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ABSTRACT
Chronic wasting disease (CWD) is a transmissible prion disease affecting cervids mainly in
North America. The responsible agent for this disease is the protease-resistant and
infectious prion protein isoform (PrPSc) which is converted from a normal host-encoded
glycoprotein (PrPC). In this study, I employed a novel in vitro amplification assay; the realtime quaking-induced conversion assay (RT-QuIC) to detect CWD prions in feces. I
demonstrated the use of optimized RT-QuIC to define the shedding pattern of CWD prions
in feces during the course of CWD. Additionally, I analyzed the distribution of PrP
polymorphism among caribou populations in Alberta. The results permit predictions on the
probability of CWD transmission to caribou populations. My studies provide a new tool to
improve CWD surveillance and transmission risk assessment, and may be useful for CWD
management in the future.
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CHAPTER ONE: INTRODUCTION
1.1.

General Introduction

Prion diseases, also known as transmissible spongiform encephalopathies (TSEs), are a
group of progressive neurodegenerative disorders which affect various animal species in
addition to humans. Prion diseases manifest as sporadic, inherited, and infectious illnesses.
Typically, prion diseases have relatively long incubation periods before the onset of clinical
symptoms. Once the symptoms do appear, the diseases rapidly progress and finally lead to
severe brain damage and a host’s death. The agent responsible for these diseases is named
prion, a term derived from “proteinaceous infectious particle”. Currently, there is no
effective treatment or medication for these type of diseases.

1.2.

Prions

1.2.1.

Historical background and research milestones of prion diseases

Scrapie, a natural disease of sheep and goat, has been present in Great Britain and other
countries of Western Europe for more than 200 years and was first recorded in 1732 [1]. For
many years, scrapie was thought to be caused by a conventional infectious agent such as a
slow acting virus or virino. Transmissibility of scrapie was successively demonstrated
experimentally to sheep [2] and to mice [3] by inoculation of scrapie brain extracts from
1

sheep. The success in mouse adapted scrapie models pioneered in later studies such as
mouse bioassay and genetic engineering work being done today.
In the 1950s, a fatal neurological illness outbreak occurred in Papua New Guinea, named
Kuru [4]. Subsequently, scientists pointed out the neuropathologic similarity of scrapie and
kuru, and to other unclassified neurodegenerative diseases like Creutzfeldt-Jakob disease
(CJD) [5]. Shortly after an observation came in which reported the transmissible nature of
kuru to chimpanzees [6]. Meanwhile, also in the 1960s, the viral hypothesis encountered
challenges since no pathogen specific inflammatory response to these kinds of disorders
occurred which resulted in the failure to identify such viruses; moreover, more criticism
came when inactivation studies done by Alper et al. reported the profound resistance of
scrapie agents to high dose of ultraviolet radiation, suggesting nucleic acids might not be
involved in scrapie infectivity [7, 8]. They also found that the size of the scrapie agent (50–
150 kDa) is too small for a virus [7]. Based on Alper’s observations, Griffith proposed the
scrapie agent could be an aberrant form of protein which can self-replicate under certain
circumstances [9].
However, the infectious agent still remained unknown until Cho’s and Prusiner’s teams
isolated protease-resistant “prion rods” from the infectious material which were shown to
be infectious [10, 11]. In 1982, Dr. Stanley Prusiner postulated the hypothesis that a nucleic-
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acid free proteinaceous infectious molecule was the causative agent of these unclassified
neurodegenerative diseases [12]. He coined the term “prion” to distinguish these agents
from conventional pathogens. Dr. Stanley Prusiner was awarded the 1997 Nobel Prize for his
contributions in prion research.

1.2.2.

Protein only hypothesis

The protein-only hypothesis of prion propagation suggests that the conversion of the hostencoded cellular prion protein (PrPC) into the misfolded prion isoform PrPSc is the central
event in the pathogenesis of prion diseases [12]; in this context, PrPSc is the main, or
perhaps the only component of the infectious particle responsible for prion diseases.
However, an infectious protein devoid of nucleic acid for replication is clearly a violation to
the central dogma of molecular biology and was a huge subject to debate. To date, this
hypothesis is predominately supported by a series of studies and turns solid: the resistance
of scrapie agents to nucleic acid inactivating treatments (such as ionizing radiation, UV and
nuclease) as already mentioned [8, 13]; strong evidence in favor of the protein-only
hypothesis is that mice devoid of PrPC were resistant to scrapie infection [14]. Finally, the in
vitro formations of infectious prions have provided the strongest proof for the prion
hypothesis [15-19].
3

1.2.3.

PrPC and PrPSc

The causative agent of TSEs is believed to be prions, which are composed of the pathogenic
isoform of the prion protein (PrP), denoted PrPSc [20]. The deposition of PrPSc in the central
nervous system (CNS) causes neuronal loss and the appearance of clinical symptoms [20].
Unlike other infectious agents, prions do not elicit a host’s specific immune responses,
which results in blindness with regards to disease detection [21].
The cellular isoform PrPC is expressed at highest levels at the plasma membrane of neurons
in the brain and spinal cord; other than the CNS, PrP C is also detectable in other nonneuronal tissues like spleen, lymph node, lung, heart, kidney, skeletal muscle, uterus,
adrenal gland, intestine and mammary gland [22-25]. These extracerebral organs and tissues,
particularly lymphoid tissues, certainly play a role in terms of PrPSc conversion and
replication in natural infection.
Thus far, the PrPSc isoform has been studied extensively for its involvement in prion diseases;
however, the intrinsic physiological function of PrPC is not completely defined and knock-out
animals do not show phenotype [14]. One well known biochemical property of PrPC is the
association

with

copper

metabolism

and

oxidative

stress.

PrPC

is

an

N-

glycosylphophatidylinositol (GPI)-anchored glycoprotein in which the N-terminal domain
contains a histidine-rich octapeptide repeat region where copper ions can specifically bind

4

to the histidine residues [26, 27]. Studies have shown that overexpression of PrPC results in
copper uptake into cells, which induces copper/zinc-dependent superoxide dismutase (SOD)
activity [28]. Supporting in vivo studies using PrP knockout mice showed significantly lower
levels of copper ions in the brain compared to wild-type mice. However, inconsistent results
coming from another group keep PrPC a putative role in copper regulation [29]. Another
focus of PrPC is the involvement in apoptosis. The Bcl-2 protein family is a group of
apoptosis regulators that are highly expressed in most neurons of the CNS [30, 31]. The Bax
protein, a member of the Bcl-2 family, is an apoptotic activator [32]. Studies have shown
that overexpression of PrPC rescued Bax-mediated neuronal cell death [33], suggesting the
cytoprotective effect of PrPC and the involvement in the Bax-dependent apoptotic pathway.
Other than the role of copper (Cu2+) ligand and the anti-apoptotic effect, reports also
revealed other physiological functions of PrPC such as activating transmembrane signaling
pathways [34-39] and cell adhesion [40-42]. Still, the current understanding of PrPC function
is just scratching the surface, and seems to be irrelevant to prion pathogenesis.
Within the “protein-only” context, the central event in the pathogenesis of prion diseases is
the conformational conversion of PrPC into PrPSc, and this process can occur genetically,
sporadically, or acquired by infection. The precise mechanism of the conversion at the
molecular level remains unknown despite decades of study; however, two basic conversion

5

models have been suggested: the template-assisted model and the seeded-polymerization
model [43]. In the template-assisted model (Figure 1a), a spontaneously generated or
exogenous PrPSc acts as a template and physically interacts with PrPC to form a heterodimer,
which induces the energetically unfavorable conformational change (refolding) of PrPC. The
resulting PrPSc homodimer further dissociates into infectious monomers to allow more
interaction of PrPSc and PrPC to form new heterodimers, thereby replicating more PrPSc.
Overtime, the accumulating PrPSc eventually elongates to form amyloid fibrils. In this model,
PrPSc is supposed to be thermodynamically more stable than PrPC, but current findings show
no evidence of the existence of such stable PrPSc monomers [44, 45]. Jarret and Lansbury
proposed the more accepted nucleation-polymerization model (Figure 1b) in which PrPC and
PrPSc coexist in a thermodynamic equilibrium in a non-disease stage [46, 47]. In this scenario,
PrPSc is transient and unstable. Only if several PrPSc monomers are aggregated into highly
ordered oligomers, the stabilized oligomers can act as “seed” to further recruit and convert
monomeric PrPC and thus result in replication of the disease-related agent.
PrPC and PrPSc share the same primary structure but express distinct biophysical properties
due to their secondary and tertiary structures. PrPC is monomeric with high α-helix content
in its secondary structure, while PrPSc is a self-assembling oligomer rich in β-sheet form.
Moreover, PrPSc is insoluble in detergent and partially resistant to proteinase K (PK)

6

digestion [48]. The deletion of the proteinase-resistant PrPSc core (N-terminally truncated)
by PK digestion is a specific and reliable molecular marker in prion research studies.

Figure 1: Theoretical models for conformational conversion from PrPC into PrPSc.
Adapted from Aguzzi and colleagues [49]. (a) The template assistance model postulates the key
event of prion conversion is by the participation of an exogenous PrPSc which acts as a template to
induce the transformation of endogenous PrPC. (b) The nucleation-polymerization model postulates
the formation of PrPSc oligomer which acts as a seed to further stabilizing and recruiting PrPSc
monomers to form amyloid fibrils.
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1.2.4.

The prion protein gene and the structure of PrPC

The prion protein gene (Prnp) is expressed in many species and the sequence is highly
conserved through mammals, with approximately 90% similarity [50].Because the murine
Prnp gene has been thoroughly described and the structure is well defined among all
studied species, it is representative to illustrate the Prnp gene and the PrPC structure.
The murine prion protein gene (Figure 2a) is a single copy gene located on chromosome 2,
composed of three exons, with the entire open reading frame (ORF) of murine prion protein
gene (Prnp) encoded in exon 3 [51]. After translation, the 253 amino acid precursor prion
protein undergoes post-translational modification, the N-terminal signal peptide is cleaved
co-translationally upon translocation into the endoplasmic reticulum (ER), and a GPI anchor
is added to the C-terminus; therefore, the final mature form of murine PrPC is a 209 amino
acid protein (residue 23-231). PrPC has a flexible unstructured N-terminal region containing
an octapeptide repeat (OR) domain recognized as copper (Cu 2+) binding site, and a wellstructured C-terminal region containing the globular domains with two glycosylation sites,
and a disulfide bond links two cysteine residues at positions 179 and 214 (Figure2b).
Nuclear magnetic resonance (NMR) analysis [52, 53] revealed that the C-terminal globular
domain (121-231) consists of three α-helices and two anti-parallel ß-strands. The second ßstrand and the second α-helix are connected to form a loop (amino acids 166-175) which
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has been studied in detail about the structural properties and PrPC-PrPSc conversion [53-58].
The effect of ß2-α2 loop rigidity will be discussed in the “species barrier” section.

Figure 2. Schematic illustration of murine Prnp gene and the structure of PrPC.
(a) The murine Prnp gene which is located on chromosome 2 contains 3 exons. The entire coding
sequence is in exon 3. (b) A representation of the prion protein structural elements corresponding to
murine sequence.

1.2.5.

Species barrier

CWD transmission among the cervid family does not encounter a major species barrier,
mostly because of the very similar cervid PrP sequences. However, the difficulty of
interspecies transmission of CWD to noncervids, represented by low attack rates and
extended incubation times, indicates the species barrier effect [59, 60]. This phenomenon
might be associated with several biological parameters, such as the identity of the PrP
primary structure, strain variants, and perhaps the route of infection [61].
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The PrP primary structure might not be the sole, but a significant determinant of the species
barrier. This is predominantly supported by animal studies: transgenic mice overexpressing
Syrian hamster PrP developed illness shortly after being inoculated with hamster scrapie,
while wild type mice inoculated with hamster scrapie failed to develop scrapie for over 500
days [62]. Similarly, transgenic mice expressing human PrP were highly susceptible to CJD
[63]. It can be speculated that minor changes in the amino acid sequence can affect the
interaction of donor PrPSc and host PrPC in interspecies transmission. For example,
modifying the ß2-α2 loop by amino acid substitutions, which results in changes in its rigidity,
subsequently influences the susceptibility to CWD. The rigidity of this ß2-α2 loop differs
between species. In the prion protein of elk, bank vole and horse, this loop is relatively
defined and rigid; but in most species, this loop is extremely flexible [53-56]. Studies have
shown that by substituting residue 170 and 174 of mouse PrP with corresponding elk
residues, the transgenic mice were prone to spontaneously develop prion disease,
suggesting the increase in rigidity of the ß2-α2 loop enhanced susceptibility to TSEs [57, 58].
Nevertheless, homology of PrP between donor and recipient species cannot be accounted
the only constraint to determine species barriers, because two or more strains can
propagate in one species, which share the identical PrP primary structure but present
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distinct clinical profiles, incubation time, and may have different transmissibility into
another species [64]. Strain variation and determination is described in the next section.
In vitro assays have been employed extensively in research to understand the molecular
mechanism of prion conversion and propagation. However, in in vitro systems, the
homology of PrPC and PrPSc does not seem as critical as in natural transmission [65]. This
explains that in vitro systems to some degree cannot devotedly recapitulate the condition in
vivo, and perhaps, results of PrPC-PrPSc pairing in vitro should be interpreted carefully to
comprehend the species barrier effect [66, 67].

1.2.6.

Strains

The prion strain phenomenon describes that animals and humans infected with individual
prion isolates, though originating from the same host, can display distinguishable
characteristics and are able to maintain those through several passages [68]. These
characteristics

include

neuropathology,

clinical

symptoms,

incubation

time,

PrPSc conformations, as well as different electrophoretic mobility after proteinase K
digestion of PrPSc shown in Western blot. Numerous prion strains have been observed in
scrapie and CJD, also in experimental models such as mouse and hamster [69-74].
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Although it is still not clear how polypeptide chains with the same PrP primary structure can
have different biochemical signatures and disease phenotypes, one plausible explanation for
the strain phenomenon is enciphered in different conformations of PrPSc [75]. Safar et al.
developed a method termed conformation-dependent immunoassay (CDI), in which
different prion isolates from identical hosts were first treated with rising guanidine
hydrochloride (GdnHCl) concentrations to gradually unfold their tertiary structure, and then
were measured by the ratio of 3F4 antibody binding to denatured PrP [76]. 3F4 antibody is a
commonly used monoclonal antibody which binds to an epitope that is exposed on the
surface of PrPC but is buried within the globular protein domain of the native form of PrPSc.
This method successfully discriminated PrPSc conformers by their stabilities and structural
differences. Thereby, it has given strong evidence in support of the “conformation-isstrain” hypothesis.

1.2.7.

Human prion diseases

Human prion diseases (Table 1) are fairly rare; they can be divided into three classes:
sporadic, acquired and genetic. The most common type of human prion disease is sporadic
CJD (sCJD), which has a worldwide distribution and mostly occurs in late middle-age. sCJD
accounts for approximately 80% of all recognized human prion diseases with an incidence of
12

about 1-2 cases/million population per year [77]. The cause of sCJD is thought to be a
person’s normal PrPC which spontaneously converts into the disease-related form. In
contrast to sCJD, variant CJD (vCJD) usually affects younger patients (27 years old in average)
and has a relatively longer duration of the clinical phase (typically around 14 months
comparing to sCJD, which is less than 6 months) [80,81]. According to the National CJD
research & Surveillance Unit (NCJDRSU: http://www.cjd.ed.ac.uk/), there are around 240
vCJD primary cases worldwide, mostly from UK and France. Consumption of bovine
spongiform encephalopathy (BSE) contaminated food is believed to be the cause of vCJD [78,
79]. Besides vCJD, iatrogenic CJD (transmitted via medical procedures) [80] and kuru
(transmitted through cannibalism) [81] also belong to human acquired prion diseases.
Finally, genetic human prion diseases, which result from genetic mutations in the prion
protein gene (PRNP), include genetic CJD, Gerstmann-Sträussler-Scheinker syndrome (GSS)
and Fatal Familial Insomnia (FFI). They are inherited in an autosomal dominant pattern [82].
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Table 1. Summary of all forms of human prion disease.
Disease

Etiology

Sporadic
Sporadic CJD (sCJD)

Unknown

Genetic
Familial CJD (fCJD)

Germ line mutation in PRNP (E200K)

Gerstmann-Sträussler-Scheinker (GSS)

Germ line mutation in PRNP

Fatal Familial Insomnia (FFI)

Germ line mutation in PRNP (D178N, M129)

Acquired
Kuru

Infection through cannibalism

Variant CJD (vCJD)

Ingestion of BSE-contaminated products

Iatrogenic CJD (iCJD)

Infection through medical procedures

1.2.8.

Animal prion diseases

Animal prion diseases (Table 2) are believed to occur by infection with prions and can affect
a wide range of species, especially ruminants. Scrapie in sheep and goats, bovine
spongiform encephalopathy (BSE, or "mad cow disease") in cattle, and chronic wasting
disease (CWD) in cervids are the major animal prion diseases [83]. Other species such as
felines and minks are also able to develop prion diseases [83-87]. Prion diseases in animals
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have great impact not only on the animal populations, but also on a nation’s economy and
agriculture. It should be noted that there is an emerging concern in zoonotic transmission
because of the foodborne spread of BSE to humans [88]. This study is solely focusing on
CWD. Details of CWD will be discussed in the next section.

Table 2. Summary of animal prion diseases.
Disease

Host

Etiology

Scrapie

Sheep

Infection with prions of unknown origin

goats
Chronic wasting disease (CWD)

Cervids

Infection with prions of unknown origin

Bovine spongiform

Cattle

Infection with prions of unknown origin

Mink

Exposure to scrapie or BSE-contaminated

encephalopathy (BSE)
Transmissible mink
encephalopathy
Feline spongiform encephalopathy

feed
Cats

Exposure to BSE-contaminated feed
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1.3.

