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Sporadic and Infectious Human Prion Diseases
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Human prion diseases are rare neurodegenerative diseases that have become the subject of
public and scientific interest because of concerns about interspecies transmission and the
unusual biological properties of the causal agents: prions. These diseases are unique in that
they occur in sporadic, hereditary, and infectious forms that are characterized by an extended
incubation period between exposure to infection and the development of clinical illness.
Silent infection can be present in peripheral tissues during the incubation period, which
poses a challenge to public health, especially because prions are relatively resistant to
standard decontamination procedures. Despite intense research efforts, no effective treat-
ment has been developed for human prion diseases, which remain uniformly fatal.

uman prion diseases are clinically and
Hepidemiologically diverse, but are linked
by shared neuropathological features, includ-
ing spongiform degeneration, astrocytic gliosis,
and neuronal loss, sometimes associated with
amyloid plaques. These histological changes
are caused by the deposition of a posttransla-
tionally modified form of a normal host pro-
tein, prion protein (PrP®). This modified pro-
tein, PrP%, is disease-specific and is the major
(if not the sole) component of the transmissible
agent in human and animal prion diseases. The
identification of PrP* by immunohistochemi-
cal and biochemical techniques is a key com-
ponent of the tissue-based diagnosis of prion
diseases.

The archetypal human prion disease is
sporadic Creutzfeldt—Jakob disease (sCJD),
which was first identified in 1920 (Creutzfeldt
1920; Jakob 1921), and was regarded as a rare,
atypical form of dementia until it was shown in

1968 (Gibbs et al. 1968) to be experimentally
transmissible to primates by intracerebral inoc-
ulation. This finding followed the earlier trans-
mission of kuru to primates in 1966 (Gajdusek
et al. 1966), which was the first demonstration
that degenerative disorders might be caused
by infectious agents. This seminal discovery
prompted a search for the source of infection
in sCJD through epidemiological studies, but
these analyses have not identified any consistent
risk factor for the development of this disease
(de Pedro Cuesta et al. 2012).

The occurrence of acquired cases of CJD
caused by previous medical or surgical treat-
ments, such as with human pituitary hormones
(Brown et al. 2000), led to awareness of the po-
tential public health implications of diseases
with extended incubation periods and a fatal
outcome. Public and regulatory concern about
these disorders has increased with the identifi-
cation of variant CJD (vCJD) as a zoonosis
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causally linked to bovine spongiform encepha-
lopathy (Will et al. 1996), although the decline
in the annual numbers of these cases (Will
2010) has been paralleled by a waning of general
interest; however, there are many residual un-
certainties, and it may be premature to dismiss
all concerns for public health.

SPORADIC HUMAN PRION DISEASES
Sporadic CJD
Epidemiology

Sporadic CJD is rare, with mortality rates of
approximately 1.5 cases per million per annum
in systematic national surveys (Fig. 1) (Lado-
gana et al. 2005). Lower rates in some countries

probably reflect limited case ascertainment, and
higher rates in a few smaller countries may in-
dicate that the true mortality rates are higher.
However, small changes in annual case numbers
may result in fluctuations in mortality in small
populations.

Sporadic CJD has been identified worldwide
(Will 2014), and the distribution of cases within
individual countries or regions is random (Cou-
sens et al. 1997), with no good evidence of
space—time clustering to indicate an environ-
mental source of infection. This observation is
consistent with case-control studies of risk fac-
tors for the development of disease, which have
been largely negative, with positive findings like-
ly reflecting methodological biases rather than
true biological risk factors (de Pedro Cuesta et al.

Figure 1. Mean annual mortality rates for sporadic Creutzfeldt—Jakob disease (sCJD) in Europe (periods of

surveillance, 8—21 years).
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2012). The exceptions are an increased frequen-
cy of sCJD in patients with a history of prior
surgery (de Pedro Cuesta et al. 2011), although
this is not consistent in all studies (Ward et al.
2008). There is no evidence of an increased
risk through working, for example, in medical
or paramedical occupations (Alcalde-Cabero
et al. 2012), or related to social contact with
affected patients. There is strong, but not defin-
itive, evidence that sCJD is not transmitted
from person to person through blood transfu-
sion (Dorsey et al. 2009; Puopolo et al. 2011).

The epidemiological evidence strongly sug-
gests that sCJD is not acquired from an external
infectious source. This agrees with the favored
hypothesis that sCJD develops as a result of a
random conversion of normal prion protein to
the disease-associated form, which accumulates
through autocatalysis and eventually results in
neuronal death and the development of clinical
disease.

Clinical Features and Investigations

The classical clinical features of sCJD are rapid-
ly progressive dementia, ataxia, and myoclonic
involuntary movements (Table 1) (Will 2002).

Table 1. Symptoms and signs in sporadic
Creutzfeldt—Jakob disease (sCJD) (pathologically
confirmed) by codon 129 genotype

MM MV (A%
Symptoms and (n=119) (n=45) (n=232)
signs % % %
Forgetfulness 98 100 100
Gait disorder 98 93 100
Language 61 49 44
disturbance
Behavioral 54 36 22
symptoms
Visual 50 31 56
impairment
Cognitive 99 100 100
impairment
Myoclonus 95 93 91
Ataxia 64 76 94
Spasticity 62 38 44
Akinetic mutism 59 27 22

Data adapted from Chohan (2013).

Sporadic and Infectious Human Prion Diseases

The evolution of multifocal neurological fea-
tures over days or weeks distinguishes typical
cases of sCJD from more common forms of
dementia. However, early diagnosis is difficult
because cases may present initially with isolated
syndromes such as cerebellar ataxia (Cooper
etal. 2006), cortical visual impairment (Cooper
etal. 2005), or with acute deficits reminiscent of
stroke (McNaughton and Will 1997). The mean
duration of illness in sCJD is 4 months, but
there are atypical cases with a more protracted
clinical course and/or unusual clinical features
such as pure cognitive impairment (Brown et al.
1984).

