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Preface

Prion diseases are a group of transmissible neurodegenerative disorders including
Creutzfeldt-Jakob disease (CJD) and Gerstmann-Straussler-Scheinker syndrome
(GSS) in humans, scrapie in sheep and goat, bovine spongiform encephalopathy
(BSE) in cattle and chronic wasting disease (CWD) in deer. A hallmark of prion
diseases is the formation and accumulation of an aberrantly folded protein denoted
scrapie prion protein (PrP5¢), which co-purifies with the infectious prion agent.
Remarkably, the prion protein was found to be encoded by a host gene, which is
constitutively transcribed under physiological conditions. We now know that not
the expression of the prion protein itself is the disease-specific feature but rather its
biophysical and biochemical properties. In contrast to the cellular isoform PrP<,
PrP5 is insoluble in non-ionic detergents, partially resistant to proteolytic digestion
and characterized by a high content of -sheet secondary structure. Furthermore,
PrP5¢ has the propensity to form amyloid plaques in the diseased brain.

Formation of aberrantly folded protein conformers is also a hallmark of other
neurodegenerative disease in humans, including Alzheimer’s disease, Parkinson’s
disease, and polyglutamine disorders. As an unprecedented feature of prion dis-
eases, however, the formation of non-native PrP conformers is causally linked not
only to neurodegeneration but also to the formation of infectious particles. Another
unique hallmark of prion diseases is that they naturally occur in some other
mammalian species. Moreover, in contrast to other neurodegenerative diseases
rodent models of prion diseases are available that faithfully recapitulate all aspects
of human prion diseases and allow to specifically study either neurotoxic or
infectious properties of PrP conformers. In combination with robust cell culture
models and in vitro approaches it has thus been possible to decipher pathophysio-
logical mechanisms implicated in both the formation of infectious and neurotoxic
PrP conformers, a prerequisite to explore prophylactic or therapeutic strategies.
While prion diseases in humans are extremely rare, the established models may
help to provide new insight into common mechanisms underlying the toxic activity
of misfolded protein conformers of different origins. In particular, it is plausible to
assume that certain cellular components and pathways, for example the cellular

ix
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stress response, the ubiquitin-proteasome system, or molecular chaperones, play
important roles in the pathogenesis of diverse protein misfolding diseases.

In this volume we have assembled a set of chapters highlighting various aspects
of prion diseases in humans and animals which show the intriguing features of both
physiological and pathogenic PrP conformers. In addition, a wide spectrum of
methodological approaches are described, ranging from in silico, chemical, and in
vitro approaches to animal models, to illustrate the elaborate and extensive tech-
nology established in the prion field, allowing the analysis of disease mechanisms
and the development of diagnostic and therapeutic strategies. Finally, the reviews
on shadoo, doppel and yeast prions emphasize that certain features and activities of
the prion protein can also be found in other proteins and that the phenomenon of
self-replicating protein conformers can be of broader biological significance.

Munich, Germany Jorg Tatzelt
August 2011
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Genetics of Prion Disease

Sarah Lloyd, Simon Mead, and John Collinge

Abstract Prion diseases or transmissible spongiform encephalopathies (TSEs) are
neurodegenerative disorders of humans and animals for which there are no effective
treatments or cure. They include Creutzfeldt-Jakob disease (CJD) in humans and
sheep scrapie, bovine spongiform encephalopathy (BSE) and chronic wasting
disease (CWD) in cervids. The prion protein (PrP) is central to the disease process.
An abnormal form of PrP is generally considered to be the sole or principal
component of the infectious agent and a multimeric isomer (PrP>°) is deposited in
affected brains. Inherited prion diseases are caused by over 30 mutations in the
prion protein gene (PRNP) and common polymorphisms can have a considerable
affect on susceptibility and phenotype. Susceptibility and incubation time are also
partly determined by other (non-PRNP) genetic modifiers. Understanding how
these other genes modify prion diseases may lead to insights into biological
mechanisms. Several approaches including human genome wide association studies
(GWAS), mouse mapping and differential expression studies are now revealing
some of these genes which include RARB (retinoic acid receptor beta), the E3
ubiquitin ligase HECTD2 and SPRN (Shadoo, shadow of prion protein gene).

Keywords Creutzfeldt-Jakob disease (CJD) - Incubation time - Inherited prion
disease (IPD) - Polymorphism - Prion - Prion protein gene (PRNP) - Susceptibility
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1 Introduction

Prion diseases, also known as transmissible spongiform encephalopathies, are a group
of fatal neurodegenerative disorders affecting both humans and animals. Human prion
diseases include Creutzfeldt-Jakob disease (CJD), Gerstmann—Straussler—Scheinker
syndrome (GSS), fatal familial insomnia (FFI) and kuru. The best known animal
diseases include sheep scrapie, bovine spongiform encephalopathy (BSE) and chronic
wasting disease (CWD) in cervids. Uniquely, prion disease aetiology can be described
as inherited (familial), sporadic (unknown cause) or acquired (transmission of infec-
tious agent). The classical neuropathology of these diseases includes spongiform
change, gliosis and an accumulation of an abnormal multimeric isomer (PrP>) of the
host-encoded cellular prion protein (PrP®). PrP plays a central role in the disease
process and its abnormal form is generally considered to be the sole or principal
component of the infectious agent.

The prion protein gene (PRNP —human, Prnp — mouse) is found on chromosome
2 in mouse and chromosome 20 in humans. The human gene comprises 2 exons (3
in mouse) with the open reading frame, encoding the 253 amino acid human protein
(PrP), entirely within the larger second exon [1]. The mature prion protein has a
signal peptide cleaved from the N-terminus and a C-terminal peptide is cleaved
when the protein is attached to its glycosylinositolphosphatidyl anchor. The mature
cell surface protein has an unstructured N-terminal domain containing an octapep-
tide repeat region, and a predominantly alpha-helical C-terminal domain with two
variably utilised glycosylation sites.

Mammalian genetics has had a profound impact on our current understanding of
prion disease pathogenesis. Incubation time studies using mouse-adapted sheep scra-
pie and study of several human inherited prion diseases allowed the mapping of alleles
to the region of the prion protein gene in both species. Mutations in the prion protein
gene (PRNP) are the sole cause of inherited prion diseases. The generation of
infectious prions by patients with these mutations remains one of the most important
observations in support of the hypothesis that prion diseases do not require exogenous
nucleic acids for their infectious properties, termed the protein-only hypothesis
[2, 3]. Polymorphisms of human, mouse, sheep and cervid prion protein genes,
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for example the common variation at codon 129 of the human prion protein gene
between methionine and valine, have a profound effect on susceptibility and clinical
phenotype. These historically important discoveries, more recent developments and
challenges for the future genetics of prion diseases are discussed further below.

2 Inherited Prion Disease

There are now at least 30 different mutations known to cause inherited prion disease
(IPD), and these are inherited as autosomal dominant traits (Fig. 1). The first to be
discovered, an insertion mutation of six extra octapeptide repeats in the N-terminal
domain of PrP, was described in 1989 [4], shortly followed by the discovery of the
P102L mutation in GSS families [5]. There are broadly two types of mutation:
alteration of the normal number of repeats in the N-terminal region of PrP (normally
a nonapeptide followed by four octapeptide repeats between codons 51 and 91 of
PRNP), and point mutations in the C-terminal portion of the protein. Clinical
manifestation of IPD can be highly variable even in patients with the same mutation
and within a single family [6]. Some of the inherited prion diseases have been
successfully transmitted to laboratory animals, including the most prevalent
6-octapeptide repeat insertion (OPRI), P102L, D178N and E200K mutations,
although transmission has not been attempted for many, and several mutations
have failed to transmit [7]. Nevertheless, the fact that any germline mutation can
generate an infectious entity was critical evidence in support of the protein-only
hypothesis.

Pathogenic mutations Raoa

P105L
P10ST 132l vigal Y226

P102L | G114V Y145% D178N E2110 | 0227X
2-0FRD OFRI

1-0PRD 128Y G1425 N1T1S 52308
Gizm Y150Y HITTH oz120 M232R

Polymorphic variants

Fig. 1 Diagram of the human prion protein gene showing the octapeptide repeat region (51-91),
regions of predicted secondary structure [designated o (helical) or § (sheet)], pathogenic or likely
pathogenic mutations (above in red), non-synonymous polymorphisms and synonymous poly-
morphisms (below in green)
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2.1 Octapeptide Repeat Insertion Mutations

A number of families with 6-OPRI mutations have now been described; the largest
group of over 100 patients has a 144 bp insertion (6 x 24 bp repeats or 6-OPRI)
[6, 8, 9]. These patients have a mean age of onset of symptoms of 35 (range 20-53)
years and mean age at death of 45 (30—65) years. The clinical duration is around
10 years, but younger patients appear to have a longer clinical duration than older
patients. Typical presenting clinical features are cortical cognitive deficits encom-
passing acalculia, language dysfunction, apraxia and memory impairment together
with frontal behavioural disturbance. There is evidence of an early personality
disorder that might suggest a neurodevelopmental deficit caused by the mutation
(possible haploinsufficency) [6]; however, the aetiology of this clinical feature is
hard to disentangle from social factors related to the impact of a particularly early-
onset dementing and neurological illness in the parent.

A number of different 5S-OPRI mutations are described including families from
the UK, South Africa, Northern Ireland, USA and Eastern Europe [10]. The
phenotypic variation is again notable in this group. The age of onset ranges
from the third to the seventh decade and the duration of the illness from 4 months
to 15 years. Some patients are clinically indistinguishable from sporadic CJD (sCJD)
but most have a slower dementing disorder mistaken for Alzheimer’s disease only
later accompanied by apraxia, ataxia and sometimes myoclonus. In association
with pathological evidence of prion disease, 7, 8 and 9 octapeptide repeat inser-
tions have also been described. The clinical syndrome associated with these
mutations is very similar to the 6-OPRI mutation. The neuropathology of the
insertional mutations may be characterised by a stripe-like pattern of abnormal
PrP deposition in the molecular layer of the cerebellum, perpendicular to the prial
surface [11].

Occasionally patients with a clinical phenotype typical of sCJD have other
octapeptide repeat mutations, but the exact significance of these mutations in this
group is unclear in many [12]. Those involving one, two or three additional repeats
may be coincidental findings, as these have been found in healthy control popula-
tions [13]. Several patients with 4-OPRI insertions have been reported associated
with a late-onset, short duration clinical course, often with an absence of family
history and so are often mistaken for sCJD; one possible explanation for this
observation is discussed below.

In 4-, 5- and 6-OPRI diseases, the genotype at codon 129 of PRNP is a major
determinant of age of clinical onset. In the published studies addressing this
issue, the OPRI mutations are linked to methionine at codon 129, and patients
therefore have either codon 129 methionine homozygous or methionine-valine
heterozygous genotypes. In 5- and 6-OPRI both genotypes are fully penetrant by
age 70; however, those patients with a heterozygous genotype have, on average, a
later clinical onset by around 10 years. In 4-OPRI the typical disease onset is in
old age. However, all or the vast majority of patients have a methionine homo-
zygous genotype, implying that those with a heterozygous genotype at codon 129
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may have a disease onset beyond a natural lifespan (i.e. non-penetrance).
Although first described in the 6-OPRI disease this codon 129 modifying effect
has now been seen in several other inherited prion diseases (e.g. P102L, A117V,
F198S) [14, 15]. The genetic observations may be accommodated by a model of
prion replication that favours homotypic protein interactions in the kinetics of
prion replication [16, 17].

There are only two reports of a deletion in the repeat region (2-OPRD) in
patients with CJD [18, 19]. As the 2-OPRD has not been found in healthy indivi-
duals it is likely to be a causal mutation. The 1-OPRD is an uncommon polymor-
phism of some healthy populations; it is not known to be a susceptibility or
modifying factor [20].

2.2 Point Mutations

A large number of point mutations have been described. Several show marked
ethnogeographic clustering related to the occurrence of a mutation in a founder
whose descendants migrated and increased in frequency in different geographical
regions in accordance with the history of human populations. Only the common
mutations that illustrate some of the key genetic aspects of inherited prion diseases
are described here.

The P102L mutation, described in 1989 [5], is the archetypal cause of
Gerstmann—Straussler—Scheinker disease [15]. Ataxia is therefore the commonest
symptom with later or less prominent cognitive decline, leg weakness and lower
limb pain. Additional features include psychiatric symptoms and pyramidal and
extrapyramidal signs in a minority. Occasional CJD-like atypical patients are seen,
sometimes with a striking early clinical onset; this observation may be caused by
involvement of wild-type PrP in the pathologic process [21]. The neuropathology is
characterised by multicentric plaques of PrP in the brainstem and cerebellum.

