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The risk of the transmission of ruminant transmissible spongiform encephalopathy (TSE) to humans was
thought to be low due to the lack of association between sheep scrapie and the incidence of human TSE.
However, a single TSE agent strain has been shown to cause both bovine spongiform encephalopathy (BSE)
and human vCJD, indicating that some ruminant TSEs are transmissible to humans. While the transmission
of cattle BSE to humans in transgenic mouse models has been inefficient, indicating the presence of a
significant transmission barrier between cattle and humans, BSE has been transmitted to a number of other
species. Here, we aimed to further investigate the human transmission barrier following the passage of BSE in
a sheep. Following inoculation with cattle BSE, gene-targeted transgenic mice expressing human PrP showed
no clinical or pathological signs of TSE disease. However, following inoculation with an isolate of BSE that had
been passaged through a sheep, TSE-associated vacuolation and proteinase K-resistant PrP deposition were
observed in mice homozygous for the codon 129-methionine PRNP gene. This observation may be due to higher
titers of the BSE agent in sheep or an increased susceptibility of humans to BSE prions following passage
through a sheep. However, these data confirm that, contrary to previous predictions, it is possible that a sheep
prion is transmissible to humans and that BSE from other species is a public health risk.

The transmissible spongiform encephalopathies (TSEs) are
a group of fatal infectious neurodegenerative diseases that
include scrapie in sheep, bovine spongiform encephalopathy
(BSE) in cattle, and Creutzfeldt-Jakob disease (CJD) in hu-
mans. TSEs are characterized by the accumulation in the brain
of PrPSc, which is a conformational variant of the normal
cellular host prion protein (PrPC). The abnormal form of the
protein is protease resistant and detergent insoluble, and it
aggregates in diffuse or amyloid deposits in the central nervous
system (CNS) and lymphoreticular system of infected animals.
TSEs are infectious diseases and can be transmitted between
animals of the same and different species by a number of
routes, including oral, environmental, or iatrogenic exposure.
The host range is a specific characteristic of each strain, but
TSE agents usually transmit more readily within rather than
between species. Low transmission rates often are observed
upon transmission to a new species, but on further passage in
the new species increased transmission rates and shorter incu-
bation times usually are observed. This effect is referred to as
the species barrier. The ability of individual TSE agents to
cross a species barrier can be examined experimentally by the
direct inoculation of different species or modeled in transgenic
mice expressing PrP sequences from these species. Modeling
species barriers in mice is particularly important when assess-
ing the risks of infection in humans. Such experiments can

assess risk posed by different TSE agents and also the potential
for the mutation and adaptation of the agent to the new spe-
cies. These experiments can highlight changes that may result
in the emergence of a new agent strain with a much wider or
unknown host range.

One TSE agent that has shown the ability to transmit to
several different species is BSE, where infection has been ob-
served in captive and domestic feline species and exotic ungu-
lates (kudu and nyala), probably due to the ingestion of con-
taminated feed (13). In 1996 a new variant form of CJD
(vCJD) was reported in humans that presented with unusual
pathology and at an extremely young age range compared to
those of other human TSEs (30). Strain typing experiments
demonstrated that vCJD was caused by the same agent strain
as BSE (9, 23), indicating that exposure to contaminated foods
also resulted in the transmission of BSE to humans. Humans
previously had been thought to be at low risk to contract
ruminant TSEs, as sheep scrapie has been endemic in many
countries for hundreds of years without any related foci of
human TSE. However, the link between BSE and vCJD proved
that ruminant TSEs are a public health risk, and that new
ruminant TSEs may be transmissible to humans.

During the BSE epidemic, sheep undoubtedly were exposed
to the BSE agent; however, no cases of BSE in sheep have
been documented in the field. Sheep can, however, be infected
with BSE via oral, intravenous, and intracerebral routes (17,
18), producing clinical TSE with incubation periods ranging
from months to years (depending on the PrP genotype of the
sheep), proving that this species is susceptible to infection with
the BSE agent. It is possible that low-level BSE infection did
exist in sheep during the height of the BSE epidemic; however,
it is unknown whether this could have been masked by coin-
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tissue, whereas 0.88 mg brain equivalent was loaded from experimental sheep
BSE-infected Bov6 controls. Monoclonal antibodies 6H4 (0.1 !g/ml) and 12B2
(0.2 !g/ml) were used to detect PrP, and bands were visualized using horseradish
peroxidase (HRP)-labeled anti-mouse secondary antibody (Jackson Immuno
Research Laboratories, United Kingdom) and a chemiluminescence substrate
(Roche).

RESULTS

BSE strain characteristics are retained following transmis-
sion in sheep. For both experimental sheep BSE inoculum 1
and inoculum 2, 100% transmission rates were observed in
129/Ola and Bov6 control mice. Experimental sheep BSE in-
oculum 1 produced incubation times in 129/Ola and Bov6 mice
of 474 " 22 days and 564 " 8 days, respectively (Table 1),
which are similar to those observed in a previous experiment
following inoculation of these lines with a cattle BSE brain
pool (4). Inoculum 2, prepared from the same BSE-infected
sheep, gave incubation times of 403 " 17 days and 487 " 3
days in 129/Ola and Bov6 mice, respectively (Table 1). In each
line of mice, the lesion profiles of cattle and sheep BSE were
similar, indicating no change in the targeting properties of BSE
following passage through sheep (Fig. 1). Lesion profiles of
sheep BSE inoculum 1 and inoculum 2 also were similar, al-
though the degree of vacuolation was slightly reduced for in-
oculum 2. This may represent the shortened incubation times
observed in these mice. Although these shortened incubation
times may reflect a higher level of agent replication in the
tissue sample used to prepare inoculum 2, overall the incuba-
tion time ratio and targeting of cattle BSE and sheep BSE in
control mice indicates no major change in agent characteristics
following passage in sheep.

Susceptibility of human PrP transgenic mice to experimen-
tal sheep BSE. Following inoculation with experimental sheep
BSE inoculum 1, three human transgenic mice (one each of
HuMM, HuVV, and HuMV) were scored as showing clinical
signs of TSE disease at 449, 609, and 707 days postinoculation,
respectively, but had no confirmatory vacuolar pathology in the
brain. All other human transgenic mice showed no clinical
signs of TSE disease and no TSE-associated vacuolar pathol-
ogy (Table 1). This agreed with previous data generated fol-
lowing the inoculation of these human transgenic mouse lines
with cattle BSE (4), indicating the presence of a significant
transmission barrier to the BSE agent in humans. However, to
rule out the presence of subclinical disease, the oldest mice

were screened for abnormal PrP deposition by immunohisto-
chemistry (IHC) using the anti-PrP antibody 6H4. Of all ani-
mals screened, one HuMM mouse, which was culled due to old
age (706 days postinoculation), showed a small focus of PrP

TABLE 1. Transmission of cattle BSE, experimental sheep BSE, and natural scrapie to gene-targeted human and bovine transgenic mice

TSE isolate

Mouse line

129/Ola Bov6 HuMM HuVV HuMV

Incubation
timea

No.
affectedb

Incubation
time

No.
affected

Incubation
time

No.
affected

Incubation
time

No.
affected

Incubation
time

No.
affected

Cattle BSE (brain pool) 447 " 27 8/8 551 " 12c 22/22c #765 0/18c #793 0/22c #749 0/23c

Sheep BSE inoculum 1 474 " 22 11/11 564 " 8 17/17 #812 1/20 #812 0/23 #812 0/23
Sheep BSE inoculum 2 403 " 17 23/23 487 " 3 24/24 #750 16/23 #650 0/23 #708 0/24
Natural scrapie 1 594, 705 2/15 #811 0/21 #685 0/24 #776 0/22 #671 0/23
Natural scrapie 2 510 " 17 15/23 #647 0/24 #730 0/24 #710 0/24 #682 0/24

a Measured as days " standard errors of the means and calculated from mice showing both clinical and pathological signs of TSE. #n represents the survival in days
of the oldest mouse in groups where both clinical and pathological signs of disease were not observed in any animals.

b Number of mice showing TSE pathology (vacuolation and/or PrP deposition)/number of mice inoculated.
c Data are from Bishop et al. (4).

FIG. 1. Pattern of vacuolation observed in brains of 129/Ola wild-
type mice (a) and Bov6 mice (b) following inoculation with the cattle
BSE brainstem pool and experimental sheep BSE inoculum 1 and
inoculum 2. A profile was produced from nine gray matter areas (1,
dorsal medulla; 2, cerebellar cortex; 3, superior colliculus; 4, hypothal-
amus; 5, thalamus; 6, hippocampus; 7, septum; 8, cerebral cortex; 9,
forebrain cerebral cortex) and three white matter areas (1*, cerebellar
white matter; 2*, midbrain white matter; 3*, cerebral peduncle). Av-
erage scores were taken from a minimum of six mice per group and
plotted against brain area " standard errors of the means.
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all were more than 589 days postinoculation (Table 2), indi-
cating that plaque formation was occurring later in the disease
process, and that PrP deposition in animals culled prior to 589
days was not amyloid. The PrP plaques were shown to be
bilateral in a number of tissues where whole brains, or signif-
icant portions of the contralateral half, had been analyzed (see
Fig. S2 in the supplemental material). Florid plaques (associ-
ated with vCJD disease in humans) also were evident in the
hippocampus (Fig. 3d). The vacuolar pathology observed in
three of the PrP-positive HuMM mice was extremely limited,
with the main focus of vacuolation occurring in the hippocam-
pus and thalamus and being closely linked with the presence of
PrP amyloid plaques (Fig. 4d). No PrP deposition was ob-
served in aged (750 days old) uninoculated HuMM and HuVV
mice that were stained with 6H4 to control for possible age-
related PrP deposition due to the transgene (Fig. 4c).

