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Abstract

Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy (TSE) or
prion disease, which is spreading in cervid populations, including mule deer (Odocoileus
hemionus), white-tailed deer (Odocoileus virginianus), and Rocky Mountain elk (Cervus
elaphus nelsoni). The pathogen of CWD is the abnormally misfolded prion protein
(PrPsc) which is converted from normal function cellular prion protein (PrPc). PrPc is
coded by the PRNP gene which is highly expressed in the central nervous system
(CNS) and also expressed in the peripheral nervous system. The specific biological
function of PrPc in CNS still remains unclear and the pathogenesis of the PrPsc also
needs a better understanding. CWD is spreading fast in many places around the world,
and CWD is fatal to all infected animals with no treatment or vaccine for it. Our final goal
of this research is to develop a diagnosis and treatment approach for CWD. |
hypothesize that there are differentially expressed genes (DEGs) caused by CWD in the
nasal brush samples, and the identified DEGs could be used for CWD diagnosis.

This study used next-generation total RNA sequencing to identify potential biomarkers
in nasal swab samples from CWD white-tailed deer and increase understanding of
CWD pathogenesis. We annotated and filtered genes from the reference genome and
identified DEGs consistently altered in late-stage post-infection samples. Additionally,
we performed Gene Set Enrichment Analysis for these identified genes at each time
point, and we found cell proliferation pathways were suppressed, and immune response
pathways were activated post-CWD infection. These biomarkers and pathways could
provide some new insights into CWD diagnosis and CWD treatment for future research.
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Chapter One

Introduction to Chronic Wasting Disease



Abstract

Prion diseases or transmissible spongiform encephalopathies (TSEs) are a group of
contagious, fatal, incurable neurodegenerative diseases caused by the misfolded prion
protein (PrPsc, which has a B-sheet-rich structure), which was converted from normal
prion protein (PrPc, which has an a-helical-rich structure) in neuronal tissue. Prion
diseases affect both animals and humans which brings severe public concerns in the
food and health industry. Currently, there is no treatment for any of the prion diseases
and all infected individuals generally die within observed clinical signs or symptoms
within several years. Prion diseases typical clinical symptoms are rapidly developing
dementia, behavior changes, difficulty walking and changes in gait, hallucinations, and
muscle stiffness. Prion-infected brain histological analysis usually shows spongiform

degeneration, neuronal loss, and amyloid plaque accumulation with astrocytosis.



Brief Prion Diseases History and Introduction

Human prion diseases

Creutzfeldt-Jakob disease (CJD)

Creutzfeldt-Jakob disease (CJD) is the most common form of human prion disease or
transmissible spongiform encephalopathies (TSE)"2. Currently, four types of CJD have
been identified based on their different etiology: sporadic (sCJD), familial or genetic
(gCJD); iatrogenic (iICJD), and variant CJD (vCJD).3* Hans Gerhardt Creutzfeldt and
Alfons Maria Jakob were considered the first two people to describe this disease’s
syndrome in 1920 and the term “CJD” case was first introduced by Spielmeyer in 1922
to describe the neurodegenerative conditions®’. The major clinical features of CJD
include fatigue, insomnia, depression, weight loss, headaches, and malaise. Variant
CJD (vCJD) is caused by the consumption of BSE-contaminated food®. Sporadic CJD is
thought to result from the abnormal conversion of normal cellular prion protein PrPc into
its misfolded PrPsc and was reported at a rate of 1-2 cases per million worldwide® 1°.
Familial or genetic CJD accounts for approximately 10-15% of CJD and is caused by
inherited mutations in the PRNP gene'". latrogenic CJD is extremely rare and arises

due to medical or surgical procedures, accounting for only 1% of CJD cases'2.

Kuru

Kuru was first discovered in Papua New Guinea among cannibalistic tribes around 1900
and was recognized as a disease around 1940-1950"3. Kuru is caused by prions in
contaminated human brain tissue, resulting from a funeral ritual practiced by the Fore
people of New Guinea, in which they consumed the brains of deceased individuals.

2
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After the Fore people stopped this ritual in the early 1960s, the transmission of Kuru
gradually declined. The last reported Kuru case was in 2005 or 2009, and the disease is

now considered extinct'.

Fatal Familial Insomnia (FFI)

Fatal familial insomnia (FFI) is an inherited prion disease caused by a mutation at codon
178 of the PRNP prion gene'®. It is characterized by the inability to sleep and

dysautonomia. FFI| was first described in 1986"°.

Gerstmann-Straussler—Scheinker disease (GSS)

Gerstmann-Straussler—Scheinker disease (GSS) is an extremely rare, slowly
progressive, hereditary neurodegenerative disease. It was described by Dimitz in 1913
and Gerstmann in 1928"7. GSS is caused by an autosomal dominant disorder'8, and
specific mutations at codons 102, 105, 117, 145, 198, and 217 of the open reading
frame of the prion protein gene are associated with GSS disease. GSS typically occurs

at an earlier age around 40, and the average duration of illness is five years.

Animal prion diseases

Bovine spongiform encephalopathy (BSE)

Bovine spongiform encephalopathy (BSE), also known as “mad cow disease,” is a TSE
affecting cattle. It was first recognized in the United Kingdom in 1986. The BES
epidemic was likely caused by the recycling of infected bovine tissues and the feeding

of ruminant-derived protein to other ruminants prior to the recognition of BSE."%-?
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Scrapie

Scrapie is a naturally occurring prion disease affecting sheep and goats and has been
known in Europe for over 250 years?2. Clinical signs of scrapie include behavior
changes and increased aggressiveness?3. The name “scrapie” is derived from one
clinical sign that the infected animal will compulsively scrape off their fleeces due to the

itchiness caused by scrapie infection?.

Transmissible mink encephalopathy (TME)

Transmissible mink encephalopathy (TME) is a rare and progressive TSE that affects
ranch-raised mink (Mustela) 2. TME has two strains of PrPsc that can be converted
from the same PrPc: the hyper (HY) and the drowsy (DY)?%?7. These two strains exhibit
stable variations due to conformational differences, the HY PrPsc showed higher
proteinase K resistance compared to the DY PrPsc26:28,

Chronic wasting disease (CWD)

In 1967, the first chronic wasting disease case was reported among captive mule deer
(Odocoileus hemionus) as a clinical syndrome with unknown etiology in a wildlife
research facility in Colorado and another wildlife research facility in Wyoming?®-3°. In
1978, CWD was first diagnosed as a spongiform encephalopathy. In 1981, the CWD
was found in a free-ranging elk in Colorado. CWD was also found in free-ranging mule
deer and white-tailed deer (Odocoileus virginianus) in these two states in 1986 and
1990. Chronic wasting disease has been spreading fast in many states and nations
around the world. Since 2000, at least 29 states in the USA have reported the
occurrence of CWD in free-ranging deer and localized infection rates of more than 25

percent3'.
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Prion Diseases Pathogenesis

Prion disease pathogenesis is attributed to the abnormal misfolding of the prion protein
(PrPsc) from its normal cellular form (PrPc). The PrPc is expressed widely on the cell
membrane via its glycosylphosphatidylinositol (GPI) anchor in both neural and
nonneural tissues, with expression at the highest level in neurons in the central nervous
system (CNS)3233, Though the pathological relevance of PrP is now established, the
specific functions of PrPc still remain unclear. Three hypothesized functions have been
indicated: 1) PrPc is a metal ion-binding protein as it binds to copper and zinc with low
micromolar affinity343%; 2) PrPc may play a major role in cell survival and differentiation
36.37: 3) PrPc acts as a role in the recycling of the vesicles or a more direct role in
synaptic activity3®9. A well-characterized property of the physiological PrPc is its native
structure, which is composed of a disordered N-terminal flexible tail (residues 23—124)
and a structured C-terminal region (125-230) composed of three a-helix structures and
a short antiparallel B-sheet*'.

PrPc is coded in the PRNP gene which is highly conserved among many species*?43. In
a scrapie study, PRNP gene knock-out mice showed resistance to scrapie and indicated
PrPc is the prerequisite of prion infection and development*+45. Mutations in the PRNP
gene influence susceptibility to prion diseases*®4’. In a scrapie-sheep study, a set of
allele variants in positions 136, 154, and 171 of the PrP sequence are recognized to
affect scrapie susceptibility. Genotype A136-R154-R171 was scrapie resistant, whereas
V136-R154-Q171 showed high scrapie susceptibility. A136-R154-Q171 and A136-

H154-Q171 variants are medium and low scrapie susceptibility.

PRNP is a single-copy gene that spans 16 kb, is comprised of 2 exons*?, and encodes a
253 amino acid protein in the larger second exon*®%. The N-terminal region of the

protein contains an octapeptide copper-binding repeat domain®'. Various mutations
5
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within the Cu2+-binding region might be involved in prion pathogenesis®?. The C-
terminal domain of PrP is N-glycosylated and GPIl-anchored to the cell's outer-

membrane®3:54,

The structure of PrPsc and PrPc are shown in Figure 1. The PrPsc serves as a self-
template and catalyst for the conversion (Figure 2) of the normal PrPc into its misfolded
form PrPsc and then aggregates into prion amyloid®®. The conversion is not yet fully
understood but is considered to be spontaneous and triggered by PrPsc®-%8. PrPsc is

partially resistant to proteinase digestion>%¢0,

PrPc PrPsc

Figure 1. Page 6. lllustration of prion protein structures. The PrPc (left) is rich in a-
helical structures (coils). Conformational change into PrPsc (right) results in

replacement by amyloidogenic 3-pleated strands (arrows). Made by Biorender.
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PrPsc

-5 -

PrPc PrPsc dimer Amyloid

Figure 2. Page 7. lllustration of PrPsc self-template conversion. PrPsc initiates and
catalyzes this self-template conversion, and converts PrPc into a PrPsc dimer. Prion
amyloid will form due to PrPsc accumulation and aggregation. Made by Biorender.

PrPsc accumulates in lymphoid tissue and the CNS, leading to the spongiform changes
observed in late-stage brain tissues of prion-infected individuals. The influence of PrPsc
on neuron tissue and its role in cell apoptosis and autophagy are still areas of debate in

the scientific community®.

