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Dietary exposure to Bovine Spongiform Encephalopathy (BSE) contaminated bovine tissues is considered as the origin 
of variant Creutzfeldt-Jakob disease (vCJD) in humans. To date, BSE agent is the only recognized zoonotic prion. De-
spite the variety of transmissible spongiform encephalopathy (TSE) agents that have been circulating for centuries in 
farmed ruminants, there is no apparent epidemiological link between exposure to ruminant products and the occurrence 
of other form of TSE in human like sporadic Creutzfeldt-Jakob disease (sCJD). However, the zoonotic potential of the di-
versity of circulating TSE agents has never been systematically assessed. The major issue in experimental assessment of 
TSEs zoonotic potential lies in the modelling of the “species barrier,” the biological phenomenon that limits TSE agents’ 
propagation from one species to another. In the past decade, mice genetically engineered to express normal forms of the 
human prion protein have proven to be essential in studying human prions pathogenesis and modelling the capacity of 
TSEs to cross the human species barrier.
To assess the zoonotic potential of prions circulating in farmed ruminants, we study their transmission ability in trans-
genic mice expressing human PrPC (HuPrP-Tg). Two lines of mice expressing different forms of the human PrPC (129Met 
or 129Val) are used to determine the role of the Met129Val dimorphism in susceptibility/resistance to the different 
agents.
These transmission experiments confirm the ability of BSE prions to propagate in 129M-HuPrP-Tg mice and demon-
strate that Met129 homozygotes may be susceptible to BSE in sheep or goats to a greater degree than the BSE agent in 
cattle, and that these agents can convey molecular properties and be neuropathologically indistinguishable from vCJD. 
However, homozygous 129V mice are resistant to all tested BSE derived prions independently of the originating species, 
suggesting a higher transmission barrier for 129V-PrP variant.
Transmission data also revealed that several scrapie prions propagate in HuPrP-Tg mice with efficiency comparable to 
that of cattle BSE. While the efficiency of transmission at primary passage was low, subsequent passages resulted in 
a highly virulent prion disease in both Met129 and Val129 mice. Transmission of the different scrapie isolates in these 
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mice leads to the emergence of prion strain phenotypes that showed similar characteristics to those displayed by MM1 or 
VV2 sCJD prion. These results demonstrate that scrapie prions have a zoonotic potential and raise new questions about 
the possible link between animal and human prions.
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Introduction

Transmissible spongiform encephalopathies (TSE) encompass a group of neurodegenerative prion diseases affect-
ing different animal species, including humans. They are all characterized by the accumulation in the brain of an infec-
tious protein (PrPSc), highly insoluble, corresponding to the pathogenic isoform of the cellular protein (PrPC) and whose 
function is not well understood1–3). Within the group of TSE, scrapie in sheep and goats occupies a prominent position. 
This TSE has been known for more than two centuries, and is more widespread in EU countries4,5). Several experimen-
tal transmission studies in mice have demonstrated the existence of significant biodiversity between different scrapie 
agents6). Furthermore, in 1998, a new type of scrapie was diagnosed in sheep in Norway that was later called scrapie 
Nor987) and now also known as atypical scrapie (type-Nor98). Although most cases have been detected in sheep, atypi-
cal scrapie cases have also been reported in goats5). Since the implementation in Europe of a broad screening program 
for TSEs in small ruminants, atypical scrapie has been identified throughout the European Union8–14), which detected a 
significant number of cases of atypical scrapie in small ruminants, even exceeding that of classical scrapie cases.

The agent of bovine spongiform encephalopathy (BSE) is an epidemic prion that has killed more than 200,000 
cattle, mainly in the UK. Transmission of BSE to humans through contaminated food was responsible for the variant of 
Creutzfeldt-Jakob disease (vCJD)15,16) triggering a major Food Safety crisis. Recently, two atypical forms of BSE have 
been identified in several European countries17), Japan18,19), the United States20), and Canada21). Several studies show 
that these atypical forms are associated with two strains of different prions that are mainly characterized by their PrPres 
that have different electrophoretic profiles, calling them H-type and L-type according to the electrophoretic migration of 
their unglycosylated PrPres compared to the conventional type (C-type). All the epidemiological and biological evidence 
suggests that H-BSE and L-BSE represent sporadic forms of BSE associated with two strains of different prions22–24).