As PrP deposition in HuMM transgenic mice was focused to
specific brain areas, PrPSc had to be concentrated by centrifu-
gal purification (SAF prep) to be visualized by immunoblot-
ting. PrPSc was extracted from a HuMM transgenic mouse
(with PrP deposition; the same animal as that shown in Fig. 4b,
d, f, and h), a Bov6 transgenic mouse, and a wild-type mouse
inoculated with experimental sheep BSE inoculum 2 and ana-
lyzed by immunoblotting alongside PrPSc that had been ex-
tracted from the source BSE-inoculated sheep and four scrapie
controls. Blots probed with MAb 6H4 revealed a low level of
proteinase K-resistant PrP (PrP-res) in the HuMM mouse
compared to that of Bov6 and 129/Ola controls (Fig. 5a). The
HuMM sample represented an approximately one-sixth brain
equivalent, reflecting the foci of deposition in the original
tissue (Fig. 4d) and the amyloid nature of much of the depos-
ited PrP, which may not have been resolved in the polyacryl-
amide gel. PrP-res levels were too low in both the HuMM
mouse and the original source BSE-infected sheep brain to
determine the size of the low-molecular-weight PrP-res band.
However, when the gel was reprobed with the N-terminal MAb
12B2, reduced levels of staining were observed in lanes con-
taining the source BSE-infected sheep brain, and brain homog-
enate from the HuMM mouse, 129/Ola mouse, and Bov6

FIG. 4. Comparative analysis of serial sections through the lateral
geniculate nucleus (thalamus) of an uninoculated aged (750 days)
HuMM mouse and a HuMM mouse infected with experimental sheep
BSE (inoculum 2). A HuMM mouse infected with sheep BSE (inoc-
ulum 2) shows astro- and microgliosis (b and f) visible when stained
with anti-GFAP and anti-Iba1 (respectively). Several amyloid plaques
are clearly visible, fluorescing green with thioflavin-S (h) and being
stained with anti-PrP antibody 6H4 (d). (a, c, e, g) Sections from a
control aged HuMM mouse show mild astro- and microgliosis and the
absence of PrP deposits or amyloid plaques. Sections used for immu-
nohistochemical analysis were counterstained with hematoxylin. Mag-
nification, !20.

FIG. 5. Comparative Western blot (WB) analysis of the proteinase
K-resistant fragment (PrPSc) of the prion protein. Discrimination be-
tween BSE and natural scrapie is achieved using two monoclonal
antibodies, 6H4 (a) and 12B2 (b). Lane 1, 4.2 mg equivalent of brain
material (mgE) of natural scrapie isolate from the NPU flock. Lane 2,
20 mg equivalent of inocula NPU J2501, Cheviot sheep experimentally
infected via the oral route with cattle BSE. Lanes 3 and 5, 1.2 and 1.5
mg equivalent of 129/Ola mice infected with a natural scrapie isolate.
Lane 4, 64 mg equivalent of HuMM transgenic mouse infected with
experimental sheep BSE (inoculum 2). Lanes 6 and 7, 2.8 and 0.88 mg
equivalent of 129/Ola and Bov6 (respectively) infected with experi-
mental sheep BSE (inoculum 2). Lane 8, 0.6 mg equivalent of ME7/SV
control. Molecular markers (M) of the standards are indicated on
either side of the panels (in kDa).
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The association between bovine spongiform encephalopathy (BSE) and variant Creutzfeldt–Jakob
disease (vCJD) has demonstrated that cattle transmissible spongiform encephalopathies (TSEs)
can pose a risk to human health and raises the possibility that other ruminant TSEs may be
transmissible to humans. In recent years, several novel TSEs in sheep, cattle and deer have been
described and the risk posed to humans by these agents is currently unknown. In this study, we
inoculated two forms of atypical BSE (BASE and H-type BSE), a chronic wasting disease (CWD)
isolate and seven isolates of atypical scrapie into gene-targeted transgenic (Tg) mice expressing
the human prion protein (PrP). Upon challenge with these ruminant TSEs, gene-targeted Tg mice
expressing human PrP did not show any signs of disease pathology. These data strongly suggest
the presence of a substantial transmission barrier between these recently identified ruminant
TSEs and humans.

Transmissible spongiform encephalopathies (TSEs) or prion
diseases are a group of fatal infectious neurodegenerative
diseases that include scrapie in sheep, bovine spongiform
encephalopathy (BSE) in cattle, chronic wasting disease
(CWD) in cervids and Creutzfeldt–Jakob disease (CJD) in
humans. TSEs are characterized by the accumulation in the

brain of PrPTSE, which is a protease resistant conformational
variant of the normal host-encoded cellular prion protein
(PrPc). Due to the infectious nature of TSEs, these diseases
can be transmitted via a number of different routes. While
TSEs tend to transmit more readily within species they are
also able to transmit between species, although efficiency
is dependent on both the TSE agent and host. Often
transmission to a new species may initially present low
transmission rates; however, further passage within the new
species may result in increased transmission rates and

3Present address: Department of Diagnostic Medicine/Pathobiology,
College of Veterinary Medicine, Kansas State University, Manhattan,
USA.
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Table 1. Transmission of BASE, BSE-H, CWD and atypical scrapie to human and bovine PrP Tg mice

.n, Represents the survival in days of the oldest mouse in groups where pathological signs of disease were not observed in any animals. NA, Not applicable.

Mouse lineTSE isolate

HuMM HuMV HuVV Bov6* 129/Ola*

Survival time No. affected Survival time No. affected Survival time No. affected Survival time No. affected Survival time No. affected

BASE (Roslin) .687 0/24 .672 0/24 .763 0/24 547±18D 24/24d .687 1/24d

BASE (Milan) .753 0/23 .700 0/23 .726 0/19 NA NA NA NA

BASE#1 (Rome) .633 0/19 .680 0/14 .707 0/17 NA NA NA NA

BASE#2 (Rome) .604 0/16 .854 0/29 .740 0/20 NA NA NA NA

BSE-C (Rome) .592 0/14 .856 0/15 .509 0/13 NA NA NA NA

BSE-H .722 0/24 .708 0/24 .708 0/24 561±15D 17/23d 675±19D 5/23d

CWD .680 0/24 .730 0/24 .722 0/24 .716 0/23 457, 707 2/24d

Sheep passaged atypical

scrapie

.693 0/24 .693 0/24 .693 0/24 .693 0/24 .693 0/24

Atypical scrapie ARR/ARR1 .651 0/23 .724 0/21 .829 0/24 .781 0/24 .753 0/24

Atypical scrapie AHQ/

AHQ1

.822 0/24 .718 0/24 .682 0/22 .757 0/23 .710 0/11

Atypical scrapie ARR/ARR2 .722 0/24 .744 0/24 .841 0/23 .756 0/22 .673 0/12

Atypical scrapie AHQ/

AHQ2

.786 0/22 .768 0/23 .700 0/24 .805 0/24 .779 0/21

Atypical scrapie AFRQ/

AFRQ1

.815 0/24 .717 0/23 .759 0/23 .757 0/23 .772 0/24

Atypical scrapie AFRQ/

AFRQ2

.750 0/23 .722 0/23 .756 0/24 .726 0/24 .756 0/12

*Results for BASE and H-type BSE inoculations into Bov6 mice and 129/Ola mice have previously been published (Wilson et al., 2012).

DMeasured as days±SEM and calculated from mice showing pathological signs of disease (vacuolation and/or PrP deposition).

dNumber of mice showing pathological signs of disease (vacuolation and/or PrP deposition)/number of mice inoculated.
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最近の科学的知見 (3) #638

Public and animal health controls to limit human ex-
posure to animal prions are focused on bovine spongiform 
encephalopathy (BSE), but other prion strains in rumi-
nants may also have zoonotic potential. One example is 
atypical/Nor98 scrapie, which evaded statutory diagnostic 
methods worldwide until the early 2000s. To investigate 
whether sheep infected with scrapie prions could be an-
other source of infection, we inoculated transgenic mice 
that overexpressed human prion protein with brain tissue 
from sheep with natural field cases of classical and atypi-
cal scrapie, sheep with experimental BSE, and cattle with 
BSE. We found that these mice were susceptible to BSE 
prions, but disease did not develop after prolonged post-
inoculation periods when mice were inoculated with clas-
sical or atypical scrapie prions. These data are consistent 
with the conclusion that prion disease is less likely to de-
velop in humans after exposure to naturally occurring pri-
ons of sheep than after exposure to epizootic BSE prions 
of ruminants.

Bovine spongiform encephalopathy (BSE) is the trans-
missible spongiform encephalopathy (TSE) or prion 

disease of domestic cattle. The BSE prion is an epizootic 
agent and causes variant Creutzfeldt-Jakob disease (vCJD) 
in humans after dietary exposure (1–4). Because the time 
lag between exposure and development of vCJD may be 

decades, uncertainty about the extent of the pathogenicity 
of BSE for humans continues (5), and subclinical forms of 
infection may exist (6,7). A recent immunohistochemical 
study that estimated prevalence of prion infection in the UK 
population by screening samples from surgically removed 
appendixes found 1 in 2,000 persons were positive for 
the disease-associated form of the prion protein (PrP) (8). 
Similar uncertainty exists in our understanding of scrapie, 
the TSE of small ruminants, which has been heightened in 
recent years by finding BSE in goats (9,10), the possibility 
of BSE in sheep (11), and the discovery of atypical scrapie 
(12,13), a form of small-ruminant TSE, which had evaded 
statutory diagnosis until the early 2000s.

