Vet. Res. 36 (2005) 665-683 665
© INRA, EDP Sciences, 2005
DOI: 10.1051/vetres:2005028

Review article

The use of non-prion biomarkers for the diagnosis
of Transmissible Spongiform Encephalopathies
in the live animal

Ifat PARVEEN®*, Jon MOORBY?, Gordon ALLISON?, Roy JACKMANP

4 Institute of Grassland and Environmental Research, Plas Gogerddan, Aberystwyth,
SY23 3EB, United Kingdom
b Veterinary Laboratories Agency, New Haw, Addlestone, Surrey, KT 15 3NB, United Kingdom

(Received 1 December 2004; accepted 28 February 2005)

Abstract — Scrapie and bovine spongiform encephalopathy (BSE) are major global concerns and
the emergence of variant Creutzfeldt-Jakob disease (vCJID) has caused turmoil for blood transfusion
services and hospitals worldwide. Recent reports of iatrogenic CJD (iCJD) cases following blood
transfusions from Transmissible Spongiform Encephalopathies (TSE)-infected donors have fuelled
this concern. Major diagnostic tests for BSE and scrapie are conducted post-mortem from animals
in late stages of the disease. Although the lymphoreticular system is involved in the earlier
pathogenesis of some forms of sheep scrapie and vCJD, which presents great opportunity for
diagnostic development, other TSE diseases (some strains of scrapie, sporadic CIJD (sCJD) and
bovine BSE) do not present such a diagnostic opportunity. Thus, there is an urgent need for pre-
mortem tests that differentiate between healthy and diseased individuals at early stages of illness, in
accessible samples such as blood and urine using less invasive procedures. This review reports on
the current state of progress in the development and use of prion and non-prion biomarkers in the
dia%nosis of TSE diseases. Some of these efforts have concentrated on improving the sensitivity of
PrPS¢ detection to allow in vivo diagnosis at low abundances of PrPS¢ whilst others have sought to
identify non-prion protein biomarkers of TSE disease, many of which are still at early stages of
development. In this review we comment upon the limitations of prion based tests and review
current research on the development of tests for TSE that rely on non-prion disease markers in body
fluids that may allow preclinical disease diagnosis.

BSE / scrapie / vCJD / diagnostic / non-prion markers

Table of contents

1. INEPOAUCHION ..viiiiiiiiiieeiiee ettt ettt et e et e e tae et e eeteeebeeeaaeeeaseeesbeeesseeaseesaeesseensseensesenseennseas 666
2. Limitations of PrPSC Dased eSS ..........oeuveuereeereeeeeeieeeeseseseeseseesesesseseesessseseesssssssssssessessessenessnes 667
3. Development of non-prion protein biomarkers for TSES .......ccccooueiiiiiiniininiiniiicneecececeeene 669

3.1, PrOteIN MATKETS .....eeiuieiieiieiieiieetiete ettt ettt et e st e e et et e et e e st e st ete s st enbeeaeesseensesnteseensesnnenee
3.1.1. TSE specific immunological responses ....
3.1.2. Prionin................
3130 14-3-3 PrOLEINS ....ccueiieiiieeteeietete ettt ettt st sb et sttt 670

* Corresponding author: ifat.parveen @bbsrc.ac.uk

http://www.edpsciences.org/vetres or http://dx.doi.org/10.1051/vetres:2005028



http://www.edpsciences.org/vetres
http://dx.doi.org/10.1051/vetres:2005028

666 I. Parveen et al.

3.1.4. Neurone specific enolase.................

3.1.5. S100B proteins and glial fibrilliary acidic proteins.........c..coccoevererenenenicneneneneenn

3.1.6. Tau proteins ........cccceceeeeerererreneenne.

3.1.7. Apolipoprotein E .............

3.1.8. Fatty acid binding protein................

3.1.9. Gamma interferon and prostaglandin E2.....

3.1.10. C-reactive protein and interleukin 6

3.1.11. Cystatin C ......ocoevviiiiiiiiiiiiicins

3.2. Electrophysiological markers and imaging
3.3. Metabolite markers .........ccccceevvccireennne.
3.3.1. Corticosteroids..........ccceeerverenrerennn

3.3.2. Blood metabolites............c.cccerveuenen.

3.3.3. Mid-infrared spectroscopy...............

3.4. Transcriptional markers: erythroid differentiation-related factor

4. Summary and future perspectives ............c.c........

1. INTRODUCTION

Transmissible spongiform encephalopa-
thies (TSE) are a family of diseases which
include Bovine Spongiform Encephalopa-
thy (BSE) in cattle, scrapie in sheep, and
Creutzfeldt-Jakob disease (CJD) in humans
[89]. Characteristics of these degenerative
disorders of the central nervous system
(CNYS) include the accumulation of abnor-
mal prion proteins (PrPS¢), neuronal cell
loss, vacuolation of specific areas of the
brain and astrocytic gliosis and amyloid
deposition [89, 90]. Disease specific prion
proteins are present in a range of tissues but
predominantly in the brain tissue and spinal
cord at terminal stages of disease. In some
TSEs, lymph node follicles and gut associ-
ated lymphoid tissue may also present with
pathognomonic PrPS¢ accumulations dur-
ing disease pathogenesis and there are indi-
cations that some circulating leucocytes
may also be associated with infectivity [49].
The physiological function of the prion pro-
teins is still unclear; however, it is known
that in the a-helix form prion proteins are
soluble and easily degraded, whereas in the
[-form, they are insoluble and resistant to
degradation [89]. The onset of TSE diseases
involves conversion of the normal cellular
prion protein (PrPC) into the abnormal disease
causing isoform (PrPS¢), which involves a

conformational change from an o-helix to
a B-sheet [46, 79, 124]. In the abnormal
form (PrPS¢) the protein has the potential to
convert PrPC molecules into the infectious,
PrPS¢ form thus replicating the agent. Life-
threatening pathological changes and clin-
ical disease, however, only follow neuroin-
vasion by the PrPS¢,

