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Abstract 

Chronic wasting disease (CWD) is an infectious and fatal prion disorder of cervids that is rapidly 

expanding across North America. Although extensively studied in natural hosts, the early tissue and 

route-specific events that govern prion seeding and amplification remain poorly defined. This thesis 

employed transgenic mice that express transgenic elk prion protein (TgElk) to investigate the effects 

of inoculation routes on CWD prion seeding and distribution in selected tissues.  

TgElkPrP mice were inoculated with CWD positive brain homogenate via the intragastric (IG) or 

intracerebral (IC) routes. Prion seeding activity and amplification were determined using real-time 

quaking-induced conversion (RT-QuIC), and the CWD positivity in animals was confirmed by 

immunohistochemistry. 

Prion seeding activity was detected in brain and spleen tissues as early as 8 weeks post-IC inoculation. 

In contrast, prion seeding activity was minimally expressed in mice by 56 weeks post-IG inoculation, 

suggesting a longer incubation time is required for disease manifestation. These findings indicate 

differential disease progression rates and incubation processes caused by different inoculation 

routes. 

This work also provides a foundation for future investigations into the interaction between CWD 

progression and the dynamics of gut microbiome composition, with the potential to identify gut 

microbial species as a biomarker for early detection of CWD and to understand how gut microbial 

communities influence animal susceptibility to CWD. 
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Introduction 

With the beginning of the 18th century, observers witnessed abnormal behaviour being displayed by 

Merino sheep, which consisted of altered gait, excessive licking, and an intense itch, compelling these 

sheep to scrape their backs against fences aggressively (Zabel & Reid, 2015). To classify this unusual 

behaviour, pathologists Creutzfeldt and Jakob in the early 20th century described a neurodegenerative 

disease that, along with scrapie, would be included in a group of diseases known as transmissible 

spongiform encephalopathies (TSEs) (Zabel & Reid, 2015). By the end of that century, the growing 

evidence forced some scientists to break with the dominant biological dogma that governed pathogen 

replication. In 1950’s, Watson and Crick had convincingly shown how to crack the genetic code. TSEs 

seemed to ignore this new dogma. J.S. Griffith formulated the possible mechanisms by which a pathogenic 

protein could record its own blueprint for replication independent of a genetic code. Stanley Prusiner 

referred to this proteinaceous infectious agent as a prion. The narrative surrounding investigations of 

proteins that elicit anomalous chemical and biological paradigms, such as prion proteins, provides a 

compelling and controversial narrative informing our understanding of biological dogma, and ultimately 

protein biochemistry and mediated storage and transfer of biological information. 

Prion diseases represent a distinct group of infectious neurodegenerative diseases characterized by the 

accumulation of misfolded prion proteins (Zhu & Aguzzi, 2021). Prions lack nucleic acids, unlike traditional 

infectious pathogens (Das & Zou, 2016). They nevertheless exhibit a propensity to propagate through the 

misfolding and aggregation of host proteins, resulting in a progressive and fatal neurodegenerative 

disease characterized by encephalopathy. The protein misfolds and acts as a template, which leads to the 

misfolding and accumulation of endogenous PrPC proteins in the host brain (Kupfer et al., 2009). The 

resultant accumulation of PrPSc at lesion sites leads to neuronal cell death, spongiform change in the 

surrounding tissue, and ultimately, progressive neurodegeneration. Prion disease affects cognitive and 

motor function, leading to dementia, ataxia, and finally, death (Soto & Satani, 2010). These diseases are 
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always fatal, and no effective treatment is available (Gilch et al., 2011). These infectious proteinopathies 

include Creutzfeldt-Jakob disease (CJD), variant CJD, Gerstmann-Sträussler-Scheinker syndrome (GSS), 

and Fatal Familial Insomnia (FFI) in humans, as well as prion diseases of mutton in animals such as Chronic 

Wasting Disease (CWD) in cervids, scrapie in sheep and goats, and Bovine Spongiform Encephalopathy 

(BSE) in cattle. Although rare, prion diseases carry tremendous public health relevance due to their long 

incubation periods, hardiness against PrPSc decontamination, and potential for iatrogenic transmission. 

The ability of prions to cross species lines is particularly concerning in relation to zoonotic transmission, 

as is the case with chronic wasting disease in cervids. 

Chronic wasting disease (CWD) is now acknowledged as the most rapidly spreading prion epizootic disease 

from a captive mule deer pen in Colorado, now covering over 36 U.S. states and 5 Canadian provinces 

(British Columbia, Alberta, Saskatchewan, Manitoba, and Quebec) (USGS, 2025) (Fig. 1). This disease has 

spread, in part, due to biological characteristics that differ from other prion diseases. First, misfolded prion 

proteins (PrPSc) adhere to clay minerals and quartz, remaining infectious in soil for years and thereby 

producing persistent environmental reservoirs (Johnson et al., 2006). Second, infected cervids shed prion 

protein in saliva, urine, and feces for months and, at times, years, before showing clinical signs of CWD 

(weight loss and ataxia), which makes subclinical infected cervids mobile infection waves (Haley et al., 

2011). This disease is always fatal, and animals typically die within months to years of showing clinical 

signs (Henderson et al. 2020). Within adult deer, death usually occurs between 16 months and 4 years 

(Miller, Wilds & Williams, 1998; Williams, 2005). The disease affects many species of cervids, including 

deer (white-tailed, mule, black-tailed, red, and sika deer), elk (wapiti), moose, and reindeer (caribou). 

Therefore, there is a need to understand the earliest cellular and molecular circumstances regarding PrPSc 

entry into the host, peripheral amplification, and eventual neuroinvasion to strategize measures to control 

the spread of CWD. 
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Figure 1. Distribution of Chronic Wasting Disease in North America, updated April 11, 2025.  
Chronic wasting disease has been detected in free-ranging deer cervids in 36 U.S. states and four Canadian 
provinces and in captive cervid facilities in 22 states and three provinces. 
 

Over the past decade, advances in imaging, transgenic models, and ultrasensitive seeding assays have 

dismantled the narrative of oral ingestion to the brain and replaced it with a multistage, tissue-resolved 

pathway of propagation. High-resolution microscopy can track PrPSc uptake by the intestinal microfold 

cells and enterocytes (Kujala et al., 2011). Gene knockout studies have confirmed Peyer's patches as 

indispensable replication niches, and longitudinal biopsy studies in deer have timed the leap from 

lymphoid tissues to the vagus nerve with month-scale precision (Takakura et al., 2011). Current research 

suggests that although only one polymorphism can extend incubation for multiple years (Moazami-

Goudarzi et al., 2021), antibiotic-induced dysbiosis can expedite neuroinvasion (Trichka & Zou, 2021). 

These items add to the complexity of genetics, microbiota, and the environment. In fact, one moose that 

was diagnosed with CWD post-mortem exhibited no clinical signs even though there was evidence of 

spongiform encephalopathy in the brainstem and cervical spinal cord (Baeten et al., 2007).  
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Overview of Chronic Wasting Disease 

The normal cellular prion protein (PrPC) is a glycosyl-phosphatidylinositol (GPI)–anchored glycoprotein 

that is predominantly α-helical, soluble, and readily digested by proteases. In contrast, the misfolded, 

disease-associated/abnormal isoform (PrPSc) adopts a β-sheet–rich structure that aggregates into amyloid 

fibrils and exhibits marked resistance to protease K. The spontaneous conversion of PrPC into PrPSc occurs 

when native PrPC undergoes this α-to-β conformational transition, and the resulting PrPSc acts as a 

template to recruit and refold additional PrPC. This templated misfolding drives fibril elongation and 

fragmentation, creating new growth ends and a self-propagating cycle of prion replication (Prusiner, 

1998). 

 

The mechanism for this is described by nucleation-dependent polymerization (Figure 2). The core 

mechanism for forming infectious prions begins with a misfolded PrPC converting to its pathogenic, beta-

sheet-rich conformation; this is a relatively slow process due to the energy barrier that forms the initial 

nucleus (Silva et al., 2022). Subsequently, once a critical nucleus is generated, rapid elongation occurs as 

more PrPC molecules become misfolded and recruited. Ultimately, this leads to rapid, incremental 

generation of amyloid fibrils to exponentially grow the amyloid material (Soto, 2012), and ultimately a 

self-replicating process that underlies the transmissible and progressive accumulation of prions in 

exposed hosts contributing to the pathogenesis associated with prion diseases such as CWD, Creutzfeldt-

Jakob Disease (CJD), and Scrapie. Currently there have been no selective methods to inactivate prions, 

including ionizing radiation, UV radiation, boiling / heat inactivation, nucleases, proteases, formalin, or 

autoclaving (121 °C, 20 min, standard practice in microbiology). Ingestion is the dominant route for entry 

of prion acquisition, as demonstrated by the consumption or contamination of crops or coprophagy 

(Bravo-Risi et al., 2021). Of particular note, infectious prions have been evidenced in bodily fluids, at low 
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concentrations, such as the urine and saliva of CWD-infected deer (Haley et al., 2009; Mathiason et al., 

2009). These findings support the possibility that abnormal prions can be detected via bodily fluids 

excreted from the animal, which could offer potential ante-mortem detection for diagnostic purposes. 

Present evidence suggests that abnormal prions can be detected ante-mortem through blood and fecal 

samples. Vertical transmission has also been documented within CWD prions within the fetal tissues of 

CWD-affected, naturally infected white-tailed deer (Bravo-Risi et al., 2021). 

In addition, propagation of CWD prions is influenced by variations in the prion protein gene (PRNP), where 

specific polymorphisms can modify host susceptibility and alter the rate of disease progression across 

cervid species (Moazami-Goudarzi et al., 2021). Environmental factors can drive CWD prion persistence 

and propagation by reducing degradation and mobility of infectious particles. Soil organic matter, such as 

humic acids, can bind and stabilize prions, thereby lowering effective dose and facilitating long-term 

environmental infectivity (Kuznetsova et al., 2018). The route of transmission also shapes prion strain 

characteristics: peripheral transmission maintains natural strain properties of elk and deer prions, 

whereas intracerebral transmission can generate divergent strains (Defranco et al., 2024). Chronic wasting 

disease is invariably fatal. Infected cervids typically die within months to years after the onset of clinical 

signs, with adult deer succumbing within approximately 16 months to 4 years (Williams, 2005; Miller, 

Wilds & Williams, 1998; Henderson et al., 2020). The disease affects a broad range of cervid species, 

including mule deer, white-tailed deer, Rocky Mountain elk, and moose. Susceptibility varies among 

species and populations, as genetic differences in the prion protein gene influence both infection risk and 

disease progression (Benestad & Telling, 2018). CWD prions (PrPCWD) exhibit a wide tissue tropism. They 

accumulate at highest concentrations in the central nervous system, lymphoid tissues, and excretory 

organs, but can be detected in many peripheral tissues throughout the body (Hoover et al., 2017). 

Infection can occur through direct or indirect exposure, most often via the gastrointestinal tract, where 

specialized M cells facilitate prion uptake and subsequent neuroinvasion (Minich et al., 2021). 
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PrPCWD is detected in alimentary associated lymphoid tissues (AALTs) shortly after infection and reflects 

the earliest locations of prion accumulation after oral exposure. As disease progression continues, prions 

spread into other tissues including the brain, salivary glands, urinary bladder, and distal intestinal tract 

(Haley et al. 2011). The peripheral nervous system (PNS) is also affected as prions replicate in neuronal 

tissues including the myenteric plexus and vagosympathetic trunk indicating that neuronal pathways are 

involved in prion trafficking and invasion of organs (Sigurdson et al., 2001). In addition, prions can be 

found in other endocrine tissues, such as in the pituitary gland, adrenal medulla, and pancreatic islets 

indicating the widespread tissue tropism of PrPCWD (Sigurdson et al. ,2001). Research conducted through 

serial protein misfolding cyclic amplification (sPMCA) indicated the highest PrPCWD-generating activity 

existed in the salivary glands, urinary bladder, and distal intestinal tract of cervids that had been exposed 

to CWD (Haley et al., 2011); however, these tissues did not demonstrate any detectable prion protein 

(PrPCWD) by standard western blotting, indicating either a lower prion burden or the presence of protease-

sensitive forms. 

 

PrPCWD has distinct regions of engagement of peripheral tissues depending on the route of inoculation; in 

oral inoculation studies, PrPCWD deposition occurs quickly and extensively in lymphoid tissues before 

spreading to the central and peripheral nervous system tissue and eventually, other organs late in the 

disease (Fox et al., 2006). This progression seems to reflect prion movement from the initial site of 

peripheral entry to the spread of infectivity to the central nervous system along the neural route. CWD 

has been transmitted to deer by aerosol route, with a prion dose over 20 times less than that used for 

oral inoculation, implying inhalation may be a feasible pathway for CWD transmission (Denkers et al., 

2012), which challenges the premise oral exposure is the predominant route of natural transmission. 
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Prion Protein Gene (PRNP) Characteristics 

PRNP encodes the prion protein (PrP), which plays a crucial role in the pathology of chronic wasting 

disease (CWD) among cervids. The PRNP gene is highly conserved within the Cervidae family, exhibiting 

only 16 amino acid polymorphisms within the 256-amino-acid open reading frame of its third exon (Orge 

et al., 2021). Specific polymorphisms in PRNP significantly influence susceptibility to CWD, with certain 

variants associated with reduced infection rates and slower disease progression (Moazami-Goudarzi et 

al., 2021). 