Recent analysis of surveillance data of TSEs in small 
ruminants in Great Britain, collected over the past 10 years, 
has demonstrated a dramatic decrease (up to 90%) in num-
ber of confirmed cases of classical scrapie in the national 
flock. However, atypical scrapie continues to affect sheep 
bred for their relative resistance to the classical form of this 
prion disease, and the proportion of sheep with resistant 
genotypes in the national flock is likely to have increased 
over the past decade because of the National Scrapie Plan 
for Great Britain. This increase has rekindled speculation 
that atypical scrapie in small ruminants might be a source 
of human prion disease (11). Although atypical scrapie has 
been discovered retrospectively in 2 UK sheep culled in 
1987 and 1989 (14,15), the level and duration of human 
exposure to atypical scrapie prions are unknown, and this 
lack of knowledge confounds a cause-and-effect investiga-
tion of epidemiologic links between this animal disease and 
some form of CJD (11).

Over the past 2 decades, surrogate methods have 
been developed to assess the relative pathogenicity of 
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animal prions for humans. One approach involves the 
experimental transmission of disease by inoculating ho-
mogenized brain tissue from affected animals into trans-
genic mice that are overexpressing 1 of the 2 common 
polymorphic forms of the human PrP (either methionine 
or valine at residue 129) on a mouse PrP null background 
(16). Such transgenic mice are fully susceptible to in-
fection with human prions (16) and, to a lesser extent, 
cattle and ovine BSE prions (2,4,17), but appear resistant 
to chronic wasting disease prions from cervids (18–20). 
In this study, we inoculated transgenic mice that overex-
pressed human PrP with brain tissue from field sheep with 
natural cases of classical and atypical scrapie, sheep with 
serially-passaged experimental BSE, and cattle with BSE 
to assess the pathogenicity of natural scrapie prions rela-
tive to that of the known epizootic TSE agent, the cattle 
BSE prion strain.

Materials and Methods

Ovine and Bovine Prion Sources
From Great Britain’s Animal Health and Veterinary 

Laboratories Agency (AHVLA), we obtained 10% (w/v) 
brain homogenates prepared in sterile saline from sheep 
with neuropathologically confirmed prion disease and 
demonstrated ability to transmit prion disease to trans-
genic mice expressing ovine PrP or to wild-type mice 
(Table 1). We obtained scrapie-infected sheep brain from 
the Friedrich-Loeffler-Institut (Federal Research Institute 
for Animal Health, Greifswald-Insel Reims, Germany) 
under a license granted by Department for Environment, 
Food and Rural Affairs, according to the terms of the 

Importation of Animal Pathogens Order 1980. Brain 
samples from sheep with neuropathologically confirmed 
cases of classical and atypical scrapie were prepared as 
10% (w/v) homogenates in sterile Dulbecco phosphate-
buffered saline lacking Ca2+ and Mg2+ ions (D-PBS) by 
extrusion through syringe needles of decreasing diam-
eter. Brains from cattle with neuropathologically con-
firmed cases of BSE (collected specifically for transmis-
sion studies in the early 1990s) were provided by the UK 
Central Veterinary Laboratory (now AHVLA). We used 
10% (w/v) homogenates prepared from the brainstems 
of 5 cattle with natural BSE to generate pooled inocula, 
designated I038, which was previously shown to transmit 
prion disease to wild-type FVB/N and C57Bl/6 mice, and 
to transgenic mice overexpressing human PrP (2,4,23,24). 
All experimental procedures involving ovine or bovine 
prions were carried out in a microbiological containment 
level 3 facility with strict adherence to safety protocols.

Transgenic Mice
Transgenic mice homozygous for a human PrP 129V 

transgene array and murine PrP null alleles (Prnpo/o), 
designated Tg(HuPrP129V+/+ Prnpo/o)-152 mice (129VV 
Tg152 mice), or homozygous for a human PrP 129M 
transgene array and murine PrP null alleles (Prnpo/o), 
designated Tg(HuPrP129M+/+ Prnpo/o)-35 mice (129MM 
Tg35 mice), have been described (1,2,4,24–26). Both 
lines of mice were used to generate FVB/N-HuPrP+/+

Prnpo/o congenic lines by backcrossing to FVB/N mice 
for 10 generations, followed by genetic testing (Charles 
River UK, Ltd., Margate, UK) by using 84 FVB-specific 
PCR microsatellite markers covering 19 chromosomes 
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Results

Scrapie Prions from Sheep and Lack of Disease in 
Transgenic Mice 

We examined classical and atypical scrapie sheep 
brain homogenates from UK field cases (AHVLA) that 
contain PK-resistant ovine PrPSc and efficiently transmitted 
clinical prion disease to transgenic mice expressing ovine 
PrP (21,22) (Table 1), together with a series of PK-resistant 
PrP-positive brain homogenates from sheep in Germany 
with field cases of classical and atypical scrapie (Figure 1). 
All natural brain isolates examined produced no clinical 
prion disease or biochemical or histopathologic evidence 
for subclinical prion infection in transgenic mice that over-
expressed human PrP after postinoculation intervals of 
>600 days (Table 2). 

Consistent with the inability of IHC or high sensitivity 
immunoblotting to detect pathologic PrP in the brains of 
inoculated mice, neuropathologic examination of the brain 
showed no difference in spongiform change or gliosis from 
that observed in the brains of age-matched control mice 
(data not shown). From these findings, we conclude that 
both methionine and valine residue 129 variants of human 
PrP are refractory to pathologic conversion by these ovine 
prion strains in transgenic mice.

Transmission of Cattle BSE Prions to Transgenic Mice 
Brain isolates from sheep with classical and atypical 

scrapie (including those with demonstrated prion infectivi-
ty in transgenic mice expressing ovine PrP) did not transmit 
prion disease to transgenic mice that were overexpressing 
human PrP. This fact contrasts markedly with the known 
susceptibility of these mice to transmission of multiple 

cattle BSE isolates (2,4,24,25) as well as to transmission 
of a wide range of human-acquired prion diseases (includ-
ing kuru and vCJD) and sporadic prion disease isolates 
(2,4,24–26).

Concomitant with the current study, and as part of a 
separate experiment, we inoculated 129MM Tg35c mice 
intracerebrally with cattle BSE isolate I038. This BSE 
isolate has previously been shown to be transmissible to 
the parent 129MM Tg35 transgenic line, producing an at-
tack rate of 8/20 inoculated mice (4) (Table 3). Affected 
129MM Tg35 mice in these transmissions were culled 
(because of intercurrent illness or clinical prion disease) 
within 600 days of inoculation (Table 3) and demonstrated 
the presence of abnormal PrP in brain by IHC and immu-
noblotting (4). In 129MM Tg35c mice, cattle BSE isolate 
I038 produced an attack rate of 5/12 in intracerebrally in-
oculated mice (Table 3). Infection was characterized by the 
detection of abnormal PrP by IHC (Figure 2, panels A, B), 
which included large amorphous PrP deposits (Figure 2, 
panels C, E) and florid PrP plaques (Figure 2, panels D, 
F), and the detection of type 4 PrPSc in brain homogenate 
by immunoblotting (Figure 2, panel B inset). Intercurrent 
illness before 600 days postinoculation was seen in only 
one 129MM Tg35c mouse, with the remaining mice in the 
group (11/12) culled 611–853 days postinoculation (Table 
3). Although most mice survived >600 days after inocula-
tion, the attack rate of cattle BSE isolate I038 in 129MM 
Tg35c mice remained the same as observed in the parental 
129MM Tg35 mouse line with ≈40% of inoculated mice 
becoming infected (Table 3). In addition, we found that 
129MM Tg35 and 129MM Tg35c mice showed equivalent 
susceptibilities (100% attack rates) to vCJD or classical 
CJD prions (Table 3).
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Figure 1. Detection of disease-
related prion protein (PrPSc) in  
brains of sheep with field cases 
of classical and atypical scrapie 
from Germany. Both panels show 
immunoblots of proteinase K–
digested brain homogenate analyzed 
by enhanced chemiluminescence 
with  monoclonal antibody ICSM 
35 against PrP. Samples in panel 
A are from 10 μL 10% (w/v) brain 
homogenate after direct digestion 
with protease. Samples in panel B 
are derived after processing 200 
μL 10% (w/v) brain homogenate as 
described in Materials and Methods. 
A) From left, normal sheep brain 
compared to classical scrapie sheep 
brain samples FLI 1/06, FLI 83/04 
and FLI 107/04. B) From left, normal 
sheep brain compared to atypical 
sheep scrapie brain samples FLI 
S7/06, FLI 14/06 and FLI 26/06.

Atypical Scrapie Prions 

and, although our findings on atypical scrapie prions indi-
cate that the zoonotic potential of this ovine prion strain 
is lower than for ruminant BSE prions, further transmis-
sion studies using a wider variety of field cases of classi-
cal scrapie are required to provide further reassurance of 
the low or negligible zoonotic potential of all sheep prions. 
Examining extraneural tissues (in particular, the spleen) in 
ovine prion-challenged mice will be critical because recent 
findings have shown that cross-species prion transmission 
efficacy can exhibit a dramatic tissue-dependence in the 
same host (38).
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Figure 2. Immunohistochemical analysis of cattle bovine spongiform 
encephalopathy (BSE) prion–infected 129MM Tg35c mouse brain. 
Hippocampal region (A) and striatum (B) from a transgenic 129MM 
Tg35c mouse with subclinical prion infection culled 700 days 
after inoculation with cattle BSE prion inoculum I038. Panels A–D 
show abnormal prion protein (PrP) immunoreactivity stained with 
monoclonal antibody ICSM35 against PrP. Panels E and F show 
hematoxylin and eosin–stained sections. Boxed regions in panels 
A and B are shown at higher power magnification in panels C 
and E, and D and F, respectively. The inset in panel B shows an 
immunoblot in which monoclonal antibody 3F4 against PrP was 
used, which demonstrates type 4 PrPSc in 10 μL of PK-digested 
10% (w/v) brain homogenate prepared from the contralateral side 
of the same brain. Scale bar indicates 1.2 mm for panels A and B,  
160 µm for panels C–F.