Scrapie (sheep and goats), BSE (cattle),
chronic wasting disease (elk and deer),
feline spongiform encephalopathy (FSE;
cats), sporadic, new variant, iatrogenic CJD
and Kuru (humans) are all transmissible
spongiform encephalopathies (TSEs), i.e.
prion diseases that can be transmitted from
one host to another [88, 89], although not
necessarily by contact or association. Two
otherlesser-known TSE diseases also affect
humans and are inherited from one genera-
tion to another. These are Gerstmann-
Striussler-Scheinker syndrome (GSS) and
fatal familial insomnia (FFI) [89, 90].
Scrapie was first reported in 1732 and BSE
was first identified in 1986. Both have had
major agricultural and economic impacts in
Western Europe and the USA [3, 24]. The
high prevalence of BSE in the United King-
dom is thought to have resulted from the
inclusion of meat and bone meal produced
from inappropriately rendered ruminant
carcasses in ruminant feeds and since 1988,
the use of meat and bone meal in animal
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feeds (sheep and cattle) has been banned in
the UK [3, 88, 89]. The first case of variant
CJID (vCJD), a disease of humans typically
aged between 17-50 years, was reported in
1996 [123] and soon after it was proposed
that vCJD was linked with BSE and likely
to be due to consumption of beef contami-
nated with infectious material during the
late 1980s and early 1990s. Recently, con-
cerns have intensified over the iatrogenic
spread of vCJD as a small, but growing
number of iatrogenic CJD (iCJD) cases
have resulted from surgical or medicinal
contaminations derived from TSE-infected
donors [50, 81].

The principle route of BSE infection is
apparently oral, and although the exact
nature of the route of infection of scrapie is
unclear, it also is assumed to be primarily
oral; similarly Kuru, a TSE disease of the
Fore people in New Guinea whereby prions
were transmitted through ritualistic canni-
balism [88, 89] has an oral route of infec-
tion. The precise tissue distribution of PrPS¢
and the location of lesions is characteristic
for different TSE diseases. In naturally
occurring cases of BSE in cattle, infectivity
is barely detectable outside the central nerv-
ous system, which may prove problematic
in the development of preclinical diagnos-
tics. In contrast, sheep deliberately chal-
lenged with BSE display PrPS¢ in a broad
range of tissues including the lymphoid sys-
tem, parts of the digestive tract and in the
peripheral nervous system [29]. The distri-
bution of infectivity in these BSE affected
sheep is similar to that observed in sheep of
similar PrP-genotype infected with scrapie
[9, 42, 62, 63]. The spread of PrPS¢ to the
lymphoid organs is thought to be mediated
by the lymphoreticular system. Studies
have shown that the eventual transport of
PrPS¢ to the CNS is mediated by axonal
transport within the parasympathetic and
the sympathetic nervous system [4, 62, 63,
109, 115, 116].

The outbreaks of BSE and vCJD —in the
UK and worldwide [14, 35, 53, 104] — has
prompted the development of rapid, relia-

ble and inexpensive screening methods that
allow TSEs to be identified at both symp-
tomatic and pre-symptomatic stages in live
animals. The incubation period of TSEs in
animals can typically take up to 5 or more
years, although a shorter incubation period
of 1 to 2 years is often observed in sheep
with scrapie-sensitive PrP genotype and it
is evident that there is a real risk of preclin-
ical, infected animals entering the human
food chain. None of the PrPS¢ — based tests
that are currently available commercially
are entirely suitable for preclinical diagno-
sis on a large scale being either too insen-
sitive or targeted at tissues unaffected by
PrPS¢ accumulation during the preclinical
incubation period. The aim of this paper is
to report on the current state of knowledge
in the development and use of non-prion
biomarkers in the diagnosis of preclinical
TSE diseases. The focus of this review is
primarily BSE, scrapie and vCJD as many
of the diagnostics developed to date have
concentrated on these TSE diseases.

2. LIMITATIONS OF PRPS¢ BASED
TESTS

Confirmation of a TSE disease is carried
out post-mortem by the observation of char-
acteristic vacuolar or spongiform changes
in specific areas of the brain by histopatho-
logical examination of fixed brain sections
under light microscopy. In effect, all con-
firmatory and screening-based diagnostics
are dependent on the detection of disease-
associated PrPS¢. For both animal and
human TSEs, the localisation of PrPS¢ depos-
its at morphologically defined sites by immu-
nohistochemistry (IHC) is also used to
confirm disease at clinical endpoint. How-
ever, both these confirmatory tests require
the expert interpretation of a trained pathol-
ogist and are not appropriate for widespread
screening use.

Prion infectivity bioassays remain as one
of the most sensitive methods for detecting
TSEs and are also used for confirmation as
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they fulfil the “transmissibility requirement”
for classification of a neurological disease
as being a TSE. Inevitably, bioassays are
limited in scope because of the time taken
for disease to develop in the test animal (usu-
ally rodents) and in some instances there are
major limitations due to cross species bar-
rier effects on transmission. Recent devel-
opments include transgenic mice expressing
high levels of bovine prion protein, but not
expressing murine prion protein. These
mice are highly sensitive to infection with
BSE and have relatively short but still sig-
nificant incubation periods; their use has
greatly facilitated detecting BSE [58].

