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1 Introduction

Prion diseases, also known as transmissible spongiform
encephalopathies, are a group of invariably fatal neurodegen-
erative diseases that affect both humans and animals. They
are caused by an unconventional agent termed a prion. Strong
evidence indicates that their etiology and pathogenesis
involve modification of a host-encoded normal cellular pro-
tein known as the prion protein (PrPC) [1, 2]. Unusual charac-
teristics of prion diseases include their occurrence sporadically
without any apparent environmental source of infection in
some species, genetically in association with specific prion
protein gene mutations in humans, and their transmissibility
either within or across different species [2]. In most prion dis-
eases, characteristic neuropathologic features include wide-
spread neuronal loss, spongiform lesions, and astrogliosis,
corresponding with accumulation of the agent in different
parts of the brain. The presence of the abnormal prions can be
demonstrated in the brain and often in other tissues of humans
and animals affected by prion diseases [3—6]. Several labora-
tory tests such as immunohistochemistry and biochemical
tests are used to determine the presence of infecting prions in
tissue specimens [4, 6, 7]. Acquired forms of prion diseases
have very long incubation periods often lasting for years and
sometimes even decades [8—10].

Prion diseases of humans include kuru, Creutzfeldt-Jakob
disease (CJD), variant CJD, Gerstmann-Straussler-Scheinker
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syndrome (GSS), and fatal familial
(Table 47.1) [2, 11].

Kuru was first described in the 1950s as a fatal ataxic neu-
rologic disease among the Fore tribe of the highlands of Papua
New Guinea [9, 12-15]. In 1959, Hadlow made the crucial
observation that the neuropathology of kuru was similar to
scrapie, raising the possibility that, similar to scrapie, kuru
might also be transmissible [16, 17]. However, transmissibility
was not confirmed until the 1960s when Gajdusek and col-
leagues successfully transmitted kuru by intracerebral inocu-
lation of brain tissue from deceased patients into chimpanzees
[18-23]. This was the first instance of human prion disease to
be successfully transmitted to experimental animals.

Kuru is the first epidemic human prion disease to be thor-
oughly investigated. Since the 1950s, over 2,700 kuru cases
have been documented [9, 24]. Strong epidemiologic evi-
dence suggests that the disease spread among the Fore peo-
ple by ritualistic cannibalism. In ancient Fore culture, giving
respect for the dead involved a mourning ritual with plaster-
ing of brain tissue all over the body, including mucous mem-
branes and consumption of the decedent’s body parts.
Relatives who died of kuru were honored with this practice
exposing surviving family members to infectious brain tissue
which might have amplified the kuru epidemic [25, 26].
After the ritualistic practice ended in the late 1950s, the num-
ber of new cases dramatically declined and no persons born
after 1959 developed the disease. Likely incubation periods
of the most recent seven male cases reported by Collinge
et al. ranged from 39 to 56 years, although the longest incu-
bation period may have been up to 7 years longer [9].

Prion diseases of animals include scrapie in sheep, goats,
and mouflon; bovine spongiform encephalopathy (BSE) in
cattle; feline spongiform encephalopathy in domestic and
zoo cats; ungulate spongiform encephalopathy in exotic zoo
ruminants; chronic wasting disease (CWD) in deer, elk, and

insomnia (FFI)
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Table 47.1 Animal and human prion diseases

Type of prion disease Affected host
Animal prion diseases
Scrapie Sheep and goats
Bovine spongiform encephalopathy Cattle

Chronic wasting disease Deer, elk, and moose

Mink
Domestic and wild cats

Exotic ruminants
(e.g. kudu, nyala)

Transmissible mink encephalopathy®
Feline spongiform encephalopathy®
Ungulate spongiform encepahlopathy®

Human prion diseases
Kuru

Sporadic CID
Iatrogenic CJD

Variant CJD

Familial CJD
Gerstmann-Straussler-Scheinker syndrome
Fatal familial insomnia

CJD Creutzfeldt-Jakob disease
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Year first described

or identified Mode of disease transmission/occurrence

1730s Contaminated environment, possibly direct
contact, oral

1986 Contaminated feed, oral

1967 Contaminated environment, direct animal
contact, oral

1947 Contaminated feed, oral

1990 BSE-contaminated feed, oral

1986 BSE-contaminated feed, oral

1950s Ritualistic cannibalism involving brain tissue
ingestion, oral

1920s Unknown

1974¢ Via pituitary hormones, dura and cornea grafts,
neurosurgical equipment

1996 Consumption of BSE-contaminated cattle
products, human blood products

1924 Prion protein gene germline mutations, inherited

1936 Prion protein gene germline mutations, inherited

1986 Prion protein gene germline mutations, inherited

“The last known outbreak of transmissible mink encephalopathy occurred in 1981 in Wisconsin

"The known feline and ungulate spongiform encephalopathies are believed to have resulted from BSE transmission

“The first report of iatrogenic CJD was in 1974 in a recipient of cornea obtained from a CJD decedent; human pituitary growth hormone-associated
CJD was first reported in 1985 and dura mater graft-associated CJD in 1987

moose; and transmissible mink encephalopathy (TME) in
farmed mink (Table 47.1) [27].

Epidemiologic evidence indicates that feline and ungulate
spongiform encephalopathies were caused by transmission
of the BSE agent via consumption of BSE-contaminated
feed [28]. Although strong evidence is lacking, speculations
persist that scrapie in sheep was the original source of prion
diseases in other animals, such as BSE and CWD.

TME occurred in outbreaks among farmed mink primar-
ily in the United States but also in Canada, Finland, Germany,
and Russia [28]. TME outbreak investigations suggested that
the disease was causally linked with consumption of scrapie-
contaminated meat [28]. The last known outbreak of TME
occurred in 1985 in Wisconsin. An investigation of this out-
break indicated that the mink on that particular farm were
fed only downer cattle, igniting much speculation about the
existence of a spontaneous prion disease in cattle even before
BSE was identified in the United Kingdom. Non-epizootic
cases of TME have not been reported.

2 Etiologic Agent of Prion Diseases

Before the 1980s, prion diseases were widely believed to be
caused by “slow viruses” despite the fact that no viral parti-
cles or disease-specific nucleic acids were identified in asso-

ciation with scrapie transmission in laboratory animals
[29, 30]. The scrapie agent, which was most widely studied
at the time, could not be grown in cell culture. Its successful
transmission to laboratory mice in 1961 greatly facilitated
research efforts to understand the nature of the agent [1].
Because of the long incubation period associated with scra-
pie, transmission to wild-type mice was tedious and in many
instances required a year to complete. Development of trans-
genic mice greatly facilitated prion disease research by
allowing closer modeling of the diseases and reducing the
incubation period in the experimental models [31, 32].

Two distinctive properties of the scrapie agent led to the
suspicion that the agent was devoid of nucleic acids and, thus,
may not be a virus but primarily composed of a protein. These
properties included: (1) resistance of the scrapie agent to pro-
cedures, such as treatment with ultraviolet light and ionizing
radiation, that normally inactivate other microorganisms,
including viruses, and (2) the reduction of scrapie infectivity
by procedures that denature or degrade proteins [1]. The con-
cept that the scrapie agent might replicate in the absence of
nucleic acids or might just be a protein was postulated as
early as the 1960s by Alper and colleagues, Pattison and
Jones, and Griffith [30, 33, 34]. In 1982, Prusiner and col-
leagues described the successful enrichment of a hydropho-
bic protein, the presence of which was required for scrapie
transmission in laboratory animals [1, 35, 36]. Prusiner
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introduced the term “prion” to describe this protein by bor-
rowing and mixing the first few letters from the descriptive
phrase “proteinaceous infectious” particle [1]. Since then,
additional evidence has accumulated indicating that prions
may be acting alone in causing prion diseases. However, the
critical steps in the production, propagation, and pathogenesis
of this infectious protein remain unclear. As a result, the study
of prions has become an important, relatively new area of bio-
medical research. Some critics of the prion hypothesis still
believe that nucleic acids undetected by current methods may
play a crucial role in the pathogenesis of prion diseases [37—
40]. Prions seem to be almost entirely composed of proteins
with a glucose moiety attached to them. Creation of prion
infectivity by modifying the conformation of synthetic or
recombinant polypeptides has led credence to the view that
prions may entirely consist of proteins with no nucleic acid
genome [41, 42]. How a protein-only agent would confer
strain specificity to prions causing different diseases in differ-
ent species has been a topic of debate for many years. Studies
have suggested that strain specificity may be enciphered in
the different physical properties of prions and their varying
protein conformations.

