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ABSTRACT. Bovine spongiform encephalopathy (BSE) created a global European crisis in the
1980s and 90s, with very serious health and economic implications. Classical BSE now appears to be
under control, to a great extent as a result of a global research effort that identified the sources of
prions in meat and bone meal (MBM) and developed new animal-testing tools that guided policy.
Priority (www.prionpriority.eu) was a European Union (EU) Framework Program 7 (FP7)-funded
project through which 21 European research institutions and small and medium enterprises (SMEs)
joined efforts between 2009 and 2014, to conduct coordinated basic and applied research on prions
and prion diseases. At the end of the project, the Priority consortium drafted a position paper (www.
prionpriority.eu/Priority position paper) with its main conclusions. In the present opinion paper, we
summarize these conclusions.
With respect to the issue of re-introducing ruminant protein into the feed-chain, our opinion is that sus
taining an absolute ban on feeding ruminant protein to ruminants is essential. In particular, the spread
and impact of non-classical forms of scrapie and BSE in ruminants is not fully understood and the
risks cannot be estimated. Atypical prion agents will probably continue to represent the dominant
form of prion diseases in the near future in Europe. Atypical L-type BSE has clear zoonotic potential,
as demonstrated in experimental models. Similarly, there are now data indicating that the atypical
scrapie agent can cross various species barriers. More epidemiological data from large cohorts are nec
essary to reach any conclusion on the impact of its transmissibility on public health. Re-evaluations of
safety precautions may become necessary depending on the outcome of these studies.
Intensified searching for molecular determinants of the species barrier is recommended, since this bar
rier is key for important policy areas and risk assessment. Understanding the structural basis for
strains and the basis for adaptation of a strain to a new host will require continued fundamental
research, also needed to understand mechanisms of prion transmission, replication and how they
cause nervous system dysfunction and death. Early detection of prion infection, ideally at a preclini
cal stage, also remains crucial for development of effective treatment strategies.
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The Priority Position

About 30 y ago, the appearance of BSE in
the United Kingdom (UK) quickly brought
the previously obscure “prion diseases” into
the public spotlight. The ensuing health and

food crises that spread throughout Europe
had devastating consequences. In the UK
alone, there were more than 36,000 farms
directly affected by BSE and the transmis-
sion of BSE prions to humans via the food
chain has caused over 200 people, most of
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them in Europe, to die from variant Creutz-
feldt-Jakob disease (vCJD).1

Classical BSE now appears to be under con-
trol, with 18 EU member states having achieved
the World Organization for Animal Health
(Office International des Epizooties) ‘negligible
risk’ status2 and the remaining member states
assessed as presenting ‘controlled’ risk. Of note,
research, including EU-funded research, has
played a key role in this success: while the ori-
gin of the infection was never defined, the prin-
cipal driver of the epidemic was identified as
prions in MBM.3 Tests based on the use of
prion protein-specific antibodies were devel-
oped, allowing detection of infected carcasses,
and a better understanding of disease pathogene-
sis and the distribution of infectivity in edible
tissues, and experimental investigation of trans-
mission barriers between different species
allowed an estimation of risks.4 All of this led
to the implementation of rational and effective
policies, such as the MBM ban to protect the
animal feed chain, and the Specified Risk Mate-
rial (SRM) regulations to protect the human
food chain (see reference 5 for an update on rel-
evant EU legislation5).

In spite of this progress, prions are still a threat.
Epidemiological re-assessment, and data on late-
onset kuru in 129M/V heterozygous PRNP car-
riers,6 indicate that the period separating the peaks
of the BSE and the vCJD epidemic (»10 years) is
probably too short to include potential late-onset
vCJD.7-8 In addition, results from a large number
of human tonsil and appendix analyses in the UK
suggest that there may be a high number of
asymptomatic individuals who are positive for the
disease-associated prion protein conformer,
PrPSc.10 While vCJD is the only form of human
prion disease that has been consistently demon-
strated to have lymphoreticular involvement,
there has been no systematic investigation of lym-
phoid tissue in humans with other prion diseases.

The Human Prion Problem

The clinical cases of vCJD identified to date
have all shared a common prion protein (PrP)
genotype, M129M, although one pre-clinical
case was confirmed as an M129V heterozygote,
and it has been mooted that perhaps only the

M129M proportion of the population is suscep-
tible. However, in the UK appendix study, PrP
accumulation was described in samples repre-
senting every codon 129 genotype. This raises
the possibility that PRNP genotype does not
confer resistance but instead modulates incuba-
tion period.10

Recent experiments in highly susceptible
mouse models indicate the presence of infectiv-
ity in blood or blood components at late disease
stages in sporadic CJD.11 The significance of
this experimental finding for humans has to be
explored in more detail, although, at the present
time, there is no evidence for the transmission
of prions via blood in sporadic CJD. However,
a likely scenario is that all cases with signs of
infection or abnormal PrP accumulation in
peripheral tissue could have infective blood,
posing the risk for transmission via blood prod-
ucts, and this has been clearly demonstrated in
experimental models,12 and confirmed in sev-
eral cases of vCJD in humans.9,13 Altogether,
these data clearly demonstrate the potential risk
of a second, late-onset wave of vCJD, particu-
larly when the number of people identified with
lymphoid accumulation of PrPSc (16/32411)
gives a prevalence estimate in the UK of 493
per million, much higher than the number of
clinical cases seen to date.

The Animal Prion Problem

An increasing number of reports of cases of
“atypical” BSE in cattle throughout the EU and
beyond, in part a reflection of increased testing
and awareness, may be a forewarning of a new
epidemic, particularly since we still do not
understand all the factors determining the spe-
cies barrier. Ovine scrapie is another concern,
because it could mask ovine BSE, presumably
transmissible to humans. While ovine scrapie
and BSE can be analytically told apart post-
mortem, differentiation is not easy in live ani-
mals– the clinical sign differences being very
subtle.14 Scrapie is endemic and not likely to
be eradicated soon, although current control
measures are effective at greatly reducing dis-
ease incidence. Atypical forms, which may be
spontaneous, are not affected by these control
measures and they will persist in the global
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animal population. These disease forms now
predominate, and effective surveillance is very
challenging, in part as a consequence of the
absence of clusters, which makes their identifi-
cation rather demanding in terms of labor and
costs. Atypical cases of BSE and scrapie pres-
ently clearly outnumber classical cases in cattle
and sheep in many member states. There is a
clear risk attendant on ignoring these cases with-
out an understanding of their possible zoonotic
potential, or their potential to become an animal
health problem should current feed controls be
relaxed, particularly when most forms of human
disease have no established etiology.15

The Priority Project

The Priority project was launched in Sep-
tember 2009. A Large Integrating Project
within the EU FP7, its immediate objective was
to “protect Europe’s food chain from prions,”
while its wider scope was to understand prions
by using basic and applied research. Priority
focused on 4 themes, namely: a) the structure,
function, conversion and toxicity of prions; b)
detection of prions; c) mechanisms of prion
transmission; and d) spreading and epidemiol-
ogy of prion diseases. The project ended in
September 2014. Research associated with the
project has resulted in publication of more than
100 scientific papers (www.prionpriority.eu),
and the elaboration of a Position paper with the
main conclusions of the consortium at the end
of the project. The current paper summarizes
the opinions/positions reached within these
themes at the end of the project. The full Prior-
ity position paper can be found in: www.prion
priority.eu/Priority position paper.

PRION STRUCTURE, FUNCTION,
CONVERSION AND TOXICITY

The mechanisms for conversion of the nor-
mal cellular prion protein, PrPC to PrPSc, as
well as strain diversity and transmission bar-
riers, are structurally enciphered.16,17 There-
fore, it is essential to understand the structure
of PrPSc in order to design methods to interfere
with prion propagation and spread.