The heterogeneity of clinical presentation is
linked to variations in the genotype at codon
129 of the prion protein gene (PRNP) and the
type of prion protein deposited in the brain.
The division of sCJD into six subtypes based
on these variables (codon 129 genotypes
[MM, MV, and VV] and prion protein types 1
and 2) largely correlates with variations in phe-
notype, including age at onset of symptoms
(Table 2) (Parchi et al. 1999). The MM1 form
presents with the classical phenotype and a me-
dian age at onset of 66 years, whereas the other
forms have atypical clinical features and an ear-
lier age at onset, notably the VV1 subtype.

Specialist investigations contribute to the
diagnosis of sCJD. Triphasic periodic complexes
on the electroencephalogram (EEG) are virtu-
ally diagnostic of sCJD, as these changes occur
only rarely in other conditions (Zerr et al. 2000).
The sensitivity of this investigation has dropped
significantly in recent years, probably because
the EEG has largely been replaced by other
tests. Magnetic resonance imaging (MRI) shows
high signal in the caudate, putamen, and/or
cortex on diffusion-weighted imaging (DWI)
in perhaps 80% of cases, including some of
the atypical subtypes (Fig. 2) (Meissner et al.
2009a). The cerebrospinal fluid (CSF) assay
for 14-3-3 protein has limited specificity but
is diagnostically useful in the appropriate clin-
ical context (Green et al. 2007). Real-time quak-
ing-induced conversion (RT-QulIC) amplifica-
tion of CSF prion protein promises to be an
important advance in the diagnosis of sCJD
because of a remarkably high sensitivity and
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Table 2. Subtypes of sporadic Creutzfeldt—Jakob disease (sCJD) classified by PRNP codon 129 genotype and

protease-resistant prion protein (PrP™) type

Median  Median Patterns of prion protein
age at duration (PrP) deposits on
Frequency  onset  ofillness Typical neuropathological  immunohistochemistry
Subtype (%) (years)  (months) features (see Fig. 4) (see Fig. 5)
MM1 57 66 3 Microvacuolar spongiform Synaptic, granular
MV1 6 73 5 change: cerebral cortex
(frontal and occipital
lobes), thalamus,
cerebellum
VV1 2 53 10 Microvacuolar spongiform Synaptic, with pale
change: cerebral cortex staining
(frontal lobe),
entorhinal cortex, basal
ganglia
MM2 cortical 7 52 17 Confluent spongiform Perivacuolar
change: cerebral cortex,
entorhinal cortex
MM2 <1 53% 16*  Patchy spongiform change: Synaptic, granular
thalamic (also cerebral cortex,
known as entorhinal cortex,
sporadic fatal cerebellum; marked
insomnia) anterior and medial
thalamic gliosis and
neuronal loss
MV2 14 65 11 Microvacuolar/confluent ~ Kuru plaques in
spongiform change: cerebellum; synaptic
cerebral cortex, and plaque-like
entorhinal cortex, deposits elsewhere
hippocampus, basal
ganglia, thalamus;
kuru-type plaques in
cerebellar cortex
Vv2 14 66 6 Microvacuolar/confluent ~ Synaptic, perineuronal,

plaque-like, especially
in the cerebellum

spongiform change:
cerebral cortex layer 3,
hippocampus, basal
ganglia, thalamus;
cerebellum severely
involved, with neuronal
loss, gliosis, and atrophy

Data from the UK National Creutzfeldt—Jakob Disease Research and Surveillance Unit is adapted from Ironside et al.

(2008). Cases with mixed PrP™ types are not included.
"Data derived from a single case.

specificity (Fig. 3) (McGuire et al. 2012). Olfac-
tory mucosa biopsy combined with RT-QuIC
has a similar utility, but requires expertise to
obtain appropriate specimens (Orra et al.
2014).
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Pathology/Protein Biochemistry

Macroscopic examination of the brain in cases
of sCJD usually shows only age-related changes
(Ironside et al. 2008). In contrast to most other
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Figure 2. Magnetic resonance imaging (MRI) brain
scan in sporadic Creutzfeldt—Jakob disease (sCJD):
Arrows indicate high signal in the caudate, putamen,
and occipital cortex.

neurodegenerative diseases, the hippocampus
is usually spared. Some cases with a long dura-
tion of illness show marked cerebral and cere-
bellar atrophy; in severe cases, this is accompa-
nied by secondary degeneration of the cerebral
white matter, referred to as panencephalopathic
CJD (Jansen et al. 2009). Cerebellar atrophy,
most evident in the superior vermis, is present
in some cases of sCJD, particularly the VV2
subtype.

The neuropathology of sCJD is character-
ized by spongiform change, reactive gliosis in-
volving microglia and astrocytes, and the ac-
cumulation of PrP% (Ironside et al. 2008).
These abnormalities vary in severity and dis-
tribution in the brain, not only between the
different sCJD subtypes but also within a sin-
gle case (Fig. 4) (Parchi et al. 1996). Spongi-
form change comprises multiple rounded vac-
uoles in the gray matter, varying from 2 to 20
pm in diameter in microvacuolar spongiform
change found in the MM1/MV1 subtypes
to larger vacuoles in confluent spongiform
change in the MM2 cortical subtype (Fig. 4)
(Parchi et al. 1999). Status spongiosis compris-
es numerous large, coarse vacuoles in the gray

Sporadic and Infectious Human Prion Diseases

matter with extensive neuronal loss, severe
gliosis, and collapse of the cortical cytoarchi-
tecture, particularly in panencephalopathic
sCJD. PrP% accumulates in various forms in
sporadic CJD, for example, synaptic/granular
deposits in the MM1/MV1 subtypes, periva-
cuolar accumulation in the MM2 cortical sub-
type (Fig. 4), perineuronal accumulation in the
VV2 subtype, and kuru-type amyloid plaques
in the MV2 subtype (Fig. 5) (Parchi et al.
1999). PrP*¢ has also been detected in extra-
neural tissues in sCJD, including the pituitary
gland, peripheral nerves, and, as a rare event,
in the spleen (Glatzel et al. 2003; Head et al.
2004; Peden et al. 2007).

