetheless, even the methodology
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that allowed production of the first recombinant prions that were as infectious as those derived
from brain tissue [49] show an intrinsic variability by producing different misfolded rec-PrPs with
strikingly different biological properties [77]. This is most likely due to the generation of misfolded
rec-PrP fibrils with distinct tertiary or quaternary structures in vitro, reminiscent of the different
structures underlying different prion strains [78]. At present, this in vitro misfolding event cannot be
controlled accurately thereby resulting in different misfolded rec-PrP conformations with different
tertiary structures stochastically and depending on the conditions used [49,77,79]. Differences in the
post-translational modifications between rec-PrP and brain-derived PrP probably hamper precise
templating with brain-derived PrP% seeds, impeding the formation of the same strains that can
be found in vivo. Therefore, most of the misfolded rec-PrPs generated in vitro are non- or poorly
infectious in animal models, despite showing other prion-like properties such as self-propagation
or protease-resistance. In fact, prions obtained from mouse P101L recombinant PrP (the equivalent
to P102L human mutation related to GSS) produced the accumulation of amyloid plaques in the
CNS of TgP101L knock-in transgenic mice but no clinical signs were observed in these animals [80].
Therefore, it is important to consider the biological properties of the misfolded rec-PrPs in vivo in order
to correctly interpret the significance of the results obtained with these models. Moreover, defining the
factors that would allow controlling the biological properties of the misfolded rec-PrPs generated in
cell-free systems is of utmost importance to obtain biologically significant and unrefutable conclusions
regarding the molecular mechanisms under study.

Legname and collaborators demonstrated that obtaining infectious recombinant prions is possible
using purified rec-PrP, although challenge with this misfolded rec-PrP in a wild-type mouse model
resulted in unusually long incubation periods [42]. This effect was probably due to the differences
between the recombinant PrP and the mammalian cellular PrP, to the variety of conformations that
the rec-PrP can acquire during its in vitro misfolding or to a lower infectious titer than brain-derived
prions. In subsequent passages in animals, the misfolded rec-PrP adapted to in vivo propagation
through a phenomenon that has been named deformed templating, which suggests that the initial slow
propagation is due to incomplete structural compatibility [81]. Moreover, the generation of structurally
distinct, misfolded rec-PrPs, which showed different biological properties, was demonstrated
later. However, this set of ultrastructurally distinguishable recombinant prions converged into a
common conformation upon successive inoculations in vivo [82]. The relevance of an appropriate
three-dimensional structure over the differences between recombinant and mammalian PrP was
proved by the generation of the first recombinant mouse prion capable of infecting wild-type
mice with characteristics similar to those of brain-derived brain prions [49,83]. In this case, lipids
(specifically POPG) and RNA were used as cofactors in the in vitro misfolding reaction, highlighting
the relevance of appropriate cofactors to drive a mammalian prion-like misfolding, as addition of
different cofactors rendered structurally highly similar but non-infectious prions under the same
conditions [77]. This is in contrast with the observations of Deleault and collaborators that were able
to obtain consistently recombinant prions with high specific infectivity using polyethylene glycol
(PE) as a cofactor. The requirement of cofactor molecules for the formation of recombinant bona fide
prions has been studied in depth and several molecules including specific lipids and polyanions
were successfully used to obtain infectious recombinant prions [64,84-88]. However, the fact that
absence of these cofactors restrict the rec-PrP misfolding towards recombinant bona fide prions has
been undermined recently. Replication of the experiment that gave rise to the first highly infectious
mouse recombinant prion [49] resulted in non-infective prions in vivo [79] suggesting that a stochastic
element may be present. However, the generation of infectious recombinant prions was achieved
recently in the absence of cofactors using both a murine full-length rec-PrP [47] and a C-terminally
deleted rec-PrP (amino acids 23-144) [89]. These results demonstrated that obtaining recombinant
prions with biological characteristics similar to mammalian prions is possible, although the conditions
that invariably lead to this goal are not completely understood as yet. A clear example of this is the
POPG-complemented recombinant prions [49] and PE-complemented ones [54] for which differences
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in specific infectivity and reproducibility could be due either to different protocols or to the different
cofactors used. Despite not totally controlling the process, the ability to generate highly infectious
recombinant prions, besides supporting the protein-only hypothesis, provides an invaluable model to
finally unravel the greatest enigma of prions, their three-dimensional structure at a molecular level.

Recombinant PrP and in vitro misfolded recombinant fibrils play a central role in several
structural studies focused mainly on deciphering the changes occurring during the misfolding event.
Although it is well known that changes in secondary and tertiary structure of the PrP occur during
the misfolding event, the regions involved in the initial steps and the structure of the misfolded
pathogenic protein are completely unknown, which is reflected clearly in the notably different
structural models proposed [64,90]. Using bovine rec-PrP (amino acids 121-230) and high-resolution
NMR the regional stability and structural changes occurring upon urea-induced misfolding were
measured, revealing region-specific information about the initial steps of PrP misfolding [91]. Similarly,
the fibrilization of mouse rec-PrP aggregated in vitro in the presence of chaotropic agents was
followed by hydrogen-deuterium exchange and mass spectrometry, highlighting the significance of the
C-terminal domain and the direct addition of rec-PrP monomers to the fibrils, without intermediate
oligomeric states [92]. However, these studies were performed by inducing rec-PrP fibrilization with
chaotropic agents, which may not reproduce the misfolding process that takes place in vivo. Cell-free
systems that allow the generation of infectious bona fide prions contribute to solving this issue. In fact,
self-propagating recombinant misfolded PrPs with distinct in vivo infectivity have been analyzed
using distinct physicochemical techniques and revealed subtle structural differences in the regions
91-115 and 144-163 that could be responsible for the different infectivity [88]. Infectious amyloid fibrils
composed of sheep rec-PrP were the first studied with high resolution techniques such as Atomic Force
Microscopy (AFM) and solid state-NMR (ssNMR) and showed results were not in complete agreement
with either of the structural models proposed for prions [93]. Apart from full-length rec-PrP, amyloid
fibrils formed by C-terminal truncated recombinant prions from human, mouse and hamster were
also analyzed by ssNMR, showing a parallel in-register (3-core [89]. Collectively, these studies clearly
show the potential of recombinant bona fide prions to finally obtain a high-resolution three-dimensional
structure of prions.

3. Diagnosis

The similarity between the clinical signs of TSEs and other neurodegenerative diseases makes
the early diagnosis of some prion disorders extremely difficult. Motor and cognitive alterations are
common features in all neurodegenerative diseases, hampering definitive diagnosis. The analysis
of molecular biomarkers such as the 14-3-3 protein in the cerebrospinal fluid (CSF) of suspicious
cases is often used to support the diagnosis in addition to clinical signs. However, altered levels
of such biomarkers is non-specific as it is a common trait in many neurodegenerative diseases [94].
Although early detection of PrP5¢ would be the best biomarker due to its specificity, the accumulation
of detectable amounts of PrPS is mainly restricted to the CNS and is a late event in the course of many
prion disorders limiting its use as an early diagnostic tool [95,96]. Nonetheless, in the case of oral
or intraperitoneal infections compelling evidence shows that minute amounts of PrPS¢ are present
in some body fluids of the affected individuals and in some prion disease to a major extent in the
lymphoreticular system. More importantly, these traits of PrP> appear prior to its accumulation on the
CNS during the pre-symptomatic stage of the disease [97,98]. The diagnosis of prion disorders
in an early stage is of utmost importance to help distinguish them from other dementias [99].
This is also critical in terms of public health, since the presence of PrP*¢ in certain body fluids from
pre-symptomatic individuals might be enough to infect others [100,101]. Thus, PrPS5¢ detection is
pivotal for biosafety in blood transfusions and surgery [102,103]. However, the exceptionally small
amounts of the causal agent in easily accessible body fluids, such as blood or urine, restrict its direct
detection [100,104]. In the case of the CSF, despite the specific infectivity could be much higher it is
also low in the asymptomatic stage of the disease, making difficult to detect it directly [105]. In order
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to solve this problem two different strategies which use either PrP> concentration or its amplification
before detection have been adopted.

There are two main techniques for PrP5 concentration and detection in body fluids. Both take
advantage of steel beads or wires to concentrate prions present in the blood and CSF, which for
unknown reasons bind the PrP5¢ present in the sample [106,107]. The first one, called Direct Detection
Assay (DDA), is based on direct detection of these concentrated (using a solid-state binding matrix)
prions by specific antibodies [108]. The second, Standard Steel Binding Assay (SSBA) couples prion
concentration with a Scrapie Cell Assay (SCA) on which PrP5¢ detection is based on the infection of
susceptible cell lines using the concentrated prions as seeds [109,110]. However, the DDA relies on the
direct detection of PrP5¢ after concentration which may not be present within the lower detection limit
of the method depending on the disease stage of the affected individual. In the case of SSBA, the cell
assay would act as reporter solving the issue of sufficient PrP%¢, although it is restricted to those prions
for which susceptible cell lines exist.

The development of cell-free systems using rec-PrP is the cornerstone of the detection methods
based on PrP5¢ amplification and would overcome some of the limitations of the previous techniques.
Several systems have emerged for in vitro prion propagation or amplification, all of them employing
the use of a substrate that contains an excess of natively folded PrP and a small amount of PrPS¢ which
acts as seed and promotes the misfolding of the PrP from the substrate. Subsequently, this larger
amount of misfolded PrP can be detected directly using specific antibodies or amyloid-binding dyes.
The development of protein misfolding cyclic amplification (PMCA) was a great step forward on this
direction. Initially, PrP¢ from brain homogenates was used as a substrate to amplify minute amounts
of PrP* from prion-infected tissue samples using serial cycles of incubation and sonication [111].
However, the use of brain homogenates as source of PrP limited its application to the existing animal
models. Substitution of the PrP derived from brain homogenates for rec-PrP overcame some of these
limitations [112]. Furthermore, any sequence of rec-PrP can be designed and generated including
chimeric or mutant PrPs that could improve the sensitivity of the technique due to increases in
proneness to misfolding. Caughey and collaborators used used hamster rec-PrP as substrate with
PMCA to amplify PrPS¢ seeds obtained from the CSF of scrapie-infected hamsters [113]. This system
permitted the detection of as little as 50 ag of PrP%¢, allowing the diagnose of scrapie in hamsters
using just 2 uL of CSFE. However, despite the improvement by using rec-PrP, this technique was never
implemented in clinical practice as it could not be used successfully with human samples and because
the complexity of the incubation/sonication system and the expertise needed to interpret the results
precluded its daily use in hospitals.

Another technique based on rec-PrP amplification to detect minute amounts of PrP% is the
Amyloid Seeding Assay (ASA). Instead of using natively folded rec-PrP and incubation/sonication
cycles, rec-PrP is kept in a semi-denatured state through the addition of chaotropic agents, which is
thought to be an intermediate state on its misfolding pathway leading to aggregation [114]. Under mild
denaturing conditions (presence of 0.46 M of guanidine hydrochloride), constant temperature (37 °C)
and shaking, a nucleation process takes place creating misfolded states of the rec-PrP, which is the first
step in the growth of amyloid fibers that occurs later. The growth of the amyloid fibers is monitored
measuring the Thioflavin T (ThT) fluorescence over time, which increases in intensity upon binding
to amyloid fibers. This simplifies the detection compared to direct detection by western blotting and
specific antibodies [115]. The misfolding of hamster rec-PrP into amyloid fibers in vitro that occurs
under these conditions is a spontaneous and slow process with a lag phase (time needed to detect some
fluorescence increase) of nearly 12 h. The addition of preformed amyloid fibers or PrP*¢ as seeds greatly
accelerate rec-PrP fibril formation, reducing the lag phase to just 2 h. The sensitivity of the technique has
been evaluated using purified fibers from phosphotungstenate (PTA)-precipitation of scrapie-infected
mouse brains, hamster brains and sporadic CJD infected human brains. In all cases addition of a
seed lead to accelerated ThT signal increase and estimates suggest that as little as 0.03 fg of PrP> can
be detected by ASA [115]. This technique would be more suitable as a practical diagnostic system
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because it does not require sonication and the rec-PrP is easily produced. Furthermore, the sensitivity
is appropriate and the system requires less specialist knowledge and technical proficiency compared
to PMCA. However, it has not been tested with CSF samples and the necessity of purified fibers or
brain homogenate as seeds impede its use as a tool for early diagnosis of prion infections.

To date, the most successful technique and the most likely to be implemented in clinical practice
is based also on the use of rec-PrP as a substrate for prion amplification. The Real Time Quaking
Induced Conversion (RT-QuIC) allows the conversion of rec-PrP into the protease-resistant misfolded
PrP isoform (PrP™°) using shaking and controlled temperature and avoids the use of chaotropic
agents [116,117]. The fibril growth is measured in real time using ThT, which is present throughout the
fibril growth. It has been used with multiple strains, species and different PrP% sources, including
different classical strains of hamster, human, bovine, cervine, ovine and murine prions and some
atypical strains also and all of them are detected efficiently by this technique [118-124]. Moreover,
it has been further simplified because a single rec-PrP (the one from bank vole, Myodes glareolus) has
been found to act as nearly universal substrate for the detection of prion strains coming from different
species, including human samples [122]. The use of this rec-PrP as substrate for RT-QulC allows
the accurate diagnosis of humans affected by sporadic prion disorders with 100% sensitivity and
100% specificity from nasal brushing samples [99,125,126]. This sampling technique is a painless and
relatively non-invasive way to obtain neuronal samples from the olfactory bulb and this, coupled to
the extremely sensitive and specific RT-QuIC, may become the routine diagnostic tool for prion disease
diagnosis in pre-symptomatic patients in the future.

4. Screening

The unknown molecular mechanisms underlying prion propagation and the resultant
neurodegeneration are motivating researchers in the field to seek chemical compounds with anti-prion
properties empiricaly, mostly through high-throughput screening of large chemical libraries [127].
Despite some compounds with putative anti-prion features have been identified based on experimental
evidence [128,129] or because of their amyloid binding properties [130-132], none of them was effective
in vivo [133-135]. Therefore, the search for new compounds that may become effective treatments is
an area of great activity in the TSE field, as well as the development of rapid, inexpensive and reliable
systems for high-throughput screening.

Although the most reliable results in the search for compounds with anti-prion properties would
be by in vivo models, these are unsuitable for high-throughput screening due to the economical and
ethical issues associated with the large number of animals required. Instead, cell culture models have
been used to detect compounds that could impair prion propagation [136]. However, these models
require expertise, have higher material costs than cell-free systems and are not suitable for human
prion diseases as only some animal strains can be propagated. Moreover, despite being closer to
the natural scenario, cell culture still does not result in all the characteristic hallmarks of a TSE and
are slower than other in vitro systems because of the time needed to process samples and measure
the decrease in PrPS levels. Thus, the most cost-effective methods for high-throughput screening
of putative anti-prion compounds relies on the use of rec-PrP. Relatively large quantities of pure
rec-PrP can be produced easily and the protein can be modified or labelled in any way imaginable to
facilitate the measurement of the outcome. Different in vitro techniques based on the use of rec-PrP
have demonstrated their potential for the screening of putative anti-prion drugs. These techniques
can be divided in two groups depending on the mechanisms sought to inhibit the progression of the
disease; compounds able to bind to native PrP or those inhibiting fibril formation.

Most of the techniques in use at present seek compounds able to bind to natively folded PrP and
impede its misfolding through stabilization of this conformation or blocking putative interaction sites
with the disease-associated isoform. This strategy was proven valuable due to compounds such as
the cyclic tetrapyrroles [137] which were identified due to their capacity to bind proteins and alter
their conformational properties. Some of these compounds have been shown to interact with PrP

104



Pathogens 2017, 6, 67

specifically and even the binding site of some have been identified by Nuclear Magnetic Resonance
(NMR) [138] which appeared to be directly related to their ability to inhibit the formation of the
misfolded isoform in vitro [139]. Similarly, low-molecular-weight heparin, which binds to rec-PrP
and increases its thermal stability, was shown to inhibit fibrillization of rec-PrPs from mouse and
hamster by RT-QuIC [140]. Although none of these compounds reached clinical trials due to toxicity or
poor blood brain barrier permeability, these examples clearly demonstrate the utility of screening for
compounds with the ability to bind to rec-PrP. Several assays have been developed in order to perform
high-throughput screening of chemical compounds able to bind to rec-PrP.

The fluorescence polarization-based competitive binding assay uses rec-PrP and phosphorothioate
oligonucleotides (PS-ONs) which are fluorophores that bind strongly to the protein and show certain
pattern of fluorescence polarization (FP) when bound. The addition of compounds that compete
with the PS-ON for the binding site displaces it changing the FP of the sample. The binding
site of PS-ON has already been reported to be important as when it attaches to PrP it prevents
misfolding [141]. Thus, any compound that competes for this binding site could be a good
candidate for treatment of prion disorders. This system can be easily adapted for high-throughput
screening of compounds as 96-well plates can be used and measurement of the outcome is
rapid. This technique, combining the use of hamster rec-PrP and the fluorophore Randomer-FL,
has been shown to be useful in screening for anti-prion compounds [141]. A similar technique
was also developed based on FP technology using rec-PrP labelled with a different fluorophore,
IANBD [N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole) ester]. In this case,
the proteins need to be mutated to include a cysteine residue on its primary structure without
significantly altering its secondary and tertiary structure. The use of rec-PrP allows the generation
of the required mutant PrPs and the measurement of secondary and tertiary structure by standard
biophysical techniques. This approach was successfully used by Collinge and collaborators using
a human rec-PrP with a cysteine substitution at position 145 for the screening of a 1200-compound
library [142]. They identified a compound, Chicago Sky Blue 6B, which bound strongly to rec-PrP with
anti-prion activity which was demonstrated also in cell culture.

Surface Plasmon Resonance (SPR) is another technique that has demonstrated its potential for
the high-throughput screening of anti-prion compounds through binding to rec-PrP. This technique is
based on the measurement of changes that occur in the molecular weight of a protein upon binding
of different molecules [143]. This screening system has been implemented successfully by Doh-Ura
and collaborators using mouse rec-PrP (amino acids 121-231) and different compounds with known
anti-prion capacity [144]. Propranolol was identified as a new anti-prion drug with the results being
confirmed in cell-culture.

The other group of techniques used for high-throughput screening of compounds aims to detect
those which inhibit the misfolding or fibrillization of rec-PrP in cell-free systems, regardless of the
mechanism of action of the compound. The generation of amyloid fibers in vitro using rec-PrP
as a substrate was a breakthrough in the prion field as it was the first cell-free system [42] able
to generate a highly infectious recombinant PrP [49]. From the diverse methods developed for
rec-PrP fibrillization, some can be adapted to the high-throughput screening of compounds due
to their technical characteristics. This is the case for the semi-automated cell-free system [145] and
RT-QuIC [117], both easily automated due to the simplicity of the equipment needed and the
possibility of robotising the measurement of the fluorescence outcome. Both techniques rely on
an increase in Thioflavin T (ThT) fluorescence to detect the presence of fibrils formed by rec-PrP in the
sample, which occurs spontaneously in both systems but can be accelerated by the addition of seeds.
Therefore, these systems are suitable for high-throughput screening because they are easy to automate,
have reduced costs compared to animal or cell culture models and are faster than any other system.
The semi-automated cell-free system has demonstrated its ability to screen anti-prion drugs using
mouse rec-PrP and different compounds with known anti-prion effects such as curcumin, PAMAM
dendrimers and TMPyP-Fe(III) [145]. Similarly, RT-QulC has been used successfully using human

105



Pathogens 2017, 6, 67

rec-PrP and CJD-affected brain homogenate samples as a seed. Among others, acridine, dextran
sodium sulphate and tannic acid were used to provide proof of principle, showing the suitability
of this system for high-throughput screening of compounds that could inhibit prion propagation
in vitro [146].

Halfway between methods measuring binding of compounds to rec-PrP and those looking for
inhibition of fibrillization of rec-PrP, the Scanning for Intensely Fluorescent Targets (SIFT) is worthy of
mention. In this case, mouse rec-PrP labelled with a green fluorophore is incubated in the presence of
CJD-affected brain homogenate and antibodies specific for human PrP labelled with a red fluorophore.
The technique is based on measuring disturbances in the interactions between rec-PrP and the PrP5
present in a CJD-affected brain homogenate after the addition of compounds that could interfere with
this interaction. In the absence of anti-prion compounds, rec-PrP and the CJD fibrils form ternary
complexes resulting in a mix of red and green fluorescence, while addition of compounds that inhibit
this interaction shifts the fluorescence emission [147]. This method was successfully used for screening
ten thousand compounds and detected eighty hits from which six were effective in cell culture models.

Together, this work demonstrate the suitability and versatility of various systems based on rec-PrP
for high-throughput screening of anti-prion drugs.

5. Therapy

At present, there is no effective treatment for TSEs and they remain invariably fatal. The lack
of knowledge of the atomic structure of PrP> and the molecular mechanisms leading to protein
misfolding and spongiform degeneration impede the rational design of therapeutic approaches
targeting PrP> or the cascade that results in neurodegeneration. Despite this, many research groups
have focused their efforts on finding a therapy for these devastating disorders. Although none of
the strategies or compounds found as yet are suitable for clinical practice, several strategies have
been designed with differing levels of success. The search for chemical compounds with anti-prion
properties [127], discussed above, is the most obvious strategy. Other strategies proposed include gene
therapy [148], administration of rec-PrPs which impair the misfolding of endogenous PrP [149,150],
and immunological therapy aimed at inducing an immune response against prions [151,152].
Recombinant PrP plays a pivotal role in the last two therapeutic strategies showing its use in this area
of TSE research.

The existence of transmission barriers is a well-known phenomenon in the prion field that
has led to the development of therapies involving the use of rec-PrPs able to interfere with the
propagation of PrP at the expense of endogenous PrP. Transmission barriers were first identified
when interspecies prion transmission was performed experimentally. Due to differences in the PrP
amino acid sequences of prion-donor and receptor species, the transmission is hindered, as shown
by prolonged incubation times and reduced attack rates (percentage of individuals that succumb
to the disease) [153]. Upon subsequent challenges, with resultant brain material from individuals
initially challenged, in the same receptor species, incubation times are shortened and the attack
rate increased as a result of adaptation [154]. In addition to differences in PrP primary structure,
differences in the three-dimensional structure of prion strains (even those with the same PrP sequence)
can also result in transmission barriers [78,155]. This phenomenon, first observed in vivo, has been
reproduced in vitro in cell-free systems mimicking prion misfolding. PMCA is a good example of
this as a well-established method to study the transmission barriers using brain homogenates as
substrate and different seeds derived from infected brain homogenates [156,157]. Using rec-PrP as
substrate, it was found that differences in PrP amino acid sequence was not the only criteria imposing
a transmission barrier, but that differences between brain-derived prions and rec-PrP (probably due to
the absence of glycosylation and a GPI anchor) also hindered the in vitro propagation of brain-derived
PrP%¢ [158]. Taking advantage of this phenomenon, administration of rec-PrP has been proposed as a
direct treatment delaying prion misfolding and thus, the progression of the disease. Using PMCA with
brain homogenates from transgenic mice overexpressing human PrP as substrate and CJD-affected
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patient brain homogenate as seed, it was shown that the addition of human rec-PrP to the system
clearly impeded the propagation of the CJD seed in a dose-dependent manner [149]. Because of a
possible adaptation of the brain-derived prions to the rec-PrP substrate, dominant negative PrPs have
been sought, PrPs with lower capacity to be misfolded due to certain mutations [159], which could be
the best candidates for this therapeutic approach. Although the exact molecular mechanism of the
interference of rec-PrP with PrP% is unknown, this approach was also shown to be effective in vivo.
In this case, mice infected with rodent-adapted scrapie prions and treated with hamster rec-PrP
administered intracerebrally showed a significant increase in the survival times in a dose-dependent
manor, illustrating clearly that rec-PrP could be used as an inhibitor in the treatment of TSEs [160,161].

Another therapeutic strategy involving the use of rec-PrP is the immunological therapy. As the PrP
is a ubiquitous protein abundantly expressed in the CNS and PrP5 shares the same primary structure,
no immunological response arises against prions, a phenomenon known as autotolerance [162,163].
The aim of the immunological therapy is to overcome this autotolerance and induce the immune
system to generate antibodies which upon binding to PrP could impede its conversion to the
pathogenic isoform. For that purpose, rec-PrP is used like a vaccine antigen to induce the production of
auto-antibodies. The effectiveness of the immunological therapy has been shown in different models.
Using dimeric mouse rec-PrP expressed in E. coli, auto-antibodies were generated in mice which
demonstrated their efficacy by inhibiting the formation of PrP% in cell-culture models persistently
infected with prions [164]. Mouse rec-PrP immunization was also shown to provide protection in vivo,
delaying the development of the disease when used as a prophylactic therapy in mice [165-167].
Furthermore, immunization with rec-PrPs from other species, such as bovine rec-PrP, delayed the
disease onset in mice inoculated with rodent-adapted prions [152]. Apart from mouse models,
the ability of rec-PrPs to boost the immune system has been shown in hamsters immunized with
recombinant hamster PrP [151]. Altogether these works demonstrated that the use of rec-PrP to
promote an immune response against prions may be an effective prophylactic approach to prevent the
development of TSEs.

Since the generation of the first recombinant misfolded PrP [42], several in vitro models have
been developed based on this technology. Due to these techniques, different aspects of the molecular
mechanisms responsible for prion misfolding were unravelled, important improvements in TSEs
diagnosis were made, different anti-prion compounds were discovered and new therapeutic strategies
were developed. The development and production of recombinant PrP has demonstrated its enormous
potential for further understanding of these devastating prion disorders.

Table 1. Summary of the most relevant advances accomplished with rec-PrP in each research area.

TSE Research Area Breakthrough Reference
Production of highly pure bacterially-expressed recombinant PrP [168]
Determination of the 3D structure of cellular PrP [21]
Generation of the first infectious recombinant prions [42]
Generation of the first recombinant prions infectious in wild type animals [49]
Generation of the first highly infectious recombinant prions [54]
Interaction of PrP with copper confirmed [59]
Molecular mechanisms  N-terminal of PrP not necessary for misfolding [63-65]
Confirmation of increased misfolding proneness due to disease-associated mutations [50,68]
Generation of the first human infectious recombinant prions [50]
Confirmation of different misfolding proneness in polymorphic PrPs [69-71]
Description of possible mechanisms of strain generation and adaptation [51,82]
Description of the role of cofactors in the determination of biological properties [47,49,51,55,78]
Generation of models for 3D structure of recombinant misfolded PrP [64,89,90]
Diagnosis Development of PMCA based on rec-PrP for diagnosis from CSF [113]
Development of RT-QUIC for diagnosis from different body fluids and tissue samples [99,122,126,135]
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Table 1. Cont.

TSE Research Area Breakthrough Reference
Screening Development high-throughput screening methods [144,145,147]
Therapy Demonstration of dominant-negative effect of exogenous rec-PrP on the propagation of prions [149,150]
Immunotherapy based on injection of rec-PrP [151,152]
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Abstract: Prion diseases are sub-acute neurodegenerative diseases that affect humans and some
domestic and free-ranging animals. Infectious prion agents are considered to comprise solely of
abnormally folded isoforms of the cellular prion protein known as PrP%. Pathology during prion
disease is restricted to the central nervous system where it causes extensive neurodegeneration and
ultimately leads to the death of the host. The first half of this review provides a thorough account
of our understanding of the various ways in which PrPS¢ prions may spread between individuals
within a population, both horizontally and vertically. Many natural prion diseases are acquired
peripherally, such as by oral exposure, lesions to skin or mucous membranes, and possibly also
via the nasal cavity. Following peripheral exposure, some prions accumulate to high levels within
the secondary lymphoid organs as they make their journey from the site of infection to the brain,
a process termed neuroinvasion. The replication of PrP5¢ prions within secondary lymphoid organs
is important for their efficient spread to the brain. The second half of this review describes the key
tissues, cells and molecules which are involved in the propagation of PrpSc prions from peripheral
sites of exposure (such as the lumen of the intestine) to the brain. This section also considers how
additional factors such as inflammation and aging might influence prion disease susceptibility.

Keywords: prions; prion protein; PrPS¢; horizontal transmission; vertical transmission; secondary
lymphoid organs; intestine; central nervous system

1. Introduction

The prion diseases are a unique group of sub-acute neurodegenerative diseases that affect humans
and certain domestic and free-ranging animals. The infectious prion agent is considered to comprise
solely of abnormally folded isoforms of the host-encoded cellular prion protein PrPC, termed prion
disease-specific PrPS¢. Prion infectivity co-purifies with PrP5 and appears to constitute the major
component of the infectious agent [1,2]. The pathology caused during prion disease is considered
to be restricted almost entirely to the central nervous system (CNS), where it causes extensive
neurodegeneration which ultimately leads to death. The characteristic histopathological features
of CNS prion diseases include vacuolation in the brain (spongiform pathology), neurodegeneraton,
microgliosis, astrocytosis, and abnormal accumulations of Prpse,

Several different forms of prion diseases have been described: spontaneous, genetic, or
acquired through various routes of exposure (Table 1). Many prion diseases such as natural sheep
scrapie, chronic wasting disease (CWD) in cervid species, and bovine spongiform encephalopathy
(BSE) in cattle are considered to be orally-acquired; for example through the consumption of
prion-contaminated food or pasture. Examples of vertical prion transmission between an infected
mother to the developing fetus or offspring have also been reported. In addition to their important
health and economic impacts to livestock industries, some prion disease also have zoonotic potential.
The consumption of BSE-contaminated food during the UK BSE epidemic was responsible for
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the occurrence of a novel human prion disease, variant Creutzfeldt-Jakob (vCJD), which was
predominantly described in young adults. Whether other animal prion diseases also have zoonotic
potential is an important human health concern. Sporadic CJD (sCJD), in contrast, typically affects
elderly individuals and has an unknown etiology and incidence of approximately 1/million population
per annum throughout the world. Whether this prion disease is also acquired is uncertain, but a
study using experimental mice has proposed that sheep scrapie prions may also have zoonotic
potential and cause a disease in the recipients with characteristics identical to sCJD [3]. Instances of
accidental iatrogenic prion transmission between humans have also been documented following the
transplantation of sCJD-contaminated tissues (dura mater grafts) or tissue products (pituitary-derived
human growth hormones), transfusion of blood or blood products from vCJD-infected donors, or use
of prion-contaminated surgical instruments or medical devices.