PrPSc forms double amyloid fibers made up
of 2 intertwined fibrils, each »3–5 nm wide,
with no regular pitch. Fiber X-ray diffraction
data, cryo-EM analysis and geometric consider-
ations strongly suggest that each PrPSc mono-
mer stacked in each protofilament is a 4-rung
b-solenoid, with a high structural resemblance
to the HET-s fungal prion.18,19 Limited proteol-
ysis studies corroborate that PrPSc contains
stretches of high resistance to proteinase K
(PK), presumably b-strands, interspersed with
short stretches with a higher proteolytic suscep-
tibility, presumably loops and turns.20 The C-
terminal stretch (»180–231) is the most PK
resistant region, arguing that no residual a-heli-
cal structure remains in PrPSc.20 While this
knowledge of the structure of PrPSc is still far
from complete, it allows us to hypothesize how
propagation of PrPSc might occur: templating
must involve the upper- and lowermost rungs of
the b-solenoid. These edge strands are “sticky;”
they will propagate their hydrogen-bonding pat-
tern into any amyloidogenic peptide they
encounter.21 In fact, the b-strands of native pro-
teins based on a b-solenoid motif have evolved
to contain capping loops and other structures to
block unregulated stacking. Furthermore, the
elimination of the capping structures results in
edge-to-edge driven oligomerization.22 Thus,
the upper and lower b-solenoid rungs could
template an incoming unfolded PrP molecule,
creating additional b-solenoid rungs. Once the
initial additional b-rung has formed, it creates a
fresh ”sticky” edge ready to continue templating
until the whole incoming unfolded PrP molecule
is fully converted into another copy of the infec-
tious conformer, i.e., a complete 4-rung sole-
noid stacked on its template.

It is noteworthy that the molecular forces
responsible for the templating, i.e., hydrogen-
bonding, charge interactions, aromatic stacking,
and steric constraints, are fundamentally similar
to those operating during DNA replication. Obvi-
ously, the exquisite specificity of the A:T and G:C
pairings is lacking and instead, a muchmore com-
plex array of forces controls the pairing of the pre-
existing and nascent b-rungs.

Unraveling the early events in structural
prion formation in sporadic forms of prion dis-
ease is of major importance, since the
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conversion of PrPC to PrPSc is the central event
in prion diseases. Hereditary prion diseases are
associated with about 40 point mutations of the
PRNP gene that codes for PrP. Most of the var-
iants associated with these mutations are
located in the globular domain of the protein.23

Opinions-Positions

The basic tenet of the prion theory, i.e. that
protein misfolding can be faithfully propagated,
is now widely accepted. Moreover, novel data
increasingly implicate similar “prionoid” prin-
ciples in the pathogenesis of “proteinopathies”
such as Alzheimer’s, Huntington’s and
Parkinson’s disease.24,25 In sharp contrast to
this fundamental understanding, and despite
the development of many new tools for prion
research, the most basic mechanistic details of
how prions function and how they cause dis-
ease have not been completely solved yet.

Major Questions and Scientific
Challenges

Many aspects of prion replication can be dem-
onstrated in vitro in cell-free systems containing
PrPC and PrPSc.26 At first approximation, prion
propagation can thus be reduced to a biophysical
problem dealing with alternative conformations,
amyloid structures, and conformational coer-
cion.19 However, like other pathogens, prions
maintain a complex, 2-way relationship with the
host cell. It is clear that prions propagate in their
natural hosts much more efficiently than they do
in vitro.27 The host cell provides both the molecu-
lar species (such as PrPC) and the molecular
mechanisms required for prion propagation.
Although nowwe are beginning to understand the
molecular underpinnings of (i) the uptake of
prions by the host cell and relevance of intracellu-
lar pathways for prion conversion, (ii) the influ-
ence of host cell signals and factors on prion
replication, (iii) the normal function of the prion
protein and pathogenesis, i.e., mechanisms by
which prions cause dysfunctions or damage to the
neurons, and (iv) the transfer of prions to neigh-
boring cells, there is still much to cover in these
areas.

Regarding the role of intracellular trafficking in
prion diseases, amyloidic prion structures called
“strings” containing PrPSc are found on the sur-
face of infected cells,28,29 while the endosomal
compartment is also strongly implicated in prion
conversion.30 Furthermore, novel structures called
tunneling nanotubes (TNTs) appear to have a
major role in spreading PrPSc between cells in cul-
tures,31 however better tools are needed to demon-
strate their presence and role in vivo.32

One major scientific challenge is to better
understand the structural basis of the different
prion strains and the mechanisms behind the
transmission barriers between animal species.
However, we are now in a position to state that
strains are specific molecular topologies of the
upper and lower surfaces of PrPSc monomers in a
propagative PrPSc stack (either oligomer or proto-
filament in a fiber); in turn, transmission barriers
consist of steric hindrances hampering continua-
tion of the cross-b stack by preventing an incom-
ing PrP strand from being molded onto the
pre-existing PrPSc assembly.19 Related to this is
the question of why some prions are more patho-
genic than others for humans. An additional chal-
lenge will be to investigate age-related factors that
promote development of sporadic prion diseases,
since these mainly affect aging people (average
age of onset is around 65 y old). Another major
effort to understand basic mechanisms of the dis-
ease would be required to develop adequate and
early therapies for humans affected by the dis-
eases. This input can only come from the scientific
community because there is a clear lack of indus-
trial investment to study and develop compounds
for the treatment of CJD affected individuals.

Strategic Objectives and Priorities in the
Future

� More data of a higher resolution are
needed to understand the structural basis
of prion strain transmission barriers, e.g.
by NMR-based, deuterium exchange anal-
yses of recombinant PrPSc.

� Structural analysis of the various point muta-
tions present in the globular domain of PrPSc

should unveil common folding traits that
may allow a better understanding of the early
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conformational changes leading to the for-
mation of monomeric PrPSc.

� Analyses should be carried out combining
high resolution imaging tools and neuro-
physiology that leads to a better under-
standing of the function of the prion
protein and the intercellular transmission
of its pathological isoforms.

� Analyses of the cause of prion toxicity and
identification of host cell-derived factors
that are “partners in crime” should provide
novel strategies aimed at blocking prion
propagation and toxicity.

� Treatment strategies for individuals
affected by CJD and of prophylactic
approaches for carriers of pathogenic
PRNP mutations should be developed.

PRION DETECTION

Post mortem detection systems for PrPSc in the
central nervous system (CNS) and lymphoreticu-
lar tissue are nowadays widely used for surveil-
lance of BSE and scrapie in animals.33 These
rapid tests have greatly improved the detection of
infected carcasses before their entry into the
human food chain. Lately the development of
highly sensitive methods like protein misfolding
cyclic amplification (PMCA) and real time quak-
ing induced conversion (RT-QuIC) made it possi-
ble to detect even minor amounts of PrPSc in body
fluids like blood or cerebrospinal fluid.34 Even
though these tests still need to be improved to
allow widespread use in routine laboratories, their
robustness has been demonstrated. They open up
newways for live tests to detect prions.35

Opinions-Positions

The emergence of in vitro amplification tech-
nologies such as PMCA and RT-QuIC represents
a real revolution for prion detection. These tech-
niques display sufficient sensitivity to allow
prion detection in the body fluids (such as blood
and cerebrospinal fluid) collected from affected
individuals, and their ability to do this has been
demonstrated in both sheep and human sam-
ples.34 However, at the moment they remain of
limited robustness and the mechanisms and

analytical conditions which allow amplification
of misfolded PrP remain largely unknown. Such
issues are similar to those encountered when
PCR was developed in the 1980s. Despite those
initial difficulties PCR is now a basic research
laboratory technique.

Prions may also be considered as potential
environmental contaminants and their stability
in the environment, wastewater and soils must
be evaluated as a valuable parameter for devel-
oping risk assessment studies. Prions are
extremely resistant to inactivation and it has
been demonstrated that they can survive in soil
for years.36,37 In recent years, deposition of
scrapie and chronic wasting disease (CWD)
infectivity in the environment through biologi-
cal fluids and/or faeces has been proved,38 and
BSE and scrapie can also be introduced anthro-
pogenically by transporting infectious prions
via landfill leach or slaughterhouse wastewa-
ter.39,40 All of this strongly suggests that infec-
tious prions can enter the environment, and
could be transported via water, resulting in
exposure of both humans and animals to infec-
tious prion diseases. Therefore, it is critical to
adapt and develop analytical methods and strat-
egies to evaluate the fate of infectious prions in
the environment and the potential sources of
contamination.40,41

Major Questions and Scientific
Challenges

Amajor scientific challenge is to develop new,
and refine existing, prion detection methods that
could have applications in pharmaceutical screen-
ing, consumables testing, environmental monitor-
ing (e.g., allowing re-population of previously
affected farms), and in vivo diagnostics.