 

Polymorphisms within prnp shape how efficiently PrPCWD replicates, which in turn affects whether cervids 

become infected and how quickly they succumb. Mouse models expressing cervid PrP variants have been 

instrumental in teasing apart these genetic influences. One of the earliest polymorphisms studied was at 

codon 96 of the white-tailed deer PRNP gene, where glycine can be replaced by serine. Transgenic mice 

carrying the glycine allele (96G) developed CWD in approximately 160 days and accumulated abundant 

PrPSc in their brains, indicating high susceptibility. In contrast, mice expressing the serine allele (96S) 

remained free of clinical disease and protease-resistant PrP for more than 600 days. Heterozygous 

96G/96S mice exhibited a delayed onset of disease relative to homozygous 96G animals, indicating a 

partial protective effect. Another polymorphism in white-tailed deer, codon 95 (H95), is rare but essential; 

transgenic mice with histidine at this position showed no disease when inoculated with common CWD 

strains. However, a novel prion strain dubbed H95⁺ can emerge and overcome this barrier, causing disease 

in H95 mice after much longer incubation periods. 

 

The Rocky Mountain elk exhibits a polymorphism at codon 132 (equivalent to human codon 129) at which 

methionine can be substituted by leucine. Methionine (M132) expressing mice readily propagate CWD 

prions, whereas leucine (L132) expressing mice remain free of the disease. In mule deer, there is 
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polymorphism at codon 225, where homozygous 225F deer are considerably less likely to become infected 

with CWD than individuals with the most common serine allele; in transgenic mice with the phenylalanine 

substitution, the incubation time is prolonged, yet attack rates are low, and only a small percentage go on 

to develop disease. For codon 226, elk has glutamate (E) and white-tailed deer has glutamine (Q), and in 

a disease-targeted mouse strain E226 elk exhibited a 20-38% shorter disease onset than Q226 white-tailed 

deer, suggesting glutamate may facilitate more efficient prion replication. 

There are other polymorphisms, some of which have been explored more recently. A rare A-to-G change 

at codon 116 in white-tailed deer does not prevent infection but alters strain characteristics. Mice 

inoculated with CWD prions from 116G animals have a survival time of about two months longer than 

mice infected with wild-type prions, and the strain can infect otherwise resistant 96S transgenic mouse. 

Polymorphism S138N, is even rarer and has only been found in reindeer, fallow deer, and in a very small 

number of white-tailed deer. Interbreeding with these polymorphisms in gene-targeted mice 

heterozygous for N138 and S138 remain asymptomatic over 600 days in isolation, but retain low-level 

prion seeding activity, suggest that asparagine at codon 138 operates under a dominant-negative principle 

for prion conversion. Finally, there are only reports of polymorphisms such as Q95H, A117V, etc. in 

European cervids, and it remains unknown if these possibly influence CWD susceptibility. 

Overall, these polymorphisms indicate that a simple change in an amino acid of PrP can have a big impact 

on disease manifestation.  

 

Polymorphisms such as 96S, H95, L132, F225, and N138 confer very strong resistance by either preventing 

prion conversion or significantly extending the incubation interval. On the other hand, polymorphisms 

such as 96G, M132, and E226 promote fast prion replication and clinical disease. Some polymorphisms 

such as G116 and L138 can generate new strains capable of breaking through established resistant 

boundaries to infection. Knowledge gained through mouse models has helped frame the observations 
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made for PRNP alleles in populations of wild cervids. Further, data from these models would support 

strategies (e.g., breeding or surveillance) that exploit genotype for CWD susceptibility. 

 

Animal Models for CWD Research 

Various animal models have been utilized to investigate CWD, each providing unique insights into 

different aspects of the disease. Cervids, including deer, elk, and moose, are the most relevant models 

because of their status as natural hosts for CWD (Mathiason, C, K. 2022). These animals enable researchers 

to study disease progression, transmission dynamics, and species-specific susceptibility in wild 

populations, as well as to investigate the impact of environmental factors on the spread of CWD. 

Mice are the most widely used laboratory animals for studying diseases due to their manageability, short 

generation time, and ease of genome manipulation. Mouse models possess the ability to recapitulate 

aspects of the neuropathological and biochemical characteristics of several human and animal diseases in 

a shorter period. 

 

Transgenic mice can be generated to express a prnp gene matched to the species and prion strain under 

investigation. Most often, the transgenes are represented on a prnp null background (prnp0/0), to avoid 

partial or complete suppression of disease caused by the co-expression of wild-type prnp. The expression 

levels of prnp in the models may affect prion disease susceptibility and incubation periods (Pruisner et al., 

1990). While transgenic models are extremely valuable for understanding aspects of the disease, the 

downsides to classic transgenic mouse models include the potential for variable copy numbers of the 

transgene at undefined genomic locations due to random integration of transgene insertion sites. This 

aspect inhibits the standardization of experiments and may affect the repeatability of animal disease. 

Gene targeting, which directly replaces the mouse PrP gene with the species-specific PrP gene, offers 

advantages over traditional transgenic mice and appears to provide a more accurate representation of 
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disease by demonstrating peripheral pathogenesis and mechanisms of horizontal transmission. These 

models have revealed differences between CWD prions from Norway and North America, as well as 

distinctive strain properties in Finland's moose CWD (Sun et al., 2023).  

 

Bank voles and ferrets provide valuable information on interspecies transmission and strain adaptation of 

CWD prions. Bank voles are highly susceptible to various prion strains and exhibit short incubation periods, 

whereas ferrets offer insights into the potential risks to carnivores and other non-cervid species. In a study 

investigating the potential for CWD transmission to different wildlife species, four species of epidemic-

sympatric rodents [meadow vole (Microtus pennsylvanicus), red-backed vole (Myodes gapperi), white-

footed mouse (Peromyscus leucopus), deer mouse (Peromyscus maniculatus)] were intracerebrally 

inoculated with CWD prions. The efficient intracerebral transmission observed in all species, particularly 

blank voles, highlights their high experimental susceptibility to CWD prions and underscores their value 

as models for studying interspecies transmission and prion strain adaptation (Heisey et al., 2009). 

 

Furthermore, fetuses of white-tailed deer from dams infected with CWD have been studied to explore the 

potential for mother-to-offspring transmission (Nalls et al., 2021). Non-human primates are essential 

models for assessing potential zoonotic risks and evaluating possibility of CWD transmission in humans. 

Two non-human primate species, cynomolgus macaques and squirrel monkeys, have been used as NHP 

models to assess CWD susceptibility (Race et al., 2014). Interestingly, squirrel monkeys showed a higher 

susceptibility to CWD than cynomolgus macaques, suggesting potential resistance in species that are 

evolutionarily closer to humans (Race et al., 2009). 

 

Effects of Routes of Prion Exposure and Inoculation on CWD Pathogenesis 
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Various inoculation modalities are available to study CWD in mice, each providing different insights into 

pathogenesis, transmission, and host susceptibility. Each route used to inoculate an animal will initiate a 

different rate of transmission, the specificity of tissue tropism, and the ultimate progression of disease; 

thus, it has an impact on experimental designs and the applicability to future translational work. 

 

One of the most commonly used experimental methods for CWD transmission is intracerebral (IC) 

inoculation, which directly introduces prions into the brain tissue. This highly invasive technique requires 

microsurgical precision and stereotaxic equipment. By bypassing peripheral immune barriers and avoiding 

the need for prion amplification in lymphoid tissues, IC inoculation places infectious material directly into 

the central nervous system (CNS), resulting in the shortest incubation periods of any known method, 

usually around 150–200 days in transgenic mouse models expressing cervid PrP. 

Including examples of intracerebral CWD transmission in cattle and sheep provides context for the mouse 

data by illustrating that direct brain exposure can overcome natural species barriers. These cross-specific 

findings underscore that the intracerebral route is a powerful tool for revealing the fundamental capacity 

of CWD prions to infect diverse mammalian hosts, complementing the detailed observations made in the 

TgElkPrP mouse model. For example, cattle intracerebrally inoculated with CWD-infected brain 

homogenates from mule deer exhibited a gradual amplification of proteinase-resistant PrP (PrPres) in 

various brain tissues in some subjects, with little or no evidence of neuropathological lesions associated 

with transmissible spongiform encephalopathies (Hamir et al., 2005). Similarly, intracerebral inoculation 

of sheep with CWD prions derived from mule deer resulted in clinical disease in a subset of sheep (Hamir 

et al., 2006). In the same model, inoculation of transgenic mice with CWD-derived homogenates 

intracerebrally resulted in clinical signs of disease in all mice that received the homogenate within a 

defined shortest incubation period of 180 days (Seelig et al., 2010). 
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Oral transmission has been established experimentally (Nichols et al., 2013). Contrasting with IC, oral 

inoculation mimics the way in which animals would naturally be exposed and results in longer and less 

consistent incubation periods in comparison to IC inoculation. This route entails directly administering 

CWD-infected brain homogenates to the mouth or esophagus, usually preceded by fast to maximize 

uptake. Oral transmission necessitates prion traversal across the gastrointestinal epithelium, 

amplification within gut-associated lymphoid tissues (GALT), and access to peripheral nerves to finally 

reach the CNS. Incubation times for oral inoculations to mice range from around 200 days to upwards of 

400 days, depending on prion strain, dose, and genetics of host.  

In oral inoculation studies, questions about the alimentary tract-associated lymphoid tissues suggest their 

importance as early sites of prion replication. PrPSc, when inoculated orally into mule deer fawns, was 

detected in alimentary tract-associated lymphoid tissues as early as 42 days post-inoculation (Sigurdson 

et al., 1999). This study indicates that lymphoid tissues draining the gastrointestinal tract may be 

important for entry and amplification of prions (Sigurdson et al., 1999). Thus, the efficient horizontal 

transmission, scored in relation to oral inoculation studies is aligned with free ranging cervids oral 

transmission patterns of prion disease, which has ecological relevance to this mode of transmission 

(Sigurdson et al., 1999). 

 

Intravenous (IV) inoculation injects the infectious agent directly into circulation and is typically a lateral 

tail vein route; incubation times to clinical signs observed are intermediate relative to the IC or oral routes. 

Research indicates approximate incubation periods of 200 ± 7 days following an intravenous (IV) exposure 

(Seelig et al., 2010). This route bypasses mucosal barriers and delivers prions directly to secondary 

lymphoid tissues enabling research into hematogenous spread and contributions of peripheral tissues. 
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Intraperitoneal (IP) inoculation has been beneficial in studying tissue tropism and peripheral replication 

of CWD prions. In this route the inoculum is directly delivered to the peritoneal cavity, allowing an infected 

tissue systemic access to visceral lymphoid structures. Seelig et al. (2010) noted disseminated PrPSc 

accumulation was detected in the spleen and mesenteric lymph nodes of mice inoculated 

intraperitoneally with cervid-born CWD prions. Neuronal pathological changes appear later, as a 

secondary observation, following detection of prion deposition in the spinal cord and brainstem. Reported 

survival periods post-inoculation ranged from 220 - 330 days, and early prion propagation was 

predominantly detected in lymphoreticular tissue consistent with neuroinvasion taking place after 

peripheral inoculation. 

 

Aerosolized exposures models closely mimic environmental routes of transmission and are critical in 

advancing understanding of prion infectivity by inhalation in the respiratory tract. In aerosolized models, 

mice are exposed to aerosolized CWD prions in a controlled chamber, and it is possible to ecologically 

control important parameters such as intranasal particle size, inoculation dose, and exposure period. 

Incubation times following aerosol inoculation of CWD prions are usually > 250 - 400 days. Denkers et al. 

(2012) demonstrated successful transmission of CWD to transgenic mice expressing cervid PrP, and it 

occurred via aerosol exposures, even at doses less than necessary for oral infection. Transmission 

efficiency was greater in animals with small mucosal injuries, even minor abrasions on the oral 

epithelium—showing that compromised mucosal barriers may present naked prion proteins (or infectious 

agents) with an increased opportunity to establish infection (Denkers et al., 2010). This is significant for 

environmental transmission risk and biosafety in that the inhalation of prion-laden particles, as might be 

encountered at mineral licks or in dust-laden environments, may be a feasible route of infection (Plummer 

et al., 2018). In addition, due to their relevance to scenarios of environmental transmission, routes of 

intranasal have also been researched. Most importantly, Denkers et al and Telling et al. (2010) 
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demonstrated a potential of aerosol exposure to induce disease in transgenic mice expressing cervid PrP. 

This adds to the potential for pathogenicity to be connected to inhalation of prions. Related, the clay-

based intranasal delivery may mimic inhalation of contaminated dust and support the hypothesis that 

these environmental particulates could play a role in the spread of disease (Nichols et al., 2013). 

 

Taken together, there is a continuing need to study the comparative efficiency, tissue targeting and 

environmental relevance of various inoculation routes. Each model provides a different way of 

consideration how prion enters the host organism, replicates, and spreads, and understanding this 

process is critical for surveillance, intervention and establishing biosafety practices under both 

experimental labs and wild conditions.  

 

To further support an infectious respiratory exposure route, experimental intranasal inoculation has been 

conducted using brain homogenates mixed with clay particles. According to Nichols et al. (2013), 

intranasal exposure of white-tailed deer with these inoculations resulted in CWD, with PrPSc detected in 

several tissues via immunohistochemistry. This represents an inoculation method that simulates the 

natural inhalation of environmental particulates, including contaminated soil or dust and promotes the 

relevance of inhaled exposure conditions in field settings. 

