PcP 3F4, Sigma-Aldrich, Steinheim, Germany, dilution: 1:4,000 in
PBS and 1.5% BSA or monoclonal anti-mouse¢ 6H4, Prionics AG,
Zirich, Switzerland; 1:3,000 in PBS). After washing 5 times with
PBS for 5 min and 0.05% Tween 20 (Perbio Science GmbH,
Heidelberg, Germany), blots were incubated in a secondary
antibody solution (horseradish peroxidase-conjugated anti-mouse,
difution 1:500,000 Perbio Science GmbH or alkaline-phosphatase-
conjugated anti-mouse, dilution 1:5,000 Sigma-Aldrich, Stein-
heim, Germany) for at least 1.5 h. Membranes were washed as
described before and developed with CDP-Star solution (Invitro-
gen GmbH, Kardsrahe, Germany) or SuperSignal West Femto
Maximum Sensitivity substrate (Perbio Science GmbH, Heidel-
berg, Germany) for 5 to 10 min, Protein signals were visualized
using Pierce film (Perbio Science GmbH, Heidelberg, Germany).

For confirmation of these results, highly sensitive Western
blotting was performed in independent experiments at different
laboratories using their established protocols.

Western Protocol (I

The protein extractions from contaminated soil samples were
carried out by adding 2 ml 1%-SDS-solution to 2 g of testing
material in a 15 ml tube. The suspension was vigorously shaken
for 2 min, followed by a centrifugation step at 7,600 rpm for
10 min, 5¢ {1l of the clear supernatant was used for proteinase K
digestion {100 pg/ml; 37°C; 1 h). After digestion the supernatants
were mixed with an equal volume of 2 sample loading buffer
(50 mM Tris (pH 6.8), 2% S8DS, 10% glycerol, 50 mM B-
mercaptoethanol and 0.001% bromphenol blue) and heated to
100°C for 5 min for PrP-Western blotting.

Sodivra  dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analyzes of samples from hamsters
were performed a5 described elsewhere 58] with recently
published modifications [39]. In short: Following SDS-PAGE,
proteins were transferred to a polyvinylidene difluoride (PVDE)
membrane {Immobilon, Millipore, Billerica, USA} using a serui-
dry blotting systern. The membrane was blocked by incubation for
30 min in TBS containing 3% {w/v) nonfat mifk powder (NFMP)
and 0.05% (w/v) Tween-20 (NFMP-TBST). Blots were incubated
overnight in primary antibody solution (monoclonal anti-PrP
antibody 3F4 [mAb 3F4] from cell culture, diluted 1:2,000 in
NFMP-TBST) at 4°C, After washing 5 times for at least 20 min
with NFMP-TBST, blots were incubated in secondary antibody
solution (alkalite phosphatase conjugated goat anti-mouse IgG;
Dako, Glostrup, Denmark; [:5,000 diluted in NFMP-TBST) for
90 min at room temperature. After washing 5 times with NFMP-
TBST over a total period of at least 1.5 h, the membranes were
pre-incubated 2X5 min in assay-buffer (100 mM Trs, 100 mM
NaCl, pH 9.5) and finally developed with CDYP-star solution
{Tropics, Applied Biosystems, Beford, USA) for 5 min according
to the instructions of the manufacturer. PrP-signals were visualized
on 2 X-OMAT AR (Kodak, Sigma-Aldrich, Steinheim, Germany)
film. Films were exposed for 5-30 min,

For deglycosylation, 500 il of the soil extract solution were
dialyzed in PBS for 16 h in order to remove the detergents, and
20 pl of the aliquot was digested using PNGase F (New England
Biolabs, Ipswich, USA} according to the instructions of the
manufacturer prior to Western blotting.

Western Protocol Ml

Sanple preparation and extraction of the prion protein from soil
samples as well as proteinase K digestion was performed as
described in protocol I After electrophoresis using 16% bis-
acrylamide gels, proteins were transferred on a PVDF-membrane
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in a semi-dry chamber. The membranes were blocked in 5% dry
fat milk in PBS (phosphate buffered saline) contzining 0.1%
Tween 20 (Merck, Darmstadt, Germany) (PBS-T) for 30 min and
subsequently incubated with the PrP-specific monoclonal detection
antibody 3F4 (Chemicon International, Inc., California) in
a dilution of 1:3,000 in 5% dry fat milk in PBS-T for 1 h
30 min. The membranes were washed. 3 times for 10 min with
PBS-T and then incubated with a secondary antibody bound to
alkaline phosphatase in a dilution of 1:2,000 in PBS-T (goat-anti-
mouse-AP, Dianova, Hamburg, Germany) for 1 h. After again
washing three times for 10 min, the membranes were incubated 2
times for 2 min in assay buffer containing 200 mM Tris-HCl and
10 mM MgCl; (pH 9.8}, Finally, the chemiluminescence substrate
CDP-Star (Tropix, Bedford, USA) was applied and incubated on
the membrane for 5 min before the light signals were detected in
a camera using the analysis software Quantity One (Bio-Rad,
Munich, Germany).

