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Agents Pathogènes, Ecole Nationale Vétérinaire de Toulouse, Toulouse, France

Abstract

Prion transmission can occur by blood transfusion in human variant Creutzfeldt-Jakob disease and in experimental animal
models, including sheep. Screening of blood and its derivatives for the presence of prions became therefore a major public
health issue. As infectious titer in blood is reportedly low, highly sensitive and robust methods are required to detect prions
in blood and blood derived products. The objectives of this study were to compare different methods - in vitro, ex vivo and
in vivo assays - to detect prion infectivity in cells prepared from blood samples obtained from scrapie infected sheep at
different time points of the disease. Protein misfolding cyclic amplification (PMCA) and bioassays in transgenic mice
expressing the ovine prion protein were the most efficient methods to identify infected animals at any time of the disease
(asymptomatic to terminally-ill stages). However scrapie cell and cerebellar organotypic slice culture assays designed to
replicate ovine prions in culture also allowed detection of prion infectivity in blood cells from asymptomatic sheep. These
findings confirm that white blood cells are appropriate targets for preclinical detection and introduce ex vivo tools to detect
blood infectivity during the asymptomatic stage of the disease.

Citation: Halliez S, Jaumain E, Huor A, Douet J-Y, Lugan S, et al. (2014) White Blood Cell-Based Detection of Asymptomatic Scrapie Infection by Ex Vivo
Assays. PLoS ONE 9(8): e104287. doi:10.1371/journal.pone.0104287

Editor: Byron Caughey, Rocky Mountain Laboratories, NIAID, NIH, United States of America

Received May 12, 2014; Accepted July 7, 2014; Published August 14, 2014

Copyright: � 2014 Halliez et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its
Supporting Information files.

Funding: This work was supported by grants from DIM Malinf (Paris, France, grant no. 110208), the Alliance Biosecure Foundation (SafeCJD project), the EU FP7
project ‘‘PRIORITY’’ and CONCOTSA. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: d.vilette@envt.fr

Introduction

Transmissible spongiform encephalopathies (TSE) or prion

diseases are deadly infectious neurodegenerative diseases naturally

affecting a broad range of mammalian species including humans

(Creutzfeldt-Jakob disease-CJD), goats, sheep (scrapie), cattle

(bovine spongiform encephalopathy-BSE) and cervids (chronic

wasting disease-CWD). Mammalian prions are thought to consist

in aggregated and misfolded forms of a host protein, the prion

protein (PrP), encoded by the Prnp gene. While TSE present

sporadic and familial origins, they also can be acquired.

Transmission can be achieved by several ways. In humans, a

novel form of CJD, named variant (v) CJD and first reported in

1996, likely results from the infection by BSE agent through

alimentation [1]. The subclinical period can vary from several

weeks to decades depending of different parameters including the

prion strain, the transmission route, the host species, the Prnp and

possibly other polymorphisms. Importantly, prions replicate in

tissues other than the nervous system, mainly lymphoid tissues. It is

notably the case for vCJD and eventually the clinical phase could

even not appear resulting in an asymptomatic carriage of vCJD

infection [2,3]. To date, there is no certitude about asymptomatic

vCJD prevalence. Concerning the United Kingdom population

where the reported number of BSE cases was the highest, recent

data obtained from the survey of appendix tissue archives suggest a

prevalence of subclinical infection in around 1 in 2000 in age-

relevant population [4]. The detection of blood prions has been

demonstrated in a number of experimentally or naturally infected

animal species including rodents [5,6], cervids [7], sheep [8], goats

[9] and non-human primates [10]. Importantly, four cases of

vCJD transmission were reported in individuals that were

transfused with blood from asymptomatic donors that subsequent-

ly developed vCJD, strongly arguing that human blood can be

infectious as well [11–13]. More recently, transgenic mice bioassay

detected infectivity in some sporadic CJD plasma samples [14].

Even if the infectious titers in blood seem low (as assessed by

intracerebral inoculation into susceptible mice), positive transmis-

sion following transfusion of as little as a few hundreds microliters

of scrapie infected whole blood suggested that disease transmission

by transfusion might be much more efficient than previously

assumed [15]. Therefore prevention of vCJD transmission by

blood transfusion is a major public health issue.

Distribution of prion infectivity among blood components may

substantially vary depending on the host species and/or the prion

agent. While previous studies in rodents [6], primates [10], cervids

[16] and sheep [17] have clearly established that at least part of

blood infectivity is associated with white blood cells (WBC),

infectivity was detected in platelets from vCJD-infected mice [18],

CWD-infected deer [16] and scrapie- [19] and BSE-infected sheep

[20] but not in hamsters [21]. The contribution of plasma to blood
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infectivity also depends on the experimental paradigm. In rodents,

up to fifty percent of blood infectivity is recovered from plasma

[18] while plasma does not seem to be infectious in cervids [16]. In

sheep, plasma is consistently infectious albeit less than whole blood

[20]. For human, available data are scarce but suggest that plasma

from CJD individuals may contain prions [14].