The D178N mutation is important in that there is some evidence that the clinical
phenotype of the disease is modified by the haplotype formed with the mutation-
linked allele at codon 129. FFI, the third canonical prion disease syndrome, is said
to be caused when the mutation occurs on the 129 methionine allele; it was first
described in Italians but has since been identified worldwide. Insomnia is the
cardinal feature of the disease often preceded by lack of attentiveness. The insom-
nia may be masked by apparent excessive daytime sleeping as a result of lack of
nocturnal somnolence. This is soon accompanied by autonomic symptoms such as
hypertension, excessive sweating, evening pyrexia, salivation and impotence. Later
hallucinations occur, often related to dreams, and the patients may have limb
movements related to the dreaming. As the disease progresses, ataxia, pyramidal
signs and myoclonus occur in many patients. Whilst this striking clinical phenotype
undoubtedly occurs in 129M-178N IPD, there is not a consistent association
between haplotype and phenotype, even within the same family with the same
mutation, and many of the clinical features are observed in patients with other types
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of prion disease. 129V-178N more typically causes a CJD-type rather than FFI
clinical picture. These patients present with memory impairment often at a younger
age than sporadic CJD [22].

Overall, the commonest mutation worldwide is E200K, and additionally, in
certain regions, e.g. Eastern Europe, Israel, North Africa and Chile, the disease
may have a similar prevalence as sporadic CJD [23]. Patients are clinically indis-
tinguishable from those with sCJD apart from the occasional finding of a peripheral
neuropathy of mixed axonal and demyelinating type [24] and seizures are more
common than in sCJD [23]. E200K patients are on average slightly younger than
sCJD subjects but there is great variation and examples of non-penetrance in late
old age. In the majority of patients the mutation is linked to the methionine allele; in
the unusual circumstance of 200K linkage to valine, patients are reported to have a
longer clinical course and more ataxia.

3 Genetic Susceptibility to Acquired and Sporadic
Human Prion Disease

Strong genetic susceptibility to prion disease has been clearly demonstrated in both
acquired and sporadic human prion disease. A very strong and common prion disease
genetic risk factor is now well known at PRNP codon 129, between methionine (~60%
allele frequency in Europeans) and valine [16]. In European and North American
healthy populations the methionine heterozygous genotype is generally the most
frequent (~50% in the UK), followed by methionine homozygous (~40% in the
UK), with the least common being valine homozygous genotypes (~10% in the
UK). The polymorphism is found around the world, with a gradual decline in 129V
frequency from that found in Europeans, moving east into Asia and south into Africa.
Notable exceptions to this trend are very high 129V frequencies in the Eastern High-
lands of Papua New Guinea (PNG) and in several South American populations [25].

As described above for some of the inherited prion diseases, heterozygosity at
PRNP codon 129 is protective against prion disease, a finding which can be generally
explained by heterotypic protein interactions impeding the kinetics of prion replica-
tion. Heterozygous genotypes are strongly underrepresented in sCJD [16], and when
described are associated with atypical clinical and pathological phenotypes. Hetero-
zygosity is also associated with a long incubation period in iatrogenic CJD [26]
(acquired by dura mater transplantation or cadaver-derived growth hormone therapy).
Perhaps the most striking association however is that all confirmed and tested vCID
patients are methionine homozygous, representing the strongest association of a
common genotype with any disease [27]. Recently a single clinically-suspected
vCID patient had a methionine-valine heterozygous genotype [28]; however, no
molecular investigations were conducted to provide a definitive confirmation of
diagnosis. The association of codon 129 genotype with vCJID requires more explana-
tion than simply the resistance provided by heterozygosity, as to date there have been
no valine homozygous patients. However, evidence from transgenic models suggests
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PrP 129V may not be able to adopt the molecular conformation associated with the
vCJD prion strain [29]. The observations are best interpreted in the context of the
conformational selection hypothesis of prion replication [17, 30]. According to this
model the 129 polymorphism may also affect susceptibility by determining which
prion strains are thermodynamically permissible or favoured in a given host. An
understanding of susceptibility conferred by PRNP codon 129 has had a major impact
on prion biology [7]. The strong impact of the codon 129 genotype across all human
prion disease categories is an important precedent for research work focussed on
discovery of other genetic risk factors.

Kuru is a fatal subacute neurodegenerative disease restricted to the Fore people and
their immediate neighbours in the Eastern Highlands of PNG. Its route of transmission
was oral, through the consumption of infected brain and other material from dead
patients at mortuary feasts [31]. Kuru provides the main experience of an epidemic
human prion disease, and it is one that is nearly complete. There is a remarkable
range of possible incubations in orally acquired human prion infection, from around
5 to over 50 years [32]. As in other types of human prion disease, PRNP codon 129 is a
strong susceptibility factor. Codon 129 heterozygosity strongly associates with long-
term survival after exposure to kuru prions [25], and with long incubation time in kuru
patients [32]. Recently, a novel PRNP variant at codon 127 (glycine to valine) was
found exclusively in villages in the Purosa valley of the kuru region. This variant was
present in half of the otherwise susceptible 129MM women from the region of highest
exposure to kuru prions. Although this allele is common in the area with the highest
incidence of kuru, it was not found in patients with kuru and in unexposed population
groups worldwide. The 127V polymorphism has been proposed to be a new acquired
prion disease resistance factor that increased in frequency in the Fore due to Darwinian
selection during the kuru epidemic [33].

In the neighbouring genetic region to PRNP on chromosome 20, several studies
have addressed the existence of additional genetic risk factors beyond codon 129
[34, 35]. The hypothesis driving this work is that genetic variation in regulatory
regions might lead to altered expression of the gene, which is known from trans-
genic mouse experiments to be an important determinant of incubation time [36].
These studies have generally been positive in sporadic CJD, although the strength
of the association of variants both up- and downstream of the gene is very modest.
In particular, a haplotype designated “B” in 2001 has been identified as a risk factor
for sporadic CJD in UK and German populations [34, 35].

One of the most important developments in genetic technology has been the
advent since 2005 of commercial gene-arrays able to genotype accurately hundreds
of thousands of common single nucleotide polymorphisms (SNPs) in human popu-
lations. The presence of an allele often predicts neighbouring alleles on a chromo-
some because of linkage disequilibrium; as a result, a large proportion of genomic
common genetic variation can be captured with this technology, enabling genome
wide association studies (GWAS). These studies simply compare case sample allele
counts with the healthy population by a chi-squared test applied across hundreds of
thousands of SNPs. GWAS studies are only powerful enough to identify modest
risk factors when conducted with many thousands of patient and control samples,
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which is clearly challenging in rare conditions like prion disease. However, there
have been several notable exceptions to this rule, with strong genetic risk factors
discovered with small GWAS samples [37]. In the circumstance of vCJD, despite
the necessarily small sample, a successful study was favoured by an extremely
well-defined clinical phenotype; only around 170 patients have developed the
disease despite the exposure of almost the entire UK population. One interpretation
of the low disease incidence is that these individuals might represent extremes of a
spectrum of population susceptibility or incubation period which is known from
mouse studies (see below) to be partly determined by genetic modifiers.

In order to identify strong human prion disease modifier genes, a GWAS of
vCJD has been done. As a very large number of independent risk factors are being
tested in these studies the statistical thresholds required to claim success are
necessarily high (generally p < 5 x 10~®) and these “hits” need to be replicated
in independent samples. Unsurprisingly in vCJD the PRNP locus was strongly
associated with risk across several markers and all categories of prion disease; the
best single SNP association in vCJD was with SNP rs6107516 atp = 2.5 X 107'7,
a remarkably significant finding given that the sample was very small. A two-SNP
combination (haplotype) formed by rs6031692 and rs6107516 at PNRP, had an
association of p = 1 x 1072* These SNPs were strongly linked to codon 129, but
the entire association at the locus could not be explained by codon 129, suggesting
additional but modest genetic risk factors at the locus. Aside from PRNP, an
association upstream of RARB (the gene that encodes retinoic acid receptor beta)
was the top non-PRNP association in this study, on the borderline of the threshold
required for genome-wide significance (p = 1.9 x 1077). A similar association at
the THRB-RARB locus was found in a small sample of patients with iatrogenic CJID
(p = 0.030) but not in patients with sporadic CJD (sCJD) or kuru. An association
with acquired prion disease, including vCID (p = 5.6 x 107°), kuru incubation
time (p = 0.017), and resistance to kuru (p = 2.5 x 10™%), in a region upstream of
STMN?2 (the gene that encodes SCG10) was also detected in this study.

One of the major limitations of GWAS is that the technique is designed to
identify common genetic variation as a risk factor. As is clear from the mutational
series of PRNP, a rare amino acid change in PrP is enough to cause a fully penetrant
and early onset disease. The possibility that rare mutations/variants in other genes
are strong risk factors remains unassessed by current GWAS. Analysis of the
candidate gene Shadoo “shadow of prion protein gene” (SPRN) may provide a
precedent for future studies [38]. In this work two vCJD patients were found to have
a single frameshift mutation of this gene, likely to be a functionally null allele as the
frameshift occurred near to the 5’ end of the open reading frame. Frameshifts were
not found in over a thousand control samples or sporadic CJD patients. A role for
SPRN in human prion pathobiology has been suggested by several studies [39]. The
technology for sequencing multiple regions of the genome simultaneously is
developing rapidly. Rare structural variants (such as deletions, duplications, inver-
sions) may also be assessed by current technologies.

Although significant progress has been made in discovering human susceptibil-
ity factors, the use of animal models has played an important role in understanding
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the role of Prnp in prion disease and they remain central to further gene discovery
and hypothesis testing. The validity of animal models in prion disease and their
integration with human studies — animals are susceptible to the human pathogen — is
a particular strength that counterbalances the challenges of working with a rare
disease and small samples. An important precedent in this respect is the discovery
of the first non-PRNP mouse and human susceptibility gene for acquired prion
disease, HECTD2, which is discussed below.

4 The Mouse as a Model of Human Prion Disease

Mouse models have long been one of the favourite tools of the geneticist. While
technological advances now make direct studies of the human genome possible, the
mouse still has many advantages to offer. This is especially true for prion diseases.
Uniquely amongst neurodegenerative diseases, the mouse faithfully recapitulates
human pathology. Indeed, it could be argued that these are not really models at all,
since wild type laboratory mice are naturally susceptible to these diseases. Com-
parative genomics suggests that the mouse and human genome is similar enough
that genes discovered through mouse studies are also likely to be present in humans
and, more importantly, the same biochemical pathways and cellular mechanisms
exist in both. For rare diseases, mice can also provide the large numbers required to
design sufficiently powered studies to identify the genes of interest. Mouse studies
also offer access to the full range of tissues at all time points throughout disease
pathogenesis with the added advantage that, in most models, onset of disease can be
accurately predicted. When a candidate gene has been identified, mice provide the
ideal background for hypothesis testing as a range of models, from over-expressing
transgenics to knockouts, can be used to determine the effect on prion pathology.

5 Incubation Time

Prion infections in all mammals are characterised by prolonged, clinically silent,
incubation periods. In experimental transmissions this is measured from the time of
inoculation to the onset of diagnostic clinical signs of disease. For transmissions of
mouse-adapted prions to other mice, 100% of animals are susceptible and develop
clinical prion disease. Incubation time is therefore considered a suitable phenotype
to model some aspects of human disease susceptibility. Under standardised experi-
mental conditions, incubation times for a given mouse strain are remarkably
predictable with reproducible means and small standard deviations. Many experi-
mental factors have been shown to influence incubation time including infectious
dose and route of inoculation. Direct administration of prions into the brain
generally results in shorter incubation times compared to peripheral or oral dosing
(not necessarily true for “lymphotrophic” strains). The source of infectious prions
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can also have a profound influence on incubation time. Primary passage of prions
into a new species results in a much longer incubation time than is seen on second
and subsequent passages in the same species. This extended incubation time on
primary passage is known as a species or transmission barrier. Prion strain also
influences incubation time. Indeed, classical definitions of strains include their
characteristic incubation times in panels of inbred mice [40]. Transgenic and
knockout mouse models have shown that expression levels of host PrP¢ can
significantly influence incubation time. Prup knockout mice (Prnp”?) are unable
to propagate prions and never develop disease while hemizygous mice (Prup*'®)
develop disease but with an extended incubation time as compared to their wild
type littermates [36]. Conversely, transgenic mice over-expressing PrP° have
shorter incubation times showing an inverse correlation between the level of PrP°
and incubation time [36, 41]. When experimental conditions are kept constant, the
main determinant of incubation time is host genetic background.