- Bioassay in Syrian hamsters

Forty two female Syrian hamsters, approx. 90 days old, were
obtained from Charles River Laboratories, Germany. They were
handled according to the regulations of the local authorities
(Bezirksregierung Arnsberg, reference number 50.8735.1 Nr. 108/
1} in a biosafety Level 3 containment facility.

12 animals were fed weekly over a period of 12 weeks; 11 times
with 100 mg soil/brain mixture each and one time with 50 mg
soil/brain mixture taken from the outdoor lysimeters after an
incubation period of 26 and 29 months (table 1). Oral application
was achieved by mixing the soil (1,150 mg in total) with
commercial hamster feed (ssniff, Soest, Germany).

To analyze the remaining infectivity in the aqueous extract,
10 g contaminated soil was mixed with 10 ml water and was
vigorously shaken on a horizontal shaker for approx. 1 h, The
mixture was centrifuged with 5,000 rpm for 5 min and the
superpatant was used for the bioassay. Oral application was
performed weekly over a period of 12 weeks (1,150 il in total) by
mixing the extract with commercial hamster feed (ssniff, Soest,
Germany). For this pu_rf)ose, 12 additional animals were fed 11
times with 100 pl and 1 tme with 50 ul aqueous extract from the
soil/brain mixture taken from the outdoor lysimeters after an
incubation period of 26 and 29 months.

The hamsters.of both groups were monitored at least twice
a week for the development of clinical signs of scrapie. Hamsters
diseased with 263K scrapie showed head bobbing, ataxda of gait
and generalized tremor. Such animals were frequently and -
persistently in motion, easily irritated by noise and touch, upon

. which they ofien twitch, and had difficulties maintaining balance

and rsing from a supine position. These clinical syrmaptoms of
hamsters are entirely consistent with those previously reported for
the 263K scrapie agent [59]. At the occurrence of first
neurological symptoms, the animals were observed daily and at
appropriate end-points, clinically affected hamsters were killed,
Brains from these hamsters were examined and anelyzed for the
presence of PrP®,

As a control, six animals were fed with non-contaminated
standard soil and 6 animals were fed with aqueous extract from -
non-contaminated standard soil over z period of 2 weeks
(1,150 mg or 1,150 il in total). Additional 6 hamsters were fed
only with commercial hamster feed (ssniff, Soest, Germany).

PMCA-Reaction
The PMCA method was carried out as reported previously [45,46]
with modifications: In brief, normal hamster brains were
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homogenized at 10% (w/v) in PBS containing complete protease
inhibitor cocktail (Bochringer-Ingelheim, Mannheim, Germany),
4 mM EDTA and 1% Triton-X-100. The homogenate was briefl
centrifuged at 2,000 g and the supernatant was used as the PrPE
source. Amplification was perforined using an automatic ultra-
sonification apparatus (Sonicator 300 from Misonix, New York,
USA) with a water-tank. )

The PrP® substrate was mixed with 1/10 volume of the soil
extract previously dialyzed in PBS, resulting in a total volume of
100 1l, PMCA amplification was performed by 40 oycles of
sonication (40 sec. each} followed by incubation at 37°C for 1 hin
the water-tank. The amplified product of the first round of
amplification was diluted 1:5 with normal brain homogenate and
the second round was performed. This process was repeated 4
times to obtain 160 cycles of PMCA. From cach PMCA-
amplification round, aliquots of 50 ul werc taken and digested
with proteinase K (180 pg/ml) for 1 h at 56°C. Finally, the same
volumme of 2x sample buffer was added and heated for 10 min at
100°C prior to SDS-PAGE.

