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Figure 3. Glycoform pattams of milk and braln PrPS, Alicon PrioTrap®-enriched PrP“ from cow mitk and braln homogenate was traated with PNGase

or PNGase/SDS before Western Blotting using PrP—mab 8B4,
dok10.1371/journal pone.0000071.9003

tration (measured by bicinchoninic acid assay, Pierce) was constant
with about 40 mg/ml before and after PrP® elimination. The
protein composition of milk as analyzed by SDS PAGE (Figure 4)
was not affected cither. Prion protein was also completely
removed, when milk was spiked with PrP% from mouse Rocky
Mountain Laboratory (RML) brain homogenate (data not shown).
Thus, Alicon PrioTrap® can be used for enrichment and detection
of overall prion protein in milk, but also for complete removal of
prions.

DISCUSSION

Milk contributes 13% to the worldwide protein supply for humans. *

World milk production ranges arcund 500 million tons a year.
Before fresh milk reaches the consumer, it is usually homogenized
to reduce fat particle size in order to increase digestibility of the
milk and heated. Surprisingly, pasteurisation (heating for 30 sec-
onds to 72°C) and ultra-high temperature treatment (heating for
1—4 seconds to 135°C) only leads to a partial reduction of the
amount of PrP®, This supports the observation that PrP€ is highly
stable in milk. Thus, the heating procedures used to inactivate
DNA-containing pathogens are not sufficient to eliminate
endogenous prion proteins.

The presence of PrPC in blood has been documented [14,15],
and is confimed by our own wunpublished observagons. To
produce one liter of milk, about 400 to 500 liters of blood must
pass through the udder of 2 cow. It is thus possible that the PrP®
found in milk derives from blood cells or, alternatively, has been

Western Blot Silver Stained Proteins
veeT Untrested Removal Removal  Untreated Removal Removal
sample step 3

eba) sample step 1 step 2 step2

Figure 4. Elimination of PrP from mific PrP€ from 10 ml fresh cow
miik was detected as described in figure 1, followed by two consecutive
PsF removal steps, where the milk supernatant was incubated with
Alicon PricTrap® filtration resin for 30 min before immunochemical
detection, The totaf amount of mitk protein was anatyzed by Silver Stain
analysis.

doi:10.1371/journal.pone.0000071.g004

'@ PLoS ONE | www.ploscne.org

sccreted from glandular epithelial cells, Cell types that have been
identified in milk from healthy cows are mainly macrophages, and
other leucocytes. However, in our assay cells are completely
removed by centrifugation. Therefore, the recovered PrP™ is not
cell assaciated but most likely binds to other proteins or lipids
resulting in stable molecnlar complexes, The fact that milk
contains full-length PrPS, very likely comprising the glycolipid
anchor, indicates that prion protein was originally cell-bound and
does not represent any of the amino-terminal truncation products
of P:P® known to be released from normal cells under
physiological conditions [25]. The detection of such a considerable
expression of cell membrane bound or derived PrP® in milk
constitutes one of the key requirements for the generation of
infectious prions in the udder of infected animals,

Over the last 10 years, sdentific groups, risk assessment
agencies, and public health organizations have debated the TSE
risk for milk and milk products [26,27]. Epidemiological and
bioassay data so far available have not provided evidence for milk
to harbour prion infectivity and infectious prions have as yet not
been detected by bipassays in the milk, colostrum or udder of
clinical BSE cases in cow [18-21]. However, a recent statement of
the European Food Safety Authority affirmed that based on
a number of observations from research data, there are indications
that infectivity in the milk from small ruminants can not be totally
excluded [28]. Furthermore, the exclusion of animals with mastitis,
an inflammation of the mammal gland, being able to destabilize
the blood-milk barrier, is considered a measure able to reduce but
not to eliminate the potential contamination risk [28]. The
rational of this conclusion is confirmed by a recent study showing
that in sheep naturally affected with both scrapie and lymphocyte
or lymphofollicular mastitis, PrP> accumulation was present in
lymphoid follicles adjacent to milk ducts [29]. At least in natural
sheep scrapie, prion replication can occur following a lymphotropic
virus infection in the inflamed mammary gland. This study has not
detected PrP*° or prion infectivity in milk itself. However, since
under such inflarnmatory conditions, the total number of immune
cells increases in milk of animals, it might be possible that
infectious PrP> is also passing through and reaches the milk. In
this context milk from such animals could possibly be responsible
for the spread of scrapie from the ewes to their offspring in affected
sheep or goat flocks. Moreover, sheep and goat milk could ako
constitute a2 TSE exposure risk for mammals (humans) consuming
these products,

- The former Scientific Steering committee of the European
Commission and the European Food Safety Authority recommend
that research should intensify on the safety of milk of small
ruminants with regard to TSE risk. Limited new data are expected
to be published in the near future and there is stll livtle research
initiated in this area [28]. The Alicon PrioTrap® technology opens
a new avenue for studying the biochemical characteristics of prion
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protein in milk and thus may contribute to offer a feasible
approach to perform an appropriate study on the milk safety with
regard to TSE nisk.