Table 1. PrPS¢ prion diseases of humans and animals.

Prion Disease Affected Species Transmission Route
Tatrogenic Creutzfeldt-Jakob Accidental rr.1ed1ca1 exposure to
. Human CJD-contaminated tissues or tissue
disease (CJD)
products

Unknown. Theories include somatic
Human mutation or spontaneous conversion of
PrPe to PrPS¢

Sporadic Creutzfeldt-Jakob
disease

Ingestion of BSE-contaminated food or
Human transfusion of blood or blood products from
variant CJD-infected blood donor

Variant Creutzfeldt-Jakob
disease

Familial Creutzfeldt-Jakob

) Human Germ-line mutations of the PRNP gene
disease
t -St ler-Scheinks . .
Gerstmann-Straussler-Scheinker Human Germ-line mutations of the PRNP gene
syndrome
Kuru Human Ritualistic cannibalism
Fatal familial insomnia Human Germ-line mutations of the PRNP gene
Bovine spongiform Cattle Ingestion of contaminated food
encephalopathy
Scrapie Sheep, goats, mouflon Acqmrgd._ Ingestl(?n, hor1zont-a1.
transmission, vertical transmission unclear
Chronic wasting disease Elk, deer, moose Acqu1r§3d,_ ngStlo.n’ honzont_al .
transmission, vertical transmission unclear
T issible mink . . . .
ransmissibie min Mink Acquired (ingestion) source unknown
encephalopathy
Feli if D tic and zoological . .
efine spongtorm omestic and zoologica Ingestion of BSE-contaminated food
encephalopathy cats

Exotic ungulate

encephalopathy Nyala, kudu Ingestion of BSE-contaminated food

The first half of this review provides a thorough account of our current understanding of the
various ways in which PrP5 prions may spread between individuals within a population, both
horizontally and vertically. Following peripheral exposure, the prions often accumulate to high levels
within the secondary lymphoid organs (SLO). This initial replication prion replication phase within the
secondary lymphoid tissues is essential for the efficient spread of the prions from the site of exposure
to the CNS, a process termed neuroinvasion. The second half of this review goes on to discuss the
key tissues, cells, and molecules that facilitate the propagation of PrPS¢ prions from peripheral sites of
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exposure (such as the lumen of the intestine) to the brain. This section also describes how additional
factors such as inflammation and aging can influence prion disease susceptibility.

2. Transmission of PrPS¢ Prions between Host Species

The precise route by which many of the natural prion diseases are acquired or transmitted between
host species is uncertain. Prion diseases in animals have the potential to be transmitted by a variety
of routes depending on factors such as the stage of host development and the husbandry conditions
within which they are maintained. The sections below describe our understanding on contribution of a
range of exposure routes summarized in Figure 1 and the factors which can affect disease susceptibility.

Lesions to skin or
mucous membranes

Excretion via
- = P faeces and urine

b ‘ Contamination of
environment with
placenta and other
gestational tissues
or fluids

Nasal
secretions Saliva
In utero
transmission
to developing
foetus

. Ingestion
Inhalation  of contaminated
food or pasture

Secretion
in milk and
colostrum

Respiratory tract
/\_/ Gastrointestinal tract

Reproductive tract

Figure 1. Cartoon summarizing the potential routes of prion exposure in animals such as sheep, and
mechanisms in which prions may be disseminated between animals. Red arrows, routes of prion
exposure; Broken blue arrows, routes of prion shedding or secretion from an infected animal.

2.1. Horizontal Transmission

Many natural prion diseases are horizontally transmitted between host species. Indeed, analysis
of mathematical models derived from flocks of sheep affected with natural scrapie, and captive mule
deer with CWD, have revealed that horizontal transmission is remarkably efficient and can play an
important role in sustaining prion disease epidemics within affected populations [4,5]. The horizontal
transmission of CWD between reindeer has also been demonstrated in an experimental setting [6].

2.1.1. Oral/Ingestion

Studies using experimental rodents and domestic animals (sheep, deer and cattle) indicate that
the many natural prion diseases such as natural scrapie, CWD, and BSE are most likely to be orally
acquired. For example, the oral consumption of meat and bone meal contaminated with BSE prions
was responsible for the efficient transmission of BSE prions amongst the UK cattle herd in the late
1980s [7,8]. Indeed, the introduction of control measures to remove ruminant materials from feed was
instrumental in controlling the UK cattle BSE epidemic. Unfortunately BSE has since been shown
to have zoonotic potential and serious human health concerns, as the consumption of BSE prion
contaminated beef products was similarly responsible for the occurrence of vCJD in humans [9,10].
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Humans were not the only non-bovine species shown to be susceptible to BSE, as domestic and exotic
cats [11] as well as other exotic species such as Arabian oryx, greater kudu, and nyala [12,13] also
developed a BSE-related prion disease after consumption of BSE prion-contaminated food.

2.1.2. Prions Can Be Shed into the Environment and Can Remain Infectious

On the farm and amongst free-ranging animals the horizontal transmission prions most likely
occurs via the ingestion of contaminated pasture. Studies of sheep with natural scrapie, cervids with
CWD, and experimentally affected rodents show that prion-affected individuals can shed infectious
prions into the environment via the excretion of urine [14-18], feces [19,20] and oral (saliva) [15,21-23]
and nasal [24,25] secretions. Analysis of CWD-infected cervids shows that low levels of prions may
be excreted in urine and feces throughout the asymptomatic phase [26]. Furthermore, factors such
as inflammation within the kidney (nephritis) may enhance the amount of infectious prions excreted
into the urine [27]. The chronic excretion or secretion of prions from affected animals provides the
opportunity for significant environmental contamination to occur throughout the disease course.
Studies show that on farms with an incidence of prion disease, the prions may persist within the
environment for long periods [28]. Prions may persist in soil for at least 18 months [29,30] and
can retain their infectious properties, even when bound to plants [31]. Although the mechanism of
action is not known, the binding of prions to soil may also enhance their ability to infect the host
after oral exposure [32]. The persistence of the prions within the farm environment also introduces
practical issues for disease control, as the removal and culling of infected animals from farms on its
own may be insufficient to prevent further cases of prion disease occurring when disease-free stock
are reintroduced.

2.1.3. Nasal Cavity Is a Potential Portal for Prion Entry

Natural prion disease susceptible animal host species such as sheep, goats and cervids have
highly developed olfactory systems which they use to detect food, select mates and sense predators.
Although no natural cases of prion transmission via inhalation or the nasal cavity have been reported,
experimental studies using mice, hamsters and sheep have shown that prion infection can be
established by this route [33-38]. These studies imply that small amounts of soil-bound prions
might be inhaled and infect the host as the animal forages for food amongst pasture or bedding.

2.1.4. Lesions to Skin and Mucous Membranes

Intact skin normally acts as a barrier against prion transmission [39], but experimental studies in
mice and sheep show that skin lesions also represent an efficient route by which prion infection can be
established [39,40]. Lesions to the oral and nasal mucosa similarly enhance prion disease susceptibility,
most likely by increasing the efficiency of prion uptake across these epithelial surfaces [41-44].

2.1.5. Accidental Iatrogenic Transmission in Humans

Many instances of accidental iatrogenic CJD transmission have been recorded where disease
was transmitted through the use of prion contaminated neurosurgical instruments and stereotactic
electroencephalography electrodes, or transplantation of tissues (cornea, dura mater), or preparations
(pituitary-derived growth hormone, follicular stimulating hormone) from sCJD-affected cadavers [45].
However, there is no evidence to suggest that these iatrogenic CJD patients are a risk of horizontal
sCJD transmission to family members or close contacts [46]. Studies in rodents have also shown that
PrP5 can accumulate in the dental tissues, suggesting the potential for iatrogenic prion transmission
during invasive dental procedures such as tooth extractions or root canal treatment [47]. However, no
convincing evidence has been found to suggest an increased risk of vCJD transmission due to dental
treatment [48].

Data from mice experimentally infected with the mouse-adapted Fukuoka-1 strain of GSS disease
have suggested that blood during the clinical phase of disease contains 100 infectious units (IU) of prion
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infectivity /mL of buffy coat, and approximately 10 IU/mL of plasma [49-51]. Much lower levels were
detected in buffy coat during the pre-clinical phase, with infectivity undetectable in plasma. A similar
level and distribution of infectivity had been shown in mice infected with vCJD [52]. Fractionation
of individual blood components from prion infected mice detected low levels of prion infectivity in
buffy coat, plasma, cryoprecipitate, and fraction I + II + III [49]. None was detected in association with
fractions IV or V [49] or highly purified platelets [53].

Two experimental studies in sheep have shown prions can be transmitted to recipients by
transfusion of blood from donor sheep which were infected with either natural scrapie or BSE [54,55].
Whole blood or buffy coat drawn during the pre-clinical and clinical phases of disease transmitted
disease to at least 10% of the transfusion recipients [54,55]. These studies provided strong evidence that
there may be sulfficient levels of infectious prions present in the peripheral blood of some pre-clinically
affected humans to transmit disease to recipients by transfusion of blood or blood products.

There has been little evidence to suggest that sCJD may be horizontally transmitted between
humans by blood or blood products [56]. Several epidemiological case control, look-back, and
surveillance studies on sentinel populations such as hemophiliacs have failed to demonstrate an
increased risk of sCJD infection due to blood transfusion or exposure to plasma products [56—60].
However a recent study has reported prion infectivity in the plasma of two of four individuals who
were infected with sCJD [61].

Several vCJD patients are known to have been blood donors. In the UK four cases of vCJD have
been reported in recipients of blood or blood products derived from vCJD-infected donors [62-65].
In the first of these cases [62], a blood donation was made in 1996 and the donor, who was well at the
time, went on to develop clinical vCJD, confirmed in 2001. Non-leucodepleted red cell concentrate
from this donation was administered to a patient who subsequently developed vCJD. In the second
case [63], the donation was made in 1999 and the donor subsequently developed vCJD and succumbed
to the disease in 2001. A single unit of non-leucodepleted red cell concentrate derived from this donor
was administered to a patient who died of unrelated causes in 2004. Post mortem examination revealed
evidence of PrP5 accumulation only in the patient’s spleen and one of the cervical lymph nodes.
To reduce the risk of potential transmission of variant CJD by blood transfusion the UK implemented
universal leucodepletion in 1999. This rationale was based on observations that PrP> could be
detected in lymphoid tissues of vCJD patients [66,67] implying that cells such as lymphocytes might
potentially contaminate the blood-stream with prions. Estimates suggest that although leucodepletion
can potentially remove approximately 42% of the prion infectivity in blood, a significant fraction
remains [68]. This is consistent with the detection of both cell-associated and soluble prion infectivity
in peripheral blood [49-51]. No new cases of transfusion-associated vCJD have been reported in the
UK since 2007 [60].

2.2. Vertical Transmission

Depending on the host species and prion isolate, infected mothers have been shown to have
the potential to transmit prion infection to their offspring. As the examples below show, maternal
transmission may play a significant role in sustaining the prion disease prevalence in affected
populations. For example, a study of natural scrapie-affected ewes revealed that the incidence of
scrapie was increased in their offspring [69]. The risk of developing scrapie was not influenced in the
offspring of scrapie-affected sires [69], consistent with the absence of detectable prion infectivity in
semen from infected rams [70].

Experimental studies using Reeve’s muntjac deer have also demonstrated the potential for
CWD to be maternally transmitted in cervid species [71]. This was further supported in a separate
postmortem study of maternal and fetal tissues collected from free-ranging Rocky Mountain elk.
This study similarly concluded that mother to offspring prion transmission may contribute to the
efficient transmission of CWD amongst naturally affected cervids [72].
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A study of embryos collected from BSE-affected dams suggested that cattle embryos were unlikely
to be infected with BSE prions, even when collected from clinically affected mothers, when the risk of
maternal transmission may considered the greatest [73]. However, other studies have estimated that
the maternal transmission of BSE prions may occur in approximately 10% of calves born to BSE-affected
dams [74]. Detailed analyses of UK maternal cohorts has suggested that risk of BSE transmission is
increased in calves born to infected dams, especially those born up to two years before the onset of
clinical signs of BSE in the dam [75,76].

BSE can efficiently transmit to other host species including sheep, goats and mice. Although
studies in mice have suggested that maternal BSE prion transmission was possible [74], no evidence of
maternal transmission to goat embryos was also reported [77]. If sheep in the UK had been infected
with BSE prions during the cattle epidemic, the possibility that maternal transmission might help
sustain this disease within the UK sheep flock was an important concern. Maternal BSE transmission
in sheep was shown to be possible in an experimental study, but the low frequency at which it occurred
was considered to be unlikely to maintain this disease within a population [78].

Whether prion disease-affected dams transmit prion disease to their offspring during gestation,
or around the time of parturition (birth) has been the subject of much investigation. No cases of
scrapie were recorded in offspring derived from the embryos of scrapie-infected dams when they were
transferred into scrapie-free recipient sheep [79-81]. This implied that embryo transfer could be used
as a method to prevent the maternal transmission of natural sheep scrapie, even in offspring with high
risk PRNP genotypes [82]. These studies also suggested that rather than transmitting disease to the
developing fetus in utero, infection from dam to offspring most likely occurred during birth or the
post-natal period [83].

Placental tissues derived from infected dams may be contaminated with prions [83], and the
placenta of goats infected with classical scrapie was able to transmit disease to susceptible goat kids
and lambs via oral route [84]. Thus the contamination of pasture or the farm environment with
prion-infected placenta or other birth-associated tissues and fluids may contribute to the post-natal
transmission of disease between mother and offspring, as well as the horizontal transmission between
other animals within the same population [85].

However, other studies in scrapie-affected sheep have reported the in utero transmission of prions
to the developing fetus [86-90]. The in utero transmission of CWD in free ranging Rocky Mountain elk
has also been reported, as PrP> was detected in approximately 80% (1 = 12/15) of the fetuses analyzed
from infected dams in one study, regardless of the gestational stage of the fetus [72]. In animals such
as sheep where births from multiple fetuses may occur, the sharing of blood components between
developing the fetuses in the same uterine horn may aid the dissemination of prions to the cotyledons
of fetuses with scrapie-resistant genotypes [91].

The possibility that human prion diseases may be maternally transmitted has obviously raised
concern, especially as a number of children have been born to CJD-affected parents. However,
current analyses have found no evidence that human prion diseases are maternally transmitted.
For example, one study in 2011 analyzed 125 children born to parents who were diagnosed with
vCJD [92]. None of these children developed vCJD during the study period or were classified as
suffering from a progressive neurodegenerative disorder. The mothers of nine of these children were
symptomatic at conception, birth or within a year of clinical onset, and one child was known to have
been breast fed. A study in primates also found no evidence of maternal transmission of kuru, sCJD or
scrapie [93], consistent with the absence of prion disease-specific PrP* in the uterus and gestational
tissues, including the placenta and amniotic fluid, of a pregnant woman with sCJD [94]. Of course,
obvious caveats to these studies are the small numbers of cases analyzed, and the potentially long
duration of the preclinical phase of the disease in the children. However, despite these concerns, the
available data do not support the conclusion that human prion diseases can be maternally transmitted.
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Milk and Colostrum

The presence of PrP> within the mammary glands of scrapie-affected sheep has been reported [95],
and the abundance may be enhanced in tissues with chronic inflammation or mastitis [96-98].
Colostrum and milk from scrapie-affected ewes have similarly been shown to contain infectious
prions [99,100], which may also be enhanced in milk derived from animals with scrapie and
mastitis [97]. These studies demonstrate the potential risk of prion spread between sheep and other
species through the consumption of sheep milk or milk products. These studies raised important
concerns that prions BSE may also be transmitted to humans through consumption of cattle milk or
milk products. However, the risk is considered to be extremely low as abnormal PrP was undetectable
in the milk from BSE-infected cattle [101]. As mentioned above, no evidence to support a role for vCJD
transmission from an infected mother to child in humans has been reported [92].

3. Transmission of PrPS¢ Prions within Host Species

3.1. Prions and the Prion Protein

Expression of the cellular prion protein, PrP®, is obligatory for cells to be able to replicate
prions [102,103]. The prion hypothesis proposes that abnormally folded prion disease-specific
PrPS¢ proteins are able to self-propagate by recruiting cellular PrP®, which is then transformed
into the disease-causing PrPS¢ isoform [104]. In support of this hypothesis, independent studies have
shown that when recombinant mouse PrP is misfolded into the disease-specific form in vitro, the de
novo-generated misfolded protein can transmit a prion disease to recipient mice [2,105]. Cellular PrP¢
is a 30-35 kDa glycoprotein which is encoded by the PRNP gene. This protein is expressed on the outer
leaflet of the cell membrane via its glycosylphosphatidylinositol (GPI) anchor [106]. The N-terminal
portion of the prion protein is mostly unstructured, comprising a long, flexible tail. The secondary
structure of the globular C-terminal domain of PrPC contains three a-helices and a short, two-strand
[-pleated sheet [107,108]. During prion disease changes occur in the secondary, tertiary and quaternary
structures of the PrP molecule, increasing the amount of 3-pleated sheet [107,109]. These changes have
profound effects on the physico-chemical and biological characteristics of PrP, as the disease-specific
PrPS¢ isoform is neurotoxic, relatively resistant to proteinase digestion, and accumulates in affected
tissues in insoluble aggregates. The precise mechanisms by which these conformational and biological
changes occur are unknown, but the requirement for additional chaperone molecules such as RNA,
proteoglycans and lipids has been demonstrated [110,111]. Within the CNS it has been revealed
that PrPC plays an important role in promoting myelin homeostasis through interactions with the
G-protein-coupled receptor Gprl26 (also known as Adgrg6) on Schwann cells [112]. Many other
neuronal functions have also been reported, including regulation of circadian rhythms [113], synaptic
transmission [114], cognition [115], seizure sensitivity [116], signal transduction [117,118], regulation
of apoptosis [119], and protection from oxidative stress [120].

Once peripherally acquired PrP% prions infect the host via one of the routes described above,
many of them first accumulation within the secondary lymphoid organs (SLO) and persist within
them at high levels for the duration of the disease. For example, after oral exposure of mice to scrapie
prions, the agent accumulates first in the gut-associated lymphoid tissues (GALT) such as the Peyer’s
patches [121-123]. Similarly, PrPS¢ is first detected in the GALT following experimental oral infection
of mule deer fawns (Odocoileus hemionus) with CWD [124], or sheep with some strains of natural
scrapie [125-127].

PrPC is also expressed in many cell populations within the immune system and SLO,
including lymphocytes, leukocytes, granulocytes, mononuclear phagocytes, and stromal cells.
Although PrPC-deficient mice appear to show no obvious immune deficits [128], PrP¢ may play
a role in cell activation [129-131], T cell differentiation [132] and intercellular interactions [133],
and phagocytosis [134,135]. The ubiquitous cellular expression of PrP¢ has important immunological
consequences as PrP is tolerated by the host’s immune system. This prevents the development of
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specific immune responses against PrPC and PrP> prions. Thus, the accumulation of prions within
SLO does not lead to their eradication from the host, and little evidence of PrP5¢/prion-specific
immunity has been reported in affected animals [136-138].

Cellular Sites of PrP€ to PrPS¢ Conversion

Many studies have attempted to identify the sites of PrP to PrP5 (prion) conversion, as
such knowledge may reveal novel targets to block the de novo generation of infectious prions
within the host. After synthesis, PrPC is first processed in the Golgi before it is expressed
upon the plasma membrane [139]. Following subsequent internalization, PrPC traffics to early
endosomes. From these the PrPC is sorted either into recycling endosomes and returned to the
plasma membrane, or alternatively, sorted into late endosomes for degradation within lysosomes [140].
Several intracellular prion conversion sites have been suggested including the endocytic pathway [141],
lysosomes [142], the endosomal recycling compartment [143,144], and the trans-Golgi network [145],
implying that PrP5° traffics along the same endocytic route as PrPC. Despite these advances, it is
possible that the intracellular location of the prion conversion site varies according to cell type,
and host and prion species. For example, high resolution electron microscopy and cryo-electron
microscopy studies have not observed any intracellular PrP¢ accumulations within prion-infected
stromal follicular dendritic cells in SLO (see FDC below, Section 3.3.6), suggesting that prion conversion
in these cell populations occurs upon the cell membrane [146,147]. Cell surface prion conversion may
be a more widespread occurrence. Evidence from in vitro studies using neuroblastoma cells has
proposed that PrPS¢ conversion takes place on the cell within minutes of exposure to prions [148].
The de novo generated PrP* is then rapidly endocytosed with some recycled back to the plasma
membrane in association with recycling endosome, whereas the remainder predominantly undergoes
lysosomal degradation [149].

3.2. The Accumulation of PrP5 Prions in SLO is Essential for Their Efficient Spread to the CNS

Studies using immunodeficient mice undertaken across the past four decades have been
instrumental in determining the contribution of the host’s SLO and immune cell populations to prion
disease pathogenesis. Original experiments using asplenic mice revealed, contrary to expectations, that
the early accumulation of prions within the SLO may actually help facilitate efficient CNS infection.
These revealed that prion disease survival times after intraperitoneal infection were extended in mice
which lacked a spleen [150,151]. Other studies have shown that disease pathogenesis is similarly
delayed in the absence of the SLO draining the exposure site, such as the Peyer’s patches in the small
intestine after oral prion exposure [122,123,152,153], or the skin draining lymph nodes after infection
via skin lesions [154].

As well as providing useful biomedical insight into the dissemination and pathogenesis of the
acquired PrPS¢ prion disease within the host, the information from these studies has proven to have
important practical applications. The detection of PrP5 within the GALT and other SLO soon after
exposure has provided a means to identify some prion-infected individuals during the pre-clinical
phase [155-160]. In a human vC]D-infected patient, PrPS¢ was detected within the GALT before the
onset of clinical signs [160]. The retrospective analysis of archived appendix and tonsil tissues has
since been used in the United Kingdom to provide an estimate of the prevalence of vCJD prions in the
human population [161-163].

3.3. The Cellular Dissemination of PrPS¢ Prions within the Host

Peripherally-acquired PrP5 prions appear to exploit an elegant cellular relay to ensure their
efficient propagation from the site of exposure to the SLO, where they accumulate before establishing
infection within the nervous system (Figure 2). Much of our understanding of this early phase of the
disease process has been gained from the study of experimental prion transmissions to a large range of
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transgenic and immunodeficiency mice, especially those using mouse-passaged scrapie prion isolates.
The conclusions from many of these experimental mouse scrapie prions transmissions are discussed
below, but comparisons with data from studies of natural prion disease-infected hosts are included
where possible. Since many natural prion infections are considered to be orally acquired, these
descriptions are mainly focused on the cells and tissues involved in the propagation of prions from

the intestine. However, data from other routes of exposure are also discussed at the appropriate places.
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Figure 2. The cells involved in the spread of prions from the intestine to the central nervous
system (CNS). After oral exposure the replication of prions upon follicular dendritic cells (FDC)
in the Peyer’s patches in the intestine is essential to establish host infection. With the Peyer’s patches,

the prions exploit an elegant cellular relay to make their way from the lumen of intestine to the
nervous system.
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3.3.1. Prions Cross the Gut Epithelium via M Cells

After oral infection, the prions must first cross the gut epithelium, but this single layer of tightly
bound epithelial cells acts as an impermeable barrier to macromolecules, the commensal gut microflora,
and many orally-acquired pathogenic microorganisms. However, in order for orally-acquired prions to
establish infection within the GALT, they first have to cross the gut epithelium in sufficient quantities.
The specialized follicle-associated epithelium (FAE) which covers the GALT contains a unique
population of highly phagocytic epithelial cells, termed M cells. These cells are specialised for the
transcytosis of particulate antigens and microorganisms from the gut lumen into the GALT [164].
The sampling of antigens and pathogens by M cells is important for the initiation of efficient mucosal
immune responses against some pathogenic bacteria [165] and the commensal microflora [166].
However, some pathogenic bacteria and viruses have evolved to exploit the transcytotic properties of
M cells to cross the gut epithelium and establish host infection [134,167-170].

Prions also appear to exploit M cells to cross the gut epithelium and establish infection with the
GALT [171-175]. The accumulation of mouse-passaged ME7 scrapie prions in the GALT and disease
susceptibility after oral exposure were both reduced in mice that lacked M cells, or in mice which M
cells were transiently depleted before infection [174,175]. Other studies using mouse-passaged RML
scrapie prions [171], Fukuoka-1 prions [173], BSE prions [172], and 263 K hamster prions [176] indicate
that M cells also play an important role in the transfer of other orally-acquired PrP5¢ prion isolates
across the gut epithelium.

Certain pathogenic bacteria [167,177] or inflammatory stimuli such as cholera toxin [178] can
increase the density of M cells in the gut epithelium. The differentiation of M cells is dependent on
stimulation from underlying stromal cells via their production of the cytokine RANKL [166,179,180].
When mice were treated with RANKL to increase the density of M cells within in the gut epithelium,
the uptake of prions from the gut lumen was similarly enhanced, and disease susceptibility was
increased by approximately 10-fold [175]. This study indicates that factors that increase the density
of M cells in the gut epithelium, such as concurrent pathogen infection, may profoundly affect host
susceptibility to orally-acquired prion infections. The binding of CWD prions to soil particles such as
smectite clay montmorillonite have also been shown to increase the efficiency of prion uptake from the
intestine [30]. Whether the binding of prions to certain types of soil particles enhances their ability to
be transferred across the gut epithelium by M cells remains to be determined.

Data on the role of M cells in the initial uptake of prions from the gut lumen have occasionally
been conflicting. Some studies in rodents in which prions were immunohistologically traced
after oral exposure have suggested that M cells are the initial sites of prion uptake in the gut
epithelium [173,181]. However, other studies in lambs [182] and mice [146] have described M
cell-independent uptake pathways. The reasons for these discrepancies are uncertain, and it is
plausible that both M cell-dependent and M cell-independent routes may contribute to differing
degrees in some circumstances. In vitro-based studies have shown that undifferentiated gut epithelial
cell lines (Caco-2 cells) act as a barrier to prion uptake [171], but transcytosis of PrP5¢ was evident
when it was complexed with ferritin [183]. However, if enterocyte-mediated transfer plays a major
role, one would not expect oral prion disease susceptibility to be blocked in mice which specifically
lack M cells [174,175].

Antigen sampling by M cells has also been demonstrated within the epithelia covering the nasal
associated lymphoid tissue (NALT) in the nasal passages [184,185]. After intra-nasal exposure of
hamsters to 263 K scrapie prions, transient PrP5¢ uptake was detected with NALT-associated M cells.
However, a greater abundance of paracellular transport across the epithelia within the nasal cavity
was evident [186], indicating that cells involved in the transepithelial transport of PrP%¢ prions may
vary depending on the exposure route.

Highly sensitive PrP5-based detection assays have detected low/trace levels of prions in the
blood-stream almost immediately after oral exposure [187,188]. The route through which the prions
initially contaminated the blood-stream after oral exposure was not determined, but it was suggested
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that the amount of PrP*¢ that was initially present within the blood-stream was sufficient to establish
CNS infection [188]. This conclusion appears to contradict data from many other independent studies
which shown that prion replication in the GALT after oral exposure is essential for the subsequent
transmission of disease to the CNS [121-123,152,153,189]. Thus, although low levels of PrPSc may
be detected in the blood-stream within minutes of oral infection [187,188], the levels within it are
insufficient to directly establish infection within the nervous system.

M cells express a diverse array of receptors on their apical surfaces which specifically bind to
certain pathogenic microorganisms [164]. Whether the uptake of prions by M cells is also mediated via
by a specific receptor is not known. M cells express PrP< highly [134,190], but PrPC-deficiency in the
gut epithelium does not affect the uptake of PrPS from the intestine [146,173].

3.3.2. Conventional Dendritic Cells Aid the Delivery of Prions to SLO

Particles that have been transported across the gut epithelium by M cells are released into the
basolateral pocket where they are sampled by mononuclear phagocytes [191]. Mononuclear phagocytes
differentiate from bone marrow precursor cells and comprise a heterogeneous population of monocytes,
conventional dendritic cells (DC) and tissue macrophages. Conventional DC are strategically
positioned to sample their local environment for pathogens and their antigens. After antigen uptake,
these cells undergo maturation and migrate towards the draining lymphoid tissue to initiate a specific
immune response. Conventional DC possess both degradative and non-degradative antigen uptake
pathways to enable them to present processed (partially digested) antigens to T cells or native (intact)
antigens to B cells [192,193]. These cells are also centrally involved in the transport of antigens within
Peyer’s patches, and on towards the mesenteric lymph nodes [194-196]. The migratory characteristics
of conventional DC have been exploited by some pathogens to mediate their delivery to SLO [197-200].
The ability of conventional DC to capture and retain unprocessed antigens [201,202] and migrate into
B cell follicles [203-205] suggested that classical DC were plausible candidates for the propagation of
prions to and within SLO. This hypothesis was supported by the observation some migrating intestinal
DC in the afferent mesenteric lymph had acquired PrP¢ after its injection into the gut lumen [206].
Subsequent studies showed that the early replication of prions within the draining SLO was impeded
when conventional DC where transiently depleted at the time of exposure [189,207-209]. Thus, like
certain other pathogens, prions may also exploit conventional DC to establish host infection after
peripheral exposure, perhaps using them as “Trojan horses”.