6 Role of Prnp in Incubation Time

The role of host genes in determining incubation time has been known for decades.
In early experiments in 1964, Dickinson and MacKay challenged different inbred
mice with mouse-adapted scrapie and identified a mouse strain (VM/Dk) with an
unusually long incubation time [42]. Subsequent work surveyed a larger range of
inbred lines of mice and showed that each mouse strain has a characteristic
incubation time for a defined prion strain [43—46]. Broadly, incubation times
were classed into two groups where a “short” incubation time is 100-200 days
and a “long” incubation time is greater than 255 days [46]. Classical mouse crosses
were carried out by several investigators to elucidate the genetic basis of this split
[43, 44, 47]. They concluded that incubation time was determined by two alleles of
a single gene. The gene was named respectively Sinc or Prni although they were
generally considered to be the same locus. The alleles of Sinc were described as s7
and p7 and the alleles of Prni were N and [ both encoding “short” and “long”
incubation times, respectively. Following the cloning of Prnp on mouse chromo-
some 2 it was proposed that Sinc/Prni was either Prnp itself or very closely linked;
however the experiments done at this time were unable to resolve the issue.
Further circumstantial evidence that Prnp and Sinc/Prni were congruent was
provided in 1987 by the identification of two amino acid polymorphisms at codons
108 and 189 of the mouse prion protein [45]. It was suggested that these variants
could define the two alleles of Sinc/Prni. Prup® (108-Leu, 189-Thr) and Prnp”
(108-Phe, 189-Val) alleles segregated with “short” and “long” incubation time mice
respectively. Although widely considered to provide the molecular basis for the
segregation of incubation time, this was not conclusively demonstrated until 1998.
The advent of gene targeting technology provided the necessary resolution to test
the hypothesis that the amino acid sequence of PrP determines incubation time in
mouse. Using embryonic stem cells from a Prup® (108-Leu, 189-Thr) mouse,
Moore and colleagues specifically targeted both codons, changing them to that of
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a Prap” allele (108-Phe, 189-Val) [48]. This produced a mouse genetically identical
to the original Prnp” mouse except at codons 108 and 189 of PrP. Upon challenge
with prions, the gene targeted mouse had an incubation time that resembled that of a
Prnp” allele mouse, thus confirming the central role of PrP amino acid polymorph-
isms in determining incubation time in mouse.

Based on published genotypes for approximately 60 mouse lines, Prnp® is the most
common allele with the Prap” only described in 8 strains [46, 49]. This is perhaps not
surprising given the high degree of relatedness between laboratory strains of mice
[50]. A survey of Prnp genotypes from more distantly related mice identified a new
allele, Prnp© (108-Phe, 189-Thr) [51]. Prnp© was identified in MAI/Pas mice derived
from M. m. musculus wild mice that were trapped in I[llmitz, Austria and subsequently
inbred at the Pasteur Institute, Paris. MAI/Pas mice have one of the longest incubation
times described for the Chandler/RML strain of prion (360 4 11); however, at least
100 days of this effect is likely to be the result of other genes, as congenic mice with
the Prap® partially isolated on a C57BL/6 background have an incubation time more
reminiscent of the Prnp” mice (255 + 12). These data are supported by the results of
comprehensive gene targeting experiments that systematically mutated codon 108 and
189 in turn and produced mice representing each combination of amino acids [52]. It
was shown that each codon influences incubation time albeit to different extents.
Barron et al. propose that codon 189 has the major effect by controlling the initial
interaction and binding to PrP>° while codon 108 controls the rate of conversion from
PrP° to PrP° [52].

7 Role of Other Genes

It is clear that Prnp is the major genetic determinant of prion disease incubation time;
however, it is also apparent that other genes also make a significant contribution to the
natural variation observed between different mouse lines. The greatest amount of
incubation time data exists for wild type Prnp” mice [45, 47, 49, 53, 54]. Within this
group, where the PrP coding sequence is identical, the shortest incubation time
described for intracerebral inoculation of Chandler/RML prions is 105 £ 4 in SJL/J
mice and the longest is 221 + 5 in PWK/Pas mice. This suggests that the combined
effect of other genes can extend the incubation time by over 100 days, effectively
doubling the incubation time. This is also supported by the congenic studies described
above for Prnp® on the MAI/Pas and C57BL/6 backgrounds [49]. Indeed, the effect of
these genes confounded the interpretation of some of the early studies of the genetic
basis of incubation time as it was assumed that they were looking for only one gene.

8 Quantitative Trait Loci Studies

Advances in genetic mapping tools and statistical techniques enabled researches
to map regions of the genome harbouring the non-Prnp genes controlling incuba-
tion time. Using incubation time as a quantitative trait phenotype, microsatellite
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markers were used to carry out whole genome screens and linkage analysis
provided a statistical measure of the correlation between genotype and phenotype
[55-59]. At least five different studies have been published; however, the general
approach was similar. In each study, two strains of Prnp® mice with different
incubation times were used to generate either a backcross or an F2-intercross. All
mice were challenged intracerebrally with prions and their incubation times deter-
mined. In all crosses, the distribution of incubation times were broad, reflecting the
independent segregation of both “short” and “long” incubation time alleles. In
simple two way crosses of this nature only one or two recombinations per chromo-
some can be measured; therefore genotyping was carried out at low resolution with
an intermarker distance of 10-20 cM. Together, these independent studies success-
fully identified multiple loci on eight different mouse chromosomes (Table 1).
Because of the low resolution inherent in the study designs, large regions of
chromosome, spanning tens of centimorgans, were identified rather than individual
genes.

Each of the Quantitative Trait Loci (QTL) studies had unique features that
maximised the potential for novel locus discovery but makes comparisons difficult.
The first source of variation was the choice of mouse strains. Three different
combinations were used: CAST x NZW (F2 intercross) [55, 56], CAST x SJL
(F2 intercross) [57] and C57 x RIII (reciprocal backcross and F2 intercross) [57,
59]. Using only two strains of mice in a cross simplifies the analysis but limits the
number of potential alleles compared to those expected in an outbred population.
The use of closely related laboratory strains also limits the potential for detecting
variation. The second source of variation was the choice of prion strain. Across all

Table 1 Summary of published QTL for mouse prion disease incubation time

Cross Inoculum Chromosome (cM) Peak lod
score
CAST x NZW Chandler/RML mouse Mmu2 (61.2) 8.15
F2 intercross® (n = 1009) scrapie Mmull (43.7) 56.41
Mmul2 (47.0) 7.55
CAST x SJL Chandler/RML mouse Mmu9 (17) 5.70
F2 intercross® (n = 153) scrapie Mmull (43) 5.66
CAST x NZW Mouse passaged BSE Mmu2 (61.2) 591
F2 intercross® (n = 124) Mmull (43.7) 3.96
F1 x C57 backcross’ BSE Mmu2 (34) 5.8
(n = 515) Mmu8 (43) 52
F1 x RIII backcross® Mmu4 (42.5) 4.5
(n = 512) Mmul5 (49.6) 3.8
RIII x C57° Me7 scrapie Mmu5 (68.0) 47"
F2 intercross (n = 282)
*[55]
°[57]
°[56]
‘58]
°[59]

TFemales only
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studies, two strains of mouse adapted scrapie (Chandler/RML and Me7) and BSE
were used. A unique prion strain is defined by its biochemical properties, pattern of
brain pathology and its incubation time; therefore it is to be expected that using
different prion strains should identify different QTL [40, 60-62]. A third variable
was the use of cattle BSE prions as compared to mouse-adapted prion strains as it is
well documented that the presence of a transmission barrier greatly extends the
incubation time and QTL identified in this study may be unique to the process of
species adaptation.

Although the published QTL studies are difficult to compare, some of the loci may
be represented in more than one study, thereby increasing the confidence that a genuine
QTL has been found. Two studies using the Chandler/RML prion strain identified
multiple loci on chromosome 11 [55, 57]. Given that the peaks of linkage map within
1 c¢M of each other (DI IMit36 and DI11Mi219) and that the confidence intervals are
broad, it is reasonable to assume that these crosses have identified the same locus. Both
crosses use CAST as one of the mouse strains which may have increased their chances
of identifying a common locus. D/ IMit36 is also implicated, although at a suggestive
level of linkage, in a smaller CAST x NZW F2 cross inoculated with mouse passaged
BSE [56]. These combined findings reinforce the statistical significance of the data and
suggest that this locus may act independently of prion strain.

Mmu2 has also been implicated in three studies [55, 56, 58]. The regions
identified in the CAST x NZW crosses show considerable overlap, suggesting
that this may be the same QTL regardless of prion strain. Prnp maps within this
region of linkage, making it an excellent candidate gene. However, both CAST and
NZW are Prnp“ allele mice and no other amino acid polymorphisms have been
described. In addition, no significant differences were detected in PrP expression
levels in unaffected mice [55]. Although it is likely that neighbouring genes are the
main contributors to this QTL, it remains possible that disease specific differential
expression of PrP underlies this QTL.

For all the QTL studies described, it is important to note that it is the effect of the
chromosomal region that is detected and not the effect of individual genes. Each
locus may represent multiple genes that influence incubation time and the pheno-
typic effect detected is the net effect of all genes. The ability to detect the effect will
depend in part on whether genes in close proximity to each other act in trans or in
cis. Genes acting in trans may cancel each other out but genes that act in cis, even if
their individual effects are small, may amplify the effect over the region. This may
confound downstream analysis and verification of candidate genes which may have
very small effects on phenotype when analysed individually, in spite of being
located in a region of highly significant linkage.

9 From QTL to Candidate Gene

Although very successful, the QTL mapping studies described above identified
large genomic regions containing hundreds of genes, which explains why relatively
little progress has been made in identifying the underlying quantitative trait genes
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(QTG) and polymorphisms. Conventional approaches to fine mapping involve
making congenic strains whereby the region of interest is transferred onto the
genetic background of another strain by backcrossing with the aim of confirming
the QTL by altering the phenotype as predicted by the transferred allele. Although
useful in confirming the presence of a QTL, the regions may still be too large for
candidate gene analysis.

An alternative approach pursued successfully in our laboratory has been to use a
more complex mouse cross to reduce the target region and look at individual
candidate genes. In order to fine map a region it is necessary to increase the number
of detectable recombinations across the chromosome. This can be achieved using
outbred stocks of mice or defined complex crosses [63, 64]. In our case, we have
used a heterogeneous stock (HS) of mice which was generated from eight parental
strains which were bred semi-randomly over multiple generations [65]. Combined
with higher density genotyping, this cross can achieve mapping resolution of
approximately 1-3 ¢cM which is a 10- to 20-fold improvement on the original two
way crosses [66].

In our studies, 1,000 HS mice at generation 37 were inoculated intracerebrally
with the Chandler/RML mouse adapted scrapie strain of prion. To date, we have
successfully fine mapped and identified candidate genes on chromosomes 15 and 19
[67, 68]. A 30-Mb QTL on Mmul5 was previously identified in a C57 x RIII
backcross inoculated intracerebrally with BSE [58]. Mapping studies in the HS
mice reduced this region to 3.6 Mb with a peak of linkage of —logP = 4.52 [67]. To
identify potential QTGs 30 genes were sequenced in the HS parental strains to look
for polymorphisms. Comparison of these SNPs with the linkage data and
subsequent genotyping of representative SNPs in the HS mice was consistent
with Cpne8 being the most promising candidate gene in the region (P = 0.0002).
Cpne8 mRNA was also shown to be upregulated at end stage disease, providing
supporting evidence for a role in prion disease. The functional polymorphisms have
not been conclusively identified although it is thought that this may be at the
regulatory level. Cpne8 is a member of the copine family which are Ca** dependent
phospholipid binding proteins thought to be involved in membrane trafficking [69].
Although it is not yet clear how Cpne8 influences incubation time, it is possible that
it may have some relevance in PrP processing and trafficking within the cell.

The same study design was used to fine map a region of interest on Mmul9 [68].
In this case a region of 2.9 Mb with a peak of linkage of —logP = 5.88 was
identified. After sequencing 22 candidate genes and assessing a number of SNPs,
Hectd2 emerged as the most promising QTG (P = 0.0008). As for Cpne8, the
functional polymorphism was not defined. However, Hectd2 mRNA was differen-
tially expressed in the presence of different alleles, suggesting that this may be
functionally relevant. mRNA was also shown to be overexpressed fivefold at end
stage disease as compared to unaffected animals.

Further evidence supporting Hectd2 as a candidate gene was provided in an
association study of HECTD2 SNPs in human prion diseases [68]. From the UK,
patients with variant CJD and sporadic CJD were genotyped and compared to a
control population. From PNG, kuru patients were genotyped and compared to
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elderly women known to have had multiple exposure to kuru but are long term
survivors. Initially, a single SNP, 7512249854 (A/T) was tested and showed that the
minor allele (A) was significantly over-represented in vCJD (n = 117, 8.1%) com-
pared to controls (n = 601, 3.9%), P = 0.0049, and between sporadic CJD
(n = 452, 6.3%) and controls, P = 0.012. A further seven SNPs in HECTD2 were
analysed. In the UK, strong linkage disequilibrium (LD) was found and an increased
risk of vCJD was associated with the haplotype (designated 2) possessing
rs12249854A (P = 0.006). In PNG, however, haplotype 2 showed no significance
between kuru and the elderly female survivors of mortuary feasts. Rather, in PNG it
was shown that a population specific haplotype (designated 4) was strongly asso-
ciated with kuru (P = 0.0009). Haplotype 4 differs from haplotype 2 at a single
SNP, rs12247672, which itself is significant in vCJD (P = 0.0039) but not at all in
kuru (P = 0.6138). These data suggest that different functional polymorphisms may
be important in the different diseases and populations but that there is consistent
evidence of association of genetic variation in HECTDZ2 with human prion disease.

