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Abstract: Twenty-five years has now passed since variant Creutzfeldt-Jakob disease (vCJD) was first
described in the United Kingdom (UK). Early epidemiological, neuropathological and biochemical
investigations suggested that vCJD represented a new zoonotic form of human prion disease resulting
from dietary exposure to the bovine spongiform encephalopathy (BSE) agent. This hypothesis
has since been confirmed though a large body of experimental evidence, predominantly using
animal models of the disease. Today, the clinical, pathological and biochemical phenotype of
vCJD is well characterized and demonstrates a unique and remarkably consistent pattern between
individual cases when compared to other human prion diseases. While the numbers of vCJD cases
remain reassuringly low, with 178 primary vCJD cases reported in the UK and a further 54 reported
worldwide, concerns remain over the possible appearance of new vCJD cases in other genetic cohorts
and the numbers of asymptomatic individuals in the population harboring vCJD infectivity. This
review will provide a historical perspective on vCJD, examining the origins of this acquired prion
disease and its association with BSE. We will investigate the epidemiology of the disease along with
the unique clinicopathological and biochemical phenotype associated with vCJD cases. Additionally,
this review will examine the impact vCJD has had on public health in the UK and the ongoing
concerns raised by this rare group of disorders.

Keywords: variant Creutzfeldt-Jakob disease; prion diseases; BSE; transmission; blood transfu-
sion; prevalence

1. Introduction

Prion diseases or transmissible spongiform encephalopathies (TSEs) are a group of
rare neurodegenerative conditions that occur naturally in humans as well as a range
of animal species. Human prion diseases share many clinical and neuropathological
features with that of more common neurodegenerative conditions such as Alzheimer’s
disease and Parkinson’s disease, in particular the accumulation in the brain of abnormal,
disease-specific protein aggregates [1]. In prion diseases, this protein is a misfolded and
partially protease-resistant form of a normal host-encoded cellular protein, the prion
protein (PrPC) [2–4]. Consistent with most neurodegenerative conditions, prion diseases
can occur in both sporadic and genetic forms; indeed, sporadic Creutzfeldt-Jakob disease
(sCJD) is the most common form of human prion disease, accounting for approximately
85% of all human prion diseases [5]. However, a unique feature of prion disease, and one
that continues to set them apart from all other neurodegenerative conditions, is that they
may also be acquired, with the ability to transmit infectivity between individuals of the
same species and in some instances between different species [6]. As a consequence of
this infectious nature, prion diseases represent a neurodegenerative condition that poses a
serious public health concern.

In 1996, a new form of acquired human prion disease was identified in the United
Kingdom (UK). Initially referred to as “new variant” CJD (nvCJD) and since shortened to
variant CJD (vCJD) [7], this condition would propel this rare group of neurodegenerative
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disorders to the forefront of the scientific community and would have an unprecedented
and lasting impact on public health in the UK. Twenty-five years on from the first iden-
tification of vCJD, this review will provide a historical perspective of this unique form
of acquired human prion disease—from its origins and first recognition in humans, to
current diagnosis and epidemiology of the disease. Additionally, we will detail the public
health impact following the identification of vCJD in the UK and the current public health
concerns that still surround this condition a quarter of a century on.

2. The Emergence of vCJD

The first cases of vCJD were reported in the UK in 1996 (Figure 1) [7]. However,
the origins of this human prion disease date back approximately ten years earlier to the
emergence of bovine spongiform encephalopathy (BSE) in the UK, a novel prion disease
affecting cattle [8]. From its first identification in 1985 (Figure 1), annual numbers of
BSE cases in cattle increased rapidly in the UK, reaching a peak in 1992 with more than
37,000 cases recorded (Figure 1) [9]. Subsequently, cases of BSE have been identified in
an additional 25 countries, predominantly in Europe, Asia, the Middle East and North
America [10]. While the original source of BSE is yet to be clearly established, the epidemic
of BSE in cattle has been attributed to the recycling of prion contaminated carcasses (such as
sheep with scrapie or a sporadic case of cattle BSE) in the manufacturing of cattle feed in the
form of meat and bone meal (MBM) [11,12]. On the other hand, subsequent transmission
of atypical forms of BSE in cattle [13–15] and scrapie in sheep [16] into transgenic mouse
models over-expressing bovine PrP induce strain features similar to that of classical BSE.

Figure 1. Timeline of the last 35 years highlighting significant dates in the origin, emergence and progression of vCJD. Time
points in grey correspond to Western blot images presented in Figure 4d.

From 1988, a number of rigorous control measures were implemented in the UK (and
subsequently emulated in some other countries) including (i) the introduction of a ban
on the supply and use of ruminant-derived protein in ruminant feed, (ii) the compulsory
slaughter and disposal of remains of all cattle suspected of having BSE, (iii) a ban on
the feeding of specified bovine offal to humans and farmed animals, (iv) the targeted
surveillance and mandatory reporting of clinical neurological disease in cattle, and (v) the
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removal of cattle over 30 months from the food chain [11,12]. As a result, numbers of BSE
cases in the UK declined rapidly, and today BSE is considered a rare disease with only a
single case recorded in the UK over the last five years [9]. It is worth noting that the steady
decline in BSE cases has led to a relaxation of some of these measures over the last number
of years [17].

Inevitably, the emergence of the BSE epidemic in the UK raised public health concerns
over the potential cross-species transmission of BSE to humans through dietary exposure
to the BSE agent through contaminated food products. These concerns were heightened
following parallel reports of a similar spongiform encephalopathy in domestic and captive
cat species (now referred to as feline spongiform encephalopathy) and in some species
of captive exotic ungulates [18–21]. The possibility that prion disease in these animals
had resulted by the cross-species transmission of BSE through food supplements was
thought the most likely cause. In response to these concerns, the UK government reinstated
epidemiological surveillance and research into Creutzfeldt-Jakob disease (CJD) in May
1990 (Figure 1) in order to monitor and identify any changes in the incidence or pattern of
CJD in the wake of the BSE epidemic [22]. This expansion in surveillance was emulated in
a number of other European countries, and following the identification of vCJD in the UK,
it was established in other non-European countries as well [23–28].

In 1996, a seminal report by Robert Will and colleagues described 10 cases of CJD
identified in UK patients of an unusually young age (median 29 years, while sporadic
CJD primarily affects individuals over the age of 60) [7]. These 10 patients presented with
atypical clinical symptoms and a highly consistent neuropathological phenotype that had
not previously been recognised in any other forms of human prion disease. Furthermore,
the disease duration was much longer than that observed in patients diagnosed with the
more commonly occurring sporadic CJD (sCJD). An alternative diagnosis of iatrogenic
CJD (iCJD) was thought unlikely in these patients because investigation of the clinical
histories found no evidence of potential iatrogenic exposure to CJD through either dura
mater grafting, a history of childhood treatment with pituitary derived growth hormone,
neurosurgery or blood transfusion. In addition, genetic sequencing on eight of the 10 cases
found no mutations in the prion protein gene (PRNP) that is associated with the inherited
forms of prion disease. Will and colleagues concluded that these 10 cases represented a new
clinicopathological variant of CJD and, having occurred so soon after the BSE epidemic,
and with cases exclusively found in the UK (where the BSE epidemic was at its most severe),
the most “plausible interpretation” of the findings was that these cases were a direct result
of human exposure to the BSE agent [7]. In March 1995, these findings were reported to the
UK government by the Spongiform Encephalopathy Advisory Committee (SEAC) of the
Department of Health (DOH) and Ministry of Agriculture, Fisheries and Food (MAFF). In
addition to public concern over the emergence of this new acquired form of prion disease,
the identification of vCJD led to a worldwide ban on the export of British beef causing a
severe economic impact in the UK beef industry [29]. Like several other control measures
implemented in the wake of the BSE epidemic, the ban posed on the exportation of British
beef has since been lifted in Europe, and more recently in the United states [30,31].

3. BSE and vCJD, A Single Strain of Agent

A large body of evidence now exists supporting the hypothesis that vCJD has resulted
from human infection with the BSE agent. In addition to epidemiological arguments, the
most compelling evidence has come from experimental animal models and from analysis
of the biochemical phenotype of the misfolded and disease-associated form of the prion
protein (PrPSc) that accumulates in the brain and peripheral tissues of vCJD patients. A
notable feature of the zoonotic transmission of BSE to other species is the maintenance of its
distinctive molecular signature [32]. However, animal transmission studies have recently
highlighted the concern that cross-transmission of BSE to sheep or goats may result in a
subtle adaptation of BSE, resulting in increased virulence towards humans [33,34].
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3.1. Animal Models of vCJD

In the same year that vCJD was first described in the UK, results from the intrac-
erebral inoculation of brain isolates from BSE-infected cattle in cynomologus macaques
demonstrated that BSE was highly infectious in this primate model [35]. Examination of
brain tissue at post-mortem revealed a pattern of pathology in the macaques that was
indistinguishable to that observed in vCJD patients, but which differed to that obtained
with sCJD in the same primate model [35].

Shortly after this report, a seminal study by Moira Bruce and colleagues published
the interim results from the first experimental inoculation of vCJD brain isolates in inbred
strains of wild-type mice [36]. These wild-type mouse lines (RIII, VM and C57BL), which
carry different alleles of the mouse PrP gene (Prn-p), are a mainstay in prion research, able
to discriminate between different prion “strains” based on their unique biological proper-
ties on serial passage, specifically by incubation periods and patterns of neuropathological
targeting, known as the “lesion profile” [37–41]. Experimental transmission studies carried
out during the peak of the BSE epidemic demonstrated a single unique strain “signature”
associated with cattle BSE when passaged in these mouse lines [42,43]. Remarkably, this
corresponding BSE signature was also observed following transmission of infected brain
tissue from other animal species, including domestic cats, greater kudu and Nyala, con-
firming that the same single strain of agent was responsible for these other animal prion
diseases [44,45]. In the study performed by Bruce and colleagues, intracerebral inoculation
of brain isolate from three vCJD patients in wild-type mice resulted in transmission proper-
ties (incubation period and lesion profile) that were indistinguishable from that of cattle
BSE and other BSE-related prion disorders [36]. Crucially, the strain signature differed
from the diseased-associated pattern obtained with sCJD brain isolates passaged in the
same mouse lines. While the published data was based on interim results from a single
mouse strain (RIII), this was considered as a strong indication that the same strain of agent
was involved in BSE and in vCJD, and that BSE presented a possible zoonotic risk resulting
in vCJD. The complete data set from these three primary transmissions, including immuno-
histochemical and biochemical analysis of PrPSc in the brain and subsequent secondary
passages, was published several years later, alongside transmission data from an additional
seven vCJD patients [46,47]. With the same BSE signature observed in all transmission
experiments, this information was taken as convincing evidence that vCJD was a result
of human infection with the BSE agent. The studies by Bruce and colleagues have been
further supported by a wealth of experimental transmission studies in both wild-type and
transgenic mouse models that appear to confirm that BSE in cattle and vCJD in humans are
caused by a single agent strain [48–50].

In addition to confirming an association with exposure to BSE, animal models have
been instrumental over the last 25 years in contributing to our understanding of many
other biological aspects of vCJD. Transgenic mouse models have been fundamental in
establishing the influence of the naturally occurring methionine (M)/valine (V) polymor-
phism at codon 129 of PRNP on the susceptibility to vCJD [51–54]. Similarly, wild-type
mouse models have highlighted the different pathogenesis in vCJD when compared to
other prion diseases, with infectivity detected in lymphoreticular tissues [47,55]. Sub-
sequent studies in both wild-type and transgenic mice demonstrated that infectivity in
lymphoreticular tissues may occur in vCJD patients prior to neuroinvasion and the onset
of disease [56]. Such properties continue to have a significant impact on public health
concerns and the implementation of public health policies. Furthermore, these same mouse
studies have confirmed that the BSE/vCJD strain is not generally altered by the tissue of
origin [47,55,56], the PRNP codon 129 genotype of the individual [56–58], geographical
location [59,60], age [60] or following secondary human transmission of vCJD through
blood transfusion [56,61].
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3.2. Biochemical Properties of PrPSc in vCJD

In the absence of any identifiable nucleic acid associated with prion diseases, the
phenomenon of prion strains is thought to be enciphered by conformational variability in
PrPSc, the misfolded and disease-associated form of the prion protein that accumulates
in the brain (and peripheral tissues in vCJD) [62–69]. Such variabilities are commonly
measured by examining the molecular weight (N-terminal truncation of the protein) and
glycosylation profile (occupancy of the two asparagine-linked glycosylation sites) of PrPSc

after limited proteolytic digestion (PrPres) using Western blot analysis [32,63,68]. In the
initial analysis of PrPres from brain tissue of vCJD patients, two separate studies, led by
John Collinge and Piero Parchi, respectively, described a distinct and consistent PrPres

profile that had not been commonly observed in any form of human prion disease, apart
from some familial cases [32,69]. This PrPres, termed type 2B (Parchi classification) [69] or
type 4 (Collinge/London classification) [32] is characterised by an unglycosylated fragment
size of ~19 kDa and a marked predominance in the diglycosylated fragment of PrPres. This
PrPres profile is identical to the molecular signature for BSE in cattle and to that of naturally
transmitted BSE in domestic cats, and in BSE experimentally transmitted to wild-type mice
and macaques, further supporting a causal association between BSE and vCJD [32].