Sensitive and accurate detection of blood prions are required to

design pertinent tests for non invasive early diagnostic, to improve

the safety of blood transfusion and blood-derived products and to

study the species/agent-dependant blood prionemia in infected

animals or individuals. In the recent years, blood detection tests

targeting abnormal PrP have been developed, some of which -

Protein Misfolding Cyclic Amplification (PMCA) [22] and QuIC

[23] - rely on prion-seeded amplification. Abnormal PrP has been

PMCA-amplified from blood components of various asymptom-

atic animal species including rodents [24], sheep and cervids [25]

while eQuIC allowed identification of positive plasmas from

preclinical hamsters [26]. Abnormal PrP enrichment methods,

such as plasminogen-based capture can be coupled to in vitro
prion amplification to optimize the detection [27]. Of note,

abnormal PrP was detected in vCJD blood samples by a steel

binding/ELISA assay without any amplification step [28]. On the

other hand, blood prions can also be detected by infectivity assays,

notably for titration purposes. These assays involve blood

transfusion in the original host [16,29] or intracerebral inoculation

of blood components into susceptible mice [6,15,16,18,29]. Quite

recently, ex vivo assays have been developed to detect brain-

derived prion infectivity without resorting to animal inoculation

[30–32].

In this work, we aimed at comparing in the same experimental

model the relative sensitivity and specificity of these different

assays to detect prion in blood. We chose sheep experimentally

infected with classical scrapie to isolate WBC and platelets at

different stages of the incubation period. Infectivity of the different

samples was tested by PMCA and bioassay in ovine PrP transgenic

mice (tg338) mice. WBC were also subjected to the ovRK13 cell-

based assay and to the Cerebellar Organotypic Slice Culture Assay

(COSCA). Our data show that cell-based assay and COSCA are

sensitive enough to detect prion infectivity in WBC from

asymptomatic sheep. This study confirms the earlier finding that

WBC are a suitable target for preclinical detection of infection and

extends the number of complementary tools for prion detection in

blood cells.

Materials and Methods

Ethics Statement
All animal experiments have been performed in compliance

with our institutional and French national guidelines, in accor-

dance with the European Community Council Directive 86/609/

EEC. The experimental protocols were approved by the INRA

Toulouse/ENVT ethics committees, and were performed in the

approved animal facilities (C 31 555 27) of author’s institution by

an agreed experimentator (311055503). All efforts were made to

minimize suffering.

PG127 classical scrapie model
Oral inoculation of the PG127 sheep isolate has been described

in detail previously [19]. Briefly, five 6- to 10-month-old TSE-free

cheviot sheep were orally challenged with a 2-g equivalent of brain

material (PG127 isolate previously endpoint titrated in tg338

mice). Animals were then observed until the occurrence of clinical

signs (around 200 days post inoculation) and euthanized when

exhibiting locomotor signs of the disease that impaired feeding.

After culling, each sheep was necropsied and lymphoid and brain

tissues were sampled for PrPSc detection.

Blood collection, white blood cell and platelet
preparation

Whole blood was collected from the jugular vein using citrate

dextrose (35 mL) in a 250-mL blood collection pouch

(MSE3500Q; Macopharma). Preparation of white blood cells

and platelet samples were as described previously [19]. For WBC

preparation, whole blood transferred into 15-ml conic tubes was

centrifuged at 3,600 rpm for 10 min. Plasma was removed and the

collected buffy coat was then was mixed with an equal volume of

ACK solution (NH4CL, 0.15 M; KHCO3, 1 mM; Na2EDTA,

0.1 mM; pH 7.4) for 5 min at room temperature (RT). The

obtained white blood cells then were washed 3 times with PBS.

Cell aliquots were freezed at 280uC until used. For platelets,

whole blood was centrifuged for 15 min at 3006g in 5-ml

borosilicate tubes at room temperature. The top third of the

plasma was collected and centrifuged for 30 min at 3,0006g. The

supernatant was eliminated and the pellet resuspended in PBS

(pH 7.4) before two additional washings. Pellets were resuspended

in PBS, and the absence of both leukocytes and red cells was

checked by direct microscopic examination in a Thomas’ cell and

Sysmex XT-2000i automat [19].

