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Abstract

The recognition that variant Crentz{eldt-lakob disease (vCID) is caused by the same prion strain as bovine spongiform encephalopathy in
cartie has dramatically highlighted the need for a precise understanding of the molecular biology of human prion diseases. Detailed clinical,
pathological and molecular date from a large number of human prion disease parients indicate that phenotypic diversity in human prion discase
relates in part to the propagation of disease-related PrP isoforms with distinct physicochemical properties. Incubation periods of prion infection in
humans can exceed 50 years and therefore it will be some years before the extent of any human vCJD epidernic can be predicted with confidence.

© 2007 Elsevier B.V. All rights reserved.
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disease; Prion prolein; Transmissible spongiform encephalopathy; Vanant Crentzfeldt-Jakob disease

1. Introduction

Prion diseases are fatal ncurodegenerative disorders that
include Creutzfeldt—Jakob disease (CJD), Gerstmann—Strauss-
ler—Scheinker discase (GSS), fatal familial msomnia (FFT), kuru
and variant CJD (vCID) in humans [1,2]. Their central feature is
the post-translational conversion of host-encoded, cellular prion
protein (PrPC), to an abnormal isofonn, designated PrpS® 1 2),
This transifion appears to involve only conformational change
rather than covalent modification and confers PrP>° with partial
“esistance to proteolytic degradation and detergent insolubility.
Human prion diseases are biologically unique in that the disease
process can be triggered through inherited germline mutations
in the human prion protein gene (PRNP), infection {by
inoculation, or in some cases by dietary exposure) with prion-
infected tissue or by rare sporadic events that generate PrP™ [2-
4]. Substantial evidence indicates that an abnormal PrP isoform
is the principal, if not the sole, component of the transmissible
infectious agent, or prion [1,2,5,6]. The mechanism of
neurodegeneration that accompanies the accumulation of
PrP5%in the brain remains unknown [7] aithough there is

* Correspouding author. Tel.: +44 20 7837 4888; fax: +44 20 7837 8047,
E-meil address: j.collinge@prion.ucl.ac.uk (4. Collinge).

(0923-4439/% - see front matter T 2007 Elsevier B.V. All rights reserved.
dot: 1Q_UH G/ bhadis. 200702016

increasing evideuce that this may involve am apoptotic
mechanism imvolving inhibition of the proteosome [8). The
existence of multiple straing or isolates of prions has been
difficult to accommodate within a protein-only model of prion
propagation and understanding how a protein-only infectious
agent can encode distinct disease phenotypes in humans has
been of considerable biclogical interest. A wealth of experi-
mentai evidence now suggests that prion strain diversity is
encoded within PrP itself and phenotypic diversity in iwman
prion diseases relates to differing physicochemical properties of
abnormal PrP isoforms {9-18].

2, Aetiology and clinical features of human prion diseases

Human prion diseases can be divided aetiologically into
inherited, sporadic and acquired forms [1.2]). Human prion
diseases with distinct actiologies are associated with a range of
clinical presentations which are now seen as clinico-pathologi-
cal syndromes rather than individual disease enftities {3.4,19].

3. Sporadic CJD

Approximately 85% of cases of hunian prion disease occur
sporadically as Creuizfeldt—Jakob disease (sporadic CID) at 2
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rate of 1-2 cases per million population per year across the

world, with an equal incidence in men and women [20,21]. .

The aetiology of sporadic CID is unknown, although
hypotheses include somatic PRNP mutation [20,22,23], or
the spontaneous conversion of PfPC into PrP* as a rare
stochastic event [22]. Polymorphism at residue 129 of human
PtP (encoding either methionine (M) or valine (V)) powerfully
affects susceptibility to human prion diseases [21,24-28).
About 38% of Buropeans are homozygous for the more
frequent methionine allele, 51% are heterozygous, and 11%
homozygous for valine. Homogygosity at PRNP codon 129
predisposes to the development of sporadic and acquired CiD
[21,24-28). Most sporadic CJD occurs in individuals homo-
zygous for this polymorphism. This susceptibility factor is also
relevant in the acquired forms of CID, most strikingly in
vCiD; all clinical cases studied so far have been homozygous
for codon 129 methionine of PRNP (see below). Additionally,
- 8 PRNP susceptibility haplotype has been identified indicating
additional genetic susceptibility to sporadic CJD at or near to
the PRNP locus [29.30).

