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Resumo 

As doenças causadas por priões foram descritas muito antes da descoberta dos 

priões. A primeira descrição de priões propriamente dita, relativa a "novas partículas 

infeciosas proteicas", só surgiu em 1982, num artigo escrito por Stanley B. Prusiner. 

Desde então, numerosos avanços na investigação permitiram compreender melhor os 

mecanismos adotados por estas doenças. Além disso, nos últimos anos, cada vez mais 

evidências apontam para a existência de mecanismos "prion-like" adotados por 

proteinopatias neurodegenerativas como as doenças de Parkinson e de Alzheimer. Com 

o crescente número de semelhanças encontradas entre as doenças causadas por priões e o 

aumento da literatura relativa à importância do eixo intestino-cérebro para as mesmas, 

esta revisão teve como objetivo reunir e sintetizar a literatura existente relativa à 

influência do intestino e dos seus tecidos e microbioma associados no prognóstico, 

desenvolvimento e potencial tratamento destas patologias. Esta revisão foi efetuada de 

forma exaustiva para englobar o maior número possível de evidências. Foram 

selecionados 102 artigos com base na sua relevância. Os resultados destacam os 

mecanismos de absorção de priões/proteínas desdobradas, a sua degradação no trato 

gastrointestinal e o envolvimento do sistema nervoso entérico e do tecido linfoide 

associado ao intestino na patogénese da doença. Esta revisão destacou a associação entre 

os processos gastrointestinais e o desenvolvimento de doenças neurodegenerativas, 

oferecendo pistas para guiar investigações futuras e para a descoberta de novos alvos e 

estratégias terapêuticas. 
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Abstract 

The term "prion disease" was first used in 1923, long before the discovery of 

prions. The first description of prions as "novel proteinaceous infectious particles" was 

published in 1982 by Stanley B. Prusiner. Since then, numerous advances in research 

have allowed for a better understanding of the mechanisms adopted by these diseases. 

Furthermore, recent evidence indicates that neurodegenerative proteinopathies, such as 

Parkinson’s and Alzheimer’s disease, may adopt prion-like mechanisms. With the 

increasing number of commonalities between these diseases and the growing body of 

literature on the importance of the gut-brain axis, this review aimed to gather the existing 

literature on the influence of the gut and its associated tissues and microbiome on the 

prognosis, development and potential treatment of these pathologies. This review was 

conducted in a comprehensive manner to encompass the most evidence possible. A total 

of 102 articles were selected based on their relevance. The results highlight the 

mechanisms of prion/misfolded protein uptake, their degradation in the gastrointestinal 

tract, and the involvement of the enteric nervous system and gut-associated lymphoid 

tissue in disease pathogenesis. This review contributes to elucidating the relationship 

between gastrointestinal processes and the pathogenesis of neurodegenerative diseases. 

The findings are anticipated to inform future research and facilitate the development of 

novel therapeutic strategies. 
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Glossary 

- Akinetic Mutism: The condition is characterised by the presence of an intact level of 

consciousness and sensorimotor capacity, yet simultaneously exhibiting a decrease in 

goal-directed behaviour and emotions. The patients are in a state of profound apathy, 

seemingly indifferent to pain, thirst, or hunger. It represents the extreme end of the 

spectrum of disorders of diminished motivation (1). 

- Ataxia: neurological sign manifested by a lack of movement coordination, caused by 

abnormal control of muscle contraction leading to gait abnormalities, changes in 

speech, and abnormal eye movements, also referred to as nystagmus (2).  

- Dendritic Cells: Dendritic cells are CD11c+ cells that link the innate and adaptive 

immune responses, via recruitment of immune effectors cells such as Natural Killer 

cells, and neutrophils, they are also characterized by their ability to migrate to target 

sites and secondary lymphoid tissues such as the GALT (3–5). 

- Extrapyramidal Symptoms: a variety of movement phenotypes has since been 

described along the EPS spectrum, including dystonia, akathisia, and parkinsonism, 

which occur more acutely, as well as more chronic manifestations of tardive akathisia 

and tardive dyskinesia (6).  

- Goblet cells: “Goblet cells arise from pluripotent stem cells and derive their name 

from their goblet, cup-like appearance”. The primary function of goblet cells is to 

create a protective mucus layer standing between the gut lumen and its lining, they 

are also thought to be involved with immunoregulation (7).  

- Myoclonus: sudden and brief involuntary muscle spasms, that cannot be controlled 

by the person experiencing it (8). 

- Pyramidal Symptoms:  lesions to the pyramidal tract can result in a range of 

debilitating consequences, including spasticity, hyperactive reflexes, weakness, and 

the Babinski sign (stroking the sole of the foot causes the big toe to move upward). 