Bioassay
Mouse bioassays were carried out in ovine VRQ PrP transgenic

mice (tg338), which are highly sensitive for detection of PG127

sheep scrapie infectivity [15]. Six mice were intracerebrally

inoculated with each sample (20 mL). Mice were clinically

monitored until the occurrence of TSE clinical signs, at which

time they were culled. Brain accumulation of PrPres was confirmed

in clinically-affected mice.

PMCA
PMCA in a Misonix 4000 sonicator was carried out as

previously described [19] with brain homogenate from tg338

mice as substrate. After the first round (96 cycles), the 2nd round

reactions were seeded with 1/10 of the first round. Samples were

than processed for PrPres analysis by immunoblotting.

Organotypic Slice Cultures and COSCA
Cerebella were dissected from 10- to 12-day-old tg338

transgenic mice (tg338) over-expressing the VRQ allele of the

ovine prion protein [33]. Preparation and culture of the slices were

performed as described in the protocol published for the POSCA

[30]. Briefly cerebella were embedded in 2.5%-low-melting-point

agarose (Invitrogen) dissolved in Gey’s balanced salt solution

(Eurobio) supplemented with the glutamate receptor antagonist

kynurenic acid (1 mM) (Sigma) and glucose (33 mM) (Sigma). 350-

mm-thick slices were cut on a vibratome (HM650V, Microm),

then recovered from the agarose and placed on 6-well Millicell

culture inserts (Millipore) by groups of 8 to 10 slices. The inserts

were transferred to a cell culture plate and cultured in sterile slice

culture medium (SCM) composed of 50% minimum essential

medium (Gibco), 25% basal medium Eagle (Gibco) and 25% horse

serum (Gibco) and supplemented with glucose, penicillin/strepto-

mycin and stable Glutamine (PAA). The slices were cultured at

37uC in a humidified atmosphere with 5% CO2 and the culture

medium was exchanged three times a week.

Frozen pellets of WBC were resuspended in SCM at 5.105 cells/

mL. For quantification purposes, serial dilutions of brain stock

prepared from terminally ill tg338 mice experimentally infected
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with PG127 scrapie strain and a 1022 dilution of a brain from a

non-infected tg338 mouse (negative control) were prepared in

SCM. After 7 to 10 days in vitro (DIV), WBC suspensions (106

cells/slice) and brain dilutions (2 mL/slice) were applied on slices (8

to 10 slices per condition). The slices were then culture for an

additional 42 DIV.

Slices were harvested by scrapping and homogenized at 20 mg/

mL in 5% sterile glucose solution with a Rybolyser (Hybaid,

Middlesex, U.K.). For analysis, samples corresponding to 50mL of

homogenate (,2 slices equivalent) were processed then loaded on

the gel. Briefly, PrPRes was extracted by the Bio-Rad test protocol,

by using 20 mg/mL proteinase K (PK) for 10 min at 37uC. After

denaturation, the samples were run on 12% Criterion XT Bis-Tris

gels (Bio-Rad), electrotransferred onto nitrocellulose membranes

(Bio-Rad), and immunoblotted with biotinylated anti-PrP antibody

Sha31b [34]. Immunoreactivity was revealed by chemilumines-

cence (reagents by Amersham Pharmacia Biosciences), imaged via

a GeneGnome machine (Syngene) and the software GeneSnap

(Syngene) and quantified via the software geneTools (Syngene).

Cell-based assay
WBC (56107 cells) were homogenized in 200 mL of a 5% sterile

glucose solution with a high-speed homogenizer (TeSeE Precess 48

system) and diluted to 800 mL with cell culture medium (Opti-

MEM medium supplemented with 10% fetal bovine serum and

1 mg/mL of doxycycline). The cell-based assay procedure has been

described previously [31]. Confluent ovRK13 cells grown in six-

well plates were overlaid with 300 uL of the WBC homogenates.

Two hours later, 300 mL of cell culture medium were added and

the cells were incubated overnight. The inoculum was removed

and the inoculation procedure was repeated once. After a further

overnight incubation, 900 mL of cell culture medium were added

and the cells were incubated for 5 more days. The inoculum was

removed and fresh medium (3 mL with 1 mg/mL of doxycycline)

