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Abstract

Prions are the causative agent of transmissible spongiform encephalopathies (TSEs), a
group of neurodegenerative diseases characterized by the accumulation of PrP*¢, an abnormal
conformation of the normal host protein PrP®. Different conformations of PrP*° are thought to
be the cause of different phenotypes of TSE disease which are called prion strains. These
different prion strains can interact with one another. Prion strain interference is the ability of a
long incubation period strain (blocking strain) to extend the incubation period or block a shorter
incubation period strain (superinfecting strain) from causing disease. The mechanism of prion
strain interference is of interest because this is one of the few known mechanisms where the
ability of a prion strain to cause disease is attenuated.

To determine if a single blocking strain can interfere with multiple superinfecting strains,
we inoculated hamsters in the sciatic nerve with uninfected or DY TME-infected brain
homogenate and superinfected 120 days later with brain homogenate from one of three
superinfecting strains. The superinfecting strain caused disease in all hamsters initially
inoculated with uninfected brain homogenate. DY TME caused disease in all hamsters initially
inoculated with DY TME. This demonstrates that a single blocking strain has the ability to
interfere with several superinfecting strains, suggesting that prion strain interference may be a
property common to many different prion strains.

To determine if prion strain interference can occur through a natural route of inoculation,
hamsters were fed DY TME-infected food pellets and then superinfected with HY TME-infected
food pellets. HY TME caused disease in all hamsters. However, with 120 days between
inoculations, DY TME extended the incubation period of HY TME, showing that prion strain
interference can occur following per os inoculation, suggesting that prion strain interference may

be part of the natural biology of TSEs.



To determine if prion strain interference was due to depletion of PrP® by the blocking
strain, | developed an assay that isolated PrP® from PrP*¢. We inoculated DY TME or
uninfected brain homogenate into the sciatic nerve of hamsters, and different time points post
inoculation, the spinal cord between vertebrae T10-T13 was removed, dissected into ipsilateral
and contralateral halves. PrP® was isolated from each half of the spinal cord and the
concentration of PrP¢ was standardized to the concentration of total protein. | could not detect
any change in PrP level over time, between each half of the spinal cord or between DY TME-
infected and uninfected spinal cords. While there was no change in PrP€ level, | confirmed DY
PrPS¢ accumulation in the spinal cord over time. This data shows that PrP® depletion is not part
of the mechanism of prion strain interference.

| also developed an assay to differentiate different hamster prions strains based on their
conformational stability. Conformational stability is the ability of PrP*° to resist being denatured
by a chaotropic agent. | incubated brain homogenate in 0-2% (w/v) sodium dodecyl sulfate
(SDS) or 0-2 M guanidine hydrochloride (Gdn HCI) at 70°C prior to proteinase K digestion and
dot blot analysis. Based on this assay, shorter incubation period strains were the most stable
and the longer incubation period strains were less stable. This data suggests that
conformational stability is a strain property that can be used to differentiate prion strains.
Combined with immunohistochemical and in vitro conversion of PrP® data, this data suggests
that relatively stable hamster prion strains convert PrP® more efficiently and better resist host

cell clearance compared to less stable hamster prion strains.
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Chapter 1: Introduction

1.1. Transmissible spongiform encephalopathies, PrP, and the prion agent

Prions are the causative agent of transmissible spongiform encephalopathies (TSEs), a
group of neurodegenerative diseases that affect mammals, including humans. The clinical
presentation of TSE disease is somewhat different depending on the prion strain and the
affected species. However, all TSEs lead to a progressive loss of cognitive and/or motor
functions. There are no treatments or cures for TSES so they are inevitably fatal. The main
infectious component of a prion is PrP*¢, an abnormal conformation of the normal host protein

PrPC.

1.1.A. The structure, molecular biology and function of PrP®

PrPC is the cellular, noninfectious form of the prion protein (PrP) which is approximately
250 amino acids in length and 33-35 kDa in size (Oesch et al. 1985). PrP® has a tertiary
structure that is mostly a-helical (Pan et al. 1993). PrP® is sensitive to phosphatidylinositol
phospholipase C (PIPLC), indicating that PrP€ is attached to the outer membrane by a
glycosylphosphatidylinositol (GPI) anchor (Borchelt et al. 1990, Stahl et al. 1990). PrP€ is also
sensitive to proteases like proteinase K (PK) (Meyer et al. 1986) and detergent soluble (Oesch
et al. 1985).

The highest expression of PrPC is in the brain (Bendheim et al. 1992, Ford et al. 2002),
particularly the frontal cortex, hippocampus and striatum (Taraboulos et al. 1992A, Salés et al.
1998, Diaz-San Segundo et al. 2006). PrP€ is predominantly expressed in neurons
(Kretzschmar et al. 1986, Ford et al. 2002), but may also be expressed in other cell types such
as astrocytes (Witusik et al. 2007, Lima et al. 2007), microglia (Brown et al. 1998), Schwann
cells (Follet et al. 2002), blood monocytes (Herrmann et al. 2001) and dendritic cells (Rybner-
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Barnier et al. 2006). Outside the brain, PrP€ is in many different organs and tissues in the host,
including the heart, lung, kidney, skeletal muscle and intestines (Bendheim et al. 1992, Ford et
al. 2002). PrP€ is expressed from a single exon with no slicing from the host gene Prnp (Basler
et al. 1986). Following translation, PrPC is transported through the endoplasmic reticulum and
Golgi apparatus, where it is glycosylated at two asparagine residues (codons 180 and 196 in
mouse PrP°) (Tuzi et al. 2008), a disulfide bond is formed between two cysteine residues
(codons 179 and 214 human PrP®) (Shin et al. 2009), and a GPI anchor is added (Taraboulos et
al. 1992B). After these post-secondary modifications are made, PrPC is transported to the outer
leaflet of the membrane. PrP° resides in cholesterol and sphingolipid-rich lipid rafts of the
membrane (Taraboulos et al. 1995, Sarnatato et al. 2002). PrP® may (Sarnataro et al. 2009) or
may not (Kang et al. 2009) be associated with clathrin-coated pits in the plasma membrane.
PrP® has a half-life on the outer membrane of 3-6 hours in cell culture (Caughey et al. 1989,
Borchelt et al. 1990). Following its time on the outer membrane, PrP€ is recycled back into the
cell for degradation via the endosomal/lysosomal system (Taraboulos et al. 1992B).

The function of PrP® is unknown. In mice that lack PrP®, there are no obvious
developmental or physiological defects which would suggest a function for PrP®. Interestingly,
some lines of PrP® knockout mice have subtle changes in sleep/wake cycles (Tobler et al.
1997), spatial learning (Criado et al. 2005), long-term memory (Nishida et al. 1997) and
decreased response to oxidative stress (Wong et al. 2001A). While the precise function of PrP®
is unknown, some putative functions include binding copper ions (Hodak et al. 2009), regulating
oxidative stress (Anantharam et al. 2008), neurite growth (Beraldo et al. 2011), facilitating
development and differentiation of stem cells (Lee and Baskakov 2010), and facilitating long
term potentiation (Criado et al. 2005, Maglio et al. 2006).

There are several examples of polymorphisms of PrP within a species. Polymorphisms
of PrP° play a role in determining TSE susceptibility. The presence of polymorphisms in PrP©

2



was first recognized in mice by Dickinson et al. (1968), who discovered that the incubation
period of murine-adapted scrapie varied depending on which strain of mouse was used. This
was postulated to be due to some genetic factor which was designated sinc for scrapie
incubation period. There were two different alleles of sinc designated s7 or p7 for short or
prolonged incubation period respectively (Dickinson et al. 1968). It was not until 20 years later
that sinc was identified as Prnp (Westaway et al. 1987, Moore et al. 1998). The different
polymorphisms of murine PrP® are due to differences in the amino acids at codons 108 and 189
(Westaway et al. 1987, Moore et al. 1998). There are different polymorphisms in the human
and animal PrP°® that are associated with different TSEs. Gerstmann—Straussler—Scheinker
syndrome (GSS) is associated with a proline to leucine point mutation at codon 102 of human
PrP¢ (Hsiao et al. 1989). The methionine/valine polymorphism at codon 129 in the human PrP°
determines human susceptibility to bovine spongiform encephalopathy (BSE) (Wadsworth et al.
2004). Polymorphisms at codons 136, 154, 171 of ovine PrP® determine the susceptibility of
sheep and goats to classical scrapie (Bossers et al. 1997, Caplazi et al. 2004, Goldmann et al.

2006, Gonzélez et al. 2010).

1.1.B. PrP%® structure, biochemistry and the prion hypothesis

The disease associated, abnormal conformation of PrP is designated PrP°. PrP%® has
the same amino acid sequence as PrP® (Hope et al. 1986). Unlike PrP®, PrP*® has a B-sheet-
rich tertiary structure (Pan et al. 1993). As a result, PrP* monomers aggregate together
forming large amyloid fibrils called scrapie-associated fibrils (Merz et al. 1983) or prion rods
(Prusiner et al. 1983). PrP%® is not released from infected cells following PIPLC digest,
suggesting that, unlike PrP®, PrP*¢ is not found on the outer membrane (Borchelt et al. 1990,
Stahl et al. 1990). PrP*° aggregates are partially protease resistant (Meyer et al. 1986) and

detergent insoluble (Oesch et al. 1985).



TSEs were initially thought to be caused by an atypical of virus. Because the scrapie
agent did not behave like a normal virus, it was hypothesized that the scrapie agent was a self-
replicating protein (Griffith 1967). Evidence for this hypothesis came from work showing that the
agent that caused TSEs was not sensitive to ionizing radiation (Alper et al. 1966, Alper et al.
1967) or nucleases (Prusiner 1982). However, the TSE infectious agent was susceptible to
proteinase K digestion as well as degradation in chaotropic agents such as sodium dodecyl
sulfate, urea and guanidine (Prusiner 1982). Because of this, Dr. Stanley Prusiner
hypothesized the causative agent of TSEs consisted of an infectious protein, or a protein
surrounding or associated with a small nucleic acid genome. He termed this infectious agent a
“prion,” short for proteinaceous infectious particle (Prusiner 1982). After fractionating infected
brain homogenate, a single, 27-30 kDa protein co-purified with infectivity (Bolton et al. 1982).
This protein was called PrP for the prion protein (Prusiner et al. 1982). It is not known if PrP*° is
the only component of the TSE agent. However, there is no evidence of a nucleic acid genome
in highly enriched fractions that contain high levels of infectivity (Aiken and Marsh 1990,

Prusiner et al. 1994, Safar et al. 2005).

1.1.C. Conversion of PrP to PrP%°

The exact mechanism of conversion of PrP€ to PrPS¢ is unknown, but PrP€ is converted
to PrP%¢ in a template directed manner (Kocisko et al. 1994, Bessen et al. 1995). The cellular
location of conversion is unknown, but is thought to happen either on the outer membrane (Vey
et al. 1996, Goold et al. 2011) or in the endosomal/lysosomal compartment (Borchelt et al.
1992, Marijanovic et al. 2009). Conversion of PrP° to PrP* is a multistep process that involves
the direct binding of PrP® to PrP*° (DebBurman et al. 1997, Horiuchi and Caughey 1999,
Horiuchi et al. 2000). After binding, the second step is the conformational change of PrP¢ to
PrPS° (DebBurman et al. 1997, Horiuchi et al. 2000). There is evidence that the PrP*° forms
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oligomers or protofibrils prior to the formation of amyloid fibrils (Apetri and Surewicz 2002,
DeMarco and Daggett 2004). These intermediate structures may be the infectious components
of prions, not the larger aggregates (Silveira et al. 2005, Zhang et al. 2011). Following
conversion, PrP*fibrils accumulate inside the cell in the cytoplasm or the endosomal/lysosomal
compartment (Taraboulos et al. 1990, Taraboulos et al. 1992B). As part of the conversion
process, the amyloid fibril must break to form new sites for PrP€ conversion (Hall and Edskes
2004). Amyloid fibrils fracture occurs by mechanical stress or chaperone proteins (Sun et al.

2008).

1.2. TSEs of animals and humans
The presence of PrP*¢ leads to TSEs in a variety of mammals, including humans.

Several common TSEs are described below.

1.2.A. Scrapie

Scrapie is a TSE of sheep and goats. Scrapie has long been associated with an
abnormal pathogen and it was investigation of the scrapie etiology that led to many rodent-
adapted prion strains. The clinical features of scrapie are characterized by intense irritation that
leads to compulsive scraping, hyperexcitability and altered gait (Palmer 1959). Following
intracerebral inoculation scrapie clinical signs occur in 3-5 months. However, the incubation
period is longer following a natural infection (Palmer 1959). It is unclear how scrapie is
transmitted naturally, but it is thought that sheep ingest scrapie that was shed into the
environment. This is based on the detection of PrP*° in the Peyer’s patches and dorsal motor
nucleus of the vagus nerve (Ryder et al. 2009). Peyer’s patches are lymphoid tissues in the gut
of mammals that are responsible for detecting and initiating an immune response to pathogens

in the intestinal mucosa. The dorsal motor nucleus of the vagus nerve is responsible for the
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parasympathetic innervations of the gut. Because PrP*¢ is detected in both the Peyer’s patches
and the dorsal motor nucleus of the vagus nerve, it is hypothesized that scrapie PrP%° is
ingested, which leads to accumulation in the Peyer’s patches. Scrapie PrP*° is subsequently
retrogradely transported through the parasympathetic nerves to the dorsal motor nucleus of the
vagus nerve where it accumulates. Scrapie has also been inadvertently transmitted through
inoculation of a louping ill vaccine made from preclinical, scrapie-infected sheep (reviewed in
Palmer 1959).

Scrapie is present in Europe and North America. In the European Union, the overall
scrapie prevalence ranges from 0.03% to 22% depending on the country and the testing year
(Fediaevsky et al. 2008). In fiscal year 2010, the United States Department of Agriculture
(USDA) confirmed 72 cases of scrapie in the United States (USDA yearly report found at:
http://www.aphis.usda.gov/animal_health/animal_diseases/scrapie/). Complete eradication of
scrapie will be difficult because scrapie has been shown to remain infectious after at least
sixteen years in soil (Georgsson et al. 2006). Currently there is an effort underway to breed
sheep that are resistant to scrapie infection. In sheep, the amino acids at codons 136, 154, and
171 of PrP® play a role in determining scrapie infectivity and the efficiency of PrP*¢ conversion
(Bossers et al. 1997, Caplazi et al. 2004, Goldmann et al. 2006, Eiden et al. 2011). One
example of this is sheep with glutamine at codon 171 which are susceptible to scrapie, but
sheep with an arginine at codon 171 are resistant to scrapie (Caplazi et al. 2004).

A new form of scrapie has been recently identified. Atypical or Nor98 scrapie was first
described in Norway (Benestad et al. 2003), but has since been discovered in other countries
including the United Kingdom (Everest et al. 2006), France (Arsac et al. 2007), Germany
(Luhken et al. 2007) and the United States (Loiacono et al. 2009). Unlike classical scrapie,
Nor98 has clinical signs of ataxia and confusion with no skin irritation (Gavier-Widén et al. 2004,
Simmons et al. 2007). Following Western blot analysis, Nor98 PrP°® has a prominent 12 kDa
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band that is not present with PrP° from classical scrapie (Klingeborn et al. 2006, Simmons et al.
2007, Loiacono et al. 2009). Another unique feature of Nor98 atypical scrapie is that it can
occur in genotypes of sheep PrP® that are resistant to classical scrapie (Arsac et al. 2007,
Lihken et al. 2007, Benestad et al. 2008). This data demonstrates that Nor98 and classical

scrapie are different TSEs in sheep and goats.

1.2.B. Bovine spongiform encephalopathy (BSE)

BSE is a TSE of cattle. Due to the political, economic and public health consequences
of the BSE outbreak in the United Kingdom during the 1980s and 1990s, BSE was one of the
more noteworthy TSEs. Cattle infected with BSE have clinical signs of abnormal or aggressive
behavior, rear limb ataxia, tremor, abnormal head position and weight loss (Davis et al. 1991).
The incubation period for BSE is about 60 months (Nathanson et al. 1997). The BSE epidemic
has been contained due to the culling of cattle and banning the use of cattle tissues that most
likely to contains BSE in ruminant feed. Even with these bans in place there are periodic cases
of BSE. The most recent was a Canadian cow in 2010 (Centers for disease control and
prevention: http://www.cdc.gov/ncidod/dvrd/bse/). There are still sporadic cases of BSE even
though the possibility of horizontal transmission has been drastically reduced, which suggests
unknown sources of BSE or that BSE develops sporadically in cattle, much like sporadic
Creutzfeldt-Jakob disease in humans described in section 1.2.E (Biacabe et al. 2004, Jacobs et
al. 2007).

Several atypical forms of BSE have been identified. These atypical forms of BSE were
first identified based on differences in the electrophoretic migration of PrP*¢. H-type atypical
BSE has an electrophoretic migration slightly higher than classic BSE (Yamakawa et al. 2003,
Biacabe et al. 2004, Jacobs et al. 2007). L-type atypical BSE has an electrophoretic mobility

slightly lower than classic BSE (Jacobs et al. 2007, Lombardi et al. 2008). Besides differences
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in electrophoretic mobility, both H- and L-type atypical BSE are more proteinase K sensitive
than classical BSE (Jacobs et al. 2007). PrP*¢is distributed throughout the central nervous
system differently in H-type atypical BSE- and classical BSE-infected mice (Baron et al. 2011).
L-type atypical BSE has a different central nervous system distribution of PrP® and clinical
signs of dullness, low head carriage and muscle atrophy in cattle, which differs compared to
classical BSE (Lombardi et al. 2008).

One of the important aspects of BSE is that it has been transmitted to several different
species. In zoos, ungulates such as bison, nyala, gemsbok, oryx, greater kudu, and eland have
developed a TSE called exotic ungulate encephalopathy which is associated with the
consumption of BSE-infected cattle products (Pattison 1998). Domesticated cats, cheetahs,
ocelots, and tigers can develop feline spongiform encephalopathy when fed products from BSE-
infected cattle (Pattison 1998, Bencsik et al. 2009). The same is true in humans. Human
exposure to BSE-infected products led to a new human TSE named new variant Creutzfeldt-
Jakob disease (vCJD) (Hill et al. 1997A, Bruce et al. 1997). BSE is the putative source of these
diseases based on epidemiological investigation and similar pathology in mice and non-human
primates infected with BSE and these TSEs (Bruce et al. 1997, Bons et al. 1999, Bruce 2003,

Herzog et al. 2005).

1.2.C. Transmissible mink encephalopathy (TME)

TME is a disease of farmed mink. The first recorded outbreak of TME occurred in
Michigan in 1947 (Hartsough and Burger 1965). TME occurs in outbreaks where many, if not all
of the mink on a given farm are infected. However, mink transported to other farms prior to the
onset of clinical disease fail to spread the agent and there is no evidence of vertical
transmission (Hartsough and Burger 1965, Liberski et al. 2009). Infected mink display signs of
hind limb ataxia, hyperexcitability, and difficulty eating, drinking and grooming (Hartsough and
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Burger 1965). The incubation period for TME is between seven months and one year
(Hartsough and Burger 1965). The origin of TME seems to be consumption of a TSE agent.
One candidate is scrapie since sheep scrapie can cause disease in mink (Hanson et al. 1971)
and TME can cause disease in sheep and goats (Hadlow et al. 1987). BSE has also been
implicated as a cause of TME. TME can cause disease in cattle (Marsh et al. 1991) and when
TME from cattle was inoculated back into mink, the resulting disease was similar to TME
(Liberski et al. 2009). In transgenic mice expressing ovine PrP, bovine TME and L-type atypical
BSE have similar PrP*¢ electrophoretic migration and similar distribution of lesions in the central
nervous system (Baron et al. 2007), further suggesting a connection between BSE and TME.
Since there is epidemiological evidence that TME-infected mink were fed cattle products, not
sheep products, it is possible that BSE is the causative agent of TME (Hartsough and Burger

1965, Liberski et al. 2009).

1.2.D. Chronic wasting disease (CWD)

CWD is a TSE of cervids such as deer, elk and moose. Unlike other TSEs, CWD occurs
in both wild and domesticated populations. Because CWD is found in a wild population and the
host range is unknown, CWD is a growing concern. CWD was first described by Williams and
Young (1980). CWD has been identified in 15 states, as well as two Canadian providences and
South Korea (Chronic Wasting Disease Alliance: http://www.cwd-
info.org/index.php/fuseaction/about.map). Naturally acquired CWD has an incubation period of
two to nine years (Miller et al. 1998, Williams 2005, O’'Rourke et al. 2007). Following oral
inoculation, the incubation period for CWD is around 580 days (Balachandran et al. 2010). The
clinical signs of CWD include weight loss, isolation from the herd, hypersalivation, polydipsia,

and polyuria (Williams and Young 1980, Sigurdson and Aguzzi 2007).



CWD PrP%¢ and/or infectivity can be found in skeletal muscle (Angers et al. 2006), fat
(Race et al. 2009A), urine (Haley et al. 2009A, Haley et al. 2009B), feces (Haley et al. 2009A,
Tamgulney et al. 2009), antler felt (Angers et al. 2009), and saliva (Haley et al. 2009B) in both
clinically ill and asymptomatic cervids. It is thought that since PrP> and/or infectvity can be
readily shed into the environment, there is potential for horizontal transmission to other hosts.
CWD may be transmitted to humans because CWD PrPS¢ can convert human PrP€ in vitro,
though this conversion is less efficient than CWD PrP>° converting cervid PrP¢ (Raymond et al.
2000, Li et al. 2007, Barria et al. 2011). CWD can also cause disease in nonhuman primates
(Marsh et al. 2005, Race et al. 2009B). However, CWD is unable to cause disease in
transgenic mice expressing human PrP® (Kong et al. 2005, Sandberg et al. 2010). There are no
documented cases of CWD being passed to humans, even though it is documented that
humans have ingested CWD-tainted products (Garruto et al. 2008) and there is no increase in
the number or prevalence of human TSE cases in CWD-endemic regions (MaWhinney et al.
2006). This suggests that if CWD is being transmitted to humans, the symptoms are similar to

other forms of human TSESs, and these cases are not recognized as having an infectious origin.

1.2.E. TSEs in humans

There are several different TSEs in humans, the most prevalent of which is Creutzfeldt-
Jakob disease (CJD), which causes disease at a rate of one case per million people (Holman et
al. 2010). TSEs in humans are unique because they can occur by a variety of etiologies.
Human TSEs have been transmitted through iatrogenic or infectious means. Humans have
developed iatrogenic CJD (iCDJ) following injection of cadaver derived human growth hormone
(Fradkin et al. 1991), dura mater and corneal grafts (Will 1993, Wakisaka et al. 2006), or
following the use of surgical equipment previously used on CJD-infected patients (Nevin et al.

1960, Will 1993). Typically, iCJID patients develop ataxia and a lack of balance as clinical
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symptoms, though these patients may develop cognitive impairments as the disease
progresses. The incubation period for iCJD is between two to ten years (Will 1993, Martinez-
Lage et al. 1994, Chesebro 2003).

CJD can also have an infectious etiology. As mentioned in 1.2.B, new variant CJD
(vCJD), is associated with human consumption of BSE-infected cattle products (Bruce et al.
1997, Hill et al. 1997A). There are a couple features that make vCJD distinct from other forms
of CJD. While other forms of CJD typically develop in patients over 50 years of age, vCJD is
commonly present in patients younger than 40 years of age (Chazot et al. 1996, Will et al.
1996). The clinical symptoms of vCJD include personality changes, depression, progressive
dementia and ataxia (Will et al. 1996, Brandel et al. 2009). While other forms of CJD are
present in all genotypes of PrP®, vCJD was only identified in patients homozygous for
methionine at codon 129 of PrPC, until recently. There are now two putative cases of vCJD in
methionine/valine heterozygotes at codon 129 of PrP® (Peden et al. 2004, Kaski et al. 2009).
The last feature that distinguishes vCJD from other forms of CJD is that vCJID PrP*° is readily
detected outside the central nervous system (Hill et al. 1997B, Wadsworth et al. 2001, Hilton et
al. 2004). Multiple reports have documented individuals developing vCJD after receiving blood
or blood products from preclinical vCJID donors (Llewelyn et al. 2004, Peden et al. 2004, Wroe
et al. 2006). However, it is unknown if vCJD was transmitted through the blood supply, or
whether these individuals contracted vCJD from another source. Because vCJD PrP* is readily
detected outside the central nervous system, there is a risk that vCID may be more readily
transmitted human to human.

Kuru is a TSE of the Fore language group in Papua New Guinea in which individuals
were infected by handling and ritualistically consuming infected human tissue in mortuary feasts
(Lampert et al. 1972, Gajdusek 1977). Kuru infected individuals have symptoms of ataxia,
tremor, and a facial distortion that makes the patient appear to be grinning (Lampert et al. 1972,
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Gajdusek 1977). The incubation period for kuru can be longer than 50 years (Collinge et al.
2006). The termination of these mortuary feasts brought an end to new cases of kuru.

Human TSEs can also arise from to distinct genetic mutations. These TSEs are rare
and include familial CJD (fCJD), fatal familial insomnia (FFI) and Gerstmann—Straussler—
Scheinker syndrome (GSS). Several different missense, insertion and deletion mutations in the
prion protein are associated with fCJD. The most common mutation is a missense point
mutation of glutamic acid to lysine at codon 200 of PrP®. The clinical symptoms are
heterogeneous but include cognitive and mental abnormalities and the development of
myoclonus and cerebellar ataxia (Gambetti et al. 2003). FFI is primarily associated with an
aspartic acid to asparagine mutation at codon 179 and the presence of methionine at codon 129
of PrP°. Clinical symptoms include insomnia, sleep/wake disturbances, autonomic
dysregulation, and in some cases cerebellar ataxia or myoclonus (Cortelli et al. 1999, Gambetti
et al. 2003, Zarranz et al. 2005). GSS is primarily associated with a proline to leucine mutation
at codon 120 of PrP® (Hsiao et al. 1989). GSS has heterogeneous clinical symptoms. Classical
GSS is characterized by a progressive ataxia, though patients may develop dementia and
cognitive dysfunction first (Tranchant et al. 1992, Irisawa et al. 2007, Webb et al. 2008, Park et
al. 2010). It is unknown how these mutations of PrP¢ lead to disease, but mutant PrP€ is
thought to more readily fold into a disease-associated conformation (Vanik and Surewicz 2002).
Therefore, these patients spontaneously develop TSEs or are more susceptible to acquiring
TSEs from environmental sources.