Classical sporadic CJD presents as a rapidly progressive
nultifocal demenfia usually with myoclonus. The onset is
usually in the 4575 years age group with median age at
death of 68 years [21]. The clinical progression is typicaily
over weeks progressing to akinetic mutism with a median
disease duration of 5 months [21]. Prodromal featmres,
present in around a third of cases, include fatigue, insomnia,
depression, weight loss, headaches, general malaise and ill-
defined pain sensations. In addition to mental deterioration
and myoclonus, frequent additional neurological featres
include extrapyramidal signs, cerebellar ataxia, pyramidal
signs and cortical blindness. Raised cerebrospinal fluid 14-3-
3 protein, neuronal specific enolase (NSE), and 5-100,
although not specific for CJD, may be helpful diagnosticaily
in the appropriate clinical context [21,31~36]. The electro-
encephalogram (EEG) may show characteristic pseudoper-
iodic sharp wave activity that is helpful in diagnosis but
present only in around 60% of cases [21]. In contrast cortical
signal changes on diffusion weighted MRI are extremely
helpful in the diagnosis of CID [37-42]. Neuropathological
confinmation of CJD is by demonstration of spongiform
change, neuronal foss and astrocytosis. PrP amyloid plaques
are usually not present in CJD [43] although PrP
immunohistochemistry, is nearly always posiiive [43-45].

Atypical forms of sporadic CID are well recognised. 10%
of cases of CJD have a much more prolonged clinical course
with a disease duration of over 2 years [46]. Around 10% of
CID cases present with cerebellar ataxia rather than cognitive
impairment, so-called ataxic CID [47]. Heidenhain’s variant
of CID refers to cases in which cortical blindness
predominates with severe involvement of the occipital
lobes. The panencephalopathic type of CJD refers to cases
with extensive degeneration of the cerebral white matter in
addition to spongiform vacuolation of the gray matter and
has been predominately reported from Japan [47-49].
Amyotrophic variants of CID have been described with
prominent early muscle wasting. However, most cases of

dementia with amyofrophy are not experimentally transmis-
sible and their relationship with CJD is unclear {50,51].

4, Inherited prion disease

Approximately 15% of human prion diseases are asso-
ciated with autosomal dominant pathogenic -mutatiens in
PRNP [14,22 52-54]. How pathogenic mutations in PRNP
cause prion disease has yet to be resolved, however, in most
cases the mutation is thought to lead to an increased
tendency of PrPC to form PrP™°, although there is evidence
to suggest that this may not be solely atiributable to
decreased thermodytamic stability of mutated PrP© [55,56].
Experimentally manipulated mutations of the prion gene can
lead to spontaneous neurcdegeneration withont the formation
of detectable protease resistant PrP [57,58]. These findings
raise the question of whether all inherited forms of human
prion discase invoke disecase through the same mechanism,
and in this regard it is cumently unknown whether all are
transmissible by inoculation [52].

