DISSERTATION

BIOLOGIC AND BIOCHEMICAL FEATURES OF PRION PATHOGENESIS

Submitted by
Clare Elizabeth Hoover

Department of Microbiology, Immunology, and Pathology

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Fall 2016

Doctoral Committee:

Advisor: Edward A. Hoover
Co-Advisor: Mark D. Zabel

Anne Avery
Ronald Tjalkens



Copyright by Clare Elizabeth Hoover 2016

All Rights Reserved



ABSTRACT

BIOLOGIC AND BIOCHEMICAL FEATURES OF PRION PATHOGENESIS

Prions are the causative agents of a group of fatal neurodegenerative diseases known as
transmissible spongiform encephalopathies. Prions are unique in that disease is initiated when
the normal prion protein (PHPundergoes a conformational change and propagates through a
process of templated conversion to an infectious, misfolded, isofor®fFPEPEP, or PriP9
which can assemble into oligomers and amyloid fibrils. Disease is associated with prion
accumulation in the central nervous system, causing the pathologic lesions of neurodegeneration,
white matter spongiosis, and a reactive astrogliosis. Previous work has demonstrated the process
of prion propagation and disease pathogenesis can be influenced by conversion cofactors,
inhibitors, and biologic systems.

Heat shock proteins have been shown to protect against the toxic disease effects of
denatured and aggregated proteins in several models of neurodegenerative diseases including
Alzheimer’s disease, Parkinson’s disease, and spinocerebellar ataxia. In this dissertation, I
investigatedf heat shock protein 72 (HSP72) expression in neurons could protect against prion
disease-associated pathology through a cell culture and mouse model of murine-adapted scrapie
strain RML. In contrast to the role in other neurodegenerative diseases, HSP72 did na alter th
prion disease course or amount of prion conversion in either disease model.

Chronic wasting disease (CWD) is a naturally occurring, horizontally transmitted prion
disease affecting wild and captive cervid populations that is rapidly expanding into new states

and countries. Studies investigating the distribution of¥¥tRluring early subclinical CWD



infection have detected prions in the oropharyngeal lymphoid tissues as early as 1.5 months
however, the complete tissue distribution of PfPimmediately following prion exposure and

the chronological progression of prion tissue accumulation remains unknown. Here, | show
prions initially accumulate in the oropharyngeal lymphoid tissues following mucosal exposure
and rapidly disseminate to all systemic lymphoid tissues prior to neuroinvasion. Thesesfinding
will help better understand the early pathogenesis of CWD prior to clinical disease and
potentially identify therapeutic targets.

Prion disease diagnosis relies on demonstration of the misfolded isoform by
immunodetection, amyloid seeding assays, or animal bioassays, all assays which may require
separate sample preparations precluding examination by multiple tests. To address this
limitation, | developed a new technique to detecttPFramyloid seeding in fixed paraffin-
embedded (FPE) tissues by real-time quaking induced conversion (RT-QuIC). FPE RT-QuIC
proved to be more sensitive than IHC for prion detection and the BEQUIC amyloid
formation kinetics yielded a semi-quantitative estimate of the prion burden in samples without
the cost and time of animal bioassays.

The normal cellular prion protein resides in cell membrane lipid rafts, which has been
shown to be a site of pathogenic conversion. Previousro assays have highlighted the ability
of lipids to promote prion formation but knowledge is limited regarding the capacity of lipids to
inhibit prion formation. Here, | show endogenous polar brain lipids directly inhibit prion
amyloid formation in RT-QuIC in a dose-dependent manner. This work is the first to identify an
inhibitory role of lipids and suggests the prion conversion process is influenced by a balance of

pro-conversion and inhibitory molecules.
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INTRODUCTION

Prion diseases

Prion diseases, or transmissible spongiform encephalopathies (TSES), are a collection of
unique, uniformly fatal, neurodegenerative diseases that affect humans and animals. Originally
classified as “slow viruses”, these diseases are caused by an unconventional pathogen, a
misfolded protein, and result in central nervous system neuropathology characterized by neuropil
vacuolation (spongiosis), neuronal degeneration, and a reactive gliosis (1,2). The first identified
TSE was scrapie in sheep, initially described in tHeckhtury (3,4). Currently, animal TSEs
have expanded to include bovine spongiform encephalopathy (BSE), transmissible mink
encephalopathy (TME), feline spongiform encephalopathy (FSE), and chronic wasting disease
(CWD) (2). TSEs have been clinically recognized in humans since the elrhe@@iry when
Hans Gerhard Creutzfeldt and Alfons Maria Jakob described a progressive neurological disorder,
later named Creutzfeldt-Jakob disease (CJD) (5). Additional human TSEs that have emerged
through transmissibility observations include Kuru in the Fore tribe of New Guinea and variant
Creutzfeldt-Jakob disease (2). Genetic-origin prion diseases also include fatal familial insomnia
and Gerstmann-Straussler-Sheinker syndrome (2).

The studies described in this proposal are framed within the context of the protein-only
hypothesis. Unlike the dogma of DNA to RNA to protein established by Watson and Crick, the
infectious agent causing prion diseases is widely accepted to be a protein devoid of genetic
material (6,7). Studies characterizing the unique properties of prions were performed on the
prototypic TSE, scrapie. Initial studies established the infectious nature of scrapie by

successfully transmitting the disease to naive sheep following a long incubation time, greater



than 14 months, leading to the classificatiomasfow virus (1,8). Studies performed by Alper

and Gordon to characterize the scrapie infectious agent estahligresiresistant to formalin,

heat, and UV inactivation, treatments known to inactivate viruses and b#@étéfia Due to

these unique properties, multiple theories were proposed regarding the nature of the scrapie agent
including a protein, polysaccharide, or membrane fragment absent of nucleic acid (12). In 1982,
Stanley Prusiner isolated and purified the scrapie agent, characterized it as a partially protease-
resistant proteimnd proposed the term “small proteinaceous infectious protein”, or prion, for

this unique pathogen (13-15).

The protein-only hypothesis proposes the infectious prion is a misfolded isoform of the
normal cellular prion protein, PrPand propagates by post-translational templated conversion of
the a-helical host protein to an abnormal conformatibaracterized by increased B-sheet
content (7,16-18). Once the abnormal conformation is adopted, the protein becomes resistant to
detergents and protease digestion, and can assemble into oligomers, amyloid fibrils, and
aggregates (19,20). Of these different protein formations, prion oligomers have been identified
as containing the greatest toxic activity and amyloid aggregates may potentially serve a
protective function by sequestering oligomers (21). The exact mechanism of prion cytotoxicity
remains unknown, however it has been proposed that oligomers can interact with and disrupt cell
membranes (19). In this dissertation, the ternfPR used to describe the infectious misfolded
prion protein in general while P¥fs used to refer to scrapie prions and¥®#Pused to refer to
CWD prions.

The protein-only hypothesis has been investigated in the pathogenesis of other protein
misfolding neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease

(PD), Amyotrophic lateral sclerosis (ALS), and polyglutamine (polyQ) repeat diseases (22,23).



These diseases also feature host protein misfolding, aggregation, and associated
neurodegeneration (23). Despite recent studies demonstrating the respective disease-associated
alternative protein conformations, likeitm AD and a-synuclein in PD, can initiate disease in
transgenic mouse models, the likelihood of disease transmission remains low (24-26).
Nevertheless, the similarities in protein-misfolding propagation between these diseases can

provide insights into toxic mechanisms and pathogenesis.

Thecelular prion protein, PrP¢

The normal cellular prion protein, PrRs encoded by the single-coPRRNP gene and
the protein sequence is highly conserved with greater than 90% homology among species
(27,28). In humans, it is transcribed as a 253 amino acid polypeptide and post-translational
modifications include removal of the N-terminal and C-terminal signal sequences that in vivo
traffic the protein from the endoplasmic reticulum to lipid rafts in the outer cell membrane
(2,19). The protein structure is characterized by a disordered N-terminal domain (NTD) that
contains a proline and glycine rich “pseudorepeat” and four octapeptide repeats, which is
separated from the structured C-terminal domain (CTD) by a short hydrophobic region (2,28).
The structured Germinal domain contains a two -sheets and three a-helices and is the region
that takes on the chatadstic conformation change by acquiring an increase in -sheets during
prion disease (28). The function of Piiftas been associated with signal transduction, cationic
metal binding, synapse transmission, and apoptosis, however its exact role is unknown as PrP
knockout mice display minimal pathology or functional deficits (29-31).

The functional PrPprotein is located in the outer lipid bilayer of the cell membrane by a

GPI anchor where it resides in detergent insoluble lipid rafts, a location that has been shown to



influence PrBESformation and propagation (32-34). Cell culture and transgenic mouse studies
established the CTD GPI anchor is not required foRFrf@rmation but is necessary for disease
propagation between cells and pathology (35). Without the GPI anchor, anchorl&ss PrP
favored large amyloid accumulations in mice without the formation of smaller, oligomer and
fibril forms and mice did not display clinical disease (36). Additionally, alterations in the lipid
bilayer composition or disruption of lipid rafts decreased*Rdmcentration at the cell surface
which resulted in decreased PFP(37,38). These studies highlight the importance of the lipid
bilayer and lipid raft location as determined by the GPI anchor in the pathogenesis of prion

disease.

Per spectives on prion propagation adopted in this dissertation:

This thesis seeks to address several unanswered questions on prion propagation and
pathogenesis at the cellular and whole-organism level. First, | examine how a natural cellular
system, the heat shock response, which functions to prevent protein denaturation and
aggregation, influences prion propagation. Second, the propagation and tissue distribution of
prions during early CWD pathogenesis is investigated in the natural host. In the process of this
study, a new technique was developed that allows detection and semi-quantitative estimation of
tissue prion burdens by real-time quaking induced conversion (RT-QuIC) in fixed paraffin-
embedded tissues. Lastly, the influence of brain-derived lipids on RT-QuIC prion propagation is

investigated.



Chaperone proteinsand prion propagation:

The maintenance of correct protein structure is a complex process. Bacteria and
eukaryotic cells have evolved protein quality-control systems of molecular chaperones, including
the heat shock proteins, that protect against protein unfolding or misfolding as a result of stress
or ageing (39,40). In eukaryotes one of the major heat-shock protein families is a group of 70
kDa mass proteins, known as HSP70s, with the main stress-inducible member being HSP72
along with its co-chaperone HSP40 (41,42). In prokaryotes the main stress inducible heat shock
protein is HSP104 while the HSP70 family plays a more accessory role (42). During periods of
cellular stress brought on by environmental conditions such as elevated temperatures or hypoxia,
these proteins function to maintain proteostasis in an ATP-dependent manner by refolding
misfolded proteins and targeting damaged and unfolded proteins to the ubiquitin-proteosome
pathway or lysosomes for degradation (39,40).

The common features of protein misfolding and aggregation in neurodegenerative
diseases have led to investigations of heat shock proteins as potential therapeutic targets (43).
Heat shock proteins have been found to co-localize with aggregates and inclusion bodies found
in proteinmisfolding diseases including Alzheimer’s disease, Parkinson’s disease, and polyQ
protein diseases, suggesting they are able to interact with these proteins (39). Cell culture and
transgenic mouse studies have established a correlation between increasing HSP72 expression
and decreased respective protein accumulations (44-47). Proposed mechanisms for HSP72
neuroprotection include stabilizing the native protein structure to prevent the initial misfolding or
stabilizing misfolded intermediates to promote the on-pathway formation of fibrils and
aggregates over toxic oligomeric forms (39). Extracellular HSP72 may also activate microglia

promoting degradation of extracellular aggregates (48,49).



The interaction between heat shock proteins and prion propagation has been best studied
in yeast. HSP104, the major inducible chaperone, has a paradoxical relationship with regards to
prion propagation in yeast: it has been shown to be both a crucial cofactor for prion formation
and “cure” prion disease by breaking up prion amyloid deposits (50,51). In fact, these functions
are not mutually exclusive and are part of a spectrum of HSP104 prion-disaggregase activity
where wild-type expression levels of HSP104 breaks down prion amyloid aggregates into
smaller fragments that nucleate additional prion formation and HSP104 over-expression can
disaggregate enough amyloid to “cure” cells (52,53). In contrast to yeast, the role of heat shock
proteins in mammalian prion diseases remains largely unknown. A single study sdggest
HSP72 protects against prion cellular degeneratioftro, however, additional research is

needed to characterize the role of heat shock prateungo (54).

Chronic wasting disease

Chronic wasting disease (CWD) is a naturally occurring TSE that affects both
nondomestic and domestic cervid species, including white-tailed deer, mule deer, wapiti, moose,
and reindeer (55). CWD was first identified in a captive herd of mule deer in Fort Collins, CO in
1967 and classified as a spongiform encephalopathy in the 1980s (56,57). Since its
identification, CWD has expanded to 24 states, two Canadian provinces, The Republic of Korea,
and most recently a wild reindeer in Norway (58-60). Disease prevalence in affected regions has
been reported as high as 30% in wild populations and up to 80% in captive populations (61).
Clinical signs of CWD include primarily progressive weight loss and variable difficulty

swallowing, ataxia and head tremors, polydipsia, and polyphagia (55,56,62). Histologic lesions



of neuronal degeneration, astrocytosis, and amyloid plaques ‘9fPafe similar to those
observed in other TSEs (63).

CWD presents a particular challenge due to its uniquely efficient horizontal transmission
(30,55). Natural CWD transmission is presumed to occur through direct or indirect
environmental exposure via the oral and/or aerosol routes to contaminated excreta such as saliva,
feces, and urine (64-68). Once established in the environment, CWD has been demonstrated to
persist for multiple years, potentially through complexing with soil (67,69,70). Although not
considered a major route of spread, vertical transmission of CWD has been described in
offspring from infected dams (71).

Similar to other prion diseases, like scrapie and vCJD, CWD disease progigssion
influenced by the primary sequence of BRNP gene of the host animal. Lower disease
incidence and a prolonged disease course are reported with the following polymorphisms in
cervids: white-tailed deer are G96S and Q95H, elk M132L; and mule deer S225F (72-74). The
alternate alleles are reported to occur with less frequency in cervids, comprising less than 25% of
populations (58). ThERNP genotype not only impacts prion disease progression but has also

been reported to influence the development of CWD prion strains (75).

Prion disease progression in the host

Insights into the sequence of disease progression in TSEs following oral exposure are
derived from investigations of the prototypic TSE, scrapie. Following oral prion exposure there
are three proposed phases of disease: first, mucosal uptake and drainage to gastrointestinal-
associated lymphoid tissue (GALT); second, systemic lymphoid spread; and last, neuro-invasion

(76). In scrapie, the earliest prions were detected in GALT including oropharyngeal lymphoid



tissues (tonsil, retropharyngeal lymph nodes), jejunum, and ileum, with subsequent spread to
systemic lymphoid tissues as disease progressed (76). This early lymphoid accumulation of
prions has proven essential for neuroinvasion as blockade of lymphoid drainage to regional
lymph nodes or disruption of Peyer’s patches delayed PrPS° deposition in nervous tissues

following oral inoculation (77,78). Neuroinvasion is proposed to occur at peripheral nerves
enervating lymphoid tissues or the enteric nervous system and. In scrapie, was detected in the
enteric nervous system prior to trafficking to brainstem (79). Following neuroinvasion at
peripheral lymphoid tissues, prions undergo retrograde transport through the sympathetic and
parasympathetic nerves to the central nervous system (80,81).

Although investigations of sequential disease progression are not possible in human
TSEs, variant-CJD also displays accumulation in lymphoid tissues in addition to nervous tissues
(82-84). Investigations of disease progression in CWD have identifiédPaecumulation in
lymphoid tissues during the pre-clinical period, suggesting a disease pathogenesis similar to
scrapie (85,86). However, studies of the earliest time period post-CWD exposure and
chronological tissue propagation of PP in the cervid host are lacking and vital to

identification of pre-clinical therapeutic targets.

Detection of prion disease

To accurately evaluate TSE disease progression, sensitive diagnostic techniques are
required to identify PrP"P during the pre-clinical period when there potentially is a low prion
burden in tissues. The diagnosis of prion disease relies on identification of the disease-

associated misfolded prion conformational state, either through immunodetection, or amyloid



detection assays. Traditionally, immunohistochemistry and/or western blot and animal bioassays
have been considered the gold standards of prion detection (87).
I mmunodetection assays

Conventional diagnosis of prion disease via antibody immunodetection in western
blotting and immunohistochemistry relies on demonstration of a proteinase-resistant fragment,
measuring 27-30 kDa in western blotting, which is associated with disease (2).
Immunohistochemistry protocols rely on formic acid or proteinase-K digestion to remdve PrP
from tissues leaving PRPS and sensitivities approach 100% (88,89). Western blotting also
provides information regarding the distribution of prion glycosylation patterns in samples (90).
Limitations of immunodetection methods include false negative results due to harsh proteolytic
treatments that remove protease-sensitive prion forms or prion burdens below detection
thresholds (90-92).
Amyloid seeding assays

In vitro assays have been developed to amplify small prion amounts in samples from
early disease time points and in excreta when the prion burden could potentially be below the
threshold of detection by traditional assays. These assays, including serial protein-misfolding
cyclic amplification (SPMCA), amyloid seeding assay (ASA), and real-time quaking induced
conversion (RT-QuIC), rely on the conversion of PgRbstrate to the disease-specific
conformation (93-95). In SPMCA, the PrBubstrate is in the form of brain homogenate derived
from transgenic mice and prion seeds are amplified by alternating cycles of templated fibril
elongation and sonication (95). Prion-induced amplified products are detected through western
blotting. In comparisorRT-QuIC employs prion templated conversion of bacterially-produced

recombinant PrPsubstrate into amyloid structures (Figure 1.1) (94). Repeated cycles of



shaking, or quaking, accelerates the amyloid formation reaction by breaking formed amyloid
fibrils into smaller seeds that propagate the seeded conversion. Prion amyloid formation is
monitored in real-time with thioflavin T dye binding and fluorescence emission spectral shift that

is recorded by a fluorometer (96).

PrPREs
seed
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substrate substrate into amyloid when bound to amyloid

Figurel.1l Diagram of the RT-QulC reaction

Bacterially-produced recombinant Preubstrate is converted into amyloid fibrils by prion-

seeded templated conversion. Amyloid formation is measured in real-time by thioflavin T (ThT)
binding to amyloid fibrils causing shift in fluorescence spectral emission.

RT-QuIC has successfully been applied to the detection of prions in complex body fluids
and tissues, including brain, lymph nodes, saliva, urine, cerebrospinal fluid, and nasal brushings
with sensitivities of 70-100% and specificities of 96-98% when evaluated in a diagnostic setting
(97-104). In addition to the sensitive detection of Pffh samples, the real-time analysis of
amyloid formation kinetics in RT-QuIC has been applied to semi-quantitatively estimate the
prion burden in a sample (105). This is achieved through comparison of prion amyloid
formation rates or end-point dilutions with those of known animal bioassayed materials
(105,106).

One limitation of prion diagnostics is the requirement of separate sample types for

individual assays: formaldehyde-fixed tissue for immunohistochemistry and frozen tissue

homogenates for western blotting and RT-QuIC. The use of separate samples creates potential

10



disparate assay results due to variabl&Fr&eposition and assay sensitivities. In this
dissertation, a new technique for detection and quantification of prions in fixed paraffin-

embedded tissues is described.

Prion conversion cofactors

In the context of the protein-only hypothesis, research has focused on identifying
cofactors that facilitate conversion from PitB infectious PrP=S. To date, RNA and lipids, in
particular the anionic lipid phosphatidylethanolamine, have been identified as cofactors capable
of promoting PrBESformation from bacterially produced recombinant®rPvitro (107-109).
In contrast to amyloidogenic cofactors, screening assays to identify prion therapeutics have
detected molecules, both endogenous and pharmacologic origin, that inhibit amyloid formation
in cell culture systems (110). The RT-QulC amyloid seeding reaction is variably inhibited at
high sample concentrations, such a3 0103, but takes place following dilution, presumably
due to dilution of inhibitors (84,105,111). The identity of these endogenous amyloid formation

inhibitors in RT-QuIC remains unknown.

