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Exploring PMCA as a potential in-vitro
alternative method to mouse bioassays
for the highly sensitive detection of BSE
prions

Evaluierung der PMCA als In-vitro-Ersatzmethode zum Maus-
Bioassay zur hochsensitiven Detektion von BSE-Prionen

Ivett Ackermann, James C. Shawulu, Markus Keller, Olanrewaju I. Fatola,
Martin H. Groschup, Anne Balkema-Buschmann

Classical bovine spongiform encephalopathy (C-BSE) belongs to the transmissible
spongiform encephalopathies (TSE), which are also designated prion diseases since
they are caused by the conversion of the host-encoded cellular prion protein PrP¢
to its pathological isoform PrP™E BSE carries a zoonotic potential as BSE prions cause
variant Creutzfeldt-Jakob disease in humans. To date, C-BSE infectivity can only be
detected by bioassay, e.g. highly sensitive bovine PrP transgenic mice (e.g. Tgbov

XV mice). Recently, highly sensitive in-vitro prion seeding activity assays, such as the
Protein Misfolding Cyclic Amplification (PMCA), have been developed, which work
particularly well for the template-assisted prion conversion of scrapie prions, while

a similarly efficient bovine C-BSE-prion amplification remained unavailable. In the
here described study, we have therefore compared the analytical sensitivities of the
transgenic Tgbov XV mouse bioassay and our C-BSE PMCA protocol by analysing
serial dilutions of a BSE-positive bovine brainstem homogenate pool. As both meth-
ods were shown to possess comparable sensitivities, we propose the C-BSE PMCA as
a potential in-vitro replacement method, allowing the reduction and refinement of
mouse bioassays for the detection of cattle derived classical BSE prions by reducing
them to only specific analytical applications.

Keywords: Bovine spongiform encephalopathy, infectivity, PrP®F, Protein Misfolding
Cyclic Amplification, replacement of animal experiments

Die klassische Bovine Spongiforme Enzephalopathie (C-BSE) gehért zu den Transmis-
siblen Spongiformen Enzephalopathien (TSE), welche auch als Prion-Erkrankungen
bezeichnet werden, da ihnen die Konversion des wirtseigenen zelluldren Prion-
Proteins PrP¢ in seine pathologische Isoform PrP™ zugrunde liegt. BSE birgt ein
zoonotisches Risiko, da die neue Variante der Creutzfeldt-Jakob-Krankheit beim
Menschen durch BSE-Prionen hervorgerufen wird. Bislang kann C-BSE-Infektiositat
nur mittels Bioassay, z. B. in Rinder-PrP-transgenen Mdusen (z. B. Tgbov XV Méusen)
nachgewiesen werden. Unlangst wurden auf der Keimbildungsaktivitdt der Prionen
basierende hochsensitive In-vitro-Methoden, wie die Protein Misfolding Cyclic Ampli-
fication (PMCA), entwickelt. Diese sind besonders effektiv in der In-vitro-Konversion
von Scrapie-Prionen, wédhrend eine dhnlich effiziente Amplifikation von bovinen
C-BSE-Prionen bisher nicht zur Verfiigung stand. In der hier beschriebenen Studie
wurde daher die analytische Sensitivitdt des transgenen Tgbov XV-Maus-Bioassays
und unseres C-BSE-PMCA-Protokolls mittels Untersuchung einer seriellen Verdin-
nungsreihe eines BSE-positivem Hirnstamm-Homogenat-Pools verglichen. Aufgrund
der so nachgewiesenen vergleichbaren Sensitivitdten beider Methoden schlagen
wir die C-BSE-PMCA als potentielle In-vitro-Ersatzmethode vor, die die Reduktion
und Verbesserung (Refinement) des transgenen Maus-Bioassays zum Nachweis von
Rinder-C-BSE-Prionen erlaubt, da dieser auf spezielle analytische Anwendungen
reduziert werden kann.

Schliisselworter: Bovine Spongiforme Enzephalopathie, Infektiositét, PrP®E, Protein
Misfolding Cyclic Amplification, Ersatzmethoden zum Tierversuch
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Introduction

Prion diseases, or transmissible spongiform encepha-
lopathies (TSE), are fatal neurodegenerative diseases of
the central nervous system, including Creutzfeldt-Jakob
disease (CJD) in humans as well as classical bovine
spongiform encephalopathy (C-BSE) in cattle, scrapie
in small ruminants and chronic wasting disease (CWD)
in cervids. Moreover, BSE is a zoonotic disease, as the
ingestion of BSE-contaminated food may cause the
variant form of CJD (vCJD) (Bruce et al. 1997, Hill et
al. 1997). Prusiner (1982, 1997) postulated that the TSE
agent is a “proteinaceous infectious particle that lacks
nucleic acid”, referred to as prion. Prion diseases are
caused by the conversion of the host-encoded cellular
membrane-bound glycoprotein (PrP“) to its abnormal
isoform, the pathological prion protein (PrP™F). This
involves a conformational change where the protein
B-sheet content increases, due to partial refolding of
the a-helical structures (Prusiner 1982, Pan et al. 1993,
Prusiner 1998). According to the model, this newly
formed PrP™F provides a template for the refolding of
PrP¢ into nascent PrP™F further during this conversion
process (Prusiner 1982). Strong evidence supporting the
protein-only hypothesis as well as the infectious and
autocatalytic features of PrP™F was achieved by the in-
vitro generation of prions, using the Protein Misfolding
Cyclic Amplification (PMCA) method, where the in vitro
generated PrP™F induced clinical TSE disease in Syrian
hamsters (Castilla et al. 2005a).