Over 30 autosomal dominant pathogenic PRNP mutations
have been described [2,3.53,54]. In the appropriate clinical
seifing identification of a4 pathogenic PRNP mutation provides
diagnosis of inherited prion disease and sub-classification
according to mutation; PRNP analysis is also used for pre-
symptomatic genetic testing in affected families [4,52,54.59].
Traditionally, inkerited prion diseases have been classified by
the presenting clinical syndrome, falling info three main sub-
divisions of either GSS, CID or FFI. GSS classically presents
as a chronic cerebellar ataxia with pyramidal features with
dementia occurring much later in a clinical course fhat is
typically longer than that seen in classical CJD [52]. Fatal
familial insomnia (FFI) is characterised by progressive
untreatable insomnia, dysautonmoia and dementia, selective
thalamic degeneration and is most commonly associated with
a missense yuutation ‘at codon 178 of PRNP [60], although
sporadic FFl with no causative mutation in PRVP has been
reported [61,62]. Remarkably, some families show extensive
phenotypic variability wiich can encompass both CJD- and
(GSS-like cases as well as other cases which do not confoim
to either CJD or GSS phenotypes [19,53,54,63—66}. Progres-
sive dementia, cerebellar ataxia, pyramidal signs, chorea,
myoclonus, extrapyramidal features, pseudobulbar signs,
seizutes and amyotrophic features can ‘be seen in variable
combinations. Such atypical prion diseases may lack the
classical histological features of a spongiform encephalopathy
entirely although PrP immunchistochemistry is usually
positive {64]. The existence of phenotypic overlap between
individuals with different mutations and even in family
members with the same PRNP mutation indicates that ac-
curate ciassification of inherited human prion diseases should
be based upon mutation alone [19,67]. Because of the
extensive phenotypic variability seen in inherited prion
disease and its ability to mimic other neurodegenerative con-
ditions, notably Alzheimer’s disease, PRNP analysis should
be considered in al] patients with undiagnosed dementing and
ataxic disorders [19,63.64,68].
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5. Acquired prion disease

Although the human prion diseases are transmissible
diseases, acquired forms have, until recently, been confined to
rare and unusual situations.

3.1. fatrogenic CJD

The two most frequent causes of iatrogenic CJD occurring
through medical procedures have arisen as a result of
implantation of dura mater grafls and treatment with growth
hormone derived from the pifuitary glands of human cadavers
[69,70]. Less frequent incidences of human prion disease have
resulted from iatrogenic fransmission of CJD during comeal
transplantation, contaminated electroencephalographic (EEG)
electrode implantation and surgical operations using contami-
nated instruments or apparatus [69,70). The clinical presenta-
tion in iatrogenic forms of human prion disease appear to be
related to their aetiology and in particular the route of exposure
to human prioens [52,70,71]. Peripheral routes of infection are
typically associated with longer incubation periods and usually
present with a kur-like syndrome in which ataxia rather than
dementia is the prominent early clinica] feature. In contrast,
patients with dura mater grafi-related exposure to human prions,
in which infectivity is placed in closed proximity to the brain,
typically have a clinical presentation similar to that of sporadic
CJD [72], although exceptions with unusual clinical features
have been reported [73]. )

3.2, Kuru

The most well-known example of acquired prion disease in
humans is kum, transmitted by cannibalism among the Fore
linguistic group of the Eastern Highlands in Papuna New Guinea
[28,52,74,75). The central clinical feature of kuru is progressive
cerebellar afaxia and in sharp contrast to spomadic CID,
dementia is late and may be absent. A prodiome and three
clinical stages consisting of an ambulatory stage, a sedentary
stage and a tertiary stage have been described [52,74,75).
Remariably, kuru demonstrates that incubation periods of
infection with human prions can exceed 50 years [75]. PRNP
codon 129 genotype has shown a pronounced effect on kuru
incubation periods and susceptibility, and most clderly
survivors of the kuru epidemic are heterozygotes [27,28,75].
The clear survival advantage for codon 129 heterozygotes
provides a powerful basis for selection pressure in the Fore
{28,75]. However, an analysis of worldwide haplotype diversity
and allele frequency of coding and non-coding polymorphisms
of PRNP suggests that balancing selection at this locus (in
which there is mwore vasiation than expected because of
heterozygote advantage) is much older and more geographically
widespread [28]. Evidence for balancing selection has been
shown in only a few humen genes. With biochemical and
physical evidence of cannibalism on five continents, one
explanation is that cannibalism resulied in prion disease
epideniics in human prehistory, thus imposing balancing
selection on FPRNP [28].

