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Prions are comprised principally of aggregates of a misfolded host
protein and cause fatal transmissible neurodegenerative disorders
of humans and animals, such as variant Creutzfeldt-Jakob disease
and bovine spongiform encephalopathy. Prions pose significant
public health concerns, including contamination of blood products
and surgical instruments; require laborious and often insensitive
animal bioassay to detect; and resist conventional hospital steril-
ization methods. A major experimental advance was the cell
culture-based scrapie cell assay, allowing prion titres to be esti-
mated more precisely and an order of magnitude faster than by
animal bioassays. Here we describe a bioassay method that ex-
ploits the marked binding affinity of prions to steel surfaces. Using
steel wires as a concentrating and sensitization tool and combining
with an adapted scrapie cell endpoint assay we can achieve, for
mouse prions, a sensitivity 100� higher than that achieved in
standard mouse bioassays. The rapidity and sensitivity of this assay
offers a major advance over small animal bioassay in many aspects
of prion research. In addition, its specific application in assay of
metal-bound prions allows evaluation of novel prion decontami-
nation methods.

bioassay � decontamination � CJD � PrP � BSE

Prion diseases are a closely related group of fatal neurode-
generative disorders affecting the central nervous system of

humans and animals. They include Creutzfeldt-Jakob disease
(CJD), Gerstmann-Sträussler-Scheinker disease (GSS), fatal
familial insomnia (FFI), and kuru in humans; bovine spongiform
encephalopathy (BSE) in cattle; and scrapie in sheep (1). The
identification of variant CJD (vCJD) in the U.K. in 1996 and the
subsequent experimental confirmation that BSE in cattle and
vCJD in humans are caused by the same prion strain (2–4) has
led to a variety of concerns relating to public health.

Iatrogenic transmission of classical (sporadic) CJD by a
contaminated neurosurgical instrument has been reported (5),
and epidemiological evidence suggests a fraction of apparently
sporadic CJD may be caused by unrecognized iatrogenic infec-
tion during general surgery (6, 7). The unknown, but potentially
substantial (8), prevalence of clinically silent infection with vCJD
prions in populations exposed to dietary BSE prions, together
with the much wider tissue distribution of infectivity in vCJD
(9–11), highlights the concerns of risk of infection through
contact with surgical instruments. Secondary vCJD arising from
blood transfusion has now been documented, indicating signif-
icant prionemia in asymptomatic donors during the incubation
period (12). This wide distribution of infectivity makes common
surgical and endoscopic procedures, in addition to neurosurgery
and eye surgery, a potential risk factor for iatrogenic transmis-
sion of vCJD. Further, it is established that tissue prions
withstand many forms of sterilization techniques (13) and that
the metal-adsorbed agent is even more resistant to both thermal
and chemical treatments (14).

According to the widely accepted protein-only hypothesis
(15), prions are composed principally, if not entirely, of protein
and are devoid of a nucleic acid genome. A normal isoform of
host-encoded cellular prion protein (PrPC) is converted to

disease-associated forms designated PrPSc (16, 17). It is proposed
that PrPSc acts as a template that promotes the conversion of
PrPC to further PrPSc and that the difference between these
isoforms resides in protein chain conformation and aggregation
state. This leads to an autocatalytic propagation of the disease
agent, resulting in neuronal dysfunction and death by a pathway
yet to be established (18).

In practical terms, quantitative prion assays are laborious and
costly. Until recently, prion infectivity in tissue homogenates has
been measured by injecting samples intracerebrally into rodents
and determining the time to terminal disease or by injecting
serial dilutions to determine endpoint (1). Alternatively, a
surrogate marker of infection, protease-resistant PrPSc (rPrPSc)
is determined by western blotting, although prion infectivity may
accumulate in the absence of detectable levels of this marker
(19–23). These methods have been augmented by the scrapie cell
assay (SCA) (24), which is based on the ability of murine prions
to propagate in selected mouse cell lines (25). SCA is at least as
sensitive as rodent bioassay, but more precise and an order of
magnitude more rapid and less costly. A major advantage of
cell-based assays is also the reduction of the need for animal
experimentation. A modification of the standard SCA (SSCA) is
the scrapie cell endpoint assay (SCEPA) where cells growing in
the wells of 96-well plates are exposed to serial dilutions of a
prion isolate and propagated for several successive cell splits.
Wells that received only a single infectious unit become exten-
sively infected as evidenced by the accumulation of PrPSc in many
cells in the well as infection spreads between cells. At an
appropriate dilution, only a fraction of the wells receive an
infectious unit and score positive, and the infectious titer of the
starting material can be determined by use of the Poisson
distribution and reference to standard curves (24).