The behavior and stability of prions in the envi-
ronment and wastewater have to be better defined,
and the efficiency of wastewater treatments for
the removal of prions needs to be assessed.

Strategic Objectives and Priorities in the
Future

� Improving the performance and robustness
of in vitro prion amplification techniques.
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� Establishing a relationship between the
presence of PrPSc, as demonstrated in an
environmental matrix by in vitro amplifi-
cation methodology, and the risk of prion
transmission for an individual that would
be exposed to such a matrix.

� Redefining the techniques available to
optimize the detection of prions in diverse
environmental matrices, with validated
protocols.

PRION TRANSMISSION AND
SPREADING

Following peripheral exposure, some
acquired prion strains accumulate and replicate
in the secondary lymphoid organs (SLO) such
as the gut-associated lymphoid tissues (GALT)
in the gastrointestinal tract. This amplification
stage in the SLO is critical for the efficient
spread of these prion strains to the central ner-
vous system through a process termed neuroin-
vasion. In the past 15 y there has been
intensive research into this early phase of the
disease process.42,43 Identification of the impor-
tant cellular and molecular processes required
for the establishment of prion infection in the
GALT and subsequent neuroinvasion has
implications beyond academic interest, as
experiments have shown that treatments that
block this process can dramatically reduce sus-
ceptibility to peripherally-acquired prions.44,45

Indeed, the demonstration that vCJD in humans
most likely arose due to consumption of BSE-
contaminated food has focused attention on
whether immunotherapeutic approaches, such
as anti-prion vaccines, may represent a valid
therapeutic strategy against prion infection.46

Opinions-Positions

Although control measures have helped to
limit further spread of BSE in Europe, prions
continue to pose important health, welfare and
economic problems to the livestock industry
worldwide and have direct consequences for
human health. Countries outside Europe are
reporting BSE cases, and novel BSE variants

with uncertain transmission potential have been
described. BSE has also been identified in
goats, raising concern that it may have infected
sheep.47,48 Little is known of the mode of trans-
mission of CWD in North America and the
consequences to livestock and human health.
The transmission potential of atypical forms of
sheep scrapie is also uncertain. Many important
questions remain concerning the pathogenesis
and modes of transmission of prion diseases in
animals and humans. The lack of prion-specific
preclinical diagnostics compounds the prob-
lems for disease identification, treatment and
eradication. Since future outbreaks of prion dis-
ease are likely to be orally-acquired, a thorough
analysis of the factors that influence suscepti-
bility to orally-acquired prions will enhance
our understanding of the factors which increase
the risk of disease transmission, improve pre-
clinical diagnosis and help identify novel
targets for prophylactic and therapeutic
intervention.

A unique subset of stromal cells within the
B-cell follicles of secondary lymphoid tissues,
termed follicular dendritic cells (FDC), are con-
sidered to be the essential early sites of prion
accumulation and replication.44,45,49 Data from
experimental scrapie prion transmissions to
mice show that initial replication in the GALT
of the small intestine such as the Peyer’s
patches is critical for efficient neuroinva-
sion.50,51 As well as expressing high levels of
cellular prion protein, these cells trap and retain
the prions on their surfaces, where they are
amplified above the threshold level required
to achieve infection of local peripheral
nerves.49,52-54 However, the requirement for
initial accumulation and replication on FDC is
not absolute. Under certain circumstances
some prion strains or isolates may accumulate
in lymph nodes in association with high endo-
thelial venules independently of FDC.55 Also,
some prion strains such as BSE appear to
achieve neuroinvasion from the gastrointestinal
tract without any apparent amplification step in
the GALT.

Following their amplification within the
SLO, prions subsequently infect the peripheral
nerves within these tissues and spread along
them to the CNS.56,57 How prions initially
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spread from the FDC and infect the peripheral
nervous system is uncertain. A role for classical
dendritic cells in this process has been pro-
posed in which these cells may shuttle prions
between FDC and nearby peripheral nerves.58

Alternatively, tunnelling nanotubes which
extend and connect cells may act as intercon-
necting conduits through which prions may be
transferred between cells.31

The demonstrations that immune cells
played an important role in the establishment
of prion infections, and that prions were present
in significant burdens in the SLO for the dura-
tion of the preclinical phase,59 suggested that
vCJD had the potential to be accidentally trans-
mitted horizontally between humans via the
transfusion of blood or blood products from an
infected individual.9 As a consequence of these
findings, procedures such as leukodepletion
were introduced in an attempt to reduce the
potential for vCJD to be transmitted via the
transfusion of blood or blood products.

Sites of chronic inflammation, by inducing
the formation of ectopic FDC-containing B-cell
follicles or granulomatous lesions, might influ-
ence the organ tropism of prions and induce or
enhance local prion infectivity of tissues that
otherwise would not be considered at risk.60,61

The detection of disease-specific PrP in mam-
mary glands from lentivirus/prion co-infected
ewes warned about the potential exposure of
humans to prions through the consumption of
small ruminant milk. Sheep with scrapie and
lentiviral mastitis accumulate prions within the
ectopic follicles in the inflamed mammary
glands. Importantly, these sheep also secreted
levels of prions in their milk which were suffi-
cient to transmit disease to suckling lambs.62

Subsequent studies in non-mastitic goats and
sheep have since suggested that milk and colos-
trum may transmit classical scrapie from an
infected ewe to their offspring.63-65 Together,
these elements called for an urgent understand-
ing of potential prion infectivity levels associ-
ated with ruminant blood and milk.

The consumption of BSE-contaminated meat
products is the most likely source of vCJD in
humans.66 During the BSE epidemic in the UK it
is estimated that up to approximately 500,000
infected cattle were slaughtered for human

consumption.67 Surprisingly, despite the likely
widespread exposure of theUKhuman population
to BSE prions, most clinical cases of vCJD have
occurred almost exclusively in young adults
(median age at onset of disease, 26 years; median
age at death, 28 years). The factors responsible
for the age-related incidence of vCJD are uncer-
tain as the possibility that young adults were
exposed to greater levels of BSE by dietary prefer-
ence is unproven.68 Data from experimental prion
transmissions to mice suggest that the effects of
aging on the microarchitecture of SLO dramati-
cally reduce susceptibility to peripherally-
acquired prion disease.69-72

Major Questions and Scientific
Challenges

After ingestion, BSE prions in cattle appear
to be able to infect the nervous system indepen-
dently of consistently detectable replication
within the GALT. The rules which govern this
for BSE and other prion isolates are currently
uncertain, since oral transmission of BSE
prions to other species appears dependent on
agent replication in the GALT prior to neuroin-
vasion. An ability to predict the transmission
characteristics following the identification of a
novel prion isolate will be important for assess-
ing human and animal health risks.

Much progress has been made in our under-
standing of how prions are initially conveyed
from the site of exposure to cells within the
SLO upon which they replicate.42,43,73 For
example, after oral exposure prions may cross
the gut epithelium via M cells to infect the
Peyer’s patches.74,75 How prions subsequently
infect the FDC within the B-cell follicles is
uncertain, but a role for classical dendritic cells
in this process has been considered.56,76

Once the prions have been amplified on the
surfaces of FDC above the threshold required
for neuroinvasion, they infect the enteric nerves
within the intestine,56,77 and spread via the
peripheral nervous system (both sympathetic
and parasympathetic) to the CNS.78,79

Although the relative positioning of the FDC
and sympathetic nerves within the SLO appears
to influence the rate of neuroinvasion, the
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precise mechanism by which this occurs is
uncertain.