Sporadic CJD (sCJD) is the most common form of CJD, but the origin of the disease is
unknown. These patients have no known genetic predisposition to CJD, nor any evidence of
infectious or iatrogenic exposure. Patients that develop sCJD have detectable levels of PrP>*
throughout the central nervous system which is infectious. Non-human primates experimentally
inoculated with different sources of SCJD develop neurological signs similar to the patients from
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which the inoculum was derived (Brown et al. 1994, Herzog et al. 2005). There are somewhat
different, but overlapping symptoms with sCJD depending on the genotype of PrP®. In general,
sCJD patients have clinical symptoms of cognitive impairment, though there may be a
progressive ataxia (Parchi et al. 1999, Gambetti et al. 2003). The age of onset of clinical
symptoms is usually over 50 years of age, though there is heterogeneity (Parchi et al. 1999).
Different polymorphisms of human PrP¢ are associated with sCJD with different PrPs°
electrophoretic migration patterns (Gambetti et al. 2003, Hill et al. 2003) which suggest different
conformations of PrP%°,

Recently, Gambetti et al. have shown that there may be a new class of human TSE.
Protease-sensitive prionopathy (PSPr) has a similar onset of disease and clinical symptoms to
CJD. However, there is no PK-resistant PrP*¢ in PSPr. These patients have a detergent
insoluble PrP that is sensitive to PK digest (Gambetti et al. 2008). PSPr has been described in
patients that were VV homozygous (Gambetti et al. 2008) and MV heterozygous (Head et al.
2010) at codon 129 of human PrPC. PSPr has only recently been identified and there are many
guestions that remain to be answered including if PSPr is a human TSE at all. The
accumulation of PK-resistant PrP%°® is pathognomonic for TSEs, yet this is not present in PSPr.
Moreover, there are no published studies showing that PSPr is infectious, unlike sCJD and the

familial forms of human TSEs.

1.3. Prion Strains

Prion strains are not like strains of microorganisms where there are different genotypes.
Prion strains are differentiated by different phenotypes of disease which are defined by
differences in many several characteristics such as incubation period, location and severity of

neurodegeneration, clinical signs or symptoms and biochemistry of PrPS¢. Prion strains have
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been noted in experimental models and natural prion isolates. It remains unclear how an
infectious agent only made of an abnormal conformation of PrP*° is able to generate different

strains, however, it is hypothesized that prion strains arise from different PrP>° conformations.

1.3.A. Prion strains can be differentiated by differences in incubation period

Different prion strains can be differentiated by incubation period, or the time between
inoculation and the onset of clinical disease. There are many strains of murine-adapted scrapie
with different incubation periods (Dickinson 1975, Carp et al. 1987, Kuczius and Groschup
1999). Many factors can determine the incubation period, one of which is the strain of mouse.
As described in 1.1.A, there are two alleles of PrP® in mice, s7 and p7, that differ in the amino
acids at codons 108 and 189 (Westaway et al. 1987, Moore et al. 1998). Following intracerebral
(i.c.) inoculation in C57BL (PrP€ allele s7s7) mice, the murine prion strains ME7, 22C, 22L, 79A,
139A, 22A, and 87V have incubation periods of 168, 170, 157, 161, 166, 474 and >700 days
respectively. In contrast, i.c. inoculation of the same prion strains into VM mice (PrP° allele
p7p7), results in incubation periods are 346, 447, 210, 309, 208, 199, and 290 days respectively
(Bruce et al. 1991). Most murine prion strains have longer incubations periods in VM mice, 22A
and 87V are exceptions. The change in the amino acids at just two codons is responsible for
these differences in incubation period.

Additinally, the route of inoculation may change incubation period. Intraperitoneal (i.p.)
inoculation into C57BL mice ME7, 22C, 22L and 79A results in incubation periods of 275, 235,
234, and 224 days respectively (Bruce et al. 1991). These incubation periods are longer than
those of the same mouse strain following i.c. inoculation which results in incubation periods of
168, 170, 157, and 161 days respectively (Bruce et al. 1991). This data shows that the route of
inoculation affects the incubation period. Even though the strain of mouse and the route of
inoculation affect the incubation period, different murine prion strains have different incubation
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periods.

Similar to mice, different hamster strains may have different incubation periods.
Following i.c. inoculation of the hamster prion strains HY TME, 263K, 139H and DY TME into
Syrian golden hamsters, the incubation periods were 65, 65, 135, and 168 days respectively
(Bessen and Marsh 1992B, Ye et al. 1998). The incubation period is also dependant on the
route of inoculation. HY TME has an incubation period of 78, 79, 93, 122, and 190 days
following sciatic nerve, tounge, i.p., oral, or submandibular lymph node inoculation respectively.
DY TME has an incubation period of 217, 262, >500, >600, and >475 days following the same
routes of inoculation (Bartz et al. 2005, Bartz et al. 2007). Incubation period is also dependent
on the species of hamster inoculated. Following i.c. inoculation of 263K into Syrian, Turkish,
Djungarian, Siberian, Armenian and Chinese hamsters, the resulting incubation periods were
85, 91, 155, 148, 188 and 372 days (Meade-White et al. 2009). Since these hamster species
have different PrP® amino acid sequences (Meade-White et al. 2009), suggesting a probable
reason why the incubation periods are different.

Natural prion strains and isolates also have different incubation periods. Recently two
strains of elk CWD were identified following inoculation into transgenic mice expressing elk
PrP®. CWD1 has an incubation period of 225 days; CWD2 has an incubation period of 301
days (Angers et al. 2010). Classical BSE has an incubation period of 608 days in Friesian cattle
and 503 days in Alpine brown cattle. L-type atypical BSE has an incubation period in 407 days
in Friesian cattle and 535 days in Alpine brown cattle (Lombardi et al. 2008). After passage to
C57BL/6 mice, classical BSE has an incubation period of 511 days and atypical H-type atypical
BSE has an incubation period of 652 or 702 days depending on the source of H-type atypical

BSE (Baron et al. 2006).
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1.3.B. Prion strains can be differentiated by the location of spongiform degeneration and PrP**
deposition

Spongiform degeneration refers to the holes that form in the central nervous system
presumably due to the loss of prion-infected cells. The severity of spongiform degeneration is
measured in both grey and white matter of the brain to build a lesion profile. It has been well
documented that murine strains have different lesion profiles (Fraser and Dickinson 1973, Bruce
and Dickinson 1979, Kimberlin et al. 1989, Bruce et al. 1991 and Arima et al. 2005). The lesion
profile for a given strain is similar regardless of the strain of mouse used (Fraser and Dickinson
1973). The location and degree of PrP*° deposition in the brain is also strain-dependent.
Histoblots performed on brain sections from different infected brains show that RML, 22A, and
87V all have unique patterns of PrP*° deposition (Carlson et al. 1994).

Different hamster prion strains can also be differentiated by changes in spongiosis. DY
TME infection leads to spongiform degeneration in the in the pyramidal layer of the
hippocampus where HY TME does not. HY TME leads to more severe spongiform
degeneration in the brain stem and cerebellum compared to DY TME (Bessen and Marsh
1992B). PrP*° deposition throughout the central nervous is also strain dependent. Sc237,
139H, and ME7H all have different distributions of PrP*° in the brain as determined by histoblot
analysis (Hecker et al. 1992, DeArmond et al. 1993). HY PrP*¢ can be detected in the medial
geniculate nucleus but not the molecular layer of the dentate gyrus. DY PrP*¢is not found in the
medial geniculate nucleus, but is found in the molecular layer of the dentate gyrus as
determined by immunohistochemistry (Bessen and Marsh 1994).

Strains of natural TSEs also have different lesion profiles and PrP*° deposition.
Classical scrapie and Nor98 have different patterns of PrP*® deposition in the brain as
determined by histoblot (Wemheuer et al. 2009). After passage of classic scrapie into mice, two
strains emerged that can be differentiated based on differences in lesion profile, particularly in
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the superior cortex and hippocampus (Masujin et al. 2009). CWD1 and CWD2 can be
differentiated by changes in lesion profile and PrP* deposition. Interestingly, CWD1 had
bilateral PrP° deposition; CWD2 had unilateral PrP*¢ deposition (Angers et al. 2010). Taken
together, these data show that experimental and natural prion strains have different distributions

of PrP*® and spongiform degeneration within the brain.

1.3.C. Prion strains may have different distributions of PrP°° outside the central nervous system

Another property of prion strains is the variable deposition of PrP*® outside the central
nervous system. Some prion strains have PrP*° distribution in the lymphoreticular system and
other structures outside the central nervous system. HY PrP%¢ can be detected by Western blot
in the spleen and lymph nodes (Bartz et al. 2005). Similarly, in classical scrapie, PrP° can be
detected throughout the lymphoreticular system (Monledn et al. 2004, Ryder et al. 2009,
Andréoletti et al. 2011). In humans, vCJD PrPS¢ can also be detected outside the central
nervous system (Hill et al. 1997B, Wadsworth et al. 2001).

However, some prion strains have no deposits of PrP° outside the central nervous
system. Following inoculation with DY TME, there is no PrP° or infectivity detected in
structures outside the nervous system (Bartz et al. 2005). Classical scrapie can be
differentiated from atypical Nor98 scrapie by the lack of detectable levels of Nor98 PrP¢ outside
the nervous system (Benestad et al. 2003, Loiacono et al. 2009, Andréoletti et al. 2011). The
sporadic, familial and infectious forms of human TSEs have no or little detectable PrP*° outside

the central nervous system (Head et al. 2004).

1.3.D. Prion strains may have different clinical signs
In some cases, prion strains have different clinical signs. HY TME has clinical signs of
ataxia and hyperexcitability and DY TME has clinical signs of a progressive lethargy (Bessen
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and Marsh 1992B). The murine strain SY has a unique clinical sign of compulsive scratching
(Manuelidis 1998). Classical scrapie has the distinctive clinical sign of irritation leading to the
infected sheep scratching off wool (Palmer 1959) which is not present in Nor98 atypical scrapie
(Gavier-Widén et al. 2004). BSE is characterized by hypersensitivity to stimuli and
nervousness. However, L-type atypical BSE is characterized by dullness (Lombardi et al.

2008).

1.3.E. Prion strains may have different PrP>¢ electrophoretic mobilities

Following protease K (PK) digestion, PrP*® may have different electrophoretic migrations
following SDS-PAGE due to different PK cleavage sites. For example, HY PrP* has an
unglycosylated band that migrates to 21 kDa. The unglycosylated band of DY PrP*¢ has an
electrophoretic mobility of 19 kDa (Bessen and Marsh 1992A, Bessen et al. 1995). Most murine
strains have an unglycosylated PrP¢ band that is 21 kDa in size, however, BSE-G, migrates
faster than the other strains (Kuczius and Groschup 1999). C-type BSE has an unglycosylated
band that migrates to 17.6 kDa. L-type BSE has a slightly lower unglycosylated band that
migrates to 17.3 kDa and H-type BSE has an unglycosylated band that migrates slightly higher
to 19.3 kDa (Dudas et al. 2010). Nor98 atypical scrapie has a 12 kDa band that is not present
in classical scrapie (Klingeborn et al. 2006, Simmons et al. 2007, Loiacono et al. 2009). Human
CJD has been divided into subtypes based on the relative glycosylation ratios and the migration
of PrP%° (Gambetti et al. 2003, Hill et al. 2003).

Not all prion strains have a unique electrophoretic profile; in fact, many prion strains
have similar electrophoretic migration. HY TME, 263K, hamster-adapted CWD, 22AH, 22CH,
ME7H, and 139H are all hamster prion strains that have the same electrophoretic migration
even though other strain properties are very different (Ayers et al. 2011). The electrophoretic
mobility is the same for CWD1 and CWD2 (Angers et al. 2010).
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1.3.F. Prion strains may be differentiated by PK resistance

One of the characteristics of PrP*° is that it is partly resistant to protease degradation.
Following one hour of PK digestion, the N-terminal region of PrP*¢ is degraded leaving a PK
resistant core. However, if greater concentrations of PK are used or the digestion is extended,
even this PK-resistant core region can be degraded. For different prion strains the susceptibility
of this core region to PK digest differs. HY PrP*° can be detected up to 48 hours after a digest
of brain homogenate in 100 ug/ml PK. Under the same conditions DY PrP*¢ is no longer
detected after 12 hours of PK digest (Bessen and Marsh 1992A, Bessen and Marsh 1994).
ME7 PrP*° can be detected following digest in 50 and 128 pg/ml for up to 60 minutes. However,
RML PrP%¢ cannot be detected at either of these PK concentrations suggesting that RML PrP>¢
is more sensitive to PK digestion compared to ME7 (Thackray et al. 2007). Kuczius and
Groschup PK digested different murine prion strains and isolates. They showed that the
kinetics of PrP*° degradation were different for each strain and isolate (Kuczius and Groschup
1999). After 6 hr of a PK digest of Nor98 and classical scrapie in 100 pg/ml, there are
detectable levels of classical scrapie, but little detectable Nor98 PrP%¢ (Klingeborn et al. 2006).
In cattle, both H- and L-type atypical BSE are more proteinase K sensitive than classical BSE
(Jacobs et al. 2007). These data show that prion strains can be differentiated based on the

relative resistance to PK digestion.

1.3.G. Prion strains can be differentiated by conformational stability

Conformational stability is the ability of PrP*° to resist denaturation by a chaotropic
agent, usually guanidine (Gdn HCI). Conformational stability is determined by incubating PrP*°
in a range of increasing concentrations of Gdn HCI to determine how much PrP*¢ is denatured
as the concentration of Gdn HCl is increased. PK digestion was performed to specifically
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remove the denatured PrP>, which is PK sensitive (Caughey et al. 1997). Immunodetection is
then performed to quantify how much PrP° remains at each concentration of Gdn HCI. A dose
response curve is generated by plotting the amount of remaining PrP*¢ verses the concentration
of Gdn HCI. The shape and sigmoidal nature of the dose response curve suggests that different
strains denature at different concentrations of Gdn HCI.

There are several different examples of the conformational stability testing in using
different prion strains in different animal models. Only a couple of examples are given here,
more detail will be given in the introduction to chapter 4 (section 4.1). In the hamster prion
system, prion strains have a [Gdn HCl],,, the concentration of Gdn HCI required to achieve a
50% reduction in PrP*° signal intensity, ranging from 1.08-1.50 M. The strains with the shortest
incubation periods had the largest [Gdn HCI],, (Peretz et al. 2001). In the mouse system, [Gdn
HCI],, range from 1.6-5.1 M and the shortest incubation period strains have the smallest [Gdn
HCI]y» (Legname et al. 2006). With synthetic prions, the incubation period also correlated with
increased stability. Recombinant PrP formed in vitro caused disease in hamsters on both first
and second passage. After passage, there is a decrease in incubation period and
conformational stability (Makarava et al. 2009).

The above conformational stability assays relate conformational stability to PK
resistance. However, there are TSESs that are infectious but contain little or no PK-resistant
PrPS°. To measure conformational stability for these strains, an assay was developed that
denatures PrP*° in Gdn HCI followed by differential centrifugation. As indicated above, PrP% is
detergent insoluble in its native conformation. However, detergent insolubility is lost following
denaturation. This method has been used to differentiate strains of classical scrapie, Nor98
atypical scrapie, sporadic and genetic forms CJD from natural sources or strains transmitted
into black voles (Pirisinu et al. 2010). Because there were a limited number of strains used, the
relationship between incubation period and conformational stability could not be determined.
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1.3.H. Prion strains have different PrP*° structures

It is unclear what leads to the different prion strains. There are several lines of evidence
that different prion strains are determined by different conformations of PrP*¢. The first line of
evidence comes from Fourier transform infrared (FTIR) spectroscopy. The FTIR spectrum for
DY PrP*¢ is different from that of HY and 263K PrP%¢, which are indistinguishable (Caughey et
al. 1998). The hamster strains 263K, 22AH, ME7H, and hamster-adapted BSE can be
differentiated by FTIR (Thomazig et al. 2004). The second line of evidence comes from the
conformation-dependent immunoassay. In its native conformation, certain epitopes are more
exposed in PrP® than PrP%°. Prion strains can be compared by generating a ratio of the signal
intensity of denatured and native forms of PrP*¢. The denatured to natured ratio is different for
different prion strains (Safar et al. 1998) supporting the hypothesis that each strain has a
different conformation of PrP*°. A third line of evidence comes from electron and atomic force
microscopy analysis of murine PrP>° and recombinant human, hamster and murine PrP. The
fibrils of the different strains examined had conformations with different frequency of twists and
turns (Jones and Surewicz 2005, Sim and Caughey 2009). A fourth line of evidence comes
from lipid conjugated polymers (LCPs) binding analyis. LCPs are conjugated molecules that
emit light when bound to amyloid proteins, like PrP>¢ (Nilsson et al. 2004, Nilsson et al. 2005).
The emission spectrum depends of the conformation of the LCP which contorts to bind to PrP°
aggregates. The LCP emission spectrum of RML, natural scrapie and BSE inoculated into mice
are distinct, presumably because each PrP*° has different conformations (Sigurdson et al.
2007). Afifth line of evidence comes from hydrogen/deuterium exchange analysis. Deuterium
replaces hydrogen most efficiently in areas with little beta-sheet content and the location of this
exchange is different between the Chandler, ME7 and 22L prion strains (Smirnovas et al. 2011).
The last line of evidence that different prion strains have different conformations of PrP*¢, comes
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from differences in conformational stability discussed in section 1.3.G. PrP>° from different prion
strains denature under different concentrations of Gdn HCI. This suggests that the chaotropic
agent interacts differently with PrPS® from different prion strains. The differences in unfolding
are presumed to be caused by different conformations of PrP*¢. None of these pieces of data is
conclusive yet. Taken together, these data suggest that PrP®® conformation effects strain

properties.

1.4. Prion strain interference

Prion strain interference is defined as a long incubation period prion strain extending the
incubation period or preventing a shorter incubation period prion strain from causing disease.
Prion strain interference has similarities to viral interference, the ability of one virus to prevent
another from causing disease. The mechanisms of viral interference and what is known about

prion strain interference are discussed below.

1.4.A. Viral interference

Viruses can block the replication of the same or related viruses and this can be mediated
by several different mechanisms. The first is superinfection exclusion, or one virus preventing a
second virus of the same strain, or a closely related virus, from replicating. Superinfection
exclusion occurs in bacterial (Dulbecco 1952, Visconti 1953), plant (Wen et al. 1991, Ratcliff et
al. 1999), and animal viruses (Schaller et al. 2007, Tscherne et al. 2007). One mechanism of
superinfection exclusion is down regulation of the cellular receptor required for viral entry into a
cell. An example of this is HIV down-regulating CD4. This is accomplished by viral proteins nef,
vpu, and env proteins binding to and sequestering CD4 in the infected cell endoplasmic
reticulum (Geleziunas et al. 1994, Wildum et al. 2006). Superinfection exclusion can also
occur after viral entry, at the level of replication. In sinbus virus, the viral protease NSP2
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cleaves the viral protein P123 which prevents sinbus virus and other members of the alphavirus
family from replicating (Karpf et al. 1997).

Viral interference may also act through defective interfering particles (DIPs). DIPs are
missing one or more genes that are required for viral replication, which leads to a truncated
genome (Huang and Baltimore 1970, Cole et al. 1971). DIPs require a helper virus for
replication to provide the missing viral gene products in trans. Almost all viruses can produce
DIPs at high titer (Marriott and Dummock 2010). Because DIPs have a shorter genome, they
are typically able to replicate faster than the helper virus. Interesting, if the helper virus infects a
cell at a higher multiplicity of infection (MOI), there will be more DIP produced. This is called the
von Magnus effect (Von Magnus 1953). As a result, the DIP will outcompete the helper virus
leading to DIP, but not helper virus replication (Yoon et al. 2006, Marriott and Dummock 2010).
DIPs may also interfere with helper viruses by incorporating defective genes from DIP into the
helper virus (Duhaut and McCauley 1996). The relative concentration of DIP and helper virus
determines the interactions between these viruses (Stauffer Thompson et al. 2009).

The last mechanism of viral interference is mediated by interferon. Interferons were first
described in 1957 by Isaacs and colleagues (Isaacs et al. 1957, Isaacs and Lindenmann 1957).
Interferon was the name given to small proteins released from virus-infected cells that prevent
the replication of subsequent viruses. Interferons have both autocrine or paracrine functions
(Vandevenne et al. 2010). Following virus infection, double stranded viral RNA binds to toll-
like receptors or helicases RIG-1 and MDAS which activate transcription factors that lead to the
expression of interferon a and 3 (Conzelmann et al. 2005, Vandevenne et al. 2010). When
interferon a and  accumulate in the cell, additional interferons are made and the cell expresses
anti-viral effectors including PKR, 2’ 5’ A synthase, nitric oxide, RNase L and Mx (Sen 2001,
Mahalingam et al. 2002, Haller et al. 2006). Combined, these products decrease the ability of
some viruses to replicate (Sen 2001). Since interferons have paracrine function, nearby cells
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will also express antiviral factors to make neighboring cells less sensitive to viral infection.
Unlike superinfection exclusion or DIPs, interferon-mediated interference can be initiated by
inactivated viruses, (Beale 1963). Since interferons are a general antiviral response, the effect

is seen to a greater degree against heterogeneous viruses.

1.4.B. Prion strain interference by superinfection

Like viruses, prions have the ability to interfere with each other. Prion strain interference
was first described by Dickinson et al. in 1972. Both 22A and 22C are murine-adapted strains
of sheep scrapie (Fraser and Dickinson 1973). VM mice were inoculated intracerebrally (i.c.)
with 22C brain homogenate 1, 5 or 9 weeks prion to inoculation with 22A brain homogenate.
While the neuropathology of all mice was consistent with 22A, there was a significant increase
in incubation period in the mice with 5 or 9 weeks between inoculations (Dickinson et al. 1972).
Similarly, i.p. inoculation of 22A 180 or 271 days prior to inoculation of ME7 led to an increase in
the ME7 incubation period from 230 to about 260 days (Dickinson et al. 1972). In RIIl mice, 22A
has the ability to block 22C from causing disease following i.p. inoculation. When 22A was
inoculated 100, 200, or 300 days prior to 22C, the incubation period and lesion profile indicated
22A caused disease (Dickinson et al. 1975). The data collected from these early studies
demonstrated that a long incubation period prion strain has the ability to interfere with a short
incubation period strain.

Another example of prion strain interference occurring by superinfection is in the SY and
Fukuoka-1 (FU) strains. SY is a mouse-adapted strain of sCJD which has an incubation period
of 365-400 days. FU is a murine-adapted strain of GSS with an incubation period around 120
days (Manuelidis 1998). When SY was i.c. inoculated 80 days prior to FU, all CD-1 mice had an
incubation period greater than 365 days, clinical signs, lesion profile and electrophoretic mobility
similar to SY, indicating SY blocked FU from causing disease (Manuelidis 1998). To extend
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these results, the titer of both SY and FU was decreased to a level where the incubation period
for FU was 282 days and no clinical signs were detected by 659 days following i.c. inoculation of
SY. When SY was i.c. inoculated 92 days prior to FU at this lower titer, there were no clinical
signs when the experiment was stopped at 550 days, suggesting SY was blocking FU from
causing disease. The same effect was seen when SY was inoculated intravenously (i.v) 80
days prior to FU. The incubation period was consistent with SY. However, half of the mice had
some lesions in the brain consistent with FU (Manuelidis and Lu 2003).

Prion strain interference has also been described in the hamster system. Following
intrasciatic nerve inoculation (i.sc.), HY TME and DY TME have incubation periods of 78 and
217 days respectively. When DY TME was inoculated 60 days prior to HY TME, there was no
interference, HY TME caused disease as determined by incubation period, clinical signs and
electrophoretic mobility. With 90 days between inoculations, the clinical signs and
electrophoretic migration were consistent with HY TME but the incubation period was
significantly extended. There was also a significant reduction in the HY PrP*° levels in the
lumbar spinal cord in hamsters initially inoculated with DY TME compared to those initially
inoculated with uninfected brain homogenate (UN). When DY TME was inoculated 120 days
prior to HY TME, the clinical signs, electrophoretic migration and incubation period were all
consistent with DY TME. There was no detectable HY PrP*¢ in the lumbar spinal cord at clinical
phase with 120 days between inoculations based on Western blot analysis (Bartz et al. 2007).
In all model systems examined thus far, when long incubation period strains are inoculated prior
to short incubation period strains, the interval between inoculations determines whether prion

strain interference occurs and which strain causes disease.
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1.4.C. Prion strain interference depends on the relative ratios of the prion strains

Another important factor for prion strain interference is the ratio of the titer of the short
and long incubation period strains. Dickinson and Outram demonstrated that a change in the
titer of the either the blocking or the superinfecting strain can either increase or decrease the
interfering effect (Dickinson and Outram 1979). Kimberlin and Walker inoculated Compton
white mice i.p. with either uninfected, or 22A-infected, brain homogenate and 105 days later
both groups were inoculated with ten-fold dilutions of 22C brain homogenate. As 22C was
diluted there was an increase in the incubation period. Moreover, there was also an overall
decrease in 22C titer in the mice initially inoculated with 22A compared to the uninfected
controls (Kimberlin and Walker 1985). In the hamster system, i.c. inoculation of a mixture of a
10°® dilution of HY TME and a 107 dilution of DY TME results in HY TME causing disease in
both first and second passage in all hamsters based on incubation period, clinical signs and
electrophoretic migration. As HY TME was diluted and DY TME was kept the same in the
mixture, DY TME was able to cause disease on first and then second passage. By a 10
dilution of HY TME, DY TME caused disease in all hamsters in both passages (Bartz et al.

2000).