Whether specific subsets of conventional DC are able to propagate prions to and within SLO
is uncertain. However, CD8* conventional DC are unlikely to play a role, as these cells are
rarely encountered within the subepithelial dome region immediately beneath the M cell-containing
FAE [210], and the specific depletion of CD8*CD11c* cells does not influence oral prion disease
pathogenesis [208]. Similarly, although prion pathogenesis following infection via skin lesions was
impaired in the specific absence of CD11c*langerin™ dermal DC, the absence of epidermal Langerhan’s
cells or langerin* dermal DC had no effect on disease pathogenesis [209]. High levels of infectious
prions have also been detected within splenic plasmacytoid DC [211], but these cells are also unlikely
to contribute to prion propagation as they do not migrate in the lymphatics [212].

Mononuclear phagocytes express cellular PrP¢ [213-215], but the propagation of prions to SLO is
not affected by the lack of PrP® expression in hematopoietic cells [216-221]. This demonstrates that
prions are acquired by conventional DC in a PrP¢-independent manner, and also that they are not
important sites of prion replication. Conventional DC can acquire prions after their opsonization by
complement components such as C1q and C3 [221,222]. Depending on their location, phenotype and
activation status, conventional DC can express a variety of complement-binding receptors including
CR1 (CD35), CR2 (CD21), CR4 (CD11c/CD18), calreticulin, CD93 and SIGN-R1 (CD209b), but whether
these also mediate the uptake of prions by conventional DC is uncertain [221,222]. However, prion
disease pathogenesis is unaffected in the absence of SIGN-R1 expression at the time of exposure [223].
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Conventional DC may simply acquire prions non-specifically by fluid phase micropinocytosis, as they
constitutively sample their microenvironments.

Tunneling nanotubes (TNT) are thin membrane-bound cylinders of cytoplasm which can
connect cells to enable cell-to-cell communication and the intercellular transfer of plasma membrane
or cytoplasmic components. TNT structures are exploited by HIV-1 as a means of intercellular
transfer between T cells [224], and to shuttle virus-encoded immunosuppressive factors from infected
macrophages to B cells to suppress host antibody responses [225]. A study has also suggested that
intracellular transfer between M cells and neighboring cells can also occur via TNT [226]. In vitro
co-culture studies show infectious prions can also transfer between conventional DC and neurones
via endolysosomal vesicles within TNT [227-230]. Whether TNT mediate the intercellular transfer of
prions in vivo remains to be determined. Infectious prions can also be released from infected cells
in the form of small endosomal-derived vesicles termed exosomes [231] which have the potential to
infect neighboring cells [211]. However, the relative contribution of exosomes in this process may vary
depending on the prion strain [232].

3.3.3. Macrophages Can Phagocytose and Destroy Prions

While some mononuclear phagocytes such as conventional DC can propagate infectious prions to
and within SLO, some mononuclear phagocyte populations may sequester and destroy them [233,234].
Tingible body macrophages, for example, are specifically located within the germinal centers of
B cell follicles. These macrophages are characteristically loaded with the remnants of phagocytosed
apoptotic lymphocytes (tingible bodies), and during prion disease also contain heavy accumulations
of PrP5¢ within their endosomal compartments [146,147,220]. Transient macrophage depletion prior to
peripheral prion exposure has been shown to enhance the accumulation of PrPS within SLO [235,236].
These data suggest that macrophages typically scavenge and degrade prions in an attempt to protect
the host from infection.

The burden of infectious prions within the SLO rapidly reaches a plateau level within a few
weeks of exposure which is maintained for the duration of the infection [216,237]. How this plateau is
maintained is uncertain. It is plausible that a competitive state is reached within these tissues whereby
the rate of prion amplification matches the rate of degradation by macrophages [234,235].

3.3.4. Cell Free

Although data from many of the studies described suggest that prions are propagated to and
within SLO in a cell-associated manner, the possibility that a fraction of the prions are also conveyed in
a cell-free manner cannot also be excluded [40,186,209,221].

3.3.5. B Cells Indirectly Support Prion Replication in SLO

In stark contrast to their susceptibility to infection with most other pathogenic microorganisms,
mice which lack mature B and T cells, such as severe combined immunodeficient (SCID) mice,
Rag-1~/~,Rag-2~/~, and Agr~/~ mice [238-241], are refractory to peripheral prion infection. However,
the T cells themselves do not influence prion disease pathogenesis as prion accumulation in SLO and
neuroinvasion are not affected in T cell deficient thymectomised mice [151,242], or in transgenic mice
with specific T-cell deficiencies (CD4~/~, CD8/~, 2-u~/~, TCRo«™/~ or Perforin~/~ mice) [217,240].
T cells appear to lack the cellular factors required to sustain prion infection as even the artificial ectopic
expression of high levels of PrPC in T cells (20 x Prnp copies) is insufficient to sustain prion infection
within them [243].

In the SLO of some prion-infected hosts, heavy accumulations of disease-specific PrP are detectable
within the B cell follicles [124,125,160,238,244]. In the specific absence of B cells, the accumulation of
prions in the spleen and subsequent neuroinvasion are both significantly reduced [240]. However,
B cells also do not replicate prions as transgenic mice which express high levels of PrP® only on B cells
were also unable to directly replicate prions [245]. This indicated that B cells most likely played an
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indirect role in prion pathogenesis, perhaps through the provision of homeostatic support to other
cell populations.

3.3.6. Follicular Dendritic Cells Retain and Replicate Prions

SCID mice and other B cell-deficient mouse lines are also indirectly deficient in follicular dendritic
cells (FDC), as these cells require constitutive stimulation from B cells to maintain them in their
differentiated state [246-249]. FDC are an important stromal cell subset that resides within the B cell
follicles and germinal centers of SLO. FDC differentiate from ubiquitous perivascular precursor cells
(pericytes) and are a distinct lineage from the bone-marrow-derived classical DC described above
(Section 3.3.2) [250-252]. Immunohistochemical analysis shows that prions accumulate upon FDC in
the SLO of experimentally-infected mice, some sheep with natural scrapie, cervids with CWD and
patients with vCJD [124,125,160,238,244]. As discussed below, the accumulation and replication of
certain prion strains upon FDC is essential to establish host infection and neuroinvasion.

The transfusion of SCID mice with wild-type (immunocompetent) bone marrow restores the B
and T cells in these mice, and by doing so, indirectly induces the maturation of FDC in their SLO [246].
Coincident with the induction of FDC maturation, this treatment also renders the mice susceptible to
peripheral prion infection [216-218,241].

B cells express the cytokines tumor necrosis factor (TNF)x and lymphotoxins (LT), which are
the essential stimuli that maintain FDC differentiation [248]. In the absence of these cytokines,
the FDC rapidly de-differentiate [248,253-257]. Prion accumulation in SLO and neuroinvasion are
significantly impaired in mice deficient in TNFe or LT stimulation, demonstrating the requirement for
FDC in the establishment of prion infections [123,237,258]. Prion accumulation in SLO and disease
susceptibility are also reduced when the FDC are temporarily de-differentiated by administration
of soluble receptors which block the LT- or TNFo-mediated signaling between the B cells and
FDC [121,259-263]. Although FDC are important for maintaining germinal center responses, an
absence of germinal centers or germinal center B cells alone does not influence prion disease
pathogenesis or susceptibility [237,264].

FDC characteristically trap and retain native antigens on their cell surfaces, which they display
to B cells within the follicle and germinal center. The long-term retention of these antigens by
FDC helps to promote immunoglobulin (antibody)-isotype class switching, affinity maturation
of naive B cells and the maintenance of immunological memory [265-271]. By secreting the
factor MFGE-8 (which specifically binds to phosphatidylserine on the surface of apoptotic cells)
the FDC also mediate the phagocytosis of apoptotic B cells by tingible body macrophages [272].
The ability of FDC to retain native antigens for long periods raised the possibility that they might
also simply trap and retain prions produced by other infected cell populations such as neurones.
Several studies have exploited the non-haematopoietic-origin of FDC [246,250] to help address this
issue. Mismatches were created in Prnp gene expression between the FDC-containing stromal and
lymphocyte/leukocyte-containing compartments of the SLO by transfusing hematopoietic cells from
PrPC-deficient mice into PrPC-expressing (wild-type) mice, and vice versa [216-218]. In these studies,
the FDC were derived from the recipient, whereas all the hematopoietic cell populations were derived
from the donor bone marrow. When these mice were infected with prions, prion accumulation upon
FDC was only detected in the spleens of mice which had a PrPC-expressing stromal compartment.
These studies provided strong evidence that FDC were important sites of prion accumulation in SLO.
However, roles for other stromal cells could not be entirely excluded as in these studies it was not
possible to dissociate the PrPC expression status of the FDC from that of the nervous system, or other
stromal cell populations within the SLO.

FDC and mature B cells express high levels of Cr2 which encodes the complement receptors
(CR) CR2/CR1 (CD21/35) [273,274]. CD21-cre mice [273] have been used to specifically control Prup
expression only in FDC, enabling PrPC expression to be “switched on” or “switched off” only in
FDC [220]. The expression of PrpC only on FDC was sulfficient on its own to sustain high levels of prion
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replication in the spleen. Conversely, prion replication in the spleen was blocked when PrPC expression
was specifically ablated only on the FDC. Data from all the above studies together definitively show
that FDC are the essential sites of prion replication in SLO.

After their replication upon FDC within the SLO, the prions subsequently infect both the
sympathetic and parasympathetic nervous systems and spread along the nerves within them to the
CNS, where they ultimately cause neurodegeneration [176,275,276]. The role of FDC in prion disease
pathogenesis appears to be to amplify the prions above the threshold required for neuroinvasion.
How the prions subsequently infect the peripheral nervous system is uncertain, as no significant direct
physical contacts or synapses between FDC and nerves has been described. However, the rate of
neuroinvasion from SLO is influenced by the distance between FDC and the peripheral sympathetic
nerves [262].

3.3.7. FDC Acquire Prions as Complement-Opsonized Complexes

FDC express high levels of PrPC [216,217,220,277], but many other cell lineages also express PrP®
highly but do not play an essential role in prion disease pathogenesis. Clearly, other FDC characteristics
in addition to PrPC expression enable them to replicate prions. FDC have many slender dendritic
processes which extend throughout the B cell follicle. These dendrites enable the FDC to trap and
retain large amounts of native antigen upon their surfaces in the form of immune complexes, consisting
of antigen-antibody and/or opsonizing complement components. Complement components C1q and
the regulatory protein factor H can bind to PrP5 [278,279], and the specific absence of opsonizing
complement components (Clqg, C2, C3, C4 and factor H) or CR expression on FDC impedes prion
accumulation in the spleen and delays neuroinvasion [274,280-284]. Comparison of the relative
contributions of the CR1 and CR2 receptors has revealed a more prominent role for CR2 in prion disease
pathogenesis [285]. Activation of the terminal complement activation pathway leads to formation of
the membrane attack complex which can lyse the target cells. Deficiency in complement component
C5 (an important component of the membrane attack complex) in contrast, has no influence on prion
disease pathogenesis [286]. This suggests that soon after the prions infect the host, they are bound
by soluble complement components and are acquired by FDC in the SLO as complement-opsonized
complexes in a CR-dependent manner [274,280-282,286].

The immune complexes that are retained by FDC are initially internalized before undergoing
cyclical rounds of display on the FDC surface [287]. This cyclical mode of immune complex
expression on the FDC surface helps to protect the antigens from degradation, enabling them to
be retained for much longer periods [271]. Despite this, high resolution immunohistochemical analyses
indicate that prion replication occurs on the FDC surface, as PrPS¢ has not been detected within
them [146,147,288-290]. This appears to be in contrast to prion infection in nerves where PrP*
conversion has been demonstrated within the endosomal recycling compartment [143].

3.3.8. Conventional DC Can Shuttle Prions towards FDC

Chemokines help to attract lymphocytes and leukocytes to SLO and control their positioning
within them. The chemokine CXCL13 is expressed by FDC and other stromal cells in the B cell-follicles
of lymphoid tissues and recruits CXCR5-expressing cells towards them [291,292]. The migration of
certain populations of conventional DC towards the FDC-containing B cell-follicles is also mediated by
CXCL13-CXCRS5 signaling [203,205,293]. In the specific absence of CXCR5-expressing conventional
DC, the early accumulation of prions upon FDC in Peyer’s patches was impeded [294]. This suggests
that once the prions have been transported across the gut epithelium by M cells, they are subsequently
acquired by conventional DC [146,189] and propagated by them in a CXCL13-CXCR5-dependent
manner towards the FDC within the B cell-follicles of Peyer’s patches [294]. The prions are
then acquired by FDC and amplified upon their surfaces above the threshold required to achieve
neuroinvasion [121,123,146,153,220].
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The positioning of conventional DC within the inter-follicular T-cell regions of the Peyer’s
patches, and their steady-state migration from Peyer’s patches to the mesenteric lymph nodes are both
dependent upon CCR7-CCL19/CCL21-signaling [295]. Consistent with the demonstrations that T cells
do not influence prion disease pathogenesis [240], an absence of CCR7-CCL19/CCL21-signaling does
not influence oral prion disease pathogenesis [296].

Although the transient depletion of CD11c* cells or deficiency in CXCR5-expressing conventional
DC impedes the accumulation of prions in Peyer’s patches and reduces disease susceptibility, a small
number of mice in these studies did develop clinical prion disease [189,294]. This indicates that
conventional DC provide an efficient route by which prions are initially conveyed to FDC. However,
in the absence of conventional DC at the time of oral exposure, small quantities of prions are able to
avoid clearance by cells such as tissue macrophages [235,236], and establish infection upon FDC via
less efficient routes [40,209,221].

Once the prions have been transported towards the B cell follicles by conventional DC, it remains
to be determined how they are subsequently transferred to the FDC. Follicular B cells in the
sub-capsular sinus region of the lymph nodes can acquire lymph-borne immune complexes via
their CR and deliver them to FDC [297-299]. In the spleen, marginal zone B cells play a similar
role in the shuttling of blood stream-borne immune complexes to FDC [300]. Once the B cells are
within the follicle, the higher immune complex-binding affinities of the FDC enables them to strip
the immune-complexes from the surfaces of the B cells. Conventional DC can retain PrP5¢ on both
the cell surface and in intracellular compartments [221]. The higher expression levels of CR on
the cell membranes of FDC may similarly enable them to strip complement-opsonized prions from
conventional DC.

3.3.9. FDC-Independent Prion Accumulation and Neuroinvasion

Although many prion isolates in different host species may replicate first upon FDC in the
SLO, examples have been described where prion accumulation in SLO and/or neuroinvasion occur
independently of FDC. The factors which determine the requirement for FDC in prion disease
pathogenesis are uncertain, but this may be influenced by prion agent strain, host species, PRNP
genotype, and exposure route. The dose of prions used to infect the host can also influence disease
susceptibility, as high doses can bypass the requirement for amplification within SLO prior to
neuroinvasion [258]. The infecting prion strain and host PRNP genotype can influence disease
pathogenesis in sheep [125,301]. Some prion diseases, such as sporadic CJD in humans are not
associated with early prion accumulation in the periphery tissues including the SLO [302], and the
susceptibility mice to the mouse-adapted FU agent strain of CJD prions was unaffected by an absence of
mature B cells and FDC [303]. BSE prions in cattle are considered to have little SLO involvement during
the preclinical phase [304], but PrPS¢ and /or infectious prions have been detected in the small intestines
of most cattle after experimental (oral) infection and some cattle after natural exposure [305-307].
However, when BSE prions are transmitted to other species such as humans (in the form of vCJD),
sheep and mice, their accumulation in the lymphoid tissues is a characteristic feature [66,308,309].
Whereas mouse-adapted ME7 prions are unable to accumulate in the spleens of TNF«x-deficient
mice due to an absence of FDC [237], this is not true for RML prions, which can also accumulate
within the high endothelial venules of lymph nodes [258,310]. Inflammatory stromal cells that are a
distinct lineage from FDC have also been shown to have the potential to replicate prions under certain
circumstances [311].

Despite the presence of FDC within the NALT, prion neuroinvasion after exposure via the nasal
cavity can occur independently of the NALT and SLO, implying direct infection of the nervous
system [35,37].

131



Pathogens 2017, 6, 60

3.4. Prion Infections Cause Limited Pathology in SLO

The accumulation of PrP5 within the CNS ultimately leads to the development of neuropathology.
Despite the detection of high levels PrPS¢ upon FDC in the SLO throughout the duration of the disease,
no gross immunological deficiencies have been reported [312-315]. However, ultrastructural analysis
of prion-affected SLO has revealed evidence of morphological changes to the FDC. These include
adversely affected maturation cycles, abnormal dendritic folding and exacerbated accumulation of
immune complexes between the FDC dendrites [147,289]. The immunological consequences of these
pathological disturbances to FDC and germinal centers are uncertain, as antibody production appears
to be unaffected in prion-infected animals [312].

3.5. Orally-Acquired Prions Replicate First in the GALT of the upper Gastrointestinal Tract

The FDC within the Peyer’s patches in the small intestine are the essential early sites of
prion replication and neuroinvasion in mice, as oral prion disease susceptibility is blocked in their
absence [122,123,152,153,175]. Many natural prion diseases also accumulate upon FDC in the large
intestinal GALT after oral exposure, such as the recto-anal mucosa-associated lymphoid tissues
(RAMALT) of scrapie-affected sheep and goats, and CWD-affected deer and elk [155-158,316-318].
The detection of PrPS¢ within these tissues has helped to detect prion-infected animal and individuals
during the pre-clinical phase [155-160], and has been used in the UK to estimate the prevalence of vCJD
in the human population [161-163]. However, studies using mice have shown that the large intestinal
GALT are not important early sites of prion accumulation or neuroinvasion from the intestine [153].

Detailed analyses of sheep with natural scrapie has revealed a similar mode of pathogenesis.
Scrapie prions are first detected in the GALT of the upper gastrointestinal tract before spreading
to the draining lymph nodes and onwards to other lymphoid tissues. The large intestinal GALT,
such as the caecal patches, were not early sites of prion accumulation [319-322]. A similar temporal
distribution was observed after oral exposure of sheep to BSE [323] and in humans with vCJD,
where the distribution of PrP% in lymphoid tissues is restricted during the pre-clinical phase, and
more wide-spread at the clinical stage [63,67]. Likewise, RAMALT biopsy studies in scrapie-infected
goats [316] and CWD-infected white-tailed deer [317,324] show lower incidences of prion accumulation
in the RAMALT during the earlier stages of disease, supporting the notion that these tissues are not
early sites of prion accumulation. Indeed, an analysis of CWD prevalence in elk showed that PrPS
was not reliably detected in the RAMALT until it was also detectable in the CNS [318], consistent
with the conclusion that the large intestinal GALT become infected with prions until much later in the
disease process [157,325]. Experimental transmissions of CWD to white-tailed deer have identified the
oropharynx as the initial site of prion entry after oronasal exposure [326]. The possibility therefore
cannot be excluded that biopsy specimens of large intestinal GALT may miss individuals if sampled
during the early stages of oral prion infection, and significantly underestimate the disease prevalence.

Antigens from the intestinal lumen may be delivered directly to the mesenteric lymph
nodes [327,328]. Prions are similarly detected upon FDC in the mesenteric lymph nodes and the spleen
soon after oral exposure (most likely after their dissemination from the Peyer’s patches). The absence of
the mesenteric lymph nodes does not affect prion neuroinvasion or disease susceptibility [123,153,175].
This implies that the levels of prions initially delivered to the mesenteric lymph nodes immediately
after oral exposure are insufficient to establish accumulation and replication upon the FDC within them.
Consistent with the conclusion that the GALT of the upper gastrointestinal tract are the essential sites
of prion accumulation and neuroinvasion after oral prion exposure, the absence of the spleen also does
not influence oral prion disease pathogenesis or susceptibility in mice [294,329].

3.6. B Cells Aid the Spread of Prions between SLO

After residing within the Peyer’s patches, B cells migrate to the mesenteric lymph nodes and then
return to the circulation [330]. B cells can recirculate between lymphoid tissues for several weeks [331]
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and often acquire antigens from FDC as they migrate through the germinal centers within them [332].
Studies in mice have suggested that recirculating B cells also appear to mediate the initial propagation
of prions from the draining lymphoid tissue to other SLO. When the migration of B cells between SLO
was specifically blocked, the dissemination of prions from the draining SLO to other SLO was also
blocked [333]. Whether the same occurs in natural prion infections is uncertain, but prions have been
detected in association with lymphocytes [334,335] and B cells in the blood of sheep with scrapie [336]
and deer with CWD [337].

3.7. Prion Infection of the CNS Occurs via the Sympathetic and Parasympathetic Nervous Systems

The circumventricular organs in the bran are sites of molecular exchange between the
blood-stream and the CNS. The detection of prion disease-specific PrP within these brain regions
has been described in some scrapie-affected sheep, suggesting the potential for the hematogenous
spread of prions into the CNS [338]. However, monocytic infiltration into the circumventricular organs
is not observed in prion disease-affected hosts, arguing against the cell-associated hematogenous
spread of prions into the CNS. Furthermore, studies in mice show that an absence of recruitment of
circulating monocytes into the CNS does not influence prion disease pathogenesis within the CNS [339].
Although infectious prions are present in the blood-stream of vC]D-infected individuals, the spatial
distribution of the PrP5¢ deposits in the brain in relation to the blood vessels also does not support a
major role for the heematogenous spread of vCJD prions into the CNS [340].

The heematogenous spread of prions directly into the CNS cannot be entirely excluded, as
low /trace levels of PrP5¢ may be initially detected with the CNS soon after exposure, using highly
sensitive assays [188]. However, data from many studies suggests that the prions initially establish
infection within the CNS after their spread from the SLO along peripheral nerves. The SLO and the
GALT are highly innervated with sympathetic neurones [341]. Detailed immunohistochemical tracing
studies show that after replication upon FDC in the GALT, orally acquired prions subsequently infect
the enteric nervous system and spread along sympathetic (e.g., splanchnic nerve) and parasympathetic
(e.g., vagus nerve) efferent nerves fibers to infect the CNS [146,176,275,342-345]. Furthermore, the
specific depletion of sympathetic nerves, impairs prion neuroinvasion from SLO [276]. Conversely,
prion disease pathogenesis is exacerbated in mice in which the density of sympathetic nerves in
SLO is increased [276], or in those in which the distance between FDC and sympathetic nerves is
reduced [262].

Within the intestine, mononuclear phagocytes are abundant in the muscular layer where they
interact with enteric nerves to regulate gastrointestinal motility [346,347]. Data from in vivo and
in vitro studies have proposed that prion-infected conventional DC or other mononuclear phagocytes
may also play a role in the transfer prions to peripheral nerves [228-230,348].

3.8. Effect of Inflammation and Pathogen Co-Infection on Prion Disease Pathogenesis

The majority of the studies above describe prion disease pathogenesis during the steady state.
However, inflammation can have a significant impact on prion disease pathogenesis, either by
enhancing the uptake of prions from the exposure site, or by expanding their tissue distribution.
For example, pathology to the gut mucosa such as that caused by bacterial colitis [349], enhanced
M cell-density [175], or lesions to the mucosal surfaces of the oral [43] or nasal [44] cavities can each
enhance disease susceptibility by increasing the prion uptake. Mitogen stimulation or repetitive
immunization to non-PrP antigens around the time of peripheral prion exposure can also similarly
increase disease susceptibility [350,351]. Chronic inflammation, by inducing the formation of
FDC-containing ectopic tertiary lymphoid tissues, can expand the distribution of prions within the
infected host [27,123,153,352,353]. The effects of chronic inflammation on prion disease pathogenesis
could have important human and animal health consequences and aid their vertical and horizontal
transmission, for example, by enhancing the burden of prions secreted into milk (in animals with
mastitis) or urine (in animals with nephritis).
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Despite the apparent widespread exposure of the UK human population to BSE prions during
the BSE epidemic (approximately 500,000 infected cattle are estimated to have entered the food
chain [354]) the numbers of clinical cases of vC]JD in humans have fortunately been rare (Reference [355];
178 definite or probable cases, as of 2 October 2017; www.cjd.ed.ac.uk). This does however, raise the
possibility that oral prion susceptibility may differ between individuals. Studies using transgenic mice
which expressed human PrP¢ proposed that a significant species barrier restricts BSE transmission
to humans [356]. After interspecies prion exposure, the processing and amplification of prions upon
FDC in SLO is important for their adaptation to the new host, and to achieve neuroinvasion [309,357].
How this host adaptation occurs is not known, but may be influenced by the sialylation status of the
PrPS¢ [358]. Tt is plausible that inflammation [175] or enteritis [349] may enable a greater burden of
prions to be acquired from the gut lumen, increasing the probability that more will be able to avoid
clearance by cells such as macrophages [123,235]. This may help to reduce the transmission barrier to
some orally acquired prion strains by providing a greater opportunity for the prion quasi-species with
zoonotic potential to be selected and to undergo adaptation and amplification upon FDC [282].

3.9. Effects of Host Age on Prion Disease Pathogenesis and Susceptibility

Clinical sporadic CJD cases have predominantly occurred in the elderly (median age at onset
of disease = 67 years), whereas the majority of the clinical vCJD cases have almost exclusively
occurred in young adults (median age at onset of disease = 26 years). The age-related incidence
of vCJD is not simply due to the exposure of young adults to greater levels of BSE prions
through dietary preference [359]. Aging has a profound effect on immune function, termed
immunosenescence [360-362]. As a consequence of this immunosenescence, the elderly respond
less effectively to vaccination, have increased susceptibility to viral and bacterial infections and
increased incidence of cancer and autoimmune diseases. Immunosenescence can also influence the
pathogenesis of peripherally acquired prion infections, by impairing prion accumulation/replication
in SLO and reducing disease susceptibility. In sheep, cattle, cervids, and humans, susceptibility to
peripheral prion infections is associated with GALT development [363]. For example, in Cheviot sheep,
a marked fall in the size of their ileal Peyer’s patches and lymphoid follicle density is apparent from
the onset of puberty [364].

In aged (>600 days old) mice the development and function of FDC [365] and M cells [366]
which play a central role in prion neuroinvasion is adversely affected. The expression of PrP¢
by aged FDC is also reduced [365]. In the spleen, the marginal zone forms a barrier around the
lymphocyte-containing white pulp, and is important for the capture of blood-borne antigens and
immune complexes. The immune complexes are then captured by marginal zone B cells and delivered
to the FDC in the B cell follicles [300,367]. Due to gross disturbances to the splenic marginal
zone, the FDC in aged mice are also unable to efficiently trap immune complexes and prions on
their surfaces [277,309,368] (see author’s online video https://media.ed.ac.uk/media/1_4wmgldeh).
These ageing-related impairments to M cells and FDC impede the accumulation of prions in the SLO
of aged mice, reducing disease susceptibility [277,309,365].

Although peripherally-exposed aged mice did not develop clinical prion disease, PrP> was
detected in some of their brains but was undetectable in their spleens [365]. This has important
implications for the reliability of preclinical diagnostic tests based on the detection of PrP* in blood
or SLO, as these may be much less sensitive when used on elderly individuals. For example,
low numbers of lymphoid follicles were shown to be present in RAMALT biopsy specimens
from older elk (Cervus elaphus nelson; >8.5 years old) [369] and mule deer (Odocoileus hemionus;
>3 years old) [370] reducing the reliability of the histopathological detection of PrPS¢ within the
RAMALT of CWD-affected animals.

In pre-weaning animals, the developmental status of the GALT or intestine can also have a
profound influence oral prion disease susceptibility. As a consequence of the underdeveloped status
of FDC in neonatal mice, prion accumulation in their SLO after peripheral exposure is reduced and
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neuroinvasion is delayed [371,372]. The GALT tissues are more developed in neonatal sheep when
compared to mice. However, the oral susceptibility of lambs to BSE prions is greater during the
pre-weaning stage than during the post-weaning stage [373]. Multiple factors are likely to contribute to
this age-related difference in susceptibility, but differences in gut development, mucosal permeability,
and possibly also the presence of maternal immunoglobulin may each enhance the transfer of PrPS
across the gut epithelium [374].

4. Opportunities for Prophylactic and Therapeutic Intervention

At the time of writing, no safe or effective treatments had been developed for clinical use to block
or prevent further spread of prion diseases in humans or domestic animals. However, many varied
approaches have been reported. Unfortunately, some potentially useful anti-prion drugs identified
from in vitro studies have had quite differing efficacies when translated in vivo into animal models or
prion disease-affected patients.

4.1. PrP5¢ as a Therapeutic Target

A large variety of experimental in vitro studies have attempted to identify potential drugs or
compounds which may block prion conversion or accumulation within cells. From these, many have
been translated into animal models, and a small number have made it into clinical trials in human
prion disease patients.

4.1.1. Quinacrine

Quinacrine is an antimalarial drug which can also inhibit prion accumulation in infected cells [375].
However, subsequent studies showed this drug had no effect on survival times in mice experimentally
infected with prions [376]. Two independent clinical studies in humans also failed to demonstrate
any beneficial effect of quinacrine treatment on the clinical course of prion disease in affected
patients [377,378].

4.1.2. Pentosan Polysulphate

Pentosan polysulphate is a polyanion and heparin analogue which can significantly extend
survival times, or reduce the susceptibility of mice to peripherally administered prions when
administered around the time of infection [379], or by direct intraventricular infusion into the
brain [380]. This compound has also been administered to some human CJD patients in the UK
and Japan. In these limited trials, pentosan polysulphate was administered continuously to the brain
by intraventricular infusion. Treatment may have extended survival times in some patients, but no
apparent improvement in clinical signs were reported [381].

4.1.3. Tetracyclic Antibiotics

The tetracyclic antibiotics doxycycline and tetracycline can reduce prion infectivity and inhibit
the neurotoxicity of PrP-peptides in vitro [382,383]. Unfortunately, the results of clinical trials using
doxycycline in human patients with clinical prion disease were negative [384].