Waestern Blot Typing of PrP27-30

"Sodium dodecyl sulfate-polyacrylamide gel elecerophoresis (SDS-

PAGE) and Western blot analyzes of samples from hamsters for
characterization of the PrP* glycosylation and migration pattern
were performed as described elsewhere [59). In short: 50 fl of
10% (w/v) brain homogenates in TBS (pH 7.4) were mixed with
5 pl of 13% (w/v) sarcosyl and 10 W' proteinase K stock solution
{1 mg/ml; Roche, Mannheim, Germany) and digested for 60 min
at 37°C. The digestion was stopped by adding 435 pl 2x sample
buffer, ie. 4% {w/v) SDS, 10% (v/v) 2-mercaptocthapol in
120 mM Tris-HQI, pH 6.8, containing 20% (w/v} glycerol and
0.05% (w/v) bromophenol blue, and boiling for 5 min. § yl of the
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. 1

solution (corresponding to 5x107> grams of hamogenized brain
tissue) were separated in a 15% SDS-PAGE or in Tris-glycine gels
{Novex, Invitrogen, Carkbad, USA) and subsequently blotted onto
polyvinylidene diflueride (PVDF) membranes (Millipore, Billerica,
USA) using the semi-dry method (Fast-Blot; Biometra, Gottingen,
Germnany). The PVDF-membranes were blocked with 5% low-fat
milk in TBS for 30 min and incubated overnight at 4°C with MAb
3F4 (1:2,000) in 3% bovine serum albumin (BSA) in TBS. After
washing in TBS and incubation for 60 min at reom temperature
with the secondary antibody [biotinylated goat anti-mouse IgG
(1:2,000) in 3% BSA in TBS), a biotin-streptavidin kit (Dako,
Glostrup, Denmark) for signal enhancement was applied for
30 min at room temperature. After washing the membranes in
TBS, antibody binding to PrP was visualized using a mixture of
nitroblue-tetrazoleum (NBT; Sigma-Aldrich, Steinheim, Ger-
many) and 5-bromo-4-chloro-3-indolylphosphate (BCIP; Sigma-
Aldrich, Steinheim, Germany) as substrate, .
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Prion infectivity and its molecular marker, the pathological prion protem 7 accumulate in the central nervous
system and often also in Iymphoid tissue of animals or humans affected by transmissiblé spongiform
encephalopathies. Recently, PrP** was found in tissues prewously considered not to be mvaded by prions {e.g.,
skeletal muscles}. Here, we address the question of whether prions target the-skin and show widespread PrP*®
deposition in this organ in hamsters perorally or parenterally challenged with scrapie. ln hamsters fed with scraple,
. PrP* was detected before the onset of symptoms, but the bulk of skin-associated PrP*¢ accumulated in the clinical
_phase. PrP* was localized in nerve fibres within the skin but not in keratinocytes, and the deposition of PrP> in skin
" showed no dependence from the route of infection and Iymphotroplc dissemination, The data indicated a neurally
mediated centrifugal spread of prions to the skin. Furthermore, in a follow-up study, we examined sheep naturally
infected with scrapie and detected PtP>° by Western blotting in skin samples from two out of five animals. Qur findings
paint to the skin as a potential reservoir of prions, which should be further investigated in relation to disease

transmission, - . v _
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Introduction

Transmissible spongiform encephalopathies (TSEs), or
prion disedses, are fatal neurodegenerative diseases affectling
both animals and humans: According to the prion hypothesis,
TSEs are caused by infectious prions that consist essentially—
if not entirely— of a misfolded form of the prion protein
(PrP), which is known as PrP% [1]. Although the precise
molecular composition and structure of prions remains
elusive, PrP5° has been shown in many studies to accumulate
together with infectivity in target tissues of infection and is

— therefore considered a reliable biochemical marker for TSE

L—/\

agents [2] as reported for experimentally-challenged hamsters
[3], other animal species {4], and humans (5,6).

Scrapie of sheep and goats, chronic wasting disease (CWD)
of deer, bovine spongiform encephalopathy (BSE) of cattle,
and variant Creutzfeldt-Jakob disease (vC]D} of humans
represent acquired prion diseases that are cansed by
exposure to TSE agents in the living environment of the
respective host. Different lines of evidence suggest that many,
if not the majority, of cases of ovine scrapie, BSE, and
purportedly CWD are caused by ingestion of prions and
subsequent invasion of the organism via the alimentary tract
[7). This also holds true for vC]D, which is now gencrally
acknowledged to be acquired through consumpuon of BSE-
contaminated foodstuffs {8].