The most widely used TSE diagnostics
for animal testing rely on immunological
detection (by immunoassay — or by polyacr-
ylamide gel electrophoresis followed by
Western immunoblotting) of PrPS¢ follow-
ing extensive proteolysis with proteinase K.
Protease treatment of every sample is essen-
tial for the elimination of all PrPC because
until recently there are no effective diag-
nostic immunoreagents capable of differen-
tiating PrPC from PrPS¢. However, although
essential for specificity, itis generally agreed
that proteolytic digestion increases the
complexity of the assay and may limit its
sensitivity. Although such tests are cur-
rently widely used, they are expensive and
time-consuming and not easily automated
or standardised for routine large-scale diag-
nostic screening.

Post-mortem BSE diagnostic tests
approved by the European Commission
(EC) in 1999, include the Prionics-Check
Western (Prionics AG, Schlieren, Switzer-
land) [58, 101], Enfer (Enfer Scientific
Ltd., Tipperary, Ireland) [13, 72] and Bio-
Rad TeSeE or Platelia (Bio-Rad Laborato-
ries Ltd., Hemel Hempstead, UK) [13, 58,
72]. The Prionics-Check LIA (Prionics AG)
[58] and the Inpro conformation-dependent
immunoassay (CDI; InPro Biotechnology,

Inc., San Francisco, USA) [98] have been
positively evaluated by the EC for post-
mortem diagnosis of BSE in cattle in 2003.
The CDI immunoassay advances the search
for conformational specificity by subtracting
signal generated by PrPC from that obtained
for total (PrPC + PrPS¢) prion protein.
Recently, the European Food Safety Author-
ity (EFSA) published a report in which they
recommend seven new tests for approval by
the EC. These tests include: IDEXX Herd
Chek (IDEXX Laboratories Inc., West-
brook, Maine, USA)!, CediTect BSE (Cedi
Diagnostics, Lelystad, the Netherlands),
Speed’it BSE (Institut Pourquier, Montpellier,
France), Prionics-Check PrioSTRIP (Prionics,
Schlieren, Switzerland), Roboscreen BSE
post-mortem kit (Roboscreen, Leipzig,
Germany), PrionScreen (Roche Diagnos-
tics, Penzberg, Germany) and the Enfer
TSE (Abbott Laboratories, Abbott Park,
Illinois, USA). All these tests have been
evaluated for the analysis of bovine brain
for BSE. The IDEXX system is the first to
employ a PrPS¢ specific ligand which con-
siderably reduces assay time and complex-
ity. At present, the most widely used BSE
diagnostic tests in Europe are the Prionics-
Check Western and Platelia tests which
have both been reported to be 100% sensi-
tive and 100% specific by the EU evalua-
tion process [69].

Prevention of TSE transmission and iso-
lation of infected animals are major global
concerns. Pre-mortem tests which could
detect early infection would reduce the risk
of infected (but not clinically ill) animals
entering the food chain and cosmetic and
health care products, prevent unnecessary
slaughter of healthy animals, reduce the risk
of transmission of TSE between animal
species and allow for an accurate prediction
of a TSE epidemic (i.e. BSE, vCJD). Fur-
thermore, such tests would help reduce the
risk of transmission of vCJD from human
to human via blood or blood products and

L EFSA Scientific Report 18, 1-13, on the Evaluation of Seven New Rapid post mortem BSE Tests, Ques-
tion No EFA-Q-2003-084 [on line] (2004) http://www.efsa.eu.int/science/tse_assessments/bse_tse/694/
sreport18_7new_rpmt_bse_enl.pdf [consulted on 3 February 2005].
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improve our understanding of prion dis-
eases potentially aiding the development of
effective therapies for TSE patients. One of
the major challenges in the development of
pre-mortem tests is that they must be appli-
cable to accessible samples such as blood or
urine and be sensitive enough to detect low
concentrations of disease specific markers.
This poses a major problem as the prion
proteins in the blood and urine of TSE
infected subjects are at much lower concen-
trations than in the brain tissue and CNS
[17, 18] and in many cases may not be
present at all. Whilst these difficulties have
led many researchers to look for alternative,
surrogate disease markers there is still con-
siderable activity in developing new PrPS¢
based methods. These exploit physiochem-
ical differences between the abnormal and
normal forms of the prion protein in order
to detect PrPS¢ in blood. Chief amongst
these approaches are capillary immuno-
electrophoresis assay with fluorescent labelled
peptides [105], sandwich conformation
dependant immunoassay (CDI) [12], ligand
based immunoassay (Microsens)?, RNA
aptamer technology (Vitex) [100] and a
blood-based antibody test for vCJD and
BSE (Caprion Pharmaceuticals Inc. in col-
laboration with Ortho-Clinical Diagnostics
and IDEXX Laboratories Inc.) [97]. At the
time of writing, none of these have proved
successful in routine use and all may be
restricted to use in animals known to carry
infectivity in blood [47, 49].

A potentially useful preclinical prion
diagnostic test for urine samples was
reported by Shaked et al. [108] who dem-
onstrated the presence of a proteinase K
(PK)-resistant protein band of approxi-
mately 32 kDa in the urine of scrapie infected
hamsters, BSE infected cattle and CJD
patients, which they thought to be PrPSc,
However, a more recent study by Furukawa
et al. [31] reported that the signal observed
by Shaked et al. [108] was absent in the

urine of TSE infected humans, but discrete
protein bands of molecular weight ~ 37 kDa
were detected and proposed that these
bands were outer membrane proteins
(OMPs) resulting from bacterial contami-
nation.