1.4.D. Prion strain interference may require an infectious blocking strain

It has been hypothesized that prion strain interference requires the blocking strain to be
infectious. There are two lines of evidence that suggest this is the case. Using Compton white
mice, Kimberlin and Walker showed that 22A had the ability to increase the incubation period of
22C. When 22A brain homogenate was treated with 12 M urea, the 22A agent was inactivated
and there was no prion strain interference with 22C (Kimberlin and Walker 1985). This study
suggests that chemical treatment that can inactivate the prion agent can eliminate the
interference phenotype. The second line evidence comes from prion strains that cannot cause
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disease within a species. It has been shown that TME is unable to cause disease in mice
(Marsh et al. 1969, Marsh et al. 1991). Different sources of TME were inoculated into five
different strains of mice prior to inoculation of several different murine prion strains. In no
instance was TME able to interfere with the emergence of any of these murine strains (Taylor et
al. 1986). Since TME is unable to cause disease in mice, it has been thought that prion
conversion and infectivity are required for prion strain interference.

However, some more recent data suggests that the blocking strain may not have to be
infectious. As stated above in Manuelidis and Lu, when the titer of SY was decreased to a titer
where no disease develops within the lifetime of the host, FU was prevented from causing
disease (Manuelidis and Lu 2003). DY TME is unable to cause disease following i.p. inoculation
(Bartz et al. 2005). However, when DY TME is i.p. inoculated 60 days prior to HY TME, there is
an extension of HY TME incubation period (Bartz et al. 2004). While both SY and DY TME may
not have been able to cause disease, it is possible that conversion does occur, just to a low
level. Because there are examples of prion strain interference in the absence of a blocking

strain causing disease, infectivity may not an absolute requirement for prion strain interference.

1.4.E. Prion strain interference requires common neuroanatomical pathways

For DY TME to interfere with HY TME, both strains must use the same neuroanatomical
pathways. As shown above, when HY TME was inoculated into the same sciatic nerve 90 or
120 days after DY TME, HY TME had an increased incubation period or was blocked from
causing disease respectively. However, when DY TME was inoculated in the right sciatic nerve
and HY TME was inoculated 90 or 120 days later into the left sciatic nerve, the incubation
period, clinical signs, and electrophoretic migration were all consistent with HY TME and no

interference was observed (Bartz et al. 2007). This suggests that HY and DY TME have to be
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present in the same cell types and travel through the same neuroanatomical pathways for prion

strain interference to occur.

1.4.F. Prion strain interference is not caused by an immune response or a factor from normal
brain homogenate

Since the interferon response is one mechanism of viral interference, it has been
hypothesized that prion strain interference may also be mediated by an immune response.
However, there has been no humoral (Marsh et al. 1970, Porter et al. 1973) or cellular (McFarlin
et al. 1971) immune response detected against prions. However, there can be a release of
cytokines as part of an inflammatory response during prion disease. This inflammatory
response is characterized by astrocytosis (Ye et al. 1998, Raymond et al. 2007), microgliosis
(Rodriguez-Martinez et al. 2010), and the upregulation of TNF-a (Campbell et al. 1994), IL-1
(Campbell et al. 1994, Schultz et al. 2004), TGF-B (Cunningham et al. 2002), serum amyloid P
(Coe et al. 2001), C reactive protein (Vélkel et al. 2001), CXCL9 (Schultz et al. 2004), and IL-6
(Volkel et al. 2001). Since the inflammatory response occurs at the onset of clinical disease, the
inflammation may be a response to the death of prion-infected cells and not due to the agent
itself. As noted above, prion strain interference occurs before the onset of clinical disease. At
120 days post inoculation, when prion strain interference occurs in hamsters, there is no
astrocytosis or gliosis, suggesting this inflammatory response is not occurring and is not part of
the mechanism of prion strain interference (Shikiya et al. 2010). Moreover, the failure of DY
TME to interfere with HY TME when it is inoculated into the opposing sciatic nerve suggests that
there is no global immune response that is responsible for prion strain interference. These data
suggest that prion strain interference is not mediated by an immune or inflammatory response.

Prion strain interference is not mediated by any factor found in uninfected brain
homogenate as multiple studies have shown that it is unable to interfere with prion-infected
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brain homogenate (Dickinson et al. 1975, Kimberlin and Walker 1985, Manuelidis and Lu 2003,
Bartz et al. 2007). This data supports the hypothesis that prion strain interference requires the

prion agent.

1.5. Summary

The main or sole component of a prion is PrP%¢, an abnormal conformation of the host
protein PrP. The accumulation of PrP*° is thought to lead to the death of infected cells and
ultimately the infected host. Following prion infection there are distinct phenotypes of disease
that are called prion strains. Different conformations of PrP*° are thought to be the source of
different prion strains. Prion strains can interfere with one another. Prion strain interference is
one strain increasing the incubation period or preventing another strain from causing disease.
Prion strain interference may occur following coinfection or superinfection and the relative ratio
of the two strains determines if and to what degree prion strain interference occurs. It is known
that common neuroanatomical pathways are required for prion strain interference. An infectious
blocking strain may or may not be required for prion strain interference. Prion strain
interference is not mediated by an immune response. The mechanism of prion strain
interference is unknown. My research project is to extend our knowledge of prion strain
interference to determine if a single blocking strain can interfere with multiple superinfecting
strains and if prion strain interference can occur following a natural route of inoculation. My
research project will also determine if PrP° depletion is the mechanism of prion strain

interference.
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Chapter 2: Methods

2.1. Sciatic nerve inoculation

Sciatic nerve inoculation was performed as described previously (Bartz et al. 2004, Bartz
et al. 2007). Male Syrian golden hamsters (Harlan Sprague-Dawley) were anesthetized using
isoflurane. The sciatic nerve was exposed with minor surgery, inoculated with 2 pl brain
homogenate using a 30-gauge needle which was then reciprocated in the nerve ten times and
the surgery site was stapled. Groups of hamsters were inoculated with uninfected hamster
brain homogenate (UN) or brain homogenate containing 10°°i.c. LDs, of DY TME. After 120
days, hamsters were superinfected in the same sciatic nerve with brain homogenate containing
10*%i.c. LDso HY TME, 10°?i.c. LDsy hamster-adapted chronic wasting disease (HaCWD), 10*°
i.c. LDsg 263K or UN. Hamsters were monitored three times a week for the development of
clinical signs. At that time, hamsters were sacrificed by CO, asphyxiation and their brains were
homogenized to 10% (w/v) in Dulbecco's Phosphate Buffered Saline (DPBS) (Mediatech Inc.,

Manassas, VA) for Western blot analysis as described in section 2.3.

2.2. Per os inoculation

Oral inoculation was performed as described previously (Bartz et al. 2003). Brain
homogenate was dried onto food pellets which were fed to individual hamsters. A pellet with
dried UN or 10>"i.c. LDs, DY TME was fed to groups of five hamsters. After 60, 90, or 120
days, the same hamsters were fed food pellets containing 10"%i.c. LDso HY TME. Hamsters
were monitored three times a week until the development of clinical signs. At that time,
hamsters were sacrificed by CO, asphyxiation and their brains were homogenized as described

in section 2.1 for Western blot analysis as described in section 2.3.
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2.3. Western blot

Brain homogenates used for Western blot analysis were homogenized as described in
sections 2.1 or 2.4. All homogenates were stored at -80°C until use. Unless otherwise
indicated, brain homogenate was digested in 1.17 U proteinase K (PK)/ml (25.25 pg/ml) final
concentration (Roche Diagnostics, Indianapolis, IN) at 37°C for 30 min with constant shaking.
Samples that were not PK digested were either incubated at 37°C in an equal volume of DPBS
or DPBS and sample buffer was added without incubation at 37°C. To denature samples, an
equal volume of sample buffer was added and the samples were boiled at 100°C for 10 min.
Approximately 250 pug eq (ug eq are an estimate of the total brain mass loaded from each
sample given the volume of 10% (w/v) brain homogenate used) were loaded into precast 4-12%
bis-tris NUPAGE gels (Invitrogen, Carlsbad, CA) for SDS-PAGE. Proteins were then transferred
to Immobilon-P PVDF membranes (Millipore, Billerica, MA) by wet transfer using a Bio-Rad
trans-blot cell. Membranes were blocked in 5% (w/v) blotto in Tween-tris-buffered saline
(TTBS) for 30 min. Unless stated otherwise, membranes were incubated in primary antibody
solution containing a 1:10,000 dilution of 3F4 (Chemicon, Temecula, CA) in 5% (w/v) blotto.
Membranes were washed in TTBS for 30 min prior to incubation in secondary antibody solution,
a 1:100 dilution of goat anti-mouse Ig horse radish peroxidase (HRP)-conjugated antibody
(Thermo Scientific, Waltham, MA) in 5% (w/v) blotto. Membranes were washed in TTBS as
above, developed in Pierce Supersignal West Femto Sensitivity Substrate (Pierce, Rockford, IL)

(ECL), and imaged using a Kodak 4000R imaging station (Kodak, Rochester, NY).

2.4. Conformational stability assay with sodium dodecyl sulfate and guanidine hydrochloride
To determine the conformational stability of different prion strains, 10% (w/v) brain

homogenates were prepared in DPBS plus complete protease inhibitor. The DPBS plus

protease inhibitor buffer was prepared by dissolving one tablet complete protease inhibitor
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(Roche Diagnostics, Indianapolis, IN) in 50 ml DPBS. The sodium dodecyl! sulfate (SDS)
(Fisher Scientific, St. Louis, MO) and guanidine hydrochloride (Gdn HCI) (Sigma-Aldrich, St.
Louis, MO) solutions were made by diluting a 2% (w/v) SDS or 2 M Gdn HCI solution as
described in Figures 2.1A and 2.1B respectively. Into separate PCR tubes, 3.75 pl brain
homogenate was added to 1.25 pl of each concentration of SDS (0-2% w/v) or Gdn HCI (0-2 M)
prior to heating at 70°C for 10 min. Samples were digested in 1.17 U PK/ml (25.25 pg/ml) final
concentration for 15 min at 37°C with constant shaking. For Western blot analysis, 5 pl sample
buffer was added to each sample and the Western blot protocol from section 2.3 was followed.
For dot blot analysis, the samples were vortexed, pipetted up and down and transferred to a
nonsterile 96-well plate (Fisher Scientific, St. Louis, MO) containing 190 pl DPBS. Dot blots

were performed as described below in section 2.5.

2.5. 96-well dot blot assay

The 96-well dot blot assay was performed as described previously (Kramer and Bartz
2009). The PVDF membrane-backed 96-well plate (Pall, Port Washington, NY) was activated
by incubating 200 ul methanol (Fisher Scientific, Pittsburgh, PA) in each well for 30 sec. After
methanol removal, each well was washed by adding 200 pl TTBS and pipetting up and down 5
times. After this was done three times, 200 ul TTBS was added to each well. The membrane-
backed 96-well plate was then centrifuged at 1,500 xg for 25 sec twice using a Thermo IEC
Centra GP8R centrifuge with swinging rotors. Samples used for the conformational stability
assay were prepared as described in section 2.4. In other cases, samples contained 10 pl total
volume of brain homogenate in DPBS and/or PK diluted into 190 ul DPBS. All 200 ul of sample
in DPBS was added to the PVDF membrane-backed 96-well plate which was centrifuged at

1,500 xg for 25 sec. To make sure all the proteins in the sample have bound to
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A 10 10 10 10 10 10 10 DPBS

1g SDS ml ml ml ml ml ml ml only
Volume in
tube (ml):  12.5 1.4286 1.6667 2 2.5 33333 5 10

Final

concentration

SDS (percent 2 1,75 1.5 1.25 1 0.75 0.5 0.25 0
w/v):

B 9.17¢g 10 10 10 10 10 10 10 DPBS
Gdn Hcl ml ml ml ml ml ml ml only
Volume in
tube (ml): 12 143 1.67 2 25 333 5 10
Final

concentration 2 1.75 1.5 1.25 1 0.75 0.5 0.25 0
Gdn HCI (M):

Figure 2.1. Procedure for making SDS (A) and Gdn HCI (B) solutions. The
2% (w/v) SDS or 2 M Gdn HCI solution was serially diluted to make the
remaining SDS or Gdn HCI solutions. The volume of DPBS in each tube
required to achieve the proper dilution of SDS as well as the final
concentration of SDS is given.
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the activated PVYDF membrane, 200 pl DPBS was added to each well and centrifuged at 1,500
xg for 1 min and then an additional 200 pl DPBS was added to each well prior to centrifugation
at 1,500 xg for 25 sec. To block endogenous peroxidases, 200 ul of 0.3% (v/v) H,O, solution
(Sigma-Aldrich, St. Louis, MO) in methanol was added to each well and incubated for 20 min at
room temperature. The peroxide/methanol solution was removed by centrifugation at 1,500 xg
for 25 sec. The wells were washed two times by adding 200 ul TTBS followed by centrifugation
at 1,500 xg for 25 sec. To denature and expose epitopes of the proteins bound to the PVDF
membrane, 200 ul 3 M guanidinium thiocyanate (Sigma-Aldrich, St. Louis, MO) was added to
each well and incubated at room temperature for 10 min. After drawing off the guanidinium
thiocyanate, wells were washed as described above. To block for nonspecific antibody binding,
200 pl 5% blotto (w/v in TTBS) was added to each well and the membrane-backed 96-well plate
was incubated for 30 min at 37°C with constant shaking. Unless otherwise indicated, the
primary antibody solution consisted of a 1:10,000 dilution of 3F4 in 5% (w/v) blotto. A total of
100 pl primary antibody solution was added to each well and the PVDF membrane-backed 96-
well plate that was incubated at 37°C for 1 hour with constant shaking. After the primary
antibody solution was drawn off, the wells were washed as described above. Secondary
antibody solution contained a 1:2,000 dilution of goat anti-mouse Ig HRP-conjugated antibody in
5% (w/v) blotto. A total of 100 pl secondary antibody solution was added to each well and the
96-well plate was incubated at 37°C for 30 min with constant shaking. After the secondary
antibody solution was drawn off, each well was washed as described above. To visualize the
proteins bound to the PVDF membrane, 100 ul ECL was added to each well and incubated in
the dark for 1 min. The ECL was removed by centrifugation at 1,500 xg for 25 sec and imaged

on a Kodak 4000R imaging station.
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2.6. Sorbing Rinda silty clay loan (SCL) to HY and DY TME

Brain homogenate was bound to Rinda silty clay loam (SCL) as described in Saunders
et al. (2010). Following gamma irradiation, 5 mg SCL was added to 50 pl 10% (w/v) brain
homogenate and 950 pl DPBS. This solution was rotated at 22°C for 24 hr. Samples were
centrifuged at 100 xg for 5 min. The supernatant was drawn off from the pellet and saved. The
pellet was washed two times in DPBS by resuspending the pellet in DPBS followed by
centrifugation at 100 xg for 5 min. The final pellet was resuspended in DPBS to a final
concentration of 1 pg/ul. The SCL-sorbed brain homogenate was used for the SDS
conformational stability assay as described in section 2.4 prior to Western blot analysis as

described in section 2.3.

2.7. Binding Congo red HY and DY TME

HY and DY PrP%° were bound to Congo red (Sigma-Aldrich, St. Louis, MO) by adding 30
pl 6 mg/ml Congo red (in DPBS) to 150 ul 10% (w/v) brain homogenate followed by vortexing to
mix. Inthese experiments the control samples were a mixture of 91.7 pl 10% (w/v) brain
homogenate and 18.3 pl DPBS. Conformational stability was determined using SDS
denaturation followed by the 96-well dot blot assay as described in sections 2.4 and 2.5 with the

exception that the SDS curve was extended to 4% (w/v) SDS as described in Figure 2.2.

2.8. Calculating half value for SDS and Gdn HCI conformational stability assays
To determine the conformational stability, the half value ([SDS]y, or [Gdn HCl],/,), or
concentration of SDS or Gdn HCI that leads to a 50% reduction in signal intensity, was

determined. The net intensity (intensity of each sample subtracting out background) of all
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10 10 10 10 10 10 10
ml ml ml ml ml ml ml

(VAVAVAVAVAVAVAV/

tube (ml): 12.5 0.667 0.714 0.769 0.833 0.909 1 1.111

2 g SDS

Final
concentration
SDS (percent 4 3.75 35 3.25 3 2.75 2.5 2.25

w/v):

Figure 2.2. Procedure for making SDS solutions above 2% (w/v). The 4% (w/v)
SDS solution was serially diluted to make the remaining SDS solutions. The
volume of DPBS in each tube required to achieve the proper dilution of SDS as
well as the final concentration of SDS is given.
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values was given by the Kodak imaging software. The net intensity values of each
concentration of SDS or Gdn HCI were normalized by dividing the net intensity by the net
intensity of the 0% (w/v) SDS or 0 M Gdn HCl value. These normalized values were plotted
against the concentration of SDS or Gdn HCI. The points were fit a sigmoidal dose response
curve (assuming variable slope) using Prism Graphpad software. Based on this curve, the
[SDS]y, or [Gdn HCI]y,is the X value when Y=0.5. The [SDS]y, and [Gdn HCI]y,, values
reported are pooled values from all repetitions on a 96-well plate, the error is determined by
calculating the [SDS]y, or [Gdn HCI]y, for each repetition on a given 96-well plate and

calculating the standard error of the mean from those values.

2.9. Separation of PrP® from spinal cord and brain homogenate

To homogenize spinal cords, forceps were used to hold the spinal cord segment in
place. A disposable scalpel blade was used to cut the spinal cord in half down the midline.
Each half of the spinal cord was homogenized to 10% (w/v) in DPBS plus protease inhibitor. A
new blade was used for each spinal cord and the forceps were bleached after all the spinal
cords for each time point were homogenized. Brains used for PrP€ isolation were homogenized
as described in section 2.4.

To isolate PrP®, 27 pl of 10% (w/v) brain or spinal cord homogenate was pipetted into an
ultracentrifuge tube (Beckman, Brea, CA) along with 173 pl 2% N-lauryl sarcosine (NLS)
(Sigma-Aldrich, St. Louis, MO) (w/v in tris-buffered saline (TBS)), 0.9 ul TM buffer (10 mM tris
base (Fisher Scientific, St. Louis, MO), 15 mM MgCI (Fisher Scientific, St. Louis, MO) in
deionized water) and 1.1 yl Benzonase (diluted 1:10 in TM buffer) (EMD Chemical, Gibbstown,
NJ). Samples were incubated at 37°C for 20 min with shaking to solubilize proteins and allow
the benzonase to degrade nucleic acids. Samples were then concentrated by
ultracentrifugation at 91,287 xg using a Beckman Optima TLX ultracentrifuge and TLA-45 rotor
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for 1 hr at 4°C. The top 180 pl of the supernatant was removed to a new ultracentrifuge tube.
The pellet was resuspended by pipetting the remaining volume over the pellet to break the pellet
apart, followed by sonication and vortexing. The pellet fraction was pipetted into PCR tubes and
frozen at -80°C until further use. To precipitate the proteins out of the supernatant fraction,
1,200 pl 100% methanol added and the samples were vortexed and incubated at -20°C for 1
hour. After incubation, the samples were concentrated by ultracentrifugation at 10,143 xg for 15
min. The supernatant was drawn off and discarded. The pellet was resuspended in 500 pl 80%
methanol (v/v in deionized water) and incubated at -20°C for 105 min. Samples were then
concentrated by ultracentrifugation at 91,287 xg for 5 min. The supernatant was drawn off and
discarded and the pellet was resuspended in 20 pl DPBS as described above. This volume was
aliquoted and frozen at -80°C for use in the Coomassie plus total protein assay (section 2.10)

and Western blot analysis (section 2.3).

2.10. Coomassie total protein assay

The Coomassie plus total protein assay was performed as described by the
manufacturer, ThermoScientific. To make a standard curve, 0.1 g bovine serum albumin (BSA;
Sigma-Aldrich, St. Louis, MO) was added to 500 ul DPBS and this solution was mixed
thoroughly. This solution was diluted 1:100 in DBPS to make the BSA stock solution. The
standard curve was generated by diluting the stock solution as described in Table 2.1.

For each standard, 10 ul was pipetted into two wells in a 96-well plate. Samples
consisted of 2 pl of the supernatant fraction and 8 ul DPBS and all samples were run in
triplicate. The Coomassie plus reagent must equilibrate to room temperature before adding 200
pl to each well containing sample or standard. The 96-well plate was allowed to incubate at

room temperature for 8 min with gentle shaking. Bubbles were removed by passing a flame
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Table 2.1. Procedure for making standards for the coomassie total protein assay

Vial Volume DPBS (ul) | Volume (Source) BSA (ul) | BSA Concentration (pg/ml)

A 0 300 (Stock) 2,000

B 125 375 (Stock) 1,500

C 325 325 (Stock) 1,000

D 175 175 (B) 750

E 325 325 (C) 500

F 325 325 (E) 250

G 325 325 (F) 125

H 400 100 (G) 25

I 400 0 0

The values on the table are from the protocol provided by ThermoScientific.
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over the wells. The 96-well plate was read at 595 nm on a Molecular Devices versa max
tunable plate reader using Softmax pro version 5 software.

To calculate the total protein in each sample, the average of the 0 ug/ml standard was
subtracted from the raw absorbance values. These normalized values were plotted against the
concentration of BSA to generate a best fit line used for the standard curve. The equation of
this line was used to estimate the pg/ml of all of the samples from the measured normalized
absorbance values. The calculated pg/ml values were converted to pg/pl by dividing by 1,000.
The dilution was then accounted for by multiplying all values by 5 (since there is a 1:5 dilution in
the samples compared to the standards). The average of the three values for each sample was

used as the total protein concentration for that sample.

2.11. Calculating the amount of PrP recovered in each separation

To estimate the quantity of PrP recovered in the supernatant fraction, a standard curve
of hamster UN brain homogenate (UN) was used. To generate the UN standard curve, 30, 20,
10, 5, 2.5 or 0 yl UN was pipetted into PCR tubes with 20, 30, 40, 45, 47.5 or 50 ul DPBS. All
standards had 30 pl sample buffer added. The supernatant samples used contained 6 Ll
supernatant and 6 pul sample buffer. After boiling at 100°C for 10 min 16 pl of each standard
and the whole volume of supernatant were loaded into precast 4-12% bis-tris NUPAGE gels.
Western blot analysis was performed as described in section 2.3. The Kodak imaging software
generated the net intensity for each control and sample. Since the UN standard curve had
known ug eq of UN, the net intensity was plotted against these values to generate a standard
curve. Based on the equation of the best fit line, the g eq of PrP in the supernatant samples
was estimated. Since there are 6 pl of sample loaded into each lane, the calculated pg eq PrP
was divided by 6 to get the ug eq PrP/ul. To account for different efficiencies of protein
recovery, the pug eq PrP/ul was divided by the pg total protein/ul calculated from the Coomassie
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total protein assay to generate ug eq PrP/ul/ ug total protein/pl or just pg eq PrP/ ug total

protein. These are the values reported.

2.12. Protein Misfolding Cyclic Amplification (PMCA)

To perform PMCA, 5 pl of 10% (w/v) HY or DY TME brain homogenate in DPBS plus
complete protease inhibitor was pipetted into a PCR tube following the addition of 95 ul 10%
(w/v) UN in conversion buffer (16 mM triton X-100 (Sigma-Aldrich, St. Louis, MO), 7.1 mM
EDTA (Mallinckrodt Baker, Phillipsburg, NJ), 1 tablet complete protease inhibitor, pH 7.4-7.5 in
DPBS). Samples were placed in a Misonix 4000 sonicator for 24 hr with 10 min incubation, 5
sec sonication at 60% power at 160-170 W. Temperature was kept at 37°C by using a water
bath. Frozen samples (0 days of PMCA) were immediately placed in -80°C until use. After
PMCA was completed, the sonicated samples were frozen at -80°C until use. To calculate
amplification, Western blot analysis was performed as described in section 2.3 and the net
intensity of all frozen and sonicated samples was averaged. Amplification is the average of the

sonicated samples divided the average of the frozen samples.

2.13. PLP- and glutaraldehyde-fixing HY and DY TME

To formalin-fix brain homogenate, 120 pl 10% (w/v) HY or DY TME brain homogenate in
DPBS plus protease inhibitor was pipetted into an ultracentrifuge tube along with 1,080 ul DPBS
(as a control), PLP (2% paraformaldehyde, 0.15 M lysine in sodium phosphate buffer) or
glutaraldehyde (4% paraformaldehyde, 0.1% glutaraldehyde in sodium phosphate buffer) which
was incubated at 37°C for 24 hr with constant shaking. Samples were concentrated by
ultracentrifugation at 91,287 xg for 1 hr at 4 °C. The supernatant was drawn off and discarded.
The pellet was resuspended in 1,200 pl DPBS. Samples were ultracentrifuged at 91,287 xg for
1 hr at 4 °C. The supernatant was drawn off and the pellet resuspended in 120 pl DPBS.
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Formic acid treated samples were prepared as above until after the last centrifugation
step. At that time, the pellet was resuspended in 50 pl formic acid (Sigma-Aldrich, St. Louis,
MO) and the ultracentrifuge tube was left open in the fume hood overnight (at least 12 hours) to
allow the formic acid to evaporate. The next morning, the pellet was resuspended in 120 pl
DPBS. These samples and parallel formalin-fixed samples not exposed to formic acid were
centrifuged at 91,287 xg for 1 hr at 4 °C. The supernatant was discarded and the pellet
resuspended in 120 pl DPBS. This resuspended pellet was used for Western blot (section 2.3)

and 96-well dot blot analysis (section 2.5).

2.14. PMCA interference

The PMCA interference protocol is adapted from Shikiya et al. 2010. The UN control is
100 pl 10% (w/v) UN in conversion buffer pipetted into a PCR tubes. All other controls are 5 pl
of seed (10% w/v HY TME, DY TME, PLP- or glutaraldehyde-fixed DY TME brain homogenate)
was pipetted into 95 pl 10% (w/v) UN in conversion buffer. There were four replicates of each
control for each round of PMCA. HY TME was serially diluted by pipetting 50 pl 10% (w/v) HY
TME brain homogenate into a PCR tube and 10 ul was then pipetted into 90 pl DPBS. This was
repeated for a total of eight dilutions. In the HY TME serial dilution, 5 ul of each dilution was
pipetted into 95 pl 10% (w/v) UN in conversion buffer. For PMCA interference, 5 ul of each HY
TME dilution was pipetted into a PCR tube along with 90 pl 10% (w/v) UN in conversion buffer
and 5 ul of 10% (w/v) DY TME, PLP-fixed DY TME, or glutaraldehyde-fixed DY TME brain
homogenate. PMCA was performed using the conditions described in section 2.12. For the
second round, 10 pl of the first round product of all controls and all serial dilutions samples were
pipetted into PCR tubes containing 90 pul 10% (w/v) UN in conversion buffer. PMCA was
performed using the conditions described in section 2.12. For the third and subsequent rounds,
50 pl of all controls and all serial dilutions from the previous round were pipetted into 50 pl 10%
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(w/v) UN in conversion buffer. PMCA was performed using the conditions described in section

2.12.