As described above, data from both mouse and human studies suggest a role for
HECTD?2 in prion disease. By homology, HECTD?2 is an E3 ubiquitin ligase and,
although its substrate is unknown, it is likely to be involved in the ubiquitinylation
of proteins for targeted degradation by the proteosome. The ubiquitin-proteosome
system has been implicated in prion diseases [70-72] and a number of other
neurodegenerative conditions including Alzheimer’s (AD) and Parkinson’s dis-
eases (PD) [73-75]. These data provide further evidence to support the existence
of common pathways and mechanisms in these disorders.

The identification of CpneS8 and Hectd2 using HS mice shows the potential for gene
discovery using this approach. In addition to fine mapping, the HS mice can be used
for assessing the potential of individual candidate genes in association studies. With
the caveat that the resolution cannot pinpoint a positive result to a single gene, these
studies may provide important additional evidence to support the role of genes
originally identified in human studies of prion disease or from other neurodegenerative
disorders. As technologies for human genome-wide genotyping have improved, so too
have the resources available to mouse geneticists. The availability of a high density
mouse SNP genotyping platform now makes a genome-wide screen of the HS mice a
realistic possibility. As seen in human studies, these technologies can also provide data
on copy number variation which may also be of interest in prion disease.

Future prospects for the discovery of mouse incubation time genes are even
better with the advent of a new complex mouse cross as a community resource [76].
The collaborative cross aims to capture the diversity of a heterogeneous stock and
the inbred nature of recombinant inbred strains. The starting point for the cross is
eight lines of mice chosen for their diversity (A/J, C57BL6/J, 129Sv/Im, NOD/Lt,
NZO/HiLt, CAST/Ei, PWK/Ph, WSB/Ei). In the first instance, the mice will be
crossed as for a heterogeneous stock to maximise the allelic heterogeneity and then
inbred to produce recombinant inbred lines. The aim is to produce ~1,000 inbred
lines all of which will be fully genotyped and made available to researchers.
Because the genotyping data will already exist, individual researchers need only
phenotype the inbred lines. Once linkage has been established, individual candidate
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gene analysis will be necessary. It is proposed that each of the mouse lines used to
establish the cross will be fully sequenced which will significantly reduce the work
load as it will be possible to identify the most promising candidates in silico.

10 Differential Expression

An alternative to identifying genes important in prion disease is to look at differential
gene expression. Several small scale studies have identified individual differentially
expressed genes such as erythroid differentiation-related factor (EDRF) [77], glial
fibrillary acid protein, metallothionein IT and B chain alpha-crystallin [78], B-2 micro-
globulin [79], cathespsin S, C1q B-chain of complement apolipoprotein D and two
previously unknown genes named scrapie-responsive gene (ScCRG) 1 and 2 [80]. High
density microarrays representing approximately 40,000 transcripts in combination
with a systems approach has now produced a comprehensive analysis of differential
mRNA expression during disease pathogenesis. In the study by Hwang et al., brain
gene expression was monitored across eight different mouse-prion strain combina-
tions at regular intervals throughout the incubation time [81]. Subtractive analyses
across the experimental groups identified 333 differentially expressed genes. These
genes were mapped onto networks and pathways at different stages of disease, thus
providing a comprehensive picture of the key cellular events during the disease
process. The generation of large networks of genes reflecting the main features of
prion disease (PrPS¢ replication and accumulation, synaptic degeneration, microglial
and astrocyte activation and neuronal cell death) may not highlight key individual
genes, such as Prnp; however they increase our understanding of the mechanisms of
prion disease and may suggest alternative pathways as therapeutic targets.

11 Candidate Gene Approach

The use of mouse models to look at the effects of individual genes on incubation
time have proved very useful in confirming the role of proteins that have been
implicated in prion disease from a range of different studies. Prion diseases are
characterised by the absence of a classical inflammatory response; however, atypi-
cal inflammation characterised by microglial activation is central and precedes
neuronal death. Consequently, a number of pro- and anti-inflammatory cytokines
and chemokines have been investigated.

A straightforward approach to in vivo hypothesis testing is to generate a knockout
mouse for the gene of interest, inoculate with prions and look at the effect on
incubation time as compared to wild type controls. Experiments of this nature have
been carried out for the anti-inflammatory cytokines interleukin-4 (//4), /110 and 1113
and the chemokine, monocyte chemoattractant protein-1 (Mcpl) [82, 83]. Following
intracerebral inoculation with the RML strain of mouse adapted scrapie, no significant
differences were seen for mice deficient in either //4, 1113 or both. However, for mice
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deficient in /10, a highly significant decrease in incubation time was seen from
140 £ 2 (129S1/Svim]J wild type) to 58 £ 14 days [82]. At end stage, these animals
had accumulated the same levels of infectivity and neuropathology as wild type mice,
suggesting that I1-10 deficiency accelerated the normal disease process. It was sug-
gested that the anti-inflammatory role of Il-10 was usually required to moderate the
inflammatory response which, if left unchecked, leads to extensive pathology and
death. However this >50% reduction in incubation time contrasts with other data
which suggest that ///0~'~ mice on a C57BL/6 background show a 19% reduction in
incubation time with no difference seen on a 129S1/SvImJ background [84].

Mcpl was also investigated in this way. The first study showed that, following
intracerebral inoculation of the mouse-adapted scrapie prion strain ME7, Mcp-1
knockout mice a 4 week delay in the onset of late-stage clinical signs as compared
to wild type mice [83]. Because Mcpl maps to a region of Mmull previously
identified as containing a prion disease incubation time QTL, Mcp-I was consid-
ered a good candidate QTG [85]. Ten polymorphisms were found between the
“long” (CAST) and “short” (NZW) incubation time mouse strains, including three
amino acid changes. Mcpl deficient mice were therefore crossed to both CAST and
NZW and challenged with the Chandler/RML mouse scrapie prion strain. In these
models, loss of Mcpl was not associated with an increase in incubation time,
suggesting that the effects of Mcpl may be specific to the ME7 prion strain.

Other candidate genes have emerged from a range of other studies. Clusterin (Clu/
apolipoprotein J) expression is upregulated in BSE infected mice and has been found
to associate with PrP5¢ in infected brains [86]. Clusterin has also been implicated in
amyloid deposition in Alzheimer’s disease and two independent GWAS have shown a
significant genetic association between CLU and risk of Alzheimer’s disease [87].
Following inoculation with BSE prions, Clu knockout mice had a 40-day increase in
incubation time compared to wild type controls. Pathological examination showed
that the absence of clusterin produced less aggregated Prp5¢ deposition and more
astrocytosis as compared to wild type mice [88].

The most comprehensive study of candidate genes was provided by Tamguney
et al. Here they tested 20 candidate genes that were selected on the basis that they
had previously been implicated in prion disease or Alzheimer’s disease (e.g. App)
[84]. This included proteins that co-localise or interact with PrP, function in PrP-
mediated signalling, glycosylation or protein maintenance (e.g. Caveolin-1, Fyn,
Dpl, Hsp70, Sodl) or are over-expressed in prion disease (e.g. Il1r, Tgf-f1, Ccr2).
To evaluate their role in prion disease, incubation times were analysed in mouse
models where the candidate gene was either mutated, knocked out or over-
expressed. Most models showed no significant difference in incubation time as
compared to their wild type controls; however, significant differences were seen for
the App and Il1r knockouts and for a transgenic over-expressing human SODI.
Incubation times were increased by 13, 16 and 19% respectively. These data
illustrate that App, Illr and Sod may play a central role in the disease process;
however, there may not be enough genetic variation between different mouse
strains to contribute to the natural variation in incubation time and these genes
may therefore not be detectable in QTL studies.
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12 MicroRNA

Differential expression studies and candidate gene approaches are useful in identify-
ing genes that may be relevant to the disease process; however it is also important to
understand the regulatory processes as these may ultimately be the key to successful
therapeutics. MicroRNAs (miRNAs) are short (21-23 nucleotides) single stranded
RNAs processed from larger molecules containing stem loops. They are important
post-translational regulators of gene expression which are thought to act by comple-
mentary base-pair binding to the 3’UTR of mRNA transcripts [89]. Recent advances
have implicated miRNAs in several disease processes including prion disease [90].
Saba et al. used microarrays to profile miRNA expression changes in end-stage mouse
brains following challenge with the 22A prion strain of mouse adapted scrapie [91].
They showed that 15 miRNAs were differentially expressed including miR-128 that
has previously been shown to be upregulated in Alzheimer’s disease. The putative
target mRNAs of these genes were analysed in conjunction with mRNA expression
patterns to refine the profile of prion-related processes particularly for genes involved
in key pathways such as protein degradation, cell death signalling and synapse
function. Another upregulated miRNA in the Saba et al. study, miR-342-3p, has
also been shown to be upregulated in a Macaque model of BSE infection and in
human sporadic CJD [92]. This suggests that dysregulation of specific miRNAs may
be a common mechanism across different prion diseases.

13 Validation of Candidates

A wealth of genetic studies has now identified multiple candidate genes for prion
disease susceptibility, incubation time and disease progression from both human
and mouse. For many of these genes the link with prion disease is provided by a
statistical association with little functional evidence currently available. The chal-
lenge for future work will be to provide compelling functional validation. For many
genes, particularly those relating to prion disease incubation time in mice, the gold
standard will be to challenge mouse models such as knockouts or transgenics with
various prion strains to determine whether incubation time is modified in the
predicted way. For other genes, the effects may relate more to PrPS¢ deposition,
neuropathology and accumulation of infectivity. The systematic analysis of multi-
ple genes in mouse models may be prohibitively expensive and time consuming;
therefore alternative approaches are required. One possibility is to take advantage
of cell models that are permissive for prion propagation and to combine this with
RNAIi knockdown technology in a quantitative manner. This may be done either in
chronically infected cells or by infecting permissive cells. In the former, the readout
indicates whether knocking down expression from the gene of interest results in
curing the cells. In the alternative model, a measure of cell susceptibility, following
candidate gene knockdown, is provided by counting the number of infected cells
present at the end of the assay. These cellular systems cannot model all aspects of
prion biology; however, they may prove a useful tool in guiding future experiments.
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14 Conclusion

In both human and mouse, mutations and polymorphisms in the prion protein play a
major role in determining disease susceptibility. However, it is now clear from a
large number of studies that the prion protein alone does not account for the natural
variation seen in susceptibility and incubation time and several other proteins must
play a role in the disease process. It is the polymorphisms in these genes and their
regulators that explain the remaining variation observed in the population. The
identification of these genes and their associated alleles will be key to improving
patient diagnosis and genetic counselling and is expected to inform epidemiological
modelling of the consequences of population-wide exposure to BSE prions where
the number of silently infected individuals from primary or secondary (iatrogenic)
exposure remains unclear. The identification of new genes and pathways will also
increase our understanding of what constitutes susceptibility and incubation time
and provide new avenues for therapeutic intervention.
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Abstract Although prion diseases, such as Creutzfeldt—Jakob disease (CJD) in
humans and scrapie in sheep, have long been recognized, our understanding of
their epidemiology and pathogenesis is still in its early stages. Progress is hampered
by the lengthy incubation periods and the lack of effective ways of monitoring and
characterizing these agents. Protease-resistant conformers of the prion protein
(PrP), known as the “scrapie form” (PrPSC), are used as disease markers, and for
taxonomic purposes, in correlation with clinical, pathological, and genetic data. In
humans, prion diseases can arise sporadically (sCJD) or genetically (gCJD and
others), caused by mutations in the PrP-gene (PRNP), or as a foodborne infection,
with the agent of bovine spongiform encephalopathy (BSE) causing variant CJD
(vCID). Person-to-person spread of human prion disease has only been known to
occur following cannibalism (kuru disease in Papua New Guinea) or through
medical or surgical treatment (iatrogenic CJD, iCJD). In contrast, scrapie in small
ruminants and chronic wasting disease (CWD) in cervids behave as infectious
diseases within these species. Recently, however, so-called atypical forms of
prion diseases have been discovered in sheep (atypical/Nor98 scrapie) and in cattle,
BSE-H and BSE-L. These maladies resemble sporadic or genetic human prion
diseases and might be their animal equivalents. This hypothesis also raises the
significant public health question of possible epidemiological links between these
diseases and their counterparts in humans.
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1 Introduction

Certain brain diseases of humans and animals known as proteinopathies are asso-
ciated with the accumulation of misfolded proteins both inside and around neurons
[1]. Alzheimer’s disease in humans is by far the most common member of this
group. The prion diseases, exemplified by Creutzfeldt—Jakob disease (CJD) in man,
scrapie in small ruminants, and bovine spongiform encephalopathy (BSE) in cattle,
constitute a peculiar sub-group within proteinopathies by being experimentally
transmissible [2]. Because of this feature, together with the sponge-like appearance
of vacuoles in affected brain areas, prion diseases are also known as Transmissible
Spongiform Encephalopathies (TSEs).

