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Tabie 1 Summary of the fluorescence correlation spectroscopy measurements using 10 @M RITA

Protein Diffusion time + s.e.m.? Change in diffusion time, percent
No protein 0.063 £0.011 —

GST-p53 dN(1-63) 0.356 £ 0.070 465

GST-p53 N(1-100) 0.259 +0.020 31
G5T-p53(1-393) | 0.287£0.043 355
His-p53(1-393) 0.198 £ 0,007 214
His-p53(1-312) 0.11120.014 74

GST 0.076 £ 0,003 20

GST-EBNAZ 0.073+0.017 16

3All experiments were performed at lzast three times.,
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PrP5¢ in mammary glands of sheep affected by
scrapie and mastitis

To the editor:

Besides colonizing the central nervous sys-
tern, the infectious agent of transmissible
spongiform encephalopathies, termed prion,
is predominantly associated with follicular
dendritic cells (FDCs) of lymphoid tissues'2.
Accordingly, PrP%, a protease-resistant iso-
form of the host protein PrPC representing the
main prion constituent, is often detectable in
spleen, tonsils, Peyer patches and lymph nodes
of infected hosts.

Chronic inflammatory states are accompa-
nied by local extravasation of B cells and other
inflammatory cells, which may induce lym-
photoxin-dependent maturation of ectopic

e, FDCs. Consequently, scrapie infection of mice

ffering from nephritis, hepatitis or pancre-
atitis induces unexpected prion deposits at the
sites of inflammation®, This has raised con-
cerns that analogous phenoruena might occur
in farm animals.

‘We have investigated this question i a flock
of 818 Sarda sheep held in the Sassari region
of Ttaly for production of wool and human
foods, The European Surveillance Plan for
Transmissible Spongiform Encephalopathies
mandates the removal of afl sheep of scra-
pie-susceptible genotypes in scrapie-infected
flocks.Of the 818 sheep, 261 had Prmp alleles*
that conferred susceptibility to prion disease.
Of the latter, seven had ¢linically overt scrapie
with PrP% in brain, lymph nodes and tonsil.

- All scrapie-sick sheep and 100 randomly cho-

sen healthy sheep were killed, and mammary
glands were analyzed histologically. Of these, 10
sheep had Jymphocytic mastitis, and four had
coincident astitis and scrapie, Using western
blots, immunohistochemistry and histoblots,
we detected PrP™ in mammuary glands of all

" antibody. Lanes 13, 8-11, 14-16 from

four clinjcally scrapie-sick sheep with mastitis
(Fig. 1a,b), but not in noninflamed mammary
glands from presymptomatic or scrapie-sick
sheep from the same (n = 14) or a different
flock (#1= 1), nor in inflamed mammary glands
of scrapie-uninfected shieep (n = 2). Within the
inflammatory mammary lesions, PrPSc was
found to be associated with iymphoid {oilicles

Figure 1 Prion protein in inflamed mammary a

glands. (a) Western blots with a PrP-specific

left: native and proteinase ¥ {PK)-digested
brain homogenates (diluted 1/1,400) from
a scrapie-infected (Scr¥} and a scrapie-free
sheep (Scr). Lanes 6-8: mammary glands
from a scrapie-free sheep with follicular
mastitis (Scr-, mast*), a scrapie-positive
sheep from a flock with neither MYV
seropositivity nor mastitis (Sert, mast™), and
a sheep with nefther mastitis nor scrapie
{Ser+, mast™). Each one of five scrapie-
infected sheep with mastitis had marmmary
PreSe (lapes 4, 5, 12, 13, and 17). Non-
scrapie-infected brain and mammary gland
extracts showed no PriPSt upon PK digestion
(lanes 3, 6-8, 11 and 16}. (b} Mammary
gland micrographs from MVV-sergpasitive
sheep with mastitis and coincident scrapie
(Scr), or with mastitis but no scrapie
(Scr). Lymphoid fellicles are adjacent to Cc
milk ducts (md). Immunofiuerescence

stains show abundant PrP deposits within
mammary lymphoid follicles {arrow) from
scrapie-positive but not from scrapie-free

sheep. Scale bars, 100 pum. (¢ PK-treated
paraffin-embedded tissue blots of mammary
gland sections show punctate PrP3¢ deposits
colocalizing with lymphoid follictes in
scrapie-infected (Scr*), but not in scrapie-

free {Scr) sheep with mastitis. Seale bars,

200 pm.