3. DEVELOPMENT OF NON-PRION
PROTEIN BIOMARKERS FOR
TSES

This area has expanded recently due to
advances in post-genomic technologies
which have provided new methods for iden-
tifying novel biomarkers. It is now possible
to compare total gene expression at the tran-
scriptome, proteome or metabolome level
in the tissue or blood of TSE infected sub-
jects at various time points during disease
progression. These approaches have identi-
fied several non-prion protein biomarkers as
indicators of the onset of TSE disease.

3.1. Protein markers

3.1.1. TSE specific immunological
responses

The presence of disease specific anti-
bodies in the blood and tissues of infected
individuals is commonly used to diagnose
disease but this approach has been unsuc-
cessful for TSE diseases. The detection of
anti PrPS¢ antibodies in blood samples would
appear an ideal approach to diagnose TSE
diseases in living animals. However, there
have been many efforts to detect specific
immunological responses to TSEs since the
first reported attempt to detect anti-scrapie
fibril antibodies in infected sheep in 1959
[22] but these have all resulted in failure
(reviewed by Brown, 1990 [16]). It is now
generally accepted that prion proteins are
poor immunogens and hence the lack of a
detectable immune response to both the cel-
lular and the disease associated form of the
PrP protein [43].

2 First demonstration of CJD detection in human blood [on line] (2004) http://212.67.202.140/~biotech/
News/London/microsens.htm [consulted on 23 June 2004].
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3.1.2. Prionin

Prionin proteins, so named because of
their close genetic relationship to the prion
protein genes, are thought to be induced in
TSE diseases and are mainly found in the
peripheral tissues; they are thought to be
transported alongside PrPS¢ to the brain
[97]. It has been suggested that prionin pro-
teins are expressed in the early stages of the
disease; they have been detected in the
blood of humans infected with CJD, cattle
with BSE and in sheep with scrapie. Except
in mice, prionin proteins are comprised of
four or five equally spaced B-sheets and it
has been proposed that these interact with
PrPC and participate in their conversion to
PrPS¢ 3. It is also reported that expression
of prionins in subjects results in the expres-
sion of specific anti-prionin endogenous
antibodies and Altegen Inc. have exploited
this to develop a blood-based TSE ELISA
test to detect anti-prionin antibodies3#. It is
claimed that the Altegen testis able to detect
endogenous anti-bovine, anti-scrapie and
anti-CJD prionin antibodies in as little as
1-2 puL serum and results are obtained
within 3 h. The test reportedly indicates
TSE infection 2-3 years post infection and
is highly sensitive and specific in all pre-
mortem subjects. Interestingly, prionin pro-
teins have also been reported to be
expressed in Alzheimer’s patients and in
breast cancer [97], diseases that share some
pathological features with TSEs.

3.1.3. 14-3-3 Proteins

In 1986 two proteins were identified in
the cerebrospinal fluid (CSF) of patients
with sporadic CJD (sCJD), which were later
demonstrated to belong to the 14-3-3 family
of brain proteins. This group of acidic pro-
teins are expressed in all Eukaryotes and
modulate the activity of many cellular com-

ponents and cellular processes including
protein trafficking and cell cycling prima-
rily by modulation of kinase induction path-
ways. Their appearance in CSF is thought
to be associated with neuronal disruption in
the brain. 14-3-3 protein accumulation is
highly indicative of sCJD and this disease
is detected with a specificity of 92% and a
sensitivity of 96% [38] by this approach.
However, this protein is a poor marker of
vCID (50% of patients with confirmed
vCJD and 9% of controls cases) [38], but is
used as one of the differentiation parame-
ters for these two forms of human TSE. 14-
3-3 protein also appears in the CSF of sheep
with scrapie and cattle with BSE and has
been investigated extensively as a diagnos-
tic marker of TSEs in these species [61, 95,
113]. However, the results have been dis-
appointing as the 14-3-3 levels in infected
sheep and cattle were not significantly dif-
ferent to the control animals therefore, it
seems unlikely that 14-3-3 protein will be
useful as a diagnostic aid for scrapie and
BSE [95, 97, 113].

3.1.4. Neurone specific enolase

The neurone specific enolase (NSE) iso-
form (2-phospho-d-glycerol hydrolase)
from human neurone and neuroendocrinal
cells has been investigated as a possible sur-
rogate marker of CJD disease progression.
This protein is elevated in the CSF of patients
suffering from stroke, haemorrhage and
hypoxic brain damage [73]. Scientific evi-
dence supports an elevation of NSE in the
CSF of CJD subjects but it is unclear
whether NSE could be used as a useful diag-
nostic marker [2]. NSE is also present in
human serum, but the same study found no
significant differences in the NSE concen-
trations observed in serum of CJD subjects
and their controls [130].

3 Prionin Protein Detection [on line] http://www.altegen.com/cliedit.htm [consulted on 3 June 2004].
4 Technologies (BSE PLUS-test) [on line] http://www.altegen.com/bseplus.htm [consulted on 21 June

2004].
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3.1.5. S100B proteins and glial fibrilliary
acidic proteins

An acidic calcium binding protein,
S100B, is produced by astrocytes, micro-
glial cells and oligodendroglial cells. Sev-
eral studies have reported increased
abundances of S100B in CSF from patients
afflicted with sporadic and variant CJD [7,
40, 74] and preclinical Alzheimer’s disease
(AD) [73].Incattle CSF, S100B levels were
significantly elevated in confirmed field
cases of BSE when compared to clinically
normal controls and to BSE-suspect ani-
mals later confirmed as BSE negative by
histopathology [39]. Concentrations of
S100B in serum from CJD patients were
significantly higher than in control human
sera or sera from patients with other demen-
tias and the authors reported a diagnostic
sensitivity of 78% and specificity of 81%
[77]. The results of this study also indicated
that elevation of serum S100B occurred in
humans before clinical signs of CJD were
fully apparent. However, studies with ham-
sters infected with scrapie have cast doubt
on these promising results. In hamsters,
serum levels of S100B become elevated
only towards the end of scrapie progression
[11, 76] suggesting that S100B may not be
useful as a general preclinical TSE diagnos-
tic marker [11]. Studies of S100B in serum
from cattle with BSE have also been disap-
pointing [39, 94]. Furthermore, it has been
demonstrated that inappropriate handling,
transportation and storage of blood samples
taken from field cases increases the apparent
abundance of S100B in serum as multimeric
S100B complexes undergo a limited prote-
olysis, which increases the abundance of
dimeric S100B [73].