The transmission of prion strains within the
same host species is typically efficient and
causes disease in the recipients with highly
reproducible disease characteristics. However,
inter-species prion transmissions upon first pas-
sage are typically characterized by their low
efficiency and extended disease incubation
periods. This effect on prion transmission is
termed the ‘species barrier’ effect. Many fac-
tors are known to have an important influence
on the inter-species transmission of prions such
as polymorphisms and mutations in the PRNP
gene (which encodes PrPC), and biophysical
aspects of templating events are clearly impor-
tant (see above). Unfortunately the precise
molecular mechanism/s responsible for the spe-
cies barrier effect is uncertain. An ability to
predict the potential for a novel prion isolate to
have the potential to transmit to other species,
especially humans, is crucial to restrict and
control future prion disease outbreaks.80

Pioneering studies have shown that both pas-
sive and active immunization against PrP are
feasible approaches to attempt to block experi-
mental prion diseases.81,82 Many natural prion
infections are orally acquired, and mucosal vac-
cination against prions appears to be effective
and the most appropriate method for protection
against orally acquired prion infections.83

However, a mucosal vaccine may offer little
protection against accidental iatrogenic CJD
transmissions via contaminated blood or blood
products, tissues or contaminated surgical
instruments. Therefore, an ideal anti-prion vac-
cine should be able to induce both strong muco-
sal and systemic anti-PrP antibody responses.
However, the cellular prion protein is almost
ubiquitously expressed in the mammalian host,
and so the potential for any anti-prion vaccines
to bind to host PrPC and cause autoimmunity or
cell toxicity must be carefully considered. A
recent study has provided valuable information
on the factors which influence the ability of
anti-prion antibodies to cause rapid neurotoxic-
ity.84 These data suggest it may be possible to
identify those vaccines which induce the devel-
opment of potentially neurotoxic anti-PrP
antibodies.

Strategic Objectives and Priorities in the
Future

� Thorough characterization of the cellular
relays by which prions are propagated
from peripheral sites of exposure to the
central nervous system should be carried
out.

� Determination of the factors which control
prion replication in SLO, and why this is
obligatory for the efficient neuroinvasion
of some, but not all, prion strains.

� Determination of the molecular character-
istics, other than PrPC expression, which
render cells such as FDC susceptible to
prions.

� Identification of the mechanisms involved
in cell-to-cell prion spreading.

� Assessment of how prions are released into
body fluids and how this may contribute to
their contamination of the environment,
and their transmission between hosts.

� Development of effective immunothera-
peutic strategies to protect the host against
peripherally acquired prions, and a better
understanding of when to target these
strategies based on host age/species.

� Understanding of the underlying factors
which determine the species barrier effect,
to enable the prediction of the risks to
human and animal health posed by novel
prion strains.

� Development of a highly sensitive and
specific diagnostic test to identify prion-
infected individuals from the early pre-
clinical stages of disease, and gaining of a
more accurate understanding of preva-
lence of these diseases in populations.

� To enable the above to be achieved effi-
ciently, it will be important to establish
consistent protocols and experimental
models to enable meaningful comparisons
to be made between studies generated in
different laboratories.

PRION EPIDEMIOLOGY

In recent years considerable disease control
efforts have been made by the EU to control
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prion infections in cattle, sheep and goats
through the implementation of rigorous
regimes. An array of regulations such as the
introduction of the feed ban, a compulsory sur-
veillance and monitoring system, the removal
and destruction of SRM and the establishment
of culling strategies for small ruminants by
member state authorities have all had a signifi-
cant impact on the incidence and spread of
disease.

Undoubtedly, these measures have been
responsible for reducing the number of BSE
cases detected in the EU from 2,167 in 2001
(15 member states) to 68 cases in 2009, 44
cases in 2010 and down to 7 cases in 2013/14
(September 2014) in 27 member states.

CWD is a naturally-occurring prion disease
in domestic and wild cervids (moose deer and
elk), which has reached epidemic proportions
in the US and Canada.85 However, it has not
been detected in Europe so far, even though
there is significant trafficking of potentially
contaminated materials between continents.
The potential presence of CWD in Europe is
not continuously monitored, although there was
a single EU-wide cervid surveillance exercise
undertaken some years ago in the context of the
EU Regulations for BSE and scrapie, which
detected no cases. The deposition of scrapie
and CWD prions in the environment occurs
through biological fluids and/or faeces.39,86

Data depict a scenario where prions may accu-
mulate in the environment due to direct shed-
ding from pre-clinical animals, and remain
infectious in soil and water for periods of time
long enough to permit transmission to suscepti-
ble individuals.87,88 Thus CWD, unlike BSE is
horizontally and vertically transmitted among
captive and wild animals, so it is extremely dif-
ficult to eradicate. Given that both red deer and
reindeer are native to Europe, there is no reason
to assume that CWD could not become a prob-
lem in the European continent.

Although the scenario for BSE may not be
exactly the same (BSE prions are present at
much lower levels in extraneural tissues than
in the CNS), deposition of BSE prions in the
environment may occur due to burial of car-
casses and mortalities, and to a lesser extent,
through biosolids generated in water treatment

plants by the processing of infected animals
which had not been identified and removed.
Presumably this scenario occurred frequently
during the BSE epidemic. Furthermore, there
is the possibility of discharged contaminated
urine, feces and blood from CJD or vCJD
patients.89-91

In humans, several molecularly-defined dis-
ease subtypes have been described. 92-95 How-
ever, neither the molecular basis nor the
epidemiological significance of these so called
sporadic disease subtypes are understood.
Analysis of the genetic CJD-risk in the general
population, focused on the PRNP mutation
E200K, confirmed the occurrence of asymp-
tomatic (“healthy”) carriers of this mutation
without their known relation to CJD patients.
The first data on the overall most common
CJD-specific mutation in the general popula-
tion signal possibly an iatrogenic CJD risk, as
well as a hidden iatrogenic explanation in some
sporadic CJD cases.96

Opinions-Positions

A better understanding of the way in which
different strains of prions may spread between
animals and human beings, and the environ-
mental factors that modulate this, is essential to
help design methods for the prevention of the
spread of prions within communities. Improved
methods for decontamination and disposal of
animal waste as well as assessment of prions in
wastewater and soils are crucial to prevention
of the spread of prions.

Although still declining, BSE has not been
eradicated so far, and one might question if
eradication is generally achievable, particularly
when the potential for sporadic cases of BSE is
considered.97 The occurrence of these atypical
cases of BSE, in light of alleged new types of
atypical BSE in Germany (2013/14) and earlier
(2011) in Switzerland, would remain unde-
tected with any reduction in surveillance, and is
therefore a major point of concern.98 Further-
more, sporadic cases of BSE appear to be sig-
nificantly different from orally acquired BSE in
many aspects. The most obvious differences
in such atypical/sporadic BSE cases are the
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tendency for the diseased animals to be in the
last third of the life span for cattle, and to pres-
ent a different molecular phenotype of the prion
protein.99 Most recently (2013/2014), 2 new
cases of non-classical BSE were diagnosed in
Germany, a country where BSE had last been
seen in 2009. The overall picture of atypical/
sporadic BSE is complicated by the fact that
these 2 new cases of BSE appear to be different
from known atypical cases in cattle.

The occurrence of atypical BSE in older
cows with an extended pre-clinical phase poses
a particular challenge. Even in classical BSE,
depending on different testing scenarios, the
European Food Safety Authority (EFSA) has
published a report97 in which the surveillance
data indicate the possibility of missing BSE
cases in healthy or at risk animals. In the con-
sortium’s opinion the chance of spread of BSE
within the cattle population can be regarded as
negligible as long as the feed ban is still opera-
tive. Likewise, under the present regulatory
regimens the exposure risk for humans is very
low.

Cases of atypical scrapie in sheep and goats
as well as BSE in sheep and goats further com-
plicate the picture. The fact that in the years
2010 - 2014 (September 2014) atypical scrapie
has become the most common form of disease
detected in sheep in many countries causes
quite some concern. None of the breeding
measures implemented for disease control in
small ruminants have affected the prevalence
of atypical disease, despite being shown to be
effective for the control of classical scrapie,
because both the epidemiology of the disease
and the genetics of host susceptibility are dif-
ferent for classical and atypical scrapie.97

Prion diseases cannot be eradicated, espe-
cially the spontaneous diseases, and it is the
opinion of the consortium that a continuous
robust targeted surveillance of both animal and
human populations is still required.

Major Questions and Scientific
Challenges

Although the epidemiology of atypical TSE
cases supports the hypothesis of a spontaneous

origin, they can be experimentally transmitted
and therefore present a risk. Also the stability
of these prions upon passage is not yet known:
they may become more infectious following
either inter- or intra-species passage. A major
scientific challenge is therefore to understand
the basic biology and key components deter-
mining susceptibility and transmissibility.

More information about the susceptibility of
prions to inactivation treatments in wastewater
treatment plants and their stability relative to
environmental factors is necessary. Further
analysis would, thus, be necessary to under-
stand if improvements to increase biological
inactivation are a real solution for prion inacti-
vation in wastewater treatment plants.