4.2. Prions as Anti-Prions

A series of studies undertaken in the 1970’s showed that the infection of mice with a prion agent
strain with a long disease duration could block subsequent infection with a prion agent strain with
a shorter disease duration [385,386]. This competition between prion agents raised the hypothesis
of whether such blocking could be achieved against prion diseases in domestic animals or humans
through administration of prion agent strains with incubation periods which exceed the longevity
of the host, or the use of synthetic molecules. Later independent studies showed that an attenuated
“slow” strain of mouse-passaged CJD prions could similarly impede the pathogenesis of subsequent
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a infection with a more virulent or “faster” prion agent strain [387]. On a similar theme, a recent
novel approach generated non-pathogenic, self-replicating PrP5-like forms, termed “anti-prions”.
A single injection with these apparently innocuous PrP-like forms into hamsters infected with 263 K
prions was shown to be sufficient to compete with prion replication and delay survival times [388].
Substantial safety trials and risk assessments will need to be undertaken before the efficacy of such
approaches are tested in domestic animal species and human prion disease patients.

4.3. Targeting Prion-Induced Neurodegeneration

Detailed analyses of the molecular mechanisms by which prions cause neurodegeneration have
begun to identify potential molecular targets for intervention during prion disease. For example, prion
replication in the brain leads to sustained over-activity of the unfolded protein response that controls
the initiation of protein synthesis. This causes a persistent repression of protein translation which
ultimately leads to synaptic failure and neuronal death [389]. Oral treatment of mice with a specific
inhibitor of the kinase PERK (protein kinase RNA-like endoplasmic reticulum kinase), a key mediator
of the unfolded protein response pathway, can prevent the development of neurodegeneration and
clinical prion disease [390].

4.4. Immunization

There have been many elegant experimental attempts to develop novel immunotherapeutic
approaches to induce host immunity to prions [391,392]. A major barrier to the effectiveness of
many of these is T cell-tolerance towards PrP due to the widespread expression of cellular PrP¢
throughout the mammalian body. This has made the development of effective PrPS¢ prion-specific
vaccines extremely challenging. However, studies predominantly performed in mice have shown that
immunization against PrP or the passive administration of PrP-specific monoclonal antibodies are
potential approaches to block prion disease transmission [393,394]. At the time of writing, the MRC
Prion Unit in the UK planned to undergo a clinical trial to passively administer a small number of
sCJD patients with a human anti-PrP antibody to attempt to block further neurodegeneration.

Mucosal vaccination appears to be the most appropriate method for prophylactic protection
against orally acquired prion infections [395,396]. However, a mucosal vaccine may offer little
protection against accidental iatrogenic CJD transmissions where infection occurs via intravenous
transfusion of contaminated blood or blood products, transplantation of tissues, or use of contaminated
surgical instruments. Therefore, a useful anti-prion vaccine should be able to induce both strong
mucosal and systemic anti-PrP antibody responses.

Since the cellular prion protein is almost ubiquitously expressed, the potential for an anti-prion
vaccine to recognize host PrPC and cause autoimmunity must not be ignored. However, detailed
comparisons of several anti-prion antibodies have identified those that target the o1 and «3 helices of
PrPC can induce rapid neurotoxicity [397].

5. Conclusions

Substantial progress have been made in our understanding of how PrP¢ prions disseminate
between and within individuals. However, many important issues with implications for animal and
human health remain unresolved. The transmission of prions from one host species to other hosts of
the same species is typically efficient, and causes disease in the recipients with highly reproducible
disease characteristics. However, inter-species prion transmissions upon first passage are typically
characterized by their low efficiency and extended disease durations. This effect on prion transmission
is termed the ‘species barrier’ effect. Many factors are known to have an important influence on the
inter-species transmission of prions such as polymorphisms and mutations in the PRNP gene, and
biophysical aspects of templating events are clearly important (see above). Unfortunately the precise
molecular mechanism/s responsible for the species barrier effect is uncertain. An ability to predict the
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potential for a novel prion isolate to have the potential to transmit to other species, especially humans,
is crucial to restrict and control future prion disease outbreaks.

Despite the widespread exposure of the UK population to BSE-contaminated food in the 1980s,
there have fortunately been much fewer human clinical vCJD cases than anticipated. However,
retrospective analyses of human tonsils and appendix indicate a higher incidence of pre-clinically
infected individuals (~1/2000) than the clinical data suggest [161-163]. This implies that many
individuals may harbor detectable levels of prions in their tissues in the absence of clinical signs, and
the potential existence of a subclinical carrier state. The factors which can influence the progression of
CNS prion disease in preclinically-affected individuals are not known. A thorough understanding the
factors which can influence the progression of the preclinical phase will identify those which enhance
the risk of developing clinical prion disease.

Once the prions have been amplified on the surfaces of FDC above the threshold required for
neuroinvasion, they infect the enteric nerves within the intestine [146,176,276]. Although the relative
positioning of the FDC and sympathetic nerves within the SLO appears to influence the rate of
neuroinvasion [262], but how the infection is propagated between FDC and enteric nerves is unknown.
By identifying how the prions initially infect the nervous system may identify a novel methods to
block the spread of prions to the CNS.

Unfortunately there are no safe or effective treatments which can be used to cure or block further
spread of these devastating neurodegenerative diseases in humans. Some exciting experimental
advances have been made, but trials in larger animal species including humans will be required
to determine their efficacy and safety. Currently, advances in gene editing techniques are rapidly
enhancing the ability to repair the genomes of human cell populations to treat certain previously
incurable diseases associated with specific gene mutations. Whether a similar gene-editing approach
can be used to block prion infection in host tissues by inserting protective mutations within the PRNP
gene [398] is an exciting prospect for future research.
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Abstract: Sleep disruption is a prevalent clinical feature in many neurodegenerative disorders,
including human prion diseases where it can be the defining dysfunction, as in the case of
the “eponymous” fatal familial insomnia, or an early-stage symptom as in certain types of
Creutzfeldt-Jakob disease. It is important to establish the role of the cellular prion protein (PrPC),
the key molecule involved in prion pathogenesis, within the sleep-wake system in order to understand
fully the mechanisms underlying its contribution to both healthy circadian rhythmicity and sleep
dysfunction during disease. Although severe disruption to the circadian rhythm and melatonin
release is evident during the pathogenic phases of some prion diseases, untangling whether PrP¢
plays a role in circadian rhythmicity, as suggested in mice deficient for PrP* expression, is challenging
given the lack of basic experimental research. We provide a short review of the small amount of
direct literature focused on the role of PrP® in melatonin and circadian rhythm regulation, as well as
suggesting mechanisms by which PrP* might exert influence upon noradrenergic and dopaminergic
signaling and melatonin synthesis. Future research in this area should focus upon isolating the
points of dysfunction within the retino-pineal pathway and further investigate PrP¢ mediation of
pinealocyte GPCR activity.

Keywords: prion; sleep; circadian rhythm; melatonin; serotonin

1. Introduction

The highly conserved prion protein (PrP) is encoded by the PRNP gene (human cytogenic location
20p12) [1] and exists predominately in two conformationally different isoforms [2]. The cellular prion
protein (PrP®) has an o-helical structure and is expressed highly within the central and peripheral
nervous systems [3] and localized to neuronal and glial cell membranes [4]. PrP€ expression has
also been identified in tissues beyond the nervous systems, including the intestine, heart and lymph
nodes [5]. This widespread distribution of apparently functional PrPC, coupled with its highly
conserved nature, suggests that it has either one important role or multiple, context-dependent roles
throughout the body. Total knockout of PrPC is not associated with major deleterious phenotypes [6],
suggesting that the latter hypothesis is more likely to be true. Indeed, PrP¢ has been implicated
in, among other things, immune response modulation [7], myelin maintenance [8], mitochondrial
homeostasis [9] and signal transduction as reviewed recently by Castle and Gill [4]. A final possibility is
that PrP¢ does indeed have a single role in a key biochemical pathway that impacts other physiological
processes that PrPC is proposed to control; in this possibility, PrP¢ may be involved only in modulating
activity of the top-level system rather than turning it on or off, thereby explaining its apparent
redundancy and context-dependent functions. Of relevance to this review is the finding that, in models
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of PrP¢ dysfunction or knockout, marked alterations to circadian rhythms occur [10] suggesting a role
for PrPC in one of the most essential processes for life: the sleep/wake (or active/rest) cycle.

The prion protein is one of a handful of naturally expressed proteins that can misfold into
specific pathogenic isoforms and, hence, become integral to neurodegenerative phenotypes. The prion
protein’s conformationally-altered isoform is known as PrPS¢, which is enriched in -sheet structure,
is insoluble and which assembles into amyloid plaques and fibrils [11]. The conversion from PrP¢ to
PrP5¢ and the subsequent aggregation and oligomerization of PrP*¢ results in severe, and ultimately
fatal, neurodegenerative prion diseases, also known as transmissible spongiform encephalopathies
or TSEs [11,12]. Prion diseases can occur sporadically, due to infection, or as the result of genetic
influence [13]. The exact mechanism underlying sporadic conversion from PrPC to PrP5¢ is unknown,
but it is believed that this mechanism is expedited when PrPC contains a disease-initiating mutation.
However, following the initiation of an infection (e.g., by ingesting contaminated meat) exogenous
PrP€ is believed to be used as a template, upon which the functional endogenous PrP® misfolds
in a process of autocatalytic conversion [11,12]. The incubation period between inoculation and
disease onset is prolonged in prion diseases [11], providing a potential window for neuroprotective
interventions [14], but this relies on knowledge of the molecular mechanisms responsible for neuronal
loss so that intervention can be targeted effectively and specifically. Identifying such mechanisms
is complicated by the fact that different prion disease types (or strains) target pathology to rather
different areas of the brain and the information that causes neuropathological targeting is believed
to be encoded in the structure of PrP5¢. Although multimeric forms of PrPS may be toxic to neurons
directly, by activating signaling pathways that lead to apoptosis or necrosis, it is also possible that
the neuropathology that arises with PrP5 propagation occurs in combination with loss of function
of PrPC [15]. Indeed, during pathogenesis of a prion disease, PrP® expression has been suggested to
be downregulated [15,16]. Herein we review whether there may be role for PrP loss of function in
the sleep-wake cycle, a key biological system that is compromised to different extents during various
prion diseases.

2. Sleep Dysfunction during Prion Disease Pathogenesis

Observations of human prion disease patients provided the first links between PrP€ /PrPS and
sleep. In the genetic prion disease fatal familial insomnia (FFI), the “eponymous” clinical feature is
severely disturbed sleep, characterized by anxiolytic-resistant insomnia, circadian rhythm dysfunction,
sleep fragmentation and altered arousal. Polysomnographic studies show a decrease in total sleep
time, decreased REM sleep and loss of REM atonia [17]. Central sleep apneas and decreased slow
wave sleep are also common features of FFI clinicopathology [18]. These extensive symptoms are likely
to be the result of dysfunction across the various systems regulating sleep.

To variable degrees, sleep disturbances are also evident in other prion diseases, including various
human prion diseases, although they are not currently considered part of the clinical diagnostic criteria.
Nevertheless, in a recent study almost 90% of sporadic Creutzfeldt-Jakob disease (spCJD) patients
reported sleep dysfunction during clinical evaluation, making sleep disturbance more prevalent than
any other diagnostic criteria for CJD [19]. Sleep disturbances were also prevalent clinical complaints in
all familial CJD patients examined during a separate study [20]. Certain animal models of prion disease
also result in disrupted sleep patterns; rats inoculated with various prion strains have pronounced slow
wave sleep decreases [21], thesus monkeys infected with the human prion disease kuru show complete
loss of REM sleep and disrupted sleep stage cycling [22], whilst mice inoculated with the murine prion
disease RML show alterations in rest period activity from extremely early in the incubation period [23].
Interestingly, it has been reported that patients with Gerstmann-Straussler-Sheinker disease (a genetic
prion disease characterized predominantly by ataxia and pyramidal dysfunction) do not exhibit sleep
alterations [24,25], suggesting that sleep dysfunction is specific to particular prion strains. Given that
neuropathology in different prion strains is targeted to different regions of the brain, it follows that
molecular or cellular alterations in specific brain regions may underlie some of the prion-induced sleep
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abnormalities. It is pertinent, therefore, to consider the brain areas that control the different aspects of
normal sleep and how these are affected during prion pathogenesis.

The slow wave oscillations of deep, non-REM (NREM sleep) are generated, synchronized and
stabilized by the thalamocortical network [26,27], whilst fluctuations in thalamocortical excitability
produces the hallmark deflections visualized on EEG traces during NREM sleep: the K-complex and
sleep spindle [28]. Cortically-generated K-complexes occur both spontaneously and in response to
sensory stimulation, acting to monitor environmental stimuli during reduced states of consciousness
and to enhance sleep stability [28]. The K-complex waveform is reflected in thalamic activity,
with thalamic neurons reinforcing the K-complex slow oscillation [26]. In response to the K-complex,
thalamic reticular neurons generate their own oscillation—known as the sleep spindle—which is
thought to be instrumental in thalamocortical plasticity, cognition and memory function [29]. One of
the most striking polysomnographic observations in FFI and fCJD patients is a reduction or absence of
the thalamocortical K-complex and sleep spindle oscillations [19,30-32]. Prion-induced dysregulation
of slow wave sleep, sleep instability and the loss of K-complex and sleep spindle oscillations (as well
as the memory and cognitive impairments seen in prion diseases) are therefore likely due to the
gross neurodegeneration of the thalamocortical network as the disease process reaches the clinical
phase [33]. Support for this rationale comes from mouse models of FFL: mice expressing PrP carrying
the D178N mutation (that causes FFI in humans in combination with methionine expressed at codon
129) develop thalamic pathology and exhibit disrupted circadian rhythmicity of sleep and motor
activity. Both over-expressing [34] and knock-in [35] FFI transgenic mice are phenotypically similar to
human FFI patients, with the overexpressing mice exhibiting abnormal REM-sleep transitioning, loss of
sleep spindles, reduced slow wave activity and decreased sleep continuity. Anatomically, these mice
also exhibited thalamic degeneration, which, as in human patients, is responsible for the observed
breakdown of sleep architecture. However, changes in circadian-regulated motor activity of these
mice, including decreased dark-phase activity compared to controls [34], are not readily rationalized
by thalamic degeneration and knock-in FFI mice also show significant decreases in dark-phase motor
activity compared to controls [35].

Symptoms of insomnia reported by prion disease patients can be explained by the reduction in
both sleep stability and sleep maintenance associated with thalamocortical degeneration. It is also
likely that the dysregulation of circadian rhythmicity seen in prion disease contributes to symptoms
of insomnia. A key organ responsible for the modulation of sleep patterns through synthesis of the
circadian hormone melatonin is the pineal gland, and it has been demonstrated that non-prion patients
with insomnia exhibit reduced pineal gland volume [36] as well as significantly decreased nocturnal
plasma melatonin levels [37]. The pineal gland is a site of high level expression of PrPC [4]. Whilst this
may render the pineal gland highly susceptible to infection by prions, it also raises the possibility that
reduced levels of functional PrPC during a prion infection [15] may be involved in sleep dysfunction.
Thus, the mechanisms of circadian dysfunction evident in prion diseases require further basic science
investigation beyond clinical reporting, as currently there is little known of how a prion infection can
dysregulate such an essential system.

3. Circadian Rhythm, Homeostatic Sleep Pressure and Melatonin

The sleep-wake cycle is driven by two factors: circadian rhythm and homeostatic sleep
pressure [38,39]. Homeostatic sleep pressure is best described as the feeling of sleepiness, such that the
longer one goes without sleep, the more tired one becomes. The driving mechanism of homeostatic
sleep pressure is thought to be the result of chemical build-up, such as increased levels of adenosine [40],
within the brain. Slow wave oscillations during wakefulness and sleep are regulated homeostatically,
with slow wave activity decreasing over the sleep period and increasing as time awake increases [41,42].

Similar to homeostatic sleep pressure, circadian rhythmicity is the result of endogenous processes,
with every cell exhibiting its own intrinsic, oscillatory, circadian rhythm [43]. The oscillations in cellular
gene expression, caused by a negative feedback transcription/translation loop, have a natural period
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of around 24 h, but are then synchronized to the exogenous light/dark cycle [43]. The circadian rhythm
is also modulated, to a degree, by other external factors such as exercise and food consumption [44] as
well as internal factors including core body temperature and the menstrual cycle [45].

The main regulatory hormone of the circadian rhythm is melatonin [39]. Melatonin is part of
the tryptophan metabolic pathway [42] and it is synthesized and secreted by both central nervous
system (CNS) tissues and organs throughout the body [46]. Within the CNS, melatonin production
is entrained to the light/dark cycle, with the hormone acting as a mediator between hypothalamic
nuclei and target tissues, relaying diurnal and seasonal timings to the body [47]. As with PrPC,
the variety of organs capable of melatonin synthesis is suggestive of important, contextual roles
for this hormone, including regulation of seasonal and circadian rhythms, reproductive function,
modulation of neurotransmission and antioxidant effects [47].

The complex, multi-nuclei pathway for melatonin synthesis, depicted schematically in Figure 1,
begins with blue light excitation of photosensitive, melanopsin-containing retinal ganglion cells (RGCs).
The RGC axons form the retino-hypothalamic tract which projects to the hypothalamic suprachiasmatic
nucleus (SCN), providing glutamatergic excitation of SCN neurons. The SCN is the central pacemaker
that fine-tunes the body’s circadian rhythm, conveying the light/dark fluctuations of the external
environment to various tissues, including the brain, via oscillatory activity in order to coordinate
metabolic function and homeostasis accordingly [48]. These SCN oscillations are generated in response
to RCG neurotransmission by a transcriptional-translational feedback loop between clock genes [49].

Figure 1. The Retino-Pineal Pathway. Structures and pathways in yellow represent light-active
regions, those in dark blue represent dark-active regions. Arrows represent direction of signaling;
associated text represents main neurotransmitters in the pathway. Region abbreviations: RCGs retinal
ganglion cells; SCN suprachiasmatic nucleus; PVN paraventricular nucleus; IML intermediolateral nucleus;
SCG superior cervical ganglion; PG pineal gland. Neurotransmitter abbreviations: GLU glutamate;
PACAP pituitary adenylate-cyclase activating peptide; GABA gamma-aminobutyric acid; OT oxytocin;
VP vasopressin; ACh acetylcholine; NA noradrenaline.
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In all melatonin-synthesizing organisms, light acts as a zeitgeber (environmental cue) for
melatonin secretion, with peak melatonin levels arising in the middle of the night’s sleep at
approximately 100 times the daytime melatonin level [39]. In daylight, GABAergic SCN projections
synapse to paraventricular (PVN) neurons, inhibiting further excitation of the pathway. At night,
without RCG/SCN excitation, PVN neurons are disinhibited, leading in turn to excitation of thoracic
intermediolateral (IML) neurons and superior cervical ganglia (SCG) neurons. Noradrenergic
SCG neurons project to the pineal gland, which expresses both «1 and B1l-adrenoceptors [50].
Noradrenaline-adrenoceptor binding then activates adenylate cyclase and the melatonin synthesis
cascade within pinealocytes.

Pinealocytes provide the majority of circulating melatonin, with immediate melatonin release into
the blood (bypassing the blood brain barrier) and into CSF circulation at the point of the pineal recess
and third ventricle [51]. Melatonin travels via CSF and blood to target tissues expressing G-protein
coupled melatonin receptors MT1 and MT?2 [52]. MT1 binding has been associated with metabolic
regulation, whilst MT2 binding is associated with circadian rhythmicity [46]. Expression of both
melatonin receptors is widespread throughout the brain, with localization to neurons of the SCN,
thalamus and hippocampus, amongst other structures [41].

The pineal gland is not the only source of melatonin; extrapineal melatonin synthesis is thought
to occur in a number of organs that express melatonin-synthesizing enzymes, including the heart,
liver and placenta [46]. Indeed, the gut expresses melatonin levels 400 times greater than that of
the pineal gland, and extrapineal melatonin synthesis has been shown to occur independently of
the photoperiod, with an absence of diurnal fluctuations [53]. In contrast to the pineal-synthesized
melatonin, which is immediately released into CSF and blood circulation, melatonin synthesized in
tissues beyond the CNS is retained within cells [46]. Intracellular melatonin is correlated with its
local anti-inflammatory/oxidative effects; in neonates with respiratory distress syndrome, melatonin
treatment significantly reduces pro-inflammatory cytokine and nitrate levels [54], whilst melatonin
levels in the elderly are inversely correlated with Charlson Comorbidity Index score, indicating a
protective role against chronic disease [55].

Abolition of endogenous CNS melatonin has far-reaching consequences for the brain and body;
reports of impaired wound healing [56], disrupted circadian organization of the SCN [57], abolition of
clock gene expression in adipose tissue [58] as well as altered bone metabolism leading to bone loss [59]
provide evidence for the protective function of melatonin in health. The effects of pinealectomy upon
sleep are equally as wide-ranging. Long-term changes post-pinealectomy in humans include reduced
sleep efficiency and increased switching between sleep stages, indicating a role for melatonin in sleep
stability [60]. Pinealectomized rats show a significant decrease in REM-sleep theta power compared to
controls [61]. Intriguingly, there are also reports of the loss of hippocampal CA1 and CA3 neurons
post pinealectomy in rats [62], which can be reversed by administering exogenous melatonin; since
MT1/MT2-expressing hippocampal CA1 and CA3 neurons [63] generate cortical theta oscillations,
the theta reduction in pinealectomized rats may be, in part, the result of the hippocampal pyramidal
neuron loss.

Extrapolating the influence of melatonin upon the CNS and body is challenging, given how
intertwined the circadian rhythm is with whole-system function. It is important to identify whether
prion disease-related sleep/wake dysfunctions are the result of circadian rhythm anomalies caused by
PrPC loss of function from the pineal gland, whether anomalies can be explained by neurodegeneration
caused by PrP5¢-mediated neurotoxicity or whether both affects play a role. This requires a
consideration of the link between PrPC, circadian rhythms and melatonin signaling.

4. A Role for PrPC in the Regulation of Melatonin Synthesis

Early research revealed that PrP mRNA expression peaks during the circadian dark phase
at approximately 14 h (zeitgeber time) [64]. This significant increase in PrP mRNA expression
precedes melatonin synthesis, with pineal melatonin levels increasing to a peak from 18 to 20 h
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(zeitgeber time) [65]. Whilst the apparent correlation between PrP¢ and melatonin levels may be just
that—correlative rather than causative—there is some evidence that PrPC levels impact directly or
indirectly on melatonin levels and that the high level of PrP* expression in the pineal glands may play
a role in regulating melatonin synthesis.

Early studies of PrP knockout (PrP~/~) mice highlighted similar sleep disruptions to those
reported in human prion disease cases, such as increased sleep fragmentation and altered slow wave
activity [10]. It was noted that PrP~/~ mice exhibited a significantly longer circadian phase than
controls (23.9 h vs. 23.3 h, respectively), as well as demonstrating inverse dark phase activity compared
to controls; control mice carried out the majority of their wheel-running during the first half of the dark
phase, whilst PrP~/~ mice had increased activity towards the end of the dark phase [10]. These findings
suggest PrP~/~ mice experience a phase shift in their circadian timings, akin to that seen in delayed
phase sleep disorders, with circadian period elongation and delay in activity timings [66]. It was also
noted that PrP~/~ mice exhibited alterations to intrinsic circadian rhythms. Normally, in the complete
absence of light, the circadian rhythm deregulates and becomes “free-running”, which manifests in
incremental shifts in peak melatonin release from night to day [67], since intrinsic circadian rhythms in
mice are slightly greater than 24 h. When placed in complete darkness, control mice exhibited this
free-running circadian rhythm, using motor activity as an indicator, whilst, confusingly, the PrP~/~
mice maintained 24 h thythmicity despite no light entrainment [10]. Further to this, PrP~/~ mice
demonstrate non-cyclical, phase-shifted melatonin release in comparison to controls, with no increase
in nighttime plasma melatonin level but increased levels of melatonin during the day relative to
controls [68].

The above observations beg the question of whether PrPC functions as part of the pathway that
turns light cues into melatonin and suggest that disruption of this pathway might be responsible,
in part, for circadian abnormalities during prion disease pathogenesis. Progressive circadian disruption
is observed in FFI patients, evidenced by decreasing plasma melatonin levels with disease advancement
and complete loss of circadian rhythm by end-stage FFI [18,69]. A case study of one FFI patient
reported normal function of the SCN, as evidenced by normal core body temperature rhythms
and appropriate sleep stage timing, but dissociation of the circadian rhythms for melatonin and
cortisol [69]. This suggests normal light/dark entrainment and SCN oscillatory activity, but a
“functional interference” somewhere in the retino-pineal tract between the SCN and pineal gland
function [69].

Reports of circadian phase-shifts and dysregulated melatonin expression in PrP€ dysfunction,
supported by the above experimental and clinical findings [10,68], suggest a delay in the synthesis
or release of melatonin. Establishing the point at which PrP® interacts with the melatonin-synthesis
pathway, whether at the pinealocyte or at structure upstream in the circuit, is therefore essential for
revealing the mechanism underlying the abnormal circadian cycling.

As indicated earlier and depicted in Figure 1, functionally, between the SCN and pineal gland lie
three structures: the hypothalamic paraventricular nucleus (PVN), the intermediolateral nucleus
(IML) of the thoracic spinal column and the superior cervical ganglion (SCG) at the top of the
sympathetic chain. The main neurotransmitters released by each structure are vasopressin/oxytocin,
acetylcholine and noradrenaline respectively [47]. The fact that melatonin is still synthesized at healthy
levels in models of PrP~/~ and early-stage TSEs, albeit with an altered expression pattern, suggests
that the structures are capable of neurotransmission of reasonable fidelity, but the phasing may be
compromised in some way. It has been demonstrated that noradrenaline dysregulation is implicated
in TSE pathology; for example, after oral and intraperitoneal prion inoculation, PrPS¢ neuroinvasion
follows a selective route from the periphery via sympathetic nerves to the brain [70,71]. Noradrenergic
cell death [72] and dramatically altered noradrenaline levels in specific brain regions (cerebral cortex,
cerebellum, pons) and plasma following intraperitoneal or intracerebral inoculation [71-74] have also
been demonstrated in experimental models of prion disease. However, these effects on noradrenaline
expression and neurotransmission have not been demonstrated in PrP~/~ models, which suggests
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the specific targeting of the noradrenergic system is the result of PrP5 pathology, not a loss of PrP®
function in disease.

If neurotransmission throughout the retino-pineal tract is unchanged in PrP—/~, then the
point of melatonin dysregulation or synthesis delay must be at the SCG-pinealocyte synapse,
or due to a dysfunction at some point downstream and within the melatonin-synthesis signaling
pathway (see Figure 2). Despite experimental evidence for PrP mRNA upregulation within the
pinealocyte during the subjective night [75], no studies have specifically explored PrP€ interactions or
co-localization at the pinealocyte. One scenario that might explain the melatonin phase shift exhibited
by clinical and experimental models of prion dysfunction is if compromised PrP® function causes
dysregulation at the point of serotonin acetylation within the melatonin synthesis pathway. Serotonin is
acetylated by the enzyme aralkylamine N-acetyltransferase (AA-NAT), whose activity acts as the
rate-limiting step of melatonin synthesis [76]. The AA-NAT gene contains a cAMP-responsive element
(cre) within its promoter region which, when stimulated by increased levels of cAMP, drives enzymatic
expression and activity [77]. Levels of pinealocyte cAMP increase in response to noradrenergic, and to
a lesser degree, dopaminergic, binding respectively with adrenergic and Dy receptors [77,78].
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Figure 2. Location of the Pineal Gland in the Human (left) and Mouse (right) Brain and Pinealocyte
Melatonin Synthesis. The essential amino acid tryptophan is uptaken by pinealocytes from the
surrounding vasculature and is converted to 5-hydroxytryptophan via a process of hydroxylation.
Decarboxylation of 5-hydroxytryptophan gives rise to serotonin. SCG afferents, which project to
the pineal adjacent to capillaries, release noradrenaline into the pineal perivascular space, where
the neurotransmitter binds to «1B and 1-adrenoceptors on the pinealocyte membrane. Coincident
activation of adrenoceptors increases cAMP levels, in turn inducing enzyme expression increases
of N-acetyltransferase (NAT)—the rate-limiting step of the synthesis pathway- and acetylserotonin
O-methyltransferase (HIOMT). Melatonin synthesis is dependent upon serotonin acetylation by NAT
and HIOMT methylation activity of N-acetylserotonin. Once synthesized the indolamine is secreted
into the circulation, where it has a biological half-life of ~45 min in humans and ~20 min in rats, before
hepatic metabolism and urinal metabolite excretion.
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AA-NAT activity determines melatonin synthesis lag [79], and a significant association between
AA-NAT polymorphisms and delayed phase sleep disorder has been shown [76]. Intriguingly, PrPC has
continually been proposed to act as a cell-surface scaffolding protein and in this role it may influence
AA-NAT activity indirectly through modulating the activity of pinealocyte G protein-coupled receptor
(GPCR) complexes. The GPCRs can be divided according to whether they couple with the G; protein
subunit, which inhibits cAMP production and adenylyl cyclase activity, or with the Gys subunit,
which inversely stimulates cAMP and adenylyl cyclase activity. Of the main GPCRs expressed by the
pinealocyte, only the 3-adrenergic and D1 GPCRs are Gs-coupled [80,81]; it is, therefore, plausible
that PrPC associates with one or other of these two GPCRs (or both) as a scaffold protein and influences
their signaling cascade in pinealocytes. Supporting this, it has been demonstrated recently that PrP®
co-localizes with Dy receptors, and there is selective impairment of cAMP signaling in response to Dy
stimulation in PrP~/~ mice [78]. A lack of PrP* may act to reduce adenylyl cyclase activity, resulting
in an increased time for cAMP concentrations to reach a supra-threshold level. This would result in
dysregulation of AA-NAT, since the length of time taken to achieve optimal acetylation of serotonin
increases due to decreased AA-NAT enzymatic activity. Future investigations for a role of PrP® within
the circadian rhythm and regulation of melatonin synthesis should therefore investigate protein-protein
interactions of PrP® with noradrenergic and dopaminergic receptors, as well as analysis of analytes
and catalysts within the melatonin synthesis pathway, with a particular focus on levels of serotonin,
N-acetylserotonin and AA-NAT.