2.1 Cellular Prion Protein

Soon after the nature of infecting prions was described,
researchers discovered the similarity of the abnormal prions
with that of a normal protein found as a structural component
of cell membranes [43—45]. This discovery marked a turning
point in our understanding of prion diseases and partially
explained the absence of inflammatory infiltrates in patho-
logic specimens of infected tissues and the lack of humoral
response in several prion diseases. PrP¢ is usually found as a
monomeric GPI-linked glycoprotein on the cell membrane
and is soluble in mild detergents. In humans, PrP¢ is encoded
by the prion protein gene located on the short arm of chro-
mosome 20 [43, 44]. Similar to other proteins, PrP¢ is pro-
duced in the endoplasmic reticulum and transits through the
Golgi apparatus to the cell surface.

PrP€ is expressed in large quantities in neurons, but it is
also expressed in lymphoid tissues and other organs and tis-
sues in relatively smaller quantities. Several possible func-
tions have been proposed for PrP¢ [46]. Its location in parts of
the cell membrane specializing in signaling was believed to
indicate that it may be involved in signal transduction. Other
studies have hypothesized that PrP€ interacts with other mem-
brane proteins to provide neuroprotective functions, although
more direct evidence is lacking. Another perhaps more widely
studied proposed function of PrPC is binding copper and
involvement in its metabolism [46]. PrPC readily binds copper
in physiologic concentrations, and its overexpression has
been shown to promote cellular uptake of copper, indicating
that it may play a significant role in copper homeostasis [46].

1167

Prions appear to be composed largely or entirely of the
abnormal protein designated as PrP%¢. The underlying patho-
physiologic mechanism in the occurrence of prion diseases
involves the biochemical conversion of PrP€ into the patho-
genic PrP%. This conversion occurs by a poorly defined post-
translational autocatalytic process, possibly requiring the aid
of cofactors such as proteins or nucleic acids. It appears that
PrP%¢ reproduces itself by recruiting PrP€ and stimulating its
conversion into the disease-causing isoform [47-51]. This
conformational change confers protease-resistant properties
to PrP¢ and a three-dimensional structure distinguishable
from the infecting prions [49, 52]. The initial instigating
PrP5%¢ molecule may originate from exogenous sources or
within the brain from somatic or germ line prion protein
gene mutations. Knockout mice devoid of the prion protein
gene are resistant to scrapie infection, indicating that the pro-
duction of PrP€ is required for the generation and propaga-
tion of PrP5¢ [53]. During its conversion, PrP5 acquires more
beta-sheet structure that renders it resistant to proteolytic
enzymes, conventional disinfectants, and standard steriliza-
tion methods. A higher proportion of the tertiary structure of
PrPC, on the other hand, is composed of alpha helices which
make it more sensitive to denaturation by proteinase-K treat-
ment [54, 55]. Removal of the neuroprotective functions of
PrP€ as more of it becomes converted to the pathogenic PrPs
and accumulation of PrP% in neurons have been suggested as
major contributory factors in the underlying pathogenesis of
prion diseases and widespread neuronal death.

3 Creutzfeldt-Jakob Disease

CJD is the most common form of prion disease in humans
and has been reported in all continents of the world. It was
first recognized in Europe in the early 1920s and bears the
name of two German neurologists, Hans Gerhard Creutzfeldt
and Alfons Maria Jakob, who separately reported patients
with rapidly progressive neurodegenerative diseases [56]. At
least two of the patients initially reported by Jakob had the
typical neuropathologic features that have since been recog-
nized as the hallmark of CJD.

The clinical manifestation of CJD is usually characterized
by the onset of dementia, ataxia, or behavioral abnormalities.
As the disease progresses, patients commonly develop dys-
arthria, movement disorders such as gait abnormalities,
myoclonus, and tremors. These neurologic deficits are rap-
idly progressive and patients often develop akinetic mutism
towards the terminal stages of the illness, usually over a
period of weeks to several months [57-62]. CJD is invariably
fatal with median illness duration of about 4 months. Over
50 % of patients die within 6 months and about 80 % within
1 year of disease onset [57]. The presence of a characteristic
electroencephalogram (EEG) finding of triphasic, periodic
sharp wave complexes can be demonstrated with multiple
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testing in approximately 75 % of patients [63-65]. Elevated
levels of 14-3-3 proteins in the cerebrospinal fluid (CSF) can
also be found in most CJD patients [66—71]. Elevated CSF
14-3-3 is a marker for rapid neuronal death and, in the appro-
priate clinical context, can often help in making a premortem
diagnosis of CJD. This test is nonspecific, however, and may
be elevated in other neurologic conditions that result in rapid
neuronal death. A similar CSF test that detects tau proteins
can also aid in the premortem diagnosis of CJD. Elevated tau
protein levels in combination with a positive 14-3-3 test may
increase the sensitivity and specificity of a CJD diagnosis
[71]. Magnetic resonance imaging (MRI) findings showing
high intensity in the basal ganglia and cortical regions of the
brain have been correlated with a CJD diagnosis [64, 72-79].
The characteristic EEG and MRI findings and elevated levels
of 14-3-3 in the appropriate clinical context are used as diag-
nostic criteria for CJD [78].

In the United States, the median age of CJD patients at the
time of death is 68 years with approximately 70 % of cases
occurring between 55 and 75 years of age (Fig. 47.1) [80-82].
Overall, CJD has been reported in many countries with an
annual incidence ranging from one to two cases per million
populations, including in the United States (Fig. 47.2).
However, the incidence increases with age and approaches
five cases per million populations for those >65 years of age.
A decline in CJD incidence in persons >80 years of age has
been consistently reported in many developed countries
which may be due to ascertainment bias in this older age
group. In the United States, epidemiologic studies have con-
sistently shown that the incidence of CJD is at least 2.5 times
lower in blacks than whites [§1-83]. The precise reason for
this wide discrepancy is not well understood, but under diag-
nosis among black populations is unlikely to entirely explain
the striking difference in CJD incidence. The age-adjusted
incidence for males in the United States is slightly higher
than that for females, particularly among those >60 years of
age [83, 84]. CJD has been shown to occur in three different
forms: sporadic, iatrogenic, and familial forms.

A definitive diagnosis of CJD can only be made by histo-
pathologic or immunodiagnostic testing of brain tissue
obtained at autopsy or biopsy. Histopathologic examination
of brain tissue demonstrates the hallmark triad of spongi-
form lesions, neuronal loss, and astrogliosis. Since more spe-
cific diagnostic tests have been developed, histopathology
alone is rarely used to confirm the diagnosis of CID.
Immunodiagnostic assays, such as immunohistochemistry
and Western blot testing that show the presence of PrP%, are
widely used to confirm the CJD diagnosis. Recently, a new
test termed real-time quaking-induced conversion (RTQuIC)
was developed to detect prions in peripheral tissues or fluids
such as the CSF, blood, or urine [85]. The detection method
used in this test is based on that used in protein misfolding
cyclic amplification. RTQuIC can detect minute amounts of
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prions and has been shown to be 80% sensitive and over 90%
specific in confirming a CJD diagnosis from CSF specimens.
In addition, the presence of infecting prions has been demon-
strated in the olfactory epithelium of CJD patients [86].
Because these tissues are accessible from the nasal cavity,
specimen collection by deep nasal swab and subsequent test-
ing by RTQuIC has shown promising results as a non-inva-
sive, rapid, antemortem, diagnostic assay for CJD.