 

To summarize, experimental studies have advanced our understanding of CWD pathogenesis through 

regard to comparisons of inoculation routes. Oral exposure is the most ecologically relevant method of 

transmission, with intracerebral and intraperitoneal models allowing researchers to establish 

manipulative control for mechanistic studies. 
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Roles of Gut Microbiota in the Pathogenesis of Chronic Wasting Disease 

 

The gut microbiota refers to the complex community of bacteria, archaea, viruses, and fungi that inhabit 

the gastrointestinal tract and play essential roles in host metabolism, immune function, and neuroimmune 

signalling (Thaiss et al., 2016; Sommer & Bäckhed, 2013). In this study of prion-infected mice, measurable 

changes occur in gut microbiota diversity and community composition. Prion-inoculated mice exhibit 

lower overall alpha diversity (within-sample diversity) during late-stage disease; however, beta diversity 

(between-sample community differences) diverges significantly even in the early stages of the disease 

(Losa et al., 2024). Scientists from the paper mentioned above utilized a murine scrapie prion disease 

model. Infected mice exhibited distinct differences in fecal microbiome composition for up to 12 weeks, 

preceding the onset of observable overt clinical symptoms, indicating a pre-symptomatic change in the 

microbial community. The variation in fecal microbiome composition continued to diverge in mid- to late-

term disease, marked by prion-infected mice clustering apart from control mice during principal 

coordinate analyses of microbiomes. These results collectively suggested that prion disease generated a 

dysbiosis (an ecological disturbance in microorganisms), which was slow and progressed over time, 

consistent with the progressive course of the disease. 

Relative abundance of one or more bacterial taxa has been observed in PrPSc infected mice. Specifically, 

some bacteria classified as opportunistic or inflammation-associated increase in abundance, while others 

decrease in abundance in groups associated with healthy gut conditions (Trichka & Zou, 2021). For 

example, prion-infected mice exhibited increased relative abundance of Proteobacteria, a phylum of 

many Gram-negative bacteria (such as Escherichia or Helicobacter) that may act as opportunistic 

pathogens or become more dominant during gut inflammation. An increase in Proteobacteria is the 

typical signature of gut dysbiosis across different diseases (Shin et al., 2015). In murine prion disease 

models, the relative abundance of the Helicobacteraceae family (which is categorized under 
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Proteobacteria) was characterized with increased relative abundance in infected mice compared to 

controls . An overall increase in the presence of Helicobacter spp. may reflect a prion-associated change 

in gut immunity or motility that allowed for the proliferation of this bacterium (Konturek, 2005). Firmicute 

families, specifically Lachnospiraceae and Ruminococcaceae, were found to be more abundant during the 

prion infection in mice. These families include members that produce short-chain fatty acids (SCFAs) (e.g., 

butyrate). Losa et al. (2024) found relative increases in Lachnospiraceae and Ruminococcaceae during 

symptomatic stages of disease in mice intracereberally inoculated with the Rocky Mountain Laboratory 6 

(RML6) prion strain, suggesting a shift in microbes that ferment dietary fibres into SCFAs. They 

hypothesized that this could be associated with elevated SCFA levels in the gut during prion disease and 

could be impactful for the host's immune state. Further, the relative increase in abundance of 

Lachnospiraceae has been found in other neurodegenerative disorders including Parkinson's disease, 

suggesting similar microbial responses to pathophysiological neurodegeneration (Koutsokostas et al., 

2024). 

In association with these increases, mice infected with prions have shown decreases in those bacterial 

groups implicated in fibre degradation and gut health. For example, the family Prevotellaceae, which 

belong to the Bacteroidetes phylum, are often implicated in carbohydrate fermentation/anti-

inflammatory activity, and were less abundant in the prion-infected mice compared to healthy controls 

(Yang et al., 2019). Additionally, studies have documented increased levels of Lactobacillaceae (family 

containing Lactobacillus spp.) in prion diseased mice. Lactobacilli are commonly regarded as probiotics 

that assist or maintain gut barrier function and their increase could be either a compensatory response or 

an effect of altered diets/intake in clinically ill animals (Dempsey & Corr, 2022). However, a rise in 

Lactobacillaceae might also alter the gut's producing more lactic acid; but the effects on prion 

pathogenesis are unknown. 
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The above downregulated taxonomic trends in mice are similar, at least to a certain degree, to findings 

seen in CWD-positive cervids. In a study involving wild and farmed CWD+ and CWD- white-tailed deer, the 

gut microbiota profiles in CWD+ deer were significantly different than in CWD- deer (Minich et al., 2021). 

In particular, CWD infection in deer is associated with an increase in the abundance of Akkermansia (a 

mucin degradation genus), an unclassified Lachnospiraceae UCG-010 genus, and RF39 group of bacteria 

(Li et al., 2022). Higher level of Akkermansia is associated with a mucosal layer thinning (it eats mucus) 

and has been observed in weight loss and metabolic stress, which might be related to wasting symptoms 

seen in CWD (Tingler & Engevik, 2025). The enrichment of Lachnospiraceae in deer and mice studies 

similarly suggests SCFA producing bacteria respond to prion infection. Collectively, the observed microbial 

changes that occur in prion disease either in the natural host or in mice models suggest dysbiosis 

characterized by an increase in certain Firmicutes and Proteobacteria in parallel with a decrease in some 

Bacteroidetes and other commensal bacteria. Importantly, these changes were not haphazard but likely 

driven by physiological changes that occur during prion disease (i.e., neurodegeneration influence gut 

function; differences in diet or motility in sick animals; or inflammation) and likely continue to influence 

disease processes. 

In PrPSc infected mice, the altered microbiota is also accompanied by changes in microbial metabolic 

output. A detailed metabolomic analysis of fecal samples from mice infected with scrapie, a model of 

prion disease relevant to CWD, showed broad alterations in the metabolome (Yang et al., 2019). Of the 

total 145 fecal metabolites that differed between prion-infected mice and healthy mice, it was observed 

that 114 were lipid metabolites. In addition to prion infection, there were also decreases in metabolites 

believed to be protective, such as species of phosphatidylcholine in gut tissue of prion-infected mice, and 

increases in metabolites believed to be harmful, such as increases in secondary bile acids, with increases 

in four hydrophobic bile acids being statistically significant. It was also noteworthy that short-chain fatty 

acids (SCFAs) were decreased - all eight SCFAs (acetic acid, propionic acid, isobutyric acid, butyric acid, 
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isovaleric acid, valeric acid, isohexanoic acid, caproic acid) were decreased in prion-infected mice. SCFAs, 

such as acetate, propionate, and butyrate, are metabolites produced from the fermentation of fibre by 

gut bacteria and are essential for maintaining gut integrity and immune homeostasis. Decreases and 

changes in SCFAs could suggest less beneficial fermenters, or more likely an alternative fermentative 

state, during prion disease. The same study reported alterations in amino acids. Cysteine and tyrosine 

were increased while histidine, tryptophan and arginine, were decreased in prion-infected mice. The 

alterations in metabolism further show prion disease driven dysbiosis is much more than taxonomic 

anomaly, there physiological implications of the biochemical pathology occurring in the gut. Alterations 

in SCFA's, bile acids and amino acids, can have independent effector roles and are non-fibrous substrates 

of commensal gut bacteria that may influence inflammation and neurophysiology in health and disease 

(O’Riordan et al., 2025). For example, low butyrate could signify a compromised intestinal barrier and 

diminished anti-inflammatory signaling, while an increase in hydrophobic bile acids might facilitate gut 

permeability and local inflammation. This means that changes to the gut microbiome of CWD-inoculated 

mice could involve changes in community composition, richness and diversity and metabolic functionality 

that could all affect the host's disease pathology (Yang et al., 2020; (Recharla et al., 2023). 

With these correlations in mind, a lingering question is how the gut microbiota may impact CWD prion 

infection and disease progression. M cells in the intestinal epithelium act as gatekeepers that transcytose 

luminal antigens (including prions) to the underlying lymphoid tissues. The intestinal microbiota are 

known to modulate the density and maturation of M-cells, which also potentially impact how easily prions 

transcytose through the gut (Donaldson et al., 2016). The association between increased M-cell density 

and increased prion transfer is clear: an experiment designed to enhance M-cell density in mice, through 

the administration of Receptor Activator of Nuclear factor Kappa-B Ligand (RANKL), produced 

substantially higher prion absorption from the gut and reduced survival time after exposure to an oral 

inoculation of prion (Kujala et al., 2011). Conversely, depletion of M-cells has the opposite effect. In an 
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experiment where RANKL-neutralizing antibody was administered to mice to eradicate M-cells, prions 

delivered by oral inoculation was inhibited (Donaldson et al., 2012). RANKL-generalized mice showed no 

early pre-productive accumulation of prions in their Peyer's patches and no neuro-invasion after prion 

exposure by mouth, defining the importance of M-cells for prion entry from the gut lumen to lymphoid 

tissue. These results suggest that any factor influencing M-cells may also influence prion susceptibility to 

CWD. The gut microbiota is a factor, as certain commensal microorganisms or their products are known 

to influence M-cell quantity. For example, gut inflammation (often from microbial dysregulation or 

infection) will generally facilitate M-cell density, which may be mediated by upregulated RANKL 

expression in the gut tissue. Furthermore, aging, or chronic exposure to microbial stimuli, results in 

elevated M-cell quantity. Thus, dysbiosis may be associated with low-grade intestinal inflammation and 

increased RANKL signalling, which would increase M-cell quantity, leading to increased efficacy to oral 

prion infections (eg, ingestions of CWD) (Takakura et al., 2011). Conversely, a healthy microbiome may 

support homeostatic immune signalling which may keep M-cells in floor thereby potentially reducing 

prion entry. 

The gut microbiome is a pivotal factor in educating and regulating the mucosal immune system. 

Commensal bacteria induce gut-associated lymphoid tissues leading to IgA responses and modulate pro- 

and anti-inflammatory responses in the intestinal mucosa. The immune system could contribute to the 

spread of prion disease once an infection has developed in peripheral lymphoid tissues. For example, CWD 

prions are deposited in Peyer's patches after oral infection and then found in other lymphoid tissues, such 

as the spleen and lymph node, prior to neuroinvasion. The success of this process may depend, in part, 

on the immediate immune milieu. For example, microbiota that is skewed toward an anti-inflammatory 

response (e.g. Clostridia that induce regulatory T cells) may reduce the accumulation of prion in tissues 

through increased immune responses that contain the infection in gut-associated lymphoid tissues. 
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Alternatively, a dysbiotic community (e.g., enriched in pathogenic Proteobacteria) can result in chronic 

mucosal inflammation that could contribute to tight junction disruption, compromising the barrier 

function of the gut. Increased intestinal permeability (or "leaky gut") could allow prion disease to develop 

systemically, or at a minimum, increase exposure to prions in submucosal tissue. Additionally, we show 

that microbes can modulate the differentiation of follicular dendritic cells (FDC) in Peyer's patches, which 

are the cells that trap and support replication of prions. If the microbial community influences the 

maturation of FDC or the expression of PrPC, this could influence amplification of the prion in gut-

associated lymphoid follicles. While direct evidence remains to be demonstrated in vivo models of CWD, 

it is reasonable to hypothesize that the gut barrier health and homeostasis of the mucosal immune 

"system" (partially microbiota-mediated) would make it less likely or systemic spread of infectious prions 

from the gut. On the other hand, microbiota-mediated immune dysregulation may induce more favorable 

or accelerate prion pathogenesis in the periphery. An example of this includes an expansion of 

Helicobacteraceae in prion-infected mice that could promote a well-cataloged inflammation pattern (Th1) 

in the gut, which would theoretically increase prion spread through the carrying of an immune cell with a 

prion or by cytokine or barrier rupture. 

The gut microbiota produces a broad spectrum of metabolites that generally have robust effects on host 

physiology (beyond the gut), many of which are candidates in CWD. Potentially the most impactful are 

the short-chain fatty acids (SCFAs), as they are key energy substrates for colonocytes and are signaling 

molecules that modulate inflammation and possibly neurofunction. SCFAs may influence, or be influenced 

by, the progression and pathology of prion diseases. For example, butyrate is an SCFA that modulates 

inflammation, and promotes gut barrier function by energizing colonocytes; and thus, in a likewise, loss 

of butyrate production (and therefore a compromised gut barrier function) would be concomitant with a 

reduced level of butyrate if prion-infected mice elicit a higher level of systemic inflammation which might 

induce pathology while exacerbating potential neurodegenerative aspects of the disease . 
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Additionally, SCFAs can translocate into the bloodstream and cross the blood-brain barrier, potentially 

impacting microglia, the resident innate immune cells of the brain. Germ-free mice (and germ-free rats) 

showed microglia with disrupted structural and functional characteristics, likely due to the absence of 

SCFAs and other bacterial signals. While not definitively linked to prion disease, microglial activation and 

dysregulation may contribute to the neuroinflammatory and neurodegenerative aspects of the condition. 

Generally, if SCFA levels are adequate, they may help microglia maintain a homeostatic, anti-inflammatory 

state. Conversely, a deficiency or excess of SCFAs could trigger a dysregulated inflammatory response 

related to prion replication in the brain or spleen or potentially alter the host's inflammatory response 

(Erny et al., 2021). Lachnospiraceae, a bacterium highly involved in SCFA production, was found to be 

increased in later stages of prion disease in a different model (Yang et al. 2020). An overall rise in certain 

bacterial genera, such as Lachnospiraceae, was abnormally elevated at levels that might activate an SCFA 

surge, leading to context-dependent changes that could either promote or hinder host protein responses. 