was added. Infection was allowed to proceed for 3 more weeks

with one medium change per week. Four weeks post inoculation,

the cells from each well were trypsinized, cell pellets were

resuspended in 500 mL of 5% sterile glucose and were

homogenized with the high-speed homogenizer. Half of the

resulting cell extracts (250 mL in 3 ml of culture medium with

1 mg/mL of doxycycline) was used to inoculate ovRK13 for a

second round of cell assay. Four weeks later, cell cultures were

rinsed with cold PBS and solubilized for 10 min at 4uC in Triton-

DOC lysis buffer (50 mM Tris/HCl (pH 7.4), 0.5% Triton-X100,

0.5% sodium deoxycholate). The lysates were clarified by low

speed centrifugation (4256g, 1 min) and cellular proteins in the

post-nuclear supernatants were quantified by bicinchoninic acid

(BCA, Pierce). Digestion of 750 mg of proteins with PK

(recombinant grade, Roche) was performed for 2 h at 37uC with

a mass ratio of 4 mg of PK per mg of cellular proteins and the

reaction was stopped by addition of Pefabloc (Sigma-Aldrich) to

4 mM. PK-digested samples were centrifuged for 30 min at

20,0006g and pellets were analyzed by western blot. Samples

separated by 12% SDS-PAGE electrophoresis were transferred to

PVDF membranes (Bio-Rad). The western blots were stained for

PrP with Sha31 mAb [34]. Filters were developed using an ECL+
reagent kit (Amersham-GE Healthcare) and visualized with a Bio-

Rad VersaDoc imaging system.

Results and Discussion

Five sheep, homozygous for the VRQ allele of ovine PrP, were

orally challenged with 2 g of classical scrapie brain homogenate

between 6 and 10 months of age. This brain homogenate (PG127

isolate), previously end-point titrated in tg338 mice, has a titer of

106.6 ID50/g IC [35]. The five sheep (D1 to D5) were euthanized

at terminal stage of prion disease at 198, 193, 198, 194 and 191

days post inoculation (dpi), respectively. Classical scrapie was

confirmed by histopathology (vacuolar change in central nervous

system) and detection of abnormal PrP deposit in the central

nervous system and lymphoid tissues. At different time points

during the asymptomatic phase (i.e. 50, 80, 130 days post

inoculation (dpi)) and during the clinical phase of the disease

Table 1. Evaluation of the infectivity present in platelets prepared from scrapie infected sheep by two different methods: PMCA
and inoculation into tg338 mice (bioassay).

Donor 21 dpi 50 dpi 80 dpi 130 dpi 180 dpi

D1 PMCA 0/5 0/5 5/5 5/5 5/5

Bioassay (tg338) 0/6 0/6 6/6 (10968) 5/6 (110610) 1/6 (117)

D2 PMCA 0/5 1/5 5/5 5/5 5/5

Bioassay (tg338) 0/6 1/6 (128) 6/6 (11265) 1/6 (154) 0/6

D3 PMCA 0/5 3/5 5/5 5/5 5/5

Bioassay (tg338) 0/6 2/6 (135,138) 4/6 (11065) 6/6 (105617) 4/6 (11863)

D4 PMCA 0/5 0/5 5/5 5/5 5/5

Bioassay (tg338) 0/6 0/6 5/6 (120611) 6/6 (11966) 1/6 (124)

D5 PMCA 0/5 0/5 5/5 5/5 5/5

Bioassay (tg338) 0/6 0/6 1/6 (142) 3/6 (11668) 2/6 (132,152)

Five susceptible VRQ/VRQ sheep were orally challenged with 2 g of brain homogenate (106.6 ID50/g IC in tg338 mice) between 6 and 10 months of age. The five VRQ/
VRQ sheep respectively died at 198, 193, 198, 194 and 191days post inoculation (dpi). Classical scrapie was confirmed by histopathology (vacuolar change in central
nervous system) and detection of abnormal PrP deposit in central nervous system and lymphoid tissues. At different time points, whole blood was collected from each
donor and aliquots of platelets corresponding to 15 mL of plasma were prepared. Platelet homogenates (in 200mL) were inoculated in groups of six tg338 mice. Mice
were monitored up to occurrence of TSE compatible clinical sign onset or killed at 250 days post inoculation. All mice were tested for presence of abnormal PrP
deposition in brain. Incubation period in mice are presented in days (+/2SD). When less than 3 mice were positive, individual incubation period are given. In parallel the
same homogenates were tested by PMCA (using tg338 mice brain homogenate as substrate). Each sample was run in 5 replicates for 2 successive rounds and the
number of positive reactions is presented.
doi:10.1371/journal.pone.0104287.t001
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(180 dpi), whole blood was collected from each recipient sheep

and aliquots of platelets and WBC were prepared according to

standard fractionation protocols. Four different methods were

tested in parallel to detect PG127 prion infectivity or abnormal

PrP in these samples: PMCA, mouse bioassay, Scrapie Cell Assay

(SCA) and COSCA.