5. Conclusions

Clinical observation and experimental models of prion disease demonstrate clear circadian
dysfunction, suggesting a role for PrPC within the synthesis or regulation of melatonin release in
health. Drawing upon the limited literature, we propose that PrPC acts as a scaffold protein at
the pinealocyte, associating with the Gs-coupled B-adrenergic and D; GPCRs. In this hypothesis,
PrPC regulates the cAMP signaling cascade downstream of B-adrenergic/D; activation, and in the
absence of PrP¢ (as evidenced by PrP~/~ models), a phase shift in melatonin synthesis results due to
delayed AA-NAT enzymatic activity.
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Abstract: Several experimental evidences show that prions are non-conventional pathogens,
which physical support consists only in proteins. This finding raised questions regarding the observed
prion strain-to-strain variations and the species barrier that happened to be crossed with dramatic
consequences on human health and veterinary policies during the last 3 decades. This review
presents a focus on a few advances in the field of prion structure and prion strains characterization:
from the historical approaches that allowed the concept of prion strains to emerge, to the last results
demonstrating that a prion strain may in fact be a combination of a few quasi species with subtle
biophysical specificities. Then, we will focus on the current knowledge on the factors that impact
species barrier strength and species barrier crossing. Finally, we present probable scenarios on how
the interaction of strain properties with host characteristics may account for differential selection of
new conformer variants and eventually species barrier crossing.

Keywords: prion strain; species barrier; strain adaptation; zoonosis; Darwinian evolution; deformed
templating; structural elementary brick

1. Introduction

Scientists have been intensively working on prion diseases, nevertheless, several aspects of this
transmissible neurodegenerative affection remain obscure. Among these black boxes, the biophysical
support for prion strain variation and the species barrier have stand as one of the last accessible
achievements. Although being known for a long time, scrapie and related diseases really went in the
light in the 90’s: society urged scientists for answers to the questions raised by the sudden outbreak of
mad cow disease (caused by Bovine Spongiform Encephalopathy (BSE) prions), which could result in
a Creutzfeldt-Jakob Disease (CJD)—like disease in humans. At that time, the potential transmission of
BSE from cattle to humans had been assessed persistently, leading to perplexing and even opposite
results (sometimes coming from the very same lab) [1,2]. Rather than the consequence of an urgent
need for results, these inconsistent data underlined the complexity of the addressed question that we
are still trying to answer for the last 30 years. This review aims at presenting the main knowledge and
the latest milestones in the field of prion strains and species barrier phenomena, both topics being
intimately linked.

Prion diseases are fatal neurodegenerative disorders. At the beginning of the 20th century,
Drs Creutzfeldt and Jakob first described the pathology in humans as a sporadic disease. Then the
disease was identified as the main responsible for an epidemic of neurodegenerative cases among the
Fore population of Papua New Guinea, leading the scientists (Gajdusek, Gibbs and Alpers) to propose
an infectious spread of the disease (due to endocannibalistic rituals) [3]. Soon after, Griffith proposed
a self-replicating model for the related scrapie disease [4] but the formal conceptualization of prion
as a protein only infectious agent, responsible for the misfolding of the host cellular prion protein
into a pathologic conformer had to wait for Prusiner’s seminal work (1982) [5]. The prevalence of the
disease in human population is rather low (~1 case per million people per year, mostly among aged
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population). Some cases (~15%) are genetically linked, due to point mutation in the prion protein gene
(PRNP). This disease is also long known to affect ruminants, including sheep and goats with scrapie,
cattle with bovine spongiform encephalopathy and cervids with chronic wasting diseases (CWD).
No crossing of the species barrier between human and ruminant prions have been reported until the
implementation of new biophysical parameters in the process for recycling the livestock carcasses
into the ruminant alimentary chain: these modifications resulted in incomplete inactivation of the
BSE prions and paved the way for this unconventional agent to cross barrier species and to spread
in humans in an outbreak known as the mad cow disease and the variant CJD (vC]D), respectively.
And prompted scientists to further study the propensity of this agent to adapt from one host to
the other.

2. Experimental Prion Transmission

2.1. Early Cases of Prion Interspecies Transmission

The first report on experimental prion transmission in animals focused on reproducing
disease-specific clinical signs by inoculating infected brain extract [6]. The studied parameters were the
incubation time until disease end stage, the nature of the clinical signs and the anatomic distribution of
the lesions that were reported on a score profile. The first experiments have been reported in sheep [7].
Then, Pattison and colleagues reported several successful experimental inoculations of sheep scrapie
to goats [8,9]. By that time, it was found that some prions could pass from one species to the other
(e.g., mink to small ruminants [10]). As susceptible to infection with most prion strains, the bank
vole turned out to act like a “universal acceptor” [11-13] (see also Sections 4.1 and 4.2). Conversely,
several studies reported on the difficulty to pass prions from one species to others (e.g., certain scrapie
isolates to cattle [14]).

With the development of transgenic mouse engineering, expression of foreign PrP (in the presence
or in the absence of endogenous mouse PrP) considerably enlarged the possibilities for studying
zoonotic transmission of prions. These approaches proved to be versatile, since it was demonstrated
that development of prion pathology relied solely on the presence of convertible PrP [1,15-17]. In many
cases, these experimental setups made emerge the idea that almost every prion could adapt to almost
every PrP substrate, provided that some critical parameters (presented below) have been set up in
order to adapt the strain to its new host PrP.

2.2. Emergence of the Prion Strain Concept

Interestingly they also noticed some reproducibility of the observed clinical signs, depending on
the inoculated isolate. The conclusion of their papers proposed that “certain “strains” of the scrapie
agent will produce the nervous syndrome, while others will produce the scratching syndrome”. Soon
in the prion scientific history appeared the fact that prion agents could share common strain features
with conventional DNA-encoded pathogens. These prion strain features could be distinguished
from each other based on a number of parameters such as incubation time and titration, which were
remarkably reproducible among strains in a given host. Addition of anatomical data such as the
localization and intensity of vacuolation allowed to isolate and further characterize prion strains, that
were secondarily used to study their adaptation when passing from a host to the other [18]. With the
refinements in biochemical and biophysical analysis methods, several parameters are now available
for the extensive study on prions that will be detailed in the following sections.

171



Pathogens 2018, 7, 5

3. From Prion Strain Characterization
3.1. First Approaches

3.1.1. Incubation Time, Clinical Signs, Vacuolation Tissue Tropism

Prion diseases are first characterized by clinical signs observed on the affected individuals.
In humans, after a long pre-clinical period is ended, affected individuals usually complain with vague
sensory feelings, such as depression. Progressive motor paralysis and dementia then rapidly follow.
Cerebellar ataxia is often found in the course of the disease [19]. In animals, clinical signs include
progressive ataxia as well but some features like itching and scratching seem to be animal-specific.
Behaviour modifications, including aggressiveness or enhanced tameness are also recorded [9].
But these general features are markedly influenced by the strain of prion infecting individuals [8,20].
Distribution and abundance of the lesions in specific brain areas, which appeared to be remarkably
stable, were used to score and attribute a “lesion” profile to prion strains [16]. Incubation period for
a given strain in a given host was highly reproducible and rapidly served as the first criterion for
the characterization of prion strains [21]: for instance, 263 K strain kills golden hamster in 65 days,
whereas 139H strain kills the same species in 130 days (after intracranial inoculation). It is worth
mentioning that inoculum dilution influences the incubation time [22,23]. Thus, a combination of
criterions is necessary for efficient discrimination.

Immunoreactivity of antibodies reacting with the diseased form of the PrP (PrP5) allowed for
significant refinement in the prion strain characterization [20]. Although prions ultimately accumulate
in the Central Nervous System (CNS) of their host, peripheral accumulation may also be associated
with some prion strains, contrasting with the ones that are only detected in the brain: in this respect,
the most relevant tissues turned out to be the secondary lymphoid organs such as lymph nodes and
spleen [24]. This lymphotropism may be used for discrimination between two strains that otherwise
would look identical in the brain tissue [25].

3.1.2. Biophysical Parameters (Circular Dichroism, Infra Red, ... )

Several biophysical approaches have been employed for elucidating the parameters underneath
the biological strain phenomenon. Due to its major insolubility and to the highly heterogeneous aspects
of the prion material, all conventional approaches (X-ray crystallography, nuclear magnetic resonance
(NMR)) mainly revealed unsuccessful in providing good quality crystals or homogenous solutions
for the determination of a pathological PrP> structure. Though, infra-red approaches first identified
strain differences [26]: absorption spectra from Hyper, Drowsy and 263 K hamster strains revealed a
difference between the Drowsy strain and the two others. These results were interpreted as differences
in B-sheet secondary structures. Using a combination of several investigation techniques, the structural
properties of two sorts of fibrils formed under different experimental conditions was further shown to
correspond to differential folding patterns of 3 strands [27]. NMR imaging proved limited in exploring
the PrPS¢ structure because of insolubility matters. Conversely, Hydrogen/Deuterium exchange
proved helpful with solid NMR approaches [28]. Mass spectrometry using acetylation of accessible
lysines in PrP5¢ assemblies recently added some arguments in favour with a p-solenoid form of the
pathologic prion structure [29]. In addition, the approach was able to reveal structural differences
between several common prion strains. Notably, Sc237 hamster prion strain is supposed to have an
N-terminal fragment reacting less with the core prion protein than the others hamster strains tested.
This view is further supported by the fact that Sc237 infectivity is less sensitive to PK-digestion (partial
resistance of the PrP> protease digestion is used as the gold standard for the detection of infected
samples) than the others.
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3.1.3. Biochemical Methods (Western Blot, Resistance to Chaotropic Agents, Conformation-Dependent
Immunoassays ... )

At first, proteinase-K resistance of the pathological PrP* form served as a diagnostic tool,
since most of the antibodies raised against the PrP could not discriminate between normal PrP¢
and pathological PrP> forms of the prion protein in western blot. The PrP¢ isoform partially resists to
the cleavage by the most common proteases, among which proteinase K (PK): three major conformation
have been reported according to the protease-resistant core size observed by western blotting: 21 kDa
(type-1), 19 kDa (type-2) or 8 kDa with some specific antibodies specially recognizing some of these
types such as 12B2, a type 1-specific antibody [30]. This distribution of prion types is however generally
not exclusive: several CJD cases are actually a mix of T1 and T2 [31]. Whether this co-occurrence
aroused from biochemical reasons or just by chance remains to be addressed.

The size of the resistant-core depends on the prion strain and its evaluation still remains the
gold standard of prion analysis. Antigenic epitope mapping of PrP raised against different prion
strains showed specific immunoreactivity [32], indicating conformational differences within PrP>
assemblies. Even if several monoclonal antibodies (mAbs) have been raised against PrP antigens
from various species, in most cases however, mAbs were poor discriminants and cross reactivities
were often recorded between mouse, hamster, human and most common ruminants, as it is the case
for the conformational antibody 15B3 [33]. What’s more, these mAbs would hardly discriminate
between normal and pathological PrPs, which would have been of enormous interest for diagnostic or
laboratory purposes.

In addition to providing antibodies more or less selective for a given PrP protein, alternative
approaches were designed for the study and conformational screening of prion strains [34]. Known as
the conformation-dependent immunoassay (CDI), this technique depends on differential recognition of
unmodified PrPS¢ or altered PrPS¢ epitopes to determine a ratio that can be used for direct quantitation
of prion in a sample. This technique shows that more than 90% of PrP5 present in sCJD patients are
PK-sensitive [35]; moreover, this ratio may reveal variations from strain to strain, as observed for eight
characterized hamster-prion strains [34]. In particular, this approach allowed for a better discrimination
between prion strains that otherwise would have been indistinguishable using incubation time and
PK-resistance as analysis criterion. However, this approach still failed to discriminate between closely
related prions, although showing that PrP5¢ assemblies present different degree of stability in presence
of chaotropic treatments that reveal epitopes [36].

Post translational protein modifications have been proposed to account for the PrP strain-to-strain
variations. For instance, prion protein contains two glycosylation sites located in the structured
C-terminal part of the protein. Both N-glycosylation sites are conserved in the PrnP gene among
species, suggesting that N-glycans play an important role in the protein function. These sites, however,
are not systematically glycosylated, as shown by the 3 detected bands in western blots performed
with anti-PrP antibodies. Glycosylation pattern changes from one strain to the other, with variations
in the relative abundance of the Di-, Mono- and Un-glycosylated forms and even the normal PrP¢
glycosylation is differentially affected by depending on the prion strain [37]. However, glycosylation
deficiency at either one or other glycosylation sites does not alter the susceptibility of the host to scrapie
prions [38]. Moreover, strain characters were not modified when these glycosylation mutant mice
were used for bio assays. This result was later supported by our work in vitro reporting that several
PrP glycosylation mutants are faithful templates for PMCA (protein misfolding cyclic amplification,
see Section 3.2.1) [39]. Other studies however reported that sialic acids that are deposited on glycan
chains may significantly account in the prion replication: desialylated PrP5¢ was mainly found and
eliminated in the liver while normal prions were targeted toward secondary lymphoid organs [40].
In the meantime, the desialylation of prions is reported to reduce the species barrier [41]. These data
are particularly relevant with respect to cross-species transmission fate.
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3.2. New Insights

3.2.1. Templating Activity

In 1996, Prusiner’s team published the observation that FFI (Familial Fatal Insomnia) or sporadic
CJD (sCJD) inoculation to a mouse expressing a chimeric human-mouse PrP gene reproduced both
PK-resistant 19 kD deglycosylated band pattern for FFI and the 21 kD band pattern for the sCJD,
respectively [42]. This basic observation paved the way to the concept of templating activity of prions.
This concept has been explored in the field of yeast and fungi prions (the yeast prions will voluntarily
not be documented here) but had been curiously neglected until the very recent years, when Baskakov’s
team reported conformational switches within individual amyloids [43]. In this work, two strains of
fibrils made from the identical recombinant hamster PrP showed various individual characteristics,
derived only from the different conditions of formation: R strain was obtained under rotation of the
monomers and displayed straight shape and polymorphous (twisted or not twisted morphology),
while S strain was obtained under shaking and displayed a curvy simple line. When incubating
these different fibril strains with heterologous mouse recombinant PrP monomers, they observed
that whatever the original strain, the fibrils adopted the straight complex forms of the R phenotype.
In addition, FTIR (Fourrier—transform Infra-Red) spectroscopy properties of the daughter fibrils were
similar to the ones of the R phenotype. By contrast, R and S fibrils incubated with the homologous
hamster monomers yielded the expected parental forms (microscopy and FTIR). Thus, monomer origin
is able to imprint a new conformation and new properties to a given inoculum, resulting in the change
or adaptation of the strain to its new host. However, these data also suggest that the host PrP could
restrict rather than enlarge the conformational panel available for PrP.

Owing to their very long incubation periods, prion diseases remain difficult to study in vivo.
Although cell-based systems have been developed in several laboratories, they proved to be difficult to
set up, particularly because this approach was not possible to implement to every kind of prion strain.
Despite these difficulties, Weissman'’s groups produced seminal data on prion strain adaptation and
selection in vitro [44—-48]. They first showed that neuron cell lines chronically infected by two prion
strains (RML and 22 L) could be derived into several different cell lines with their own response to
various other prion strains [44]. Although they could somehow stabilize cell-adapted prion features
different from that of brain-adapted prions, they observed the occurrence of a “Darwinian selection”
that allowed for the transition from one prion to the other [45]. Further selection could even be achieved
using selective prion drugs inhibitors such as swainsonin, demonstrating that the strain features
observed finely depend on the prion production conditions [45,48]. In such a context, Weissmann and
colleagues further enforced the concept of quasi-species proposed by Collinge [49], consisting of a
major component and many variants, which are constantly being generated and selected against in
a particular environment: changing of conditions may result in the selection of a new variant with
different features.

Several aspects of PMCA and RT-QulC (real time quaking-induced conversion) amplifications
have been studied and used for prion detection in body fluids or for assessing and validating
decontamination procedures that will not be emphasized here. A focus on some of these topic
has however been recently published [50]. PMCA approach was first described by C. Soto in 2001 [51]
and involves the cyclic amplification of minute amounts of infectious material diluted in a brain
lysate containing solubilized forms of PrPC. The repetition of a few seconds ultrasonication bursts
followed by an incubation period at 37 °C produces the exponential transconformation of the PrP®
present in the normal brain lysate into a PK-resistant form. PrP> is then detected on Dot or Western
blot after PK-digestion. Practically, amplification factors and titration capabilities have been reached
that extend far beyond that obtained with bioassays: 10'? amplifications were routinely obtained
with laboratory scrapie strains [52] and the system allows for the amplification of a large number
of strains, sometimes to a lesser extent, though. This reduced amplification level could however be
largely compensated after several rounds of amplification. The difficulty to amplify sporadic MM1
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CJD, appeared as a notable exception until Safar and colleagues reported that a modified PMCA using
unglycosylated PrP was able to selectively amplify type 1 sCJD [53].

Castilla and colleagues proved the relatively high strain fidelity of the PMCA-driven prion
amplification regarding currently available tools (incubation time, brain lesion scores, western blot
profile, PK-resistance) [54,55]. Thus this in vitro amplification tool proved to be a valuable tool for the
assessment of cross barrier crossing, a main advantage over bioassays being the extreme shortening of
the time required for experimentation. Species barrier crossing could be demonstrated between mouse
prion and “cervid” model mice, which would have required much more time with the bio assay [56].

PMCA has been described using brain lysate of transgenic mice as a source of healthy PrPC.
But versatility of the system may be further increased by the use of cultured cell lysates. This was used
in our lab to further dissect the requirements for PrP5 conversion [57,58]. Additional experiments
determined that the conversion and amplification of recombinant PrP protein could occur in the
presence of only RNA or phospholipids as adjuvant molecules [55,56,59-62].

Simultaneously, RT-QulC was developed as another technique for the in vitro amplification of
prion conversion [63]. In brief, recombinant PrP molecules are driven to fibrillation through alternative
shaking and incubating with thioflavin-T (ThT) as a fluorescent marker: an increase in fluorescence
emission, that could be observed in real time, is the sign of amyloid formation and PrP conversion.
This approach proved to be sensitive enough to detect prion particles within blood cells [64] and
diverse body fluids [65]. An important difference between PMCA and RT-QulC is that the recombinant
PrP that is converted in QulC experiments is poorly infectious, whereas PMCA amplified products are
usually as highly infectious as the inoculum. Noteworthy, this technique does not faithfully replicate
the species barrier phenomenon that is recorded in target animals. Nonetheless, RT-QulC has proved
useful in discriminating among prion strains: Bank Vole PrP could be converted by almost every
strain tested in RT-QulC experiment. Lag phase and final fluorescence signals could be used for
discrimination between different prion strains, though [13]. These observations parallel those made
with transgenic mice expressing bank vole PrP [66]. On the contrary, the use of several different
substrates could be used as a screen to differentiate between closely similar strains: atypical L-type
BSE and classical BSE for instance [67].

A fluorescent approach to discriminate between prion strains was provided by a chemist group
from Sweden using oligo-/poly-thiophene derivates [68]. Murine scrapie and CWD have been
compared for excitation/emission spectra as well as fluorescence life-time of a few compounds:
this parameter is modified in response to conformational restriction of the thiophene backbone
following interaction with the different aggregates. All these methods could provide refined tools to
differentiate strains that are difficult to by strain typing in animals.

3.2.2. Size Distribution of Aggregates (Quaternary Structure)

Biophysical approaches focused on size-distribution analysis of the prion particles. If not entirely
carried on primary or secondary sequence, strain information should be somehow related to the tertiary
or quaternary structure of the PrP5 assemblies. Several studies have already pointed the necessary
role played by the PrP structure in the pathological process of prion transconformation [2,26,55,69,70].
Sedimentation velocity centrifugation in density gradients proved to be a valuable tool to separate and
analyse prion fragments according to their size and/or shape, while preserving as much as possible
the “natural” multimerization state of the prion particles and minimizing artefacts due to improper
membrane solubilisation [71,72]: this later point is crucial for the reliability of the technique, since the
presence of residual membrane lipids would modify the assemblies” apparent density and lead to
improper interpretation of the data. Sedimentation velocity-based fractionation will discriminate dense
heavy aggregates that will sediment to the bottom of the gradient from the lighter fractions containing
small aggregates or particles of low density. This technique allowed the precise discrimination between
several ovine and hamster strains (Figure 1). The disconnection between infectivity level of the fractions
(monitored by bioassay) and the PrPS¢ abundance (estimated by western blot) specifically for the “fast’
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ovine and hamster strains constituted a striking finding of this approach [71,72]. These experiments
led to the view that prions are formed of a strain-specified collection of non-uniform PrP5¢ assemblies
with specific activities.
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Figure 1. Brain homogenates from tg338 mice infected with LA21K (A); 1275 (B); LA19K (C); Nor98 (D)
and sheep BSE (E) were solubilized and fractionated by sedimentation velocity. Fractions collected from
the gradient were analysed for PK-resistant PrP> content (black line) and for infectivity (red line).
For each fraction, the percentage of total PK-resistant PrP> detected on the immunoblot is presented
(left axis). For each fraction of each strain, infectivity was determined by measuring mean survival
times in reporter tg338 mice (mean + SEM; right, red axis). The sedimentation peaks of standard
molecular mass markers (MM markers) are indicated on the top of the graph. From [71].
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3.3. When Two Strains Look the Same

Box 1. Of prion isolates, strains and types.

Of prion isolates, strains and types

e Isolate: we refer here as to biological material that has been obtained through sampling of
infected individuals;

e  Strain: the term corresponds to a defined prion population isolated from one specified animal, with regards
to the precision of the investigation technique: from basic observations (clinical signs incubation time and
so on) to fine biochemical and biophysical parameters that are now becoming precise enough to allow
for the discrimination of quasi-species within one strain; for the sake of simplicity, one regularly and
erroneously omit the name of the host from which the strain has been originally isolated, even though a
totally different prion population may have been selected when passed to the new host.

e Type: refers more particularly to a combination of biochemical parameters (mainly to the size of the

unglycosylated PrP> fragment after proteinase K partial digestion) that are independent from the host.

The prion phenotype characterization is as precise as the accuracy of observation tools used.
In some cases, and despite the combination of several investigation methods, two strains may not
be discriminated (Box 1). For instance, it has been observed that some scrapie strains could display
the same pattern than that of BSE . This raised the question whether BSE could in fact originate from
a scrapie strain [73]. Later on, the identification of an atypical L-type BSE in bovine raised again
doubts on the potential transmission of BSE to small ruminants [74]. First described within a flock
in Italy, its behaviour in cattle is very different from that of the classical BSE (presence of amyloid
plaques, low non-glycosylated PrPS¢ fragment). Upon passage on ovinized animals (VRQ allele),
however, this strain turned out to be fully similar to C-BSE, which prompted the investigators to
speculate that the mad cow outbreak of the late 80’s could have arisen from a passage by the small
ruminants. In fact, these two strains, although they look virtually the same in the ovinized mice,
keep their species characteristics, since they still can be differentiated when further back-passaged
on bovinized mice (our unpublished observations). In addition, L-BSE could be differentiated from
the classical one through its high propensity to colonize lymphoid compartments (our personal
observations). Thus, study of prion replication in the lymphoid tissue and back-passage experiments
(or to another intermediate species) can be useful to discriminate between truly identical strains and
closely resembling strains.

4. To the Study of Species Barrier in Prion Transmission

What we currently know from the species barrier crossing is that the phenomenon can take a
long time to be observed: adapted prions usually kill all the inoculated animals within a few weeks
or months, out of a total incubation time that could range between 60 days for the fastest and up to
the entire life of the animals (over 700 days for some mice); by contrast, non-adapted prions usually
have incomplete attack rates and incubation times greatly increased and much more variable as
compared to the original strain. During the adaptation process, however, these hallmarks faint and
newly adapted prions recover full attack rate and reduced as well as highly reproducible incubation
time, although several other factors may have been changed in the new host (final incubation time,
tissue distribution, PK resistance ... ).

Strain-to-strain variation is often associated to the passing of one species to the other. In some
instances, this can even result in the adaptation of several different strains: inoculation of transmissible
mink encephalopathy (TME) to hamsters resulted in the selection of two different strains, depending on
the dilution of the inoculum [75] (see Section 4.3 Coinfections). Recent work report on the influence of
PrPC expression level for the selection of different prion populations (see Section 4.4.1 PrP expression
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level) [76]. This is highly questioning in regards with the zoonotic and epidemic risks of such diseases
(BSE, variant CJD, for instance).

4.1. Some Great Examples

Illustrating the complexity of the species barrier in frame with the prion strain characterization is
a difficult task: a few examples are provided below, that have been chosen for the historical role they
played in the prion field or because of their highly possible or demonstrated impact on human health
(in terms of zoonotic risk).

Historically, one of the first prion species barrier to be studied with laboratory rodents has
been the hamster to mouse transmission: early in the 70’s Kimberlin noticed that a hamster scrapie
strain named 263 K hardly passed on mice [22,77]. However, years later, asymptomatic replication
of hamster prions was demonstrated in mice [78,79]. Despite the absence of clinical signs, half of the
inoculated mice had detectable levels of PrP¢ in the brain and also showed the presence of specific
prion disease lesions in the brain. This work was the first to further include the search for prion
specific signature in the target organ with or without clinical signs for the evaluation of the barrier
species. In seminal experiments, the use of transgenic mice expressing hamster PrP allowed hamster
prion transmission to mice, indicating that PrP amino acid differences contributed to the species
barrier [80]. Then, PMCA approaches confirmed that mouse (RML strain) prions could progressively
be adapted to hamster species [81]. The in vitro adaptation could be achieved within 4-6 rounds
(~2 weeks, while in vivo adaptation would have required more than 3 years). Similarly, hamster prions
(263 K strain) could be adapted to mouse. Interestingly, both directions of adaptation yielded prions
showing fine variations in incubation time/PK-resistance/brain deposition pattern/glycosylation
profile, etc. These results suggest that although very similar to what is observed in vivo, PMCA-driven
adaptation process is different from what is observed in living conditions.

Mad cow disease in the 90s triggered very intense research on the mechanisms involved in
the crossing of the species barrier for some prion strains. Investigating the capacity of BSE prions
to propagate in new host species led to the initial conclusion that the BSE agent was not able to
infect mice expressing only human PrP (HuPrP*/* PrnP%/9, valine allele at position 129) [1]. Looking
closer, however, revealed that the BSE prions finally needed more time than CJD prions to install and
replicate in mice expressing human PrP. The same lab detected transmission of BSE to macaque or cats,
while their PrnP%? HuPrP*/* still were alive (after more than 500 days post-inoculation) [2]. Thus,
BSE prions were more and more amenable to infect humanized animals. The year after, Bruce and
colleagues reported that both BSE and vCJD agents replicated similarly in certain lines of conventional
mice and induced the same strain phenotype, thus strengthening the link between the epizootic
burst of BSE and the outbreak of British and French vCJD cases [82]. A few years later, Prusiner’s
team provided another evidence that BSE and vCJD were etiologically linked [83]: they observed
that bovinized mice developed similar pathologies when inoculated with either BSE or vCJD agents
(incubation time, lesion distribution and score, PK-resistance profile), these profiles being absolutely
different from those observed after scrapie infection. These observations confirm that two agents
isolated from different species could eventually be the same strain. Other lines of transgenic mice
overexpressing the Met allele of human PrP were developed and further provide evidence of the
intricate link between BSE and vC]D. In two lines, the disease occurred at incomplete penetrance and
was mostly subclinical [84,85]. However, one of the lines showed a higher attack rate extraneurally in
the spleen tissue (see below).

The cross-species capacities and zoonotic potential of CWD prions are another emerging public
health concern. This disease affecting cervids is known for long but got only recently media
coverage when concerns about the passage from wild ruminants to human started to get conceivable.
While CWD was reported in the early 90’s to mainly circulate between captive wild cervids, [86] a
warning was raised against the possible epidemic extension of the disease, which truly occurred
in the USA during the last 3 decades (reviewed by Watts [87]) and even recently popped up in
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Scandinavia [88]. Considering the data obtained with scrapie and particularly with the fact that some
prion strains apparently can circulate without species barrier, it was of importance to determine to
what extent this CWD agent is confined to wild cervids. It is already known that CWD can adapt to
certain strains of mice, expressing high level of murine PrP [89]. After one passage, strain seems to be
stabilized, with mice repeatedly succumbing 220 days after inoculation, all other features of the disease
were looking similar to the genuine CWD, including the spleen tropism. Recent data further evidenced
a threat of possible transmission to humans: Herbst and colleagues described the different behaviours
of two different CWD strains—CDW1 strain could pass to hamsters but not to mice. By contrast H95+
strain could infect efficiently the mice, while the hamster was less susceptible [90]. Humans’ natural
resistance to CWD infection has been hypothesized to rely on a specific amino acid stretch in the 32
loop of the PrP; by swapping this domain with that of elk PrP, Kurt and colleagues rendered the mice
expressing this mutant PrP fully susceptible to CWD [91]. Notably, susceptibility to CJD was inversely
reduced. A very recent work presented to the Neuroprion meeting reports that CWD can be passed
orally to cynomologus macaques [92].

Conversely, there are host species that are susceptible to almost every strain: for example,
bank vole rodent turned out to stand as a mammal particularly tolerant to many prions [93],
including notably sporadic CJD [11]. Transmission of these prions to bank voles results in a disease at
full attack rate, with little or no species barrier and in a tempo similar to transgenic mice overexpressing
human PrP. Bank vole and human PrP amino acid sequence are differing by 12%. This indicates that the
bank vole PrP conformation is per se prone to conversion by human CJD prions. Recent transmission
of a library of prion strains to transgenic mice expressing bank vole PrP (M109) further support the
view that bank vole PrP can be converted by many abnormal PrPS¢ conformations. To strengthen the
demonstration, so-called ‘resistant” animals could be rendered compliant with prion infection after
introgression of a genuine or modified prion protein—for instance, the Drowsy strain affecting Syrian
hamsters but not Wild-Type (WT) mice could readily infect mice expressing a chimeric hamster-mouse
PrP [94].