These symptoms are all indicative of an upper motor neuron lesion. Damage to the 

corticobulbar tract may present with additional symptoms, including lower facial 

weakness and changes to speech (9). 

- REM sleep: is characterized by rapid-eye-movements produced by the contraction of 

oculomotor muscles and other defining features such as a waking-like 

electroencephalogram pattern, active suppression of skeletal muscle activity (atonia). 

This sleep pattern is often short and preceded by non-REM sleep, followed by 
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wakefulness in healthy adults. Finally, REM sleep is also characterized by the 

presence of dreams (10). 

- Single Point Mutations: The substitution of a single nucleotide in the DNA sequence 

with another nucleotide, which may or may not have a pathogenic effect (11) 

- STOP Codon Mutations: stop codons are nucleotide triplets in mRNA that serve an 

important role in signalling the end of protein-coding sequencing process. Often, stop 

codon mutations will make a stop codon appear prematurely, meaning it is prior to its 

normal position in the gene. This results in a synthesized protein that is incomplete 

(or truncated) (12). 

 

 

 

 



Introduction 

15 

I. Introduction 

Prion diseases were first described long before the discovery of prions. Although 

the first description of prion disease was Scrapie, in 1732 (13,14), the first description of 

prions as such, pertaining to “novel proteinaceous infectious particles”, only came to be 

in 1982 in an article written by Stanley B. Prusiner (15). In this context, prions became 

the first ever infectious particles that did not contain genetic material from which they 

could replicate. It was later discovered that prions have an endogenous form named 

cellular Prion Protein (PrPc), and that its disease-associated form, designated scrapie-

associated Prion Protein (PrPSc), shares the same amino acid sequence. Nevertheless, 

these strains differ primarily in their conformation and, consequently, their biochemical 

properties, including proteinase resistance and solubility (16). Following the description 

of prion properties, researchers were able to define prion-caused diseases, which are more 

commonly referred to as transmissible spongiform encephalopathies (TSE) (13,16).  

 

I.1. Prion protein structure-function relationship 

The cellular prion protein is encoded by the single-copy PRNP gene, which is 

located on the short arm of chromosome 20 in humans (17–19). In 2019, Baral et al., in 

accordance with scientific consensus, stated that “the cellular prion protein is expressed 

almost ubiquitously throughout the human bodily tissues”, nonetheless it has higher 

expression levels in the central and peripheral nervous systems (20–23). Examples of 

prion protein expression sites include a variety of neural cells such as neurons, astrocytes, 

oligodendrocytes, and microglia. PrPc expression has also been reported in the Peripheral 

Nervous System (PNS) in both sensory and motor axons and Schwann cells (23). Outside 

the nervous system, PrPc is also found in numerous other cell types, such as immune cells 

(i.e., immune cells, including T lymphocytes, natural killer cells, and mast cells), and is 

expressed in several major organs, such as the heart, pancreas, intestine, spleen, liver, and 

kidneys (23,24). Additionally, Prion Protein is expressed in different species including 

many mammals, other vertebrates such as fish, amphibians, or reptiles, and even some 

fungi and yeasts (18), with varying degrees of similarity (25,26). Despite being 

extensively studied, the function of PrPc remains elusive to the scientific community (24). 
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• Primary to Quaternary Structure of the Prion protein  

The primary structure of a protein is determined by its amino acid sequence (27). 

Prion protein is a 32-kDa glycophosphatidylinositol (GPI) -anchored glycoprotein 

precursor composed of 253 residues (18,28,29) as shown in Figure 1.  

 

 

 

 

After synthesis, PrPc undergoes several post-translational changes until it reaches 

its functional form of 208 or 209 amino acids depending on the isoform, one being a 

membrane-bound glycoprotein and the other a cytosolic soluble protein, respectively 

(18,23,28,29). A major part of the precursor polypeptide is translocated to the 

endoplasmic reticulum by the N-terminal signal peptide where the C-terminal signal 

peptide is replaced by a GPI-anchor (24). This anchor allows PrPc to be expressed as a 

cell surface protein (18).  

The secondary structure of PrPc is composed of two main domains (23,30): a 

N -terminal domain that is highly flexible as characterized by its random coil appearance, 

potentially facilitating interactions with other proteins, and a C-terminal domain that 

possesses a typical globular structure (Figure 2). The N -terminal domain contains four 

tandem repeats of an eight amino acids sequence, also called the octa-repeat region, which 

has been proven to interact with metal ions such as zinc and copper, in addition to a 

variety of other proteins. Interestingly, these findings have not yet been related to the 

specific function of PrPc (21,30,31). The C-terminal domain is organized in specific 

secondary structures, including: three α-helices folded around each other to produce a 

three-helix bundle; two short antiparallel β-strands flanking helix 1; a disulfide bond 

connecting cysteines 179 and 214, linking helices 2 and 3; and two N-glycans on residues 

181 and 197 (Figure 3) (21,23,32). 