Figure 1. PMCA analysis of white blood cells and platelets samples. Platelets (A) and white blood cells (WBC) (B) from sheep D2 collected at
the indicated time points (dpi) were subjected to two successive rounds of PMCA. Unseeded reactions were run in parallel. Samples were processed
for PrPres isolation and analyzed by immunoblotting. A western-blotting positive control (cont) is included in each gel.
doi:10.1371/journal.pone.0104287.g001
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Platelets samples were used to seed PMCA reactions using tg338

mice brain homogenate as substrate. Each sample, run in 5

replicates, was subjected to 2 successive rounds. The results are

shown in table 1 with a typical immunoblot in fig 1A. PrPres

amplification was observed for all platelets samples collected 80

dpi onwards. Notably, consistent and robust detection was

achieved even for platelets samples that showed incomplete

transmission to tg338 mice (see below). This is a further illustration

that PMCA is more sensitive than bioassay for detection of prions

[36–38] including PG127 [39]. With 50 dpi samples, consistent

PrPres amplification was not achieved and no PrPres was observed

with platelets collected before inoculation. For the bioassay, groups

of six tg338 transgenic mice over-expressing the VRQ allele of the

ovine prion protein [33] were inoculated intracerebrally with each

sample to be tested. Mice were monitored up to occurrence of

TSE compatible clinical sign onset or killed 250 days post

inoculation (i.e., approximately twice the incubation time at

limiting dilution). All the mice were tested for presence of PK-

resistant PrP (PrPres) deposition in brain. Platelet homogenates

corresponding to 15 mL of plasma prepared at the different time

points from the 5 donor sheep were inoculated and the results are

presented in table 1. No transmission was observed with platelets

collected before inoculation. All platelets samples collected at days

80, 130 and 180 transmitted the disease to the recipient mice,

except for sheep D2 at 180 dpi. For most of the platelets samples

the attack rate was not 100%. At 50 dpi, no transmission occurred

with the platelets from 3 donor sheep and low transmission rate

was observed with platelets from the 2 other sheep (D2 and D3).

WBC homogenates were tested by PMCA in the same

conditions than platelets. All WBC samples collected at 50 dpi

and later lead to PrPres amplification (table 2 and see fig 1B for a

representative western blot). No PrPres was detected when PMCA

reactions were seeded with sheep WBC collected before experi-

mental infection. These data demonstrate that PMCA allows a

Figure 2. Cell-based assay of white blood cells infectivity from asymptomatic scrapie sheep. White blood cells from 5 infected sheep (D1
to D5) were isolated 80 days and 130 days post inoculation (dpi) when sheep were still asymptomatic. White blood cell homogenates (46107 cells)
were inoculated to recipient ovRK13 cells. After 2 successive rounds of cell assay, the cultures were assayed for PrPres by immunoblotting. PrPres level
is higher in cells infected with D3 130 dpi sample but its banding pattern is similar to that in cells infected with the other samples. M are molecular
mass marker proteins (20, 30 and 40 kDa).
doi:10.1371/journal.pone.0104287.g002

Figure 3. Evaluation of the infectivity present in white blood cells prepared from scrapie infected sheep by Cerebellar Organotypic
Slice Culture Assay. Immunoblots of PK-treated slice culture homogenates probed with anti-PrP antibody Sha31, showing PrPres accumulation in
slice culture. (A) Cerebellar organotypic slices were prepared from tg338 pups and maintained in culture during 42 days in vitro after exposure to
white blood cells prepared from blood collected from five scrapie infected sheep (D1, D2, D3, D4 and D5) at different times: 50 days post inoculation
(dpi), 80 dpi, 130 dpi and at the terminal stage (180 dpi). For quantification purposes, slice cultures were also exposed to serial dilutions of PG127
scrapie-infected brain stock prepared from terminally ill tg338 mice, previously used [31]. To visualize low levels of PrPres, membranes were exposed
over-night (B).
doi:10.1371/journal.pone.0104287.g003
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consistent and early detection of abnormal PrP in WBC from

infected sheep. In bioassay experiments, infectivity was detected as

early as 50 dpi in WBC of the 5 donor sheep, although the attack

rate was not 100% for 3 of them (D1, D3 and D5) (table 2). At

later time points, all WBC samples (except D2 at 180 dpi)

transmitted the disease with 100% attack rates (table 2). However,

mean incubation periods for D1, D3 and D4 samples at 180 dpi

were statistically longer (p,0.05, Mann-Whitney-Wilcoxon test)

than those of the corresponding 150 dpi samples, suggesting that

WBC may be less infectious at 180 dpi. End-point titration of D5

WBC confirmed that WBC infectivity was close to the ID50 as the

attack rates dropped after a single 10-fold dilution. Of note, only

WBC collected at 130 dpi elicited transmission (1 out of 6) after

100-fold dilution. These results confirm the early and persistent

prionemia associated with WBC already observed in this

experimental model. In PMCA as in bioassay experiments,

apparent infectivity associated with platelets is weaker than

apparent infectivity associated with WBC, thus WBC only were

used to compare the four different methods.