It is well documented that prions bind avidly to metal surfaces
and that this adsorbed material is highly infectious to mice (26,
27) as well as to cultured cells (21). The approach described
herein enhances the sensitivity of prion detection by exploiting
their propensity for binding to steel surfaces. Steel wires effec-
tively bind the infectious agent from extremely dilute tissue
homogenates, and sensitive cells exposed to the prion-bearing
surfaces become infected and can be measured using an adap-
tation of SCEPA. The possibility of detecting low prion titers on

Author contributions: G.S.J., A.R.C., C.W., and J.C. designed research; J.A.E. performed
research; J.A.E., G.S.J., A.R.C., C.W., and J.C. analyzed data; and J.A.E., A.R.C., C.W., and J.C.
wrote the paper.

Conflict of interest statement: J.C. is a director, J.C. and G.S.J. are shareholders and
consultants, and A.R.C is a shareholder of D-Gen Ltd., an academic spin-out company
working in the field of prion disease diagnosis, decontamination, and therapeutics.

Freely available online through the PNAS open access option.

1Present address: Department of Infectology, Scripps Florida, 5353 Parkside Drive, Jupiter,
FL 33458.

2To whom correspondence may be addressed. E-mail: j.collinge@prion.ucl.ac.uk or
charlesw@scripps.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0813342106/DCSupplemental.

© 2009 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0813342106 PNAS � March 3, 2009 � vol. 106 � no. 9 � 3479–3483

M
IC

RO
BI

O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
18

, 2
02

1 

http://www.pnas.org/cgi/content/full/0813342106/DCSupplemental
http://www.pnas.org/cgi/content/full/0813342106/DCSupplemental


www.manaraa.com

metal surfaces by a cell-based assay also provides both a larger
dynamic range and more appropriate murine model for assessing
methods of surface decontamination.

Results
Development of the Cell-Culture Assay for Surface-Bound Prions.
Outline of the assay. In this study, the level of prion infectivity
bound to steel surfaces was measured using an adaptation of
SCEPA.

The principle of this assay is shown schematically in Fig. 1.
Briefly, an appropriate object—in this case a metal wire—is
exposed to prion-infected tissue homogenate, rinsed, transferred
to a tissue-culture plate, and then covered with susceptible cells
(e.g., N2aPK1). A proportion of the cells become attached to the
surface of the object and subsequently become infected. After 3
days, the adherent cells are harvested, and samples containing an
average of N ��1 cell are dispensed into the wells of a multiwell
plate. N is chosen such that 10%�90% of the wells receive one
or more infected cells. After growing to confluence, the cells are
split 3 times 1:3 and 3 times 1:8 to allow the infectivity to spread
among the cells in the well. Twenty-five thousand cells from each
well are then filtered off onto membranes of a 96-well filtration
plate, the samples are treated with proteinase K, and individual
cells containing protease-resistant PrPSc, which is diagnostic of
infection, are visualized by an antibody-based assay and counted.
Wells with a spot number equal to or greater than the average
background value plus 10 standard deviations are scored as
positive and therefore initially received one or more infected
cells. The average number of tissue culture infectious units
(TCIU) per well, m, is calculated using the Poisson distribution
according to the equation:

P(0) � e�m

where P(0) is the number of noninfected wells per total number
of wells (see Fig. 1).