Although the exact mechanism of infection following
passage of prions through the alimentary tract has not yet
been completely elucidated, findings from different mamma-
lian species suggested that the infection ascended retrograd-
ually via peripheral nerves te the spinal cord and to the brain
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(for reviews see [2,7]). From these sites of initial central
nervous system invasion at the level of the thoracic spinal
cord and the medulla oblongata, the infection propagated in
both ascending and descending directions [2,3,7,9-11].
Centrifugal spread from the central nervous system appeared
to be responsible for subsequent infection of further parts of
the peripheral nervous system [9,11). In particular, PP was
found associated with nerve fibres or nerve endings innervat-
ing peripheral organs and tissues such as muscles (11-14].

This prompted us to look for further tissues which could

serve as reservoirs of prions in the mammalian body, and
from which these pathogens could be potentially dissemi-
nated into the environment and transmitted to other
individuals via peroral or alternative routes. In this context,
the skin appears to be of utmost importance. The skin
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consists of different strata and appendages which are highly

innervated and interspersed with lymphatics and blood

vessels [15].-It constitutes the largest organ of humgdng arid ™

many animal species and provides an interface with their
environment. However, although PrP° detection has been

- reported for mucosal tissue {16,17), the skin has not been
extensively studied for the presence of prions and PrP* so
far. In 2004, Cunnjngham et al. reported on the presence of
BSE ageat in 2 wide range of tissues from a BSE-infected
greater kudu {I8). In one animal of this study, the salivary
gland and skin were found to contain infectivity, and the
authors suggested that these findings possibly indicate routes
by which direct animal-te-animoal transmission of the disease
may occur,

Here, we examined the skin of prion-infected hamsters for
the presence of PrP%®. Our hamster experiments focussed on
orally infected animals, which have been previously estab-
lished as a relevant rodent model to study the spread of
prions in the peripheral nervous system [2,7]. These studies
were performed in order to (i) investigate whether anatom-
ical structures within the skin may provide a target for PrP>
accumulation, (ii) elucidate the identity of such skin
components, and (iii) find out whether prions can be present
in the skin prior to the onset of visible TSE symptoms. In a
proof-of-concept approach, we extended Prp% testing of the
skin to specimens from sheep naturally infected with scrapie.
This follow-up study intended to obtain further insights into
the pathophysiology of scrapie and the putative pathways of
its naturai transmission in the field.

Results

PrP>¢ Accumulation in the Skin following Peroral Infection
with Scrapie Becomes Detectable.Shortly before the

Onset of Clinical Symptoms :
To investigate whether and at which stages of scrapie

infection PrP* accumulates in the skin, we performed a time-

course study in hamsters orélly exposed to 263K scrapie
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PP in the Skin

agém. As established previously for the examination of
muscle tissue [11], PrP5® was visualized by sensitive Western
blotting after extraction of the protein in the form of its
protease-resistant core, PrP27-30, from skin specimens by a
high-yield purification method. )

We examined samples of skin tissue from hamsters taken at
five different time points, i.e, at 70, 100, and 130 days post
infection (dpi) in the pre-clinical phase of incubation, at the
onset of clinical symptoms, and at the end stage of disease,
.which occurred after 164 = 6 d (expressed as the mean %
standard deviation [SD}; » = 5 ). Skin samples from- the
following five body regions of each hamster were analyzed:
the forelimb, the hindlimb, the abdomen, the back, and the
head. )

PrP27-30 could not be detected in any of the examined
skin samples at 70 and 100 dpi from five animals each (Figure
1A and 1B). The eailiest unambiguous signals for accumu-
lation of the pathological prion protein PrP* were found in
skin samples from three out of five animals at 130 dpi in the
Iate pre-clinical phase of incubation, corresponding to about

-80% of the mean incubation period until terminal disease
(Figure 1C, Western blot on the right-hand side, lanes 51, §2,
54, and 85). However, variable combinations of PrPS‘—positive
skin samples from different regions of the body were found at
130 dpi, indicating individual variation in the spread of

-..infection to, or inhomogeneous distribution of PP in skin

tissue. Possibly, prion infection of the skin could have been
detected more frequently in animals at 130 dpi, or at earlier
pre-clinical stages of incubation, by using alternative method-
ologies such as the conformation-dependent immunoassay
[19] or bicassays. At the onset of clinical symptoms, all of the
analyzed skin specimens from all five examined hamstefs
displayed more or less strong signals for PrP27-30 (Figure
1D). At the terminal stage of scrapie, the positive signals for
PrP27-30 become more intense, suggesting that accumula-
tion of PrP* takes place predominantly in relatively late
stages of incubation (Figure 1E, lanes $1-85). The weight of
the tested skin samples ranged from approximately 40 to 100
mg as specified in the legend to Figure 1A~1E. In order to
verify that the detected bands originated from PrP®c, a
control experiment was performed: After deglycosylation
with PNGaseF, the PrP27-30 bands showed an electropho-
retic shift towards a single band at about 20 kDa, the
molecular weight to be expected for the unglycosylated
PrP27-30 form of 265K hamster scrapie (Figure 1F, lanes
§$1d-S5d). Control samples from mock-challenged age-
matched hamsters consistently produced negative results
{not shown). A time-scale displaying an overview of the time-
points at which the p.o-infected hamsters were tested for
skin-associated PrP% deposition in relation to the mean
incubation period and the pre-clinical and clincal phases of
incubation is provided in Figure 1G.