To determine if WBC infectivity could also be detected through

a cell-based assay, we used a cell-based procedure recently

developed for sensitive detection of PG127 prions [31]. In this

paradigm, recipient ovRK13 cells were inoculated with WBC

homogenates collected at different time points as for tg338 mouse

bioassay (table 2). Inoculated ovRK13 cells were maintained for 8

weeks before being solubilized and assayed for the presence of

PrPres as a marker of prion infection. The large majority (9 out of

10) of the WBC samples assayed and collected at days 80, 130 and

at the terminal stage of the disease (180 dpi) lead to infection of the

recipient ovRK13 cells, as assessed by western blot detection of

PrPres (see fig. 2 for a representative immunodetection). Three

samples collected at 50 dpi were also tested in parallel and did not

lead to detectable PrPres in the inoculated ovRK13 cells (table 2).

We adapted COSCA from the Prion Organotypic Slice Culture

Assay (POSCA) [30–32], an ex vivo method allowing to titrate

prions in a cerebral tissue context. Prion infection with WBC or

brain homogenate was performed 7 to 10 days after cerebellar

organotypic slices were established from tg338 mice. Then the

slices were cultured for 42 additional days in vitro (DIV) and the

presence of PrPres was assessed by western blot analysis. We first

compared, by endpoint titration the sensitivity of the tg338-

derived COSCA to that of the tg338 mouse bioassay, by using a

pool of 127S brain homogenate (the strain derived from PG127

serial transmission to tg338 mice and cloned by limiting dilution).

The equivalent of 4 nanograms of 127S-infected tg338 brain was

sufficient to elicit PrPres detection in slice cultures after 42 DIV

(Fig. S1, n = 2). By comparison, the limiting dilution for tg338

mice transmission corresponds to 2 ng of brain tissue [31]. This

confirmed the high sensitivity of the COSCA assay to titrate

prions. WBC extracts, collected at different time points from the

five donor sheep, were directly loaded onto the slices along with

serially diluted sheep PG127 scrapie-infected brain homogenate.

As observed with the SCA, a high proportion (12 out of 15) of the

samples collected between 80 dpi and the end stage (180 dpi)

elicited detectable PrPres accumulation in slice cultures (table 2).

Only one (D5) out of the five samples collected at 50 dpi was

positive by COSCA (fig. 3A, B). Slices infected with D2, D3 and

D4 WBC collected at 130 dpi accumulated higher PrPres levels,

consistent with the higher infectivity detected by bioassay. PrPres

levels in slices infected with 130 dpi samples were equivalent to

those observed after infection with 40 to 400 ng of PG127 brain

tissue equivalent, while 80 dpi and end stage samples were less

positive than those infected with 40 ng of PG127 brain tissue

equivalent (fig. 3A,B).

All of the methods tested in this work confirm that WBC are the

most suitable candidates to screen for blood prion infectivity

during the asymptomatic stage of the disease. Among the different

methods, PMCA (2 rounds) and mouse bioassay are the most

sensitive as they consistently detect abnormal PrP and infectivity,

respectively, at the first time point (50 dpi) tested in this study. Our

results demonstrate that ex vivo methods (cell-based assay and

COSCA) are sensitive enough to detect prion infectivity in WBC

of preclinical scrapie sheep, and as such represent an ethical

alternative to mouse bioassay to study blood prionemy. Studies

with cell culture models have reported that live cells transmit

infection much more efficiently than dead cells [40,41]. Further

experiments are required to determine whether sensitivity of cell-

based and COSCA assays may be improved by using freshly-

isolated instead of frozen pellets of WBC.

Supporting Information

Figure S1 Sensitivity of the Cerebellar Organotypic
Slice Culture Assay. Immunoblots of PK-treated slice culture

homogenates probed with anti-PrP antibody Sha31, showing

PrPres accumulation in slice cultures. Cerebellar organotypic slices

were prepared from tg338 pups and maintained in culture during

42 days in vitro after exposure to serial dilutions of PG127 scrapie-

infected brain stock prepared from terminally ill tg338 mice,

previously used [31].

(TIF)

Author Contributions

Conceived and designed the experiments: SH EJ VB OA DV. Performed

the experiments: SH EJ AH JYD SL HC CL VB OA DV. Analyzed the

data: SH EJ AH JYD SL HC CL VB OA DV. Contributed to the writing

of the manuscript: SH VB OA DV.

References

1. Bruce ME, Will RG, Ironside JW, McConnell I, Drummond D, et al. (1997)

Transmissions to mice indicate that ‘new variant’ CJD is caused by the BSE

agent. Nature 389: 498–501.