Data have indicated that the inactivation of
infectious BSE in the environment cannot be
estimated only by the measurement of protease
resistant PrPSc levels. Improved PrP markers
must be defined to be used as target parameters
when considering infectivity.

Strategic Objectives and Priorities in the
Future

� Appropriate prion agent surveillance
should be maintained in both the animal
and human populations, and surveillance
tools should be reviewed, expanded and
developed according to the state of current
scientific knowledge, given the existence
of atypical prions in cattle and small rumi-
nants, which were unknown until recently,
and the new concept of “prionopathies” in
humans.

� Definition of suitable wastewater treat-
ments that would reduce the possibility of
prion dissemination in the environment
should be accomplished.

� Water samples impacted by infected ani-
mal excreta and wastewater should be ana-
lyzed for any potential role in the
transmission of prion diseases, producing
data on the potential dissemination of
prions in these areas.

� A study of the potential presence of CWD
in Europe, including a targeted surveil-
lance program for the detection of CWD
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prions and studies of their behavior in the
environment, should be implemented

� Development of programs for education
and awareness within farming communi-
ties and veterinary and medical personnel,
in particular, as a frontline surveillance,
should be carried out.

� Establishment of more comprehensive
continuous, molecular strain-defined sur-
veillance of all forms of human prion dis-
eases for early identification of atypical
cases and potential outbreaks in humans.

� Determination of the epidemiological risk
and the significance of the relatively large
number of asymptomatic carriers of
human PrPSc (tonsil, appendix studies)

� Strain-specific therapeutic options in clas-
sical and atypical CJD in humans should
be developed and defined.

CONCLUDING REMARKS

After the initial shock caused by the BSE cri-
sis, the scientific community reacted vigorously
and in a short period of time provided essential
knowledge and tools to policymakers and soci-
ety at large that were critical to curb, reverse
and eventually control the epidemic in cattle.
The decisive support and funding provided by
the EC to researchers in the prion field played a
key role in this endeavor. From our current van-
tage point, it is critical that policies based on
scientific knowledge that have proven to be
highly efficacious are not relaxed based on
short-sighted economic considerations. Fur-
thermore, research efforts need to be continued
(and funded) as important basic aspects of
prion biology still remain unsolved, despite
impressive advancements in recent years.
Beyond the obvious benefit of protecting the
food chain, prion biology is being increasingly
recognized as relevant to the understanding of
a subset of neurodegenerative ailments, such as
Alzheimer’s and Parkinson’s diseases that kill
millions every year.25 Knowledge obtained
from the study of prions and prion diseases
might prove to be of enormous interest in the
near future not just to keep our food safe.

DISCLOSURE OF POTENTIAL
CONFLICTS OF INTEREST

No potential conflicts of interest were
disclosed.

ACKNOWLEDGMENTS

We are indebted to the many colleagues,
postdoctoral researchers, Ph.D. students and
technicians who have contributed to the studies
of the Priority project, and whose names cannot
be listed for lack of space, and to Mart�ın
Cacheiro (University of Santiago de Compos-
tela), for superb management of the project.

FUNDING

Funding was provided by the EC through
FP7 222887 “Priority.”

ORCID

Jes�us R. Requena http://orcid.org/0000-0003-1954-

4975

Neil Mabbott http://orcid.org/0000-0001-7395-1796

REFERENCES

[1] Maheshwari A, Fischer M, Gambetti P, Parker A,

Ram A, Soto C, Concha-Marambio L, Cohen Y,

Belay ED, Maddox RA, et al. Recent US

Case of Variant Creutzfeldt-Jakob Disease-Global

Implications. Emerg Infect Dis 2015; 21:750-9;

PMID:25897712

[2] http://www.oie.int/en/animal-health-in-the-world/

official-disease-status/bse/en-bse-carte/ (Accessed

January 23, 2016).

[3] Wilesmith JW, Wells GA, Cranwell MP, Ryan JB.

Bovine spongiform encephalopathy: epidemiologi-

cal studies. Vet Rec 1988; 123:638-44;

PMID:3218047

[4] Aguzzi A, Polymenidou M. Mammalian prion biol-

ogy: one century of evolving concepts. Cell 2004;

116:313-27; PMID:14744440

[5] Anonymous. Commission Regulation (EU) No 1148/

2014 of 28 October 2014 amending Annexes II, VII,

VIII, IX and X to Regulation (EC) No 999/2001 of the

European Parliament and of the Council laying down

rules for the prevention, control and eradication of

176 J. R. Requena et al.

http://orcid.org/0000-0003-1954-4975
http://orcid.org/0000-0003-1954-4975
http://orcid.org/0000-0001-7395-1796
http://www.oie.int/en/animal-health-in-the-world/official-disease-status/bse/en-bse-carte/
http://www.oie.int/en/animal-health-in-the-world/official-disease-status/bse/en-bse-carte/


certain transmissible spongiform encephalopathies. Off

J Eur Union 2014; L308:66-79.

[6] Collinge J, Whitfield J, McKintosh E, Frosh A,

Mead S, Hill AF, Brandner S, Thomas D, Alpers

MP. A clinical study of kuru patients with long incu-

bation periods at the end of the epidemic in Papua

New Guinea. Philos Trans R Soc Lond B Biol Sci

2008; 363:3725-39; PMID:18849289

[7] Will R. Variant Creutzfeldt-Jakob disease. Folia Neuro-

pathol 2004; 42(Suppl A):77-83; PMID:15449462

[8] Bishop MT, Diack AB, Ritchie DL, Ironside JW,

Will RG, Manson JC. Prion infectivity in the spleen

of a PRNP heterozygous individual with subclinical

variant Creutzfeldt-Jakob disease. Brain 2013; 136

(Pt 4):1139-45; PMID:23449776

[9] Peden AH, Head MW, Ritchie DL, Bell JE, Ironside

JW. Preclinical vCJD after blood transfusion in a

PRNP codon 129 heterozygous patient. Lancet

2004; 364:527-9; PMID:15302196

[10] Gill ON, 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 spongi-

form encephalopathy epizootic: large scale survey.

BMJ 2013; 347:f5675; PMID:24129059

[11] Douet JY, Zafar S, Perret-Liaudet A, Lacroux C,

Lugan S, Aron N, Cassard H, Ponto C, Corbi�ere F,

Torres JM, et al. Detection of infectivity in blood of

persons with variant and sporadic Creutzfeldt-Jakob

disease. Emerg Infect Dis 2014; 20(1):114-7;

PMID:24377668

[12] Houston F, McCutcheon S, Goldmann W, Chong A,

Foster J, Sis�o S, Gonz�alez L, Jeffrey M, Hunter N.

Prion diseases are efficiently transmitted by blood

transfusion in sheep. Blood 2008; 112(12):4739-45;

PMID:18647958

[13] Llewelyn CA, Hewitt PE, Knight RS, Amar K, Cou-

sens S, Mackenzie J, Will RG. Possible transmission

of variant Creutzfeldt-Jakob disease by blood trans-

fusion. Lancet 2004; 363:417-21; PMID:14962520

[14] Konold T, Bone G, Vidal-Diez A, Tortosa R, Davis

A, Dexter G, Hill P, Jeffrey M, Simmons MM,

Chaplin MJ, et al. Pruritus is a common feature in

sheep infected with the BSE agent. BMC Vet Res

2008; 29:4-6.

[15] Tranulis MA, Benestad SL, Baron T, Kretzschmar

H. Atypical prion diseases in humans and animals.

Top Curr Chem 2011; 305:23-50; PMID:21598097

[16] Prusiner SB. Prions. Proc Natl Acad Sci USA 1998;

95:13363-83; PMID:9811807

[17] Aguzzi A, Calella AM. Prions: protein aggregation

and infectious diseases. Physiol Rev 2009; 89:1105-

52; PMID:19789378; http://dx.doi.org/10.1152/

physrev.00006.2009

[18] Wille H, BianW,McDonaldM,Kendall A, ColbyDW,

Bloch L, Ollesch J, Borovinskiy AL, Cohen FE,

Prusiner SB, et al. Natural and synthetic prion structure

from X-ray fiber diffraction. Proc Natl Acad Sci USA

2009; 106:16990-5; PMID:19805070; http://dx.doi.

org/10.1073/pnas.0909006106

[19] V�azquez-Fern�andez E, Vos M, Cebey L, Renault L,

Sevillano A, Peters PJ, Fern�andez JJ, Young H,

Wille H, Requena JR. Recent advances towards an

understanding of the structure of PrPSc. Prion 2014;

8(Supplement 1):6 (abstract).