4. Epidemiology
4.1. Primary Cases of vCJD

As of July 2021, twenty-five years from the first descriptions of vCJD in the UK, 232
clinical cases of definite or probable vCJD have been reported worldwide, in individuals
from 12 countries, including the UK (178 cases), France (28 cases), Spain (5 cases), Republic
of Ireland (4 cases), U.S.A (4 cases), Italy (3 cases), Netherlands (3 cases), Portugal (2 cases),
Canada (2 cases), Taiwan (1 case), Saudia Arabia (1 case) and Japan (1 case) [70]. With
vCJD causally linked to the BSE epizootic, it is perhaps unsurprising that the majority
of vCJD cases have occurred in the UK where the BSE epidemic was most severe. In
non-UK countries, the presence of vCJD has been associated with exposure to the BSE
agent through (i) indigenous cases of BSE in cattle within the country of residence [10,71],
(ii) UK residency during the period when BSE exposure was at its highest levels [72–77], or
(iii) through importation of contaminated beef products from the UK [75,78,79].

Cases of vCJD have declined over the last two decades, having reached a peak in 2000
with 29 recorded deaths (28 in the UK and 1 in France) [70]. The last known UK case of
vCJD was reported in 2016 with a clinical onset in 2014 [80]. In non-UK vCJD cases, the last
case was reported in France in 2019 with the patient having an onset in 2017 (Figure 1) [81].
While dietary exposure to the BSE agent is recognised as the prevailing cause of vCJD
cases [82], the last recorded case of vCJD has been associated with possible occupational
exposure (i.e., a laboratory accident) [81,83].

Of the 232 vCJD cases who have undergone full genetic analysis, all but a single
case has occurred in individuals homozygous for methionine (MM) at codon 129 on
PRNP, a recognised risk factor for human prion diseases. The remaining vCJD case, and
the last reported in the UK, was the first pathologically confirmed case of vCJD in a
methionine/valine (MV) heterozygote patient [84]. A suspected case of vCJD in a MV
heterozygote had been described in 2009 [85]; however, in the absence of a post-mortem, a
diagnosis of vCJD was not confirmed. The identification of vCJD in a PRNP codon 129 MV
individual was not unexpected because earlier experimental evidence from humanised
transgenic mouse models, expressing physiological levels of the human prion protein,
indicated that other PRNP codon 129 genotypes are susceptible to infection with the BSE
agent but may be subject to more prolonged incubation periods [53]. In addition, in vitro
amplification experiments using human post-mortem tissue from patients who died from
non-neurological conditions and humanised transgenic mouse brains had shown that
normal cellular prion protein (PrPC) from MV individuals could be converted by MM vCJD
PrPSc, albeit with decreased efficiency [86]. While the pathological and biochemical features
of vCJD in the MV individual were indistinguishable from that of vCJD in MM individuals,
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the clinical features were more consistent with those described in sCJD patients [84]. This
has raised the possibility that any future cases of vCJD occurring in PRNP codon 129
genotypes other than MM may be more difficult to identify based on clinical presentation.
This highlights the importance of continued surveillance of human prion diseases in the
UK, involving the post-mortem examination of patients [83]. Experimental transmission of
brain isolates from the case of vCJD in a MV individual, into a wild-type mouse model,
provided evidence that strain properties were identical to those observed for the agent
associated with vCJD MM individuals [58]. This observation was consistent with the views
that a single unique strain of agent was involved with BSE and vCJD, and it suggests that
there is no adaption of this strain in a different genetic background.

4.2. Secondary Human-to-Human Transmission of vCJD in the UK

While there is no epidemiological evidence to suggest that sCJD is transmissible via
blood transfusion [87,88], the greater extent of peripheral pathogenesis, particularly in
lymphoreticular tissues, in vCJD cases [89–92], raised concerns that vCJD poses a greater
risk for iatrogenic secondary transmission, potentially via surgery or blood transfusion.
This fear was supported by animal studies demonstrating that BSE in experimentally-
infected sheep could be successfully transmitted via transfusion with blood collected
during the clinical and the asymptomatic phase of the disease [93–95]. In response, and
with an increasing number of vCJD cases, a look back study, the Transfusion Medicine
Epidemiology Review (TMER), was established in 1997 to look for any evidence that CJD
may have transmitted via the UK blood supply.

The above concerns were justified in 2003 with the occurrence of the first case of vCJD
following blood transfusion from a donor who later developed vCJD (Figure 1) [96]. Subse-
quently two further clinical cases of vCJD following blood transfusion were reported [97,98].
All three clinical cases of vCJD following blood transfusion were MM at PRNP codon 129.
In 2004, a case of preclinical vCJD infection following blood transfusion was reported [99].
Post-mortem examination of this case showed evidence of vCJD PrPSc deposition in the
spleen and cervical lymph node but not in the brain. The patient had died from a condi-
tion unrelated to prion disease, five years following blood transfusion from an infected
donor [99]. In contrast to the clinical transfusion transmitted vCJD cases, the preclinical
case was MV at PRNP codon 129. While it is unknown whether they would have gone on
to develop vCJD, this was the first demonstration that vCJD infection could replicate in an
MV individual. Subsequently, infectivity in the spleen from this case has been confirmed by
bioassay [56]. The strain characteristics matched those previously described for vCJD/BSE,
demonstrating that replication in lymphoreticular tissue, and in a PRNP codon 129 MV
genetic background, do not affect the characteristics of the vCJD strain. All four blood
transfusion cases suggest that there is sufficient infectivity in blood at a presymptomatic
stage to cause infection in another individual. Figure 2 shows that the incubation periods
between transfusion and the onset of clinical symptoms varied from 6.5 to 8.5 years. This is
broadly in line with incubation period for vCJD estimated from the lag between the peaks
of the BSE and vCJD epidemics [100–102]. Shown as well is the time interval between the
donation of blood and the onset of symptoms in the donor (Figure 2). This is indicative
that the vCJD-infected donors potentially may harbour significant infectivity in their blood
at least 1.4–3.3 years prior to the appearance of vCJD symptoms.
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Figure 2. Pre-symptomatic phases for donors and recipients of vCJD-infected blood. Comparison of
the lengths of the pre-symptomatic phase of vCJD patients who had received blood from infected
donors. For the four cases of vCJD infection following blood transfusion (including a preclinical
case), the time elapsed between receiving the blood transfusion (red circles) and the onset of clinical
symptoms (or death) is indicated. The time after the donation when clinical onset occurred in the
donor is also indicated (orange hexagon).

Each of the four-blood transfusion associated vCJD infections occurred in recipients
of non-leucoreduced blood, prior to leucodepletion of all blood components in the UK that
was brought into effect in 1999. The TMER study identified 67 individuals who received
blood components from vCJD donors, and it is encouraging that there have been no further
cases of vCJD following blood transfusion, suggesting that leucodepletion was an effective
countermeasure [97,103]. However, animal model experiments demonstrated that all
blood components could potentially transmit disease, suggesting a need for continued
surveillance for blood transfusion-associated vCJD [104].

Studies of blood donor and recipient pairs suggest that we should not expect any
change in the clinical and pathological profile or agent strain as a result of secondary
transmission [61,103,105]. However, it needs to be borne in mind that future cases of
vCJD following blood transfusion would most likely occur in older individuals as the
risk of requiring a transfusion increases with age [106]. In addition, some models of
vCJD blood transmission, using both mice and macaques, have identified a different class
of neurological impairment. It was demonstrated that these impairments had a prion
aetiology but notably lacked classic neuropathological features of prion disease, including
deposition of PrPSc [107]. This suggests the scope of surveillance may need to widen to
include neurological conditions that do not fit the current criteria for prion disease and
where protease-resistant PrP is absent.

In addition to blood components, another potential means for secondary transmission
is human plasma derived medical products. In 1999, a ban on the use of UK sourced
plasma for manufacturing blood products that was imposed to prevent secondary vCJD
transmission. However, active tissue-based surveillance of patients who had received blood
products, identified evidence of vCJD infection in a haemophiliac patient who, many years
prior to the aforementioned ban, had received treatment with factor VIII concentrate [108].
Batches of factor VIII concentrate had been prepared by pooling large numbers of UK
human plasma donations. Some of the batches received by the patient in question were
subsequently found to have been derived from plasma pools that included a donation
from a vCJD-infected donor. This haemophiliac patient, who was MV at PRNP codon
129, died from causes unrelated to CJD, but PrPSc was detected in their spleen, suggesting
they may have acquired the vCJD prion agent as a result of factor VIII therapy. This same
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study found no evidence of vCJD infection in autopsy or biopsy material from 16 other
haemophiliac patients who had received plasma-derived factor VIII [108]. It should be
noted that the ban on the use of UK sourced plasma for blood products was subsequently
lifted in 2019 following a report that revised down the risks of future vCJD cases arising
through treatment with plasma products [109].

The risk of future clinical cases of secondary transmission vCJD depends on the
prevalence of subclinical vCJD in the population and likelihood that subclinical carriers
will go onto develop vCJD. The risk of secondary transmission via blood or blood products
could be assessed with a rapid and highly sensitive assay that could be used to screen
donations. No such assay has yet been fully developed or validated, but several scientific
reports have proven the principle that vCJD PrPSc could be directly captured and detected
in blood with a sensitivity of around 70% and very high specificity [110,111].

More recently, developments in the use of in vitro conversion assays, specifically the
protein misfolding cyclic amplification (PMCA) assay, have proven sufficiently powerful
to amplify and detect PrPSc in blood or plasma from vCJD patients at both clinical and
preclinical stages with near 100% specificity and sensitivity [112–115]. Similar to PMCA,
the real-time quaking-induced conversion (RT-QuIC) assay is another powerful method
based on amplifying misfolded PrP [116,117]. RT-QuIC analysis of cerebrospinal fluid is
now an important tool for ante-mortem diagnosis and surveillance for sCJD. However,
technical challenges remain, specifically with RT-QuIC’s ability to detect vCJD PrPSc and
PrPSc in blood [118–121].

5. Diagnosis

In line with other human prion diseases, internationally agreed diagnostic criteria is
available for the diagnosis of vCJD which categorise cases as either “definite”, “probable”
or “possible” (Figure 3) [122]. These criteria are based on the acquisition and assessment of
clinical, histological, immunohistochemical, biochemical and genetic investigations and
has proven highly sensitive and specific in the classification of vCJD cases [123].

5.1. Clinical Features

In contrast to other forms of prion disease, vCJD affects individuals of an unusually
young age, predominantly in the third decade of life. The youngest vCJD patient, one of
two cases reported in Portugal, had a clinical onset of 11 years [124]. The oldest patient had
an onset of 74 years; one of only six vCJD patients reported having a disease onset over the
age of 55 years [80]. The prevalence of vCJD in this young age distribution is thought to be
attributed to age-related differences in either dietary exposure to the BSE agent [125] or in
disease susceptibility [126]. Mean duration of illness is approximately 14 months, much
longer than the 4 months reported in sCJD cases [80].

The clinical symptoms of vCJD are relatively uniform, predominantly presenting with psy-
chiatric features such as anxiety, withdrawal, depression and personality change [123,127,128].
As a consequence, there are several early accounts of patients having been referred to psychiatric
services in the first instance [128]. Psychiatric features may present on their own but can be
accompanied by a range of sensory abnormalities that include limb pain and parasthesiae [129].
Neurological signs of disease, typically develop around six months and include; progressive
ataxia, visual problems, cognitive decline and involuntary movements including myoclonus,
dystonia and chorea [130]. The end stage of disease is similar to that observed in sCJD patients,
with terminal akinetic mutism in many cases.
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Figure 3. Diagnostic criteria for variant Creutzfeldt-Jakob disease. Adapted from http://www.cjd.
ed.ac.uk/sites/default/files/criteria_0.pdf [122] (accessed on 1 July 2021).