2. Beringue V, Herzog L, Jaumain E, Reine F, Sibille P, et al. (2012) Facilitated

cross-species transmission of prions in extraneural tissue. Science 335: 472–475.

3. Bishop MT, Diack AB, Ritchie DL, Ironside JW, Will RG, et al. (2013) Prion

infectivity in the spleen of a PRNP heterozygous individual with subclinical

variant Creutzfeldt-Jakob disease. Brain 136: 1139–1145.

4. Gill ON, Spencer Y, Richard-Loendt A, Kelly C, Dabaghian R, et al. (2013)

Prevalent abnormal prion protein in human appendixes after bovine spongiform

encephalopathy epizootic: large scale survey. BMJ 347: f5675.

5. Brown P, Cervenakova L, McShane LM, Barber P, Rubenstein R, et al. (1999)

Further studies of blood infectivity in an experimental model of transmissible

spongiform encephalopathy, with an explanation of why blood components do

not transmit Creutzfeldt-Jakob disease in humans. Transfusion 39: 1169–1178.

6. Brown P, Rohwer RG, Dunstan BC, MacAuley C, Gajdusek DC, et al. (1998)

The distribution of infectivity in blood components and plasma derivatives in

experimental models of transmissible spongiform encephalopathy. Transfusion

38: 810–816.

7. Mathiason CK, Powers JG, Dahmes SJ, Osborn DA, Miller KV, et al. (2006)

Infectious prions in the saliva and blood of deer with chronic wasting disease.

Science 314: 133–136.

8. Houston F, Foster JD, Chong A, Hunter N, Bostock CJ (2000) Transmission of

BSE by blood transfusion in sheep. Lancet 356: 999–1000.

9. Dassanayake RP, Schneider DA, Herrmann-Hoesing LM, Truscott TC, Davis

WC, et al. (2012) Cell-surface expression of PrPC and the presence of scrapie

prions in the blood of goats. J Gen Virol 93: 1127–1131.

10. Bons N, Lehmann S, Mestre-Frances N, Dormont D, Brown P (2002) Brain and

buffy coat transmission of bovine spongiform encephalopathy to the primate

Microcebus murinus. Transfusion 42: 513–516.

Prion Detection in White Blood Cells

PLOS ONE | www.plosone.org 7 August 2014 | Volume 9 | Issue 8 | e104287



11. Llewelyn CA, Hewitt PE, Knight RS, Amar K, Cousens S, et al. (2004) Possible

transmission of variant Creutzfeldt-Jakob disease by blood transfusion. Lancet
363: 417–421.

12. Peden AH, Head MW, Ritchie DL, Bell JE, Ironside JW (2004) Preclinical vCJD

after blood transfusion in a PRNP codon 129 heterozygous patient. Lancet 364:
527–529.

13. Wroe SJ, Pal S, Siddique D, Hyare H, Macfarlane R, et al. (2006) Clinical
presentation and pre-mortem diagnosis of variant Creutzfeldt-Jakob disease

associated with blood transfusion: a case report. Lancet 368: 2061–2067.

14. Douet JY, Zafar S, Perret-Liaudet A, Lacroux C, Lugan S, et al. (2014)
Detection of infectivity in blood of persons with variant and sporadic

Creutzfeldt-Jakob disease. Emerg Infect Dis 20: 114–117.
15. Andreoletti O, Litaise C, Simmons H, Corbiere F, Lugan S, et al. (2012) Highly

efficient prion transmission by blood transfusion. PLoS Pathog 8: e1002782.
16. Mathiason CK, Hayes-Klug J, Hays SA, Powers J, Osborn DA, et al. (2010) B

cells and platelets harbor prion infectivity in the blood of deer infected with

chronic wasting disease. J Virol 84: 5097–5107.
17. Houston F, McCutcheon S, Goldmann W, Chong A, Foster J, et al. (2008) Prion

diseases are efficiently transmitted by blood transfusion in sheep. Blood 112:
4739–4745.

18. Cervenakova L, Yakovleva O, McKenzie C, Kolchinsky S, McShane L, et al.

(2003) Similar levels of infectivity in the blood of mice infected with human-
derived vCJD and GSS strains of transmissible spongiform encephalopathy.

Transfusion 43: 1687–1694.
19. Lacroux C, Vilette D, Fernandez-Borges N, Litaise C, Lugan S, et al. (2012)

Prionemia and leukocyte-platelet-associated infectivity in sheep transmissible
spongiform encephalopathy models. J Virol 86: 2056–2066.

20. McCutcheon S, Alejo Blanco AR, Houston EF, de Wolf C, Tan BC, et al. (2011)

All clinically-relevant blood components transmit prion disease following a single
blood transfusion: a sheep model of vCJD. PLoS One 6: e23169.