Unfixed brain tissue homogenates from
cases of suspected prion disease can be exam-
ined by Western blotting for the presence of
PrP*¢. Controlled proteolysis of homogenates
with enzymes such as proteinase K (PK) digests
PrPC and results in N-terminal truncation of
PrP%, yielding a protease-resistant fragment
known as PrP™, which occurs in di-, mono-,
and unglycosylated forms (Ironside et al. 2008).
In CJD, the unglycosylated form of PrP™ shows
two distinct patterns of electrophoretic mobili-
ty, which are termed type 1 and type 2. Type 1
has a relative molecular mass of 21 kDa and a
primary PK cleavage site at residue 82, whereas
type 2 has a relative molecular mass of 19 kDa
and a primary PK cleavage site at residue 97
(Parchi et al. 1997). Accordingly, PrP™ bio-
chemical types can be subclassified according
to differences in the molecular mass of the un-
glycosylated band (fragment size) and the gly-
cosylation ratio (relative abundance of the three
PrP™ glycoforms); this forms the basis of mo-
lecular subtyping in human prion diseases
(Fig. 6) (Parchi et al. 1999).

The six subtypes of sCJD, defined according
to the PRNP codon 129 genotype and PrP™
type (MM1/MV1, MM2 cortical, MM2 tha-
lamic, MV2, VV1, and VV2), have characteristic
differences in their neuropathological features
(Figs. 4 and 5) (Parchi et al. 1999). Table 2 sum-
marizes the predominant clinical and neuro-
pathological features of these sCJD subtypes.
However, not all sCJD cases exhibit these char-
acteristic features, and atypical cases are recog-
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Figure 3. Real-time quaking-induced conversion (RT-QuIC) on cerebrospinal fluid (CSF) in sporadic Creutz-
feldt—Jakob disease (sCJD): relative fluorescence with time.

nized in terms of both clinical and neuropath-
ological findings (Ironside et al. 2005). Recently,
the co-occurrence of mixed PrP™ types (e.g.,
types 1 and 2) in individual cases of sCJD has
been recognized in ~30% of cases, which has
necessitated review of the classification system
described above (Parchi et al. 2009); the vari-
ability of phenotype in sCJD may also be linked
to different causative prion strains (Bishop et al.
2010; Moda et al. 2012).

Variably Protease-Sensitive Prionopathy

Variably protease-sensitive prionopathy (VPSPr)
is a recently identified human prion disease,
first described in the United States in 2008
(Gambetti et al. 2008). Cases have also been
identified in Europe (Head et al. 2013). VPSPr
is an idiopathic disorder; patients do not appear
to have any risk factors for acquired prion dis-
ease, and no mutations in the PRNP coding
sequence have been identified in the cases de-
scribed to date. VPSPr occurs in all three PRNP
codon 129 genotypes but, in contrast to sCJD,
most cases have occurred in individuals carry-
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ing the VV genotype, followed by the MV and
MM genotypes (Zou et al. 2010).

The clinical features of VPSPr are less stereo-
typed than those of sCJD; most patients are in
the seventh decade or older, with a lengthy clinical
history (usually >2 years) in which a variety of
movement disorders, extrapyramidal signs, cer-
ebellar ataxia, and cognitive impairment occur,
but rapidly progressive dementia is uncommon
(Zou et al. 2010). Clinical diagnostic criteria for
VPSPr remain to be defined, and the precise in-
cidence of this disorder is uncertain; retrospec-
tive review in the United Kingdom by the Na-
tional CJD Research and Surveillance Unit. The
National CJD Research and Surveillance Unit
suggests that it is much rarer than sCJD, but is
likely to be under-ascertained (Head etal. 2013).

VPSPr is a spongiform encephalopathy,
with intermediately sized vacuoles in the gray
matter of the cerebral cortex, basal ganglia, thal-
amus, and cerebellar cortex (Gambetti et al.
2008). However, the characteristic neuropatho-
logical feature is the presence of microplaques
that often appear in a “target” arrangement and
are particularly common in the cerebellar mo-
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Figure 4. Neuropathology of sporadic Creutzfeldt—Jakob disease (sCJD) subtypes: (A,B) MM1/MV1; (C,D)
MM2; and (E,F) sporadic fatal insomnia. (A) The frontal cortex in the MM1 and MV1 subtypes shows micro-
vacuolar spongiform change. Hematoxylin and eosin, x40. (B) PrP accumulates in the cerebral cortex in the
MM1/MV1 subtypes in a diffuse granular/synaptic pattern. 12F10 antibody, x40. (C) The frontal cortex in the
MM2 cortical subtype shows confluent spongiform change. Hematoxylin and eosin, x 20. (D) PrP accumulates
in the cerebral cortex in the MM2 cortical subtype in a dense perivacuolar pattern. 12F10 antibody, x 20. (E) The
thalamus in sporadic fatal insomnia (MM2 thalamic subtype) exhibits severe neuronal loss without significant
vacuolation. Hematoxylin and eosin, x40. (F) Marked thalamic gliosis in sporadic fatal insomnia is demon-
strated with an antibody to glial fibrillary acidic protein, x40.