P
o

by imununoflucrescent labeling and by paraf-
fin-embedded tissue (PET} blotting (Fig, 1¢).
PrP% colocalized predominantly with CD68*
tnacrophages and FDCs within inflamed mam-
mary glands (Fig. 2a).

We then surveyed a second Sarda flack (272
sheep) located 30 km away from the flock
described abave. One sheep was found fo be

BAM{IBI  Slammary pland PA - R T <+
AR o
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Figure 2 Mammary PrPS® localizes to macrophages and FDGCs. (a) Mammary gland from a sheep with

coincident mastitis, MVV seroposilivily and scrapie (sheep #732), Confocal laser scanning micrographs
kof lymphoid follicles immunestained for PrP (green), nuclear DNA (blue) and macrophages (red, top
Fpanels) or FDC (red, bottom panels). PrPSt associates with CDB8* macrophages and FDCs in scrapie-
positive (Scr¥, arrows} but not in serapie-free sheep (Scr). Scale bars, 6.3 pm (top) and 7.5 pm

(bottom). (b) CDE8* macrophages (arrow) and degenerating leukocytes within milk ducts and in adjacent
lymphoid foliicles of an inflamed mammary gland, as well as in milk sediment (inset, arrowheads). Scale

bar, 100 pm (mammary gland} or 20 pm (milk cells).

scrapie-sick and was killed: necropsy showed
lymphofollicular mastitis and PrP% in the
brain and tonsil. Again, PrP%* was present in
the mammary gland (Fig. 1a}. These results
indicate that coincidence of natural chronic
inflammatory conditions and natural scrapie
can expand the deposition of PrP* to unex-
pected tissues of sheep.

By plotting western blot signals against seri-
ally diluted scrapie-infected brain and spleen,
we determined that the median mammary
PrPSt concentration was 0.1% of that of spleen
and 0.05% of brain. But because mammary
Iymphoid follicles were stochastically distrib-
uted, local PrP*¢ loads varied markedly. Hence
these figures may underestimate PrP¥ in sites

of abundant follicles, and overestimate it in
sites with few or no follicles.

Common causes of lymphofollicular masti-
tis in sheep include Maedi-Visna virns {MVV)
and mycoplasma®. We could not culture myco-
plasma from mastitic glands, whereas we
found that four of the five sheep with scrapie
and mastitis were seropositive for MYV and
that the three scrapie-sick sheep without mas-
titis were seronegative for MVV. In the clini-
cally healthy group, 7 of 10 sheep with mastitis,
but only 32 of 90 sheep without mastitis, were
seropositive for MVV. Hence, MVV seroposi-
tivity correlated with lymphoid follicular mas-
titis (Fisher exact test, P = 0.01) as reported
previously®?,

MVV and related small-ruminantlentiviruses
are enderic in most, if not all, Buropean popu-
lations of small ruminantsS, The above data
suggest that cominon viral infections of small
ruminants may enhance the spread of prions,
MVV is found within mammary epithelial cells
and miacrophages?, and hasbeen experimentally
passed to lambs through milk®. Milk is believed
to represent a major route of transmission for
the natural spread of MVV>. The PxP deposits
in CD68* cells of mammoary lymphoid follicles,
in concert with the copious shedding of macro-
phages into milk of mastitic sheep (Fig, 2b)*19,
raises the question whether coexistence of prion
infection and inflammation in secretory organs
may lead to prion contamination of secretes, and
may represent a cofactor for horizontal prion
spread within flocks.
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Abstract

BioMled Central

Background: The definite diagnosis of prion diseases such as Creutzfeldt-Jakob disease (CJD) in
humans or bovine spongiform encephalopathy (BSE) in cattle currently relies on the post mortem
detection of the pathological form of the prien protein (PrP5e) in brain tissue. Infectivity studies
indicate that PrPSt may also be present in body fluids, even at presymptomatic stages of the disease,
albeit at concentrations well below the detection limits of currently available analytical methods.