The value of m as determined by the wire (w) assay under
standard assay conditions (TCIUw per well) can be translated
into LD50 units/ml (where one LD50 unit represents the dose

lethal to 50% of animals inoculated by the intracerebral route)
by exposing wires to serial dilutions of a brain homogenate that
has previously been titrated by intracerebral injection into
wild-type mice, and plotting the resulting m values against the
logarithm of the LD50 units/ml, as shown in Fig. 2.
Choice and preparation of metal surface. Surgical-grade steel in the
form of disks (10 mm diameter � 0.5 mm) and monofilament suture
wire (25 � 0.15 mm, USP 4/0) was investigated to determine which
format provides the most efficient surface for the binding and
transfer of prion infectious particles to susceptible N2aPK1 cells. In
these experiments the upper surface of the steel disks was coated
with a droplet of homogenate, hence the surface area of the disk
exposed was 79 mm2. Ten wires were completely immersed in
homogenate, thus exposing a total surface area of 118 mm2. The
surface area of the disks and wires exposed to infected homogenate
was therefore relatively similar. The efficiency of transfer of infec-
tivity from the wires however, was 6- to 7-fold greater than from the
steel disks coated with identical infectious samples, so wires were
chosen as the preferred carrier [see supporting information (SI)
Results and Table S1].
Cell culture conditions. To determine the optimal number of wire-
exposed N2aPK1 cells to be seeded for SCEPA, a range of
cell-seeding densities, from 1 to 4,000 cells per well, was exam-
ined (see SI Results and Table S2). A seeding density of 1,000
cells per well was optimal for both ease of handling and
reproducibility without sacrificing sensitivity of detection in the
dilution range of 10�4 to 10�7. Greater sensitivity was achieved
by increasing the number of cells, with quantifiable detection of
infectivity achievable at dilutions of 10�10 with 4,000 cells.
Interestingly, when wires were coated with a 10�2 dilution of
Rocky Mountain Laboratory (RML) prion-infected brain ho-
mogenate, distribution of a single cell per well could reliably
detect the presence of bound infectious material (Table S2).
Capture of Prions and Limits of Sensitivity. To establish which diluent
was most appropriate for the capture and assay of low concen-
trations of RML prions, a dilution series of RML prion-infected
CD-1 mouse brain homogenate was compared in 4 different
diluents: uninfected CD-1 mouse brain homogenate; modified
reduced serum Eagle’s Minimum Essential Medium (Opti-

coat wires
with prions

cover
with cells

after 3 days
harvest wires

dispense average 3 cells/well grow to confluenceharvest
cells

P(0) = 59/96 = e-m
m = ln 96/59 = 0.5

Fig. 1. Schematic of the steel-binding assay. Steel wire segments were
exposed to an appropriate dilution of a prion-containing sample, washed to
remove loosely adherent material, and covered with susceptible N2aPK1 cells
for 3 days. Cells adhering to the wires were then harvested and seeded at set
number of cells per well. The cells were grown to confluence and split several
times to allow the infection to spread within the well; prion-infected cells
were detected by presence of PrPSc immunoreactivity on Elispot plates. The
average number of infectious units delivered to each well (m) was determined
from the ratio of uninfected to total wells (P(0)) using the Poisson statistical
distribution relationship (see Results and Materials and Methods).
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Fig. 2. Correlation of tissue culture infectious units (assayed from wire or
tissue homogenate) and LD50 units. To determine the correlation between
tissue culture infectious units (wire) (TCIUw) per well and LD50 units/ml of the
solution to which the wires had been exposed, RML prion-infected brain
homogenate (109.3 LD50 units/g brain) was serially diluted into 10�4 Prnp0/0

brain homogenate in Opti-MEM/10% FCS. Wires were exposed to the dilutions
indicated for 3 h, washed briefly in PBS, and processed as described in the
legend to Table 1. The m values (for TCIUw) were taken from Table 1 and
plotted against log LD50 units/ml (black curve). TCIUH were correlated with
LD50 units by subjecting the indicated dilutions of brain homogenate to SCEPA
using 18,000 cells per well and 24 wells per sample (dashed line). The results
represent the average of 3 experiments. Vertical dashed line illustrates the
typical limit of detection of titered RML brain homogenate as 101.3 intrace-
rebral LD50 units/ml by conventional rodent bioassay (47).
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MEM) � 10% FCS; PBS; and brain homogenate from Prnp0/0