lecular layer, particularly in the PRNP codon
129 VV genotype (Fig. 7) (Zou et al. 2010).
Microplaques may also occur in the thalamus,
basal ganglia, hippocampus, and cerebral cor-
tex. Immunohistochemistry for PrP shows
patchy diffuse labeling in the cerebral cortex,
whereas the microplaques show more intense
labeling and are periodic acid—Schiff (PAS)

positive. These neuropathological features are
quite distinct from those of the sCJD VVI1 and
VV2 subtypes (Fig. 5) (Parchi et al. 1999). The
presence of the M 129 allele modifies the neuro-
pathology of VPSPr, with larger plaques appear-
ing in the MM genotype (Zou et al. 2010).
The defining feature of VPSPr that gives this
disorder its name is the presence of PrP* in the
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Figure 5. Neuropathology of sporadic Creutzfeldt—Jakob disease (sCJD) subtypes: (A,B) VV1; (C,D) VV2; (E,F)
MV2. (A) Spongiform change in the temporal cortexin the VV1 subtype has vacuoles intermediate in size between
the MM1 and MM2 subtypes. Hematoxylin and eosin, x 40. (B) Prion protein (PrP) accumulates in the temporal
cortexinapatchy coarse granular patternin the VV1subtype. 12F10antibody, x 40. (C) Spongiform changeinthe
VV2 subtype is most marked in the molecular layer of the cerebellum. Hematoxylin and eosin, x20. (D) PrP
accumulates in the frontal cortex in a perineuronal /granular pattern in the VV2 subtype. 12F10 antibody, x 20.
(E). The pathological hallmark ofthe MV2 subtypeis the kuru-type plaque in the cerebellum, composed ofa dense
amyloid core with paler peripheral fibrils. Hematoxylin and eosin, x40. (F) PrP accumulates in the kuru-type
plaques and in a granular/synaptic pattern in the cerebellum of the MV2 subtype. 12F10 antibody, X 40.

brain that is poorly resistant to PK digestion,
yielding a characteristic 8-kDa amino- and car-
boxy-terminally truncated band in Western
blots, which is often accompanied by a faint
“ladder” of bands extending into the 18-
30 kDa range (Fig. 6) (Gambetti et al. 2008).
Some cases of VPSPr also show an sCJD-like
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type 2A pattern in the cerebellum, suggesting
molecular overlap with sCJD (Head et al.
2013). Recent studies have indicated that VPSPr
is poorly transmissible to transgenic mice, with
transmission characteristics that are markedly
different from those of sCJD (Diack et al.
2014; Notari et al. 2014).
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Figure 6. Western blot for protease-resistant prion protein (PrP™) in sporadic, iatrogenic, and variant Creutz-
feldt—Jakob disease (CJD) as well as in variably protease-sensitive prionopathy (VPSPr). (A) Schematic repre-
sentation of the PrP™ types recognized to characterize sporadic CJD (sCJD), iatrogenic CJD (iCJD), variant CJD
(vCJD), and VPSPr brain tissue. The typing scheme has two component parts, the mobility of the bottom
(nonglycosylated) fragment (type 1 at ~21 kDa and/or type 2 at ~19 kDa) and glycosylation site occupancy
(A, in which the middle, monoglycosylated band predominates, or B, in which the top, diglycosylated band
predominates). (B) Western blot analysis of brain tissue from the two most common subtypes of sCJD (MM1
and VV2),vC]D, and VPSPr. The VPSPrlane wasloaded with 10 times the amount of brain homogenateloaded in
the CJD lanes. (C) Western blot analysis of brain tissue from a case of human growth hormone (hGH) iCJD (VV),
flanked by samples of sCJD of the MM1 and VV2 subtypes. Typing of the sample is designated below each lane.

ACQUIRED HUMAN PRION DISEASES
Kuru

Kuru was first reported in the 1950s as a com-
mon neurological disorder occurring in the
isolated Fore tribe in the Eastern Highlands of
Papua New Guinea (for review, see Liberski
et al. 2012). It occurred most frequently in
women and children of both sexes as a progres-
sive ataxic syndrome with dysarthria, dyspha-
gia, and tremor followed by pyramidal and
extrapyramidal motor dysfunction. Cognitive
impairment and dementia were uncommon,
but emotional lability occurred in the later stag-
es of the illness. The mean duration of illness in
kuru was approximately 12 months.

The cause of kuru was unknown until
the neuropathological changes were noted to
resemble those of scrapie, a transmissible spon-
giform encephalopathy of sheep and goats
(Hadlow 1959). Kuru was experimentally
transmitted to primates in 1966, thereby be-
coming the first proven transmissible spongi-
form encephalopathy of humans (Gajdusek
et al. 1966).

Kuru occurred as an epidemic within the
Fore tribe; its transmission was associated with
ritualistic endocannibalism in the tribe, during
which the brain was most often handled or con-
sumed by women and children (Liberski et al.
2012). It has been proposed that kuru originat-
ed from the consumption of brain tissue from a
tribe member who had died with sCJD; this has
been supported by the findings of transmission
studies of kuru and sCJD to transgenic and
wild-type mice (Wadsworth et al. 2008). Kuru
declined after this ritual was discouraged in the
1960s and is now extinct. The youngest patient
with kuru was 5 years old, and the mean age at
death in the 1950s was approximately 49 years.
The age at death increased with time, and the
final patients in the early years of the 21st cen-
tury were >60 years old, with incubation peri-
ods of >40 years (Collinge et al. 2008). Kuru
occurred in patients of all PRNP codon 129 ge-
notypes; heterozygotes appear to have had sig-
nificantly longer incubation periods than ho-
mozygotes (Collinge et al. 2006).