[

5.3. Varianr CJD

The appearance of a novel human prion disease, variant CJD
(vCID), in the United Kingdom from 1995 onwards [76], and
the experimental confirmation that this is caused by the same
prion steain as that causing BSE in catfle {10,77--79], has led to
widespread concemn that exposure to the epidemic of BSE poses
a distinct and conceivably a severe threat to public healih in the
United Kingdom and other countries {4,80]. The extremely
projonged and’ variable incubation periods seen with prion
diseases when crossing a species barrier means that it will be
some years before the parameters of any human epidemic can be
predicted with confidence [75,80-83]. In the meantime, we are
faced with the possibility that significant numbers in the
population may be incubating this disease and that they might -
pass it on 1o others via blood transfusion, blood products, tissue
and organ transplantation and other fatrogenic routes [80,84—
87. : L

To date, the clinical presentation of huinan BSE infection has
only been recognised as vCJD in PRNP codon 129 methionine
homozypotes. The neuropathological features of vCID are
somewhat different fiom those seen in classical (sporadic or
iatrogenic) CID, and are characterised by the presence of
abundant florid PrP plaques {76,881 and the propagation of type
4 PrP° in brain [10,15] (Fig. 1). The early clinical presentation
of vCID resembles kuru more than classical CID and consists of
behavioral and psychiatric disturbances, peripheral sensory
disturbance and cerebellar ataxia. Common early psychiatric

features include depression, withdrawal, anxiety, insomnia, and

apathy. Neurological symptoms have preceded psychiatric
sympfoms in a minotity of cases. No common early
neurological features have been reported, but paraesthesiae
and/or pain in the limbs is seen in around half of the cases.
However a significant proportion of patients exhibited neuro-
logical symptoms within 4 months of clinical onset, and these
included poor memory, pain, sensory symplomns, unsteadiness
of gait and dysarthia. Disorientation, hallucinations, paranoid
ideation, confabulation, impaired self-care, and the cornmonest
neurological features {cerebellar signs, chorea, dystonia,
myeclonus, upper motor neuron signs and visual symptoms),
develop late in the course of the illness (89]. The duration of
disease is longer in vCJD with mean patient survival times of
about 14 mouths [36), compared with about 5 moenths for
classical CID [21]. Moreover, whereas classical CID is
predominantly a late onset disease with a median age at death
of 68 years [21], the median age of onset of vCJD is 26 years
[36.89). The EEG is not helpful in the diagnosis of vCID, whilst
generalised slowing is usually present, the characteristic
periodic changes associated with classical CJD are not. The
CSF 14-3-3 protein is not heipful, and may often be negaiive
[90]. The most useful non-invasive investigation in advanced
cases of vCID has been MR neuroimaging, particularly the
FLAIR sequence [91). Early case reports noted bilateral
increased signal in the posterior thalamus (pulvinar} on T2
weighted images [92]. A retrospective review of MR scans from
36 listologically confirmed cases of vCID using mainly other
forms’ of human prion disease subjects as controls suggested
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Fig. 1. Cheracterisation of disease related prion protein in human prion disease.
(A) Immuncblots of proteinase K digested tissue homogenate with anti-PeP
monoclonal antibody 3F4 showing PrP5® types 1-4 in human brain and PrP
type4t in vCID tansil, Types | -3 PrP5 are seen in the brain of classical forms of
CJD (either sporadic or iatrogenic CIDY, while type 4 PrP>® and type 41 Prp%¢ are
uniquely seen in vCJD brain or tonsil, respectively. {B, C) Brain from patients
with sporadic CJD or vCID show abnormal PrP immunoreactivity following
irnmunohistochemistry using anti-PrP monoclonal antibody ICSM35, Abnormal
PiP deposition in sporadic CID brain mosi commonly presents as diffuse,
synaptic staining, Whereas vCJD brain is distinguished by the presence of florid
PrP plaques consisting of a round amyloid core of PrP surrounded by a ring of
spongiform vacuoles. Scale bars B and C, 30 .