Figure 1: Primary structure of the cellular prion protein according to Uniprot entry 

P04156, the mature version of the protein is seen in bold. 
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Figure 3: Schematic representation of PrPc highlighting key structural 

features in greater detail (24). 

 

 

 

Figure 2: Ribbon diagram of the PrPc molecule. The C-terminal domain contains three α-helices, shown 

in red and yellow, and two β-strands shown in turquoise, whereas the N-terminal domain has been added 

on in a “random” configuration (24). 
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The tertiary structure of a protein is described by its overall 3D shape, which is 

generated by the interaction between the amino acids of the secondary structures. PrPc is 

mainly organised on the C-terminal side as a globular protein, whereas random coils 

characterise the N-terminal side with no specific structure (23,33). As for the quaternary 

structure, not all proteins possess one, as this type of organization requires at least two 

subunits, each containing a primary, a secondary, and a tertiary structure, closely 

interconnected to form a larger unit. These subunits are held together by hydrogen bonds 

and van der Waals forces between nonpolar side chains (34). Until recently, the 

hypothesis that PrPc could organize itself as a dimer (two subunits forming a quaternary 

structure) was still only a theory, as previously outlined in the 2018 edition of the 

Handbook of Clinical Neurology, Vol. 153 (23). However, using X-ray diffraction 

methodology, in 2021, Bortot et al. (28) uncovered two different types of dimerization 

named α1 and α3 dimers, respectively, as a reference to the helix involved in the 

dimerization process. These advances in the understanding of PrPc folding and 

polymerisation are significant because facilitate a more profound understanding of its 

structure in vivo. Moreover, provide insights into the functions of this protein and the 

processes involved in its misfolding (21,24,28). 

• Functions of PrPc 

To date, the precise functions of prion protein have remained elusive to the 

scientific community (21,35). Despite this, throughout the years, scientists have been able 

to define several functions and the potential involvement of PrPc in different mechanisms 

of protection and disease (35–39).  

 

PrPc during the Development of the Nervous System 

In mammals, PrPc becomes detectable during embryonic development’s late 

stages, specifically during the neural tube’s growth. Its expression then increases 

significantly shortly after birth (40). Although PrPc has been proven non-essential for 

ensuring successful embryonic development, the literature strongly suggests that PRNP 

has a non-redundant function in maintaining cell pluripotency and differentiation during 

embryogenesis (41). One hypothesis defining the involvement of PrPc in these early 

stages of development qualifies it as a receptor accompanying embryonic cells through 

neural differentiation and migration. This hypothesis was explained by the ability of some 

adhesion proteins, such as the laminin-integrin system, to recognize PrPc (40,42). 
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Adhesion proteins, particularly integrins, are known to be important in embryogenesis 

and hold functions in neural precursor cells (43). Furthermore, in the absence of PrPc, the 

interactions between the cell membrane and laminin-integrin system are impaired, 

resulting in abnormalities involved in cell differentiation, particularly affecting 

neuritogenesis and axonal growth (40). In this regard, despite not being an obligatory 

protein, PrPc seems to be involved not only in the maintenance of neural stem cells (NSC) 

stemness and self--renewal, but also in the promotion of NSC differentiation into mature 

neurons in a dose-dependent manner (40,44). 

 

PrPc in the immune system 

As previously mentioned, PrPc is ubiquitously expressed throughout various 

human cell types (20). One of these cell types constitutes the immune tissues, such as T 

lymphocytes, natural killer (NK) cells, macrophages, dendritic cells (DC), regulatory T 

cells, and follicular dendritic cells (FDC) (45). However, once again, the exact role of 

PrPc remains undiscovered. Studies have found that this protein plays a role in cell 

differentiation and maturation − a role in the embryogenesis of the nervous system, as 

previously referred to – exhibiting, for example, increased expression during NK cell 

differentiation and maturation (40,45). This phenomenon linking immune cell maturation 

and activation with elevated expression of PrPc is also observed in T lymphocytes and 

dendritic cells (45). Furthermore, studies using PrPc knockout (Prnp0/0) mice, and mouse-

adapted-Scrapie (ME7) infected mice, have revealed that this protein plays a role in the 

formation and preservation of secondary lymphoid tissues, such as the spleen and lymph 

nodes (45–47). Additionally, PrPc seems to be involved in the correct development of the 

spleen lymphoid region, also called the white pulp, and the maintenance of normal levels 

of CD4 T cells and lymphoid tissue inducer cells (LTi cells) (45,46,48). Furthermore, it 

is interesting to highlight that of all lymphoid cells, PrPc is expressed at higher levels in 