Three decades ago the livestock industry was shocked
by the emergence of BSE in cattle and other animal
species, ten years later followed by the detection of the
first vCJD cases in humans in a variety of countries.
Due to the extremely long TSE incubation times in
animals and humans, drastic public health protection
methods were implemented especially since the year
2000, in order to reduce the human exposure risk to
potentially infectious bovine tissues in food and phar-
maceutical products. WHO has issued ‘Guidelines on
Transmissible Spongiform Encephalopathies in relation
to Biological and Pharmaceutical Products’ in which
body tissues and fluids were classified into risk groups
based on the detection of infectivity by mouse bioas-
say (as gold standard) and PrP™F by biochemical and
immunohistological methods. These guidelines were
put into force by the EU commission by the ‘Note for
guidance on minimising the risk of transmitting animal
spongiform encephalopathy agents via human and vet-
erinary medicinal products’ (EMA/410/01 rev.3) which
are still valid to date. The European Pharmacopoeia
contains a monograph addressing’Products with risk
of transmitting agents of animal spongiform encepha-
lopathies’. This monograph defines quality standards
for the manufacture of human and veterinary medicinal
products in the light of a possible TSE contamination.
As a consequence, only products and extracts thereof
can be used in pharmaceutical products for which the
absence of BSE prion infectivity can be shown either by
biological evidence or excluded by their geographical
origin. A number of raw materials from bovines have
been excluded as possible sources / starting mate-
rial for the manufacturing of pharmaceuticals because
there is still no scientific evidence available that would
prove that they are reliably free of BSE infectivity.
These restrictions concern all pharmaceutical compa-

nies worldwide. Thus, despite of the recent substantial
decline of new BSE cases, producers of bovine mate-
rial derived pharmaceuticals must still comply with
regulations that demand sound scientific justifications
if potential “high-infectivity tissues” from cattle (e. g.
brain, spinal cord or eye tissue) are used.

Due to its high sensitivity, the bovine PrP trans-
genic mouse bioassay is the only accepted proof for the
absence of BSE infectivity to date, and is therefore con-
sidered as gold standard to reveal infectivity in bovine
tissues. However, assays using the prion seeding activity,
like PMCA (Saborio et al. 2001) as well as quaking-
induced conversion (QulC) (Atarashi et al. 2008), have
also enabled the detection of low quantities of prions,
with sensitivity levels that are comparable or even higher
than scrapie bioassays in Syrian hamsters and bank voles
(Saa et al. 2006, Wilham et al. 2010, Boerner et al. 2013,
Morales et al. 2013, Chianini et al. 2015). Recently pub-
lished protocols for BSE prion amplification indicated
similar PMCA improvements, targeting sensitivities that
are at least comparable to those of bioassays in trans-
genic mice (Murayama et al. 2010, Balkema-Buschmann
et al. 2011). Therefore, the here described study intends
to show that the PMCA method is an alternative to the
bioassay for this purpose.

Initially, the PMCA has been described by Saborio et
al. (2001), providing a method that involves the cyclic
amplification of a misfolded protein, which for the
first time showed a highly efficient in-vitro replica-
tion of the pathological prion protein. Briefly, a PrP™F
aggregate (seed) provides a template that enlarges by
the conversion of excess PrP¢ (substrate) in the reac-
tion, followed by cycles of sonication and incubation
(Saborio et al. 2001). Sonication breaks up the newly
formed PrP"™F aggregates, which then makes new seeds
available for the conversion of PrP¢ to PrP™E during
the following incubation cycle (Saborio et al. 2001).
Successive improvements were made by the intro-
duction of programmable sonicators to automate the
PMCA, as well as by the development of serial PMCA
(Bieschke et al. 2004, Castilla et al. 2005a,b, 2006, Saa et
al. 2006). This is achieved by the dilution of an aliquot
of the reaction mix after one round of amplification and
sonication cycles into fresh substrate for a new round
of amplification and sonication cycles, which can be
repeated numerous times, increasing the sensitivity of
the assay. By this approach, the PMCA method enables
prion detection in samples with even minor amounts
of the agent by the amplification of PrP™E to levels
which can be detected by standard protein biochemical
methods, such as immunoblot (Saborio et al. 2001, Saa
and Cervenakova 2015). Moreover, based on the rela-
tion between the number of PMCA rounds or cycles
needed for the PrP™F detection and the PrP"¥ amount
in a predefined sample, quantitative PMCA allows an
estimated quantification of the PrP™E concentration in
samples (Chen et al. 2010).