Currently, no effective treatment exists for CJD or any
other prion disease. Clinical management of patients is pri-
marily supportive to ameliorate some of the aggravating
symptoms of the disease [87]. Many compounds and drugs
(e.g., pentosan polysulfate, quinacrine, and doxycycline)
have been investigated as possible therapeutic modalities in
CJD patients and in animal models [88-97]. Although some
compounds have been shown to be effective antiprion agents
in in vitro experiments, they were only successful in pro-
longing the incubation period and survival times in animal
models. Prolongation of survival or no effect has been
reported in human patients treated with some of the drugs
that have already been licensed for indications other than
CID treatment. Limited randomized trials are underway to
evaluate the usefulness of some of these drugs. Development
of disease-specific treatment regimens is complicated by the
fact that widespread neuronal damage has already occurred
by the time signs and symptoms appear. Therefore, the ideal
antiprion treatment should not only inhibit the propagation
of infecting prions but also reverse neuronal damage or
degeneration that may have already resulted in cognitive
impairment and physical disability. Such a drug or a com-
pound should also be able to readily pass the blood-brain
barrier. Lack of a reliable antemortem test poses a challenge
in diagnosing patients as early as possible so that they could
be enrolled in clinical trials to initiate investigational treat-
ment in time to alter the course of the disease.

3.1 Sporadic CJD

Sporadic CJD accounts for approximately 85 % of cases and
occurs in the absence of outbreaks with no known environ-
mental source of infection. Decades of research has not iden-
tified a specific source of infection for sporadic CJD patients.
Spontaneous generation of the pathogenic prions was
hypothesized as a cause for sporadic CJD, possibly resulting
from age-related random somatic mutations or errors during
prion protein gene expression. The surprisingly stable and
uniform incidence of sporadic CJD in time and space and the
absence of recognizable transmission patterns to account for
a substantial number of the cases were the strongest argu-
ments favoring the spontaneous occurrence of sporadic CJD.
Not all researchers are convinced about the spontaneous
occurrence of sporadic CJD, and many studies have been
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Table 47.2 Characteristics of subtypes of sporadic Creutzfeldt-Jakob disease (CJD) and sporadic fatal insomnia (sFI)

Typical CJD clinical and neuropathologic manifestations, typical EEG, rapidly progressive disease.
Commonly ataxia at onset and late dementia, typical EEG rare, short duration, subcortical

Similar to VV2 but long duration and presence of kuru-type amyloid plaques in cerebellum
Progressive dementia, typical EEG rare, long duration, cortical pathology, coarse spongiosis
Usually young age at onset, typical EEG rare, severe pathology in cerebral cortex with relative

Number of
Subtype patients (n=609) Percent  Clinicopathologic features
MMI1/MV1 352 57.8
VVv2 90 14.8
pathology, plaque-like deposits
MV2 83 13.6
MM2 52 8.5
VV1 25 4.1
sparing of cerebellum, faint synaptic prion staining
MM2 (sFI) 7 1.1

Similar to FFI but without prion protein gene mutations

Data used in the table were obtained from the National Prion Disease Pathology Surveillance Center, Cleveland, OH

M Methionine, V Valine

conducted to search for possible sources of infection and risk
factors for the disease [98—102].

Possible environmental sources of infection for sporadic
CJD have been explored using multiple case-control studies
[100-109]. Consumption of animal products, including the
brain and other organs; receipt of blood and blood products;
occupational exposures; and exposures via surgical proce-
dures were evaluated in these studies. Because of the long
incubation period of CJD, obtaining a reliable history of
such exposures many years in the past may not be easy. In
addition, exposure histories are usually obtained from next-
of-kin who may not be familiar with the timing and extent of
the exposures. Types of controls used (community or hospi-
talized) and the timing of selection and interview of the con-
trols could also bias findings of case-control studies [109]. In
a study that combined data from Denmark and Sweden,
researchers attempted to minimize these biases specifically
for evaluating surgical exposures by obtaining information
about surgical procedures for both cases and controls from
existing hospital records [102]. The study indicated that any
major surgery conducted >20 years before CJD onset was
significantly more common in cases than both matched and
unmatched controls. A much larger European study using
community controls showed a similar association of history
of surgery with the risk of sporadic CJD, albeit using differ-
ent data collection methodologies [101]. A similar study in
Australia also showed that surgical procedures were signifi-
cantly associated with the development of sporadic CJD
[110]. No significant difference in the frequency of surgical
procedures was identified among sporadic CJD cases com-
pared with controls in a study performed in Japan [111].
These studies raised the possibility that a certain proportion
of sporadic CJD cases may result from exposure to prion-
contaminated surgical instruments. Because of the rarity of
CJD, confirming or refuting such an association in a small
proportion of patients is extremely difficult.

A possible risk of occupational transmission of CJD
to health professionals has been raised repeatedly. This
risk has recently been reviewed in a study published in
Eurosurveillance [112]. The authors used various data

sources, including published case reports, case-control
studies, and surveillance data from 21 countries contributing
to the EuroCJD program. A wide variety of health profes-
sionals had been reported with CJD, but the study findings
did not suggest increased risk of CJD among health profes-
sionals [112].

Sporadic CJD is a heterogeneous disorder which can be
further subdivided into five different subtypes based on the
Western blot characteristics of protease-resistant fragment of
PrP5¢ and the polymorphism at codon 129 of the host prion
protein gene. These different subtypes, first proposed by
Parchi et al., correspond with characteristic clinical and neu-
ropathologic phenotypes (Table 47.2) [113-118]. The most
common subtype is associated with a 21 kDa PrP5¢ fragment,
designated type 1, and the presence of methionine at the
polymorphic codon 129 of the prion protein gene. The phe-
notypic expression does not necessarily neatly fit into these
various categories in some patients. In fact, both type 1 and
type 2 prion fragments have been reported to coexist in up to
25 % of sporadic CJD patients [113, 119].

A cluster of sporadic prion disease cases termed variably
protease-sensitive prionopathy (VPSPr) with a phenotype
distinct from other known subtypes of sporadic CJD was
recently reported in the United States [120]. The major dis-
tinguishing characteristics of VPSPr include sensitivity of
the agent to proteinase-K digestion and clinicopathologic
manifestations different from sporadic CJD patients. On
Western blot analysis, the electrophoretic profile of
proteinase-K-resistant fragments from VPSPr patients shows
a ladder-like pattern with five major bands corresponding to
fragments with different molecular weights. This pattern is
clearly different from that seen in sporadic CJD patients but
shares some similarities with that observed in some GSS
patients. However, no prion protein gene mutations have
been identified in association with VPSPr [120]. All the
three codon 129 polymorphisms have been identified in
patients with VPSPr with slightly variable clinical and histo-
pathologic phenotypes, indicating that the polymorphism at
codon 129 modifies the phenotype as it has been shown to do
in sporadic CJD patients and several genetic prion diseases.
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3.2 latrogenic CJD

Iatrogenic CJD, which accounts for <1 % of CJD cases, is
associated with transmission of the CJD agent via medical
interventions such as administration of contaminated human
pituitary hormones and the use of contaminated dura mater
and corneal grafts and neurosurgical equipment [121].
Tatrogenic transmission of CJD was first identified by Duffy
et al. in 1974 in a patient who, 18 months before CJD onset,
received a corneal graft obtained from a donor who died of
confirmed CJD [122]. Since then, 10 cornea-associated CJD
cases have been reported worldwide, but definitive evidence of
CJD in the donors was available for only two of the cases [121,
123, 124]. In the remainder, information on the donors was
unavailable or they died of conditions other than a prion dis-
ease [124]. Sporadic CJD unrelated to transplanted corneas is
expected to occur among elderly patients with a history of cor-
nea transplantations because of a large number of such patients
alive in the United States (over 30,000 corneal transplantations
are performed annually). Using statistical analysis, Maddox
et al. have suggested that one coincidental sporadic CJD case
among patients with a history of cornea transplantation is
expected to occur every 1.5 years in the United States [124].