(PrP knockout) mice (28). These serially diluted solutions were
exposed to steel wires before incubation with susceptible
N2aPK1 cells, which were then assayed using 24 or 48 replica
wells for each dilution. Of these 4 diluents, the Prnp0/0 homog-
enate was the only one found suitable for providing a sensitive
assay. Reliably, 5 or more of 48 wells of 4,000 cells per well scored
positive for wires exposed to a dilution of 10�10 RML homog-
enate (i.e., using this assay, prion infectivity can be detected on
steel surfaces exposed to material containing the equivalent of
100 pg of RML prion-infected brain tissue per milliliter). For
comparison, in the mouse bioassay of RML, we found that with
an inoculum of 30 �l of 10�8 diluted brain homogenate, 2
animals were affected of a total of 24. At a 100-fold greater
dilution, and thus equivalent to the sensitivity of the wire assay,
we would therefore have to use 2,400 animals to have an
equivalent chance of detecting 2 positives. Our assay therefore
allows us to draw conclusions about the absence of prions on
sterilized surfaces with a sensitivity that, for practical reasons,
cannot be achieved in animal bioassays.

The unusual stability of infectious prions on metal surfaces has
previously been demonstrated using a mouse bioassay (29). The
assay we develop here allows us to examine this phenomenon
more closely, owing to the ease and convenience of the cell
culture method. The stability of RML prion-infected material
was examined at a range of temperatures from 4 °C to 134 °C
both bound to a metal surface and in suspension as a tissue
homogenate (Fig. 3). The infectivity of RML-infected brain
homogenate (at 10�5 dilution) shows a sharp, single transition,
typical of a relatively homogeneous population of particles, with
a midpoint temperature of about 60 °C. It is noteworthy that at
90 °C the 10�5 dilution of tissue homogenate has no detectable
infectivity and, even at 10� the concentration, the infectivity is
barely measurable after the 90 °C incubation. By contrast, the
steel-bound prion infectivity has a much broader transition,
characteristic of multiple populations. The wires exposed to a
10�5 or 10�4 dilution of RML homogenate show a continuous,
slow decline beginning at 10 °C, and in the case of the steel-
bound infectivity about 10% of the activity remains after the
90 °C incubation, and slightly more than 5% remains even at
134 °C. This clearly shows that in the case of the surface-
adsorbed prions there are subpopulations of varying stabilities.
These findings are in agreement with previous reports by
Somerville et al. (30) where substantial inactivation of various
prion strains occurred from 70 °C for 22C or 84 °C for ME7. Our

data are also in agreement with earlier findings that a residual
level of prion infectivity remains even after autoclaving (14).
Decontamination of surgical steel. Although exposure of metal-bound
prions to very high temperatures is capable of reducing the titer
substantially, this is not absolute. Treatment of such surfaces with
2 M NaOH or sodium hypochlorite has been shown to eliminate
detectable infectivity, although these are not methods suitable for
decontaminating delicate and valuable surgical or medical instru-
ments. In view of the prion agent being proteinaceous, it is
reasonable to assess the effectiveness of enzymatic methods of
degradation. We have previously determined that some combina-
tions of proteases in the presence of ionic detergents can be highly
effective at degrading PrPSc and infectivity (31). Although effective,
the published combinations are impractical for commercial use, and
an ongoing development program has identified alternative enzyme
formulations and detergent/oxidant combinations that are both
economical and effective—specifically a mix of peracids, SDS, and
a pair of broad-specificity proteases, AlkalaseTM and NeutraseTM

(Novozymes). Encouragingly, this reagent mix requires as short a
contact time as 10 min at either 40 °C or 50 °C to reduce steel-bound
RML prions to levels below those that can be detected by our
high-sensitivity assay (Table 1). To emphasize the efficacy of this
treatment, one may note that the assay is saturated with wires
exposed to a 10�4 RML dilution, and the lower limit of detection
is reached with wires coated with a 10�10 dilution. Given the
observation that wires exposed to 10�4 RML and subjected to the
sterilization treatment have no detectable infectivity (i.e., less than
that exhibited by wires exposed to 10�10 RML), it follows that the
reduction in titer is, at the very least, a millionfold. In fact, wires
exposed to a 10�1 dilution of infected brain homogenate are also
completely decontaminated by both the 40 °C and the 50 °C treat-
ments so that the reduction of titer of steel-bound prions by this
treatment may be considerably higher than a millionfold.