Although, the exact nature of transmissible prions is still unresolved, the single
essential component seems to be an abnormal isoform (PrP>°) of the cellular prion
protein (PrP®) [2-5]. Somehow, already misfolded PrP, possibly as protofibrils
or oligomers, recruits normal PrP¢ and orchestrates a templated misfolding of its
substrate with considerable precision, allowing a step-by-step growth of the less soluble
and partly proteinase-resistant PrP*° protein structure. Thus, during prion propagation,
there is a flow of structural information encoded in protein scaffolds. According to this
scheme of protein “inheritance,” subtle differences in the three-dimensional arrange-
ment of misfolded PrP (derived from different species etc.) are maintained, allowing for
a certain spectrum of misfolded conformers. This phenomenon probably accounts for
most of the variability between prion isolates [6]. A prion isolate is a preparation from
diseased brain, capable of transmitting prion disease in a suitable host, without regard to
the detailed physical nature of the pathogen.

Experimental transmission of prion isolates has allowed them to be character-
ized in terms of incubation periods [7], as well as by clinical pathology and
histopathological appearance, which are manifest as spongiform change and reac-
tive gliosis [8]. A brain pool from three scrapie-diseased sheep (SSBP/1) revealed,
upon transmission in goats, two distinct clinicopathological syndromes, namely a
“scratching” variant and a “drowsy” variant [9], thereby providing the introduction
to the field of prion strain research. Passage of the drowsy goat strain in mouse
resulted in the isolation of the mouse-adapted “Chandler” strain [10], from which
the RML (Rocky Mountain Laboratories) strain was also derived. Further passage



Atypical Prion Diseases in Humans and Animals 25

of the drowsy variant into two lines of mice, expressing different PrP alleles,
resulted in isolation of the 79A and 87V strains [11], while another mouse-adapted
scrapie strain, which was derived from a field case, was named ME7 [11]. When
this strain was propagated in hamsters, disease occurred only after a very prolonged
incubation period and the strain was termed ME7-H [12]. However, if the ME7
strain was passaged once in transgenic mice expressing a mouse/Syrian hamster
chimeric PrP (SHa/Mo PrP) and then back into hamster, a short incubation period
and an altered disease profile was observed. This demonstrated that the character-
istics of a prion strain can be influenced by its passage history [13]. Due to the
obvious problem of generating a multitude of different prion strains in laboratory
rodents, and that of limited relevance to real-life situations, strain variation between
prion isolates nowadays refer to isolates derived from identical PrP sequences
(e.g., sheep with identical PrP genotypes) which, upon serial passage in congenic
hosts, result in distinct disease phenotypes with respect to incubation periods and
lesion profiles [14].

In striking parallel to the drowsy and scratchy variants observed in goats, a
similar division into drowsy (DY) and hyper (HY) phenotypes was also observed
following inoculation of Syrian hamsters with brain material (Stetsonville isolate)
isolated from mink that had succumbed to transmissible mink encephalopathy
(TME), a rare, foodborne prion disease of unknown origin [15, 16]. Studies of the
DY and HY strains led to the seminal discovery that there were distinct differences
in the biochemical properties of PrP>® proteolytic fragments from the two variants.
The DY derived PrPS¢ was also shown to be more sensitive to proteolytic degrada-
tion. Since these differences could not be explained by variation in incoming or host
PrP primary sequences, it was proposed that the strain characteristics could be
encrypted in the three-dimensional arrangement of the PrP° structures [17], with-
out the aid of pathogen-specific nucleic acids, as previously suggested [18]. Further
evidence in favor of the protein-only hypothesis was gained when similar strain-
related PrP5° types were propagated in a cell-free system [19]. With the develop-
ment of the protein misfolding cyclic amplification assay (PMCA) [20], various
studies of the cell-free propagation of PrP aggregates and their strain characteristics
have been conducted. These have included the de novo generation of infectivity
from recombinant PrP substrates in the presence of accessory cellular components
[21], and very recently, even without any mammalian co-factors [4]. These have
provided further compelling evidence in support of the protein-only hypothesis, but
do not exclude important roles for accessory components in prion propagation.

Several investigations have substantiated the use of biochemical PrP®¢ properties
as reliable strain-correlated signatures, particularly for distinguishing variant CJD
(vCID) from other forms of CJD [22, 23], but also in comparison of sporadic CID
and genetic prion disease in humans [24, 25]. Importantly, the relative abundance of
different glycoforms of the proteinase K (PK)-resistant PrP-fragments, the so-called
glycoform profile, was also taken into consideration. Based upon these principles,
two major classification systems for human prion isolates were developed [22, 23,
26-29], of which the system proposed by Parchi and co-workers [23, 30] has
been most widely used. In this system, two principal PrP5¢ types were recognized:
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Type 1, with an apparent molecular mass of 21 kDa (lower band), and Type 2, with
a corresponding band of 19 kDa. In concert with the polymorphic variation at codon
129 (methionine/valine, M/V) in the PRNP gene, this described a total of six
subtypes of sCJD. However, the types MM1 and MV1 were merged as indistin-
guishable, while MM2 cases included two variants, based on histopathological
changes predominantly in the cerebral cortex (MM2-Cortical) or thalamus
(MM2-Thalamic) [31]. It was soon necessary to expand this relatively simple
classification system when it was discovered that Type 1 and Type 2 could
frequently co-occur in patients [32-35], increasing the total number of pure and
mixed subtypes to 12 [36]. Interestingly, the relative ratio of Type 1 and Type 2
varied between brain regions in patients with mixed subtypes, indicating nuances in
the cellular tropism of the varieties. Despite the complexity of PrP5° typing in CID,
an inter-laboratory analysis involving seven diagnostic laboratories reported excel-
lent agreement in assessment of cases [37]. Thus, full validation of these methods
seems to be within reach. Co-occurrence of strains has also been observed in
transgenic mice expressing the human PrP gene (“humanized” mice), inoculated
with vCJID isolates. Surprisingly, some of the mice propagated a strain similar to
sCJD in the brain, while simultaneously propagating the vCJD strain in the spleen
[38]. Co-occurrence of classical and atypical/Nor98 scrapie in sheep has also been
reported [39].

In addition to strain-related variation in the size and glycosylation of PK-
resistant PrP>¢ fragments, the denaturation kinetics of misfolded PrPs in the pres-
ence of chaotropic salts, as measured by increased binding of conformational
antibodies (epitope exposure), substantiated the link between misfolded conformers
and strains [40, 41]. These studies also revealed that a significant proportion of
misfolded PrP5¢ could be protease-sensitive in a strain-specific manner, thus high-
lighting the potential weakness of PK-based methods for detection of misfolded
PrPSC, at least for some strains. However, as greater PK-sensitivity often correlates
with less stable PrP-aggregates, this attribute can be utilized for diagnostic and
classification purposes by combining a conformation stability assay [41, 42], in
which PrP-aggregates are adsorbed to membranes before exposure to denaturants
[43], with Western Blots, allowing mapping of N-terminal cleavage end-points.
This has been useful in discriminatory epitope-mapping of many prion strains, not
least BSE and atypical/Nor98 scrapie [44—48].

By combining these methods for PrP>° typing with neuropathological lesion
profiles [49] and, importantly, patterns of brain PrpS¢ deposits [50-53], prion strains
can be fairly well characterized. However, current protocols are quite cumbersome
and time-consuming. Therefore, other approaches for discriminating between
prion strains, using conformation-sensitive probes [54] or cell culture systems
[55], have been advocated.

Despite steady progress in non-bioassay discrimination of prion strains, the
mouse bioassays remain superior. This was recently demonstrated when two strains
of chronic wasting disease (CWD), a prion disease affecting cervids, with biochem-
ically indistinguishable PrP5¢ aggregates, were recognized as separate CWD-1 and
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CWD-2 strains [56], following transmission to specific lines of transgenic mice
expressing cervid PrP [57].

Prion diseases are traditionally grouped according to their route of acquisition,
as sporadic, familial, or infectious diseases. While sporadic disease variants pre-
dominate in humans, no such prion disease has yet been formally identified in
animals.

One explanation that has been proposed for the differences in occurrence of
human and animal prion diseases is age-distribution. The farm animal population at
highest risk for development of sporadic or familial prion disease is the elderly
segment, which is normally quite small in production animals. The likelihood of
discovery is further reduced by low disease incidence and challenging diagnostics.
Thus, large-scale surveillance programs, with particular scrutiny of the populations
at risk, have proved vital in the discovery of atypical ruminant prion diseases, as
detailed in this chapter.

Foodborne prion disease in humans was discovered in Britain in 1996 and
resulted in a public health crisis of unprecedented proportions. Strong circumstan-
tial evidence [58—61] pointed to BSE as the cause of the disease, which was termed
variant CJD (vCJD) [62]. The clinicopathological features of vCJID clearly differed
from those of other human prion diseases, but were similar to those seen in
transmissions of BSE in cattle [59, 63]. The molecular signature of the agent of
BSE has been remarkably preserved across species barriers. The glycoprofile of the
BSE agent is characterized by a predominance of diglycosylated forms. In order to
avoid confusion with atypical forms of BSE, the original BSE isolate will hereafter
be named classical BSE (BSE-C). The two recently discovered forms of atypical
BSE [64, 65] are referred to as H-type BSE and L-type BSE, because the unglyco-
sylated band of PrP*¢ is higher (H-type) or lower (L-type) than that of BSE-C. The
L-type BSE strain is probably identical to the originally described bovine amyloi-
dotic spongiform encephalopathy (BASE). One fundamental difference between
BSE-C and the atypical forms is the age of disease onset in affected cattle; whilst
for BSE-C the age of disease onset is typically in the 3—5 years range, for H-type
and L-type BSE the average age of disease onset is over § years.

Classical scrapie in small ruminants, the archetypal animal prion disease [66],
and CWD in cervids are the only known prion diseases that spread effectively
within a species, under natural (free-ranging wild population) or near-natural
(extensive husbandry) conditions [67—70]. Spread may be horizontal through direct
contact or shared environments [71, 72], or vertical from mother to offspring during
the pre- or neonatal period [73-75]. Although these diseases clearly illustrate that
prion diseases can behave as true infectious maladies, they could, ironically, turn
out to be exceptions to the rule rather than typical. Predators have the potential to be
exposed to ruminant prion disease and, as evident with the BSE-C agent, possibly
develop prion disease. A recent study of predators in a CWD endemic area of
Wisconsin did not provide evidence of a transmission of CWD prions across
species barriers [76]. For a prion disease to be sustained as infectious within a
population, it seems that the infectious prion must be present at relatively high
levels in the peripheral tissues of affected animals, most notably in the digestive
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tract and its associated salivary glands and lymphoid aggregates. CWD transmits
effectively, with saliva [71, 72, 77], feces [78], and urine [79] as primary vehicles,
either through contact or via the environment. Protease-resistant PrP of cervid
origin has been detected in water samples taken from a CWD endemic area [80].

Traditionally, transmission of classical scrapie has been considered to occur
primarily from mother to offspring in the perinatal period, possibly related to the
placenta, amniotic fluid, and fetal membranes that are discarded at parturition [73].
Contamination of lambing areas is reported to increase the exposure risk, but
transmission via pastures [81] is probably underestimated. PrP*® has been detected
in gut-associated lymphoid tissues in natural and experimental scrapie [27], not
only in the ileum and jejunum, but also in rectal tonsils [82], indicating that
infectious agents are probably shed in the feces. Recently, PrP5¢ has also been
detected, after amplification in PMCA, in swabs taken from the oral cavities of
sheep harboring classical scrapie [83], again providing evidence that gastrointesti-
nal tract secretions probably have a role in the horizontal spread of classical scrapie.
Transmission through milk and colostrum might also occur [75]. Consequently, it is
very difficult to establish effective control measures against the spread of classical
scrapie through management adjustments at the flock-level. Normally, PrP-genetics,
which strongly modulate the peripheral prion distribution and classical scrapie
incidence, must be taken into account [84].

With the discovery of ruminant prion diseases that resemble sporadic human
prion disease, a certain element of “balance” in the epidemiology of prion disease
could be established. However, the logic of this could also be reversed, and an
important question could be raised: might the low level occurrence of spontaneous
farm animal prion disease underlie one or more forms of human prion disease,
which are currently misinterpreted as spontaneous? This major epidemiological and
public-health issue will be the focus of discussion in this chapter.

2 Atypical Human Prion Disease

Human prion diseases, which can be (1) sporadic and of unknown origin, (2)
acquired by transmission from humans or animals, or (3) of genetic origin caused
by mutations of the PrP gene (PRNP), display a large number of pathological and
clinical changes. These include small or large vacuoles, either generalized or
restricted to certain areas, synaptic, perivacuolar, plaque-like PrP deposits, kuru
plaques, multicentric plaques, and florid plaques. Most cases show a rapid cognitive
decline and myoclonus, while some display ataxia or visual signs or sleep distur-
bances. For a long time the variety of changes was seen as a continuum, with only a
few, mainly clinical, subtypes recognized. These included the Heidenhain variant
of CJD with predominant myoclonic and visual symptoms, the Brownell-Oppenheimer
or ataxic variant, or Gerstmann—Straussler—Scheinker (GSS) as a hereditary ataxia
with cognitive decline and multicentric plaques. In order to be able to assess
“atypical” prion diseases in humans, one first needs to consider the large variety
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of “typical” disease phenotypes, i.e., those that form well-defined subgroups (types)
from a pathological, clinical or biochemical point of view, and that occur with a
certain, and often predictable, regularity. Genetic prion diseases, i.e., GSS, gCJD,
and fatal familial insomnia (FFI), consist of a number of heterogeneous subgroups
and are associated with various PRNP mutations and large phenotypic variability
that have been described in great detail and are outside of the scope of this review.