Besides the above mentioned merits for its use in basic
prion research, the detection of PrP™E during the clini-
cally silent phase in CJD-affected humans is a further
perspective of the PMCA, which however has not yet
been adjusted as a routine procedure for disease diag-
nostic (Saa and Cervenakova 2015). Using PMCA, PrP9P
was detectable in urine (Moda et al. 2014) as well as in
white blood cells and buffy coat (Lacroux et al. 2014) of
patients affected with vCJD. Furthermore, PMCA also
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TABLE 1: Results of titration of the BSE brainstem
pool in Tgbov XV mice and by PMCA

Dilutions of BSE brainstem | End-point titration PMCA
pool in Tgbov XV mice’

10734 8/8,340; + 17.68 +++
104 6/8, 444; + 66.14 +++
1048 4/8,442; + 31.50 ++
1052 5/8,493; + 35.33 ++
10762 2/8,574; + 156.27 ++
10752 2/8,501; + 145.66 +
107¢ 0/8,>621; n.a. (+)
10783 4/8,523; + 69.50 +
1090 not done -
negative control 0/20, >720; n.a. .

! positive/inoculated mice, mean incubation time in days; + standard error of the
mean (SEM), n.a.: not applicable; PMCA: Protein Misfolding Cyclic Amplification,
+++: positive from the first round, ++: positive from the second round, +: positive
from the third round, (+): positive only in the fourth round, —: negative

contributed to the improvement of the non-invasive
diagnostic methods of animal prion diseases (Saa and
Cervenakova 2015), as prions were detected in the urine
(Rubenstein et al. 2011), in white blood cells (Thorne
and Terry 2008) and plasma (Rubenstein et al. 2010) of
scrapie-infected sheep and in the urine of preclinical and
clinically CWD-infected deer (Rubenstein et al. 2011).
However, in contrast to other prions and animal species,
the PMCA amplification of bovine BSE prions was not as
successful for a long time, and only recently Murayama
et al. (2010) and Franz et al. (2012) reported successful
studies, albeit the essential sensitivity and the reproduc-
ibility of this method still remained to be optimised.

For these reasons, we aimed to determine whether in
our hands, the PMCA provides a comparable sensitiv-
ity as the Tgbov XV mouse bioassay. Hence we used
both methods to analyze dilutions of a BSE-positive
brainstem homogenate pool of clinically diseased cattle.
Our data support PMCA as a potential method for the
replacement of the transgenic mouse bioassays in stud-
ies aiming for a sensitive detection of BSE prions.

Material and methods

Brainstem pool of clinically BSE-diseased cattle

In the frame of an early pathogenesis study, aiming to
track the first eight months after an oral BSE infection,
20 unweaned Simmental calves were orally challenged
with classical BSE using a 100 g dose of a BSE-positive
brainstem homogenate, as described in more detail
before (Ackermann et al. 2017). This inoculum was pre-
pared from a brainstem pool of >50 clinically diseased
cattle (kindly provided by APHA, Weybridge, United
Kingdom).

End-point titration by Tgbov XV mouse bioassay
The infectivity load (LDsg) of the brainstem pool was
determined as described before (Ackermann et al. 2017)
using an end-point titration experiment in transgenic
Tgbov XV mice over-expressing bovine PrP (Buschmann
and Groschup 2005). Briefly, eight mice per group were
intracerebrally inoculated with 30 pl of the following
dilutions of the brainstem pool: 1034, 1041, 108, 1053,
10-%2,10%%, 107 and 10-83.

All mice were monitored for the onset of clinical signs
at least twice per week. Animals showing at least two

clinical symptoms indicative of a BSE infection, such
as hind limb paresis, abnormal tail tonus, behavioural
changes and weight loss over several consecutive days
(Buschmann and Groschup 2005) were sacrificed and
brain samples were taken. The brains were analysed
for the presence of PrP*F by digestion with 50 pg/ml
Proteinase K at 55°C for 1 h followed by Western blot
using mab L42 (r-biopharm, Darmstadt, Germany) at
a concentration of 0.4 pug/ml as detection antibody. Any
inconclusive results were verified by PTA immunoblot-
ting (Gretzschel et al. 2005). Results of mice incubating
at least 100 dpi were taken into evaluation.

Sensitivity assay using Protein Misfolding Cyclic Ampli-
fication (PMCA)

The earlier described PMCA protocol (Balkema-
Buschmann et al. 2011, Franz et al. 2012, Ackermann et al.
2017) was applied with some modifications. Briefly, brain
tissue from Tgbov XV transgenic mice (Buschmann et al.
2000) was used as the PrP¢ source for the PMCA reac-
tion. Brain samples were homogenised to a concentration
of 10% (w/v) in PMCA conversion buffer to prepare the
substrate solution. The template for the positive control
PMCA reaction was a 10% (w/v) homogenate of bovine
brain tissue in PBS. Dilutions of a confirmed BSE positive
brain (10, 10° and 10~) were prepared as positive con-
trols in substrate solution. A brain sample of a confirmed
BSE negative cattle served as a negative control. All con-
trols and all samples were analysed in duplicate.

