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Figure 2. Vacuolation scoring in the mouse brain. Lesion profile comparison of vCJD (transfusion) case versus vCJD (BSE) transmissions to
identify similarities in vacuolar pathology levels and regional distribution in mouse brains. (mean score +SEM; dashed line - vCJD (transfusion) case;
solid fines — 3x vCJD (BSE) cases for wild-type mice (diamonds — vCID(BSE) A; squares ~ vCJO(BSE) B; triangles — vCJD(BSE) C) and published vCJD (BSE)
for HUMM transgenic; G1-G9 grey matter scoring regions; W1-W3 white matter scoring regions)

doi:10.1371/journal.pone.0002878.9002

HuMM / vCJD (BSE) HuMM / vCJO (transfusion)

VM /vCJD (BSE) VM / vCJO (transfusion)

Figure 3. Detection of abnormal PrP in the mouse brain.
Immunocytochemical detection of abnormal PrP deposition in hippo-
campus and thalamus (lateral posterior nucleus) of HUMM transgenic
(with additional 40x magnification of florid plaque structure, see box
lower left) and VM wild-type mice following inoculation with vCJD (BSE)
and vCJID (transfusion) material. (Scale bar 200 yum, anti-PrP antibody
6H4)

doi:10.1371/journal.pone.0002878.g003

sequences, and survive for the same lifespan as non-transgenic
mice of the same genetic background (1290la) with no adverse
effects and no features of spontaneous TSE disease. Wild-type
mice (lines VM and RII]) are inbred lines used routinely for strain
typing of TSEs. RIII is a Pmp-a genotype line and VM is a Pmp-b
genotype line. [33] Use of mice for this work was reviewed and
approved by the Neuropathagenesis Division Ethics Commxttce
for Animal Experimentation.
MICC were inoculated as described prewousl?' Groups of 24
d-type mice received a 0.02 ml dose at 107" dilution by the
mtracercbral route, for VCJD (transfusion) and vGJD (BSE).
Groups of 18 transgenic mlce were injected with inoculum at a
higher dilution of 1077 as in previous experiments more
concentrated inocula had been found to be toxic to the mice.
Inoculum was prepared as a homogenate in sterile saline from
frozen frontal cortex (with full consent from the patient’s relatives,
and approved by the Lothian NHS Board Research Ethics
Committee (Reference: 2000/4/157)) to allow accurate compar-
ison with previous data. Cases used for transmission were: the first
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Figure 4. PrP*° typing by Western blot. Brain homogenates from
HuMM mice inoculated with both vCJD (BSE) and vCJD (transfusion)
show similar mobility and glycosylation profile (type 2B) as material
from vCJD patients. (T28: control vCJD material; antibody: 6H4)
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blood transfusion associated case, designated here as vGJD
(transfusion), and three historical vCJD cases designated here as
vC]JD (BSE) A, B, and C. The historical vCJD cases were not
inoculated into the transgenic mice. Data from vGJD (transfusion)
inoculation of the transgenic mice was compared with that already
published for vCJD (BSE). [12] Data from vCJD (transfusion}
inoculation of the wild-type mice was compared with data from
the three historical vCGJD cases.

Mice were housed in independently ventilated cages in a
Category 3 facility, monitored daily and scored for signs of TSE
disease weekly from 100 days post inoculation. Mice were culled,
when clinical TSE was evident or for animal welfare reasons, by

- cervical dislocation and the brain bisected sagittally; one half

frozen for biochemical analysxs of disease-associated prion protem
and the other half fixed in formalin for histology.

Vacuolation scoring was performed according to published
protocols and lesion profiles generated. [34,35] Immunocyto-
chemical detection of abnormal PrP deposition was performed as
published and Western blotting of disease-associated PrP from the
frozen half-brain carried out according to Head et al. [12,25]
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Introduction

Classical Bovine Spongiform Encephalopathy (cBSE), the first
prion disease identified in cattle, was iitially reported in 1986 in
the UK. Food-borne transmission of ¢BSE to humans was
observed ten years later as a variant form of Creutzfeldt-Jakob
Disease (+CJD) [1], leading to 2 major public health crisis.