The neuropathology of kuru resembled that
of sCJD (Neumann et al. 1964); a key feature in
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Figure 7. Neuropathology: (A,B) variably protease-sensitive prionopathy (VPSPr); (C,D) kuru; and (E,F) iatro-
genic Creutzfeldt—Jakob disease (iCJD). (A) The cerebellar molecular layer in VPSPr shows patchy spongiform
change. Hematoxylin and eosin, x 20. (B) Prion protein (PrP) accumulates in the cerebellar cortex in numerous
microplaques, one of the pathological hallmarks of VPSPr. 12F10 antibody, x 20. (C) The granular layer of the
cerebellum in kuru often contains characteristic plaques, with a dense amyloid core and pale peripheral fibrils.
Hematoxylin and eosin, x40. (D) PrP accumulates in the cerebellar plaques in kuru and in a patchy distribution
in the granular layer. KG9 antibody, x 20. (E) The cerebellum in iCJD in hGH recipients is atrophic, with marked
neuronal loss and gliosis. Hematoxylin and eosin, x 20. (F) PrP accumulates in the frontal cortex in iCJD in an
hGH recipient in a plaque-like pattern with widespread granular/synaptic positivity. 12F10 antibody, x 40.

many cases was the presence of amyloid plaques
with a solid core and radiating fibrils in the cer-
ebellar cortex, subsequently termed “kuru
plaques” (Fig. 7). Spongiform change occurred
in a variable distribution in the cerebral cortex,
basal ganglia, thalamus, and cerebellum. Cere-
bellar involvement was often severe, with signif-
icant neuronal loss and gliosis and secondary
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white matter degeneration. The neuropatholog-
ical features appear to have been influenced by
the PRNP codon 129 genotype, with kuru-type
plaques generally associated with the MV geno-
type. Only very limited information is available
onthe PrP™ isoformsin the brain in kuru, which
are reported to resemble those of the type 2
isoform found in sCJD (Brandner et al. 2008).
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latrogenic CJD
Epidemiology

The occurrence of CJD in relatively small co-
horts of individuals exposed to human tissues
in the course of medical treatment provides
strong circumstantial evidence of iatrogenic
transmission of this condition. CJD has oc-
curred in over 200 cases treated with human
pituitary hormones and similar numbers of re-
cipients of human dura mater grafts (Brown
et al. 2012). There have also been a few cases
of CJD causally linked to corneal grafts, depth
electrodes, and contaminated neurosurgical in-
struments (Table 3). The latter iatrogenic cases
are largely historical, but cases linked to human
growth hormone (hGH) and human dura ma-
ter grafts continue to occur, reflecting extended
incubation periods of up to 42 and 30 years,
respectively, although the numbers of such cases
are gradually declining overall.

The presumption is that tissues from sCJD
cases entered the production process and that
pooling of pituitary glands or dura mater grafts
led to dissemination of infection. The inci-
dence of hGH CJD varies by country, probably
in relation to the level of contamination enter-
ing the production process, whereas the rates
for dura mater CJD likely reflect the frequency
of use of this material in neurosurgery. Recom-
binant pituitary hormones and synthetic or au-
tologous grafts have largely replaced human-
derived treatments, and new iatrogenic ex-
posures through these exposures are unlikely
to occur.

Clinical Features/Investigations

The clinical presentation in iatrogenic CJD
(iCJD) varies according to the route of expo-
sure. Infection in or adjacent to the brain (e.g.,
via neurosurgical instruments or dura mater
grafts) leads to a clinical phenotype similar to
sCJD with a rapidly progressive dementia often
associated with ataxia and myoclonus. Follow-
ing peripheral exposure (e.g., through in-
jections of hGH), there is a progressive ataxic
syndrome, and cognitive impairment is a less
prominent and late feature, if it occurs at all

Sporadic and Infectious Human Prion Diseases

Table 3. Causes of iatrogenic Creutzfeldt—Jakob dis-
ease (iCJD)

Number of cases

Source of infection worldwide
Surgical instruments 4
Electroencephalogram (EEG) 2
Corneal transplant 2
Gonadotrophin 4
Growth hormone 226
Dura mater grafts 228
Packed red blood cells 3

Data adapted from Brown et al. (2012).

(Rudge et al. 2015). The mean survival in
hGH CJD is approximately 12 months, whereas
with other forms of iCJD, the duration of illness
is relatively short and similar to sCJD.

Although there is limited data, the investi-
gations in iCJD, including EEG, MRI brain
scan, and CSF 14-3-3, have a similar sensitivity
and specificity as in sCJD. The diagnosis of iCJD
rests on seeking a history of potential risk fac-
tors in suspected cases of CJD or in individuals
presenting with a progressive ataxic syndrome,
particularly in younger patients.

In Caucasian populations, homozygosity
at codon 129 of PRNP increases the risk of
iCJD. In France, hGH recipients with PRNP
heterozygosity have a prolonged incubation
period before the onset of iCJD (Brandel et al.
2003), whereas in the United Kingdom, the
longest incubation periods occur in PRNP me-
thionine homozygotes (Rudge et al. 2015),
raising the possibility that different strains of
sCJD were responsible for the cases of iCJD in
hGH recipients in the United Kingdom and
France.

Pathology/Protein Biochemistry

The neuropathology of iCJD generally resem-
bles that of sCJD, which is perhaps not surpris-
ing because the sCJD agent is the likely source of
infection in most cases. As in sCJD, the neuro-
pathological features are influenced by the pa-
tient’s PRNP codon 129 genotype and the PrP™
type identified on Western blotting of brain
homogenates (Fig. 6) (Meissner et al. 2009b).
However, there are some findings that seem to
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be unique to iCJD: iCJD in hGH recipients is
often accompanied by severe cerebellar pathol-
ogy with cerebellar cortical atrophy (Fig. 7), the
degree of which is usually proportional to the
duration of the clinical illness (Ironside et al.
2008). It is uncertain whether this cerebellar
involvement reflects the subcutaneous/intra-
muscular route of CJD infection in these pa-
tients and/or the combination of recipient
PRNP codon 129 genotype and the strain of
the infectious agent. A recent study of eight cas-
es of iCJD in hGH recipients in the United
Kingdom found evidence of AP accumulation
as cerebral amyloid angiopathy and/or diffuse
AR plaques in the cerebral cortex in four cases,
raising the possibility of human transmission of
AP by seeding from A aggregates that occur in
the pituitary gland in Alzheimer’s disease (Jau-
muktane et al. 2015).

In human dura mater graft recipients in Ja-
pan, a group of cases contained florid plaques in
the brain, without any other evidence of variant
CJD-like pathology (Yamada et al. 2009). In the
United Kingdom, most cases of iCJD in human
dura mater graft recipients have type 1 PrP™ in
the brain, but in hGH recipients, there is a pre-
dominance of type 2 PrP™* (Heath et al. 2006).
Occasional cases with admixtures of type 1 and
type 2 PrP™* have also been identified (Ironside
et al. 2008).