Discussion
Concern regarding possible iatrogenic transmission of vCJD
prion infection via the use of blood, blood products, and surgical
instruments has already caused disruption and major costs to
public health policy in the U.K. and in other countries. The
recent demonstration of subclinical prion infection (carrier
states) in animal models (32–36) is also relevant to public health,
both with respect to prion zoonoses and iatrogenic transmission
of human prions from apparently healthy individuals. Transmis-
sion of vCJD via blood and related products has been considered
likely since the first 2 case reports in 2004 (37, 38). However, the
recent recognition of a further case (12), resulting from red-cell
transfusion from amongst this small cohort of known recipients
of implicated blood (currently 23 people), emphasizes that
transfusion poses a substantial risk and, indeed, suggests that
blood transfusion is an efficient route of vCJD transmission. A
fourth blood transfusion-associated secondary vCJD case has
recently been recognized (unpublished data). Because the clin-
ically silent incubation period of prion infections in humans is
known to be long, in some cases exceeding 50 years (39), and the
prevalence of asymptomatic infection is unknown (40), the
extent of primary infections and iatrogenic transmissions of
vCJD cannot be estimated.

There is therefore a pressing need to extend the sensitivity of
prion assays to detect the infectivity present at very low con-
centrations in tissue samples and, particularly, blood derived
from humans and animals in early preclinical stages of disease.
Until such an assay is available for routine use, effective methods
for prion decontamination are required in conjunction with
sensitive and relevant assays for their validation.

One possible method by which both of these aims can be
achieved is by concentrating the prion agent using its known
property of strong adherence to metal surfaces and then devising
a sensitive method of detecting this surface-adsorbed material.

Temperature (°C)

10-4

10-5

10-4

10-5

RML (homogenate)

RML (wire)

4 20 37 40 50 60 70 80 90 100 126 134

m

0

0.5

1.0

1.5

2.0

2.5

Fig. 3. Thermal stability of prions adsorbed to steel wires or in suspension.
Steel wires were exposed to 10�4 or 10�5 dilutions of RML brain homogenate
and rinsed in PBS. The wires and 10�4 and 10�5 dilutions of RML-infected brain
homogenates were incubated across a temperature range of 4 °C to 134 °C for
15 min. Wires were assayed as detailed for the steel-binding assay; homoge-
nate infectivity was assessed by SCEPA. The m values were determined by the
Poisson relationship as described in Materials and Methods.
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Using steel wires to concentrate infectivity from RML prion-
infected brain homogenate, we have adapted the existing SCA to
provide a highly sensitive and quantitative measure of mouse
prion infectivity bound to the surface of steel (Fig. 2) that is a
100-fold more sensitive than conventional rodent bioassay.

Thermal inactivation of suspensions of infectious tissue ho-
mogenate displays a highly cooperative transition, which sug-
gests prion infectivity is associated with a specific and highly
ordered species (Fig. 3). However, this monophasic degradation
profile is not observed for steel-bound infectivity, which is
characteristic of multiple structures or of proteins in diverse
environments and appears to result in the acquisition of heat
resistance by populations of prions when they are adsorbed to
surfaces, as previously reported (41, 42).

At present it is recommended that surgical equipment be
autoclaved at 121 °C or 134 °C for 18 min. However, steel wires
exposed to higher titers of infectious material (105.3 LD50
units/ml equivalent to 10�4 dilution of brain) still harbor signif-
icant infectivity after autoclaving at 134 °C for 15 min. This is in
agreement with previous studies performed by Taylor et al. (42),
who observed that autoclaving of surgical steel after exposure to
various infectious prion strains is not sufficient to eradicate
infectious material bound to the surface. This highlights the
present risk that exists for iatrogenic transmission of prion-
contaminated surgical equipment even after autoclaving.

A decontamination method applicable to delicate surgical
equipment and capable of inactivating prions bound to the
surface is a public health priority. There is currently a risk of
iatrogenic transmission from asymptomatic prion-infected pa-
tients, who are undetectable at present, via the use of contam-
inated surgical equipment. The decontamination methods used
here show destruction of infectivity adsorbed onto steel wires
surfaces by more than 106-fold by incubating in an enzyme/
detergent-based reagent for 10 min at 40 °C (Table 1). This
method is neither corrosive nor dependent on high tempera-
tures, therefore making it extremely versatile in its uses.