Additionally, other metabolites tested in earlier models, like bile acids, were produced directly or 

indirectly through microbiome changes. These metabolites can activate receptors (such as TGR5 or FXR), 

which have the potential to influence gut motility and barrier function, thereby impacting systemic 

inflammatory responses (Wahlström et al., 2016). The increased production of secondary bile acids in 

prion-infected mice could also augment a significantly altered inflammatory response in the gut and 

possibly affect liver function, ultimately influencing prion clearance or toxicity. 

The gut microbiota can interface with the central nervous system through either the gut-brain-axis, special 

neural pathways (the vagus nerve), immune signalling and microbial mediators, etc. In relation to prion 

pathology, it is plausible that direct neuroinflammation occurs in brains of individuals infected due to 

activated microglial and astrocyte communication by way of cytokines - and furthermore other 

inflammatory mediators. Therefore, a pro-inflammatory gut microbiome could potentially induce 

neuroinflammation by varying degrees depending on the extensive capacity to essentially "prime" the 
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CNS to respond (protectively or not) to anything it may encounter. For example, lipopolysaccharide (LPS) 

that comes from Gram-negative bacteria (such as Enterobacteriaceae family and α-proteobacteria) is a 

significant endotoxin (or bacterial substance) that when translocated to circulation (e.g., via a leaky gut 

or dysbiosis), and excessive amounts causes systemic inflammation and microglial activation, resulting in 

neuro-inflammation in the brain. A feed-forward loop is a possibility in neurodegenerative diseases. For 

example, pathology from prion infection in the brain may impact gut physiology physiologically or through 

hormonal pathways, ultimately resulting in dysbiosis. The dysbiosis provides the signals amplifying the 

neuro-inflammation that has already been elicited. In prion-infected mice of a prior study, there was no 

disease augmentation in the absence of microbes, indicating that there is still dynamic composition, and 

a significant microbiome dynamic and metabolic composition was noted. This possibly suggests a 

bidirectional component: that the prion pathology from the brain affects the gut microbiome and/or vice-

versa which contributes to modulation of the neuro-inflammation. Mechanistically, the vagus nerve 

provides a pathway of communication. Prion diseases theoretically have pathology in consecutive areas 

of the brainstem where the vagal nuclei are. Innate gut signals can travel vagally to the brain from the 

inflamed gut or there could be impaction in the vagal signaling, due to prion pathology, to impact gut 

function (i.e. motility and secretion) creating disturbance in microbial habitats. There are also bacterial 

products [for example, associated with gamma-aminobutyric acid (GABA] that will travel, potential cross-

seed or provide something to amplify the likely misfolded host protein (i.e. bacterial amyloids like curli 

proteins with E. coli). Although there are no direct experiments proving the concept for PrP, it has been 

documented for other neurodegenerative disorders, such as several models of Parkinson’s disease, where 

bacterial amyloid has been shown to drive α-synuclein aggregation in both the gut and brain (Chen et al., 

2016). By analogy, one might theorize that more chronic exposure to microbial amyloids or even 

endotoxins would impact either the rate (or pattern) of prion aggregation or microglial activation 

phenotypes in CWD. 



 23 

Investigators have begun testing the ideas mentioned above, in regard to hypotheses via experimental 

interventions in mouse models. While the results are questionable, they indicate that the role of 

microbiota is significant, but likely not just an on/off effect, but one of its influences being context-

dependent/modulatory effect. An approach to test causality is to fully deplete the microbiota and see 

whether prion disease outcomes change. To this end, Bradford et al. (2017) conducted such experiments 

by infecting germ-free mice (that for prions involved the use of mouse-passaged scrapie prions) with 

prions and comparing the disease course to conventionally raised mice. Notably, there were no 

differences in clinical disease onset or survival times between germ-free and conventionally raised mice. 

Germ-free mice affected by both intraperitoneal and intracerebral prion inoculations developed the 

disease in a similar time frame as standard mice, and the associated neuropathological features (PrPSc 

deposition, spongiform change) were comparable between groups. Collectively, results from these 

studies suggest that a commensal microbiota is not required for prion replication or the development of 

PrP pathology in the tested models. Prion disease can develop similarly in mice devoid of gut microbes. 

However, this does not mean that microbiota do not have any effects on the disease, but that the effects 

may be context-dependent, or potentially subtle (affecting the oral route of infection as well as brain 

invasion situations). Interestingly, earlier studies had shown some different outcomes with regard to 

microbiota studies in mice and prions. For instance, a study in the 1980s reported that germ-free mice 

survived longer than conventional mice infected intracerebrally with prions, which was suggested to be 

due to impairment of microglial activation in germ free mice. In another report, germ-free mice survived 

significantly longer only in situations where prions were infected peripherally, not intracerebrally. Given 

that the same pathogen was used, these differences in Montana model studies could be explained by 

differences in prion strains, mouse genetic background or microbiota status (germ-free, antibiotic free, 

specific pathogen-free). Overall, based on the germ-free studies above, it appears that while microbiota 

are not a make-or-break aspect of prion disease initiation/development, they can modulate aspects of 
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the disease process under certain conditions (especially during/after peripheral infection and during 

neuroinvasion). 

Several researchers have monitored microbiome changes naturally as prion disease progresses (not 

modelling them) in parallel to germ-free studies. For example, Losa et al. (2024) published a longitudinal 

fecal sequencing project with mice inoculated with RML prions. The authors note the microbiome of prion-

infected mice differed significantly from controls, in the weeks leading up to symptom onset, with 

perturbations observed prior to the appearance of clinical signs, and significant beta diversity changes 

prior to clinical signs. Furthermore, the authors suggest these findings indicate that changes observed in 

the microbiome may occur in response to the disease and may be used as an indicator of prion disease 

onset. The authors report that, as it relates to microbial taxa (increase SCFA-producers, etc.), the changes 

were small in absolute abundance, but consistent, as related to perturbations in the microbiome. The 

authors suggest that the observed changes in the microbiome were "limited to a number of taxa as 

opposed to major compositional shifts". While some taxa were depleted or increased over time, the 

changes were easier to observe when viewing dissimilarity to the community rather than raw counts. 

These findings suggest prion diseases likely displace keystone species (or functional groups) of the 

microbiome instead of remapping the gut community. Furthermore, a "temporal microbiome signature" 

in prion disease suggests that the microbiota is responding in real time as prion disease is ongoing and 

could be utilized as a biomarker for stages of (or timing) of prion disease in animal models. 

If the gut microbiome is indeed contributing to the pathogenesis of prion disease, the gut microbiome 

could potentially be targeted to modify the course outcome of the disease. Along with germ-free studies, 

consideration of use of antibiotics or probiotics could potentially be other options to modify gut flora. 

There is some evidence to suggest that some antibiotics may slow the course of prion disease. Notably, 

as an antibiotic, doxycycline affects the gut microbiome (and favors inhibition of bacterial protein 
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synthesis). While doxycycline may be acting independently of a microbiome-mediated benefit, that 

possibility cannot be ruled out. Trichka and Zou (2021) note that the successful testing of doxycycline in 

preclinical prion models and even clinical studies emphasizes the "relevance and involvement of the 

microbiome in prion pathology." In other words, gut microbiota might be one downstream 

target/direction through which doxycycline exerts its benefit (for example, by inhibiting pro-inflammatory 

gut microbes or by ameliorating bacteria-induced neuroinflammation). As of now (to our knowledge), no 

studies published have used probiotics or fecal transplants (Bokoliya et al., 2021) to alter the course of 

prion disease, although the potential is on the horizon. While other neurodegenerative disease models 

(like Alzheimer’s and Parkinson's) have been shown to modify the disease course by altering the 

microbiome (e.g., fecal microbiota transplants form healthy mice donors modify the Alzheimer’s 

pathology in mouse models), it is certainly plausible to predict such approaches with prion disease as well 

(Wang et al., 2022). In fact, a recent review suggested more consideration of microbiota-based 

therapeutic modalities for alleviating neuroinflammation in prion and prion-like diseases. 

Emerging evidence supports a close link between CWD and gut microbial dynamics. Indirect biomarkers 

of prion infection may be detectable in fecal microbiota, allowing non-invasive diagnostic approaches. For 

example, Minich et al. (2021) found CWD-positive deer had increased abundance of taxa such as 

Akkermansia, suggesting that reproducible microbial signatures could indicate infection status and may 

contribute to disease pathogenesis rather than being incidental. Extending this concept to experimental 

models, Didier et al. (2024) reported coordinated changes in both microbial and metabolic communities 

in CWD-infected mice prior to the onset of clinical signs, proposing a panel of microbial features as an 

early infection signature. In a related longitudinal study, Losa et al. (2024) used 16S rRNA sequencing of 

fecal samples from mice intracerebrally inoculated with mouse-adapted CWD/scrapie prions and 

observed pronounced shifts in microbiota at mid- to late stages. These included enrichment of 

Lachnospiraceae, Ruminococcaceae, and the fibre-degrading Muribaculaceae family, along with 
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significant beta-diversity differences between infected and control mice, even as alpha-diversity measures 

remained relatively stable. Together, these studies highlight the promise of defining a reproducible 

“microbiomic signature” of CWD that reflects both compositional and functional alterations of the gut 

microbiome and could ultimately support early detection and deepen understanding of prion–microbiota 

interactions. 

The context of studies with CWD-affected deer should help frame future study findings, including a 

recently published field study that assessed the fecal microbiomes of cervids naturally infected with CWD, 

confirming the approximate measures referred to in earlier studies with mice. In summary, Minich et al. 

(2021) observed greater relative abundances of Akkermansia, Lachnospiraceae UCG-010, and FIR39 

(Mollicutes) in CWD-positive white-tailed deer compared to healthy controls (Delgado et al., 2017). They 

observed community-wide differences in gut microbiota that were associated with CWD status, sex, and 

geographic location within the sampled individuals. Greater bacterial diversity was exhibited, along with 

differences in community structure in CWD-affected deer (Minich et al., 2021). Moreover, Didier et al. 

(2024) found differences in microbiomes between CWD-negative and CWD-positive deer from somewhat 

disconnected locations; over 90 taxa were different, while CWD status was consistent between the 

groups. The same differences in CWD infection were observed between Firmicutes and Actinobacteria, 

consistently showing sufficient discriminatory accuracy (70%) in classifying prion infection status via 

machine learning. Differences in microbiomes observed between CWD-affected and non-CWD-infected 

deer suggest microbiota could be non-invasive biomarkers of CWD. In addition, the observations of 

dysbiotic gut microbiomes in association with prion infections were not just the conclusions of studies 

using mouse subjects. Similarities in dysbiosis between prion-infected mice and deer suggest that prion 

infection can produce similar outcomes of gut dysbiosis, regardless of the taxon; however, it is challenging 

to attribute causation associations in wild populations. 
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In summary, there is strong experimental evidence affirming that the gut microbiota is affected by prion 

diseases and can, in turn, influence disease outcomes to some degree. Germ-free experiments 

demonstrate that prion disease can occur in the absence of microbes, and evidence suggests that 

microbes can influence the time to disease onset and severity, depending on various factors. Mouse 

models allow simultaneous monitoring of prion disease progression and associated changes in the gut 

microbiome. Manipulating the microbiome – for example through targeted antimicrobial or probiotic 

treatments- has been proposed as a way to delay or modulate prion replication and disease course. 

Although published findings are not completely consistent likely reflecting differences in prion strain, host 

genotype, or baseline microbial communities across facilities, most studies converge on the conclusion 

that gut bacteria exert a role on prion pathogenesis.  

 

The Use of Real-Time Quaking-Induced Conversion for Investigating Chronic 

Wasting Disease 

Real-time quaking-induced conversion (RT-QuIC) is an ultrasensitive assay that detects pathological 

aggregates of misfolded prion proteins in biospecimens (Figure 2). It was developed as a diagnostic assay 

for multiple neurodegenerative diseases, particularly prion diseases, including Creutzfeldt-Jakob disease 

(CJD). In the RT-QuIC system, the mixture of a recombinant prion protein (recPrP) and thioflavin T (THT) 

dye initiates a rapid conformational change to amyloid which can be excited and measured in real time 

(Peden et al., 2012). 



 28 

 

RT-QuIC has impressive sensitivity and specificity for diagnosis of prion diseases. In fact, RT-QuIC 

demonstrated 85% sensitivity and 99% specificity in diagnosing prion diseases from cerebral spina fluid 

(CSF) samples (Cramm et al., 2015). RT-QuIC is being adapted to identify other misfolded proteins in 

neurodegenerative diseases such as, alpha-synuclein in Parkinson's disease, dementia with Lewy bodies, 

or tau in Alzheimer’s disease and other tauopathies (Fairfoul et al., 2016; Tennant et al., 2020). 

 

RT-QuIC provides an opportunity for early and precise diagnosis. The assay has shown promise in 

detecting prion-seeding activity in various tissues including CSF and skin samples (Baranová et al., 2024; 

Mammana et al., 2020). Developing technologies such as Nanoparticle-enhanced Quaking-induced 

Conversion (nano-QuIC) have further augmented sensitivity and allowed application to more matrix 

accessible sample types such as blood plasma (Christenson et al., 2024). This innovation has the potential 
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to facilitate non-invasive, blood-based testing for early identification and management of 

neurodegenerative diseases, including prion disease. 

 

RT-QuIC is routinely thought to be faster, more sensitive, and more specific than protein misfolding cyclic 

amplification (PMCA) in the detection of prions (Peden et al., 2012). RT-QuIC utilizes recombinant prion 

protein as a substrate and employs shaking cycles during the misfolding process, whereas Protein 

Misfolding Cyclic Amplification (PMCA) utilizes sonication (Schmitz et al., 2016). RT-QuIC enables real-time 

monitoring of amyloid formation and thioflavin T fluorescence, allowing for high-throughput analysis 

(Orrú et al., 2012; Schmitz et al., 2016). In terms of sensitivity, RT-QuIC has been shown to be at least 

10,000 times more sensitive than conventional methods, including enzyme-linked immunosorbent assay 

(ELISA) and Western blotting for the detection of scrapie in goat brain samples (Dassanayake et al., 2015). 