Resuits: We developed a highly sensitive method for detecting prion protein aggregates that takes
advantage of kinetic differences between seeded and unseeded polymerization of prion protein
monomers. Detection of the aggregates was carried out by flow cytometry. In the presence of
prion seeds, the association of labelled recombinant PrP monomers in plasma and serum proceeds
much more efficiently than in the absence of seeds, In a diagnostic model system, synthetic PrP
aggregates were detected down to a concentration of approximately |0-8nM [0.24 fg/ml]. A specific
signal was detected in six out of six available serum samples from BSE-positive cattle,

Conclusion: We have developed a method based on seed-dependent PrP fibril formation that
shows promising results in differentiating a small number of BSE-positive serum samples from
healthy controls. This method may provide the basls for an ante mortem diagnostic test for prion

diseases.

Background
A group of fatal transmissible neurodegenerative diseases,

including Creutzfeld-Jakob disease {C]D), bovine spongi-
form encephalopathy (BSE), chronic wasting disease
(CWD) and scrapie, is caused by an unusual infectious
agent that has been termed prion [1]. Prions consist of an

aberrant isoform (PrP%) of the normal cellular prion pro-
tein (PrPC). PrPCis a celi surface glycoprotein expressed in
neurons [2] and other cell types [3,4]. The precise physio-
logical function of the cellular prion protein is not known
yet. PrPS¢ differs from PrPCin its higher content of B-sheet
structure |5,6], its partial resistance to protease digestion
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{7], and its tendency to form large aggregates [8]. PrPse
propagates by converting the cellular prion protein to the
PrPSc conformation [9]. PrP% aggregates accumulate pre-
dominantly in the central nervous system (CNS), and
definitive diagnosis of prion diseases currently relies on
the post mortem detection of PrPStin CN$ tissue by immu-
nohistochemistry, Western blotting, or ELISA [10]. Trans-
mission studies indicate that prions may also be present
in blood, potentially allowing for ante mortem diagnosis,
but the sensitivity of the currently available analytical
methods is insufficient for the detection of the extremely
low prion titers that can be expected in body fluids [11].

Here, we report the development of a method based on
kinetic differences between seeded and unseeded aggrega-
tion of prion protein that allows the detection of PrP
aggregates in blood down to attomolar concentrations by

flow cytomeury.

Results and discussion

Detection of synthetic prion protein aggregates in serum
or plasma

Kinetic differences between seeded and spontaneous
polymerization of peptide monomets can be used for the
detection of amyloid §-protein aggregates in the cerebros-
pinal‘fluid of Alzheirner's disease patients [15]. Here, we
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extend the princple of seeded polymerization to the
detection of prion protein aggregates.

While trying to establish conditions for the labeling of
synthetic prion protein aggregates with a fluorescently
labeled prion protein probe, we observed that the forma-
tion of prion protein aggregates proceeds much less effi-
ciently in serum or plasma (not shown) than in PBS (Fig.
1). This inhibition is probably caused by interactions of
the prion protein probe with serurn proteins.

Next, we found that the addition of preformed prion pro-
tein aggregates to plasma can partially overcome this inhi-
bition (Fig. 2). The preformed aggregates presumably
function as seeds that facilitate the formation of new
aggregates in the inhibitory environment of plasma. The
seeds stimulated the formation of prion protein aggre-
gates at all concentrations tested, from 5 nM [120 ng/ml]
to 108 nM [0.24 fg/ml] (Fig 2C). The average ratio of
event counts in seeded samples to those in samples with-
out seeds was 6.4. The number of events, however, was
not proportional to the seed concentration, but remained
relatively constant aver the whole concentration range.
Thus, the seed-dependent formation of prion protein
aggregates can be used to detect extremely low amounts
(down to the attomolar range) of spiked prion protein
aggregates in blood.
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Inhibition of PrP aggregation in serum. FITC-labeled recombinant bovine pricn protein {concentration 10 nM) was incu-
bated at 37°C for 20 h with continuous shaking, either in 150 pul PBS (left panel) or in the same volume of serum (right panef},
followed by flow cytometry. The measurements are depicted in a Fluorescence | (FLI-H) vs. Fluorescence 2 (FL2-H) dot-plot.
The number of counts in the area containing specific signals (R2) is given in the figures. Aggregate formation in serum is