Figure 3. Ovine bovine spongiform encephalopathy (BSE) prion 
transmission to a 129MM Tg35c mouse. Panel A shows immunoblot 
detection of disease-related prion protein (PrPSc) in 10 μL of 
proteinase K (PK)–digested 10% (w/v) brain homogenates from 
ovine BSE (SE 1929/0877) (lane 1) and secondary passage ovine 
BSE (SE1945/0032) (lane 2) using  monoclonal antibody ICSM35 
against prion protein (PrP). Panel B shows type 4 PrPSc in 1 μL of PK-
digested 10% (w/v) vCJD brain homogenate (lane 1) in comparison 
to PrPSc in 20 μL of PK-digested 10% (w/v) brain homogenate from 
a 129MM Tg35c mouse with subclinical prion infection that was 
culled 661 days after inoculation with secondary passage ovine 
BSE inoculum SE1945/0032 (lane 2). Panel C shows abnormal PrP 
immunoreactivity stained with monoclonal antibody ICSM35 against 
PrP in the corpus callosum of the ovine BSE–affected 129MM Tg35c 
mouse brain. Scale bar indicates 165 µm.
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proportion of the tgMet129 and tgMet/Val129 mice inoculated with
four of the isolates (Table 1). Western blot analysis confirmed the
accumulation of PrPres in the brain of these second passage mice
(Fig. 3b). There were no clinical signs of prion disease or PrPres

accumulation observed in control mice inoculated with PBS or
prion-free control brain homogenate, which had also undergone
two serial passages (Table 1). These controls confirmed that the
prion disease observed in inoculated tgHu mice inoculated with
the sheep scrapie isolates was not the consequence of a
spontaneous PrP conversion and that cross-mouse contamination
was unlikely.

Relative efficacy of scrapie and BSE transmission in tgHu. To
determine the susceptibility of tgHu mice to a prion strain with

known zoonotic potential, we inoculated human PrP mouse lines
with two different cattle BSE isolates. At first passage there was
either an absence or an inefficient transmission of bovine prions
in tgMet129 and tgMet/Val129 mice (Table 1), although the attack
rate significantly increased at second passage. No transmission or
brain PrPres accumulation was observed in tgVal129 mice inocu-
lated with either of the two BSE isolates (Table 1). These results
concur with the commonly held view that a substantial species
barrier limits the transmission of cattle BSE to humans6,22,28. The
data also support the contention that the relative permeability of
the human species barrier (as modelled here by the intracerebral
transmission in tgHu mice) to cattle BSE and scrapie is not
fundamentally different.

Impact of scrapie adaptation in bovine PrP transgenic mice.
Sheep scrapie prions can be propagated experimentally in cattle
and the hypothesis that BSE is derived from cattle exposure to
scrapie remains a prominent theory32–34. Moreover, PrPSc

amino-acid sequence can strongly influence cross-species prion
transmission22,23. In this context, the isolates that we obtained
after two passages of sheep scrapie isolates in bovine PrP
transgenic mice (tgBov) (Fig. 2) were also inoculated into
tgMet129 tgHu mice (Table 2). On the first passage, clinical
signs were observed in a proportion of tgMet129 mice inoculated
with each of the tgBov-adapted sheep scrapie isolates. Similar
transmission properties were also observed with scrapie isolate
PS48 that failed to propagate in tgHu mice after two passages
(Table 1). These observations support the contention that the
adaptation of ovine scrapie prions to the bovine PrP amino-acid
sequence increases their capacity to propagate in tgHu mice.

Lack of transmission barrier for human prions in tgHu mice.
In parallel to the inoculation with sheep scrapie isolates, we also
inoculated the tgHu mice with human brain material from one
vCJD and two sCJD patients. The sCJD cases were classified as
Met/Met type 1 (MM1) and Val/Val type 2 (VV2), respectively 35,
based on the patient’s PRNP genotype at codon 129 and on the
PrPres western blot profiles of these samples. On first passage,
100% of the tgHu mice inoculated with the two sCJD isolates

48 kDa

34 kDa

48 kDa

tgVal129

tgVal129 tgMet/Val129tgMet129

Hu control

34 kDa

N
ea

t
1/

4

N
ea

t
1/

4

1/
16

N
ea

t
1/

4

1/
16

N
ea

t
1/

4

1/
16

1/
64

1/
16

N
ea

t
1/

4
1/

16

Figure 1 | PrPC expression in tgHu mice. Brain homogenate dilutions
(neat or 1/4, 1/8, 1/16 diluted in Laemmli’s buffer) were analysed by
SDS–PAGE and western blot using 12% acrylamide gel. Normal PrP was
detected using the monoclonal antibody 3F4 (0.8 mg ml! 1). (a) tgMet129,
tgMet/Val129 and tgVal129 samples. (b) tgVal129 and human control brain
samples.

Table 1 | Intracerebral inoculation of tgHu mice with a panel of human, bovine and ovine prion isolates.

Isolate Origin Tg Met/Met129 TgMet/Val129 TgVal/Val129

Passage 1 Passage 2 Passage 1 Passage 2 Passage 1 Passage 2

Positive
mice

Incubation
(d.p.i.±s.d.)

Positive
mice

Incubation
(d.p.i.±s.d.)

Positive
mice

Incubation
(d.p.i.±s.d.)

Positive
mice

Incubation
(d.p.i.±s.d.)

Positive
mice

Incubation
(d.p.i.±s.d.)

Positive
mice

Incubation
(d.p.i.±s.d.)

sCJD MM1 Hu 6/6 219±17 6/6 239±8 6/6 243±14 6/6 260±13 6/6 327±19 6/6 286±16
sCJD VV2 Hu 6/6 618±81 6/6 509±41 6/6 588±74 6/6 594±86 6/6 168±12 6/6 169±12
vCJD Hu 6/6 595±25 6/6 581±45 2/6 758, 801 6/6 615±65 0/6 4750 0/6 4750
BSE Bov 0/6 4750 3/6 572±64 0/6 4750 NA 0/6 4750 0/6 4750
BSE Bov 1/6 739 6/6 633±32 0/6 4750 NA 0/6 4750 0/6 4750
MF17 Ov 0/6 4750 NA 2/6 743*,, 760* 3/6 343, 374,

665
0/6 4750 0/6 4700

PS09 Ov 0/6 4750 1/6 432 0/6 4750 0/6 4600 0/6 4750 0/6 4700
PS21 Ov 0/6 4750 2/6 369,579 0/6 4750 0/6 4700 0/6 4750 0/6 4700
PS48 Ov 0/6 4750 0/6 4750 0/6 4750 0/6 4700 0/6 4750 0/5 4700
PS42 Ov 0/6 4750 1/6 475 0/6 4750 0/6 4700 0/6 4750 0/6 4700
PS310 Ov 0/6 4750 NA 0/6 4750 NA - 0/6 4750 NA
Negative
brain

Hu 0/12 4750 0/12 4750 0/12 4750 0/6 4650 0/12 4750 0/6 4750

Ov 0/12 4750 0/12 4750 0/12 4750 0/6 4650 0/12 4750 0/6 4750
PBS
control

0/18 4800 0/12 4650 0/12 4750 0/6 4650 0/12 4750 0/6 4750

Transgenic mice that express the Met129, Val129 human PrP and their cross bred were inoculated intra-cerebrally (20 ml per mouse) with a 10% brain homogenate from (i) sporadic Creutzfeldt-Jakob
(sCJD) variant Creutzfeldt Jakob (vCJD) methionine homozygous patients, (ii) bovine (Bov) spongiform encephalopathy-affected cattle, (iii) ovine (Ov) scrapie isolates (MF17, PS09, PS21, PS48, PS42
and PS310). After first passage, clinically affected or asymptomatic mice that survived 4500 d.p.i. were pooled and used for second passage in the same line. Mice were considered positive when
abnormal PrP deposition was detected in the brain.
Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d. except when o50% of mice were found to be PrPres-positive. In that latter case, the incubation period of PrPres-positive mice is
individually presented. Control mice were inoculated with negative brain tissue or PBS controls. sCJD and scrapie isolates were inoculated into mice in different rooms of the animal facilities. (NA): still
ongoing bioassay, results not available.
*Indicates PrPres and found dead animals (asymptomatic).
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characteristics to those displayed by MM1 or VV2 sCJD prion
isolates passaged in the same mouse lines. Change in phenotype
is a common phenomenon associated with the transmission
of prions across a species barrier44,45. Our observation that
phenotypically similar prion strains emerged following
transmission of different sheep scrapie isolates in tgHu mice
is consistent with the concept that the range of PrPSc

conformations, which are considered to reflect prion strain

diversity, is limited for a given PrP sequence. This restriction on
PrPSc conformations implies that prion propagation in hosts of a
given PrP sequence results in a predefined range of prion
strains23,46,47.

An unexpected result of this study was the finding that
transmission of sheep scrapie isolates in tgHu mice resulted in the
emergence of prions with a similar phenotype to those associated
with sCJD. As this result was obtained in two different tgHu

Table 2 | Intracerebral inoculation of transgenic mice that express human PrP with ovine scrapie isolates previously adapted in
bovine PrP transgenic mice.

Isolate Origin First passage Second passage

Tg Met129 Tg Met129 Tg Val129

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Hu 6/6 219±17 6/6 239±8 6/6 298±10
sCJD VV2 Hu 6/6 618±81 6/6 509±41 6/6 182±9
vCJD Hu 6/6 595±25 6/6 581±45 0/6 4750
PS48 TgBov 1/6 453 6/6 230±16 6/6 305±4
PS310 Tg Bov 1/6 630 5/5 492±27 6/6 208±5
PS09 Tg Bov 2/6 407, 700* NA NA
PS21 Tg Bov 1/6 499 NA NA

Tg Met129 mice were intracerebrally challenged with scrapie isolates (PS48, PS310, PS09, PS21) that had previously adapted into bovine PrP transgenic mice (two successive passages). In groups
inoculated with PS48 and PS310 scrapie isolate one symptomatic TgMet129 (showing abnormal PrP accumulation in its brain) was selected and its brain used for inoculating TgMet129 and TgVal129.
Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d. NA: still ongoing bioassay, results not available.
*Indicates PrPrespositive and found dead animals (asymptomatic).
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Figure 4 | Brain PrPres deposition pattern in sCJD and scrapie inoculated tgHu mice. TgMet129 or tgVal129 mice were inoculated with MM1 and VV2
sCJD isolates. The same mouse lines were challenged with different natural sheep scrapie isolates (see Table 1-MF17, PS21, PS42 and PS310) that had been
serially transmitted (two passages) in tgMet129, tgMet/Val129 (see Table 1) or in mice that expressed bovine PrP (tgBov, see Tables 2 and 3). PK-resistant
PrP detection was carried out by PET blot using an anti-PrP monoclonal antibody Sha31. Scale bar, 150mm.