In 1977, CJD transmission was reported in two unusually
young patients who underwent EEG procedures with implan-
tation of depth electrodes 16-20 months before CJD onset;
several months earlier, the electrodes were implanted in a
patient who subsequently died of confirmed CJD [125].
Experimental implantation of the EEG electrodes into a
chimpanzee 18 months after their original use transmitted
CJD, demonstrating that the electrodes were indeed contami-
nated with the CJD agent [126].

Almost a decade after iatrogenic transmission of CJD was
first reported in the corneal recipient and via EEG electrodes,
other modes of CJD transmissions were identified, including
the use of contaminated cadaveric human growth hormone in
1985 and dura mater grafts in 1987 [59, 127-132]. Reports of
these initial iatrogenic CJD cases in the United States were
followed by identification of similar cases in other countries
[121, 128, 133-151]. Human growth hormone-associated
CJD cases were primarily reported in France, the United
Kingdom, and the United States. In these countries, large
cohorts of young individuals were given human growth hor-
mone (hGH) injections as a treatment for stunted growth
resulting from growth hormone deficiency. Extraction of hGH
by batch processing of pituitaries from multiple cadaver
donors may have led to contamination of an entire batch if one
of the donors was in the preclinical phase of disease or had
died of CJD. In the United States, after identification of the
first three hGH-associated CJD cases, a cohort of >6,000
recipients of hGH sponsored by the National Hormone and
Pituitary Program were enrolled in a follow-up study. Among
this cohort, as of April 2012, a total of 29 hGH recipients have
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developed CJD [121, 152]. All of these patients began their
treatment prior to the introduction of a size exclusion chroma-
tography purifying step in 1977. To date, no patient who began
treatment with hGH purified using this method has developed
CJD. A recent analysis of the US data indicated that the
absence of cases among patients treated after 1977 may repre-
sent a real difference in risk between hGH produced before
and after that year [152]. Worldwide, a total of 226 hGH-asso-
ciated CJD patients have been identified, including the 29 US
cases, 119 cases from France, and 65 cases from the United
Kingdom [121]. The attack rate ranged from 0.4 % in the
United States to 6.3 % in France. Incubation periods ranged
from 5 to 42 years with a mean of 17 years [121].

Beginning in the mid-1980s, a parallel iatrogenic CJD
outbreak was occurring among patients who received dura
mater grafts. The initial case was identified by an astute phy-
sician in the United States in a patient who received Lyodura,
a brand of dura mater graft processed by a German company
[131, 133]. Subsequent to this report, several cases of dura
mater graft-associated CJD cases were identified, including
142 from Japan, 14 from Spain, 13 from France, 10 from
Germany, 9 from Italy, 8 from the United Kingdom, 5 each
from Australia and the Netherlands, 4 each from Canada and
the United States, and a smattering of cases from other coun-
tries [121]. Over 60 % of the worldwide 228 dura mater
graft-associated CJD cases were reported from Japan, where
Lyodura was used in much higher quantities than elsewhere
[121, 153, 154]. In addition, isolated cases of CJD associated
with Tutoplast, another brand of dura mater graft produced
by a different German company, have been reported, includ-
ing in the United States and Japan [137, 153, 154]. The
higher number of iatrogenic CJD transmissions associated
with Lyodura is believed to be due to the sourcing and pro-
cessing practices prevalent at the company in the 1980s
before revisions were made in response to the occurrence of
the initial few Lyodura-associated CJD cases. Almost all
Lyodura-associated CJD cases received products processed
before these revisions were made. The mean incubation
period for the cases identified worldwide was 12 years with
arange of 1.3-30 years [121].

4 Bovine Spongiform Encephalopathy
and Variant Creutzfeldt-Jakob
Disease

4.1 Bovine Spongiform Encephalopathy

Prion diseases attracted unprecedented scientific and public
attention after a large outbreak of BSE in cattle emerged in
the United Kingdom in the mid-1980s and spread to other
countries [155-157]. This attention increased dramatically
when strong scientific evidence indicated in 1996 that the



1172
Fig.47.3 Epidemic curve 4000 1
of bovine spongiform
encephalopathy outbreak, 3500 T
the United Kingdom
3000 1 Ruminant
3 Feed ban
@ 2500 1
O
© 2000 1
@
'g BSE
e 1500 T gefine
d
1000 1
500
0

BSE agent has been transmitted to humans causing a new
form of CJD, later termed variant CJD [158]. The implica-
tion that prion diseases could be transmitted via contami-
nated food or bovine-derived products potentially exposing a
large number of consumers sent shockwaves through the
cattle industry and international beef trade. By far the largest
number of BSE cases was reported from the United Kingdom,
followed by several other European countries, including
Ireland and Portugal [27, 133].

Although BSE was first recognized in the United Kingdom
in 1986, undetected cases probably occurred since the early
1980s [159]. The number of UK BSE cases increased rapidly
in the second half of the 1980s and early 1990s, peaked in
1992 with 37,280 confirmed cases, and has markedly declined
since then (Fig. 47.3). As more stringent control measures
were implemented to prevent cattle exposure to meat and
bone meal, the number of confirmed UK BSE cases contin-
ued its dramatic decline throughout the late 1990s and 2000s
consistent with the hypothesis that BSE was orally transmit-
ted via contaminated meat and bone meal [27, 157, 160].

Clinically, the signs of BSE include neurologic dysfunc-
tion, including altered behavior, unsteady gait with falling,
and abnormal responses to touch and sound [161]. In some
animals, the onset of BSE can be insidious and subtle and
may be difficult to recognize. During the early phase of the
UK BSE outbreak, the public media introduced the popular
term “mad cow” disease to describe the strange disease caus-
ing fearful and aggressive behavior in some of the cattle
infected with BSE.

Although the original source of the BSE outbreak is
unknown, the two most accepted hypotheses are cross-
species transmission of scrapie from sheep to cattle and the
transmission of a spontaneously occurring BSE within the
cattle population [157, 160, 162, 163]. The latter hypoth-
esis is predicated on the occurrence of spontaneous BSE,
and more convincing data about its occurrence may become
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available with increased detection and monitoring of rates of
atypical as well as classic cases of BSE [164, 165]. Strong
epidemiologic evidence indicates that the practice of feed-
ing cattle protein derived from rendered animal carcasses
presumably contaminated with the scrapie or spontaneous
BSE agent may have triggered the cattle epidemic [157].
In the past, cattle feed rendering in the United Kingdom
involved several treatment steps, including exposure of the
feed to prolonged heating in the presence of a hydrocarbon
solvent. Some researchers have suggested that omission of
these steps in the late 1970s and early 1980s in the United
Kingdom contributed to the emergence of BSE by allowing
scrapie or spontaneous BSE infectivity to survive the render-
ing process [157, 162, 166, 167]. Regardless of the origin
of BSE, the epidemiologic evidence indicates that feeding
cattle rendered BSE-infected carcasses greatly amplified the
BSE outbreak. Several other factors may have contributed
to the emergence of BSE in the United Kingdom, including
a relatively high rate of endemic scrapie, a high population
ratio of sheep to cattle, and the inclusion of rendered meat
and bone meal at high rates in cattle feed.

Since the BSE outbreak was first detected, an estimated
>2 million cattle have been infected with BSE in the United
Kingdom [133, 167]. Approximately half of these BSE-
infected cattle would have been slaughtered for human con-
sumption, potentially exposing millions of UK residents
[133, 168, 169]. Beginning in 1988, UK animal and public
health authorities implemented several protective measures
to prevent further exposure of animals and humans to BSE-
infected cattle products. The implementation of these mea-
sures, particularly animal feed bans, led to a dramatic decline
in the UK BSE outbreak (Fig. 47.3).