This strain: of ¢cBSE is now rapidly disappearing as a result of
appropriate containment measures. However, atypical forms of
BSE have recently been identified in Europe and North America
as a consequence of cBSE testing performed in these countries [2-
4]. Because these cases are only found sporadically in older
animals (=8 years) coming to slaughter with few, or no signs of
disease, it would be plausible to suppose that atypical fortns'of BSE
may have a lower virulence than ¢BSE and be innocuous to
humans. However, recent studies suggest that one of the two main
forms of atypical BSE, iitially discovered in Italy and referred to
as the bovine amyloidotic spongiform encephalopathy (BASE),

@ PLoS ONE | www.plosone.org
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. might be at the origin of the ¢cBSE epidemic: inoculation of the

BASE strain into transgenic and inbred mice showed an apparent
natural evolution towards the typical BSE strain {5,6]. Moreover,
a possible link has been suggested between BASE and one subtype
{(MV2) of human sporadic GJD (sCJD) on the basis of biochemical
similarities (2,7]. In contrast to vGJD, sGJD is believed to occur de
novo withgiit food-borne transmission . However, specific contam-
inating events by ingestion are difficult to rule out because human
prion " diseases can have - silent incubation periods exceeding
50 yéars, as demonstrated for kuru 18]-

One strategy to evaluate the risk of BASE for humans consists in
assessing the susceptibility to disease transmission and the degree of
pathogenicity in a non-human primate model that has already been
shown to have characteristic clinical signs, histopathclogical lesions
and PrPres profiles following infections with either BSE or vC]D
[9,10]. We therefore inoculated cynomolgus macaque morkeys
(Macacca fascicularis) intracerebrally with BASE, cBSE and vGJD
prion strains. ‘The BASE strain, prepared from brain extract of a 13-
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Table 1. Survival times of macaques inoculated
intracerebrally with brain homogenates from cattle with BASE
or BSE, and from humans with vCJD.

Source Dose* Suwi\;al time (months}

Strain . )

briin had 2 10-fold greater concentration of P u\é BASE brain). -

intra-tonsitar in]ection.
dol 10 137l/joumal.pone.00030'l7 t001

Spengiosis

Gliosis

Animals. lnomlated with vCJID also received the eciuivalent of 8 g of braln by

BASE Transmission to Primate

year-old asymptomatic cow inducca'a distinctive and more rapidly
fatal disease than ¢BSE, and showed a biochemical signature similar
to that of the MM2 cortical subtype of human sGJD.

Methods

Cattle-and human samples

The BASE inoculum {mix of brainstem and thalamus) from an
asymptomatic 15 year-old Italian Piemontese cow [2]: 250 pl of 2
10% brain homogenate in 5% glucose were inoculated intrace-
rebrally (ic) to a single macaque monkey. As controls, we used
two macaques inoculated i.c. with cBSE (bramstem from infected
UK cattle) and 4 macaques inoculated ic. with human vGJD
[9,11]. Twenty-one subjects with a diagnosis of definite sGJD were
referred to the Medical Center in Verona, Italy during the peridd
2000-2004. ‘Tissues were processed - 4-18 hours post-mortem
according to. established gmdclihcs regarding.- safety and ethics.
Brains were cut longitudinally into two halves. Hemi-brains were
frozen -and storéd at ‘—80°C - until biochemical studies were

performed. The patient group encompassed all of the different

Figure 1, Diagrammatlc representation of histologic lesions. Topographic di stnbutlon of spongiosis (a and b) or gliosis (c and d) in BASE and
cBSE-infected primates. The lesions were scored from 0 to 4 (negative, light, mild, moderate, and severe).

doi:10.137 1/journal.pone.0003017.g001
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Western blot subtypes of sCJD described by Parchi et al [7): MM1
(5 cases), MV1 (2), VV1 (1), MM2 (4), MV?2 (6) and VV2 (3)..

Non-human primate model

Cynomolgus macaques (Macacca fascicularis), captive-bred from
the Centre de Recherche en Primatologie (Mauritius), were
checked for the absence of common primate pathogens before
importation and handling in accordance to national guidelines.
Animals were maintained in biological security level 3 animal
facilities and clinical examinations were performed regularly. They
were humanely euthanized at the terminal stage of the disease, and
tissues were either fixed in Cammoy’s fluid for histological
examination or snap-frozen in liquid nitrogen and stored at

—80°C for biochemical analyses. '

Neuropathology and immunochemistry

Neuropathology and immunochemical detection of proteinase-
resistant prion protein (PrPres) and Glial fibrillary acidic protein
{(GFAP) was performed on brain sections as previously described { 1 2].

PrPres analysis

Tissues were homogenized to 20% (w/v) final concentration in a
5% sterile glucose solution. PrPres was purified according to a
protocol optimized for strain discrimination in ruminants [13,14]
(Discriminatory kit ref 3551177, BioRad, Mames la Coquette,
France). Briefly, brain homogenates were first subjected to
proteolysis using either 0.4 pig (“low” concentration) or 4 pg (“high”
concentratioh) of proteinase K/mg of brain (final concentration) in a

Frontal Cortex

josis

Spong

josis’

Gl

PrP staining

BASE Transmission to Primate

special buffer that partially protects the N-terminal part of PrPres in
order to increase strain discrimination, and then purified PrPres was
concentrated by centrifugation. Purified, non-human primate and
human samples were processed for Western blot analysis as
previously described: briefly, samples were separated by electropho-
resis on a 12% SDS polyacrylamide gel, blotted onto a nitrocellulose
membrane and detected by two mouse manoclonal antibodies: the
antibody from the BioRad Discriminatory kit, which targets the
epitope WGQPHGGX within the N-Terminal octarepeat region at
position 57-88, and 3F4, which targets the epitope MKKHM in the
hydrophobic core at position 109-112. The protein bands were |
visualized using a peroxidase-conjugated goat anti-mouse antibody
and chemiluminescence.