It has been argued that prion decontamination methods
should be evaluated using vCJD prions or a related strain (43).
Though use of vCJD prions in animal bioassays may be consid-

ered the ideal in principle, in practice it is problematic because
available mouse bioassays for vCJD prions have a very limited
dynamic range due to transmission barrier effects (35, 40, 44, 45).
Though mouse-passaged BSE such as 301C or 301V might be
considered a related strain, relatedness is in fact a complex issue,
and even biologically cloned strains may be of heterogeneous
composition (18). Passage of BSE (or any) strain in a second
species is associated with recruitment of host PrP of a different
primary structure. Such passaged prions will therefore have
different biophysical properties. For example, they have differ-
ent thermostability and relative protease resistance than the
inoculated strain, and so have a different response to decon-
tamination regimens, respectively, involving heat or proteinases
(46). It is however important to use a prion strain that has been
extensively studied, and the biological and physicochemical
properties of which have been well characterized, preferably
including its behavior when bound to surgical steel. RML prions
have been extensively studied in these regards (26, 27, 31, 47).

In terms of practicality, this assay for murine prion infectivity,
unlike the existing rodent bioassay, is able to test multiple
samples, in large sample sizes at comparatively very low costs.
The assay is completed in 3 weeks compared with several months
and is 100-fold more sensitive to infectivity. It has the major
advantage of being a cell culture-based assay, hence avoiding the
use of live animals and could replace rodent bioassays for many
aspects of prion research.

Materials and Methods
Culturing and Storage of N2aPK1 Cells. N2aPK1 cells (24), susceptible to several
mouse prion strains, including RML and 22L, were cultured in Opti-MEM 10%
FCS and 1% penicillin/streptomycin (OFCS) (Invitrogen).

Preparation and Endpoint Titration of RML Prions. RML prion-infected brain
homogenate (designated I6200) was prepared and titrated as previously
described (47).

Standard Steel Binding Assay. Monofilament Steelex wires were exposed to
appropriately diluted homogenates of prion-infected tissue for 3 h at room
temperature, rinsed several times in PBS, and dried. Up to 20 wires were placed
into each well of a 6-well cluster plate (Corning) and covered with a suspension

Table 1. Evaluation of an enzymatic/detergent method of decontaminating prion-bearing wires

Dilution RML Treatment Positive wells/total wells
Cells seeded

per well

TCIUw normalized
to 1,000 cells,
mean � SEM

10�4 none 24/24 23/24 23/24 24/24 1,000 �3.1
10�5 none 10/24 9/24 12/24 11/24 1,000 0.57 � 0.05
10�6 none 10/48 13/48 13/48 11/48 1,000 0.28 � 0.02
10�7 none 5/48 8/48 8/48 5/48 1,000 0.15 � 0.02
10�8 none 9/48 12/48 12/48 8/48 2,000 0.12 � 0.015
10�9 none 2/48 4/48 5/48 2/48 2,000 0.04 � 0.01
10�10 none 6/48 5/48 6/48 5/48 4,000 0.0029 � 0.002
U none 0/48 0/48 0/48 0/48 1,000 �0.017
10�1 10 min at 40°C 0/16 — — — 1,000 �0.06
10�2 10 min at 40°C 0/16 — — — 1,000 �0.06
10�4 10 min at 40°C 0/16 — — — 1,000 �0.06
10�1 10 min at 50°C 0/16 — — — 1,000 �0.06
10�2 10 min at 50°C 0/16 — — — 1,000 �0.06
10�4 10 min at 50°C 0/19 — — — 1,000 �0.06

RML prion-infected brain homogenate (109.3 LD50 units/g brain) was serially diluted into 10�4 Prnp0/0 brain homogenate in Opti-MEM/10% FCS. Steelex®