2.15. Statistical analysis

When only two groups were being compared, an unpaired, two-tailed Student’s t test
assuming equal variances was used. When more than two groups were being compared, one-
way ANOVA assuming equal variances was used. A value is considered statistically significant
if the p value is less than 0.05. Linear regression was used to generate best fit lines for all
standard curves. Correlation was used to calculate R values. All statistical analysis was

performed using Prism Graphpad software.

2.16. Antibodies

As described in sections 2.3 and 2.5, the antibody used unless otherwise indicated, is
3F4. However, POMS3 (Gift from Dr. Christina Sigurdson), POM19 (Gift from Dr. Christina
Sigurdson), 6H4 (Prionics, Zurich, Switzerland), and 8H4 (Sigma-Aldrich, St. Louis, MO) were
also used. POM3 (epitope amino acids 95-100 mouse PrP), POM19 (epitope amino acids 201—
225 mouse PrP), and 6H4 (epitope amino acids 144-152 human PrP) were used at a 1:1,000
dilution of antibody, 3F4 (epitope amino acids 109-112 human PrP) was used at a 1:10,000
dilution, and 8H4 (epitope amino acids 145-180 human PrP) was used at a 1:1,000 and

1:10,000 dilution. The epitope map for these antibodies is summarized in Figure 2.3.
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POM3 _3F4 6HA 5.1/ POM19

N C

Figure 2.3. Epitope map for antibodies against PrP. The solid black bar represents
PrP with the N-terminus and C-terminus represented by N and C respectively. The

breaks in the line represent proteinase K cleavage sites. The relative epitope length
is indicated by the length of the line under the antibodies name.
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Chapter 3: Prion interference with multiple prion isolates

3.1. Introduction

As described in the introduction to prion strain interference (sections 1.4B-F), the few
studies that have investigated prion strain interference have two significant limitations. First,
only discrete pairs of prions strains have been used. Dickinson et al. used 22A and 22C
(Dickinson et al. 1972, Dickinson et al. 1975). Manuelidis et al. used SY and FU (Manuelidis
1998, Manuelidis and Lu 2003) and Bartz et al. used HY and DY TME (Bartz et al. 2000, Bartz
et al. 2004, Bartz et al. 2007). While all of these investigators used different models, there is
still the possibility that prion strain interference may only occur between these pairs or a limited
number of strains. This would suggest that prion strain interference is not a general property of
prion strains. To address this limitation, the blocking strain, DY TME, was inoculated in the
sciatic nerve prior to superinfection with HY TME, 263K or hamster-adapted chronic wasting
disease (HaCWD) to determine if a common blocking strain can interfere with different
superinfecting strains. We hypothesize that DY TME would have the ability to interfere with HY
TME, 263K, and HaCWD.

The second limitation of previous studies is that prion strain interference has been
demonstrated using experimental routes of inoculation. Prion strain interference has been
demonstrated only using intracerebral (i.c.) (Dickinson et al. 1972, Manuelidis 1998, Bartz et al.
2000, Manuelidis and Lu 2003), intraperitoneal (i.p.) (Dickinson et al. 1975, Kimberlin and
Walker 1985, Bartz et al. 2004), intrasciatic nerve (i.sc) (Bartz et al. 2007), and intravenous (i.v.)
(Manuelidis and Lu 2003) routes of inoculation. None of these routes of inoculation mimic the
natural spread of TSEs. As a result, prion strain interference may just be a byproduct of the
experimental inoculation and may not be part of the natural biology of TSEs. To address this
limitation, DY TME was per os (orally) inoculated prior to HY TME, to determine if prion strain
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interference could occur through this route of inoculation. We hypothesized that DY TME would

interfere with HY TME following per os inoculation.

3.2. Results
3.2.A. DY TME interferes with HY TME, 263K and HaCWD

To determine if a blocking strain has the ability to block multiple superinfecting strains,
uninfected (UN) or DY TME-infected brain homogenate was inoculated into the sciatic nerve of
three or four groups of five hamsters as described in section 2.1. After 120 days, a time point at
which DY TME blocks HY TME from causing disease following sciatic nerve inoculation (Bartz
et al. 2007), HY TME, 263K or HaCWD were each inoculated into groups of hamsters
previously inoculated with DY TME or UN as a control. As another control, one group of
hamsters was initially inoculated with DY TME and superinfected with UN. Hamsters were
monitored until clinical signs presented, at which time they were sacrificed, and their brains
were homogenized for analysis as described in section 2.1.

All hamsters initially inoculated with UN developed clinical signs of hyperexcitability and
ataxia 72 or 73 days following inoculation (Table 3.1). These clinical signs and the short
incubation periods are consistent with the established HY TME, 263K and HaCWD disease
phenotypes (Bessen and Marsh 1992B, Kimberlin and Walker 1977, Bartz et al. 1998).
Following Western blot analysis of proteinase K (PK)-digested brain homogenate, the
unglycosylated band of PrP® migrated at 21 kDa, consistent with PrP*® from HY TME, 263K,
and HaCWD (Figure 3.1 lanes 1-3, 5-7). Based on the short incubation period, the clinical
signs, and the electrophoretic migration of PrP¢, HY TME, 263K, or HaCWD caused disease in
all hamsters.

All hamsters initially inoculated with DY TME developed a progressive lethargy at 222-
224 days post primary inoculation with DY TME (or about 102 days post inoculation with the
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Table 3.1 Clinical signs and incubation periods of hamsters inoculated in the sciatic nerve
with either the HY TME, HaCWD or 263K scrapie agents, or co-infected hamsters
inoculated with the DY TME agent 120 days prior to superinfection with the HY TME,

HaCWD or 263K agents

1st Interval 2nd Clinical | PrPres A/ 12 | Onsetafter | Onset after

inoculation | between inoculation | Signs migration 1st 2nd
inoculations inoculation inoculation

Mock 120 days HY TME HY TME | 21 kDa 515 n.a. 72+3P

Mock 120 days HaCwD HaCWD | 21 kDa 5/5 n.a. 7313

Mock 120 days 263K 263K 21 kDa 515 n.a. 72+3

DY TME 120 days Mock DY TME | 19 kDa 4/4 224+ 2 n.a.

DY TME 120 days HY TME DY TME | 19kDa 515 222+ 2¢ 102+2

DY TME 120 days HaCwWD DY TME | 19kDa 515 223+ 3¢ 103+3

DY TME 120 days 263K DY TME | 19kDa 515 222+ 2¢ 102+2

b
*Number affected/number inoculated; Average days postinfection + standard deviation;

“Incubation period similar compared to control animals inoculated with the DY TME agent
alone (p < 0.05). Mock, inoculated with UN brain homogenate. n.a., not applicable. Table

modified from Schutt and Bartz 2008.
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Route: ic.

i.sc.
1% Inoculation: HY 263K CWD DY UN DY
Interval (days): n.a. 120
2" Inoculation: n.a. HY 263K CWD HY 263K CWD

21 kDa —

19 kDa —J A e A
Lane: 1 2 3 4 5 6 7 8 9 10

Figure 3.1. The strain-specific properties of PrPSC correspond to the clinical diagnosis of
disease following sciatic nerve inoculation. Western blot analysis of 250 pg brain
equivalents of proteinase K digested brain homogenate from prion-infected hamsters
following intracerebral (i.c.), sciatic nerve (i.sc.) inoculation of HY TME (HY), DY TME
(DY), 263K scrapie (263K), hamster-adapted CWD (CWD) agents or mock-infected (UN).
The unglycoyslated glycoform of HY TME, 263K scrapie and hamster-adapted CWD

PrPSC migrates at 21 kDa. The unglycosylated glycoform of DY PrPSC migrates at 19 kDa.

Migration of 19 and 21 kDa PrPSc are indicated by the arrows on the left of the figure.
n.a.—not applicable. Figure modified from Schutt and Bartz 2008.
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superinfecting strains (Table 3.1)). This was a statistically significant increase (p value < 0.05)
in the incubation period compared to hamsters initially inoculated with UN. Progressive lethargy
is the clinical sign of DY TME (Bessen and Marsh 1992B) and the incubation period was
consistent with DY TME following sciatic nerve inoculation (Bartz et al. 2007). Following
Western blot analysis of PK-digested brain homogenate, the unglycosylated PrP*¢ band
migrated to 19 kDa, consistent with DY PrP*° (Figure 3.1 lanes 4, 8-10). The incubation period,
clinical signs and electrophoretic migration were consistent with DY TME causing disease.

These data show that DY TME can block HY TME, 263K and HaCWD.

3.2.B. DY TME can interfere with HY TME following per os inoculation

To determine if DY TME has the ability to interfere with HY TME through a natural route
of inoculation, DY TME-infected brain homogenate was dried onto food pellets which were fed
to three groups of five hamsters as described in section 2.2. At 60, 90, and 120 days post
inoculation with DY TME, groups of hamsters were fed a food pellet that contained dried HY
TME brain homogenate. These time points were previously used to study prion strain
interference between HY and DY TME (Bartz et al. 2007). As a control, one group of five
hamsters was fed a food pellet with dried UN and 120 days later another food pellet with dried
HY TME. After the onset of clinical disease, hamsters were sacrificed and their brains were
homogenized as described in section 2.1.

All hamsters developed clinical signs of ataxia and hyperexcitability, consistent with HY
TME causing disease (Table 3.2). Following Western blot analysis of PK-digested brain
homogenate from all experimental groups, the unglycosylated PrP® band migrated to 21 kDa,
consistent with HY TME (Figure 3.2). The clinical signs and electrophoretic mobility suggest HY
TME was causing disease which is consistent with previous data that showed DY TME was
unable to cause disease following per os inoculation (Bartz et al. 2005). In hamsters with 60
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Table 3.2 Clinical signs and incubation periods of hamsters inoculated per os with
either the HY TME agent, or per os co-infected with the DY TME agent 60, 90 or 120

days prior to superinfection of hamsters with the HY TME agent

qst Interval 2nd Clinical | PrPres A/l2 | Onset after | Onset after

inoculation | between inoculation | Signs migration 1st 2nd
inoculations inoculation inoculation

Mock 120 days HY TME HY TME | 21 kDa 5/5 |n.a. 140+ 5P

DY TME 60 days HY TME HY TME | 21 kDa 5/5 [195+6 135+ 6

DY TME 90 days HY TME HY TME | 21 kDa 5/5 |[230+%5 1405

DY TME 120 days HY TME HY TME | 21 kDa 5/5 [269+3 149+ 3¢

b
*Number affected/number inoculated; Average days postinfection + standard deviation;

“Incubation period extended compared to control animals inoculated with the HY TME
agent alone (p < 0.01); Mock, inoculated with UN brain homogenate; n.a., not applicable.
Table modified from Schutt and Bartz 2008.
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Route: i.c. per os

15t Inoculation: HY DY HY DY

Interval (days): - 60 90 120

2" Inoculation: - HY

19 kDa [

lane: 1 2 3 4 5 6

Figure 3.2. The strain-specific properties of PrPSc correspond to the clinical
diagnosis of disease following per os inoculation. Western blot analysis of 250 pg
brain equivalents of proteinase K digested brain homogenate from prion-infected
hamsters following intracerebral (i.c.) or per os inoculation with HY TME (HY), or DY

TME (DY). The unglycoyslated glycoform of HY TME PrPSCmigrates at 21 kDa. The
S
unglycosylated glycoform of DY PrP ‘ migrates at 19 kDa. Migration of 19 and 21

S
kDa PrP ~ are indicated by the arrows on the left of the figure. n.a.—not applicable.
Figure modified from Schutt and Bartz 2008
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and 90 days between inoculations, there was no significant difference in the incubation period
relative to the control. However, with 120 days between DY and HY TME inoculations, the
incubation period increased significantly (p value <0.01) from 140 to 149 days. In a previous
dose response curve of per os inoculated HY TME, a one log decrease in HY TME titer resulted
in a seven day increase in the incubation period (Kincaid and Bartz 2008). The data presented

above indicates that DY TME can interfere with HY TME following a natural route of inoculation.

3.3. Discussion
3.3.A Results summary

In the results section there are two sets of data. DY TME blocked HY TME, 263K and
HaCWD from causing disease when there was 120 days between sciatic nerve inoculations.
DY TME also extended the incubation period of HY TME when there was 120 days per os

inoculations.

3.3.B. DY TME can interfere with multiple prion isolates.

The data in section 3.2.A demonstrated that DY TME has the ability to block HY TME,
263K, and HaCWD from causing disease with 120 days between i.sc inoculations. This is the
first report of a single blocking strain interfering with multiple superinfecting strains. The data
suggests that prion strain interference is not limited to discrete pairs of prion strains, but rather
interference may be a more general property of the prion agent. Since multiple prion strains can
be found in a given infected host (Kimberlin and Walker 1978, Polymenidou et al. 2005),
interference is one way that prion strains may interact with one another.

The superinfecting strains blocked by DY TME are derived from different sources. HY
TME is a hamster-adapted form of transmissible mink encephalopathy (TME) isolated in 1992
by the passage of TME from an outbreak in Wisconsin into hamsters (Bessen and Marsh
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1992B). 263K is a hamster-adapted form of the Chandler line of rodent scrapie isolated in 1977
(Kimberlin and Walker 1977, Kimberlin and Walker 1978). HaCWD was isolated in 1998
following the passage of mule deer CWD in ferrets prior to passage in hamsters (Bartz et al.
1998). These strains share many of the same properties, but evidence that suggests they are
different strains. All three superinfecting strains have unique origin and it is unlikely that the
same strain would be able to infect mink, mice and ferrets prior to inoculation into hamsters. HY
TME and 263K display differences in neuropathology and HY TME, but not 263K, can infect
mink (Bessen and Marsh 1992B). The conformational stability of HaCWD is different from
either HY TME or 263K (Table 4.1). Combined, this data suggests that HY TME, 263K and
HaCWD are different strains, not reisolations of the same strain. DY TME is able to interfere
with superinfecting strains of different origins, suggesting that prion strain interference may be a

wider strain property.

3.3.C. DY TME can interfere with HY TME by a natural route of inoculation

In section 3.2.B, we showed that DY TME blocked HY TME following per os inoculation.
Natural TSEs can be transmitted by the consumption of prion infected material. Kuru, a TSE of
the Fore language group in New Guinea, was transmitted by ritualistic consumption of infected
tribe members (Lampert et al. 1972, Gajdusek 1977). Human consumption of BSE-infected
material is the suspected cause of new variant Creutzfeldt-Jakob disease (Will et al. 1996,
Bruce et al. 1997, Hill et al.1997A). TME may be due to mink consumption of BSE- or scrapie-
infected products (Marsh et al. 1991, Baron et al. 2007). Showing that interference can occur
through this route inoculation is important because it suggests that interference may be part of
the natural biology of TSEs.

The results in 3.2.B also showed that DY TME had the ability to interfere with HY TME
even though DY TME is unable to cause disease following per os inoculation (Bartz et al. 2005).
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While it is unknown if or where DY PrP*° or infectivity accumulates following per os inoculation,
following i.p. inoculation there is no detected accumulation of DY PrP*° or infectivity by Western
blot or bioassay of the brain, spleen and lymph nodes (Bartz et al. 2004, Bartz et al. 2005).
Since DY TME is unable to cause disease by either route of inoculation, it is assumed that the
patterns of DY PrP®® and infectivity accumulation are the same. It is thought that the prion
agent must replicate to interfere with another prion strain (Taylor et al. 1986). This suggests
that DY TME must replicate to a level that is undetectable by either bioassay or Western blot or
that DY PrP*° replicates in a region that has not been tested. Another possibility is that DY TME
interfered with HY TME through a mechanism that does not involve the replication of DY PrP**,
For example, the inoculated DY PrP%° could be binding and sequestering PrP® or some
additional cofactor without conversion to DY PrP*°. If a required cofactor is unavailable to HY
TME, there would be a decrease in the accumulation of HY PrP®°. This could increase
incubation period leading to the interference phenotype. Alternatively, DY PrP¢ may bind to HY
PrP>% in co-infected cells. The result of this interaction may prevent HY TME from converting
PrP¢ efficiently. As a result, there would be a decrease in HY PrP* and a delay in the onset of
disease. A final possibility is that DY TME may block the sites where HY TME replicates in the
periphery, or where HY TME enters the peripheral nervous system. In either case, slowing the

entry of HY TME into the peripheral nervous system would lead to longer incubation periods.

3.3.D. Interference is only one interaction between prion strains

DY TME can interfere with multiple superinfecting strains, but not all prion strains have
this ability. Nilsson et al. (2010) showed at least three possible interactions between prion
strains. Tga20 mice were i.c. inoculated with 1:1 mixtures of Murine-adapted chronic wasting
disease (MCWD), murine-adapted bovine spongiform encephalopathy (mBSE) and murine-
adapted natural scrapie (mNS). In the mNS/mBSE mixture, prion strain interference occurred.
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The mixture of these strains led to longer incubation periods compared to mNS controls. The
lesion profile of these mice was similar to mNS, with the exception that decreased levels of
PrP>¢ accumulated in the hippocampus, a structure where mNS PrP*¢ readily accumulates in
control animals. This suggested mBSE decreased the accumulation of mNS PrP°. Western
blot analysis revealed that mNS PrP° was the major form of PrP*¢ in most, but not all
MNS/mBSE mice. These data are all consistent with mNS causing disease and mBSE
interfering with mNS.

In the MNS/mCWD inoculated mice, another type of interaction was seen. In these
mice, the incubation period was extended compared to mNS alone and the lesion profile was
consistent with mNS. Unlike mNS/mBSE, PrP%® plaques from both mNS and mCWD could be
readily differentiated by their morphology and PTAA emission maximum. PTAA is a lipid
conjugated polymer that binds to amyloid aggregates. The binding of PTAA to amyloid
aggregates changes the structure of the PTAA backbone leading to emitted light with different
emission maximums (Nilsson et al. 2004, Nilsson et al. 2005). Previous work has shown that
murine-adapted prion strains have different PTAA emission spectra (Sigurdson et al. 2007).
While PrP*¢ plaques from both strains could be detected individually, in the corpus callosum,
hybrid plaques were found that had a PTAA emission maximum similar to mCWD in the center
and an emission maximum of mNS on the periphery. This finding was maintained on second
passage of this mixture. This result suggests that in this structure, mMCWD may serve as a
scaffold to support the aggregation of mMNS PrP%°. This interaction is called scaffolding,
because PrP*® from one strain is able to form heterogeneous structures with PrP*¢ from another
strain. This scaffolding interaction has been seen in with other amyloids. Makarava et al.
generated heterogeneous amyloid fibrils of hamster and murine recombinant PrP, by using
seeds from one species to induce fibril formation in the recombinant PrP of the other (Makarava
et al. 2009).
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In the mCWD/mBSE mice there was no discernable interaction between the strains. In
mCWD/mBSE mice, the incubation period is similar to the controls of both strains. The lesion
profile is similar to a combination of both strains. PrP® accumulates as if both strains were
causing disease, but there is no synergy or interference detected. Both mCWD and mBSE
plaques are readily detected and differentiated, without the formation of hybrid PrP°° plaques.

This demonstrates that it is possible for two prions strains present in a host and not interact.
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Chapter 4: Conformational stability of hamster prion strains

4.1. Introduction

Conformational stability is a prion strain property that provides evidence that prion
strains have different PrP* conformations. Conformational stability is the ability of PrP®° to
resist denaturation by a chaotropic agent, usually guanidine hydrochloride (Gdn HCI), and is
typically measured by the ability of PrP** to resist proteinase K (PK) digestion. In its native
conformation, PrP*° has a core region that is resistant to PK digestion in a strain-dependent
manner (see section 1.3.F). However, when denatured the full length of PrP® becomes
sensitive to PK digestion (Oesch et al. 1994). As the concentration of Gdn HCI increases, more
PrP>¢ will denature and become sensitive to PK, leading to reduced signal following
immunodection (Peretz et al. 2001). Conformational stability can also be determined by
detergent insolubility. PrP% is detergent insoluble in its native conformation, but becomes
soluble in detergents when denatured. As a result, incubation of different prion strains in
increasing concentrations of Gdn HCI leads to a concentration- and prion strain-dependent
decrease in detergent insoluble PrP*¢ (Pirisinu et al. 2010).

Different prion models have different relationships between conformational stability and
incubation period. In the hamster system, Peretz et al. showed that HY TME, SHa(Me7),
Sc237, and MT-C5 have incubation periods less than 100 days following intracerebral (i.c.)
inoculation. The [Gdn HCI],,, values, or the concentration of Gdn HCI required to achieve a
50% reduction in of PrP*° signal, ranged from 1.47-1.50 M. DY TME, 139H, SHa(RML), and
ME7H all have incubation periods longer than 100 days following i.c. inoculation. The [Gdn
HCIl]y, ranged from 1.08-1.39 M (Peretz et al. 2001). Another study showed Sc237, 139H and
DY TME, with incubation periods of 106, 106 and 259 days following i.c. inoculation, had [Gdn
HCl]y, of 2.2, 2.1 and 1.9 M respectively (Deleault et al. 2008). Combined, these results show
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that in hamster prion strains there is an inverse relationship between incubation period and
conformational stability.

In contrast, in the mouse system there is a positive correlation between incubation
period and conformational stability. Legname et al. determined the conformational stability of a
variety of murine prion strains inoculated into a several different strains of mice. In CD-1 mice
following i.c. inoculation, RML, ME7 and 301V have incubation periods of 133, 145 and 230
days respectively and [Gdn HCI],, of 1.7, 1.6 and 2.2 M. RML and ME7 have incubation
periods of 161 and 229 days and [Gdn HCI],,, of 1.7 and 2.9 M respectively following i.c.
inoculation into Tg9949 mice (transgenic mice that express murine PrP lacking amino acids 23-
88; Legname et al. 2006). Following i.c. inoculation of 22L, Fukuoka-1, Chandler, and Obihiro
strains into Jcl:ICR mice the incubation periods of 144, 146, 150 and 153 days were observed
and the [Gdn HCI];,; values were 1.5, 2.1, 1.8, and 2.3 M, respectively (Shindoh et al. 2009).
These results demonstrate a positive correlation between incubation period and conformational
stability in mice.

Recombinant prions also show a positive correlation between conformational stability
and incubation period. Recombinant PrP expressed from bacteria can be folded in vitro to a
conformation that causes clinical disease in mice (Legname et al. 2004, Wang et al. 2010) or
hamsters (Kim et al. 2010, Makarava et al. 2010). Any PrP expressed from a bacterial source
that can cause disease in vivo is called a recombinant prion. Makarava et al. passaged brain
homogenate from hamsters inoculated with recombinant prions into another group of hamsters
and showed that the incubation period decreased from over 661 days to 481 days, and the [Gdn
HCI],, decreased from 3.0 to 2.0 M (Makarava et al. 2010). The presence of more PrP%® in the
second passage compared to the first, suggested that the differences in conformational stability
may be a function of PrP*¢ abundance. However, the second passage of recombinant prions
had similar PrP*° levels and conformational stability compared to 263K, even though it has a
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shorter incubation period. Additional work needs to be done to characterize this and other
recombinant prions, but the data collected to data suggests that recombinant prions with longer
incubations periods are more stable.

In yeast, there are a number of proteins, called yeast prions that can form aggregates
that lead to altered phenotypes and are maintained by non-Mendelian inheritance (Wickner
1994, Wickner et al. 2010). Different strains of yeast prions can form in vitro depending on
growth conditions (Tanaka et al. 2004). There is no published research on the chemical stability
of yeast prion strains; however there are some published reports on the thermostability of the
yeast prions [PSI'] and [RNQ']. [PSI'] is formed from the aggregation of the protein Sup35
(Ter-Avanesyan et al. 1994), which facilitates read-through translation (Stansfield et al. 1995).
[RNQ+] is formed from the aggregation of Rnqlp, a protein that has no known function apart
from facilitating the formation of yeast prions [PSI+] and [URE3] (Derkatch et al. 2001).
Aggregates of [PSI'] and [RNQ"] formed in vitro at low temperature have a stronger phenotype
(change in colony color from white to red) compared to aggregates formed at higher
temperatures, suggesting different strains of each yeast prion. For both yeast prions, the low
temperature strain has a slower growth rate and lower thermostability compared to its high
temperature strain (Tanaka et al. 2004, Tanaka et al. 2006, Kalastavadi and True 2010).
Therefore, the low temperature strains with the slower growth rates are considered less
conformationally stable.

A potential flaw of the previous conformational stability studies is that these studies
enriched PrP*¢ prior to testing conformational stability. This allowed for a more direct interaction
between PrP*® and Gdn HClI in the absence of other proteins, lipids, and nucleic acids in crude
brain homogenate. However, much of the infectivity in brain homogenate is lost during the
enrichment process (Prusiner et al. 1982) and therefore a loss of infectious forms of PrP*¢ may
occur. Also, the enrichment process may lead to artificial aggregation of PrP® (McKinley et al.
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1991) which may be in a different aggregation state than PrP*¢ in the brain. To address these
concerns | developed a conformational stability assay that utilizes crude brain homogenate.
Although the chaotropic agent will act on all proteins, lipids and nucleic acids present in the
homogenate, it will interact with PrPS¢ in a more native environment than enriched PrPC.
Additionally, sodium dodecyl sulfate (SDS) was the chaotropic agent used because SDS can
denature PrP*¢ and when combined with heat, SDS can decrease the titer of the prion agent
(Kimberlin et al. 1983). | hypothesized these changes would allow me to differentiate hamster

prion strains based on their conformational stability using PrP*¢ as it is found in the brain

4.2. Results
4.2.A. SDS can be used to differentiate HY and DY TME

To determine if SDS can differentiate different hamster prion strains, HY and DY TME
brain homogenate was incubated with SDS at final concentrations of 0, 0.25, 0.5, 1 and 2%
(w/v) in triplicate. Samples were heated at 70°C and PK digested prior to Western blot analysis
as described in section 2.3. The net intensity of the detected PrP*® was standardized and
plotted against the concentration of SDS to generate the SDS denaturation curves (Figure 4.1).
The shape of the SDS denaturation curves was strikingly different for HY and DY TME. The
[SDS]u,, or concentration of SDS needed to achieve a 50% reduction in PrP%° signal intensity,
was calculated from the SDS denaturation curve. HY TME had an [SDS],/; of 1.02% and DY
TME had an [SDS];, of 0.26%.