Questionson prion disease addressed in this dissertation:

This dissertation seeks to answer several questions regarding prion disease progression,
including: (1) can a natural protein quality-control system, the heat shock response, be used to
mitigate prion pathogenicity and disease progression; (2) what is the tissue distribution and
chronological progression of prion accumulation during early CWD infection in the natural

cervid host; (3) can endogenous molecules in brain homogenates inhibit or regulate prion

11



amyloid formation in RT-QuIC? As part of these studies, a new technique for identification and

guantification of prions in fixed paraffin-embedded tissues was developed and described.

Dissertation research:

The above background on prion disease pathogenesis and propagation provide the
foundation on which the research in this dissertation is based. The first objective investigated the
ability of the heat shock system, specifically HSP72, to ameliorate prion-associated
neurodegeneration. | hypothesized the expression of HSP72 in neurons could pre&ent PrP
conversion, aggregation, and protect against prion-associated cytotoxicity. These studies were
carried out in a neuroblastoma (N2a) cell line and transgenic C57BI/6 mice engineered to
constitutively express HSP72. HSP72-expressing cells and mice were inoculated with mouse-
adapted scrapie (RML) and evaluated for disease progression as compared to wild-type controls.
| found that unlike literature demonstrating HSP72 protected against cytotoxicity in animal
models of protein misfolding diseases, HSP72 neuronal expression did not alter disease
pathogenesis vitro or in vivo.

There is limited knowledge regarding the site of entry of CWD prions and early pathways
of Pr*WP tissue dissemination prior to neuroinvasion. Knowledge of such disease progression
is vital to understanding how CWD is transmitted so efficiently and developing preclinical
therapeutic strategies. Therefore, the second objective of this dissertation was to evaluate the
distribution of PrBP in a natural host, white-tailed deer, during the early stages of disease. |
hypothesized PP tissue distribution would be influenced by exposure route and would have
a lymphoid replication phase prior to neuroinvasion. White-tailed deer were exposed to CWD

by either a mucosal (oral and oro-nasal) or intravenous (IV) route. IV-exposed deer were

12



evaluated for PrP'P distribution at 15 minutes or 3 days post-exposure while mucosal-exposed
deer were evaluated at 15 minutes, 3 days, and monthly from 1 to 4 month¥® fsfue
distribution was evaluated by RT-QuIC and tyramide-signal amplification.

The requirement of separate tissue sample types, formaldehyde-fixed and frozen
homogenates, for prion detection can create disparatéRi€tection results due to variable
prion deposition or limit retrospective studies when only paraffin-embedded samples are
available. In addition, the estimation of tissue prion burdens are restricted to costly and time-
consuming animal bioassays or cell-culture assays which can be precluded by sample type or
lack of Pr®® and sample compatibility. To overcome these limitations, | developed a new
technique that combined traditional histologic methodologies and RT-QuIC to detet’? RrP
fixed paraffin-embedded (FPE) tissues. FPE RT-QulC amyloid amplification kinetics were used
to provide semi-quantitative estimations of the prion titer in tissues.

During development of FPE RT-QulC methodology, | observed detection of prion-
seeded amyloid seeding at high concentrations, in direct contrast to previous observations.
Therefore, the fourth objective of this dissertation was to identify the amyloid formation
inhibitors present in brain homogenates using RT-QuIC. | hypothesized endogenous lipids
present in brain homogenates inhibited the amyloid formation reaction and investigated this
activity with biochemical lipid extraction protocols and RT-QuIC experiments. The results of
this objective will provide a basis for future investigations into the biologic relevance of the
identified inhibitors.

The results of this work contribute to the knowledge of prion pathogenesis in multiple
areas including heat shock proteins, CWD pathogenesis in the natural host, and novel

identification of prion amyloid formation inhibitors, as well as development of an enhanced

13



PrP*ES detection method with experimental and diagnostic applications. In these ways, this work

advances the understanding of prion propagation and prion disease diagnosis.
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CHAPTER 1:
Heat shock protein 72 expression in neurons does not alter prion pathogenesis

Summary

Heat shock proteins are molecular chaperones that function during periods of stress to
maintain cellular proteostasis by rescuing denatured proteins and preventing aberrant
aggregation. Expression of the major inducible member of the 70 kDa heat shock protein family
(HSP72), has been shown to protect against the pathologic effects in models of
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and
spinocerebellar ataxia, by decreasing protein aggregation and preventing cytotoxicity. Prion
investigations in yeast have illustrated heat shock proteins have disaggregase activity which can
both propagate prions and “cure” cells, however, the role of heat shock proteins in mammalian
prion diseases remains unknown. We investigated thisrrglgo by exposing murine
neuroblastoma cells stably transfected to constitutively express HSP72 (N2a-HSP72) and their
vector transfected controls to mouse-adapted scrapie (RML) brain homogenate or normal FVB
mouse brain controls. Following RML prion exposure, the N2a-V cells exhibited a reduced
growth rate compared with RML-exposed N2a-HSP72 cells. However, examination of the prion
burden by real-time quaking induced conversion revealed no differences between the groups.
We extended our HSP72 studyitovivo studies by inoculating transgenic C57BIl/6 mice
engineered to constitutively express HSP72 in neurons or C57BI/6 control mice with RML
prions by intracranial or intraperitoneal routes. We observed no differences in the course of
prion disease, brain prion accumulation, or pathology between the two mouse strains. Overall,

we demonstrate the expression of HSP72 in neurons does not alter prion pathogenicity.

23



Background

Organisms have cellular protein quality controls mechanisms to maintain proteostasis and
counteract protein denaturation and aggregation that can occur during periods of stress (1). One
of the best characterized systems is a group of molecular chaperones, the heat shock proteins,
with a member of the 70 kDa protein family (HSP72) being the major stress-inducible protein in
mammals (1,2). These proteins are upregulated under control of the HSF1 promotor following
stress triggers including hypoxia, ischemia, and hyperthermia, and act to refold proteins back to
functional conformations or target damaged proteins for degradation via the ubiquitin-
proteosome system (1,3).

Several neurodegenerative diseases share the feature of aberrant protein folding and
aggregation with prion diseases, includiigheimer’s disease (AD), Parkinson’s disease, and
the polyglutamineepeat disease Huntington’s disease (3,4). In several of these diseases, the
expression of molecular chaperones, particularly HSP72, improved disease-related pathogenesis.
Cell culture studies of AD demonstrated expression of HSP72 decreased tau aggregation and
rescued neurons from amyldiicassociated toxicity (5,6). HSP72 expression also decreased
toxicity in drosophila model of a-synuclein-mediated neurodegeneration demonstrated by
increased cell viability but did not alter protein aggregation levels (/8)vo models of AD
and spinocerebellar ataxia have shown that overexpression of HSP72 suppresses clinical disease
and decreases the levels of pathogenic protein aggregation in the brain (9,10). These studies
highlight the protective role HSP72 can play in neurodegenerative diseases and has generated
discussion regarding its potential as a therapeutic target (11).

The majority of studies investigating the interactions of heat shock proteins and prions

are limited to yeast or mammalian cell culture. In yeast, the major inducible stress protein is
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HSP104 and research has illustrated its important disaggregase function in prion pathogenesis
(12). HSP104 is required for propagation of prion pathogenesis as it operates to break apart
prion aggregates and create more seeds to nucleate prion conversion (13,14). In contrast,
overexpression of HSP104 can “cure” yeast of prion infection by disaggregating enough prion to
remove infection (13,15).

Investigations of HSP72 function in mammaliarvitro models of TSEs have identified
similarities with other protein misfolding diseases. Scrapie infection in murine neuroblastoma
cells disrupts the ability of cells to mount the heat shock response due to increased degradation
of HSF1, suggesting heat shock proteins are involved in prion pathogenesis (16). Moreover, a
follow up investigation found that pharmacologic induction of the heat shock response or
elevated levels of HSP72 due to co-culture conditions prolonged cell survival of prion-infected
cells (17).

Based on literature demonstrating the protective role of HSP72 in protein-misfolding
diseases, we hypothesized expression of HSP72 could prevent prion-associated pathology. We
investigated the protective role of HSH@Aitro andin vivo using cell culture and mouse-
adapted models of scrapie, by comparing survival and pathology following prion challenge in the
face of constitutive HSP72 expression in neurons. In contrast to the function of HSP104 in yeast
and HSP72 neurodegenerative disease models, we did not observe a positive influence on HSP72
pathogenesis or survival in cell culture or mice. Instead, HSP72 expression did not alter the

prion disease course, levels of prion accumulation, or prion-induced pathology.
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Methods
Murine neuroblastoma cell culture and infection

Murine neuroblastoma cells (N2a) engineered to constitutively express heat shock protein
72 were kindly provided by Dr. Michael Oglesbee at The Ohio State University. Briefly, cells
were stably transfected with a plasmid vector containing the human HSP72 construct driven by
the B-actin promotor (N2a-HSP72) or the empty plasmid vector alone (designated N2a-V)
(18,19). Selection of transfected cells was ensured with a neomycin resistance gene. Cells were
maintained in Advanced Minimal Essential Media (MEM) (Gibco) supplemented with 10% fetal
bovine serum (Gibco), 1% penicillin-streptomycin (Gibco), 1% GlutaMax (Thermo Fisher
Scientific), and 0.8% geneticin (G418) (Thermo Fischer Scientific) selection antibiotic. Media
was changed every 4 days and cells were passaged weekly using 0.25% trypsin-EDTA (Gibco)
to release the cells.

NZ2a cells were exposed to Rocky Mountain Laboratory strain of mouse-adapted scrapie
(RML) prion brain homogenate or prion-negative FVB normal mouse brain homogenate. Brain
homogenate inoculum was diluted to 0.1% in sterile 1xPBS. Onecell® were incubated
with 100 pL of 0.1% brain inoculum for 30 minutes at room temperature and then plated in one
well of a 12-well plate at 37°C with 1 mL of prepared media. Cell culture media was changed 24
hours after plating. Cells were observed daily for cell density and cytopathic effect and cell
Cohorts were harvested at 72 hours post-exposure and counted. The cell infection experiment

was repeated three times and the data averaged.
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Real-time quaking induced conversion (RT-QuIC) of cell lysates
Cell lysis

At the time of collection, brain-homogenate exposed cells and control cells were
passaged as previously described. One’xélls were pelleted by centrifugation at 1,000 x rpm
and lysed with 100 pL of lysis buffer (5mM EDTA, 150 mM NaCl, 1.0% Tritdf' X-100
[Sigma-Aldrich]). Cell lysates were subjected to 2 freeze/thaw cycles prior to centrifugation at
15,000 x rpm to pellet debris. Supernatants were removed and storédCair80RT-QuIC
analysis.

RT-OQulC substrate purification:

Recombinant truncated Syrian hamster prion protein (SHrPrP), containing residues 90-
231, was purified as previously described (20,21). BL21 Rosetta (Novagen) Escherichia coli
containing the truncated protein construct were cultured from a glycerol stock at 37°C in
lysogeny broth (LB) media with the selection antibiotics kanamycin and chloramphenicol to
express SHrPrP until the culture optical density at 600 nnf{@ached at least 2.5. E. coli
cel lysis was carried out using Bugbustéreagent supplemented with Lyson@s¢EMD
Biosciences) according to the manufacturer recommended protocol. Inclusion bodies were
harvested by centrifugation at 15,000 x g and dissolved in solubilization buffer (8M guanidine
hydrochloride, 100 mM N&lPQu) prior to application to NiNTA flow resin (Qiagen) that had
been previously equilibrated with denaturation buffer (6M guanidine hydrochloride, 100 mM
NaHPQs, 10mM Tris, pH 8.0). The NiNTA resin-SHrPrP was loaded onto a XK16-60 column
(GE Healthcare) and purified using a Bio-Rad DuoffdWwPLC. To induce protein refolding, a
gradient from denaturation buffer to refolding buffer (100 mMHN2Qs, 10mM Tris pH 5.5)

was applied. Refolding was followed by a gradient from refolding to elution buffer (100mM
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NaHPQy, 10 mM Tris, 0.5 M imidazole) and fractions from the elution peak were pooled and
dialyzed in two changes of buffer (20mM Nd?, pH 5.5) overnight. Final protein
concentration was calculated by measuring ths @&nd using a coefficient of extinction of
25,900 in Beer’s Law. Purified SHrPrP was stored at 4°C until use.

RT-OQulC conditions

RT-QuIC was performed as previously described (20,22). Cell lysates were diluted
1,000-fold and brain homogenates were diluted to the desired concentration in 0.1% sodium
dodecyl sulfate (SDS)/1xPBS prior to seeding RT-QuIC. The RT-QuIC reaction was carried out
by adding 2 uL of diluted sample to a buffer containing 20mM NaH-PQy, 430mM NacCl, 1.0
EDTA, 1mM Thioflavin T (ThT) and 0.1 mg/mL SHrPrP in one well of a black, optical-bottom
96-well plate (Nunc). RT-QuIC experiments were carried out in a BMG Labtech Pdlrstar
fluorometer with cycles of 1 minute shaking (700 rpm, double orbital) followed by 1 minute rest,
repeated for 15 minutes. ThT fluorescence was read (excitation 450 nm, emission 480 nm, gain
of 1700) at the conclusion of each 15 minute shake/rest cycle and each well was measured with
20 flashes per well with an orbital average of 4. Each RT-QuIC experiment was performed for
minimum of 200 cycles or 48 hours. RT-QulC amyloid formation was determined to be positive
if the fluorescence exceeded a threshold determined to be 5 standard deviations above the
average baseline fluorescence. RT-QulC amyloid formation rates in RT-QuIC were analyzed by

calculating the inverse of the time to threshold.

Animals

Transgenic C57BL/6 mice engineered to constitutively express HSP72 in neurons under
control of the neuron-specific enolase promoter (TgNSE-HSP72) were generated as previously

described and kindly provided by Dr. Michael Oglesbee, the Ohio State University of Columbus,
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OH (23). Mice were bred and maintained at Colorado State University according to protocols
approved by the Institutional Animal Care and Use committee. Age-matched C57BI/6 mice used

as controls were purchased from Jackson Laboratories (Bar Harbor, ME).

Prion inoculation protocol

The prion positive inoculum used was the Rocky Mountain Laboratory strain of mouse-
adapted scrapie (RML), as characterized previously (24). RML was passaged 5 times through
FVB mice and a 10% weight/volume brain homogenate was prepared in sterile 1XxPBS. The
negative control inoculum was a 10% weight/volume normal brain homogenate of FVB mouse
origin prepared similarly. Both positive and negative inocula were diluted to a final
concentration of 0.1% (wt/vol) in sterile PBS containing 100 U/mL penicillin-streptomycin.

To study the effect of HSP72 expression on prion trafficking to nervous tissues, we used
an intraperitoneal (IP) route to mimic peripheral prion exposure. Six to eight week old, mixed
sex, mice of TJNSE-HSP72 or C57BI/6 were restidiel inoculated with 100 pL of 0.1%

RML or FVB brain homogenate with a minimum of 5 mice per inoculum group. To study the
effect of HSP72 expression following direct exposure, mice were inoculated by intracranial
route. First, six to eight week old mice of mixed sex were anesthetized through inhalational
isoflurane. Mice were then inoculated with 30 uL of either 0.1% RML or FVB inocula via a 29-

guage needle through the calvarium into the left parietal lobe of the cerebral cortex. Throughout
the course of study, mice were evaluated for clinical signs of prion disease as has been
previously published (25) (severe ataxia, weight loss, tail rigidity, general tremors) and
euthanized at the onset of terminal neurologic disease or at 400 days when the study was

completed. The distribution of mice by strain and inoculation group are summarized in Figure
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1.1. Following euthanasia, mice were necropsied and brains collected with clean prion-free
instruments. The brain was divided in half sagittally, with half being frozen at -80°C until

processing and the other half fixed in 10% neutral buffered formalin until sectioning and routine

histology processing.

Intraperitoneal inoculation Intracranial inoculation
Inoculum Inoculum
RML FVB RML FVB

- NSE-HSP72 n=8 n=5 c NSE-HSP72 n=16 n=4
= g
® 7]
=) =]
= C57BIl/6 n=10 n=5 = Ch57Bl/6 n=13 nh=4

Figure 1.1 Summary of inoculation groups and mouse strain distribution.
The tables summarize the number of mice in each inoculation group by mouse strain and
inoculum.

Mouse tissue processing

Formalin fixed mouse brain halves were sectioned coronally into 2-3 mm slices to
represent the following anatomic locations: cerebral cortex, hippocampus and thalamus,

midbrain, cerebellum, and brainstem. Brain sections were cassetted and submitted for routine

histologic paraffin embedding.
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Characterization of infected mice
All mouse brains were evaluated for PYBy western blot and immunohistochemistry.

Western blotting

Mouse brain homogenates were evaluated forigposition by western blotting.
Endogenous PfPn brain samples was digested by incubating 9 uL of 10% brain homogenate
with proteinase K (PK) at a final concentration of 5 pg/mL at 37°C for 30 minutes with shaking
followed by 45°C for 10 minutes with shaking. Samples were mixed with a final 1x
concentration of reducing agent /LDS sample buffer (Invitrogen) and heated at 95°C for 5
minutes. Samples were loaded on a NUPAGE 10% Bis-Tris gel (Invitrogen) and electrophoresed
at 130 V for 2 hours. Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane
using a Transblot TurBY system (Bio-Rad) following manufacturer recommendations. The
membrane was loaded into a pre-wetted SNAP i.d. blot holder (Millipore) then sequentially
blocked with blocking buffer (Blocker Casein in TBS [Thermo-Scientific] and 0.1% Tween-20
[Sigma]) for 3 minutes and probed with antibody BAR224 (Cayman Chemical) conjugated to
horseradistperoxidase (HRP) diluted to 0.2pug/mL in blocking buffer for 10 minutes. Antibody
was removed by vacuuming through the membrane using the SNAP i.d. system (Millipore) and
the membrane was washed three times with 30 mL wash buffer (50% Blocker Casein in TBS,
50% 1X TBS, 0.1% Tween-20) with continuous vacuum. The membrane was developed with
ECL-Plus Western Blotting Detection Reagents (GE) and viewed on a Luminescent Image
Analyzer LAS-3000 (GE).

Histology and Immunohistochemistry

Brain sections were stained with hematoxylin and eosin (H&E) for routine histologic

examination and evaluated for PfBeposition by immunohistochemistry (IHC). IHC was
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performed as follows: tissues were paraffin-embedded following routine histologic processing.
Five um tissue sections were cut with a microtome (Leica) from paraffin embedded tissue blocks
and placed on positively charged glass slides. Slides were heated in an incubator prior to routine
deparaffinization by immersion in xylene and tissue rehydration by immersion in a series of
graded alcohols (100%, 95%, and 70%). Slides were rinsed and then endogehoussPrP
digested by treatment with 1.0 pg/mL PK in 1.0mM CaClz, 50mM Tris buffer (pH7.6) for 30

minutes at 37°C. Epitopes were exposed through hydrated autoclaving heat-induced epitope
retrieval (The Retrievél, Prestige Medical) in 10 mM EDTA (pH 6.0) followed by a brief 5
minute immersion in 88% formic acid. Sequentially, endogenous peroxide activity was blocked
by treatment with 3.0% hydrogen peroxide in methanol and tissue sections were blocked with
TNB blocker (Perkin-Elmer). Slides were incubated with anti-prion primary antibody BAR224
(CaymanChemical) diluted to 2 ug/mL in blocker overnight at 4°C. Immunoreactivity was
detected by incubation with Envisiol4anti-mouse secondary antibody conjugated with
horseradish peroxidase (Dako) and visualizgthcubation with AEC substrate chromogen
(Dako). Slides were washed with TNT buffer (1.0M Tris, 0.15M NacCl, 0.05% Tween-20 [pH
7.5]) between each step in the above protocol. Slides were counterstained with Mayer’s

hematoxylin (Dako) and bluing reagent (0.1% sodium bicarbonate, 1xPBS) prior to coverslip

mounting with aqueous mounting media (Dako).