1

Location of PrP*¢ within the Skin
To determine where in the skin PrP5¢ accumulates, we
investigated samplés from the head, snout, forelimb, and
abdomen of orally 263K scrapie-infected, terminally ill
hamsters. As done previously when determining the route
of PrP* propagation to muscles [11], we used the paraffin-
embedded tissue (PET} blot method to achieve a sensitive
topographical localisation of disease-associated PrP in the
skin. Using either Carnoy- or paraformaldehyde-fixed tissue
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Figure 1, Time-Course of PrP*® Deposition in Skin Tissue

{A~E) Westem blot detection of PrP27-30, the protease-resistant core of PrP>, extracted from different skin samples of hamsters orally challenged with-

.

263K scrapie and saciificed at the following time-points after infection: {A) 70 dpi, (B) 100 dpi, (C) 130 dgi, (D) at the onset of clinical signs for scrapie
{138~146 dpi), and (E) at the terminal stage of disease (157-171 dpi). Lanes with test samples: 51, skin sample from hindlimb; $2, skin sample from

forelimb; 3, skin sample from back; 54, skin sample from abdomen; S5,

brain hormogenate from terminally il 263K scrapie hamsters containing 1 % 10~

skin sample from head. Lanes with control samples: 1, proteinase ¥-digested
P A
g brain tissue. Representative results are shown for each stage of

incubation, Substantial individual variation was observed at 130 dpi, with two of five and three of five animals displaying findings as in (C) in the
Western blot on the left-hand side or the Westem blot on the right-hand side, respectively.

{F) Lanes 51d-55d: Same samples as In $1-55 of (E) but deglycosylated

with PNGaseF.

(A-F) Amounts of tissue represented in lanes: (A) 51, 43 mg; 52, 52 mq: 53, 68 mg; $4. 58 mg; 55, 73 mg; {B) 51, 7B mqa; 52, 44 mg; 53, 63 my; 54, 67 mg;
S5, 50 mg; ([C], Western blot on the left side) 51, 42 mg; S2, 76 mg; 53, 61 mg; 54, 58 mg; S5, 73 ma; ([Q. Westem blot on the right side} 51, 51 mg; S2, 63
mg; 53, 70 mg; 34, 87 mg; 55, 34 mg; (D) 51, 63 my; 52, 68 mg; 53, 90 mg; $4, 50 mg; S5, 68 my; (E} 51, 55 mg; $2, 73 mg; 53, B0 my; 54, 88 mg; 55, 70 mg;

(F} 51d, 12 mg; S2d, 14 mg; 53d, 19 my; S4d, 12 mg; 55d, 20 mg.
{G) Time-scale displaying the mean incubation period and the pre<lin

dofiz10.1371joumal.ppat.0030066.9001

samples, PrP® was detectable in (i} free nerve endings of the
subepidermal plexus on the border of the epidermis to the
dermis (Figure 24, 2B, 2G, and 2H, arrows), (ii) fibres of the
subepidermal, the deep cutanecus, and the subcutaneous
plexus, (ifi) fibres of the follicular neural network of the hair
(circular and longitudina! fibres, Figure 2A, 2B, and 2G,
arrowheads), (iv) the hair follicle isthmus {Figure 2G,

@ PLoS Pathogens | www.plospathogens.org

ical and clinical phases of incubation of hamsters orally infected with 263K
scrapie. Small vertical arrows indicate time-points at which animals were tested for PrP*¢ in skin samples,

1

rhombus), and (v) small intradermal striated fibres of mimic
- muscles (Figure 2A and 2B, asterisks). No PrP® was detectable
in keratinocytes, epidermal basal cells, fibroblasts of the
dermal connective tissue, capillary blood vessels, outer root
sheet cells of the hair, or the bulge region and the sebaceous
gland, but PrP%® was present in nerve fibres of the sebaceous
gland (not shown). Nerve fibres in the skin can be labelled by
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