With the advent of molecular characterization of human prion diseases, well-
defined subtypes of sporadic and acquired CJD have become apparent. First, it was
shown that the two genetic PrP variants encoding either methionine (M) or valine
(V) at codon 129 not only define susceptibility to sporadic and acquired CJD, but
also determine the pathology [85—87]. Subsequently, it was realized that PK-resistant
PrP in humans can be observed in two different forms (PrP5° Type 1 and 2)
distinguishable by two preferential PK digestion sites at amino acids 96 and 85
that also affect the pathological and clinical appearance of the disease [23]. This has
resulted in the recognition of six types of sporadic CJD, that have been well
characterized with regard to their molecular composition, i.e., genotype at codon
129 (MM, MV, or VV) and PrP> Type 1 or 2 and pathological and clinical
phenotype in the following ways [31, 88]. (1) The MM/MV1 type, in its pure
form, comprises 40% of all sCJD cases, it shows small vacuoles, synaptic PrP
deposition, and clinically is characterized by rapid cognitive decline, typical peri-
odic sharp wave complexes (PSWC), and positive 14-3-3. (2) The VV2 type (15% of
sCJD cases) shows plaque-like deposits and perineural staining in the cortex as well
as plaque-like deposits in the cerebellar cortex and white matter. Clinically gait
ataxia is prominent in early stages. (3) The MV2K type is found in 8% of all sCID
patients and shows kuru plaques on histological examination. Clinically, dementia
and ataxia are characteristic features. (4) The MM2 C type is very rare in its pure
form (1% of all sCJD cases), and its hallmark is widespread, large, confluent
vacuoles in the cerebral cortex with perivacuolar and coarse focal PrPS° staining.
(5) The MM2T type is also very rare (about 1%), and is indistinguishable from FFI,
which is caused by a D178N mutation in coupling with 129 M. Clinically, insomnia
is prominent, while pathologically there is atrophy of the thalamus and the inferior
olive, with only minor changes in other regions of the brain. (6) The VV1 type is also
very rare (1%) and affects young patients (average age 39 years). Pathologically,
there is severe spongiform change in cortico-striatal regions, but only very faint
punctate PrP staining on THC.

In addition to the above six pure phenotypes, it has become apparent that up to
30% of sCJID cases can be “mixed,” with co-occurrence of PrP>° types and parallel
pathological phenotypes [36, 89]. Type MM/MV1 + 2C is the commonest mixed
type (43% of all MM cases), and pathologically shows large confluent vacuoles
in some areas in addition to the small vacuolar change typical of MM/MV 1. Type
VV2 + 1 is only recognized when considering the Western blots, as the histological
appearance is very similar to the pure VV2 type. In contrast, types MV 2K + 2C
and MM2T + 2C can only be diagnosed on histological grounds (both have PrP*
Type 2 pattern in Western blots).
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Acquired human prion diseases include vCJD, iCJD, and kuru. While individual
cases of iCJD and kuru may be indistinguishable from sCJD, vCJD, the only human
prion disease known to be transmitted from a non-human source, is clearly distinct
from a pathological, clinical, and biochemical view [62]. The fully-fledged pheno-
type, with abundant pathology, including florid plaques in the CNS, has only been
described in codon 129 MM-homozygous patients. Two MV heterozygous indivi-
duals showed PrP5¢ deposits in the spleen after transmission of the disease by blood
transfusion or batches of the blood clotting factor VIII, but no CJD-related brain
pathology [90, 91]. Experiments in transgenic mice expressing human PrP suggest
that different pathological phenotypes should be expected in codon 129 MV or VV
individuals if they develop CJD after extended incubation periods [92, 93].

Kuru, a human prion disease formerly transmitted by ritual cannibalism in New
Guinea, is histologically indistinguishable from sCJD in individual cases; however,
it has been noted that kuru shows considerable similarities to sCJD VV2 or sCID
MYV 2K [29, 94-97].

Using archival tissues from transmission experiments, Parchi and co-workers
recently provided evidence that strengthened the theory that kuru originated from
cannibalism of an individual with sCID VV2 or MV 2K, since no indication of
MMI1 prions could be found, even in subjects carrying the MM or MV genotype and
that had succumbed to kuru [98].

The total number of iCJD cases was reported to have reached more than 400 in
2006 [99]. Of the almost 200 dura mater implant-associated iCJD cases more than
50% (132 cases) have been identified in Japan. Whether transmitted by treatment
with contaminated human growth hormones, dura mater implants, or other carriers,
iCJD has been described as histologically indistinguishable from sCJD. However,
some cases transmitted by dura mater implants are notable exceptions. These
patients show slow progression of disease, an absence or late occurrence of sharp
wave complexes on EEG and, most intriguingly, PrP-positive plaques in the brain,
some of which are surrounded by vacuoles and are reminiscent of florid plaques.
In a recent survey, Yamada and co-workers found that in Japan the plaque-type
accounted for 52% (14 of 27 cases) of the pathologically diagnosed iCJD cases after
dura mater implants; all of these cases were codon 129 homozygous for methionine
[100]. Two similar cases have also been noted outside of Japan [101, 102]. The
Western blot in the few cases investigated have shown peculiarities, with a deviat-
ing glycoform ratio in one case [102] and an unglycosylated band of intermediate
size between Type 1 and Type 2 in almost all cases [100, 102]. Based on the results
of transmission experiments to transgenic mice, Kobayashi and colleagues have
suggested that plaque-type iCJD may be caused by transmission of sporadic
CJD-VV2 or MV2 prions to persons with a codon 129 MM genotype [103].
It appears that iCJD that is transmitted through contaminated growth hormone
also shows PrP-positive kuru plaques in affected individuals of all three possible
codon 129 constellations, including MM [99].

In addition to these types, i.e., the six types of sCJD, the two types of iCJD, and —
so far — the single type of vCJD, there are some cases that cannot be grouped
according to the above scheme. Such cases are considered “atypical,” and they can
be divided into two groups.
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The first group, described by Gambetti and co-workers in 2008, represents a
novel human disease with protease K-sensitive PrP, for which they coined the term
“protease-sensitive prionopathy” or PSPr [104]. This disease was first described in
11 codon 129 valine-homozygous patients, who demonstrated cognitive decline
and behavioral changes. In six of ten patients with obtainable pedigrees there were
family histories of dementia, but no PRNP mutations were found. There was an
unusual pattern of pathological changes, consisting of minimal spongiform degen-
eration with vacuoles larger than those found in typical CJD and a peculiar
immunohistochemistry (IHC) with PrPS-positive dots (microplaques) and large
granules in the cerebellum and cortex not seen in typical CJD. Typical PK-resistant
PrP was undetectable with standard diagnostic procedures. Abnormal PrP was
detectable only after enrichment, and at much lower concentrations, than in typical
CJD and formed a distinct ladder-like electrophoretic profile. The total abnormal
PrP concentration was described as 16 times less, and the PK-resistant portion, as 4
times less than in sCJD MM1. Western blots with monoclonal antibody (mAb) 1E4
showed a ladder of PK-resistant fragments ranging from 29 to 6 kDa, mostly in
subcortical regions and mostly undetectable by mAb 3F4. An approximately 6-kDa
unglycosylated band was found that is reminiscent of a 7-kDa band that occurs in
GSS. This disease type may not be particularly rare; in the US National Surveil-
lance Center, it was found in 3% of all sCJD cases and in 16% of all valine-
homozygous CJD cases. Subsequently, similar cases were encountered in the UK
[105] and the Netherlands [106]. One case was arguably identified by German
Surveillance before the term PSPr was coined [107]. Because it now seems that all
three codon 129 phenotypes (MM, MV, and VV) can be afflicted and that protease
resistance may vary, the term “variably protease-sensitive prionopathy (VPSPr)”
has been suggested for this disease [108]. The transmissibility of VPSPr is still
unresolved. Atypical/Nor98 scrapie shares some of the pathological and biochemi-
cal features of VPSPr, with a relatively PK sensitive PrPS¢ [109], giving rise to
several bands in Western blots including low molecular mass bands and a tendency
to form plaque-like or dot-like deposits in immunohistochemistry.

The second group consists of mostly single cases of CJD with unusual and
inexplicable changes, which do not fit with the classification system described
above. These include one CID MMI1 case with kuru-plaques [110], three CJD
MM1 cases of long duration and PrP-positive plaques in the white matter [111],
one MM case in which PrP5° lacked the doubly glycosylated band [112], one case
with widespread PrP deposition and an unusual PrP*¢ type [113], and various others
[114]. Considering the thousands of CJD cases that have been investigated in recent
years, these cases must be considered as exceptionally rare. The etiology and
pathogenesis of these cases remain unclear, and genetic factors and the possibility
of an infectious origin must be considered.

The above combinations of molecular determinants and phenotypic sets are
considered typical subgroups, or even strains, of disease that have been confirmed.
Transmission studies of human cases are complicated by the observation that after
inter-species transmission, the size and glycoform of the human PrP5° inoculum
may change [115, 116]. In a recent review of transmission studies in non-human
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primates performed at the National Institute of Health and summing up the results
of other groups, Parchi et al. [98] were able to show four different strains of the
most common CJD types and kuru. However, whether the rare sCJD MM 2C and
VVI1 cases as well as PSPr/VPSPr are additional strains awaits clarification.

3 Atypical/Nor98 Scrapie

During a period of enhanced awareness regarding sheep scrapie in the late 1990s, a
few suspect scrapie cases, with unusual clinicopathological features, were identified
in Norway, and were subsequently named Nor98 [45]. The first case appeared in
Eastern Norway, until then considered to be a scrapie-free region. Intriguingly, old
and healthy sheep in the same flock were found to be carrying PrP-genotypes
conferring high susceptibility to scrapie, while the affected animal had a PrP
genotype rarely seen in classical scrapie [117]. The predominant clinical symptom
was progressive ataxia. While in classical scrapie the predominance of pathology is
in the brain stem, the unusual Nor98 cases showed pathology and PrP%° accumula-
tion in the cerebral and cerebellar cortices. The glycoprofile of proteinase-resistant
PrP5° from all the unusual cases also differed from classical scrapie, with multi-
band pattern and a characteristic lower band of around 11 kDa, not previously
described in animal prion diseases (Fig. 1). In the brain stem, pathology and PrP5¢
accumulation was mild or even below detection limits [45]. This lesion profile has
proved to be consistent for atypical/Nor98 scrapie [118—121]. Furthermore, when
PrP5¢ is detectable in the brain stem in atypical cases, it is mainly restricted to the
neuropil of the spinal tract nucleus of the trigeminal nerve, as sparse and diffuse
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Fig. 1 Comparison of classical scrapie and atypical/Nor98 scrapie with regard to overall distri-
bution of PrP> in the brain (drawings a,d), immunohistochemical PrPS° staining patterns in the
cerebellum (b,e) and Prp5° banding pattern as revealed in Western Blots (c,f)
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staining, and/or as globular staining in the white matter, which is occasionally
pronounced along the spinocerebellar tracts.

In addition to the difference in lesion profile, the pattern of PrPS¢ deposits in such
atypical scrapie cases also differs from that seen in classical scrapie cases [109,
122]. In classical scrapie, a stellate pattern of PrP>° deposits is particularly promi-
nent in the granular layer of the cerebellum, while in atypical/Nor98 scrapie a
widespread, diffuse, synaptic type of staining can be observed in the molecular or
the granular cell layers or both, and may be variably associated with globular
staining in the white matter.

In the cerebral cortex, classical cases display a stellate, perivascular, and fre-
quently intraneuronal PrPS¢ staining, while in atypical/Nor98 cases a diffuse lami-
nar staining dominates. In some atypical/Nor98 cases, multifocal dense plaque-like
aggregates can be seen in the white matter tracts [118].

One case of atypical/Nor98 scrapie has been reported in which all brain sections
appeared negative for immunohistochemical PrP5¢; however, a faint staining could
be observed in the granular layer by use of the PET-blot technique [109, 122].
Interestingly, there appears to be no correlation between the degree of PrP%°
staining and the disease phenotype, regardless of age and PrP genotype.

Since the obex area and especially the dorsal motoric nucleus of the vagus nerve
(DMNYV) were previously considered the tissue of choice for scrapie diagnostic
purposes, the Nor98 cases might easily have escaped identification. At around the
same time that the first atypical/Nor98 cases were discovered, a number of atypical
scrapie cases were identified through pan-European screening programs, designed
particularly for detecting BSE in small ruminants. Following a report of German
and French cases [46], further reports came from many other European countries
[120, 123-129], as well as The Falkland Islands [130], USA [131], New Zealand
[132], Australia [133], and, most recently, Canada [134]. According to data from
the European Surveillance Program for TSE in small ruminants, atypical/Nor98
scrapie has been identified in more than 20 European countries [135], with a
surprisingly uniform prevalence (about 68 cases per 10 000 tests), which contrasts
with the more variable and clustered occurrence of classical scrapie. A study of
formalin-fixed archival brain material has back-dated atypical/Nor98 scrapie in the
UK to at least 1987 [136], demonstrating that atypical/Nor98 scrapie has existed in
the small ruminant population for years without being detected.