Results

HSP72 expression potentially increases cell viability in vitro following prion infection
Previous studies have demonstrated HSP72 production is decreased in neuroblastoma
cells persistently infected with scrapie prions while over-expression of HSP104 in yeast can

disaggregate and “cure” prion infection in yeast (16,26). Therefore, we hypothesized
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constitutive expression of HSP72 would prevent prion-associated cytotoxicity as measured by
increased cell survival and decreased cellular pathology. N2a cells constitutively expressing
HSP72 (N2a-HSP72) or the empty vector (N2a-V) were exposed to either 0.1% RML prion
mouse brain homogenate or 0.1% FVB normal mouse brain homogenate. At 24 hours post-brain
inoculum exposure, cell cohorts exposed to either RML or FVB normal brain homogenate
displayed decreased cell density and an increased amount of debris in the media when compared
to unexposed control cells (Figure 1.2A). N2a-V cells exposed to RML often displayed
decreased cell density, however, the degree of this effect often varied between experiments. By
72 hours post-exposure, unexposed N2a-HSP72 and N2a-V control cells had reached 90-100%
confluency and all cell cohorts were passaged and counted. Visually, cells exposed to brain
homogenate, either RML or FVB, appeared to have less cell density, with N2a-V cells exposed
to RML displaying the least cell density (Figure 1.2B). Cell counts at 72 hours post-exposure
confirmed the cell growth patterns observed with unexposed control cells displaying the greatest
growth and N2a-V cells exposed to RML displaying the least growth (Table 1.1). No differences
between N2a-HSP72 and N2a-V cell counts were observed and only minimal differences in cell
density was observed between N2a-HSP72 cells exposed to FVB or RML brain homogenate.
These results suggest HSP72 expression protected N2a cells against the insult of prion brain

homogenate exposure.
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A 24 hours post-exposure
Unexposed 0.1% FVB

2

0.1% RML

N2a-HSP72 &

N2a-HSP72 &

N2a-V

Figure 1.2 Microscopic evaluation of cells 24 and 72 hoursfollowing prion exposure.

A. Cell images 24 hours following prion exposure. Comparable cell densities are obser
between unexposed cells, cells exposed to FVB brain homogenate, and N2a-HSP72 ce
exposed to RML. N2a-V cells exposed to RML had the least cell density. All images 1(
magnification.

B. Cell images 72 hours following prion exposure. Unexposed control cells are 90-100¢
confluent. Decreased cell density was observed in all cells exposed to brain homogene
inoculum. Cell density appeared equivalent between cells exposed to control FVB brair
homogenate and N2a-HSP72 cells exposed to RML. N2a-V cells exposed to RML had
least cell density. All images 10x magnification.
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Table 1.1 Cell counts 72 hour s post-exposure.

Similar to Figure 1.2, treatment with either RML or FVB brain homogenate caused a decrease in
cell viability when compared with unexposed controls. N2a-HSP72 cells exposed to RML
display similar cell counts as cells exposed to FVB brain homogenate, however, N2a-V cells
exposed to RML displayed the least cell viability. Data represents average cell counts from 3
experiments.

Uninfected 0.1% FVB 0.1% RML
N2a-HSP72 1.59 x 16 0.63x 16 0.66 x 16
N2a-V 1.64 x 16 0.50 x 16 0.31x16

RT-QuIC of prion-exposed cdll lysates

We predicted HSP72 expression would prevent prion protein conversion; thus, we
expected N2a-HSP72 cells to produce lesSRhan N2a-V following RML infection. We
compared the amount of Ffin cell lysates collected over 6 passages by RT-QulC amyloid
formation kinetics. First, we demonstrated mouse-origin RML prions could convert SHrPrP
substrate into amyloid and be detected by RT-QuIC (Figure 1.3). We seeded the RT-QuIC
reaction with a dilutional series of RML infected mouse brain homogenate fréno 1@° and
a corresponding dilutional series of FVB negative brain homogenate and were able to
specifically detect RML prion-seeded amyloid formation frort @108 dilutions. No

spontaneous amyloid formation in FVB seeded reactions was observed.
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Figure 1.3 Representative RT-Qul C fluorescence curves of RML dilutional series.

A dilutional series of RML brain homogenate and FVB brain homogenate demonstrate r
origin RML prions successfully seed the RT-QuIC reaction using SHrPrP substrate. Th
detection range extended fron™® 10° dilution and intermittent detection was observed
after 10’. No spontaneous amyloid formation was observed in reactions seeded with F\
brain homogenate.

Next, we analyzed cell lysates collected from the immediate post-infection time period
for RT-QuIC prion-templated amyloid formation to ensure our protocol was capable of
generating cell infection and our N2a clones were susceptible to infection. At 1 hour post-
exposure, no prion-seeded amyloid formation was detected in cell lysates (Figure 1.4B). At 24
hours post-exposure, robust RT-QulC amyloid formation, at levels comparable to the inoculum,
was observed in cells exposed to RML indicating our N2a cells were capalelaab prion
conversion (Figure 1.4B). Although RT-QuIC detected prion-seeded amyloid formation in cells
exposed to RML at 72 hours post-exposure, the time to detectable amyloid formation was
slower, suggestive of a decreased prion burden when compared with the 24 hour collection.

Overall, these findings show our N2a-HSP72 and N2a-V cells are susceptible to RML prion

infection but potentially not sustaining infection.
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Figure1.4 RT-QulC of early cell cultureinfection.
A. RT-QuIC of cell infection inoculum. RT-QuIC detected RML at the 0.1% concentratic

used to inoculate N2a cells.

B. RT-QuIC of cell lysates 1 hour to 72 hours post-brain homogenate exposure. No prit
seeded RT-QuIC amplification was detected 1 hour post-exposure. Prion-seeded RT-C
amplification was detected in N2a-V and N2a-HSP72 cells harvested 24 hours after exg
to RML brain homogenate. No spontaneous amyloid conversion was detected in cells ¢
to FVB brain homogenate or unexposed controls (N2a-V C and N2a-HSP72 C). At 72|
post-exposure, RT-QuIC prion seeding was still restricted to cells exposed to RML inoci
however, the time to positive was delayed by approximately 10 hours compared with thi
hour collection. No spontaneous amyloid formation was detected in cells exposed to F
inoculum or unexposed controls.
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HSP72 functions by correcting aberrant protein folding and preventing aggregation.
Therefore, we predicted cells that constitutively expressed HSP72 would produce ¥easidPrP
eliminate prion infection at an earlier passage when compared with control N2a-V cells. To
analyze the Pr® burden over time, we evaluated the level of prion production in cells following
prion infection over 6 passages by RT-QuIC rate analysis. Previous studies have established the
RT-QuIC amyloid formation rate directly correlates with the prion concentration in the sample
seeding the reaction (20,21). At passage 1, RT-QuIC prion-seeded amyloid formation was
limited to N2a-HSP72 and N2a-V cells exposed to RML, consistent with prion infection (Figure
1.5). Over the 6 passages, the rates of amyloid formation remained equivalent between N2a-
HSP72 and N2& RML-infected cells (p>0.05, Mann-Whitney non-parametric test). We also
observed that the rate of amyloid formation in these cells steadily decreased between subsequent
passages indicating the amount of PiPas decreasing over time. We concluded HSP72

expression did not alter the formation of P1iR neuroblastoma cells.
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Figure 1.5 RT-Qul C comparison of prion levelsover time
Prion-templated amyloid formation was detected in NSE-HSP72 and N2a-V cells expose(
RML in passages 1 through 6. There was no significant difference between the average |
amyloid formation between the two cell types. The average rates of amyloid formation we
observed to decrease as passages progressed consistent with a decrease in prion burdel
samples. Minimal, insignificant, amyloid formation of one to two replicates was observed
control cell samples due to spontaneous conversion of SHrPrP substrate.
HSP72 expression does not alter prion disease course

We hypothesized HSP72 would protect against prion-associated disease, therefore, we
compared the survival times between NSE-HSP72 and C57BIl/6 mice inoculated with RML.
Both mouse strains developed clinical signs associated with prion infection following RML
intraperitoneal (IP) inoculation. No significant difference was observed in survival time between
the NSE-HSP72 and C57BI/6 mouse strains, with median survival times of 227 days and 224
days, respectively (Fig 1.6A). Negative control FVB IP inoculated mice from either genetic
background did not develop clinical disease and lived for the entire study length, 400 dpi. This
demonstrates HSP72 neuronal overexpression does not protect against peripheral, IP, RML
exposure. Interestingly, RML intracranial (IC) inoculated NSE-HSP72 displayed a slightly
shorter survival time with a median of 165 dpi when compared to RML IC inoculated C57BI/6
mice with a median survival of 175 dpi (p=0.0265, log-rank test) (Fig 1.6B). In summary, these
data demonstrate neuronal expression of HSP72 does not enhance survival from RML-prion
disease. Although the difference between the IC NSE-HSP72 and C57BI/6 inoculation groups is

statistically significant, a larger study is necessary to evaluate if HSP72 expression biologically

enhances prion disease progression.
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Figure 1.6 Survival curvefollowing RML prion inoculation

A. Intraperitoneal inoculation survival curve. NSE-HSP72 mice and C57Bl/6lRineculated
with RML and euthanized due to terminal disease displayed no significant differences bet
the disease time course. Control mice inoculated with FVB brain homogenate did not disj
clinical disease and survived throughout the course of the study.

B. Intracranial inoculation survival curve. NSE-HSP72 mice and C57BI/6 mice IC inocula
with RML were euthanized due to terminal disease, however, NSE-HSP72 mice had a sh
disease course by approximately 2 weeks (*, p<0.05). Control mice inoculated with FVB |

brain homogenate did not display clinical disease and survived throughout the course of tl
study.

HSP72 expression does not alter PrP production or neuropathology

The amount of Pr® formed during disease between RML-inoculated NSE-HSP72 and
C57BI/6 mice was compared by western blotting. All animals from both IP and IC inoculation
routes that displayed clinical signs and were euthanized for prion disease had demonsftable PrP

in brain homogenates and at comparable densities (Figure 1.7). There was no apparent
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difference in the level of PfPbrain accumulation between NSE-HSP72 and C57BI/6 mice or by

inoculation routes. No animals inoculated with FVB brain homogenate display&drPrP

homogenates.
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Figure 1.7 Representative western blot of PrP¥ in brain homogenates from mice inoculated
with RML or FVB brain homogenate.

A. Intraperitoneal inoculation. P¥Pwas detected in brain homogenates from C57BI/6 and N
HSP72 mice inoculated with RML following PK digestion but was not observed in FVB
inoculated mice. No difference was observed in the banding pattern or relative densit§f of
in the brain homogenates.

B. Intracranial inoculation. Similar to the IP inoculation in A, wWas detected in brain
homogenates from C57BI/6 and NSE-HSP72 mice inoculated with RML following PK dige
No difference was observed in the density or banding pattern. No PK resistant material w
detected in brain homogenates from FVB inoculated mice.
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To evaluate if HSP72 expression alters RML prion pathology, brain sections from RML-
inoculated and FVB-control animals were examined by H&E staining and IHC. Both NSE-
HSP72 and C57BI/6 mice with inoculated with RML, either by IP or IC routes, and euthanized
for terminal disease displayed similar pathology consistent with published RML lesion profiles
(25). H&E evaluation of brain tissue displayed white matter vacuolation (spongiosis) of the
cerebral cortex, cerebellum, and brainstem (Figure 1.8A). No difference in the degree of
spongiosis was observed between animal types or inoculation routes. IHC evaluation displayed
PrP°¢immunoreactivity in the hippocampus, thalamus, cerebellum and brainstem, consistent
with RML prion infection (Figure 1.8B). No difference in lesion distribution or severity was
detected between NSE-HSP72 and C57BI/6 mice or by inoculation route. Control mice
inoculated with FVB did not display any PfBmmunoreactivity in their brains. In summary,
HSP72 expression in neurons did not alter lesion development Sra@d@mulation in brains

from mice inoculated with RML.
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A Intraperitoneal Inoculation

RML FvB

NSE-HSP72

C57Bl6

NSE-HSP72

C57Bli6

Figure 1.8 Microscopic comparison of brain lesonsin NSE-HSP72 and C57BI/6 mice
inoculated with RML.

A. H&E evaluation of brain lesions. NSE-HSP72 and C57BI/6 mice inoculated with RML
displayed white matter spongiosis in the cerebral cortex and cerebellum consistent with p
infection. Mice inoculated with FVB normal brain homogenate did not display any lesions
B. IHC evaluation of Pr¥® brain accumulation. PPPimmunoreactivity, characterized by
diffuse and small punctate deposits in the hippocampus, thalamus, cerebellum, and brain:
was detected equally in NSE-HSP72 and C57BI/6 mice inoculated with RML. Brain sectic
from control mice inoculated with FVB did not display any ®ifimunoreactivity.
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Discussion

Heat-shock protein 72 expression has been shown to protect against the toxic effects of
protein misfolding inn vitro andin vivo models of neurodegenerative diseases (3). This
protection was illustrated by a decrease in the amount of aberrant protein produced and increased
cell viability (3). In contrast to these studies, we did not observe a protective effect in cell
culture or mouse investigations of HSP72 expression of RML prion infection. Potential reasons
for the differences between our results and other models of protein misfolding diseases include
variations in HSP72 expression in the mouse models used for experiments and separate
subcellular locations of HSP72 and the prion protein.

The majority ofin vivo studies examining the influence of HSP72 on neurodegenerative
diseaseused a transgenic C57B16 mouse with HSP72 expression controlled by the f-actin
promoter yielding HSP72 expression in all cell types (9,10,27). In contrast, our study focused on
HSP72 expression in neurons by using transgenic mice with the gene construct under control of
the neuron specific enolase promotor (23). By extending expression to other cell types, HSP72
may be initiating additional cell-mediated mechanisms of protection, such as microglial
activation, that synergistically act to decrease protein aggregation (28). Additionally, as would
be expected by expressing HSP72 in all cell types, the total amount of HSP72 produced is
greater than when expression is restricted to neurons (23). Potentially, this increased dose of
HSP72 is needed to abrogate aberrant protein aggregation and the amount of HSP72 in our
mouse strain is below the therapeutic threshold. Further study is needed to investigate if HSP72
expression in additional cell types besides neurons is beneficial in prion pathogenesis.

A second potential cause of our negative mouseislfiia separate cellular locations of

HSP72 expression and pathogenic prions. HSP72 typically resides in the cytoplasm whereas
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PrP is anchored in lipid rafts on the outer cell membrane (2,29,305°Habeen shown to

form on the cell surface and traffic through cells within the endosome-lysosome system (31).
Despite the appearance of spatial segregation, during the stress response HSP72 has been shown
to translocate to lipid rafts during the stress response and be released into the extracellular
environment, both locations where it could encountePR82). HSP72 has also been shown to

be protective in mouse models of AD, another protein-misfolding disease where the nascent
protein is located in the membrane and the aggregated anfiyiloiktracellular (10). This

suggests HSP72 and prions should come in contact, however, it is unknown how limiting the
expression of HSP72 to neurons affects the production and function of extracellular HSP72 in

our transgenic mouse model.

Ourin vitro cell culture studies provided mixed results with HSP72 expression.
Observing the cell density and cell counts over 3 days post-inoculation suggested HSP72
expression protected against RML-associated prion toxicity. However, analysis of the RML
burden over 6 passages following infection did not demonstrate any differences in prion
production between cells expressing HSP72 or not. Analysis of the RT-QulC amyloid formation
rates immediately following prion exposure and throughout passaging demonstrated the prion
concentration was gradually decreasing indicating our transfected N2a cells were able to be
infected but did not efficiently propagate infection between passages. This problem has
previously been recognized in prion infection cell culture, where N2a clones display variable
permissiveness or resistance to scrapie prion infection and a GAG-protein construct was
necessary to maintain prion propagation in RKE cells between passages (33,34). Another
potential complicatiois the stringent passage conditions we performed, in which we potentially

diluted infected cells faster than prions propagate. Some prion cell panel assays do not perform
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any passage steps after infection or only do minimal cell splitting when passaging which
suggests overall cellular prion replication occurs at a slow rate (unpublished data, Glenn
Telling). Potential alternative experimental approaches to analyze HSP72 expressgian

include identifying the most prion-susceptible N2a subclones from our vector transfected cells or
terminally differentiating our N2a-cells into neurons prior to infection.

In summary, we investigated the potential for HSP72 to mitigate prion pathogenesis in
cell culture and mouse models of murine-adapted scrapie. In contrast to its protective effect in
models of other protein misfolding diseases, HSP72 expression in neurons did not alter the
disease course or prion accumulation following infection. Further investigation is needed to
know if HSP72 expression can provide protection in prion diseases when expressed in additional

cell types or if HSP72 expression does not impact prion disease pathogenesis.
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CHAPTER 2:
Early Prion Distribution in Deer Exposed to Chronic Wasting Disease

Summary

Natural exposure of deer to the misfolded infectious prion“®HHn chronic wasting
disease (CWD) is believed to occur through environmental exposure by aerosol or oral routes.
Studies in white-tailed deer mimicking these exposure routes with (in retrospect) relatively large
challenge doses detected P¥P in the retropharyngeal lymph node at 1.5 months and tonsil at 3
months by western blotting and immunohistochemistry. However, the full extentf®PrP
distribution prior to these time points and the chronological progression of disease during early
infection remains unknown. To address this knowledge gap in pathogenesis, we challenged
white-tailed deer with CWD prionsy intravenous or mucosal exposure routes (oral and oro-
nasal) and performed necropsies at 1 and 3 days and 1, 2, 3, and 4 months to assess the tissue
distribution of Pr"“P. To enhance PAY® detection at early post-infection time points, tissues
were assayed using several amplification techniques: real-time quaking induced conversion assay
(RT-QuIC) and tyramide signal amplification immunohistochemistry (TSA}IH&though we
were unable to detect P® in the immediate period following mucosal exposure, we detected
PrP°WP seeding activity in vascular organs 15 minutes and 72 hours post-1V exposure. In an
extended survey following mucosal exposure “PFRvas first detected in the oropharyngeal-
associated lymph nodes at 1 month post-exposure (MPE). Expandm{y PeBlication was
detected at 2 MPE in oropharyngeal lymph nodes and by 3 MPEVPhRad spread to all
systemic lymphoid tissues. At 4 MPE, PP detection remained confined to lymphoid tissues
and was not yet evident in central nervous system tissues. These results indicate that the earliest

trans-mucosal entry by CWD prions is in the upper alimentary tract and replication in the
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lymphoid tissues draining the oropharyngeal cavity followed by rapid dissemination to systemic

lymphoid tissues prior to neuroinvasion.

Background

Chronic wasting disease (CWD) is a naturally occurring TSE of cervids, including deer,
elk, and moose (1). CWD was first recognized in Colorado in 1967 and has since spread to
captive and free-ranging cervid populations in 24 states and three additional countries, Canada,
the Republic of Korea, and Norway (2,3). Clinical signs include progressive wasting despite
polyphagia, bruxism, head tremors, and ataxia (1,4). Like other transmissible spongiform
encephalopathies, clinical disease is associated with spongiform change and accumulation of the
infectious prion isoform, Pf¥®, in the central nervous system, most consistently observed
affecting the nucleus of the vagus nerve in the obex region of the medulla obl@igata

Natural horizontal CWD transmission is predicted to occur through direct contact with
infected animals or by indirect environmental exposure associated with foraging activities (8).
Infectious CWD prions have been demonstrated in body fluids and excreta, including saliva,
urine, feces, contaminated fomites, and pag@#?). Once CWD has contaminated the
environment it has been shown to persist and remain infectious for years, potentially through
complexing with soil (13). Vertical transmission has also been described, however, it is unclear
what degree it plays in the spread of CWD (14).