Variant CJD
Epidemiology

Variant CJD (vCJD) was identified in 1996 as a
novel human prion disease, and its occurrence
in the United Kingdom led to the hypothesis
that this disease was caused by transmission of
bovine spongiform encephalopathy (BSE) to
the human population (Will et al. 1996). Sub-
sequent research, including transmission stud-
ies in wild-type (Bruce et al. 1997) and trans-
genic mice (Hill et al. 1997a; Scott et al. 1999),
provides compelling evidence that vCJD is in-
deed a zoonosis, likely caused by prior dietary
exposure to high-titer bovine tissues in the hu-
man food chain (Ward et al. 2006).

The extensive exposure of the UK popula-
tion to BSE led to concerns that there might be a
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large epidemic of vCJD, but the outbreak in the
country peaked in 2000 and has subsequently
declined. All tested definite and probable cases
of vCJD worldwide (211/228) have had a me-
thionine homozygous genotype at codon 129 of
PRNP, but a confirmed case has recently been
identified in the United Kingdom with a het-
erozygous genotype at codon 129 of PRND rais-
ing the possibility of a further outbreak (Fig. 8).
The disparity between the high level of infection
in the human food chain and the limited out-
break of vCJD may be related to a significant
species barrier between bovines and humans,
with a high threshold dose for infection.

Limited numbers of cases of vCJD have been
identified in other countries (Table 4) as a result
of exposure to BSE, probably through UK ex-
ports of bovines and bovine derivatives. How-
ever, some cases are likely attributable to resi-
dence in the United Kingdom during the risk
period 1980—1996, with the disease developing
after moving to a new country of residence. The
numbers of new cases of vCJD in non-UK coun-
tries have also declined, and fears of a large ep-
idemic of vCJD have receded.

The incubation period in vCJD is unknown
in individual cases, but a mean of 15 years has
been suggested by mathematical models (Val-
leron et al. 2001) and extrapolation from de-
scriptive epidemiological data. This estimate in-
dicates that it may be some years before the full
extent of the vCJD outbreak can be determined
with confidence, not least because of the possi-
bility of further cases in codon 129 heterozy-
gotes.

Clinical Features/Investigations

Variant CJD affects younger age groups than
sCJD, with a mean age at death of 30 years
(Heath and Will 2008). Thirty-four of the cases
in the United Kingdom were under the age of 20
years at onset, and a case with an onset at 11
years has been reported from Portugal (Barbot
etal. 2010). The reason for this age distribution
is uncertain but may relate to patterns of dietary
exposure varying with age (Cooper and Bird
2002) or age-related susceptibility (Boelle et
al. 2003; St Rose et al. 2006).
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vCJD cases in the United Kingdom

Number of deaths

1995
1996
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1999
2000
2001
2002
2003
2004
2005
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MM secondary cases: blood transfusion

Untyped primary cases
MV primary cases

E B ON

MM primary cases

2007
2008
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2015
2016

Year of death

Figure 8. Epidemiologic curve of variant Creutzfeldt—Jakob disease (vCJD) in the United Kingdom.

The initial symptoms of vCJD are predom-
inantly psychiatric for a mean of 6 months
before progression to a neurological disorder
typified by progressive ataxia and cognitive
impairment associated with involuntary move-
ments, including dystonia, chorea, and myo-
clonus (Table 5) (Zeidler et al. 1997a,b). The
terminal stages are similar to sCJD, with accu-

mulating neurological deficits leading to help-
lessness and death, often resulting from inter-
current infection. The median duration of
illness is 14 months.

Diagnosis of vCJD may be impossible in the
early stages, although a combination of depres-
sion and painful sensory symptoms may suggest
the condition, particularly in a younger individ-

Table 4. Variant Creutzfeldt—Jakob disease (vC)D) in countries across the world

Total number of
primary cases

Total number of secondary cases:

Residence in the United Kingdom
>6 months during period 1980—

Country (number alive) blood transfusion (number alive) 1996
United 175 (0) 3 (0) 178
Kingdom
France 27 (0) - 1
Republic of 4 (0) - 2
Ireland
Ttaly 2 (0) - 0
United States 4% (0) - 2
Canada 2 (0) - 1
Saudi Arabia 1(0) - 0
Japan 1€ (0) - 0
Netherlands 3(0) — 0
Portugal 2 (0) - 0
Spain 5(0) - 0
Taiwan 1(0) - 1

“Case 178 from the United Kingdom was heterozygous at codon 129 of the PRNP gene.

"The third U.S. patient with vCJD was born and raised in Saudi Arabia and has lived permanently in the United States since
late 2005. According to the U.S. case report, the patient was most likely infected as a child when living in Saudi Arabia. In the
fourth U.S. patient, the history indicated that exposure to infection most likely occurred prior to moving to the United States.

“The case from Japan had resided in the United Kingdom for 24 days during the period 1980—1996.
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Table 5. Symptoms and signs in variant Creutzfeldt—
Jakob disease (vCJD)

Symptoms and signs Percentage
Early psychiatric symptoms 92
Painful sensory symptoms 63
Visual symptoms 50
Delusions 33
Dementia 100
Ataxia 97
Chorea/dystonia/myoclonus 94
Spasticity 45

Data adapted from Heath and Will (2008).

ual. Six cases over the age of 55 years have been
identified in the United Kingdom, but only two
were diagnosed in life, indicating the impor-
tance of a high index of suspicion of vCJD diag-
nosis regardless of age.