Chronic wasting disease

1.3.1. Epidemiology
Chronic wasting disease (CWD) is a burgeoning prion disease exclusively found in wild and
captive cervids, including mule deer (Odocoileus hemionus), white-tailed deer (Odocoileus
virginianus), Rocky Mountain elk (Cervus canadensis) and a few cases in Shira’s moose (Alces
alces shirasi) [89-92]. Since 1967, when CWD was first recognized in captive mule deer in
Colorado, CWD has been widespread in North America, including 23 states in the USA and 2
provinces of Canada (Figure 3) [93]. Outside of North America, CWD has also been found in
South Korea where an infected elk accidently exported from Canada caused an outbreak in
its offspring [94]. The natural movement of wild cervids and possibly the man-made
transportation of captive/imported herds cause the extensive geographical distribution of
CWD. The disease prevalence varies depending on areas; in certain endemic areas in
Wyoming and Colorado, CWD prevalence can be as high as 50% [95]. Saskatchewan and
Alberta are currently the only two Canadian provinces harboring free-ranging CWD-infected
cervids. In Alberta, the CWD wildlife surveillance program relies heavily on hunters’
assistance [96].
To date, no natural cases of CWD have been reported in caribou (Rangifer tarandus),
although they are susceptible to CWD through experimental oral inoculation [97]. The very
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weak species barrier indicates the great possibility of natural transmission between CWDinfected herds and caribou populations once their habitats overlapped.

Figure 3. Geographic distribution of CWD in North America.
Figure obtained from The USGS National Wildlife Health Center website [93].

1.3.2.

Clinical signs and pathology

CWD is a slow developing disease, with prolonged incubation periods from 2 to 4 years (the
minimum incubation period is about 16 months). Leading clinical symptoms typically include
continuous weight loss, pronounced behavioral changes (like depression and isolation from
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herd), hypersalivation, polydipsia/polyuria, head tremors, odontoprisis (teeth grinding) and
rarely ataxia [98]. However, all these symptoms can be really subtle during the early to
middle phase of the disease; behavioral changes can fall within the normal repertoire of
cervids; body mass changes can be seasonal; in addition, there are other malaises that have
symptoms similar to those clinical signs of CWD listed above. Therefore, diagnosis based on
clinical signs is not reliable; additional pathological or biochemical analysis is necessary to
verify the diagnosis.
Like in other prion diseases, inflammatory responses are not present in CWD. The major
pathognomonic lesions of CWD including neuronal vacuolation and non-inflammatory
spongiform changes are observed in the grey matter of the CNS and are usually bilaterally
symmetrical. Astrocytosis may be seen along with neuronal degeneration [99, 100]. Amyloid
plaque, which is a large cluster of PrPSc deposition, is also very common in white-tailed deer
(but less obvious in mule deer) [101, 102]. It can be visualized by hematoxylin-eosin (HE)
staining [99, 100].

1.3.3.

Distribution of PrPSc

While in other prion diseases PrPSc is mainly accumulated in the CNS, in CWD PrPSc
accumulations can be found in the peripheral nervous system and lymphoid tissues other
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than the CNS, especially the retropharyngeal lymph nodes, where peripheral PrPSc
accumulates before entry into the CNS [103, 104]. A major hallmark of CWD is the unique
distribution pattern of CWD prions, which have been observed by the detection of PrP Sc in
pancreas [105, 106], adrenal gland [105, 106], skeletal muscle [107], cardiac muscles [108],
multiple body fluids and urine [109-111]; interestingly, feces from deer also harbors PrPSc
already at a preclinical stage [110, 112].
Neuroinvasion is a term to describe the process of peripheral PrP Sc entry into the CNS.
Understanding the route of neuroinvasion from mouth to brain is important because the
natural CWD transmission is most likely due to oral exposure to CWD.
Upon consumption, PrPSc enters via the alimentary tract and crosses the intestinal barrier
with the involvement of gut-associated lymphoid tissues (GALT), particularly M cells for
PrPSc uptake from the gut lumen [113, 114]. Once PrPSc gets into enterocytes, it is
transported by dendritic cells and assembled at peyer’s patches, where PrPSc accumulates
and amplifies [115-117]. According to an oral inoculation study in mice, PrPSc is detectable at
the peyer’s patches after 45 days of scrapie challenge [118]. Similar observation was also
found in scrapie-infected hamsters by immunohistochemical detection [119]; additionally, in
the same study, the Protein Misfolding Cyclic Amplification (PMCA) assay was used to
examine the excretion of infectious prions in the feces of infected hamsters during the
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course of infection. By analyzing fecal samples collected at different time points and
comparing the results to initial positive detection in the peyer’s patches, the authors
suggested that the release of the endogenously formed prions shed from the gut wall into
feces likely occurs at the Peyer’s patches.
After peripheral PrPSc infiltrates the enteric nervous system (ENS) and certain lymphoid
organs [103], there are several routes in terms of neuroinvasion for PrP Sc reaching the brain.
PrPSc can invade the autonomic nervous system (particularly the Nervus vagus), lymphoid
organs such as spleen and lymphoid nodes (via sympathetic nervous system), or through the
thoracic spinal cord [120-122].
The importance of understanding the pathways is to search for a silver lining for treatment.
However, the involvement of lymphoid organs, immune system and the cellular mechanism
of prion neroninvasion still remain largely unclear and controversy to date.

1.3.4.

Transmission

Of all prion diseases, CWD is considered the most contagious prion disease because of its
efficient horizontal transmission among cervids. Studies have shown CWD prions are shed as
early as in preclinical stage throughout the course of disease in various extraneural tissues
and fluids at lower doses, including muscles [107, 108], fat [123], antler velvet [124], saliva
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[109, 111], blood [109], urine and feces [110-112]. Yet the natural route of CWD
transmission is undefined; it occurs most likely by direct or indirect contact with these
contagious materials in the environment (Figure 4) [125]. Decomposition of infected animal
carcasses should also be taken into consideration as another route for prions to enter the
environment [126]; by extension, scavengers and predators might consume and transport
infectious prions, which could contribute to the spread of the disease [127-129].

Figure 4. Possible transmission mechanisms of CWD.
CWD may be transmitted by direct interaction with infected animals or by indirect exposure to
environmental prions from infected animals’ excreta, body fluids or carcasses. Figure adapted from
Saunders and colleague [125].

As environmental prions have been experimentally demonstrated to retain infectivity [126,
130], now there is gaining attention on environmental reservoirs for prions, especially
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forage, soil [131-134], water [135], and plants [136]. Cervids are known to ingest great
amounts of soil as routine behaviors [137], therefore, it is reasonable to hypothesize
contaminated soil as a plausible route of environmental CWD transmission. In fact, various
studies already indicated prion absorption to soil and soil minerals. Johnson and colleagues
observed that soil-bound prions may be more infectious than unbound prions [133]. Since
there is evidence that biological properties (i.e. infectivity and conversion activity) of prions
can be changed upon soil binding, future studies should take different CWD prion strains
into consideration as an important variable.
Currently environmental prions can only be detected by in vitro ultrasensitive assays like the
serial Protein Misfolding Cyclic Amplification (sPMCA) assay. By the means of sPMCA,
Nichols et al. described the presence of PrP (CWD) in environmental water sources,
although below infectious levels [135]. Another striking study in support of plants as prion
carriers was done by Pritzkow et al. in which the authors reported that urine and feces from
infected animals are able to contaminate grass plants, which uptake and transport prions to
stems and leaves. Hamsters fed with contaminated plants eventually developed typical
prion disease [136].
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1.3.5.

Host range

The known natural hosts of CWD are mule deer (Odocoileus hemionus), white-tailed deer
(Odocoileus virginianus), elk (Cervus canadensis), and moose (Alces alces shirasi) [89-92].
Reindeer (Rangifer tarandus tarandus) [97], red deer (Cervus elaphus) [138, 139] and fallow
deer (Dama dama) [140] are also susceptible to CWD via experimental oral transmission
routes. Interspecies transmission of CWD to noncervid animals has not been observed
under natural conditions. However, due to the shared habitats of free ranging cervids with
other wildlife species in CWD endemic areas, there is gaining interest on the susceptibility of
certain species, especially domestic ruminants to CWD. In cattle, only intracerebrally
inoculated animals developed prion disease [141-143]; cattle that were orally challenged
with a high dose of mule deer CWD brain failed to develop neurologic disease [144]. TSE
transmission is much more effective via the intracerebral route than the oral route;
therefore, CWD can also be transmitted experimentally to goat, sheep, rodents, mink,
ferrets and macaques only upon intracerebral challenge [145-151].
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1.3.6.

Zoonotic potential

Deer hunting and venison consumption are very common in North America. As the
geographic distribution of CWD is constantly growing [93], human exposure to CWD prions
can occur.
Currently, BSE is the only prion disease that can cross the species barrier and jump to
humans [78]. Laboratory studies suggested that the risk of CWD transmission to humans is
low. Barria and colleagues reported low efficiency of human PrPC converted by CWD PrPSc
into the misfolded form using an in vitro amplification assay [152]. Inoculation of CWD
prions into transgenic mice overexpressing human PrPC did not result in disease [153]. On
the other hand, epidemiological studies also revealed no unusual prion disease subtypes or
increased incidence in CJD patients who had regularly consumed venison [154, 155]. These
findings suggest a notable species barrier between cervids and humans; however, prion
diseases are dynamic; interspecies passage of CWD can result in prion adaptation to new
host species [156, 157].
Prion adaptation is characterized by shortened incubation time, increase of attack rate,
changes in PrPSc properties and deposition profile upon serial passages in a new species
after cross-species transmission [158]; new prion strains therefore might gradually develop.
If CWD prions, by any chance, are able to transmit to and propagate in a new species, for
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instance, non-human primates, rodents, or hunters’ pets, the species barrier between
human and the new PrPSc conformer may be obliterated, resulting in another zoonotic prion
disease.

1.3.7.

Evidence of CWD Strains

There is accumulating evidence suggesting the existence of CWD strains. In a study in which
a mule deer CWD isolate was serially passaged into Syrian golden (Sg) hamsters, the disease
phenotype of this group of hamsters was found differently from the other experimental
group where the same inoculum was first passaged to tg mice expressing Sg hamster PrP
and then serially passaged to Sg hamsters [159]. Similarly, passaging two different CWD
inoclula to ferrets also exhibited distinct disease profiles after adaptation [160], suggesting
the existence of CWD strains.
Another comparative study using tg cervidized mice inoculated with a variety of CWD
isolates confirmed at least two CWD strains, referred to as CWD1 and CWD2 [161]. While
mice affected by CWD1, the more prevalent strain, tended to have shorter incubation
period and asymmetrical lesions throughout the hippocampus; mice affected by CWD2, had
shown unusual asymmetrical lesions and longer incubation period. Interestingly, the authors
indicated that primary CWD transmission to elk displays either CWD1 or CWD2 profiles, but
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deer tend to harbour CWD1/CWD2 mixture [161]. It should be noticed that residue 226 of
PrPC might be an important determinant for CWD strain typing because the PrP primary
structures of deer and elk only differ at this position (glutamine in deer and glutamate in elk).
It is also reasonable to assume that the substitution of amino acid at residue 226 might play
a crucial role in diversifying CWD prion conformers.
A recent study raised a potential risk to generate new CWD strains when disease
transmission occurs between animals possessing heterologous PrPC molecules. Duque
Velásquez C et al. revealed a novel CWD strain which is distinguishable from CWD1 and
CWD 2 when cervidized mice expressing the S96 genotype were challenged with CWD
inoculum of white tailed deer expressing the H95 allele [162]. However, aside from the
primary structure of PrPC, another interspecies transmission study recognized distinct prion
strain phenotypes when CWD prions were propagated in two rodent species expressing the
same Prnp molecule, suggesting host-specific cellular factors can be influential to strain
properties [163].

1.3.8.

Polymorphisms at the prion protein gene and susceptibility to CWD

It is well-known that minor variations in the prion protein gene (Prnp) can influence a host’s
susceptibility to prion disease, incubation time, and pathology [164-167]. In other words,
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amino acid polymorphisms at critical positions in the cervid PrP are associated with
susceptibility to CWD. To determine cervid PrP genotypes, it will give insights towards
susceptibility of populations.
In mule deer, two polymorphic sites have been reported at codon 20 (encoding aspartic acid
[D] or glycine [G]) and codon 225 (encoding serine [S] or phenylalanine [F]), with the
predominant allele encoding 20D225S within a herd from a CWD endemic area in Colorado
[168]. Codon 225 has been associated with disease susceptibility, as the occurrence of CWD
is 30-times higher in homozygous (225SS) deer than in heterozygous (225SF) deer [169].
Prolonged incubation time was also observed as an impact of amino acid change in 225SF
deer [105].
In elk, only a single polymorphism of the Prnp coding sequence has been found at codon
132 [170], which is corresponding to codon 129 at the PRNP gene in humans, with
methionine [M] to leucine [L] substitution. A genotyping study of three free-ranging
populations of elk in Colorado revealed 132 MM as the predominant genotype, which
represented more than 70% in infected animals and 65% in non-infected local herds [171].
Experimental studies have provided strong evidence to show the effect of polymorphisms
on disease progression. In an oral inoculation study, elk with the 132 MM genotype
developed clinical signs approximately 23 months post-inoculation; while the incubation
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time in 132ML was about 40 months [172]. Results from transgenic mouse studies also
confirmed that the 132L allele does influence disease susceptibility [173]. However, this
protective effect of leucine is not complete, as 132LL elk could still develop CWD signs five
years post-inoculation [174].
In white-tailed deer, amino acid variants have been identified at codons 95 (glutamine [Q]
or histidine [H]), 96 (glycine [G] or serine [S]), and 116 (alanine [A] or glycine [G]). A study in
Wisconsin had shown the most frequent genotypes in the local herds are Q95, G96 and
Q226, respectively [165]. According to the same study, the authors suggested that
polymorphisms at 96 and 95 might reduce the disease susceptibility since heterozygous
deer expressing 95QH and 96GS alleles were underrepresented in the CWD-positive
population in Wisconsin and elsewhere in Illinois [164]. Confirmed by an oral inoculation
study, deer with the 95H allele had more than doubled the incubation time compared to
95Q; moreover, 96S deer also showed a longer incubation period. A study in western
Nebraska demonstrated that animals with 116A were more likely to be infected than those
harboring 116G allele, which however, appears to occur at very low frequencies [164].
There are concerns about the potential transmission of CWD to caribou even though no
naturally infected cases have been found to date [175]. A study analyzing three Alaskan
caribou (Rangifer tarandus grantii) populations revealed five polymorphisms at codons 2
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(valine [V] to methionine [M] ), 129 (glycine [G] to serine [S]), 138 (serine [S] to asparagine
[N]),146 (synonymous substitution, encoding asparagine [N]) and 169 (valine [V] to
methionine [M]), respectively [176]. Caribou prion protein coding sequences are highly
similar to those CWD susceptible cervid species indicating the spread of CWD to caribou is
possible. Since at least partially protective polymorphisms have been described at codon
138 [97], illustrating the distribution of PrP polymorphisms among caribou populations that
are most likely to overlap with CWD positive herds in the future will give new insights into
the likelihood of transmission.

1.3.9.

Diagnosis

Current prion disease diagnosis is based on detecting spongiform lesions or the
accumulation of PrPSc in brain or lymphoid tissues. Ante mortem diagnosis for CWD is also
available by taking tonsil or recto-anal mucosa-associated lymphoid tissue (RAMALT)
biopsies. ELISA and western blot are common tests used in the laboratory as rapid screening
tests, followed by immunohistochemistry (IHC). IHC is considered the gold standard [99, 177]
in order to confirm positive screening assays. There is currently no effective program for
CWD control, nor is treatment or vaccination available for the disease.
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CWD prions are shed into a wide range of peripheral tissues and excreta as mentioned
previously. To detect the disease and to understand the shedding pattern, or to eventually
develop efficient management strategies, the use of easily accessible specimens (such as
urine and feces) would be a practical way for prion detection. However, those excretions
and secretions harbor relatively low concentrations of prions which challenge current
diagnosis methods. Consequently, a more sensitive and high throughput diagnostic tool is
needed. Novel ultrasensitive in vitro assays such as the cyclic amplification of protein
misfolding (PMCA) [178, 179] and the real time quaking induced conversion (RT-QuIC) assay
[180-182], have been developed in recent years to pursue better speed, efficiency,
specificity and utility in disease diagnosis. As RT-QuIC is the major technique used in this
study, a comprehensive introduction of RT-QuIC is given in the next section.

1.3.9.1.

RT-QuIC

RT-QuIC [180-182] is an assay by which minute amounts of PrPSc are used as a seed to
initiate a rapid conformational transition in recombinant PrP (rPrP) by vigorous intermittent
shaking (Figure 5). This eventually results in proteinase-resistant amyloid formation which is
not infectious [183]. In RT-QuIC, a novel readout system to interpret the amplification
without subsequent western blot is based on the fluorescent dye thioflavin T, which
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fluoresces upon specific interaction with beta sheet rich proteins and thus can detect
amyloid in real time. Because this assay is able to detect as low as 1 femtogram of PrP Sc
[182], the affording sensitivity qualifies this technique to achieve ante mortem or noninvasive diagnosis, by detecting PrPSc in various peripheral tissues, excreta examples, or
other kinds of specimen harboring low levels of infectivity.

Figure 5. Schematic diagram of RT-QuIC assay.
In principle, this assay allows PrPSc propagates itself to form amyloid by initiating protein misfolding
of the substrate. Thioflavin T (ThT) is a benzothiazole dye which increases in fluorescence upon
binding to amyloid. Therefore, the resulting formation of amyloid can be monitored in real-time by
measuring the ThT fluorescence signal.

RT-QuIC definitely provides advantages over other assays for its practicality, rapidity (less
than 50 hours) and inexpensive cost compared to bioassays. It avoids the technical
complexities such as sonication used in PMCA; also, it is performed in a tape-sealed
microplate which minimizes the risk of aerosol contamination of each well. This assay has
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been successfully applied to several prion diseases, such as sCJD [184-186], genetic prion
diseases [187], BSE [188-190], scrapie [181, 189] and CWD [191-195]. However, it has been
found that the seeding activity of vCJD prions in RT-QuIC is weaker than sCJD prions, as
shown by a prolonged reaction time [196]. The reason of such poor performance of RT-QuIC
in vCJD prion detection currently remains unclear.

1.3.9.2.