Like other TSEs, the pathogenesis of CWD is influenced biPRNP gene sequence and
four polymorphisms have been identified in white-tailed deer: Q95H, G96S, A116G, and Q226K
(15). Of the identified polymorphisms, 95Q, 96G, and 116A, are more commonly represented in

the deer population and reported with higher frequency in field-cases of CWD (16). Research
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has demonstrated at least one copy of the 96S allelic variation prolongs the CWD incubation
period in deer, up to 230%, and potentially impede$§¥tRonversion (2,17,18).

Evidence suggests CWD pathogenesis has many similarities to scrapie, including a
lymphoid replication phase prior to neuroinvasion (19). A survey of mule deer from CWD
endemic areas identified PH% in tonsil biopsies without overt clinical signs of disease (20).
Experimental studies of CWD transmission following relatively large oral challenge with CWD+
brain homogenate, have demonstratedPPmn gastrointestinal-associated lymphoid tissues as
early as 42 days (21) and spread to systemic lymphoid tissues by 90 days post-exposure (22).
However, there remains relatively little information regarding the chronological progression of
PrYPin deer tissues during the early post-exposure period.

To reveal features of the early CWD pathogenesis, we examined the distribution and
accumulation of PP after oral and intravenous exposure in white-tailed deer using both
traditional and modern amplification methods. Prions rapidly disseminated to highly
vascularized organs within 15 minutes and remained within these tissues at 3 days post-exposure.
Following mucosal exposure, we found the earliest evidence of trans-mucosal prion entry in the
upper alimentary tract in the lymphoid tissues draining the oropharyngeal cavity, followed by
rapid dissemination to systemic lymphoid tissues prior to neuroinvasion. This study highlights
the contribution of the lymphoid system in early CWD pathogenesis following mucosal

exposure.

M ethods

Animal care and study design
Indoor housed, hand-raised white-tailed deer (WTRoCoileus virginianus) were

provided through long collaboration with Sally Dahmes and David Osborn. WTD were
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maintained in strict accordance with Colorado State University Animal Care and Use
Committee. PrPgenotype sequence at codon 96 was determined as previously described
(14,23,24).

Intravenous-inoculation:

Four WTD were intravenously inoculated with 0.55 grams of CWD-positive (CWD+)
brain homogenate. One WTD was inoculated with CWD-negative (CWD-) brain homogenate
following similar route as a negative control. The brain if@aere prepared in sterile 1XxPBS
containing 2.0% penicillin-streptomycin (Life Technologies). WTD were inoculated into the
jugular vein over a period of 5 minutes while under sedation. Two CWD+ deer were sacrificed
15 minutes post-inoculation and the remaining 2 CWD+ and 1 CWD- animals were collected 72
hours post-inoculationNo signs of clinical disease were detected throughout the course of
study.

Mucosal-inoculation:

WTD identified by 900-series were inoculated with a combined oro-nasal inoculation of
homogenate consisting of 0.55 grams pooled cervid brain that was confirmed CWD positive by
western blot. Oral inoculation was performed by instilling 0.5g of brain directly into the
animal’s mouth using a syringe. Aerosol inoculation was performed by atomizing brain
homogenate corresponding to 0.05 g of brain using a NaSbiséye sprayer directly in the
nostrils. Negative control WTD were inoculated with a similar dose and route of pooled CWD-
negative cervid brain homogenate. WTD were sacrificed at either 24 hours or 72 hours post-
inoculation. WTD identified by 1100 or 1200-series were inoculated with either 0.5 grams of
CWD positive or CWD negative brain homogenate and sacrificed at 1, 2, 3, or 4 months post-

inoculation. PRNP genotype at codon 96 was evenly distributed throughout the collection time-
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points to ensure equal genetic representation (Figure I4dL.yigns of clinical disease were

detected throughout the course of study.

CWD + CWD + CWD + CWD + CWD + CWD +
1G/G 1G/G 2G/G 2G/IG 2G/IG 2G/G
1G/S 1G/S 1G/s 1G/s 1G/s

CWD — CWD - CWD - CWD —
1G/S 1 G/G 1G/8 1 G/G
01 3 1 2 3 4

\_Y_) \ )
|
Days Months
Figure 2.1 Overview of WTD PRNP genotype distribution of mucosal-exposure cohort.

White tailed deer were collected at 1 and 3 days or 1, 2, 3, and 4 months. PRNP codon 9
genotypes, .966 or 96S, were distributed throughout the collections to ensure adequate g¢
representation.
Tissue processing

Complete necropsy and tissue collection of each WTD was performed at time of
sacrifice. Lymphoid tissues, obex, ileum and vomeronasal organ (VNO) were analyzed for
PrP°WP amyloid seeding activity by RT-QuIC and B immunoreactivity by IHC. Many
other tissues were collected from deer at necropsy but were not analyzed for the present report.
Each tissue was collected with an individual, clean, prion-free instrument to avoid cross-
contamination. Tissues were split into two with half frozen and stored at -80 C until use. The
other half of tissue was fixed in periodate-lysine-paraformaldehyde (PLP) for 4 days before
changing to sterile 1xPBS until trimming and histology tissue cassetting, followed by 70%
ethanol for long-term storage. Tissue cassettes were processed into paraffin-embedded blocks
following routine histologic techniques. Frozen tissues were processed into ten percent weight-
per-volume tissue homogenates using 1xPBS (Life Technologies) and a Bullet Bfetistere

homogenizer (Next Advance).
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I mmunohistochemistry

PrP-"YP was detected following a two-step immunostaining procedure with tyramide-
signal (TSA) enhancement as previously described with minor modificationsR&bjly, 5 um
tissue sections were mounted on positively charged glass slides. Following routine
deparaffinization with xylene and rehydration with graded alcohols, tissues were subjected to 1
ng/mL proteinase K digestion at 37 C to remove native PrP®. Epitope exposure was performed
using hydrated autoclaving antigen retrieval in 10 mM EDTA, pH 6.0. Tissues were briefly
exposed to 88% formic acid prior to quenching endogenous peroxide activity with 3.0%
hydrogen peroxide in methanol. Tissue sections were blocked with proprietary protein block,
TNB (Perkin-Elmer), followed by sequential application of primary anti-prion protein antibody
BAR224 (Caymarhemical) at 0.5ug/mL, a 1:2000 dilution and secondary anti-mouse antibody
conjugated to horseradish peroxidase (HRP) (EnvistbnBako). Antibody signal was
enhanced with Tyramide Signal Amplificatidh(Perkin EImer) following the suggested
protocol. Immunoreactivity was detected using AEC substrate-chromogen (Dako). Coverslips
were mounted using aqueous mounting media and staining visualized by light microscopy.
RT-QuIC protein purification

RT-QuIC experiments were performed with recombinant truncated Syrian hamster PrP
(SHrPrP) encoding residues 90-231, which was expressed and purified as previously described
(26,27). Briefly, SHrPrP was expressed in BL21 Rodedtherichia coli (Novagen). Bacteria
were cultured at 37°C in lysogeny broth (LB) media in the presence of selection antibiotics
kanamycin and chloramphenicol until the final ®bwas at least 2.5. Cell lysis was performed
using BugbustéM reagent supplemented with Lyson@s¢EMD Biosciences) and inclusion

bodies harvested by centrifugation at 15,000 x g. The inclusion body pellet was solubilized (8M
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guanidine hydrochloride, 100mM BRO) prior to application to NINTA superflow resin
(Qiagen) that had been previously equilibrated with denaturation buffer (6M guanidine
hydrochloride, 100 mM N&#Qs, 10mM Tris). The resin-SHrPrP was applied to a XK16-60
column (GE Healthcare) and purified using a Bio-Rad Dudffo®PLC using a gradient from
denaturation buffer to refolding buffer (100mM J&#Qs, 10mM Tris) to induce protein
refolding. Refolding was followed by a gradient from refolding to elution buffer (100mM
NaHPQs, 10mM Tris, 0.5 M imidazole) with all fractions being collected. Fractions from the
elution peak were combined and dialyzed against 4L of buffer (20mMmP@&iHovernight.
Final protein concentration was determined using the ad a coefficient of extinction of
25,900 in Beer’s Law.

RT-QuIC assay

Lymphoid and parenchymal tissues

Tissue homogenates were treated to sodium phosphotungstic acid (NaPTA) precipitation
to enhance detection by RJuIC. Briefly, 100 uL of a 1% tissue homogenate solution was
incubated and shaken with 7 uLL. NaPTA solution (0.5g sodium phosphotungstic acid,
0.43g MgC}-6-hydrate, pH 4.0) for 1 hour at 37° C and 1400 rpm. The solution was pelleted by
centrifugation at 21,130 rcf for 30 minutes. The supernatant was removed and remaining pellets
were resuspended in RT-QuIC dilution buffer (0.1% SDS/1xPBS) corresponding to the original
volume of homogenat® inaintain consistent protein concentration. Two pL of resuspended
NaPTA precipitated tissue sample was used to seed each RT-QuIC reaction.

Nervous tissues

Nervous tissues were alcohol precipitated prior toQRIE assay. Ten puL ofa 10%

tissue homogenate was incubated at room temperature with 100% ethanol for 5 minutes.
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Proteins were pelleted by centrifugation at 21,130 rcf for 5 minutes and the sugernatan
discarded. The procedure was repeated and the final protein pellet was resuspended in 10 pL of
RT-QuIC dilution buffer. Two pL of a 10 dilution of the precipitated nervous tissue proteins
were used to seed the RT-QuIC reaction.

Assay conditions

RT-QuIC was performed as previously described (26,27). Briefly, RT-QuIC experiments
were carried out in black, optical bottom 96-well plates (Nunc) with each well containing 0.1
mg/mL SHrPrP substrate and RT-QuIC reaction buffer (20mM:R&k 320mM NacCl, 1.0mM
EDTA, 1mM Thioflavin T). RT-QuIC experiments were carried out in a BMG Labtech
PolarstalM fluorometer with each cycle consisting of 1 minute shaking at 700 rpm followed by 1
minute rest, repeated for 15 minutes. Fluorescence readings with an excitation of 450 nm,
emission of 480 nm, and gain of 1700 were taken at the completion of each 15 minute shake/rest
cycle by measuring each well 20 flashes and an orbital average of 4. Each RT-QuIC experiment
consisted of 250 fluorescence readings, a total of 62.5 hours.
RT-QuIC data analysis

Data for each sample was collected by three separate RT-QulIC experiments with 4
replicates each for a total of 12 replicates. Individual replicates were considered to have positive
amyloid formation if their fluorescence rose above a pre-determined threshold set at 5 standard
deviations above the average of the baseline fluorescence. RT-QuIC rates of amyloid formation
were calculated as previously described (26,28). Rates of amyloid formation were normalized to
the plate positive control minimize any individual experiment variation by dividing each sample
rate of amyloid formation by the fastest positive control rate of amyloid formation. Sample data

was statistically evaluated using GraphPad software. RT-QuIC replicate distributions were
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determined to be normally distributed using D’ Agostino test for normality and a p-value <0.05.
The rates of amyloid formation from tissue homogenates fromer&posed animals were
compared to corresponding negative controls by one sample t-test and considered positive if the

p-value <0.05.

Results
PrPP amplifies in lymphoid tissues during the early course of infection

24 and 72 hours post-mucosal exposure. In WTD collected at 24 and 72 hours post-mucosal

CWD exposure, occasionBIT-QulC sample replicates of the prescapular, mandibular, and
hepatogastric lymph nodes displayed amyloid seeding activity, however, the average rates of
amyloid seeding for these samples were not significantly different than corresponding negative
control tissues (Figure 2.2). IHC analysis of tissues from these early time points did not display

any PrE"P immunoreactivity.
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Figure 2.2 24 and 72 hour s post-mucosal exposure.
A. RT-QuIC of tissues collected 24 hours post-mucosal exposure. Rare tissues, such as-
prescapular LN, mandibular LN and RAMALT, displayed minor fRafyloid conversion,
however rates of amyloid formation were not statistically different than corresponding neg
control tissues. Data displayed is mean and standard error of mean (SEM) from 8 replica
representing 2 separate experiments. (LN=lymph node; Retro LN = Retropharyngeal lyn
node; RAMALT= rectoanal mucosal associated lymphoid tissue; VNO= vomeronasal orge
B. RT-QuIC of tissues collected 72 hours post-mucosal exposure. Rare tissues, such as t
prescapular LN and spleen, displayed minor fRaRyloid conversion, however rates of amyl
formation were not statistically different than corresponding negative control tissues (p>0.
one-sample t-test). Data displayed is mean and SEM from 8 replicates representing 2 se|
experiments.
C. RT-QuIC of negative control tissues collected at 72 hours post-mucosal exposure. Ral
tissues displayed minor elevated rates consistent with spontaneous amyloid formation of .
substrate. Data displayed is mean and SEM from a minimum of 8 replicates and 2 separ:
experiments.
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15 minutes and 72 hours post-intravenous exposure. To contra¥PRigue distribution with

mucosal exposure, deer were inoculated 1V with CWD+ or CWD- brain homogenate and
collected 15 minutes or 72 hours post-inoculation. We observed variable amyloid seeding in
highly vascularized organs at both 15 minutes and 72 hours post-exposure, including the lung
and liver (Figure 2.3). No P¥PP immunoreactivity was observed on TSA-IHC examination of

the corresponding tissues.
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Figure 2.3 15 minutesand 72 hours post-1V inoculation.

A. PrP°WP detection 15 minutes post-1V inoculation. BYP amyloid seeding was variably
detected in the lung, kidney, liver, and right ventricle of the heart 15 minutes following 1V
inoculation. Of those tested, the right caudal lung, left caudal lung, and right ventricle san
from animal 964 had amyloid formation rates significantly different than the corresponding
negative control (*, p<0.05, Wilcoxon signed rank test). Data represents mean and SEM |
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replicates and 2 separate experiments.

B. PrP-P detection 72 hours post-1V inoculation. Variable PfPamyloid seeding was
detected in all lung lobes, liver, and right atrium. The samples from deer 956 that displays
significant rates of amyloid formation included: the right atrium of the heart, and the right ¢
left caudal lung lobes (**, p<0.01, Wilcoxon signed rank test). From deer 1030, only the li
sample displayed significant rate of amyloid seeding (*, p<0.05, Wilcoxon signed rank tes
Data represents mean and SEM of 8 replicates and 2 separate experiments.

C. No PrE"P amyloid seeding detected in the negative control deer.

One month post exposure (MPE). At 1 MPE, significant®HPamyloid seeding activity

(p<0.01, one sample t-test) was detected in the retropharyngeal lymph nodes from two 96G
WTD and the parotid lymph node from one 96G WTD when compared to corresponding
negative controls (Figure 2.4A). By comparison, no significant amyloid seeding was observed in
tissues from 96S WTD at 1 MPE. This indicates the amyloid seeding detected in 96G tissues is
consistent withde novo prion generation in these tissues and not residual inoculum.

TSA-IHC evaluation of lymphoid tissues at 1 MPE demonstrated faint granufa¥®PrP
immunoreactivity in rare germinal centers of tonsils in two of the three 96G WTD (Figure 2.4B).
Similar faint granular P/#'® immunoreactivity was detected in the parotid lymph node with
corresponding amyloid seeding detected by RT-QuIC. Despite significant RT-QuIC amyloid
seeding, TSA-IHC failed to demonstrate P immunoreactivity in retropharyngeal lymph
nodes. The variation in PrBP tissue detection at this early disease time point is likely due to
unequal tissue distribution and sectioning differences. N®&"¥rinmunoreactivity was

observed in 96S tissues.
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Figure 2.4. 1 MPE collection.

A. RT-QuIC of 96G, 96S, and negative control tissues collected at 1 MPE. Three tissues
displayed significant RT-QulC amyloid seeding: 1219 retropharyngeal lymph node, 1202
retropharyngeal lymph node, and 1219 parotid lymph node (one sample t-test, p<0.05). M
significant Pre"P amyloid seeding formation was observed in 96S WTD tissues. Data
represents mean rate of amyloid formation and standard error of mean (SEM) of 12 replic
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from 3 separate experiments.
B. Representative TSA-IHC from 96G WTD collected at 1 MPE. Minimal to n6"¥rP
immunoreactivity was detected in tonsils from WTD at 1 MPE. All images 200x magnifica
scale bar 50um.
Two MPE. At 2 MPE, significant PH®"® seeding activity (p<0.01, one sample t-test) was
consistently detected in lymph nodes draining the head and neck including the tonsil,
retropharyngeal lymph node, and mandibular lymph node (Figure 2.5A). In addition, one 96G
WTD had significant seeding activity in the parotid lymph node. Compared to 1 MPE (Figure
2.4A), the tonsil and retropharyngeal lymph node at 2 MPE displayed a faster amyloid formation
rate, consistent with greater accumulation of¥fFn these tissues. As at 1 MPE, lymphoid
tissues from 96S WTD at 2 MPE contained no detectable"®r@myloid seeding activity.
TSA-IHC evaluation of lymphoid tissues from 96G WTD revealed¥YP
immunoreactivity in tonsils with greater distribution of staining when compared with 1 MPE
tissues (Figure 2B)(summarized in Table 1). In addition, B¥® immunoreactivity was

observed in retropharyngeal lymph nodes from two 96G WTD. No&"{rihmunoreactivity

was observed in 96S tissues.
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Figure 2.5 2 MPE collection.

A. RT-QuIC of 96G WTD, 96S WTD, and negative control tissues collected at 2 MPEVOPr|
amyloid seeding was detected in oropharyngeal lymphoid tissues from at least 1 96G WT
collected at 2 MPE, including the tonsil, retropharyngeal, mandibular, and parotid lymph n

65



(one sample t-test, p<0.01). Amyloid formation rates from 96S WTD tissues were not
significantly different than the negative control. Data represents mean and SEM of 12 reg
from 3 separate experiments.
B. Representative TSA-IHC from 96G WTD collection at 2 MPE. Mild“®PH
immunoreactivity was detected in a small number of germinal center lymphoid follicles in 1
and retropharyngeal lymph nodes. Images are 200x magnification; scale bar = 50 um.
Three MPE. Following 3 MPE, significant B seeding activity expanded from lymph nodes
associated with the head and neck detected at earlier collection times to include all systemic
lymphoid tissues examined (Figure R)d@rom at least one of the two 96G WTD. The lymphoid
tissues draining the head and neck had the highest rates of amyloid seeding activity consistent
with a greater PI®'° burden. The Pf®P seeding activity in spleen is consistent with systemic
spread of prions, either through lymphoid cell trafficking or blood.

TSA-IHC analysis of tissues at 3MPE collection identified¥®fAmmunoreactivity in
the majority of systemic lymphoid tissues in addition to oropharyngeal lymphoid tissues (Figure

2.6B) (summarized in Table 2.1). Lymph nodes draining the head and neck had the greatest

PrP°YP staining distribution and intensity.
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Figure 2.6 3 M PE collection.

CWD+
Tonsil

Retropharyngeal LN

A. RT-QuIC of 96G WTD tissues collected at 3 MPE. The majority of tissues display posi
rates of amyloid formation that are statistically different than the corresponding negative c
tissues (one sample t-test, p<0.05). The two tissues that are not significant are: 1207 me:
lymph node and 1207 parotid lymph node. The increase in lymphoid tissue distribution at
MPE is consistent with systemic prion spread. Amyloid formation rates in the oropharyng
lymphoid tissues are higher at 3 MPE when compared with 2 MPE (Figure 2.5A) consiste!
an accumulation of PFH® with the longer incubation time. Data represents mean and SEN
12 replicates from 3 separate experiments. 3 MPE tissues were compared with 4 MPI ne:

control tissues for statistical analysis.