Diagnostic kits for rapid detection of atypical/Nor98 scrapie have recently been
evaluated by the European Food Safety Authority (EFSA), with five out of nine
tests being approved [137]. Since tests that did not achieve EFSA approval, due to
lack of sensitivity, will be in use until the end of 2010, it is reasonable to assume
that atypical/Nor98 scrapie is underdiagnosed. The underlying problem of detecting
atypical/Nor98 scrapie seems not only related to the selection of tissue for analysis,
but also the relative PK-sensitivity of PrpS° generated in this disease [48, 119, 138],
a property that continues to be preserved following transmission into mice. In the
first study of transmission of atypical/Nor98 scrapie to transgenic mice expressing
ovine PrP, similar lesion profiles, PrPS° deposition patterns, incubation periods, and
PrP-glycoprofiles were reported following inoculation from isolates obtained from
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three Norwegian and ten French atypical scrapie cases, suggesting that a single,
unique prion strain was responsible for causing the atypical/Nor98 type of scrapie
[139]. This study has been extended to British atypical isolates, and the results
again confirm the uniformity in transmission characteristics of atypical/Nor98
isolates [140].

Detailed mapping of the PrP-fragments, as revealed in Western Blots after PK
treatment, has demonstrated, despite some small discrepancies, a unique banding
pattern, with a characteristic lower band (band C after PNGase-F treatment) of
about 11 kDa [44, 45, 48] or 7 kDa [138], consisting of an internal PrP-fragment.
The N-terminus of the 11-kDa fragment has been accurately mapped to amino acid
(aa) 85-90, since several mAbs with known linear epitopes are available for this
region of the PrP. The C-terminus of the fragment is predicted to be around aa
185-190, assuming no post-translational modifications. However, there are only
few mAb available to the aa 155-200 region in PrP, and thus precise epitope
mapping of the C-terminus of this PrP-fragment is currently problematic. The 11-
kDa band is a consistent diagnostic hallmark in cases of atypical/Nor98 scrapie, not
only in sheep, but also in goats [141].

The occurrence of classical scrapie in sheep is modulated by three polymorph-
isms, at codons 136 (alanine/valine, A/V), 154 (arginine/histidine, R/H), and 171
(glutamate/arginine/histidine, Q/R/H) in the gene that encodes PrP, PRNP
[142-144]. The frequency of these, and other PrP polymorphisms, varies signifi-
cantly between breeds and the different polymorphisms are generally mutually
exclusive. The valine polymorphism at codon 136 results in the major disease
promoting allele V36R154Q;7; (VRQ), with homozygous VRQ/VRQ animals the
most susceptible. The presence of arginine (R) at codon 171 (ARR allele) has been
shown to be significantly associated with a reduction in the probability of classical
scrapie occurrence, conveying a relative resistance, thereby enabling marker-
assisted breeding for resistance towards classical scrapie [145, 146].

However, atypical/Nor98 scrapie seems to occur most frequently in sheep
with PrP genotypes considered to be less susceptible, while apparently sparing
flock-mates carrying high susceptibility PrP genotypes [45]. A large proportion of
atypical/Nor98 cases carry at least one AHQ allele. Moreover, the presence of
phenylalanine (F) at codon 141 (wt-allele leucine, L), giving rise to the AF;4;RQ
(AFRQ) allele, is also strongly associated with this type of scrapie [147-149].
A schematic presentation of allelic modulation of susceptibility for classical and
atypical/Nor98 scrapie is given in Fig. 2. Interestingly, atypical/Nor98 scrapie has
been very rarely recorded in sheep carrying the VRQ allele, and only in combina-
tion with a disease promoting AHQ or AFRQ allele, while several cases have been
seen in sheep with the ARR/ARR genotype [150]. In a study of genetic risk for
atypical/Nor98 scrapie involving 248 cases [151], the most susceptible PrP geno-
types were found to be ALHQ/ALHQ, ALHQ/AFRQ, and AFRQ/AFRQ, while
heterozygotes ALHQ/ALRQ and AFRQ/ALRQ were less susceptible. This result
concurs with data from other studies [44, 148, 150] and also highlights the previ-
ously reported [150] risk of atypical/Nor98 scrapie in animals with the ALRR/
ALRR genotype, which are enriched in marker-assisted breeding.



Atypical Prion Diseases in Humans and Animals 35

PrP allelic association with occurrence of classical scrapie and
atypical/Nor98 scrapie

- Classical scrapie
- Atypical/Nor98 scrapie

Fig. 2 Cartoon of PrP allelic association with occurrence of classical scrapie and atypical/Nor98
scrapie. While classical scrapie occurs most frequently in sheep with VRQ and ARQ alleles,
atypical/Nor98 scrapie occurs most frequently in AFRQ and AHQ PrP alleles. The presence of the
ARR allele confers strong resistance towards classical scrapie, while this is not the case for
atypical/Nor98 scrapie

Although some data indicate a protective effect of the VRQ allele towards
atypical/Nor98 scrapie, the first transmission to transgenic mice (line tg338) was
achieved with mice carrying the ovine PrP VRQ/VRQ genotype on a PrP null
background. However, these mice over-expressed PrP by eight- to tenfold, com-
pared to the level in sheep brain [139]. In a subsequent study, aimed at defining the
transmission characteristics in more detail, three lines of TgOvPrP4 mice were
used, with neuron-specific expression of the ovine ARQ/ARQ genotype at approxi-
mately 0.25 times, 1.5 times, and 6 times the level in sheep. In this study,
transmission of atypical/Nor98 scrapie was shown to be more strongly modulated
by host PrP expression level and the genotype of the inoculum than is observed with
classical scrapie or BSE-C [152].

Epidemiological analyses of atypical/Nor98 scrapie in different countries [135,
150, 153, 154] have resulted in a fairly uniform epidemiological profile being
described. Atypical/Nor98 scrapie is widely distributed geographically, without
clustering, and normally only one or very few cases are seen, even in flocks of
several hundred animals. Additionally, atypical/Nor98 cases are generally older
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than classical scrapie cases and a significant proportion of the cases have been
identified through screening-programs and/or by analysis of fallen stock, while this
is uncommon for classical scrapie [118]. Case-control studies [154, 155] of atypi-
cal/Nor98 scrapie have failed to identify epidemiological evidence to indicate an
infectious behavior, whereas contact and purchase are important risk factors for
classical scrapie [67]. However, epidemiological analysis and modeling of sheep
prion disease is far from trivial. For a comprehensive review of this topic, see [156].

In 1980, Gibbs and co-workers [157] transmitted kuru, CJD, and scrapie to
squirrel monkeys by the oral route. The scrapie isolate they used had a complex
passage history, with nine serial passages from sheep to goat, followed by three
serial passages in mice, and finally three serial passages in hamster. Two monkeys
were fed brain, kidney, and spleen from scrapie-infected hamsters for 3 days. The
monkeys succumbed to spongiform encephalopathy after 25 and 32 months. Nota-
bly, the incubation period in a squirrel monkey intracerebrally inoculated with brain
material from a scrapie-diseased goat was 31 months and that of intracerebral
inoculation of mouse-adapted scrapie isolates varied from 14 to 31 months. Thus
the incubation periods observed after oral inoculation were comparatively short,
indicating that the oral route of transmission could be effective, at least in combi-
nation with large doses of infective material. This significant study demonstrated
that a rodent-adapted scrapie strain can be transmitted to non-human primates via
the oral route and also provides a pertinent reminder of the pathogenic potential of
scrapie. Transmissions of classical and atypical/Nor98 scrapie to mice have pro-
duced disease profiles and PrP5¢ types that are reassuringly different from those
seen in BSE and in human prion disease [59, 139, 152, 158]. However, transmission
of a primary classical scrapie isolate from Romanov sheep to C57BL/6 mice
produced a lesion profile and PrP%° type conspicuously similar to those seen after
transmission of SCJD and iCJD to the same line of mice, while this was not the case
after transmission of a mouse-adapted scrapie strain included in the same study
[158]. Thus, despite the lack of recognized epidemiological connections between
sheep scrapie and human prion disease [159], and considering the variability in
strain characteristic of sheep scrapie, it should be noted that we currently have no
effective experimental models for estimation of human risk related to oral exposure
to such pathogens.

4 Atypical BSE

Until 2004 it was believed that BSE was a unique disease, due to a single major
strain of TSE agent that was propagated in cattle by recycling in contaminated
meat-and-bone meal. This opinion had been strongly supported by the identification
of a unique strain of transmissible agent, as defined by its features following
transmission of the disease in inbred wt mouse models that had been extensively
used in the UK to demonstrate that scrapie in sheep and goats could involve a
variety of different strains [160, 161]. Transmission to mouse lines, such as RIII,
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C57BL, or VM, of different bovine isolates, including those from different
countries, revealed a uniform behavior, as shown by incubation periods of the
disease, distribution of spongiform changes, and the distribution and features of
PrP5¢ deposits. This uniformity of the disease in cattle was also supported by the
findings of the same distribution of lesions in the brains of cattle, with the medulla
oblongata predominantly involved, including at different times of the epidemic in
cattle in the UK, or in other European countries [162—164].

In 2004, this established “fact” that BSE was a unique single strain infection,
was abruptly challenged when two countries reported the occurrence of a few cases
of BSE in older cattle that showed deviant features of the disease. In France, three
cases were reported that showed an unusually high molecular mass of PrP%° by
Western blot studies, indicating a protease cleavage site distinct from that seen in
cattle with “classical” BSE (BSE-C) [64]. This was unlikely to be a reflection of
phenotypic variations since a number of studies had previously shown that the PrP
molecular features, notably the protease cleavage site, was a very reliable charac-
teristic of BSE-C, even preserved upon transmission to other species, such as in
variant CJD in human [22], or, experimentally, in sheep or in mice [28, 165-168]. A
second report from Italy described two cases from cattle, but in these cases the
PrP5¢ molecular mass was slightly lower than that observed in BSE-C, and, more
strikingly, the proportion of the diglycosylated band was significantly lower [65]. In
this report, the differences from classical BSE were further supported by histo-
pathological analysis that revealed that the distribution and nature of lesions in the
cattle brains differed distinctly from those previously described during the BSE-C
epizooty. Not only were the lesions much more abundant in the cortical regions of
the brain, in contrast with the preferential location in the brain stem in BSE-C, but
were also characterized by the presence of amyloid plaques which are not observed
in BSE-C. Due to this last characteristic, the disease was termed Bovine Amyloi-
dotic Spongiform Encephalopathy (BASE). As histopathological data are not
always available, the two diseases identified in France and Italy were soon referred
to as either H-type BSE or L-type BSE, based on the differences in PrPS° molecular
masses identified after Western blot analysis [169]. Importantly, in all five cases,
analysis of the coding sequence of the PRNP gene did not reveal any unusual
features compared with the known PRNP sequence in cattle, and thus a genetic
origin of such cases seemed unlikely.

These unexpected observations prompted further investigations, initially
directed towards the confirmation of the original findings, including in other
countries. Other “atypical” cases of BSE in cattle were rapidly identified in a
number of different countries in Europe (Germany, Netherlands, Poland, Denmark,
Ireland, United Kingdom, Sweden, Austria) [167, 168, 170-173] and also in Japan
[161], USA [174, 175], and Canada [176] (Table 1). Questions immediately arose
about the possible origins of such cases. Interestingly, some of the cases had been
diagnosed in countries considered at low risk of exposure to contaminated meat-
and-bone meal such as Sweden in Europe, or the USA. The findings were also
confirmed in Italy, where two additional BASE cases (BSE-L) were recognized
and, to a larger extent, in France where the highest number of “atypical” cases have
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Table 1 Atypical BSE cases recognized globally

Country H-type L-type

Germany 1
Austria

Denmark

France

Ireland

Italy

Netherlands

Poland

United Kingdom

Sweden

Switzerland

Canada

USA

Japan
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been identified to date since the implementation of active surveillance by rapid tests
in 2000 (a total of 27 cases, 14 H-type and 13 L-type). Indeed, all cases recognized
so far have been identified after initial diagnosis by rapid tests through the active
surveillance programs that encompass exhaustive surveillance in adult cattle in
Europe since 2001. This large-scale screening has certainly been essential for the
discovery of such cases, which hardly would have been identified by passive
surveillance, with the only exception being the finding of a single H-type BSE
case in a 17-year-old zebu kept in a zoological park in Switzerland, in which
clinical signs triggered neurological investigations, including BSE testing [177].