Current development and application of RT-QuIC

RT-QuIC has been intensively used in chronic wasting disease for diagnostic purpose: studies
using processed CSF, whole blood, saliva and urine as the seeds in RT-QuIC were all
successful to detect PrPSc [191-195].
To foster the detection ability in inhibitors-laden fluids, Orrú et al. (2011) developed a
strategy by combing immnoprecipitation (IP) of plasma PrPSc in RT-QuIC, named “enhanced
QuIC” assay (eQuIC). In addition, a substrate replacement was employed after ~24 hours of
detection in order to improve the sensitivity. Ultimately, as low as 1 ag of PrPSc is detectable
by eQuIC [197].
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STATEMENT OF RATIONALE I
Part I: Detection of CWD prion in feces by RT-QuIC
It is known that CWD prions are shed in feces of infected cervid animals at lower levels
throughout the asymptomatic phase [112]. With an attempt to develop a reliable
noninvasive screening test, previously we demonstrated for the first time that it is possible
to detect CWD prions in urine and fecal extracts of white-tailed deer and mule deer by RTQuIC [191]. RT-QuIC is a novel high-throughput technique which is analogous to the
polymerase chain reaction (PCR) but is used to amplify minute amounts of PrP Sc to
detectable levels in vitro. However, the seeding activity of the fecal extracts we prepared
was relatively low in RT-QuIC compared to urine, possibly due to potential assay inhibitors in
the fecal materials. By removing assay inhibitors and concentrating PrP Sc in the feces
extracts, we expect to perform sensitive detection of PrPSc in feces of asymptomatic cervids
by RT-QuIC, which we believe is a practical tool for noninvasive CWD diagnosis and a potent
research tool for understanding the shedding pattern of CWD prions in feces during the
course of disease development.
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HYPOTHSIS I
By purifying fecal material and concentrating PrPSc in feces, minute amounts of PrPSc shed in
feces during precinical stages of CWD can be amplified by RT-QuIC.
By applying this technique to analyze feces throughout the incubation and clinical stage of
CWD, the amounts of PrPSc can be defined and the prion shedding pattern in the course of
disease development can be interpreted.
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RESEARCH OBJECTIVES I
Objective 1.1. To improve feces extract seeding sensitivity in RT-QuIC
In order to purify feces extracts and remove possible assay inhibitors in feces, the fecal
samples were homogenized in lysis buffer which contains detergents and protease
inhibitors. The feces extracts were further submitted to different methodologies to
concentrate PrPSc in the samples on the basis of protein precipitation and centrifugal force.
The methodologies include ultracentrifugation and sodium phosphotungstic acid (NaPTA)
precipitation. Finally, the feces tracts were tested by optimized RT-QuIC which adapted
substrate replacement in the protocol to improve the sensitivity of detection.

Objective 1.2. To determine the shedding pattern of CWD prions in feces from
experimental samples
The optimized RT-QuIC protocol was used to investigate how early CWD prions are
detectable by RT-QuIC in feces and to illustrate the shedding pattern of CWD prions in feces
during progression of the disease. Fecal samples of elk (with known disease status)
experimentally inoculated with CWD tested in this study were from a study conducted by Dr.
Stephanie Czub (CFIA Lethbridge) [198], in which elk were orally challenged with CWDpositive brain homogenate and samples were collected at certain time points during the
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incubation period. Our data provides new knowledge about the kinetics and magnitude of
such peripheral CWD prion shedding.
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STATEMENT OF RATIONALE II
Part II: Understand the distribution of Prnp polymorphisms among caribou subspecies
The polymorphism of cervid Prnp gene has a strong influence on CWD susceptibility and
pathogenesis. Since CWD can be experimentally introduced to caribou and the disease is
now well-established in Alberta, it is important to determine the influence
of Prnp polymorphisms and disease susceptibility in this genus. Caribou (Rangifer tarandus
caribou) in Alberta is listed as an endangered species [199]. The results from this study not
only allow estimates on the disease susceptibility of caribou population, but also provide
directions for conservation plans and engendered species management.
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HYPOTHESIS II
1. Similar to Alaska caribou (Rangifer tarandus grantii) populations, Prnp polymorphisms
can be observed at codon 129, 138, 146 and 169 within Woodland caribou (Rangifer
tarandus caribou) populations but differ in their frequencies.
2. All woodland caribou in Alberta belong to either the boreal or the mountain ecotype. By
genetic analysis, differences between ecotypes can be observed.
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RESEARCH OBJECTIVE II
With the purpose of exploring Prnp polymorphisms, genomic DNA from caribou blood of 10
Alberta populations was extracted to amplify the PrP coding sequence by PCR; the PCR
products were sequenced and analyzed to identify single nucleotide polymorphisms (SNPs)
at the prion loci.
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CHAPTER TWO: MATERIALS AND METHODS
2.1.

Materials

2.1.1. Fecal samples of white-tailed deer and mule deer
Deer feces of known CWD status were obtained from a study wherein fawns of white-tailed
deer (Odocoileus virginianus) and mule deer (Odocoileus hemionus) from sources in
Colorado, Wyoming, Nebraska, Kansas, and Iowa, USA were orally inoculated with 0.5 or 1 g
of CWD-positive brain tissues from white-tailed deer or mule deer. Feces were collected
monthly throughout the study [200]. In addition, feces from a herd of captive mule deer in a
CWD-free area in Pullman, Washington, USA were used in this study as negative controls
[191].

2.1.2. Fecal samples of experimental elks
Fecal samples from CWD orally inoculated and CWD-negative elk (Cervus canadensis) were
kindly provided by Dr. Stefanie Czub (Canadian Food Inspection Agency, Lethbridge
Laboratories) [198]. These elk were from two local commercial farms which had no CWD
history and had been actively participating in CWD surveillance programs. In the oral
inoculation study, animals were genotyped and were challenged with 1g CWD positive elk
brain tissue (confirmed by western blot) or with 1g of elk brain tissue confirmed to be free
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of CWD. Positive and sham challenged animals were housed separately in the BSL 3 large
animal containment facility at the Canadian Food Inspection Agency National Centre for
Animal Disease Lethbridge (CFIA-NCADL) to avoid environmental exposure to CWD or cross
contamination. Fecal samples were collected before animals were euthanized according to
the experimental schedule. Samples’ information is summarized in table 3.

Table 3. Summary of fecal samples from experimental elk.
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2.1.3.

Caribou blood samples

120 Caribou (Rangifer tarandus caribou) blood samples from 10 local populations in Alberta
were kindly provided by Dr. Marco Musiani (University of Calgary) [201]. These samples
were collected at different time points during 2002-2008. The caribou populations can be
categorized into two groups according to the ecotypes: the boreal and the mountain
ecotype. Five populations including Chinchaga (n=30), Cold Lake (n=10), East-side Athabasca
River (n=10), Slave Lake (n=10) and Little Smokey (n=10) belong to the boreal ecotype; the
other five populations: Japer (n=10), Narraway (n=10), Redrock Prairie Creek (n=10), WestCentral Alberta (n=10) and A La Peche (n=10) are members of the mountain ecotype. The
distribution of these herds is shown in figure 6.
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Figure 6. The distribution of caribou populations in Alberta.
The grey areas represent the habitats of caribou in Alberta. The Red boxes indicate the populations
involved in this study. The thick dashed line depicts the bowndary of two ecotypes. Figure adapted
from Hervieux et al [202].
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2.1.4. Plasmids used for clonings
2.2.4.1.

pET-24 (+)

Plasmid pET-24 (+) (Novagen) was used as an expression vector to generate recombinant
PrP protein in Escherichia coli. Figure 7 shows the map and sequence of pET-24 (+).

Figure 7. pET-24 (+) vector map and the T7 expression region.
Figure adapted from Novagen website:
https://www.embl.de/pepcore/pepcore_services/strains_vectors/vectors/pdf/pET-24____map.pdf.
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2.1.4.2.

Plasmid for TOPO cloning

The caribou prion protein gene was amplified by PCR using Pfu polymerase (Agilent); the
blunt-ended PCR products were inserted into vector pCR® -BluntII-TOPO (Invitrogen). Figure
8 shows the vector map of pCR® -BluntII-TOPO.

Figure 8. pCR® -BluntII-TOPO vector map.
Linearized sequencing vector for Zero Blunt TOPO PCR Cloning. Figure obtained from:
https://plasmid.med.harvard.edu/PlasmidRepository/file/map/pCRBluntIITopo.bmp.
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2.1.5.
A

pair

Primer sequences
of

primers

was

designed

by

using

software

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/)

“Primer3Plus”

to

amplify

the

sequence encoding mature cervid PrP (residues 24-234) with high specificity in PCR. The
forward and reverse primers recognize the N-terminal (residues 1-23) and C-terminal signal
sequences (residues 235-256) of PrP, respectively. The primers were synthesized at the
University of Calgary CoreDNA service. M13 primers used in colony PCR and colony
sequencing were from an Invitrogen commercial kit: Zero Blunt™ TOPO™ PCR Cloning Kit.
The sequences of primers used in this study are summarized in Table 4.

Table 4. Summary of primers sequences.
Name

Sequence

Length (bp)

Designed Forward Primer

CCTAGTTCTCTTTGTGGCCATGTG

24

Designed Reverse Primer

TGAGGAAAGAGATGAGGAGGATCAC

25

M13 Forward Primer

GTAAAACGACGGCCAG

16

M13 Reverse Primer

CAGGAAACAGCTATGAC

17
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2.1.6.

Bacterial glyceral stocks

Plasmids (pET-24) encoding mature full length (residues 24-234) cervid PrP (GMSQ,
corresponding residues glycine [G], methionine [M], serine [S]and glutamine [Q] at 96, 132,
138 and 226, respectively) or full length wild type mouse PrP (residues 23-231) in E. Coli
strain Rosetta (DE3) were generous gifts from Dr. Byron Caughey (NINDS, NIH, Rocky
Mountain Laboratories).

2.1.7.

Chemicals

40% Acrylamide/Bis solution

Bio-Rad

Agarose

Amresco

5-bromo-4-chloro-3-indolyl-beta-D-galacto-

Sigma-Aldrich

pyranoside (X-gal)
Ammonium Sulfate

Sigma-Aldrich

Ammonium Persulfate

Sigma-Aldrich

Ampicillin

Sigma-Aldrich

Anhydrous ethyl alcohol

Commercial Alcohols

Chloramphenicol

Sigma-Aldrich

Coomassie brilliant blueR

Sigma-Aldrich

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich

Guanidine hydrochloride

Sigma-Aldrich
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Imidazole

Sigma-Aldrich

Isopropanol

Sigma-Aldrich

Kanamycin sulfate

Sigma-Aldrich

Luria-Bertani (LB) broth

Invitrogen

Magnesium chloride

Sigma-Aldrich

N2 supplement (100X)

Thermo Scientific

N-lauroylsarcosine sodium salt (sarkosyl)

Sigma-Aldrich

phenylmethylsulfonyl fluoride (PMSF)

Sigma-Aldrich

Protease inhibitor tablet

Roche

Sodium chloride

Sigma-Aldrich

Sodium deoxycholate

Sigma-Aldrich

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich

Sodium phosphate dibasic anhydrous

Sigma-Aldrich

Sodium phosphate monobasic monohydrate

Sigma-Aldrich

Sodium phosphotungstate hydrate (NaPTA)

Sigma-Aldrich

Tetramethylethylenediamine (TEMED)

Invitrogen

Thioflavin T

Sigma-Aldrich

Tris-Hydroxy-Methyl-Amino-Methan (Tris)

Sigma-Aldrich

Triton-100

Calbiochem

Tween 20

Sigma-Aldrich
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2.1.8.

Commercial buffers and solutions

10X TAE buffer

Fisher Scientific

BugBuster Master Mix

Nogagen

Ni-NTA superflow

Qiagen

Phosphate-buffered saline (PBS) pH 7.4 (1X)

Life Technoligies

UltraPure Distilled Water

Invitrogen

2.1.9.

Standards and commercial kits

GelGreen™ Nucleic Acid Gel Stain

Biotium

GeneRuler 100 bp DNA ladder

Thermo Scientific

Precision Plus ProteinTM Dual Color Standards

Bio-Rad

DNeasy® Blood and Tissue Kit

Qiagen

E.Z.N.A Plasmid DNA Mini kit I

Omega Bio-Tek

Express Autoinduction System 1

Novagen

PierceTM BCA Protein Assay Kit

Thermo Scientific

QIAquick gel extraction kit

Qiagen

Zero BluntTM TOPOTM PCR Cloning Kit

Invitrogen
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2.1.10.

DNA polymerase

PfuUltraTM II Fusion HS DNA Polymerase

Agilent

Taq Polymerase

New England BioLabs

2.2.

Methods

2.2.1.

Purification of recombinant prion protein (rPrP)

2.2.1.1.

Grow and express of bacterial stock

E. coli strain Rosetta (DE3) transformed with vector pET-24 encoding mature sequence of
deer prion protein (residues 24-234) or mouse wild type prion protein (residues 23-231)
were streaked and grown on LB agar plates with kanamycin overnight in a 37°C incubator.
One colony of each plate was picked by using a disposable inoculating loop and was grown
in 3 mL of lysogeny broth (LB) media containing antibiotics kanamycin and chloramphenicol
(final concentrations were 50 µg/mL and 34 µg/mL, respectively) at 37°C with constant
shaking at 200 rpm for 5-6 hours. Then, the 3 mL starter culture was added in 1 liter LB
media together with Express Autoinduction System 1 (Novagen) for protein induction; the
culture was shaken at 200 rpm for 20 -24 hours in a 37°C incubator before spinning down
(2,900 X g for 20 minutes at room temperature). The supernatant was discarded; the
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bacterial pellets were collected in centrifuge tubes and were frozen at -80°C until further
processing.

2.2.1.2

Preparation of inclusion body

After thawing at 37°C in a water bath, three cycles of homogenization-and-centrifugation
were performed. Bacterial pellets were resuspended in 18 -20 mL of 1X lysis reagent
BugBuster Master Mix (Novagen) by pipetting. The homogenate was incubated on a rocker
for 20 minutes at room temperature.
Then, to separate supernatant and pellets, the homogenate was centrifuged at 16,000 X g
for another 20 minutes at room temperature. Then the pellets were again homogenized in
the same volume of 1X lysis buffer as described in the first step. After 15 minutes of
incubation, 0.1X lysis buffer was added to a total volume of 40 mL. The homogenate was
spun down at 7,900 X g for 15 minutes at 4°C.
Finally, the pellets were homogenized again in 40 mL of 0.1X lysis buffer. Without incubation,
the homogenate was centrifuged at 16,000 X g for 15 minutes at 4°C. The supernatant was
discarded; the pellets containing the inclusion bodies were stored at -20°C.
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2.2.1.3.

Protein purification

The PrP-containing inclusion bodies were dissolved in 14 mL of 8M guanidine-HCl to
solubilize proteins. The lysate was incubated on a rocker at room temperature for at least
50 minutes prior to centrifugation at 16,000 X g for 5 minutes to remove insoluble debris.
The PrP-containing supernatant was batch-bound to Ni-NTA superflow resin which had been
equilibrated in denaturing buffer (100 mM sodium phosphate, 10 mM Tris, 6 M guanidineHCl [pH 8.0]). Nickel chelate beads were used to purify PrP by its nickel affinity. The
histidine-rich N-terminal region of PrP renders the affinity to nickel(II), which allows the
protein to bind to nickel ions without any his-tag.
To purify a large amount of recombinant protein, Fast protein liquid chromatography (FPLC)
was employed. FPLC is a liquid chromatography system using a lower pressure and a higher
flow-rate in comparison to high pressure liquid chromatography (HPLC) to separate proteins.
The FPLC column was packed by carefully pouring the PrP-containing lysate which was
bound to Ni-NTA matrix into a column without any air bubbles before it was loaded onto an
AKTA chromatography system (GE healthcare). During the chromatographic purification
process, the denatured PrP was first slowly refolded on the resin by applying a linear
gradient of refolding buffer (100 mM sodium phosphate, 10 mM Tris [pH 8.0]) to replace the
denaturing buffer. This step also removes the chaotropic guanidine-HCl. Next, the renatured
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PrP was eluted from the resin by using another linear gradient of elution buffer (100 mM
sodium phosphate, 10 mM Tris, 500 mM imidazole [pH 5.8]) in which the high concentration
of imidazole competed PrP's binding to the nickel(II). Finally, the eluted PrP was collected
into slide-A-Lyzer® dialysis cassettes (10,000 MWCO, Thermo Scientific) for overnight
dialysis at 4°C in 3.6 L of dialysis buffer (10 mM sodium phosphate [pH 5.8]) to remove
imidazole and other chemicals. The PrP solution was filtered (Acrodisc® 25 mm Syringe
Filters, Pall Life Sciences); the protein concentration was determined by BCA assay (Pierce™
BCA Protein Assay Kit, Thermo Scientific) before storage at -80°C.

2.2.2.

BCA assay

The bicinchoninic acid (BCA) protein assay is a protein quantitation method which relies on
the interaction between copper ions and peptide bonds in an alkaline solution (the biuret
reaction). The reduction of copper(II) sulfate to copper(I) is proportional to the amount of
protein. The end product, which is a purple color formation by bicinchoninic acid, absorbs
light at a wavelength of 562 nm.
According to the instruction manual of Pierce™ BCA Protein Assay Kit (Thermo Scientific), to
compare the assay response of a sample to that of a standard with known concentration,
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bovine serum albumin (BSA) was prepared in a series of dilutions ranging from 0.1 to
1.0mg/ml.
To prepare the working reagent (WR), BCA reagent A and reagent B were mixed in a ratio of
50:1 (A:B). 200 µL of WR and 25µL of standards (BSA dilutions) and rPrP samples,
respectively, were pipetted into each well in a 96-well plate. The microplate was covered
with aluminum foil and incubated at 37°C for 30 minutes. Thereafter, the microplate was
placed into a Tecan SunriseTM plate reader and the absorbance of standards and sample
solutions was measured at 562 nm. A standard curve was plotted using the measuring data
from the standard sample dilutions, and then the concentrations of samples were
determined.

2.2.3.