B. Representative TSA-IHC from 96G WTD collected at 3 MPE. Increaséd'PrP
immunoreactivity staining was identified in oropharyngeal lymphoid tissues in lymphoid fo
germinal centers. TSA-IHC additionally detected ®fPimmunoreactivity in the majority of
systemic lymphoid tissues (not pictured). IHC images are 200x magnification.
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Four MPE. Tissues from 96G WTD sacrificed at 4 MPE had significait'r&émyloid
seeding activity in the majority of tissues evaluated with only RAMALT and VNO displaying
variable seeding activity (Figure 2.7A). Overall, tissues had a faster rate of amyloid formation
when compared with 3 MPconsistent with greater PYPP tissue accumulation. The first
identification of amyloid seeding activity in a 96S WTD was detected in the tonsil at this time
point.

TSA-IHC analysis of 4 MPE tissues revealed ®fPimmunoreactivity in all tissues
from at least 2 of the 3 96G WTD examined (Figure 2.7B). The tonsil and retropharyngeal
lymph nodes had extensive P immunoreactivity in lymphoid follicle germinal centers.
Other tissues had increased PY¥Pfollicle distribution compared to 3 MPE tissues and greater
staining intensity consistent with increased prion accumulation. Nd'Pimmunoreactivity

was observed in tissues from 96S WTD.
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Figure 2.7 4 MPE collection.

A. RT-QuIC of WTD tissues collected at 4 MPE. All tissues examined displayéd®rP
amyloid formation detected in at least two of the three 96G WTD (one sample t-test, p<0.!(
The two tissues that did not have significant rates of amyloid formation are 1201 vomeron
organ and 1201 RAMALT. Compared with 3 MPE (Figure 2.6), 4 MPI tissues have greate
of amyloid formation consistent with a larger PM tissue burden. Tonsil from 96S WTD ha
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detectable amyloid formation at this collection time (one sample t-test, p<0.01). Data repr:
mean and SEM of 12 replicates from 3 separate experiments.

B. Representative TSA-IHC from 96G WTD collected at 4 MPE. All lymphoid tissues disp
PrP°YP immunoreactivity in the germinal centers of follicles. The greatest staining was
observed in oropharyngeal lymphoid tissues. No staining was observed in corresponding
negative control tissues.

Evaluation of PrP"P in the obex. The obex region of the medulla oblongata was evaluated for

evidence of PrP"P neuroinvasion by RT-QuIC and TSA-IHC. No P#® RT-QuIC seeding
was detected at any collection time (Figure 2.8A). N&¥YPmmunoreactivity was observed
by TSA-IHC (Figure 2.8B). This demonstrates that there is no detectable evidence of

neuroinvasion in the time period we evaluated following mucosal prion exposure.
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Figure 2.8 No evidence of neuroinvasion at 4 MPE.

A. RT-QuIC evaluation of obex samples collected from 2MPE to 4 MPE. No evidence of
Pr°WP amyloid seeding was detected in the obexes evaluated from early infection time pc
B. Representative TSA-IHC of the obex collected at 4 MPE. N&"¥rilnmunoreactivity was
observed in sections of the obex from the 4 MPE collection.
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Table 2.1 Summary of PrPcWP detection by RT-QuIC and IHC following mucosal

exposure.

RT-QuIC and TSA-IHC detected similar patterns of PPaccumulation during early infection:
initial detection in oropharyngeal lymph nodes prior to systemic lymphoid dissemination.
Although the two assays displayed similar lymphoid distribution patterns, RT-QulC analysis
identified more positive tissues when compared with TSA-IHC. Data for each tissue displayed
as number of animals positive by detection method out of total number of animals examined.
(Abbreviations: QuIC = RT-QuIC; IHC = TSA-IHC; Retro. LN = Retropharyngeal lymph node;
LN=lymph node; VNO = Vomeronasal organ)

Tissue 1 MPE 2 MPE 3MPE 4 MPE
QuIC IHC QuIC IHC QuIC IHC QuiIC IHC
Retro.LN 2/3 0/3 3/3 2/3 2/2 2/2 3/3 3/3
Tonsil 0/3 2/3 2/3 3/3 2/2 2/2 3/3 3/3
Mandibular LN 0/3 0/3 2/3 0/3 2/2 2/2 3/3 3/3
Parotid LN 1/3 1/3 1/3 0/3 1/2 1/2 3/3 2/3
Prescapular LN 0/3 0/3 0/3 0/3 2/2 1/2 3/3 2/3
Mesenteric LN 1/3 0/3 0/3 0/1 1/2 0/2 3/3 213

Hepatogastric LN| 0/3 0/3 0/3 0/3 2/2 212 3/3 3/3

lleocecocolic LN 0/3 0/2 0/3 0/3 2/2 1/2 3/3 3/3

Spleen 0/3 0/2 0/3 0/2 2/2 1/2 3/3 2/3
RAMALT 0/3 0/3 0/3 0/2 2/2 0/2 2/3 2/3
VNO 0/3 N/A 0/3 N/A 2/2 N/A 2/3 N/A
lleum N/A 0/2 N/A 0/2 N/A 1/2 N/A 2/2
Obex 0/3 0/3 0/3 0/3 0/2 0/2 0/3 0/3

Estimation of prion burden during early CWD infection

We have previously reported the prion concentration in the sample used to de&ed the
QUuIC reaction directly correlates with the rate of amyloid formation (26,27). To explore the
kinetics of PrfVP accumulation in lymphoid tissues over the course of early infection, we
compared the average rates of amyloid formation in lymphoid tissues from the 1-4 MPE
collection times with those collected from 3 white-tailed deer with terminal disease (20-24
months post-infection). Evaluation of lymphoid tissues over time revealed two patterns. First,
the oropharyngeal lymph nodes, including the tonsil, retropharyngeal lymph node, and
mandibular lymph node displayed a rapid accumulation df¥Rapproximating terminal
tissue levels by 3 MPI, with no statistical difference observed between 3 MPI, 4 MPE, and the
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terminal disease statgs< 0.05, one sample t-test) (Figure 2.9A). Second, the parotid lymph
node, distal gastrointestinal lymph nodes, and spleen displayed a later accumulatiéi'®f PrP
and did not reach peak tissue burdens during the time course of our study (4 MPE tissues
compared with terminal, p<0.05, one sample t-test) (Figure 2.9B). We approximatediife PrP
amyloid formation kinetics of these two lymphoid patterns by linear regression analysis and
found no statistical difference between the rates by slope analysis of best-fit linear regression
lines (p=0.4229, linear regression analysis). This data confirms the lymphoid tissues examined
have similar prion replication kinetics and that the difference in lymphoid tissue prion levels at 4
MPE is due to the sequence of P¥P tissue infection, i.e. the oropharyngeal tissues were
infected earlier than systemic lymphoid tissues, and not due to a difference in prion replication

kinetics.
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Figure 2.9. Estimation of lymphoid tissue prion accumulation during the course of early
CWD infection.

A. Estimation of prion replication kinetics in oropharyngeal lymphoid tissues during early (
infection. The prion concentration in tissues was estimated by averaging the rates of amy
formation collection time point. Two lymphoid P accumulation patterns were observed.
A) In orophargyneal lymph nodes, the tonsil, retropharyngeal and mandibular lymph node
displayed a rapid PA®¥P accumulation and reached tissue PPtissue levels comparable witl
terminal disease burden byWBPE (p<0.05, one sample t-test). The parotid lymph node had
slower prion accumulation but reaahprion levels comparable with terminal disease by 4 Mi
(p<0.01, one sample t-test).

B. Estimation of prion replication kinetics in gastrointestinal-associated lymphoid tissues
(GALT) and systemic lymphoid tissues during early CWD infection. Distal GALT tissues ¢
the spleen did not display P seeding until 3 MPE, later than oropharyngeal lymphoid
tissues (in A). At 4 MPE, all tissues had significantly lower rates of amyloid formation thai
corresponding terminal tissues (p<0.01, one sample t-test), indicating these lymphoid tisst
not reach maximum prion burdens during the time course of our study.

Discussion
We analyzed PP distribution in WTD at early time points following oral exposure.
Although we were unable to identify the sites of mucosal entry following"¥ringestion, we

demonstrated early PrBP accumulation in oropharyngeal lymph nodes at 1 MPE and rapid
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systemic accumulation of PrPPin lymphoid tissues by 4 MPE with tissue prion levels

comparable to terminal disease. Our findings are consistent with previous investigations of early
CWD pathogenesis (21,22) despite the exposure dose given in our study being 10-fold lower.
This suggests either the dose of ®fPdoes not impact infection kinetics or that in all of these
studies the given dose far surpassed the natural infectious dose resulting in the same
experimental disease course. A recent report determined the minimal effective oral dose of
sheep-adapted BSE to be 0.05g and did not observe alterations in the disease course at higher
inoculation doses (29). Investigations into the minimum infectious oral dose required for CWD

in the natural host are on-going.

Similar to other ingested TSEs, such as scrapie and variant Creutzfeldt-Jakob disease, our
results demonstrate CWD displays and early and sustained lymphoid replication phase prior to
neuroinvasion (30,31). Temporal investigations of scrapie identified gastrointestinal-associated
lymphoid tissues, including tonsil, retropharyngeal lymph node, Peyer’s patches, and
ileocecocolic lymph nodes, as the first sites ofPdetection (32,33). The pattern of lymphoid
accumulation observed in our study is consistent with two phases. First, the lymphoid tissues
draining the head and neck displayed®fPamyloid seeding activity and IHC
immunoreactivity. This is consistent with either a larger initiaPPRlose in these tissues due
to direct drainage from the oral mucosa or fastef¥?feplication kinetics. This initial
lymphoid replication phase was followed by widespread systemic lymphot'Preplication,
as evidenced by PYPP detection in the spleen. PM¥ may be trafficked from initial lymphoid
replication sites through either blood or lymphoid cells. Blood has been previously shown to
harbor CWD infectivity (10) with B cells and platelets being identified as the infectious

components (34). In contrast, a mouse study identified macrophages as the cell responsible for
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transporting prions from intestinal mucosa to draining lymph nodes (35). Further studies are
needed to illuminate which lymphoid cell or cells are responsible for systemic prion trafficking
in subclinical chronic wasting disease. A surprising finding was the early detectiorfPPrP
seeding activity in the vomeronasal organ at 3 MPE. Nasal brushings in conjunction with RT-
QuIC have recently been investigated as a potential pre-clinical diagnostic tool in humans with
CJD and cervids (36-38). The early P¥P distribution to the nasal cavity may provide a route

of environmental shedding in preclinical animals.

Given the transmission of TSEs following oral exposure, investigations have focused on
how prions cross gastrointestinal mucosal barriers. Studies on intestinal uptake have identified
M cells of the follicle-associated epitheliumRfyer’s patches as a site of prion entry (39,40).
Additionally, GALT uptake appears to be required for neuroinvasion as depletion of M cells or
decreased numbers of Peyer’s patches, but not lymphocytes, in mice blocked the development of
prion disease (35,41-43). Other imaging studies have suggested prions can use a paracellular
route across the epithelial mucosa by identifying prions in between cells (40). Our study
identified the oropharyngeal lymph nodes, tonsil, retropharyngeal, and mandibular lymph nodes
as an initial site of PP lymphoid accumulation after oral exposure suggesting a pathway of
mucosal uptake in the oral cavity plays an important role in early pathogenesis. It is possible that
intestinal mucosal uptake also contributes to prion uptake, similar to other orally transmitted
TSEs, but it remains unclear where the primary mucosal entry site is located and how prions
cross oral mucosal barriers in CWD.

At early CWD disease stages, the low prion tissue burden limitd"PiBentification by
traditional immunoblotting techniques. Here, we have demonstrated both RT-QuIC and a

modified immunohistochemistry technique, TSA-IHC, can enhance™Prietection.
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Comparison of RT-QuIC and TSA-IHC as a detection method during early infection time points
demonstrated RT-QuIC consistently identified P¥Pamyloid seeding in tissues approximately

1 month prior to IHC detection. This finding is consistent with recent literature that reported
RT-QuIC has at least equal sensitivity as IHC in detecting'Btih RAMALT biopsies from

WTD and elk (36,37). A larger sample size is necessary to evaluate the sensitivity and
specificity of RT-QuIC as a diagnostic tool for PH detection in terminal lymphoid tissues.

The variation in Pré"P tissue detection among 96G WTD from the same collection time is
consistent with individual animal variation and tissue sectioning differences.

In regards to influence of the PRNP genotype on susceptibility to CWD, our study is
consistent with previous investigations on codon 96 (17). Lymphoid tissues from 96S WTD did
not display the same RT-QuIC amyloid seeding activity as 96G WTD tissues amtf s
only detected in tonsil collected at 4 MPI. The slower disease course in 96S WTD may be better
able to distinguish the chronological sequence of ¥Rymphoid replication that is otherwise
masked in the faster 96G WTD disease course. Thus, identification of amyloid seeding in tonsil
suggests this tissue might be the first location of BYReeding and replication following oral
exposure. However, the small number of animals available for our study makes these
conclusions tentative.

In summary, we usedT-QulC and TSA-IHC to illustrate lymphoid seeding and
replication in oropharyngeal lymphoid tissues as early as 1 month following oral CWD exposure.
This initial lymphoid replication phase was followed by YPreplication in systemic lymphoid
tissues with tissue burdens approximating terminal disease levels by 4 months post-exposure.
Similar to other orally acquired TSEs, prion lymphoid amplification appears to occur prior to

neuroinvasion.
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Future Directions

Future studies will examine the remaining systemic and lymphoid tissues collected at 4
MPE to determine the full-body distribution of PR at this early time point. We will use a
new end-point RT-QuIC technique for this whole-animal survey. In addition, we plan on
evaluating excreta, including saliva and urine, from these early collection time points to

determine the extent of environmental shedding during early disease.
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CHAPTER 3:
Detection and Quantification of CWD PrionsHixed Paraffin Embedded Tissues by Real-Time
Quaking-Induced Conversidn

Summary

Traditional diagnostic detection of chronic wasting disease (CWD) relies on
immunodetection of misfolded CWD prion protein (P¥R) by western blotting, ELISA, or
immunohistochemistry (IHC). These techniques require separate sample collections (frozen and
fixed) which may result in discrepancies due to variation in prion tissue distribution and assay
sensitivities that limit detection especially in early and subclinical infections. Here, we harness
the power of real-time quaking induced conversion (RT-QuIC) to amplify, detect, and quantify
prion amyloid seeding activity in fixed paraffin-embedded (FPE) tissue sections. We show that
FPE RT-QuIC has greater detection sensitivity than IHC in tissues with IdW/'PbRrdens,
including those that are IHC-negative. We also employ amyloid formation kinetics to yield a
semi-quantitative estimate of prion concentration in a given FPE tissue. We report that FPE RT-
QuIC has the ability to enhance diagnostic and investigative detection of disease-associated

PrPESin prion, and potentially other, protein misfolding disease states.

Background
Prion diseases, or transmissible spongiform encephalopathies, are fatal
neurodegenerative diseases that include Creutzfeldt-Jakob disease (CJD) in humans, bovine

spongiform encephalopathy (BSE), sheep scrapie, and cervid chronic wasting disease (CWD).

IChapter published abloover CE, Davenport KA, Henderson DM, Pulscher LA, Mathiason
CK, Zabel MD, Hoover EA. Detection and Quantification of CWD Prions in Fixed Paraffin
Embedded Tissues by ReBEime Quaking-Induced Conversiofici Rep. May 9, 2016. 6:25098
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Disease is initiated when a misfolded isoform (designatetf, RARES, PrEYP, or PrP)

induces templated misfolding of the normal cellular prion proteinjRoPpropagate via a

process of seeded polymerization (1,Rjions are characterized by increased formation of 3

sheets, propensity to aggregate into amyloid fibrils, and resistance to protease and acid digestion
(3-5). Typical histologic lesions include spongiform neuropathology and neurodegeneration
associated with deposition of PfPand reactive astrogliosis (4).

Definitive diagnosis of CWD traditionally relies on detection of PfPby
immunohistochemistry (IHC), western blot (WB), enzyme-linked immunosorbent assay
(ELISA), or animal bioassay. The tissues tested typically include antemortem biopsies of tonsil
or rectal associated mucosal lymphoid tissue (RAMALT) or postmortem sampling of the obex
region of the brainstem. Analysis by these techniques requires a minimum of two separate tissue
samples, formalin fixed tissues for IHC and fresh or frozen tissues for WB and ELISA that can
create result disparity in results if BY'¥ is not homogenously distributed or at low levels.

While immunodetection methods can provide qualitative estimation of prion concentration,
calculating the infectious titer of a prion tissue sample requires an end-point dilution bioassay,
which relies on disease incubation time to determine infectivity levels. Bioassay limitations
include animal availability, cost, and time required (often greater than one year to complete).
Cell culture based assays have been developed to supplant animal bioassays (6,7), but remain
relatively time consuming, may be limited to specific prion strains, and are not suitable for fixed
tissue samples.

Previous studies have established protocols for the isolation of disease associated prion
proteins from formalin-fixed paraffin-embedded tissue sectidhs Transgenic mice expressing

hamster PrPintracerebrally inoculated with prions isolated from formaldehyde fixed paraffin-
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embedded 263K scrapie strain terminal brains developed clinical disease(8). Prion protein can
be demonstrated in some archived formalin-fixed paraffin-embedded tissues and detected by
western blotting, albeit with lower levels of sensitivity, typically limiting this method to terminal
samples (9,10). A separate protein blotting technique, the paraffin embedded tissue blot, can
detect PrP deposition in the brain of pre-clinical animals by using harsh epitope retrieval and
immunostaining; however, the multi-step process is labor intensive and cannot provide
guantitative data (11).

In most samples collected prior to terminal disease;PtRvels are often below the
threshold of detection by IHC or WB; thus detection at these time points requirgs
amplification methods for detection (12-15). One amyloid amplification method is real time
guaking induced conversioRT-QuIC), which utilizes templated prion seeded conversion of
bacterially expressed recombinant Pifito amyloid structures that are measured by thioflavin T
(ThT) fluorescence (15). Repeated cycles of shaking are used to exponentially increase initial
low levels of Pre"P potentially facilitating a greater sensitivity of detection. In addition, RT-
QuIC amyloid formation kinetics have been adapted to estimate the low quantity of prions in
samples of body fluids and excreta (16,17) with a sensitivity approaching bioassay (14).