Results

Transmission characteristics of BASE and BSE

Clinical features. The BASE-inoculated macaque developed
clinical signs after a 21 months incubation period. Clinical signs
evolved slowly during the first four months, being limited to mild
tremor and myoclonus, without impairment in coordination or
locomotion, and without anxiety or aggressiveness. In the last month,
the clinical picture rapidly worsened with evidence of major spatial
disorientation (the animal did not recognize its environment and
seemed lost in its cage), cognitive troubles (no recall of food location
and at intervals unaccountably stopped eating) and the appearance
of incoordination and disequilibrium; however, appetite and general
fitness were maintained. Euthanasia was performed at the terminal

_BASE

Figure 2. Histopathology and PrPres immunostaining. Spongiosis; gliosis (GFAP staining) and PrPres deposition in frontal cortex and obex in
BASE- and cBSE-infected primates (original magnification x200 for spongiosis and gliosis, x400 for PrPres staining). Immunostaining of PrPres was
petformed with 3F4 monocdlonal anti-PrP antibody after proteinase K treatment as previously described [11]. No staining was observed in the brain of

control healthy primates (data not shown)} in these conditions.
doi:10.137 1/journal.pone.0003017.g002
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stage of illness at 26 months post inoculation (Table 1). The two
cBSE-inoculated animals had longer incubations periods
(37.5 months) and survivals (40 months) despite a presumably
larger infecting dose (100 mg containing a°10-fold higher PrPres
concentration). Moreover, the clinical presentation was very
different: "animals’ exhibited ~aggréssiveness and anxiety in

combination with incoordination, severe ataxic tremor, and loss of -

appetite to the paint of near starvation. The four animals inoculated
with human vCJD had a clinical evolution similar to that of animals
inoculated with BSE; though with less prolonged survivals (25 to
37 months). ’ .

Histopathology (Figures 1 and 2). In the BASE-inoculated
animal, the cortex showed widespread spongiosis and gliosis that
were especially prominent in the fourth and fifth layers. Spongiosis
was intense in the frontal cortex, with a loss of pyramidal cells in
the third and fifth layers. Lesions in the parietal cortex were even
more sévere; with a complete disappearance of neurons in the
fourth layer. In the cBSE-inoculated animals, spongiosis and
gliosis were more discrete, and mainly affected the occipital cortex.

In the obex and.cerebellum, the lesions (spongiosis and loss of |

Purkinje and granular cells) were less pronounced in BASE than
cBSE-infected animals.

sensitivity to) roteolysis .!,;,f:R_tPr‘e‘s in varfou ion dise v _
D, vCJD in-humans, or primates experimentally infected with BASE, cBSE or vaJD inocula). -
nd detected with monocional antibodies recognizing either the core (3F4, panel A) or the

BASE Transmission to Primate

Immunochistochemistry (Figure 2). In the BASE-infected
animal, PrPres was distributed in a diffuse synaptic pattern (either
fine and sandy or roughly granular) with laminar enhancement in
the parietal cortex but no evidence of plaques, even when stained
with thioflavine T (data not shown), whereas cBSE-infected
animals had weak diffuse synaptic labeling’ but multiple
intensely-stained PrPres aggregates and characteristic plaques [9].

‘Strain discrimination by proteinase K sensitivity and

antibody reactivity

We made use of a technique developed to discriminate and
classify prion strains in small ruminants {14], based on the
differential sensitivity of the octapeptide and core regions of PrPres

‘proteins to proteinase K (PK) digestion. Controlled conditions of

proteolysis allowed a strain-dependent threshold of removal of the
octapeptides. This method, illustrated in Figure S1 (supplementary
data), ‘was successfully applied for the diagnosis of the first case of
¢BSE in a goat [15] and has now been validated by the European
Commission for regular use on field. We adapted this test to
primate prion strains, using only the higher PK concentration and
substituting the monoclonal antibody 3F4 as the anti-core
antibody to macaque and human PrP.