[20] V�azquez-Fern�andez E, Alonso J, Pastrana MA,

Ramos A, Stitz L, Vidal E, Dynin I, Petsch B, Silva

CJ, Requena JR. Structural Organization of Mam-

malian Prions as Probed by Limited Proteolysis.

PLoS One 2012; 7(11):e50111; http://dx.doi.org/

10.1371/journal.pone.0050111

[21] Richardson, JS; D. C. Richardson, Natural b-sheet

proteins use negative design to avoid edge-to-edge

aggregation. Proc Natl Acad Sci USA 2002;

99:2754-9; PMID:11880627; http://dx.doi.org/

10.1073/pnas.052706099

[22] Bryan AW Jr, Starner-Kreinbrink JL, Hosur R,

Clark PL, Berger B. Structure-based prediction

reveals capping motifs that inhibit b-helix aggrega-

tion. Proc Natl Acad Sci USA 2011; 108:11099-

104; PMID:21685332; http://dx.doi.org/10.1073/

pnas.1017504108

[23] Giachin G, Biljan I, Ilc G, Plavec J, Legname G.

Probing early misfolding events in prion protein

mutants by NMR spectroscopy. Molecules 2013; 18

(8):9451-76; PMID:23966072; http://dx.doi.org/

10.3390/molecules18089451

[24] Ashe KH, Aguzzi A. Prions, prionoids and pathogenic

proteins in Alzheimer disease. Prion 2013; 7:55-9;

PMID:23208281; http://dx.doi.org/10.4161/pri.23061

[25] Jucker M, Walker LC. Self-propagation of patho-

genic protein aggregates in neurodegenerative dis-

eases. Nature 2013; 501:45-51; PMID:24005412;

http://dx.doi.org/10.1038/nature12481

[26] Vidal E, Fern�andez-Borges N, Pintado B, Ord�o~nez
M, M�arquez M, Fondevila D, Era~na H, Torres JM,

Pumarola M, Castilla J. Exploring the risks of a

putative transmission of BSE to new species. Prion

2013; 7:443-6; PMID:24184875; http://dx.doi.org/

10.4161/pri.27014

[27] Allard EK, Grujic M, Fisone G, Kristensson K. Prion

formation with activation of translation-regulating

prion 4E-BP and neuronal transcription factor Elk1.

Neurobiol Dis 2013; 58:116-22; PMID:23742760;

http://dx.doi.org/10.1016/j.nbd.2013.05.014

[28] Rouvinski A, Karniely S, Kounin M, Moussa S,

Goldberg MD, Warburg G, Lyakhovetsky R, Papy-

Garcia D, Kutzsche J, Korth C, et al. Live imaging

of prions reveals nascent PrPSc in cell-surface, raft-

associated amyloid strings and webs. J Cell Biol

2014; 204:423-41; PMID:24493590; http://dx.doi.

org/10.1083/jcb.201308028

THE PRIORITY POSITION PAPER 177



[29] Godsave SF, Wille H, Pierson J, Prusiner SB, Peters

PJ. Plasma membrane invaginations containing clus-

ters of full-length PrPSc are an early form of prion-

associated neuropathology in vivo. Neurobiol

Aging. 2013; 34:1621-1631; PMID:23481568;

http://dx.doi.org/10.1016/j.

neurobiolaging.2012.12.015

[30] Marijanovic Z, Caputo A, Campana V, Zurzolo C.

Identification of an intracellular site of prion conver-

sion. PLoS Pathog 2009; 5(5):e1000426;

PMID:19424437; http://dx.doi.org/10.1371/journal.

ppat.1000426

[31] Gousset K, Schiff E, Langevin C, Marijanovic Z,

Caputo A, Browman DT, Chenouard N, de Chau-

mont F, Martino A, Enninga J, et al. Prions hijack

tunnelling nanotubes for intercellular spread. Nat

Cell Biol 2009; 11:328-36; PMID:19198598; http://

dx.doi.org/10.1038/ncb1841

[32] Marzo L, Gousset K, Zurzolo C. Multifaceted roles

of tunneling nanotubes in intercellular communica-

tion. Front Physiol 2012; 3:72; PMID:22514537

[33] Gavier-Wid�en D, Stack MJ, Baron T, Balachandran

A, Simmons M. Diagnosis of transmissible spongi-

form encephalopathies in animals: a review. J Vet

Diagn Invest 2005; 17:509-27.

[34] Orr�u CD, Wilham JM, Raymond LD, Kuhn F,

Schroeder B, Raeber AJ, Caughey B. Prion disease

blood test using immunoprecipitation and improved

quaking-induced conversion. MBio. 2011; 2(3):

e00078-11; PMID:21558432

[35] Cramm M, Schmitz M, Karch A, Mitrova E, Kuhn F,

Schroeder B, Raeber A, Varges D, Kim YS, Satoh K,

et al. Stability and Reproducibility Underscore Utility

of RT-QuIC for diagnosis of Creutzfeldt-JakobDisease.

Mol Neurobiol 2016; 53:1896-904; PMID:25823511

[36] Brown P, Gajdusek DC. Survival of scrapie virus

after 3 years’ interment. Lancet 1991; 337:269-70;

PMID:1671114

[37] Maddison BC, Owen JP, Bishop K, Rees HC, ShawG,

Gough KC. The interaction of ruminant PrPSc with

soils is influenced by prion source and soil type. Envi-

ron Sci Technol 2010; 44:8503-8; PMID:20968294

[38] Terry LA, Howells L, Bishop K, Baker CA, Everest

S, Thorne L, Maddison BC, Gough KC. Detection

of prions in the faeces of sheep naturally infected

with classical scrapie. Vet Res 2011; 42:65;

PMID:21592355

[39] Seidel B, Thomzig A, Buschmann A, Groschup MH,

Peters R, Beekes M, Terytze, K. Scrapie agent

(strain 263K) can transmit disease via the oral route

after persistence in soil over years. PLoS One 2007;

2(5):e435; PMID:17502917

[40] Maluquer de Motes C, Espinosa JC, Esteban A, Calvo

M, Girones R, Torres JM. Persistence of the bovine

spongiform encephalopathy infectious agent in sew-

age. Environ Res 2012; 117:1-7; PMID:22776326

[41] Wiggins RC. Prion stability and infectivity in the

environment. Neurochem Res 2009; 34:158-168;

PMID:18483857

[42] Mabbott NA. Prion pathogenesis and secondary

lymphoid organs (SLO): Tracking the SLO spread

of prions to the brain. Prion 2012; 6:322-33;

PMID:22895090

[43] Aguzzi A, Nuvolone M, Zhu C. The immunobiology

of prion diseases. Nat Rev Immunol 2013; 13:888-

902; PMID:24189576

[44] Mabbott NA, Mackay F, Minns F, Bruce ME. Tem-

porary inactivation of follicular dendritic cells

delays neuroinvasion of scrapie. Nat Med 2000;

6:719-20; PMID:10888894

[45] Montrasio F, Frigg R, Glatzel M, Klein MA,

Mackay F, Aguzzi A, Weissmann C. Impaired prion

replication in spleens of mice lacking functional fol-

licular dendritic cells. Science 2000; 288:1257-9;

PMID:10818004

[46] Mabbott NA. Prospects for safe and effective vac-

cines against prion diseases. Expert Rev Vaccines

2015; 14:1-4.

[47] Eloit M, Adjou K, Coulpier M, Fontaine JJ, Hamel

R, Lilin T, Messiaen S, Andreoletti O, Baron T,

Bencsik A, et al. BSE agent signatures in a goat.