Preparation of cervid feces extracts

Fecal pellets were weighed and homogenized in feces homogenization buffer to a final
concentration of 10% (w/v) to extract proteins. The feces homogenization buffer contains
20 mM sodium phosphate (pH 7.1), 130 mM NaCl, 0.05% Tween 20, 1mM PMSF and 1X
complete protease inhibitors (cOmpleteTM, Mini, EDTA-free, Roche Life Science). For
homogenization and protein extraction, fecal pellets and buffer were homogenized in M
Tubes using a gentleMACS dissociator (Miltenyi Biotec) with a pre-set program “Protein_01”.
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Tubes were then placed onto a rotary shaker for 1 hour incubation at room temperature.
After centrifugation at 18,000 X g for 5 mins (room temperature), supernatants were
collected into 1.5 mL tubes and stored at -20°C for further applications.
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2.2.4.

Concentration of PrPSc in feces extracts

In order to concentrate CWD prions in the feces extract samples thereby improving the
sensitivity of RT-QuIC detection, ultracentrifugation and sodium phosphotungstate (NaPTA)
precipitation are the two protein precipitation methods which have been tested in this
study. Ultracentrifugation is a methodology by using a centrifuge optimized for spinning a
rotor at very high speeds, which generates centrifugal forces a thousand times greater than
the gravity force to separate materials, like protein molecules. The addition of detergent Nlauroyl sarkosinate (sarkosyl) in the preparation of samples is to separate soluble PrPC from
insoluble PrPSc by ultracentrifugation. NaPTA precipitation is a method described by Safar et
al [76] to concentrate PrPSc in test samples upon incubation with NaPTA. This results in
selective precipitation of PrPSc but not PrPC; however, the molecular mechanism is unclear.
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2.2.4.1.

Ultracentrifugation

10% (w/v) sarkosyl was added to fecal homogenates to a final concentration of 1 %. After
gentle mixing, samples were ultracentrifuged at 40,000 rpm (Beckman Optima™ TL 100
Ultracentrifuge, TLA-100 Rotor, Fixed Angle, Titanium) for 1 hour at 4°C. The supernatants
were discarded, the pellets were resuspended with 1/10 of the original sample volume in
RT-QuIC dilution buffer (20 mM sodium phosphate [pH 6.9], 130 mM NaCl, 0.1% SDS and 1 X
N2 supplement) and stored at -20°C until the samples were tested in RT-QuIC assay.

2.2.4.2.

NaPTA precipitation

In this approach, 10% (w/v) sarkosyl was added in fecal homogenates to a final
concentration of 2%. Samples were first incubated at 37°C for 30 minutes at 1,400 rpm in an
Eppendorf thermomixer and were adjusted by a stock solution containing 4% (w/v) sodium
phosphotungstic acid and 170mmol/L magnesium chloride (pH 7.4) to obtain a final
concentration of 0.3% (w/v) sodium phosphotungstic acid in the samples. Next, samples
were incubated at 37°C for 16 hours or 2 hours with constant agitation before
centrifugation at the maximum speed in a microcentrifuge (15,800 X g) for 30 minutes at
14°C. After careful removal of supernatants, the pellets were washed by resuspending in a
cell lysis buffer (10 mM Tris-Cl [pH 7.5], 10 mM NaCl, 0.5% Triton-X 100, 10 mM EDTA and
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0.5% sodium deoxycholate) with 0.1% sarkosyl. After a second centrifugation at the
maximum speed in a microcentrifuge (15,800 X g) for 15 minutes at 14°C, the supernatants
were discarded; the pellets were resuspended in 1/10 of the original sample volume in RTQuIC dilution buffer. The NaPTA treated samples were stored at -20°C until being used in
RT-QuIC assay.

2.2.5.

RT-QuIC assay

Ninety-eight µL of RT-QuIC reaction mixture (20 mM sodium phosphate (pH 6.9), 300 mM
NaCl, 1 mM EDTA, 10 µM Thioflavin T, and 0.1 mg/ ml rPrP substrate) was loaded into each
well of a Nunc 96-well optical bottom plate (Thermo Scientific), and 2 µl seeding material
(feces extracts or brain homogenates) was added. Seeds were 10-fold serially diluted in RTQuIC seed dilution buffer (20 mM sodium phosphate [pH 6.9], 130 mM NaCl, 0.1% SDS and
1X N2 supplement). In each experiment, serial dilutions of CWD-positive elk brain
homogenate (10%) ranging from 2 X 10-1 to 2 X 10-8 served as the positive controls; similarly,
serial dilutions of fecal samples (ranging from undiluted to 2 X 10-3) from CWD-negative
animals were used as negative controls.
Plates were sealed with a sealing tape (Thermo Scientific) and incubated in a BMG Labtech
FLUO star TM plate reader at 42°C for 50 hours with cycles of 1 minute double orbital shaking
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(700 rpm) and 1 minute resting throughout the incubation. Due to the shaking incubation,
the polymerization of recombinant PrP (rPrP) into amyloid fibrils can be induced and can be
monitored by thioflavin T (ThT), which is a fluorescence dye that displays enhanced
fluorescence upon binding to amyloid fibrils. ThT fluorescence signals of each well were
read and documented every 15 minutes; and data were plotted as the average of
quadruplicate reactions by using GraphPad Prism software.
To define positive samples, a threshold was demarcated in each experiment. As described in
current published literature [194], a threshold is calculated by the highest mean values of a
negative control plus 5 standard deviations as for each experiment.

2.2.6.

Genomic DNA extraction from blood

This was done using the commercial QIAGEN DNeasy® Blood and Tissue Kits. According to
the manufacture’s protocol, 20 µL of proteinase K (40 mAU/mg protein) was pipetted into
100 µL of each anticoagulated blood sample, the volume was adjusted to 220 µl with PBS.
Then, 200 µL of buffer AL (lysis buffer) was added with vortexing to break down the cell and
nuclear membranes spilling the contents. Next, samples were incubated for 10 min at 56°C
to allow proteinase K to degrade contaminating proteins and nucleases. After the incubation,
200 µL of ethanol was added into the homogeneous samples to precipitate DNA; the
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mixture was then pipetted into a DNeasy spin column and centrifuged at 6,000 X g for 1
minute. The DNeasy spin column contains a silica-based membrane, so during centrifugation,
DNA can selectively bind to the membrane as contaminants pass through. The flow-through
was discarded; DNA samples underwent two washing steps to remove remaining
contaminants and enzyme inhibitors. For the first washing step, 500 µL of AW1 buffer were
added to the columns followed by a centrifugation at 6,000 X g for 1 minute. Similarly, for
the second washing step, 500 µL of AW2 buffer (contains guanidine hydrochloride) were
added to the columns. Then, the columns were centrifuged at 20,000 X g for 3 minutes to
remove residual buffer. Finally, extracted DNA was eluted in 30 µL of sterile A. dest by
centrifugation at 6,000 X g for 1 minute. After measuring the concentration of each DNA
sample, they were stored at 4°C for further application.

2.2.7.

Determination of DNA concentration

To quantify DNA, the concentration of each sample was measured by the nucleic acid
absorbance at a wavelength λ= 260 nm by nano drop (NanoVue Plus, GE Healthcare Life
Sciences), with an extinction of 1 at A260 nm = 50 µg/mL of DNA. The ratio of absorbance at
λ= 260nm (nucleic acid) and λ= 280nm (protein) should be ~1.8 to confirm purity.
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2.2.8.

Polymerase Chain Reaction (PCR)

Prepared DNA samples were used as templates in PCR to amplify the Prnp open reading
frame. To perform high-fidelity PCR, Pfu polymerase (PfuUltra™ II Fusion HS DNA
Polymerase, Agilent) was used with the designed primers (fwd 5’-CCT AGT TCT CTT TGT GGC
CAT GTG-3’ and rev 5’-TGA GGA AAG AGA TGA GGA GGA TCA C-3’) for high specificity. The
PCR cocktail components were as following: 5 µL of 10X Pfu reaction buffer (Agilent), 2 µL of
5mM dNTP, 2 µL of 10 µM forward primer, 2 µL of 10 µM reverse primer, 0.5 µL of Pfu
polymerase, and 100 ng of genomic DNA as the template in a total reaction volume of 50 µL.
To avoid contamination, the PCR master mix was prepared in a DNA-free clean room; DNA
templates were always added in a biosafety cabinet outside of the clean room.
PCR reactions were prepared in 8-well strip tubes with one negative control per strip, and
were placed into a PCR machine (Mastercycler Nexus PCR Machine, Eppendorf). The PCR
cycles and conditions were as follows: 4 minutes for an initial denaturation at 94°C, followed
by 39 cycles of denaturation (94°C, 30 seconds), annealing (62°C, 30 seconds), extension
(72°C, 1 minute) and a final extension at 72°C for 10 minutes. After amplification, PCR
products were analyzed on agarose gel (see next section for details); if bands were invisible
or faint under UV light, 2 µL of the PCR products were used as DNA templates in a second
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round of PCR to re-amplify the PCR products; otherwise, the bands were excised from the
agarose gel for DNA extraction and purification.

2.2.9.

Agarose gel electrophoresis

Agarose gel electrophoresis is a method to separate nucleic acid fragments by size with the
aid of an electric field. To prepare a 1.5% w/v of agarose gel, 0.75 g agarose (AMRESCO)
were mixed with 50 mL of 1X TAE buffer (Fisher Scientific). The mixture was melted
thoroughly by using a microwave and was cooled down before the addition of nucleic acid
stain (Biotium Inc). Next, the melted agarose solution was transferred into a casting tray.
After the agarose gel was solidified and turned translucent, the comb was removed; the
casting tray was placed into the electrophoresis box which was filled up with 1X TAE buffer
to cover the gel. PCR products were mixed with 6X DNA loading dye (Thermo Scientific), i.e.,
40 µL of PCR product with 8 of loading dye, and were carefully loaded into the gel. To
estimate the size, 8 µL of GeneRuler 100 bp DNA Ladder (Thermo Scientific) was also loaded
on each gel. Gel electrophoresis was run under constant current of 100 V for 30-40 minutes.
Finally, the gel was placed into a UV transilluminator for visualization of PCR products.

62

2.2.10.

Extraction of DNA from agarose gel

Desired DNA fragments were excised from the gel under UV light and were placed into
labeled microfuge tubes for weighing. Next, following to the manufacturer’s protocol of the
QIAquick gel extraction kit (QIAGEN), 3 volumes of buffer QG were added into the tubes to
dissolve the gel fragments with heat (50°C, 10 minutes). Once the gel was fully dissolved,
one volume of isopropanol was added to the samples and was mixed by inverting. Next, the
whole mixtures were pipetted into QIAquick columns, which contain silica membranes for
DNA binding. The columns were then centrifuged at 10,000 X g for 1 minute. The flowthrough was discarded; 750 µL of buffer PE (washing buffer) was added into each column
and was incubated at room temperature for 3-5 minutes before another centrifugation
(10,000 X g, 1 minute) to remove residuals. Finally, the DNA was eluted in 35µL of A. dest by
centrifugation at 10,000 g for 1 minute. DNA concentration and purity was analyzed by
nanodrop; samples were sent to other facilities for sequencing.

2.2.11.

DNA sequencing and data analysis

Purified DNA samples were sent to the University CoreDNA service (University of Calgary) or
to Eton Bioscience (San Diego) and both strands of DNA were sequenced by providing our
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forward and reverse primers. Data (DNA sequencing chromatograms) were analyzed by
DNAMAN 8.0 (Lynnon Corporation).

2.2.12.

ZERO blunt TOPO cloning

To confirm the sequencing results, several DNA samples which showed no polymorphisms at
codon 129, 138, 146 and 169 were chosen for cloning by using a commercial kit, Zero
Blunt™ TOPO™ PCR Cloning Kit (Invitrogen). The procedures can be classified into two parts:
ligation and transformation, which are described below.

2.2.12.1. Ligation
Blunt-end cloning involves double stranded DNA ligation into a linearized plasmid with DNA
topoisomerase I covalently bound to each 3´phosphate. DNA topoisomerase I functions as a
restriction enzyme which cleaves DNA by recognizing the pentameric sequence 5´(C/T)CCTT-3’. DNA topoisomerase I also acts as a ligase to join PCR-amplified DNA fragments
into plasmid vectors. According to the manufacturer’s protocol, 4 µL of DNA, 1 µL of salt
solution (final concentration: 200mM NaCl, 10mM MgCl2) and 1 µL of pCR®II-Blunt-TOPO®
plasmid were added into a tube and the tube was incubated for 15 minutes at room
temperature before transformation.
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2.2.12.2. Transformation of E. coli
Transformation is a process to introduce a foreign antibiotic resistant plasmid which
contains the gene of interest into a bacterial cell. E. coli strain DH5α competent cells (New
England Biolabs), which are optimal for DNA uptake with fast growth rates, great plasmid
yields, and high transformation efficiency, were used in this step. Because competent cells
are very sensitive to temperature changes, the cells were thawed on ice till fully dissolved.
Next, 3 µL of the ligation reaction were added into 50 µL of DH5α cells; the reaction mixture
was mixed gently (avoid pipetting) and was incubated on ice for 30 minutes to allow for the
stabilization of the bacterial membrane. Then, the reaction mixture was heat-shocked at
42°C for 20 seconds in a thermomixer without shaking to allow plasmid DNA to enter the
bacteria. After the heat shock, the mixture was immediately placed on ice for 2 minutes
before adding 950µL of pre-warmed LB medium. After incubating the mixture at 37 °C for 1
hour at 200 rpm, the mixture was centrifuged at 3,000 X g for 5 minutes, and 600 µL of
supernatant was removed; the bacterial pellet was resuspended in the remaining medium.
Finally, 200 µL of the LB medium together with 40 µL of X-gal (5-bromo-4-chloro-3-indolylbeta-D-galacto-pyranoside) at a final concentration of 40 µg/mL were spread on a prewarmed LB agar plate containing ampicillin (50 µg/mL) for incubation at 37°C overnight.
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2.2.13.

Blue-white screening of transformed E. Coli

Blue-white screening was used to identify transformed bacterial clones. This technique is
based on the interruption of α-complementation of the β-galactosidase which is encoded by
the lacZ gene. An active form of β-galactosidase is a tetramer which metabolizes lactose into
glucose and galactose. When a plasmid vector in which the multiple cloning site contains the
coding sequence for the first 146 amino acids of β-galactosisdase (referred to the αfragment) is transformed into a mutant strain of E. coli with a deletion of a small piece of
DNA sequence corresponding to β-galactosidase N-terminal amino acids 11-41 (the
remaining sequence is called the ω-fragment), a functional β-galactosidase can be produced.
This process is termed α-complementation. However, if a desired DNA fragment is inserted
into the multiple cloning site of a plasmid, the α-fragment is therefore interrupted;
consequently, the bacteria cannot assemble a functional β-galactosidase. The blue white
screening employs the use of X-gal (5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside),
which serves as an artificial galactoside substrate. If β-galactosidase is produced, X-gal is
cleaved by the enzyme to form an insoluble blue dye 5, 5’-dibromo-4, 4’-dichloro-indigo.
Otherwise, the transformed cells with ligated vectors that contain recombinant DNA will
produce white colonies.
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2.2.14.

Screening of transformed E. Coli by colony PCR

Sometimes the inserted DNA fragment is too small so that it is not sufficient to disrupt the
formation of β-galactosidase, resulting in blue colonies which are given by recombinant
plasmids. Therefore, a double selection system is needed. Colony PCR is a method to screen
for plasmid inserts and estimate the size directly from E. coli colonies by adding the cells
directly to a PCR reaction. The pCR®II-Blunt-TOPO® cloning vector contains the annealing
sites for M13 forward and reverse primers (Figure 8), therefore, the M13 primers were used
for PCR screening.
For each plate, 3-5 white colonies were suspended in 25 µL of ddH2O separately and were
used as templates in colony PCR for screening. For a standard 25 µL colony PCR reaction,
each contained 17.5 µL of A. dest, 2.5 µL of 10X PCR buffer (500 mM KCl, 100 mM Tris-HCl
[pH 9.0], 1.0% Trition X 100), 1.5 µL of 25 mM MgCl2, 0.5 µL of dNTPs (10 mM), 0.5 µL of 20
µM M13 forward primer, 0.5 µL of 20 µM M13 reverse primer, 1 µL of Taq polymerase (New
England Biolabs) and 1µL of DNA template. It should be mentioned that except for the DNA
templates, components were pre-mixed in a clean room to avoid contamination. The PCR
cycles and conditions were as following: 5 minutes for an initial denaturation at 95°C,
followed by 30 cycles of denaturation (95°C, 1 minute), annealing (55°C, 1.5 minutes),
extension (72°C, 1 minute) and a final extension at 72°C for 5 minutes. Finally, the PCR
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products were analyzed on agarose gel (1.5%) for the inserts by electrophoresis. The inserts
are mature-lengths of caribou prion protein (719 bp). If the size of the inserts was correct,
the resuspended bacterial clones (in ddH2O) were transferred to culture tubes containing 5
mL of LB medium to grow the bacteria at 37°C with shaking (250 rpm) for overnight (16 -18
hours).

2.2.15.

Preparation of plasmid DNA

E.Z.N.A Plasmid DNA Mini Kit I (Omega Bio-Tek) was used to extract and purify plasmid DNA
from bacterial cultures. First, the cultured bacteria grown in LB broth were centrifuged at
10,000 X g for 1 minute at room temperature. The supernatants were discarded; the
bacterial pellets were resuspended in 250 µL of solution I (which contains RNase A). Next,
250 µL of solution II (lysis buffer) was added into the suspension; each tube was mixed
gently by inverting several times to get clear lysates. Solution II contains the detergent
sodium dodecyl sulfate (SDS) and sodium hydroxide. SDS can dissolve bacterial membranes;
sodium hydroxide raises the pH in the solution, which can denature cell proteins, degrades
RNA, and unwind chromosome DNA to single strands (while plasmid DNA remains
supercoiled).
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Then, 350 µL of solution III (neutralization buffer) was added into the suspension. Solution III
contains potassium acetate, which neutralizes the pH of the solution and thus renatures
DNA strands. Potassium causes the SDS with its associated membrane fragments, cell
proteins and membrane-attached chromosomal DNA to precipitate. Therefore, right after
the addition of solution III, the mixtures immediately turned flocculated because of the SDS
precipitants. At this step, constantly inverting the tubes can avoid localized precipitation. To
remove the precipitants, the tubes were centrifuged at maximum speed (≥ 13,000 X g) for
10 minutes at room temperature. After the centrifugation, the clear supernatants were
transferred to HiBind® DNA Mini Columns. The HiBind® DNA Mini columns are silica glass
fiber columns which can bind genomic DNA and plasmid DNA. To separate contaminants
from DNA, the columns were centrifuged for 1 minute (≥ 13,000 X g). To wash the HiBind
DNA Miniprep Column, 500 µL of HB buffer was added into each column prior to a second
centrifugation. Next, 700 µL of DNA wash buffer was added into each tube. After another
centrifugation, the columns were transferred to clean microfuge tubes. Finally, 50 µL of
ddH2O were added into each tube; tubes were centrifuged for 1 minute (≥ 13,000 X g) to
elute purified DNA samples.
DNA samples were measured by Nanodrop for purities and concentrations before sending
to sequence using M13 primers.
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CHAPTER THREE: RESULTS
3.1.