Because cattle carcasses were included in the produc-
tion of animal feed, potential transmission of BSE to
other animals was considered during the early phase of
the BSE outbreak in the United Kingdom. BSE-like dis-
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eases were identified in zoo animals (ungulate spongi-
form encephalopathy) beginning in the late 1980s and in
domestic cats (feline spongiform encephalopathy) begin-
ning in 1990, indicating the potential for the BSE agent
to cross the species barrier and infect other animals [28,
170]. This development increased the concern about the
possible transmission of BSE to humans and led to the
establishment of enhanced CJD surveillance in the United
Kingdom.

BSE was reported for the first time outside the United
Kingdom in Ireland in 1989 and in Portugal and Switzerland
in 1990. By August 2006, the number of countries that
reported one or more BSE cases in native cattle increased to
25, including 21 countries in Europe. The four countries out-
side Europe that reported BSE cases are Canada, Israel,
Japan, and the United States. The BSE outbreak appears to
be declining in most European countries, although small
numbers of cases continue to occur.

In North America, BSE was first detected in 1993 in a
cow that had been imported into Canada from the United
Kingdom. Rendered remains of imported cohorts of this
cow may have been responsible for the BSE cases subse-
quently identified during 2003-2011 among cattle born in
Canada. One of these cases was identified in Washington
State but was later traced to a farm in Canada [171]. As of
May 2012, a total of 19 BSE cases have been identified in
Canada, and at least 13 of these cases were born after the
1997 ruminant feed ban which was implemented to pre-
vent BSE transmission among cattle [172]. Because of the
continued occurrence of new BSE infections after the 1997
ruminant feed ban, US and Canadian authorities tightened
the specified risk material ban in 2007 by excluding poten-
tially infectious nervous tissues from all animal feed. In
2005 and 2006, respectively, nonclassic forms of BSE
termed atypical BSE were confirmed in an approximately
12-year-old cow born and raised in Texas and a 10-year-
old cow from Alabama [173, 174]. The source of BSE
infection for these two cows remains unknown. In 2012, as
part of USDA’s ongoing surveillance, a third BSE case was
identified in a dairy cow aged over 10 years in California.
Similar to the previous 2 BSE cases reported in the United
States, the third case was reported to have atypical BSE.
The initial two cases were reported with H-type and the
third case with L-type BSE. The occurrence of these cases
renewed speculations that atypical BSE may in fact consti-
tute a prion disease that arises spontaneously among older
potentially predisposed cattle.

4.2 Variant Creutzfeldt-Jakob Disease

In 1996, the identification of a cluster of young patients
(median age, 28 years) with a prion disease was reported
in the United Kingdom as part of the CJD surveillance
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system that was established in response to concerns about
the potential spread of BSE to humans [158]. Because of
the patients’ unusually young age and the distinct clinical
and neuropathologic findings, which were different from
patients with the classic form of CJD, the occurrence of
the cluster was believed to signify the transmission of
BSE to humans. Since 1996, variant CJD cases increased
in number and geographic distribution, and strong scien-
tific evidence supported initial suspicions that variant CJD
was indeed BSE in humans [175, 176]. As of June 2014,
a total of 229 variant CJD patients were reported world-
wide, including 177 patients from the United Kingdom;
27 from France; 5 from Spain; 4 from the United States;
3 from the Netherlands; 2 each from Canada, Italy, and
Portugal; and 1 each from Japan, Saudi Arabia, and
Taiwan [177]. Seven of the non-UK variant CJD patients
(2 each from the United States and Ireland and 1 each
from Canada, France, and Japan) were believed to have
acquired variant CJD during their past residence or visit in
the United Kingdom. The third US and second Canadian
vCJD patients were believed to have acquired the disease
during their residence in Saudi Arabia.

Variant CJD can be distinguished from the more common
classic CJD by the clinical and laboratory findings
(Table 47.3) [133, 175, 178]. The median age at death of
variant CJD patients is 40 years younger than that of spo-
radic CJD patients (28 and 68 years, respectively); the
median illness duration for vCJD is longer (14 months) than
that of sporadic CJD (<6 months). The distinguishing clini-
cal features of variant CJD include a predominantly psychi-
atric manifestation at onset with delayed appearance of frank
neurologic signs and the appearance of sensory abnormali-
ties with dysesthesia and paresthesia [175]. On the MRI, a
typical “pulvinar sign” is often demonstrated in a majority of
vCJD patients consisting of a hockey-stick-like, symmetrical
hyperintensity in the pulvinar region relative to the intensity
in other structures [179]. The diagnostic EEG finding that is
common in classic CJD patients is very rare in patients with
variant CJD. All variant CJD patients tested to date had
methionine homozygosity at the polymorphic codon 129 of
the prion protein gene [177, 180]. This homozygosity is
present in approximately 35—40 % of the general UK popula-
tion. A definitive diagnosis of variant CJD requires labora-
tory testing of brain tissues. In addition to the spongiform
lesion, neuronal loss, and astrogliosis typical of most prion
diseases, the neuropathology in variant CJD is characterized
by the presence of numerous “florid plaques,” consisting of
amyloid deposits surrounded by a halo of spongiform lesions
[177, 181] (See Fig. 47.4).

Studies in the United Kingdom have indicated the proba-
ble secondary person-to-person transmission of the variant
CJD agent in three patients by blood (non-leukodepleted red
blood cells) collected 17-40 months before variant CJD
onset in the donors [177, 182—187]. The incubation period in
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Table 47.3 Clinical and pathologic characteristics distinguishing variant Creutzfeldt-Jakob disease (variant CJD) from classic CID

Characteristic Variant CJD
Median age (range) at death (years) 28 (14-74)
Median duration of illness (months) 13-14

Clinical presentation

Periodic sharp waves on electroencephalogram
“Pulvinar sign” on magnetic resonance imaging®
Presence of “florid plaques” on neuropathologic sample
Immunohistochemical analysis of brain tissue

Presence of agent in lymphoid tissue

Increased glycoform ratio on Western blot analysis Present

of PrP-res
Genotype at codon 129 of prion protein

aU.S. CJD surveillance data 1979-2001

Prominent psychiatric/behavioral symptoms, painful
sensory symptoms, delayed neurologic signs
Almost always absent

Present in >75 % of cases

Present in great numbers

Marked accumulation of PrP-res¢

Readily detected

Methionine/methionine?

Classic CJD

68 (23-97)

4-5

Dementia, early
neurologic signs
Often present

Very rare or absent
Rare or absent
Variable accumulation
Not readily detected
Not present

Polymorphic

"Symmetrical high signal in the posterior thalamus relative to that of other deep and cortical gray matter

‘Protease-resistant prion protein

A patient with preclinical vCJD related to bloodborne transmission was heterozygous for methionine and valine
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Fig.47.4 Variant CID neuropathology. Cerebral cortex shows marked
astroglial reaction and the occasional presence of relatively large florid
plaques surrounded by vacuoles (arrow in insert). Frontal cortex, hema-
toxylin and eosin stain

these patients ranged from 6.5 to 8.5 years, and all three had
methionine homozygosity at the polymorphic codon 129 of
the prion protein gene. A fourth patient who was heterozy-
gous at codon 129 had laboratory evidence of vCJD but died
of a non-neurologic condition >5 years after receipt of red
blood cells from a donor diagnosed with vCJD 18 months
after donation [182]. Because a large proportion of the UK
population has potentially been exposed to the BSE agent,
concerns still exist about additional secondary spread of the
agent via blood products and possibly via contaminated sur-
gical instruments. Testing of retrospectively collected appen-
dectomy samples from 12,674 UK residents identified three
positive samples, indicating an estimated prevalence of 237
vCID infections per million populations [188]. Two of the
three positive samples with prion protein gene analysis were
homozygous for valine at codon 129.