The species barriers depend in part on host’s PrP primary structure and in part on the strain
itself. Up to date, every one of these species barriers has shown they could be crossed, provided that
enough time, correct animal or organ target and passage numbers have been taken into account:
hamster prions can pass onto mice [95]; TME can pass to cattle [14]; BSE and vC]D both can adapt to
Guinea Pig [96]; CWD transmission from cervids to human is every day more probable, at least under
certain specified conditions [97]: CWD can pass in vitro with PMCA to human brain homogenate
but efficiency is greatly enhanced if amplification/adaptation of the CWD prion has been previously
performed through PMCA using CWD template [98]; experimental infections to non-primate monkeys
were also efficient [99,100]. In conclusion, the strength of the species barrier is mainly dependent on the
parameters that are addressed: a closer look to subclinical disease either centrally or peripherally may
lead to the assumption that there is finally no absolute species barrier, at least to the experimental level.

What are the factors that render prions adaptable to their new host? What features allow BSE to
stand today as the sole prion that adapts easily to other species? Despite significant efforts to improve
our knowledge, the answer is still largely unknown. However, several leads have been followed that
may help building models for the structure of what we call PrP5. Some of these models will be evoked
at the end of the paper but the few following sections will first focus on the experimental parameters
that demonstrated their influence on the strength of the barrier species.

4.2. Importance of Primary Sequence, Aminoacid Polymorphism

The primary sequence of the PrP stands naturally in front line, since it is accepted by almost
all the scientific community that this endogenous protein is the only responsible for the disease.
The primary sequence (allelic variations, point mutations) would obviously be the main vector ruling
the host’s susceptibility to a given strain. With the introduction of transgenic animals, it became
easy to test whether one given PrP sequence could account for the susceptibility to prion diseases:
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several studies report the acquired susceptibility of mice following expression of recombinant or
chimeric hamster protein [101,102]. Homology between the inoculated prion and the host’s PrP
looks like a prerequisite [80,103,104]. In the latter case, transgenic rabbits expressing ovine PrP were
fully susceptible to scrapie, showing that the rabbit environment is not, per se, incompatible with
prion transconformation, although the animal is known to be naturally resistant to prion infection.
However, with the notable example of the bank vole being a universal acceptor, the common view is
that structural compatibility between host PrP and the infecting prion strain governs the cross-species
transmission of prions.

Polymorphism within one species have a dramatic impact on the susceptibility of the host (see for
instance how ovine polymorphism is governing scrapie transmission [105,106]). The extreme cases
are illustrated by the spontaneous prion conversion attributable to familial point mutation of the
human PrP gene responsible for genetic CJD or FFI (for a review, see [107]), or by the 1109 M point
mutation affecting the bank vole PrP: mice expressing 1109 Bank vole PrP spontaneously develop a
prion disease within 4 months of age [108]. This phenomenon does not strictly apply to the species
barrier paradigm. However, it had been shown that the mutations reported in humans seem to cluster
in several groups depending on their ability to cross species barrier and infect mice [109]. In that
particular case, species barrier was regarded as a tool for the characterization of different prions strains.
From an epidemiological and clinical point of view, it is relevant to consider these point mutations,
since they condition full sensitivity or resistance to prion disease. The homozygous methionine or
valine in position 129 of the human PrP is determinant for the sensitivity to CJD [110]. To date,
all clinical cases of vCJD have only occurred in patients homozygous for methionine at codon 129 [111].
However the V129 genotype does not protect against vCJD, despite full protection against BSE [112]
Polymorphism in position 219 (E/K) is also associated with resistance to prion infection in Asian
population [113]. More recently a G/V polymorphism has also been reported to be responsible for full
resistance to Kuru infection and was proposed to result from naturally-driven selection process that
increased resistance against Kuru in the exposed population [114].

In addition to governing intra species susceptibility to prion diseases PrP polymorphism greatly
influences the susceptibility of the host to exogenous prions. Noteworthy however, this polymorphism
has an impact on the population genetics, with breeds being historically more susceptible to scrapie
than others because of genotype variations in positions 136/154/171. The M/V polymorphism at
position 129 for human PrP similarly controls the susceptibility of individuals to vCJD [110]. Green et al.
report that the elk prion codon 132 polymorphism controls cervid and scrapie prion propagation [115].
In brief, transgenic mice expressing the elk mutant L132 are resistant to CWD prion inoculation (no
clinical sign at up to 600 days post infection). However, the authors report the detection of small
amounts of PK-resistant PrP5¢ in the brains of the animals inoculated with M/M132 inoculum but
not with M/L132. This suggests that L132 genotype is not resistant to infection but rather requires
adaptation passages in order to select a fully adapted prion. It is worth noting that in contrast to elk
prions, hamster prions adapted easily to the 132 L elk PrP. Using the Bank vole as a model, Agrimi’s
team observed that I/M109 heterozygote animals incorporated equal quantities of both allelic forms
of PrP in the prion particles [116]. Thus, at least in some cases, it seems that polymorphism does not
entirely rule the susceptibility to prions.

Beside natural polymorphism, experiments have been performed to test for the mutual influence
of different PrP molecules to diverse strains of prions. Several experiments of cross species inoculation
have been performed by Kimberlin and colleagues to assess the infectious potential of scrapie prions
to infect mice, hamsters, etc. [117-119]. Later, when the first transgenic mice started to be available,
the transgenic PrP was co expressed along with the endogenous one. It rapidly appeared that the
expression of both the endogenous and the transgene could result in odd responses to prion infection.
Chesebro’s team published several reports mentioning the interference of heterologous PrP on the
accumulation of prions in a cell culture assay [120,121]. A single amino acid substitution could be
responsible for drastic inhibition of prion production in cell culture. But other studies also report on
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the influence of additional factors for the efficient replication of prions [122]. These observations paved
the way for a long series of publications mentioning a hypothetical protein X as cofactor in the prion
mechanism [123]. But recent in vitro conversion experiments invalidated this hypothesis [124].

4.3. Co-Infections

The influence of co-infection, although not strictly relevant in the species barrier topic,
is questioning: since several prion strains can infect a given host, what could a multiple infection look
like? One would logically suppose for example that the fastest strain would take over the slowest
strain. Surprisingly it happened to be quite the opposite: fast strain 22A inoculated to mice that had
first received a slow 22C strain showed delayed incubation periods [125]; when a Hyper/Drowsy
combination of TME prions was peripherally inoculated to hamster, the fastest Hyper strain progression
was delayed when co-administered with the slowest strain Drowsy [126]. The authors proposed a
competition between both strains for a limiting PrP resource [127].This competition did not occur
when both prions were simultaneously inoculated at different locations [128].

4.4. Influence of Expression Level and Post Translational Modifications

Considering there is a competition for substrate between two different strains, then the amount
of available PrP certainly influences the susceptibility, or to a lesser extent the kinetic of the disease.
In addition, the several post translational modifications that undergoes the PrP¢ during its journey
toward the membrane may also influence the susceptibility /convertibility of PrP to prions.

4.4.1. PrP Expression Level

The influence of PrP€ expression level has been assessed on incubation time, infectivity titre and
lesion distribution in 3 strains of mice, whose expression level varied from %2 to 8x [129]. The incubation
period was reduced when PrPC level was increased: during an exponential phase, rapid accumulation
of PK-resistant PrPS¢ occurs, followed by a plateau phase, whose length is proportional to the PrP¢
expression level. The authors suggest the accumulation of toxic forms of the PrP that ultimately
induce the clinical signs once a certain threshold has been reached. Recently, our group reported
the characterization of three independent prions selected from a single scrapie isolate inoculated
to transgenic mice expressing various levels of strictly homologous VRQ allelic forms of ovine PrP.
The strains were mainly phenotyped according to their PK-digestion profile and their incubation
duration [76]. Upon transmission of a 21 K isolate to overexpressing mice (>3.5x), a new 19 K
phenotype is progressively selected, with frequency and PrP levels raising accordingly. A third
phenotype (21 K fast) is reported to emerge in a stochastic fashion that outcompetes 19 K prions in
high expressor hosts.

Although these studies were done in homotypic transmission context, they highlight the key role
of PrPC levels in the disease tempo and in the prion selection and emergence. It is likely that PrP¢
would similarly be at play in heterotypic transmission events.

4.4.2. Secondary Modifications: Glycosylation, Sialylation, Protease Digestion ...

Glycosylations and other post translational processings have been shown to play a significant
role in the transmission and adaptation of prions to a new host. Recent work with PrP mutated to the
first or the second glycosylation site dramatically increased or suppressed the species barrier upon
infection with 2 human prions (MM2CJD and vC]D) or 263 K hamster scrapie [130]. It is worth noting,
however, that the amino acid mutations designed for glycosylation alterations may also account for the
observed phenotype [131]. In vitro conversion experiments using hamster prions in presence of various
mouse PrP constructs suggest that heterologous conversion favours unglycosylated PrP incorporation,
while autologous conversion results in the usual 3-banded profile [132]. Glycosylations may be further
modified through sialylation of the sugars. It has recently been shown that sialylation of prion protein
could modify the species barrier [41]: while normal mouse brain homogenate needed more than
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4 rounds of PMCA to reach a steady state level of amplification using a 263 K hamster strain, the same
desialylated brain homogenate reaches the plateau in one single round. Reciprocally, hamster brain
homogenate failed to amplify 22 or ME7 mouse strains even after 10 rounds but upon desialylation,
the PMCA reaches the plateau in 3-4 rounds. It is furthermore shown that sialylation participates in a
host/tissue and cell-specific manner to the regulation of PrP [40,133]. Sialylation process is shown to
occur even after the PrP has been converted [40,134].

GlycoPhosphatidyl Inositol (GPI) anchor, which attaches PrP to the membrane through its
C-terminus participates also to the conformational landscape of the prions upon infection: upon passage
on GPI/- mice, most of the prions retained their specific characteristics when passaged back to their
original host, except CWD which gain in PK resistance and chaotropic [GAnHCl]; /,.stability [135].

4.5. Prion Route May Influence Prion Transmission Fate

Lymphoid tropism of some prion strains has been described for a long time [24]. Prions have
been shown to replicate and accumulate in follicular dendritic cells (FDC) from the germinal centres
of lymph nodes and the spleen. Several other immune cells (like B-cells, macrophages) have been
shown to carry prion infectivity, however, it has been demonstrated that FDCs are necessary and
sufficient for prion replication in the spleen [136]. Of note, the FDCs are not of lymphoid nor myeloid
origin, despite their pivotal role in the initiation and maintenance of immune response: rather,
they derive from sub-endothelial cells and differentiate upon trophic interactions with B-cells [137].
Macrophages and B-cells also stain positive for PrP> but they are mainly involved in PrPS scavenging
and transport, respectively [138,139]. Therefore, lymphoid compartment will have a balanced influence
on peripherally acquired prion fate: in one hand, macrophage and in particular splenic scavenging
functions will actively degrade or neutralize prion infectivity, while, on the other hand, FDCs will
actively replicate prions that are then shuttled to the terminal nerves ending near the germinal
centres [140]. Thus, the resulting lymphoid tropism could be the net result from this balance, as claimed
recently by Bartz and colleagues [141], who were able to detect Drowsy infectivity within hours after
inoculation but also reported that these prions disappeared thereafter as a consequence of an increased
susceptibility to proteases (in vitro PK assay). Prion replication in periphery could otherwise be
dictated by strain features. It is for instance well known that vC]D, as opposed to other strains of CJD
remarkably replicate within the human lymphoid system [142]. Thus, oral contamination by the vCJD
strain, which targets the Peyer’s patches beneath the jejunal epithelium, is much more prone to occur
than with other sporadic forms of CJD. However, recent analysis of the last documented Kuru case
(in 2003) reveals that despite a certain food borne contamination, the Kuru patient did not exhibit the
marked vCJD-typical colonization of the digestive tract. This suggests that peripheral pathogenesis
of Kuru is similar to that seen in classical CJD rather than vCJD [143], although a more recent study
finally considered that sCJD and vC]JD accumulated similarly in the lymphoid system [144]. Thus,
strain lymphotropism does not necessarily reflect the preferred inoculation route. This question had
been addressed with comparison of oral and intracerebral routes of BSE inoculation in macaque as a
model of species barrier transmission [145,146] and the general conclusions that may be derived from
these studies is that lymphoid tropism does not facilitate, per se, the crossing of barrier species.

4.6. Immune Status, Age of the Host

It is for long known that immune status and host age or developmental stage influence the PrP
expression in target organs such as the brain but also and particularly the lymphoid organs [147-149].
As a consequence, susceptibility of young sheep to oral contamination with BSE is drastically decreased
after weaning [150]. On the other side of the lifespan, aged mice infected intraperitoneally with RML
prions show significant longer incubation time than their younger littermates [151]. This is to be related
to the decrease of follicular germinal centres with age [152]. Thus, depending on the age at the time of
infection, prion replication may be significantly affected, with obvious effects on the crossing (or not)
of the species barrier. For instance, the transmission of BSE was much more efficient on young mice,
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while older animals remained free of clinical sign all along their lifespan [153]. Noteworthy, some aged
mice could still replicate at visible levels the prion in their spleen. Thus, in that particular case,
the modification of the species barrier should be regarded as a consequence of a receptor abundance
modulation. Still, these observations are of interest when considering the exposed groups within the
whole population.

4.7. Cell/organ Selectivity

As evoked in the previous section, prions can replicate and their expression could be drastically
modulated in several organs outside the central nervous system. In addition to that, peripheral organs
may, per se, have a different behaviour with respect to the invading prion and the inoculation route.
These observations have been made in our laboratory when we monitored the fate of a scrapie prion
strain following inoculation by intracranial or intraperitoneal routes [154]: the disease greatly differed
in clinical signs, abnormal prion protein levels and neuropathology. In another study, we monitored
brain and spleen of ovinized and humanized mice for the presence of infectivity or PK resistant PrP
after inoculation with hamster sc237, CWD or BSE [85]. Overall, the three strains, which are not
transmissible to either ovine or human PrP mice, did not indeed replicate efficiently in the brains of
the inoculated animals: for instance, only 2 out of 29 ovine mice infected with CWD were positive by
western blot at the end of their lifespan. By contrast, spleens of these animals were almost consistently
positive (Figure 2) and from the early time of infection onward. Overall, the spleen appeared 9-10
fold more permissive than the brain to foreign prions. The reason for such tissue-dependent strength
of the species barrier remains to be determined. Spleen PrP¢ might be more prone to heterotypic
conversion than brain PrP®, due to conformational variations. The spleen environment might constitute
a better niche, due to prolonged possibility of interactions between brain and spleen (through axonal
terminations located close to the germinal centres) or presence of co-factors, such as complement.
Ultimately, absence of cell prion toxicity outside the brain could also account for an efficient replication
of PrP%. Whatever the reasons, these features allow prion extending its host range. It also provides
and experimental explanation to the high number of asymptomatic individuals exposed to BSE agent
in the UK population showing pronounced accumulation of PrP*¢ in their lymphoid tissue [155].

Clinical disease  Tissue infections (days)
Bovine |

spleen

100% 100% (<250 d)

A/
100% 100% (<250 d)

Human 0% 7% (>600 d)

0% 63% (>230 d)

B/
QOvine
0% 7% (>500 d)
/@ \.‘/
~ ‘N 0% 95% (>380 d)

Figure 2. The spleen is much more permissive than the brain to the passage of heterologous prions:
percentage of diseased animals and western Blot-positive tissue of BSE (A) or CWD (B) prion agents
inoculated intraperitoneally to bovinized, humanized or ovinized mice. Spleen and brain were collected
at the death of the animals. Tissue infection was diagnosed upon the detection of PrP5¢ by western blot.
From [85].
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Other hypotheses involve a tissue specific clearance metabolism as responsible for the different
strain tropism [141]. As mentioned previously in a former section, the authors describe the successful
PMCA amplification of Drowsy TME in the spleen of peripherally-inoculated hamsters, although this
strain was not supposed to replicate in that tissue. They conclude that the strain selectivity against
Drowsy prions in the lymphoid organs is a consequence of the strain-specific efficient removal of the
infectious material. This hypothesis however does not seem to be valid when brain prion distribution
was concerned [156,157]: both studies argue at 20 years interval and with different tools against a
brain tissue selectivity. Cell culture experiments have also been set up in order to evaluate strain
selectivity but the overall resistance of cell lines or even primary cultures to prion infection remains to
be overridden [158].

5. Consequences on Prion Adaptation to New Host

Following a substantial species barrier, different scenarios may be possible: (i) Silent passing—The
prion may be silently passing as it does when Sc237 is inoculated to ovine PrP mice (see previous
section). Several studies have reported that some strains require very long adaptation periods and
iterative passaging in order to successfully replicate in one given host [159-161]. Three or more
reinoculation steps are often needed to get successful isolation of poor prion transmitters. In such
cases, the receptor animals also play a pivotal role, in particular with respect to the amount of target
PrPC that could be expressed. In some instances, the resulting prions retain the features of the parental
strain [159]. In other instances, the isolated prions differ significantly from the source inoculum [161].
(ii) Progressive evolution—Mutational events. In that case, evolution could concern more than two
species: for instance, when questioning the origin of the BSE and vCJD epidemics that hit Western
Europe a few decades ago. An atypical form of BSE (BASE) has been shown to evolve into a form
that is indistinguishable from BSE in wild-type mice [162]. Others described the progressive evolution
from a H-BSE to a classical BSE when the strain was serially inoculated to mice [163]. It has also
been reported that passage through an intermediate small ruminant allows BSE to better adapt to
humanized mice [164,165]. Overall, BSE prions, whether atypical or classical, seem to display a unique
behaviour with regards to species barrier, since it is the only prion strain capable of adaptation to a
great variety of hosts [166]. In other situations, evolution may be more abrupt (incubation duration
deceased rapidly between 1st and 2nd passage: see for instance, the emergence of T1-Ov and T2-Ov
strains following experimental passage of MM2 CJD to ovine PrP mice) [167]. The progressive evolution
of prions was further supported by Weissmann’s group, who argued for a Darwinian evolution of
prions, through silent (or not) “mutations” [45]. These data were supported by in vitro experiments that
establish prion evolution induced by chemical prionostatic drugs and selection of prion ‘quasi species’
from an initially homogenous prion strain [168]. As mentioned earlier, other groups support the concept
of a ‘portfolio of conformations’ for a given strain, that could match (or not) with a portfolio of possible
conformations for the receptor PrP [49,169]. The observation that H-BSE phenotype is lost upon passage
to hamster mice and restored when passaged back to bovine fits this model [170]. An evolution of the
concept emerged from the observation that two strains could too closely look similar to be distinguished,
albeit showing different incubation times. In addition, these strains could constantly evolve form one
strain to the other, rendering them impossible to clone [171].

5.1. De Novo Synthesis and In Vitro Assessment of Species Barrier

The experiments reported in the previous sections required the massive use of laboratory animals
for the evaluation of species barrier. However, even with the use of transgenic mice that considerably
shorten the incubation time in comparison to what is recorded with the target animals, the time needed
to obtain such data with 4 and even 5 successive passages is extremely long, not to mention the high
number of animals to be included ... For that reason, alternative in vitro methods were eagerly needed.
Most of them were conducted using PMCA or QulC methods. As a recent and comprehensive review
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has recently been published on the topic [172], we will mainly focus on the latest highlights of in vitro
transmission barrier studies.

The ability of PMCA to create de novo prions was certainly one of the most interesting contribution
of this technique [62]. Besides the definitive proof of the proteinaceous origin of the prion disease,
it allowed to determine a few RNA and phospholipid cofactors that are crucially needed for the
conversion to take place. But several other cofactors have been evaluated, whose influence in strain
selection appeared to be determinant [173,174]. In that later case, removal of phosphatidylserine
provoked the phenotypic convergence of the 3 strains tested, as well as a 5 logjg reduction in
infectivity. This phenotypic convergence has been reported elsewhere [175], suggesting that the
in vitro environment needs to be better controlled in order to properly mimic what is observed in vivo.
In addition to these fidelity problems, several studies mentioned the reduction or absence of infectivity
resulting from the QuIC amplification of prions [176,177].

5.2. In Vitro Assessment of High Species Barrier

Barria et al. reported the generation of cervid prions that can replicate on human matrix,
provided that they have been previously submitted to 2 rounds of PMCA using cervid brain lysate [98].
Conversely, PMCA amplification of 263K scrapie using partially deglycosylated PrP matrix produced a
mixture of classical and atypical PrPS¢ profiles that suggested the development of a new strain. If true,
however, this new strain was fully restored to the classical 263 K profile after a series of 10 rounds in
classical conditions [178]. PMCA was also used to generate in vitro prions using PrP from mammals
known to be naturally resistant to the disease [179-181]. In addition to prove that allegedly resistant
animals produced transconformation-prone PrP proteins, these studies established that BSE could
induce in vitro the conversion of these so-called resistant PrP and that this PrP> was fully infectious
when administered to the target animal. Similarly, PMCA was used to render mice susceptible to
hamster prions and vice versa [95]. While attempting to reduce the number of passages needed for
the adaptation of scrapie strains to ovine mice, it was noted that some strains were compliant with a
PMCA shortcut, while others produced prions with divergent features [182]. PMCA should therefore
not be regarded as a fully effective method to faithfully reproduce the prions obtains with bioassays.

6. Proposed Mechanisms for PrP Conversion, Strain Determination and Species Barrier Crossing

Despite this significant amount of experimental data, we still are waiting for some unifying model
for prion conversion. Several hypotheses have been proposed for the transconformation and the
elongation of infectious prions following the introduction of a seed. A first generation of models,
based on a Prusiner’s hypothesis [183] invokes the faithful reproduction of a template. This model
however does not account for the emergence of variant prions strains from a given cloned parent.
Therefore, a mechanism should be at work to allow this diversity to occur.

6.1. Prion Diversity from a Structural Portfolio and Selection of Mutants upon Species Barrier Crossing

Collinge and Clarke proposed in 2007 a model where prions are described as a panel of
thermodynamically favourable conformations, referred to as a portfolio, of which some structures
may or may not be selected when passing from one host to another [49]. According to this hypothesis,
the strength of the transmission barrier reflects the overlap between the available portfolios of a given
primary PrP sequence in two different hosts: the larger they overlap, the lower the species barrier.
Some questions still remain to be addressed: in particular, what were the mechanisms at work in
the generation of this primary diversity and why the resulting phenotype always displays clonal
properties. In addition, observations with promiscuous strains like BSE or universal acceptors like the
Bank vole question this view: for instance, one should expect from the bank vole that accepts almost
every prion to display a conformational portfolio that includes most of the prion strains portfolios;
if true, then no change should be seen when the strains will be passed from an host to the bank vole,
which eventually was not the case [12]. When passed on bank vole, most of the strains showed an
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evolution in their characters but each time the character that emerged was alone, as if every other
conformational state was drastically silenced (although it could express in the context of another
inoculated prion). Therefore, we still needed a model that fits the puzzling data. The following sections
will delineate the factors that have been taken into account in the available studies.

6.2. Deformed Templating

Based on observations published in 2012, Makarava and colleagues proposed a model in which
recombinant hamster fibrils induce PrP€ to form what they call an atypical PrP™® [184]. In that model,
two major successive steps are at work for the induction of PrP5¢ and the generation of a new strain
of prion: in their experiment, the first step results from the formation of atypical PrP™ triggered by
0.5 M GdnHCI. This atypical PrP™ was detected in the brain of mice at their end of life but was not
associated to any clinical sign. Then, the PrP™s could trigger the slow conversion of PrP€ into PrPSc.
The kinetics for the production of both PrP™* and PrP*¢ are quite different: generation of atypical PrP"es
is RNA independent and its FTIR structure closely resembles that of parental fibrils; the second step,
which was named “deformed templating” is more stochastic and less described. It is postulated that
the strain structural diversity is acquired depending on the environmental constraints. The authors
added that once formed, PrP5¢ does not require atypical PrP™ anymore and outcompetes its rival
thanks to favourable kinetic constants (Figure 3). Since these two steps are independent, they could
occur in separate animals. This hypothesis would thus explain why the crossing of the species barrier
may be achieved even after several successive passages in recipient animals in which no classical PrP5
could be detected. According to Makarava, though, one should be able to detect the atypical PrP™s.
At the moment, this was confirmed in the case of 263 K scrapie prions [185]. In addition, the authors
propose that, in contrast to the first step, the rate of deformed templating is not influenced by PrP®
concentration. This model does not address however the mechanisms that concur to the production of
this atypical PrP™s.

W\ rPrP fibrils WA atypical PrPres &4 PrPse

: 1st step 2d step
- : — wa < pezd
T P R > . > & -,«23_4&
m | —— i 44
-— T wm . %
5 I
rPrP fibrils | o e .
produced | ] -7
in vitro serial passages in animals

Figure 3. Schematic presentation of the mechanism, illustrating genesis of PrP¢ triggered by rPrP
fibrils. In a first step, rPrP fibrils seeded atypical PrP™, a transmissible form of PrP that replicates
silently without causing clinical disease. Replication of atypical PrP™ occasionally produces PrPS in
seeding events that appears to be rare and stochastic as described for a deformed templating mechanism.
PrP5¢ replicates faster than atypical PrP™ and eventually replaces it during serial passages. The two
forms atypical PrP™ and PrP> can be distinguished after PK treatment via staining Western blot
analyses with discriminating antibodies. Atypical PrP™*, alternative self-replicating state of prion
protein; PrPSe, prion protein scrapie isoform; rPrP, recombinant prion protein. From [185].

In an attempt to obtain insight into the quaternary structure of the PrP5 assemblies, our team
recently published data obtained using velocity sedimentation gradients on urea-denatured and
refolded purified PrP5¢ associated to the assessment of their specific infectivity [186]: we demonstrated
the existence of stable packs of oligomeric subunits (suPrP) that encode the main strain structural
determinants: when PrP5 aggregates were denatured under increasing concentrations of urea,
the velocity sedimentation gradients evolved from large polydisperse aggregates toward the generation
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of small elements, presumably trimers that were named suPrP. Upon dialysis refolding, the velocity
sedimentation gradients identified condensation of refolded aggregates (rfPrP) but with a different
distribution from that before denaturation. SuPrP bricks turned out to be fully PK-sensitive and unable
to template infectivity either in vitro or in bio assays. However, upon condensation the suPrP bricks
regained full infectivity and PK-resistance properties of the parental strain. One of the most important
findings was the fact that suPrP, rfPrP and PrP> shared a dynamic equilibrium: upon dilution of 263 K
PrP5¢ in physiological buffer, a rapid decrease of the light scattered by the oligomer solutions showed a
significant reduction in the size of the particles, resulting from the dissociation of the PrP*¢ into suPrP.
When local suPrP concentration was restored and urea removed, condensation of the suPrP into rfPrP
could be observed by western blot and infectivity restored as assessed with PMCA.

Thus, the results presented in this work suggest the existence of two organization levels within
prion assemblies (Figure 4), one suPrP oligomeric subunit (that could contain 3-5 monomers) and a
meta assembly that gathers the suPrP subunits and supports the strain infectivity level and structural
conformation features. Whether the suPrP pre-exist to the PrP5¢ before being included in the elongating
polymer or the suPrP results from the incorporation of PrP® into the polymer remains to be addressed.
The former hypothesis however implies that PrP¢ and suPrP shall be separated in normal conditions.

This mechanistic proposition for the generation of elementary infectious prion bricks that co-exist
as an equilibrium with larger assemblies is compatible with the portfolio model of Collinge. We propose
the initial coexistence of several structurally different prions within a single brain homogenate [76]:
the emergence of a new strain after prion inoculation to a strictly homologous recipient animal results
from a difference in PrP€ expression level between inoculum donor and the recipient transgenic mice;
the original 21 K strain may be favoured in low PrP expressor animals because the elementary brick
could be more efficient at recruiting PrP® at low concentration, while the bricks that lead to 19 K
phenotype would benefit the advantage of high PrP expression. Alternatively, stochastic events mays
also produce a third strain that could outcompete the two others.