Detection of CWD prions in feces by RT-QuIC

RT-QuIC is a technique that can detect PrPSc in vitro by amplifying a minute amount of PrPSc
into detectable levels. Previously we employed RT-QuIC to detect CWD prions in urine and
fecal extracts of orally infected white-tailed deer and mule deer [191]. We have proven that
urine can be used for preclinical diagnosis of CWD by RT-QuIC. The fecal extracts we
prepared were able to seed RT-QuIC reaction, yet the sensitivity of detection was low.
Therefore, the objective of this work is to develop a practical tool for noninvasive CWD
diagnosis by improving feces extract seeding sensitivity in RT-QuIC. I have investigated the
anti-propagation effect of feces in RT-QuIC; thereof, NaPTA precipitation was introduced to
purify feces extract and to concentrate PrPSc. Additionally, I found that NaPTA precipitation
did not inhibit the seeding activity; instead, it reduced the spontaneous conversion in RTQuIC. I have optimized and incorporated substrate replacement to the protocol to increase
the sensitivity of detection. Finally, the research tool I developed in this work was used to
determine the shedding of CWD prions in feces during the course of disease development in
orally inoculated elk.
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3.1.1.

Assessing the effects of fecal materials on prion amplification by RT-QuIC

According to our previous study [191], the poor seeding activity in feces extracts had
suggested the existence of RT-QuIC assay inhibitors in cervid feces. To determine the
inhibitory effect of fecal materials and to evaluate a proper concentration of fecal
homogenate as the seeds in following RT-QuIC experiments, three sets of spiking
experiments were performed. The negative fecal samples used in all spiking experiments
were from a herd of mule deer (Odocoileus hemionus) in a CWD free area in Pullman, WA,
USA and therefore considered CWD negative; the positive control in each set of experiments
was 10% (w/v) CWD-positive mule deer (Odocoileus hemionus) brain stem tissue prepared
in PBS.
In the first spiking experiment, 20% (w/v) CWD-negative fecal homogenates were prepared
in either feces homogenization buffer or cell lysis buffer and CWD-positive brain
homogenate was added. Subsequently, these samples were 10-fold serially diluted in the
homologous homogenization buffer. Each dilution served as a seed in RT-QuIC assay. A
diagram of the experimental setup is depicted in Figure 9a, and quadruplicate RT-QuIC
results were presented as the average ThT fluorescence signals in relative fluorescence units
over a period of 50 hours (Figure 10).
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In this experiment, deer recombinant PrP was used as a substrate and CWD-positive brain
homogenate served as the parallel positive control. Positive RT-QuIC reactions of the control,
represented as the ascendant curves in Figure 10c, were detectable in the dilutions of 1 X
10-1 to 1 X 10-4; however, I failed to detect seeding activity in all samples spiked in feces
homogenization buffer and in cell lysis buffer (Figure 10a and 10b). Also, I noticed the use of
cell lysis buffer for homogenization resulted in a higher background fluorescence (Figure
10b). These results imply an inhibitory effect on RT-QuIC reaction, which could come from
fecal materials, the homogenization buffers, or both. To further investigate the source of
assay inhibitors, another set of spiking experiments was performed.

Figure 9. Experimental settings of spiking experiments.
For the first dilution (1 X 10-1), 5 µL of a 10% (w/v) CWD+ brain homogenate was spiked into 45 µL of
20% (w/v) CWD- fecal homogenates which were homogenized in either feces homogenization buffer
or in cell lysis buffer. The mixtures were 10-fold serially diluted in the respective homogenization
buffer (1 X 10-1 to 1 X 10-6). Two µL of each dilution was used as a seed in RT-QuIC reactions which
were performed in quadruplicate. Recombinant deer PrP (deer rPrP) was used as a substrate. (b) For
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the first dilution (1 X 10-1), 5 µL of 10% (w/v) CWD+ brain homogenate was spiked into 45 µL of either
feces homogenization buffer or in cell lysis buffer. The mixtures were 10-fold serially diluted in the
respective homogenization buffer (1 X 10-1 to 1 X 10-8). Two µL of each dilution was used as a seed in
RT-QuIC reactions which were performed in quadruplicate. (c) For the first dilution (1 X 10-1), 5 µL of
10% (w/v) CWD+ brain homogenate was spiked into 45 µL of 10% (w/v) CWD- fecal homogenates
which were homogenized in feces homogenization buffer. The mixtures were 10-fold serially diluted
in RT-QuIC dilution buffer (1 X 10-1 to 1 X 10-6). Two µL of each dilution was used as a seed in RT-QuIC
reactions which were performed in quadruplicate.

Figure 10. No detection of CWD prions in 20% fecal homogenates.
Five µL of CWD+ brain homogenate were added to 45 µL of 20% (w/v) CWD- fecal homogenate
extracted by either feces homogenization buffer (a) or cell lysis buffer (b) and were 10-fold serially
diluted ( 1 X 10-1 to 1 X 10-6) in the homologous buffer. For the positive control (c), 5 µL of a 10% (w/v)
CWD+ brain homogenate were added to 45 µL of RT-QuIC dilution buffer and were serially diluted in
RT-QuIC dilution buffer. Two µL of each dilution was used as a seed in RT-QuIC, each sample was
analyzed in quadruplicate. Cervid recombinant PrP (deer rPrP) was used as a substrate. In all figures,
mean ThT fluorescence values (relative fluorescence units [RFU], y-axis) of the quadruplicate
reactions were plotted against reaction time (hours, x-axis).
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In the second set of spiking experiments, the experimental setup was similar to the first set
but without fecal materials involvement (see Figure 9b) to test the possible influence of
fecal matter on prion amplification. Therefore, CWD-positive brain homogenate was spiked
into either of the two homogenization buffers and subsequently diluted in the same buffer.
Each dilution served as a seed in the RT-QuIC assay. Interestingly, the removal of fecal
materials rescued the seeding activities in RT-QuIC reactions, as shown in Figures 11a and
11b. In both homogenization buffers, seeding activity was detected up to a dilution of 1 X
10-4, similar to the detection limit observed in the positive control (Figure 11c). This
indicated an inhibitory effect of fecal materials but not of homogenization buffers on RTQuIC reactions. Taking the concentration of fecal homogenate into consideration, I
speculated that 20% might be too high to allow amplification of CWD prions by RT-QuIC.
That is to say, it is not a proper concentration to use in RT-QuIC for prion detection. Since
the cell lysis buffer tended to give higher background signals (Figure 10b) but did not result
in better amplification compared to the feces homogenization buffer, I decided to use the
feces homogenization buffer for preparation of fecal homogenates in subsequent
experiments.
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Figure 11. Homogenization buffers do not inhibit RT-QuIC reactions.
Five µL of CWD-positive brain homogenate were added to 45 µL of either the feces homogenization
buffer or the cell lysis buffer and were 10-fold serially diluted in the same buffer as indicated. The
positive control was performed as described in Figure 10. Two µL of each dilution was used as a seed
in RT-QuIC and analyzed in quadruplicate. Deer rPrP was used as the substrate.

In order to determine whether a lower concentrated fecal homogenate allows detection of
PrPSc, I performed another set of spiking experiments (as depicted in Figure 9c). Fecal
homogenate of two individual animals (homogenate I and II) were prepared at a
concentration of 10 % (w/v) and spiked with CWD-positive brain homogenate. Serial
dilutions (10 fold) were prepared in RT-QuIC dilution buffer and used as a seed in RT-QuIC
assay as previously described. As shown in Figure 12a and 12b, seeding activities were
detectable in 10% fecal homogenates, and the detection limit of both fecal homogenates
was up to a dilution of 1 X 10-6, which is similar to the positive control (Figure 12c). These
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results indicate that 10% fecal homogenate is a practicable concentration with weakened
inhibitory effect to allow prion detection in feces by RT-QuIC; and the source of inhibitory
effect is confirmed to be fecal matter particularly since the seeding activities were absent in
20% but were detectable in 10% fecal homogenates.

Figure 12. CWD prions are detectable in 10% fecal homogenates.
Five µL of CWD-positive brain homogenate was added to 45 µL of 10% CWD- fecal homogenates of
individual mule deer: homogenate I (a) and homogenate II (b) which were prepared in feces
homogenization buffer and were 10-fold serially diluted in RT-QuIC dilution buffer with a range of 1
X 10-1 to 1 X 10-6. The positive control (c) was performed as described in Figure 10. Two µL of each
dilution was used as a seed in RT-QuIC reactions which were performed in quadruplicate. Deer rPrP
was used as a subsrate. In the figures, the x,y-axes depict the reaction time and the mean ThT
fluorescence (RFU), respectively.
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In summary, with this set of experiments, our findings suggest the inhibitory effect of fecal
matter but not homogenization buffers on prion amplification by RT-QuIC assay. By reducing
the concentration of fecal homogenate, I have found a workable concentration at 10%
which allows PrPSc detection on RT-QuIC assay with minor inhibitory effect. In particular, I
have chosen the feces homogenization buffer as the preferable buffer over the cell lysis
buffer for prion extraction in the feces since a higher fluorescence background was
observed in fecal homogenate prepared and diluted in the cell lysis buffer.

3.1.2.

Tendency of spontaneous conversions in deer substrate

After the setup of optimal buffer and homogenization condition, the next step was to
ensure the specificity of this assay by investigating the likelihood of false-positive reactions
in CWD-negative fecal samples which were from experimental elk orally inoculated with
CWD-negative brain tissue. However, in this experiment, I noticed a high degree of
spontaneous conversions occurred in the RT-QuIC reactions when seeding 10% CWD
negative fecal homogenates into deer substrate (Figure 13). The spontaneously formed ThTpositive amyloid fibrils are PrPSc independent and usually occur at later reaction time points.
As the goal of this work is to develop a reliable and efficient diagnostic tool to detect CWD
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prions in feces by RT-QuIC, the spontaneous conversions could cause false-positivity in
diagnosis and, therefore, reduce the reliability.
The cause of spontaneous conversions in RT-QuIC reactions seeded with negative CWD fecal
homogenates is unknown but could be of unspecific proteins in the feces. Therefore, in
order to perform sensitive and specific detections by RT-QuIC, a purification process should
be applied on samples in an attempt to remove potential assay inhibitors and reduce the
possibility of spontaneous amyloid formation. On the other hand, we have previously
observed that deer recombinant PrP is prone to aggregate in its nature, which could
contribute to such spontaneous reactions. Therefore, other than using deer PrP as a
substrate, recombinant protein of other species would be worth to test in order to minimize
the spontaneous conversions and to sustain the reliability of the assay.

Figure 13. Spontaneous conversions of deer rPrP.
CWD-negative elk feces from animal C180-006 (dpi 760) and C181-06 (dpi 760) were homogenized in
feces homogenization buffer to obtain a concentration at 10% (v/w). The CWD- fecal homogenates
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(10%) were 10-fold serially diluted to 2 X 10-3 in RT-QuIC dilution buffer. Each dilution was seeded in
deer recombinant PrP in RT-QuIC reactions which were performed in quadruplicate. The
spontaneous conversions occurred as early as ~30 hr reaction time in (a) C180-006 fecal
homogenate seeded reactions and in (b) C181-006 fecal homogenate seeded reactions.

3.1.3.
Concentration and purification of PrPSc in feces by ultracentrifugation and
NaPTA precipitation
Due to the inhibitory effect of fecal matter and the spontaneous conversions observed in
CWD-negative fecal homogenate seeded RT-QuIC reactions, purification of feces should be
applied. By removing impurities and enriching PrPSc in the fecal samples, I assumed the
sensitivity and specificity of RT-QuIC detections can be improved.
Thus, fecal samples from experimental elk which were orally challenged with CWD-positive
brain tissues were homogenized in the feces homogenization buffer and subjected to
ultracentrifugation or sodium phosphotungstic acid (NaPTA) precipitation for purification
and prion concentration. Ultracentrifugation is a well-established method to precipitate
prions dictated by its solubility [203]; with the application of detergent (sarkosyl),
ultracentrifugation can separate detergent insoluble precipitants, including PrPSc, from the
soluble molecules, such as PrPC, by the centrifuge force. NaPTA precipitation, on the other
hand, is also a semi-selective precipitation method which originated from a published
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protocol [76]; it is known to specifically precipitate PrPSc over PrPC in sarkosyl-solubilized
samples. Particularly, in this study, I tested 2 and 16 hour-incubation period in NaPTA.
The purified precipitates of these purification methods were subsequently resuspended in
the RT-QuIC dilution buffer in 1/10 of the original volume for PrP Sc enrichment. Finally, the
samples were ten-fold serially diluted to 2 X 10-3 dilution; each dilution was seeded in RTQuIC assay with the use of deer substrate to investigate the seeding activity.
I observed that fecal samples of experimental elks collected at 240 days post infection
(C037-05) and 650 days post infection (C142-06) after NaPTA precipitation (with 2-hour
incubation) gave the highest seeding activities (figure 14a and 14d). A lag phase in RT-QuIC
assay indicates a time period prior to the rapid amyloid formation phase. For fecal samples
C037-5 and C142-06 treated in NaPTA for 2 hour incubation, a shorter lag phase was
observed: the lag time in 2 X 10-1 dilution was ~20 hours (figure 14a) and ~25 hours (figure
14d) respectively, in comparison to the given lag phase in the same dilution of samples
processed by ultracentrifugation: ~38 hours (figure 14c), ~40 hours (figure 14e); and by 16
hour incubation in NaPTA or the untreated crude fecal extract: ~30 hours (figure 14b), ~40
hours (figure 14f). In addition to the lag phase, higher ThT fluorescence values of RT-QuIC
reactions were also observed in both fecal samples treated with 2 hour NaPTA incubation
(figure 14a and 14d), which indicates a better seeding activity.
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Figure 14. Comparison of fecal samples processed by different precipitation methods in RT-QuIC.
CWD+ elk feces from subclinical animal C037-05 (dpi 240) and from clinical animal C142-06 (dpi 650)
were homogenized in feces homogenization buffer to achieve a final concentration of 10% (w/v).
The fecal homogenates underwent NaPTA precipitation-2 hour incubation (a, d), 16 hour incubation
(b) and ultracentrifugation (c, e) to purify and concentrate (10-times). Two µL of these processed
samples and their dilutions (from 2 X 10-1 to 2 X 10-3) were spiked in RT-QuIC reactions with deer
substrate in 4 replicates; the crude fecal homogenate (without any treatment) and its dilutions were
also tested in RT-QuIC reactions (f) for comparison. All figures are dipicted by the reaction time (hour,
x-axis) and the mean ThT fluorescence.

In summary, by comparing two purification and concentration methods, ultracentrifugation
and NaPTA precipitation, I found the better seeding activity, in terms of shortened lag phase
and increased fluorescence level, was given by samples treated with NaPTA precipitation,
particularly with 2 hour incubation in NaPTA. Therefore, NaPTA precipitation (with 2 hour
incubation) was considered as a more preferable method to apply on fecal samples in
subsequent experiments for removal of assay inhibitors and for enrichment of PrPSc. To
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further investigate the competency of NaPTA on sample purification and the effect on
seeding activity in RT-QuIC reactions, NaPTA precipitation without PrPSc enrichment was
applied on several brain homogenates of different species, and the RT-QuIC results are
presented in the next section (3.1.4).

3.1.4.

NaPTA precipitation enhances the sensitivity of detection in RT-QuIC

NaPTA precipitation is known for selective precipitation of PrP Sc but not PrPC. Therefore, I
applied this methodology to purify and to concentrate fecal prions. As a result, a better
seeding activity was observed in CWD-positive fecal samples with the application of 2-hour
NaPTA incubation in comparison to the non-purified fecal extract and to samples processed
by another methodology. However, the effect of NaPTA in this cell free conversion assay is
still not clear; the improvement of seeding activity could be simply due to a ten-fold higher
concentration of PrPSc. To confirm the effect of NaPTA precipitation on detection of PrPSc,
CWD-positive brain homogenates of white-tailed deer (figure 15d), mule deer (figure 15e)
and brain homogenate of a scrapie-infected mouse (figure 15f) were precipitated with
NaPTA. Pellets were resuspended in the original volume of RT-QuIC dilution buffer. Ten-fold
serial dilutions (from 2 X 10-2 to 2 X 10-8) were prepared and used as a seed in RT-QuIC
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reactions in the presence of deer rPrP substrate. In these experiments, brain homogenates
which were not precipitated with NaPTA were analyzed in parallel (figure 15a, 15b and 15c).
As expected, a slight increase of maximum fluorescence values was noticed in all forms of
NaPTA-purifed brain tissues (figure 15g, 15h and 15i), although the difference was not
statistically significant (p-value > 0.05; student t-test). These results confirmed that the
NaPTA-bound PrPSc does not change in its ability of seeding and does not interfere with the
aggregation of recombinant PrP to form amyloid fibrils. Instead, it improves the seeding
activity in RT-QuIC reactions, possibly by removing impurities, such as brain proteins and
lipids.
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Figure 15. NaPTA precipitation results in increased maximum fluorescence levels in RT-QuIC.
CWD-positive white-tailed deer (WTD) brain homogenate (10%), CWD-positive mule deer brain
homogenate (10%) and mouse brain homogenate (10%) were subjected to NaPTA precipitation (2 hr
incubation) to purify PrPSc. NaPTA-precipitated pellets were resuspended in RT-QuIC dilution buffer
to the original volume and were 10-fold serially diluted to a dilution of 2 X 10-8. All dilutions were
seeded in RT-QuIC with deer substrate. Comparisons of NaPTA-purified seeds (d, e and f) with the
corresponding non-purified seeds (a, b and c) in RT-QuIC were depicted by the average of maximum
fluorescence levels of quadruplicate reactions (g, h and i). All seeds were serially diluted to 2 X 10-8.
RT-QuIC reactions were measured in relative fluorescence units (RFU) over a period of 50 hours.