To determine if the whole PrP*¢ molecule was degraded or just the 3F4 epitope located
near the N-terminus, three replicates of HY and DY TME were incubated in 0, 0.25, 0.5, 1 or 2%

(w/v) SDS (final concentration) at 70°C prior to PK digestion and Western blot analysis with 3F4
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Figure 4.1. HY TME and DY TME denature differently in heat and
increasing concentrations of SDS. (A) Three repetitions of HY and DY TME
that were incubated in 0, 0.25, 0.5, 1 and 2% (final w/v) SDS at 70°C prior to
PK digestion and Western blot analysis. Representative Western blots shown.
(B) Graph of the standardized net intensity against the concentration of SDS.
[SDS],, is the calculated concentration of SDS that corresponds to a 50%

reduction in signal intensity. The error bars are the SEM.
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Figure 4.2. [SDS], , is similar for both 3F4 and POM19. Three replicates of three

repetitions of HY or DY TME brain homogenate was incubated at 70°C in 0, 0.25,
0.5, 1, and 2% (final w/v) SDS prior to PK digestion. (A) Western blot analysis was
performed in parallel using either 3F4 or POM19 as the primary antibody. (B) The
resulting standardized net intensity values were graphed versus the concentration

of SDS and the [SDS], , was calculated. Error bars are the SEM.
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or the C-terminal antibody POM19. When the data from three repetitions of three replicates
were pooled, the HY TME [SDS],, was 0.74 and 0.79% for 3F4 and POM19 respectively.

The DY TME [SDS]y, was 0.27 and 0.19% for 3F4 and POM19 respectively (Figure 4.2). Since
the two [SDS]y, is similar for both antibodies for both HY and DY TME, it suggests the whole
PrP°° molecule is been degraded. The [SDS],, for HY TME was somewhat lower compared to
Figure 4.1, which is most likely due to variation between experiments.

Since HY and DY TME can be differentiated by [SDS]y,, the [SDS]y, of a mixture of HY
and DY TME was determined. Equal volumes of 10% (w/v) brain homogenate from HY and DY
TME were combined, incubated in 0, 0.25, 0.5, 1, and 2% (w/v) SDS (final concentration) at
70°C and PK digested for Western blot analysis. Two samples were prepared and run in
parallel on two different gels and the data was pooled to calculate the SDS denaturation curve.
The [SDS]y, was 0.86% (Figure 4.3) which is consistent with the HY TME [SDS];, (1.02 and
0.74% in Figures 4.1 and 4.2), suggesting the DY PrP*¢ in the mixture is denatured and
degraded as if it were alone. Examining the migration of PrP* suggests that this is the case.
The detected PrP* in the 0, 0.25 and 0.5% (w/v) SDS migrates like a mixture of HY and DY
PrPs¢. The PrP*® migration could not be determined at 1% (w/v) SDS.

To add more points to the SDS denaturation curves as well as create a high-throughput
assay, a 96-well dot blot assay developed by Michelle Kramer was used to quantify the
abundance of PrP%°. In these experiments three replicates of HY and DY TME brain
homogenate were incubated in 0-2% (final w/v) SDS and PK digested as described in section
2.4 prior to dot blot analysis performed as described in section 2.5. The net intensity was
standardized and plotted against the concentration of SDS to generate a denaturation curve and
calculate the [SDS],,, as described in section 2.8. The [SDS]y,, for HY TME was 1.22% and the
[SDS]y, for DY TME was 0.30% (Figure 4.4). These values were somewhat different then seen
in previous experiments (Figures 4.1 and 4.2), however, HY TME still displayed a higher
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Figure 4.3. Mixture of HY and DY TME has an [SDS], , similar to HY TME

alone. Equal volumes of HY TME (H) and DY TME brain (D) homogenate
were mixed together (H/D) and the mixture was incubated at 70°C in 0, 0.25,
0.5, 1 and 2% (final w/v) SDS prior to PK digestion and Western blot analysis.
There are two replicates of each SDS dilution that were run in parallel on two
gels. (A) A representative Western blot is shown above. (B) Net intensity was
standardized and graphed verses the concentration of SDS to calculate the
[SDS]. .. The error bars are the SEM.
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Figure 4.4. HY TME maintains a higher [SDS] , compared to DY TME using a

96-well dot blot assay. Three replicates of HY and DY TME brain homogenate
was incubated at 70°C in 0-2% (final w/v) SDS prior to PK digestion and dot blot
analysis. (A) Representative 96-well dot blot for HY and DY TME. (B) The
standardized net intensity values were graphed verses the concentration of SDS
and the [SDS], , was calculated. Error bars are the SEM.
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[SDS]i,. The variation may have been due to the different method of detecting PrP*® as well as

run to run variation between experiments.

4.2.B. Controls for SDS denaturation curves

A series of control experiments were performed to determine if conformational stability is
maintained between different individuals infected with the same strain, when PrP>¢
concentration is decreased, and when different antibodies were used to detect PrP*°. The first
experiment determined if the [SDS],,, would be the same between different brains infected with
the same strain. To test this, the SDS conformational stability assay above was performed on
five different HY TME infected brain homogenates. The [SDS];,; ranged from 0.93-1.01%
(Figure 4.5). Since all of the [SDS]y, are approximately 1.00%, the [SDS],,, for a strain does
not differ dramatically between infected individuals suggesting conformational stability is a
property of the strain. The variation present between samples is probably due to comparing one
replicate of each sample.

Next | determined if the relative abundance of PrP*° altered the [SDS],,. To test this,
HY TME was diluted into UN hamster brain homogenate from 100, 75, 50, 25, or 10% (v/v) and
the SDS conformational stability assay was performed. The 100% and 75% HY TME samples
have [SDS],/, of 0.89 and 0.85% respectively, suggesting that a less than 50% reduction of
PrP>, does not change the [SDS],,. When HY TME was diluted to 50%, the [SDS],/, increased
to 1.29% (Figure 4.6). When HY TME is diluted to 25 or 10%, the [SDS]1,; increased to over
1.52% (Figure 4.6). This data may suggest that HY TME may become more stable as it is
diluted. More likely, this increase in HY TME [SDS]y, is due to low initial PrP¢ levels which
make a 50% reduction in PrP*° harder to determine due to lower detection limits.

Lastly, | investigated whether the whole PrP°® molecule was being degraded by using
more primary antibodies to detect additional fragments of PrP%°. SDS denaturation curves were
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Figure 4.5. The [SDS].  is similar for HY TME from five different sources. One

1/2
replicate of five different HY TME brain homogenates were incubated in 70°C

in 0-2% (final w/v) SDS prior to PK digestion and 96-well dot blot. (A) The 96-
well dot blot is shown for all five HY TME brains. (B) Standardized net intensity
was graphed against the concentration of SDS and the [SDS], , was

calculated.
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Figure 4.6. The [SDS], , for HY TME is similar when diluted less than 50%

in UN brain homogenate. HY TME brain homogenate was diluted to 100,
75, 50, 25, or 10% in UN brain homogenate prior to incubation in 0-2% (final
w/v) SDS, incubation at 70°C, PK digestion and 96-well dot blot analysis.
(A) Representative 96-well dot blot. (B) Standardized net intensities were

graphed verses the concentration of SDS and the [SDS], , was calculated.
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Figure 4.7. There is no change in the [SDS], , when the primary antibody
is changed. Five replicates of HY TME brain homogenate were incubated
in 0-2% (final w/v) SDS at 70°C prior to PK digestion and 96-well dot blot
analysis. Each replicate was probed with different a different antibody.
The standardized net intensities were graphed verses the concentration of
SDS and the [SDS],, was calculated.

72



examined for HY TME using primary antibodies POM3, 3F4, 6H4, 8H4 and POM19. The
[SDS]y2ranged from 0.78 to 1.38% (Figure 4.7). Because the [SDS]y, of these values are near
1.00%, they are considered to be roughly equal. The variation between values may be due to
different antibodies binding to different epitopes with different efficiencies. No statistics could be
performed because the data presented here is from one repetition. As with Figure 4.2, the

whole PrP*¢ molecule is being denatured and degraded.

4.2.C. SDS and Gdn HCI denaturation of eight different hamster prion strains

Since the SDS conformational stability assay was able to differentiate HY TME and DY
TME, | wanted to determine if additional hamster prion strains could be differentiated. To
investigate this, Western blot analysis was performed on HY TME, 263K, HaCWD, 22AH,
22CH, 139H, DY TME and ME7H 10% (w/v) brain homogenates to compare PrP* levels. Each
strain was run on four parallel Western blots and the PrP*° level was normalized by dividing the
intensity of PrPS® for each strain, by the intensity of HY PrP%°. These values were averaged for
each strain from all four gels. In Figure 4.8a seven of the eight hamster prion strains had an
unglycosylated PrP%® band that is 21 kDa in size and the unglycosylated PrP°® band for DY TME
was 19 kDa. There are roughly equal levels of PrP>¢ between all hamster prion strains. The
one-way ANOVA p value was 0.02 but this was due to statistically different intensities between
the highest and lowest intensity strains (Figure 4.8B). However, when all strains were
compared to 139H (strains could not be compared to HY TME since all values were normalized
to 100%, so 139H, the strain with the closest intensity to 100%, was used), there were no
significant differences (Student’s t test p values>0.05). So even though the highest and lowest
intensity strains are significant different, no strain was significantly different compared to the

normalized value of 100%.
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Figure 4.8. Similar levels of PrPSC in brain homogenates from HY TME, 263K,
HaCWD, 22AH, 22CH, 139H, DY TME and ME7H. Western blot analysis was
performed in parallel on four 250 pg eq of brain homogenate samples of each
strains. Representative blot is shown in (A). The data from the four blots was
normalized by the relative intensity of HY TME on each blot and the
normalized data for each strain was averaged. The relative level of PrP% is
displayed in the graph in (B). The error bars are the SEM. Figure from Ayers

et al. 2011.
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With roughly equal levels of PrP*¢ in all strains tested, | determined if the SDS
conformational stability assay could discriminate these hamster prion strains. The SDS
conformational stability assay was performed on a single 96-well plate containing five
independent replicates of each prion strain. Representative dot blots are shown in Figure 4.9A.
The analysis revealed a [SDS];, for HY TME and 263K of 1.14 and 1.04% respectively. The
[SDS],, for HaCWD was a somewhat lower at 0.78%, and the [SDS],, for 22AH, 22CH, 139H,
DY TME, and ME7H ranged from 0.44-0.53% (Figure 4.9B-1). HY TME, 263K and HaCWD
have similar incubation periods of 61-65 days. The incubation periods for 22AH, 22CH, 139H,
DY TME, and ME7H were longer, ranging from 136-263 days (Table 4.1). Thus, there was an
inverse correlation (R=-0.82) between incubation period and [SDS],,, (Figure 4.11C).

Since previous work with conformational stability used Gdn HCI as the denaturing agent,
I next determined if Gdn HCI treatment would produce similar results as the SDS. Gdn HCI was
diluted from 0-2 M and used instead of SDS in the conformational stability assay as described
above. A representative dot blot for all strains is shown in Figure 4.10A. In contrast to SDS
tretament, Gdn HCI rarely caused the intensity of the dot blot to disappear at higher
concentrations of Gdn HCI. The [Gdn HCI],, for HY TME and HaCWD was 1.16 and 1.27 M
respectively, whereas the [Gdn HCI],, for 263K was higher at 1.57 M. This was interesting
because, as shown in Table 4.1, the incubation period is similar for these three strains. The
[Gdn HCI]y, for 22AH, 22CH, 139H, DY TME and ME7H ranged from 0.43-1.02 M (Figure
4.10B-1). As with SDS, these data demonstrate a negative correlation (R=-0.84) between

incubation period and [Gdn HClI]y, (Figure 4.11D).

4.2.D. Using silty clay loam (SCL) and Congo red to alter the stability of prion strains
The data in sections 4.2A-C showed that prions strains could be differentiated by

conformational stability. | next wanted to test if the conformational stability of a prion strain
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Figure 4.9. SDS denaturation curves for HY TME, 263K, HaCWD, 22AH, 22CH, 139H,
DY TME, and ME7H. A) Representative 96-well dot blot of brain homogenate from alll
eight hamster prion strains incubated at 70°C in 0-2% (final w/v) SDS prior to PK
digestion. B-1) SDS denaturation curves of five replicates of each hamster prion strain.
Error bars are the SEM. Figure modified from Ayers et al. 2011.
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Figure 4.10. Gdn HCI denaturation curves for HY TME, 263K, HaCWD, 22AH, 22CH,
139H, DY TME, and ME7H. A) Representative 96-well dot blot of brain homogenate
from all eight hamster prion strains incubated at 70°C in 0-2 M Gdn HCI prior to PK
digestion. B-1) Gdn HCI denaturation curves of five replicates of each hamster prion
strain. Error bars are the SEM. Figure modified from Ayers et al. 2011.
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Table 4.1 The incubation period, [Gdn HCI]U2 and [SDS]U2 for HY TME, 263K,

HaCWD, 22AH, 22CH, 139H, DY TME, and ME7H

Incubation
Period (days)

PrPsc¢ Conformation
stability values

Strain I.c. I.sc. [Gdn-HCI],, | [SDS]452 Source
HY TME | 65+£32 | 70+3 1.16+0.09 1.14+0.03 |TME
263K 61+3 |72+3 1.57+0.02 1.04+0.06 | Scrapie
HaCWD |61+3 |73+3 1.27+0.09 0.78+0.02 [(CWD
22AH 1365 | n.d. 1.02+0.02 0.53+0.04 |Scrapie
22CH 161+3 | n.d. 0.67+0.02 0.46+0.02 |Scrapie
139H 159+3 (198+3 |[0.76+0.05 0.50+0.01 |Scrapie
DY TME | 170+4 | 235+3 |0.43+0.03 0.53+0.05 |[TME
ME7H |263+3|n.d. 0.59+0.03 0.44+0.02 |Scrapie

aAverage days postinfection + standard deviation; i.c., incracerebral inoculation;
i.sc., intrasciatic nerve inoculation; n.d., not determined. Figure modified from
Ayers et al. 2011.
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Figure 4.11. The correlation between conformational stability and incubation
period. A) The [SDS], , for all eight hamster prion strains. B) The [Gdn HCI] , for
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could be altered. To evaluate this possibility, HY and DY TME were sorbed to silty clay loam
(SCL) as described in section 2.6. Because SCL plugged the membranes of the 96-well plates,
Western blot analysis was performed on three replicates of HY TME control, DY TME control,
SCL-sorbed HY TME and SCL-sorbed DY TME. The [SDS]y, for control HY TME and DY TME
was 0.93 and 0.43% respectively (Figure 4.12), similar to previous experiments (Figure 4.9 and
Table 4.1). When sorbed to SCL, the [SDS],,, for HY TME and DY TME was reduced to 0.63%
(Figure 4.12). In contrast, the [SDS],, of DY TME sorbed to SCL was 0.42%, similar to the DY
TME control (Figure 4.12). The decrease in the HY TME [SDS];,>, when bound to SCL indicated
that binding of SCL decreased the conformational stability of HY TME. It is not clear why this
effect was only seen with HY TME. This may be due to a limitation of the assay as there was
only one data point between the calculated [SDS];,, and the 0% SDS value for DY TME. As a
result, any reduction in conformational stability in the less stable strain may not have been
detected.

Since binding to SCL decreased the stability of HY TME, | wanted to see if the stability of
a prion strain could be increased. Congo red is an amyloid binding dye (Puchtler et al. 1962)
previously hypothesized to increase the stability of prion strains (Caspi et al. 1998). Congo red
was bound to HY and DY TME as described in section 2.7 and the SDS conformational stability
assay was performed with additional points to measure increased stability. The data from three
96-well plates containing two control and two Congo red-bound replicates for HY and DY TME
were pooled. The [SDS],;, for HY TME increased from 0.99% in the controls to greater than
4.00% when bound to Congo red (Figure 4.13). (SDS is insoluble at concentrations above 4%
(final wiv), preventing the addition of more data points). Similarly, the [SDS],,, for DY TME
increased from 0.38% in the controls to 2.77% when bound to Congo red (Figure 4.13). These

data confirm that Congo red increases the conformational stability of both HY and DY PrP%°.
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Figure 4.12. SCL decreases the [SDS];,, of HY TME, but there is no effect on
DY TME. Three replicates of HY TME, DY TME, SCL-HY TME and SCL-DY
TME were incubated in 0-2% (final w/v) SDS at 70°C prior to PK digestion and
Western blot analysis. Normalized net intensity values were pooled and
graphed verses the concentration of SDS. The SDS denaturation curves for
HY TME and SCL-sorbed HY TME are shown in (A). The SDS denaturation
curves for DY TME andSCL- sorbed DY TME are shown in (B). The error bars
are the SEM.
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Figure 4.13. Congo red increases the [SDS],, of HY and DY TME. Samples of HY
TME and DY TME brain homogenate were mixed with 6 mg/ml Congo red prior to
incubation at 70°C in 0-4% (final w/v) SDS, PK digestion and 96-well dot blot
analysis. Two replicates of control or Congo red-bound HY or DY TME were run on
a single plate and standardized net intensity from three plates were pooled to
generate the SDS denaturation curves for HY (A) and DY TME (B). The error bars
are the SEM.
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4.2.E. SDS denaturation of RML

Next, the SDS conformational stability assay was used to measure the conformational
stability of the murine prion strain RML. RML has an incubation period of between 117-144
days (Legnhame et al. 2006, Karapetyan 2009) following i.c. inoculation. Since the 3F4 epitope
is not present in murine PrP, the primary antibody 8H4 was used. 8H4 was used in the epitope
map for HY TME (Figure 4.7), but the [SDS],,, was somewhat low compared to 3F4, probably
due to different binding efficiencies at the dilutions used. To find a dilution of 8H4 that would
yield higher intensity values, two-fold serial dilutions of HY TME brain homogenate in DPBS
were prepared and dot blot analysis was performed on six replicates of each dilution. Two
control replicates were probed with a 1:10,000 dilution of 3F4. Two replicates were probed with
the previously used 1:10,000 dilution of 8H4. The remaining replicates were probed with 8H4
diluted 1:1,000. The slopes of the linear regression best fit lines are very similar between 3F4
and 8H4 diluted 1:1,000 (Figure 4.14). The regression line for 8H4 diluted 1:10,000 had
decreased signal intensity at higher concentrations of HY TME brain homogenate and the slope
was smaller compared 3F4 or 8H4 diluted 1:1,000 (Figure 4.14). Therefore, 8H4 was used at a
1:1,000 dilution for all subsequent experiments.

Since a new primary antibody was being used, | determined the conformational stability
of HY and DY TME as well as RML. Samples of HY TME, DY TME and RML brain
homogenates were denatured in SDS and PK digested for dot blot analysis as described in
sections 2.4 and 2.5, with the exception that 8H4 was the primary antibody. Brain homogenate
from the three strains were run in triplicate on a single 96-well plate. The [SDS],, for HY TME
and DY TME was 1.13 and 0.43% respectively (Figure 4.15), similar to the [SDS];,, determined
when 3F4 was the primary antibody (Figure 4.9, Table 4.1) suggesting that trends seen

previously using 3F4 are still present when 8H4 is the primary antibody. The [SDS],/, for RML
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Figure 4.14. A 1:1,000 dilution of 8H4 has leads to similar intensity to 3F4 diluted
1:10,000. HY TME was 2-fold serially diluted and dot blots were performed on six
repetitions of each dilution. Replicates were probed in duplicate with primary antibody of
3F4 diluted 1:10,000, 8H4 diluted 1:10,000 or 8H4 diluted 1:1,000. (A) Representative
96-well dot blots for each dilution of primary antibody and (B) the resulting standard
curves are shown. Lines represent linear regression best fit lines of each standard curve.
The equation for each best fit line is given.
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Figure 4.15. RML has a [SDS], , similar to DY TME. Three replicates of RML, HY TME or

DY TME brain homogenate were incubated at 70°C in 0-2% (final w/v) SDS prior to PK
digestion and 96-well dot blot analysis. The primary antibody used was 8H4. (A)
Representative 96-well dot blots are shown. (B) The SDS denaturation curves and
[SDS],,, are shown. Error bars are the SEM.
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Figure 4.16. There is less PrP*¢ in RML compared to HY and DY TME. Brain
homogenate was PK digested in the absence of SDS or incubation in 70°C and PrPs°
was detected by 96-well dot blot analysis. There are nine replicates of each strain.
Unpaired Student’s t test revealed no difference between HY and DY TME (p

S
value=0.20). There is significantly less PrP “in RML compared to HY or DY TME (p
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was 0.42% (Figure 4.15), consistent with conformational stability of DY TME and other long
incubation period strains.

To verify that the differences in [SDS];,, were not due to different levels of PrPS°, brain
homogenate samples were assayed by dot blot. Nine replicates of 3.75 ul brain homogenate
infected with HY TME, DY TME or RML were digested in 1.17 U PK/ml without incubation at
70°C or exposure to SDS. All replicates were run on the same 96-well plate, but all strains were
run on different 96-well plates. There was no difference detected in the average intensity of
PrP>¢ between HY and DY TME (Student’s t test p value=0.20). In contrast, RML had
significantly less PrP>° than either HY TME (Student’s t test p value<0.0001) or DY TME
(Student’s t test p value=0.0032) (Figure 4.16). While there is less PrP* in the RML brain
homogenate, the abundance of RML PrP%¢ is 68% or 74% the level of intensity compared to HY
TME or DY TME respectively. In Figure 4.6, conformational stability was only increased when
PrP>° levels were reduced by 50% or more. Because the reduction in RML PrP>¢ was not 50%
or greater, the [SDS]y/, should not be altered. As a result, any differences in conformational

stability are due to difference between strains, not different levels of PrP%°,

4.3 Discussion
4.3.A. Results summary

In the results section | showed data confirming the development of a new prion strain
conformational stability assay. | showed with both Western blot and 96-well dot blot analysis
that HY TME resists denaturation to a greater degree that DY TME as the concentration of SDS
increases. When HY and DY TME were mixed together, the [SDS]y,, is similar to HY TME.
Using both SDS and Gdn HCI, | showed that eight different hamster prion strains could be
differentiated and there was an inverse relationship between incubation period and
conformational stability. | also showed SCL decreased the conformational stability of HY TME

87



and Congo red increased the conformational stability of HY and DY TME. The murine strain
RML had an incubation period and conformational stability similar to the long incubation period

hamster prion strains.

4.3.B. Conformational stability is inversely related to incubation period in hamster prion strains
Conformational stability is a property of prion stains. In the above data, there was an
inverse relationship between conformational stability and incubation period. This was true
regardless of which denaturing agent was used. This data is consistent with Peretz et al. 2001
and Deleault et al. 2008, which tested some of the strains used here. However, this data is
inconsistent with other studies in mouse and recombinant PrP models (Legname et al. 2006,
Shindoh et al. 2009, Makarava et al. 2010) which showed that conformational stability positively
correlates with incubation period. Previous studies of conformational stability used enriched
fractions of PrP*¢. Because the enrichment process leads to the loss of the infectivity and
artificial aggregation, crude brain homogenate was used in all assays. The data presented here
has similar trends to previously published data. Therefore, | conclude that the enrichment
process does not alter the conformational stability and that the other proteins, lipids and nucleic
acids in brain homogenate do not interfere with the ability of SDS or Gdn HCI to denature PrP*°.
The differences in [Gdn HCI],,, between previously published results and those shown here
could be attributed to different denaturation protocols, detection methods and/or sources of

Prpse,

4.3.C. Conformational stability of a mixture of prion strains
When equal volumes of HY and DY TME were mixed, the [SDS],/, was similar to HY
TME and not DY TME. This result suggests that in a mixture, prion strains behave as if they

were alone and the resulting denaturation curve will resemble the more stable strain. This
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means that at equal concentration of strains, the SDS conformational stability assay cannot be
used to detect multiple strains. It may be possible that if the ratio of strains were adjusted so
that the less stable strain was present in higher concentration, the SDS denaturation curve

would resemble the less stable strain.

4.3.D. Conformational stability relates to in vitro conversion efficiency and resistance to host
clearance

Our data demonstrate that conformational stability correlates with other TSE properties.
We hypothesized that more stable prion strains would have a shorter incubation period due to
more efficient conversion of PrP® to PrP*® compared to less stable strains. The conversion
efficiencies of HY TME, 263K, HaCWD, 22AH, 22CH, 139H, DY TME, and ME7H were
determined by serially diluting the infected brain homogenate seed for protein misfolding cyclic
amplification (PMCA). PMCA amplifies PrP>¢ by alternating incubation and sonication steps.
PrP*° fibrils are lengthened during incubation steps and fragmented during sonication.
Following PMCA of serially diluted PrP*® seed brain homogenate, prion strains that convert PrP¢
to PrPS¢ most efficiently will amplify to detectable levels in lower dilutions of PrP° seed. HY
TME, 263K and HaCWD, the strains identified as being more stable in our assays, amplified
detectable levels of PrP*° in greater dilutions of seed brain homogenate compared to 22AH,
22CH, 139H, DY TME, and ME7H (Ayers et al. 2011), suggesting that the more stable strains
convert PrP® most efficiently. It remains unknown why the most stable strains amplify to higher
levels in PMCA. One explanation is that the more stable strains either bind to or convert PrP¢
more rapidly than less stable strains. Another explanation is that sonication breaks PrP*¢ fibrils
of more stable strains into fragments that efficiently convert PrP®to PrP*°. All PrP*° fibrils break
to form new conversion sites, but there is an optimal size of PrP*° that facilitates conversion
(Silveira et al. 2005, Zhang et al. 2011). It could be that the more stable strains form more
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fragments that are the optimal size for converting PrP® to PrP® compared to less stable strains.
The result of this would be that the more stable strains are able to generate more PrP*® more
rapidly and this may lead to clinical disease faster.