21. Holada K, Vostal JG, Theisen PW, MacAuley C, Gregori L, et al. (2002)
Scrapie infectivity in hamster blood is not associated with platelets. J Virol 76:

4649–4650.

22. Castilla J, Saa P, Hetz C, Soto C (2005) In vitro generation of infectious scrapie
prions. Cell 121: 195–206.

23. Atarashi R, Wilham JM, Christensen L, Hughson AG, Moore RA, et al. (2008)
Simplified ultrasensitive prion detection by recombinant PrP conversion with

shaking. Nat Methods 5: 211–212.
24. Tattum MH, Jones S, Pal S, Collinge J, Jackson GS (2010) Discrimination

between prion-infected and normal blood samples by protein misfolding cyclic

amplification. Transfusion 50: 996–1002.
25. Rubenstein R, Chang B, Gray P, Piltch M, Bulgin MS, et al. (2010) A novel

method for preclinical detection of PrPSc in blood. J Gen Virol 91: 1883–1892.
26. Orru CD, Wilham JM, Raymond LD, Kuhn F, Schroeder B, et al. (2011) Prion

disease blood test using immunoprecipitation and improved quaking-induced

conversion. MBio 2: e00078–00011.

27. Segarra C, Bougard D, Moudjou M, Laude H, Beringue V, et al. (2013)

Plasminogen-based capture combined with amplification technology for the

detection of PrP(TSE) in the pre-clinical phase of infection. PLoS One 8:

e69632.

28. Edgeworth JA, Farmer M, Sicilia A, Tavares P, Beck J, et al. (2011) Detection of

prion infection in variant Creutzfeldt-Jakob disease: a blood-based assay. Lancet

377: 487–493.

29. Hunter N, Foster J, Chong A, McCutcheon S, Parnham D, et al. (2002)

Transmission of prion diseases by blood transfusion. J Gen Virol 83: 2897–2905.

30. Falsig J, Aguzzi A (2008) The prion organotypic slice culture assay—POSCA.

Nat Protoc 3: 555–562.

31. Arellano-Anaya ZE, Savistchenko J, Mathey J, Huor A, Lacroux C, et al. (2011)

A simple, versatile and sensitive cell-based assay for prions from various species.

PLoS One 6: e20563.

32. Klohn PC, Stoltze L, Flechsig E, Enari M, Weissmann C (2003) A quantitative,

highly sensitive cell-based infectivity assay for mouse scrapie prions. Proc Natl

Acad Sci U S A 100: 11666–11671.

33. Le Dur A, Beringue V, Andreoletti O, Reine F, Lai TL, et al. (2005) A newly

identified type of scrapie agent can naturally infect sheep with resistant PrP

genotypes. Proc Natl Acad Sci U S A 102: 16031–16036.

34. Feraudet C, Morel N, Simon S, Volland H, Frobert Y, et al. (2005) Screening of

145 anti-PrP monoclonal antibodies for their capacity to inhibit PrPSc

replication in infected cells. J Biol Chem 280: 11247–11258.

35. Andreoletti O, Orge L, Benestad SL, Beringue V, Litaise C, et al. (2011)

Atypical/Nor98 scrapie infectivity in sheep peripheral tissues. PLoS Pathog 7:

e1001285.

36. Johnson CJ, Aiken JM, McKenzie D, Samuel MD, Pedersen JA (2012) Highly

efficient amplification of chronic wasting disease agent by protein misfolding

cyclic amplification with beads (PMCAb). PLoS One 7: e35383.

37. Makarava N, Savtchenko R, Alexeeva I, Rohwer RG, Baskakov IV (2012) Fast

and ultrasensitive method for quantitating prion infectivity titre. Nat Commun 3:

741.

38. Wilham JM, Orru CD, Bessen RA, Atarashi R, Sano K, et al. (2010) Rapid end-

point quantitation of prion seeding activity with sensitivity comparable to

bioassays. PLoS Pathog 6: e1001217.

39. Moudjou M, Sibille P, Fichet G, Reine F, Chapuis J, et al. (2013) Highly

infectious prions generated by a single round of microplate-based protein

misfolding cyclic amplification. MBio 5: e00829–00813.

40. Kanu N, Imokawa Y, Drechsel DN, Williamson RA, Birkett CR, et al. (2002)

Transfer of scrapie prion infectivity by cell contact in culture. Curr Biol 12: 523–

530.

41. Paquet S, Langevin C, Chapuis J, Jackson GS, Laude H, et al. (2007) Efficient

dissemination of prions through preferential transmission to nearby cells. J Gen

Virol 88: 706–713.

Prion Detection in White Blood Cells

PLOS ONE | www.plosone.org 8 August 2014 | Volume 9 | Issue 8 | e104287