4.3 Atypical Bovine Spongiform

Encephalopathy

Since 2003, BSE cases with histopathologic features and
Western blot characteristics of the infecting prions distinct
from that of the classic form of BSE were increasingly
identified from several European countries, Canada, Japan,
and the United States [173, 189-193]. Based primarily on
the molecular weight of the unglycosylated, proteinase-K-
resistant fragment of the PrP%, atypical BSE cases were clas-
sified into two groups. The fragment with a higher molecular
weight than the classic type (C-type) was designated the
H-type, and the fragment with a lower molecular weight than
the C-type was designated the L-type [194, 195]. It is widely
believed that these different properties of the infecting prions
may represent different strains of the BSE agent. Initially, the
L-type BSE was called bovine amyloid spongiform encepha-
lopathy or BASE because of the presence of amyloid plaques
in histopathologic preparations of brain tissues from infected
cattle [189]. Because the H- and L-types of BSE seem to
be rare and because they tend to occur in older cattle, some
researchers have suggested that these atypical BSE cases
arise spontaneously as a result of sporadic, random muta-
tions of the prion protein gene [195]. However, the possibil-
ity that they may also be strain variations of the large C-type
BSE outbreak should not be excluded. Regardless of the
origin of atypical BSE, its continued occurrence could still
pose a risk of contamination of the animal feed and human
food supplies. Spontaneous occurrence of BSE may actually
be an ominous sign because feed control measures may not
completely eliminate its occurrence and herald the need for
continuing surveillance and maintaining effective feed bans
even after the C-type BSE outbreak is under control.
Whether or not atypical BSE can be transmitted to
humans and the possible phenotype it may represent
remain unknown. The possible transmission of L- and
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H-type BSE to humans has been assessed using transgenic
mouse models expressing the human prion protein homo-
zygous for methionine at codon 129. L-type BSE trans-
mitted to the transgenic mice with no apparent barrier,
whereas C-type BSE had a substantial transmission bar-
rier; no transmission of the H-type was reported
[196, 197]. Transmission of L-type BSE to lemurs has
also been reported via intracerebral and oral challenges
and to cynomolgus macaques by intracerebral inoculation
[191, 198]. A comparison between the pathogenesis of
classic and atypical BSE is currently an area of active
research because this could have potential implications
for possible exposure to humans and animals [199-201].

5 Chronic Wasting Disease
and Interspecies Transmission

CWD was first identified in the late 1960s as a fatal wasting
syndrome of captive mule deer in research facilities in
Colorado and subsequently in a similar facility in Wyoming.
It was not recognized as a spongiform encephalopathy until
1977 [202, 203]. CWD was recognized as a disease of free-
ranging animals in the early 1980s, and by the mid-1990s, its
endemic occurrence was reported in deer and elk in a con-
tiguous area in northeastern Colorado and southeastern
Wyoming. Mule deer, white-tailed deer, and Rocky Mountain
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elk are the major known natural hosts for CWD [204]. In
2005, a hunter-killed moose was confirmed with CWD in
Colorado, suggesting that this member of the deer family is
also a natural host. As of December 2013, CWD has been
identified in free-ranging cervids in 18 US states (Fig. 47.5)
and 2 Canadian provinces and in greater than 100 captive
herds in 15 states and provinces in North America.

The occurrence of CWD in free-ranging animals is
spreading to wider geographic areas, and prevalence is
increasing in many CWD endemic locations. Parts of
Wyoming now have CWD prevalence rates approaching
50 % in mule deer, and prevalence in areas of Colorado and
Wisconsin is less than 15 % in deer. The prevalence of CWD
in elk is generally lower than in deer but can reach 10 % in
parts of Wyoming. Known risk factors for CWD include sex
and age of the animals, with adult male deer having the high-
est disease prevalence [203, 205]. Polymorphisms in the
prion protein gene correlate with the incidence of CWD in
deer and elk but remain less understood than the strong
genetic influence described for scrapie in sheep [206-209].
The long-term effects of CWD infection on the dynamics of
cervid populations are unclear. Epidemiologic modeling
studies have predicted that CWD infection could have nega-
tive effects on the density of free-ranging cervid populations.
These long-term effects may be influenced by variations in
hunting management practices and persistence of the CWD
agent in the environment [210, 211]. CWD infection in free-

Fig.47.5 Chronic wasting disease among free-ranging cervids by county, the United States, July 2012
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ranging mule deer has been associated with large decreases
in cervid populations in Boulder, Colorado, an area with a
high rate of CWD infection [205]. Consistent with the clini-
cal manifestations of the disease, deer with CWD are weaker
and are preyed upon by mountain lions more readily than
healthy deer [205]. They are also more likely to be involved
in collisions with vehicles, further contributing to thinning of
cervid populations [212].

5.1 CWD Transmission in the Natural Host
Horizontal transmission of the CWD agent is a major mecha-
nism of disease spread in the wild. CWD prions can enter the
environment through shedding from diseased animals and
from decomposing carcasses. The CWD agent is shed from
infected deer in urine, feces, saliva, blood, and antler velvet,
and shedding can occur during the preclinical phase of CWD
or from clinically affected animals [213, 214]. CWD prions
are present in many organs and tissues of an infected cervid,
including skeletal muscle, cardiac muscle, fat, lymphoid tis-
sues, and peripheral and central nervous system tissues [209,
215, 216]. Ingestion is an effective route of CWD agent trans-
mission among cervids and lesions in the oral cavity can facili-
tate entry of the agent enhancing the transmission of CWD
[217, 218]. Prions bind to a range of soils and soil minerals
and retain the ability to replicate [219-223]. Ingestion and
inhalation of soil by cervids has been hypothesized to play an
important role in CWD transmission [224, 225]. Nasal inocu-
lation has been shown to be an efficient route of prion trans-
mission [226, 227]. Consistent with the role of the environment
in CWD transmission, exposure of CWD-naive deer to drink-
ing water, feed buckets, and bedding used by CWD-infected
deer resulted in the naive deer developing CWD [228].

5.2 Interspecies CWD Transmission

Human prion disease with evidence of a link with CWD has
not been identified despite several epidemiologic investiga-
tions of suspected cases [202, 229-232]. Consistent with this
observation, in vitro prion conversion assays indicate that
the efficiency of human PrPC conversion by CWD prions
is low. In addition, transgenic mice expressing human PrP¢
are not susceptible to CWD infection [233-235]. However,
the CWD agent has been transmitted to squirrel monkeys by
intracerebral and oral routes of inoculation, while cynomol-
gus macaques, which are genetically closer to humans, are
resistant to CWD infection [236]. Transmission of CWD
to non-cervid species has not been observed under natural
conditions. Raccoons, opossums, and coyotes who may
scavenge CWD-infected carcasses have not been shown to
be infected with CWD in Wisconsin [237]. Transmission
of CWD to cattle has not been observed in experimentally
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controlled environmental exposure studies [209]. However,
CWD has been transmitted to cattle, sheep, goats, mink,
ferrets, voles, and mice by intracerebral inoculation [209,
238-240]. Limitations of the aforementioned negative trans-
mission studies include the small number of animals inocu-
lated, which would be unlikely to identify low transmission
rates, and the fact that strain variations have not been fully
accounted for. Compelling evidence suggests the exis-
tence of distinct CWD strains which may influence host
range, pathogenicity, and the zoonotic potential of CWD
[241-243]. Currently, knowledge about the natural distri-
bution and prevalence of CWD strains in free-ranging cer-
vids is very limited. Interactions of the CWD agent with the
environment particularly soil may alter CWD strain proper-
ties or exert selective pressure on different strains, further
complicating the interpretation of CWD transmission stud-
ies [219]. Although the negative transmission studies pro-
vide reassurance indicating the existence of a substantial
species barrier protecting humans from CWD transmission,
the animal model studies should be interpreted with cau-
tion. Epidemiologic surveillance is ongoing to monitor the
zoonotic transmission of CWD to individuals who hunted
in areas where the disease has been endemic for decades.
Although these studies have not detected any evidence of
CWD transmission to humans, long-term follow up is neces-
sary because of the long incubation period associated with
any potential zoonotic transmission.