Prion Protein Transmission

The potential transmission routes of animal prion diseases are shown in Figure 3. The
transmitted route might depend on factors like the host development stage and
cultivation conditions 62-%4, Prion diseases such as scrapie in sheep, CWD in cervid

species, and BSE in cattle are considered to be infected via the oral route 20:65-67,
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Figure 3. Page 8. Potential routes of prion exposure and dissemination. Red
arrows: routes of prion exposure; blue arrows: routes of prion secretion. Made by

Biorender.

The spreading of orally infected prion disease is shown in Figure 4, the prions must first
cross the gut epithelium via M cells and be delivered by conventional dendritic cells
(DC)%8, then PrPsc first accumulated in the secondary lymphoid organs®®. Mouse
studies have shown that prions accumulate upon the surface of follicular dendritic cells
(FDC) within the B cell follicles of secondary lymphoid organs (SLO) within days of
peripheral infection’®”!. When the prions on the FDC surface are amplified to above the
required threshold to achieve neuroinvasion, prions subsequently infect local
sympathetic and parasympathetic neurons in the SLO and spread along them to the
CNS70.7273 However, the mechanism by which the prions are propagated between FDC

and the peripheral nervous system is undetermined’.
8
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Figure 4. Page 9. lllustration of the spread of prions from the intestine to the
central nervous system. Prions must cross the gut epithelium via M cells and are
delivered to FDC by conventional DC. After oral exposure of prions, PrPsc accumulates
first in the SLO, and the replication of PrPsc happens upon FDC within the B cell follicle,

then PrPsc spreads to CNS or other lymphoid tissues.



Diagnosis Approaches

Conventional diagnostic assays for prion diseases include immunohistochemistry (IHC),
enzyme-linked immunoassays (ELISA), and Western blot (WB), which are considered
the “gold standard” diagnostic approaches for CWD and are popularly applied in clinical
CWD diagnosis®®75. Novel methods like protein misfolding cyclic amplification (PMCA)
and real-time quaking-induced conversion (RT-QulIC) are being developed as potential
new diagnostic methods. These methods detect misfolded prion proteins by seeding
and the amplification of prion protein in the PrPc-rich medium, allowing the early

detection of PrPsc in the disease process’S.

In conventional prion diagnosis, retropharyngeal lymph nodes and obex from the brains
of cervids are collected and analyzed. In wild animals, it is difficult to know when they
contracted CWD’’. There is a previous study in which cattle were orally infected with
BSE brain tissue and then analyzed at different time points’®. Study results showed that
histopathological features including spongiform change, neuronal loss, astrogliosis, and
microgliosis were observed only shortly before the appearance of clinical symptoms (38
months), while immunohistochemical detection of accumulations of PrPsc gave a
positive result about six months earlier (32 months). The major limitation of both

conventional prion diagnosis and novel methods is not able to perform easily in the field.

10
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Chapter Two

The identification of biomarkers of CWD in white-tailed

deer from nasal swabs.



Abstract

Chronic wasting disease (CWD) is a fatal prion disease in the cervid population, and
there is no treatment or vaccine for it. CWD has been spreading fast in North America
since the 1960s, and it has been reported in 29 states and other countries. Currently,
ELISA and Western blot are major methods for CWD diagnosis, whereas these invasive
tests can't be applied in the field and performed post-mortem. So an on-site
noninvasive test is urgently needed for CWD susceptible animals. Though the CWD
pathogenesis is still elusive, many CWD biomarkers in blood, brain, and lymphoid node
tissue have been found and reported. We hypothesized there are biomarkers including
differentially expressed genes (DEGs) in the nasal mucosa that can be informative to
CWD processes and be useful to diagnose CWD in its early stages. To identify
biomarkers of CWD and gain a better understanding of this prion disease’'s
pathogenesis, we used next-generation total RNA sequencing to identify DEGs from
nasal swabs in CWD-infected white-tailed deer compared to control deer. These
biomarkers may be further developed as a diagnostic test to identify Chronic wasting

disease-infected animals in the preclinical stages.

11



Introduction

Chronic wasting disease (CWD) is a kind of cervid prion disease or transmissible
spongiform encephalopathy (TSE) disease, CWD can infect many species including:
mule deer (Odocoileus hemionus), white-tailed deer (Odocoileus virginianus) Reindeer
(Rangifer tarandus), Sika deer (Cervus nippon), Moose (Alces alces) and Rocky
Mountain elk (Cervus elaphus nelsoni) are the susceptible target. Animals including
beavers (Genus Castor)’®, hamsters and meadow voles (Microtus pennsylvanicus) &,
and raccoons are also susceptible to CWD due to habitat overlapping. CWD is the only
prion disease spreading in free-range animals. The increasing spread of CWD has
raised concerns about the potential for increasing human exposure to the CWD agent.
The foodborne transmission of bovine spongiform encephalopathy to humans indicates
that the species barrier does not completely protect humans from animal prion
diseases®'84. Currently, CWD has been found in some areas of North America,
including Canada and the United States, Norway, and South Korea. In the US, at least
29 states have reported the occurrence of CWD in free-ranging deer and localized
infection rates of more than 25 percent since 2000%°. The spreading of CWD keeps
raising public and scientific concerns for the wild animal industry and health industry. To
combat the trend from the CWD epidemic to the CWD pandemic, a quick onsite and

preclinical diagnosis method is urgently needed to be developed.

Like other prion diseases, CWD is a slowly progressive prion disease, and it usually
takes over a year to develop neurological signs. In previous CWD research, CWD
diagnosis cannot rely on CWD clinical signs, for some CWD-infected animals (deer and
elk) did not show any clinical signs for months or years even after they had been
confirmed CWD-positive with tests®®. As CWD progresses, the infected animals may
have a variety of changes in behavior and appearance including drastic weight loss,
stumbling, lack of coordination, listlessness, drooling, excessive thirst or urination,

drooping ears, and lack of fear of people®. It is often difficult to diagnose a deer, elk, or

12
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moose with CWD only based on these symptoms alone because many CWD symptoms
also occur with other diseases and malnutrition. Conventional CWD diagnosis methods
are immunohistochemistry (IHC), enzyme-linked immunoassays (ELISA), and Western
blot (WB). They are all invasive diagnostic tests (taking infected tissue from animal post-
mortem) and are not suitable for onsite preclinical CWD diagnosis.

In the previous research, nasal brushes from the CWD white-tailed deer tested earliest
positive at 15 MPI by RT-QuIC, but the accuracy was only 56% &%, and for the elk nasal
brushings the sensitivity of RT-QuIC was low (34%)%”. PrPsc was accumulated and
detected in lymphoid tissues in the early CWD stage; in the advanced CWD stage,
PrPsc was confirmed in the brain tissue®:8°. However, there was no report of PrPsc
existing in the nasal tissue of CWD, PrPsc or PrPsc shred was detected in the olfactory
system (OS) in other prion diseases (scrapie, CJD, and BSE)®*-%4. This provides the
rationale and the possibility of using nasal swabs as an onsite diagnostic approach for
CWD.

In this study outlined in Figure 5, we used next-generation total RNA sequencing to
identify differentially expressed genes (DEGs) from nasal swabs collected from white-
tailed deer. We identified 438 genes differentially expressed in 9 MPI, 12 MPI, and 15
MPI. The identified DEGs may be useful biomarkers to develop an antemortem CWD
diagnostic method using nasal swabs.

13
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Figure 5. Page 14. Identification of DEGs in nasal swab samples from CWD-
infected white-tailed deer. First, nasal swab samples were collected from inoculated
and non-inoculated deer. Then total RNA was extracted from nasal swab samples by
RNA extraction kits. Bioinformatics analysis was performed with total RNA sequencing
results of selected samples to identify DEGs (fold change over 2). In the last, the fold
changes of DEGs were further confirmed by RT-PCR.

14



Materials and Methods

Animal CWD infections

Animal infections were done by Dr. Greenlee's lab at the Virus and Prion Research Unit
at the USDA, National Animal Disease Center in Ames lowa. White-tailed deer were
used for CWD infection. One animal in each room was inoculated by the oronasal route
with 1 ml of 10% brain homogenate (0.1g of brain tissue). Each inoculated animal is of
the wild-type PRPc genotype (QQ95 GG96 QQ226). The IDs of those animals were
1905, 1944, 0-39, 1904, B-167, B-166, 1945, 1942, 1941, and 1901. Two non-

inoculated sentinel deer were placed in each room with a single inoculated deer.

Nasal Swab samples collection

Each sample was collected with a brush (SnapTip Cervical brush (SPH500-CDI, Cancer
Diagnostics, Inc). The brush was gently inserted into the nasal vestibule directed
dorsocaudally through the dorsal nasal meatus and advanced 6-7 inches until located
rostral to the ethmoid turbinate. The brush was swirled gently to collect tissues and
mucus. To preserve the sample, the brush was swirled in a prefilled RNAShield brush
tube (ZymoResearch, R1109).