There are a number of additional clinical investigations that have proven valuable in
supporting a diagnosis of vCJD and, crucially, in excluding potential treatable conditions.
One of the most useful is the magnetic resonance imaging (MRI) brain scan, which produces
a distinctive high signal on T2 and fluid-associated inversion recovery (Flair) sequence
in the posterior thalamus in vCJD patients. Referred to as the “pulvinar sign”, this forms
part of the diagnostic criteria for a possible and probable diagnosis for vCJD, having been
observed in over 90% of cases examined (Figure 3) [122,131]. The electroencephalogram
(EEG), cerebral spinal fluid (CSF) 14-3-3 assay and RT-QuIC assay, which have proven
helpful in the diagnosis of sCJD [132–134], are less useful in suspected cases of vCJD. The
periodic sharp wave complexes that are characteristic of the EEG in sCJD patients are not a
feature in vCJD patients; however, there are some rare reports that these feature in the later
stages of the disease (Figure 3) [73,135]. Analysis of CSF 14-3-3 levels shows positivity in
only 50% of vCJD cases, compared to around 90% of sCJD cases. However, elevated levels
of phospho-tau in the CSF have been reported in many cases of vCJD [136].

http://www.cjd.ed.ac.uk/sites/default/files/criteria_0.pdf
http://www.cjd.ed.ac.uk/sites/default/files/criteria_0.pdf
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5.2. Neuropathology

In vCJD, as in all forms of prion disease, neuropathological examination is a require-
ment for a definite diagnosis. Brain biopsy may be performed in patients where a diagnosis
of CJD has been raised; however, this is rare and normally only occurs in cases where
a treatable condition is offered in the differential diagnosis. Examination of the brain
at autopsy is more common. Macroscopic analysis of the brain in vCJD cases is often
unremarkable, but some cerebral and cerebellar atrophy has been described in cases where
the disease duration extends over 19 months [137].

Histological and immunohistochemical examination has revealed a highly consistent
pattern of neuropathology in vCJD cases, very different to that of sCJD where there is
marked heterogeneity in terms of pathological phenotype [138]. Spongiform change is
a consistent feature in vCJD occurring in a widespread pattern throughout the cerebral
and cerebellar cortex, often found in a patchy distribution. The spongiform change is
generally most severe within the caudate nucleus and putamen in the basal ganglia. While
spongiform change is less prominent in the thalamus, severe neuronal loss and gliosis are
a consistent feature in the posterior nuclei, particularly the pulvinar. It is highly likely that
this pathology corresponds to the high signal observed on MRI in vCJD patients [131]. The
most striking pathological feature of vCJD is the presence of numerous “florid plaques”
within the cerebral and cerebellar cortex [137–139]. These plaques have the appearance of
the classic kuru-type plaques described in cases of kuru and sCJD MV2 cases, comprising
a dense eosinophilic amyloid core with radiating peripheral fibrils, but in cases of vCJD,
these plaques are often much larger and are surrounded by a halo of spongiform change
(Figure 4a) [138]. Florid plaques are rarely observed in other forms of human prion diseases,
although occasional florid plaques have been reported in cases of iatrogenic CJD associated
with dura mater grafting [140–142].

Figure 4. Pathological and biochemical features of vCJD. (a) A cluster of large rounded florid plaques present in the cerebral
cortex surrounded by a halo of mild spongiform change (Haematoxylin and Eosin stain). Original magnification; ×400
(b) Immunohistochemistry for the prion protein shows intense labelling of the florid plaques, and also demonstrates multiple
smaller cluster plaques (thick arrows) in addition to pericellular PrP deposits (thin arrows) in the frontal cortex. Original
magnification; ×200. (c) Peripheral pathology in vCJD demonstrating immunostaining for the prion protein in germinal
centres within the tonsil. Original magnification; ×200. (d) Representative Western blot analysis of post-mortem brain samples
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from a case of bovine spongiform encephalopathy in cattle and three individuals with vCJD. Western blot images are
compiled from individual Western blot analysis. The approximate positions of molecular mass markers are indicated
in kilodaltons.

Immunohistochemistry for PrP highlights a distinct and intense pattern of PrP accu-
mulation in the brain of vCJD cases [137,138]. In addition to the large florid plaques, smaller
plaque-like aggregates are identified by PrP immunohistochemistry, appearing in small
clusters throughout the cerebral cortex (Figure 4b). These plaque-like aggregates are rarely
visible through routine histological staining. In addition to plaques, small amorphous
‘feathery’ pericellular deposits of PrP are found surrounding the neurons or astrocytes
throughout the grey matter regions of the cerebral and cerebellar cortex. The basal ganglia
show a distinct PrP staining pattern in vCJD, comprising multiple small intense punctate
deposits occurring in a linear pattern of distribution [138].

5.3. Peripheral Pathology

Variant CJD differs from other forms of human prion disease in that there is widespread
and readily detectable accumulation of PrPSc in peripheral tissues of the body, primarily
associated with follicular dendritic cells within the follicles of lymphoid tissue (tonsil,
spleen, appendix, lymph nodes) (Figure 4c) [89,90]. Immunohistochemistry on archived
appendectomy samples from patients that went on to develop clinical vCJD, demonstrated
that PrPSc can accumulate in appendix tissue at least two years prior to the onset of clinical
symptoms [91]. Bioassay in wild-type mice has since confirmed infectivity associated with
PrPSc found within spleen and tonsil, but at levels around 100 to 1000 times lower than that
demonstrated in the brain [55]. More recently, the detection of infectivity and/or PrPSc in
the spleen of two suspected cases of asymptomatic vCJD compounded concerns over the
potential spread of vCJD by iatrogenic methods, particularly in regard to the use of surgical
instruments [56,99,108]. The significance of PrPSc accumulation within lymphoreticular
tissue in vCJD is demonstrated by the inclusion of a positive tonsil biopsy becoming part
of the diagnostic criteria for vCJD (Figure 3) [90,122].

In addition to lymphoreticular tissues, PrPSc has also been identified in a range of
tissues of the autonomic and peripheral nervous tissues (including; trigeminal, dorsal
root and autonomic ganglia) [143], peripheral motor nerve fibres in skeletal muscle [144],
pituitary gland [145], and in the dura mater, liver, pancreas, kidney, ovary, uterus and skin
in a single vCJD patient with a prolonged disease duration [146].

More recently, the use of the in vitro conversion assay PMCA in the detection of
minute quantities of PrPSc has suggested that the distribution of PrPSc in both clinical
and asymptomatic vCJD cases, and sCJD cases may be more widespread than initially
thought [147,148]. While PMCA is not currently included as a diagnostic tool for prion
diseases, recent studies have demonstrated that PMCA protocols offer sufficient sensitivity
and specificity for the amplification of minute amounts of PrPSc in biological fluids from
vCJD patients including, urine [149], blood [112,113,115] and CSF [150,151]. The detection
of PrPSc in blood was also demonstrated in blood samples taken at the presymptomatic
stage of vCJD [112]. No such detection of PrPSc in blood has been described with other hu-
man prion diseases, although PMCA has recently detected PrPSc in widespread peripheral
tissues of sCJD patients [148].

5.4. Biochemical Features

Biochemical analysis of frozen tissues (primarily CNS tissue) is a valuable addition in
the diagnosis of prion diseases. Western blot analysis of the protease-resistant fragments of
the prion protein from the brain of vCJD patients has identified a single PrPres type, termed
type 2B (also referred to as type 4 using the less commonly used London classification),
associated with vCJD-infected tissues [32,68]. This type 2B PrPres provides a “molecular
signature” for vCJD and is characterised by an unglycosylated fragment size of ~19kDa,
similar to that observed in sCJD type 2A cases but with a marked predominance in the
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diglycosylated fragment of PrPres (Figure 4d) [138]. PrPres detected within lymphoretricular
tissues in vCJD cases also show this type 2B biochemical phenotype. However, the non-
CNS tissues may show a further accentuation in the diglycosylated fragment and an
unglycosylated PrPres fragment that may be slightly smaller [89,90].

To date, PrPres type 2B has been identified in the brain of all clinical cases of primary
vCJD examined, regardless of the country of origin, or whether the codon 129 PRNP
genotype of the patient was MM or MV (Figure 4d) [71,75,84,152]. This same PrPres type
was also identified in the brain (Figure 4d) and tonsil from transfusion-associated secondary
vCJD [98,105] and in the spleen in two cases of asymptomatic vCJD infection [99,105]. This
distinctive PrPres type is rarely observed in other forms of human prion diseases.

6. Current Public Health Concerns from vCJD

Over the last decade, the numbers of cases of vCJD have declined [70,80]. While this
is reassuring, uncertainty surrounding possible future cases of vCJD continues to pose a
challenge for public health.

In the UK, concerns over a potential second wave of vCJD in individuals from different
PRNP codon 129 genotypes resurfaced in 2017, following the first report of pathologically
confirmed vCJD in a PRNP codon 129 MV patient (Figure 1) [84]. Until 2016, all definite
and probable cases of vCJD (with genetic testing) had occurred in PRNP codon 129 MM
individuals. The appearance of vCJD, the last case reported in the UK, in a PRNP codon
129 heterozygous individual, raised the possibility that further vCJD cases may appear in
this genotype, but they may be subject to extended incubation periods. This was supported
by earlier evidence from experimental transmission studies in humanised transgenic mice
(HuMM, HuMV and HuVV), which suggested that all three PRNP codon 129 genotypes
are susceptible to vCJD infectivity, but that each genotype is subject to differences in the
efficiency of transmission [53]. In this transmission study, extended incubation periods
were observed in HuMV mice compared to the HuMM mice, and, while clinical disease
was not observed in the HuVV mice, the appearance of neuropathology consistent with
a prion disease at autopsy indicated that PRNP codon 129 VV individuals may also be
susceptible to vCJD but after very long incubation times. It is worth noting that the animals
in this study, like the majority of animal modelling prion diseases, were challenged via
the intracerebral route of inoculation (IC). Whilst IC exposure represents a highly efficient
method of prion transmission in mice, results from this study may not provide a true
reflection of vCJD in humans resulting from oral exposure to BSE, or in cases of transfusion
transmitted secondary vCJD. However, similar reports of extended incubation periods in
PRNP codon 129 heterozygous individuals have been described in other acquired forms
of human prion disease involving oral and peripheral routes of exposure—specifically,
kuru [153] and human growth hormone associated iCJD cases in France [154]. This points
to the possibility of further cases of vCJD in this PRNP codon 129 genotype.

It is highly likely that UK residents were subject to a substantial dietary exposure
to the BSE agent during the 1980s and 1990s, with estimates suggesting that as many as
3 million asymptomatic BSE-infected animals entered the human food chain [12]. However,
as of June 2021, the number of clinical cases of vCJD in the UK remains relatively low
(n = 178) [80]. Such a discrepancy between the number of vCJD cases reported in the
UK and the number of people exposed to the BSE agent raises questions as to the extent
of asymptomatic vCJD infection in the UK population. The presence of asymptomatic
infection was demonstrated with the detection of PrPSc and/or infectivity in peripheral
tissues of vCJD patients during the long asymptomatic incubation periods [56,91] and
following reports of transfusion-transmission of vCJD infectivity from asymptomatic
donors who went onto develop vCJD [103].

The observation of PrPSc in vCJD lymphoreticular tissues, prior to the onset of clinical
symptoms, has been utilised in three UK retrospective studies aimed at estimating the
prevalence of PrPSc in the healthy UK population in order to assess the possible risks of fur-
ther secondary vCJD transmission via blood transfusion and potentially from other medical
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interventions. In the absence of a blood-based assay, and following the observation of PrPSc

in appendix tissue collected from vCJD patients prior to the onset of disease, analyses of
appendectomy (and some tonsilectomy) samples were selected for these studies (Figure 1).
The first study (Appendix-I study), reported in 2004, examined PrP immunohistochemical
analysis of anonymised appendectomy and tonsillectomy samples [155]. The samples
selected for this study had been resected from patients’ post-1995 to allow a greater chance
of PrP accumulation in the tissues following the potential exposure of these patients to BSE.
The individuals selected were all aged 20–29 years (birth cohort 1961–1985), which was
thought to represent the population at greatest risk of developing vCJD. Results confirmed
immunostaining consistent with PrPSc in 3/12,674 samples examined. All three positive
samples were found in appendix tissue. These results provided an estimated prevalence of
asymptomatic vCJD infection in the UK of 237 per million, or 1 in 4000 of the population,
with a wide confidence interval. A second and much larger study (Appendix-II study,
n = 32,441) examined appendectomy samples from a wider birth cohort (1940–1981). In this
study, 16 positive samples were identified, suggesting an even greater vCJD prevalence of
493 per million of the population, or 1 per 2000, again with a wide confidence interval [156].
Of additional concern from these two studies was the subsequent confirmation that the
positive appendix samples originated from patients of all three PRNP codon 129 geno-
types [156,157]. Importantly, this information supported the findings of animal studies that
have shown that all PRNP codon 129 genotypes are susceptible to vCJD infection but may
be subject to potentially lengthy incubation periods [53].

In view of the elevated prevalence rates indicated by Appendix studies-I and -II, a
third study was undertaken (Appendix-III study). In contrast to the previous two studies,
Appendix-III examined appendectomy samples from patients who were thought not be
exposed to the BSE agent—either having had their appendix removed prior to 1980 and the
BSE epidemic (“historical” cases), or having been born after 1996 and the implementation of
measures aimed at protecting the human food chain (“new” cases) [158,159]. The purpose
of the study was to “test the hypothesis that there would be an absence of samples positive
for abnormal PrP in appendices removed from people outside the population considered
most at-risk of acquiring vCJD from BSE” [159]. Preliminary results were published by
Public Health England in 2016, in which they reported 7/29,516 appendix samples positive
for the prion protein [158]. Two of the positive samples originated from the historical
cohort of appendices, with the other five originating from the new cohort. The complete
data set was published in March 2020 and confirmed a statistically similar prevalence rate
to that reported in Appendix-II study [159]. The demonstration of PrP in the appendices
collected from individuals thought to have had no exposure to the BSE agent, is difficult
to interpret. However, the authors of the study suggest that dietary exposure in the UK
population to the BSE agent may have occurred over a more extended time period that
initially thought, or that there may be a low prevalence of abnormal PrP in lymphoreticular
tissues that does not progress to vCJD.