It is probable that in a heterologous transmission, prion inoculum will first depolymerize just
after injection and produce the main suPrP that is observed in the gradient experiments. Then,
the elementary bricks would have to recruit PrP® that may or may not accommodate the suPrP.
This phenomenon could be highly stochastic, the probability that host PrP adopts a conformational
state compatible with the foreign suPrP should be related to the proximity of prion strain and host.
The generated assemblies could be rapidly stabilized and amplified, thus producing an infection
with no apparent species barrier; conversely, when host PrP could not fit the topological constraints
imposed by inoculum suPrP, the process would need longer time to produce and test pseudo stabilized
oligomers or new suPrP that would ultimately emerge as a new prion strain.
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Figure 4. The role of suPrP in the dynamics of PrPS¢ assemblies. (A) Evolution of PK resistance and
templating propensities of different types of PrP assemblies obtained after sequential unfolding and
refolding of the parental prion. PrP° is the native prion; suPrP is the elementary oligomeric PrP
subunit; and rfPrP is the refolded conformer formed after the polymerization of suPrP. The process
of conversion of suPrP into rfPrP requires a conformational change in the PrP protomer of suPrP
(represented here as a sphere) to form infectious and PK-resistant assemblies (represented as stack
of torus); (B) The conserved differential proteolytic pattern of rfPrPT1-Ov-21K and rfPrPT2-Ov-19K
suggests that their respective suPrPs (represented respectively as yellow and red spheres) exhibit
distinct conformations. During the refolding step (C), two modes of organization contribute to the
cohesion within PrP5¢ assemblies. Weak interactions (in blue) are involved in maintaining the overall
quaternary structure by stacking suPrPs, when strong interactions are involved in the cohesion of PrP
protomers in suPrP oligomers. The weakness of the interactions interlinking suPrP means that PrP5
assembly and disassembly are highly dynamic events, even in the absence of a chaotropic agent and
free suPrP could exist in equilibrium with infectious assemblies. From [186].
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7. Conclusions

Prion strains and species barrier phenomena still remain difficult questions to address.
Much knowledge has been gained regarding the characterization of the strains (thanks in particular
to the PMCA in vitro methods and to the gradient fractionation techniques). The model proposed
by our lab identified some features for the faithful reproduction of prions and proposed a kind of
generic polymerization principle where prion fibres exist in equilibrium with one or possibly several
sub-units that contain the structural strain determinants. Crossing of species barrier could result from
the emergence of one of these sub-assemblies: this hypothesis is in good agreement with the quasi
species theory proposed by Weissmann and colleagues. Another non-exclusive hypothesis relies on the
ability of the prion inoculum to undergo progressive templating deformation by iterative adjustment
of the host PrP structure upon oligomerization. This hypothesis also fits the model proposed by
Makarava et al., which focuses on the strain adaptation. It would explain why and how a given strain,
adapted to its host, is able to infect a new host, sometimes rapidly and sometimes very slowly. Finally,
it is worth emphasizing that the fundamental questions addressed in this topic are supposed to bring
high impact on how we understand past outbreaks of transmissible spongiform encephalopathies
and potential ones. These threats are linked to hidden circulating prions (and adapting to its human
host within the lymphoid organs), or to closer contacts between wild cervids and domestic ruminants
(in the context of spreading of CWD in Europe).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Collinge, J.; Palmer, M.S ; Sidle, K.C.; Hill, A.F.; Gowland, I.; Meads, J.; Asante, E.; Bradley, R.; Doey, L.J.;
Lantos, P.L. Unaltered susceptibility to BSE in transgenic mice expressing human prion protein. Nature 1995,
378, 779-783. [CrossRef] [PubMed]

2. Collinge, J.; Sidle, K.C.; Meads, J.; Ironside, J.; Hill, A.F. Molecular analysis of prion strain variation and the
aetiology of “new variant” CJD. Nature 1996, 383, 685-690. [CrossRef] [PubMed]

3. Gajdusek, D.C; Gibbs, C.J.; Alpers, M. Experimental transmission of a Kuru-like syndrome to chimpanzees.
Nature 1966, 209, 794-796. [CrossRef] [PubMed]

4. Griffith, J.S. Self-replication and scrapie. Nature 1967, 215, 1043-1044. [CrossRef] [PubMed]

5. Prusiner, S.B. Novel proteinaceous infectious particles cause scrapie. Science 1982, 216, 136-144. [CrossRef]
[PubMed]

6.  Cuillé, J. Chelle La tremblante du mouton est bien inoculable. CR Séances Acad. Sci. Paris 1936, 206, 78-79.

7. Plummer, PJ. Scrapie—A Disease of Sheep: A Review of the literature. Can. J. Comp. Med. Vet. Sci. 1946,
10, 49-54. [PubMed]

8. Pattison, LH.; Gordon, W.S.; Millson, G.C. Experimental Production of Scrapie in Goats. ]. Comp. Pathol. Ther.
1959, 69, 300IN19-312IN20. [CrossRef]

9.  Pattison, LH.; Millson, G.C. Scrapie produced experimentally in goats with special reference to the clinical
syndrome. J. Comp. Pathol. 1961, 71, 101-109. [CrossRef]

10. Hadlow, W.J.; Race, R.E.; Kennedy, R.C. Experimental infection of sheep and goats with transmissible mink
encephalopathy virus. Can. ]. Vet. Res. 1987, 51, 135-144. [PubMed]

11. Nonno, R.; Bari, M.A.D.; Cardone, F; Vaccari, G.; Fazzi, P.; Dell'Omo, G.; Cartoni, C.; Ingrosso, L.; Boyle, A.;
Galeno, R;; et al. Efficient Transmission and Characterization of Creutzfeldt-Jakob Disease Strains in Bank
Voles. PLoS Pathog. 2006, 2. [CrossRef] [PubMed]

12. Watts, J.C.; Giles, K.; Patel, S.; Oehler, A.; DeArmond, S.J.; Prusiner, S.B. Evidence That Bank Vole PrP Is a
Universal Acceptor for Prions. PLoS Pathog. 2014, 10. [CrossRef] [PubMed]

13.  Orrg, C.D.; Groveman, B.R.; Raymond, L.D.; Hughson, A.G.; Nonno, R.; Zou, W.; Ghetti, B.; Gambetti, P;
Caughey, B. Bank Vole Prion Protein As an Apparently Universal Substrate for RT-QuIC-Based Detection
and Discrimination of Prion Strains. PLoS Pathog. 2015, 11, e1004983. [CrossRef]

189



Pathogens 2018, 7, 5

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Robinson, M.M.; Hadlow, W].; Knowles, D.P; Huff, TP; Lacy, PA; Marsh, RF; Gorham, J.R.
Experimental infection of cattle with the agents of transmissible mink encephalopathy and scrapie.
J. Comp. Pathol. 1995, 113, 241-251. [CrossRef]

Biieler, H.; Aguzzi, A.; Sailer, A.; Greiner, R.-A.; Autenried, P.; Aguet, M.; Weissmann, C. Mice devoid of PrP
are resistant to scrapie. Cell 1993, 73, 1339-1347. [CrossRef]

Telling, G.C.; Scott, M.; Hsiao, K.K.; Foster, D.; Yang, S.L.; Torchia, M.; Sidle, K.C.; Collinge, J.; DeArmond, S.J.;
Prusiner, S.B. Transmission of Creutzfeldt-Jakob disease from humans to transgenic mice expressing chimeric
human-mouse prion protein. Proc. Natl. Acad. Sci. USA 1994, 91, 9936-9940. [CrossRef] [PubMed]
Brandner, S.; Isenmann, S.; Raeber, A.; Fischer, M.; Sailer, A.; Kobayashi, Y.; Marino, S.; Weissmann, C.;
Aguzzi, A. Normal host prion protein necessary for scrapie-induced neurotoxicity. Nature 1996, 379, 339-343.
[CrossRef] [PubMed]

Fraser, H.; Dickinson, A.G. Scrapie in mice: Agent-strain differences in the distribution and intensity of grey
matter vacuolation. J. Comp. Pathol. 1973, 83, 29-40. [CrossRef]

Asher, D.M.; Gibbs, C.J.; Gajdusek, D.C. Pathogenesis of subacute spongiform encephalopathies. Ann. Clin.
Lab. Sci. 1976, 6, 84-103. [PubMed]

Lowenstein, D.H.; Butler, D.A.; Westaway, D.; McKinley, M.P.; DeArmond, S.J.; Prusiner, S.B. Three hamster
species with different scrapie incubation times and neuropathological features encode distinct prion proteins.
Mol. Cell. Biol. 1990, 10, 1153-1163. [CrossRef] [PubMed]

Kimberlin, R.H.; Walker, C.A.; Fraser, H. The Genomic Identity of Different Strains of Mouse Scrapie Is
Expressed in Hamsters and Preserved on Reisolation in Mice. ]. Gen. Virol. 1989, 70, 2017-2025. [CrossRef]
[PubMed]

Kimberlin, R.H.; Walker, C.A. Pathogenesis of mouse scrapie: Dynamics of agent replication in spleen,
spinal cord and brain after infection by different routes. J. Comp. Pathol. 1979, 89, 551-562. [CrossRef]
Prusiner, S.B.; Groth, D.E; Cochran, S.P.; Masiarz, ER.; McKinley, M.P.; Martinez, H.M. Molecular properties,
partial purification and assay by incubation period measurements of the hamster scrapie agent.
Biochemistry 1980, 19, 4883-4891. [CrossRef] [PubMed]

Mould, D.L.; Dawson, A.M.; Rennie, J.C. Very early replication of scrapie in lymphocytic tissue. Nature 1970,
228, 779-780. [CrossRef] [PubMed]

Béringue, V.; Andreoletti, O.; Le Dur, A.; Essalmani, R.; Vilotte, ].-L.; Lacroux, C.; Reine, F; Herzog, L.;
Biacabe, A.-G.; Baron, T.; et al. A Bovine Prion Acquires an Epidemic Bovine Spongiform Encephalopathy
Strain-Like Phenotype on Interspecies Transmission. J. Neurosci. 2007, 27, 6965-6971. [CrossRef] [PubMed]
Caughey, B.; Raymond, G.J.; Bessen, R.A. Strain-dependent differences in beta-sheet conformations of
abnormal prion protein. J. Biol. Chem. 1998, 273, 32230-32235. [CrossRef] [PubMed]

Ostapchenko, V.G.; Sawaya, M.R.; Makarava, N.; Savtchenko, R.; Nilsson, K.P.R.; Eisenberg, D.; Baskakov, I.V.
Two amyloid States of the prion protein display significantly different folding patterns. J. Mol. Biol. 2010,
400, 908-921. [CrossRef] [PubMed]

Cobb, N.J.; Apostol, M.L; Chen, S.; Smirnovas, V.; Surewicz, W.K. Conformational Stability of Mammalian
Prion Protein Amyloid Fibrils Is Dictated by a Packing Polymorphism within the Core Region. J. Biol. Chem.
2014, 289, 2643-2650. [CrossRef] [PubMed]

Silva, C.J.; Erickson-Beltran, M.L.; Dynin, I.C. Covalent Surface Modification of Prions: A Mass
Spectrometry-Based Means of Detecting Distinctive Structural Features of Prion Strains. Biochemistry 2016,
55, 894-902. [CrossRef] [PubMed]

Langeveld, J.P; Jacobs, ].G.; Erkens, ].H.; Bossers, A.; van Zijderveld, EG.; van Keulen, L.J. Rapid and
discriminatory diagnosis of scrapie and BSE in retro-pharyngeal lymph nodes of sheep. BMC Vet. Res. 2006,
2,19. [CrossRef] [PubMed]

Cali, I; Castellani, R.; Alshekhlee, A.; Cohen, Y.; Blevins, J.; Yuan, J.; Langeveld, ] PM.; Parchi, P.; Safar, ].G.;
Zou, W.-Q; et al. Co-existence of scrapie prion protein types 1 and 2 in sporadic Creutzfeldt-Jakob disease:
Its effect on the phenotype and prion-type characteristics. Brain 2009, 132, 2643-2658. [CrossRef] [PubMed]
Bessen, R.A.; Marsh, R.E. Biochemical and physical properties of the prion protein from two strains of the
transmissible mink encephalopathy agent. J. Virol. 1992, 66, 2096-2101. [PubMed]

Korth, C.; Stierli, B.; Streit, P.; Moser, M.; Schaller, O.; Fischer, R.; Schulz-Schaeffer, W.; Kretzschmar, H.;
Raeber, A.; Braun, U,; et al. Prion (PrPSC)-speciﬁc epitope defined by a monoclonal antibody. Nature 1997,
390, 36337. [CrossRef] [PubMed]

190



Pathogens 2018, 7, 5

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

Safar, J.; Wille, H.; Itri, V.; Groth, D.; Serban, H.; Torchia, M.; Cohen, FE.; Prusiner, S.B. Eight prion strains
have PrPS9 molecules with different conformations. Nat. Med. 1998, 4, 1157-1165. [CrossRef] [PubMed]
Safar, ].G.; Geschwind, M.D.; Deering, C.; Didorenko, S.; Sattavat, M.; Sanchez, H.; Serban, A.; Vey, M.;
Baron, H.; Giles, K.; et al. Diagnosis of human prion disease. Proc. Natl. Acad. Sci. USA 2005, 102, 3501-3506.
[CrossRef] [PubMed]

Choi, Y.P; Peden, A.H.; Groner, A.; Ironside, ].W.; Head, M.W. Distinct Stability States of Disease-Associated
Human Prion Protein Identified by Conformation-Dependent Immunoassay. J. Virol. 2010, 84, 12030-12038.
[CrossRef] [PubMed]

Mays, C.E.; Kim, C.; Haldiman, T.; van der Merwe, |.; Lau, A.; Yang, J.; Grams, J.; Di Bari, M.A.; Nonno, R.;
Telling, G.C.; et al. Prion disease tempo determined by host-dependent substrate reduction. J. Clin. Investig.
2014, 124, 847-858. [CrossRef] [PubMed]

Neuendorf, E.; Weber, A.; Saalmueller, A.; Schatzl, H.; Reifenberg, K.; Pfaff, E.; Groschup, M.H. Glycosylation
Deficiency at Either One of the Two Glycan Attachment Sites of Cellular Prion Protein Preserves Susceptibility
to Bovine Spongiform Encephalopathy and Scrapie Infections. . Biol. Chem. 2004, 279, 53306-53316.
[CrossRef] [PubMed]

Moudjou, M.; Chapuis, ].; Mekrouti, M.; Reine, F.; Herzog, L.; Sibille, P.; Laude, H.; Vilette, D.; Andréoletti, O.;
Rezaei, H.; et al. Glycoform-independent prion conversion by highly efficient, cell-based, protein misfolding
cyclic amplification. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

Srivastava, S.; Katorcha, E.; Daus, M.L.; Lasch, P.; Beekes, M.; Baskakov, I.V. Sialylation controls prion fate
in vivo. J. Biol. Chem. 2016. [CrossRef]

Katorcha, E.; Makarava, N.; Savtchenko, R.; d’Azzo, A.; Baskakov, I.V. Sialylation of Prion Protein Controls
the Rate of Prion Amplification, the Cross-Species Barrier, the Ratio of PrP> Glycoform and Prion Infectivity.
PL0S Pathog. 2014, 10, €1004366. [CrossRef] [PubMed]

Telling, G.C.; Parchi, P.; DeArmond, S.J.; Cortelli, P; Montagna, P.; Gabizon, R.; Mastrianni, J.; Lugaresi, E.;
Gambetti, P.; Prusiner, S.B. Evidence for the Conformation of the Pathologic Isoform of the Prion Protein
Enciphering and Propagating Prion Diversity. Science 1996, 274, 2079-2082. [CrossRef] [PubMed]
Makarava, N.; Ostapchenko, V.G.; Savtchenko, R.; Baskakov, I.V. Conformational Switching within Individual
Amyloid Fibrils. J. Biol. Chem. 2009, 284, 14386-14395. [CrossRef] [PubMed]

Mabhal, S.P.; Baker, C.A.; Demczyk, C.A.; Smith, EEW.; Julius, C.; Weissmann, C. Prion strain discrimination in
cell culture: The cell panel assay. Proc. Natl. Acad. Sci. USA 2007, 104, 20908-20913. [CrossRef] [PubMed]
Li, J.; Browning, S.; Mahal, S.P.; Oelschlegel, A.M.; Weissmann, C. Darwinian Evolution of Prions in Cell
Culture. Science 2010, 327, 869-872. [CrossRef] [PubMed]

Weissmann, C.; Li, J.; Mahal, S.P.; Browning, S. Prions on the move. EMBO Rep. 2011, 12, 1109-1117.
[CrossRef] [PubMed]

Weissmann, C. Mutation and Selection of Prions. PLoS Pathog. 2012, 8, €1002582. [CrossRef] [PubMed]
Oelschlegel, A.M.; Weissmann, C. Acquisition of Drug Resistance and Dependence by Prions. PLoS Pathog.
2013, 9, €1003158. [CrossRef] [PubMed]

Collinge, J.; Clarke, A.R. A General Model of Prion Strains and Their Pathogenicity. Science 2007, 318, 930-936.
[CrossRef] [PubMed]

Saa, P.; Cervenakova, L. Protein misfolding cyclic amplification (PMCA): Current status and future directions.
Virus Res. 2015. [CrossRef] [PubMed]

Saborio, G.P; Permanne, B.; Soto, C. Sensitive detection of pathological prion protein by cyclic amplification
of protein misfolding. Nature 2001, 411, 810-813. [CrossRef] [PubMed]

Moudjou, M; Sibille, P,; Fichet, G.; Reine, E; Chapuis, ].; Herzog, L.; Jaumain, E.; Laferriere, F; Richard, C.-A,;
Laude, H.; et al. Highly Infectious Prions Generated by a Single Round of Microplate-Based Protein
Misfolding Cyclic Amplification. mBio 2014, 5, e00829-13. [CrossRef] [PubMed]

Haldiman, T.; Kim, C.; Cohen, Y.; Chen, W.; Blevins, J.; Qing, L.; Cohen, M.L.; Langeveld, J.; Telling, G.C.;
Kong, Q.; et al. Co-existence of Distinct Prion Types Enables Conformational Evolution of Human PrpSe by
Competitive Selection. J. Biol. Chem. 2013, 288, 29846-29861. [CrossRef] [PubMed]

Castilla, J.; Saa, P.; Hetz, C.; Soto, C. In vitro generation of infectious scrapie prions. Cell 2005, 121, 195-206.
[CrossRef] [PubMed]

Castilla, J.; Morales, R.; Sad, P; Barria, M.; Gambetti, P.; Soto, C. Cell-free propagation of prion strains.
EMBO J. 2008, 27, 2557-2566. [CrossRef] [PubMed]

191



Pathogens 2018, 7, 5

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Green, K.M; Castilla, J.; Seward, T.S.; Napier, D.L.; Jewell, ].E.; Soto, C.; Telling, G.C. Accelerated High
Fidelity Prion Amplification Within and Across Prion Species Barriers. PLOS Pathog. 2008, 4, e1000139.
[CrossRef] [PubMed]

Munoz-Montesino, C.; Sizun, C.; Moudjou, M.; Herzog, L.; Reine, E,; Chapuis, J.; Ciric, D.; Igel-Egalon, A.;
Laude, H.; Béringue, V.; et al. Generating Bona Fide Mammalian Prions with Internal Deletions. . Virol.
2016, 90, 6963-6975. [CrossRef] [PubMed]

Munoz-Montesino, C.; Sizun, C.; Moudjou, M.; Herzog, L.; Reine, E; Igel-Egalon, A.; Barbereau, C.;
Chapuis, J.; Ciric, D.; Laude, H.; et al. A stretch of residues within the protease-resistant core is not
necessary for prion structure and infectivity. Prion 2017, 11, 25-30. [CrossRef] [PubMed]

Deleault, N.R.; Lucassen, R.W.; Supattapone, S. RNA molecules stimulate prion protein conversion.
Nature 2003, 425, 717-720. [CrossRef] [PubMed]

Deleault, N.R.; Geoghegan, ].C.; Nishina, K.; Kascsak, R.; Williamson, R.A.; Supattapone, S. Protease-resistant
Prion Protein Amplification Reconstituted with Partially Purified Substrates and Synthetic Polyanions.
J. Biol. Chem. 2005, 280, 26873-26879. [CrossRef] [PubMed]

Deleault, N.R.; Harris, B.T.; Rees, ].R.; Supattapone, S. Formation of native prions from minimal components
in vitro. Proc. Natl. Acad. Sci. USA 2007, 104, 9741-9746. [CrossRef] [PubMed]

Wang, F; Wang, X.; Yuan, C.-G.; Ma, J. Generating a Prion with Bacterially Expressed Recombinant Prion
Protein. Science 2010, 327, 1132-1135. [CrossRef] [PubMed]

Wilham, J.M.; Orrd, C.D.; Bessen, R.A.; Atarashi, R.; Sano, K.; Race, B.; Meade-White, K.D.; Taubner, L.M.;
Timmes, A.; Caughey, B. Rapid End-Point Quantitation of Prion Seeding Activity with Sensitivity
Comparable to Bioassays. PLoS Pathog. 2010, 6. [CrossRef] [PubMed]

Christina, D.; Orra, ]JM.W. Prion disease blood test using immunoprecipitation and improved
quaking-induced conversion. mBio 2011, 2, e00078-11. [CrossRef]

Henderson, D.M.; Davenport, K.A,; Haley, N.J; Denkers, N.D.; Mathiason, C.K.; Hoover, E.A.
Quantitative Assessment of Prion Infectivity in Tissues and Body Fluids by RT-QuliC. J. Gen. Virol. 2014.
[CrossRef]

Espinosa, J.C.; Nonno, R.; Di Bari, M.; Aguilar-Calvo, P; Pirisinu, L.; Fernandez-Borges, N.; Vanni, L;
Vaccari, G.; Marin-Moreno, A.; Frassanito, P.; et al. PrP¢ Governs Susceptibility to Prion Strains in Bank Vole,
While Other Host Factors Modulate Strain Features. J. Virol. 2016, 90, 10660-10669. [CrossRef] [PubMed]
Orru, C.D.; Favole, A.; Corona, C.; Mazza, M.; Manca, M.; Groveman, B.R.; Hughson, A.G.; Acutis, PL.;
Caramelli, M.; Zanusso, G.; et al. Detection and Discrimination of Classical and Atypical L-Type
Bovine Spongiform Encephalopathy by Real-Time Quaking-Induced Conversion. J. Clin. Microbiol. 2015,
53, 1115-1120. [CrossRef] [PubMed]

Magnusson, K.; Simon, R.; Sjolander, D.; Sigurdson, C.J.; Hammarstrom, P.; Nilsson, K.P.R.
Multimodal fluorescence microscopy of prion strain specific PrP deposits stained by thiophene-based
amyloid ligands. Prion 2014, 8, 319-329. [CrossRef] [PubMed]

Bessen, R.A.; Marsh, R.F. Distinct PrP properties suggest the molecular basis of strain variation in
transmissible mink encephalopathy. J. Virol. 1994, 68, 7859-7868. [PubMed]

Bessen, R.A.; Kocisko, D.A; Raymond, G.J.; Nandan, S.; Lansbury, P.T.; Caughey, B. Non-genetic propagation
of strain-specific properties of scrapie prion protein. Nature 1995, 375, 698-700. [CrossRef] [PubMed]
Tixador, P.; Herzog, L.; Reine, F,; Jaumain, E.; Chapuis, J.; Le Dur, A; Laude, H.; Béringue, V. The Physical
Relationship between Infectivity and Prion Protein Aggregates Is Strain-Dependent. PLoS Pathog. 2010,
6,€1000859. [CrossRef] [PubMed]

Laferriere, E,; Tixador, P.; Moudjou, M.; Chapuis, J.; Sibille, P.; Herzog, L.; Reine, F; Jaumain, E.; Laude, H.;
Rezaei, H.; et al. Quaternary Structure of Pathological Prion Protein as a Determining Factor of Strain-Specific
Prion Replication Dynamics. PLoS Pathog. 2013, 9, e1003702. [CrossRef] [PubMed]

Baron, T.G.M.; Madec, ] .-Y.; Calavas, D. Similar Signature of the Prion Protein in Natural Sheep Scrapie and
Bovine Spongiform Encephalopathy-Linked Diseases. ]. Clin. Microbiol. 1999, 37, 3701-3704. [PubMed]
Casalone, C.; Zanusso, G.; Acutis, P.; Ferrari, S.; Capucci, L.; Tagliavini, F; Monaco, S.; Caramelli, M.
Identification of a second bovine amyloidotic spongiform encephalopathy: Molecular similarities with
sporadic Creutzfeldt-Jakob disease. Proc. Natl. Acad. Sci. USA 2004, 101, 3065-3070. [CrossRef] [PubMed]

192



Pathogens 2018, 7, 5

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

Bartz, ].C.; Bessen, R.A.; McKenzie, D.; Marsh, R.E; Aiken, ].M. Adaptation and Selection of Prion Protein
Strain Conformations following Interspecies Transmission of Transmissible Mink Encephalopathy. J. Virol.
2000, 74, 5542-5547. [CrossRef] [PubMed]

Le Dur, A.; Lai, T.L.; Stinnakre, M.-G.; Laisné, A.; Chenais, N.; Rakotobe, S.; Passet, B.; Reine, F.; Soulier, S.;
Herzog, L.; et al. Divergent prion strain evolution driven by PrP© expression level in transgenic mice.
Nat. Commun. 2017, 8, 14170. [CrossRef] [PubMed]

Kimberlin, R.H.; Walker, C.A. Evidence that the Transmission of One Source of Scrapie Agent to Hamsters
Involves Separation of Agent Strains from a Mixture. J. Gen. Virol. 1978, 39, 487-496. [CrossRef] [PubMed]

Race, R.; Chesebro, B. Scrapie infectivity found in resistant species. Nature 1998, 392, 770. [CrossRef]
[PubMed]

Hill, A.F; Joiner, S.; Linehan, J.; Desbruslais, M.; Lantos, P.L.; Collinge, J. Species-barrier-independent prion
replication in apparently resistant species. Proc. Natl. Acad. Sci. USA 2000, 97, 10248-10253. [CrossRef]
[PubMed]

Prusiner, S.B.; Scott, M.; Foster, D.; Pan, K.-M.; Groth, D.; Mirenda, C.; Torchia, M.; Yang, S.-L.; Serban, D.;
Carlson, G.A.; et al. Transgenetic studies implicate interactions between homologous PrP isoforms in scrapie
prion replication. Cell 1990, 63, 673-686. [CrossRef]

Castilla, J.; Gonzalez-Romero, D.; Sad, P.; Morales, R.; De Castro, J.; Soto, C. Crossing the Species Barrier by
PrpSc Replication In Vitro Generates Unique Infectious Prions. Cell 2008, 134, 757-768. [CrossRef] [PubMed]
Bruce, M.E.; Will, R.G.; Ironside, ].W.; McConnell, I.; Drummond, D.; Suttie, A.; McCardle, L.; Chree, A.;
Hope, J.; Birkett, C.; et al. Transmissions to mice indicate that “new variant” CJD is caused by the BSE agent.
Nature 1997, 389, 498-501. [CrossRef] [PubMed]

Scott, M.R.; Will, R.; Ironside, J.; Nguyen, H.-O.B.; Tremblay, P.; DeArmond, S.J.; Prusiner, S.B. Compelling
transgenetic evidence for transmission of bovine spongiform encephalopathy prions to humans. Proc. Natl.
Acad. Sci. USA 1999, 96, 15137-15142. [CrossRef] [PubMed]

Asante, E.A.; Linehan, J.M.; Desbruslais, M.; Joiner, S.; Gowland, I.; Wood, A.L.; Welch, J.; Hill, A.E;
Lloyd, S.E.; Wadsworth, J.D.E; et al. BSE prions propagate as either variant CJD-like or sporadic CJD-like
prion strains in transgenic mice expressing human prion protein. EMBO ]. 2002, 21, 6358-6366. [CrossRef]
[PubMed]

Béringue, V.; Herzog, L.; Jaumain, E.; Reine, F; Sibille, P; Le Dur, A,; Vilotte, J.-L.; Laude, H.
Facilitated Cross-Species Transmission of Prions in Extraneural Tissue. Science 2012, 335, 472-475. [CrossRef]
[PubMed]

Williams, E.S.; Young, S. Spongiform encephalopathies in Cervidae. Rev. Sci. Tech. Int. Off. Epizoot. 1992,
11, 551-567. [CrossRef]

Watts, ].C.; Balachandran, A.; Westaway, D. The expanding universe of prion diseases. PLoS Pathog. 2006,
2, €26. [CrossRef] [PubMed]

Benestad, S.L.; Mitchell, G.; Simmons, M.; Ytrehus, B.; Vikeren, T. First case of chronic wasting disease in
Europe in a Norwegian free-ranging reindeer. Vet. Res. 2016, 47. [CrossRef] [PubMed]

Sigurdson, C.J.; Manco, G.; Schwarz, P; Liberski, P.; Hoover, E.A.; Hornemann, S.; Polymenidou, M.;
Miller, M.W.; Glatzel, M.; Aguzzi, A. Strain Fidelity of Chronic Wasting Disease upon Murine Adaptation.
J. Virol. 2006, 80, 12303-12311. [CrossRef] [PubMed]

Herbst, A.; Velasquez, C.D.; Triscott, E.; Aiken, ].M.; McKenzie, D. Chronic Wasting Disease Prion Strain
Emergence and Host Range Expansion. Emerg. Infect. Dis. 2017, 23, 1598-1600. [CrossRef] [PubMed]

Kurt, T.D,; Jiang, L.; Fernandez-Borges, N.; Bett, C.; Liu, J.; Yang, T.; Spraker, T.R.; Castilla, J.; Eisenberg, D.;
Kong, Q.; et al. Human prion protein sequence elements impede cross-species chronic wasting disease
transmission. J. Clin. Investig. 2015, 125, 1485. [CrossRef] [PubMed]

Czub, S.; Schulz-Schaeffer, W.; Stahl-Hennig, C.; Beekes, M.; Schaetzl, H.; Motzkus, D. Chronic Wasting
Disease: PRION 2017 CONFERENCE ABSTRACT First Evidence of Intracranial and Peroral
Transmission of Chronic Wasting Disease (CWD) into Cynomolgus Macaques: A Work in Progress.
Available online: http:/ /chronic-wasting-disease.blogspot.hk/2017/06/ prion-2017-conference-abstract-
first.html (accessed on 26 December 2017).