Glial fibrilliary acidic proteins (GFAP)
are constituents of intermediate filaments
in astrocytes and concentrations are ele-
vated during astroglial activation. Concen-
trations of GFAP are elevated in patients
suffering from several diseases including
AD and vascular dementia [30, 117]. The
proteins are expressed in the brain in vari-
ous animal models of TSE soon after infec-

tion, before clinical signs of the disease are
apparent [93]. In addition, in the animal
model, GFAP mRNA levels are elevated
tenfold in infected mice brains in compari-
son to controls [57, 60]. However, sensitive
techniques for GFAP detection have failed
to show significant differences between
GFAP protein levels in sera from CID
infected and control patients [66, 73].

3.1.6. Tau proteins

Tau proteins are microtubule-associated
proteins found in the CNS and in axons that
are involved in many neurodegenerative
disorders including Alzheimer’s disease.
Furthermore, increased concentrations of
Tau proteins (300 pg/mL to 900 pg/mL)
have been reported in CSF of patients with
AD. Using a commercially available ELISA
kit, levels of total Tau protein have been
determined in CSF from CJD. Results indi-
cate that as a diagnostic marker of CJD, Tau
protein is comparable with 14-3-3 protein
detection [75, 78]. In addition, Tau protein
analysis may be useful for diagnosis of
other human TSEs. Concentrations of total
Tau protein are often elevated in CSF from
patients with vCJD [40] and some research
suggests that dementia specific changes in
Tau protein phosphorylation have been
observed [51, 114].

3.1.7. Apolipoprotein E

Several studies have reported the
involvement of apolipoprotein E (ApoE)
with TSE disease progression. ApoE is the
major component of the very low density
lipoproteins (VLDL), which act to remove
excess cholesterol from the blood and trans-
port it to the liver for processing. The role
of ApoE in the nervous system remains
unclear but it is thought to be involved in
nerve growth, regeneration and neuronal
repair [44, 45]. ApoE concentrations have
been shown to be elevated in the brains of
scrapie infected mice and has been detected
in some prion protein deposits [26, 27].
Using 2-D gel electrophoresis, Jones et al.
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[52] demonstrated 100% specificity and
sensitivity for raised ApoE levels in BSE
affected cattle but this approach to diagno-
sis was not followed up by this group. How-
ever, similar findings were reported by
Hochstrasser et al. [44]. Choe et al. [23]
recently demonstrated increased concen-
trations of ApoE in the CSF of vCID
patients but not patients with sCJD.

Further studies need to be conducted to
establish the earliest point at which ApoE
concentrations become elevated in TSE
disease before its usefulness as a diagnostic
marker can be determined. Proteome Sci-
ences (Surrey, UK) are currently investigat-
ing ApoE as a preclinical surrogate marker
for BSE in blood.

3.1.8. Fatty acid binding protein

A recent study by Guillaume et al. [41]
identified the heart fatty acid binding pro-
tein (H-FABP) family as a potential marker
of CJD. Fatty acid binding proteins are
small, highly conserved cytosolic proteins
that are involved in fatty acid transport and
metabolism. The authors used 2D-electro-
phoresis and matrix-assisted laser desorp-
tion/ionisation-time of flight (MALDI-TOF)
mass spectroscopy to show that concentra-
tions of H-FABP are often elevated in CSF
and plasma from patients with vCJD in
comparison to samples taken from healthy
control patients and from patients suffering
from other neurodegenerative disorders.
However, the specificity and sensitivity of
H-FABP concentration elevation and pro-
tein estimation are insufficient for this marker
to be used for diagnosis of vCJD without the
support of other diagnostic tests.

3.1.9. Gamma interferon
and prostaglandin E2

Gamma interferon (IFN-y) is a type 1I
immune-response interferon that has been
implicated as a marker of TSE disease. The
function of IFN-y is well documented and
includes induction of antiviral states and
modulation of immune response [102] in

diseases including listeria [6, 96], Myco-
bacterium bovis infection [25, 71, 121] and
bovine herpes [37]. Murphy et al. [70]
reported that plasma concentrations of IFN-y
in field cases of BSE suspect cattle were sig-
nificantly increased above controls. How-
ever, subsequent testing by post-mortem
histopathological examination showed some
of these animals to be BSE negative despite
their elevated plasma concentrations of IFN-y,
consequently the diagnostic importance of
IFN-y remains unresolved.

Prostaglandin E, (PGE,) is a hormone
involved in a wide range of physiological
processes [70] including cell activation and
regulation [80]. Mingetti et al. [65] found
increased brain synthesis of PGE, in human
patients with sporadic and familial CJD and
in scrapie infected mice. However, data
from field cases of suspected BSE were dif-
ficult to interpret as several of these suspect
cases were subsequently diagnosed as BSE
negative despite having elevated levels of
serum PGE, These studies demonstrate the
difficulties associated with the use of sur-
rogate markers downstream of the primary
disease locus or when changes can occur as
a result of multiple physiological responses.