To date, the agent responsible for BSE is the only recognized zoonotic prion, having led to the emergence of vCJD. 
Despite the variety of TSE agents circulating for centuries in small ruminant farms, any apparent epidemiological link 
has been found between the consumption of ruminants and the occurrence of other TSEs forms in humans. However, 
the zoonotic potential of the diversity of the current TSE agents has never been evaluated with the necessary rigor. Fur-
thermore, the etiology of sporadic TSE in humans is unknown.

The most important thing in assessing the zoonotic potential of TSEs aspect is the development of appropriate mod-
els that mimic the species barrier (the biological phenomenon that limits the spread of TSE from one species to another). 
Differences in amino-acid sequence between host PrPC and donor PrPSc are the main drivers for the transmission barrier. 
However, it is also well established that strain properties have a determinant impact on the ability of prions to cross the 
species barrier.

Conceptually, the permeability of the prion transmission barrier is considered to be driven at the molecular level by 
the conformational compatibility between host PrPC and the misfolded strain-specific protein assemblies of PrPSc that 
are present within infectious prion particles25). As a consequence, mice genetically engineered to express human PrP 
(HuPrP-Tg), in the absence of endogenous mouse PrP, have emerged as relevant animal models to assess prion transmis-
sion across the human species barrier26). A major determinant of the susceptibility to human prion disease is Met/Val 
dimorphism at codon 129 of the PRNP gene27,28), and HuPrP-Tg mice lines exist that express these variants of human 
PrP29). These HuPrP-Tg mouse lines propagate human prions without an apparent species barrier and have been success-
fully used to confirm the zoonotic ability of the BSE agent from cattle16,30,31).

We have developed three different HuPrP-Tg mouse models: i) HuPrP-Tg340-Met129 (TgMet129) transgenic mouse 
line expressing human PrPC at a 4-fold level30) ii) HuPrP-Tg361-Val129 (TgVal129) transgenic mouse line expressing hu-
man PrPC at a 4-fold level32), and iii) HuPrP-Tg351-Met/Val129 (TgMet/Val129) transgenic mouse obtained by mating 
TgMet129 and TgVal129 mice; all of them express the same level of transgenic PrP on a mouse PrP null background. These 
mouse models are being used to assess the zoonotic potential of the diversity of animal prion strains from different 
farmed species. From each species, a panel of isolates has been selected on the basis of their phenotype diversity trying 
to include as much diversity as possible. The results allow to determine human susceptibility to these TSE agents (us-
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ing classical BSE as a reference) and to pinpoint any potential etiological link between human prion diseases and TSEs 
agents from farmed ruminants.

Classical BSE in HuPrP-Tg Mice

BSE can be transmitted to human PrP TgMet mice although with a high transmission barrier30). The transmission 
efficiency of cattle BSE isolates in this mouse model was low. With all tested BSE isolates, very low attack rates were 
obtained on primary transmission to these mice. Three passages were necessary to achieve a degree of fitness compa-
rable to vCJD in the same mouse line. This low BSE transmission efficiency to human PrP transgenic mice has also been 
described by others31,33,34), and suggests a strong although not absolute transmission barrier. Transmission of cattle BSE 
to another model of human PrP mice with a more pronounced expression of PrPC in the lymphoid tissue has shown that 
BSE transmission barrier to human might be less pronounced in the spleen tissue than in the brain tissue35)and might 
explain the high prevalence of asymptomatic individuals accumulating prions in their lymphoid organs36).

Remarkably, a different picture emerged when the sheep and goat BSE isolates were inoculated to human PrP 
transgenic mouse models30). Attack rates approaching 100% were observed from the primary passage onwards and 
mean incubation times were more consistent with those measured after transmission of vCJD. On further passaging, the 
neuropathological phenotype and PrPSc type of cattle and sheep/goat BSE agents appeared indistinguishable from the 
vCJD agent propagated in these mice, as previously demonstrated in bovine transgenic mice37), thus strongly supporting 
the view that the same BSE prion strain has been propagated whatever the infecting species.

