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Presymptomatic Detection
of Prions in Blood
Paula Saá,1,2 Joaquı́n Castilla,1 Claudio Soto1*

Prions are thought to be the proteinaceous infectious agents responsible for transmissible
spongiform encephalopathies (TSEs). PrPSc, the main component of the infectious agent, is also
the only validated surrogate marker for the disease, and its sensitive detection is critical for
minimizing the spread of the disease. We detected PrPSc biochemically in the blood of hamsters
infected with scrapie during most of the presymptomatic phase of the disease. At early stages of
the incubation period, PrPSc detected in blood was likely to be from the peripheral replication of
prions, whereas at the symptomatic phase, PrPSc in blood was more likely to have leaked from the
brain. The ability to detect prions biochemically in the blood of infected but not clinically sick
animals offers a great promise for the noninvasive early diagnosis of TSEs.

P
rion diseases, also called transmissible

spongiform encephalopathies (TSEs), are

a group of fatal and infectious neurode-

generative diseases, including Creutzfeldt-Jakob

disease (CJD) in humans and bovine spongiform

encephalopathy (BSE), scrapie, and chronic

wasting disease (CWD) in animals. Prions are

composed mainly or exclusively of the misfolded

prion protein (PrPSc) (1), which replicates in the

body, transforming the normal prion protein

(PrPC) into more of the misfolded isoform.

Although prion diseases are rare in humans,

the established link between a new variant form

of CJD (vCJD) and BSE (2–4) has raised con-

cern about a potential epidemic in the human

population. Over the past few years, BSE has

become a substantial health problem affecting

many countries (5), and it seems now apparent

that vCJD can be iatrogenically transmitted from

human to human by blood transfusion (6, 7).

Exacerbating this state of affairs is the lack of a

reliable test to identify individuals incubating

the disease during the long and silent period

from the onset of infection to the appearance of

clinical symptoms (8–10).

PrPSc is not only the main component of the

infectious agent and the most likely cause of

the disease, but it is also the only validated

surrogate marker for TSEs (9). However, PrPSc

concentration is high enough for routine bio-

chemical detection only in the brain and some

lymphoid tissues at a time close to the symp-

tomatic stage of the disease (9). The develop-

ment of highly sensitive presymptomatic assays

for the biochemical detection of PrPSc is critical

for minimizing the spread of the disease (9).

One important aim in prion diagnosis is the

noninvasive and presymptomatic biochemical

detection of PrPSc in biological fluids, particu-

larly using blood, a fluid known to contain in-

fectivity even before the onset of clinical signs

(6, 11, 12).

PrPSc has been detected in the blood of sick

animals by means of the protein misfolding cy-

clic amplification (PMCA) technology (13).

PMCA produces accelerated prion replication,

which dramatically amplifies the quantity of

PrPSc present in a sample (14, 15). In a cyclical

process, large quantities of PrPC are converted

into the misfolded form triggered by the pres-

ence of minute and otherwise undetectable

amounts of PrPSc. The method is highly specific

for the detection of PrPSc and leads to a several-

million-fold increase in sensitivity as compared

to that of standard Western blot assays (13).

In order to evaluate the application of PMCA

for the detection of prions in blood during the

presymptomatic phase, 46 hamsters were inocu-

lated intraperitoneally with 10% brain homoge-

nate of the 263K scrapie strain, and 38 control

animals were injected with phosphate-buffered

saline (PBS). At different times during the

incubation period, groups of animals were killed,

blood was collected, and the buffy coat fraction

was separated (13). Samples of the buffy coat

were resuspended directly on healthy hamster

brain homogenate and subjected to 144 PMCA

cycles. Three different aliquots were tested from

each sample. To refresh the substrate, after a

round of PMCA cycling, samples were diluted

10-fold into normal brain homogenate, followed

by another round of 144 PMCA cycles. This

procedure was repeated seven times, because

according to our results, this enables the detection

of 20 to 50 molecules of monomeric hamster PrP,

which seems to correspond to a single unit of

infectious oligomeric PrPSc (16).

The first group of hamsters was killed 2

weeks after intraperitoneal inoculation. None of

the five infected or control animals showed any

detectable quantity of PrPSc in their blood (Fig.

1 and Table 1). Thus, the PrPSc present in the

inoculum disappeared to undetectable levels

during the first few days after inoculation. PrPSc

was, however, readily detectable in blood 1

week later (20 days after inoculation) in 50% of

the animals infected but in none of the controls

(Fig. 1 and Table 1). The highest percentage of

positive animals during the presymptomatic

phase was observed 40 days after intraperi-

toneal inoculation, in which the sensitivity of

PrPSc detection was 60%. After 60 days, the

detection of PrPSc in blood became harder. In-

deed, only one out of five animals scored pos-

itive at 70 days, whereas none of the five

infected hamsters had detectable PrPSc in their

blood 80 days after inoculation (Table 1). At

the symptomatic stage, which in this experi-

ment was at 114.2 T 5.6 days, 80% of animals

had PrPSc in their blood (Fig. 1). We never

detected a false positive result in any of the 38

control samples analyzed (Table 1).