All the available studies to date have demonstrated that the cases identified in
different countries have molecular features that are extremely consistent with those
of the very first cases diagnosed in France and Italy. Among these studies, a
collaborative European network study of atypical cases from six European
countries (France, Italy, Netherlands, Germany, Poland, and Sweden) confirmed
the migration properties and glycosylation profiles (glycoprofiles) of the H- and
L-type isolates (Fig. 3). The presence of H-type BSE could also be detected by the
differential binding of mAb specific for N- and more C-terminal PrP regions,
indicative of the existence of two PrP>¢ populations differing by their N-terminal
cleavage sites [178] (Fig. 3). In addition, this study revealed that both H-type and
L-type BSE have enhanced protease sensitivities at pH 8, compared with BSE-C
isolates. These properties appear to be consistent within each BSE type, indepen-
dent of geographical origin, and although not all these criteria have been investi-
gated in all the studies, this was also confirmed in cases of H-type BSE reported in
the UK, USA, and Canada, and for cases of L-type BSE diagnosed in Japan and
Canada. Thus, altogether these studies provided reliable criteria for identifying two
atypical BSE forms, in addition to classical BSE.

Importantly, diagnosis of BSE in cattle is not always followed by further
analyses to identify whether the case is classical or atypical. This contrasts with
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Fig. 3 Western Blot analysis
of PrP¢ in classical BSE
(lane 1), H-type BSE (lane 2)
and L-type BSE (lane 3).

(a) Detected with mAb Sha31
(epitope aa 156-163).

(b) Detected with mAb
SAF84 (epitope aa 175-180).
In (b) an additional band at
approximately 14 kDa is
detected and distinct
proportions of the PrPS® bands
were detected for H-type BSE
(lane 2). Size markers in
kilodaltons (29.0, 20.1, and
14.3) are indicated on the /eft

a
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the diagnosis of prion disease in sheep and goats in Europe, following which further
molecular investigations are undertaken on a regulatory basis, in order to identify
possible unusual features that could indicate infection by the BSE agent. This
difference in approach suggests that the number of atypical BSE cases in cattle
among those reported by the OIE, as shown in Table 1, is certainly underestimated.
The largest published study was performed on cattle in France between 2001 and
2007, during which 13 atypical cases (7 H-type and 6 L-type) were identified
among 645 BSE cases [179]. During the 6-year period, 17.1 million rapid tests
were performed, including 3.6 million animals over 8 years old. Thus, the estimated
frequencies of H-type and L-type BSE were 0.41 and 0.35 per million adult cattle
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tested, respectively (1.9 and 1.7 in cattle over 8 years old). The most important
information obtained in this study was the striking difference between the distribu-
tion by year of birth of atypical and classical cases detected during 2001-2007.
Whereas the cases with classical BSE clearly indicated exposure to the classical
BSE agent during 1993-1996 in France, one or two cases born each year were
eventually identified as having atypical BSE (both H-type and L-type) at a mean
age of 12 years. Overall, whereas the frequency of such atypical cases, although
possibly underestimated, is certainly low, another relatively large series of atypical
BSE cases (mostly of L-type) was also reported in Poland in cattle over 9 years old
[172]. Together with the finding of atypical cases in some countries that were
considered at very low risk of foodborne classical BSE, these data strongly argue
that such atypical BSE cases represent sporadic TSE, as are most cases of CJD in
humans. The PRNP gene has not been characterized for all cattle diagnosed with
atypical BSE. However, genetic analyses have so far failed to identify any polymorph-
isms specifically associated with atypical BSE in the gene that encodes PrP [64, 65,
161, 164, 169, 175, 177]. Interestingly, a single case was reported in the USA with H-
type Western blot features, which also had an E211K mutation, similar to the mutation
E200K in humans, the most frequent mutation associated with gCJD [174]. Although
this finding is of interest regarding our basic knowledge about the possible relationship
between the PrP sequence and the pathogenesis of such diseases, it is unlikely to be of
particular significance in cattle populations, since it seems that this mutation is quite
rare, as it was not detected in a study of 6,062 cattle in the USA [180]. As well as the
PRNP coding sequence, one or two copies of a distinct PRNP haplotype were identified
in five of six atypical BSE cases from France, Canada, and USA [170, 181]. This
haplotype spans a portion of PRNP that includes part of intron 2, the entire coding
region of exon 3, and part of the three prime untranslated region of exon 3 (13 kb),
suggesting that a genetic determinant in, or near, the PRNP gene may influence
susceptibility of cattle to atypical BSE. Also, whereas two regulatory region poly-
morphisms in the PrP gene of cattle have been reported to be associated with resistance
to BSE, it has also been shown that the promoter polymorphism correlation was specific
to classical BSE, and that atypical BSE or experimentally inoculated TSE bypass the
site of influence of the polymorphisms [182]. This suggests that genetic features
involved in classical or atypical BSE could be linked to the different pathogeneses of
the diseases, putatively in relation to either their acquired or sporadic origins.
Another line of investigation that followed the initial discovery of the two atypical
forms of BSE was related to the potential transmissibility of the agent from such cases,
and biological features of the TSE agents involved. Transmission of H-type BSE
through a species barrier was first demonstrated using C57B1/6 wild-type mice [183].
Detailed studies using transgenic mice expressing bovine or ovine PrP eventually
demonstrated that H-type BSE and L-type BSE exhibit different biological and
molecular features in these mouse models, and that both also differed from the well-
known strain isolated from classical BSE [169, 184—188]. In particular, the distinct
properties of PrP>¢ in cattle identified by Western blot were maintained following
transmission to transgenic mice expressing bovine PrP, in association with distinct
incubation periods of the disease, as well as distribution and features of PrPS° deposits
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in the mouse brains [169, 184—188]. Transmission of H-type BSE into C57B1/6 wild-
type mice demonstrated the presence of a second, more C-terminally cleaved, form of
PrPS¢ (PrPres #2), which, in unglycosylated form, migrated at approximately 14 kDa
and could be specifically detected using C-terminal antibodies, as in the cattle brain
[189]. Overall, these data clearly indicate that the three phenotypes of BSE in cattle are
associated with three different major strains of transmissible agents.

To date, few studies have been published with regard to the transmission of these
atypical BSE forms in cattle. Intra-species transmission of an Italian case of L-type
BSE between Friesian and Alpine brown cattle was demonstrated using intra-cerebral
inoculation, and the L-type molecular features were reproduced, as well as the
presence and distribution pattern of amyloid plaques in the cattle brains [190]. This
was associated with a disease phenotype characterized by mental dullness and pro-
gressive amyotrophy, suggestive of a motor neuron disorder, in contrast with the over-
reactivity and hypersensitivity in the absence of muscle changes, which are observed
in cattle infected by a classical BSE isolate [190]. Transmission between cattle by the
intra-cerebral route was also reported from other L-type isolates identified in Japan
[191] and Germany [197] also from H-type cases from the Netherlands or Germany
[192, 197] that also confirmed that the H-type molecular features were maintained in
experimentally infected cattle. However, the extent to which these two atypical forms
of BSE could also be transmitted to cattle by the oral route is currently unknown, and
this information is essential in order to estimate more precisely the potential risks
associated with these rare BSE isolates.

However, experimental studies in mouse models have already generated the
hypothesis that such putatively sporadic cases may have been the origin of the
foodborne epizooty of classical BSE, possibly after first recycling through an interme-
diate species [184, 188, 198]. Inoculations of C57B1/6 and SJIL wild-type mice with an
Italian L-type BSE isolate resulted in some intriguing observations [188]. Unlike with
inoculation with a classical BSE isolate, in these inoculations no evidence of transmis-
sion was detected during the first passage; clinical disease and brain lesions were absent
and PrP>° could not be detected either by Western blots or immunohistochemistry.
However, a second passage from a pool of brain homogenates from these mice, and
inoculated into the same mouse lines by both intra-peritoneal and intra-cerebral routes,
resulted in clinical disease associated with brain lesions. Surprisingly, the molecular
features, as well as the distribution of spongiform changes and PrP¢ deposits, showed
considerable similarities with those found in the same mouse lines when infected with
classical BSE. It was thus assumed that either (1) classical BSE was present as a minor
component in the initial L-type BSE inoculum and had been propagated in these mice
or that (2) in the mouse background the L-type BSE had converted into classical BSE.
More recently, the emergence of a strain indistinguishable from classical BSE has also
been described following serial passages of BSE-H in some C57B1/6 mice, although
BSE-H can also be transmitted and maintained with the characteristic H-type properties
in this mouse model [189, 198]. Another study of L-type BSE transmitted to a
transgenic mouse line (tg338) over-expressing the ovine PrP (VRQ allele), also showed
a shift in disease phenotype, with molecular and lesional features similar to those
observed in these mice following transmission of classical BSE [184]. These results
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suggest the theoretical possibility that an early event, preceding the amplification of the
classical BSE agent in cattle, could have been recycling of a TSE agent primarily
present in cattle but modified through passage in an intermediate host such as sheep.
However, it remains to be demonstrated whether these two series of observations reflect
the genuine identification of a common TSE agent present in both L-type and classical
BSE in cattle, or if this represents phenotypic convergence following transmission in
mouse models. Full characterization of the biological properties of the TSE agents
produced in these experiments will help to clarify this issue.

Although, the characteristics of transmission of L-type BSE in sheep still remain
to be described, it should be noted that different results were obtained in another
transgenic mouse line (TgOvPrP4) expressing the ARQ allele of the ovine PrP at a
lower level and under a different promoter [193]. In this mouse line, the molecular
and lesional features of L-type BSE remained clearly distinct from those observed
following transmission of classical BSE [193]. Results from this study had simila-
rities to those obtained following transmission of the Stetsonville TME isolate in
the same mouse model, having first been transmitted to cattle. This has been further
supported by a recent study showing the transmissibility in Syrian hamsters of both
L-type BSE and TME-in-cattle, and their similar molecular features in this model,
as well as in bovine transgenic mice [199]. It can thus be hypothesized that
outbreaks of TME in minks, which are occasionally observed in captive minks as
a foodborne disease of unknown origin, might actually be caused by the consump-
tion of food derived from cattle affected with L-type BSE. If confirmed, this would
demonstrate the oral transmissibility of this atypical BSE form in a non-ruminant
species. This hypothesis appears to have gained further credence from the recent
observation of phenotypic similarities between TME in cattle and L-type BSE
transmitted to macaque monkeys [194]. This recent study [194] belongs to a series
of investigations that were initiated to evaluate the potential for transmission of
atypical BSE to humans using experimental studies in non-human primates and in
transgenic mice expressing the human PrP. This question was first raised following
the initial discovery of BASE in Italy, which revealed certain molecular and
lesional similarities to a sub-type of sporadic CID (M/V Type 2) [65]. In another
study, some molecular similarities were also emphasized regarding the identifica-
tion of comparable C-terminally cleaved PrP*¢ products in both H-type BSE in
cattle and in some CJD cases in humans [189]. This was recently reinforced by the
observations that the amounts of the 13-kDa C-terminal fragment were specifically
increased in CJD Type 1 cases, but this fragment was virtually undetectable in
variant CJD and in most sporadic CJD subtypes associated with Type 2 (except the
MM2 thalamic sub-type) [195]. While H-type BSE and L-type BSE are already
strongly reminiscent of molecular Types 1 and 2, respectively, in sporadic CJD,
these observations rather suggest that both cattle and humans could be affected by
diseases involving similar molecular mechanisms. However, given the enigmatic
origin of such diseases, it is obviously important to investigate any possible causal
link between these human and bovine diseases.

In this context, successful transmission of L-type BSE has been reported in a
cynomolgus macaque monkey inoculated by the intra-cerebral route. This infection
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was characterized by a shorter survival period (26 months with 25 mg cattle brain
inoculated) than in monkeys infected with classical BSE (40 months with 100 mg
cattle brain inoculated), and distinctive clinical, neuropathological, and biochemi-
cal features were recorded [194]. Molecular similarities with a rare MM2 cortical
subtype of sCJD in humans were also observed, rather than with the MV2 subtype.
Transmission of L-type BSE has also been demonstrated by the intra-cerebral route
in a transgenic mouse line expressing normal levels of the human M129 PrP
protein, and a higher (60%) transmission rate than that observed with classical
BSE was reported [196]. Similar conclusions were reached from another study
using another transgenic mouse line that over-expresses (about sixfold) M129
human PrP [186]. This study also concluded that there is no significant species
barrier for L-type BSE between cattle and humans, as an attack rate of 100%
was observed, and the incubation time was not reduced upon secondary passage.
In contrast, transmission of the classical BSE agent to the same mice showed a
substantial species barrier effect.

5 Conclusions

As elaborated in the preceding sections, various questions still need to be resolved,
for an accurate assessment of the public health risk associated with the steadily
growing variety of prion diseases that are identified as occurring in farmed rumi-
nants. Accurate estimates of prevalence of prion disease in farm animals and
analysis of transmission properties of the corresponding agents are the cornerstones
of such assessments, and this means that costly and extensive surveillance programs
deserve to be continued. In addition, the transmission properties of these diseases
must be scrutinized by transmission studies in transgenic mice expressing human
PrP (different PrP genotypes), as well as further transmissions in primates.

Despite the obvious need for accruing more data, our current knowledge indi-
cates that it is highly unlikely that prion infected farm-animal derived foods or
products are a significant source of human prion diseases.
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