Since an improvement of seeding activity was observed in both NaPTA purified brain
homogenates and fecal samples, it can be concluded that the use of NaPTA precipitation is
able to enhance the sensitivity of detection. Therefore, this methodology will be
incorporated into the assay. So far, I have established a standard procedure to process
samples prior to detection. To further improve the sensitivity of this assay, I would like to
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optimize the RT-QuIC protocol; one viable option is to substitute the deer substrate with
rPrP from other species which might have better seeding activity, although the PrP primary
structure is less homologous to the seed.

3.1.5.

Comparison of seeded conversion of mouse and deer rPrP substrates

It has been reported that in RT-QuIC detection of sCJD prions, a better seeding activity was
observed in heterologous substrate/seed combinations [65, 197]. With an attempt to
explore a more efficient substrate for sensitive RT-QuIC detection of CWD, I tested mouse
wild type recombinant PrP in parallel to deer full length recombinant PrP in RT-QuIC endpoint dilution analysis to compare the seeding activities of CWD-positive elk brain
homogenate in these two different substrates.
As shown in figure 16, the detectable end-point of CWD-positive brain homogenate reached
to a dilution of 2 X 10-6 in both substrates (figure 16a and 16b), but a shorter lag phase (~5
hours) was seen with the mouse substrate compared to the deer substrate (~12 hours). The
lag phases for the dilutions 2 X 10-2, 2 X 10-3 and 2 X 1`0-4 with the mouse substrate were
significantly shorter than those same dilutions with the deer substrate (figure 16c). Based
on these interpretations, I concluded that mouse substrate presented greater conversion
efficiency in CWD positive brain homogenate-seeded RT-QuIC reactions although it is less
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homologous to the seed. As a result, deer substrate was replaced by mouse substrate in
subsequent experiments to attain a more sensitive diagnostic assay.

Figure 16. Enhanced detection of CWD-positive elk brain homogenate in mouse substrate.
Serial dilutions (from 2 X 10-1 to 2 X 10-11) of 10% (w/v) CWD+ elk brain homogenate were used to
seed quadruplicate RT-QuIC reactions with mouse substrate (a) and with deer substrate (b). The
baseline background fluorescence plus five standard deviations (SD) was set as a threshold;
according to the threshold, the detectable end-point was to a dilution of 2 X 10-6 in both substrates.
(c) By t-test analysis, the maximum fluorescence value was compared between two substrates; the
difference is significantly different in three dilutions: 2 X 10-2, 2 X 10-3, and 2 X 10-4 (**= p-value <
0.01).
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In order to improve the sensitivity of RT-QuIC assay, I had incorporated the use of NaPTA
precipitation for sample preparation and optimized RT-QuIC protocol by replacing the deer
substrate by the mouse substrate. In this study, I also confirmed that the use of
heterologous substrate/seed combination can result in higher conversion efficiency. Since a
diagnostic test is not only evaluated by its sensitivity but also specificity, CWD-negative
control samples should be tested again to ensure this assay I had developed not only
improves the sensitivity of detection, but also minimizes false-positive results.

3.1.6.

NaPTA precipitation together with the use of mouse rPrP substrate reduce

spontaneous conversions
Previously I had noticed the spontaneous conversions of deer rPrP in unpurified CWDnegative fecal extract seeded RT-QuIC reactions (figure 13). I assumed such nonspecific
reactions might be reduced after a purification step which can remove the sources in feces
to cause spontaneous conversions; therefore, NaPTA precipitation has been introduced.
CWD-negative fecal homogenates from experimental elk (animal ID: C181-06) and from
mule deer (animal ID: Swift) of a local herd in Pullman, WA, USA were prepared and
subjected to NaPTA precipitation (2 hour incubation) to obtain purified samples which were
ten times concentrated. The non-purified fecal extracts and NaPTA purified samples were
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serially diluted to 2 X 10-3; each dilution served as a seed in the RT-QuIC assay with the use
of mouse rPrP as a substrate.
In this experiment, I noticed the appearance of spontaneous conversions (depicted as the
ascendant curves shown in figure 17a and 17b) when the mouse substrates were seeded
with unpurified CWD-negative fecal homogenates; these results were similar to previous
findings using deer rPrP substrate, indicating that both substrates can be converted
spontaneously (possibly by the impurities in cervid feces). Surprisingly, the spontaneous
conversions were significantly reduced when mouse substrates were seeded with NaPTApurified CWD-negative fecal homogenates (10-times concentrated), as shown in figure 17c
and 17d. Although these results suggest that the NaPTA purification does have an impact on
reducing nonspecific RT-QuIC reactions with mouse substrate, nevertheless, spontaneous
conversions still occurred in NaPTA purified CWD- fecal homogenate seeded deer substrate
(Figure 18). Therefore, I supposed that deer rPrP might have a higher tendency in selfaggregation.
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Figure 17. Reduced spontaneous conversions of mouse substrates seeded with purified CWDnegative fecal homogenate.
CWD- feces from experimental elk (C181-006) and from a non-infected captive mule deer (Swift)
were homogenized in feces extract buffer to obtain a final concentration of 10% (w/v). For
purification, these fecal homogenates were processed and 10-times concentrated by NaPTA
precipitation (2 hour incubation). The unpurified fecal homogenates (a, b), NaPTA-purified and
concentrated forms (c, d) and their dilutions were used to seed quadruplicate RT-QuIC reactions
with mouse substrate. A reduction of spontaneous conversions was seen in NaPTA-purified fecal
samples (c,d).
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Figure 18. NaPTA precipitation does not reduce spontaneous conversion of deer rPrP.
Fecal samples from elk (animal ID: C180-06, C181-06) which were orally challenged with CWDnegative brain tissues were homogenized into feces homogenization buffer to obtain a
concentration of 10% (w/v). Fecal homogenates were subsequently subjected to NaPTA
precipitation to purify and concentrate (10-times). Samples were serially diluted to 2 X 10-3; each
dilution was used as s seed in RT-QuIC. Cervid rPrP was used as a substrate.

In summary, the use of deer rPrP as a substrate might not be suitable to use in a diagnostic
test to detect CWD prions since it can result in false-positive readouts; however, the
combination of NaPTA precipitation and the use of mouse substrate significantly reduced
spontaneous conversions. Taking the results of figure 15 and figure 17 together, I concluded
that NaPTA precipitation can improve both sensitivity and specificity of RT-QuIC detections.

3.1.7.
Sensitive detections of CWD prions in feces by RT-QuIC upon substrate
replacement
In previous experiments, I had optimized seed preparation and the RT-QuIC protocol in
order to establish a reliable diagnostic tool to detect CWD prions in feces. With the use of
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NaPTA precipitation and mouse substrate, enhanced seeding activity and reduced
nonspecific reactions can be performed. Finally, I tested the optimized protocol I had
developed on fecal samples collected at different time points from experimental elk which
were orally inoculated with CWD prions.
However, although amplification was observed, resulting fluorescence signals of NaPTA
processed CWD-positive fecal samples were low (figure 19a, 19b and 19c). In addition, I
observed that in the positive RT-QuIC reactions, the prion amplification reached a constant
plateau (referred to as flat lines) at low fluorescence levels. This indicates the saturation of
reactions, which can be due to the degradation/denaturation of rPrP or the formation of
off-pathway aggregates which consume the rPrP pool [197]. To further improve the
amplification of prions and enhance the sensitivity of detection, a substrate replacement
step [201] was incorporated into the protocol.
Substrate replacement was introduced after the first 25 hours of RT-QuIC reaction, by
removing 90% of the reaction mixture and replenishing reaction buffer containing fresh
mouse substrate and fresh fluorescence dye ThT. In the new protocol, the RT-QuIC reaction
time was extended from 50 hours to 75 hours. As shown in figure 19d, 19e and 19f, with the
incorporation of substrate replacement, a significant improvement in seeding activity and
prion amplification was observed.
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Figure 19. Improved detections of CWD prions in feces with substrate replacement.
10% CWD+ fecal homogenates from experimental elk C037-05 (dpi 240), C051-05 (dpi 300), C052-05
(dpi 300) and C142-06 (dpi 650) were purified and concentrated by NaPTA precipitation. NaPTAtreated samples and their dilutions ranging between 2 X 10-1 to 2 X 10-3 were spiked in quadruplicate
RT-QuIC reactions with mouse recombinant PrP as the substrate. The RT-QuIC assay was performed
without substrate replacement (a, b and c) in a regular period of 50 hours or with the incorporation
of substrate replacement in an extended incubation period of 75 hours.

The new RT-QuIC protocol (with substrate replacement) allowed sensitive detections in all
three fecal samples (C037-05, C051-05 and C052-05) which were collected at the preclinical
stage of CWD; this data suggests that this optimized assay is competent to perform
preclinical diagnosis by detecting CWD prions in the feces, and is applicable to be used as a
research tool for understanding the shedding pattern of CWD prions in feces during the
course of disease development.
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3.1.8.
elk

Determining the shedding pattern of CWD prions in feces of orally infected

With my previous work, I have established RT-QuIC conditions which allow sensitive
detection of CWD prions in cervid fecal samples. Finally, I attempted to apply this assay on a
group of fecal samples from an oral inoculation study of elk, in order to determine a CWD
prion shedding pattern and for a better understanding of the prion transmission route via
feces.
22 elk were orally challenged with either CWD-positive or CWD-negative brain tissues, and
were euthanized at different time points from asymptomatic to clinical stage, within a range
of 8 to 760 days post infection (dpi). The fecal samples were collected during necropsy of
the sacrificed animals, and the genotypes at codon 132 of the prion protein gene were
determined.
For sample preparation, the fecal samples were NaPTA purified and were 10-fold
concentrated. Serial dilution was performed (to 2 X 10 -2); each dilution was used as a seed in
RT-QuIC reactions with the presence of mouse substrate. For sensitive prion detection, a
substrate replacement was incorporated as described previously.
To distinguish true positive from false positive reactions (which can be caused by
spontaneous conversion of rPrP substrate), I established a threshold value (as shown as
dashed lines in all results). The value of this threshold is the highest value of the average
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fluorescence values of the negative controls plus 5 standard deviations. In addition, only
samples were considered positive of which the ThT fluorescence of at least 2 out of 4
reactions was higher than the threshold. A sample is considered negative when none or only
one of the RT-QuIC reactions reaches the threshold.
To confirm the specificity of this assay, negative controls from animals C137-04 (dpi 42),
C047-07 (dpi 525), C180-06 (dpi 760) and 181-06 (dpi 760) which were orally fed with CWDnegative brain tissue were tested by RT-QuIC. As shown in Figure 20, all four samples are
RT-QuIC negative, giving a specificity of 100%.
In Figure 21a, among a total number of 14 fecal samples collected at the asymptomatic
stage, 11 samples were RT-QuIC positive, including sample 44 (dpi 8) and 38 (dpi 9), which
were collected at very early time points post infection. Positive ThT fluorescence was seen
in samples C133-04 (dpi 14) and C138-04 (dpi 42); however, samples C134-04 (dpi 14) and
C139-04 (dpi 42) which were collected at the same time were negative, as no prion
amplification was observed. Four fecal samples were collected at the clinical stage. As
shown in Figure 22a, only sample C169-06 (dpi 748) was negative. Interestingly, C148-06
(dpi 685) is the only sample in which strong positive ThT signals were seen in all dilutions; in
addition, it is the only sample that turned positive before the introduction of substrate
replacement (with 25 hours). It should be specified that in sample C168-06 (dpi 748), 2 out
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of 4 reactions turned positive and passed the threshold. Therefore, although the
fluorescence average of the quadruplicate reaction does not meet the threshold value, this
sample is still considered RT-QuIC positive. For all the RT-QuIC positive samples, the
numbers of replicates which turned positive and passed the threshold value are depicted in
Figure 21b and Figure 22b.
A lag phase in RT-QuIC means the required time (hr) to reach the threshold, which can
represent the sensitivity of detection. For example, a longer lag phase indicates a weaker
RT-QuIC detection corresponding to lower amounts of seeding activity. Figure 23 depicts the
required time of each fecal sample (and their dilutions) to reach the threshold value. In
comparison to CWD-positive brain homogenate (Figure 23c), fecal samples required a
longer incubation period to initiate prion replication.
Samples of C139-04 (dpi 42), C004-05 (dpi 150), C051-05 (dpi 300) and C169-06 (dpi 748)
were from animals with a leucine variant at codon 132 of the prion protein gene.
Polymorphism at the position is associated with reduced CWD susceptibility [176,177].
Therefore, I expected that a unique amplification figure could be observed in these samples.
However, although C139-04 (dpi 42) and C169-06 (dpi 748) were undetectable (Figure 21
and Figure 22), C004-05 (dpi 150) and C051-05 (dpi 300) were both RT-QuIC positive,
indicating that animals with 132 LM genotype shed prions at early asymptomatic stage.

95

Figure 20. No detection of CWD prions in negative controls by RT-QuIC with substrate replacement.
Fecal samples from four elk C180-06, C181-06, C047-07 and C137-04 which were orally fed with 1 g
CWD-negative brain tissues were homogenized in feces homogenization buffer to obtain a final
concentration of 10% (w/v). Samples were then subjected to NaPTA precipitation for purification
and concentration (10-times). 10-fold Serial dilution (to 2 X 10-2) was performed; the non-diluted
samples and their dilutions were seeded in RT-QuIC quadruplicate reactions. Mouse rPrP was used
as a substrate. Substrate replacement was introduced after the first 25 hours of reactions; the total
reaction time was 75 hours. To set up a threshold (red dashed line), the average fluorescence values
plus 5 standard deviations were calculated; the highest value among four negative controls was
chosen (RFU= 50593.2).
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Figure 21. Preclinical Detections of CWD prions in feces by RT-QuIC coupled with substrate
replacement.

97

(a) Fecal samples from asymptomatic elk which were orally inoculated with 1g CWD-positive brain
tissues were homogenized into feces homogenization buffer. The fecal homogenates (10% final
concentration), denoted as individual animal ID, were subjected to NaPTA precipitation for
purification and concentration (10 times). Each NaPTA processed sample was used undiluted or in
dilutions of 2 X 10-1 and 2 X 10-2 to seed R-QuIC reactions with mouse rPrP as a substrate. Each
dilution was tested in quadruplicate. Substrate replacement was introduced after the first 25 hr of
reactions; the total reaction time was 75 hours. Relative fluorescence over time was averaged
for quadruplicate reactions. The red dashed line represents a threshold (RFU= 50593.2) which was
set up to discriminate the positives from the negatives. (b) The x-axis indicates individual dilution of
RT-QuIC positive samples; the y-axis indicates the number of replicates which passed the threshold.
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Figure 22. Clinical detections of CWD prions in feces by RT-QuIC with substrate replacement.
(a) Fecal samples from elk with clinical symptoms which were orally inoculated with 1g CWD-positive
brain tissues were homogenized into feces homogenization buffer to obtain a final concentration of
10% (w/v). Fecal homogenates were NaPTA purified and 10-times concentrated, and were used
undiluted or in dilutions of 2 X 10-1 and 2 X 10-2 to seed R-QuIC reactions with mouse rPrP as a
substrate. Each dilution was tested in quadruplicate. Substrate replacement was introduced after

99

the first 25 hr of reactions; the total reaction time was 75 hours. Relative fluorescence over time was
averaged for quadruplicate reactions. A threshold (RFU= 50593.2) was set up to distinguish the
positives from the negatives, as shown as the red dashed line in all figures. (b) The x-axis indicates
individual dilution of RT-QuIC positive samples; the y-axis indicates the number of replicates which
passed the threshold.

Figure 23. Comparison of lag phase.
(a) Times to threshold for individual RT-QuIC-positive fecal samples of asymptomatic elk. (b) Times
to threshold for fecal samples of elk with clinical symptoms. (c) Time to threshold for each dilution of
10% CWD-positive brain homogenate ranging 2 X 10-1 to 2 X 10-5. The mean value is represented as
the horizontal line in each sample, with a vertical bar indicating the standard deviation (SD).

100

This optimized RT-QuIC assay demonstrated a sensitivity of 77% (14 out of 18 fecal samples
were RT-QuIC positive) and a specificity of 100% (none of 4 negative controls were positive).
Table 5 summarizes the information of individual experimental animals used in this study
and the results of CWD prion detection by RT-QuIC in their feces.
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Table 5. Summary of results from RT-QuIC detections in feces of individual experimental
inoculated elk.
A positive result for RT-QuIC is denoted ‘V’, whereas no reaction is denoted ‘X’.
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3.2.
Analysis of the distribution of Prnp polymorphisms among caribou
subspecies in Alberta
CWD is an endemic disease predominately affecting local white tailed deer (Odocoileus
virginianus) and mule deer (Odocoileus hemionus) in Alberta. The increased spread of CWD
can likely result in CWD transmission to caribou, although it has not yet been found in
wild caribou. Susceptibility to and pathogenesis of CWD is highly dependent on polymorphic
variations in cervid Prnp, therefore, in this study, I analyzed the Prnp genotypes from ten
local caribou populations. The results from this study can be helpful in determining the
influence of Prnp polymorphisms in disease susceptibility in this genus, and allow
predictions on the disease susceptibility of caribou population on a genetic basis.

3.2.1.

Establishing PCR conditions for amplification of cervid Prnp

In order to be able to amplify the sequence encoding the mature cervid PrP (amino acid 23
to 231), primers were designed which are complementary to sequences of the N- and Cterminal signal peptides (amino acid 1 to 22 and 232 to 256) of the prion protein gene of
caribou (Rangifer tarandus ssp.; Figure 24).
The PrP gene was amplified using genomic DNA extracted from caribou blood samples as a
template. For high specificity and fidelity amplifications, the specific primers and Pfu
polymerase were used in PCR reactions. PCR products were analyzed by agarose
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gel electrophoresis which confirms specificity and the correct size of 719 bp of the amplified
PCR product (figure 25). Subsequently, DNA was extracted from agarose gel and subjected
to sequencing with the forward and reverse primers that were used for PCR amplification.