The MRI scan is the most helpful investiga-
tion in vCJD, showing high signal in the poste-
rior thalamus, the “pulvinar sign,” on fluid-at-
tenuated inversion recovery (FLAIR) and/or
DWI in >90% of cases (Fig. 9) (Collie et al.
2003). Therecent heterozygote case had aclinical
phenotypesimilar to previous cases, but the MRI
scan showed appearances suggestive of sporadic
CJD. The EEG may be normal even after the evo-
lution of neurological signs and shows periodic
triphasic complexes only rarely and in the termi-
nal stages of the illness (Binelli et al. 2006; Ya-
mada 2006). The CSF 14-3-3 is positive in ap-
proximately half the cases (Green et al. 2001),
whereas the RT-QuiC is uniformly negative in
vCJD using current techniques. Tonsil biopsy
can demonstrate positive prion protein in follic-
ular dendritic cells (Hill et al. 1997b), but this
procedure carries risks and may be best reserved
for cases in which the MRI scan is negative.

The search for a blood test to confirm the
presence of infection in affected patients or in
individuals in the incubation period of infec-
tion has been a major research objective, and
although one such test shows clear promise
(Edgeworth et al. 2011), no fully validated
blood test is yet available. Recent evidence sug-
gests that the protein-misfolding cyclic amplifi-
cation (PMCA) technique has the potential to
provide a diagnostic test in vCJD urine (Moda
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et al. 2014), but this is based on preliminary
data, and whether either of these tests would
be sufficiently sensitive to detect preclinical
cases of vCJD is uncertain.

Pathology/Protein Biochemistry

The neuropathology of vCJD is stereotyped
and markedly different from sCJD and iCJD.
The most striking and characteristic feature is
the presence of large numbers of florid plaques
in the cerebral cortex and cerebellar cortex,
composed of a central eosinophilic amyloid
core with radiating linear amyloid fibrils sur-
rounded by a corona of spongiform change
(Fig. 10) (Will et al. 1996). Spongiform change
is present to a variable extent in the cerebral
cortex, cerebellum, and thalamus, but is most
marked in the caudate nucleus and putamen.
The thalamus also shows severe neuronal loss
and gliosis in the posterior nuclei, particularly
the pulvinar, corresponding to the abnormali-
ties identified in this region of the brain on
MRI (Collie et al. 2003). Immunohistochemis-
try for prion protein shows intense labeling of
the florid plaques in the cerebral and cerebellar
cortex, along with numerous smaller cluster

Figure 9. Magnetic resonance imaging (MRI) brain
scan in variant Creutzfeldt—Jakob disease (vCJD)
showing bilateral pulvinar high signal.
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Figure 10. Neuropathology of variant Creutzfeldt—Jakob disease (vCJD) and subclinical vCJD infection. (A) The
pathological hallmark of vCJD in the frontal cortex is the florid plaque, composed of a dense amyloid core with
pale radiating fibrils surrounded by spongiform change. Hematoxylin and eosin, x40. (B) Prion protein (PrP)
accumulates in the florid plaques in vCJD and in numerous smaller clusters of plaques and amorphous deposits.
12F10 antibody, x20. (C) In the basal ganglia in vCJD, PrP accumulates in a linear periaxonal pattern. 12F10
antibody, x40. (D) The pulvinar in vCJD exhibits severe neuronal loss and gliosis, with numerous large reactive
astrocytes. Glial fibrillary acidic protein antibody, x40. (E) PrP accumulates in the follicular dendritic cells
within the lymphoid follicles of the tonsil in vCJD. 12F10 antibody, x 20. (F) PrP accumulates in the follicular
dendritic cells of a cervical lymph node in a patient (PRNP codon 129 MV genotype) who died with an
asymptomatic vCJD infection following a contaminated red blood cell transfusion. 12F10 antibody, X 20.

plaques that are not present on routine stains,
and small amorphous “feathery” deposits of
PrP around small capillaries and neurons
(Fig. 9) (Ironside et al. 2008). Small numbers
of florid plaques have also been identified in
occasional cases of iCJD associated with dura
mater grafts in Japan, but these cases do not

exhibit any of the other neuropathological fea-
tures of vCJD as described above (Yamada et al.
2009).

Variant CJD is unique among human prion
diseases in that the accumulation of PrP™ in
lymphoid tissues outside the CNS is readily de-
tected by immunohistochemistry, paraffin-em-
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bedded blot, or Western blot analysis (Head
etal. 2004). PrP* accumulates in follicular den-
dritic cells within lymphoid follicles and has
also been detected in peripheral autonomic
ganglia (Fig. 9). This has enabled the use of
tonsil biopsy as a diagnostic tool for vCJD in
selected patients (Hill et al. 1999). In one case
from the United States with a lengthy clinical
history, PrP™ was detected in a wider range of
tissues, including skeletal muscle and skin fol-
lowing autopsy (Notari et al. 2010).

Western blot analysis of the brain in vCJD
shows a uniform single PrP™ type (type 2B)
with a glycoform profile in which the diglycosy-
lated fragment predominates. This finding is in
contrast to other forms of human prion disease
(see Fig. 6) (Head and Ironside 2012). A similar
PrP™ isoform is present in lymphoid tissues in
vCJD, including tonsil, thymus, spleen, lymph
nodes, and gut-associated lymphoid tissues
(Head et al. 2004). This PrP™* isoform is similar
to that observed on Western blots in cattle with
BSE and in other species infected with BSE,
including antelopes and cats (Collinge et al.
1996). Several independent laboratories have
agreed that the strain of the transmissible agent
in vCJD is similar to that for BSE, but is differ-
ent from those identified in cases of sCJD
(Bruce et al. 1997; Scott et al. 1999).