Increased conformational stability increases the ability of PrP*° to resist host clearance.
This was shown by performing immunohistochemistry on brain sections of hamsters infected
with HY TME, 263K, HaCWD, 22AH, 22CH, 139H, DY TME, and ME7H. W.ithin the soma of
infected neurons in HY TME, 263K and HaCWD-infected brains, there were punctate deposits
of PrP*¢. Intrasomal deposits were not seen in the brains infected with the less stable strains
(Ayers et al. 2011). It remains unclear how PrP*is cleared by host cells. PrP*° can be
polyubiquitinated for degradation in the proteasome (Campana et al. 2006), but additional data
has shown that PrP*¢ can also be degraded by host cell cysteine proteases (Luhr et al. 2004).
This suggests that the more stable strains might resist ubiquitination or proteolytic degradation
and lead to increased PrP%° levels in the soma of neurons. An alternative explanation could be
that more stable strains form larger, more readily detected aggregates compared to less stable
strains.

Combined, these data suggest that the properties of conformational stability, conversion
efficiency and clearance contribute to the phenotype of disease in vivo. A model of this idea is
diagramed in Figure 4.17. By this model, prions must be unstable enough to fragment, but
stable enough to avoid being cleared by the host. If PrP*¢ is overly stable, it will resist host
clearance but, because of decreased fragmentation, there will be fewer sites for conversion to
occur leading to decreased levels of PrP*¢. If prion strains are not stable enough, PrP>¢
fragmentation will occur, but PrP*¢ is more efficiently cleared by the host. Therefore, since
different strains have different conformational stabilities, the in vivo phenotype of disease will

vary.

90



4.3.E. Conformational stability can be altered

Sorbing SCL to HY TME led to a drop in conformational stability; demonstrating
conformational stability can be altered. It is unclear how SCL decreases the conformational
stability of HY TME. It could be that SCL disrupts the bonds between HY PrPS® monomers in
the fibril. As a result, PrP%° fibrils will more readily break apart and denature in lower SDS
concentrations. It is also possible that SCL binding changes the conformation of the PrP* fibril
allowing more access for SDS to bind and denature PrP*°. It is unclear why this occurs for HY
TME but not for DY TME. This may be related to the assay conditions. There were few data
points between the 0% SDS and the [SDS],, for DY TME. As a result, it may be difficult to
detect a reduction, if it occurs. My data do not exclude the possibility that SCL only decreases
the conformational stability of HY TME.

Conformational stability is increased by the binding of Congo red. The mechanism for
increasing conformational stability is unclear. Congo red directly binds both PrP® (Caughey et
al. 1994) and PrP*° (Prusiner et al. 1983), and it inhibits PrP* formation in cell-free conversion
assays (Demaimay et al. 1998) and in cell culture (Caughey et al. 1993). Congo red treatment
also extends the incubation period of 263K and 139H in vivo (Ingrosso et al. 1995). Combined,
these data demonstrate that Congo red treatment attenuates or inhibits the conversion of PrP¢
to PrP%. In vivo, Congo red bound PrP*¢ accumulates to higher levels in the spleen during the
first 100 days of infection compared to control inoculum (Beringue et al. 2000). Congo red
protects PrP°° from denaturation and PK digestion (Caspi et al. 1998). These studies along with
our data (Figure 4.13), suggest that Congo red increases resistance to degradation by
increasing the conformational stability of PrP=°.

There are several mechanisms by which Congo red may bind PrP*° to increase
conformational stability. Congo red is thought to bind either in the groove on the outside and
parallel to the PrP** fibril or to the N-terminus perpendicular to the PrP* fibril (Wu et al. 2007).
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Figure 4.17. Model of prion conformational stability. Prion strains that are overly

stable will not readily fragment, leading to slow accumulation of PrPSC aggregates due
to a reduced number of conversion sites. These aggregates are more resistant to host
degradation. Prion strains what are insufficiently stable enough will form more sites for
conversion, but they will be more readily cleared by the host. The optimal stability of a
prion strain will be a balance between conversion efficiency and resistance to host
clearance.
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Congo red can bind as a monomer, dimer, or a micelle depending on concentration (Lendel et
al. 2010). Congo red is a large, aromatic compound and its binding to PrPS® may provide
additional structure and support which prevents the denaturation. Congo red may also

physically block SDS from binding to PrP*® which could also prevent denaturation.

4.3.F. Difference mechanism of action between SDS and Gdn HCI denaturation.

Both the SDS and Gdn HCI conformational stability experiments demonstrated that the
most stable strains were those with the shortest incubation period. In the SDS experiments, all
the short incubation strains grouped together and all the long incubation period strains grouped
together (Figure 4.11A). In the Gdn HCI experiments, the decreases in [Gdn HCl]y,, were
related to increases in the incubation period (Figure 4.11B). The correlation R value was
slightly higher for the relationship between [Gdn HCI];, and incubation period than [SDS];,, and
incubation period (Figure 4.11C and D).

There are other reasons to believe SDS and Gdn HCI denature proteins differently.
When 3.75 pl HY TME, DY TME or 139H brain homogenate was incubated with 1.25 pl 0 or 2%
SDS or 0 or 2 M Gdn HCI at 70°C or room temperature prior to PK digestion, 2% SDS was able
to denature PrP%° from all strains even without incubation at 70°C. There was no statistical
difference in the PrP*° levels of all strains between 0 and 2 M Gdn HCI when samples were
incubated at RT for 10 min (Student’s t test p values=0.62, 0.98, and 0.13 for HY TME, DY TME
and 139H respectively), suggesting that Gdn HCI cannot denature PrP%° in the absence of heat
in 10 min (Figure 4.18). Heat is necessary for PrP°® denaturation with Gdn HCI, but not SDS
under these conditions, suggesting a different mechanism of denaturation.

Furthermore, the structures of SDS and Gdn HCI are different. SDS has a 12 carbon tail
with a polar sulfate group on one end. Therefore, SDS has both hydrophobic and hydrophilic

moieties, and is overall negatively charged balanced by a sodium cation (Figure 4.19A). Gdn
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HCI has three amino groups bound to a central carbon, and an overall positive charge balanced
by a chlorine anion (Figure 4.19B). The differences in charge and structure, suggest SDS and
Gdn HCI denature proteins by different mechanisms.

The exact mechanism of SDS denaturation is unknown. SDS binds to proteins with a
constant charge to mass ratio of 1.4 g SDS to 1 g protein (Reynolds and Tanford 1970). SDS is
thought to bind to and stabilize a-helical regions of proteins (Pertinhez et al. 2002). At
concentrations above the critical micelle concentration (~2-3 mM (Ferreon and Deniz et al.
2007)), SDS decreases thioflavin T binding (Wahlstrém et al. 2008), suggesting SDS can
decrease the amount of B-sheet content. At SDS concentrations below 2 mM, there is no
detectable denaturation of proteins (Yamamoto et al. 2004, Ferreon and Deniz 2007). In fact,
low concentrations of SDS are thought to partially denature proteins by facilitating the formation
of B-sheet rich structures (Ohhashi et al. 2005). It is unknown how SDS micelles bind to
proteins. Monomeric SDS may bind to proteins through electrostatic interactions (Andersen et
al. 2009), though it is unknown if this is true of micelles as well. While it is unknown how SDS
dentures proteins in an amyloid fibril, Nielsen et al. (2007) proposed that 3-sheet rich proteins
do not have specific locations for SDS to bind. As a result, SDS denatures the proteins by
disrupting the global bonds that hold these proteins in their conformation. It is therefore
possible that SDS denaturation leads to the formation of PrPS® monomers or oligomers which
separate from PrP*° fibrils. These monomers or oligomers may denature more easily than the
whole PrP*¢ fibril.

The mechanism of Gdn HCI denaturation is also unknown. There are a couple of
putative mechanisms for Gdn HCI denaturation. Gdn HCI may act directly on a protein by
physically interacting with the peptide through amide hydrogen bonds (Kresheck and Scheraga
1965, Camilloni et al. 2008). Another possibility is that Gdn HCI disrupts hydrogen bonds
between a peptide and the surrounding water molecules (Frank and Franks 1967 and Camilloni
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Figure 4.18. Gdn HCI does not denature PrP%® in the absence of heat. (A)
Representative 96-well dot blots from HY TME, DY TME and 139H brain homogenate
that was incubated at either 70°C (heat +) or room temperature (heat -) in either O or
2% SDS or 0 or 2 M Gdn HCI. All samples were digested with 1.17 U PK/ml prior to
96-well dot blot assay. (B) All values were standardized to the average of 0% SDS
with heat or 0 M Gdn HCI samples and the results shown. There are three replicates
for each treatment of each strain. Error bars are SEM. Student’s t test was performed
between the 0 and 2% SDS or 0 and 2 M Gdn HCI with and without heat for each
strain. * indicates an unpaired Student’s t test p value <0.05; n.s. indicates a p value
>0.05.
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et al. 2008). Although recent research has shown that Gdn HCI cannot disrupt the hydrogen
bonds around a peptide (Camilloni et al. 2008, Lim et al. 2009). The denaturation of protein
oligomers by Gdn HCl is a multistep process. For example, as Gdn HCI concentration
increased insulin hexamers were broken down to dimers or monomers then eventually unfolded
proteins (Ahmad et al. 2003). The dimers of the yeast prion protein Ure2p became partially
unfolded prior to disassociation and complete unfolding (Thual et al. 2001). This data would
suggest that Gdn HCI forms hydrogen bonds with PrP* fibrils which break the bonds between
the monomers in the fibril. Therefore, PrP*° fibrils would be broken down to oligomers then
monomers before protein is unfolding.

While not directly tested in these studies, heat acts as another denaturing agent in the
conformational stability assays. All samples were incubated at 70°C for 10 min as part of the
denaturing process. Incubation at 70°C accelerates denaturation. When heat was omitted, 2 M

Gdn HCI was unable to significantly denature proteins (Figure 4.18).

4.3.G. SDS denaturation of hamster and mouse prion strains

The data presented compared the SDS denaturation properties of two hamster prion
strains and one murine prion strain. Previous work showed that hamster prion strains have an
inverse relationship between incubation period and stability (Peretz et al. 2001, Deleault et al.
2008). However, in the murine system, increases in incubation period correlate with increases
in conformational stability (Legname et al. 2006, Shindoh et al. 2009). | used the same assay
with the same antibodies, to determine if the same result could be obtained. RML has an
incubation period and [SDS],/, similar to DY TME. However, RML is a relatively short incubation
period murine strain and DY TME is a long incubation period hamster strain. As a result, it is
unknown if other murine strains would also have an incubation period that inversely correlates
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with conformational stability. Additional murine strains with longer incubation periods are

needed to determine this.

4.3.H. Conformational stability and prion strain interference

The relative conformational stability of prion strains may be relevant to understanding
the mechanism of prions strain interference. The relative conformational stability of different
prion strains may be an important factor in the binding of PrP*° to a cofactor such as PrP®, RNA,
glycosaminoglycans (GAGs), or metal cations. Since less stable prion strains convert PrP° less
efficiently, they may efficiently bind PrP® or other cofactors, but slowly convert bound PrP° to
PrPS°. If these cofactors are bound by the less stable prion strain then they may be unavailable
for the superinfecting strain. | also hypothesize that prion strain interference may be mediated
by direct interaction between PrP® molecules. If less stable prion strains fragment more readily
or form smaller aggregates, there may be more blocking strain aggregates to bind the PrP**
aggregates of more stable strains. This would result in a decrease in the ability of more stable
strains to convert PrP®, accumulate PrP*° and cause disease.

While less stable strains interfere with more stable strains in the hamster system, it is
unknown if this holds true in other animal systems. No study to date has determined the
conformational stability of 22A, 22C, FU and SY, murine strain pairs that have been used to
investigate prion strain interference. Therefore, it is unknown what role, if any, relative

conformational stability has on prion strain interference in mice.
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Chapter 5: Role of PrP® and PrP°°-PrP*° interactions in prion strain interference

5.1. Introduction

The mechanism of prion strain interference is unknown, but there are several
possibilities. One hypothesized mechanism is competition for a limiting host resource. In this
model, the blocking prion strain depletes a required resource, leaving insufficient quantities for
efficient conversion of the superinfecting strain, thus slowing or preventing the superinfecting
strain from causing disease. PrP® is the logical host resource for which prion strains compete
because it is required for prion disease to occur. Following inoculation of murine scrapie into
PrP® knockout mice, there was no gliosis, spongiosis, PrP*° or infectivity accumulation (Bueler
et al. 1993, Sailer et al. 1994), suggesting an absence of prion disease. When brain tissue from
PrP° expressing mice was grafted into the brain of PrP® knockout mice, there was gliosis,
spongiosis, and PrP*¢ accumulation only in the grafts following inoculation with murine scrapie
(Brandner et al. 1996 a and b). These studies show that PrP® is necessary for prion disease.

Previous research has shown that there is no change in Prnp mRNA (Meyer et al. 1986)
or PrP€ protein (Oesch et al. 1985) levels between end stage infected and age-matched
uninfected hamsters. While these studies suggest that PrP® levels do not change over the
course of a prion infection, there is a potential flaw because mMRNA and protein were isolated
from whole brain homogenate. PrP® accumulates in strain-specific regions of the brain
(DeArmond et al. 1993). Therefore, local depletion of PrP€ in regions of PrP*® accumulation
may be masked by normal PrP€ levels in unaffected regions. To reexamine the issue of PrP®
and avoid this potential flaw we utilized the sciatic nerve route of inoculation. This route of
inoculation was used because prion strain interference occurs in the ipsilateral ventral motor
neurons (Bartz et al. 2007). At different time points post inoculation hamsters were sacrificed,
the lumbar spinal cord between vertebrae T10-T13 was removed, dissected into ipsilateral and
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contralateral halves, and PrP¢ was isolated and quantified from each half of the spinal cord from
uninfected and DY TME-infected hamsters. We hypothesized that if PrP® depletion is the
mechanism of prion strain interference, DY TME would reduce PrP® levels in the ipsilateral DY
TME-infected spinal cord compared to the ipsilateral UN and contralateral DY TME-infected
spinal cord segments.

A second potential mechanism of prion strain interference is that PrP> from the blocking
strain directly interacts with PrP*° from the superinfecting strain. Evidence for this mechanism
comes from data showing that prion strain interference occurs when the blocking strain is
unable to cause disease (Manuelidis and Lu 2003, Bartz et al. 2004, Schutt and Bartz 2008). If
the blocking strain does not cause disease, it is unlikely that the blocking strain is depleting a
host resource. Furthermore, it has been shown that the blocking and superinfecting strains
must be in the same cell types for interference to occur (Bartz et al. 2007). Combined these
results may indicate that there are direct interactions between the PrP° from the blocking and
superinfecting strain which result in prion strain interference.

To test this hypothesis, | determined if prion strain interference could occur in the
absence of prion conversion in an in vitro model. Previously it has been shown that DY TME
can interfere with HY TME using protein misfolding cyclic amplification (PMCA) (Shikiya et al.
2010). | used this medel to determine if formalin-fixed DY TME, which | hypothesize to be
unable to convert PrP to PrPS® in PMCA, can still interfere with HY TME amplification. |
hypothesized that if PrP**-PrP* interactions were the mechanism of prion strain interference,

then formalin-fixed DY TME would interfere with HY TME in PMCA.
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5.2. Results
5.2.A. Isolation of PrP® from UN, HY and DY TME brain homogenate

To quantify the concentration of PrP°, | developed a method to isolate PrP® from
infected homogenates. PrP® and PrP*° can be separed because of differences in detergent
solubility. Brain homogenate from uninfected (UN), HY TME- or DY TME-infected hamsters
was separated into pellet and supernatant (sup) fractions using detergent extraction and
ultracentifugation as described in section 2.9. The controls in Figure 5.1 are brain homogenates
that were not fractionated. The controls verified that there was no change in electrophoretic
migration or proteinase K (PK) sensitivity following detergent extraction. The 37 kDa band
present in the absence of PK corresponded to full length, diglycosylated PrP or PrP=°,
Following PK digest, all PrP® was digested. The N-terminus of PrP*¢ was also digested leaving
three truncated bands that correspond to the di-, mono-, and unglycosylated core region of
PrPs¢. HY and DY PrP*° were detected in their respective pellet fractions, based on the
detergent insolubility and the presence of three PK-resistant bands (Figure 5.1 lanes 3 and 9).
The top band present in the UN pellet was 37 kDa in size and only present in the absence of
PK, indicating it was pelleted PrP° (Figure 5.1 lanes 15 and 16). Inthe UN, HY and DY TME
supernatant fractions, the top band migrated to 37 kDa, was sensitive to proteases and
detergent soluble suggesting that the isolated protein in the supernatant was PrP® (Figure 5.1
lanes 6, 12, 18). Combinded, this data shows that the PrP® isolation procedure was able to
isolate PrP from PrP*° in infected brain homogenates.

To determine the sensitivity of the PrP® isolation assay, hamster UN brain homogenate
was diluted 100, 75, 50, 25 and 0% (v/v) in mouse UN brain homogenate. UN brain
homogenates were used so no PrP*° is involved in the assay. Mouse UN was used because it
contains roughly equal amounts of total protein compared to hamster UN and mouse PrP does
not contain the 3F4 epitope, so no mouse PrP was detected by Western blot analysis. The
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Figure 5.1. PrPC isolated from HY TME-, DY TME-infected brain homogenate, or
uninfected (UN) brain homogenate. Control indicates brain homogenate that has
not been separated into detergent soluble and insoluble fractions. Following
ultracentrifugation, the pellet fractions are the detergent insoluble fractions
resuspended in DPBS. Supernatant (Sup) is the detergent-soluble, methanol
extracted fraction. PK denotes whether samples were digested with proteinase K.
The molecular weights are indicated on the left.
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Figure 5.2. A 50% or greater reduction in PrP can be detected. Hamster UN brain

homogenate was diluted in mouse UN brain homogenate and PrPC was isolated for
Western blot and coomassie total protein analysis. (A) By Western blot analysis
3F4 detected Hamster PrP but not Mouse PrP. (B) All dilutions containing hamster
UN had similar total protein levels by coomassie total protein assay. There was
significantly more total protein in the mouse UN compared to hamster UN. (C)
There was significantly less pg eq PrP/ug total protein when hamster UN was
diluted to 50% or less. * denotes a Student’s t test p value <0.05. Error bars are the
SEM.
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dilution of hamster UN into mouse UN simulates a reduction in 3F4-reactive PrP relative to
constant total protein. Following PrP isolation, PrP¢ was detected by Western blot in all
dilutions of hamster UN except the 0% dilution, confirming that mouse PrP¢ was not detected
with the 3F4 antibody (Figure 5.2A). The Coomassie plus total protein assay was used to
determine the total protein concentration. All dilutions that contained hamster UN had similar
levels of total protein when compared to the 100% hamster dilution (Student’s t test p
values>0.05) (Figure 5.2B). However, the 0% hamster (mouse UN alone) dilution had
significantly more total protein compared to 100% hamster UN dilution (Student’s t test p
value<0.0001) (Figure 5.2B). The pg eq PrP/ug total protein was calculated as described in
section 2.11 and all values compared to the 100% hamster UN dilution using Student’s t test.
The 50 and 25% (v/v) hamster UN dilutions had significantly less PrP® compared to the 100%
hamster dilution (p value=0.04 and 0.03 respectively). The 75% (v/v) hamster UN dilution was
not significantly different compared to the 100% hamster UN dilution (p value=0.88) (Figure
5.2C). The ability to detect reductions in PrP® greater than 50% is important because in
hemizygous mice that express half the amount of PrP® compared to wild type there is no
change in the rate of PrP*° or infectivity accumulation (Bieler et al. 1994). Since there is
decreased accumulation of PrP® during prion strain interference (Bartz et al. 2007), a greater
than 50% reduction in PrP® is necessary for PrP depletion to be a mechanism of prion strain

interference.

5.2.B. Isolation of PrP® from the lumbar spinal cord of DY TME and UN hamsters

To determine if DY TME interfered with HY TME by depleting PrP® levels in vivo,
hamsters were inoculated in the sciatic nerve with either UN or DY TME-infected brain
homogenate. At 60, 90, 120, 150, 180 days post inoculation, and clinical phase, groups of three
DY TME-infected hamsters and one UN hamster were sacrificed and the lumbar spinal cord
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Figure 5.3. There is no change in PrP€ levels in the DY TME and uninfected (UN) lumbar
spinal cord. PrP® was isolated from the supernatant fraction from each half of the spinal
cord for Western blot and coomassie total protein analysis. (A) Representative Western
blots from the supernatant fraction from each half of DY TME and UN spinal cords. (B)
There is no change in the total protein levels in the supernatant fraction by coomassie
total protein assay. There is no change in the pug eq PrP/ug total protein for (C) DY TME
and (D) UN. Error bars are the SEM.
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between vertebrae T10-T13 was removed and dissected sagittally, dividing the spinal cord into
contralateral and ipsilateral halves. Each half was homogenized to a final concentration 10%
(w/v) in DPBS plus protease inhibitor and PrP® was isolated three times from each half of all
spinal cords. Based on Western blot analysis, the pg eq PrP/ul was calculated form each half of
the spinal cord for all DY TME and UN spinal cords (Figure 5.3A). There were no significant
changes in total protein levels over time for either half of the spinal cord for either DY TME or
UN spinal cords as determined by the Coomassie total protein assay (one-way ANOVA p
value=0.16 and 0.96 respectively) (Figure 5.3B). The ug eq PrP/ug total protein was calculated
three times for each hamster and the averaged data presented. There was no statistical
difference in PrP® concentration in either half of the spinal cord between DY TME and UN at any
time point (Student’s t test p values>0.05). There was also no statistical difference in PrP°®
concentration between the ipsilateral and contralateral halves of the spinal cord for DY TME and
UN at any time (Student’s t test p values>0.05). There was also no change in PrP¢
concentration over time in the ipsilateral and contralateral halves of the spinal cord for either DY
TME or UN (one-way ANOVA p values> 0.05) (Figure 5.3C and D).

Western blot analysis was performed on PK-digested pellet fraction of contralateral and
ipsilateral DY TME spinal cord homogenates to verify that DY PrP*¢ accumulated in the spinal
cord over time. The intensity of DY PrP>® was normalized to a control DY TME brain
homogenate. Separate Western blots were performed on three replicates of each sample which
were pooled. DY PrP°® accumulation above background was first detected at 120 days post
inoculation in both halves of the spinal cord. Then accumulation of DY PrP*¢ generally
increased until clinical phase (Figure 5.4). There were some dips in the graph, probably due to
different animals with different levels of DY PrP°® at each time point. While there was a general
increase in the level of DY PrP over time , there was not a commensurate loss of PrP€ in the
spinal cord of the same animals, indicating that PrP® was not depleted by DY TME.
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Figure 5.4. DY PrPSC accumulates in the ipsilateral and contralateral DY TME spinal
cord pellet fraction over time. All samples were proteinase K digested prior to Western
blot analysis. The control lanes are brain homogenate from a DY TME-infected hamster
unrelated to the other samples. (A) Representative Western blots are shown for both
halves of the spinal cord. Pellet fractions from each time were run in triplicate. (B) All
samples were normalized to the average intensity of control samples on each gel which
were pooled and graphed below. The error bars are the SEM.
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5.2.C. Isolation of PrP® following PMCA

The previous data demonstrated that DY PrP¢ accumulation was not correlated with a
reduction in PrP€ levels over time. To confirm this finding, | nexted wanted to use the PMCA
model of prion strain interference to determine if increasing or decreasing PrP° levels alters the
interference phenotype. Before this could be done, | wanted to determine how much PrP¢ was
converted to PrP° during PMCA. | set up replicates of UN, HY and DY TME for PMCA for 0-5
days as described in section 2.12. Samples with 0 days of PMCA were immediately frozen at
-80°C. Every 24 hours three replicates of UN, HY and DY TME were removed from PMCA and
frozen at -80°C. To verify PrPS® amplification in PMCA, Western blot analysis was performed on
PK digested samples from all replicates at all time points for UN, HY and DY TME as well as
undigested UN from all time points. As expected, in the UN samples there was no accumulation
of PrP*¢ over time, suggesting that no PrP° was generated de novo. There was no significant
loss of PrP® in the undigested UN replicates over time (one-way ANOVA p value=0.89)
suggesting five days of PMCA did not lead to a reduction of PrP® independent of conversion to
PrP>° (Figure 5.5A lanes 1-12). HY TME and DY TME both had increased levels of PrP=¢
compared to 0 day of PMCA controls. After the second or third round the amplification of PrP>°
leveled off until the fifth day of PMCA (Figure 5.5A lanes 13-24). Over the course of five days of
PMCA there was an accumulation of HY and DY PrP%°,

Since there was an increase in PrP*° over time, the next step was to determine what
happened to PrP® levels in the same samples. PrP® was isolated from all repetitions as
described in section 2.9. There appeared to be a general decline in the isolated PrP® over time
in both the HY and DY TME samples. The decline appeared to a greater extent in the HY TME
samples (Figure 5.6A), which would be expected since there was a greater increase of HY
PrPS® than DY PrP*°. To standardize the ug eq PrP/ul by the total protein levels, the Coomassie
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Figure 5.5. Amplification of HY TME, DY TME and uninfected (UN) over 5 days of
PMCA. Three replicates of HY TME, DY TME, and UN were placed in PMCA for up to
5 days. Each day, three replicates of each was removed from the sonicator and frozen
at -80°C. (A) Western blot analysis was performed and representative blots are shown
above. As indicated, samples were digested with proteinase K. Amplification is the
intensity of the PMCA samples divided by the intensity of the samples that were not
exposed to PMCA (day 0). (B) The graph of average amplification £ SEM for each
time point is shown.
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Figure 5.6. PrP was isolated from HY TME, DY TME and UN samples in PMCA for 0-5

days. (A) PrPC was detected in the supernatant of all days of PMCA for HY TME, DY
TME, and UN by Western blot. (B) The total protein level of these samples was
determined by coomassie total protein assay and the graph is shown. The error bars
represent the SEM. * indicates Student’s t test p value <0.05 compared to 0 days of
PMCA.
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total protein assay was used. However, after one day of PMCA there was a 50% or greater
reduction in the amount of total protein which prevented determination of the pg eq PrP/ug total
protein (Figure 5.6B). This reduction in total protein is statistically significant (Studen’t t test p
values <0.05). It was unclear why there was a reduction in total protein, however one possibility
was that there was protein degradation during PMCA. | consider this unlikely since there was
no change in PrPC levels in the UN samples. A more likely possibility was that protein
aggregation following PMCA prevented the total protein assay from detecting all of the protein
present. The Coomassie total protein assay works because the Coomassie agent binds to
basic amino acids of a protein leading to a colorimetric change. If protein was aggregated,
there would be fewer sites for the Coomassie reagent to bind, leading to less color change,

falsely indicating less total protein.