Figure 24. Alignment of PCR primers with caribou prion protein gene sequence.
The figure shows the sequences of designed primers and the positions of primers attach to target
template: the complete coding sequence of caribou (Rangifer tarandus ssp.) prion protein (Prnp)
gene (GenBank accession no. AY639093.1).
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Figure 25. Agarose gel electrophoresis confirms specificity of PCR reactions.
An example showing the PCR-amplified prion protein gene from multiple caribou blood samples
(lane 2 to 6) with an expected molecular weight of 719 bp visualized in an agarose gel (1.5%). Lane 7
indicates a negative control without template DNA; Lane 1 and 8 denote the molecular weight (1 kb
DNA ladder).

I have amplified the caribou prion protein gene from a total number of 119 animals of ten
Alberta populations named after their birthing grounds. These ten populations can be
further divided into two ecotypes based on their habitats and migratory behavior. Jasper
(n=10), Narraway (n=10), Redrock Prairie Creek (n=10), West-Central Alberta (n=10), A La
Peche (n=9) belong to the mountain ecotype; the other five populations: Chinchaga (n=30),
Cold Lake (n=10), East-side Athabasca River (n=10), Slave Lake (n=10) and Little Smoky (n=10)
are members of the boreal ecotype. Figure 26 depicts the distribution of these ten
populations within the province of Alberta, and the sample size of each population.
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Figure 26. Geographical distribution of caribou populations in Alberta.
ESAR Red boxes indicate the populations of mountain caribou; while blue boxes designate the
populations of boreal caribou. The number of sample size is summarized of each population is
summarized. Figure adapted from: https://www.ualberta.ca/~fschmieg/Caribou/index.htm [204].

3.2.2.
Distribution of prion protein gene polymorphisms in caribou of Alberta
herds
Five polymorphic sites in the open reading frame (771 nucleotides) of the prion protein
gene were found at bases 4 (codon 2), 385 (codon 129), 413 (codon 138), 438 (codon 146),
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and 505 (codon 169) in three Alaska caribou (Rangifer tarandus granti) herds [176]. I
specifically focused on investigating codon 129, 138, 146 and 169 which are part of the
mature PrP sequence (figure 27) in the individual DNA sequencing chromatograms. An
example for a heterozygosity at codon 138 is shown in Figure 28, recognized by the double
peak resulting from either A or G at this position.
Based on our data, no polymorphism was found at codon 169 in all ten Alberta herds
(n=119); on the other hand, a single base change at base 438 which was seen in a few
animals (n=8) was a synonymous substitution at codon 146. Thus, the PrP genotypes of
codon 129 and codon 138 were categorized by individual population as shown in table 6.
Interestingly, a significant difference was observed in animals of Chinchaga population from
the others by Fisher's Exact Test (p-value = 0.0001686). If the caribou populations (exclude
Chinchaga population) were classified by either mountain or boreal ecotypes, in mountain
caribou (including five populations: Jasper, Narraway, Redrock Prairie Creek, West-Central
Alberta and A La Peche), the allele frequencies of 129G and 138S are 1.0 and 0.847,
respectively; in boreal caribou (Cold Lake, East-side Athabasca River, Slave Lake and Little
Smoky), the allele frequencies of 129G and 138S are 0.979 and 0.90, respectively. The
Chinchaga population also belongs to the boreal ecotype. In this population, the 129G
frequency is 0.967 and the 138S frequency is 0.417, which is significantly lower than in
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mountain caribou and other populations of boreal caribou. Furthermore, an unusual
phenomenon was observed in the Chinchaga population so that as many as 0.367 of the
animals are homozygous at position 138 encoding asparagine (N). Asparagine at codon 138
has been implied as a protective allele against CWD infection [97]; therefore, it is reasonable
to assume that caribou of the Chinchaga population are genetically protected against CWD.

Figure 27. Analysis of caribou prion protein polymorphic sites.
An example alignment of multiple DNA sequences against a reference (GenBank accession no.
AY639093.1) shows a non-synonymous polymorphic site at codon 138. “*” referring as the
consensus amino acid sequence is listed at the bottom. Codon 129, 138, 146 and 169 are
indicated in red boxes.
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Figure 28. Analysis of heterozygous single-nucleotide polymorphism (SNP).
An example of heterozygote is identified in a DNA chromatogram as a two-color double peak.
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Table 6. Summary of polymorphic genotypes found in ten caribou populations in Alberta.

G, S and N are amino acid abbreviations representing as glycine, serine and asparagine.
Symbol of * and + indicate the numbers of animal with synonymous substitution at codon
146 in each genotype.
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CHAPTER FOUR: DISCUSSION
4.1.

Detection of CWD prions in feces by RT-QuIC

4.1.1.

The inhibitory effect of fecal matter on RT-QuIC assay

In the study of assessing the effects of fecal materials on prion amplification by RT-QuIC,
seeding activity was observed when CWD-positive brain homogenate was spiked in 10%
(w/v) of CWD-negative fecal homogenate but not in a higher concentration. Therefore, an
inhibitory effect of fecal materials was proposed.
The detailed composition of cervid feces can be variable and complicated depending on the
forage, season and individual health. In general, bacterial biomass, undigested food,
excreted fatty acids and steroids are the majorities that comprise fecal matters. According
to current literature, it can be assumed that the soluble lipids in the fecal extracts, such as
bile acids, might be responsible for the inhibitory effect on RT-QuIC.
Certain forms of bile acids are known to be highly resistant to microbial and environmental
degradation; studies have proven that fecal bile acids persisting in the environment can be
used as biomarkers for identifying ruminants and assessing fecal input [205, 206]. Bile acids
are important for intestinal absorption of fat and fat-soluble nutrients as well as cholesterol
metabolism. Other than the role in digestion, the secondary and the taurine-conjugated
form of bile acids, named UDCA (ursodeoxycholic acid) and TUDCA (tauroursodeoxycholic
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acid), have been studied as neuroprotectants and they have anti-apoptotic effects in many
neurodegenerative disease models [207]. In addition, TUDCA is known as a chemical
chaperone which might participate in clearance of misfolded and misassembled proteins
[208].
Cortez and colleagues have observed an anti-aggregation effect of TUDCA in guanidiniuminduced fibrillization (Gdn-IF) assays and in RT-QuIC assay [209]. In the presence of 1 mM
TUDCA, the lag-phase of RT-QuIC reactions seeded with three different prion strains was
significantly extended, together with a reduction of final ThT fluorescence, indicating the
anti-aggregation effect of TUDCA in RT-QuIC.
However, such an anti-aggregation effect of bile acid derivatives does not only apply to
prions but also to other proteins as demonstrated by thermal aggregation assay [210, 211].
Although the molecular mechanism is not clear, Cortez and colleagues suggested the antiaggregation effect of bile acids could be either sequestering or breaking down the substrate
form incorporating into fibril formation in cell-free systems, resulting in a reduction of PrPSc
seeding efficiency.
To sum up, regardless of the therapeutic properties of UDCA and TUDCA in prion diseases, I
suggest that fecal bile acids, particularly TUDCA (since ruminants secrete a relatively higher
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portion of taurine-conjugated bile acids [212]), are likely the inhibitory components
responsible for the negative detection of CWD prions by RT-QuIC.

4.1.2.

Implications of NaPTA precipitation

To achieve sensitive in vitro detection of prions, a critical step of sample preparation is to
remove the components which interfere with prion conversion or propagation, for instance,
fatty acids and steroids. Several substances have been recognized to purify and precipitate
prions, such as solvents [213], monoclonal antibodies [197], chemical compounds like
sodium phosphotungstate (NaPTA) [76], trichloroacetic acid (TCA) [214] and streptomycin
[215].
NaPTA precipitation is a common technique usually accompanied by sarkosyl extraction to
isolate and concentrate PrPSc to a detectable level. The phosphotungstate anion [PW12O40]3−,
which is a member of polyoxometalates (POMs), is known to specifically precipitate PrPSc
over PrPC. Although the molecular mechanism of such conformational selectivity remains
unclear, the electrostatic interactions between POMs and highly positively charged binding
sites of PrPSc have been suggested [216]. Sarkosyl is a detergent known to facilitate prion
conversion at low concentrations in a cell free system [217]. One possible explanation of the
sarkosyl-induced conversion is likely due to the exposure of hydrophobic sites on the
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surface of monomeric PrPC (PrP-sen) after detergent denaturation, allowing for changes in
intermolecular interaction which is in favor of amyloid formation in vitro [217]. It is not
surprising that the use of a combination of PTA and sarkosyl could generate a higher yield of
fibrillar aggregates in vitro compared to PTA or sarkosyl alone [216, 218, 219].
This methodology has been incorporated into RT-QuIC assay previously to detect peripheral
CWD prions successfully in specimen such as purified saliva [192] and whole blood [193].
Herein, this study provides first evidence that NaPTA/sarkosyl purification of fecal samples
enables CWD prions detection by RT-QuIC. Moreover, with this methodology, I observed a
slight and consistent increase of ThT signals in NaPTA-purified TSE-positive brain
homogenates compared to the unpurified counterparts, and a reduction of spontaneous
conversion of rPrP substrate in TSE-negative fecal homogenates in RT-QuIC assay. Based on
my results, I conclude that NaPTA/sarkosyl treatment enables removal of assay inhibitors in
feces; also, NaPTA precipitated PrPSc retains its seeding activity. Although the observedincrease of ThT fluorescence in NaPTA/sarkosyl treated samples was not statistically
significant, this finding suggested that NaPTA does not interfere with seeded fibrillization,
which is contradictory to a previous study in which NaPTA was reported as an amyloid
formation inhibitor [220].
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Currently, NaPTA precipitation has been adapted to different protocols with various
incubation periods with NaPTA ranging from 30 minutes to 16 hours [76, 192, 221, 222]. In
this study, I employed two protocols to determine the influence of the NaPTA incubation
period on seeding activity of NaPTA purified fecal materials. Surprisingly, I noticed that
compared to the NaPTA-purified samples subjected to a 2 hour incubation period, those
subjected to a longer NaPTA incubation period lost some degree of seeding activity. It has
been suggested that in RT-QuIC, the seeding activity is correlated to prion infectivity rather
than the level of PrPSc [223-225]. Under this scenario, larger PrPSc aggregates are less
efficient to seed RT-QuIC reactions compared to smaller oligomers of PrPSc which are more
infectious [226].
As described previously, NaPTA precipitation is performed at 37°C in the presence of low
concentration of detergent (sarkosyl) with constant shaking. Such an environment favors
the formation of larger NaPTA-precipitated PrPSc aggregates over time. Therefore, a longer
NaPTA incubation period perhaps can result in the formation of large PrPSc aggregates, but
on the other hand, the loss of seeding activity on RT-QuIC can occur.
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4.1.3.

Potential mechanism and risk of substrate replacement in RT-QuIC

Caughey's team recently developed a new RT-QuIC protocol, which incorporates
immunoprecipitation (IP) and substrate replacement in order to enrich PrP Sc and enhance
the sensitivity of detection [197]. In their initial report, they found that introducing fresh
rPrP after ~24 hours of RT-QuIC reactions significantly improved the sensitivity of detection.
However, the same methodology was shown to be ineffective in one of their later reports
[225].
In this study, I found that the sensitivity of RT-QuIC detection was significantly improved
when substrate replacement and NaPTA precipitation were adopted. A potential
mechanism has been proposed to explain the effect of substrate replacement [197]: in the
first rounds of reaction (before the addition of fresh substrate), only a small amount of
seeds is added into RT-QuIC reactions. While only a portion of rPrP is incorporated into the
seeded reactions, the rest of the substrate could either be used up by interacting with the
walls of reaction plate wells to form non-amyloid aggregates, or be altered to a form which
is more prone to be converted by seeded RT-QuIC products rather than the original seeds.
As a result, the incorporation rate of rPrP to the seeds is slow, and the fibril formation is not
detectable in the lag phase. As the seeded RT-QuIC products grown in the lag phase are
finally elongated to reach a “fast assembly stage”, prions can be amplified rapidly by
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segmentation through shaking or lateral addition of smaller aggregates. At this stage, the
fresh substrate added to the reaction is readily incorporated into the seeded products
rather than forming unspecific aggregates.
Although a significant improvement of reaction sensitivity can be achieved upon addition of
fresh rPrP substrate, however, I also noticed the technical process of substrate replacement
may pose a risk of contamination. In the standard RT-QuIC assay, prions are tape sealed
within a microplate throughout the entire procedure of shaking-incubation to avoid
evaporation and well-to-well contamination. However, it is necessary to remove the
adhesive tape upon the addition of fresh substrate, thereby increasing the chance of
contamination especially from the vapor on the tape. To minimize the risk of well-to well
contamination, a centrifugation step is critical prior to the removal of the tape; in addition,
negative controls (usually loaded adjacent to positive controls) should always be included in
every experiment for detecting extraneous contamination.

4.1.4.

Primary structure of cervid rPrP and spontaneous conversion

According to the concept of species barrier which often occurs upon interspecies TSE
transmission in nature, the differences in PrP amino acid sequence between a host and a
donor are influential to PrPC and PrPSc conversion. Since the primary structure of prion
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proteins is a fundamental determinant, it was postulated that the homology between seed
and substrate should result in the most efficient seeded conversion in vitro. However,
accumulating evidence suggests that a sensitive RT-QuIC reaction is not always given from a
substrate whose sequence is correspondent to the seed. For example, in a previous RT-QuIC
study, hamster rPrP was found to be a more sensitive substrate compared to the
homologous substrate in human PrPvCJD seeded and sheep scrapie seeded reactions [65].
Hamster-sheep chimeric rPrP was also suggested to be a well-suited substrate over human
rPrP to detect human vCJD prions [197]. In fact, human rPrP might be the last choice to use
in human prion disease detection since it tended to aggregate spontaneously in RT-QuIC
reactions [183]. Similarly, in this study, I found that mouse wild type rPrP worked better
than the more homologous cervid rPrP in RT-QuIC detection of CWD. Compared to cervid
rPrP substrate, mouse rPrP substrate provided greater sensitivity (resulting in a higher
endpoint dilution) and less spontaneous conversion.
The high propensity of spontaneous conversion of cervid rPrP can be explained by a unique
structural feature of cervid PrP. A major difference between the primary structures of
mouse and cervid PrP is in the loop region which links the second β-strand with the second
α-helix (β2-α2 loop). As determined by NMR, the β2-α2 loop of cervid PrP is relatively welldefined (rigid) compared to mouse PrP. Such a rigid loop can be introduced into mouse PrP
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by amino acid substitutions at residues 169 and 173 (Figure 29). The rigidity of this loop has
been recognized as an important determinant of prion disease susceptibility, especially in
CWD, the most contagious prion disease, since all cervids have a rigid loop region in their
primary PrP structure but other species do not. The rigid loop might also play a role in prion
protein misfolding: in vivo, transgenic mice over-expressing mouse PrP with two mutations
rendering the β2-α2 loop well-defined, developed spontaneous neurological disease [57]; in
vitro, recombinant rigid loop mouse PrP displayed a higher propensity in misfolding than
wild type rPrP in different cell-free systems [227].
Taken together, it is reasonable to conjecture that the propensity of spontaneous
conversion observed in this study is due to the intrinsic structural feature of cervid PrP.
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Figure 29. Schematic diagram of structural differences within β2-α2 loop region.
Residue numbering is corresponding to mouse prion protein sequence. The solid-line boxes indicate
the variations of amino acid between mouse PrP and cervid (deer/elk) PrP. Figure adapted from
[228].

4.1.5.

Comparison of sensitivity of RT-QuIC and IHC detection of CWD prions

The data shown in this study provides first evidence that by using RT-QuIC assay, preclinical
detection of fecal CWD prions is possible. From analyzing a group of fecal samples collected
from experimental elk orally challenged with CWD prions of a single dose (1 g), this
120

methodology gave a high sensitivity and specificity of 77% and 100%, respectively. Although
the very early positive results (before dpi 14) are most likely due to the inoculum excreted
through the alimentary tract, I believe the positive detections after dpi 42 can represent the
real shedding of prions into feces of infected animals, since only 1 out of 2 samples collected
at dpi 42 is RT-QuIC positive; moreover, according to a study in which sika deer (Cervus
nippon) were fed with alfalfa hay to measure the food retention time and digestive rate in
the ruminal tract [229], the transition time (duration of the first appearance of marker in the
feces) was only 14.4 hours, which is considerably shorter than a period of 42 days.
Therefore, it can be assumed that the unabsorbed inoculum should be absolutely expelled
during such a long period.
These experimental animals were from a study conducted by Dr. Stephanie Czub (CFIA
Lethbridge). Czub’s group has tested brain and ileum tissues from each elk by
immunohistochemistry (IHC). According to their report, the first IHC-positive result was
found at 300 dpi (personal conversation). In a previous bioassay study in which irradiated
fecal extracts collected from mule deer orally inoculated with CWD at different time points
after infection were intracerebrally inoculated into transgenic mice overexpressing elk PrP,
only those fecal extracts collected 4 months and later after inoculation transmitted
infectivity into the mice [112]. Herein, by comparing my RT-QuIC results with those obtained
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by IHC and bioassay, I conclude that RT-QuIC assay is more sensitive than the conventional
methods and can be used as a quick screening test for early CWD prion detection, followed
by other confirmation tests (such as IHC or bioassay) to exclude the possibility of false
positive/negative errors.

4.1.6.