RNA purification, library preparation, and sequencing

Total RNA was isolated from the RNAShield nasal brush samples using a commercial
kit, following the manufacturer’s instructions (Zymo Quick Miniprep Plus kit (R1057,
R1058)). RNA quality was assessed via spectrophotometry (NanoDrop Technologies,
Inc.) and gel electrophoresis (Bioanalyzer 2100, Agilent Technologies) by the University
of Minnesota Genomics Center (UMGC). The UMGC experts performed QC, library

construction, and sequencing. Total eukaryotic RNA isolates are quantified using a
15



fluorimetric RiboGreen assay. Total RNA integrity is assessed using capillary
electrophoresis (Agilent BioAnalyzer 2100), generating an RNA Integrity Number (RIN).
For samples to pass the initial QC step, they need to quantify higher than 200
nanograms and have a RIN of 7 or greater, then they are converted to Illumina
sequencing libraries. Total RNA samples are converted to lllumina sequencing libraries
using lllumina Stranded Total RNA Prep Ligation with Ribo-Zero Plus kit (cat#:
20040525). A normalized input mass of total RNA is enzymatically depleted of rRNA
using sequence-specific Ribozero capture probes. The reduced RNA is then
fragmented and reverse transcribed (via random hexamers) into cONA and then
undergoes second-strand synthesis. The resulting cDNA fragments are blunt-ended,
adenylated, and ligated to universal pre-index anchors. A final PCR amplification
enriches the anchor-ligated DNA fragments and incorporates primer sequences for
cluster generation and unique barcodes for each library. The final library size
distribution is validated using capillary electrophoresis and quantified using fluorimetry
(PicoGreen). Indexed libraries are then normalized, pooled, and size selected to 320 bp
(tight) using the PippinHT instrument to generate libraries with average inserts of 200
bp. Pooled libraries are denatured and diluted to the appropriate clustering
concentration. The libraries are then loaded onto the NovaSeq paired end flow cell and
clustering occurs on board the instrument. Once the clustering is complete, the
sequencing reaction begins using lllumina’s 2-color SBS chemistry. Upon completion of
read 1, 2 separate eight-base pair index reads are performed. Finally, the clustered
library fragments are re-synthesized in the reverse direction thus producing the template
for paired end read 2. Base call (.bcl) files for each cycle of sequencing are generated
by lllumina Real Time Analysis (RTA) software. The base call files and run folders are
streamed to servers maintained at the Minnesota Supercomputing Institute. Primary
analysis and de-multiplexing are performed using lllumina’s bcl2fastq v2.20. The end
result of the bcl2fastq workflow is de-multiplexed FASTQ files that are released to
Skinner lab’s account for subsequent analysis by following mapping software and

aligner.
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Sequence read alignment to reference genomes

Following sequencing and raw reads were inspected for quality using FastQC and
MultiQC by UMGC in UMN. Reads were aligned to the Ovir.te_1.0 genome and raw
counts were calculated using the CHURP-PURR pipeline by Dr. Natalia Calixto
Mancipe. From the 31,579 annotated genes in the reference genome, 28,057 genes
were identified. Genes with less than 300 bp or less than ten counts per million in at
least one treatment group were excluded from the downstream analysis. The filtered
dataset contained data from fourteen adult deer (five males and nine females) over six
different time points (0, 3, 6, 9, 12, and 15 months post-inoculation, MPI) and 18,383

genes.

Data exploration and differential gene expression

To estimate the effect of time post-inoculation with CWD-inducing prions, gene
expression was modeled by Dr. Natalia Calixto Mancipe with a generalized linear model
using the edgeR package. Deer, batch, and month were used as explanatory variables.
Differential expression was assessed using a quasi-likelihood test on the model and the
FDR < 0.05 threshold. | produced a list of genes that were consistently differentially
expressed between 9, 12, and 15 MPI and the baseline timepoint (0 MPI). Samples
were clustered using the log2-transformed counts per million (CPM) with a pseudocount

of 1 for these biomarkers using an unsupervised hierarchical approach.

Quantitative real-time PCR validation

Total RNA samples were used for quantitative real-time PCR. Total RNA extracted from
five animals (five pre-inoculated nasal swab samples and five 12 MPI nasal swab
samples) were reverse transcribed to cDNA using the SuperScript IV kit (Cat#

18090050). A CFX96 Real-Time instrument (Bio-Rad) and iTaq Universal SYBR Green
17



Supermix (Bio-Rad) were used following the manufacturer’s instructions. PCR primers
were designed using NCBI primer designing tools and the Primer Bank website. PCR
Primers either spanned introns or included an exon junction. The annealing temperature
was 58 °C for all reactions. cDNA prepared from white-tailed deer brain, lymphoid node,
and tongue samples was used to optimize primers and to produce standard curves.
Brain tissue was obtained from hunter-harvested white-tailed deer (Wisconsin, CWD
test negative); tongue tissue and lymphoid nodes were obtained from white-tailed deer
hunted by Negin Goodarzi in Oxbow Park and Zollman Zoo. Each target had two
reactions without a template gene as negative controls. 25ng cDNA for each sample

was added in each PCR well, and B-actin was used as the reference gene.
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Results and Discussion

In order to acquire nasal swab samples from CWD-infected and the control group of
white-tailed deer, we collaborated with Dr. Justin Greenlee at the Virus and Prion
Research Unit at the USDA National Animal Disease Center. Dr. Greenlee’s team
infected animals and collected samples for our studies. All the deer were born from
5/15/2019 through 7/15/2019 and thus were of similar age. Each inoculated deer was
put in one individual room and was inoculated by the oronasal route with 1 ml of 10%
brain homogenate (0.1g of brain tissue). Two non-inoculated “sentinel” deer were
cohoused with one inoculated deer in the room. Table 1 shows the cohort of animals
included in this study and indicates the time at which animals tested positive for PrPsc
via rectal biopsies and when they developed clinical symptoms. All inoculated deer had
positive rectal biopsies and developed clinical signs except for 1941 and 1901. 1941
developed clinical signs without ever showing detectable PrPsc in rectal biopsies PrPsc
in 1901 is currently non-detectable. Detected clinical signs included loss of condition,
head tremor, muscle fasciculations, uncoordinated stumbling, difficulty rising, teeth
grinding, hypersalivation, and polydipsia. A few deer were observed to have
regurgitated rumen contents. For this study, we extracted RNA and sequenced 51 nasal

swab samples in total; the details of these animal samples are listed in Table 1.
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. .Befo re CWD " | survival
Animals | o, |Genoty linoculat o o empr | ampr | 12mpP1 | 15mP1 [POSTVe|  Time
IDs pe ion by RB (MPI)
(OMPI) (MPI)
1944  Female kk v v v v v v 23
1941  Male GG v v v v v 12
039 Female GG v v v 6 19
1901 Female GG v N v
Inoculatl B166 Female GG v v v v 9 18
eddeer| 1904 Female GG v v v v v v 24 33
1945  Male GG v v v v 6 20
1942  Male GG v v v v 24 33
B167 Female GG v v 3 21
1905 Female GG v v v v 12 13
1943  Male GS v

Y15 Female SK Vv -
Y16 Female SK v -

1946 Male GS v
Non-
. B119 Female KK v
inoculat
ed deer B204 Female QH/GS Vv -
B120 Female KK v

037 Female QH/GS v -
B206 Female QH/GS v -
Y18 Female SK Vv -

Table. 1 Page 20. Animal cohort information. PRNC genotype is indicated. Check
marks indicate samples used and sequenced for this study. Subtract marks indicated
that they were not used for the following analysis. The time PrPsc was first detected via
rectal biopsies and the time of onset of clinical symptoms are listed.

According to Dr. Greenlee's analysis of PrPsc in rectal biopsies, the first CWD clinical

signs were observed at 13 MPI (on average 22.5 MPI).

To identify differentially expressed genes (DEGs) in CWD nasal swab samples, we
extracted RNA and sequenced each sample (Table 1). We compared results from the
CWD samples and control samples. We sequenced nasal swab samples in two
batches: with the non-infected sentinel group, 0 MPI and 12 MPI in the first batch; and 3
MPI, 6 MPI, 9 MPI, and 15 MPI in the second batch. Nine pre-inoculation samples from
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the first batch were added and re-sequenced with the second batch to help reduce the
batch effect.

All RNA used for sequencing library prep was of high quality (RIN score > 7). RNA
sequencing generated 136,186,543 mean read-pairs per sample for the first batch and

an average of 80,032,453 read-pairs per sample for the second batch.

B204, B206, O37, Y15, Y16, and Y18 were not used in the differential gene expression
analysis, because there were many others with the same attributes (female, non-
inoculated) and with more than one sequencing result which could control individual
variation for the following analysis. Non-inoculated samples 1943, 1946 B120, and B119
were used in the differentially expressed gene analysis. All inoculated samples were

used in the differentially expressed gene analysis.

As an exploratory experiment, principal component analysis (PCA) analysis was done
first based on sequencing results in order to visualize the massive gene data. According
to the PCA graph, PC1 seems to correlate with time, which indicates gene expression
was different at each time point. Of interest, one pre-inoculated animal (1905-pre) did
not cluster closely with other CWD-deer samples in the PCA plot (Figure 6). But there
were objective reasons such as the sample’s RIN score being higher than seven and it
passed the sequencing QC check to justify removing this animal as an outlier. Given

this, 1905-pre was maintained in the analysis.
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Figure 6. Page 22. Principal component analysis (PCA). Gene expression data from
each sample was transformed by projecting each expression measure onto two
principal components.

To identify CWD biomarkers, we performed differential gene expression analysis using
the edgeR package and compared the day 0 inoculated and non-inoculated animals to
each time point collected post-infection. We identified 160 suppressed genes and 159
upregulated genes at three-month post-infection (MPI), 70 suppressed genes and 53
upregulated at 6 MPI, 641 suppressed genes and 1109 upregulated at 9 MPI, 431
suppressed genes and 485 upregulated at 12 MPI, 1454 suppressed genes and 855
upregulated at 15 MPI (Figure 7A). There was no gene identified to be significantly
differentially expressed (FDR p-value < 0.05) at all the time points post-infection.
However, 438 DEGs were found consistently altered at 9 MPI, 12 MPI, and 15 MPI
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(Figure 7B). R and package EdgeR were used to generate a heat map of the 438
DEGs (Figure 8). This analysis plot indicated the difference in each gene expression for
all animals. The 9-12 MPI samples clustered together and showed distinct expression
patterns compared to the 0-6 MPI samples.

Gene numbers
A = Activated 1458

1400 i Suppressed
1200
1109
1000
855
800 -
641
485
431
400 A
Size of each list
2009 159 160
4741
s3 10
o0l . || 23705

3MPI 6MPI OMPI 12MPI 15MPI

SMPI 12uP1
15MPI

Figure 7. Page23. DEGs at different MPIs. A) In the DEGs (FDR-P< 0.05) histogram,
the red bar indicates upregulated genes, and the blue bar indicates the suppressed
genes; B) 438 DEGs were consistently differentially expressed at 9 MPI, 12 MPI, and 15
MPI.

Table 2. Page 23. Details of 438 DEGs identified at 9, 12, and 15 MPI can be found
at this link:
https://docs.google.com/https://docs.google.com/spreadsheets/d/18J91QfMIrBP1CGZC
kApMeCK5zzTXrcEIMTOB7accCLY/edit#gid=0spreadsheets/d/18J91QfMIrBP1CGZCkA
pMeCK5zzTXrcEIMTOB7accCLY/edit#qid=0
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Figure 8. Page 24. Heat map of 438 DEGs identified at 9, 12, and 15 MPI. Among
these DEGs, 270 genes were upregulated, and 168 genes were suppressed. The color
bar indicates the result of log2-transformed counts per million of the biomarker genes
with bright red being highly upregulated and dark blue being highly downregulated.