MATERIALS AND METHODS

Preparation of milk samples

Fresh milk was obtained from healthy individuals and transported
at 4°C. Cow UHT milk, sheep and goat pasteurised milk were
obtained from the Swiss market. Each sample was prepared from
10 ml milk, centrifuged at 3000% g for 10 min to ensure complete
removal of cells.

Preparation of brain homogenate

10% (w/v) bovine brain homogenate was prepared in 100 mM
Tris-HCI pH 7.5 containing 2% sodium lauryl sarcosinate. This
solution was diluted in 100 mM sodium phosphate buffer pH 8
containing 0.5% NP-40 to obtain 1% {w/v) brain homogenate.

Concentration of milk PrP®

The milk supematant was stirred for 30 min in the presence of
ALicon PrioTrap®. The resin was centrifiged for 2 min at
2000% g and washed three times at RT with 10 m! washing
solution containing 100 mM sodium phosphats buffer pH 8.

Immunochemical PrP© detection

Concentrated milk and brain PrP® was denaturated in SDS
sample buffer and heated at 70°C for 10 min and at 85°C for
5 min, respectively. Samples were applied to a2 12% SDS
polyacrylamide gel for electrophoresis and subsequently trans-
ferred to a PVDF membrane. The membrane was blocked with
2% ECL Advance™ blocking agent {Amersham) if probed with
8B4 antibody or 1% bovine serum albumin if probed with other
antibodies used in this study. 8B4 antibody was incubated at
a concentration of 450 ng/ml, 8114 at 85 ng/ml, 6H4 at 285 ng/
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ml, and anti-Tau-l at 50 ng/ml. Shecp anti-mouse IgG
horseradish peroxidase-conjugated secondary antibody (Amer-
sham) was incubated at a 1/20,000 dilution. The immunoreac-
tivity was visualized by chemiluminesecence detection following
the manufacture’s instruction (ECL Advance Western Blot
detection Kit, Amersharn).

PNGase treatment of milk and brain PrP©

For PNGase treatment prion protein extracted from 10 ml cow
milk or 10 (! of 1% (w/v) cow brain homogenate was incubated
for 12 h at 37°C in buffer containing 100 mM sodium phosphate,
10 mM Tris-HCI, 1% NP0, 1% MEGA-8, pH 8, and 1.5 units
of N-Glycosidase F (Roche). Under more stringent cleavage
conditions, proteins were denatured by heating for 10 minutes at
100°C in the presence of 0.5% SDS before treatment with 4 units
of N-Glycosidase F.

Total milk protein detection

A milk volume corresponding to 40 Jig total protein (1 pl} was
heated in SDS loading buffer at 70°C for 10 min, After
electrophoresis on a 12% SDS polyacrylamide gel, the proteins
were detected by silver staining (SfiverSNAP Stain kit IT, Picrce).
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Cells infected with scrapie and Creutzfeldt-Jakob
disease agents produce intracellular 25-nm

virus-like particles

Laura Manuelidis*, Zhoa-Xue Yu, Nuria Barquero, and Brian Mullins

Yale Medical School, 333 Cedar Street, New Haven, CF 86510

Communicated by Shelkion Penman, Massachusetts Institute of Technology, Cambridge, MA, December 11, 2005 {received for review October 10, 2005)

We had repeatedly found ~25-nm-diameter virus-like particles in
highly infectious brain fractions with little prion protein {PrP), and
therefore we searched for similar viruslike particles /n sftv in
infected cell lines with high titers. Neurcblastoma cells infected
with the 22L straln of scrapie as well as hypothalamic GT cells
infected with the FU Creutzfeldi-Jakob disease agent, but not
paraliel mock controls, displayed dense 25-nm virusike particies in
orthogonal arrays, These particles had no relation to abnormal PrP
amyloid in sHu, nor were they labeled by PrP antibodies that
faithfully recognized rough endoplasmic reticulum membranes
‘and amyloid fibrils, the predicted sites of normat and pathological

duction of abnormal Pr* gef bands by >5-fold ininfected N2a + 22L
cells, yet this did not increase either the number of virus-like arrays
or the infectious titer of these cells. Thus, the 25-nm infection-
associated partides could not be prions. Synaptic differentiation
and newrodegenerastion, as well as retroviruses that populate the
rough endoplasmic retiarlum of neuroblastoma calls, were not
required for particle production, The 25nm particle arrays in
cultured oelis strongly resembled those first described in 1968 in
synaptic regions of scrapie-infected brain and subsequently iden-
tifled in many natural and experimental TSEs. The high infectivity
of comparable, isolated virus-like particles that show no intrinsic
PrP by antibody Iabeling, combined with their loss of infactivity
when nudeic acid-protein complexes are disrupted, make it likely
that these 25-nm particles are the causal TSE virions that induce
late-stage PrP brain pathology.