The distribution of PrPSc detection at dif-

ferent times of the incubation period showed
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an interesting trend (Fig. 2). A first peak of

PrPSc detection was observed early during the

presymptomatic phase, between 20 and 60 days

after inoculation. The peripheral administra-

tion of prions is known to result in an early

phase of replication in lymphoid tissues and

the spleen, before any infectious material

reaches the brain (17, 18). Indeed, little or no

infectivity can be detected in the brain of

animals peripherally inoculated during the first

half of the incubation period (19). Thus, it is

likely that the source of PrPSc in blood during

the early presymptomatic phase is the spleen

and other lymphoid organs. The quantity of

PrPSc in blood goes down after this initial

phase and actually disappears 80 days after

inoculation (Table 1 and Fig. 2). The rise of

PrPSc in blood during the early presymp-

tomatic phase appears to coincide with the

time of its exponential replication in lymphoid

organs, whereas the reduction of PrPSc in

blood occurs when infectivity in peripheral

tissues has reached a plateau and is migrating

from the periphery to the brain (17, 18). Al-

though the explanation for these results in

unknown, it is possible that the proportion of

circulating lymphocytes carrying PrPSc is much

higher during the exponential phase of periph-

eral replication than during the stationary phase.

At the symptomatic period, PrPSc can again be

detected in the blood of most of the animals

(Fig. 2). It has been reported that large

quantities of PrPSc appear in the brain only a

few weeks before the onset of clinical signs

(19, 20). Thus, PrPSc in blood samples at the

symptomatic stage is likely to have come from

brain leakage. It is known that at the time of

symptomatic disease, TSE-affected individuals

have extensive brain degeneration in the form

of massive neuronal death, synaptic alterations,

and brain inflammation (21). These abnormal-

ities probably cause a disruption of the blood/

brain barrier resulting in the leakage of cerebral

proteins to the blood (22), in particular PrPSc,

which by this time is highly abundant in the

brain.

Infectivity studies have shown that the blood

carries prions in both the symptomatic and

presymptomatic stages of the disease in animals

(11, 23, 24). Upon experimental BSE infection

of sheep, infectivity can be transmitted by

blood transfusion from asymptomatic infected

animals (25), indicating that the infectious

agent is present in blood during the incubation

period. Recently, three cases of vCJD have

been associated with blood transfusion from

asymptomatic donors who subsequently died

from vCJD (6, 7). The alarmingly high pro-

portion of cases transmitted by blood transfu-

sion suggests that prions exist in relatively

elevated quantities in the blood of individuals

silently incubating vCJD. Based on studies with

animal models, it is believed that all of the hu-

man population may be susceptible to vCJD

infection (26), although clinical cases have so

far occurred only in methionine homozygotes at

codon 129 in the human prion protein gene.

Because the incubation period may be several

decades, it is currently unknown how many

people may be in an asymptomatic phase of

Fig. 1. PrPSc detection
in the blood of scrapie-
infected hamsters by
PMCA. Blood samples
from groups of scrapie-
inoculated and control
animals were taken at
different times during
the incubation period.
Three milliliters of blood
were separated in three
aliquots of 1 ml each to
prepare the buffy coat
(13). Samples were sub-
jected to 144 cycles of
PMCA. Ten microliters of
the sample from this first
round of amplification
were diluted into 90 ml
of normal brain homog-
enate, and a new round
of 144 PMCA cycles was
performed. This process
was repeated a total of
seven times. Each panel
represents the results
obtained in the seventh
round of PMCA with the
samples from each group
of animals, which are representative of the three independent aliquots taken from each animal. Ix, samples
from hamsters infected with 263K scrapie; Cx, samples from control animals injected with PBS. All samples
were treated with proteinase K (PK) before electrophoresis, except for the normal brain homogenate (NBH), in
which no PK treatment (–PK) is indicated.

Table 1. Number of animals used and results obtained regarding the presymptomatic detection of
PrPSc in the blood.

Time
(days)

Controls
(positives/total)

Infected
(positives/total)

Sensitivity/
specificity

14 0/5 0/5 0%/100%
20 0/4 3/6 50%/100%
40 0/5 6/10 60%/100%
60 0/4 2/5 40%/100%
70 0/5 1/5 20%/100%
80 0/5 0/5 0%/100%
Symptomatic

phase
0/10 8/10 80%/100%

Fig. 2. Proportion of animals whose blood was
PrPSc positive at different times during the
incubation period. The percentage of samples
scoring positive for PrPSc in blood is represented
versus the time after inoculation at which
samples were taken. Two phases of PrPSc de-
tectability were observed: an early stage during
the incubation period, which probably corre-
sponds to the time during which peripheral prion
replication in lymphoid tissues is occurring, and
a second phase at the symptomatic stage, in
which the brain contains extensive quantities of
PrPSc. The vertical gray section indicates the
symptomatic phase.
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vCJD infection. In addition, it is possible that

some infected patients may never develop clin-

ical symptoms but will remain asymptomatic

carriers who can potentially transmit the disease

to other individuals (26, 27). In the absence of

screening tests and effective therapies to treat this

disease, a formidable worldwide public health

challenge lies ahead to prevent further infections,

assess infection rates, and treat infected patients.