Color blocks indicated the MPI of each sample.

In order to visualize the “relationship” between samples at different time points, we
performed a DESeqg2 heat map analysis. This analysis plots indicated the similarity
between different samples; the red color means similar, and the blue color means
different. The results of this analysis are shown in Figure 9. The 0 MPI and 3 MPI
clustered well which means their gene expression profiles were similar. The 9-15 MPI

clustered together and were similar to each other and distinct from 0-3 MPI samples.
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Figure 9. Page 25. Samples’ similarity map. This graph based on gene expression
level shows the correlation among different time point samples; color indicates the

similarity of samples.

25



9MPI 12MPI 15MPI

GeneName logFC GeneName logFC GeneName logFC

BPIFB6 3.726152(L0C110139672 4.273077(LOC110139672 | 5.298167
CDSN 3.672675|BPIFB6 3.991596|TCHHL1 4.505498
L0C110144796 3.214459|CDSN 3.798169(LAMB4 4.194274
IL1F10 2.963496|ALOX12B 3.690461|L0C110139878 | 4.132271
LOC110138206 | 2.840836|CUNH6orf15 3.647425|L0C110144796 | 3.943985
TCHH 2.748246| TMEM132C 3.481444|AARD 3.928279
TMEM132C 2.695537|L0C110144796 | 3.276501|LOC110125863 | 3.833172
MMP12 2.60523|L0C110146968 3.254764|CDSN 3.409969
L0C110124620 2.510545|PNQC 3.174291(LOC110140010 | 3.362876
L0C110128424 | 2.423621|LOC110145065 | 3.166839|LOC110136313 | 3.337511
L0C110151433 2.300498(LOC110138206 3.046223|FGF7 3.291492
L0C110145891 | 2.234815|LOC110139667 | 3.032423|IL1F10 3.181036
HEPACAM 2.220547|TCHHL1 2.968084(TCHH 3.137729
IL36A 2.213862|ADAMTS16 2.968036(L0C110124620 | 3.109523
TF 2.14164|L0C110122249 2.96469[L0C110151433 | 3.105815
LOC110152697 2.016223|L0C110125343 2.902223(CLDN17 3.094335
L0C110152698 1.924141|KLK14 2.868961(KRT1 3.053363
TCN1 1.90419|LOC110139836 | 2.851761|LOC110135462 3.03545
ATP12A 1.882394|TFPI 2.850092(L0C110145891 | 3.027435
SERPINB? 1.877551|LOC110123893 2.783709(IL31RA 2.9469
HUNK -1.65489|LBX1 -2.55605|L0C110132055 | -3.62474
CDC20 -1.65682(L0C110152205 -2.55947(LBX1 -3.6365
LINGO1 -1.68499|DDN -2.60285(NWD2 -3.65682
SIGLEC1 -1.74489|FNDC9 -2.66656|L0C110126572 | -3.70055
L0C110122862 -1.78143|XIRP1 -2.6768|GABRR3 -3.70379
ANK2 -1.9281|0C90 -2.7237|GRK1 -3.71532
YPEL1 -2.03453|EN2 -2.74725|L0C110140564 -3.7225
L0C110138007 -2.07688 ROBO3 -2.7584(L0C110139578 -3.73157
IFI6 -2.28974|PTPN5S -2.7857(L0C110122263 | -3.74326
ANKRD33 -2.36459|POU3F2 -2.80412(DNMT3L -3.80029
E2F7 -2.37096(L0C110152291 -2.81424(GNG3 -3.80052
NXPH4 -2.48582| DNMT3L -2.93862|EN2 -3.81644
FLRT1 -2.53235|CELF5 -3.02916(TAAR1 -3.82811
L0C110141763 -2.55137|ZAN -3.04559|L0C110131624 | -3.86411
L0C110152291 -2.63909|CPLX3 -3.19774|ZAN -3.91724
DDN -2.77916(L0C110133984 -3.40473|0BP2A -4.03561
0C90 -3.08405|DOK7 -3.47864|POU3F2 -4.22698
CELF5 -3.13426|CPLX2 -3.54179|CPLX2 -4.27797
DNMT3L -3.34513|L0C110129052 -3.85891(5USD5 -4.34912
ZAN -3.66171|TRIM17 -3.96303|NWD1 -4.6356)

Table 3. Page 26. Twenty up-regulated DEGs and twenty down-regulated DEGs for
9 MPI, 12 MPI, and 15 MPI showed the highest fold-change. logFC: log (gene fold
change).
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In order to verify the sequencing results, we performed RT-PCR on a subset of the
DEGs identified. To achieve this, we first identified the 20 DEGs with the highest fold
change (Table 3). Next, we successfully designed primers and performed RT-PCR on
eight of these genes. Table 4&5 shows the primer sequence designed for each gene.
We chose five animals (1901, 1904, 1941, 1944, and B166) and compared day O to 12
MPI. The 2*(-ddCt) method was used to calculate the fold change in RT-PCR. The
results of this analysis are shown in Figure 10.

Primer pairs for downregulated genes (below)

Gene Position Sequence (5'->3")

AATK FWD GGCATCGGGTTCAAGGAGTTTG
REV GAGCCCTGTGCCGAGAAGTC

ANK2 FWD CGTGGCTTCCAAGAGGGGAA
REV GTGTCAACCCATCGCGAGTTT

FLRT1 FWD GCAGCCGGAAAAAGGACGAC
REV TCTTTGGCGCGGTAAGGGTT

IF16 FWD CGCTCTTCCTGTGTTACCTGCTA

REV TTGAGCATCTGTTTTCGTCTTCCTC

Primer pairs for upregulated genes (below)

Gene Position Sequence (5'->3')
ATP12A FWD TCCTGTGCTGGATCGCGTATG
REV ACAGAGCCCAAGTACACGTTGTC
HIGD1A FWD GTCCACCTGATCCACATGCGT
REV CAGGGAATAGCCCATACCAAGAGTC
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TCHH FWD AGAATGGGGACTCCACCTCACTAT

REV TCTCTGGGTCATTTGGTCTCTGGA
TCN1 FWD TGCAGCCACAATCCAGTCAAATTC
REV ATTCAAGGGTGCCGTCGTAGG

Table 485. Page 27-28. Genes and primer design for RT-PCR analysis of DEGs.
FWD: forward primer; REV: reverse primer. B-actin was used as a reference gene
(FWD: CCATGTACCCTGGCATCGCA, REV: CAGGGGGCGCGATGATCTTTAT).

RT-PCR resuillts
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Figure 10. Page 28. RT-PCR results. Expression fold-change between day 0 and 12
MPI are shown in bar height. The bar height above 1 indicates the gene was up-
regulated, and the bar below 1 means the gene was down-regulated. Samples were run
in triplicate, for n= 3. Error bars represent +/- SD. The equation used to determine fold-

change was: ddCt = dCt - dCf; dCt = Ct12 - Ct0; dCf = Cf12-Cf0
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fold change = 2/(-ddCt). Ct12: Ct value for 12MPI sample. Ct0: Ct value for 0 MPI
sample. Cf12: Ct value for B-actin at 12 MPI group. Cf0: Ct value for B-actin at 0 MPI

group.

To fulfill the potential of our findings, we developed a novel readout model (Figure.11)
based on the identification of biomarkers through total RNA sequencing, which was
further confirmed by using RT-PCR. This versatile readout can be adapted for use in a
wide range of protein or nucleic acid tests, including antibody tests, RNA/DNA probe
tests, and sequencing assays®%’. The potential applications of our readout allow it to
be deployed in diverse settings, whether it be in remote field locations or well-equipped
laboratory facilities, promising significant reductions in testing time and increased
efficiency for live animal testing. To ensure its robustness and reliability, we plan to
conduct comprehensive validation studies on various animal models, including the
CWD- animal model, CWD+ animal model, inflammation animal model, and other
neurodegenerative disease animal models (e.g., Alzheimer's disease, Parkinson's
disease, or Huntington's disease) in future. In one recent CWD study, a subset (57%) of
identified microRNA-biomarkers was found in both CWD positive elk and CWD positive
hamsters which indicated that our CWD diagnosis readout might also be able to be

applied in different species®.
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Figure 11. Page 30. Model diagnostic readout based on CWD DEGs. In the upper
row are consistently up-regulated CWD genes that show a high fold-change from
uninfected animals. The bottom row is consistently down-regulated genes that showed
a high-fold change in CWD-infected animals compared to uninfected animals. Red
means high concentration, and blue indicates low concentration. If the top row is red
and the bottom row is blue, that means the test result is CWD positive; if the bottom row

is red and the top row is blue, this would indicate the samples were negative for CWD.
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Conclusions

In this research, we identified CWD biomarkers in nasal swabs from CWD-infected
animals. These biomarkers are differentially expressed genes detected in nasal swabs
from CWD-infected compared to uninfected white-tailed deer. We identified 438 DEGs
altered at 9, 12, and 15 MPI. These genes included 270 DEGs that were upregulated,
and 168 DEGs were suppressed consistently from 9 MPI to 15 MPI. We successfully
designed eight genes’ primers and verified their fold change by RT-PCR. Among these
eight genes, AATK, ANK2, FLRT1, and IFI6 are four down-regulated DEGs; ATP12,
HIGD1A, TCHH, and TCN1 are four up-regulated DEGs.