7. Concluding Remarks

Twenty-five years has now passed since the first description of vCJD in the UK.
Reassuringly, case numbers in the UK and worldwide remain relatively low with 232
clinical cases of definite or probable vCJD reported to date. Furthermore, following the
implementation of rigorous control measures aimed at ensuring food safety, the risk of
further dietary exposure of the population to the BSE agent has been almost entirely
eliminated. However, as we move forward, uncertainty remains over the potential for
future vCJD cases and the enduring implications for public health. The recent emergence
of vCJD in a MV heterozygote has raised questions regarding the possibility of a second
wave of vCJD in individuals from other codon 129 PRNP genotypes (codon 129 MV and
VV individuals), perhaps following lengthy incubation periods. Possible changes in the
clinical presentation of vCJD in PRNP codon 129 MV and VV individuals is uncertain but
could impede the identification of further vCJD cases. Furthermore, it is possible that cases
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of vCJD that occur in older individuals (>65 years) may not be recognised, particularly
because other neurodegenerative conditions with similar clinical presentation are relatively
common in this age group. Certainly, the current decline observed in the rate of UK hospital
autopsies is of great concern in this regard [160].

Following confirmation that vCJD infectivity can be transmitted from human-to-
human via transfusion with blood products collected from asymptomatic individuals, the
potential for a self-sustained epidemic by blood transfusion is an ongoing public health
consideration. Such concerns are exacerbated by the absence of a reliable and rapid blood
assay for vCJD. While there is currently no evidence of transmission of vCJD through
other medical interventions such as surgery, the potential for such cases to arise cannot be
discounted. With such unanswered questions remaining, and the implications for public
health, the continuation of surveillance for vCJD and other forms of human prion disease
is imperative.

Author Contributions: Conceptualization, D.L.R.; writing—original draft preparation, D.L.R., A.H.P.
and M.A.B.; writing—review and editing, D.L.R., A.H.P. and M.A.B. All authors have read and
agreed to the published version of the manuscript.

Funding: The National CJD Research & Surveillance Unit is funded by the United Kingdom’s
Department of Health Policy Research Programme and the Government of Scotland. The views
expressed in this publication are those of the authors and not necessarily those of the Department of
Health or the Government of Scotland.

Acknowledgments: All figures were created with BioRender package.

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

References
1. Dobson, C.M. Protein folding and misfolding. Nature 2003, 426, 884–890. [CrossRef]
2. Bolton, D.C.; McKinley, M.P.; Prusiner, S.B. Identification of a protein that purifies with the scrapie prion. Science 1982, 218,

1309–1311. [CrossRef] [PubMed]
3. McKinley, M.P.; Bolton, D.C.; Prusiner, S.B. A protease-resistant protein is a structural component of the scrapie prion. Cell 1983,

35, 57–62. [CrossRef]
4. Prusiner, S.B. Prions. Proc. Natl. Acad. Sci. USA 1998, 95, 13363–13383. [CrossRef] [PubMed]
5. Ladogana, A.; Puopolo, M.; Croes, E.A.; Budka, H.; Jarius, C.; Collins, S.; Klug, G.M.; Sutcliffe, T.; Giulivi, A.; Alperovitch, A.; et al.

Mortality from Creutzfeldt-Jakob disease and related disorders in Europe, Australia, and Canada. Neurology 2005, 64, 1586–1591.
[CrossRef]

6. Prusiner, S.B. Novel proteinaceous particles cause scrapie. Science 1982, 216, 136–144. [CrossRef]
7. Will, R.G.; Ironside, J.W.; Zeidler, M.; Cousens, S.N.; Estibeiro, K.; Alperovitch, A.; Poser, S.; Pocchiari, M.; Hofman, A.; Smith, P.G.

A new variant of Creutzfeldt-Jakob disease in the UK. Lancet 1996, 347, 921–925. [CrossRef]
8. Wells, G.A.; Scott, A.C.; Johnson, C.T.; Gunning, R.F.; Hancock, R.D.; Jeffrey, M.; Dawson, M.; Bradley, R. A novel progressive

spongiform encephalopathy in cattle. Vet. Rec. 1987, 121, 419–420. [CrossRef] [PubMed]
9. Active TSE Disease Surveillance Statistics, Gov UK. Available online: https://www.gov.uk/government/publications/active-tse-

surveillance-statistics (accessed on 1 July 2021).
10. World Organization for Animal Health. Bovine Spongiform Encephalopathy (BSE). Available online: https://www.oie.int/en/

disease/bovine-spongiform-encephalopathy/ (accessed on 1 July 2021).
11. Wells, G.A.; Wilesmith, J.W. The neuropathology and epidemiology of bovine spongiform encephalopathy. Brain Pathol. 1995, 5,

91–103. [CrossRef] [PubMed]
12. Smith, P.G.; Bradley, R. Bovine spongiform encephalopathy (BSE) and its epidemiology. Br. Med. Bull. 2003, 66, 185–198.

[CrossRef]
13. Capobianco, R.; Casalone, C.; Suardi, S.; Mangieri, M.; Miccolo, C.; Limido, L.; Catania, M.; Rossi, G.; Di Fede, G.;

Giaccone, G.; et al. Conversion of the BASE prion strain into the BSE strain: The origin of BSE? PLoS Pathog. 2007, 3, e31.
[CrossRef]

14. Torres, J.M.; Andréoletti, O.; Lacroux, C.; Prieto, I.; Lorenzo, P.; Larska, M.; Baron, T.; Espinosa, J.C. Classical bovine spongiform
encephalopathy by transmission of H-type prion in homologous prion protein context. Emerg. Infect. Dis. 2011, 17, 1636–1644.
[CrossRef]

15. Béringue, V.; Andréoletti, O.; Le Dur, A.; Essalmani, R.; Vilotte, J.L.; Lacroux, C.; Reine, F.; Herzog, L.; Biacabé, A.G.; Baron, T.; et al.
A bovine prion acquires an epidemic bovine spongiform encephalopathy strain-like phenotype on interspecies transmission. J.
Neurosci. 2007, 27, 6965–6971. [CrossRef]

http://doi.org/10.1038/nature02261
http://doi.org/10.1126/science.6815801
http://www.ncbi.nlm.nih.gov/pubmed/6815801
http://doi.org/10.1016/0092-8674(83)90207-6
http://doi.org/10.1073/pnas.95.23.13363
http://www.ncbi.nlm.nih.gov/pubmed/9811807
http://doi.org/10.1212/01.WNL.0000160117.56690.B2
http://doi.org/10.1126/science.6801762
http://doi.org/10.1016/S0140-6736(96)91412-9
http://doi.org/10.1136/vr.121.18.419
http://www.ncbi.nlm.nih.gov/pubmed/3424605
https://www.gov.uk/government/publications/active-tse-surveillance-statistics
https://www.gov.uk/government/publications/active-tse-surveillance-statistics
https://www.oie.int/en/disease/bovine-spongiform-encephalopathy/
https://www.oie.int/en/disease/bovine-spongiform-encephalopathy/
http://doi.org/10.1111/j.1750-3639.1995.tb00580.x
http://www.ncbi.nlm.nih.gov/pubmed/7767494
http://doi.org/10.1093/bmb/66.1.185
http://doi.org/10.1371/journal.ppat.0030031
http://doi.org/10.3201/eid1709.101403
http://doi.org/10.1523/JNEUROSCI.0693-07.2007


Pathogens 2021, 10, 1413 15 of 20

16. Huor, A.; Espinosa, J.C.; Vidal, E.; Cassard, H.; Douet, J.Y.; Lugan, S.; Aron, N.; Marín-Moreno, A.; Lorenzo, P.; Aguilar-Calvo, P.
The emergence of classical BSE from atypical/Nor98 scrapie. Proc. Natl. Acad. Sci. USA 2019, 116, 26853–26862. [CrossRef]

17. The European Commission for Food Safety. TSE Route Map 2. Available online: https://ec.europa.eu/food/system/files/2016-1
0/biosafety_food-borne-disease_tse_road-map2.pdf (accessed on 1 July 2021).

18. Aldhous, P. BSE: Spongiform encephalopathy found in cat. Nature 1990, 345, 194. [CrossRef] [PubMed]
19. Pearson, G.R.; Gruffydd-Jones, T.J.; Wyatt, J.M.; Hope, J.; Chong, A.; Scott, A.C.; Dawson, M.; Wells, G.A. Feline spongiform

encephalopathy. Vet. Rec. 1991, 128, 532. [CrossRef]
20. Willoughby, K.; Kelly, D.F.; Lyon, D.G.; Wells, G.A. Spongiform encephalopathy in a captive puma (Felis concolor). Vet. Rec. 1992,

131, 431–434. [CrossRef] [PubMed]
21. Kirkwood, J.K.; Cunningham, A.A. Epidemiological observations on spongiform encephalopathies in captive wild animals in the

British Isles. Vet. Rec. 1994, 135, 296–303. [CrossRef] [PubMed]
22. National CJD Research & Surveillance Unit, University of Edinburgh. Available online: http://www.cjd.ed.ac.uk (accessed on

1 July 2021).
23. Will, R.G.; Alperovitch, A.; Poser, S.; Pocchiari, M.; Hofman, A.; Mitrova, E.; de Silva, R.; D’Alessandro, M.; Delasnerie-Laupretre,

N.; Zerr, I.; et al. Descriptive epidemiology of Creutzfeldt-Jakob disease in six European countries, 1993–1995. EU Collaborative
Study Group for CJD. Ann. Neurol. 1998, 43, 763–767. [CrossRef] [PubMed]

24. Nakamura, Y.; Yanagawa, H.; Hoshi, K.; Yoshino, H.; Urata, J.; Sato, T. Incidence rate of Creutzfeldt-Jakob disease in Japan. Int. J.
Epidemiol. 1999, 28, 130–134. [CrossRef] [PubMed]

25. Puopolo, M.; Ladogana, A.; Almonti, S.; Daude, N.; Bevivino, S.; Petraroli, R.; Poleggi, A.; Quanguo, L.; Pocchiari, M. Mortality
trend from sporadic Creutzfeldt-Jakob disease (CJD) in Italy, 1993–2000. J. Clin. Epidemiol. 2003, 56, 494–499. [CrossRef]

26. Heinemann, U.; Krasnianski, A.; Meissner, B.; Varges, D.; Kallenberg, K.; Schulz-Schaeffer, W.J.; Steinhoff, B.J.; Grasbon-Frodl,
E.M.; Kretzschmar, H.A.; Zerr, I. Creutzfeldt-Jakob disease in Germany: A prospective 12-year surveillance. Brain 2007, 130,
1350–1359. [CrossRef] [PubMed]

27. Brandel, J.P.; Peckeu, L.; Haïk, S. The French surveillance network of Creutzfeldt-Jakob disease. Epidemiological data in France
and worldwide. Transfus. Clin. Biol. 2013, 20, 395–397. [CrossRef] [PubMed]

28. Case Western Reserve University. National Prion Disease Pathology Surveillance Center. Available online: https://case.edu/
medicine/pathology/divisions/prion-center (accessed on 1 July 2021).