6 Prion Diseases of Humans Associated
with Genetic Mutations

One of the intriguing properties of prion diseases in humans
is the fact that they can be both infectious and heritable. The
inherited or genetic forms of prion diseases are associated
with insertion, deletion, or point mutations of the open read-
ing frame of the prion protein gene [113, 244]. At least 24
different point mutations of the prion protein gene have been
described in association with human prion diseases
[113, 245]. These genetic prion diseases have widely varying
clinical and neuropathologic manifestations and account for
10-15% of prion diseases in humans. Historically, genetic
forms of prion diseases, in part based on their phenotypical
expression, are classified as familial CJD, GSS, and FFIL
They mostly follow an autosomal dominant inheritance pat-
tern and have high penetrance. Beginning in 1989, many
types of insertion mutations associated with markedly hetero-
geneous phenotypes have been reported in familial clusters.

6.1 Familial CJD

Patients with familial CJD generally have clinicopathologic
phenotype similar to sporadic CJD. The disease has a
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dominant inheritance pattern, and over half of affected fam-
ily members carrying the mutation eventually die of CJD [2].
Familial CJD has been reported among family clusters in
many countries, including from Canada, Europe, Japan,
Israel, the United States, and several Latin American coun-
tries [2, 113, 244, 246-250]. The largest familial cluster was
reported among Jews of Libyan and Tunisian origin, in rural
Chile, and in Slovakia. It is most frequently associated with
a mutation substituting glutamic acid with lysine at codon
200 of the prion protein gene. Arguably, familial CJD associ-
ated with codon 200 mutation is the most common heritable
form of prion disease in humans. Perhaps the next relatively
common form of familial CJD is associated with a mutation
at codon 178 substituting aspartic acid with asparagine. This
mutation has been reported in families originating from
England, Finland, France, Hungary, and the Netherlands
[245, 251]. A pedigree analysis of the original Finish family
indicated that codon 178 mutation could have a disease pen-
etration rate of 100 % [252]. Familial CJD with codon 178
mutation occurs when the mutant allele coding for aspara-
gine at codon 178 also codes for valine at codon 129 [2, 253].
Compared with sporadic CJD patients, familial CJD patients
with codon 178 mutation tend to have illness onset at an ear-
lier age (mean, 46 years). About 12 other less frequent muta-
tions with phenotypical expressions resembling familial CJD
have been reported from many countries.

Gerstmann-Straussler-Scheinker
Syndrome

6.2

GSS bears the names of the three physicians who first
described the disease in 1936 [56]. The original Austrian
family spanning many generations reported by these physi-
cians was later shown to carry the codon 102 mutation,
which we now know is the most common form of GSS. Since
its first report, the term GSS is used to describe a heteroge-
neous group of inherited human prion diseases that are char-
acterized by a long duration of illness (median: ~5 years but
sometimes exceeding 20 years) and the presence of numer-
ous PrP-amyloid plaques, primarily in the cerebellum.

At least 13 different types of prion protein gene mutations
or a combination of mutations in at least 56 kindred or fami-
lies have been reported in association with the GSS pheno-
type. Familial clusters with the GSS phenotype have been
reported from Canada, Europe, Japan, Israel, Mexico, and
the United States [2, 245]. Many of the GSS mutations are
associated with a greater degree of variability in the disease
phenotype than other inherited forms of prion diseases. The
most frequent GSS mutation results in a substitution of leu-
cine for proline at codon 102 of the prion protein gene and is
coupled with methionine at the polymorphic codon 129 of
the mutant allele [254]. Patients with this mutation com-
monly manifest with cerebellar dysfunction, including ataxia
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and dysarthria, movement disorders, and possibly dementia
and akinetic mutism. In some patients with the GSS 102
mutation, the illness can last for up to 6 years.

GSS with codon 105 mutations substituting proline for
leucine or serine has been reported in several Japanese fami-
lies. Patients predominantly have spastic paraparesis associ-
ated with cerebellar dysfunction and dementia and a
neuropathologic picture of numerous amyloid plaques with
neurofibrillary tangles and absence of spongiform changes.
A large US family of German descent followed up for
decades with an illness resembling GSS has been shown to
have a mutation at codon 117 substituting alanine for valine
[255]. Patients in this family cluster predominantly presented
with dementia and pyramidal and extrapyramidal signs with
minimal signs of cerebellar dysfunction. Arguably the larg-
est and perhaps most studied family cluster with GSS was
identified in the US state of Indiana with over 70 affected
family members identified over 6 generations, and a total of
over 1,000 family members involved in the investigation
[256-263]. Many patients in this cluster had a mutation at
codon 198 substituting phenylalanine for serine. At least six
additional mutations of the prion protein gene have been
reported in patients manifesting with a phenotype resem-
bling GSS.

6.3 Fatal Familial Insomnia

The name FFI was first used in 1986 to describe a patient
who predominantly presented with insomnia and auto-
nomic dysfunction and had a history of other family mem-
bers in several generations who had died of a similar illness
[264-266]. Neuropathologic studies in FFI predominantly
show marked involvement of the thalamus, resulting in a
clinical phenotype characterized often by intractable
insomnia and autonomic nervous system dysfunction,
including abnormalities in temperature regulation,
increased heart rate, hypertension, and sexual and urinary
dysfunction [266-272]. The neuropathologic lesions are
more severe in the thalamus than other regions of the brain.
FFI is primarily associated with a mutation at codon 178 of
the prion protein gene resulting in a substitution of aspartic
acid with asparagine in combination with methionine at the
polymorphic codon 129 of the mutant allele. The mutation
seems to follow an autosomal dominant inheritance pattern.
FFI has been identified in Australia, Canada, Japan, the
United States, and several European countries. Recently,
patients with no prion protein gene mutations but having
clinical and pathologic manifestations indistinguishable
from that seen in FFI patients have been reported. These
seemingly sporadic cases with no family history of a simi-
lar disease are now recognized as sporadic fatal insomnia
(sFI) and are classified as one of the subtypes of sporadic
CID [273, 274].
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6.4 Codon 129 Polymorphism

The prion protein gene in humans exhibits a polymorphism at
codon 129 which codes either for methionine or valine.
Approximately 40 % of predominantly Caucasian popula-
tions are homozygous for methionine, 50% heterozygous
with methionine and valine, and 10 % homozygous for valine.
Methionine and valine homozygosity seem to be overrepre-
sented among sporadic CJD (84 %) and hGH-associated CJD
(67 %) patients, indicating that it may influence disease sus-
ceptibility in some individuals [121]. To date, all variant CID
patients who have been tested are homozygous for methio-
nine at codon 129 [180, 181]. Heterogeneity at codon 129
seems to be protective against CJD, but when disease occurs
the incubation period is usually prolonged in some iatrogenic
CJD patients. The polymorphism also markedly influences
the clinicopathologic phenotype of sporadic CJD and several
inherited prion diseases. The most striking example of this
influence is the phenotype associated with codon 178 muta-
tion that substitutes aspartic acid with asparagine. Patients
who have this mutation in combination with methionine on
the mutant allele at codon 129 present with the FFI pheno-
type, whereas patients who have valine at codon 129 of the
mutant allele present with the familial CJD phenotype [253].
The codon 129 polymorphism may also influence the age at
onset and duration of illness in some prion diseases.