We designed a novel readout model (Figure 11) based on these eight identified DEGs
and expected this readout will be applied in a wide range of protein or nucleic acid tests
for CWD. We anticipate this preclinical diagnostic test based on a group of nasal swab
biomarkers identified here might provide a more rapid, accurate, and reliable assay for
CWD. Such assays would need to be validated with CWD-confirmed animals and
control animals to determine the feasibility and reliability of this nasal swab biomarker-

based clinical assays.
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Chapter Three

Insights to CWD Pathogenesis in White-tailed Deer



Abstract

Research on prion diseases has been carried out for more than four decades, but much
of prion disease's pathogenesis still remains elusive. In this study, we identified CWD-
associated differentially expressed genes (DEGs), and an abundance of genes were
annotated at each time point from nasal swabs. In this chapter, | will describe how these
annotated genes we identified provide insights into CWD pathogenesis. We found that
some gene-associated pathways were consistently suppressed at different CWD
infection time points and some biology processes were altered disparately. Thus, these
genes identified in this study and the associated pathways that the genes are

associated with provide new insights into CWD pathogenesis.
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Introduction

Prion diseases have been identified and under extensive research for decades, yet the
intricacies of their pathogenesis remain elusive”’”%°, In previous research, such as
scrapie, BSE, and Creutzfeldt-Jakob disease have been experimentally transmitted and
adapted to species like mouse, mink, and hamster, yielding experimental animal models
that have proved useful in the study of prion diseases?’-190.191 Mouse models were used
to identify DEGs in the scrapie'?-1%4, Recent research about CWD circulating microRNA
in elk serum provides more shreds of evidence about the potential of DEGs as CWD
noninvasive diagnosis biomarkers®. Previous studies with CWD-infected elk and white-
tailed deer identified DEGs in blood, lymphoid nodes, and brain tissues 98105106 These
studies suggest that prion infection and pathogenesis include DEGs and that DEGs can
identify processes and pathways involved in pathogenesis and disease progression.
Identification of DEGs in nasal swabs from CWD-infected animals has not been
described. As far as we are aware, this is the first study using CWD nasal swabs to
identify DEGs and gain an understanding of CWD pathogenesis. Advancements in
bioinformatics analysis and genome databases have paved the way for unraveling prion
disease pathogenesis'®”:1%. and identified genes based on using next-generation

sequencing (NGS) in this study provide some new insights into CWD pathogenesis'?®.

In the previous prion’s DEGs research, while informative, exhibits certain limitations.
Firstly, concentrating solely on DEGs disregards a significant wealth of information
encoded in other annotated genes. Secondly, considering the pivotal role of prion
infection timing in disease advancement, these studies typically draw comparisons
between uninfected and infected states, potentially overlooking vital nuances in disease
progression at different time points. In this study, we performed a sequence of
bioinformatics assays to reveal insights into CWD pathogenesis at 3 MPI, 6 MPI, 12
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MPI, and 15 MPI beyond the exclusive focus on DEGs but the entire annotated genome
data.

Using the datasets generated and described in Chapter 2, we performed a number of
analyses to try to understand how the annotated genes might be contributing to the
CWD pathogenesis and disease progression. These assays included gene set
enrichment analysis (GSEA) using hallmark gene sets, gene ontology (GO) term
analysis, and KEGG pathway analysis. GSEA is a computational analytical approach for
interpreting gene expression data’'%'"", It can determine whether an a priori-defined set
of genes shows statistically significant, concordant differences between two biological
states (e.g., phenotypes or treatments)''%1"1. The Molecular Signatures Database
(MSigDB) is one of the most widely used database resources for gene enrichment
analysis. MSigDB includes more than tens of thousands of annotated gene sets that are
used within GSEA software '1°. In MSigDB, we used hallmark gene sets for our gene
expression analysis. Hallmark gene sets were generated by a computational
methodology based on identifying gene set overlaps and retaining genes that display
coordinate expression 12 It reduces the redundancy and variation and provides more
refined and precise inputs for GSEA analysis compared with other gene sets''?. GO
analysis is based on the Gene Ontology knowledge base which is a resource that
includes current scientific knowledge about the functions of genes and gene products
(proteins and RNAs) among different species''3'4. There are three categories of GO:
biological process (BP), molecular function (MF), and cellular component (CC). We
used GO BP analysis to provide more insight for DEGs related pathways. The structure
of GO analysis can be described in terms of a graph, where each GO term is a node.
Kyoto Encyclopedia of Genes and Genomes (KEGG) is a famous database for
systematic gene function analysis''®. In this study, KEGG pathway analysis was used to
show the DEGs connection with enriched pathways. These analyses revealed the
association of DEGs and enriched pathways in CWD nasal mucosa and provide more
insights into CWD pathogenesis. According to these analysis results, we found the
DEGs identified at different time points involved variably in cell proliferation,

reproduction, protein trafficking, and protein modification during the CWD progress.
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Materials and Methods

Enrichment analysis of differentially expressed genes

GSEA, GO, and KEGG analysis were performed by Dr. Natalia Calixto Mancipe at the
MSI-RIS, UMN. She used the ranked gene list based on the differential expression test
results for each time point. The rank metric is -log10(p-value) x sign (log (fold change)).
The ranked gene list was compared against the Hallmark gene sets from the MsigDb,
using Bos taurus orthologs as the background set and the clusterProfiler package. B.
taurus was originally used to annotate Ovir_te.1.0; hence the gene symbols were
appropriate and its orthologs were a good approximation to the deer genome. From the
18383 genes detected in this study, 13,493 were common to both organisms (same
symbol). KEGG and GSEA analysis was performed by using R package clusterProfile;
R package dplyr; R package tidyverse; R package limma; R package edgeR; R
package patchwork; R package viridis, and R package org. Bt.eg.db. The analysis

results were visualized by using the R package ggplot.

Statistical analysis approach

The quasi-likelihood test model was performed on differential expression, and the

threshold of FDR < 0.05 was considered significant.
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Results and Discussion

To have a better understanding of how the DEGs identified and described in Chapter 2
may be contributing to CWD pathogenesis, we performed additional analysis. To further
capitalize on our data set, Dr. Natalia Calixto Mancipe performed GSEA assays
comparing each time point (3, 6, 12, and 15 MPI) with day O controls with all the

annotated genes. The results of these analyses are shown in Figures 12-16.

Figure 12 shows processes and pathways associated with DEGs identified at 3 MPI.
Twenty-one pathways were significantly enriched at 3 MPI; the detailed data are listed
in Table 6. In Table 6, gene sets were ranked by normalized enrichment scores (NES).
Notably, at 3 MPI, the E2F pathway, G2M pathway, and mitotic spindle pathway had the
top 3 NES and expression-suppressed gene sets. These cell division-related and
enriched genes’ expression pathways were suppressed, which might indicate at very
early stages of CWD, cell division and proliferation were suppressed. Another top
enriched suppressed pathway identified is TNF-a via NF-kB. NF-kB pathway induced by
the TNF cytokines family is a complex pathway involved in cell survival, proliferation and
differentiation, and immune responses. There are also five enriched inflammatory
pathways (IF-Gamma response, IF-Alpha response, allograft rejection, complement
pathway, and inflammatory response) that were suppressed in CWD-infected animals at
3 MPI. This provides evidence that CWD may suppress cell proliferation and immune
responses during the early disease stage. In comparison, the protein secretion pathway,

DNA damage response, and hormone response were activated in 3 MPI.
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Figure 12. Page 37. GSEA results for 3 MPI. The size of the bubbles indicates the
number of enrichment genes in different Hallmark Gene Sets. Spots in the suppressed

box mean these gene sets are down-regulated.
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ID setSize enrichmentScore. NES pvalue p.adjust qgvalues rank leading_edge enriched genes
E2F_TARGETS 184 -0.58703 -2.43649  1E-10  2.5E-09 1.53E-09 2280  tags=50%, list=17%, signal=42% 92
G2M_CHECKPOINT 185 -0.63215 -2.62384  1E-10  2.5E-09 1.53E-09 2192 tags=51%, list=17%, signal=43% 94
MITOTIC_SPINDLE 186 -0.50025 -2.07619 9.16E-10 1.53E-08 9.32E-09 2671 tags=40%, list=20%, signal=33% 75
TNFA_SIGNALING_VIA_NFKB 185 -0.50067 -2.07808 1.95E-09 2.44E-08 1.49E-08 3879 tags=55%, list=29%, signal=39% 101
INTERFERON_GAMMA_RESPONSE 157 -0.49235 -1.99988 3.48E-08 3.48E-07 2.12E-07 4008  tags=65%, list=30%, signal=46% 102
INTERFERON_ALPHA_RESPONSE 73 -0.58201 -2.11772 7.16E-07 5.97E-06 3.64E-06 4462 tags=70%, list=34%, signal=47% 51
MYC_TARGETS_V1 184 -0.455 -1.88851 1.29E-06 9.18E-06 5.6E-06 2998  tags=36%, list=23%, signal=29% 67
MYC_TARGETS_V2 55 -0.57261 -1.98232 3.57E-05 0.000223 0.000136 1648  tags=35%, list=12%, signal=30% 19
INFLAMMATORY_RESPONSE 174 -0.4092 -1.68705 7.07E-05 0.000341 0.000208 3565 tags=47%, list=27%, signal=35% 81
GLYCOLYSIS 171 -0.40981 -1.68725 7.09E-05 0.000341 0.000208 2583 tags=33%, list=19%, signal=27% 57
HYPOXIA 171 -0.40944 -1.68575 7.51E-05 0.000341 0.000208 3556  tags=43%, list=27%, signal=32% 74
ALLOGRAFT_REJECTION 149 -0.41644 -1.67997 0.0002 0.000832 0.000508 3892 tags=54%, list=29%, signal=39% 81
P53_PATHWAY 179 -0.39085 -1.6158 0.000351 0.001351 0.000825 2966 @ tags=36%, list=22%, signal=28% 64
TGF_BETA_SIGNALING 54 -0.50387 -1.73766 0.00072 0.00257 0.001569 2473 tags=30%, list=19%, signal=24% 16
COMPLEMENT 157 -0.37744 -1.53314 0.002189 0.007297 0.004455 3131 tags=36%, list=24%, signal=28% 57
UV_RESPONSE_DN 123 0.34956 1463813 0.006373 0.019915 0.012159 2046  tags=25%, list=15%, signal=22% 31
ANDROGEN_RESPONSE 87 0.373847 1.48212 0.011579 0.033951 0.020728 1243 tags=20%, list=9%, signal=18% 17
PROTEIN_SECRETION 88 0.370098 1.470104 0.01244 0.033951 0.020728 2646  tags=26%, list=20%, signal=21% 23
APOPTOSIS 143 -0.35065 -1.40659 0.012901 0.033951 0.020728 2764  tags=31%, list=21%, signal=25% 44
MTORC1_SIGNALING 184 -0.32171 -1.33529 0.023346 0.058364 0.035633 2925 tags=29%, list=22%, signal=23% 53
ESTROGEN_RESPONSE_LATE 167 -0.32162 -1.31968 0.032355 0.077036 0.047033 2768  tags=29%, list=21%, signal=24% 49

Table 6. Page 38. GSEA detailed results for 3 MPI. Gene sets were ranked by NES,
positive NES indicates this gene set was activated by enriched genes within this gene
set; negative NES indicates the gene set was suppressed by enriched genes within this
gene set. Set size: the gene component amount for the gene set; enrichment score
(ES): the degree to which this gene set is overrepresented at the top or bottom of the
ranked list of genes in the expression dataset; normalized enrichment score (NES):
ES/mean (ES for all dataset); false discovery rate (FDR) g-value: the estimated
probability that the normalized enrichment score represents a false positive finding;
rank: the peak position in the ranked list; tag %: the percentage of gene hits the peak;
list %: the percentage of genes in the ranked gene list before or after the peak; N: the
number of genes in the list; Nh: the number of genes in the gene set;
signal%=(tags%)*(1-list%)(N/(N-Nh)).