Di Bari, M.A.; Chianini, F; Vaccari, G.; Esposito, E.; Conte, M.; Eaton, S.L.; Hamilton, S.; Finlayson, J.;
Steele, PJ.; Dagleish, M.P.; et al. The bank vole (Myodes glareolus) as a sensitive bioassay for sheep scrapie.
J. Gen. Virol. 2008, 89, 2975-2985. [CrossRef] [PubMed]

193



Pathogens 2018, 7, 5

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Peretz, D.; Williamson, R.A.; Legname, G.; Matsunaga, Y.; Vergara, J.; Burton, D.R.; DeArmond, SJ.;
Prusiner, S.B.; Scott, M.R. A change in the conformation of prions accompanies the emergence of a new prion
strain. Neuron 2002, 34, 921-932. [CrossRef]

Gao, C.; Han, J.; Zhang, J.; Wei, J.; Zhang, B.-Y.; Tian, C.; Zhang, J.; Shi, Q.; Dong, X.-P. Protein Misfolding
Cyclic Amplification Cross-Species Products of Mouse-Adapted Scrapie Strain 139A and Hamster-Adapted
Scrapie Strain 263K with Brain and Muscle Tissues of Opposite Animals Generate Infectious Prions.
Mol. Neurobiol. 2017, 54, 3771-3782. [CrossRef] [PubMed]

Watts, ].C.; Giles, K.; Saltzberg, D.J.; Dugger, B.N.; Patel, S.; Oehler, A.; Bhardwaj, S.; Sali, A.; Prusiner, S.B.
Guinea Pig Prion Protein Supports Rapid Propagation of Bovine Spongiform Encephalopathy and Variant
Creutzfeldt-Jakob Disease Prions. J. Virol. 2016, 90, 9558-9569. [CrossRef] [PubMed]

Davenport, K.A.; Henderson, D.M.; Bian, J.; Telling, G.C.; Mathiason, C.K.; Hoover, E.A. Insights into
Chronic Wasting Disease and Bovine Spongiform Encephalopathy Species Barriers by Use of Real-Time
Conversion. J. Virol. 2015, 89, 9524-9531. [CrossRef] [PubMed]

Barria, M.A; Telling, G.C.; Gambetti, P.; Mastrianni, J.A.; Soto, C. Generation of a New Form of Human PrpSe
in Vitro by Interspecies Transmission from Cervid Prions. J. Biol. Chem. 2011, 286, 7490-7495. [CrossRef]
[PubMed]

Marsh, R.F,; Kincaid, A.E.; Bessen, R.A.; Bartz, ].C. Interspecies Transmission of Chronic Wasting Disease
Prions to Squirrel Monkeys (Saimiri sciureus). ]. Virol. 2005, 79, 13794-13796. [CrossRef] [PubMed]

Race, B.; Meade-White, K.D.; Miller, M.W.; Barbian, K.D.; Rubenstein, R.; LaFauci, G.; Cervenakova, L.;
Favara, C.; Gardner, D.; Long, D.; et al. Susceptibilities of Nonhuman Primates to Chronic Wasting Disease.
Emerg. Infect. Dis. 2009, 15, 1366-1376. [CrossRef] [PubMed]

Scott, M.; Foster, D.; Mirenda, C.; Serban, D.; Coufal, F.; Wilchli, M.; Torchia, M.; Groth, D.; Carlson, G.;
DeArmond, S.J.; et al. Transgenic mice expressing hamster prion protein produce species-specific scrapie
infectivity and amyloid plaques. Cell 1989, 59, 847-857. [CrossRef]

Race, R.E.; Priola, S.A.; Bessen, R.A.; Ernst, D.; Dockter, J.; Rall, G.F,; Mucke, L.; Chesebro, B.; Oldstone, M.B.
Neuron-specific expression of a hamster prion protein minigene in transgenic mice induces susceptibility to
hamster scrapie agent. Neuron 1995, 15, 1183-1191. [CrossRef]

Priola, S.A. Prion protein and species barriers in the transmissible spongiform encephalopathies.
Biomed. Pharmacother. 1999, 53, 27-33. [CrossRef]

Sarradin, P; Viglietta, C.; Limouzin, C.; Andréoletti, O.; Daniel-Carlier, N.; Barc, C.; Leroux-Coyau, M.;
Berthon, P.; Chapuis, J.; Rossignol, C.; et al. Transgenic Rabbits Expressing Ovine PrP Are Susceptible to
Scrapie. PLoS Pathog. 2015, 11, €1005077. [CrossRef] [PubMed]

Tranulis, M.A. Influence of the prion protein gene, Prnp, on scrapie susceptibility in sheep. APMIS 2002,
110, 33-43. [CrossRef] [PubMed]

Goldmann, W. PrP genetics in ruminant transmissible spongiform encephalopathies. Vet. Res. 2008, 39, 1-14.
[CrossRef] [PubMed]

Chen, C.; Dong, X.-P. Epidemiological characteristics of human prion diseases. Infect. Dis. Poverty 2016, 5.
[CrossRef] [PubMed]

Watts, ].C.; Giles, K.; Stohr, J.; Oehler, A; Bhardwaj, S.; Grillo, S.K.; Patel, S.; DeArmond, S.J.; Prusiner, S.B.
Spontaneous Generation of Rapidly Transmissible Prions in Transgenic Mice Expressing Wild-Type Bank
Vole Prion Protein. Proc. Natl. Acad. Sci. USA 2012, 109, 3498-3503. [CrossRef] [PubMed]

Tateishi, J.; Kitamoto, T.; Hoque, M.Z.; Furukawa, H. Experimental transmission of Creutzfeldt-Jakob disease
and related diseases to rodents. Neurology 1996, 46, 532-537. [CrossRef] [PubMed]

Palmer, M.S; Dryden, A.J.; Hughes, ].T.; Collinge, ]. Homozygous prion protein genotype predisposes to
sporadic Creutzfeldt-Jakob disease. Nature 1991, 352, 340-342. [CrossRef] [PubMed]

Zeidler, M.; Stewart, G.E.; Barraclough, C.R.; Bateman, D.E.; Bates, D.; Burn, D.J.; Colchester, A.C,;
Durward, W.; Fletcher, N.A.; Hawkins, S.A.; et al. New variant Creutzfeldt-Jakob disease: Neurological
features and diagnostic tests. Lancet 1997, 350, 903-907. [CrossRef]

Fernandez-Borges, N.; Espinosa, ].C.; Marin-Moreno, A.; Aguilar-Calvo, P.; Asante, E.A.; Kitamoto, T.;
Mohri, S.; Andréoletti, O.; Torres, ].M. Protective Effect of Vall29-PrP against Bovine Spongiform
Encephalopathy but not Variant Creutzfeldt-Jakob Disease. Emerg. Infect. Dis. 2017, 23,1522-1530. [CrossRef]
[PubMed]

194



Pathogens 2018, 7, 5

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Shibuya, S.; Higuchi, J.; Shin, R.-W.; Tateishi, J.; Kitamoto, T. Protective prion protein polymorphisms against
sporadic Creutzfeldt-Jakob disease. Lancet 1998, 351, 419. [CrossRef]

Asante, E.A.; Smidak, M.; Grimshaw, A.; Houghton, R.; Tomlinson, A_; Jeelani, A.; Jakubcova, T.; Hamdan, S.;
Richard-Londt, A.; Linehan, ].M.; et al. A naturally occurring variant of the human prion protein completely
prevents prion disease. Nature 2015, 522, 478-481. [CrossRef] [PubMed]

Green, KM.; Browning, S.R.; Seward, T.S.; Jewell, J.E.; Ross, D.L.; Green, M.A.; Williams, E.S.; Hoover, E.A.;
Telling, G.C. The elk PRNP codon 132 polymorphism controls cervid and scrapie prion propagation.
J. Gen. Virol. 2008, 89, 598-608. [CrossRef] [PubMed]

Cartoni, C.; Schinina, M.E.; Maras, B.; Nonno, R.; Vaccari, G.; Di Bari, M.; Conte, M.; De Pascalis, A.;
Principe, S.; Cardone, E; et al. Quantitative profiling of the pathological prion protein allotypes in bank voles
by liquid chromatography—mass spectrometry. J. Chromatogr. B 2007, 849, 302-306. [CrossRef] [PubMed]
Kimberlin, R.H.; Walker, C.A. Competition between strains of scrapie depends on the blocking agent being
infectious. Intervirology 1985, 23, 74-81. [CrossRef] [PubMed]

Kimberlin, R.H.; Cole, S.; Walker, C.A. Transmissible mink encephalopathy (TME) in Chinese hamsters:
Identification of two strains of TME and comparisons with scrapie. Neuropathol. Appl. Neurobiol. 1986,
12,197-206. [CrossRef] [PubMed]

Kimberlin, R.H.; Cole, S.; Walker, C.A. Temporary and Permanent Modifications to a Single Strain of Mouse
Scrapie on Transmission to Rats and Hamsters. |. Gen. Virol. 1987, 68, 1875-1881. [CrossRef] [PubMed]
Priola, S.A.; Caughey, B.; Race, R.E.; Chesebro, B. Heterologous PrP molecules interfere with accumulation of
protease-resistant PrP in scrapie-infected murine neuroblastoma cells. J. Virol. 1994, 68, 4873-4878. [PubMed]
Priola, S.A.; Chesebro, B. A single hamster PrP amino acid blocks conversion to protease-resistant PrP in
scrapie-infected mouse neuroblastoma cells. J. Virol. 1995, 69, 7754-7758. [PubMed]

Telling, G.C.; Scott, M.; Mastrianni, J.; Gabizon, R.; Torchia, M.; Cohen, F.E.; DeArmond, S.J.; Prusiner, S.B.
Prion propagation in mice expressing human and chimeric PrP transgenes implicates the interaction of
cellular PrP with another protein. Cell 1995, 83, 79-90. [CrossRef]

Abid, K.; Morales, R.; Soto, C. Cellular factors implicated in prion replication. FEBS Lett. 2010, 584, 2409-2414.
[CrossRef] [PubMed]

Lee, C.I; Yang, Q.; Perrier, V.; Baskakov, L.V. The dominant-negative effect of the Q218K variant of the prion
protein does not require protein X. Protein Sci. Publ. Protein Soc. 2007, 16, 2166-2173. [CrossRef] [PubMed]
Dickinson, A.G.; Fraser, H.; Meikle, V.M.; Outram, G.W. Competition between different scrapie agents in
mice. Nat. New Biol. 1972, 237, 244-245. [CrossRef] [PubMed]

Bartz, J.C.; Aiken, ].M.; Bessen, R.A. Delay in onset of prion disease for the HY strain of transmissible
mink encephalopathy as a result of prior peripheral inoculation with the replication-deficient DY strain.
J. Gen. Virol. 2004, 85, 265-273. [CrossRef] [PubMed]

Shikiya, R.A.; Ayers, ].I; Schutt, C.R.; Kincaid, A.E.; Bartz, ].C. Coinfecting Prion Strains Compete for a
Limiting Cellular Resource. J. Virol. 2010, 84, 5706-5714. [CrossRef] [PubMed]

Bartz, J.C.; Kramer, M.L.; Sheehan, M.H.; Hutter, J.A.L; Ayers, J.I; Bessen, R.A.; Kincaid, A.E.
Prion Interference Is Due to a Reduction in Strain-Specific PrP¢ Levels. J. Virol. 2007, 81, 689—697. [CrossRef]
[PubMed]

Sandberg, M.K.; Al-Doujaily, H.; Sharps, B.; De Oliveira, M.W.; Schmidt, C.; Richard-Londt, A ; Lyall, S.;
Linehan, ].M.; Brandner, S.; Wadsworth, ].D.F,; et al. Prion neuropathology follows the accumulation of
alternate prion protein isoforms after infective titre has peaked. Nat. Commun. 2014, 5. [CrossRef]
Wiseman, EK.; Cancellotti, E.; Piccardo, P.; Iremonger, K.; Boyle, A.; Brown, D.; Ironside, ].W.; Manson, J.C.;
Diack, A.B. The glycosylation status of PrP° is a key factor in determining transmissible spongiform
encephalopathy transmission between species. J. Virol. 2015, 89, 4738-4747. [CrossRef] [PubMed]
Cancellotti, E.; Wiseman, F; Tuzi, N.L.; Baybutt, H.; Monaghan, P.; Aitchison, L.; Simpson, J.; Manson, J.C.
Altered Glycosylated PrP Proteins Can Have Different Neuronal Trafficking in Brain but Do Not Acquire
Scrapie-like Properties. J. Biol. Chem. 2005, 280, 42909-42918. [CrossRef] [PubMed]

Priola, S.A.; Lawson, V.A. Glycosylation influences cross-species formation of protease-resistant prion
protein. EMBO ]. 2001, 20, 6692-6699. [CrossRef] [PubMed]

Katorcha, E.; Srivastava, S.; Klimova, N.; Baskakov, I.V. Sialylation of Glycosylphosphatidylinositol (GPI)
Anchors of Mammalian Prions Is Regulated in a Host-, Tissue- and Cell-specific Manner. J. Biol. Chem. 2016,
291,17009-17019. [CrossRef] [PubMed]

195



Pathogens 2018, 7, 5

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Srivastava, S.; Makarava, N.; Katorcha, E.; Savtchenko, R.; Brossmer, R.; Baskakov, I.V. Post-conversion
sialylation of prions in lymphoid tissues. Proc. Natl. Acad. Sci. USA 2015, 112, E6654-E6662. [CrossRef]
[PubMed]

Aguilar-Calvo, P.; Xiao, X.; Bett, C.; Erana, H.; Soldau, K.; Castilla, J.; Nilsson, K.PR.; Surewicz, WK.;
Sigurdson, C.J. Post-translational modifications in PrP expand the conformational diversity of prions in vivo.
Sci. Rep. 2017, 7. [CrossRef] [PubMed]

McCulloch, L.; Brown, K.L.; Bradford, B.M.; Hopkins, J.; Bailey, M.; Rajewsky, K.; Manson, ].C.; Mabbott, N.A.
Follicular Dendritic Cell-Specific Prion Protein (PrP¢) Expression Alone Is Sufficient to Sustain Prion Infection
in the Spleen. PLoS Pathog. 2011, 7, €1002402. [CrossRef] [PubMed]

Krautler, N.J.; Kana, V.; Kranich, J.; Tian, Y.; Perera, D.; Lemm, D.; Schwarz, P.; Armulik, A.; Browning, J.L.;
Tallquist, M.; et al. Follicular Dendritic Cells Emerge from Ubiquitous Perivascular Precursors. Cell 2012,
150, 194-206. [CrossRef] [PubMed]

Béringue, V.; Demoy, M.; Lasmézas, C.I.; Gouritin, B.; Weingarten, C.; Deslys, J.-P.; Andreux, J.-P.; Couvreur, P.;
Dormont, D. Role of spleen macrophages in the clearance of scrapie agent early in pathogenesis. J. Pathol.
2000, 190, 495-502. [CrossRef]

Montrasio, F.; Cozzio, A.; Flechsig, E.; Rossi, D.; Klein, M.A; Riilicke, T.; Raeber, A.].; Vosshenrich, C.AJ.;
Proft, J.; Aguzzi, A.; et al. B lymphocyte-restricted expression of prion protein does not enable prion
replication in prion protein knockout mice. Proc. Natl. Acad. Sci. USA 2001, 98, 4034-4037. [CrossRef]
[PubMed]

Prinz, M.; Heikenwalder, M.; Junt, T.; Schwarz, P.; Glatzel, M.; Heppner, EL.; Fu, Y.-X; Lipp, M.; Aguzzi, A.
Positioning of follicular dendritic cells within the spleen controls prion neuroinvasion. Natfure 2003,
425,957-962. [CrossRef] [PubMed]

Shikiya, R.A.; Langenfeld, K.A.; Eckland, T.E.; Trinh, J.; Holec, S.A.M.; Mathiason, C.K.; Kincaid, A.E.;
Bartz, ].C. PrPS¢ formation and clearance as determinants of prion tropism. PLoS Pathog. 2017, 13, €1006298.
[CrossRef] [PubMed]

Ironside, ].W.; Head, M.W.; McCardle, L.; Knight, R. Neuropathology of variant Creutzfeldt-Jakob disease.
Acta Neurobiol. Exp. 2002, 62, 175-182. [CrossRef]

Brandner, S.; Whitfield, J.; Boone, K.; Puwa, A.; O'Malley, C.; Linehan, ].M.; Joiner, S.; Scaravilli, F.; Calder, I.;
Alpers, M.P; et al. Central and peripheral pathology of kuru: Pathological analysis of a recent case and
comparison with other forms of human prion disease. Philos. Trans. R. Soc. B Biol. Sci. 2008, 363, 3755-3763.
[CrossRef] [PubMed]

Rubenstein, R.; Chang, B. Re-Assessment of PrPS¢ Distribution in Sporadic and Variant CJD. PLoS ONE 2013,
8, €66352. [CrossRef] [PubMed]

Bons, N.; Lehmann, S.; Nishida, N.; Mestre-Frances, N.; Dormont, D.; Belli, P.; Delacourte, A.; Grassi, J.;
Brown, P. BSE infection of the small short-lived primate Microcebus murinus. C. R. Biol. 2002, 325, 67-74.
[CrossRef]

Herzog, C.; Sales, N.; Etchegaray, N.; Charbonnier, A_; Freire, S.; Dormont, D.; Deslys, J.-P.; Lasmézas, C.I.
Tissue distribution of bovine spongiform encephalopathy agent in primates after intravenous or oral infection.
Lancet Lond. Engl. 2004, 363, 422-428. [CrossRef]

Lotscher, M.; Recher, M.; Hunziker, L.; Klein, M.A. Immunologically Induced, Complement-Dependent
Up-Regulation of the Prion Protein in the Mouse Spleen: Follicular Dendritic Cells Versus Capsule and
Trabeculae. J. Immunol. 2003, 170, 6040-6047. [CrossRef] [PubMed]

Heikenwalder, M.; Zeller, N.; Seeger, H.; Prinz, M.; Klohn, P-C.; Schwarz, P.,; Ruddle, N.H.; Weissmann, C.;
Aguzzi, A. Chronic lymphocytic inflammation specifies the organ tropism of prions. Science 2005,
307, 1107-1110. [CrossRef] [PubMed]

Khalifé, M.; Young, R.; Passet, B.; Halliez, S.; Vilotte, M.; Jaffrezic, E.; Marthey, S.; Béringue, V.; Vaiman, D.;
Le Provost, E; et al. Transcriptomic Analysis Brings New Insight into the Biological Role of the Prion Protein
during Mouse Embryogenesis. PLoS ONE 2011, 6, €23253. [CrossRef] [PubMed]

Hunter, N.; Houston, F; Foster, J.; Goldmann, W.; Drummond, D.; Parnham, D.; Kennedy, I.; Green, A.;
Stewart, P.; Chong, A. Susceptibility of Young Sheep to Oral Infection with Bovine Spongiform
Encephalopathy Decreases Significantly after Weaning. J. Virol. 2012, 86, 11856-11862. [CrossRef] [PubMed]
Avrahami, D.; Gabizon, R. Age-related alterations affect the susceptibility of mice to prion infection.
Neurobiol. Aging 2011, 32, 2006-2015. [CrossRef] [PubMed]

196



Pathogens 2018, 7, 5

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Brown, K.L.; Wathne, G.J.; Sales, J.; Bruce, M.E.; Mabbott, N.A. The Effects of Host Age on Follicular Dendritic
Cell Status Dramatically Impair Scrapie Agent Neuroinvasion in Aged Mice. |. Immunol. 2009, 183, 5199-5207.
[CrossRef] [PubMed]

Brown, K.L.; Mabbott, N.A. Evidence of subclinical prion disease in aged mice following exposure to bovine
spongiform encephalopathy. . Gen. Virol. 2014, 95, 231-243. [CrossRef] [PubMed]

Langevin, C.; Andréoletti, O.; Le Dur, A.; Laude, H.; Béringue, V. Marked influence of the route of infection
on prion strain apparent phenotype in a scrapie transgenic mouse model. Neurobiol. Dis. 2011, 41, 219-225.
[CrossRef] [PubMed]

Gill, O.N.; Spencer, Y.; Richard-Loendt, A.; Kelly, C.; Dabaghian, R.; Boyes, L.; Linehan, J.; Simmons, M.;
Webb, P; Bellerby, P.; et al. Prevalent abnormal prion protein in human appendixes after bovine spongiform
encephalopathy epizootic: Large scale survey. BMJ 2013, 347, £5675. [CrossRef] [PubMed]

Carp, R.I; Meeker, H.; Sersen, E. Scrapie strains retain their distinctive characteristics following passages
of homogenates from different brain regions and spleen. J. Gen. Virol. 1997, 78 Pt 1, 283-290. [CrossRef]
[PubMed]

Privat, N.; Levavasseur, E.; Yildirim, S.; Hannaoui, S.; Brandel, J.-P; Laplanche, J.-L.; Béringue, V.; Seilhean, D.;
Haik, S. Region-specific protein misfolding cyclic amplification reproduces brain tropism of prion strains.
J. Biol. Chem. 2017. [CrossRef] [PubMed]

Nishida, N.; Harris, D.A.; Vilette, D.; Laude, H.; Frobert, Y.; Grassi, J.; Casanova, D.; Milhavet, O.; Lehmann, S.
Successful Transmission of Three Mouse-Adapted Scrapie Strains to Murine Neuroblastoma Cell Lines
Overexpressing Wild-Type Mouse Prion Protein. J. Virol. 2000, 74, 320-325. [CrossRef] [PubMed]

Race, R; Raines, A.; Raymond, G.J.; Caughey, B.; Chesebro, B. Long-Term Subclinical Carrier State Precedes
Scrapie Replication and Adaptation in a Resistant Species: Analogies to Bovine Spongiform Encephalopathy
and Variant Creutzfeldt-Jakob Disease in Humans. J. Virol. 2001, 75, 10106-10112. [CrossRef] [PubMed]
Race, R.; Meade-White, K.; Raines, A.; Raymond, G.J.; Caughey, B.; Chesebro, B. Subclinical Scrapie
Infection in a Resistant Species: Persistence, Replication and Adaptation of Infectivity during Four Passages.
J. Infect. Dis. 2002, 186, S166-5170. [CrossRef] [PubMed]

Thackray, A.M.; Hopkins, L.; Lockey, R.; Spiropoulos, J.; Bujdoso, R. Propagation of ovine prions from “poor”
transmitter scrapie isolates in ovine PrP transgenic mice. Exp. Mol. Pathol. 2012, 92, 167-174. [CrossRef]
[PubMed]

Capobianco, R.; Casalone, C.; Suardi, S.; Mangieri, M.; Miccolo, C.; Limido, L.; Catania, M.; Rossi, G.;
Fede, G.D.; Giaccone, G.; et al. Conversion of the BASE Prion Strain into the BSE Strain: The Origin of BSE?
PL0S Pathog. 2007, 3. [CrossRef] [PubMed]

Baron, T.; Vulin, |.; Biacabe, A.-G.; Lakhdar, L.; Verchere, J.; Torres, J.-M.; Bencsik, A. Emergence of classical
BSE strain properties during serial passages of H-BSE in wild-type mice. PLoS ONE 2011, 6, e15839.
[CrossRef] [PubMed]

Plinston, C.; Hart, P.; Hunter, N.; Manson, J.C.; Barron, R.M. Increased susceptibility of transgenic mice
expressing human PrP to experimental sheep bovine spongiform encephalopathy is not due to increased
agent titre in sheep brain tissue. ]. Gen. Virol. 2014, 95, 1855-1859. [CrossRef] [PubMed]

Priem, J.; Langeveld, J.PM.; van Keulen, L.J.M.; van Zijderveld, EG.; Andreoletti, O.; Bossers, A.
Enhanced Virulence of Sheep-Passaged Bovine Spongiform Encephalopathy Agent Is Revealed by Decreased
Polymorphism Barriers in Prion Protein Conversion Studies. J. Virol. 2014, 88, 2903-2912. [CrossRef]
[PubMed]

Torres, J.-M.; Espinosa, J.-C.; Aguilar-Calvo, P; Herva, M.-E.; Relafio-Ginés, A.; Villa-Diaz, A.; Morales, M.;
Parra, B.; Alamillo, E.; Brun, A.; et al. Elements Modulating the Prion Species Barrier and Its Passage
Consequences. PLoS ONE 2014, 9. [CrossRef] [PubMed]

Chapuis, J.; Moudjou, M.; Reine, F.; Herzog, L.; Jaumain, E.; Chapuis, C.; Quadrio, L; Boulliat, J.;
Perret-Liaudet, A.; Dron, M.; et al. Emergence of two prion subtypes in ovine PrP transgenic mice infected
with human MM2-cortical Creutzfeldt-Jakob disease prions. Acta Neuropathol. Commun. 2016, 4. [CrossRef]
[PubMed]

Edgeworth, ].A.; Gros, N.; Alden, J.; Joiner, S.; Wadsworth, ].D.E; Linehan, J.; Brandner, S.; Jackson, G.S.;
Weissmann, C.; Collinge, J. Spontaneous generation of mammalian prions. Proc. Natl. Acad. Sci. USA 2010.
[CrossRef] [PubMed]

197



Pathogens 2018, 7, 5

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Thackray, A.M.; Hopkins, L.; Lockey, R.; Spiropoulos, J.; Bujdoso, R. Emergence of multiple prion strains
from single isolates of ovine scrapie. J. Gen. Virol. 2011, 92, 1482-1491. [CrossRef] [PubMed]

Okada, H.; Masujin, K.; Miyazawa, K.; Yokoyama, T. Transmissibility of H-Type Bovine Spongiform
Encephalopathy to Hamster PrP Transgenic Mice. PLoS ONE 2015, 10. [CrossRef] [PubMed]

Angers, R.C; Kang, H.-E.; Napier, D.; Browning, S.; Seward, T.; Mathiason, C.; Balachandran, A.;
McKenzie, D.; Castilla, J.; Soto, C.; et al. Prion Strain Mutation Determined by Prion Protein Conformational
Compatibility and Primary Structure. Science 2010, 328, 1154-1158. [CrossRef] [PubMed]
Fernandez-Borges, N.; de Castro, J.; Castilla, J. In vitro studies of the transmission barrier. Prion 2009,
3,220-223. [CrossRef] [PubMed]

Gonzalez-Montalban, N.; Lee, Y.J.; Makarava, N.; Savtchenko, R.; Baskakov, I.V. Changes in prion replication
environment cause prion strain mutation. FASEB . Off. Publ. Fed. Am. Soc. Exp. Biol. 2013. [CrossRef]
[PubMed]

Deleault, N.R.; Walsh, D.J.; Piro, ].R.; Wang, F.; Wang, X.; Ma, ].; Rees, ].R.; Supattapone, S. Cofactor Molecules
Maintain Infectious Conformation and Restrict Strain Properties in Purified Prions. Proc. Natl. Acad.
Sci. USA 2012. [CrossRef] [PubMed]

Ghaemmaghami, S.; Colby, D.W.; Nguyen, H.-O.B.; Hayashi, S.; Oehler, A.; DeArmond, S.J.; Prusiner, S.B.
Convergent replication of mouse synthetic prion strains. Am. ]. Pathol. 2013, 182, 866-874. [CrossRef]
[PubMed]

Sano, K.; Atarashi, R.; Ishibashi, D.; Nakagaki, T.; Satoh, K.; Nishida, N. Conformational Properties of Prion
Strains Can Be Transmitted to Recombinant Prion Protein Fibrils in Real-Time Quaking-Induced Conversion.
J. Virol. 2014, 88, 11791-11801. [CrossRef] [PubMed]

Sano, K.; Atarashi, R.; Nishida, N. Structural conservation of prion strain specificities in recombinant prion
protein fibrils in real-time quaking-induced conversion. Prion 2015, 9, 237-243. [CrossRef] [PubMed]
Makarava, N.; Savtchenko, R.; Baskakov, L.V. Selective Amplification of Classical and Atypical Prions Using
Modified Protein Misfolding Cyclic Amplification. J. Biol. Chem. 2013, 288, 33—41. [CrossRef] [PubMed]
Chianini, F; Fernandez-Borges, N.; Vidal, E.; Gibbard, L.; Pintado, B.; De Castro, J.; Priola, S.A.; Hamilton, S.;
Eaton, S.L.; Finlayson, J.; et al. Rabbits Are Not Resistant to Prion Infection. Proc. Natl. Acad. Sci. USA 2012,
109, 5080-5085. [CrossRef] [PubMed]

Vidal, E.; Fernandez-Borges, N.; Pintado, B.; Erana, H.; Ordofiez, M.; Marquez, M.; Chianini, F,; Fondevila, D.;
Sanchez-Martin, M.A.; Andreoletti, O.; et al. Transgenic Mouse Bioassay: Evidence That Rabbits Are
Susceptible to a Variety of Prion Isolates. PLoS Pathog. 2015, 11, €1004977. [CrossRef] [PubMed]

Vidal, E.; Fernandez-Borges, N.; Pintado, B.; Ordénez, M.; Médrquez, M.; Fondevila, D.; Torres, ].M.;
Pumarola, M.; Castilla, ]. Bovine Spongiform Encephalopathy Induces Misfolding of Alleged Prion-Resistant
Species Cellular Prion Protein without Altering Its Pathobiological Features. . Neurosci. Off. ]. Soc. Neurosci.
2013, 33, 7778-7786. [CrossRef] [PubMed]

Beck, K.E.; Thorne, L.; Lockey, R.; Vickery, C.M.; Terry, L.A.; Bujdoso, R.; Spiropoulos, J. Strain typing
of classical scrapie by transgenic mouse bioassay using protein misfolding cyclic amplification to replace
primary passage. PLoS ONE 2013, 8, e57851. [CrossRef] [PubMed]

Cohen, EE.; Prusiner, S.B. Pathologic Conformations of Prion Proteins. Annu. Rev. Biochem. 1998, 67, 793-819.
[CrossRef] [PubMed]

Makarava, N.; Kovacs, G.G.; Savtchenko, R.; Alexeeva, I.; Ostapchenko, V.G.; Budka, H.; Rohwer, R.G.;
Baskakov, V. A new mechanism for transmissible prion diseases. J. Neurosci. Off. ]. Soc. Neurosci. 2012,
32,7345-7355. [CrossRef] [PubMed]

Makarava, N.; Savtchenko, R.; Alexeeva, I.; Rohwer, R.G.; Baskakov, LV. New Molecular Insight into
Mechanism of Evolution of Mammalian Synthetic Prions. Am. |. Pathol. 2016, 186, 1006-1014. [CrossRef]
[PubMed]

Igel-Egalon, A.; Moudjou, M.; Martin, D.; Busley, A.; Kndpple, T.; Herzog, L.; Reine, F.; Lepejova, N.;
Richard, C.-A ; Béringue, V.; et al. Reversible unfolding of infectious prion assemblies reveals the existence
of an oligomeric elementary brick. PLoS Pathog. 2017, 13, €1006557. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

198



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Pathogens Editorial Office
E-mail: pathogens@mdpi.com
www.mdpi.com/journal/pathogens







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

Z
Fax: +41 61302 89 18 rM\D\Py
F

www.mdpi.com ISBN 978-3-03897-309-6



	Blank Page