7 Scrapie

Scrapie was first reported in the 1730s in England but has
been identified in many countries since then. Although it was
recognized as a distinct clinical entity of sheep over 250 years
ago, many aspects of the disease including its natural origin
in flocks and the precise means by which it usually spreads
remain uncertain. Experimentally, the disease was first trans-
mitted by intraocular inoculation of scrapie brain extracts.
Scrapie transmission may occur by different postulated
mechanisms. A commonly cited source of transmission, for
example, is the placenta and amniotic fluid of scrapie-
infected ewes. These tissues are known to harbor the infec-
tious agent and can cause scrapie when fed to other sheep.
They may contaminate pastures and barns that, in turn, may
remain potentially infectious for years. Another possible
source of spread is feces because prion replication occurs in
gut lymphoid tissues after oral inoculation in sheep and
goats. The importance of oral transmission is supported by
experimental studies that detected prions in sheep tonsils
examined early during the incubation period. Other poorly
defined scrapie transmission mechanisms include: (a) the
vertical transfer of the scrapie agent and (b) the possible
chance occurrence of scrapie caused by hypothesized rare,
spontaneous changes in the animal’s cellular prion protein.
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Scrapie occurs endemically in many countries, including in
Europe and North America. Australia and New Zealand have
sizable sheep populations but are generally recognized as free of
the disease. To protect their “scrapie-free” status, these coun-
tries have established extensive safeguards to prevent the intro-
duction of scrapie into their herds from imported animals.

The breed of sheep and polymorphisms of the prion protein
gene can greatly influence susceptibility to scrapie [275-277].
Experimental transmissions with scrapie-infected tissues, for
example, have confirmed the differing susceptibility to scrapie
of different breeds of sheep. Other studies of Suffolk sheep in
the United States indicated that susceptibility to scrapie was
highly correlated with a polymorphism in the prion protein
gene at codon 171 (glycine or arginine); the presence of argi-
nine confers resistance to the disease [278, 279].

7.1 Atypical Scrapie

A new prion disease of sheep was identified in Norway in
1998 (Nor98) and has since been identified in several coun-
tries worldwide [280-287]. This new form, commonly
referred to as atypical scrapie, differs from the classic form of
scrapie in several important ways. The electrophoretic migra-
tion of Nor98/atypical scrapie PrP% is characterized by lower
molecular weight PrPS species than that of the classic form
[288, 289]. The distribution of PrP* in sheep infected with
Nor98/atypical scrapie is largely localized to the CNS in con-
trast to classic forms of scrapie that have a more widespread
distribution. Interestingly, Nor98/atypical scrapie is mainly
found in sheep with prion protein genotypes that correspond
with relative resistance to the classic strains of scrapie [290—
293]. Atypical scrapie occurs in older animals compared to
classic forms of scrapie, and the incidence of disease is simi-
lar in infected flocks compared to the general population, sug-
gesting that animal-to-animal transmission is not a prominent
feature of Nor98/atypical scrapie [281, 294-296].

The etiology of Nor98/atypical scrapie is unclear. The pre-
dominance of PrP%¢ distribution in the CNS, the occurrence of
disease in older animals, and the lack of clear evidence of ani-
mal-to-animal transmission have led to the hypothesis that
Nor98/atypical scrapie may be a spontaneous prion disease
with an etiology similar to sporadic CJD [281]. In addition,
transmission of Nor98/atypical scrapie to transgenic mice
expressing ovine prion protein produces a disease phenotype
that is distinct from BSE-infected mice suggesting that Nor98/
atypical scrapie is not due to transmission of BSE to sheep
[285, 297, 298]. However, recent data indicate that Nor98/
atypical scrapie is experimentally transmissible via oral inocu-
lation and that extraneural tissues that are PrP% negative as
assessed by immunodetection techniques contain significant
amounts of prion infectivity when tested using animal bioas-
says [299]. The implications of these findings are twofold.
First, the conditions exist for transmission of Nor98/atypical
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scrapie between individual animals (peripheral distribution of
agent and oral susceptibility) suggesting that a spontaneous eti-
ology is not the only mechanism of disease occurrence. Second,
disease surveillance is based on immunodetection of PrPS;
therefore, the incidence of disease may be underreported.
Clearly much work is needed to resolve the etiology and trans-
mission history of this newly emerging prion disease of sheep.

8 Diagnostic Tests for Prion Diseases

In general, infecting prions can be detected in high concentra-
tions in central nervous system tissues, particularly the brain.
Their presence outside of the brain in peripheral tissues varies
by the host species and infecting prion strains. In many prion
diseases, confirmatory diagnosis requires testing of brain tis-
sues by one of the widely used diagnostic methods, including
histopathology using H&E staining, immunohistochemistry
after labeling with antibodies directed to certain epitopes of
the prion molecule, Western blot techniques, or rapid diagnos-
tic tests developed for BSE screening such as prionics and bio-
rad. Most of these diagnostic methods require protease
digestion of biological samples to degrade native PrP¢ that
could interfere with the test results. They rely on the resistance
of PrP% to protease digestion to detect its presence. In con-
trast, confirmation-dependent immunoassay (CDI), a test
developed by researchers at University of California, San
Francisco, does not rely on the protease-resistant nature of
PrP*¢ to be used as a diagnostic tool [300, 301]. The high-
affinity antibodies used in CDI recognize confirmation-depen-
dent epitopes of PrP* to distinguish it from that of PrPC.

8.1 Prion Amplification in In Vitro Systems

Current prion diagnostic tests, such as immunohistochemis-
try and Western blot, mainly rely on the immunodetection of
endogenous PrP% that is present in the host. They are very
specific in the diagnosis of prion diseases but have limited
sensitivity of detection of low amounts of PrP%. The ability to
detect low amounts of PrPS would allow for an earlier diag-
nosis of prion diseases and potentially from easily accessible
tissues (e.g., blood) that may harbor low levels of PrP% com-
pared to the brain. Recent promising studies have developed
in vitro means of prion conversion that allow for the amplifi-
cation of low levels of PrP% to an abundance that is in the
range of detection of current immunodetection technologies.
In these in vitro systems, the natural properties of prions to
recruit and convert PrPC are exploited by mimicking the in
vivo prion replication process to amplify and detect even min-
ute amounts of prions in biological samples [302]. Byron
Caughey and colleagues first demonstrated in a cell-free sys-
tem that PrP€ could be converted to a PK-resistant form in the
presence of PrPS¢ [303, 304]. This cell-free conversion assay
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was useful for understanding the nature of the prion agent,
prion strain properties, and the species barrier effect [303].
Cell-free conversion reactions were not very efficient; there-
fore, such assays had limited ability to be used as diagnostic
tools for prion diseases. Claudio Soto and colleagues subse-
quently developed a system they termed protein misfolding
cyclic amplification (PMCA) to increase the efficiency of in
vitro conversion assays [305-308]. PMCA utilizes incubation
of uninfected brain homogenate that contains PrP¢ with a bio-
logical sample that contains PrPS resulting in the conversion
of PrP€ to PrP%. The PrP*° acts like a seed and elongates into
an oligomer by attracting PrP® molecules and incorporating
them into the growing oligomer. The rate of conversion is
limited by the availability of seeds actively recruiting PrPC.
To accelerate the process, a sonication step was introduced to
fragment the growing oligomer into smaller units that would
serve as multiple seeds to recruit even more PrPC, thereby
amplifying the conversion reactions. Serial rounds of incuba-
tion and sonication result in a highly efficient in vitro conver-
sion process [307]. PMCA has been shown to amplify PrP5
from samples containing a single infectious dose to levels that
are easily detectible by Western blot analysis. Real-time
quacking-induced conversion (RTQuIC) is a modification of
PMCA methodology and utilizes recombinant PrP¢ that has
single PrPS molecule sensitivity and detects PrP5° using thio-
flavin T fluorescence resulting in real-time detection of PrPs
formation allowing for a more rapid assay [303, 304, 309,
85]. Other promising in vitro technologies include the amy-
loid seeding assay and the surround optical fiber immunoas-
say. As with all other highly sensitive diagnostic tests (e.g.,
PCR), care must be taken to minimize contamination, and in
an aspect that is unique to prion diseases, the spontaneous
conversion of PrP¢ to PrP5¢ must be controlled for. With these
controls in place, PMCA, RTQuIC, and other tests developed
using similar methodologies have the potential to be highly
sensitive and accurate prion diagnostic tests.
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