Thirty-three pathways were significantly enriched at 6 MPI (Figure 13), the detailed
genes for each pathway are listed in Table 7. Notably, according to NES, at 6 MPI,
proliferation-related pathways were more down-regulated compared with 3 MPIl. NF-kB
pathway was more down-regulated compared with 3 MPI as well. The 6 MPI protein
secretion pathway was highly upregulated compared with the 3 MPI enrichment result.
DNA damage repair pathways were downregulated. The four enriched inflammatory
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response pathways were highly suppressed in CWD-infected animals at 6 MPI.

Activated pathways at 6 MPI included the Epithelial-mesenchymal transition and

angiogenesis pathways.
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Figure 13. Page 39. GSEA results for 6 MPI. The size of the bubbles indicates the

number of enrichment genes in different Hallmark Gene Sets.

1D setSize ES NES pvalue  p.adjust gvalues rank leading_edge Enriched gene numbers
E2F_TARGETS 184 -0.694058011 -2.79965  1E-10 1E-09  4.21E-10 2075 tags=56%, list=16%, signal=48% 103
EPITHELIAL_MESENCHYMAL_TRANSITION 169 0.693161012 2.735628  1E-10 1E-09  4.21E-10 1529 tags=41%, list=12%, signal=37% 69
G2M_CHECKPOINT 185 -0.652633009 -2.63275  1E-10 1E-09  4.21E-10 1617 tags=45%, list=12%, signal=40% 84
INTERFERON_GAMMA_RESPONSE 157 -0.562494676 -2.22379  1E-10 1E-09  4.21E-10 3660 tags=63%, list=28%, signal=46% 100
MYC_TARGETS_V1 184 -0.648495156 -2.61586  1E-10 1E-09  4.21E-10 1834 tags=42%, list=14%, signal=37% 78
UV_RESPONSE_DN 123 0.584285768  2.203667 6.61E-10 5.S5E-09  2.32E-09 3445 tags=56%, list=26%, signal=42% 69
DNA_REPAIR 140 -0.530937101 -2.0659 8.19E-09 5.85E-08 2.46E-08 2592 tags=39%, list=20%, signal=31% 54
MYC_TARGETS_V2 55 -0.659613834 -2.21582 1.74E-07 1.09E-06 4.57E-07 2307 tags=47%, list=17%, signal=39% 26
INTERFERON_ALPHA_RESPONSE 73 -0.593047962 -2.09511 5.45E-07 3.03E-06 1.27E-06 3543 tags=70%, list=27%, signal=52% 51
MTORC1_SIGNALING 184 -0.404615847 -1.63211 7.92E-05 0.000384 0.000162 2632 tags=33%, list=20%, signal=27% 61
MYOGENESIS 162 0.430934221  1.69295 8.44E-05 0.000384 0.000162 2064 tags=25%, list=16%, signal=22% 41
ALLOGRAFT_REJECTION 149 -0.416776251 -1.63801 0.000268 0.001116 0.00047 3743 tags=53%, list=28%, signal=39% 79
TNFA_SIGNALING_VIA_NFKB 185 -0.393908634 -1.58905 0.000402 0.001548 0.000652 3464 tags=44%, list=26%, signal=33% 82
MITOTIC_SPINDLE 186 -0.387280302 -1.56334 0.000489 0.001742 0.000733 1683 tags=40%, list=13%, signal=35% 74
PROTEIN_SECRETION 88 0.476865029  1.712969 0.000522 0.001742 0.000733 1692 tags=25%, list=13%, signal=22% 22
XENOBIOTIC_METABOLISM 140 0.404194014  1.55447 0.000898 0.002807 0.001182 2251 tags=30%, list=17%, signal=25% 42
ESTROGEN_RESPONSE_EARLY 177 0.384593447  1.525103 0.001303 0.003831 0.001613 2852 tags=32%, list=21%, signal=26% 57
SPERMATOGENESIS 92 -0.443821279 -1.62798 0.001532 0.004255 0.001791 1375 tags=23%, list=10%, signal=21% 21
ANGIOGENESIS 29 0.60946962  1.777931 0.001905 0.005013 0.002111 2512 tags=48%, list=19%, signal=39% 14
KRAS_SIGNALING_DN 135 0.407883756  1.56197 0.003081 0.007701 0.003243 2137 tags=27%, list=16%, signal=23% 37
INFLAMMATORY_RESPONSE 174 -0.361454627 -1.44915 0.003627 0.008636 0.003636 3283 tags=44%, list=25%, signal=34% 77
OXIDATIVE_PHOSPHORYLATION 151 -0.378876776 -1.49208 0.00489 0.011114 0.004679 2971 tags=37%, list=22%, signal=29% 56
ANDROGEN_RESPONSE 87 0.427856078  1.531914 0.00657 0.014283 0.006014 1921 tags=30%, list=14%, signal=26% 26
P53 PATHWAY 179 -0.339605449 -1.36621 0.012455 0.025948 0.010926 2269 tags=26%, list=17%, signal=22% 47
APICAL_JUNCTION 173 0.347286535 1.375199 0.013503 0.027006 0.011371 1614 tags=20%, list=12%, signal=17% 34
UV_RESPONSE_UP 138 -0.351532317 -1.36337 0.016913 0.032526 0.013695 2951 tags=38%, list=22%, signal=30% 53
UNFOLDED_PROTEIN_RESPONSE 99 -0.378841233  -1.4047 0.020412 0.037801 0.015916 1385 tags=20%, list=10%, signal=18% 20
FATTY_ACID_METABOLISM 127 0.354819769  1.345528 0.026832 0.047914 0.020174 2115 tags=24%, list=16%, signal=20% 30
HEDGEHOG_SIGNALING 30 0.505019173  1.486258 0.039395 0.067922 0.028599 1098 tags=23%, list=8%, signal=21% 7
WNT_BETA_CATENIN_SIGNALING 37 0.467006586  1.435338 0.042648 0.071079 0.029928 3019 tags=41%, list=23%, signal=31% 15
GLYCOLYSIS 171 -0.312053121 -1.24758 0.053609 0.086466 0.036407 2877 tags=28%, list=22%, signal=22% 48
KRAS_SIGNALING_UP 171 0.317885299  1.256903 0.055471 0.086674 0.036494 1969 tags=21%, list=15%, signal=18% 36
BILE_ACID_METABOLISM 80 0.364378453  1.292674 0.071633 0.108534 0.045699 2488 tags=31%, list=19%, signal=26% 25

Table 7. Page 40. GSEA detailed results for 6 MPI. Gene sets were ranked by NES;
positive NES indicates this gene set was activated by enriched genes within this gene

set.

Thirty-two pathways were significantly enriched at 9 MPI (Figure 14), the detailed
genes for each pathway are listed in Table 8. Notably, at 9 MPI, the E2F pathway, G2M
pathway, and Mitotic spindle pathway maintained the same suppression level as 6 MPI.
The protein secretion pathway was more upregulated in 9 MPI than in 6 MPI. As to
immune response pathways, three enriched pathways started to be activated at 9 MPI.
But interferon-alpha response pathway and interferon-gamma response pathway
remain suppressed as 6 MPI. The estrogen response pathways, cholesterol
homeostasis pathway, and adipogenesis pathway were enriched and activated at this

time point.
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Figure 14. Page 41. GSEA results for 9 MPI. The size of the bubbles indicates the