In 2000, Boehringer Ingelheim’s animal
health division filed for a patent on a pre-
clinical and clinical test to detect BSE in
live animals that is based upon measuring
abnormal levels of marker proteins such as
laminin receptor (LR), laminin receptor
precursor (LRP) and IFN-vy in the blood of
infected animals. Studies [34, 92] have
indicated that LR/ LRP may have a role in
susceptibility to oral TSE infection, but there
is no substantial evidence to suggest that
they are surrogate markers of TSE diseases.
Other studies have shown specific interac-
tions between PrP and LRP [32, 48].
Boehringer Ingelheim reports to have devel-
oped antibodies and oligonucleotides spe-
cific to the marker proteins and theirmRNAs.
However, to date, no further work has been
reported on the development of a preclini-
cal blood based test for these postulated
marker proteins.
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3.1.10. C-reactive protein and interleukin 6

A number of authors have reported
abnormal concentrations of specific plasma
proteins apparently caused by neuronal loss
and tissue damage during the pre-sympto-
matic phase of TSE infection. Volkel et al.
[120] recently identified two potential mark-
ers, C-reactive protein (CRP) and inter-
leukin 6 (IL-6) in the plasma of sporadic
CIJD subjects. Expression of CRP and IL-6
in CJD patients were compared to proteins
S100 and NSE which have previously been
reported as markers of CJD in human
plasma [77, 91, 119]. According to Volkel
et al. [120], CRP identified 78.3% of a
group of 46 subjects with sCJD as positive
for the disease, while IL-6 identified 73.3%,
and NSE and S100 identified 13% and
76.1% of the patients respectively. These
results indicate that CJD gives rise to CRP,
IL-6 and S100 in blood plasma as a conse-
quence of neuronal and tissue damage dur-
ing CJD. However, whether the increased
levels are specific to TSE infection remains
to be determined. Furthermore, current
methods of detection for these proteins are
insufficiently sensitive for them to be used
as indicators of preclinical TSE disease.

3.1.11. Cystatin C

Recently, the potent protease inhibitor
cystatin C has been suggested as a marker
of prion disease [99]. Increased concentra-
tions of the protein have been reported in
the CSF of CJD patients [99]. Cystatin C is
a low molecular weight, non-glycosylated
protein produced by nucleated cells; it is
localised in glial cells and neurons and
mostly abundant in the CSF. The protein
has been affiliated with brain injury and ele-
vated levels in response to cellular damage
have been reported [99]. In humans, the
protein is thought to be associated with cer-
ebral amyloid angiopathy and reported to
be co-localised with amyloid B protein in
AD, in which increased levels of the protein
in the CSF have been documented [21, 99,
127]. Using surface-enhanced laser desorp-

tion/ionisation-time of flight (SELDI-TOF),
sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and liquid
chromatography-tandem mass spectrome-
try (LC-MS/MS), Sanchez et al. [99] dem-
onstrated raised cystatin C levels in the CSF
of ClD-infected patients. This study sug-
gests an involvement of cystatin C in cerebral
amyloidoses and neurodegenerative proc-
esses and needs to be investigated further to
be considered as a pre-mortem diagnostic
marker of TSE disease.

3.2. Electrophysiological markers
and imaging

Clinical diagnosis of sCJD is often con-
firmed by the appearance of sharp periodic
waves in the patients’ electroencephalo-
grams [73, 111]. However, this test is unre-
liable as a stand-alone diagnostic of vCJD
and is impractical for use with ruminants.
Magnetic resonance imaging (MRI) has
also been applied to the study of patients
with variant and sporadic CJD but no con-
sistent diagnostic differences between the
experimental groups was observed [28,
107], although the bilateral pulvinar high
signal had been shown to be of potential
utility in the confirmation of CJD [129].
However, although MRI is non-invasive, it is
expensive and impractical to use with animals.

Researchers at the University of Man-
chester [5, 84, 125] have reported on the
development of “Fathom” a commercial,
non-invasive ante-mortem test for diagnosis
of BSE in live animals and possibly vCID.
The reported technique relies on high-reso-
lution electrocardiography (ECG) which can
reveal abnormal heart rate variability (res-
piratory sinus arrhythmia or RSA) in the
early stages of TSE infection. It is thought
that RSA is altered during BSE onset by pri-
ons from the gut passing along the vagus
nerve into the solitary nucleus, an area of
the brain that controls RSA [10, 86, 122].
The test has been shown to predict BSE
infection in cows eight months prior to
onset of clinical symptoms of BSE. The test
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is simple in that an ECG monitor and a sim-
ple breathing monitor is fitted to the animal
and the full test can be carried out within
minutes. More recently, Pomfrett et al. [85]
investigated autonomic nervous system
activity by analysis of low- and high- fre-
quency heart rate variability (HRV) in con-
trol cattle and cattle challenged with either
1 gor 100 g of BSE infected material. They
reported a significant difference in the level
of high-frequency HRV between control
cattle and cattle dosed with 1 g or 100 g of
BSE-infected brain material. Additionally,
a significant difference was observed in the
low frequency HRYV of cattle fed 100 g of
BSE-infected material in comparison to
control cattle and cattle fed 1 g of infected
material suggesting that the extent of the
perturbation of low frequency HRV was
dose related. This study provides further
evidence to support the hypothesis that
there are significant differences in the HRV
between control cattle and BSE infected
cattle and this may have implications in the
development of a preclinical diagnostic
tool for TSE diseases.