29. Palmer, C.M. A week that shook the meat industry: The effects on the UK beef industry of the BSE crisis. Br. Food J. 1996, 98,
17–25. [CrossRef]

30. British Beef Ban, BBC News. Available online: http://news.bbc.co.uk/1/hi/uk/4785610.stm (accessed on 1 July 2021).
31. US to Lift Ban on UK Beef Exports, Gov UK. Available online: https://www.gov.uk/government/news/us-to-lift-ban-on-uk-

beef-exports (accessed on 1 July 2021).
32. Collinge, J.; Sidle, K.C.; Meads, J.; Ironside, J.; Hill, A.F. Molecular analysis of prion strain variation and the aetiology of ‘new

variant’ CJD. Nature 1996, 383, 685–690. [CrossRef]
33. Padilla, D.; Béringue, V.; Espinosa, J.C.; Andreoletti, O.; Jaumain, E.; Reine, F.; Herzog, L.; Gutierrez-Adan, A.; Pintado, B.; Laude,

H. Sheep and goat BSE propagate more efficiently than cattle BSE in human PrP transgenic mice. PLoS Pathog. 2011, 7, 1001319.
[CrossRef] [PubMed]

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

35. Lasmézas, C.I.; Deslys, J.P.; Demaimay, R.; Adjou, K.T.; Lamoury, F.; Dormont, D.; Robain, O.; Ironside, J.; Hauw, J.J. BSE
transmission to macaques. Nature 1996, 381, 743–744. [CrossRef] [PubMed]

36. Bruce, M.E.; Will, R.G.; Ironside, J.W.; McConnell, I.; Drummond, D.; Suttie, A.; McCardle, L.; Chree, A.; Hope, J.; Birkett, C.; et al.
Transmissions to mice indicate that ‘new variant’ CJD is caused by the BSE agent. Nature 1997, 389, 498–501. [CrossRef]

37. Dickinson, A.G.; Mackay, J.M. Genetical control of the incubation period in mice of the neurological disease, scrapie. Heredity
1964, 19, 279–288. [CrossRef] [PubMed]

38. Dickinson, A.G.; Meikle, V.M. Host-genotype and agent effects in scrapie incubation: Change in allelic interaction with different
strains of agent. Mol. Gen. Genet. 1971, 112, 73–79. [CrossRef] [PubMed]

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

40. Bruce, M.; McConnell, I.; Fraser, H.; Dickinson, A.G. The disease characteristics of different strains of scrapie in Sinc congenic
mouse lines: Implications for the nature of the agent and host control of pathogenesis. J. Gen. Virol. 1991, 72, 595–603. [CrossRef]
[PubMed]

41. Bruce, M.E. Scrapie strain variation and mutation. Br. Med. Bull. 1993, 49, 822–838. [CrossRef]
42. Fraser, H.; McConnell, I.; Wells, G.A.; Dawson, M. Transmission of bovine spongiform encephalopathy to mice. Vet. Rec. 1988,

123, 472. [CrossRef] [PubMed]
43. Fraser, H.; Bruce, M.E.; Chree, A.; McConnell, I.; Wells, G.A. Transmission of bovine spongiform encephalopathy and scrapie to

mice. J. Gen. Virol. 1992, 73, 1891–1897. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1915737116
https://ec.europa.eu/food/system/files/2016-10/biosafety_food-borne-disease_tse_road-map2.pdf
https://ec.europa.eu/food/system/files/2016-10/biosafety_food-borne-disease_tse_road-map2.pdf
http://doi.org/10.1038/345194c0
http://www.ncbi.nlm.nih.gov/pubmed/2333092
http://doi.org/10.1136/vr.128.22.532-b
http://doi.org/10.1136/vr.131.19.431
http://www.ncbi.nlm.nih.gov/pubmed/1455592
http://doi.org/10.1136/vr.135.13.296
http://www.ncbi.nlm.nih.gov/pubmed/7817514
http://www.cjd.ed.ac.uk
http://doi.org/10.1002/ana.410430611
http://www.ncbi.nlm.nih.gov/pubmed/9629846
http://doi.org/10.1093/ije/28.1.130
http://www.ncbi.nlm.nih.gov/pubmed/10195677
http://doi.org/10.1016/S0895-4356(02)00606-6
http://doi.org/10.1093/brain/awm063
http://www.ncbi.nlm.nih.gov/pubmed/17472986
http://doi.org/10.1016/j.tracli.2013.02.029
http://www.ncbi.nlm.nih.gov/pubmed/23587616
https://case.edu/medicine/pathology/divisions/prion-center
https://case.edu/medicine/pathology/divisions/prion-center
http://doi.org/10.1108/00070709610153650
http://news.bbc.co.uk/1/hi/uk/4785610.stm
https://www.gov.uk/government/news/us-to-lift-ban-on-uk-beef-exports
https://www.gov.uk/government/news/us-to-lift-ban-on-uk-beef-exports
http://doi.org/10.1038/383685a0
http://doi.org/10.1371/journal.ppat.1001319
http://www.ncbi.nlm.nih.gov/pubmed/21445238
http://doi.org/10.1099/vir.0.065730-0
http://doi.org/10.1038/381743a0
http://www.ncbi.nlm.nih.gov/pubmed/8657276
http://doi.org/10.1038/39057
http://doi.org/10.1038/hdy.1964.31
http://www.ncbi.nlm.nih.gov/pubmed/14167576
http://doi.org/10.1007/BF00266934
http://www.ncbi.nlm.nih.gov/pubmed/5165642
http://doi.org/10.1016/0021-9975(73)90024-8
http://doi.org/10.1099/0022-1317-72-3-595
http://www.ncbi.nlm.nih.gov/pubmed/1672371
http://doi.org/10.1093/oxfordjournals.bmb.a072649
http://doi.org/10.1136/vr.123.18.472
http://www.ncbi.nlm.nih.gov/pubmed/3206786
http://doi.org/10.1099/0022-1317-73-8-1891
http://www.ncbi.nlm.nih.gov/pubmed/1645134


Pathogens 2021, 10, 1413 16 of 20

44. Fraser, H.; Pearson, G.R.; McConnell, I.; Bruce, M.E.; Wyatt, J.M.; Gruffydd-Jones, T.J. Transmission of feline spongiform
encephalopathy to mice. Vet. Rec. 1994, 134, 449. [CrossRef]

45. Bruce, M.; Chree, A.; McConnell, I.; Foster, J.; Pearson, G.; Fraser, H. Transmission of bovine spongiform encephalopathy and
scrapie to mice: Strain variation and the species barrier. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1994, 343, 405–411. [CrossRef]

46. Brown, D.A.; Bruce, M.E.; Fraser, J.R. Comparison of the neuropathological characteristics of bovine spongiform encephalopathy
(BSE) and variant Creutzfeldt-Jakob disease (vCJD) in mice. Neuropathol. Appl. Neurobiol. 2003, 29, 262–272. [CrossRef]

47. Ritchie, D.L.; Boyle, A.; McConnell, I.; Head, M.W.; Ironside, J.W.; Bruce, M.E. Transmissions of variant Creutzfeldt-Jakob disease
from brain and lymphoreticular tissue show uniform and conserved bovine spongiform encephalopathy-related phenotypic
properties on primary and secondary passage in wild-type mice. J. Gen. Virol. 2009, 90, 3075–3082. [CrossRef]

48. Hill, A.F.; Desbruslais, M.; Joiner, S.; Sidle, K.C.; Gowland, I.; Collinge, J.; Doey, L.J.; Lantos, P. The same prion strain causes vCJD
and BSE. Nature 1997, 389, 448–450. [CrossRef] [PubMed]

49. Bruce, M.E.; Will, R.G.; Ironside, J.W.; Fraser, H. Comparison of the biological characteristics of BSE and CJD in mice. In Alzheimers
Disease and Related Disorders; EdsIqbal, K., Swaab, D.F., Winblad, B., Wisniewski, H.M., Eds.; John Wiley & Sons Ltd.: Chichester,
UK, 1999; pp. 553–559.

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

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

52. Wadsworth, J.D.; Asante, E.A.; Desbruslais, M.; Linehan, J.M.; Joiner, S.; Gowland, I.; Welch, J.; Stone, L.; Lloyd, S.E.; Hill,
A.F.; et al. Human prion protein with valine 129 prevents expression of variant CJD phenotype. Science 2004, 306, 1793–1796.
[CrossRef] [PubMed]

53. Bishop, M.T.; Hart, P.; Aitchison, L.; Baybutt, H.N.; Plinston, C.; Thomson, V.; Tuzi, N.L.; Head, M.W.; Ironside, J.W.; Will, R.G.;
et al. Predicting susceptibility and incubation time of human-to-human transmission of vCJD. Lancet Neurol. 2006, 5, 393–398.
[CrossRef]

54. Asante, E.A.; Linehan, J.M.; Gowland, I.; Joiner, S.; Fox, K.; Cooper, S.; Osiguwa, O.; Gorry, M.; Welch, J.; Houghton, R.; et al.
Dissociation of pathological and molecular phenotype of variant Creutzfeldt-Jakob disease in transgenic human prion protein
129 heterozygous mice. Proc. Natl. Acad. Sci. USA 2006, 103, 10759–10764. [CrossRef] [PubMed]

55. Bruce, M.E.; McConnell, I.; Will, R.G.; Ironside, J.W. Detection of variant Creutzfeldt-Jakob disease infectivity in extraneural
tissues. Lancet 2001, 358, 208–209. [CrossRef]

56. Bishop, M.T.; Diack, A.B.; Ritchie, D.L.; Ironside, J.W.; Will, R.G.; Manson, J.C. Prion infectivity in the spleen of a PRNP
heterozygous individual with subclinical variant Creutzfeldt-Jakob disease. Brain 2013, 136, 1139–1145. [CrossRef]

57. Diack, A.B.; Boyle, A.; Plinston, C.; Hunt, E.; Bishop, M.T.; Will, R.G.; Manson, J.C. Variant Creutzfeldt-Jakob disease strain is
identical in individuals of two PRNP codon 129 genotypes. Brain 2019, 142, 1416–1428. [CrossRef]

58. Boyle, A.; Plinston, C.; Laing, F.; Mackenzie, G.; Will, R.G.; Manson, J.C.; Diack, A.B. No Adaptation of the Prion Strain in a
Heterozygous Case of Variant Creutzfeldt-Jakob Disease. Emerg. Infect. Dis. 2020, 26, 1300–1303. [CrossRef]

59. Diack, A.B.; Ritchie, D.; Bishop, M.; Pinion, V.; Brandel, J.P.; Haik, S.; Tagliavini, F.; Van Duijn, C.; Belay, E.D.; Gambetti, P.; et al.
Constant transmission properties of variant Creutzfeldt-Jakob disease in 5 countries. Emerg. Infect. Dis. 2012, 18, 1574–1579.
[CrossRef] [PubMed]

60. Diack, A.B.; Boyle, A.; Ritchie, D.; Plinston, C.; Kisielewski, D.; de Pedro-Cuesta, J.; Rábano, A.; Will, R.G.; Manson, J.C.
Similarities of Variant Creutzfeldt-Jakob Disease Strain in Mother and Son in Spain to UK Reference Case. Emerg. Infect. Dis. 2017,
23, 1593–1596. [CrossRef] [PubMed]

61. Bishop, M.T.; Ritchie, D.L.; Will, R.G.; Ironside, J.W.; Head, M.W.; Thomson, V.; Bruce, M.; Manson, J.C. No major change in vCJD
agent strain after secondary transmission via blood transfusion. PLoS ONE 2008, 3, e2878. [CrossRef] [PubMed]

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

63. Telling, G.C.; Parchi, P.; DeArmond, S.J.; Cortelli, P.; Montagna, P.; Gabizon, R.; Mastrianni, J.; Lugaresi, E.; Gambetti, P.; Prusiner,
S.B. Evidence for the conformation of the pathologic isoform of the prion protein enciphering and propagating prion diversity.
Science 1996, 274, 2079–2082. [CrossRef] [PubMed]

64. Somerville, R.A.; Chong, A.; Mulqueen, O.U.; Birkett, C.R.; Wood, S.C.; Hope, J. Biochemical typing of scrapie strains. Nature
1997, 386, 564. [CrossRef] [PubMed]

65. Safar, J.; Wille, H.; Itri, V.; Groth, D.; Serban, H.; Torchia, M.; Cohen, F.E.; Prusiner, S.B. Eight prion strains have PrP(Sc) molecules
with different conformations. Nat. Med. 1998, 4, 1157–1165. [CrossRef]

66. Caughey, B.; Raymond, G.J.; Bessen, R.A. Strain-dependent differences in beta-sheet conformations of abnormal prion protein. J.
Biol. Chem. 1998, 273, 32230–32235. [CrossRef]

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

http://doi.org/10.1136/vr.134.17.449
http://doi.org/10.1098/rstb.1994.0036
http://doi.org/10.1046/j.1365-2990.2003.00462.x
http://doi.org/10.1099/vir.0.013227-0
http://doi.org/10.1038/38925
http://www.ncbi.nlm.nih.gov/pubmed/9333232
http://doi.org/10.1073/pnas.96.26.15137
http://www.ncbi.nlm.nih.gov/pubmed/10611351
http://doi.org/10.1093/emboj/cdf653
http://doi.org/10.1126/science.1103932
http://www.ncbi.nlm.nih.gov/pubmed/15539564
http://doi.org/10.1016/S1474-4422(06)70413-6
http://doi.org/10.1073/pnas.0604292103
http://www.ncbi.nlm.nih.gov/pubmed/16809423
http://doi.org/10.1016/S0140-6736(01)05411-3
http://doi.org/10.1093/brain/awt032
http://doi.org/10.1093/brain/awz076
http://doi.org/10.3201/eid2606.191116
http://doi.org/10.3201/eid1810.120792
http://www.ncbi.nlm.nih.gov/pubmed/23017202
http://doi.org/10.3201/eid2309.170159
http://www.ncbi.nlm.nih.gov/pubmed/28820380
http://doi.org/10.1371/journal.pone.0002878
http://www.ncbi.nlm.nih.gov/pubmed/18682737
http://doi.org/10.1128/jvi.68.12.7859-7868.1994
http://doi.org/10.1126/science.274.5295.2079
http://www.ncbi.nlm.nih.gov/pubmed/8953038
http://doi.org/10.1038/386564a0
http://www.ncbi.nlm.nih.gov/pubmed/9121579
http://doi.org/10.1038/2654
http://doi.org/10.1074/jbc.273.48.32230
http://doi.org/10.1016/S0896-6273(02)00726-2


Pathogens 2021, 10, 1413 17 of 20

68. Parchi, P.; Giese, A.; Capellari, S.; Brown, P.; Schulz-Schaeffer, W.; Windl, O.; Zerr, I.; Budka, H.; Kopp, N.; Piccardo, P.; et al.
Classification of sporadic Creutzfeldt-Jakob disease based on molecular and phenotypic analysis of 300 subjects. Ann. Neurol.
1999, 46, 224–233. [CrossRef]

69. Parchi, P.; Capellari, S.; Chen, S.G.; Petersen, R.B.; Gambetti, P.; Kopp, N.; Brown, P.; Kitamoto, T.; Tateishi, J.; Giese, A.; et al.
Typing prion isoforms. Nature 1997, 386, 232–234. [CrossRef]

70. Variant CJD Cases Worldwide Creutzfeldt-Jakob Disease International Surveillance Network. Available online: https://www.
eurocjd.ed.ac.uk/data_tables (accessed on 1 July 2021).