A sensitivity assay was performed to compare the
analytical sensitivities of the used PMCA protocol and
the Tgbov XV mouse bioassay. The same dilutions used
in the above described end-point titration experiment
in Tgbov XV mice of the brainstem pool were prepared
and then tested by PMCA: 1034, 101, 10*#, 107, 10762,
1049, 107, 102 and 1072,

In this sensitivity assay, these dilutions were subjected
to four rounds of PMCA with each 48 cycles of sonica-
tion for 20 s at a potency of 210-250 W (level 8), followed
by a 30 min incubation.

The experiment was considered valid if at least the 10
and 10 dilutions of the positive control sample were
clearly identified as positive after three rounds of ampli-
fication, and the negative control gave a negative result.

The obtained results were interpreted as follows: a
clear PrP%F signal in all PMCA rounds was interpreted
as +++ positive, a signal from the second PMCA round
was interpreted as ++ positive, and a signal from the
third PMCA round was interpreted as + positive. The
results were reported as (+) if only the fourth round gave
a positive result.

Results

To compare the analytical sensitivities of the applied
PMCA protocol and the highly sensitive transgenic
Tgbov XV mouse bioassay, we assayed a serial dilution
of the brainstem pool used for a BSE challenge experi-
ment of calves (Table 1).

End-point titration by Tgbov XV mouse bioassay

The infectivity load of the brainstem pool was deter-
mined by end-point titration in the transgenic mice,
which revealed an LDsg-titer of 10757 (95% confi-
dence interval, 10%-10%1) (Ackermann et al. 2017).
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Detailed mouse bioassay results of each dilution are
shown in Table 1. In the group of mice inoculated with
a 10734 dilution of the brainstem pool, all mice devel-
oped BSE (100% attack rate) after a mean incubation
time of 340 days post infection (dpi), indicating a high
infectivity titre, which is between the values observed
for 1044 IDsg g (=280 d) and 10° ID5; g! (=400 d) dilu-
tions in earlier Tgbov XV bioassay studies (Buschmann
and Groschup 2005, Balkema-Buschmann et al. 2011).

10%2 (Fig. 1C-E). In the 10°%° and 10%3 dilutions,
a + positive reaction revealed prion seeding activity
(Fig. 1F, H). For the dilution of 107¢ a (+) positive
results was obtained, as PrP®F was only detectable in
the fourth round (Fig. 1G). In this study, the perfor-
mance of a fourth round of PMCA clearly enhanced the
sensitivity of the protocol, as compared to the protocol
using three rounds of PMCA (Balkema-Buschmann et
al. 2011, Franz et al. 2012). The negative control was

For mice inoculated with the dilutions 1041, 10-*# and
10755, we observed 50% to 75% attack

clearly negative in all assays.

rates with incubation times between

444 and 493 dpi, in analogy to earlier A 1034 B 104
Tgbov XV studies. The lower attack kpa RO IStR 2ndR 3rdR _4thR kpa RO_IStR _2ndR 3rdR _4thR
rates in TgbovVX mice inoculated with
dilutions 102 and 10-* as well as the
l(onger fincubation periods of >500 dpi “ - - ., 5 T -
mice from groups challenged with
dilutions 10’§2, 11())*69, 10*83)g indicate o — -m - -.‘m
low infectivity titers of less than 10*° -
IDsg g (Buschmann and Groschup 10 10
2005, Balkema-Buschmann et al.
2011). It should be noted that in the
dilutions close to the end-point, we C 1048 D 1055
observed variable attack rates (Table kDa -RO_IstR _2ndR 3rdR _4thR kpa RO _1stR _2ndR _3rdR _4thR
1), which is a frequent observation in
end-point infectivity studies.
.. -
Sensitivity assay using PMCA = ; %
PrPPE seeding activity was detect- 2 “ . !ﬂ
able by PMCA for all dilutions up to 3 — .
1083 (Table 1; Fig. 1). We observed 10 10
highly positive reactions for low dilu-
tions of the brainstem homogenate,
identified as +++ positive reaction in E 10%2 F 10%°
dilution 104 and 10! (Fig. 1A, B). \pa RO IStR 2ndR 3rdR _4thR \pa RO _IStR 2ndR 3rdR _4thR
Intermediate seeding activity levels
were revealed by ++ positive results
between dilutions of 1048, 10°° and 50 50
= ™= .
FIGURE 1: PrP5E amplification by PMCA 10 b
in 1034 to 10-%3 dilutions of a BSE positive
brainstem homogenate pool. Seeding activity G 1076 H 103
was present in the tested dilutions of 1074 (A),
1041 (B), 1048 (C), 1055 (D), 1062 (E), kba RO 1stR 2ndR _3rdR _4thR KkDa RO 1stR  _2ndR _3rdR _4thR
1059 (F), 1077 (G) and 10-%3 (H).
A, B: +++ positive PMCA reactions determined
for the low dilutions of 10-* (A) and 10! (B); 50 50
C, D, E: intermediate levels of seeding activity 25— - 25—t > -..
(++ positive reactions) were revealed for the * 2= -
dilutions of 104% (C), 10°° (D) and 10-%* (E); @ | 10
F, G, H: + positive reactions showed PrPBSE
amplification in the higher dilutions of 10-%°
(F) and 10 (H), while in the 10775 dilution I 10°° J Neg.
(G) PrPBSE was Oi/ll]/ detectable in one duplicate «Da M RO 1stR__2ndR_ 3rdR__4thR_ i M RO 1stR_ 2ndR 3rdR_ _4thR_
of the fourth PMCA round, representing a (+)
positive result; I: no amplification was revealed
in the 107°° dilution; J: absence of amplification 50 e ->
in the negative control (Neg.); all dilutions 25— [ S .
were analysed in duplicate and subjected to 20— - gg:-:
four rounds of PMCA; M: marker, RO: analyte 0 B
homogenate diluted 1:10 in Tgbov XV brain ‘ 10
substrate without sonication, R: round.
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Discussion