5.2.D. PLP- and glutaraldehyde-fixed HY TME is not detected by Western blot or 96-well assay

Another hypothesized mechanism of prion strain interference is direct interactions
between blocking strain PrP¢ and superinfecting strain PrP*°. To test this hypothesis, the
conformation of PrP*® was fixed, which | hypothesized would prevent conversion of PrP€ to
PrP* in PMCA. If the blocking stain was unable to convert PrP but still interfered in PMCA,
this would indicate that prion strain interference was not due to the depletion of PrP® or another
cofactor. To examine the effect of formalin fixation on PrP*¢, | fixed HY TME brain homogenate
with either PLP or glutaraldehyde as described in section 2.13. Following PK digest there was
no detectable HY PrP* in the PLP- and glutaraldehyde-fixed samples by Western blot (Figure
5.7A lanes 3 and 4). HY TME controls that were not fixed or were mock-fixed with DPBS had
detectable levels of HY PrP*° (Figure 5.7A lanes 1 and 2).

I hypothesized that the lack of detection was due to the inability of the sample buffer
(SaBu) to denature the formalin fixed HY PrP*¢. To attempt to detect formalin fixed PrP*, |
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Figure 5.7. PLP- and gluteraldehyde (glut)-fixed HY PrP*® cannot be detected following
formic acid treatment, increased sample buffer (SaBu) concentration and guanidine
thiocynate (Gdn SCN) concentrations by Western blot or 96-well dot blot assay.
Fixation, Western blot and 96-well dot blot analysis was performed as described in
methods. Formic acid treatment entailed resuspending the second pellet in 50 pl formic
acid overnight, then resuspending the samples in DPBS prior to analysis. PK digested
samples were incubated in 1.17 U PK/ml for 30 min at 37°C. Samples not PK digested
were incubated in equal volume DPBS at 37°C for 30 min. The 4x Sabu contains twice
as much SDS and B-mercaptoethanol as 2x sabu. Samples were exposed to either the
normal 3 M or 6 M Gdn SCN for epitope exposure in the dot blot.

113



formic acid digested fixed homogenate prior to PK digest. Formic acid is used in
immunohistochemistry to expose antigens in sections that have been formalin fixed (Bartz et al.
2003). Formic acid failed to expose any epitopes and permit detection of PrP* in PLP- or
glutaraldehyde-fixed samples (Figure 5.7A lanes 7 and 8). Moreover, the formic acid treatment
removed PrP%® from the DPBS mock-fixed HY TME sample (Figure 5.7A lane 6). Use of a
stronger sample buffer that contained twice the concentration of SDS and 3-mercaptoethanol
still resulted in little or no detectable HY PrP%® in the PLP- and glutaraldehyde-fixed samples
(Figure 5.7A lanes 15 and 16). To verify that fixation was not making PrP> more PK sensitive,
PK digest was omitted, but there was still little or no signal in the PLP- and glutaraldehyde-fixed
samples (Figure 5.7A lanes 11 and 12). To determine if fixation was preventing binding to N-
terminus of PrP%, | preformed Western blot analysis with the C-terminal antibody POM19.
There was still little or no detectable PrP*° in the PLP- and glutaraldehyde-fixed samples which
indicated that even the N-terminus of PrP® was not exposed for immunodetection (Figure 5.7A
lanes 19 and 20).

The last attempt to detect PLP- or glutaraldehyde-fixed HY PrP*® was using the 96-well
dot blot assay. |incubated 2.5 ul brain homogenate with DPBS and/or 1.17 U PK/ml (final
concentration) in different concentrations of guanidine thiocyanate (Gdn SCN). Neither the 3
nor 6 M solution of Gdn SCN led to a detectable signal in the PLP- or glutaraldehyde-fixed HY
PrP>° (Figure 5.7B). These data show that PrP°® can not be detected in formalin fixed brain

homogenate.

5.2.E. PLP- and glutaraldehyde-fixed DY TME does not interfere with HY TME

Since | was unable to detect PrP>¢ following formalin fixation, | next wanted to determine
if PLP- or glutaraldehyde-fixed DY TME was capable of interfering with HY TME in vitro. It has
been previously shown that DY TME has the ability to interfere with the emergence
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Figure 5.8. PLP- or glutaraldehyde-fixed DY TME does not interfere with HY
TME. A constant level of DY TME, PLP-DY TME, or glutaraldehyde-DY TME
(glut-DY TME) was added to a 10-fold serial dilution of HY TME for PMCA. As
controls HY TME, DY TME, PLP-DY TME, and glutaraldehyde-DY TME were
individually placed in PMCA. Uninfected brain homogenate (UN) was also
placed in PMCA and aliquots were PK digested (+) or not digested (-) as
indicated. The second round is a 1:10 dilution of round one PMCA material into
UN. Rounds three, four and five are 1:1 dilutions of the PMCA products from the
previous round and UN.
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Table 5.1. The accumulation of PrPSC in HY TME serial dilution alone, or HY TME serial dilutions
with either DY TME, PLP-DY TME, and gluteraldehyde-DY TME.

PMCA Round 1 2 3 4 5
HY TME HY HY HY HY HY HY n.a.n.a. HY n.a. n.a. HY n.a. n.a. HY
DY TIME DY DY DY DY DY DY n.a.n.a. DY n.a. na. + n.a.n.a. HY
Controlsh PIiP—DYTME +++ +++ n.a.n.a. + n.a.n.a. [ n.a. n.&
glut-DY TME +++ +++ n.a. n.a. + n.a. n.a. - n.a.n.a. -
UN PK+ - - - - - - nana. - n.a.n.a. - n.a.n.a.-_|
UN PK- UN UN UN UN UN UN n.a.n.a. UN n.a.n.a. UN n.a.n.a. UN
1 HY HY HY HY HY HY n.a.n.a HY n.a.n.a. HY n.a.n.a. HY
107-1 HY HY HY HY HY HY n.a. n.a HY n.a. n.a. HY n.a. n.a. HY
HY TME 10~-2 HY HY HY HY HY HY n.a. n.a HY n.a. n.a. HY n.a. n.a. HY
serial dilution 10°-3 HY HY HY HY HY HY n.a.n.a HY n.a. n.a. HY n.a.n.a. H |
10"—4 HY HY - HY HY HY n.a.n.a HY n.a.n.a. HY n.a. n.&
10"-5 -HY - HY HY HY n.a.n.a HY n.a.n.a. HY n.a. n.a. HY
107 -6 -- - HY - - n.a.n.a. HY n.a. n.a. HY n.a. n.a. HY
10°-7 --- --- n.a.n.a. HY n.a.n.a. HY n.a.n.a. HY
1 DY DY HY/DY HY HY,/ DY HY/DY n.a. n.a. HY n.a.n.a. HY n.a.n.a. HY
104-1 DY DY DY HY/DY HY/DY HY/DY n.a. n.a. HY n.a. n.a. HY n.a. n.a. HY
10n-2 DY DY DY DY DY DY n.a.n.a. HY n.a.n.a. HY n.a. n.a. HY
DY TME/| 1043 DY DY DY DY DY DY n.a.n.a. HY/DY n.a.n.a. HY/DY n.a.n.a. Hy |
HY TME 10°-4 DY DY DY DY DY DY n.a. n.a. DY n.a. n.a. DY n.a. n.a. DY
serial dilution 10°-5 DY DY DY DY DY DY n.a. n.a. DY n.a. n.a. DY n.a. n.a. DY
10°-6 DY DY DY DY DY DY n.a.n.a. DY n.a.n.a. DY n.a. n.a. DY
104-7 DY DY DY DY DY DY n.a.n.a. DY n.a.n.a. DY n.a.n.a. DY
1 HY HY HY HY HY HY n.a.n.a. HY n.a. n.a. HY n.a. n.a. HY
10°-1 HY HY HY HY HY HY n.a.n.a. HY n.a.n.a. HY n.a.n.a. HY
w HY HY HY HY HY HY n.a.n.a. HY n.a.n.a. HY n.a. n.&
PLP-DY TME/ 10°-3 -+ + ++ HY n.a. n.a. HY n.a. n.a. HY n.a. n.a HY
HY TIVIE] 10-4 -+ + + 4+ n.a. n.a. + n.a.n.a. HY n.a.n.a. HY
serial dilution| 10-5 -4+ 4+ n.a. n.a. + n.a.n.a. HY n.a. n.a. HY
10"-6 + 4+ + 4+ n.a. n.a. + n.a.n.a. HY n.a.n.a. HY
104-7 -+ + +++ n.a.n.a. + n.a. n.a. HY n.a. n.a. HY
1 HY HY HY HY HY HY n.a. n.a. HY n.a. n.a. HY n.a. n.a. HY
10°1 HY HY HY HY HY HY n.a.n.a. HyY n.a.n.a Hy n.a.n.a Hv |
M HY HY HY HY HY HY n.a.n.a. HY n.a.n.a. HY n.a. n.a&
Glut-DY TME/| 107-3 +-+ HY + HY n.a. n.a. HY n.a. n.a. HY n.a. n.a. HY
HY TME| 107-4 + -+ HY + - n.a.n.a. + n.a.n.a. + n.a. n.a. HY
serial dilution| 10-5 -+ HY + + n.a. n.a. + n.a. n.a. + n.a.n.a. HY
107-6 --+ + 4+ n.a. n.a. + n.a.n.a. + n.a. n.a. HY
10"—7 --+ +++ n.a.n.a. -+ n.a.n.a. -+ n.a.n.a. HY

Independent repetitions were performed on samples as indicated. HY indicates migration like HY
S S C
PrP C; DY indicates the migration like DY PrP C; UN indicates a migration similar to PrP ; +

S S
indicates the presence of PrP C, but the strain could not be determined; - indicates no PrP ¢
detected; n.a indicates not applicable. The numbers 1-107-7 is the dilution of HY TME.
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of serial dilutions of HY TME in PMCA (Shikiya et al. 2010). To determine if PLP- or
glutaraldehyde-fixed DY TME retained the ability to delay HY PrP° emergence, HY TME-
infected brain homogenate was 10-fold serially diluted in DPBS and 5 pl of each dilution was
pipetted into PCR tubes containing 5 pl either untreated control, PLP- or glutaraldehyde-fixed
DY TME and 90 pl UN in conversion buffer. Controls containing 5 pl of HY TME, DY TME, PLP-
or glutaraldehyde-fixed DY TME brain homogenate and 95 ul UN in conversion buffer or 100 pl
UN in conversion buffer were also prepared. PMCA was performed on these samples and
controls as described in section 2.14. After 24 hours samples were passaged for the first time
by pipetting 10 ul of each sample and control into 90 pl UN in conversion buffer. Every 24 hours
samples and controls were subsequently passaged by pipetting 50 pl of each sample or control
into 50 ul UN in conversion buffer. To determine which strain emerged from the mixture and
which controls amplified, Western blot analysis was performed on the PK digested samples and
controls. A total of three repetitions of PMCA interference were performed. One repetition was
continued for five rounds. One of the repetitions was stopped after the second round when it
was discovered that one set of the second round samples was placed in the sonicator for the
third round instead of the passaged samples. The final repetition was stopped after HY PrP>*
contamination was conformed in the PLP and glutaraldehyde-fixed DY TME and UN controls
following the second round.

The HY TME control amplified and HY PrP° migrated as expected in all five rounds of
PMCA (Figure 5.8 and Table 5.1). The DY TME control amplified and migrated like DY PrPs°
through three PMCA rounds. Interestingly, in the fourth PMCA round there was PrP>°, but the
strain could not be identified. In the fifth PMCA round this control migrated like HY PrPs°,
suggesting contamination (Figure 5.8 and Table 5.1). The UN control migrated like PrP® and
remained protease sensitive in all rounds suggesting no de novo formation of PrP° (Figure 5.8
and Table 5.1). Both of the PLP- and glutaraldehyde-fixed DY TME controls had faint PrP>*
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bands present in the first three rounds of PMCA (Figure 5.8 and Table 5.1). There was no
increase in PrP*° intensity by the third round, suggesting little or no amplification of PrP%® in
these samples. The faintness of the bands may have been due to the inability of the sample
buffer to denature sample for entry into the gel, as in section 5.2.D, or to low levels of
amplification. By the fourth round of PMCA these controls either had no detectable PrP®° or the
migration was consistent with DY PrP*° (Figure 5.8 and Table 5.1). Migration like DY PrP%¢ in
the PLP-fixed DY TME may have been due to contamination with DY PrP%¢, or to sufficient
amplification of the fixed material to yield detectable levels of PrP°. More repetitions would
need to be performed to differentiate these possibilities.

In the HY TME alone serial dilution, all PrPS° was considered to be HY PrP%¢. HY Prp>°
was detected in the 1 to 10™ dilution of HY TME in the first round of PMCA. After the second
round of PMCA, HY PrP* was detected in all samples from the 1 to the 107 dilution of HY TME.
After the third round, HY PrPS¢ was still detected down to the 107 dilution of HY TME. The
intensity of HY PrP* increased in the 107 dilution over the fourth and fifth PMCA rounds (Figure
5.8 and Table 5.1). HY PrP*° was first detected in all dilutions by the third PMCA round when
there was no DY PrP%° present.

When DY TME was mixed with a serial dilution of HY TME, after one PMCA round only
DY PrP*° was detected except in one repetition, which was a mixture of HY and DY PrP*¢ in the
first dilution of HY TME. In the second round of PMCA, the 1 and 10 dilutions of HY TME were
a mixture of HY and DY PrP°. All other dilutions of HY TME the PrP*® migrated like DY PrP%°.
By the third and fourth PMCA rounds, HY PrP* was detected in the 1, 10™, and 107 dilutions of
HY TME and there was a mixture of HY and DY PrP*¢ in the 107 dilution of HY TME. In the fifth
PMCA round, HY PrP>¢ was detected in the 1, 10, 10, and 107 dilutions of HY TME; all other
dilutions migrated like DY PrP%® (Figure 5.8 and Table 5.1). The data presented here for the
emergence of HY TME alone or when mixed with DY TME was similar to what was published
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previously (Shikiya et al. 2010).

In both the first and second PMCA rounds with PLP-fixed DY TME and a serial dilution
of HY TME, HY PrPS¢ was detected 1, 10, and 1072 dilutions of HY TME. PrP*¢ was detected
down to the 107 dilution of HY TME in most repetitions, but it was unknown if this represents HY
PrP* or amplified PLP-fixed DY PrP*°. In the third round of PMCA, HY PrP°® was detected
down to the 107 dilution of HY TME. There was PrP* in the remaining dilutions of HY TME, but
the strain could not be determined. In the fourth and fifth rounds, HY PrP*® was detected in all
dilutions of HY TME (Figure 5.8 and Table 5.1). Because HY PrP*° was ultimately detected in
all repetitions, | hypothesize that the PrP*° detected in the early rounds of PMCA was HY PrP%°.
This suggested that PLP-fixed DY TME was unable to interfere with HY TME since HY PrP*°
emerged in a pattern similar when PMCA was performed with HY TME mixed with UN or PLP-
fixed DY TME.

In the first round of PMCA of a mixture of gluteraldehyde-fixed DY TME and serial
dilutions of HY TME, HY PrP*® was detected in the 1, 10™, 107 dilutions of HY TME. In the 10?,
10, and 107 dilutions of HY TME PrP%® was detected in a majority of repetitions, but the strain
could not be determined. In the 10 and 107 dilutions of HY TME, PrPS¢ was detected in one
repetition. In the second, third and fourth PMCA rounds, HY PrP> was detected in the 1, 10,
10, and 107 dilutions of HY TME. Unidentified PrP°® was detected in the remaining dilutions of
HY TME. In the fifth PMCA round all dilutions of HY TME had detectable levels of HY PrPs°
(Figure 5.8 and Table 5.1). Since HY PrP*° emerged in all dilutions of HY TME in later rounds
than the control or PLP-fixed DY TME dilutions, it is unclear if the unidentified PrP®¢ is HY PrPs,
or PrP° amplified from glutaraldehyde-fixed DY TME. As with PLP-fixed DY TME, |
hypothesize that the unidentified PrP>® was HY PrP%°.

Combined, the above data suggested that neither PLP- nor glutaraldehyde-fixed DY
TME slowed the emergence of HY PrP*°. Some interference may be occurring since HY PrP**
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is more readily detected in the HY TME serial dilutions alone compared to the HY TME serial
dilutions mixed with PLP- or glutaraldehyde-fixed DY TME. However, this may be due to the
limitation of the Western blot analysis which may not detect sufficient amounts of the
unglycosylated PrP*° to determine the strain. More repetitions would be needed to distinguish
these possibilites. This interpretation also assumes that the unidentified PrP%® is HY PrP%°. ltis
possible that the unidentified PrP*® was from an initial small level of conversion by the PLP- and
glutaraldehyde-fixed seeds. Since HY TME amplifies faster than the PLP- or glutaraldehyde-
fixed DY TME, HY PrP*® may emerge from these samples quickly so the initial level of
conversion is not detected. This would suggest that in at least some dilutions, the unidentified
PrP* may be DY PrP°® and there may be some interference. While the later possibility cannot
be excluded, it less likely since there was little or no PrP*¢in the PLP- or glutaraldehyde-fixed
DY TME controls for the same PMCA rounds. In either case, PLP- and glutaraldehyde-fixed DY
TME does not slow the emergence of HY PrP*¢ in PMCA to the same degree as control DY

TME.

5.3. Discussion
5.3.A. Results summary

In the results section, | investigated two mechanisms of prion strain interference. | first
developed a method to isolate PrP® from infected homogenates. This assay was able to detect
reductions of PrP® 50% or greater. | then showed there was no reduction in PrP® levels the the
spinal cord, even though DY PrP*¢ did accumulate over time. | was unable to test PrP°®
reduction using PMCA because there was a significant loss of total protein in the sonicated
samples. | next showed that formalin fixed PrP>° was not detected by Western blot or 96-well
dot blot. Formalin fixed DY PrP° was unable to interfere with HY TME to the same extent as
untreated DY PrP**,
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5.3.B. Loss of PrP is not a mechanism for prion strain interference

Since HY and DY TME are transported to the same cell type following sciatic nerve
inoculation, we hypothesized that DY TME depleted PrP€ in the ventral motor neurons.
However, after isolating PrP® from the spinal cord of DY TME and UN hamsters, there was no
change in PrP® concentration. This suggests that the abundance of PrP does not decrease,
even though DY PrP*° accumulates in these neurons. PrP° had a half-life on the cell surface of
3-6 hours in cell culture (Caughey et al. 1989), suggesting rapid turnover of the protein. It has
also been suggested that in infected cells 90% or more of the total PrP is PrP® (Borchelt et al.
1992, Manuelidis 1998). Since conversion happens to a small amount of PrP® and what PrP°¢
that is lost to conversion is replaced by the cell, the accumulation of PrP> does not significantly
decrease PrP€ levels. This is not the case in PMCA. Since there was only a limited pool of
PrP°, the conversion to PrP*¢ over time does decrease the level of PrP€. This decrease in PrP°
level occurs only at later time points. In the first couple of rounds when amplification is greatest,
there are still significant levels of detectable PrP®. It is unclear why this is the case. Perhaps
there was a low level of conversion that depletes PrP° that was not detected or PrP¢ is binding,
but not converting PrPC. Interestingly, even though there was a decrease in the amount of PrP®
isolated from PMCA, there was still some PrP° detected. This shows that in PMCA, even after
five rounds, there may be some PrP° remaining.

The data presented here shows that there was no significant changes to PrP® levels
over time in DY TME infected spinal cord. While the data suggested that prion strain
interference was not due to a reduction in PrP° levels, there may be other explanations. PrP¢
was isolated from half of the spinal cord, not specifically from the ventral motor neurons. As a
result the PrPC isolated was from all cells present, not just neurons. Since glial cells like
astrocytes express Prp° (Moser et al. 1995, Lima et al. 2007, Witusik et al. 2007), there may be
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a reduction in PrP in neurons that is being masked by other cells. It is also possible that not all
PrP® was equally available for conversion. PrP® may need to be present at a subcellular
location, such as on the outer membrane or in endosomes, or present with a cofactor, such as
RNA, glycosaminoglycans (GAGS), or another polyanion, for conversion to occur. The
population of PrPC that is available for conversion may be depleted, but this depletion may be
detected if this PrP® subpopulation is a minority of the total PrP° in a cell. A final possibility is
that that DY PrP*® is binding, but not converting PrP®. PrP°° conversion is a two-step process.
In the first step, PrP*® binds to PrP® (Horiuchi and Caughey 1999) and PrP€ is subsequently
converted to PrP° (DebBurman et al. 1997). If DY PrP* efficiently binds to PrP® but
inefficiently converts PrP® to PrP%°, there may still be insufficient PrP€ available for HY Prp*
conversion. If the DY PrP°-PrP® interaction was broken by the detergent incubation, then there
would appear to be equal levels of PrP® available.

The presence of PrP® in the UN pellet fraction indicatess that there was some fraction of
PrP° that was not analyzed. It is unknown why this population of PrP© was detergent insoluble.
It could be that there was some PrPC that is attached to a subcellular structure such as a portion
of the outer membrane, endoplasmic reticulum or Golgi apparatus and as a result PrP€ was not
solubilized. GPI-anchored proteins in sphingolipid-rich microdomains acquire nonionic
detergent-insolubility at low temperatures (Brown and Rose 1992, Cerneus et al. 1993). While
NLS is anionic, it may be possible that something similar happened since PrP° is a GPI-
anchored protein found in cholesterol-rich microdomains (Taraboulos et al. 1995) and
ultracentrifugation was performed at 4°C. Alternatively, there may be different forms of PrP°®
(Pan et al. 2002, Dourmashkin et al. 2004, Yuan et al. 2006, Tixador et al. 2010, Kuczius et al.
2011), some of which may be insoluble in 2% NLS. Finally, a 2% (w/v) solution of NLS may
have been insufficient to solubilize all of the PrP®. As a result, the inability to detect a change in
PrP® may have been a limitation of the assay. There may have been changes in PrP° levels,
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but the maximum amount of PrP® solubilized was insufficient to detect these changes. Even
though some PrP® was not being detected, a 2% (w/v) NLS solution was used because higher
concentrations of NLS lead to PrP*° being solubilized and entering the supernatant (results not

shown).

5.3.C. Fixed DY TME is unable to interfere with HY TME

The data presented in section 5.2.E suggested that formalin-fixed DY TME could not
interfere with HY TME. PrP®accumulated with similar kinetics when HY TME was alone or
mixed with PLP- or glutaraldehyde-fixed DY TME. When the strain could not be determined
because the unglycosylated band was not present, most likely the PrP*¢ was HY PrP*°. If this
was the case, then prion strain interference did not occur since HY PrP>¢ emerged similarly to
the control. Even if the unidentified PrP®® was from PLP- or glutaraldehyde-fixed DY TME,
neither of these samples interfered with HY TME to the same degree as control DY TME,
suggesting that that formalin fixation decreased the interfering ability of DY TME.

It is unknown how interference was ameliorated by formalin fixation. During formalin
fixation, nitrogen atoms in lysine side chains are crosslinked (Sompuram et al. 2004). This
means that lysines in DY PrP>® may be crosslinked to one another, locking the conformation of
DY PrP%°. By locking the conformation, DY PrP>® may be unable to do bind to or convert PrP¢,
preventing amplification in PMCA. Formalin-fixed DY PrP>° may be unable bind cofactors
required for conversion or to HY PrP*fibrils and as a result interference would be ameliorated.
Another possibility is that formalin-fixation cross-links the lysines of DY PrP° to lysines of other
proteins in the brain homogenate. The proteins bound to DY PrP%® may act to shield DY PrPs°
binding sites from PrPC, other cofactors, or HY PrP*°. Since cross-linking occurs at random, it is

possible that DY PrP*¢ may be bound to both itself and to other proteins in the brain. More
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work is needed to separate these possibilities. It may be useful to repeat these experiments

with enriched DY TME, so fixation is between lysines within the PrP>° fibril.
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Chapter 6: Interpretations and future experiments

6.1 Interpretations
6.1.A. Prion interference occurs through a mechanism similar to viral superinfection exclusion
As discussed in section 1.4.A, similar viruses can interfere with each other by three
mechanisms, superinfection exclusion, defective interfering particles and inducing host
interferon production. The data collected to date suggest that prion interference is mediated
through a mechanism similar to viral superinfection exclusion. There are no defective interfering
particles in TSEs. It may be possible that there are oligomers of PrP%° that are capable of
binding, but not converting PrP® to PrP®°, however, these oligomers have not been described.
While there is an inflammatory response at the clinical stages of TSEs, this response is not
present at earlier time points. Therefore, inflammation is not relevant to prion strain
interference. During superinfection exclusion, the interfering virus either depletes host factors
required for replication or has a direct impact on a superinfecting virus to prevent replication. |
hypothesize that something similar is happening during prion strain interference. The blocking
prion strain may be depleting or sequestering PrP® or other host factors that may have a role in
prion conversion such as RNA (Deleault et al. 2005, 2007, and 2010), glycosaminoglycans
(GAGs; Wong et al. 2001B, Lawson et al. 2010), or divalent cations (Orem et al. 2006), though
the data presented in section 5.2.B indicated that PrP® was not depleted. The blocking strain
may also have a direct interaction that blocks the superinfecting strain. This hypothesis has yet

to be fully investigated.

6.1.B. Conversion is not required for prion strain interference
DY TME was able to increase the incubation period of HY TME following per os
inoculation even though DY TME could not cause disease (section 3.2.B). This provides further
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evidence that prion strain interference may occur in the absence of PrP¢ accumulation.
Previous data showed that DY TME was unable to cause disease following intraperitoneal
inoculation. Furthermore, there was no accumulation of DY PrP*¢ or infectivity in the brain,
spleen or lymph nodes (Bartz et al. 2005). Since DY TME could not cause disease following
per os inoculation, it was assumed there was also no accumulation of DY PrP° or infectivity,
though this was not been determined. A lack of DY PrP*¢ accumulation following per os
inoculation suggests that the mechanism of prion strain interference is not due to a reduction or
sequestering of PrP® or some other cofactor because there is an absence of PrP%°
accumulation. Conversely, any DY PrP°® accumulation leaves open the possibility of
competition for a cofactor. More work would need to be done to determine if there is any
accumulation of DY PrP*¢ following per os inoculation.