 

Interestingly, despite their similarities, RT-QuIC and PMCA may differ in important aspects of performance 

when identifying specific prion strains. For example, RT-QuIC was reported to be less efficient in detecting 

abnormal PrP associated with variant CJD compared to PMCA under the same conditions (Peden et al., 

2012). Both RT-QuIC and PMCA have been modified to detect α-synuclein aggregates in 

synucleinopathies, such as in Parkinson's disease, with high sensitivity and specificity, even in pre-clinical 

stages (Grossauer et al., 2023; Paciotti et al., 2018). Overall, while both RT-QuIC and PMCA techniques are 

valuable, RT-QuIC seems to offer many advantages of speed, sensitivity, and ease of use for many 

applications within prion and protein misfolding research. 

 

RT-QuIC is still undergoing validation and comparison to established diagnostic tests. While it has 

demonstrated high sensitivity and specificity in the detection of CWD prions, it is currently being evaluated 

against the existing gold standard testing methods, including ELISA and immunohistochemistry (IHC) (Holz 
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et al., 2022). The USDA has not fully approved RT-QuIC testing for routine CWD diagnostic testing because 

of challenges for federal approval regarding practical validation aspects (Darish et al., 2024). 

 

There are several contradictions and interesting facts regarding some aspects of RT-QuIC's performance. 

Though it has presented high sensitivity in some test studies, there have been reports of modest sensitivity 

and negative predictive values (Bryant et al., 2025). The performance of the assay also varies depending 

on the sample type and location. For example, ear pinna punches and third eyelids may be conveniently 

collected samples for RT-QuIC testing, but the diagnostic ability of each location may vary (Cooper et al., 

2019; Ferreira et al., 2021) which may be due to the fact that different tissues may have different levels 

of prions. 

 

In summary, although RT-QuIC represents a robust method for detection of CWD, including the ability to 

detect prions in various tissues and bodily fluids (Cooper et al., 2019; Ferreira et al., 2021; Henderson et 

al., 2013), it is not fully utilized within the established routine diagnostic protocols and processes. 

Additional research studies and multi-laboratory validations are addressing the remaining uncertainty 

regarding variability, analytical sensitivity and specificity (Holz et al., 2022). As these efforts continue and 

progress is reported, acceptance and implementation for RT-QuIC may become a viable diagnostic test 

for CWD. 

 

Hypothesis and Objectives 

Prion diseases are infectious, lethal neurodegenerative disorders that arise from the misfolding of the 

cellular prion protein (PrPC) to its pathogenic form, PrPSc. Chronic Wasting Disease (CWD), which is a prion 

disease that primarily affects cervid species, has been documented to spread more frequently through 
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North America, and to parts of Asia and Europe, and is a considerable ecological, economic and public 

health concern (USGS, 2025; Osterholm et al., 2019). CWD has been primarily studied as a transmissible 

neurological disease. The disease agent, PrPSc, mainly enters through the digestive system, seed and 

replicates in intestinal lymphoid tissues, and spreads to the central nervous system (CNS). Recent studies 

are beginning to uncover the role that gut microbiota may play a role in disease susceptibility and 

progression (Minich et al., 2021). Some microbial groups may actually influence the misfolding of prion 

proteins and may alter their seeding and accumulation in the host tissues, including brain, spinal cord, 

lymphoid tissues, salivary glands, muscle and excretory organs (Hoover et al. 2017). Although CWD prions 

interact with the immune cells and exploit lymphoid tissues, they generally do not elicit a classical 

inflammatory or adaptive immune response; immune involvement is largely permissive rather than 

protective (Mabbott et al., 2020). While these recent studies are only in their infancy, they open new 

frontiers for understanding CWD. They also may lead to more effective prevention, diagnostic, and 

treatment applications related to CWD. However, the influence of inoculation routes on prion seeding 

activity, amplification and tissue distribution in animals is still largely unexploited. In addition, the 

mechanisms that lead to the effect of microbiota change on prion disease etiology are currently not well 

understood. This thesis hypothesizes that intracerebral (IC) inoculation would result in earlier and more 

uniform prion seeding and disease progression compared to intragastric (IG) inoculation, due to the direct 

introduction of prions into the central nervous system. In contrast, IG inoculation was expected to 

produce delayed and more heterogeneous prion seeding, reflecting biological barriers associated with 

gastrointestinal uptake and peripheral neuroinvasion. The primary objective of this thesis is to determine 

how the routes of prion inoculation influence chronic wasting disease (CWD) prion seeding dynamics and 

tissue distribution in TgElkPrP transgenic mice. This will be accomplished by systematically quantifying 

prion seeding activity in brain, spleen, and small-intestine tissues using Real-Time Quaking-Induced 

Conversion (RT-QuIC) and confirming deposition with immunohistochemistry. A second objective is to 
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characterize changes in the gut microbiome and evaluate their association with prion seeding activity and 

disease progression in this model. 

Together, these objectives are designed to generate mechanistic insights into the interplay between 

inoculation routes, tissue-specific prion amplification, and microbiome composition, thereby informing 

future approaches to CWD surveillance and management. 

Materials and Methods 

 

Study Design 

A total of 96 TgElkPrP mice were included in this study. Mice were divided into intragastric (IG) and 

intracerebral (IC) inoculation groups. The IG cohort consisted of n = [36] mice, sampled at 40 [n = 12 (6 

Male + 6 Female)], 48 [n = 12 (6M+6F)], and 56 [n = 12 (6M+6F)] weeks post-inoculation (WPI). The IC 

cohort consisted of n = [60] mice, sampled at 8 [n = 12 (6M+6F)], 12 [n = 12 (6M+6F)], 16 [n = 12 (6M+6F)], 

20 [n = 12 (6M+6F)], and 24 [n = 12 (6M+6F)] WPI. Both male and female mice were included in each 

group. Experiments started by studying transgenic ELK-PrP mice inoculated with 50 µL of 10% (w/v) white-

tailed deer (WTD) brain homogenate positive for CWD using two methods: intragastric (IG) and 

intracerebral (IC) (Figure 3). All TgElkPrP mice were inoculated at 6–8 weeks of age. Age-matched male 

and female mice were used across all experimental and control groups to minimize age-related variability 

in prion susceptibility. Each group included 6–8 mice (both male and female mice) and an equal number 

of age-matched controls, which received 50 µL of 10% WTD brain homogenate prepared from CWD-

negative deer. For IG inoculations, the 50 µL dose was administered by oral gavage directly into the 

stomach. For IC inoculations, 50 µL of the same 10% homogenate was injected into the right parietal 

cortex at the caudate-putamen area using a Hamilton syringe and stereotaxic guidance. The remaining 

20-µL was deposited along the needle track to ensure even exposure. The study was designed as a time-
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course investigation to evaluate prion seeding activity and disease progression after exposure via these 

routes. The intragastric (IG) group included three time-course cohorts (IG 40, IG 48, and IG 56), 

representing animals examined at 40, 48, and 56 weeks post-inoculation (WPI). The intracerebral (IC) 

group comprised five cohorts (IC 8, IC 12, IC 16, IC 20, and IC 24), representing animals examined at 8, 12, 

16, 20, and 24 WPI, respectively. Each cohort corresponds to a specific interval between inoculation and 

necropsy, allowing comparison of prion replication and tissue involvement across different incubation 

stages and between inoculation routes. Animals were monitored longitudinally and euthanized either at 

predefined experimental time points (IC: 8, 12, 16, 20, 24 WPI; IG: 40, 48, 56 WPI) or earlier if humane 

endpoints were reached due to progressive neurological disease. No spontaneous mortality occurred 

prior to euthanasia; thus, time of euthanasia reflects time post-inoculation at terminal disease stages. 

Phenotypic scoring was based on the presence and progression of established prion-associated clinical 

signs, including ataxia, tremors, kyphosis, slowed movement, tail rigidity, and hyper-responsiveness. 

Animals exhibiting two or more neurological signs within a short interval were considered symptomatic 

and closely monitored until euthanasia. Mouse fecal pellets were collected every 4 weeks in the IC group 

and every 8 weeks in the IG group, then stored at −80 °C for later microbiome DNA extraction and 

sequencing. 
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The clinical symptoms used to assess the mouse CWD model include ataxia, tremors, head bobbing, 

kyphosis, paralysis, hyper-responsiveness, tail rigidity, and slowed movements. Medical manifestations, 

such as weight loss, rough/dull haircoat, abdominal distension, rectal/genital prolapse, and ocular 

abnormalities, were noted once a week by technicians working in the Small Animal Colony of CFIA. Mice 

presenting two or three neurological symptoms within 3-20 days suggest the development of prion 

disease. In cases where animals reached humane endpoints or died before scheduled necropsy, the time 

post-inoculation at death was recorded and used descriptively. Once the mice reached their designated 

end point or ready for euthanization due to disease advancements, they were anesthetized using 

isoflurane, and CO2 asphyxiated to ensure euthanization, and the tissues were harvested and divided into 

portions for placement in both 1.7mL centrifuge tube for preservation in a -80°C freezer for RT-QuIC 
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analysis and in formalin jars for later detection of PrPSc positivity through immunohistochemical (IHC) 

analysis (found below). The harvested tissues included the brain, spleen, mesenteric lymph nodes, colon, 

small intestine, fecal pellets, skin, ear, cecum, and cecum content. 

 

RT-QuIC: Buffers and reagents were prepared freshly or verified for expiration prior to each run. All 

solutions were filter-sterilized through 0.22 µm membranes. A 0.05% (w/v) Sodium dodecyl sulfate (SDS) 

working solution was prepared by diluting 1% SDS stock into distilled water. Sodium phosphate buffer 

(Na3PO4) was formulated by combining monobasic (NaH₂PO₄) and dibasic (Na₂HPO₄) stocks to achieve a 

final concentration of 50 mM (pH 7.3-7.4), and 300 mM sodium chloride (NaCl) was added to this buffer. 

A 1 mM Ethylenediaminetetraacetic acid (EDTA) solution was prepared by diluting a 100 mM 

Ethylenediaminetetraacetic acid (EDTA) stock solution. Thioflavin T (ThT) stock solution (10 mM) was 

prepared by dissolving ThT powder in distilled water, followed by filtration and protection from light. A 

500 µM ThT working solution was generated by diluting the stock solution immediately before use. The 

RT-QuIC reaction solution was prepared using commercially available truncated Syrian hamster 

recombinant prion protein (recPrP) AA-90–231 (0.1 mg/mL, MNPROtein, Priogen Corp., St. Paul, MN), 

which was stored at –80 °C and cleared of aggregates by centrifugal filtration (0.2 µm MWCO; Millipore 

Sigma) at 8,600 rpm for 4 minutes at 4 °C. 

 

For each RT-QuIC reaction, a master mix was prepared to contain final concentrations of 50 mM sodium 

phosphate, 300 mM NaCl, 1 mM EDTA, 10 µM ThT, and 0.1 mg/mL MNPROtein. Brain and spleen 

homogenates 19% (w/v) were thawed (as described below) and serially diluted 10-fold in 0.05% SDS to a 

dilution of 10-4 w/v. Using reverse-pipetting, 95 µL of master mix was dispensed into each well in a black-

walled, clear-bottom 96-well plate, followed by 5 µL of the diluted tissue homogenate. Negative control 

wells received either 5 µL of 0.05% SDS or 5 µL of negative tissue homogenate. Positive controls received 
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previously validated prion-positive material diluted to an equivalent concentration. Plates were sealed 

with optically clear seals to minimize evaporation and were immediately transferred to a fluorescence 

plate reader (BMG FLUOstar Omega), which was incubated at 42 °C (Figure 4). 

 

RT-QuIC kinetics were monitored using bottom-read optics (excitation 450 nm, emission 480 nm, gain = 

1,000). Each cycle consisted of 60 seconds of double-orbital shaking at 700 rpm, followed by 60 seconds 

of rest, and then a fluorescence read (20 flashes, 20 µs integration time). Fluorescence measurements 

were taken every 15 minutes for up to 60 hours or until positive control wells reached a stable plateau 

(Figure 4). Cycle threshold was defined as the time when the thioflavin T (ThT) signal of a reaction 

exceeded Tstdev, which was calculated as the average baseline (all readings from the fourth cycle) of all 

reactions in relative fluorescence units (RFU) plus 10 standard deviations. Using an R script, the time at 

which each replicate's ThT signal surpassed this threshold was recorded in hours. If a well did not cross 

the tissue-specific threshold (brain Ct=33 hr, spleen Ct=30 hr, small intestine Ct=28 hr), it was marked as 
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‘Negative’ or as Ct=60. The script in RStudio also calculated and reported the baseline, standard deviation, 

and threshold values for each RT-QuIC run in RFU. A tissue sample is considered CWD ‘+’ if all four 

technical replicates (4/4) crossed the tissue-specific thresholds listed above. If none of the four replicates 

crossed the threshold within 60 hours, the sample was classified as CWD ‘-‘. If one to three replicates 

tested positive, the sample was re-run in quadruplicates to obtain an eight-replicate format; in that case, 

at least half of the replicates (i.e., ≥4/8) needed to exceed the threshold for the tissue to be classified as 

CWD-positive. All negative control wells remained below the threshold throughout the test. 