monofilament wire segments (60 segments of 2.5 cm length) were exposed to the dilutions indicated for 3 h and washed briefly in PBS. Where indicated, wires
were treated with the enzyme/detergent mix described in Methods and thoroughly washed in PBS. Wires were covered with 300,000 N2aPK1 cells. After 3 days
the cells were harvested and assayed by SCEPA using the number of cells stated per well and the number of wells indicated. The background of the assay was
determined in a large-scale experiment by exposing PK1 cells to wires coated with uninfected homogenates and assaying them by SCEPA. Four of 960 wells, or
0.42%, were positive by our criteria; thus, a (negligible) background of 0.0042 � total wells (0.1 wells per 24 wells or 0.2 wells per 48 wells) was subtracted from
the positive wells and m values (TCIUw per well) were calculated as explained in Methods. TCIUw per well was divided by the number of cells seeded per well to
give normalized TCIUw per well.
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of 3 � 105 N2aPK1 cells in 5 ml OFCS. After 3 days at 37 °C and 5% CO2, the
wires with adherent cells were transferred into fresh wells containing 1 ml
OFCS. The adherent cells were dislodged from the wires by vigorous pipetting,
collected in a separate tube, and counted. One thousand cells suspended in
300 �l were seeded into wells of 96-well plates (Corning) and after 3 days split
at a ratio of 1:3. After reaching confluence, the cells were again split 1:3 twice
and 1:8 three times. Once cells were confluent following the second and third
1:8 split, 25,000 cells were seeded onto Elispot plates activated with 70%
ethanol (MultiScreen Immobilon-P 96-well filtration plates; Millipore) and
washed twice with 160 �l PBS by suction. Plates were dried at 50 °C for 2 h and
stored at 4 °C. Elispot plates were developed as described in SI Materials and
Methods.

Tissue Culture Infectivity Units and LD50 Units. SCEPA allows us to calculate m,
the average number of infectious units (either in the form of infected cells or
prions) delivered into a well, using the Poisson equation P(0) � e�m, where P(0)

is the probability of a well remaining uninfected (i.e., noninfected wells/total
number of wells). Thus, if a certain amount of a sample were to give 9
uninfected wells from a total of 24, then it would contain on average m � ln24⁄9
� 0.98 or about one infectious unit which, in the case of the wire-mediated
assay under standard conditions, we define as a TCIU wire (TCIUw). We can
establish a relationship between LD50 units/ml (as established by the mouse
bioassay) of the solution to which the wires were exposed, and TCIUw per well
by exposing wires to a serial dilution of mouse-titered brain homogenate and
determining m values resulting from the wire assay described previously, as
shown in Fig. 2. The SCEPA assay can also be performed directly on appropriate
dilutions of brain homogenate, to yield TCIU homogenate (TCIUH) values,
which can also be related to LD50 units, as shown in Fig. 2.

Decontamination of Wires. To create a reference curve, wires were exposed to
a logarithmic dilution series (10�4 to 10�10) of RML-infected brain homoge-
nate in 10�4 FVB/N-Prnp0/0 brain homogenate for 3 h. Two batches of wires for
decontamination were exposed to 10�1, 10�2, and 10�4 dilutions of RML-
infected brain homogenate prepared in 10�4 FVB/N-Prnp0/0 brain homoge-
nate as described. Wires were immersed into freshly prepared decontamina-
tion solution comprising 1� working solution of PeraSafe™ (DuPont Corp.) �
1% wt/vol SDS � 3.2 mg/ml Alkalase (Novozymes) � 12.6 mg/ml Neutrase
(Novozymes). One batch was incubated at 40 °C for 10 min and the other batch
at 50 °C for 10 or 20 min. Wires were then rinsed in PBS at room temperature
and dried before exposure to N2aPK1 cells as described. Cells were harvested
from wires after a 3-day exposure, seeded, and assayed by SCEPA as described,
using 16 wells per sample.

Thermal Stability of RML. Wires were exposed to 10�4 or 10�5 dilution of
RML-infected homogenate prepared in 10�4 FVB/N-Prnp0/0 brain homogenate
in OFCS for 3 h. Wires were then washed 5 � 15 min in PBS and incubated at
the temperatures indicated for 15 min (Fig. 3) before exposure to N2aPK1 cells.
After a 3-day exposure, cells were harvested from the wires, seeded into 12
replica wells, and assayed in the standard way. Homogenates were prepared
in an identical manner to those used to coat wires and were subjected to the
exact same conditions and incubations. These samples were then applied to
susceptible N2aPK1 cells seeded at 18,000 cells per well of a 96-well plate
format 18 h before infection. After a 3-day exposure, cells were seeded and
assayed by SCEPA as described previously.
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23. Lasmézas CI, et al. (1997) Transmission of the BSE agent to mice in the absence of
detectable abnormal prion protein. Science 275:402–405.