Given that the PMCA method was initially developed
for the detection of the hamster-adapted scrapie strain
263K (Saborio et al. 2001), for which it still displays
the highest diagnostic sensitivity, publications report-
ing a higher sensitivity of the PMCA as compared to
hamster bioassays (Sad et al. 2006, Boerner et al. 2013,
Morales et al. 2013) indicated that this in vitro test may
also be suitable as an alternative to animal bioassays
for other species. A protocol for PMCA detection of
CWD prions provided a 10°-fold higher sensitivity than
a cervid PrP transgenic mouse bioassay (Johnson et al.
2012). In the case of C-BSE, prion detection by PMCA
has been reported by our own earlier studies as well
as by others to be a method with a sensitivity that is
at least comparable to a bovine PrP transgenic mouse
bioassay (Murayama et al. 2010, Balkema-Buschmann
et al. 2011, Franz et al. 2012, Yoshioka et al. 2013). We
aimed to confirm this for our currently applied PMCA
protocol, in order to validate if PMCA may function as
an alternative method to the mouse bioassay in future
studies. Therefore we analysed serial dilutions of the
brainstem homogenate pool used for a C-BSE chal-
lenge of calves by PMCA as well as by an end-point
titration study in Tgbov XV mice.

The sensitivity assay revealed an overall good agree-
ment between PMCA and Tgbov XV mouse bioassay, as
indicated by BSE positive mice also in the group inocu-
lated with the 102 dilution of the brainstem pool and
clearly positive PMCA results up to a dilution of 1072,
Moreover, in our earlier study on ileal Peyer’s patch sam-
ples of the calves from the same experiment, the PMCA
results were in good accordance with those of the Tgbov
XV mouse bioassay (Ackermann et al. 2017). The reliable
agent detection shown by positive results obtained with
these two methods up to a 10%3 dilution of a positive
brainstem homogenate support the PMCA as an opti-
mal method for analysing tissue samples with even low
infectivity titers. Nevertheless, we did on some occasions
observe transmission to transgenic mice after challenge
with tissue homogenates of BSE-infected calves when
the PMCA yielded negative results for the same sample
(Ackermann et al. 2017, Ackermann et al. unpublished
results). This observation prompts to reassess PMCA-
negative or inconclusive samples by transgenic mouse
bioassay, whereas in case of a positive result the PMCA
proofs the presence of the BSE agent.

Comparable sensitivities of Tgbov XV mouse bioassay
and a similar PMCA protocol were reported before by
Balkema-Buschmann et al. (2011). Recently, O’Connor
et al. (2017) also reported a protocol enabling C-BSE
prion detection up to a 10107 dilution of a brain
homogenate. In a different experiment, the addition
of potassium dextran sulfate as enhancing reagents
enabled the detection of a 10-%/107! dilution of a cattle
C-BSE brain sample, which made this PMCA 10°-fold
more sensitive than a bioassay in a different transgenic
mouse line, namely Tg(BoPrP)4092 mice (Murayama et
al. 2010). However, in our current titration experiment
using the well established Tgbov XV mouse bioassay, we
obtained solid detection up to a dilution of 10-%?, indicat-
ing a higher sensitivity of Tgbov XV mice as compared to
Tg(BoPrP)4092 mice. As discussed by Franz et al. (2012),
the exclusion of additives, to avoid potential non-specific
amplification effects, may restrict the analytic sensitiv-

ity of the PMCA to levels comparable to the bioassay
(Balkema-Buschmann et al. 2011, Franz et al. 2012).
Therefore, as concluded from our current results as well
as from other studies, the PMCA can be considered as a
highly sensitive detection method with sensitivities that
are even comparable to those of animal bioassays. This
implies that the PMCA may allow to considerably reduce
the number of mice used in bioassays, which solely aim
to prove the presence or absence of the BSE agent in a
tissue sample.