Table 3 | Intracerebral inoculation of tgHu mice with human sCJD cases and sheep scrapie isolates adapted (two passages) in
tgMet129 mice or tgMet/Val129.

Isolate Origin Tg Met129 Tg Val129

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Met/Met129 patient 6/6 219±17 6/6 318±20
Tg Met129 6/6 239±8 6/6 298±10

sCJD VV2 Val/Val 129 patient 6/6 618±19 6/6 168±12
Tg Met129 6/6 581±45 6/6 182±9

MF17 TgMet/Val129 6/6 206±3 6/6 283±6
PS21 Tg Met129 6/6 214±2 6/6 283±1
PS42 Tg Met129 6/6 213±10 6/6 291±3

After two passages in tgMet129 (scrapie isolates PS21 and PS42) or in tg Met/Val129 (scrapie MF17) mice, the brain from one clinically affected mouse per isolate (showing PrPres accumulation in the
brain) was used to inoculate fresh groups of tgMet129 and tgVal129 mice. sCJD cases (Met/Met129 type 1 and Val/Val129 type 2) and the brain material obtained after their passage in tg Met129 mice were
used as controls. Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d.
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characteristics to those displayed by MM1 or VV2 sCJD prion
isolates passaged in the same mouse lines. Change in phenotype
is a common phenomenon associated with the transmission
of prions across a species barrier44,45. Our observation that
phenotypically similar prion strains emerged following
transmission of different sheep scrapie isolates in tgHu mice
is consistent with the concept that the range of PrPSc

conformations, which are considered to reflect prion strain

diversity, is limited for a given PrP sequence. This restriction on
PrPSc conformations implies that prion propagation in hosts of a
given PrP sequence results in a predefined range of prion
strains23,46,47.

An unexpected result of this study was the finding that
transmission of sheep scrapie isolates in tgHu mice resulted in the
emergence of prions with a similar phenotype to those associated
with sCJD. As this result was obtained in two different tgHu

Table 2 | Intracerebral inoculation of transgenic mice that express human PrP with ovine scrapie isolates previously adapted in
bovine PrP transgenic mice.

Isolate Origin First passage Second passage

Tg Met129 Tg Met129 Tg Val129

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Hu 6/6 219±17 6/6 239±8 6/6 298±10
sCJD VV2 Hu 6/6 618±81 6/6 509±41 6/6 182±9
vCJD Hu 6/6 595±25 6/6 581±45 0/6 4750
PS48 TgBov 1/6 453 6/6 230±16 6/6 305±4
PS310 Tg Bov 1/6 630 5/5 492±27 6/6 208±5
PS09 Tg Bov 2/6 407, 700* NA NA
PS21 Tg Bov 1/6 499 NA NA

Tg Met129 mice were intracerebrally challenged with scrapie isolates (PS48, PS310, PS09, PS21) that had previously adapted into bovine PrP transgenic mice (two successive passages). In groups
inoculated with PS48 and PS310 scrapie isolate one symptomatic TgMet129 (showing abnormal PrP accumulation in its brain) was selected and its brain used for inoculating TgMet129 and TgVal129.
Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d. NA: still ongoing bioassay, results not available.
*Indicates PrPrespositive and found dead animals (asymptomatic).
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Figure 4 | Brain 129 129 and VV2
sCJD isolates. The same mouse lines were challenged with different natural sheep scrapie isolates (see Table 1-MF17, PS21, PS42 and PS310) that had been
serially transmitted (two passages) in tgMet129, tgMet/Val129 (see Table 1) or in mice that expressed bovine PrP (tgBov, see Tables 2 and 3). PK-resistant
PrP detection was carried out by PET blot using an anti-PrP monoclonal antibody Sha31. Scale bar, 150mm.

Table 3 | Intracerebral inoculation of tgHu mice with human sCJD cases and sheep scrapie isolates adapted (two passages) in
tgMet129 mice or tgMet/Val129.

Isolate Origin Tg Met129 Tg Val129

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Met/Met129 patient 6/6 219±17 6/6 318±20
Tg Met129 6/6 239±8 6/6 298±10

sCJD VV2 Val/Val 129 patient 6/6 618±19 6/6 168±12
Tg Met129 6/6 581±45 6/6 182±9

MF17 TgMet/Val129 6/6 206±3 6/6 283±6
PS21 Tg Met129 6/6 214±2 6/6 283±1
PS42 Tg Met129 6/6 213±10 6/6 291±3

After two passages in tgMet129 (scrapie isolates PS21 and PS42) or in tg Met/Val129 (scrapie MF17) mice, the brain from one clinically affected mouse per isolate (showing PrPres accumulation in the
brain) was used to inoculate fresh groups of tgMet129 and tgVal129 mice. sCJD cases (Met/Met129 type 1 and Val/Val129 type 2) and the brain material obtained after their passage in tg Met129 mice were
used as controls. Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d.
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mouse lines, we consider that our data support the view that
passage of sheep scrapie prions across a human transmission
barrier can lead to the emergence of sCJD prions.

Other recent studies have similarly reported that, after one
passage, no clinical disease or PrPres accumulation could be
observed in tgHu mice overexpressing the human PrP following
intracerebral challenge with a panel of scrapie isolates48. This
observation concurs with our data here whereby propagation of
sheep scrapie in tgHu mice was only clearly evident after second
passage in these mouse lines. A similar phenomenon was also
reported in a number of tgHu mouse models following the
inoculation of cattle BSE6,22,28. This is a likely consequence of the
strong transmission barrier limiting the propagation of both
scrapie and BSE prions in mice that express human PrP. Our data
were obtained by transmission studies in mice that overexpress
human PrP and are in contrast with the reported lack of
transmission of sheep scrapie isolates in human PrP knock-in
mice49. However, while no species barrier is expected for
transmission of human prions in tgHu mice, a significant
proportion of sCJD isolates propagates with limited efficiency
in human PrP knock-in mice50. This suggests that mice that
express physiological levels of PrP might not be the most
appropriate animal model to assess the permeability of the
human species barrier to animal prions.

Do our transmission results in tgHu imply that sheep scrapie is
the cause of sCJD cases in humans? This question challenges well-
established dogma that sCJD is a spontaneous disorder unrelated
to animal prion disease. In our opinion, our 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 re-
consider this possibility. Clarification on this topic will be aided
by informed and modern epidemiological studies to up-date
previous analysis that was performed at the end of the last
century3,4. The value of such an approach is highlighted by the
implementation in the year 2000 of large-scale active animal TSE
surveillance programs around the world that provided an
informed epidemiological-based view of the occurrence and
geographical spread of prion disease in small ruminant
populations51. The fact that both Australia and New-Zealand,
two countries that had been considered for more than 50 years as
TSE-free territories, were finally identified positive for atypical
scrapie in their sheep flocks provides an example of how prion

Table 4 | Intracerebral inoculation of tg650 transgenic mice with a panel of sheep scrapie isolates.

Isolate Origin Tg 650

Passage 1 Passage 2

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Hu 6/6 177±17 4/4 153±3
sCJD VV2 Hu 6/6 566±21 6/6 433±18
vCJD Hu 8/8 512±15 7/7 581±45
BSE Bov 2/6 627; 842* 6/7 568±65
PS21 ov 1/8 926* 11/11 180±8
0100 ov 1/6 595* NA
PS310 ov 0/9 4750 0/15 4750
PS48 ov 0/6 4750 NA
Healthy brain Hu 0/9 4750 0/6 4750

Ov 0/6 4750 0/6 4750

Tg650 mice that are transgenic for Met129 human PrP were inoculated intra-cerebrally (20 ml per mouse) with 10% brain homogenate from challenged with 10% brain homogenate from (i) sporadic
Creutzfeldt-Jakob (sCJD) and variant Creutzfeldt Jakob (vCJD) patients, (ii) bovine (Bov) spongiform encephalopathy-affected cattle, (iii) ovine (Ov) scrapie isolates (PS21, O100, PS48 and PS310). After
first passage, clinically affected or asymptomatic mice that survived 4500 d.p.i. were pooled and used for second passage in the same mouse line. Mice were considered positive when abnormal PrP
deposition was detected in the brain. Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d., except when o50% of mice were found positive. In the latter case, the incubation periods
of the positive mice are individually presented. Data in italics have been described in previous publications. NA: still ongoing bioassay, results not available.
*Indicates abnormal PrP positive and found dead animals (asymptomatic).
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Figure 5 | PrPres in the brains of prion-inoculated tg650 transgenic mice.
Transgenic mice (tgMet129/tg650) that overexpress the methionine
variant at codon 129 of human PrP were inoculated with different natural
sheep scrapie isolates (ov), cattle BSE (bov), human (hu) vCJD and sCJD
samples (MM1 and VV2). Brains from first and/or second passage tg650
mice were tested for the presence of PrPres by (a) western blot (Sha31anti-
PrP antibody) and (b) histo Blot (3F4 anti-PrP antibody). Scale bar, 160mm.
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mouse lines, we consider that our data support the view that
passage of sheep scrapie prions across a human transmission
barrier can lead to the emergence of sCJD prions.