-that the “pulvinar sign” occlimred frequently in advanced cases
of vCID [93]. However, histologically confirmed cases of vCID
with mirimal or absent pulvinar changes on MR neurcitaging
at a mean 10.5 months during an iligess of mean 15 months
duration were idenlified in this series, The absence of
characteristic MR findings does therefore not exclude a
diagnosis of vCID and more recently figures of 81% sensitivity
and 94% specificity have been reported in a series of patients
including 27 cases of vCID diagnosed by tonsil biopsy [94]. As

these studies suggest, the pulvinar sign is not specific for vCID

- and these MRI appearances are described in sporadic CID [95],

paraneoplastic limbic encephalitis [96] and in a number of rare
conditions {97—100). In contrast, a firm tissue based diagnosis
of vCJD can be made during lLife by tonsil bicpsy, with
demonstration of a characteristic sub-type of PrPS® (see below),

" 6. Molecular basis of phenotypic variability in human prion

disease .

The marked clinical heterogeneity observed in human prion
diseases has yet to be explained. However, it has been clear for
many years that distinct isolates, or strains, of prions can be

propagated in the same host and these are biologically recognised

by distinctive clinical and pathological features [2,101,102]. Itis
therefore likely that a proportion of clinicopathological hetero-
geneify seen in sporadic CID and other human prion diseases
relates to the propagation of distinct- human prion strains. Within
the framework of the protein-only hypothesis of prion propaga-
tion, distinct clinical and nreuropathological phenotypes are
thought to be determined by the propagation of distinct Prp>®
isoforms with divergent physicochemical properties [1,2,9-
11,103,104). Furthermore the propagation of distinct abunor-
mal PrP isoforms may be determined by the host genome
[79,105,106].

To date we have identified four major types of human PrP*
associated with sporadic and acqnired human prion diseases that
can be differentiated on immunoblots after limited proteinase K
digestion of brain homogenates [10,12,15} {Fig. 1). PiP™ types
1-3 are seen in classical (sporadic or iatrogenic) CID brain,
while type 4 PrP* is uniguely seen in vCID brain {10,12,15].
An eardier classification of PrP*° types seen in classical CID
described only two banding patterns {11] with PrP*° types 1 and
2 that we describe corresponding with the type | pattern of
Gamberti and colleagues, and ocur type 3 fragment size
corresponding to their type 2 pattern [13,107]. While type 4
PP is readily distinguished from the PrPS types seen in
classical CID by a predominance of the di-glycosylated PiP
glycoform, type 4 PrP also has a distinct proteolytic fiagment
size {15] although this is not recognised by the altemative
classification which designates type 4 PePS® as type 2b [107].

In addition to the identification of distinct human PrPS°
types associated with sporadic and acquired prion disease,
wolecular strain typing has provided insights into the
phenotypic heterogeneity seen in inherited human prion
diseases [53,108]. In agreement with existing evidence that
human prion strain diversity is generated through variance in
PrP>¢ conformation and glycosylation, cases of inherited prion

disease caused by point nmtations have glycoforn ratios of

PrPS® fragments distinct from those seen in both classical CSD
[108-112] and vCID {108]. lndividuals with the same PRNP
mutation can also propagate PrP™° with distinct fragment sizes
{108.105.113]. Notably however the detection of PlF‘SC in the
molecutar mass range of ca. 21-30 kDa is by no means a con-
sistent feature. Instead, some cases, in particular those in which
amyioid plaques are a prominent feature, show smaller protease
resistant fragments of ca. 7-15 kDa [53.108—110,113,114]. The
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