Since the body’s respiratory system is
the first to be attacked during vCJD infec-
tion, it was postulated that similar abnormal
heart rate variability signatures might be
detectable in humans at early stages of
vCJD [125]. This work is currently being
undertaken by Woolfson et al. [125] who
recently reported on the results of Fathom
analysis on two patients with clinical symp-
toms of vCJD and on seven healthy sub-
jects. Preliminary data indicated significant
differences in ECG heart rate variability
between control and vCJD subjects and
new studies are underway with larger sub-
ject groups.

3.3. Metabolite markers

3.3.1. Corticosteroids

Schelcheretal. [103] suggested that neu-
roendocrine dysfunction caused by TSE in
sheep resulted in changes in endogenous
metabolites, hormones and enzymes. Pre-

vious studies have reported adrenal gland
enlargement in ewes with scrapie [8] and in
experimentally infected hamsters [20].
Additionally, cortisol secretion is altered in
patients suffering from fatal familial insomnia
[87]. Based upon these observations
Schelcher et al. [103] investigated plasma
and urine corticoid concentrations (corti-
sol, 20B-dihydrocortisol and cortisone) in
clinical phase scrapie infected ewes. There
was a significant increase in plasma and
urine corticoid levels in the scrapie ewes
compared to the control ewes suggesting
disease-associated hypercortisolism [103].
However, these data must be treated with
caution as hypercortisolism is often associ-
ated with non-TSE animal stresses, although
the authors report no signs of stress were
observed in the scrapie infected ewes. The
authors proposed 20B-dihydrocortisol, a
primary cortisol metabolite in ewes, as a
potential surrogate marker of prion disease.
Furthermore, Gayrard et al. [33] reported
elevated levels of plasma cortisol in natural
scrapie as a result of over-stimulation of the
adrenal gland, and suggested that hypercor-
ticism is an endocrine feature of ewes with
natural scrapie.

More recently, Picard-Hagen et al. [83]
evaluated several plasma corticoids (corti-
sol, 20B-dihydrocortisol and cortisone) as
markers of scrapie disease. Plasma concen-
trations of 20B-dihydrocortisol and cortisone
were disappointing as markers of clinical
infection when considered separately (only
42% and 58% of infected sheep classified
correctly, respectively). However, combi-
nation of plasma 20B-dihydrocortisol and
urinary creatinine classified correctly 98%
of healthy sheep and 82% of scrapie-affected
sheep, respectively. The sensitivity and the
specificity of cortisol metabolites and urinary
creatinine are inadequate when used sepa-
rately, but when a combination of these ana-
Iytes was considered the sensitivity and
specificity of the markers are more signifi-
cant. Furthermore, levels of cortisol, 20[3-
dihydrocortisol and cortisone in combination
with their relative binding capacities to the
corticosteroid binding globulin may prove
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more useful. This latter phenomenon is
important as there appears to be an addi-
tional scrapie-induced effect on the binding
capacity of this protein [83].

3.3.2. Blood metabolites

In 2000, Moorby et al. [67] reported on
a nutritional study involving dairy cows
later diagnosed as having BSE. Blood sam-
ples from 47 dairy cows over a 28-week
period were analysed for several standard
bovine metabolites and hormones. They
reported differences between animals incu-
bating BSE and control cattle at times of
nutritional stress, i.e. at the start of lactation,
at calving and when the intake of concen-
trate feed was decreased. The cattle that
developed BSE had reduced feed intakes
during lactation, increased concentrations
of plasma -hydroxybutyrate, reduced milk
yields and reduced milk fat concentrations
in early lactation. Plasma protein concentra-
tions were increased one week before calv-
ing and concentrations of urea were signif-
icantly decreased five weeks before calving.
No differences in concentration of growth
hormone (somatotrophin), prolactin, oestra-
diol 17-B and progesterone in plasma were
observed. These data suggest that the energy
metabolism of dairy cows infected with BSE
is altered. More recent Moorby et al. [68]
have used gas chromatography mass spec-
trometry (GCMS) to identify TSE associ-
ated biochemical changes in metabolites.
They reported increased levels of lactic acid
at the clinical and preclinical phases in BSE
infected dairy cattle. In addition, alanine,
leucine, serine and glutamic acid showed
altered levels in preclinical BSE cows in
comparison to control cattle. Moorby et al.
[68] proposed that increased plasma con-
centrations of alanine and lactic acid and
decreased glutamate and serine in cattle
sera may have been due to increased anaer-
obic respiration in BSE-infected cattle.
However, these results were not conclusive
as only a small number of cattle were tested
and changes in amino acid and lactic acid
concentrations can be attributed to a number

of other conditions. Moorby et al. [68] also
investigated plasma fatty acid content in
BSE infected and control cattle but no sig-
nificant differences were observed. Although
studies by Moorby et al. [67, 68] were
inconclusive, they were made using natu-
rally infected cattle and they do highlight
several significant biochemical changes asso-
ciated with the progression of the disease
which may lead to the discovery of more
appropriate biomarkers of TSE.

Multiple endocrine alterations have been
reported to be common amongst prion and
other neurodegenerative diseases [19, 33,
82, 118, 128]. A recent study by Viguié
et al. [118] investigated links between scrapie
infection and alterations in somatotrophic
function; it was reported that infected ani-
mals exhibited double the mean growth hor-
mone (GH) concentration during anoestrous
and breeding seasons. Furthermore, plasma
glucose, insulin and urea concentrations
were reported to be higher in scrapie-affected
ewes in comparison to controls [118]. This
study demonstrates an association between
endocrine and metabolic alterations and
scrapie disease.