Other recent studies have similarly reported that, after one
passage, no clinical disease or PrPres accumulation could be
observed in tgHu mice overexpressing the human PrP following
intracerebral challenge with a panel of scrapie isolates48. This
observation concurs with our data here whereby propagation of
sheep scrapie in tgHu mice was only clearly evident after second
passage in these mouse lines. A similar phenomenon was also
reported in a number of tgHu mouse models following the
inoculation of cattle BSE6,22,28. This is a likely consequence of the
strong transmission barrier limiting the propagation of both
scrapie and BSE prions in mice that express human PrP. Our data
were obtained by transmission studies in mice that overexpress
human PrP and are in contrast with the reported lack of
transmission of sheep scrapie isolates in human PrP knock-in
mice49. However, while no species barrier is expected for
transmission of human prions in tgHu mice, a significant
proportion of sCJD isolates propagates with limited efficiency
in human PrP knock-in mice50. This suggests that mice that
express physiological levels of PrP might not be the most
appropriate animal model to assess the permeability of the
human species barrier to animal prions.

Do our transmission results in tgHu imply that sheep scrapie is
the cause of sCJD cases in humans? This question challenges well-
established dogma that sCJD is a spontaneous disorder unrelated
to animal prion disease. In our opinion, our 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 re-
consider this possibility. Clarification on this topic will be aided
by informed and modern epidemiological studies to up-date
previous analysis that was performed at the end of the last
century3,4. The value of such an approach is highlighted by the
implementation in the year 2000 of large-scale active animal TSE
surveillance programs around the world that provided an
informed epidemiological-based view of the occurrence and
geographical spread of prion disease in small ruminant
populations51. The fact that both Australia and New-Zealand,
two countries that had been considered for more than 50 years as
TSE-free territories, were finally identified positive for atypical
scrapie in their sheep flocks provides an example of how prion

Table 4 | Intracerebral inoculation of tg650 transgenic mice with a panel of sheep scrapie isolates.

Isolate Origin Tg 650

Passage 1 Passage 2

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Hu 6/6 177±17 4/4 153±3
sCJD VV2 Hu 6/6 566±21 6/6 433±18
vCJD Hu 8/8 512±15 7/7 581±45
BSE Bov 2/6 627; 842* 6/7 568±65
PS21 ov 1/8 926* 11/11 180±8
0100 ov 1/6 595* NA
PS310 ov 0/9 4750 0/15 4750
PS48 ov 0/6 4750 NA
Healthy brain Hu 0/9 4750 0/6 4750

Ov 0/6 4750 0/6 4750

Tg650 mice that are transgenic for Met129 human PrP were inoculated intra-cerebrally (20 ml per mouse) with 10% brain homogenate from challenged with 10% brain homogenate from (i) sporadic
Creutzfeldt-Jakob (sCJD) and variant Creutzfeldt Jakob (vCJD) patients, (ii) bovine (Bov) spongiform encephalopathy-affected cattle, (iii) ovine (Ov) scrapie isolates (PS21, O100, PS48 and PS310). After
first passage, clinically affected or asymptomatic mice that survived 4500 d.p.i. were pooled and used for second passage in the same mouse line. Mice were considered positive when abnormal PrP
deposition was detected in the brain. Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d., except when o50% of mice were found positive. In the latter case, the incubation periods
of the positive mice are individually presented. Data in italics have been described in previous publications. NA: still ongoing bioassay, results not available.
*Indicates abnormal PrP positive and found dead animals (asymptomatic).
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Figure 5 | PrPres in the brains of prion-inoculated tg650 transgenic mice.
Transgenic mice (tgMet129/tg650) that overexpress the methionine
variant at codon 129 of human PrP were inoculated with different natural
sheep scrapie isolates (ov), cattle BSE (bov), human (hu) vCJD and sCJD
samples (MM1 and VV2). Brains from first and/or second passage tg650
mice were tested for the presence of PrPres by (a) western blot (Sha31anti-
PrP antibody) and (b) histo Blot (3F4 anti-PrP antibody). Scale bar, 160mm.
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mouse lines, we consider that our data support the view that
passage of sheep scrapie prions across a human transmission
barrier can lead to the emergence of sCJD prions.

Other recent studies have similarly reported that, after one
passage, no clinical disease or PrPres accumulation could be
observed in tgHu mice overexpressing the human PrP following
intracerebral challenge with a panel of scrapie isolates48. This
observation concurs with our data here whereby propagation of
sheep scrapie in tgHu mice was only clearly evident after second
passage in these mouse lines. A similar phenomenon was also
reported in a number of tgHu mouse models following the
inoculation of cattle BSE6,22,28. This is a likely consequence of the
strong transmission barrier limiting the propagation of both
scrapie and BSE prions in mice that express human PrP. Our data
were obtained by transmission studies in mice that overexpress
human PrP and are in contrast with the reported lack of
transmission of sheep scrapie isolates in human PrP knock-in
mice49. However, while no species barrier is expected for
transmission of human prions in tgHu mice, a significant
proportion of sCJD isolates propagates with limited efficiency
in human PrP knock-in mice50. This suggests that mice that
express physiological levels of PrP might not be the most
appropriate animal model to assess the permeability of the
human species barrier to animal prions.

Do our transmission results in tgHu imply that sheep scrapie is
the cause of sCJD cases in humans? This question challenges well-
established dogma that sCJD is a spontaneous disorder unrelated
to animal prion disease. In our opinion, our 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 re-
consider this possibility. Clarification on this topic will be aided
by informed and modern epidemiological studies to up-date
previous analysis that was performed at the end of the last
century3,4. The value of such an approach is highlighted by the
implementation in the year 2000 of large-scale active animal TSE
surveillance programs around the world that provided an
informed epidemiological-based view of the occurrence and
geographical spread of prion disease in small ruminant
populations51. The fact that both Australia and New-Zealand,
two countries that had been considered for more than 50 years as
TSE-free territories, were finally identified positive for atypical
scrapie in their sheep flocks provides an example of how prion

Table 4 | Intracerebral inoculation of tg650 transgenic mice with a panel of sheep scrapie isolates.

Isolate Origin Tg 650

Passage 1 Passage 2

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Hu 6/6 177±17 4/4 153±3
sCJD VV2 Hu 6/6 566±21 6/6 433±18
vCJD Hu 8/8 512±15 7/7 581±45
BSE Bov 2/6 627; 842* 6/7 568±65
PS21 ov 1/8 926* 11/11 180±8
0100 ov 1/6 595* NA
PS310 ov 0/9 4750 0/15 4750
PS48 ov 0/6 4750 NA
Healthy brain Hu 0/9 4750 0/6 4750

Ov 0/6 4750 0/6 4750

Tg650 mice that are transgenic for Met129 human PrP were inoculated intra-cerebrally (20 ml per mouse) with 10% brain homogenate from challenged with 10% brain homogenate from (i) sporadic
Creutzfeldt-Jakob (sCJD) and variant Creutzfeldt Jakob (vCJD) patients, (ii) bovine (Bov) spongiform encephalopathy-affected cattle, (iii) ovine (Ov) scrapie isolates (PS21, O100, PS48 and PS310). After
first passage, clinically affected or asymptomatic mice that survived 4500 d.p.i. were pooled and used for second passage in the same mouse line. Mice were considered positive when abnormal PrP
deposition was detected in the brain. Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d., except when o50% of mice were found positive. In the latter case, the incubation periods
of the positive mice are individually presented. Data in italics have been described in previous publications. NA: still ongoing bioassay, results not available.
*Indicates abnormal PrP positive and found dead animals (asymptomatic).
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Figure 5 | PrPres in the brains of prion-inoculated tg650 transgenic mice.
Transgenic mice (tgMet129/tg650) that overexpress the methionine
variant at codon 129 of human PrP were inoculated with different natural
sheep scrapie isolates (ov), cattle BSE (bov), human (hu) vCJD and sCJD
samples (MM1 and VV2). Brains from first and/or second passage tg650
mice were tested for the presence of PrPres by (a) western blot (Sha31anti-
PrP antibody) and (b) histo Blot (3F4 anti-PrP antibody). Scale bar, 160mm.
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mouse lines, we consider that our data support the view that
passage of sheep scrapie prions across a human transmission
barrier can lead to the emergence of sCJD prions.

Other recent studies have similarly reported that, after one
passage, no clinical disease or PrPres accumulation could be
observed in tgHu mice overexpressing the human PrP following
intracerebral challenge with a panel of scrapie isolates48. This
observation concurs with our data here whereby propagation of
sheep scrapie in tgHu mice was only clearly evident after second
passage in these mouse lines. A similar phenomenon was also
reported in a number of tgHu mouse models following the
inoculation of cattle BSE6,22,28. This is a likely consequence of the
strong transmission barrier limiting the propagation of both
scrapie and BSE prions in mice that express human PrP. Our data
were obtained by transmission studies in mice that overexpress
human PrP and are in contrast with the reported lack of
transmission of sheep scrapie isolates in human PrP knock-in
mice49. However, while no species barrier is expected for
transmission of human prions in tgHu mice, a significant
proportion of sCJD isolates propagates with limited efficiency
in human PrP knock-in mice50. This suggests that mice that
express physiological levels of PrP might not be the most
appropriate animal model to assess the permeability of the
human species barrier to animal prions.

Do our transmission results in tgHu imply that sheep scrapie is
the cause of sCJD cases in humans? This question challenges well-
established dogma that sCJD is a spontaneous disorder unrelated
to animal prion disease. In our opinion, our 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 re-
consider this possibility. Clarification on this topic will be aided
by informed and modern epidemiological studies to up-date
previous analysis that was performed at the end of the last
century3,4. The value of such an approach is highlighted by the
implementation in the year 2000 of large-scale active animal TSE
surveillance programs around the world that provided an
informed epidemiological-based view of the occurrence and
geographical spread of prion disease in small ruminant
populations51. The fact that both Australia and New-Zealand,
two countries that had been considered for more than 50 years as
TSE-free territories, were finally identified positive for atypical
scrapie in their sheep flocks provides an example of how prion

Table 4 | Intracerebral inoculation of tg650 transgenic mice with a panel of sheep scrapie isolates.