strongly inhibited.
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Seed-dependent PrP aggregate formation in plasma. FITC- Iabeled recombinant prion protein (5 nM) was incubated in
plasima as described in the methods section for 20 h either in the absence {panel A) or présence (panel B) of 108 nM PtP aggre-
gates. Panel C: quantification of measurements shown in A and B, and of measurements (not shown) with different seed con-
centrations. The measurements are depicted in 2 Fluorescence | {FLI-H) vs. Side-Scarter (SSC) dot-plot. Aggregate formation
(signal in region RI) was strongly enhanced by ail seed concentrations tested, from 5 nM to 10-8nM.

Analysis of serum from clinical-stage, BSE-positive cattie
Studies demonstrating the transmission of prion diseases
by blood transfusion suggest that prions are present in the
blood of afflicted animals and people, even at pre-symp-
tomatic stages of the disease [16-18], We used the method
of seed-dependent fibril formation to analyze serum from
six confirmed cases of clinical-stage, BSE-positive carttle
and four controls, Based on the spiking experiments
described above, our hypothesis was that any PrPs¢ aggre-
gates present in serum may act as seeds for the formation
of easily detectable amounts of labeled PrP aggregates,
whereas in the absence of seeds the formation of PrP
aggregates would be inhibited. The serum samples from
BSE-positive cattle and controls from healthy cattle were
incubated with 10 nM of a FITC-labeled bovine PrP probe
at 37°C for 20 h with continuous shaking, followed by
analysis in a flow cytometer. All six BSE-samples could be
clearly distinguished by a population of events that was
absent in the controls (Fig. 3A-], green dots in region R3;
quantification in fig. 3K).

Conclusion

We have developed a method based on seed- dependent
PrP fibril formation that shows promising results in differ-
entiating a small number of BSE-positive serum samples
from healthy controls. More samples need to be tested in
order to validate its potential as an ante mortem diagnostic
test for BSE and other prion diseases.

Methods

Biological fluids

Serumn samples from six confirmed cases of BSE in cattle
and four control animals were abtained from BFAV, Insel

Riems, Germany. Control plasma was obtained from a
blood bank.

Labeling of prion protein

Recombinant full-length bovine Pr” was produced as
described previously [12,13]. The purified protein was
iabeled with a FITC-labeling kit (Roche) according to the
manufacturer's instructions.

Preparation of fibrils from recombinant prion protein

25 pM of unlabeled bovine prion protein in PBS contain-
ing 0.2 % SDS was incubated for 10 min at room temper-
ature, followed by a twentyfold dilution with PBS. For
fibril formation, the diluted reaction mixture was incu-
bated for 48 h at room temperature [14].

PrP fibril formation in serum or plasma

Recombinant FITC-labeled bovine prion protein was
incubated in 150 pl serum or plasma at a concentration of
5 or 10 nM for 5-10 min. at 20°C, shaking at 550 rpm in
an Eppendorf thermomixer, followed by an increase of
the temperature to 37°C h at constant shaking speed. The
incubation was continued for 20 h. Samples were then
analyzed by flow cyiometry.

Flow cytometry

Analysis of the samples was carried out on a FACSVantage
flow cytometer {BD Biosciences} at room temperature,
measurement time was 30 sec per sample.
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Figure 3

Analysis of serum from BSE-positive cattle. FITC-labeled recombinant prion protein (10 nM) was incubated in [50 pl of
the serum samples as described in the methods section and analyzed by flow cytometry. The measurements are shown in a Flu-
orescence { (FLI-H) vs. Side-Scatter (S5C) dot-plot. All six BSE-samples (A-F) can be differentiated from the controls (G-J) by
a population of events in region R3 (green dots}. Panel K: Quantification of measurements shown in panels A-}.
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