The ability to detect PrPSc, the major component

of infectious prions, biochemically in the blood

of infected but asymptomatic experimental

animals will hopefully lead to the development

of tests for human blood. Indeed, although tech-

nically more challenging, the PMCA technolo-

gy has been adapted to amplify prions of human

origin (20). The ability to accurately detect

PrPSc in the presymptomatic stages of vCJD

would potentially help to reduce the risk that

many more people will be infected by this fatal

and terrible disease.
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Prion-Induced Amyloid Heart Disease
with High Blood Infectivity in
Transgenic Mice
Matthew J. Trifilo,1 Toshitaka Yajima,2 Yusu Gu,2 Nancy Dalton,2 Kirk L. Peterson,2

Richard E. Race,3 Kimberly Meade-White,3 John L. Portis,3 Eliezer Masliah,4

Kirk U. Knowlton,2* Bruce Chesebro,3* Michael B. A. Oldstone1*

We investigated extraneural manifestations in scrapie-infected transgenic mice expressing
prion protein lacking the glycophosphatydylinositol membrane anchor. In the brain, blood, and
heart, both abnormal protease-resistant prion protein (PrPres) and prion infectivity were readily
detected by immunoblot and by inoculation into nontransgenic recipients. The titer of infectious
scrapie in blood plasma exceeded 107 50% infectious doses per milliliter. The hearts of these
transgenic mice contained PrPres-positive amyloid deposits that led to myocardial stiffness
and cardiac disease.

I
n humans and animals, transmissible spongi-

form encephalopathies (TSEs), or prion

diseases, cause neurodegeneration and death

following ingestion or experimental inocula-

tion of infected material. Prion diseases are

characterized by the conversion of the normal

protease-sensitive host prion protein (PrPsen)

to a disease-associated protease-resistant form

(PrPres). Although prion disease damages the

central nervous system (CNS), infectivity and

PrPres can be detected within peripheral tissues,

including lymphoid organs in humans, sheep,

and deer (1, 2), as well as skeletal muscle (3),

kidney, and pancreas (4) of some transgenic

rodent models. Despite the toxic effect on the

CNS, few if any histopathological changes have

been observed at peripheral sites.

Transmission of TSE disease to humans has

resulted from cannibalism, contaminated sur-

gical instrumentation, and tainted growth hor-

mone (5–7). A human disease termed variant

Creutzfeldt-Jakob disease (vCJD) has occurred

more recently, apparently through the ingestion

of bovine spongiform encephalopathy (BSE)–

infected cattle products (8). Recent evidence

suggests that transmission of vCJD between

humans may occur through blood transfusion

(9, 10), and this conclusion is supported by ex-

perimental transmission of BSE between sheep

via blood transfusion (11). TSE infectivity has

been demonstrated in blood by intracerebral-

inoculation in mouse, mink, hamster, and goat

models (7, 12–20). However, infectivity in such

cases is low, e102 50% infectious doses (ID
50

)

per ml of blood compared to 106 to 1010 ID
50

/g

in the brain.

Normal prion protein, PrPsen, is expressed

primarily as a membrane-bound, glycophos-

phatydylinositol (GPI)–anchored protein. The

role of cellular PrP membrane anchoring in

prion disease has been studied in transgenic

mice expressing GPI-negative anchorless PrP,

which is secreted from cells (21). Intracerebral

inoculation of these GPI-negative anchorless

PrP transgenic (tg) mice with murine scrapie

results in scrapie replication and deposition of

PrPres within the brain. Although wild-type

(WT) mice infected with scrapie usually devel-

op a nonamyloid form of PrPres, in these tg

mice the PrPres is primarily in the form of

amyloid plaques (21). At the same time, these

mice do not manifest the clinical and pathologic

alterations normally associated with prion dis-

ease, thus demonstrating a separation between

PrPres amyloid accumulation and clinical CNS

disease (21). In the brain of these infected tg

mice, PrPres was located primarily within and

around endothelial cells (21) (Fig. 1A), leading

to the hypothesis that anchorless PrPres may be

secreted in the blood. Here we examined this

possibility.

To determine whether PrPres and/or scrapie

infectivity was present in blood, four infected

tg mice were bled between 450 and 512 days

postinfection (dpi) with the RML strain of

scrapie. Inoculation of a 1:500 dilution of blood

from all four mice induced scrapie in WT

(C57BL/6) recipients in È145 days. In addi-

tion, blood of two mice analyzed by serial di-

lution titration gave titers of Q1.6 � 107 and

Q1.6 � 105 ID
50

/ml blood (Table 1).
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