Vet Rec 2005; 156:523-4; PMID:15833975; http://

dx.doi.org/10.1136/vr.156.16.523-b

[48] Spiropoulos J, Lockey R, Sallis RE, Terry LA, Thorne

L, Holder TM, Beck KE, Simmons MM. Isolation of

prion with BSE properties from farmed goat. Emerg

Infect Dis 2011; 17:2253-61; PMID:22172149; http://

dx.doi.org/10.3201/eid1712.110333

[49] McCulloch L, BrownKL,Mabbott NA. Ablation of the

cellular prion protein, PrPC, specifically on follicular

dendritic cells has no effect on their maturation or func-

tion. Immunology 2013; 138:246-57; PMID:23121447;

http://dx.doi.org/10.1111/imm.12031

[50] Prinz M, Huber G, Macpherson AJ, Heppner FL,

Glatzel M, Eugster HP, Wagner N, Aguzzi A. Oral

prion infection requires normal numbers of Peyer’s

patches but not of enteric lymphocytes. Am J Pathol

2003; 162:1103-11; PMID:12651603; http://dx.doi.

org/10.1016/S0002-9440(10)63907-7

[51] Donaldson DS, Else KJ, Mabbott NA. The gut-associ-

ated lymphoid tissues in the small intestine, not the

large intestine, play a major role in oral prion disease

pathogenesis. J Virol 2015; 89:9532-47;

PMID:26157121; http://dx.doi.org/10.1128/JVI.01544-

15

[52] Klein MA, Kaeser PS, Schwarz P, Weyd H, Xenar-

ios I, Zinkernagel RM, Carroll MC, Verbeek JS,

Botto M, Walport MJ, et al. Complement facilitates

early prion pathogenesis. Nat Med 2001; 7:488-92;

PMID:11283678; http://dx.doi.org/10.1038/86567

[53] Mabbott NA, Bruce ME, Botto M, Walport MJ, Pepys

MB. Temporary depletion of complement component

178 J. R. Requena et al.



C3 or genetic deficiency of C1q significantly delays

onset of scrapie. Nat Med 2001; 7:485-7;

PMID:11283677; http://dx.doi.org/10.1038/86562

[54] Michel B, Ferguson A, Johnson T, Bender H,Meyerett-

Reid C, Pulford B, von Teichman A, Seelig D, Weis

JH, Telling GC, et al. Genetic depletion of complement

receptors CD21/35 prevents terminal prion disease in a

mouse model of chronic wasting disease. J Immunol

2012; 189:4520-7; PMID:23002439; http://dx.doi.org/

10.4049/jimmunol.1201579

[55] O’Connor T, Frei N, Sponarova J, Schwarz P, Hei-

kenwalder M, Aguzzi A. Lymphotxin, but not TNF,

is required for prion invasion of lymph nodes. PLoS

Pathog 2012; 8:e1002867; PMID:22912582; http://

dx.doi.org/10.1371/journal.ppat.1002867

[56] Kujala P, Raymond CR, Romeijn M, Godsave SF,

van Kasteren SI, Wille H, Prusiner SB, Mabbott

NA, Peters PJ. Prion uptake in the gut: identification

of the first uptake and replication sites. PLoS Pathog

2011; 7:e1002449; PMID:22216002; http://dx.doi.

org/10.1371/journal.ppat.1002449

[57] Prinz M, Heikenwalder M, Junt T, Schwarz P, Glat-

zel M, Heppner FL, Fu YX, Lipp M, Aguzzi A.

Positioning of follicular dendritic cells within the

spleen controls prion neuroinvasion. Nature 2003;

425:957-62; PMID:14562059; http://dx.doi.org/

10.1038/nature02072

[58] Langevin C, Gousset K, Costanzo M, Richard-Le

Goff O, Zurzolo C. Characterization of the role of

dendritic cells in prion transfer to primary neurons.

Biochem J 2010; 431:189-98; PMID:20670217;

http://dx.doi.org/10.1042/BJ20100698

[59] KleinMA, Frigg R, Flechsig E, Raeber AJ, Kalinke U,

Bluethmann H, Bootz F, Suter M, Zinkernagel RM,

Aguzzi A. A crucial role for B cells in neuroinvasive

scrapie. Nature 1997; 390:687-91; PMID:9414161

[60] Heikenwalder M, Zeller N, Seeger H, Prinz M,

Kl€ohn PC, Schwarz P, Ruddle NH, Weissmann C,

Aguzzi A. Chronic lymphocytic inflammation speci-

fies the organ tropism of prions. Science 2005;

307:1107-10; PMID:15661974; http://dx.doi.org/

10.1126/science.1106460

[61] Seeger H, Heikenwalder M, Zeller N, Kranich J,

Schwarz P, Gaspert A, Seifert B, Miele G, Aguzzi

A. Coincident scrapie infection and nephritis lead to

urinary prion excretion. Science 2005; 310:324-6;

PMID:16224026; http://dx.doi.org/10.1126/

science.1118829

[62] Ligios C, Cancedda MG, Carta A, Santucciu C,

Maestrale C, Demontis F, Saba M, Patta C,

DeMartini JC, Aguzzi A, et al. Sheep with scrapie

and mastitis transmit infectious prions through milk.

J Virol 2011; 85:1136-9; PMID:21084475; http://

dx.doi.org/10.1128/JVI.02022-10

[63] Konold T, Moore SJ, Bellworthy SJ, Terry LA,

Thorne L, Ramsay A, Salguero FJ, Simmons MM,

Simmons HA. Evidence of effective scrapie trans-

mission via colostrum and milk in sheep. BMC Vet

Res 2013; 9:99; PMID:23651710; http://dx.doi.org/

10.1186/1746-6148-9-99

[64] Konold T, Simmons HA, Webb PR, Bellerby PJ,

Hawkins SA, Gonz�alez L. Transmission of classical

scrapie via goat milk. Vet Rec 2013; 172:455;

PMID:23625249; http://dx.doi.org/10.1136/vr.f2613

[65] Konold T, Moore SJ, Bellworthy SJ, Simmons HA.

Evidence of scrapie transmission via milk. BMC

Vet Res 2008; 4:14; PMID:18397513; http://dx.doi.

org/10.1186/1746-6148-4-14

[66] Bruce ME, Will RG, Ironside JW, McConnell I,

Drummond D, Suttie A, McCardle L, Chree A,

Hope J, Birkett C, et al. Transmissions to mice indi-

cate that ‘new variant’ CJD is caused by the BSE

agent. Nature 1997; 389:498-501; PMID:9333239;

http://dx.doi.org/10.1038/39057

[67] Donnelly CA, Ferguson NM, Ghani AC, Woolhouse

ME, Watt CJ, Anderson RM. The epidemiology of

BSE in cattle herds in Great Britain. I. Epidemiolog-

ical processes, demography of cattle and approaches

to control by culling. Philos Trans R Soc Lond B

Biol Sci 1997; 352:781-801; PMID:9279897; http://

dx.doi.org/10.1098/rstb.1997.0062

[68] Boelle PY, Cesbron JY, Valleron AJ. Epidemiological

evidence of higher susceptibility to vCJD in the young.

BMC Infect Dis 2004; 4:26; PMID:15304199; http://

dx.doi.org/10.1186/1471-2334-4-26

[69] Brown KL, Wathne GJ, Sales J, Bruce ME, Mabbott

NA. The effects of host age on follicular dendritic

cell status dramatically impair scrapie agent neuro-

invasion in aged mice. J Immunol 2009; 183:5199-

207; PMID:19786551; http://dx.doi.org/10.4049/

jimmunol.0802695

[70] Brown KL, Gossner A, Mok S, Mabbott NA. The

effects of host age on the transport of complement-

bound complexes to the spleen and the pathogenesis of

intravenous scrapie infection. J Virol 2012; 86:1228-37.

[71] Kobayashi A, Donaldson DS, Erridge C, Kanaya T,

Williams IR, Ohno H, Mahajan A, Mabbott NA.