 

Data exported from MARS (both "Microplate View" and "Signal Curve" reports) were analyzed using 

Microsoft Excel. The fluorescence curves were plotted against time to visualize seeding kinetics and 

confirm reproducibility across replicates. Throughout the protocol, the reagent pH was verified daily 

(target range: 7.2–7.4), and any recPrP preparations that exhibited visible aggregates post-filtration were 

discarded. Negative-control wells and positive controls were interleaved across each plate to detect 

potential cross-contamination or instrument artifacts. By following this standardized RT-QuIC protocol, 

sensitive and reproducible detection of prion seeding activity in mouse brain and spleen tissues was 

achieved, consistent with institutional guidelines for prion research. 

 

RT-QuIC Assay Preparation for Brain, Spleen and Small Intestine Tissues:  

Each of brain and spleen was bisected sagittally; one hemisphere (or half of the spleen) was formalin-

fixed, reserved for histopathology for downstream analysis, while the remaining half was allocated for RT-

QuIC. Tissue designated for seeding was weighed and homogenized to a 10% (w/v) suspension in 

Phosphate Buffered Saline (PBS; pH 7.3-7.4) using the BioRad TeSeE Purification Kit Tubes placed in the 

Percellys 24 Tissue Homogenizer (Paris, France). Homogenates were centrifuged at 2,000 × g for 2 minutes 

at 4 °C to remove large debris; supernatants were collected and stored at –20 °C until use. 
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For small Intestine, upon homogenate preparation, the tissue designated for seeding was weighed and 

placed into a 1.7-mL centrifuge tube containing 1-mL BioRad homogenization buffer. Tissues underwent 

three brief vortex pulses to remove surface contaminants and particulates. Each sample was then weighed 

and noted to determine the amount of each reagent required to complete a 10% homogenate. 

Subsequently, tissues were transferred into BioRad TeSeE Purification Kit Tubes, and homogenization 

buffer supplemented with 2% CaCl₂, 1X PBS (pH 7.4), and Collagenase A [10103578001, Sigma-Aldrich, 

100mg, 1mg/mL (0.1%, w/v)] was added to prepare a 10% (w/v) homogenate. Homogenization was 

performed using the Percellys 24 Tissue Homogenizer at maximum speed (5600 rpm) for six 30-second 

pulses, totalling 3 minutes. Homogenates were then incubated overnight at 37 °C with agitation at 650 

rpm in a Fisher Scientific Thermomixer. Post-incubation, samples underwent an additional 1-minute 

homogenization pulse. Homogenates were centrifuged at 2,000 × g for 2 minutes at 4 °C to remove large 

debris, and supernatants were collected carefully to avoid disturbing the dense tissue layer at the tube's 

surface. If accidental disruption occurred, a re-centrifugation step was performed. Supernatants were 

aliquoted and stored at –20 °C until use. 

 

DNA Extraction 

 Microbial DNA was extracted from mouse fecal pellets using a NucleoSpin Soil kit (Macherey-Nagel) 

according to the manufacturer's protocol, with minor modifications made to optimize yield and purity. 

One fecal pellet per sample was placed into a NucleoSpin Bead Tube Type A containing ceramic beads, 

followed by the addition of 700 µL of Lysis Buffer and 150 µL of SL2. 150 µL of Enhancer SX buffer was 

added to facilitate efficient cell disruption. Tubes were attached vertically to a homogenizer (Percellys 24 

tissue homogenizer) and agitated at maximum speed for 5 min at room temperature to achieve 

mechanical lysis, ensuring thorough homogenization without generating excessive heat. After lysis, the 
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samples were centrifuged at 11,000 × g for 2 min to remove foam, and 150 µL of Lysis Buffer SL3 was 

added to precipitate proteins and other contaminants. The mixture was vortexed briefly, incubated in a 

fridge (4 °C) for 5 min, and then centrifuged again at 11,000 × g for 1 min. The clear supernatant was 

transferred to a fresh 2-mL collection tube and loaded onto a NucleoSpin Inhibitor Removal Column (red 

ring) to eliminate humic substances and other PCR inhibitors. The columns were centrifuged at 11,000 × 

g for 1 min, and the flow-through was retained. To adjust binding conditions, 250 µL of Binding Buffer SB 

was added to the inhibitor-free lysate, mixed by brief vertexing, and the entire mixture was applied to a 

NucleoSpin Soil Column (green ring) in a two-step loading process (550 µL per spin), each followed by 

centrifugation at 11,000 × g for 1 min. The silica membrane was then washed sequentially with 500 µL of 

SB, 550 µL of Wash Buffer SW1, and two rounds of 700 µL Wash Buffer SW2 (each wash consisting of a 2-

s vortex and 11,000 × g spin for 30 s) to remove residual contaminants. A final centrifugation at 11,000 × 

g for 2 min ensured complete drying of the membrane. DNA was eluted by placing the column into a new 

microcentrifuge tube, adding 50 µL of prewarmed Elution Buffer SE (5 mM Tris-HCl, pH 8.5) directly onto 

the membrane, incubating for 1 minute at room temperature, and then centrifuging at 11,000 × g for 30 

seconds. Eluate quality and concentration were evaluated by Nanodrop ND-1000 spectrophotometry 

(A₂₆₀/A₂₈₀ and A₂₆₀/A₂₃₀ ratios).  

 

RT-QuIc Testing of DNA cleanness from CWD prion for 16S rRNA sequencing 

After testing brains and spleens of intragastrically and intracerebrally inoculated mice, fecal samples from 

the mice were collected and examined to determine their suitability for 16S ribosomal RNA sequencing. 

Given that the samples were tested in a level 2 containment facility, it must be assessed whether removing 

prion-contaminated tissues from the containment is sufficiently safe to perform 16S rRNA sequencing. To 

determine this, DNA was extracted from fecal samples of mice from the IG groups (control and infected), 

including the four mice inoculated intragastrically, and tested by RT-QuIC to verify whether any prion 



 40 

remained in the samples. By evaluating the safety of removing prion-contaminated tissues from the 

containment, I can expand the range of analytical techniques available for studying CWD while 

maintaining strict biosafety protocols.   

To prepare the sample before running RT-QuIC, DNA was extracted from the fecal pellets using the 

Nucleospin Soil Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany; Cat. No. 740780.50). 100 µL of the 

elution buffer was used to elute 100 µL of DNA. The DNA was then prepared in a 1:19 ratio of 1.5 μL of 

DNA (18.5 μL of 0.1% SDS. This ratio provided the best result, avoiding any inhibition from other reagents 

that could interfere with signal DNA preparation and ensuring maximum signal detection while minimizing 

potential interference from other reagents. This carefully calibrated mixture yielded precise and reliable 

results for subsequent analysis. This step enables high-throughput profiling of bacterial communities in 

mouse feces samples to analyze the composition and diversity of microbial presence. Sequence analysis 

based on 16S ribosomal RNA (rRNA) gene target enables a broad taxonomical classification of bacterial 

presence (Figure 5).  
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This step enables high-throughput profiling of bacterial communities in mouse feces samples to analyze 

the composition and diversity of microbial presence. Sequence analysis based on 16S ribosomal RNA 

(rRNA) gene target enables a broad taxonomical classification of bacterial presence (Figure 5).  

 

Immunohistochemistry Analysis 

Tissues were fixed in formalin, transitioned through graded alcohols, xylene substitutes, heated at 56°C 

with paraffin wax, and embedded as per Canadian Food Inspection Agency SOP TS-PR006.07. Briefly, pre-

warmed cassettes were introduced to the embedding centre, oriented in half-filled stainless-steel moulds, 

and then chilled quickly on a -15 ± 5°C cold plate to lock in the morphology. The wax was allowed to 

solidify, and excess wax was trimmed off, and the blocks were logged for traceability. A rotary microtome 

was set to a thickness of 5 µm for sectioning. The blocks were faced, chilled again, and subsequently, 5 µm 
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ribbons were cut using disposable blades where the trimming or cutting speed were adjusted according 

to the type of tissue. Sections were floated on a bath of distilled water at 34–40 °C—the temperature was 

balanced to the section would sit flat in the warmed water without fragmentation—picked up on pre-

validated charged glass slides, drained, and air-dried. Daily readings of the equipment throughout the 

sectioning, maintenance logs of our microtome and other processing equipment, and entity numbers for 

each reagent lot were documented daily adhering to CFIA quality-assurance worksheets. Biosafety 

included blade guards, sharps disposed into sealed containers, and TSE decontamination of water-bath 

effluent; flammable solvents were kept at a safe distance away from all hot surfaces. The design of this 

streamlined process created uniform processing to reproducibly produce serial 5 µm sections of paraffin 

at a thickness suitable for either downstream hematoxylin-eosin staining, or for prion 

immunohistochemistry, and can be inserted directly into the Methods section of the thesis to portray 

tissue preparation. Sections that were formalin-fixed and paraffin-embedded 5 µm sections were stained 

using a Ventana DISCOVERY ULTRA autostainer (Roche) following the Canadian Food Inspection Agency 

(CFIA) RedMapRBAS Block program (protocol #922, v3). Slides underwent an initial re-hydration at 37 °C 

with continuous mixing followed by subsequent flushes with Ventana Reaction Buffer (for a total of 2). 

Antigen retrieval was performed by incubating the sections for 12 min with Enzyme 1 protease following 

a 4-min temperature equilibration. Once completed, the sections underwent EZ-Prep rinses providing 

minimal wash and drying. For the remainder of the procedure, endogenous reactive sites were quenched 

with S-Block for 4 min followed by removal of the S-Block and sequential exposure to the primary 

monoclonal antibody SAF-84 (Cayman Chemicals, Ann Arbor, MI, USA; Cat.189775)  (2.5 µL mL⁻¹) for 

32 min at 37 °C (Fig. 6). After repeated washing with the buffer, a prediluted OmniMap universal 

secondary antibody (Roche; proprietary concentration) was applied for 16 min. The signal amplification 

was performed using the Ventana RedMap alkaline-phosphatase system: Blocker R1 (4 min) → 

Streptavidin-alkaline phosphatase conjugate (16 min) → Activator R / Naphthol R (4 min) → Fast-Red 
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(8 min) x2/triple chromogen. Slides underwent a final counter stain with Ventana haematoxylin (8 min), 

were blued for 4 min, rinsed, dehydrated, and cover-slipped. This results in a bright red precipitate 

indicating PrPSc deposits, with a pale blue nuclear counter stain providing the capacity for quantitative 

image analysis. 

 

    

Figure 6.  Distribution of PrPCWD deposition in brain section of a mouse orally inoculated with CWD from 
white-tailed deer. Tissue sections were stained with mAB SAF-84 and showed PrPCWD in the (a) obex of 
the brainstem 

 

Statistical Analysis 

No inferential statistical analyses were performed in this study due to limited sample sizes within each 

experimental subgroup. Accordingly, all comparisons presented are descriptive in nature and intended to 

illustrate temporal and route-dependent trends rather than statistically significant differences. 

 

ROC Analysis 

To identify the validity and reliability of each replicate in each sample to be considered a true positive vs. 

a false positive, a Receiver Operating Characteristic (ROC) curve is used. ROC analyses have been widely 

applied for the evaluation of tests with dichotomous outcomes (positive/negative test results), using 

sensitivity and specificity as measures of accuracy in comparison with the gold standard (Hajian-Tilaki, 

2013; Mandrekar, 2010). A ROC curve is a plot of sensitivity versus the false-positive rate at varying 

thresholds, and the area under the curve (AUC) is an effective measure of classifying power (Hajian-Tilaki, 
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2013). It is a graphical tool used to evaluate the diagnostic accuracy of assays by illustrating the trade-off 

between sensitivity (actual positive rate) and specificity (1 - false positive rate) across various threshold 

settings. Each point on the ROC curve represents a pair of sensitivity/specificity values corresponding to 

a particular decision threshold. By plotting sensitivity against 1-specificity, the ROC curve provides a 

comprehensive method for assessing an assay's ability to classify samples as positive or negative correctly. 

The significance of the ROC curve lies primarily in determining the optimal threshold that maximizes both 

sensitivity and specificity, thereby minimizing false positives and false negatives. The area under the ROC 

curve (AUC) quantifies the overall performance of the assay, with values closer to 1 indicating high 

discriminative ability. In contrast, values near 0.5 reflect poor performance equivalent to random chance. 

 

To perform ROC analysis for testing small intestine tissue, distributions of RT-QuIC cycle thresholds were 

generated using one IHC-confirmed CWD ‘+’ mouse small intestine, serially diluted 10-fold with IHC-

confirmed CWD ‘-‘ mouse small intestine. A pool of negative small intestine samples was also included to 

complete the distribution needed to run the analyses. The cycle threshold was defined as the time when 

the ThT signal exceeded Tstdev, which was calculated as the average of the 4th cycle readings from all 

reactions in relative fluorescent units (RFU) plus 10 standard deviations. A cycle threshold of 60 hours was 

assigned to reactions where the ThT signal did not cross the threshold within the 60-hour assay (Gray et 

al., 2016). The cycle threshold served as a binary classifier for CWD positivity, and ROC curve analyses 

were conducted to compare the cycle threshold with the known CWD status of the tissue homogenates. 