However, concluded from the observations described
above for BSE prion detection, the PMCA does not yet
seem adequate to completely replace BSE mouse bio-
assays for the analysis of samples possibly containing
minute amounts of BSE infectivity. Establishing proto-
cols with high sensitivities for the detection of PrP?sE
seems more difficult as compared to PMCA detection of
scrapie prions, for which protocols with higher sensitivi-
ties have been described. For sheep scrapie, detection of
a 10°® dilution (Thorne and Terry 2008, Rubenstein et al.
2010, Lacroux et al. 2012, Murayama et al. 2012) up to
a 107 dilution (Murayama et al. 2012) of a 10% brain
homogenate have been reported. Moreover, for 263K
hamster scrapie, the detection of a 10** dilution after
seven rounds, making the PMCA 4000-fold more sensi-
tive than the bioassay, has been shown (Saa et al. 2006).
In another experiment the same dilution was detectable
already after two rounds of PMCA (Morales et al. 2013).
Boerner et al. (2013) described an in-vitro end-point
titration experiment using a quantitative PMCA, which
is 300-fold more sensitive than the hamster bioassay,
when after two rounds 1 x 10" g of a 263K stock were
detectable. In that study, only one normal hamster brain
was needed as PMCA substrate compared to a bioassay
requiring five hamsters for the titration of one sample
(Boerner et al. 2013). Thus, based on those studies it
seems reasonable to suggest a replacement of the ham-
ster bioassay for the detection of the laboratory strain
263K.

Regarding PMCA implementation, it has to be con-
sidered that increasing numbers of amplification rounds
may favour spontaneous de novo generation of PrP™F,
which argues for the restriction of the numbers of
rounds performed (Saa et al. 2006, Franz et al. 2012,
Morales et al. 2012). The importance of relevant controls
when performing PMCA experiments is underlined by
an experiment, in which the spontaneous formation of
PrP™E from bacterially expressed recombinant prion pro-
tein without any addition of a PrP™F seed was reported
after multiple cycles of amplification, which upon inoc-
ulation caused prion disease in wild-type mice (Wang et
al. 2010). In addition to that, adequate negative controls
are also of particular importance in order to monitor the
risk of cross-contamination during the performance of
such an ultra-sensitive method which enabled detection
of a single infectious PrP™E unit (Sad et al. 2006, Sad and
Cervenakova 2015). Controls monitoring the absence of
cross-contamination and spontaneous prion formation
are highly important for PMCA studies, which provide
data relevant for risk assessments of bovine tissues.
Thus, negative controls are absolutely essential in each
PMCA run performed, thereby ensuring the reliability
of PrP®E amplification in tested samples. We propose
preparing analyte tissue sample homogenates in 0.9%
saline solution, as implemented in our PMCA protocol.
This enables the use of the same homogenate for PMCA
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application as well as for inoculation of mouse bioassays
to exclude sampling artefacts when comparing both
methods. First, the sample should be tested by three
rounds of PMCA, which in case of a positive reaction
can reveal the final result. When the third round of
PMCA still provides a negative result, a fourth round
should be performed to provide ultra-sensitive analysis
of low titre homogenates. In case of a PMCA-negative
or inconclusive result, subsequently the same homog-
enate should be inoculated into transgenic bioassay
mice over-expressing bovine PrF, as in this study used
Tgbov XV mice (Buschmann et al. 2000, Buschmann
and Groschup 2005). Using our protocol (performing
three rounds of PMCA), one Tgbov XV mouse brain
provides sufficient substrate for analysing four samples
by PMCA compared to the use of 40 Tgbov XV mice
necessary for bioassaying one bovine sample with an
expected negative result. Using this approach would be
an improvement regarding the reduction of the number
of mice used for BSE bioassays, whilst ensuring reliable
final results, given that comparable sensitivities of both
methods protocols have been demonstrated by paral-
lel titration of a BSE-positive reference homogenate.
Another clear advantage of the PMCA is the time frame
necessary to obtain a result, which is one week for the
PMCA, in contrast to two years in case of the transgenic
mouse bioassay.

In conclusion, the PMCA is a promising alternative
method to the transgenic mouse bioassays, even if a
full replacement of BSE bioassays by PMCA currently
remains a goal to aim for in the long term. Our current
PMCA protocol enables the reliable prion detection in
samples with even low titers. Thereby, indeed the PMCA
can significantly reduce the number of mice used in bio-
assays aiming only at the detection of the presence of the
BSE agent. For samples with extremely low titers, which
cannot be completely excluded in case of a negative
IHC or PMCA result, we suggest the further verification
by mouse bioassay to ensure the reliability of negative
results. This is particularly important for studies provid-
ing data relevant for risk assessments regarding public
health protection. Thereby, only few mice are likely to
develop clinical BSE-symptoms due to the extremely
low titers in such samples, resulting in a refinement of
the still necessary bioassays. Finally, efforts to further
improve the sensitivity of BSE-PMCA protocols are
desirable, in order to extend the C-BSE-PMCA to a full
in-vitro replacement method of mouse bioassays.

Acknowledgement

We thank Julia Herger, Daniel Balkema and Bérbel Ham-
merschmidt for their skillful technical assistance. Lukas
Steinke, Nicole Sinkwitz, Kerstin Kerstel and Doreen
Fiedler are acknowledged for excellent care of the bioas-
say mice.

Conflict of interests

The authors have no potentially competing interests.

Ethical approval

The challenge experiments in cattle and mice described
in this manuscript were approved by the competent
authority of the Federal State of Mecklenburg-West-

ern Pomerania, Germany on the basis of national and
European legislation, namely the EU council directive
2010/63/EU for the protection of animals used for experi-
ments (file number: 7221.3-1.1-037/13).