71. Riverol, M.; Palma, J.A.; Alañá, M.; Guerrero-Márquez, C.; Luquin, M.R.; Rábano, A. Variant Creutzfeldt-Jakob disease occurring
in mother and son. J. Neurol. Neurosurg. Psychiatry 2012, 83, 235–236. [CrossRef]

72. Jansen, G.H.; Voll, C.L.; Robinson, C.A.; Gervais, R.; Sutcliffe, T.; Bergeron, C.; Coulthart, M.B.; Giulivi, A. First case of variant
Creutzfeldt-Jakob disease in Canada. Can. Commun. Dis. Rep. 2003, 29, 117–120.

73. Yamada, M. Variant CJD Working Group, Creutzfeldt-Jakob Disease Surveillance Committee, Japan. The first Japanese case of
variant Creutzfeldt-Jakob disease showing periodic electroencephalogram. Lancet 2006, 367, 874. [CrossRef]

74. Holman, R.C.; Belay, E.D.; Christensen, K.Y.; Maddox, R.A.; Minino, A.M.; Folkema, A.M.; Haberling, D.L.; Hammett, T.A.;
Kochanek, K.D.; Sejvar, J.J.; et al. Human prion diseases in the United States. PLoS ONE 2010, 5, e8521. [CrossRef]

75. Brandel, J.P.; Heath, C.A.; Head, M.W.; Levavasseur, E.; Knight, R.; Laplanche, J.L.; Langeveld, J.P.; Ironside, J.W.; Hauw, J.J.;
Mackenzie, J.; et al. Variant Creutzfeldt-Jakob disease in France and the United Kingdom: Evidence for the same agent strain.
Ann. Neurol. 2009, 65, 249–256. [CrossRef] [PubMed]

76. Yang, C.W.; Fuh, J.L.; Wang, S.J.; Lirng, J.F.; Yang, C.C.; Cheng, S.J. Probable variant Creutzfeldt–Jakob disease in Asia: A case
report from Taiwan and review of two prior cases. Psychiatry Clin. Neurosci. 2010, 64, 652–658. [CrossRef]

77. Maheshwari, A.; Fischer, M.; Gambetti, P.; Parker, A.; Ram, A.; Soto, C.; Concha-Marambio, L.; Cohen, Y.; Belay, E.D.; Maddox,
R.A.; et al. Recent US Case of Variant Creutzfeldt-Jakob Disease-Global Implications. Emerg. Infect. Dis. 2015, 21, 750–759.
[CrossRef] [PubMed]

78. Sanchez-Juan, P.; Cousens, S.N.; Will, R.G.; van Duijn, C.M. Source of variant Creutzfeldt-Jakob disease outside United Kingdom.
Emerg. Infect. Dis. 2007, 13, 1166–1169. [CrossRef]

79. Chadeau-Hyam, M.; Tard, A.; Bird, S.; Le Guennec, S.; Bemrah, N.; Volatier, J.L.; Alpérovitch, A. Estimation of the exposure of the
French population to the BSE agent: Comparison of the 1980-95 consumption of beef products containing mechanically recovered
meat in France and the UK, by birth cohort and gender. Stat. Methods Med. Res. 2003, 12, 247–260. [CrossRef] [PubMed]

80. Creutzfeldt-Jakob Disease Surveillance in the UK, 29th Annual Report 2019. National CJD Research & Surveillance Unit,
University of Edinburgh. Available online: https://www.cjd.ed.ac.uk/sites/default/files/Report28.pdf (accessed on 1 July 2021).

81. Brandel, J.P.; Vlaicu, M.B.; Culeux, A.; Belondrade, M.; Bougard, D.; Grznarova, K.; Denouel, A.; Plu, I.; Bouaziz-Amar, E.;
Seilhean, D.; et al. Variant Creutzfeldt-Jakob Disease Diagnosed 7.5 Years after Occupational Exposure. N. Engl. J. Med. 2020, 383,
83–85. [CrossRef]

82. Ward, H.J.; Everington, D.; Cousens, S.N.; Smith-Bathgate, B.; Leitch, M.; Cooper, S.; Heath, C.; Knight, R.S.; Smith, P.G.; Will, R.G.
Risk factors for variant Creutzfeldt-Jakob disease: A case-control study. Ann. Neurol. 2006, 59, 111–120. [CrossRef]

83. Watson, N.; Brandel, J.P.; Green, A.; Hermann, P.; Ladogana, A.; Lindsay, T.; Mackenzie, J.; Pocchiari, M.; Smith, C.; Zerr, I.;
et al. The importance of ongoing international surveillance for Creutzfeldt-Jakob disease. Nat. Rev. Neurol. 2021, 17, 362–379.
[CrossRef] [PubMed]

84. Mok, T.; Jaunmuktane, Z.; Joiner, S.; Campbell, T.; Morgan, C.; Wakerley, B.; Golestani, F.; Rudge, P.; Mead, S.; Jäger, H.R.; et al.
Variant Creutzfeldt-Jakob Disease in a Patient with Heterozygosity at PRNP Codon 129. N. Engl. J. Med. 2017, 376, 292–294.
[CrossRef]

85. Kaski, D.; Mead, S.; Hyare, H.; Cooper, S.; Jampana, R.; Overell, J.; Knight, R.; Collinge, J.; Rudge, P. Variant CJD in an individual
heterozygous for PRNP codon 129. Lancet 2009, 374, 2128. [CrossRef]

86. Jones, M.; Peden, A.H.; Prowse, C.V.; Gröner, A.; Manson, J.C.; Turner, M.L.; Ironside, J.W.; MacGregor, I.R.; Head, M.W. In vitro
amplification and detection of variant Creutzfeldt-Jakob disease PrPSc. J. Pathol. 2007, 213, 21–26. [CrossRef] [PubMed]

87. Dorsey, K.; Zou, S.; Schonberger, L.B.; Sullivan, M.; Kessler, D.; Notari, E., IV; Fang, C.T.; Dodd, R.Y. Lack of evidence of
transfusion transmission of Creutzfeldt-Jakob disease in a US surveillance study. Transfusion 2009, 49, 977–984. [CrossRef]

88. Puopolo, M.; Ladogana, A.; Vetrugno, V.; Pocchiari, M. Transmission of sporadic Creutzfeldt-Jakob disease by blood transfusion:
Risk factor or possible biases. Transfusion 2011, 51, 1556–1566. [CrossRef] [PubMed]

89. Head, M.W.; Ritchie, D.; Smith, N.; McLoughlin, V.; Nailon, W.; Samad, S.; Masson, S.; Bishop, M.; McCardle, L.; Ironside,
J.W. Peripheral tissue involvement in sporadic, iatrogenic, and variant Creutzfeldt-Jakob disease: An immunohistochemical,
quantitative, and biochemical study. Am. J. Pathol. 2004, 164, 143–153. [CrossRef]

90. Hill, A.F.; Zeidler, M.; Ironside, J.; Collinge, J. Diagnosis of new variant Creutzfeldt-Jakob disease by tonsil biopsy. Lancet 1997,
349, 99–100. [CrossRef]

91. Hilton, D.A.; Fathers, E.; Edwards, P.; Ironside, J.W.; Zajicek, J. Prion immunoreactivity in appendix before clinical onset of variant
Creutzfeldt-Jakob disease. Lancet 1998, 352, 703–704. [CrossRef]

92. Joiner, S.; Linehan, J.; Brandner, S.; Wadsworth, J.D.; Collinge, J. Irregular presence of abnormal prion protein in appendix in
variant Creutzfeldt-Jakob disease. J. Neurol. Neurosurg. Psychiatry 2002, 73, 597–598. [CrossRef] [PubMed]

http://doi.org/10.1002/1531-8249(199908)46:2&lt;224::AID-ANA12&gt;3.0.CO;2-W
http://doi.org/10.1038/386232a0
https://www.eurocjd.ed.ac.uk/data_tables
https://www.eurocjd.ed.ac.uk/data_tables
http://doi.org/10.1136/jnnp.2010.232074
http://doi.org/10.1016/S0140-6736(06)68344-X
http://doi.org/10.1371/journal.pone.0008521
http://doi.org/10.1002/ana.21583
http://www.ncbi.nlm.nih.gov/pubmed/19334063
http://doi.org/10.1111/j.1440-1819.2010.02151.x
http://doi.org/10.3201/eid2105.142017
http://www.ncbi.nlm.nih.gov/pubmed/25897712
http://doi.org/10.3201/eid1308.070178
http://doi.org/10.1191/0962280203sm330ra
http://www.ncbi.nlm.nih.gov/pubmed/12828245
https://www.cjd.ed.ac.uk/sites/default/files/Report28.pdf
http://doi.org/10.1056/NEJMc2000687
http://doi.org/10.1002/ana.20708
http://doi.org/10.1038/s41582-021-00488-7
http://www.ncbi.nlm.nih.gov/pubmed/33972773
http://doi.org/10.1056/NEJMc1610003
http://doi.org/10.1016/S0140-6736(09)61568-3
http://doi.org/10.1002/path.2204
http://www.ncbi.nlm.nih.gov/pubmed/17614097
http://doi.org/10.1111/j.1537-2995.2008.02056.x
http://doi.org/10.1111/j.1537-2995.2010.03004.x
http://www.ncbi.nlm.nih.gov/pubmed/21214582
http://doi.org/10.1016/S0002-9440(10)63105-7
http://doi.org/10.1016/S0140-6736(97)24002-X
http://doi.org/10.1016/S0140-6736(98)24035-9
http://doi.org/10.1136/jnnp.73.5.597
http://www.ncbi.nlm.nih.gov/pubmed/12397162


Pathogens 2021, 10, 1413 18 of 20

93. Houston, F.; Foster, J.D.; Chong, A.; Hunter, N.; Bostock, C.J. Transmission of BSE by blood transfusion in sheep. Lancet 2000, 356,
999–1000. [CrossRef]

94. Hunter, N.; Foster, J.; Chong, A.; McCutcheon, S.; Parnham, D.; Eaton, S.; MacKenzie, C.; Houston, F. Transmission of prion
diseases by blood transfusion. J. Gen. Virol. 2002, 83, 2897–2905. [CrossRef] [PubMed]

95. Houston, F.; McCutcheon, S.; Goldmann, W.; Chong, A.; Foster, J.; Sisó, S.; González, L.; Jeffrey, M.; Hunter, N. Prion diseases are
efficiently transmitted by blood transfusion in sheep. Blood 2008, 112, 4739–4745. [CrossRef] [PubMed]

96. Llewelyn, C.A.; Hewitt, P.E.; Knight, R.S.; Amar, K.; Cousens, S.; Mackenzie, J.; Will, R.G. Possible transmission of variant
Creutzfeldt-Jakob disease by blood transfusion. Lancet 2004, 363, 417–421. [CrossRef]

97. Hewitt, P.E.; Llewelyn, C.A.; Mackenzie, J.; Will, R.G. Creutzfeldt-Jakob disease and blood transfusion: Results of the UK
Transfusion Medicine Epidemiological Review study. Vox Sang. 2006, 91, 221–230. [CrossRef]

98. Wroe, S.J.; Pal, S.; Siddique, D.; Hyare, H.; Macfarlane, R.; Joiner, S.; Linehan, J.M.; Brandner, S.; Wadsworth, J.D.; Hewitt, P.; et al.
Clinical presentation and pre-mortem diagnosis of variant Creutzfeldt-Jakob disease associated with blood transfusion: A case
report. Lancet 2006, 368, 2061–2067. [CrossRef]

99. Peden, A.H.; Head, M.W.; Ritchie, D.L.; Bell, J.E.; Ironside, J.W. Preclinical vCJD after blood transfusion in a PRNP codon 129
heterozygous patient. Lancet 2004, 364, 527–529. [CrossRef]

100. Garske, T.; Ghani, A.C. Uncertainty in the Tail of the Variant Creutzfeldt-Jakob Disease Epidemic in the UK. PLoS ONE 2010, 5, 5.
[CrossRef] [PubMed]