24. Klohn P, 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 USA
100:11666–11671.

25. Mahal SP, et al. (2007) Prion strain discrimination in cell culture: The cell panel assay.
Proc Natl Acad Sci USA 104:20908–20913.

26. Zobeley E, Flechsig E, Cozzio A, Masato E, Weissmann C (1999) Infectivity of scrapie
prions bound to a stainless steel surface. Mol Med 5:240–243.

27. Flechsig E, et al. (2001) Transmission of scrapie by steel-surface-bound prions. Mol Med
7:679–684.

28. Bueler H, et al. (1992) Normal development and behaviour of mice lacking the
neuronal cell-surface PrP protein. Nature 356:577–582.

29. Fichet G, et al. (2004) Novel methods for disinfection of prion-contaminated medical
devices. Lancet 364:521–526.

30. Groen JJ, Endtz LJ (1982) Hereditary Pick’s disease: Second re-examination of a large
family and discussion of other hereditary cases, with particular reference to electro-
encephalography and computerised tomography. Brain 105:443–459.

31. Jackson GS, et al. (2005) An enzyme-detergent method for effective prion decontam-
ination of surgical steel. J Gen Virol 86:869–878.

32. Hill AF, et al. (2000) Species barrier independent prion replication in apparently
resistant species. Proc Natl Acad Sci USA 97:10248–10253.

33. Race R, et al. (2002) Subclinical scrapie infection in a resistant species: Persistence,
replication, and adaptation of infectivity during four passages. J Infect Dis 186(Suppl
2):S166�S170.

34. Race R, Raines A, Raymond GJ, Caughey B, Chesebro B (2001) Long-term subclinical
carrier state precedes scrapie replication and adaptation in a resistant species: Anal-
ogies to bovine spongiform encephalopathy and variant Creutzfeldt-Jakob disease in
humans. J Virol 75:10106–10112.

35. Asante E, et al. (2002) BSE prions propagate as either variant CJD-like or sporadic
CJD-like prion strains in transgenic mice expressing human prion protein. EMBO J
21(23):6358–6366.

36. Frigg R, Klein MA, Hegyi I, Zinkernagel RM, Aguzzi A (1999) Scrapie pathogenesis in
subclinically infected B-cell-deficient mice. J Virol 73:9584–9588.

37. Llewelyn CA, et al. (2004) Possible transmission of variant Creutzfeldt-Jakob disease by
blood transfusion. Lancet 363:417–421.

38. 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.

39. Collinge J, et al. (2006) Kuru in the 21st century—an acquired human prion disease with
very long incubation periods. Lancet 367:2068–2074.

40. Collinge J (1999) Variant Creutzfeldt-Jakob disease. Lancet 354:317–323.
41. Somerville RA, et al. (2002) Characterization of thermodynamic diversity between

transmissible spongiform encephalopathy agent strains and its theoretical implica-
tions. J Biol Chem 277:11084–11089.

42. Taylor DM, Fernie K, McConnell I, Steele PJ (1998) Observations on thermostable
subpopulations of the unconventional agents that cause transmissible degenerative
encephalopathies. Vet Microbiol 64:33–38.

43. Spongiform Encephalopathy Advisory Committee (SEAC). Position Statement on
Methods to Evaluate Decontamination Technologies for Surgical Instruments (August
31, 2006). Available at http://www.seac.gov.uk/statements/statement310806.htm.

44. Bishop MT, et al. (2006) Predicting susceptibility and incubation time of human-to-
human transmission of vCJD. Lancet Neurol 5:393–398.

45. Bruce ME, McConnell I, Will RG, Ironside JW (2001) Detection of variant Creutzfeldt-
Jakob disease infectivity in extraneural tissues. Lancet 358:208–209.

46. Giles K, et al. (2008) Resistance of bovine spongiform encephalopathy (BSE) prions to
inactivation. PLoS Pathog 4:e1000206.

47. Cronier S, et al. (2008) Detection and characterization of proteinase K-sensitive dis-
ease-related prion protein with thermolysin. Biochem J 416:297–305.

Edgeworth et al. PNAS � March 3, 2009 � vol. 106 � no. 9 � 3483

M
IC

RO
BI

O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
18

, 2
02

1 

http://www.pnas.org/cgi/data/0813342106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0813342106/DCSupplemental/Supplemental_PDF#nameddest=STXT