Funding

This work was partially supported by WALA Heilmittel
GmbH.

Authors contribution

This study was designed by ABB, IA and MHG and the
experimental work was carried out by IA, ABB, MK, JCS
and OIF. Data were analysed by IA, ABB and MHG. The
manuscript was written by IA, ABB and MHG and proot-
read by all coauthors.

References

Ackermann I, Balkema-Buschmann A, Ulrich R, Tauscher K,
Shawulu JC, Keller M, Fatola OI, Brown P, Groschup MH
(2017): Detection of PrPPf and prion infectivity in the ileal
Peyer’s patch of young calves as early as 2 months after oral
challenge with classical bovine spongiform encephalopathy. Vet
Res 48: 88.

Atarashi R, Wilham JM, Christensen L, Hughson AG, Moore
RA, Johnson LM, Onwubiko HA, Priola SA, Caughey B
(2008): Simplified ultrasensitive prion detection by recombinant
PrP conversion with shaking. Nat Methods 5: 211-212.

Balkema-Buschmann A, Eiden M, Hoffmann C, Kaatz M,
Ziegler U, Keller M, Groschup MH (2011): BSE infectivity
in the absence of detectable PrP% accumulation in the tongue
and nasal mucosa of terminally diseased cattle. ] Gen Virol 92:
467-476.

Bieschke J, Weber P, Sarafoff N, Beekes M, Giese A, Kretzsch-
mar H (2004): Autocatalytic self-propagation of misfolded prion
protein. Proc Natl Acad Sci U S A 101: 12207-12211.

Boerner S, Wagenfiihr K, Daus ML, Thomzig A, Beekes M
(2013): Towards further reduction and replacement of animal
bioassays in prion research by cell and protein misfolding cyclic
amplification assays. Lab Anim 47: 106-115.

Bruce ME, Will RG, Ironside JW, McConnell I, Drummond D,
Suttie A, McCardle L, Chree A, Hope ], Birkett C, Cousens
S, Fraser H, Bostock CJ (1997): Transmissions to mice indicate
that ‘new variant’ CJD is caused by the BSE agent. Nature 389:
498-501.

Buschmann A, Groschup MH (2005): Highly bovine spongiform
encephalopathy-sensitive transgenic mice confirm the essential
restriction of infectivity to the nervous system in clinically dis-
eased cattle. J Infect Dis 192: 934-942.

Buschmann A, Pfaff E, Reifenberg K, Miiller HM, Groschup
MH (2000): Detection of cattle-derived BSE prions using trans-
genic mice overexpressing bovine PrPC. Arch Virol Suppl 16:
75-86.

Castilla J, Saa P, Morales R, Abid K, Maundrell K, Soto C (2006):
Protein misfolding cyclic amplification for diagnosis and prion
propagation studies. Methods Enzymol 412: 3-21.

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

Castilla J, Saa P, Soto C (2005b): Detection of prions in blood. Nat
Med 11: 982-985.



Berliner und MUnchener Tierarztliche Wochenschrift 2018

Chen B, Morales R, Barria MA, Soto C (2010): Estimating prion
concentration in fluids and tissues by quantitative PMCA. Nat
Methods 7: 519-520.

Chianini E Cosseddu GM, Steele P, Hamilton S, Hawthorn J,
Siso S, Pang Y, Finlayson J, Eaton SL, Reid HW, Dagleish
MP, Di Bari MA, D’Agostino C, Agrimi U, Terry L, Nonno R
(2015): Correlation between infectivity and disease associated
prion protein in the nervous system and selected edible tissues
of naturally affected scrapie sheep. PLoS One 10: e0122785.

Franz M, Eiden M, Balkema-Buschmann A, Greenlee J, Schatzl
H, Fast C, Richt J, Hildebrandt JP, Groschup MH (2012):
Detection of PrP¢ in peripheral tissues of clinically affected cat-
tle after oral challenge with bovine spongiform encephalopathy.
J Gen Virol 93: 2740-2748.

Gretzschel A, Buschmann A, Eiden M, Ziegler U, Liihken G,
Erhardt G, Groschup MH (2005): Strain typing of German
transmissible spongiform encephalopathies field cases in small
ruminants by biochemical methods. ] Vet Med B Infect Dis Vet
Public Health 52: 55-63.

Hill AE Desbruslais M, Joiner S, Sidle KCL, Gowland I,
Collinge J, Doey L], Lantos P (1997): The same prion strain
causes vCJD and BSE. Nature 389: 448-450.

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
(PMCAD). PLoS One 7: €35383.

Lacroux C, Comoy E, Moudjou M, Perret-Liaudet A, Lugan S,
Litaise C, Simmons H, Jas-Duval C, Lantier I, Béringue V,
Groschup M, Fichet G, Costes P, Streichenberger N, Lantier
E Deslys JP, Vilette D, Andréoletti O (2014): Preclinical detec-
tion of variant CJD and BSE prions in blood. PLoS Pathog 10:
€1004202.