Isolate Origin Tg 650

Passage 1 Passage 2

Positive mice Incubation (d.p.i.±s.d.) Positive mice Incubation (d.p.i.±s.d.)

sCJD MM1 Hu 6/6 177±17 4/4 153±3
sCJD VV2 Hu 6/6 566±21 6/6 433±18
vCJD Hu 8/8 512±15 7/7 581±45
BSE Bov 2/6 627; 842* 6/7 568±65
PS21 ov 1/8 926* 11/11 180±8
0100 ov 1/6 595* NA
PS310 ov 0/9 4750 0/15 4750
PS48 ov 0/6 4750 NA
Healthy brain Hu 0/9 4750 0/6 4750

Ov 0/6 4750 0/6 4750

Tg650 mice that are transgenic for Met129 human PrP were inoculated intra-cerebrally (20 ml per mouse) with 10% brain homogenate from challenged with 10% brain homogenate from (i) sporadic
Creutzfeldt-Jakob (sCJD) and variant Creutzfeldt Jakob (vCJD) patients, (ii) bovine (Bov) spongiform encephalopathy-affected cattle, (iii) ovine (Ov) scrapie isolates (PS21, O100, PS48 and PS310). After
first passage, clinically affected or asymptomatic mice that survived 4500 d.p.i. were pooled and used for second passage in the same mouse line. Mice were considered positive when abnormal PrP
deposition was detected in the brain. Incubation periods (days post inoculation: d.p.i.) are shown as mean±s.d., except when o50% of mice were found positive. In the latter case, the incubation periods
of the positive mice are individually presented. Data in italics have been described in previous publications. NA: still ongoing bioassay, results not available.
*Indicates abnormal PrP positive and found dead animals (asymptomatic).
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Figure 5 | PrPres in the brains of prion-inoculated tg650 transgenic mice.
Transgenic mice (tgMet129/tg650) that overexpress the methionine
variant at codon 129 of human PrP were inoculated with different natural
sheep scrapie isolates (ov), cattle BSE (bov), human (hu) vCJD and sCJD
samples (MM1 and VV2). Brains from first and/or second passage tg650
mice were tested for the presence of PrPres by (a) western blot (Sha31anti-
PrP antibody) and (b) histo Blot (3F4 anti-PrP antibody). Scale bar, 160mm.
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Transmission of scrapie prions to 
primate after an extended silent 
incubation period
Emmanuel E. Comoy1, Jacqueline Mikol1, Sophie Luccantoni-Freire1, Evelyne Correia1, 
Nathalie Lescoutra-Etchegaray1, Valérie Durand1, Capucine Dehen1, Olivier Andreoletti2, 
Cristina Casalone3, Juergen A. Richt4,†, Justin J. Greenlee4, Thierry Baron5, 
Sylvie L. Benestad6, Paul Brown1 & Jean-Philippe Deslys1

Classical bovine spongiform encephalopathy (c-BSE) is the only animal prion disease reputed to be 
zoonotic, causing variant Creutzfeldt-Jakob disease (vCJD) in humans and having guided protective 
measures for animal and human health against animal prion diseases. Recently, partial transmissions 
to humanized mice showed that the zoonotic potential of scrapie might be similar to c-BSE. We here 
report the direct transmission of a natural classical scrapie isolate to cynomolgus macaque, a highly 
relevant model for human prion diseases, after a 10-year silent incubation period, with features 
similar to those reported for human cases of sporadic CJD. Scrapie is thus actually transmissible to 
primates with incubation periods compatible with their life expectancy, although fourfold longer 
than BSE. Long-term experimental transmission studies are necessary to better assess the zoonotic 
potential of other prion diseases with high prevalence, notably Chronic Wasting Disease of deer and 
elk and atypical/Nor98 scrapie.

For several protein-misfolding neurodegenerative diseases (Alzheimer’s disease, Parkinson’s disease, 
prion diseases, amyotrophic lateral sclerosis, etc.), a minority of cases are linked to mutations of specific 
proteins (familial cases, approximately 10%) but the great majority are considered to be sporadic and idi-
opathic, i.e. without identified origin. Among these proteinopathies, prion diseases constitute a peculiar 
group as they naturally occur in both humans and animals and are transmissible through natural routes 
of exposure. In humans, Kuru was transmitted through cannibalistic funeral rites1 and Creutzfeldt-Jakob 
disease (CJD) has been transmitted iatrogenically from the use of growth hormone, grafts, or surgi-
cal instruments contaminated with tissue from unidentified human sporadic CJD cases2. Sporadic CJD 
(sCJD) represents more than 80% of human cases of prion disease and is readily transmissible to humans 
and non-human primates.

In animals, classical scrapie (c-scrapie) of sheep and goats and chronic wasting disease (CWD) in 
farmed and wild cervids are transmitted through direct contact between animals and through grazing in 
prion-contaminated environments, which leads to persistence of these diseases at an enzootic level. In 
contrast, the bovine spongiform encephalopathy (BSE, hereafter called classical BSE, or c-BSE) epizootic 
was maintained through feeding cattle with prion-contaminated meat and bone meals.
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At postmortem examination, the brain was atrophic, most evident in the temporal lobes (Fig.  1A). 
Microscopic examination revealed widespread spongiform change throughout the nervous system, with 
a distribution of spongiform lesions different from those observed for c-BSE- or L-type BSE-infected 
macaques (Fig.  2). Lesions were irregularly laminar in the neocortex and more intense in the cingu-
lar and occipital lobes (Fig. 1B and 1I compared to 1J), moderate in striatum, thalamus, hippocampus 
and brain stem with a dorsal predominance, and very mild in the spinal cord except at the lumbar 
level. There was no vacuolation in lateral cuneate nucleus or the nucleus of the vagus nerve. Conversely, 
in the cerebellum, spongiosis of the Purkinje cells was so intense that most of them were destroyed 
(Fig. 1C). Elsewhere, neuronal loss was moderate, increasing from frontal to occipital cortex. Mild neu-
ronal loss also was present in the basal ganglia and the amygdala. Shrunken neurons were noted in 
entorhinal cortex, subiculum, field CA2 of the hippocampus associated with an axonal loss in temporal 
lobe (Fig. 1D,E), substantia nigra and locus coeruleus. Optic tracts were practically normal. No long tract 
degeneration was observed.

A peculiar lesion was present in the medial nucleus of the thalamus including a massive loss of 
parenchymal elements associated with spongiform change and gliosis (Fig. 1F & 1G vs 1H) but devoid 

Figure 1. Neuropathological features of scrapie-infected cynomolgus macaque. (A) Macroscopic view of 
brain atrophy predominant in temporal lobe and enlarged ventricles, associated with a half-turn rotation of 
the hippocampal formation (x 1.4, Klüver-Barrera (KB) stain). (B) Laminar spongiform change involving 
mostly layer IV of occipital cortex (x 100 original magnification, Hematoxylin-Eosin (HE)). (C) Spongiform 
change in Purkinje cells of the cerebellar cortex, most of them being shrunken or absent (x 400, KB). (D) 
Axonal loss of the temporal white matter, visualized with monoclonal anti-neurofilament antibody 2F11 (x 
400, 2F11 antibody), in comparison to (E) a normal neurofilament staining in temporal white matter of a 
healthy primate (x 400). (F) Massive lesion of the dorso-medialis thalamic nucleus (x 25, KB) (G) Higher 
magnification of the thalamic nucleus (corresponding to the inset in panel (F) showing massive rarefaction 
of neurons (arrows marked the few remaining neurons), an increase of the density of glia and spongiosis (x 
400, KB), in comparison to (H) the same thalamic region in healthy primate. (I) Higher magnification of 
the laminar spongiosis of occipital cortex (x200, HE), in comparison to (J) the occipital cortex of healthy 
primate (x200, HE). (K) Iron deposits in the globus pallidus (x 400, Perls).
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of necrosis or evidence of a vascular abnormality. The mammillary body had spongiform change, but 
no obvious neuronal loss was observed and the width of the corpus callosum was within normal limits.

Gliosis was present in the hemispheric white matter, the pars lateralis of the globus pallidus, the 
brain stem and the lower spinal cord. Reactive astrocytosis was especially intense in the cerebellum. Iron 
deposits were noted in the lenticular nucleus, predominant in globus pallidus (Fig. 1K).

PrPSc immunoreactivity was heavily distributed in cortex, striatum and cerebellum, consisting of 
synaptic deposits and small and large aggregates (Fig.  3A,B,C,D), whereas PrPC was undetected with 
this technique (supplementary figure 1). Deposits were predominant in the cingular and occipital cor-
tices, the basal ganglia, and the molecular layer of the cerebellum, and mild in the brainstem and the 
spinal cord. In the field CA2 of the hippocampus, large aggregates were correlated with neuronal loss 
(Figs  3E,F). PrPSc immunoreactivity was also present in the plexiform layers of the retina (data not 

Figure 2. Spongiform lesion profiles in primates infected with various TSEs. Lesion profiles in primates 
exposed to scrapie (A) BSE (B) or L-type BSE (C) were defined according to the scoring and areas described 
by Parchi et al.29. The lesion profile of c-BSE- and L-type BSE-infected primates is depicted as the mean 
among 5 and 4 primates exposed to c-BSE or L-type BSE, respectively.
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shown). According to the cerebral atrophy, Alzheimer’s markers were also investigated but were negative 
(data not shown).