These results suggest that the possibility of a small ruminant BSE prion as vCJD causal agent could not be ruled 
out, and that the risk for humans of a potential goat and/or sheep BSE agent should not be underestimated.

By contrast, although some experiments are still ongoing, TgVal129 mice seem to be resistant to all tested BSE 
derived prions independently of the originating species. Thus, suggesting a higher transmission barrier for 129Val-PrP 
variant than for 129Met-PrP variant. This Val129 transmission barrier seems not to be enough to protect heterozygous 
Met/Val129 individuals from BSE prions infection as some isolates can infect these heterozygous mice although with an 
evident lower efficiency than homozygous TgMet mice. However, BSE as vCJD was able to be transmitted in TgVal and 
TgMet/Val after adaptation/amplification in TgMet; thus suggesting that secondary transmission of vCJD can occur in 
both heterozygous 129Met/Val and homozygous 129Val/Val humans.

Although the exact characteristics and further evolution of the vCJD epidemic still entail uncertainties owing to 
prolonged incubation times, this apparent high transmission barrier of humans to cattle BSE might be an explanation for 
the currently low vCJD incidence, considering the high exposure to BSE during the ‘‘mad cow’’ crisis.

Atypical BSE in HuPrP-Tg Mice

The results obtained in our laboratory up to now show that H-type atypical BSE is unable to infect HuPrP-Tg mice. 
Other authors also showed that H-BSE isolates failed to infect another line of “humanised” mice (Met129 PrP)38). In both 
cases, these mice over-express human PrP and were inoculated intracerebrally with a low dilution inoculum, supporting 
the view that the transmission barrier of H-BSE from cattle to humans might be quite robust.

Our results show that L-Type atypical BSE is efficiently transmitted to human PrP TgMet with lower transmission 
barrier than classical-BSE. Other authors also showed that L-BSE field isolates produced TSE disease in two lines of 
mice over-expressing human PrP (Met129), exhibiting a molecular phenotype distinct from that of classical BSE33,38). 
In one of them, as in our results, the L-BSE agent appeared to propagate with no obvious transmission barrier: a 100% 
attack rate was observed on first passage, the incubation time was not reduced on subsequent passaging38) and the L-BSE 
PrPSc biochemical signature was essentially conserved, appearing to be indistinguishable from that seen after experi-
mental inoculation of MM2 sporadic Creutzfeldt-Jakob disease (sCJD) in these mice39).

By contrast, L-BSE agent was unable to infect neither TgVal nor TgMet/Val in any of the experiments carried out 
up to now in our laboratory. Thus, suggesting that Val129 PrP variant could have a protective effect against this agent.
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Classical Scrapie in HuPrP-Tg Mice

Transmission experiments also revealed that some scrapie isolates can be transmitted to TgMet mice with a trans-
mission barrier comparable to that of BSE in these mice32). However, the polymorphic variant Val129 (TgVal) was unable 
to be infected in primary passage with any of the scrapie isolates tested in this study. Thus, suggesting a higher transmis-
sion barrier for Val129 than for Met129 variant. However, this Val129 barrier was not enough to protect heterozygous 
Met/Val129 individuals. Secondary transmissions from TgMet mice can occur in both TgMet129 and Val129 without 
apparent transmission barrier. Transmission of these scrapie isolates in HuPrP-Tg mice leads to the emergence of prion 
strain phenotypes that showed similar characteristics to those displayed by MM1 or VV2 sCJD prion isolates passaged 
in the same mouse lines32).

Do these transmission results in HuPrP-Tg mice imply that sheep scrapie is the cause of sCJD cases in humans? 
This question challenges the well-established dogma that sCJD is a spontaneous disorder unrelated to animal prion dis-
ease. In our opinion, these data on their own do not unequivocally establish a causative link between natural exposure 
to sheep scrapie and the subsequent appearance of sCJD in humans. However, our studies clearly point out the need to 
reconsider this possibility. Consequently, it is our opinion that even if a causative link was established between sheep 
scrapie exposure and the occurrence of certain sCJD cases, it would be wrong to consider small ruminant TSE agents as 
a new major threat for public health. Despite this, it remains clear that our data provide a new impetus to establish the 
true zoonotic potential of animal prions.
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