101. Valleron, A.J.; Boelle, P.Y.; Will, R.; Cesbron, J.Y. Estimation of epidemic size and incubation time based on age characteristics of
vCJD in the United Kingdom. Science 2001, 294, 1726–1728. [CrossRef]

102. Ghani, A.C.; Ferguson, N.M.; Donnelly, C.A.; Anderson, R.M. Short-term projections for variant Creutzfeldt-Jakob disease onsets.
Stat. Methods Med. Res. 2003, 12, 191–201. [CrossRef] [PubMed]

103. Urwin, P.J.; Mackenzie, J.M.; Llewelyn, C.A.; Will, R.G.; Hewitt, P.E. Creutzfeldt-Jakob disease and blood transfusion: Updated
results of the UK Transfusion Medicine Epidemiology Review Study. Vox Sang. 2016, 110, 310–316. [CrossRef]

104. McCutcheon, S.; Alejo Blanco, A.R.; Houston, E.F.; de Wolf, C.; Tan, B.C.; Smith, A.; Groschup, M.H.; Hunter, N.; Hornsey, V.S.;
MacGregor, I.R.; et al. All clinically-relevant blood components transmit prion disease following a single blood transfusion: A
sheep model of vCJD. PLoS ONE 2011, 8, e23169. [CrossRef] [PubMed]

105. Head, M.W.; Yull, H.M.; Ritchie, D.L.; Bishop, M.T.; Ironside, J.W. Pathological investigation of the first blood donor and recipient
pair linked by transfusion-associated variant Creutzfeldt-Jakob disease transmission. Neuropathol. Appl. Neurobiol. 2009, 35,
433–436. [CrossRef] [PubMed]

106. El Tawil, S.; Mackay, G.; Davidson, L.; Summers, D.; Knight, R.; Will, R. Variant Creutzfeldt-Jakob disease in older patients. J.
Neurol. Neurosurg. Psychiatry 2015, 86, 1279–1280. [CrossRef]

107. Comoy, E.E.; Mikol, J.; Jaffré, N.; Lebon, V.; Levavasseur, E.; Streichenberger, N.; Sumian, C.; Perret-Liaudet, A.; Eloit, M.;
Andreoletti, O.; et al. Experimental transfusion of variant CJD-infected blood reveals previously uncharacterised prion disorder
in mice and macaque. Nat. Commun. 2017, 2, 1268. [CrossRef] [PubMed]

108. Peden, A.; McCardle, L.; Head, M.W.; Love, S.; Ward, H.J.; Cousens, S.N.; Keeling, D.M.; Millar, C.M.; Hill, F.G.; Ironside, J.W.
Variant CJD infection in the spleen of a neurologically asymptomatic UK adult patient with haemophilia. Haemophilia 2010, 16,
296–304. [CrossRef]

109. Advisory Committee on the Safety of Blood, Tissues and Organs (SaBTO), Gov UK. Available online: https://www.gov.uk/
government/groups/advisory-committee-on-the-safety-of-blood-tissues-and-organs (accessed on 1 July 2021).

110. Edgeworth, J.A.; Farmer, M.; Sicilia, A.; Tavares, P.; Beck, J.; Campbell, T.; Lowe, J.; Mead, S.; Rudge, P.; Collinge, J.; et al. Detection
of prion infection in variant Creutzfeldt-Jakob disease: A blood-based assay. Lancet 2011, 377, 487–493. [CrossRef]

111. Jackson, G.S.; Burk-Rafel, J.; Edgeworth, J.A.; Sicilia, A.; Abdilahi, S.; Korteweg, J.; Mackey, J.; Thomas, C.; Wang, G.; Schott, J.M.;
et al. Population screening for variant Creutzfeldt-Jakob disease using a novel blood test: Diagnostic accuracy and feasibility
study. JAMA Neurol. 2014, 71, 421–428. [CrossRef]

112. Bougard, D.; Brandel, J.P.; Bélondrade, M.; Béringue, V.; Segarra, C.; Fleury, H.; Laplanche, J.L.; Mayran, C.; Nicot, S.; Green, A.;
et al. Detection of prions in the plasma of presymptomatic and symptomatic patients with variant Creutzfeldt-Jakob disease. Sci.
Transl. Med. 2016, 8, 370ra182. [CrossRef] [PubMed]

113. Lacroux, C.; Comoy, E.; Moudjou, M.; Perret-Liaudet, A.; Lugan, S.; Litaise, C.; Simmons, H.; Jas-Duval, C.; Lantier, I.; Béringue,
V.; et al. Preclinical detection of variant CJD and BSE prions in blood. PLoS Pathog. 2014, 10, e1004202. [CrossRef] [PubMed]

114. Concha-Marambio, L.; Chacon, M.A.; Soto, C. Preclinical Detection of Prions in Blood of Nonhuman Primates Infected with
Variant Creutzfeldt-Jakob Disease. Emerg. Infect. Dis. 2020, 26, 34–43. [CrossRef]

115. Concha-Marambio, L.; Pritzkow, S.; Moda, F.; Tagliavini, F.; Ironside, J.W.; Schulz, P.E.; Soto, C. Detection of prions in blood from
patients with variant Creutzfeldt-Jakob disease. Sci. Transl. Med. 2016, 8, 370ra183. [CrossRef] [PubMed]

116. Atarashi, R.; Sano, K.; Satoh, K.; Nishida, N. Real-time quaking-induced conversion: A highly sensitive assay for prion detection.
Prion 2011, 5, 150–153. [CrossRef]

117. Wilham, J.M.; Orrú, C.D.; Bessen, R.A.; Atarashi, R.; Sano, K.; Race, B.; Meade-White, K.D.; Taubner, L.M.; Timmes, A.; Caughey,
B. Rapid end-point quantitation of prion seeding activity with sensitivity comparable to bioassays. PLoS Pathog. 2010, 6, e1001217.
[CrossRef]

http://doi.org/10.1016/S0140-6736(00)02719-7
http://doi.org/10.1099/0022-1317-83-11-2897
http://www.ncbi.nlm.nih.gov/pubmed/12388826
http://doi.org/10.1182/blood-2008-04-152520
http://www.ncbi.nlm.nih.gov/pubmed/18647958
http://doi.org/10.1016/S0140-6736(04)15486-X
http://doi.org/10.1111/j.1423-0410.2006.00833.x
http://doi.org/10.1016/S0140-6736(06)69835-8
http://doi.org/10.1016/S0140-6736(04)16811-6
http://doi.org/10.1371/journal.pone.0015626
http://www.ncbi.nlm.nih.gov/pubmed/21203419
http://doi.org/10.1126/science.1066838
http://doi.org/10.1191/0962280203sm327ra
http://www.ncbi.nlm.nih.gov/pubmed/12828241
http://doi.org/10.1111/vox.12371
http://doi.org/10.1371/journal.pone.0023169
http://www.ncbi.nlm.nih.gov/pubmed/21858015
http://doi.org/10.1111/j.1365-2990.2009.01025.x
http://www.ncbi.nlm.nih.gov/pubmed/19490428
http://doi.org/10.1136/jnnp-2014-309397
http://doi.org/10.1038/s41467-017-01347-0
http://www.ncbi.nlm.nih.gov/pubmed/29097653
http://doi.org/10.1111/j.1365-2516.2009.02181.x
https://www.gov.uk/government/groups/advisory-committee-on-the-safety-of-blood-tissues-and-organs
https://www.gov.uk/government/groups/advisory-committee-on-the-safety-of-blood-tissues-and-organs
http://doi.org/10.1016/S0140-6736(10)62308-2
http://doi.org/10.1001/jamaneurol.2013.6001
http://doi.org/10.1126/scitranslmed.aag1257
http://www.ncbi.nlm.nih.gov/pubmed/28003547
http://doi.org/10.1371/journal.ppat.1004202
http://www.ncbi.nlm.nih.gov/pubmed/24945656
http://doi.org/10.3201/eid2601.181423
http://doi.org/10.1126/scitranslmed.aaf6188
http://www.ncbi.nlm.nih.gov/pubmed/28003548
http://doi.org/10.4161/pri.5.3.16893
http://doi.org/10.1371/journal.ppat.1001217


Pathogens 2021, 10, 1413 19 of 20

118. Peden, A.H.; McGuire, L.I.; Appleford, N.E.J.; Mallinson, G.; Wilham, J.M.; Orrú, C.D.; Caughey, B.; Ironside, J.W.; Knight,
R.S.; Will, R.G.; et al. Sensitive and specific detection of sporadic Creutzfeldt-Jakob disease brain prion protein using real-time
quaking-induced conversion. J. Gen. Virol. 2012, 93, 438–449. [CrossRef]

119. Orrú, C.D.; Wilham, J.M.; Raymond, L.D.; Kuhn, F.; Schroeder, B.; Raeber, A.J.; Caughey, B. Prion disease blood test using
immunoprecipitation and improved quaking-induced conversion. MBio 2011, 2, e00078-11. [CrossRef]

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

121. Green, A.J.E.; Zanusso, G. Prion protein amplification techniques. Handb. Clin. Neurol. 2018, 153, 357–370. [CrossRef]
122. Diagnostic Criteria for Human Prion Diseases, National CJD Research & Surveillance Unit. Available online: http://www.cjd.ed.

ac.uk/sites/default/files/criteria_0.pdf (accessed on 1 July 2021).
123. Heath, C.A.; Cooper, S.A.; Murray, K.; Lowman, A.; Henry, C.; MacLeod, M.A.; Stewart, G.E.; Zeidler, M.; MacKenzie, J.M.;

Ironside, J.W.; et al. Validation of diagnostic criteria for variant Creutzfeldt-Jakob disease. Ann. Neurol. 2010, 67, 761–770.
[CrossRef] [PubMed]

124. Barbot, C.; Castro, L.; Oliveira, C.; Carpenter, S. Variant Creutzfeldt-Jakob disease: The first confirmed case from Portugal shows
early onset, long duration and unusual pathology. J. Neurol. Neurosurg. Psychiatry 2010, 81, 112–114. [CrossRef] [PubMed]

125. Cooper, J.D.; Bird, S.M. UK dietary exposure to BSE in beef mechanically recovered meat: By birth cohort and gender. J. Cancer
Epidemiol. Prev. 2002, 7, 59–70. [CrossRef] [PubMed]

126. Boëlle, P.Y.; Cesbron, J.Y.; Valleron, A.J. Epidemiological evidence of higher susceptibility to vCJD in the young. BMC Infect. Dis.
2004, 4, 26. [CrossRef]

127. Zeidler, M.; Johnstone, E.C.; Bamber, R.W.; Dickens, C.M.; Fisher, C.J.; Francis, A.F.; Goldbeck, R.; Higgo, R.; Johnson-Sabine, E.C.;
Lodge, G.J.; et al. New variant Creutzfeldt-Jakob disease: Psychiatric features. Lancet 1997, 350, 908–910. [CrossRef]

128. Spencer, M.D.; Knight, R.S.; Will, R.G. First hundred cases of variant Creutzfeldt-Jakob disease: Retrospective case note review of
early psychiatric and neurological features. BMJ 2002, 324, 1479–1482. [CrossRef]

129. Macleod, M.A.; Stewart, G.E.; Zeidler, M.; Will, R.; Knight, R. Sensory features of variant Creutzfeldt-Jakob disease. J. Neurol.
2002, 249, 706–711. [CrossRef]

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

131. Collie, D.A.; Summers, D.M.; Sellar, R.J.; Ironside, J.W.; Cooper, S.; Zeidler, M.; Knight, R.; Will, R.G. Diagnosing variant
Creutzfeldt-Jakob disease with the pulvinar sign: MR imaging findings in 86 neuropathologically confirmed cases. AJNR Am. J.
Neuroradiol. 2003, 24, 1560–1569.

132. Steinhoff, B.J.; Zerr, I.; Glatting, M.; Schulz-Schaeffer, W.; Poser, S.; Kretzschmar, H.A. Diagnostic value of periodic complexes in
Creutzfeldt-Jakob disease. Ann. Neurol. 2004, 56, 702–708. [CrossRef] [PubMed]

133. Schmitz, M.; Ebert, E.; Stoeck, K.; Karch, A.; Collins, S.; Calero, M.; Sklaviadis, T.; Laplanche, J.L.; Golanska, E.; Baldeiras, I.; et al.
Validation of 14-3-3 Protein as a Marker in Sporadic Creutzfeldt-Jakob Disease Diagnostic. Mol. Neurobiol. 2016, 53, 2189–2199.
[CrossRef]

134. Green, A.J.E. RT-QuIC: A new test for sporadic CJD. Pract. Neurol. 2019, 19, 49–55. [CrossRef]
135. Binelli, S.; Agazzi, P.; Giaccone, G.; Will, R.G.; Bugiani, O.; Franceschetti, S.; Tagliavini, F. Periodic electroencephalogram

complexes in a patient with variant Creutzfeldt-Jakob disease. Ann. Neurol. 2006, 59, 423–427. [CrossRef]
136. Green, A.J.; Thompson, E.J.; Stewart, G.E.; Zeidler, M.; McKenzie, J.M.; MacLeod, M.A.; Ironside, J.W.; Will, R.G.; Knight, R.S.