Here, we describe a simple and rapid technique to detect and quantif{f prion
seeding activity from fixed paraffin-embedded (FPE) tissues by RT-QuIC. Assessment of RT-
QuIC amyloid formation rate kinetics enabled quantification of ¥fPproviding a useful
estimation of prion infectivity in IHC positive tissues. The combination of IHC and FPE RT-
QuIC makes possible the description of P¥Pdistribution and estimation of the infectious titer

in tissues, including those with minimal or absent®fRdetection by IHC.
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Methods

Animals

Hand-raised, indoor-adapted white-tailed deer (WToCoileus virginianus) were
provided through long-standing collaboration of David Osborn, Sallie Dahmes, Karl Olsen, and
Robert Warren, at the Warnell School of Forestry and Natural Resources, University of Georgia.
Deer were housed in an indoor research facility at Colorado State University. Institutional
Animal Care and Use Committee (IACUC) protocols for animal treatment and handling were
followed. All animal studies were approved by Colorado State University IACUC. Archived
tissues from CWD-infected WTD were used to optimize these techniques. All WTD with 800-
series ID numbers were intranasally inoculated with two 1 mL doses of a 5% CWD positive
brain homogenate (18). Deer were allowed to develop clinical disease and tissues were collected
at terminal necropsy. All deer with 11-series and 12-series ID numbers were inopalaisd
with 0.5 grams of a CWD positive pool of cervid brain. Deer were sacrificed, necropsied, and
tissues collected at scheduled monthly intervals post-inoculation prior to development of clinical
signs associated with CWD infection.
Tissue processing

At necropsy, all tissues were individually collected with a prion-free instruments to
prevent cross contamination and were divided in half with one half stored at -80°C until use and
the other half fixed for a minimum of 48 hours in periodate-lysine-paraformaldehyde (PLP)
fixative. After 48 hours tissues were transferred to sterile 1xPBS until trimming and then stored
in 70% ethanol. Sections of the obex region of the medulla oblongata, retropharyngeal lymph
node, and tonsil were trimmed and subjected to routine paraffin embedding. Frozen tissues were

homogenized in 1xPBS at 10% weight per volume with a Blue BYllstad-beater
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homogenizer (Next Advance) with care to avoid any cross contamination among tissue
homogenates.
Protein extraction from FPE blocks

Eight to 10 pm thick paraffin-embedded tissue wax curls were cut from paraffin blocks
using a microtome (Leica) with a prion-free microtome blade and prion-free forceps for every
FPE sample to avoid cross contamination. Paraffin-tissue curls were subjected to a series of
xylene and graded alcohol washes (100%, 95%, and 70%) to remove paraffin and rehydrate
tissues similar to standard histological methods. Following alcohol treatments rehydrated FPE
tissues were washed with 1XxPBS. Rehydrated FPE tissue was homogenized in at 10% weight
per volume by manual disruption or a bead homogenizer as described above.
| mmunohistochemistry for PrpPP

Following routine paraffin embedding, 5 pum microtome tissue sections were placed on
positively charged glass slides. Tissues were deparaffinized, rehydrated with graded alcohols,
and treated with 88% formic acid digestion prior to heat-induced epitope antigen retrieval in the
2100-Retrieve™ (Prestige Medical). Following retrieval, endogenous peroxidase activity was
guenched prior to prion epitope detection with anti-prion antibody BAR224 (Cayman chemical)
at 2 pg/mL concentration and Envision+™ anti-mouse HRP-labeled polymer (Dako). Following
antibody treatment, antigen was visualized with 3-amino-9-ethylcarbazole (AEC) substrate
chromogen (Dako). Tissue sections were counterstained with Meyer’s hematoxylin (Dako) and
0.1% bicarbonate bluing reagent prior to coverslipping with aqueous mounting media (Dako).
Recombinant Syrian hamster PrPC protein purification

Purification was performed as previously described (14,16,19). Briefly, recombinant

truncated Syrian hamster Prf®0-231) (SHrPrP) was expressed and purified from BL21 Rosetta
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(Novagen)Escherichia coli. Cells from a glycerol stock were cultured at 37°C in lysogeny broth
(LB) media with selection antibiotics kanamycin and chloramphenicol until the fingdo@@2s
at least 2.5. Cell lysis was performed using Bugbiéteragent, supplemented with
Lysonas& (EMD Biosciences) and inclusion bodies harvested by centrifugation at 15,000 x g.
Inclusion bodies were dissolved in solubilization buffer (8M guanidine hydrochloride, 100mM
NaeHPQy) and applied to NiNTA superflow resin (Qiagen) that had been equilibrated with
denaturation buffer (6M guanidine hydrochloride, 200mMHN(4, 10mM Tris). The resin-
SHrPrP was loaded on to a XK16-60 column (GE Healthcare) and purified using a Bio-Rad
Duoflow™ FPLC. A gradient from denaturation buffer to refolding buffer (100mIyHR&,,
10mM Tris) was applied to induce protein refolding prior to a wash with refolding buffer.
Refolding was followed by a gradient from refolding to elution buffer (100mMJR&l 10mM
Tris, 0.5 M imidazole) and all fractions were collected. The fractions from the elution peak were
pooled and dialyzed (20mM NaPiQs) overnight. Protein concentration was calculated by
measuring the #so and using a coefficient of extinction of 2609n Beer’s Law.
RT-QuIC assay

Assay conditions were as previously described (16,17). FPE tissue homogenates or 10%
frozen tissue homogenates were diluted in 0.1% sodium dodecyl sulfate (SDS)/ 1xPBS buffer as
described. For subclinical WTD samples, & tilution of FPE homogenates was used to seed
the RT-QuIC reactionTwo pL of diluted sample was added to the RT-QuIC reaction buffer
consisting of 20mM NapkPO4, 320mM NacCl, 1.0mM EDTA, 1mM Thioflavin T (ThT) and 0.1
mg/mL SHrPrP. RT-QuIC reactions were carried out in black, optical bottom 96-well plates
(Nunc) in a BMG Labtech Polarstdrfluorometer. RT-QuIC cycles consisted of 1 minute of

shaking at 700 rpm followed by 1 minute of rest, repeated for 15 minutes. Fluorescence was
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read at the conclusion of each 15 minute shake/rest cycle with an excitation of 450 nm and
emission of 480 nm, gain of 1700, and each well was measured with 20 flashes per well with an
orbital averaging of 4. Each RT-QuIC assay was performed for 250 cycles, the equivalent of
62.5 hours.
CWD hioassay in transgenic cervidized mice

All mice were bred and maintained at Colorado State University Lab Animal Resources,
accredited by the Association for Assessment and Accreditation of Lab Animal Care
International in accordance with protocols approved by the Institutional Animal Care and Use
Committee at Colorado State University. All animal studies were approved by Colorado State
University IACUC. Transgenic mice overexpressing the cervid cellular prion protein were
inoculated with 30 pL of a homogenate pooled from six terminal experimentally inoculated
WTD brain samples (cervid brain pool 6; CBP6) diluted from 1.0% to 0.00001% concentration.
Mice were observed for clinical signs and sacrificed when they reached terminal disease. Mice
that did not develop clinical signs were sacrificed at 500 days post inoculation when the study
was terminated. Brains were harvested from all animals at time of sacrifice and analyzed for

PrP°"P by immunohistochemistry following the above protocol or western blot (20).

RT-QuIC rate analysis and quantification

The time to threshold, ori€alues, were calculated by determining the time (hours) for a
positive amyloid seeding reaction to reach a predetermined threshold (established as 5 standard
deviations above the average baseline fluorescence of all samples). The rate of amyloid

formation was calculated as the inverse of the Ct value (1/h). FPE RT-QulC amyloid formation
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rates for each sample were confirmed to benally distributed using the D’ Agostino-Pearson
normality test. RT-QuIC amyloid formation rates were statistically compared with
corresponding negative controls using a one-sample t test. An equation relating the amyloid
formation rate (1/h) to the Ld9for mouse bioassayed material (CBP6) was created by applying
a best-fit line to the linear range, 4@ 10°, of the RT-QuIC CBP6 dilution. This equation, in

the format of y=mlog(x) +b, was used to correlatesd@ata (x) to RT-QuIC rates (y).

Results
Detection of PrP“P in FPE brain samples

RT-QuIC is a prion-seeded amyloid amplification assay that uses recombin&rsPrP
the substrate and thioflavin T (ThT) amyloid-binding fluorescence emission as the indicator of
prion enciphered amyloid fibril formation (21). RT-QuIC generation of prion seeded amyloid
fibril formation follows a logarithmic pattern, with an early lag phase below the level of ThT
detection and a rapid exponential phase as amyloid fibrils are formed, analogous to DNA
replication in PCR reactions (Fig 3.1a). A positive RT-QuIC reaction is defined as when a ThT
fluorescence curve crosses an established baseline threshold, calculated to be five standard
deviations above the average initial fluorescence. The time for a reaction to reach the threshold
is defined as thei@alue (hours). Since ThT fluorescence is recorded in real time, the rate of
amyloid formation can be calculated as the inverse of thalGe (1/h). Previous studies have
demonstrated a direct, linear relationship between tivalGe and concentration of prions in the
sample used to seed a reaction. Thus, samples with larger prion burdens have greater amyloid

formation rates (14,16).
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Figure 3.1 Overview of methods.
(a) Representative RT-QuIC fluorescence curve. As prion-enciphered amyloid is formed

rPrP substrate the RT-QuIC reaction transitions from lag phase to exponential phase. Ar
formation is measured through thioflavin T (ThT) fluorescence emission as it binds amyloi
The Ct value is defined as the time (hours) for a positive RT-QuIC reaction to reach a pre:
threshold (horizontal line), indicated by the red circle. The rate of amyloid formation is
calculated as the inverse of Ct (1/h).

(b) Schematic of FPE protein extraction method.
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To determine if our FPE protein extraction method preserved'®riamyloid seeding
activity for RT-QuIC detection, we selected the obex portion of the medulla oblongata region of
the brainstem from white-tailed deer (WTD) infected with CWD by an aerosol route. This
region had marked PYPP deposition demonstrated by IHC (Figure 3.2a) (18). Obex samples
from sham-inoculated WTD were processed in parallel as negative controls. Microtome paraffin
shavings of 8 to 10 um thickness from FPE tissue blocks were treated with a series of xylene and
alcohol washes to remove paraffin and rehydrate the tissue sections consistent with conventional
histologic section processing. Following tissue rehydration, extracted samples were weighed and
converted into a 10% weight per volume homogenate to standardize the amount of sample
analyzed by RT-QuIC (Fig 3.1b).

Serial dilutions from 18 to 108 were analyzed comparing the FPE-extracted obex
sample homogenates to the corresponding unfixed, frozen obex sample homogenates collected at
necropsy from the same animal. All WTD inoculated with CWD had marked, variably sized
PrP°WP plaque accumulation and neuropil vacuolation in the obex by IHC consistent with
terminal disease pathology (Figure 3.2a). Nd“PFRmmunoreactivity was observed in the
corresponding negative control obex samples. RT-QulIC ThT fluorescence readings were
converted to rates of amyloid formation by calculating theaftie. The dilutional series data
demonstrated that the FPE obex homogenates maintained prion amyloid seeding activity over a
107 to 107 dilution range (Figure 3.2b). By comparison, dilution of parallel frozen unfixed obex
homogenates from the same animal contained prion seeding activity from dilutiotes 1a¥F.
The absence of RT-QuIC amyloid seeding activity it &40d 1@ dilutions of unfixed frozen
samples is well documented and believed to be the result of inhibitors present in high

concentrations in nervous tissue homogenates, which must be diluted before amyloid formation
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can occur (22). Background, spontaneous unseeded amyloid formation frérsuPsRate was
rare in negative control obex homogenates derived from either FPE or unfixed frozen obex
samples and comparable between the two sample preparation techniques. These results
demonstrated that the FPE RT-QuIC protocol can consistently and specifically deté¢ PrP

amyloid seeding activity in FPE obex homogenates from CWD-infected, but not control, WTD.
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Figure 3.2 Detection of amyloid seeding activity in FPE obex tissue.

(a) Immunohistochemistry of obex from three terminal white-tailed deer. All display vari
sized PrB"P plaque accumulations in the neuropil. The corresponding negative control
animals do not display any P immunoreactivity. Images are 400x magnification,
measurement bars represent 20 um.

(b) RT-QuIC rates of amyloid formation of serial dilutions of FPE tissues from IHC positi
obex and frozen 10% obex tissue homogenate. FPE samples from IHC positive obex a
detectable in RT-QuIC from all three white-tailed deer examined. The RT-QuIC linear
in FPE obex samples extends from'16 10° whereas the linear range in frozen 10%
homogenates is from TGo 10°. Spontaneous amyloid formation from rPriegative control
samples occurred equally rarely in both FPE and frozen homogenates. Each point repr
median and interquartile range (IQR) and is derived of 8 replicates from a minimum of t
separate experiments.

Detection of PrP®P seeding activity in FPE retropharyngeal lymph node

Next, we examined retropharyngeal lymph nodes from the same WTD analyzed in Figure

2 using identical FPE protein extraction methodology. Retropharyngeal lymph nodes from WTD

inoculated with CWD displayed moderate to marked®PPRieposition in germinal centers of
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lymphoid follicles by IHC consistent with a CWD disease state (Figure 3a). By comparison,
retropharyngeal lymph nodes from corresponding negative control WTD did not display any
PrP°"P immunoreactivity. Both FPE and frozen lymph node homogenates displayed amyloid
seeding activity over dilutions o 10° revealing lower endpoints and less inhibitor activity
when compared to nervous tissue (Figure 3.3b). These results confirmed that the FPE protein
extraction protocol is applicable to demonstrating amyloid seeding activity in FPE lymphoid

tissues of WTD.
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Figure 3.3 Detection of amyloid seeding activity in FPE retropharyngeal lymph node.
(a) Immunohistochemistry of retropharyngeal lymph nodes from three terminal white-tai
deer. Mild to marked PH¥® immunoreactivity is present in germinal centers of lymphoid
follicles. No Pr"P immunoreactivity is detected in negative control animals. All IHC
images are 200x magnificatiomeasurement bars represent 20 um.
(b) RT-QuIC of serial dilutions of terminal-disease, IHC positive FPE retropharyngeal Iyl
node and 10% frozen homogenate. Similar to obex samples (see Fig 2), RT-QuIC succ
detected amyloid seeding activity in FPE retropharyngeal lymph node samples. The rai
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detection was similar between FPE samples and frozen samples, generally fni@®

Spontaneous amyloid formation was rare in negative controls and did not differ betweer

and frozen samples. Each point represents median and IQR and is derived of 8 replica

a minimum of two separate experiments.
Sensitivity of RT-QuIC prion seeding activity detection in FPE tissues

We sought to estimate the sensitivity of FPE RT-QuIC seeding and concurrently

determine whether prion-related amyloid seeding could be detected in IHC-negative tissues from
CWD inoculated WTD due to RT-QuIC amplification of initial prion seeds. We selected tonsil
and retropharyngeal lymph node samples from subclinical WTD that were orally inoculated with
CWD and sacrificed at either two or four months post-inoculation (MPI). At these collection
times, PrfYP was variably detectable by IHC in retropharyngeal lymph nodes and tonsils
(summarized in Table 1). At 2 MPI, minimal or no ¥Pimmunoreactivity was observed in
tissues and was characterized by faint granular staining in germinal centers and limited lymphoid
follicle distribution (Figure 4a). By contrast, at 4 MPI both lymphoid tissues displayed strong
PrP°WP JHC immunoreactivity with dense granular staining affecting the majority of the
follicles. FPE RT-QuIC of tonsil and retropharyngeal lymph nodes from both subclinical time
points (2 and 4 MPI) demonstrated amyloid seeding activities that were significantly different
than corresponding FPE negative control tissues (One sample t-test, p<0.01) (Figure 4b).
Tissues from 2 MPI had lower rates of amyloid formation, correlating with the minimal or absent
PrP°WP deposition observed by IHC. Likewise, higher amyloid formation rates were present in 4
MPI tissues, correlating with the marked PP distribution noted by IHC. There were no
significant differences between the amyloid formation rates of tonsil or retropharyngeal lymph

nodes collected at the same MPI from WTD (p<0.05, 2 MPI one sample t-test, 4 MPI one-way

ANOVA). These results demonstrated correlation of FPE RT-QuIC amyloid formation rates
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with PrE-"P detection by IHC. Additionally, we detectprion-related amyloid seeding activity

in FPE samples at or below the threshold of IHC detection at 2 MPI.
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(a) Representative IHC of FPE lymphoid tissues from subclinical, CWD-infected WTD.
Tissues collected at 4 MPI have increased density &*¥r&aining when compared to 2 MP
tissues reflecting a greater prion accumulation over the disease course. The low-level of
PrP°WP staining at 2 MPI reflects the early course of disease. RT-QuIC detected amyloid
seeding activity in FPE samples that are IHC negative (1148 Retro LN). All IHC images
200x magnificationmeasurement bars represent 50 pum.

(b) RT-QuIC of subclinical WTD retropharyngeal lymph nodes. All retropharyngeal lympf
nodes from subclinical animals displayed significant amyloid seeding activity (means ane
by one sample t-test; ** = p< 0.01, *** = p<0.001) when compared with respective negati
control tissues. Lymph nodes collected at 4 MPI had higher RT-QuIC amyloid formation
than tissues collected at 2 MPI which is consistent with great&'Pdmyloid seeding
activity. Each point represents the mean and SEM derived from eight replicates and in t
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separate experiments. All FPE samples are assayed atdtitin.

(c) RT-QuIC of subclinical WTD tonsils. All tonsils from subclinical animals displayed
significant amyloid seeding activity (means analyzed by one sample t-test; *** = p< 0.00]
when compared with respective negative control tissues. Similar to the retropharyngeal
nodes in b, tonsils collected at 4 MPI had higher RT-QulC amyloid formation rates than t
collected at 2 MPI which is consistent with greater®fPamyloid seeding activity. Each
point represents the mean and SEM derived from eight replicates and in two separate
experiments. All FPE samples are assayed at'ali@tion.

Table 3.1 Summary of PrPWP [HC immunoreactivity in lymphoid tissues of subclinical
WTD.

The number of lymphoid follicle germinal centers with PfPimmunoreactivity out of the
total number of follicles in the sections examined. This gives a general comparison of hc
much PrEYP is present in the tissue by IHC analysis. (LN = lymph node)

WTD Tonsl Retropharyngeal LN
1171 (4 MPI)| 104/129 70/112

1201 (4 MPI)| 146/183 | 177/232

1215 (4 MPI)| 151/191 183/216

1148 (2 MPI) | 8/134 0/95

1157 (2 MPI)| 5/125 1/99

Correlation of RT-QuIC reaction rate with bioassay

To establish a biological correlation between the amyloid formation rate and an estimated
tissue prion burden, we analyzed the RT-QuIC rate from a dilutional series of a deer brain
homogenate that was assayed by cervi¢ Resgenic mouse end-point dilutional bioassay to
yield a calculated prion titer. The bioassay inoculum was a brain homogenate pooled from six
terminal experimentally inoculated WTD (cervid brain pool 6; CBP6) that were confirmed
PrP°WP positive by western blot prior to pooling. Transgenic mice engineered to express the
cellular cervid prion protein were inoculated intracerebrally with a dilution of the CBP6
extending from 1.0% to 0.00001% weight per volume (Figure 5a). Using Reed-Muench
calculations, the mouse bioassaysbi¥as calculated to be a%@ilution, the equivalent of
3.33 x 16 LDsg/gram of brain tissue (23). The CBP6 dilutional series linear range of RT-QuIC

amyloid formation rates extended from“® 10° and was fit with a semi-log linear regression
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line (Figure 5b). The equation of the semi-log fit line relates RT-QulC amyloid formation rates
on the y-axis to LBy on the x-axis, enabling semi-quantitative estimation of the prion titer for a

sample.
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Figure 3.5 Endpoint dilution bioassay and RT-Qul C quantification of a CWD+ brain
sample

(a) Percent mortality of cervidized transgenic mice that developed terminal CWD. The
dashed vertical line indicates the 4gvhich is calculated to be a2 @ilution or 3.33 x 18
LDso/g of brain tissue.

(b) RT-QuIC rates of bioassay inoculum dilutional series. The solid curve represents th
QuIC amyloid formation rates (inDso units). The linear range extended fronf16 108, A
semi-fit log line (red) was extrapolated from the linear range and used to relate y (rate o
amyloid formation) to x (Ly). The equation of this line, in the form y=m log(x) + b, was
used for FPE quantification displayed in Table 2. Each point represents the mean and .
48 replicates derived from eight separate experiments.
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Quantification of prion-related seeding activity in FPE tissues

The correlation of FPERT-QuIC rates with Pr£'P immunoreactivity in pre-clinical
WTD (Figure 4) led us to estimate prion seeding activity in FPE samples by extrapolation to the
RT-QuIC reaction rate standard curve derived from a bioassayed CWD brain pool as previously
described (17). To establish the standard curve, we used a semi-log linear regression equation
defined as: amyloid formation rate = 0.04073 log (sarhplg) + 0.1633. Based on the RT-
QuIC amyloid formation rate we were able to calculate the eQuivalents in each gram of
FPE tissue using the defined equaii®®). For example, the estimated PP prion seeding
activity in 1 gram of FPE tonsil from a 4 MPI WTD is calculated to be 30394. LLhe
estimated LIgo per gram of FPE tissue in the subclinical WTD samples analyzed in Figure 4 are
listed in Table 2. By correlating IHC detection and the RT-QuIC seeding rates in the FPE
samples tested, we were able to consistently detect moderate IHC staining in samples with
greater than 200 L§yg of FPE tissue. When comparing PP detection by IHC and RT-
QuIC, we determined that RT-QuIC could detect as little as 39/¢.Of tissue whereas the
apparent threshold for detection by IHC examination was ¥y¢gfam. This indicated that FPE
RT-QuIC had a greater sensitivity than IHC alone for detecting CWD prion infection; however,
larger data set is needed to make a more definitive comparison and quantify the differences in
sensitivity. Estimates of prion burdens in FPE samples also enable biological characterization of
early CWD prion infection previously unavailable using IHC analysis alone. For example, FPE
tissues collected during subclinical CWD infection (2 MPI to 4 MPI) demonstrated that tonsils
consistently accumulated a higher CWD prion burden when compared to retropharyngeal lymph
nodes. Likewise, the lymphoid tissues examined at 4 MPI contained at least a 10-fold greater

LDso/gram PriPWP deposition in the same tissues on average when compared to 2 MP&. Thes
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observations suggest interesting insights into the early pathogenesis of CWD; however, a larger
sample size is necessary to draw definitive conclusions.