number of enrichment genes in different Hallmark Gene Sets.
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1D setSize ichmentSc  NES pvalue p.adjust qgvalues rank ading_edge Enriched gene numbers
E2F_TARGETS 184  -0.57916 -2.49717 1E-10 = 2.5E-09 1.05E-09 1362 list=10%, signal=29% 58
G2M_CHECKPOINT 185 -0.5432 -2.34348  1E-10 2.5E-09 1.05E-09 1557  list=12%, signal=29% 59
ESTROGEN_RESPONSE_EARLY 177 0.52595 1.923785 1.52E-08 2.53E-07 1.06E-07 2701  |ist=20%, signal=32% 70
PROTEIN_SECRETION 88 0.612393 2.061802 2.39E-08 2.99E-07 1.26E-07 3132 list=24%, signal=48% 55
MITOTIC_SPINDLE 186 -0.41765 -1.80139 1.14E-06 1.14E-05 4.82E-06 1672 list=13%, signal=25% 53
FATTY_ACID_METABOLISM 127 0.484633 1.704798 7.98E-05 0.000665 0.00028 3245  |ist=24%, signal=29% 49
ANDROGEN_RESPONSE 87 0.534213 1.794793 9.66E-05 0.00069 0.00029 3361 list=25%, signal=35% 40
CHOLESTEROL_HOMEOSTASIS 62 0.563575 1.807494 0.000205 0.001283 0.00054 3649  |ist=27%, signal=41% 35
MTORC1_SIGNALING 184 0.419739 1.53962 0.001298 0.007168 0.003018 1894  list=14%, signal=23% 45
UV_RESPONSE_DN 123 0.450523 1.581683 0.001434 0.007168 0.003018 3065 list=23%, signal=28% 44
OXIDATIVE_PHOSPHORYLATION 151 0.42284 1.520967 0.002073 0.009035 0.003804 3255 list=25%, signal=26% 52
TGF_BETA_SIGNALING 54 0.534092 1.675034 0.002349 0.009035 0.003804 2673 |ist=20%, signal=30% 20
XENOBIOTIC_METABOLISM 140 0.426832 1.520231 0.002349 0.009035 0.003804 1865 list=14%, signal=19% 31
HEME_METABOLISM 159  0.414426 1498666 0.002665 0.009518 0.004008 2470 list=19%, signal=26% 51
ADIPOGENESIS 169 0.406421 1.480792 0.003106 0.010354 0.00436 3349  |ist=25%, signal=28% 63
PS3_PATHWAY 179 0.397022 1.45352 0.004397 0.013357 0.005624 2393  |ist=18%, signal=25% 53
PI3K_AKT_MTOR_SIGNALING 93 0.457612 1.5514  0.004541 0.013357 0.005624 3189 list=24%, signal=32% 39
COAGULATION 107 0.433752 1.496389 0.00737 0.01945 0.008189 2179  list=16%, signal=20% 25
APOPTOSIS 143 0.406055 1.450311 0.007391 0.01945 0.008189 2534  |ist=19%, signal=23% 40
SPERMATOGENESIS 92 -0.3762  -1.47256 0.009187 0.022967 0.00967 1979 list=15%, signal=24% 26
IL2_STAT5_SIGNALING 178 0.382534 1.39934 0.009769 0.023259 0.009793 3077  |ist=23%, signal=24% 54
INTERFERON_ALPHA_RESPONSE 73 -0.38491 -1.44789 0.011102 0.025232 0.010624 3184  list=24%, signal=30% 29
PEROXISOME 89 0.437041 1.472935 0.012029 0.026151 0.011011 1782  list=13%, signal=21% 21
ESTROGEN_RESPONSE_LATE 167 0.379933 1.381614 0.014745 0.030718 0.012934 3005 list=23%, signal=29% 61
EPITHELIAL_MESENCHYMAL_TRANSITION 169 0.377482 1.375355 0.016249 0.032497 0.013683 3534 |ist=27%, signal=25% 57
TNFA_SIGNALING_VIA_NFKB 185 0.367582 1.34922 0.018823 0.036199 0.015241 3598  |list=27%, signal=26% 66
MYC_TARGETS_V1 184  -0.28995 -1.2502 0.03009 0.055722 0.023462 1255  list=9%, signal=13% 27
INTERFERON_GAMMA_RESPONSE 157 -0.29635 -1.25393 0.035836 0.063993 0.026944 3201  |ist=24%, signal=24% 45
REACTIVE_OXYGEN_SPECIES_PATHWAY 47 0.458825 1.404683 0.045192 0.076124 0.032052 2333 |ist=18%, signal=30% 17
MYOGENESIS 162 0.358226 1.297685 0.045674 0.076124 0.032052 2365 |list=18%, signal=19% 37
DNA_REPAIR 140 -0.28874 -1.20434 0.068966 0.111235 0.046836 1174 list=9%, signal=15% 23
HYPOXIA 171 0.343017 1.250511 0.073977 0.115588 0.048669 3297  list=25%, signal=25% 57

Table 8. Page 42. GSEA detailed results for 9 MPI. Gene sets were ranked by NES;

positive NES indicates this gene set was activated by enriched genes within this gene

set.

Thirteen pathways were significantly enriched at 12 MPI (Figure 15) and the detailed
genes for each pathway are listed in Table 9. At 12 MPI, the E2F pathway, G2M

pathway, and Mitotic spindle pathway maintained the same suppression level as 9 MPI.

Two immune response pathways were enriched and activated at this time point. The

protein secretion pathway was less upregulated in 12 MPI than in 9 MPI.
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Figure 15. Page 43. GSEA results for 12 MPI. The size of the bubbles indicates the
number of enrichment genes in different Hallmark Gene Sets.

ID setSize ichmentSc  NES pvalue p.adjust gvalues rank leading_edge Enriched gene numbers
E2F_TARGETS 184 -0.55033 -2.24377 1E-10 1.67E-09 1.05E-09 2321 tags=40%, list=17%, signal=33% 73
G2M_CHECKPOINT 185 -0.55919 -2.28216  1E-10 1.67E-09 1.05E-09 2108 tags=37%, list=16%, signal=31% 68
MITOTIC_SPINDLE 186 -0.53132 -2.17011 1E-10 1.67E-09 1.05E-09 2316 tags=36%, list=17%, signal=30% 67
TNFA_SIGNALING_VIA_NFKB 185 0.542747 2.087152 3.13E-10 3.91E-09 2.47E-09 3831 tags=54%, list=29%, signal=39% 100
ALLOGRAFT_REJECTION 149 0.507816 1.902694 9.73E-07 9.73E-06 6.14E-06 3670 tags=51%, list=28%, signal=37% 76
KRAS_SIGNALING_UP 171 0.468317 1.784934 8.56E-06 7.13E-05 4.5E-05 3001 tags=35%, list=23%, signal=27% 59
INFLAMMATORY_RESPONSE 174 0.451543 1.725302 3.11E-05 0.000222 0.00014 2960 tags=32%, list=22%, signal=25% 56
IL2_STATS_SIGNALING 178 0.439652 1.684571 0.000107 0.00067 0.000423 3325 tags=40%, list=25%, signal=31% 72
1L6_JAK_STAT3_SIGNALING 74 0.523124 1.775477 0.00037 0.00201 0.00127 3063 tags=41%, list=23%, signal=31% 30
PROTEIN_SECRETION 88 0.491585 1.709486 0.000402 0.00201 0.00127 926 tags=22%, list=7%, signal=20% 19
EPITHELIAL_MESENCHYMAL_TRANSITION 169 0.393779 1.497776 0.003495 0.015887 0.010034 2694 tags=30%, list=20%, signal=24% 50
REACTIVE_OXYGEN_SPECIES_PATHWAY 47 0.526238 1.651541 0.005651 0.023545 0.01487 1335 tags=28%, list=10%, signal=25% 13
SPERMATOGENESIS 92 -0.40083 -1.48556 0.010475 0.040289 0.025446 2330 tags=32%, list=18%, signal=26% 29

Table 9. Page 43. GSEA detailed results or 12 MPI. Gene sets were ranked by NES;
positive NES indicates this gene set was activated by enriched genes within this gene

set.
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Eleven pathways were significantly enriched at 15 MPI (Figure 16) and the detailed
genes for each pathway are listed in Table 10. At 15 MPI, there was no immune
response-related pathway enriched. The E2F pathway, G2M pathway, and Mitotic

spindle pathway were less suppressed than 12 MPI but still suppressed.
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Figure 16. Page 44. GSEA results for 15 MPI. The size of the bubbles indicates the

number of enrichment genes in different Hallmark Gene Sets.
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1D setSize ichmentSc NES pvalue p.adjust qvalues rank ading_edge Enriched gene numbers
G2M_CHECKPOINT 185 -0.374  -1.65038 3.21E-05 0.001422 0.001048 2370 list=18%, signal=24% 54
PROTEIN_SECRETION 88 0.536081 1.821604 5.69E-05 0.001422 0.001048 3480 list=26%, signal=38% 45
MITOTIC_SPINDLE 186 -0.34308 -1.51503 0.000397 0.006619 0.004877 1653  list=12%, signal=21% 45
E2F_TARGETS 184 -0.34082 -1.50467 0.001031 0.011852 0.008733 2122 list=16%, signal=21% 45
FATTY_ACID_METABOLISM 127 0.440852 1.56743 0.001185 0.011852 0.008733 2323 list=17%, signal=26% 39
EPITHELIAL_MESENCHYMAL_TRANSITION 169 0.404507 1.487277 0.00223 0.018584 0.013693 2995  list=23%, signal=24% 51
MTORC1_SIGNALING 184 0.395124 1.462837 0.003486 0.022622 0.016668 2639 list=20%, signal=27% 61
ANDROGEN_RESPONSE 87 0.461937 1.566255 0.003619 0.022622 0.016668 3049  list=23%, signal=31% 35
ESTROGEN_RESPONSE_EARLY 177 0.384254 1.420212 0.007795 0.043307 0.03191 2779  list=21%, signal=25% 56
OXIDATIVE_PHOSPHORYLATION 151 0.386551 1.404007 0.012564 0.062822 0.04629 3438  list=26%, signal=28% 57
UV_RESPONSE_DN 123 0.399689 1.417957 0.013945 0.063386 0.046706 3143  list=24%, signal=25% 40

Table 10. Page 45. GSEA detailed results for 15 MPI. Gene sets were ranked by
NES; positive NES indicates this gene set was activated by enriched genes within this

gene set.

In addition to using hallmark gene sets, we also did GO enrichment analysis to
understand the CWD pathogenesis. This analysis interpreted the contribution of
annotated genes to biological processes at differential time points. In the GO graphs
presented in Figures 17-19, the size of the plots indicates the gene amount enriched in
this pathway and the color red indicates the enriched results are more significant
whereas blue indicates less significant. Gene ratio shows the result of the enriched
genes in the comparison divided by all the genes in the reference cow genome that
composed the pathway. There was no significant enriched biological process detected
at 6 MPI.

GO analysis of the DEGs identified at 3 MPI (Figure 17) showed five enriched
pathways that were cell proliferation-related. These data are supported by the GSEA
hallmark gene sets analysis results in which cell proliferation pathways were

consistently suppressed from 3 MPI to 15 MPI.
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Figure 17. Page 46. GO enrichment results for annotated genes at 3 MPI. The size

of the bubbles indicates the number of enriched genes in the GO analysis.

At 9 MPI (Figure 18), fifteen pathways were enriched. Two pathways were related to
cell proliferation and thirteen pathways are involved in protein production and secretion
processes. Notably, these thirteen pathways were particularly related to the membrane-
vacule-endoplasmic-reticulum network which is known to be a signature feature for
PrPsc propogation’?8116_ These findings suggest that CWD disease progression after

nine months of infection includes alterations in protein trafficking.
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Figure 18. Page 47. GO enrichment results for annotated genes at 9 MPI. In total,

fifteen pathways were enriched. Two pathways are related to cell proliferation, and

thirteen pathways are related to vesicle-membrane-trafficking. The size of the bubbles

indicates the count of enrichment genes in the GO analysis.