Use of 14-3-3 and other brain-specific proteins in CSF in the diagnosis of variant Creutzfeldt-Jakob disease. J. Neurol. Neurosurg.
Psychiatry 2001, 70, 744–748. [CrossRef] [PubMed]

137. Ironside, J.W.; McCardle, L.; Horsburgh, A.; Lim, Z.; Head, M.W. Pathological diagnosis of variant Creutzfeldt-Jakob disease.
Apmis 2002, 110, 79–87. [CrossRef]

138. Head, M.W.; Ironside, J.W.; Ghetti, B.; Jeffrey, M.; Piccardo, P.; Will, R.G. Prion diseases. In Greenfield’s Neuropathology, 9th ed.;
Love, S., Budka, H., Ironside, J.W., Perry, A., Eds.; CRC Press: Boca Raton, FL, USA, 2015; Volume 2, pp. 1016–1086.

139. Ironside, J.W.; Sutherland, K.; Bell, J.E.; McCardle, L.; Barrie, C.; Estebeiro, K.; Zeidler, M.; Will, R.G. A new variant of Creutzfeldt-
Jakob disease: Neuropathological and clinical features. Cold Spring Harb. Symp. Quant. Biol. 1996, 61, 523–530.

140. Takashima, S.; Tateishi, J.; Taguchi, Y.; Hirade, S.; Inoue, H.; Matsui, Y.; Furukawa, H. Creutzfeldt-Jakob disease with a widespread
presence of kuru-type plaques after cadaveric dural graft replacement. An autopsy case. Rinsho Shinkeigaku Clin. Neurol. 1997, 37,
824–828. (In Japanese)

141. Shimizu, S.; Hoshi, K.; Muramoto, T.; Homma, M.; Ironside, J.W.; Kuzuhara, S.; Sato, T.; Yamamoto, T.; Kitamoto, T. Creutzfeldt-
Jakob disease with florid-type plaques after cadaveric dura mater grafting. Arch. Neurol. 1999, 56, 357–362. [CrossRef] [PubMed]

142. Kretzschmar, H.A.; Sethi, S.; Földvári, Z.; Windl, O.; Querner, V.; Zerr, I.; Poser, S. Iatrogenic Creutzfeldt-Jakob disease with florid
plaques. Brain Pathol. 2003, 13, 245–249. [CrossRef] [PubMed]

143. Haïk, S.; Faucheux, B.A.; Sazdovitch, V.; Privat, N.; Kemeny, J.L.; Perret-Liaudet, A.; Hauw, J.J. The sympathetic nervous system
is involved in variant Creutzfeldt-Jakob disease. Nat. Med. 2003, 9, 1121–1123. [CrossRef] [PubMed]

http://doi.org/10.1099/vir.0.033365-0
http://doi.org/10.1128/mBio.00078-11
http://doi.org/10.1371/journal.ppat.1004983
http://doi.org/10.1016/B978-0-444-63945-5.00019-2
http://www.cjd.ed.ac.uk/sites/default/files/criteria_0.pdf
http://www.cjd.ed.ac.uk/sites/default/files/criteria_0.pdf
http://doi.org/10.1002/ana.21987
http://www.ncbi.nlm.nih.gov/pubmed/20517937
http://doi.org/10.1136/jnnp.2009.164293
http://www.ncbi.nlm.nih.gov/pubmed/20019229
http://doi.org/10.1080/147666502321082728
http://www.ncbi.nlm.nih.gov/pubmed/12501956
http://doi.org/10.1186/1471-2334-4-26
http://doi.org/10.1016/S0140-6736(97)03148-6
http://doi.org/10.1136/bmj.324.7352.1479
http://doi.org/10.1007/s00415-002-0696-2
http://doi.org/10.1016/S0140-6736(97)07472-2
http://doi.org/10.1002/ana.20261
http://www.ncbi.nlm.nih.gov/pubmed/15449324
http://doi.org/10.1007/s12035-015-9167-5
http://doi.org/10.1136/practneurol-2018-001935
http://doi.org/10.1002/ana.20768
http://doi.org/10.1136/jnnp.70.6.744
http://www.ncbi.nlm.nih.gov/pubmed/11385008
http://doi.org/10.1034/j.1600-0463.2002.100110.x
http://doi.org/10.1001/archneur.56.3.357
http://www.ncbi.nlm.nih.gov/pubmed/10190828
http://doi.org/10.1111/j.1750-3639.2003.tb00025.x
http://www.ncbi.nlm.nih.gov/pubmed/12946015
http://doi.org/10.1038/nm922
http://www.ncbi.nlm.nih.gov/pubmed/12937415


Pathogens 2021, 10, 1413 20 of 20

144. Peden, A.H.; Ritchie, D.L.; Head, M.W.; Ironside, J.W. Detection and localization of PrPSc in the skeletal muscle of patients with
variant, iatrogenic, and sporadic forms of Creutzfeldt-Jakob disease. Am. J. Pathol. 2006, 168, 927–935. [CrossRef] [PubMed]

145. Peden, A.H.; Ritchie, D.L.; Uddin, H.P.; Dean, A.F.; Schiller, K.A.F.; Head, M.W.; Ironside, J.W. Abnormal prion protein in the
pituitary in sporadic and variant Creutzfeldt-Jakob disease. J. Gen. Virol. 2007, 88, 1068–1072. [CrossRef]

146. Notari, S.; Moleres, F.J.; Hunter, S.B.; Belay, E.D.; Schonberger, L.B.; Cali, I.; Parchi, P.; Shieh, W.J.; Brown, P.; Zaki, S.; et al.
Multiorgan detection and characterization of protease-resistant prion protein in a case of variant CJD examined in the United
States. PLoS ONE 2010, 5, e8765. [CrossRef] [PubMed]

147. Douet, J.Y.; Lacroux, C.; Aron, N.; Head, M.W.; Lugan, S.; Tillier, C.; Huor, A.; Cassard, H.; Arnold, M.; Beringue, V.; et al.
Distribution and Quantitative Estimates of Variant Creutzfeldt-Jakob Disease Prions in Tissues of Clinical and Asymptomatic
Patients. Emerg. Infect. Dis. 2017, 23, 946–956. [CrossRef] [PubMed]

148. Douet, J.Y.; Huor, A.; Cassard, H.; Lugan, S.; Aron, N.; Arnold, M.; Vilette, D.; Torres, J.M.; Ironside, J.W.; Andreoletti, O.
Wide distribution of prion infectivity in the peripheral tissues of vCJD and sCJD patients. Acta Neuropathol. 2021, 141, 383–397.
[CrossRef] [PubMed]

149. Moda, F.; Gambetti, P.; Notari, S.; Concha-Marambio, L.; Catania, M.; Park, K.W.; Maderna, E.; Suardi, S.; Haïk, S.;
Brandel, J.P.; et al. Prions in the urine of patients with variant Creutzfeldt-Jakob disease. N. Engl. J. Med. 2014, 371, 530–539.
[CrossRef]

150. Barria, M.A.; Lee, A.; Green, A.J.; Knight, R.; Head, M.W. Rapid amplification of prions from variant Creutzfeldt-Jakob disease
cerebrospinal fluid. J. Pathol. Clin. Res. 2018, 4, 86–92. [CrossRef] [PubMed]

151. Bougard, D.; Bélondrade, M.; Mayran, C.; Bruyère-Ostells, L.; Lehmann, S.; Fournier-Wirth, C.; Knight, R.S.; Will, R.G.; Green,
A.J.E. Diagnosis of Methionine/Valine Variant Creutzfeldt-Jakob Disease by Protein Misfolding Cyclic Amplification. Emerg.
Infect. Dis. 2018, 24, 1364–1366. [CrossRef] [PubMed]

152. Head, M.W.; Bunn, T.J.; Bishop, M.T.; McLoughlin, V.; Lowrie, S.; McKimmie, C.S.; Williams, M.C.; McCardle, L.; MacKenzie, J.;
Knight, R.; et al. Prion protein heterogeneity in sporadic but not variant Creutzfeldt-Jakob disease: UK cases 1991–2002. Ann.
Neurol. 2004, 55, 851–859. [CrossRef] [PubMed]

153. Collinge, J.; Whitfield, J.; McKintosh, E.; Beck, J.; Mead, S.; Thomas, D.J.; Alpers, M.P. Kuru in the 21st century–an acquired
human prion disease with very long incubation periods. Lancet 2006, 367, 2068–2074. [CrossRef]

154. Brown, P.; Brandel, J.P.; Sato, T.; Nakamura, Y.; MacKenzie, J.; Will, R.G.; Ladogana, A.; Pocchiari, M.; Leschek, E.W.; Schonberger,
L.B. Iatrogenic Creutzfeldt-Jakob disease, final assessment. Emerg. Infect. Dis. 2012, 18, 901–907. [CrossRef] [PubMed]

155. Hilton, D.A.; Ghani, A.C.; Conyers, L.; Edwards, P.; McCardle, L.; Ritchie, D.; Penney, M.; Hegazy, D.; Ironside, J.W. Prevalence of
lymphoreticular prion protein accumulation in UK tissue samples. J. Pathol. 2004, 203, 733–739. [CrossRef]

156. Gill, O.N.; Spencer, Y.; Richard-Loendt, A.; Kelly, C.; Dabaghian, R.; Boyes, L.; Linehan, J.; Simmons, M.; Webb, P.; Bellerby, P.; et al.
Prevalent abnormal prion protein in human appendixes after bovine spongiform encephalopathy epizootic: Large scale survey.
BMJ 2013, 347, f5675. [CrossRef] [PubMed]

157. Ironside, J.W.; Bishop, M.T.; Connolly, K.; Hegazy, D.; Lowrie, S.; Le Grice, M.; Ritchie, D.L.; McCardle, L.M.; Hilton, D.A. Variant
Creutzfeldt-Jakob disease: Prion protein genotype analysis of positive appendix tissue samples from a retrospective prevalence
study. BMJ 2006, 332, 1186–1188. [CrossRef] [PubMed]

158. Public Health England. Summary results of the third national survey of abnormal prion prevalence in archived appendix
specimens. Health Protection Report 2016; 10 (26):11–12, 12th August 2016. Available online: https://www.gov.uk/government/
uploads/system/uploads/attachment_data/file/546883/hpr2616.pdf (accessed on 1 July 2021).

159. Gill, O.N.; Spencer, Y.; Richard-Loendt, A.; Kelly, C.; Brown, D.; Sinka, K.; Andrews, N.; Dabaghian, R.; Simmons, M.;
Edwards, P.; et al. Prevalence in Britain of abnormal prion protein in human appendices before and after exposure to the
cattle BSE epizootic. Acta Neuropathol. 2020, 139, 965–976. [CrossRef]

160. Turnbull, A.; Osborn, M.; Nicholas, N. Hospital autopsy: Endangered or extinct? J. Clin. Pathol. 2015, 68, 601–604. [CrossRef]

http://doi.org/10.2353/ajpath.2006.050788
http://www.ncbi.nlm.nih.gov/pubmed/16507908
http://doi.org/10.1099/vir.0.81913-0
http://doi.org/10.1371/journal.pone.0008765
http://www.ncbi.nlm.nih.gov/pubmed/20098730
http://doi.org/10.3201/eid2306.161734
http://www.ncbi.nlm.nih.gov/pubmed/28518033
http://doi.org/10.1007/s00401-021-02270-x
http://www.ncbi.nlm.nih.gov/pubmed/33532912
http://doi.org/10.1056/NEJMoa1404401
http://doi.org/10.1002/cjp2.90
http://www.ncbi.nlm.nih.gov/pubmed/29665324
http://doi.org/10.3201/eid2407.172105
http://www.ncbi.nlm.nih.gov/pubmed/29912702
http://doi.org/10.1002/ana.20127
http://www.ncbi.nlm.nih.gov/pubmed/15174020
http://doi.org/10.1016/S0140-6736(06)68930-7
http://doi.org/10.3201/eid1806.120116
http://www.ncbi.nlm.nih.gov/pubmed/22607808
http://doi.org/10.1002/path.1580
http://doi.org/10.1136/bmj.f5675
http://www.ncbi.nlm.nih.gov/pubmed/24129059
http://doi.org/10.1136/bmj.38804.511644.55
http://www.ncbi.nlm.nih.gov/pubmed/16606639
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/546883/hpr2616.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/546883/hpr2616.pdf
http://doi.org/10.1007/s00401-020-02153-7
http://doi.org/10.1136/jclinpath-2014-202700

	Introduction 
	The Emergence of vCJD 
	BSE and vCJD, A Single Strain of Agent 
	Animal Models of vCJD 
	Biochemical Properties of PrPSc in vCJD 

	Epidemiology 
	Primary Cases of vCJD 
	Secondary Human-to-Human Transmission of vCJD in the UK 

	Diagnosis 
	Clinical Features 
	Neuropathology 
	Peripheral Pathology 
	Biochemical Features 

	Current Public Health Concerns from vCJD 
	Concluding Remarks 
	References