Implications of CWD prions shedding into feces

The RT-QuIC assay I used in this study is not quantitative. However, the duration of the lag
phase, which is corresponding to the amount of PrPSc in seeds, can be used to outline a
pattern in terms of relative dose of infectivity shed over the course of the disease. By
comparing the lag phase observed in each fecal sample and in CWD-positive brain
homogenate, the infectious dose in feces is substantially lower than in the brain. Moreover,
the results of this study demonstrate that CWD prions are constantly shed into the
excrement since early asymptomatic stage till clinical signs developed but the amount of
prions does not increase overtime, which has been as observed by Tamgüney et al. [112].
It has been suggested that upon oral challenge, prions travel through the alimentary tract
and replicate within peripheral lymphoid tissues before migrating towards the brain [230].
Therefore, continuous shedding of prions during the replication stage can be expected; and
the amount of shedding might be gradually decreased as most of the peripheral prions have
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been recruited into the brain. Within this scenario, the fecal samples collected from animals
displaying clinical symptoms should be less detectable by RT-QuIC at the same
concentration compared with those collected from asymptomatic animals. However, an
exception has been observed: the fecal sample collected from an animal (C148-06) with
clinical signs gave fast and high positive RT-QuIC reactions in all three dilutions. Yet it is not
known why this animal excreted a significant higher amount of prions into the feces; this
animal was shown to be terminally sick and died from the disease at dpi 685.
Given that the latency period between infection and the onset of clinical signs is very long in
CWD, the total amount of prions shed into the environment during the incubation period
can be tremendous. Tamgüney et al. calculated the titer of infectivity in feces of infected
deer based on Spearman-Kärber analysis [112]. They suggested an estimated prion dose of
2.5 log ID50 (half-maximal infectious dose) units (mL-1) per gram of wet feces. Based on this
calculation, the cumulative amount of fecal prions shed from one infected deer over a 10month incubation period is comparable to the amount in its brain at terminal stage
(equivalent to 7.8-9.3 log ID50 units). In my study, fecal samples of infected elk encoding one
copy of leucine were tested by RT-QuIC and were confirmed to shed detectable prions in
feces at the early asymptomatic phase. Considering that elk with one or two copies of
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leucine at codon 132 exhibit a 2-3 times longer incubation period [172, 174], they may shed
a double or more infectious dose of prions into the environment.

4.1.7.

Zoonotic potential of CWD

Deer hunting is a popular recreational activity in North America, millions of deer hunters and
their families who have consumed venison or processed cervid carcasses could have been
potentially exposed to CWD agents. Considering the example of bovine spongiform
encephalopathy (BSE) as the first zoonotic prion disease which has been transmitted to
humans upon consuming BSE-contaminated beef or beef products, resulting in cases of
vCJD, public health concerns of CWD cross-species transmission to humans have been
raised. However, current experimental evidence suggests a low risk of zoonotic transmission
of CWD.
Caughey et al. reported a weak efficiency of CWD-induced in vitro conversion of human rPrP
to amyloid fibrils using a guanidine hydrochloride-induced cell free conversion assay [231].
However, in this study, the efficiency of BSE-induced conversions of human rPrP is also low.
Kurt et al. also failed to convert PrPC from brain homogenates of tg mice expressing human
PrP (encoding either M or V at codon 129) by CWD prions in PMCA assay [232]. In contrast,
Barria and co-workers found an increased efficiency of CWD prion-induced conversion of
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human PrPC in PMCA after stabilizing CWD prions through several in vitro or in vivo passages
[152]. A later report from the same group using PMCA assay confirms the conversion of
human PrPC by CWD prions although with a lower efficiency than classical BSE (cBSE) agents;
interestingly, human PrPC substrates with 129M display a better conversion efficiency than
those with 129V, and by Western blot analysis, these PMCA products share similar features
with the most common human prion strain, sCJD subtype MM1 [233].
An in vivo study using tg mice expressing human PrP suggests a low susceptibility of CWD to
humans since humanized tg mice failed to develop TSE phenotypes at more than 756 days
after intracerebral challenge with elk CWD prions [153]; and this result is consistent with a
later report from Sandberg and colleagues [234]. To further investigate the susceptibility of
human beings to CWD in vivo, a study was performed in which two primate
species, cynomolgus macaques (Macaca fascicularis) and squirrel monkeys (Saimiri
sciureus), were intracerebrally and orally, respectively, inoculated with CWD prions. Squirrel
monkeys (11/13) developed a severe wasting syndrome after intracerebral challenge, with
an average incubation period of 41 months. Moreover, squirrel monkeys orally exposed to
CWD agents were also susceptible to CWD (3/15). In contrast to squirrel monkeys, none of
the cynomolgus macaques (n=7) showed any neurological signs of TSE up to 70 months postinfection, by either intracerebral or oral route [235]. It should be mentioned that although
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macaques are a member of old world monkeys which are genetically closer to human beings
compared to new world monkeys which squirrel monkeys belong to, the PrP gene sequence
of squirrel monkeys is more similar to humans [235], suggesting that squirrel monkeys may
be the more relevant model to study zoonotic potential of CWD prions.
Current epidemiologic studies reveal no significant evidence for CWD zoonotic transmission.
The first report described 3 unusually young CJD patients in the US without CJD family
history, PRNP mutations, neurosurgical procedures or other CJD risk factors, but who had
regularly consumed venison [236]. However, by epidemiologic and laboratory investigations,
none of these patients had consumed dear meat from CWD-endemic areas and they all
turned out to be sCJD cases [155]. In 2002, suspicious cases were reported from 3 men who
had participated in wild game feasts in the same cabin and later on developed a
degenerative neurologic disorder. All of these decedents had histories of eating venison and
two of them were lifelong hunters. By immunohistochemical and western blot analyses, 2 of
these decedents were confirmed to be died of CJD. However, no evidence supports that the
venison served during the feasts was from CWD-endemic areas, and one of the CJD cases
was confirmed to be the most common sCJD type [237]. Finally, investigations made on CJD
patients who had consumed venison from CWD-endemic areas shows no atypical
neuropathological features [155].
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The population that is at risk for exposure to CWD prions certainly deserves further largescale surveillances to assess the risk of CWD transmission. According to a blood survey of US
blood donors conducted by the American Red Cross and other blood bank institutions, 40%
of American blood donors have histories of wild venison consumption (Meeting of the
Transmissible Spongiform Encephalopathy Advisory Committee). Data from FoodNet
population survey show that among 17,372 survey participants, 18.5% had hunted deer or
elk; 1.2% had hunted in CWD-endemic areas; and 67.4% informed having eaten venison
[154]. In Canada, the venison market is also tremendous. In 1996, approximately 6,500 deer
were slaughtered in Canada, and the estimation for Canadian consumption of venison in
1995 was around 175,000 kg [238]. Deer hunting is also a very important event for Native
American tribes, for instance, the Kivallirmiut, also known as Caribou Inuit, who heavily rely
on caribou as the main source for meat, clothing and shelter [239].
Although current evidence suggests human beings have a substantial species barrier to
CWD, the possibility still cannot be ruled out because of the identification of multiple CWD
strains, the prion adaptation effect, the long incubation period and the potential increase of
CWD prion exposure due to the spread of the disease. More epidemiologic and laboratory
efforts are required to identify a causal link or to monitor the zoonotic potential of CWD.
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4.1.8.

Significances and future directions

Since CWD is well established in Saskatchewan and Alberta, it has brought great impact on
wildlife ecology and the farmed cervid industry in Canada [240]. Within a period between
January to March 2006, the Fish and Wildlife Division of Alberta implemented a CWD winter
control program in which intensive reduction was conducted by removing deer within a 10
km radius of each CWD-confirmed case in 3 CWD endemic areas, resulting in a total number
of 1,688 deer were killed; still, this “aggressive response” did not stop the spread of CWD.
So far, the Alberta government has spent millions in surveillance expense, diagnostic costs,
and compensation for the farmers [241]. Given that the surveillance efforts are still limited
compared with total cervid populations, more efficient surveillance on a large scale is
needed in order to develop a strategy with regard to disease management.
Currently, TSE diagnosis is done by employing ELISA, Western blot or other immunoassays
to test a large number of samples, in which the positive samples will be further subjected to
immunohistochemical examination as the definite test. Other classical laboratory diagnosis
tests used for detecting conventional pathogens such as bacteria or viruses are not
applicable due to the fact that the propagation of prions will not trigger
inflammatory/immunological responses and will not produce pathogen-specific nucleic acid
components; thus, TSE testing has remained one of the biggest challenges until the
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discovery of the unique seeding activity of PrPSc, which contributed to the development of
new ultrasensitive tests, such as misfolding cyclic amplification (PMCA), amyloid seeding
assay (ASA) and RT-QuIC.
Pulford et al. employed PMCA to detect fecal CWD prions from naturally exposed freeranging elk, and compared the results to IHC of rectoanal mucosa-associated lymphoid
tissue (RAMALT) [242]. According to their results, a comparable sensitivity to IHC can be
achieved by PMCA, but a false-positive rate of 8% was also reported; moreover, fecal CWD
prions are only detectable after 6 to 9 rounds of PMCA (one round involves 48 sonicationamplification cycles; 9 rounds of PMCA take a duration of 2 weeks approximately). Many
consecutive rounds of PMCA can result in an increased possibility of false positive results
and, therefore, reduce the specificity of the detection.
Compared to other in vitro assays, RT-QuIC is by far the best possible method which enables
to perform TSE diagnosis on large-scale with very low false positive rate. In an attempt to
develop a screening assay which is user-friendly, inexpensive, real time and highly sensitive,
I employed this technique to investigate the possibility of prion detection in the feces. This
study demonstrates the practicability of prion detection in easily obtainable feces by RTQuIC, with the incorporation of substrate replacement, sensitive detection can be
performed within 75 hours. Future studies should be conducted in numerous directions;
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first of all, following definite tests such as bioassay should be completed to verify the
specificity given in this study. Animal bioassay is considered the most reliable method for
prion infectivity detection although it requires months to years to obtain results. Second,
due to the limitation of material sources, the main focus of this study is feces of elk.
However, the existence of CWD strains and species-specific characteristics can result in
different prion shedding patterns, infectivity and seeding kinetics in RT-QuIC. Therefore,
feces of other CWD-affected cervid species, such as white-tailed deer, mule deer and moose
should be tested comprehensively in future studies. Third, since CWD-infected animals shed
a considerable amount of infectivity into the feces, it may serve as a major environmental
contamination source and largely contribute to the direct interaction of prion with soil. An
enhanced infectivity has been observed in soil-bound prions [133]. Perhaps RT-QuIC can be
used as a research tool to investigate the influences of soil and soil minerals on prion
survivability and seeding activity.
The current CWD disease surveillance in Alberta heavily relies on hunters by submitting
heads of harvested cervids to the Ministry of Agriculture & Forestry (AF). Here, I proposed
an easier way by submitting collected feces for testing. Usually, the feces of cervid appear to
be round, pelleted-shape in piles which can be easily distinguished from other species’
droppings. Although it could be difficult to recognize the cervid species from the appearance
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of the feces, fecal DNA can be easily extracted by the use of commercial kits and can be
sequenced for species identification. Since there is no technical difficulties to collect feces
(compared to urine or blood collection), fecal detection by RT-QuIC should be considered as
an alternative screening tool to complement ELISA, Western blot and IHC, also, it should be
incorporated into future surveillance plans organized by wildlife biologists or government
employees with the assistance or independent of hunters to identify potential risk areas and
monitor the spread of CWD.

4.2.

Analysis of the distribution of Prnp polymorphisms among caribou

subspecies in Alberta
4.2.1.

Implications of Prnp serine to asparagine substitution

In this study, I analyzed the prion protein gene Prnp of woodland caribou (Rangifer tarandus
caribou) from 10 local populations in Alberta. Three single-nucleotide polymorphisms were
observed at codon 129 (glycine/serine), 138 (serine/asparagine) and 146 (asparagine/
asparagine). Polymorphisms in the Prnp gene can lead to different prion forms and result in
altering CWD susceptibility, scrapie propagation, and lesion profile [164-167]. The effect of
Prnp polymorphisms have been well demonstrated in a number of cervid species, in which
animals encoding at least one non-wild type allele exhibit lower susceptibility to CWD [164131

167]. To date, 16 polymorphic sites in the Prnp gene have been discovered among the family
cervidae [243]. The polymorphism at codon 138 (serine/asparagine) has been reported in
the Prnp pseudogene (Prnpψ) of mule deer (Odocoileus hemionus) [168] and white-tailed
deer (Odocoileus virginianus) [244]. Other than in the pseudogene, codon 138 has also been
found to be polymorphic in the Prnp gene of caribou (Rangifer tarandus spp.) [97, 176] and
fallow deer (Dama dama) [245].
Asparagine [N] encoded at codon 138 has emerged as a protective allele against CWD
transmission and progression. This is supported by a growing body of evidence. For instance,
a study in which a number of 41 fallow deer were kept in a CWD-contaminated paddock,
none of these animals developed CWD within a long period of 7 years. By analyzing the Prnp
sequence of fallow deer, codon 138 was found to be monomorphic for asparagine [245]. In
an oral transmission study, reindeer (Rangifer tarandus tarandus) harboring the 138N allele
were also shown to be protected against CWD prions from both elk and white tailed deer
origins [97]. In addition, in a study in which guanidine hydrochloride cell-free conversion
reaction was performed to test the ability of CWD prion-induced conversion of rPrP variants,
the conversion efficiency was significantly lower in the cervid rPrP molecule encoding
asparagine at codon 138, in comparison to the counterpart with serine substitution at the
same position [231].
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Although the influence of the serine/asparagine substitution in amyloidogenesis is not yet
fully understood, the mechanism can be illustrated from a molecular perspective. Serine
and asparagine are both neutral polar amino acids with relatively low molecular weight.
Previously, the serine/asparagine substitution has been reported in the human prion protein
gene PRNP at position 171 (human numbering) of patients from a family with severe
psychiatric disorders [246]. In addition, serine/asparagine substitution at position 170
(mouse numbering; correlated to cervid Prnp codon 173) has also been found to be
influential on CWD transmissibility [58, 227, 232]. From the NMR study, serine at position
170 predominantly controls the structural mobility of β2-α2 loop region, which is associated
with hydrophobic stacking interactions and hydrogen bonds of PrP molecule [247];
therefore, this position plays an important role in amyloidogenesis as the propensity to form
amyloid is increased when serine is substituted by asparagine [55]. A similar effect of serine
to asparagine substitution at a critical position may be applicable on position 138 as well,
since it is located in the β1−α1 loop region.

4.2.2.

Implications of Prnp genotype on caribou in Chinchaga

Currently in Alberta, there are 16 populations of woodland caribou (Rangifer tarandus
caribou) existing [248], which can be further classified into two ecotypes based upon
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geography and migration rather than morphology or genetics [199]: the boreal ecotype and
the Southern Mountain ecotype.
The Chinchaga population is classified as the boreal ecotype [199]. The herd is not selfsustaining; the estimated population size is roughly about 250 animals (Appendix 1) [248].
Compared to nine other populations in Alberta (5 of mountain ecotype and 4 of boreal
ecotype) and three herds of Alaska caribou (Rangifer tarandus grantii), I found an unusually
high frequency of the 138N allele (0.58), a potential protective allele against CWD, in the
Chinchaga population. It is not clear why this is only confined to the Chinchaga population
but not to other boreal populations. To my knowledge, this population seems to be readily
moving within the region of the Chinchaga River in northwestern Alberta and tends to
have more interactions with other cervid herds (personal communication with Dr. Marco
Musiani, University of Calgary); therefore, interbreeding may be a possible explanation.
Moreover, based on an extensive microsatellite assignment test of 808 individuals, the
genetic characteristics of three diverse caribou subspecies, including Grant's caribou
(Rangifer tarandus granti), barren-ground caribou (Rangifer tarandus groenlandicus) and
woodland caribou (Rangifer tarandus caribou) are equally mixed in the Chinchaga
population (Figure 30) [201]. This suggested a special evolutionary potential of this herd.
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Although this population is provincially classified as a woodland caribou (Rangifer tarandus
caribou) ecotype, it cannot be simply fitted in any subspecies from a genetic perspective.
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Figure 30. Microsatellites analysis of individual caribou population.
808 animals of 27 populations are taxonomically divided according to ecotype. Each bar represents
an individual’s assignment into K clusters. (A) Individual herd genetically evaluated by its origin. Red
indicates the Beringian origin and blue for the conterminous US origin. (B) Individual herd genetically
evaluated by subspecies: grant's caribou (Rangifer tarandus granti), barren-ground caribou (Rangifer
tarandus groenlandicus) and woodland caribou (Rangifer tarandus caribou). (C) Contemporary
patterns of gene flow among each herd. Figure adapted from Weckworth BV et al. [201].
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4.2.3.

Significance and future direction

Caribou (Rangifer tarandus) is a species belonging to the family Cervidae which can be
found in North America. In Canada, the woodland caribou (Rangifer tarandus caribou) are
the largest among all subspecies of caribou which occupy ranges across the whole nation.
Due to the significant decline of populations and habitat, woodland caribou (Rangifer
tarandus caribou) have been designated as “threatened” since 2002 by the Committee on
the Status of Endangered Wildlife in Canada (COSEWIC) [199]. Since it has been proven that
caribou are susceptible to CWD in experimental oral inoculation studies [97], the natural
transmission of CWD to caribou can eventually occur, most likely by exposure to
contaminated habitats or migration routes. As CWD-endemic areas are expanding towards
western Alberta (Appendix 2), and there is no efficient approach available to eliminate
environmental contamination and spread of CWD, it is important to implement large-scale
genotyping among caribou subspecies in order to predict susceptibility to CWD based on the
PrP genotype. This study provides a concept of the distribution of Prnp polymorphisms
among Woodland Caribou (Rangifer tarandus caribou). Importantly, a high frequency of the
protective 138N allele was found in the Chinchaga population. The uniqueness of the
Chinchaga population underlines that conservation and management actions are needed to
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protect this population against diseases and decline; also the possibility of preserving CWDprotective gene lines should be considered.
RT-QuIC will be an available tool with regard to further investigations on the effect of single
amino acid substitutions in prion conversion. By engineering recombinant cervid PrP
constructs with an asparagine substitution at codon 138 (cervid numbering) for expression
in E.coli, it should be possible to mimic the polymorphic effect in vitro and thereby provide
insight into the prion conversion on a molecular basis.
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APPENDIX

Appendix 1. Estimated size of caribou populations in Alberta.
Calculations are based on census survey or monitoring data (from year 2006 to 2009) with
professional judgment. These estimates are provided for general reference. Figure adapted from
Cichowski [248].
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Appendix 2. The distribution of CWD in wild deer in Alberta (2010-2015).
Figure adapted from the website of Alberta Environment and Parks: http://esrd.alberta.ca/fishwildlife/wildlife-diseases/chronic-wasting-disease/cwd-updates/documents/CWD-PositiveMapWildDeerMoose-Feb2016.pdf [249].
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