Table 3.2 Theestimated L Dso/gram of FPE samples.

WTD Tonsil Retropharyngeal LN
1171 (4 MPI) 3.04 x 16 6.49 x 16
1201 (4 MPI) 1.66 x 16 1.09 x 16
1215 (4 MPI) 9.60 x 16 1.57 x 16
1148 (2 MPI) 2.32x 16 3.95x 10
1157 (2 MPI) 4.00 x 16 5.07 x 10
Discussion

We describe a method for detection and semi-quantification of prion amyloid seeding
activity in microtome sections of fixed paraffin-embedded tissues. Consistent with previous
formalin fixed paraffin-embedded tissue studies analyzing prions by western blot or paraffin-
embedded tissue blot we demonstrate that prion amyloid seeding is maintained throughout the
tissue aldehyde cross-linking, dehydrating, lipid extracting, and paraffin embedding histological
processes (9,11). The FPE RT-QulC method makes possible the analysis of archived samples
when only fixed paraffin-embedded tissues are available and minimizes the sampling differences
encountered when separate fixed and frozen tissue samples are collected and examined. The
additional semi-quantitative information provided by FPE RT-QuIC allows more precise
investigations into PI®'P accumulation by tissues compared with subjective IHC scoring of
mild/moderate/marked or lymphoid follicle counts. We have demonstrated the application of this
method with a small observational study of deer early in their CWD disease progression.

An interesting observation of FPE RT-QuIC analysis of obex samples in Figure 2 was a
shift in the range of detection. Previous RT-QuIC studies of frozen brain samples have

consistently demonstrated an inability to detect seeding activityindlD0® dilutions (16,22).
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This is presumed to be due to inhibitors present in brain homogenates that are diluted out or
minimized in smaller dilutions, permitting the amyloidogenesis fromYRe&ction to occur.
Investigations identifying the biochemical nature of these amyloid seeding inhibitors in brain are
ongoing.

The correlation between IHC deposition, RT-QulC amyloid seeding rate, and the disease
course expressed as MPI is clear. Small differences in tissue amyloid seeding rates between
animals collected at the same time point are expected due to biological variability. Importantly,
detection of PrP"P seeding activity in lymphoid tissues of preclinical WTD with no or minimal
detectable PIP'P by IHC suggests either greater sensitivity provided by RT-QuIC amplification
or the presence of prion conformers that are sensitive to protease treatments used during IHC to
abolish PrP background (24). Likewise, protein misfolding cyclic amplification analyses of
some tissues in CWD-infected WTD have shown a contrast between amplifiable prion
enciphering activity and detection of BY® in tissues by IHC (12). Further analysis with a
larger data set is needed to accurately compare the diagnostic detection sensitivities and
specificities of RT-QuIC and IHC. As with IHC, the degree to which the amyloid seeding
activity measured by RT-QuIC is infectious is unknown. Here, we report on FPE RT-QuIC as a
means to identify prion-derived amyloid seeding activity in fixed tissue and use this information
to detect prion infection. This information can then be used, if desired, to estimate tissue prion
burden by extrapolation to a bioassayed reference sample.

Building on previous work, we used the mathematical relationship betwee¥{"Psged
concentration and the amyloid formation rate to estimat€¥®rBoncentration in tissues (16,17).
TheRT-QuIC quantification method we applied is consistent with previous literature that based

quantification on endpoint dilution (14) and quantitative PMCA that demonstrates initi&{"PrP
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seed determines the amplification round of detection (25). In addition, the IHC staining results
correlated well with RT-QuIC rates, further validating the relationship between amyloid seeding
rates and concentration of prions in the sample. The RT-QulC amyloid seeding reaction, which
IS consistent across various sample types, requires the presence of a conversion-competent prion
seed to initiate amyloid formation. Bioassay data provides information on the lethality of the
tested sample that is presumed to correspond to the prion burden of the inoculum. Thus, we can
estimate the prion burden and lethality of a sample, such as FPE tissues, by extrapolating to the
bioassay data. Of course this remains an approximation since the relationship of seeding activity
and infectivity would be expected to vary with tissue, prion strain, RT-QuIC substrate sensitivity,
and inhibitors that may be present, especially at low dilutions. Additional studies are needed to
more closely quantify the infectivity and lethality of FPE RT-QuIC seeds and amyloid products.
Frozen lymphoid tissue homogenates likely contain a variety of prion aggregation states as has
previously been demonstrated in brain homogenates (26,27). Itis not known whether this
aggregation diversity is maintained throughout the FPE extraction process or if a single
aggregate type or conformation is preferentially being selected. We included multiple
experiments and replicates in our RT-QuIC analysis to mitigate uneven distribution of prion
seeds in our samples and assay variability. It is also plausible that a small fraction of prion
content is lost through the FPE extraction process. The one log lower upper limit of detection in
FPE brain and retropharyngeal lymph nodes (Figures 2 and 3) could reflect these factors. If this
is the case, our mathematical calculations may be underestimating the true prion seeding
concentration. Despite these limitations, the FPE RT-QuIC quantification method still provides

a useful means of estimating prion burden in diverse tissues when animal bioassays are

precluded by large sample numbers or financial feasibility.
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There is little to no evidence at present that RT-QuIC generates infectious prions.
However, Sano et al. have reported bioassay of amyloid fibrils generated by the first round of
RT-QuIC reactions seeded with infectious brain homogenate induced prion-specific disease
when inoculated into wild-type mice (28). However, amyloid products from additional rounds of
RT-QuIC did not demonstrate any infectivity. Lack of infectivity in amyloid fibrils generated
from recombinant PiPis not unique to RT-QuIC. Amyloid fibrils produced by protein
misfolding cyclic amplification using recombinant Priubstrate require polyanionic cofactors,
such as RNA or specific lipids, to demonstrate infectivity in mouse bioassay (29,30). Possible
reasons for lack of infectivity of RT-QuIC products include the use of truncatetia®tRe
substrate and absence of post-translational modifications, including glycosylation (31).

In summary, we present a rapid and simple method &¥Préxtraction from fixed
paraffin embedded tissues and analysis for prion amyloid seeding activity using RT-QuIC. We
believe this method can facilitate quantitative and correlative investigations of kinetics and
pathogenesis during early and carrier states of prion diseases and potentially other protein

misfolding disorders.
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CHAPTER 4:
Brain-derived Lipids Inhibit Prion Amyloid Formatiaon vitro

Summary

The normal cellular prion protein (PrPresides in outer membrane lipid rafts and
conversion from PrPto the pathogenic misfolded form is believed to occur at this location.
Once misfolding occurs, monomers of the pathogenic isoform can polymerize into highly stable
amyloid fibrils. Invitro assays have demonstrated an intimate association between prion
conversion and lipids, specifically phosphatidylethanolamine, which is a critical cofactor in the
formation of synthetic infectious prions. In the current work, we demonstrate an opposing
property of lipids, the ability to inhibit amyloid formatienvitro. The amyloid seeding assay,
real-time quaking-induced conversion (RT-QuIC), was used to investigate whole brain lipid
effects on prion amyloid formation. An alcohol based extraction technique was used to remove
the lipid content from terminal chronic wasting disease (CWD)-infected white tailed deer brain
homogenates. Eliminating lipids increased the sensitivity of RT-QuIC detection of CWD in
brain samples one hundred-fold. Conversely, addition of brain-derived lipid extracts to CWD
prion samples inhibited amyloid formation in a dose-dependent manner. Brain-derived lipids
also inhibited prion amyloid formation in RT-QuIC reaction seeds derived from lymphoid
tissues. Subsequent lipid analysis demonstrated the inhibitory property was restricted to brain
polar lipids. This is the first demonstration that a fraction of brain derived lipids directly inhibit
prion amyloid conversiom vitro and highlights the diverse roles lipids play in the prion
conversion process. Future experiments aim to identify the lipid classes or individual lipid

species responsible for this inhibitory activity.
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Background

The normal cellular prion protein, PiRs intimately associated with the outer lipid
bilayer of the plasma membrane. Pi®located within detergent-resistant lipid rafts and
anchored to the outer membrane through a C-terminal GPI aficBpr This cellular location is
believed to be crucial for the conformational misfolding that creates the pathogenic isoform of
prion diseases (4,5). The Prpathogenic conformational change to 'Bffhas been shown to
occur at the cell surface and disruption of lipid rafts, and thus dispersal@fRefPents prion
infection in cultured neuron®-8). In addition, studies using recombinant Pikisolate co-
factors to create de novo infectious prion have identified lipids as a facilitating this pathogenic
conversion (9). Phosphatidylethanolamine (PE), in particular, has been isolated as an efficient
co-factor of prion conversion in every animal species examined (10).

RT-QuIC is an amyloid seeding assay that utilizes prion amyloid oligomers or fibrils as
the seed to initiate amyloid formation and elongation with recombinaft(F?A*) as the
substrate (11,12). Similar to other assays using“tRrRyloid conversion in RT-QuIC is
influenced by cofactors and inhibitors present in the test sample milieu. Previous reports
(personahnd multiple investigators’ observations) have consistently demonstrated high
concentrations of brain homogenate are unable to seed RT-QuIC reaction due to presumed
inhibitors of the amyloid formation reaction (12-14). To analyze brain homogenates %6t PrP
seeding activity, samples must be diluted t3 8010 for initial RT-QuIC detection and display
a linear dilution range from 10to 107 which is consistent with removal of reaction inhibitors.
The identification of these endogenous amyloid formation inhibitors present in certain sample
types may not only enhance BfPdetection byRT-QuIC but also illuminate biologic features

of prion conversion.

108



Our methodology developed to analyze fixed paraffin-embedded tissues using RT-QuIC
(FPE RT-QuIC) revealed the ability to detect amyloid seeding activity at higher concentrations,
101 and 1@ dilutions (15), than has previously been reported for brain homogenates. Here, we
endeavored to identify the components of brain homogenate responsible for inhibiting the RT-
QuIC amyloid formation reaction. We demonstrate endogenous lipids present in brain
homogenate can inhibit RT-QulC amyloid formation, in contrast to the prion conversion cofactor
role previously reported. Our data suggests prion conversietro is guided by a balance of

pro-conversion lipids and anti-conversion lipids.

Methods
Cervid tissue samples:

Brain and lymph node samples used in experiments were harvested from white-tailed
deer experimentally inoculated intranasally with chronic wasting disease (CWD) positive brain
material (CWD+) or CWD negative brain material (CWD-) as a negative control (16). All
CWD+ animals were allowed to progress to terminal disease prior to euthanasia and necropsy.
At necropsy, all tissues were collected with individual prion-free instruments to avoid cross-
contamination and divided into sections for freezing or fixing. Frozen tissue pieces were stored
at -80 C until use. Ten percent weight per volume tissue homogenates in 1XxDPBS (Life
Technologies) were created using zirconium oxide beads and a Blue Bullet BYefidiext
Advance) tissue homogenizer.

Recombinant Syrian hamster PrPC protein substrate purification:

Purification of recombinant truncated Syrian hamstef Pgsidues 90-231) (SHrPrP)

used as substrate in RT-QulIC was performed as previously described (15,17). BL21 Rosetta

(Novagen)Escherichia coli containing the truncated protein construct were cultured from a
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glycerol stock at 37°C in lysogeny broth (LB) media with the selection antibiotics kanamycin
and chloramphenicol to express SHrPrP until the culture optical density at 600 Bsg) (OD
reached at least 2.%.coli cell lysis was carried out using Bugbustereagent supplemented

with Lysonas&" (EMD Biosciences) according to the manufacturer recommended protocol.
Inclusion bodies were harvested by centrifugation at 15,000 x g and dissolved in solubilization
buffer (8M guanidine hydrochloride, 100 mM M#Qy) prior to application to NiNTA flow

resin (Qiagen) that had been previously equilibrated with denaturation buffer (6M guanidine
hydrochloride, 100 mM N#dPQy, 10mM Tris, pH 8.0). The NINTA resin-SHrPrP was loaded
onto a XK16-60 column (GE Healthcare) and purified using a Bio-Rad DUMIERLC. To

induce protein refolding, a gradient from denaturation buffer to refolding buffer (100 mM
NaeHPQs, 10mM Tris pH 5.5) was applied. Refolding was followed by a gradient from
refolding to elution buffer (100mM NBIPQs, 10 mM Tris, 0.5 M imidazole) and fractions from
the elution peak were pooled and dialyzed against two 4L changes of buffer (20mM®aH

pH 5.5) overnight. Final protein concentration was calculated by measuring the A280 and using
a coefficient of extinction of 25,900 in Beer’s Law. Purified SHrPrP was stored at 4°C until use.
Real -time quaking induced conversion (RT-QuIC):

RT-QuIC was performed as previously described (17,18). Tissue homogenates and
precipitated proteins with lipids were diluted in 0.1% sodium dodecyl sulfate (SDS)/1xPBS to
the desired concentration. The RT-QuIC reaction was perfossadting 2 uL of diluted
sample to a buffer containing 20mM N#&:, 320mM NaCl, 1.0nM EDTA, 1mM Thioflavin
T (ThT) and 0.1 mg/mL SHrPrP in one well of a black, optical-bottom 96-well plate (Nunc).
RT-QuIC experiments were carried out in a BMG Labtech Poldtsthrorometer with cycles

of 1 minute shaking (700 rpm, double orbital) followed by 1 minute rest, repeated for 15
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minutes. ThT fluorescence was read (excitation 450 nm, emission 480 nm, gain of 1700) at the
conclusion of each 15 minute shake/rest cycle and each well was measured with 20 flashes per
well with an orbital average of 4. Each RT-QuIC experiment was performed for a minimum of
100 cycles. RT-QuIC amyloid formation was determined to be positive if the fluorescence
exceeded a threshold determined to be 5 standard deviations above the average baseline
fluorescence. RT-QulC amyloid formation rates in RT-QuIC were analyzed by calculating the
inverse of the time to threshold.
Lipid extraction from brain homogenates:

Lipids were extracted from 10% brain homogenates using a modification of the Folch
method (19) Briefly, 100 uL of a 10% brain homogenate was incubated with 900 pL of 100%
ethanol at room temperature for 5 minutes. Following incubation, brain homogenate-alcohol
solutions were centrifuged at 15,000 x g for 5 minutes to precipitate proteins. The ethanol
supernatant was saved and the alcohol extraction process was repeated. Pooled ethanol
supenatants were dried under a stream of nitrogen gas prior to resuspension in 100 pL a
chloroform/methanol solution (2:1) to maintain original concentration (Figure 4.1A). Extracted
lipids in the chloroform/methanol solvent were added to precipitated proteins from tissue
samples. Commercially purchased total brain lipid extract and polar brain lipid extracts (Avanti
Polar Lipids) were dissolved in chloroform/methanol solvent (2:1) immediately prior to use to
create the desired weight/volume concentration and added to precipitated proteins from tissue

samples.
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Figure 4.1 Overview of methods.
A. Lipid extraction from 10% brain homogenate. Brain homogenate was treated with 100¢
ethanol (EtOH) and proteins pelleted by centrifugation. The ethanol supernatant and its
dissolved contents were removed and dried under a stream of nitrogen gas. B. Sample
preparation for RT-QuIC. Dried alcohol extracts were resuspended in chloroform/methan
solvent. Resuspended extracts were combined with alcohol precipitated proteins (in A) fo
in the RT-QuIC assay.
Isolation of polar lipids

Total brain lipid extracts were separated into polar and neutral/non-polar fractions with
acetone precipitation. Approximately 20-30x volume of acetone was added to dried total lipid
extracts and incubated on ice for 1 hour. The acetone-lipid mixture was centrifuged at 15,000 x
rpm for 5 minutes to pellet polar lipids. The entire procedure was repeated and acetone

supernatants combined. Lipid pellets and acetone supernatants were dried under a stream of

nitrogen gas prior to resuspension in chloroform/methanol solvent (2:1) in volumes equivalent to
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the starting material to maintain physiologic concentrations. Acetone fractionated lipids were
added to alcohol-precipitated proteins to seed the RT-QuIC reaction as previously described.
Fixed paraffin-embedded (FPE) RT-QuIC

FPE tissue blocks were processed and proteins extracted as previously described (15).
Briefly, a microtome (Leica) was used to cut@um thick paraffin-embedded tissue-wax curls
from paraffin blocks. Tissue-wax curls were treated sequentially with xylene to remove paraffin,
a series of graded alcohol washes (100%, 95%, and 70%) to rehydrate the tissue sections, and a
final 1XPBS wash to remove any remaining solvents with a five minute centrifugation at 15,000
rpm to pellet tissue pieces between each wash step. Rehydrated FPE tissue samples were
homogenized in 1xXPBS to create a standard 10% weight per volume using a bead homogenizer
as described above. FPE homogenates were diluted in RT-QuIC dilution buffer (0.1%
SDS/1xPBS) to the desired concentration prior to RT-QuIC analysis.
Western blotting of RT-QuIC products

Protease resistant amyloid products of the RT-QuIC reaction were detected by western
blotting. RT-QuIC products were collected at the completion of the assay by washing each well
with the RTQuIC reaction buffer and combining replicates seeded by the same sample. Nine pulL
of collected RT-QuIC products were digested with proteinase K (PK) at a final concentration of
I pg/mL and incubated at 37°C for 30 minutes with shaking followed by 45°C for 10 minutes
with shaking. Samples were mixed with reducing agent (10x)/LDS sample buffer (4x)
(Invitrogen) at a final concentration of 1x, heated at 95°C for 5 minutes then electrophoresed
through a NUPAGE 10% Bis-Tris gel (Invitrogen) at 135 V for 1.5 hours. Proteins were
transferred to a polyvinylidene fluoride (PVDF) membrane using the Transblot™aysiem

(Bio-Rad) following manufacturer instructions. The membrane was loaded into a pre-wetted

113



SNAP i.d. blot holder (Millipore) then sequentially blocked with blocking buffer (Blocker

Casein in TBS [Thermo-Scientific] and 0.1% Teme20 [Sigma]) for 3 minutes and probed with
antibody BAR224 (Cayman Chemical) conjugated to horseradish-peroxidase (HRP) diluted to
0.2pg/mL in blocking buffer for 10 minutes. Antibody was removed by vacuuming through the
membrane using the SNAP i.d. system (Millipore) and the membrane was washed three times
with 30 mL wash buffer (50% Blocker Casein in TBS, 50% 1X TBS, 0.1% Tween-20) with
continuous vacuum. The membrane was developed with ECL-Plus Western Blotting Detection

Reagents (GE) and viewed on a Luminescent Image Analyzer LAS-3000 (GE).