The functional maturation of M cells is dramatically

reduced in the Peyer’s patches of aged mice. Muco-

sal Immunol 2013; 6:1027-37; PMID:23360902;

http://dx.doi.org/10.1038/mi.2012.141

[72] Brown KL, Mabbott NA. Evidence of subclinical

prion disease in aged mice following exposure to

bovine spongiform encephalopathy. J Gen Virol

2014; 95:231-43; PMID:24123519; http://dx.doi.

org/10.1099/vir.0.058958-0

[73] Wathne GJ, Mabbott NA. The diverse roles of

mononuclear phagocytes in prion disease pathogen-

esis. Prion 2012; 6:124-33; PMID:22421209; http://

dx.doi.org/10.4161/pri.18853

[74] Heppner FL, Christ AD, Klein MA, Prinz M, Fried

M, Kraehenbuhl JP, Aguzzi A. Transepithelial prion

THE PRIORITY POSITION PAPER 179



transport by M cells. Nat Med 2001; 7:976-7;

PMID:11533681; http://dx.doi.org/10.1038/

nm0901-976

[75] Donaldson DS, Kobayashi A, Ohno H, Yagita H,

Williams IR, Mabbott NA. M cell depletion blocks

oral prion disease pathogenesis. Mucosal Immunol

2012; 5:216-25; PMID:22294048; http://dx.doi.org/

10.1038/mi.2011.68

[76] Raymond CR, Aucouturier P, Mabbott NA. In vivo

depletion of CD11c+ cells impairs scrapie agent

neuroinvasion from the intestine. J Immunol 2007;

179:7758-66; PMID:18025222; http://dx.doi.org/

10.4049/jimmunol.179.11.7758

[77] Beekes M, McBride PA. The spread of prions

through the body in naturally acquired transmissible

spongiform encephalopathies. FEBS J 2007;

274:588-605; PMID:17288548; http://dx.doi.org/

10.1111/j.1742-4658.2007.05631.x

[78] McBride PA, Schulz-Shaeffer WJ, Donaldson M,

Bruce M, Diringer H, Kretzschmar HA, Beekes M.

Early spread of scrapie from the gastrointestinal

tract to the central nervous system involves auto-

nomic fibers of the splanchnic and vagus nerves. J

Virol 2001; 75:9320-7; PMID:11533195; http://dx.

doi.org/10.1128/JVI.75.19.9320-9327.2001

[79] Glatzel M, Heppner FL, Albers KM, Aguzzi A.

Sympathetic innervation of lymphoreticular organs

is rate limiting for prion neuroinvasion. Neuron

2001; 31:25-34; PMID:11498048; http://dx.doi.org/

10.1016/S0896-6273(01)00331-2

[80] EFSA Panel on Biological Hazards (BIOHAZ Panel).

Scientific Opinion on a request for a review of a scien-

tific publication concerning the zoonotic potential of

ovine scrapie prions. EFSA J 2015; 13(8):4197.

[81] Heppner FL, Musahl C, Arrighi I, Klein MA,

R€ulicke T, Oesch B, Zinkernagel RM, Kalinke

U, Aguzzi A. Prevention of scrapie pathogenesis

by transgenic expression of anti-prion protein

antibodies. Science 2001; 294:178-82;

PMID:11546838; http://dx.doi.org/10.1126/

science.1063093

[82] White AR, Enever P, Tayebi M, Mushens R, Line-

han J, Brandner S, Anstee D, Collinge J, Hawke S.

Monoclonal antibodies inhibit prion replication and

delay the development of prion disease. Nature

2003; 422:80-3; PMID:12621436; http://dx.doi.org/

10.1038/nature01457

[83] Go~ni F, Knudsen E, Schreiber F, Scholtzova H,

Pankiewicz J, Carp R, Meeker HC, Rubenstein R,

Brown DR, Sy MS, et al. Mucosal vaccination

delays or prevents prion infection via the oral route.

Neuroscience 2005; 133:413-21; http://dx.doi.org/

10.1016/j.neuroscience.2005.02.031

[84] Sonati T, Reimann RR, Falsig J, Baral PK, O’Connor

T, Hornemann S, Yaganoglu S, Li B, Herrmann US,

Wieland B, et al. The toxicity of antiprion antibodies is

mediated by the flexible tail of the prion protein. Nature

2013; 501:102-6; PMID:23903654; http://dx.doi.org/

10.1038/nature12402

[85] Gilch S, Chitoor N, Taguchi Y, Stuart M, Jewell JE,

Sch€atzl HM. Chronic wasting disease. Top Curr

Chem 2011; 305:51-77; PMID:21598099; http://dx.

doi.org/10.1007/128_2011_159

[86] Sigurdson CJ. A prion disease of cervids: chronic wast-

ing disease. Vet Res 2008; 39:41; PMID:18381058;

http://dx.doi.org/10.1051/vetres:2008018

[87] Steve AC, Hawkins HA, Simmons KC, Gough BC,

Maddison. Persistence of ovine scrapie infectivity in

a farm environment following cleaning and decon-

tamination. Vet Rec 2015; 176:499.

[88] EFSA. Scientific Report: Protocol for further labora-

tory investigations into the distribution of infectivity

of Atypical BSE. EFSA J 2014; 12:3798.

[89] Moda F, Gambetti P, Notari S, Concha-Marambio L,

Catania M, Park KW, Maderna E, Suardi S, Ha€ık S,

Brandel JP, et al. Prions in the urine of patients with

variant Creutzfeldt-Jakob disease. N Engl J Med

2014; 371:530-9; PMID:25099577; http://dx.doi.

org/10.1056/NEJMoa1404401

[90] Lacroux C, Comoy E, Moudjou M, Perret-Liaudet

A, Lugan S, Litaise C, Simmons H, Jas-Duval C,

Lantier I, B�eringue V, et al. Preclinical detection of

variant CJD and BSE prions in blood. PLoS Pathog

2014; 12;10(6):e1004202; http://dx.doi.org/10.1371/

journal.ppat.1004202

[91] Andr�eoletti O, Litaise C, Simmons H, Corbi�ere F,

Lugan S, Costes P, Schelcher F, Vilette D, Grassi J,

LacrouxC.Highly efficient prion transmission by blood

transfusion. PLoS Pathog 2012; 8(6):e1002782; http://

dx.doi.org/10.1371/journal.ppat.1002782

[92] 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 Creutz-

feldt-Jakob disease based on molecular and pheno-

typic analysis of 300 subjects. Ann Neurol 1999;

46:224-33; PMID:10443888; http://dx.doi.org/

10.1002/1531-8249(199908)46:2%3c224::AID-

ANA12%3e3.0.CO;2-W

[93] Parchi P, de Boni L, Saverioni D, Cohen ML, Ferrer

I, Gambetti P, Gelpi E, Giaccone G, Hauw JJ,

H€oftberger R, et al. Consensus classification of

human prion disease histotypes allows reliable iden-

tification of molecular subtypes: an inter-rater study

among surveillance centres in Europe and USA. Acta

Neuropathol 2012; 124:517-529; PMID:22744790;

http://dx.doi.org/10.1007/s00401-012-1002-8

[94] Uro-Coste E, Cassard H, Simon S, Lugan S, Bilheude

JM, Perret-Liaudet A, Ironside JW,Haik S, Basset-Leo-

bon C, Lacroux C, et al. Beyond PrP res type 1/type 2

dichotomy in Creutzfeldt-Jakob disease. PLoS Pathog

2008; 4(3):e1000029; PMID:AMBIGUOUS; http://dx.

doi.org/10.1371/journal.ppat.1000029

180 J. R. Requena et al.



[95] Gambetti P, Dong Z, Yuan J, Xiao X, Zheng M,

Alshekhlee A, Castellani R, Cohen M, Barria MA,

Gonzalez-Romero D, et al. A novel human disease

with abnormal prion protein sensitive to protease.

Ann Neurol 2008; 63:697-708; PMID:18571782;

http://dx.doi.org/10.1002/ana.21420

[96] Mitrov�a E, Kosorinov�a D, Gajdo�s M, �Sebekov�a K,

Tome�ckov�a I. A pilot study of a genetic CJD risk

factor (E200K) in the general population. Eur J Epi-

demiol 2014; 29:595-7; http://dx.doi.org/10.1007/

s10654-014-9937-9

[97] EFSA Panel on Biological Hazards (BIOHAZ). Sci-

entific Opinion on the scrapie situation in the EU

after 10 years of monitoring and control in sheep

and goats. EFSA J 2014; 12:3781.

[98] Seuberlich T, Gsponer M, Dr€ogem€uller C, Polak

MP, McCutcheon S, Heim D, Oevermann A, Zur-

briggen A. Novel prion protein in BSE-affected cat-

tle, Switzerland. Emerg Infect Dis 2012; 18:158-9;

PMID:22261120; http://dx.doi.org/10.3201/

eid1801.111225

[99] Sala C, Morignat E, Oussa€ıd N, Gay E, Abrial D,

Ducrot C, Calavas D. Individual factors associated with

L- and H-type Bovine Spongiform encephalopathy in

France. BMC Vet Res 2012; 8:74; PMID:22647660;

http://dx.doi.org/10.1186/1746-6148-8-74

THE PRIORITY POSITION PAPER 181