Western blot analyses confirmed that there were lower amounts of PrPres in brainstem in comparison 
to the cerebral cortices or cerebellum (Fig. 4). The molecular profile of all western blot samples exhibited 
PrPres with a type 1 profile characterized by a 21 kDa unglycosylated band revealed with Sha-31 anti-PrP 
antibody, whereas the samples derived from c-BSE- and L-type BSE-infected primates exhibited PrPres 
with a type 2 profile (19 kDa) as expected. Moreover, the N-terminal part of PrPres was resistant to strin-
gent conditions of proteolysis in brain material derived from the scrapie-infected macaque, as revealed 
with SAF-32 anti-PrP antibody: this is in contrast to PrPres derived from c-BSE or L-type BSE-infected 
animals. We did not detect accumulation of PrPres in peripheral organs (lymph nodes, spleen, tonsils) of 
this animal exposed through the intracerebral route.

At the time of this writing, the macaque exposed to the atypical (Nor98) scrapie isolate remains 
asymptomatic (> 7 years post-inoculation). Similarly, we have not observed clinical signs in three 
macaques exposed to CWD isolates derived from naturally infected white-tailed deer or experimentally 
infected cattle (7 years post-inoculation). Amongst bovine prion strains, classical BSE (intracerebrally 
inoculated) induced prion disease was observed in 17 macaques after incubation periods ranging from 

Figure 3. PrPsc immunostaining of CNS of scrapie-infected cynomolgus macaque. (A) Massive laminar 
PrPSc immunoreactivity in layers IV and VI of occipital cortex with many aggregates after PK treatment (x 
50- 3F4 monoclonal antibody). (B) Predominance of PrPSc in the superficial layers of the frontal cortex, on 
top of underlying columns (x 25- 3F4). (C) Detail of PrPsc immunoreactivity in the frontal cortex (x100- 
3F4). (D) PrPSc synaptic deposits and aggregates in molecular and granule cell layers of cerebellar cortex (x 
400- 3F4). (E) Ammon’s horn immunostaining showing deposits of PrPSc in pyramidal cells and abundant 
aggregates in field CA2 (x 25- 12F10 monoclonal antibody). (F) Detail of the aggregates in field CA2 
(x100 – 3F4) (G) PrPSc immunostaining marked in striatum while mild in globus pallidus (x 12.5-3F4). (H) 
Immunostaining with polyclonal cytochrome c oxidase antibody with strong immunoreactivity within the 
neuropil of the putamen (x12.5 -gift of Dr A.Lombes). (I) Absence of PrPC staining in the occipital cortex of 
an healthy control (x100 – 3F4).
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about three to less than 8 years depending on the dose inoculated (100 mg to 50 µ g), whereas 2.5 to 25 mg 
of brain tissue of L-type BSE intracerebrally inoculated into macaques resulted in an incubation period 
of 2 years. More than 10 years post-inoculation, an H-type BSE-exposed macaque also remains without 
neurological signs (Table 1).

Discussion
We describe the transmission of spongiform encephalopathy in a non-human primate inoculated 10 
years earlier with a strain of sheep c-scrapie. Because of this extended incubation period in a facility 
in which other prion diseases are under study, we are obliged to consider two alternative possibilities 
that might explain its occurrence. We first considered the possibility of a sporadic origin (like CJD in 
humans). Such an event is extremely improbable because the inoculated animal was 14 years old when 
the clinical signs appeared, i.e. about 40% through the expected natural lifetime of this species, compared 
to a peak age incidence of 60–65 years in human sporadic CJD, or about 80% through their expected 
lifetimes. Moreover, sporadic disease has never been observed in breeding colonies or primate research 
laboratories, most notably among hundreds of animals over several decades of study at the National 
Institutes of Health25, and in nearly twenty older animals continuously housed in our own facility.

The second possibility is a laboratory cross-contamination. Three facts make this possibility equally 
unlikely. First, handling of specimens in our laboratory is performed with fastidious attention to the 
avoidance of any such cross-contamination. Second, no laboratory cross-contamination has ever been 
documented in other primate laboratories, including the NIH, even between infected and uninfected 
animals housed in the same or adjacent cages with daily intimate contact (P. Brown, personal communi-
cation). Third, the cerebral lesion profile is different from all the other prion diseases we have studied in 
this model19, with a correlation between cerebellar lesions (massive spongiform change of Purkinje cells, 
intense PrPres staining and reactive gliosis26) and ataxia. The iron deposits present in the globus pallidus 
are a non specific finding that have been reported previously in neurodegenerative diseases and aging27. 
Conversely, the thalamic lesion was reminiscent of a metabolic disease due to thiamine deficiency28 
but blood thiamine levels were within normal limits (data not shown). The preferential distribution of 
spongiform change in cortex associated with a limited distribution in the brainstem is reminiscent of the 
lesion profile in MM2c and VV1 sCJD patients29, but interspecies comparison of lesion profiles should be 
interpreted with caution. It is of note that the same classical scrapie isolate induced TSE in C57Bl/6 mice 
with similar incubation periods and lesional profiles as a sample derived from a MM1 sCJD patient30.

Figure 4. PrPres electrophoretic profile in scrapie-infected macaque. Samples issued from different brain 
regions of the scrapie-infected macaque (frontal, occipital, cerebellum or obex) were homogenized (20% 
weight/volume in 5% glucose solution) and then purified according to the TeSeE purification protocol using 
4 µ g of proteinase K / mg of brain19. As controls, samples derived from occipital cortices of patients (healthy, 
MM1 or MM2c sporadic CJD, variant of CJD) or classical BSE- or L-type BSE-infected macaques were 
equally treated. Resulting purified PrPres was solubilized in loading buffer, the equivalent of 0.3 to 1,500 µ g 
of brain was loaded on a 12% acrylamide gel (depending on the levels of positivity of each sample), and 
revealed using anti-PrP monoclonal antibodies targeted against the core (Sha-31 recognizing epitope 145–
152) or the octapeptides (SAF-32, recognizing octarepeats included in region 57–88) of the protein.
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We are therefore confident that the illness in this cynomolgus macaque represents a true transmission 
of a sheep c-scrapie isolate directly to an old-world monkey, which taxonomically resides in the primate 
subdivision (parvorder of catarrhini) that includes humans. With an homology of its PrP protein with 
humans of 96.4%31, cynomolgus macaque constitutes a highly relevant model for assessing zoonotic risk 
of prion diseases. Since our initial aim was to show the absence of transmission of scrapie to macaques 
in the worst-case scenario, we obtained materials from a flock of naturally-infected sheep, affecting ani-
mals with different genotypes32. This c-scrapie isolate exhibited complete transmission in ARQ/ARQ 
sheep (332 ±  56 days) and Tg338 transgenic mice expressing ovine VRQ/VRQ prion protein (220 ±  5 
days) (O. Andreoletti, personal communication). From the standpoint of zoonotic risk, it is important 
to note that sheep with c-scrapie (including the isolate used in our study) have demonstrable infectivity 
throughout their lymphoreticular system early in the incubation period of the disease (3 months-old 
for all the lymphoid organs, and as early as 2 months-old in gut-associated lymph nodes)33. In addition, 
scrapie infectivity has been identified in blood34, milk35 and skeletal muscle36 from asymptomatic but 
scrapie infected small ruminants which implies a potential dietary exposure for consumers.

Two earlier studies have reported the occurrence of clinical TSE in cynomolgus macaques after 
exposures to scrapie isolates. In the first study, the “Compton” scrapie isolate (derived from an English 
sheep) and serially propagated for 9 passages in goats did not transmit TSE in cynomolgus macaque, 
rhesus macaque or chimpanzee within 7 years following intracerebral challenge1; conversely, after 8 
supplementary passages in conventional mice, this “Compton” isolate induced TSE in a cynomolgus 
macaque 5 years after intracerebral challenge, but rhesus macaques and chimpanzee remained asympto-
matic 8.5 years post-exposure8. However, multiple successive passages that are classically used to select 
laboratory-adapted prion strains can significantly modify the initial properties of a scrapie isolate, thus 
questioning the relevance of zoonotic potential for the initial sheep-derived isolate. The same isolate 
had also induced disease into squirrel monkeys (new-world monkey)9. A second historical observation 
reported that a cynomolgus macaque developed TSE 6 years post-inoculation with brain homogenate 
from a scrapie-infected Suffolk ewe (derived from USA), whereas a rhesus macaque and a chimpanzee 
exposed to the same inoculum remained healthy 9 years post-exposure1. This inoculum also induced TSE 
in squirrel monkeys after 4 passages in mice. Other scrapie transmission attempts in macaque failed but 
had more shorter periods of observation in comparison to the current study. Further, it is possible that 
there are differences in the zoonotic potential of different scrapie strains.

The most striking observation in our study is the extended incubation period of scrapie in the 
macaque model, which has several implications. Firstly, our observations constitute experimental evi-
dence in favor of the zoonotic potential of c-scrapie, at least for this isolate that has been extensively 
studied32–36. The cross-species zoonotic ability of this isolate should be confirmed by performing dupli-
cate intracerebral exposures and assessing the transmissibility by the oral route (a successful transmis-
sion of prion strains through the intracerebral route may not necessarily indicate the potential for oral 
transmission37). However, such confirmatory experiments may require more than one decade, which is 

Table 1. Survival periods of cynomolgus macaques exposed to different agents of animal prion 
diseases. Macaques were inoculated through the intracerebral route (+ 8 mg through intratonsilar route 
(ito) *) or the oral route with various amounts of brain derived from ruminants affected with TSEs (MD: 
Mule deer; WTD: white-tailed deer). Survival periods are in months post-inoculation. To provide context 
for the results of the present study this table includes the data from studies conducted by other groups. 
1Holznagel et al. 201323. 2Lasmezas et al. 200514. 3Montag et al. 201324. 4Ono et al. 201116. 5Comoy et al. 
200819. 6Ono et al. 201120.

14


	【資料１】（八谷先生）修正案
	空白ページ

	【資料１】（八谷先生）修正案
	空白ページ