infaction | neuroectodermal cuftures | virion ultrastructure |
prion amyloid | retrovirus

t is often stated (1) that the transmissible spongiform enceph-

alopathies (TSEs), such as sheep scrapie, human Creutzfeldt—
Jakob disease {CID), and bovine spongiform encephalepathy,
are caused by an abpormal “infections form™ of the normal host
prion protein (PrP). Abnormal PrP is visualized ultrastructorally
as amyloid fibrils or as electrophoretic bands that are relatively
resistant to proteinase K digestion (PrP-res}. Although host PrP
is required for TSE agent susceptibility, much as other specific
host proteins are necessary for infection by a vasiety of viruses,
abnormal PrP itself does pot fulfil Koch's postulates for an
infectious agent (reviewed in ref. 1}. For example, it is not
invarizbly present in highly infecticus samples such as myeloid
microglia (2), and it is not proportional to infectivity in subcel-
tular fractions {3), infected cell cultures (4), or diseased brains
(5, 6). Additionaliy, high PrP-expressing transgenic brains, as
well as abnormal recombinant PtPs, have failed to show signif-
icant or reproducible infectivity (1). Moreover, despite 25 years
of intense study, ao “infectious conformation” has been struc-
turally resolved, and the existence of many different TSE agent
strains are incompatible with the speculation that different PrP
conformations transmit or “encipher” strain specific informa-
tion {7). Whereas TSE agents breed {rue despite passage through
many different species and cell types with variant PrPs, abnormal
PrP-res bands are species and cell-type specific (4). Abnormal

vaww._pnas.org/cgt/dei/ 10, 1G73/pres.06 10995104

PrP appears to be a relatively late pathological response to
infection, rather than the causal agent itself (8, 9).

It is also claimed that there is no evidence for virus-like
particles in TSEs (7). Yet there have been reports published by
many different laboratories demonstrating very similar dense 20-
to 35-nm virus-like particles in syaaptic regions of TSE-infected
brains. These particle arrays were shown first in experimental
mouse scrapie in 1968 {10), in natural sheep scrapie by 1971 (11)
and, subsequently, in primate and human CJID brain samples
{12). These arrays were so virns-lke in structure that they were
considered to be papovaviruses (13). Similar particles in
“paracrystalline” virus-like arrays also were identified in scrapie
brain samples from Prusiner's laboratory and considered highly
compatible with the 25-nm scrapie agent size as determined by
membrane filtration of brain homogenates (14). By 1992, we
obtained additional independent evidence for 25-am spherical
infections particles by examining more purified agent prepara-
tions. Field flow sedimentation of highly infectious 1208 bmin
fractions that first had been separated from the majority of
abnormat (but uninfectious} PrP displayed virus-like 25- to
30-nm-diameter particles that behaved as 30-nm diameter con-
trol spheres; moreover, corresponding depse particles of the
same diameter were identified by electron microscopy (EM) in
this infectious preparation (15). Notably, these virus-like parti-
cles did not bind PrP antibodies, unlike the cosedimenting
residual fluffy and amyloid fibril PrP (1). Treatment with low
concentragons of S8 removed residual PrP from these particles
but did not reduce their infectivity or size. In contrast, disruption
of nudleic acid-protein complexes destroyed >99.5% their in-
fectivity (16). Thus, there has always been good evidence for
25-nm virions in TSEs. A viral protein—nucleic acid complex is,
moreaver, the most parsimonious way to explain TSE strains and
many other biolagic properties of these agents {1).

With the establishment of high-titer CJD and scrapie agent-
infected cell lines (4, 17), it became possible to test whether
virus-like particles similar to those seen in more purified infec-
tious brain preparations could be visualized in intact cells.
Although these infected cell lines are of nevral lineage, they do
not develop synaptic stractures and do not show the degenerative
changes of TSE-infected brain. Thus, the presence of these
virus-like particles in infected celis would show that synaptic and
neurodegenerative processes are not required for their produc-
tion. Because the infected cells used here also display large
amounts of intracelivlar PrP amyloid without apparent ill effects
{4), the relation of virus-like particles to the aceumulation of
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