Results
Identification of lipids asinhibitors of prion amyloid formation

Studies performed when developing the FPE RT-QulC method demonstrated RT-QuIC
amyloid seeding at higher concentrations of FPE samples than had been previously possible (15).
Amyloid seeding in FPE brain derived samples had a linear detection range extending¥rom 10
to 107 whereas non-FPE frozen brain homogenate samples displayed a linear range extending
from 10 to 108 due to inhibitors at high concentrations consistent with published literature
(Figure 4.2A) (12,13). In contrast, retropharyngeal lymph node homogenates did not contain
inhibitors at high tissue concentrations and successfully seeded RT-QuIC amyloid formation
(Figure 4.2B). These observations indicated a component of brain homogenates not present in
lymph node homogenates could inhibit prion enciphered amyloid formation and the FPE sample

preparation protocol was capable of removing this inhibitor.
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Figure 4.2 RT-QulC dilutional seriesof FPE and frozen tissue homogenates

A. RT-QuIC dilutional series of FPE and frozen brain homogenate samples. The FPE
protocol allowed prion-enciphered RT-QulC amyloid formation with higher sample seed
concentrations, extending the linear range of detection frohtdl@0’ while inhibitors in
higher concentration of brain homogenates prevented amyloid formation (highlighted by
yellow box).

B. RT-QuIC dilutional series of FPE and frozen lymph node homogenate samples. In ¢
to brain (A), higher concentrations of frozen lymph node homogenates are able to seed
QUuIC reaction similar to FPE lymph node homogenates (yellow box) allowing detection
dilutions examined and displays a linear range frortbQaLO®.

To determine which component of our FPE RT-QuIC protocol was responsible for
removal of RT-QuIC reaction inhibitors in brain samples, we isolated and tested each step of the
FPE sample preparation protocol. To analyze the effects of tissue fixation on RT-QulC amyloid
seeding ability, a frozen section of CWD+ obex was fixed in paraformaldehyde-lysine-periodate

fixative (PLP) for 48 hours prior to homogenization. The PLP CWD+ brain homogenate and
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standard frozen brain homogenates were further treated with either a combination of
xylene/alcohol or alcohol alone prior to seeding RT-QuIC (Figure 4.3). CWD+ frozen brain
homogenate contained the greatest amount of reaction inhibitors, demonstrated by no amyloid
formation at 16 dilution and a slower rate at #@ilution. CWD+ PLP-fixed brain homogenate
(Figure 4.3, green line) had amyloid formation kinetics similar to frozen brain homogenate, with
no amyloid formation at a 7'0and a slower rate of formation at a®dilution. These results
indicated PLP fixation alone was not responsible for removal of amyloid formation inhibitors.
Treatment of both the PLP-fixed and frozen brain homogenates with both xylene/alcohol steps
demonstrated similar kinetic curves with amyloid seeding detectionarid 1 dilutions

(Figure 4.3, black and red lines). Both samples had rates of amyloid formation that were
indistinguishable from CWD+ FPE brain homogenate (Figure 4.3, blue line). To determine
which of the xylene and alcohol solvents removed inhibitors, CWD+ frozen brain homogenate
was treated with a series of alcohol dilutions. This sample preparation produced the highest rate
of amyloid formation and displayed a linear dilution range fronh tb0103 (Figure 4.3, orange

line). A dilutional series of frozen CWD+ brain homogenate treated with alcohol (Figure 4.3B)

confirmed this solvent removed RT-QuIC inhibitors and did not alter amyloid formation kinetics.
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Figure 4.3 RT-Qul C detection of prion amyloid seeds following different solvent

treatments.

A. RT-QuIC prion detection following FPE protocol solvent treatments. CWD+ brain
homogenate (purple) prion seeding showed inhibition atat@ 16 dilutions. PLP fixation
(green) of CWD+ sample showed inhibition at 10-1 dilution. Treatment of CWD+ brain
homogenate (black) and PLP-fixed CWD+ brain homogenate (red) with xylene and alcohc
solvents allowed amyloid seeding at all dilutions comparable to FPE CWD+ sample (black
CWD+ brain homogenates treated only with alcohol (orange) allowed prion-seeded detec
all dilutions and had the highest rates of amyloid formation.

B. RT-QuIC dilutional series following alcohol treatment. The alcohol treatment removed
homogenate inhibitors at high concentrations and allowed prion-seeded amyloid formatior
101 to 10"

Alcohols are known solvents of lipids (20). Thus, we hypothesized brain-derived lipids
were inhibiting the RT-QuIC amyloid formation reaction. To test this hypothesis, a commercial

preparation of total brain lipid extract was applied to CWD+ alcohol precipitated samples at
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approximate physiological concentrations (21). The addition of commercial lipids inhibited
amyloid formation in a dose dependent manner with 6% commercial lipids in
chloroform/methanol solvent completely inhibiting all sample dilutions tested and 3%
commercial lipids only inhibiting amyloid formation at theXidilution (Figure 4.4A). The
negative control of chloroform/methanol solvent displayed minor inhibition at thelill@tion

but did not abolish amyloid formation. These results confirmed brain derived lipids can inhibit
the RT-QuIC amyloid formation reaction.

Since the detection of amyloid formation in RT-QuIC relies on thioflavin T binding
amyloid structures and subsequent fluorescence we wanted to ensure the lack of RT-QuIC
fluorescence signal in our experiments was due to lack of seeded amyloid formation and not
thioflavin T binding. To test this, RT-QuIC reaction products from Figure 4.4A were examined
by western blot for prion-enciphered PK resistant amyloid material. Replicates from'the 10
dilution seeded reactions were pooled and treated with 10 pug/mL PK solution prior to western
blotting. PK resistant material was only observed in the CWD+ chloroform/methanol solvent
seeded reaction (Figure 4.4B) which corresponded to the positive fluorescence signal detected by
RT-QuIC. These results confiedtotal brain lipids were inhibiting prion-seeded amyloid

formation and not the detection of amyloid structures.
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Figure4.4 Total brain lipid extractsinhibit prion-enciphered amyloid formation
A. RT-QuIC of CWD+ seeds with commercial total brain lipid extracts. The addition of tot:
brain lipids inhibited RT-QuIC in a dose dependent manner. The lipid delivery solvent,
chloroform/methanol, had a minimal effect on the RT-QuIC reaction.
B. Western blot of RT-QuIC reaction products fromt B2ed concentration. The western blot
RT-QuIC products from the experiment in A only detected PK-resistant prion-enciphered
amyloid material from samples seeded with CWD+ brain-3% total lipids (red arrow). This
corresponded with the fluorescence observed at this seed dilution (green).

Next, we sought to assess the ability of brain extracted lipids to inhibit prion-seeded RT-
QuIC amyloid formation in lymph node homogenates that naturally do not contain the same
inhibitors. First, we extracted brain lipids from CWD-negative white-tailed deer brain
homogenate and added these deer origin brain lipids to alcohol precipitated CWD+ brain protein.
We observed similar amyloid formation kinetics as frozen CWD+ brain homogenates (Figure

4.5A). This ensured our alcohol extraction technique could isolate brain lipids and transfer them

to other samples. We then added deer origin brain lipids to alcohol-precipitated CWD+
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retropharyngeal lymph node samples. Prion seeded amyloid formation in the lymph node treated
with deer-origin brain lipids was inhibited ati@ilution whereas the alcohol-precipitated and

frozen homogenate of the same origin lymph node displayed amyloid seeding at the same
dilution (Figure 4.5B). This further demonstrated brain-derived lipids alter prion-seeded

amyloid formation kinetics in RT-QuIC.
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Figures 4.5 Extracted deer brain lipids can inhibit RT-QuIC

A. Alcohol-extraction can remove white-tailed deer brain lipids. The alcohol extraction prc
was used to remove lipids from CWD- brain homogenate. The removed lipids were adde:
alcohol precipitated CWD+ brain homogenate (green) and caused inhibitioh and Q¢
dilutions with amyloid formation kinetics comparable with 10% brain homogenate (blue).
B. Total brain lipids inhibit lymph node seeded RT-QuIC. Brain lipids extracted from CWL
brain homogenate were added to alcohol-precipitated lymph node prion seeds (green). T
addition of lipids inhibited RT-QuIC prion-seeded amyloid formation &tdifution where
inhibition was not present in the initial lymph node homogenate (blue).
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Polar lipids inhibit prion-seeded amyloid formation

Lipids can be divided into classes based on their polarity. We used acetone precipitation
to separate endogenous brain lipids into polar and neutral/nonpolar fractions and tested these
groups for RT-QuIC inhibitor activity. Alcohol precipitated CWD+ brain seeds treated with the
acetone lipid pellet containing polar lipids were inhibited at thecthcentration (Figure 4.6A)
but displayed amyloid formation at greater dilutions. In contrast, when the same CWD+ brain
seeds were treated with the acetone supernatant containing neutral and nonpolar lipids amyloid
formation occurred at all dilutions, albeit with a slower formation rate at thelii@tion. To
confirm these results, CWD+ brain seeds were treated with commercially prepared polar lipids at
physiologic concentrations. The addition of polar lipids inhibited prion-seeded amyloid
formation in a dose dependent manner with 5% polar lipids showing complete inhibition at all
dilutions, with 0.5% inhibiting only the 0concentration of prion seeds (Figure 4.6B). These
results indicated polar lipids contain the majority of lipid amyloid forming inhibitory properties

in brain lipid extracts.
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Figure 4.6 Polar lipidsinhibit prion seeded amyloid
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formation

A. Acetone fractionation of total brain lipid extracts. Acetone was used to fraction total bre

lipids into polar lipids, contained in the pellet, and

non-polar lipids, contained in the superr

The addition of the pelleted lipid fraction to CWD+ seeds inhibited RT-QuIC atilition
whereas addition of the acetone supernatant caused minor inhibition of RT-QuIC at the s¢

dilution.

B. Commercial polar lipids inhibit RT-QuIC. Adding commercially prepared polar lipids to
CWD+ seeds caused inhibition of amyloid formation in a dose-dependent manner with col
absence of amyloid formation at 5% lipid concentration and no inhibition at a 0.5% lipid

concentration.
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Discussion

PrP, like other GPI-anchored surface proteins, resides in lipid rafts within the outer
leaflet of the cell membrane, a location that has been shown to be essential for the prion
conversion process (2,22,23). Lipid raft microdomains are enriched in sphingolipids and
cholesterol to maintain structural integrity and coalesce signaling molecules (24) and alterations
in these components, such as disrupting cellular cholesterol homeostasis (25) or treatment with
the enzyme filipin (26), decreased surface“RaRd resulted in decreased formation of¥P
In contrast to cholesterol, sphingomyelin depletion in N2a cell membranes caused an increase in
PrPESthrough an unknown mechanism (27). The membrane lipid environment has been shown
to directly promote prion propagation by destabilizing the C-terminal domain, facilitatifig>PrP
conversion and fibril formation (28,29). These studies highlight the important role lipids play in
prion propagation at a cellular level. Prion diseases also alter lipid homeostasis at the whole-
organism level. A transgenic mouse model of scrapie has shown alterations in lipid
compositions in the brain at terminal disease (30).

Many of the lipid-protein interactions implicated in prion diseases mirror those described
in the pathogenesis of amylofd-Ap) aggregation in Alzheimer’s disease. Like PrP¢, amyloid$
precursor protein (APP) is an integral plasma membrane protein, although it is characterized by a
transmembrane domain instead of a GPI anchor (31,32). The lipid environment surrounding
APP and the secretase enzymes that perform the post-translational processipgciatne
form of A produced at membranes; when APP has been isolated from lipid rafts it was more
likely to be associated witftsecretase cleavage and amyloidogenic forms (33-36). The
influence of lipid raft location on AP formation is also determined by cholesterol and an increase

in membraneholesterol shifts toward Ap aggregations (37,38). Similar to the effect on the
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prion conversion process, membrane lipids can also destabilize the AP conformational structure

and induce the protein to acquire an additional B-sheet which increases fibrillization and
aggregation (39,40). With the similarities in pro-amyloid protein-lipid interactions in prion and
Alzheimer’s disease, it would be interesting to investigate whether the inhibitory lipid function

we identified can cross protein species.

Not only does the lipid bilayer influence protein misfolding but may also contribute to
prion pathology as toxic nonfibrillar prion oligomers have been shown to directly interact with
membrane lipids (41,42). Proposed mechanisms of toxicity include prion oligomer membrane
insertion as pores or channels similar to AP in Alzheimer’s disease pathology (43,44); detergent-
like activity similar to islet amyloid precursor protein in diabetes pathology (45); or prion
fibrillization on the surface of lipid rafts leading to a functional loss of membrane domain
organization (41). These toxic interactions appear to depend on the composition of the lipid
bilayer. The ability of amyloig-to form pores and fragment lipid bilayers depended on the
presence of gangliosides (44). Studies altering the content of anionic cellular membrane lipids
induced a switch in prion oligomer membrane interactions from micelle formation to increased
formation of fibrils on lipid microdomains (41). Membrane lipids, specifically
phosphatidylethanolamine, have been shown to be a cofactor in prion protein corvergion
(10) by facilitating protein structural changes (46). Taken together, these studies and the
presented data illustrate a variety of roles for lipids in the prion conversion process and suggest
the composition of the lipid environment may be a crucial component of prion pathology.

Our western blot data suggests that polar lipids interfere with the prion conversion
process; however, the mechanism of how this is accomplished needs further investigation. Other

molecules identified as potential prion disease therapeutics that also limit prion conversion can
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provide insight into potential mechanisms of action. Glycosaminoglycans and the azo dye
Congo red mechanistically decrease¥rformation by competitive inhibition. Both have been
shown to bind PrPand decrease its availability for PFPinteraction and prion conversion
(47,48). Congo red dye has also been shown to hyperstabilize prion amyloid fibrils which
prevents fragmentation and seeded amyloidogenesis (49,50).

Our experiments highlight a potential exciting use of RT-QuIC for investigating
molecules that can alter prion formation kinetics. Currently, investigations into potential
therapeutics are limited to cell culture assays and costly animal bioassays (51). A modified
PMCA technique using recombinant protein (10) as well as other amyloid seeding assays have
previously been used in a limited number of prion conversion cofactor investigations. We show
that the different alcohol based solvents used to deliver lipids did not themselves alter RT-QuIC
amyloid formation kinetics. Additional study is needed to establish the robustness of RT-QuIC
when used with a variety of delivery solvents or compounds. However, the ease and high
throughput nature of RT-QuIC can facilitate widespread screening for molecules that inhibit
prion amyloid formation (52).

In summary, we have demonstrated endogenous brain polar lipids can inhibit prion
amyloid conversiomn vitro. This is the first identification of an inhibitory function of lipids and
suggests prion conversion is a balance of pro-conversion and inhibitory lipid molecules. Future
avenues of investigation include examining the role the lipid environment plays on the

generation of prion strains and determining which cells are permissive to prion infection.
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Future Directions

Future experiments aim to parse out which class of endogenous lipids and/or individual
lipids are responsible for inhibiting amyloid formation. We plan to use adsorption
chromatography to separate polar lipids into neutral lipids, glycolipids/ceramides, and
phospholipids based on their respective solvency and evaluate each lipid class’s influence on
amyloid formation kinetics. Once the class type with inhibitory features has been identified, we
aim to perform mass spectrometry to characterize the lipids present in that fraction. Following
this identification, we will purchase individual lipids and test each for the ability to inhibit RT-

QuIC amyloid formation.
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CONCLUSIONS AND FUTURE DIRECTIONS

Through the work presented in this dissertation, | have investigated various aspects of
prion pathogenesis. First, | demonstrated the expression of heat shock protein 72 does not alter
the pathogenesis of prion propagation in murine neuroblastoma cells or C57BIl/6 mice. Second, |
mapped the distribution of PYBP in the early pre-clinical phase of chronic wasting disease,
illustrating the progression from oropharyngeal lymphoid tissues to systemic lymphoid tissues
prior to neuroinvasion. Third, in the process of investigating early"¥r&istribution, |
developed a new technique to detect®fPamyloid seeding activity in fixed paraffin-
embedded tissues using RT-QuIC. Analysis of RT-QulC amyloid formation kinetics in these
samples yielded a semi-quantitative estimate of the prion burden without the need for animal
bioassay. Finally, in the process of developing FPE RT-QuIC, | was able to demonstrate that
endogenous brain lipids can inhibit prion-seeded amyloid formation in RT-QuIC, the first
identification of such activity in these molecules.

Although our investigations of HSP72 function in prion protection yielded negative
results it still contributes to the prion field by being the finstivo study of this chaperone-
mediated function. Several possible reasons were identified as to why prion-chaperone
interactions are different than other protein-misfolding diseases, including: (1) is there a cellular
spatial separation between HSP72 expression and prion protein misfolding, (2f émérP
PrP*EShave a binding domain for HSP72, and (3) is the HSP72 expression level too low to be
therapeutic by limiting HSP72 expression levels to neurons? Future investigations to further
understand these negative results might involve, analysis of the binding affinity of HSP72 to
PrP* and various aggregation forms of F¥Pby specific plasmon resonance (Biacore)

technologyjn vitro co-culture of prion-susceptible cells with HSP72-expressing astrocytes or
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microglia, andn vivo prion infection with mice expressing HSP72 in all cell types under control
of the B-actin promotor or limited to specific cell types.

In the study of PIP'P distribution during early CWD disease, | focused on lymphoid
tissues draining the gastrointestinal tract. Future investigations will evaluate the remaining 50+
tissues collected at necropsy from the same animals to get a whole-animal picture of prion
distribution during early infection. To rapidly evaluate this large number of samples, we plan to
adapt RT-QuIC to an end-point fluorescence read. In addition to the numerous tissues collected
at necropsy, excreta samples including saliva and urine, were also collected from the same
animals. A more complete picture of prion distribution and shedding potential at these early
stages of disease are useful in enhancing our understanding of prion pathogenesis and to develop
therapeutic intervention strategies.

The identification of Pre'P in lymphoid tissues during early CWD infection in deer
revealed two separate patterns: (1) an initial prion replication phase in oropharyngeal lymphoid
tissues and (2) a later systemic prion replication phase. Although we demonstrated all lymphoid
tissues appear to have the same prion replication kinetics by RT-QuIC analysis, it is unknown if
the same cell types are involved and if any, which cells are involved in systemic prion spread.
Potential future studies will type prion-positive cells using double-label immunohistochemistry
in tissue sections, or, if possible to collect through thoracic duct ligation, analyze lymph over the
course of early disease for prion-associated cells or lipoprotein molecules.

The accurate diagnosis of prion diseases during preclinical disease stages is crucial to the
management of CWD populations and design of interventional strategies. The small number of
samples evaluated as part of our development of FPE RT-QuIC suggested our new methodology

has greater detection sensitivity than IHC in fixed paraffin-embedded tissues; however, a larger
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sample analysis is necessary to establish sensitivities and specificities as a diagnostic test.
Additionally, a large scale assessment of current assays, such as RT-QuIC, TSA-IHC, and End-
point QuIC, would be beneficial in determining their diagnostic application to the preclinical
disease phase and guide the selection of tests for experimental needs. Furthermore, the
identification of Prf"P seeding activity in FPE samples by RT-QuIC lays the groundwork for
the development of am situ amyloid seeding assay using RT-QuIC technology.

Finally, the discovery of endogenous brain lipids, specifically polar lipids, as inhibitors of
prion amyloid formationn vitro is the first identification of RT-QuIC reaction inhibitors and the
first identification of such an inhibitory function of these molecules. Future studies aim to
specify which lipids or class of lipids are responsible for this function by adsorption
chromatography separation of lipid classes and mass spectrometry to categorize the lipids present
in our extractions. Many questions follow from our RT-QuIC lipid observations including: (1)
does the polar lipid inhibitory property in RT-QuIC apply to other prion species besides CWD,
(2) can polar lipids inhibit amyloid seeding in general, or is the action specific to prions, (3) what
are the lipid requirements for prion conversinwivo? The first question could be addressed
with RT-QuIC experiments and brain samples available. The second question requires
development of amyloid seeding assays, similar to RT-QuIC, that are specific to the other protein
misfolding diseases. Development of these assays could also have a greater application beyond
the evaluation of lipid-protein interactions. Lastly, the third question could be evaluated through
lipid membrane models and cell culture.

In conclusion, the studies presented in this dissertation have contributed to furthering the
knowledge of prion propagation and pathogenesis. Moreover, these studies have provided tools

and established a basis for future investigations into prion and protein misfolding pathogenesis.
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