Lacroux C, Vilette D, Fernandez-Borges N, Litaise C, Lugan S,
Morel N, Corbiéere F, Simon S, Simmons H, Costes P, Weis-
becker JL, Lantier I, Lantier E, Schelcher F, Grassi J, Castilla
J, Andréoletti O (2012): Prionemia and Leukocyte-Platelet-As-
sociated Infectivity in Sheep Transmissible Spongiform Enceph-
alopathy Models. ] Virol 86: 2056-2066.

Moda E Gambetti P, Notari S, Concha-Marambio L, Catania M,
Park K-W, Maderna E, Suardi S, Haik S, Brandel J-P, Ironside
J, Knight R, Tagliavini F, Soto C (2014): Prions in the Urine of
Patients with Variant Creutzfeldt-Jakob Disease. N Engl ] Med
371: 530-539.

Morales R, Pritzkow S, Hu PP, Duran-Aniotz C, Soto C (2013):
Lack of prion transmission by sexual or parental routes in
experimentally infected hamsters. Prion 7: 412-419.

Morales R, Duran-Aniotz C, Diaz-Espinoza R, Camacho MV,
Soto C (2012): Protein misfolding cyclic amplification of infec-
tious prions. Nat Protoc 7: 1397-1409.

Murayama Y, Imamura M, Masujin K, Shimozaki N, Yoshioka
M, Mohri S, Yokoyama T (2012): Ultrasensitive detection of
scrapie prion protein derived from ARQ and AHQ homozygote
sheep by interspecies in vitro amplification. Microbiol Immunol
56: 541-547.

Murayama Y, Yoshioka M, Masujin K, Okada H, Iwamaru Y,
Imamura M, Matsuura Y, Fukuda S, Onoe S, Yokoyama T,
Mohri S (2010): Sulfated dextrans enhance in vitro amplifica-
tion of bovine spongiform encephalopathy PrP% and enable
ultrasensitive detection of bovine PrP%. PLoS One 5: e13152.

O’Connor MJ, Bishop K, Workman RG, Maddison BC, Gough
KC (2017): In vitro amplification of H-type atypical bovine
spongiform encephalopathy by protein misfolding cyclic ampli-
fication. Prion 11: 5-64.

Pan KM, Baldwin M, Nguyen J, Gasset M, Serban A, Groth D,
Mehlhorn I, Huang Z, Fletterick R]J, Cohen FE, Prusiner SB
(1993): Conversion of alpha-helices into beta-sheets features in
the formation of the scrapie prion proteins. Proc Natl Acad Sci
U S A 90: 10962-10966.

Prusiner SB (1998): Prions. Proc Natl Acad Sci U S A 95: 13363—
13383.

Prusiner SB (1997): Prion diseases and the BSE crisis. Science 278:
245-251.

Prusiner SB (1982): Novel proteinaceous infectious particles cause
scrapie. Science 216: 136-144.

Rubenstein R, Chang B, Gray P, Piltch M, Bulgin MS, Sorensen-
Melson S, Miller MW (2010): A novel method for preclinical
detection of PrPs in blood. ] Gen Virol 91: 1883-1892.

Rubenstein R, Chang B, Gray P, Piltch M, Bulgin MS, Sorensen-
Melson S, Miller MW (2011): Prion Disease Detection, PMCA
Kinetics, and IgG in Urine from Sheep Naturally/Experimentally
Infected with Scrapie and Deer with Preclinical/Clinical Chronic
Wasting Disease. ] Virol 85: 9031-9038.

Saa P, Castilla J, Soto C (2006): Ultra-efficient replication of infec-
tious prions by automated protein misfolding cyclic amplifica-
tion. ] Biol Chem 281: 35245-35252.

Saa P, Cervenakova L (2015): Protein misfolding cyclic amplifi-
cation (PMCA): Current status and future directions. Virus Res
207: 47-61.

Saborio GP, Permanne B, Soto C (2001): Sensitive detection of
pathological prion protein by cyclic amplification of protein
misfolding. Nature 411: 810-813.

Thorne L, Terry LA (2008): In vitro amplification of PrP* derived
from the brain and blood of sheep infected with scrapie. ] Gen
Virol 89: 3177-3184.

Wang E, Wang X, Yuan CG, Ma J (2010): Generating a prion with
bacterially expressed recombinant prion protein. Science 327:
1132-1135.

Wilham JM, Orri CD, Bessen RA, Atarashi R, Sano K, Race
B, Meade-White KD, Taubner LM, Timmes A, Caughey B
(2010): Rapid end-point quantitation of prion seeding activ-
ity with sensitivity comparable to bioassays. PLoS Pathog 6:
€1001217.

Yoshioka M, Matsuura Y, Okada H, Shimozaki N, Yamamura T,
Murayama Y, Yokoyama T, Mohri S (2013): Rapid assessment
of bovine spongiform encephalopathy prion inactivation by heat
treatment in yellow grease produced in the industrial manu-
facturing process of meat and bone meals. BMC Vet Res 9: 134.

Address for correspondence:

PD Dr. Anne Balkema-Buschmann

Institute of Novel and Emerging Infectious Diseases
Friedrich-Loeffler-Institut

Stdufer 10

17493 Greifswald-Insel Riems, Germany

Anne Balkema-Buschmann@flide