3.3.3. Mid-infrared spectroscopy

Recently, Lasch et al. [59] and Schmitt
et al. [106] hypothesised that disease spe-
cific alterations may be identified by Fourier
transform infrared (FTIR) spectroscopy.
This technique is a structure sensitive, non-
destructive analysis that provides characteris-
tic fingerprint signatures of the vibrational
features of the sample matrix. Schmitt et al.
[106] reported the use of FTIR spectros-
copy with artificial neural network (ANN)
data analysis as a diagnostic tool to differ-
entiate between sera from healthy Syrian
hamsters and scrapie-infected hamsters
[106]. It was reported that this approach is
sensitive and specific (97% and 100%
respectively) but it was not known whether
the changes detected by FTIR were specific
to TSEs or whether they were due to bacterial,
viral, fungal or parasitic micro-organisms.
Analysis by FTIR has proved useful for
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discriminating between scrapie and BSE
pathological PrP strains [112], identifying
protein structural changes in nerve ganglia
of infected hamsters [56], and brain tissue
of TSE infected animals [54, 55].

Laschetal. [59] have utilised FTIR com-
bined with multivariate pattern recognition
analysis to test blood sera of cattle in field
studies. In their study, over 800 blood sam-
ples from cattle were tested by FTIR includ-
ing healthy controls, BSE positive, and
animals suffering from classical bacterial or
viral infections. Analysis of the data achieved
a sensitivity and specificity for BSE detec-
tion of 96% and 92% respectively. These
data indicate strongly that BSE causes spe-
cific metabolite shifts in blood and support
the validity of investigating biomarkers of
TSE infection per se. It remains to be shown
how early after infection TSEs can be detected
by FTIR analysis of sera and what effects
age, gender, breed and nutrition all have on
the specificity of the test.

3.4. Transcriptional markers:
erythroid differentiation-related
factor

Transcription of the gene encoding eryth-
roid differentiation-related factor (EDRF)
was reported to be down-regulated in TSE
infected mice, the mRNA therefore provid-
ing a novel molecular marker of preclinical
TSE disease [64]. Expression of EDREF is
predominantly found in erythroid precur-
sors, a cell lineage that researchers would
not normally have linked with prion disease
[1, 110], in tissues of the spleen, bone mar-
row, whole blood of infected rodents, in
bone marrow of BSE-infected cattle and in
whole blood of sheep showing clinical
symptoms of scrapie infection [64]. The
authors have suggested that the erythroid-
lineage cells may have a role in the patho-
genesis of TSE. In further studies EDRF
transcription in healthy humans was found
to occur with a high degree of variation
[36], which questions the suitability of
using EDRF mRNA levels as a marker of
TSE disease.

More recently, using microarray tech-
nology Xiang et al. [126] identified 121
genes from brains of scrapie-infected mice
whose expression was at least twice that in
control animals. The genes expressed were
found to encode proteins involved in several
functions including proteolysis, protease
inhibition, cell growth and maintenance,
immune response and molecular metabo-
lism. Genes for several cathepsins and S100
protein were also evident [126]. The authors
reported that elevated gene levels corre-
lated temporarily with the onset of PrPS¢
accumulation and the activation of glia,
which may have contributed to neuronal
cell death [126]. The above studies demon-
strate the potential of genes as diagnostic
markers of prion disease.

In 2002, Brenig et al. [15] reported on a
plasma based anti-mortem test that relies on
a specific RNA marker of preclinical BSE.
The test involved amplification of specific
microviscular RNA species from sera by
real time PCR. The levels of these RNAs
were then compared to reference standards
and if outside the normal range the animal
was considered infected. Brenig et al. [15]
reported that the TSE test proved 100% sen-
sitive in a study of 6 BSE infected cows,
which were later confirmed as being posi-
tive for BSE by a licensed prion test [15].
Additionally, the test was 100% specific on
animals tested from apparently healthy
herds. Interestingly, 2 out of the 57 cohort
animals analysed were also identified as
being BSE positive, indicating the possibility
of lateral BSE transfer. However, no further
work has since been reported on the TSE
diagnostic test. This study highlights the
potential to develop biomarkers of disease
status based on the biological progression
of the disease.

4. SUMMARY AND FUTURE
PERSPECTIVES

The area of TSE biomarker research is
highly active and many of the diagnostic
tests currently being developed are described
in this review. Most of these tests rely on
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differences in protein expression, metabolite
profile or mRNA abundance between
healthy and diseased groups. Many of these
tests are still at early stages of development
but advances in analytical methods will
most likely contribute to the development
of more sensitive and specific methods that
allow the detection of TSE diseases long
before clinical signs are apparent. The most
promising approaches for pre-clinical diag-
nosis appear to be those based on protein
expression, which may be due to down-
stream effects of the neurological dysfunc-
tion of the animal. Many approaches rely on
detecting differences in the brain that are
consistent with TSE disease progression
and consequently are not as amenable for
the testing of live animals. One novel approach
is the use of molecular techniques to look for
specific transcript profiles in the brain tissues
of infected individuals. Other approaches
based on metabolomic or proteomic analy-
sis also hold promise for the identification
of novel markers which could form the
basis for a wide range of preclinical TSE
diagnostics in the future that permit testing
of blood and urine samples. A wide range
of approaches have identified many poten-
tial markers of TSE disease but it is evident
that further work needs to be conducted
before any of these tests can be made avail-
able commercially. A primary objective of
these further investigations will be to clar-
ify if these markers are specific to TSE dis-
ease or whether they are altered in other
diseases or disorders. Furthermore, it remains
to be demonstrated if metabolite and pro-
tein biomarkers are of use at the pre-symp-
tomatic stage as disease indicative levels
may only be present at an advanced disease
stage. It is also apparent that the develop-
ment of biomarker tests is frequently hampered
by lack of detection method sensitivity and
specificity and further advances will also be
necessary in this area.
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