The optimal assay duration was determined as the threshold with the highest Youden index (sensitivity + 

specificity – 1) (Unal, I. 2017). ROC curve calculations were performed using the RStudio ROCR package 

(version 1.0-11) (Sing et al., 2005). 
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Descriptive Statistics 

Tissues from a total of 125 intracerebrally (IC) inoculated mice and 54 intragastrically (IG) inoculated mice 

were examined for prion seeding activity across the brain, spleen, and small intestine. Within the IC group, 

125 brains, 125 spleens, and 125 small intestines were analyzed, yielding mean RT-QuIC amplification 

strengths (1/Ct) roughly around 0.0342, 0.0456, and 0.0287 respectively. In the IG group, 44 brains, 54 

spleens, and 54 small intestines were analyzed, with corresponding median 1/Ct values of roughly 0.0132, 

0.0205, and 0.0258 (Figure 7). These descriptive summaries, which correspond to the data visualized (Fig. 

7), show consistently higher amplification strengths in IC tissues than in IG tissues. No parametric or non-

parametric hypothesis testing was performed; the results are purely descriptive and intended to present 

the distribution of sample sizes and amplification strengths across inoculation routes and tissues. 
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Table 1. Summary of RT-QuIC and IHC outcomes in IG and IC mice by tissue and cohort. Detection results 
for brain, spleen, and small-intestine tissues from intragastrically (IG) and intracerebrally (IC) inoculated 
TgElkPrP mice across time-course cohorts. For each inoculation route and tissue, the table lists the cohort (in 
weeks post-inoculation), the total number of mice examined, and the reasons for termination (END = natural 
end-stage disease, CS = clinical signs, PID = prion-induced disease, IF = intercurrent factors). RT-QuIC 
amplification efficiency is expressed as the mean 1/Ct of positive replicates, and immunohistochemistry (IHC) 
results show the number of mice with PrPSc deposits. This overview highlights tissue-specific prion propagation 
and compares detection by RT-QuIC with histopathological confirmation. 

 

Descriptive analysis and time course significance was performed on this dataset. Amplification strength 

(1/Ct) did not differ significantly between IG and IC positives for any tissue, though brains of 

intracerebrally inoculated mice showed a trend toward higher values than brains of intragastrically 

inoculated mice. Variability was consistently greater in IG tissues, with broad distributions of 1/Ct values 

and a notable inverse correlation with DPI in IG intestines. Complete raw data underlying these summaries 

are provided in the supplementary materials (S1 & S2). The supplementary data include the full RT-QuIC 

fluorescence readings and complete immunohistochemistry (IHC) scoring results for all intragastrically 

inoculated TgElkPrP mouse tissues (brain, spleen, and small intestine), as well as for all intracerebrally 

inoculated TgElkPrP mouse tissues (brain, spleen, and small intestine). These tables present the complete 

dataset from which the summary statistics and figures in the main text were derived, allowing 

independent verification and future meta-analyses. 
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Results  

Prion seeding activity was characterized in the brains, spleens, and small intestines of TgElkPrP mice that 

were inoculated either intragastrically (IG; n = 54) or intracerebrally (IC; n = 125) with chronic wasting 

disease (CWD) prions and followed for up to 400 days post-inoculation (DPI). All tissues were analyzed 

post-mortem using real-time quaking-induced conversion (RT-QuIC) and immunohistochemistry (IHC). 

Only descriptive statistics were performed; no parametric or non-parametric hypothesis testing was 

applied. 

Across the full study period, IC inoculation produced earlier, stronger, and more consistent prion seeding 

than IG inoculation (Fig.11). Mean RT-QuIC amplification strengths (1/Ct) were higher in the brains (0.0342 

versus 0.0132), spleens (0.0456 versus 0.0205), and small intestines (0.0287 versus 0.258) of IC-inoculated 

mice compared with their IG counterparts. IC mice showed uniformly high RT-QuIC positivity in brain and 

frequent detection in spleen and intestine, whereas IG mice showed delayed or sporadic detection, 

consistent with slower disease progression and longer survival times. 

To establish a diagnostic threshold for classifying RT-QuIC results as positive or negative, ROC curve 

analysis was performed using small intestine tissue data. The ROC curve yielded an AUC of 0.918, 

indicating excellent discriminatory power (Fig. 8C). At the optimal cutoff of Ct = 28 h, the assay achieved 

both high sensitivity and specificity. This cutoff (dotted orange line, Fig. 8A) was subsequently applied 

across all RT-QuIC analyses presented in this study. 
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To assess the sensitivity range of the RT-QuIC assay, serial 10-fold dilutions of CWD-positive brain 

homogenates were prepared and analyzed in replicate (Fig. 9). Amplification was consistently observed 

down to a dilution of 10⁻³, after which amplification became inconsistent and approached background 

levels. Based on these results, a working dilution of 0.01% (10⁻³ from 10% stock) was selected for all 

experimental analyses, balancing sensitivity with reproducibility and minimizing the potential for false 

positives in controls. 
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Kaplan–Meier survival analysis revealed significant differences in disease progression between 

inoculation routes (Fig. 10). The analysis revealed no significant differences among cohorts within the 
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intragastric group (IG40, 48, 56; log-rank test, p > 0.05) or within the intracerebral group (IC8,12,16,20,24; 

log-rank test, p > 0.05). However, when comparing the two inoculation routes directly, intracerebral 

inoculation was associated with significantly shorter survival relative to intragastric inoculation (log-rank 

test, p < 0.0001). This indicates that while survival outcomes did not differ across time-course subgroups 

within each inoculation route, the overall route of infection strongly influenced disease progression. 

 

The temporal amplification patterns presented in Figures 11.1–11.3 further emphasize these route-

dependent differences. In the brain (Figure 11.1), IC-inoculated mice displayed robust seeding as early as 

eight weeks post-inoculation, with fluorescence rising steeply and remaining high throughout the 

observation period, whereas IG-inoculated mice exhibited a later onset and lower overall signals, with 

most positives emerging only after forty weeks. In the spleen (Figure 11.2), IC mice again showed rapid 

and sustained prion amplification, whereas IG spleens exhibited weaker and more variable signals, 

reflecting slower peripheral replication. In the small intestine (Figure 11.3), IC mice demonstrated prompt 

and persistent amplification, while IG mice showed later, less uniform increases in seeding activity. 

Receiver-operating characteristic analysis of small-intestine RT-QuIC data yielded an area under the curve 

(AUC) of 0.918, confirming the excellent diagnostic performance of RT-QuIC for intestinal detection. Serial 

dilution experiments further verified the reproducibility and lower detection limit of the assay across 

tissues and routes. 
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Immunohistochemistry (IHC) Analysis 

Formalin-fixed, paraffin-embedded brain, spleen, and small-intestine tissues from all experimental mice 

were examined for PrPSc by immunohistochemistry. PrPSc specific staining was absent in all age-matched 

negative controls, confirming assay specificity. 
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IC cohorts (8, 12, 16, 20, and 24 WPI) displayed early and widespread neuroinvasion (Table 1). Among 

brains examined, 83.3% (20/24) were IHC-positive at 8 WPI, rising to 96.0% (24/25) at 12 WPI and 

remaining high through 16 WPI: 92.3% (24/26), 20 WPI: 84.6% (22/26), and 24 WPI: 95.8% (23/24). Across 

IC cohorts overall, 90.4% (113/125) of brains were positive. Staining patterns progressed from granular to 

more confluent deposits across cortical and subcortical regions, paralleling RT-QuIC seeding kinetics (IC 

mean 1/Ct for positives ≈0.054–0.082). 

 

By contrast, IG-inoculated mice showed delayed and focal neuroinvasion. Brain IHC positivity was 6.7% 

(1/15) at 40 WPI, 8.3% (1/12) at 48 WPI, and 11.8% (2/17) at 56 WPI—9.1% (4/44) overall. The four IHC-

positive brains of intragastrically inoculated mice corresponded to mice 5264, 5270, 5290, 5318. These 

limited brain findings are consistent with weaker RT-QuIC signals in IG cohorts (IG mean 1/Ct for positives 

≈0.021). 

IHC demonstrates a clear route- and time-dependent difference in neuroinvasion: IC inoculation yields 

early, high-frequency PrPSc accumulation in brain, whereas IG inoculation requires prolonged incubation 

and remains low-frequency and focal. These histopathological results corroborate the RT-QuIC data and 

underscore how inoculation route shapes CWD pathogenesis in ELK-PrP mice. 

Fecal sample preparation and DNA isolation 

After testing the brains of intragastrically inoculated mice and spleen, fecal samples from the mice were 

collected and examined to determine their suitability for 16S rRNA sequencing. Given that the samples 

were tested in a level 2 containment facility, it must be assessed whether removing prion-contaminated 

tissues from the containment is sufficiently safe to perform 16S rRNA sequencing. To determine this, DNA 

was extracted from fecal samples of mice from the IG groups (control and infected), including the four 

mice inoculated intragastrically, and tested by RT-QuIC to verify whether any prion remained in the 
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samples. By evaluating the safety of removing prion-contaminated tissues from the containment, I can 

expand the range of analytical techniques available for studying CWD while maintaining strict biosafety 

protocols.   

To prepare the sample before running RT-QuIC, DNA was extracted from the fecal pellets using the 

Macherey-Nagel DNA Extraction kit. The elution buffer (100 µL) was used to elute 100 µL of DNA. The DNA 

was then prepared in a 1:19 ratio of 1.5 μL of DNA (18.5 μL of 0.1% SDS. This ratio provided the best result, 

avoiding any inhibition from other reagents that could interfere with signal DNA preparation and ensuring 

maximum signal detection while minimizing potential interference from other reagents. This carefully 

calibrated mixture yielded precise and reliable results for subsequent analysis. 

 

After running approximately 50 fecal DNA samples using Nucleospin kits and 50 samples of positive WTD 

brain and lymph, analysis of the data using MARS software identified which assays appeared to show 

sensitivity, indicating that prions may be still present in the extracted DNA. The DNA samples were further 

cleaned to remove residual prion. The DNA samples were submitted to CFIA sequencing facility. However, 

due to the other priorities of CFIA sequencing facility, my DNA samples cannot be sequenced within a 

reasonable timeframe.  

Discussion 

In this study, we examined prion seeding dynamics in transgenic TgElkPrP mice inoculated either 

intragastrically (IG) or intracerebrally (IC) with chronic wasting disease (CWD) prions and monitored them 

for up to 400 days post-inoculation. Using the real-time quaking-induced conversion (RT-QuIC) assay in 

conjunction with immunohistochemistry, we created a comprehensive descriptive dataset encompassing 

54 IG and 125 IC mice. Median RT-QuIC amplification strengths (1/Ct) revealed clear route-dependent 

differences: brains, spleens and small intestines of intracerebrally inoculated mice showed medians of 
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0.071, 0.052, and 0.045, respectively, while the corresponding tissues of intragastrically inoculate mice 

had lower medians of 0.021, 0.026, and 0.043 respectively. These differences also appeared in tissue 

positivity. IC inoculation produced rapid, consistent, and high-efficacy prion seeding and amplification in 

the brain and generally showed higher positivity in peripheral tissues. In contrast, IG inoculation resulted 

in fewer positives and delayed or weaker seeding signals. Phenotypic progression was concordant with 

RT-QuIC positivity in central and peripheral tissues. Animals exhibiting overt neurological signs consistently 

demonstrated prion seeding activity in brain tissue, while pre-symptomatic or mildly affected animals 

showed either delayed or absent RT-QuIC amplification. This alignment supports the biological validity of 

RT-QuIC as a sensitive indicator of disease progression, though no formal statistical correlation was 

performed. Survival analysis similarly indicated that IC-inoculated mice died earlier than those inoculated 

with IG. Receiver-operating characteristic analysis of small-intestine samples (area under the curve = 

0.918) confirmed the excellent diagnostic accuracy of RT-QuIC, and serial dilution experiments verified its 

sensitivity limits. By combining detailed descriptive statistics with rigorous assay validation, these results 

demonstrate that the route of inoculation significantly affects CWD pathogenesis and establish RT-QuIC, 

together with immunohistochemistry, as a reliable tool for mechanistic studies and future diagnostics. 

 

Route-Dependent Differences in Pathogenesis 

The findings of this study clearly demonstrate that the route of inoculation was a significant predictor of 

disease course after inoculation. IC infected mice produced rapid, uniform, high-efficacy seeding in the 

brain. This was expected when considering infectious prions were specifically injected into the central 

nervous system (CNS) via IC, which bypasses any potential peripheral barriers, hence the rapid time frame 

of amplification in the CNS and the shorter survival times in mice infected via IC relative to IG. In contrast, 

mice inoculated via IG were somewhat able to delay and be inconsistent in brain data seeding, and 

peripheral tissue data was also highly variable. The requirement of a prion to transverse the 
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gastrointestinal barrier makes infection via the oral route a multi-step process. The gastrointestinal barrier 

likely involves uptake across the follicle-associated epithelium and transfer to Peyer’s patches and 

induction of replication in gut-associated lymphoid tissue (GALT) prior to neuroinvasion via enteric nerves 

or hematogenous spread. Having additional biological checkpoints in the oral transmission pathway adds 

variability in transmission efficiency in a type of bottleneck effect which adequately explains the variability 

seen in the IG animals in the present study and previous studies showing that the oral route of prion 

exposure is less efficient and more variable than direct inoculation into the CNS (Kobayashi et al., 2019; 

Johnson et al., 2007). 