Transfusion Transmission

The pathogenesis of vCJD is distinct from other
human prion diseases, as there are significant
levels of infectivity in peripheral tissue, particu-
larly in the lymphoreticular system (Bruce et al.
2001). This observation led to concerns that, in
contrast to sCJD, blood transfusion might pose
a risk of onward transmission of vCJD, and a
look-back study has identified three cases of
vCJD with a history of receiving a blood trans-
fusion donated by individuals who themselves
developed vCJD (Hewitt et al. 2006). The inter-
val from the transfusion to the onset of symp-
toms in the cases was 7—9 years, and the period
prior to clinical signs in the donors was 1-3
years. In addition, an individual who received
such a transfusion and died of intercurrent ill-
ness was found to have positivity for prion pro-
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tein in spleen and a lymph node, indicating sub-
clinical infection (Fig. 10) (Peden et al. 2004).
This individual was a PRNP codon 129 hetero-
zygote. A case of a patient with hemophilia with
positivity for prion protein in one spleen sample
raises the possibility that plasma products may
transmit vCJD (Peden et al. 2010).

The occurrence of four infections in the co-
hort of 34/67 transfusion recipients who sur-
vived for at least 5 years from the transfusion
indicates that this route of infection is relatively
efficient. Laboratory transmission studies sug-
gest that the vCJD prion strain and the associ-
ated PrP™ subtype have not been altered signif-
icantly following transfusion transmission
(Bishop et al. 2008) or through passage in a
PRNP codon 129 heterozygous host (Bishop
et al. 2013).

Prevalence Studies

To date, 229 cases of vCJD have been identified
worldwide, with 177 occurring in the United
Kingdom. Given the likely large exposure of
the UK population to the BSE agent via the
food chain in the 1980s and 1990s, there is on-
going concern about the numbers of individuals
in the country who are infected with BSE and
currently asymptomatic but may develop vCJD
in the future. In the absence of a screening test
for vCJD infection, UK public health concerns
also remain over the safety of blood transfusion
following four reports of the transmission of
vCJD infectivity by packed red blood cell trans-
fusions (see above). To address these concerns, a
number of tissue-based studies have been per-
formed using immunohistochemistry to detect
abnormal PrPaccumulation in lymphoid tissues
in appendix and tonsil specimens. These speci-
mens were gathered from hospital pathology de-
partment archives and were from UK patients
with appendicitis or tonsillitis who were other-
wise normal. The first of these studies was re-
ported in 2004, when three of 12,674 specimens
tested were positive, giving a prevalence of 237
per million for asymptomatic vCJD infection,
with a wide confidence interval (Hilton et al.
2004). The most recent and largest of these stud-
ies published in 2013 examined 32,441 appendix
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samples from individuals born in birth cohorts
from 1941 to 1960 and 1961 to 1985. Of these,
16 cases from both cohorts were found to be pos-
itive, giving a prevalence of asymptomatic vCJD
infection in the UK population of 493 per mil-
lion, or approximately one in 2000, with a wide
confidence interval (Gill et al. 2013). Interest-
ingly, two of the three positive cases in the first
study were valine homozygotes at PRNP codon
129 (Ironside et al. 2006), and all three PRNP
codon 129 genotypes were represented in the 16
positive cases in the 2013 study, with predomi-
nance of the VV genotype (Gill et al. 2013).

These findings suggest that all three PRNP
codon 129 genotypes are susceptible to vCJD
infection and may develop vCJD in the future
after an unknown incubation period, during
which time they could represent a source of sec-
ondary infection to the rest of the UK popula-
tion. At present, although a number of groups
are working on a blood test for vCJD and other
human prion diseases, none of the techniques
currently under development have yet been
demonstrated to detect asymptomatic infec-
tions in humans, although this can be achieved
in animal models (Edgeworth et al. 2011; La-
croux et al. 2014). It is therefore unlikely that the
most recent estimate for the prevalence of
asymptomatic vCJD infection in the United
Kingdom will be refined and made more accu-
rate in the near future.

CONCLUDING REMARKS

Much remains to be discovered about the ori-
gins of sporadic human prion diseases, which
have been variously suggested to be attributable
to random stochastic events resulting in PrP
misfolding in the brain, somatic mutation of
the PRNP gene coding sequence, or perhaps as
a consequence of an acquired (but undetected)
infection from an unknown source (Colby and
Prusiner 2011; de Pedro Cuesta et al. 2014). It is
challenging to model these various scenarios
experimentally; therefore, ongoing epidemio-
logical studies will be required to help address
these questions. The recognition that other
more common neurodegenerative diseases are
associated with the accumulation of other mis-
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folded proteins in the CNS has led to the pro-
posal that prion-like mechanisms may also be
responsible for these disorders (Prusiner 2013);
this is supported by the recent evidence of AR
seeding in the brains of hGH recipients who
developed iCJD.

The subclassification of sCJD into at least six
subtypes has reinforced the major influence of
host (PRNP codon 129 genotype) and agent
(PrP™ types) factors that determine the clinical
and pathological phenotypes in this disorder,
which is challenging to diagnose in the rarer
subtypes or in atypical cases (Head and Ironside
2012;Kovacsetal.2013). The diagnosis of VPSPr
in life is also challenging and should be aided by
the agreement of clinical diagnostic criteria. The
development of new diagnostic tests is encour-
aging in this respect, and researchers are hopeful
that methods such as RT-QulC will be widely
used to aid the early diagnosis of sCJD (McGuire
et al. 2012), which in turn will facilitate clinical
trials to help identify potential treatments.

The acquired human prion diseases now
appear to be in decline—kuru is extinct, iCJD
is under control, and although new cases of
vCJD are becoming increasingly rare (Collinge
et al. 2008; Garske and Ghani 2010; Brown et al.
2012), a recent vCJD case in the United King-
dom has occurred in an individual who is het-
erozygous (M/V) at PRNP codon 129, raising
the possibility of further cases in this genotype.
A question also remains over the prevalence of
asymptomatic vCJD infection, at least in the
United Kingdom, and researchers are hopeful
that the figures derived from tissue-based prev-
alence studies will be refined and made more
accurate when screening tests are developed.
These screening tests may also be applicable in
a wider context (e.g., on individuals donating
blood or about to undergo surgery); these uses
will require further ethical considerations, pref-
erably before the science has developed suffi-
ciently to make vCJD screening a reality (Turner
2006).
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