The larger implication of this conclusion is that prion strain interference, once
understood, could provide the mechanistic framework for a TSE treatment. An agent that could
prevent PrP°¢ conversion without leading to disease would be a powerful tool in combating
TSEs. This agent may be used to slow the progress of TSEs in clinically ill patients and
prophylactically to treat humans or domestic animals potentially exposed to TSEs. Prophylactic
treatment could act to slow the spread of TSEs to new hosts, limiting infections and preventing
outbreaks like the BSE epidemic in the 1980s-1990s. While this agent may slow the progress of
the disease, it would probably be unable to stop or reverse the formation of PrP*¢ aggregates.
This would mean that patients that are displaying clinical signs or symptoms will probably not be

cured; however they may have more days with decreased symptoms.

6.1.C. Prion strain interference may occur during natural TSEs

DY TME extended the incubation period of HY TME following per os inoculation (section
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3.2.B), which demonstrated prion strain interference could occur following a natural route of
inoculation, suggesting that prion strain interference may be a natural part of the biology of
TSEs. It is hypothesized that there may be multiple prion strains present in an infected host.
The best evidence for this is the isolation of multiple prion strains following serial passage in a
new host and detecting different PrP° electrophoretic mobility patterns in the same host by
Western blot analysis (Kimberlin and Walker 1978, Bessen and Marsh 1992B, Polymenidou et
al. 2005, Angers et al. 2010, Baron et al. 2011, and Kobayashi et al. 2011). Since there may be
multiple strains present in a host, there may be prion quasispecies. Quasispecies are the
population of related RNA viruses that develop in an individual over time during an infection
(Domingo et al. 1998). The presence of these prion quasispecies may be part of the
mechanism of crossing the species barrier. Different conformations of PrP>® may interact
differently with the host PrP® of the new species. As a result, one of these conformations may
better convert PrP° leading to PrP® accumulation and clinical disease. Serial passage may
then allow this strain to become dominant in the new host.

While the putative presence of prion quasispecies has implications for the ability of prion
strains to cross the species barrier, this may also be part of the infection process within the host.
Many natural prion diseases have a great deal of heterogeneity in the incubation period. This is
usually attributed to differences in titer or in the number of exposures to the prion agent.
Another possibility is that interfering interactions between prion strains in the inoculum lead to
longer incubation times. If this is true, identification of the prion quasispecies that are able to
have an interfering effect may provide an important tool for slowing the spread and decreasing

the ability of prion strains to cause disease.

6.1.D. Prion strains in a mixture cannot be differentiated by current in vitro assays
Currently there is no assay that can easily differentiate prion strains based on
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biochemical properties. The only way to differentiate prion strains is through repeated passages
in either animal or cell culture models. This is costly and time consuming. The data presented
in section 4.2.A showed that the [SDS],/, of a mixture of HY and DY TME is consistent with HY
TME. This demonstrates that the more stable strain in the mixture will prevent the detection of
the less stable strain. The same result is expected from other assays for biochemical properties
that are based on relative resistance to PK digestion. Because of this and the fact that there is
no single PrP%® biochemical property that differentiates prion strains, there is no current in vitro
assay that can separate prion strains. As a result, bioassay remains the only method to
determine how many strains are present in a natural isolate. If an in vitro assay could be
developed to differentiate prion strains, it may lead to the identification of less infectious strains
that have not been identified by bioassay. This assay could also determine the relationship

between PrP*¢ conformation and prion strains.

6.1.E. There may be a subpopulation of PrP® that is not available for conversion

Both in vivo and in vitro PrP® was detected following the accumulation of PrPS¢ (sections
5.2.B and 5.2.C). If this is correct, the data suggests that there is a population of PrP® that is
not competent for conversion. While it has been believed that all PrP© can be converted to
PrP°, this is not the case. In transgenic mice that express PrP® only in oligodendrocytes, there
was neither PrP° accumulation nor clinical disease following inoculation with murine scrapie
(Prinz et al. 2004). Soluble dimers of PrP¢ expressed from lentiviral vectors increased
incubation period and decreased the PrP*° levels (Genoud et al. 2008). Understanding why
different populations of PrP® are less susceptible to conversion may be important for learning
more about the location and mechanism of the conversion process. Forms of PrP¢ that cannot
be converted to PrP®® could potentially be used as a therapeutic agent by acting as a

competitive inhibitor of the conversion process.
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6.2 Suggested future experiments
6.2.A. Understanding the role of PrP® in prion strain interference using PMCA interference

More work is needed to determine if or to what degree PrPC is part of the mechanism of
prion strain interference. To investigate the role of PrP in prion strain interference, it is first
important to understand why there is a decrease in total protein following PMCA. | hypothesize
that the sonication during PMCA is inducing the aggregation of proteins in brain homogenate
making them less soluble in detergents. Detecting more total protein in the supernatant
fractions may have simple solutions such as trying a new total protein assay, such as the BCA
total protein assay, or trying to disaggregate the sonicated samples by vortexing or sonication
prior to detergent extraction. It may be possible to add a known concentration of a detergent-
soluble indicator protein, possibly bovine serum albumin (BSA), to sample before sonication or
before detergent extraction. Then, by determining the concentration of the indicator protein in
the supernatant, the pug eq PrP could be standardized. If the pug eq PrP can be calculated over
time in PMCA, this will allow us to determine the time course of PrP° reduction in PMCA.

The next step would be to determine if prion strain interference is affected by the
addition or reduction of PrP®. PrP€ levels can be reduced be mixing hamster uninfected brain
homogenate (UN) with mouse PrP knockout brain homogenate. The hamster/PrP knockout
mouse brain homogenate mixture should have similar levels of total protein with reduced levels
of hamster PrP®. This mixture could be used as a substrate for PMCA prion strain interference
to determine what affects reduced PrPC levels have on the detection of HY PrP* with and
without DY PrP%°. If PrP€ is the factor prion strains compete for, its depletion should deepen the
interference phenotype, meaning HY PrP* will emerge from DY PrP%° at later rounds than when

hamster UN is the substrate. If PrP is not being competed for, the interference phenotype will
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not change and HY PrP* should emerge at the same time, regardless of the concentration of
PrP°.

Conversely, PrP® could be added to PMCA to see if this affects prion strain interference.
Adding in hamster PrP€ is technically more difficult compared to removing PrP®. Recombinant
PrPC is available, but it is not readily converted to PrP® in PMCA (Kim et al. 2009). PrP® may
be isolated from either hamster UN brain homogenate or from RK13 cells expressing wild type
hamster PrP® and add this PrP® to UN hamster brain homogenate. This should allow us to add
PrP° specifically, not just increase the total protein concentration of the PMCA substrate.
Another potential way of increasing the available PrP® is to decrease the concentration of the
HY or DY TME seed. By doing this, there is an increase in the abundance of PrP° relative to
PrPS¢. PMCA prion strain interference could then be examined at these lower concentrations of
PrP*. | expect that if competition for PrP® is the mechanism for prion strain interference, the
addition of more PrP° will lead to HY PrP*¢ emerging faster, because the greater conversion
efficiency of HY TME should lead to increased accumulation of HY PrP%°. If PrP° levels are not
part of the mechanism of prion strain interference, there should be no change in the emergence
of HY PrP®® compared to hamster UN brain homogenate substrate. By altering the level of PrP®©
or PrP*¢, the overall conversion efficiency for both HY and DY TME may be altered. As a result,
DY and HY TME only controls need to be performed in parallel to verify that any changes to the
prion strain interference phenotype are not solely due to changes in conversion efficiency. If
there are changes to conversion efficiency, then prion strain interference would be determined
by comparing HY PrP°¢ emergence in the HY TME only control to samples containing HY and
DY TME.

To determine what role cellular environment around PrP plays in prion strain
interference, phosphatidylinositol phospholipase C (PIPLC) can be used to cleave PrP° at the
GPI anchor removing PrP® from the outer membrane (Stahl et al. 1990). PIPLC-treated brain
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homogenate could be used as a substrate for PMCA to determine if conversion and prion strain
interference can still occur in PMCA. If conversion occurs and the cellular environment around
PrPC is not relevant to prion strain interference, then HY PrP>¢ should emerge from DY PrP%° at
the same time in both PIPLC-treated and untreated hamster UN. If conversion occurs and the
cellular environment is relevant for prion strain interference, there are two possible outcomes.
HY PrP%® may emerge faster in PMCA following PIPLC treatment because DY PrP*¢ is less able
to block access to PrP®. This would suggest that the ability of DY TME to interfere with HY TME
is dependent on PrP€ being associated with the membrane. It is also possible that prion strain
interference may be strengthened because the PIPLC digest allows DY PrP*° to better block
access to PrP® and prevent conversion to HY PrP%°,

Another possible outcome is that there will be little or no conversion to PrP>¢ with PIPLC-
digested UN as a PMCA substrate. There is evidence that PIPLC-digested UN cannot be
converted to PrP¢ in PMCA (Kim et al. 2009). If there is little or no amplification of HY or DY
PrP%¢ in PMCA with PIPLC-digested substrate, no conclusions can be drawn from prion strain
interference experiments. If PIPLC-digested UN is not converted to PrP¢, PIPLC-digested and
untreated UN could be mixed to determine what ratio supports conversion to PrP* in PMCA.

By doing this, the overall level of PrP® should be roughly equal, but there is a decrease in the
amount of PrP€ that is capable of conversion, presumably because the PIPLC-digested PrP€ is
not in the proper cellular environment to support conversion. This mixture of PIPLC-digested
and untreated UN could be used as the substrate for PMCA prion strain interference to
determine if the proper cellular environment represents sites of conversion for which prion
strains compete. If sites of PrP® conversion are being competed for, | expect that DY TME will
be better able to interfere with HY TME by blocking the reduced number of sites in the mixed
UN substrate. If these sites are not part of the mechanism of prion strain interference, then HY
PrP°° should emerge at the same time in both untreated and PIPLC-digested/untreated UN. It
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is also possible that PIPLC-digested PrP® may act as a dominant-negative inhibitor of
conversion. As a result, there may be little or no conversion to PrP>¢ in PMCA with PIPLC-
digested PrP€ as part of the substrate. If this is the case, the above experiments cannot be
performed. This result would suggest that PrP® membrane attachment is required for

conversion to PrP¢ in vitro.

6.2.B. PrP* Sequestering PrP°

The detection of PrP® as PrP*¢ accumulated in vivo or in vitro (sections 5.2.B and 5.2.C)
suggested that PrP€ was not being depleted by DY TME. A possible expaination for this is that
DY PrP*¢ is binding, but not converting PrP®. To determine if DY PrP*° is sequestering PrP€,
radiolabelled or L42 epitope-tagged PrP° could be incubated with enriched DY PrP*¢ and any
PrPC-PrP° interactions detected by detergent extraction, ultracentrifugation and Western blot
analysis as described previously (Horiuchi and Caughey 1999, Horiuchi et al. 2000). The L42
epitope-tagged PrP€ could be isolated from RK13 cells engineered to express hamster PrP®
with the epitope for the antibody L42. If DY PrP*¢ is sequestering PrP°, there should be
increased PrP€ in the pellet fraction by Western blot analysis. If there is no binding, then PrP°®
should remain in the supernatant. By varying the incubation times, the kinetics of PrP® binding
and sequestering could also be evaluated. Similar experiments could be performed with
enriched Congo red or formalin-fixed DY PrP*° to determine if they are able to sequester labeled
PrP®. The result of these experiments would show whether PrP® can be sequestered by DY
Prps°.

To determine the degree of sequestering that occurs following PMCA, a similar method
to test for sequestering could be used following PMCA with a labeled PrP® substrate that can
bind, but not be converted by DY PrP*. The lack of conversion is essential since labeled PrP>*
will make detecting labeled PrPC difficult or impossible. Both recombinant (Kim et al. 2009) and
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Q172R point mutated PrP¢ (Geoghegan et al. 2009) were incapable of conversion and
prevented the conversion of wild type hamster PrP® to PrP*°. This suggested that both forms of
PrP° could bind to PrP®¢, without being converted to PrPS°. Labeled forms of either recombinant
or Q172R mutant PrP® could be used as a PMCA substrate. Following PMCA, detergent
incubation and ultracentrifugation could be performed to determine if DY PrP>° can sequester

PrP° following PMCA.

6.2.C. Investigating the role of co-factors in prion strain interference

After investigating the role of PrP® in the mechanism of prion strain interference, the next
step would be to investigate the role of co-factors such as RNA, GAGs, and divalent cations.
Previous research showed that some prion strains require RNA for the conversion of PrP€ to
PrP5 in vitro (Deleault et al. 2005, 2007, and 2010). If RNA is a required cofactor, then prions
strains may compete for this resource leading to prion strain interference. To test this
hypothesis, RNA may be removed by benzonase digest of hamster UN brain homogenate.
RNA extraction and quantification would have to be performed on benzonase treated and
untreated brain homogenate to determine the extent of RNA degradation. Nonspecific RNA
could be added into hamster UN to make a new PMCA substrate. If competition for RNA plays
a role in prion strain interference, depletion of RNA should enhance the interference phenotype
leading to HY PrP*® emerging from DY PrP%® in later rounds. Adding in RNA should lead to a
concentration-dependent elimination of prion strain interference because HY PrP*° should
emerge faster because there is more substrate available for the faster replicating strain. If RNA
is not part of the mechanism of prion strain interference, then its elimination or addition should
not alter the emergence of HY PrP%® from DY PrP®%. It is unknown to what degree RNA
facilitates HY or DY PrP>® amplification in vitro. As a result, changing the level of RNA may alter
the effeciency of conversion. HY and DY TME only controls will need to be run in parallel to
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verify that any change in emergence is related to altering the phenotype of prion strain
interference, not conversion in general.

GAGs are another putative cofactor for prion conversion. While the role of GAGs in
prion conversion is unclear, some data indicated that GAGs facilitate the conversion of PrP° to
PrPS%in vitro (Wong et al. 2001B, Lawson et al. 2010), suggesting that GAGs may be a cofactor
involved in prion strain interference. To test this hypothesis, the levels of GAGs could be
altered in PMCA to determine if there is an impact on the emergence of HY PrP® from DY
PrPs¢. GAGs can be depleted by the treatment with a GAGase such as heparinase Il or
chondroitinase ABC. GAGs such as heparin sulfate or chondroitin sulfate can be purchased
and added to hamster UN brain homogenate to increase the concentration of GAGs. The
expected results are the same for GAGs as for PrP® and RNA. As with PrP® and RNA, the role
of GAGs in the conversion of HY or DY TME is unknown. As a result, altering GAG levels may
alter conversion efficiency meaning that HY and DY TME only controls will have to be
performed in parallel.

Divalent cations, especially Cu®*, are the last co-factor of interest. The precise role of
divalent cations in prion conversion is unknown. There is evidence that the conversion of PrP°®
to PrPS® was reduced in the presence of copper ions (Orem et al. 2006). For this reason, the
nonspecific divalent cation chelator, EDTA is added to the conversion buffer. | hypothesize that
if there are free divalent cations and the concentration of EDTA is increased there should be an
increase in the conversion of PrP® to PrP%°. This should decrease the interference phenotype
allowing HY PrP%° to emerge from DY PrP*¢ in fewer PMCA rounds. lt is also possible that at
the current concentration of EDTA all divalent cations are chelated. If this is the case, then
increasing the EDTA concentration should have no effect on prion strain interference. To
increase the concentration of Cu®*, copper sulfate could be added to brain homogenate that
contains no EDTA. | would expect that PrP> will amplify less efficiently in this substrate due to
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the increase in Cu?". This is expected to delay the emergence of HY PrP® from DY PrP%°,
extending the prion strain interference phenotype. As with PrP®, RNA, and GAGs, HY and DY
PrP>¢ only controls will have to be performed in parallel to verify that changes in HY PrP=°

emergence are due to prion strain interference and not to altered conversion efficiency.

6.2.D. Investigating the role of PrP*°-PrP*¢ interactions in prion strain interference

To determine if direct interactions between HY and DY PrP*are present in vivo, it needs
to be determined that both strains are present in the same cells. To do this, the subcellular
location of HY and DY PrP*° will need to be determined. This could be done by using dual
labeled fluorescent microscopy to localize the PrP*° of each strain individually to subcellular
regions such as exosomes, endosomes, dendrites, or synapses. The subcellular location of
each strain could also be examined using immunoelectron microscopy. There could be unique
subcellular locations for both strains. Coinfected cells could then be examined to determine if
PrP° is detected in these locations which would suggest that PrPS¢ from both strains are
present in the cell. If both strains accumulate in the same areas, then it may possible that lipid
conjugated polymers (LCPs) could be used to determine if both strains are present. Both prion
strains being present in the same subcellular areas may suggest that PrP>°-PrP*° interactions
occur in vivo, though it would be difficult to show that PrP*® from both strains are present.

One of the ways to test if there are PrP>°-PrP%° interactions is to create forms of DY
PrP° that are incapable of replication in PMCA. This may be accomplished by altering the
conformational stability of PrP°. | showed that conformational stability and the conversion
efficiency of PrP®® can be altered by binding of Congo red or fixing with formalin (sections 4.2.D
and 5.2.E). The preliminary experiments shown here demonstrate that Congo red and formalin
have an effect on DY PrP*¢ in crude brain homogenate. To look more specifically at the effects
of fixation on DY TME, DY PrP%¢ can be enriched for, bound with Congo red or formalin fixed
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then added to PMCA with HY TME and hamster UN to see if there is still prion strain
interference. Presumably, DY TME will not amplify under these conditions, though this would
need to be verified. If prion strain interference occurs with no amplification of the bound or fixed
DY PrPS¢ seed, and there is no sequestering as determined from section 6.2.B, then the
mechanism of prion strain interference may be PrP**-PrP%¢ interactions. An absence of prion
strain interference would suggest fixation is preventing prion strain interference. If prion strain
interference occurs and sequestering and/or the bound or fixed DY PrP°® amplifies in PMCA,
interpretation of these results will be difficult because there may be co-factor sequestering or
depletion.

Interactions between DY and HY PrP°° may manifest themselves as changes in prion
strain biochemical properties. For example, the binding of DY PrP*¢ to HY PrP*¢ may alter the
conformational stability of HY PrP*°, which could affect other strain properties of HY TME
leading to prion strain interference. To test this, increasing concentrations of enriched DY PrPs°
could be incubated with enriched L42-tagged HY PrP%®. L42-tagged HY PrP*° could be
generated either by HY TME infection of RK13 cells expressing L42 epitope-tagged hamster
PrPC, or the isolation of L42-tagged hamster PrP® as a PMCA substrate with HY TME as the
seed. The conformational stability could then be determined for these mixtures with L42 as the
primary antibody. If there is an interaction between HY and DY PrP%°, there may be a change in
the [SDS]y,, relative to a control, enriched, L42-tagged HY PrP*¢, not incubated with DY PrP**.

If there is no interaction, | expect that the conformational stability will not change. It is possible
that there are interactions between HY and DY PrP*° that do not change the conformational
stability of HY TME. It is also possible that the interactions will be broken by the SDS and heat
leading to no observed change in the [SDS],,. Similar methodology could be used to examine if
DY PrP*¢ alters HY PrP*° PK resistance. As with conformational stability, an alteration in the
resistance to PK from the control would suggest PrP>°*-PrP° interactions.
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Another possible result of PrP%°-PrPS¢ interactions is a change in HY PrPS¢ aggregate
size. Itis possible that the binding of DY PrP* to HY PrP*° leads to HY PrP*° breaking into
smaller fibrils or that the binding of DY PrP> to HY PrP*° will lead to increased aggregate size.
To test this, increasing concentrations of enriched DY PrPS¢ could be incubated with enriched,
L42-epitope tagged HY PrP*° followed by semi-denaturing electrophoresis in 1.5% agarose gels
as described in Halfmann and Lindquist (2008). If there is an interaction between HY and DY
PrP°° | hypothesize that there will be a change in the size of PrP°® aggregates compared to
control HY PrP*°. If there is no change in the aggregate size, this does not mean there is no
interaction between PrP*° of different strains, but it does suggest that PrP°-PrP*° interactions
do not lead to a change in aggregate size.

One last prion strain property that may change as a result of PrP*¢-PrP*° interactions is
conversion efficiency. This could be tested by mixing enriched L42-tagged HY with increasing
concentrations of enriched DY PrP*° to determine if there is a change in the conversion
efficiency of HY PrP° in PMCA. | expect that this would lead to a delay in the emergence of HY
PrP*from DY PrP*°. However, there is no way of knowing if the resulting prion strain
interference is due to interactions between HY and DY PrP%¢, a change in the ratio of DY Prpse
relative to HY PrP*¢ or some other mechanism. Currently, there is no assay available to
determine if PrP°°-PrP*¢ interactions lead to prion strain interference by decreasing conversion
efficiency.

The above assays would indicate that there is some functional interaction between HY
and DY PrP%® which may alter different biochemical properties. Currently, there is no assay
available to demonstrate on the molecular level that PrPS® from different strains can interact. It
may be possible to show in vitro that PrP®® from different strains colocalize. Enriched fractions of
L42-tagged HY PrP*° could be incubated with increasing concentrations of enriched DY PrPs°
and then probed with L42 (mouse anti-PrP) and D13, a human anti-PrP antibody that binds
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recombinant hamster PrP as described in Makarava et al. (2009). After adding secondary
antibodies with different fluorophores, fluorescence microscopy could be performed. HY PrP*
is hypothesized to be labeled by both primary and both secondary antibodies, DY PrP*¢ is
hypothesized only be labeled with D13 and its secondary antibody. If there is any colocaliztion,
| expect to see fibrils that contain both single and mixed fluorophores. If there is no colocaliztion
I would expect to see separate fibrils of single or mixed fluorophores. Even if there is
colocaliztion, this assay would not show a functional interaction. This assay would show that
HY and DY PrP*¢ are located near one another after incubation in vitro. However, combined

with other data, this could be used as evidence for PrP5¢-PrP*° interactions.

6.2.E Prion strain interconversion

Another possible PrP%°*-PrP* interaction is interconversion. | hypothesize that DY TME
interferes with HY TME by converting HY PrP%° to DY PrP%°. To test this, L42-tagged HY PrP**
could be generated as described above and all PrP® could be removed by protease digestion
with proteinase K, trypsin, or thermolysin or through enriching for L42-tagged HY PrP¢. L42-
tagged HY PrP*° used as a substrate for PMCA using DY TME as the seed. PrP® would also
have to be removed as described above from the DY TME seed. Following PMCA, Western
blot analysis will be performed to determine the presence of L42-tagged DY PrP*°. If there is
L42-tagged DY PrP®¢, this would suggest interconversion had occurred.

Interconverion between prion strains has not been previously described. As a result, the
frequency of interconversion is unknown. Failure to detect interconversion may indicate the
wrong concentrations of prion strains may have been used. Itis also possible that
interconversion does not occur. PMCA has been used to detect HY PrP®® in mixtures that
otherwise appear to only contain DY PrP° for multiple PMCA rounds (Shikiya et al. 2010,
section 5.2.E). PMCA has been used to detect HY PrP*° in brain homogenate of hamsters
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where HY TME was blocked from causing disease and no HY PrP*® was detected by Western
blot (Shikiya et al. 2010). As a result, if interconversion does occur, it is probably a rare event

that may not be the main mechanism of prion stain interference.

6.2.F. Interamyloid interference

Nillson et al. (2010) demonstrated that there were different interactions between prion
strains. Because TSEs are not the only neurodegenerative diseases associated with an
abnormal conformation of a host protein, what effect, if any, these other amyloid proteins have
on PrP%° conversion could be determined. First it would be necessary to determine if PMCA can
be used to amplify amyloid B (AB), a-synuclein, or hamster female protein (a hamster serum
amyloid protein). There are recombinant forms of both A and a-synuclein that can be
purchased. Monomers only, or preformed oligomers, of AB or a-synuclein may be used to seed
the amplification of a monomeric PMCA substrate. Hamster female protein may be amplified by
performing PMCA on aged female hamster liver homogenate. Amplification is defined as an
increase in oligomeric form after PMCA compared to no PMCA controls. Amplification could be
determined by use of a semi-denaturing Western blot (Halfmann and Lindquist 2008), increased
detergent insolubility, increased PK resistance, and/or increased intensity of thioflavin T binding
of the PMCA products.

The next step is to determine if these oligomers can interfere with PrP* conversion.
This could be tested by adding increasing concentrations of A, a-synuclein, or female protein
oligomers into PMCA with HY or DY TME. Western blot analysis could be used to determine if
there is an increase, decrease, or no change in PrP>® compared to controls. It may be that
other amyloid proteins may act as a scaffold to facilitate the conversion of PrP*¢, therefore

increasing PrP°levels. It is also possible that AB, a-synuclein, or female protein may bind to
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and prevent the amplification of PrP*¢, decreasing PrP*°levels. A final possibility is that there

will be no effect leading to no change in PrP*° levels.

6.2.G. Determining conformational stability in different ratios of prion strains

Our current conformational stability assay was unable to differentiate HY TME and DY
TME when these strains were present in a 1:1 ratio. This is because the denaturation of the
more stable strain is preventing the detection of denaturation of the less stable strain. To
determine the effect of changing the ratio of HY and DY TME has on the conformational stability
profile, HY and DY TME brain homogenate could be mixed at different ratios and the
conformational stability determined for the different mixtures. Initially, conformational stability
samples should be analyzed by Western blot analysis to examine the electrophoretic mobility of
the PrP%° so which strain is present following denaturation could be determined. After the
identity of the strain was established by Western blot, more repetitions could be performed on
96-well dot blots. If the ratio of HY PrP*° is low enough the denaturation profile should be
consistent with DY TME. It would be interesting if the denaturation profile is biphasic, where
there is noticeable denaturation consistent with DY TME and then a further denaturation
consistent with HY TME at a higher concentration of chaotropic agent. It is unlikely that that the
denaturation profile would be a hybrid with a half value between HY and DY TME because |
hypothesize that the strains denature in a mixture as if they were alone. A hybrid denaturation
curve may suggest some interaction between PrP*° of different strains. These are the same

PrP>¢ interactions being assayed for in section 6.2.D.
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