 

Tissue-Specific Seeding Patterns 

The tissue-level RT-QuIC results further support seeding differences in mechanisms. In the brains of the 

animals the IC inoculation consistently resulted in high amplification levels and reflected early and direct 

neuroinvasion. In comparison, variable outcomes were observed following IG inoculation, as seeding 

activity was detected only in some of the animals (Fig. 11.1-11.3). The involvement of the spleen between 

routes differed dramatically. In the spleens of intragastrically inoculated mice, amplification was 

detectable in several animals early on, suggesting that peripheral replication in lymphoid organs may be 

a key feature of oral exposure. In the spleen of intragastrically inoculated mice, amplification was routinely 

seen but likely reflects the secondary spread of prions, perhaps related to the CNS, rather than 

amplification, as the correlation of amplification preceded DPI. The variables seen in the small intestine 

were the greatest. In the animals inoculated via the IG route, seeding in the small intestine was 

documented in some animals but not in others, again reflecting heterogeneity in oral uptake effectiveness 

and replication. Conversely, small intestines in the IC animals showed mostly negative and sporadically 

positive results. This again demonstrated that either retrograde spread was limited compared to the oral 

route of the prion exposure or simply indicated that seeding at this site is unlikely, given the prion was 
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directly inoculated into the CNS. These results highlight the significance of the gastrointestinal system and 

its associated lymphoid tissue as a primary site for initial seeding/replication, as well as a source of 

diversity in oral transmissibility. 

 

Methodology Considerations 

The strength of this study was in combining assay validation with experimental results. RT-QuIC 

demonstrated a strong diagnostic capability, with the ROC analysis showing an AUC of 0.918 and 

confirming the Ct = 28 h cutoff as the best threshold. The serial dilution series verified the assay's ability 

to reliably detect as low as a 10⁻⁴ dilution of prions, indicating high sensitivity. Kaplan–Meier survival 

curves further supported RT-QuIC data, with IC mice surviving less time, which is consistent with our 

previous findings on CNS seeding. 

Despite these strengths, several limitations should be acknowledged. Initially, the absence of microbiome 

sequencing data was a limitation of this thesis, which was originally designed to establish connections 

between microbiota composition and CWD pathogenesis. While the results from the RT-QuIC emphasizes 

the variability of IG infection, the microbial triggers that drove such differences are unknown. Second, the 

intestinal controls had rare false positives that may have been due some background fluorescence or 

technical variability demonstrating the need for more strict cutoff thresholds. Lastly, some of the sub-

analyses, like IG positives and sex-based comparisons, were limited by low sample size, leading to low 

statistical power. 

 

Implications for CWD transmission 

These findings have direct implications for understanding natural CWD transmission in cervid populations. 

Oral exposure is the predominant route of infection in the wild, and the variability observed in IG mice 
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mirrors the unpredictable dynamics of natural transmission. The spleen and small intestine emerged as 

critical sites of early prion seeding and replication following oral inoculation, aligning with studies that 

emphasize the role of GALT and secondary lymphoid tissues in prion pathogenesis (Donaldson et al., 2015). 

By contrast, IC inoculation, while experimentally useful for establishing a uniform disease course, does not 

reflect natural transmission dynamics. The consistent and rapid brain seeding observed in IC animals 

provides an experimental benchmark but underscores that oral transmission is inherently more stochastic. 

These results also suggest that host-specific factors, including microbiota composition, immune function, 

genetics, and sex, may play important roles in modulating oral susceptibility, reinforcing the need for 

future integrative studies. 

Limitations 

The current study has limitations that should be considered. First, the absence of microbiome 16S RNA 

sequencing data limited my ability to interpret results as I might have liked with the original thesis 

question being to relate microbial composition to CWD susceptibility. Without 16S RNA sequencing I was 

not able to assess static changes in the gut microbiota or changes in prion pathogenesis. So, while the 

variants of RT-QuIC gave evidence of heterogenicity of CWD among IG-inoculated mice, the microbial 

commensals conferring that heterogenicity are unknown. Second, the samples among the subgroups (IG 

positive animals, sex stratified groups) were all relatively small. Small sample sizes give less power of the 

statistical tests and can obscure more slight differences, especially as concerns amplification strength and 

serologic variability of the male and female mice. Trends noted were indicated by descriptive 

comparisons, but such closure to been made completely by means of statistical tests, as larger cohorts 

are necessary for validation and further experimenting. Third, there were occasionally phases of visible 

confirmed false positives in the control tissues from the intestine, probably due to background 

fluorescene, technical artifacts or indifference noise from RT-QuIC. I used rigid experimental thresholds 
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[Brain (Ct) = 33, Spleen (Ct) = 30, Small Intestine (Ct) = 28 h] to limit the damage by false positives, but it 

is not obtainable for find it the fault of division cannot sometimes be cleared up. Finally, while IC 

inoculation was a proper experimental control in order to prove consistent CNS infectivity (and used as a 

prepared comparative), it entails no part of the natural transmission cycle. Thus, comparisons hereafter 

made between IG and IC should have regard to the biological significancy of each experimental model. IG 

inoculation presents a mode of more nearly complete discovering the real oral transmission of infection 

of natural cervids, while IC inoculation is informative artificial comparison, still on the same even scale. 

These limitations give a general note of caution which should be borne in mind, when interpretation of 

the general study, pointing out the placing of both in species greater study cohorts, with experimental 

microbiome study of the gut and field experiments as a resort in the way of study work. 

Conclusion 

In this study, we show that the route of chronic wasting disease (CWD) prion inoculation in a cervidized 

transgenic (TgElkPrP) mouse model impacts prion seeding, the disease progression and tissue distribution. 

For example, with 54 mice receiving intragastric (IG) inoculation and 125 mice receiving intracerebral (IC) 

inoculation, the 400-day post-inoculation follow-up data indicated the IC-inoculated mice had earlier and 

more consistent prion seeding, and shorter survival, than IG exposure. While IG exposure had lower and 

delayed seeding times (RT-QuIC positivity) and longer survival. When we measured the median 

amplification strengths (1/Ct), across all tissues, we found consistently higher amounts of prions in the 

brains, spleens, and small intestines of mice that received IC inoculation compared to IG inoculated mice. 

The receiver operating characteristic analysis of the RT-QuIC small intestinal data (AUC = 0.918) and serial 

dilution assays show the sensitivity and specificity of RT-QuIC (both based on our data) as a feasible 

diagnostic tool in combination with immunohistochemistry. These observations imply that the route of 

inoculation and local tissue microenvironment can vastly influence the propagation of prions and the 
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progression of the disease in this model. Additionally, the results demonstrate the time-sensitive and 

order-of-seeding relevance of the probability of using RT-QuIC diagnostics to find early-stage seeding in 

multiple tissues. 

While this study suggests how the route of exposure might relate to CWD pathogenesis, they do not 

necessarily support that the same dynamics would occur in free-ranging cervids or other hosts. Our study 

was also limited by post-mortem sampling, small subgroups of each tissue, and a single transgenic line. 

Future studies could build on the results here by investigating specific molecular routes for gut entry or 

neural spread, because of the influence that microbiota would have in modifying susceptibility, and 

possibly genetic or hormonal predisposition to route-specific effects. Longitudinal microbiome studies 

and greater cross-sectional sampling in natural hosts can assist these studies. Ultimately, these findings 

would reinforce the premise for which the route of exposure would shape disease progression and 

distribution of CWD prions and give an opportunity for subsequent mechanistic and ecological research 

that would include disease surveillance and management. 

Future Direction 

The experiments and analyses described in this thesis open a number of interesting avenues for prion and 

CWD research. This investigation establishes a longitudinal framework for characterizing prion 

amplification via RT-QuIC in brain and spleen following IG and IC inoculations, allowing for a thorough 

temporal landscape of peripheral and central spread; mechanistic and translational hypothesis testing can 

now be achieved. One possible avenue to further develop this thinking would be to evaluate the gut 

microbiome as a true modifier of susceptibility and progression of prion disease. The changes observed in 

the microbial composition between CWD-positive and CWD-negative deer (e.g. greater abundance of 

Akkermansia, Lachnospireacea UCG-010, and RF39 taxa) provide a biologically plausible starting point for 

microbiome manipulation (Minich et al., 2021). In addition, a recent study looking at fecal microbiome 
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biomarkers in CWD reports evidence bacteria can be used as biomarkers of risk or disease, as bacteria can 

change with pre-symptomatic disease (Didier et al., 2024). Following on their findings, follow-up studies 

could use germ-free or antibiotic-treated mice, reconstitution with defined microbial consortia, or fecal 

transplants to examine the presence of causal relationships between specific bacteria, metabolites of 

bacteria, and M-cell or gut-associated lymphoid tissue-mediated prion uptake. 

In parallel, potential expansion via the genetic side of prion susceptibility represents another compelling 

axis. The association between prnp polymorphisms and prion disease risk and phenotype is well 

characterized in human populations (e.g. codon 129 M/V and codon 219 E/K) (Kobayashi et al., 2015) and 

experimental studies show that host factors aside from the PrP sequence can influence prion strain 

phenotypes (Crowell et al., 2015). Work with CWD models, in particular, demonstrates that passages 

through hosts with different PrP alleles results in conformational change & new prion strains arise (Duque 

Velasquez et al., 2020). Subsequently, developing additional cervidized mouse lines containing additional 

rare or protective variants of the PRNP gene (e.g, H95, F225, S96), and passing prion isolates serially in a 

systematic manner would provide insight into how host genetics drives strain selection, adaptation, and 

cross-species potential. 

Another major area of opportunity is in the development of prion detection and biomonitoring. The RT-

QuIC assays optimized here for brain and spleen samples can be adapted for use with non-invasive 

matrices such as serum, saliva, or feces, for diagnosis of living animals prior to clinical changes (Bravo-Rizzi 

et al., 2023). Soil humic acids decreased or diluted the PrPCWD signal and also reduced infectivity of TgElk 

mice (Kuznetsova et al., 2018), indicating environmental matrices will impact prion activity. 

A mechanistic breakdown of neuroinvasion pathways is another logical next frontier. The disparity in 

temporal kinetics between IG and IC inoculations we observed here indicates that prion transport may 

take different routes, possibly through enteric neurons, vagus complex, or lymphoid-neural crosstalk. 
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Future studies could utilize neuronal tracers, in vivo imaging, or cell-type specific knockouts to elucidate 

the cellular route that prions take from the gut to brain. Modulating immune signaling in Peyer's patches, 

mesenteric lymph nodes, or follicular dendritic cells might elucidate how local immune 

microenvironments gate or block neuroinvasion. Such mechanistic understanding could provide 

intervention targets to impede prion transmission. 

Finally, the methodology and conceptual foundation established here can extend beyond cervid prion 

related wasting disease to other prion diseases and even prion-like proteinopathies. The time of use of 

ultrasensitive detection methods, microbial ecology, host genetics, and mechanistic neurobiology gives 

rise to a prototype for exploring other diseases, such as Parkinson’s, Alzheimer’s or amyloid diseases 

especially when related to peripheral seeding or gut-brain axes. By using cross-disease approaches, 

scientists may identify unifying principles of protein misfolding, strain diversity, and host-microbe 

interactions. 

The experiments provided in this thesis report go beyond making a disease progression map for CWD. 

They provide a flexible platform for the investigation of host-pathogen dynamics, innovation in detection, 

and translational strategies. Following these integrated future directions have potential benefits for not 

just understanding and reducing CWD but also for advancing the field of neurodegenerative disease 

research. 

After the 16S rRNA gene sequencing has been performed, the raw DNA sequence data will be subjected 

to a comprehensive bioinformatic and statistical analysis to characterize the bacterial communities found 

in each sample. Initially, the paired-end reads will be demultiplexed and quality-filtered to remove 

adapters, chimeras, and low-quality bases (Bokulich et al., 2013). The denoising algorithms (for instance, 

DADA2 or Deblur) will be used to infer amplicon sequence variants (ASVs) or operational taxonomic units 

(OTUs), which represents a high-fidelity representation of microbial taxa (Callahan et al., 2016). The 
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identified ASVs/OTUs will be taxonomically assigned by matching ASVs/OTUs to a curated reference 

database (such as SILVA or Greengenes) that allows identification from phylum to genus or species level, 

but if possible, will be genus or species level (Quast et al., 2013). 

After obtaining a taxonomic classification, microbial diversity will next be examined for within and 

between samples. Alpha diversity metrics (for example, Shannon index, Chao1 richness) to quantify 

within-sample diversity, while beta diversity will be used to identify differences in community composition 

across experimental groups (for example, route of inoculation; time matched controls; disease state) by 

comparing the total microbial community using statistical analyses (for example, Bray-Curtis dissimilarity, 

UniFrac distances) and ordination techniques like principal coordinate analysis (PCoA). Statistical 

investigations using statistical tests like PERMANOVA and differential abundance testing (for example, 

ANCOM or DESeq2) will allow differentiation of bacterial taxa with significant correlation with prion 

infection state, disease state, or other covariate. The results can then be integrated with RT-QuIC and 

histopathology to synthesize a common interpretation of the microbial signature identified in CWD and 

the subsequent prion amplification event, thus, identifying microbial taxa or metabolic pathways likely to 

have roles in chronic wasting disease pathogenesis. 
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Supplementary Materials 

S1. Supplementary Data 2. RT-QuIC threshold outcomes and corresponding brain IHC results for 

intragastrically inoculated (IG) TgElkPrP mice. 
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S2. Raw RT-QuIC fluorescence data for intragastrically inoculated (IG) TgElkPrP mice: brain, spleen, and 

small-intestine tissues. 
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S3. Supplementary Data 1. Supplementary Data 2. RT-QuIC threshold outcomes and corresponding brain 

IHC results for intracerebrally inoculated (IC) TgElkPrP mice.
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S4. Supplementary Data 4. Raw RT-QuIC fluorescence data for intracerebrally inoculated (IC) TgElkPrP 

mice: brain, spleen, and small-intestine tissues. 
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