Anti‘core Ab
3F4(109-112)

‘r}o_d‘ diseases of primates and

octapeptide region (panel B and Q of the protein. Frontal cortex and:obex regions of BASE-Infected primate were both analysed (lanes 3 and 4
respectively). Panel Cis an overexposure of the autoradiography of Pane! B to detect weak signals. The absence of octarepeat region reactivity in the
PrPres of the BASE in Panel C indicates a proportion at least ten fold fower than that of the vCJD or'¢BSE samples on the basis of a quantitative

analysis of chemiluminescence signal intensities.
doi:10.1371/journal.pone.0003017.g003
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Banding patterns in Western blots following pre-treatment with a
high PK concentration are shown in Figure 3. Both vCGJD/cBSE and
BASE reacted strongly to anti-core antibody (Panel A)..In contrast,
vCJD/cBSE also reacted weakdy to anti-octapeptide antibody (Panel
B), whereas BASE reactivity was abolished (Panels B and C),
indicating a gradient of resistance to proteolysis of the N terminal
part of the PrPres among these strains. In cattle, the signal was
abolished for both ¢BSE and BASE strains (data not shown).

The method also revealed notable differences of octapeptide
sensitivity to PK in different types of humar prion disease {figures 3
and 4). Comparisons of the relative signals with both anti-core and
anti-octapeptide antibodies for each sample indicated that the N
terminal part of PrPres from vCJD and the VV2 subtype of sCJD
were far more sensitive than either the MM or VV1 subtypes (Panel
B). The MV2 subtype showed a strong resistance to proteolysis that
was clearly different from the BASE-infected primate; however,
three of the four MIM2 subtype cases exhibited the same signature as
BASE, and the fourth case had a significarit proportion of PrPres
with an intact octapeptide region, as shown in figure 5, indicating the
coexistence of two types of PrPres (the majority being type 2).

All four cases had clinical features consistent with the MM9
subtype as described by Gambetti et al [16]: comparatively long
illnesses dominated by cognitive impairment followed by aphasia,
and later in the course of illness the appearance of pyramidal and
extrapyramidal signs together with myoclonus, but no cerebellar
signs. Neuropathology was also typical of the MM?2 subtype, with

major cortical spongiosis and little or no involvement of the ..

cerebellum (Table 2 summarizes the clinical, laboratory, and
neuropathological features of each case).

Discussion
We have shown that BASE, the first identified atypical strain of -

BSE (2], originating from asymptomatic cattle, is transmissible byic '’

inoculation to a species of non-human primate. Although. thls

kD
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30 -

20 -

B 40 _

" prominent cognitive | signs

- in animals inotulated

BASE Transmission to Primate

observation concerned only one animal, its survival was substantially
shorter than for all the macaques inoculated with dassical BSE as
well as the majority of those. inoculated with human vCJD.
Moreover, in earlier experiments by others on a total of § macaques
inoculated i.c. with 50 mg of ¢BSE brain, none had an mcubation
period of less than 30 months [17], and humanized transgenic mice
have been found to be highly susceptible to infection with BASE, and
completely resistant to infection with ¢BSE (18]. If BASE is more
pathogenic than classical BSE for primates, it could indicate a more
readily transmissible infection from cattle to humans than previously
suspected. A preliminary trial of oral transmission is currently
ongoing for alimentary risk assessment: 49 months after oral dosing
there is no indication of transmission; however, the incubation
period following similar oral challenge with cBSE in an already
completed experiment was 60 months.

The disease induced by BASE was different in all respects from
that induced by classical BSE. The clinical preseritation was
characterized by mild tremors and myoclonus, progressing to a
marked cognitive disorder, including spatial disorientation but
without anxiety, aggressiveness or loss of appetite. In contrast,
cBSE presented signs of anxiety and aggressiveness together with
progressive difficulties in locomotion as well as cerebellar signs
(major ataxia), and severe decrease of appetite with concurrent
weight loss. The widespread spongiform lesions -and loss of
pyramidal cells in the third and fifth layers of the frontal cortex
together with the * severe parietal lesions could explain the

e ‘spatial disorientation seen in
Fasting with the severity of lesions
the incoordination seen
loid plagues, the hallmark
Macaque monkey, and
in cattle, but does so in
that--plaque deposition
strain.

the BASE-infected monkey, co
in the obex and cerebellum con:
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Figure 4. Electrophoretic analysis and differential sensitivity to proteolysis of PrPres in different subtypes of CJD. PrPres from human
brain homogenates (MM 1, MV1, VV1, MM2, MV2 or VW2 subtypes of sCID, and vCID) were purified under high concentrations. of proteinase K, and
detected with monoclonal antibodies that recognize either the core (3F4, Panel A) or the octapeptide region (Panel B) of the protein. The proportion
of PrPres with an intact octarepeat region after PK exposure in VW2 and human {or macaque) vCJD was estimated to be only onetenth and one-

twentieth as high as in an MM1 sub-type of sCJD, respectively,
doi:10.1371/journal. pone.0003017.9004
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