GO analysis of the DEGs identified at 12 MPI (Figure 19) identified fourteen enriched
pathways. Of these, ten out of fourteen were embryonic and reproductive development
pathways. Remarkably, four enriched pathways were related to apoptosis and
autophagy progress. Autophagy was confirmed that take place in prion diseases, yet its
exact role remains uncertain®''7 but our finding provides evidence of the occurrence
time of autophagy in CWD progression at 12 MPI. Apoptosis has been widely
considered a primary form of programmed cell death implicated in neurodegeneration in
prion diseases®'118119 A sequence of evidence shows that PrPsc is involved in
apoptosis which is caused by endoplasmic reticulum stress (ER stress)?'105.120.121 gnd
astrogliosis in the medulla oblongata and the prefrontal cortex'18.122.123 which

correspond to the result of extrinsic apoptosis pathways identified at 12 MPI.
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Figure 19. Page 48. GO enrichment results for annotated genes at 12 MPI.
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Fourteen pathways were enriched at this time point. The size of the bubbles indicates

the count of enrichment genes in the GO analysis.

48


https://paperpile.com/c/lwRNAk/Zvty+ccqF
https://paperpile.com/c/lwRNAk/NK2A+AAwJ+ccqF
https://paperpile.com/c/lwRNAk/pxqi+nSRR+riVp+ccqF
https://paperpile.com/c/lwRNAk/NK2A+RLRV+IiSM

At 15 MPI (Figure 20), nine pathways were enriched, eight of which take part in protein
modification processes. Notably, these eight enriched pathways suggest that protein
modification was severely affected in tissues represented in the nasal swabs due to
CWD infection at 15 MPI.
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Figure 20. Page 49. GO enrichment results for annotated genes at 15 MPI. The size

of the bubbles indicates the count of enrichment genes in the GO analysis.
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In order to know the connection between DEGs and enriched pathways, we also did a

KEGG pathway analysis. The results are shown in net plots (Figures 21-23).

At 3 MPI (Figure 21), three downregulated genes (PLK1, CDC25C, and BUB1) were
clustered with all three enriched pathways: progesterone-mediated oocyte maturation
pathways, oocyte meiosis pathway, and cell cycle pathway. Though these pathways
have not been provided that they have a connection to prion diseases yet, PLK1 and
CDC25C gene was reported to be related to the scrapie in hamster'?#, CDC25C was
downregulated, and PLK1 genes were identified as upregulated in CNS tissue with
time'24. PLK1 belongs to a polo-like kinases family, which controls a number of cell
cycle processes, and its substrate includes CDC25C"%%126_ |n our study, we identified
the expression of CDC25C and PLK1 both decreased. AURKA and CDC20 were

clustered with all two enriched biological processes.
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Figure 21. Page 51. KEGG analysis results of annotated genes at 3 MPI. The size
of the dots indicates the number of enrichment genes for one biological process. The

color bar indicated the gene's fold change.

At 12 MPI (Figure 22), epithelium development pathways, nine reproduction
development pathways, and four apoptosis pathways were identified. CD72, PLK4,
E2F7, IFI6, HOPX, EDNRA, and COL2A1 genes were enriched to the reproduction
development pathway. IFI6, COL2A1, and CD72 were enriched with apoptosis
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pathways. TMOD1, CDK1, FST EDNRA, PLK4, COL2A1, and E2F7 were involved in
the epithelium development pathway. Notably, COL2A1 is the only gene to have a
connection to all three kinds of pathways enriched at 12 MPI, which indicates COL2A1

might have a larger contribution to CWD disease progression at 12 MPI.
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Figure 22. Page 52. KEGG analysis results of annotated genes at 12 MPI. The size

of the dots indicates the number of enrichment genes for one biological process. The
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color indicated the gene’'s fold change; red means a bigger fold change, and pink shows

a lower fold change.

At 15 MPI (Figure 23), eleven genes (IL10F10, TNFRSF18, IL36A, IL17RB, IL31RA,
IL36RN, IL1B, CCL26, IL36G, CCR3, and CXCL14) were enriched to cytokine-cytokine
receptor interactions; six genes (CLDN10, CLDN25, THY1, MYL10, CLDN17,
andMYL7) were enriched to leukocyte transendothelial migration; four genes (GABRR3,
GRIA3, GABRQ, and GRIN3B) were enriched to nicotine addiction. Notably, nicotine’s
major binding target is NAChR, where PrPc is co-localized with the a4 subunit'?”-128, The
significance of this finding is not clear because a4 subunit knock-out mice showed no
difference in prion progress compared with control'28-130_ | eukocyte transendothelial
migration is important for immune response, and PrPc was considered to have an effect
on leukocyte recruitment’3".132, PrP¢ knockout mice have a lower amount of peritoneal

leukocytes responding to zymosan injected intraperitoneally?32.133,
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Figure 23. Page 54. KEGG analysis results of annotated genes at 15 MPI. The size
of the dots indicates the number of enrichment genes for one biological process. The
color indicated the gene’s fold change; red means a bigger fold change, and pink shows

a lower fold change.
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Conclusions

In this chapter, we performed analyses of our sequencing results of nasal swabs from
CWD infected compared to control animals using GSEA with hallmark gene sets, the
GO database, and the KEGG database, and we found enriched results varied with time,
which might indicate CWD progressed with time and its pathogenesis and disease

progression was differential at different time points.

We found that the E2F pathway, the G2M pathway, and the Mitotic spindle pathways
were suppressed at all the time points examined (from 3 MPI to 15 MPI). These findings
suggest that CWD may suppress cell proliferation and division progress in the nasal
cavity. In previous studies, PrPc was shown to have a positive effect on cellular
proliferation and differentiation of neural stem/ precursor cells in the mammalian
subventricular zone'*135 and a lack of PrPc may cause the neural cell adhesion
molecule to fail to promote neuronal differentiation and induce cycling neuroblast
accumulations'®®. These results suggest that there might be PrPc conformational
change happening in the nasal tissues due to PrPsc seeding, which has been reported

in other prion diseases®>%.

At 3 MPI to 6 MPI, all hallmark immune-related pathways (allograft rejection,
complement pathway, inflammatory response, interferon-alpha response pathway, and
interferon-gamma response) were all suppressed. These findings suggest no prion
shred in the nasal in the early stages of CWD infection. Starting at 9 MPI, except for the
interferon-alpha response pathway and interferon-gamma response pathway, all three
other enriched immune response pathways were highly activated. Because PrPsc is
converted from PrPc and shown in studies, there is a lack of an anti-PrPsc antibody,
which might be due to the tolerance of the immune system to PrPc, it is not likely to
trigger an immune response directly’3-140, However, these identified activated immune
responses might be induced by PrPsc production and shedding in the nasal tissues. It
has been shown in scrapie-infected hamsters that prions can replicate to high levels in

the olfactory sensory epithelium (OSE) and induce apoptosis in olfactory receptor
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neurons (ORNs)™'. Another possible explanation of the activation of immune response
pathways is they might be triggered by inflammation materials from cell apoptosis and
autophagy caused by CWD infection®’. At 12 MPI, all enriched immune response
pathways mentioned above were activated, and this might suggest that with the CWD
disease development, the immune response related to the CWD infection keeps
progressing in the nasal tissues. The reason why 15 MPI had no enriched immune

response pathway remains unclear and needs future research and explanation.

Some of the 9 MPI-enriched pathways identified were unique to this time point. These
included thirteen membrane-vacule-endoplasmic-reticulum-related pathways. PrPc is a
membrane protein involved in the protein-trafficking processes, and protein-trafficking
dysfunction is known to be a signature feature for prion infection and other
neurodegenerative diseases involving protein misfolding®8116_ At 12 MPI, remarkably,
four enriched pathways were related to apoptosis and autophagy progress which may

be due to cell death induced by PrPsc accumulation in olfactory neurons®.195,

At 15 MPI nine pathways were enriched, eight of which take part in protein modification
processes. Notably, the misfolded PrPsc is the pathogen of prion disease, so these
eight enriched pathways might indicate protein modification was severely affected due
to CWD infection at 15 MPI.

Many hormone-related pathways and reproductive pathways were identified at all the
time points which indicated CWD infection has an effect on hormone activity. In support
of these findings, previous studies have reported alterations in hormone activity in

scrapie-infected mice, scrapie-infected sheep, and humans with CJD103.142-147

It is possible that some of the DEGs detected may be related to seasonal differences
affecting the deer. The white-tailed deer rutting season is from November to February,
which is when the 9 MPI samples were collected (12/23/2020). Similarly, the effect of
aging may have contributed to the DEGs identified in nasal swab samples over time.
Additional studies are needed to rule these factors in/out with regard to the induction of
the DEGs detected. A comparison of the 438 identified DEGs identified in this study with

previous studies that identified DEGs associated with prion diseases showed that
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ALOX5, FKBP5, ITGAM, SNAI2, UHRF1, CYP4F2, DDIT4, FKBP5, ITGAM, SNAI2, and
UHRF1 genes were shown to be similarly altered in the brain tissue from scrapie-
infected rodents, serum from CWD-infected elk, brain, liver and lymphoid nodes from
CWD-infected white-tailed deer®8:106.143.148 CDC, PLK, HSP, and GRP families of genes
identified in our study also have been reported in brain tissue from scrapie-infected
rodents, prion-yeast model, brain tissue and lymphoid nodes from CWD-infected white-
tailed deer’06.124.149-152_ COL2A1 gene is a protein-coding gene associated with fibrillar
collagen binding which is essential for cartilaginous and the normal embryonic
development of the skeleton. The specific connection between COL2A1 and CWD

pathogenesis has not been described before in other prion diseases.

In summary, these studies of CWD biomarkers and enriched-gene-related pathways in
white-tailed deer nasal swab samples provide new insights into CWD pathogenesis and
disease progression, but the specific contribution of these genes and associated

pathways to CWD pathogenesis still remains unclear and needs further explanation.
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