LTi cells, which are primordial to the formation of Peyer’s Patches (PPs) (depicted in 

figure 4) and peripheral lymph nodes during embryogenesis (48–50). This fact, as 

discussed later, the disease-associated Prion Protein (PrPSc) travels from the bloodstream 

to the secondary lymphoid tissues, such as the lymph nodes, tonsils, PPs, and spleen, to 

utilize these cells as accumulation and replication sites (45). Studies on the participation 

of PrPc in inflammatory responses have found that PrPc is expressed at higher levels in 

immune-privileged organs (protected against inflammation), such as the brain, eyes, and 
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both male and female genital organs. Furthermore, it appears that PrPc protects these 

organs from inflammation-derived damage through immunomodulatory processes. (45). 

Furthermore, the cellular Prion Protein has been shown to interact with the N-methyl-D-

aspartate (NMDA) receptor, which is known to bind to glutamate, the principal excitatory 

neurotransmitter in the human brain (51,52). In addition, NMDA receptors (NMDAR) 

contribute to inflammatory pain and the transmission of pain signals in the spinal cord 

(51,53). It has been shown that PrPc modulates the inflammatory response by inhibiting 

NMDAR, and decreasing pain sensation, whether neuropathic or nociceptive (51).  

 

PrPc and its protective role in the central and peripheral nervous systems 

Several functions attributed to PrPc can be seen as “neuroprotective”. For 

example, several studies have found that PrPc decreases cellular damage after ischemic 

stroke (21,31,37,39). This protective role seems to be partly explained by the idea that 

PrPc acts as an antioxidant molecule and is therefore able to reduce ischemic damage by 

binding Reactive Oxygen Species (ROS), which are known to be implicated in this type 

of brain injury (21,54,55). In these cases, it has been shown that mice lacking PrPc showed 

Figure 4: Intestinal PP structure with functional regions and constituting cells, from “Intestinal Peyer’s 

Patches: Structure, Function, and In Vitro Modelling” (211). 
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more ischemic damage and less tissue repair. In contrast, wild-type mice (meaning they 

are able to synthesize PrPc) showed that after ischemic injury under oxidative stress 

conditions (situation where concentrations of ROS are above normal), PrP mRNA levels 

increase, implying that these conditions upregulate PrPc expression to decrease tissue 

damage (21,38,54). Moreover, PrPc seems to inhibit NMDARs from blocking calcium 

ion (Ca2+) cellular influx, thereby decreasing excitotoxicity, which is characterised by an 

exacerbated activation of glutamate receptors (such as NMDAR) that initiate a cascade 

of neurotoxicity, leading to neuronal cell death (21,56–58) Another mechanism by which 

PrPc seems to exert its neuroprotective role is by reducing the phosphorylation of 

extracellular signal-regulated kinase (ERK1/2), which is known to regulate inflammatory 

responses, cytokines, and cell apoptosis in ischemic brain injury. The activation of ERK-

1/2 can increase cell damage caused by ischemic injury by causing further oxidative stress 

and hypoxia-inducible factor 1α (HIF-1α) degradation (59–61). Nevertheless, other 

studies have indicated a correlation between PrPc and the upregulation of the ERK1/2 

Figure 5: From left to right: the depiction of signalling pathways impacted by PrPc after ischemic brain damage. 

First, we see ERK-1/2 upregulation (inhibition not shown) Consequences of this interaction may include 

recruitment of bone marrow-derived cells (BMDC) and neural precursor cells (NPC) leading to neurite outgrowth. 

Second, we see inhibition of NMDAR impeding excitotoxicity, and the protection of cells from ROS. Third, in the 

far-right example, we can observe the pathways that are activated when PrPc is absent. Abbreviations and 

definitions: (JNK) Jun N-terminal kinase causes cell apoptosis; (STAT-1) signal transducer and activator of 

transcription 1, is implicated in neuroinflammation (212) caspase-3 involved in the apoptosis pathway (56); (Akt) 

Phosphoinositide 3-kinase/Akt signal pathway promotes neuronal survival  (213). Adapted from (57). 
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pathway following ischemic insult. This appears to occur as a consequence of a direct 

interaction with Stress-Inducible Protein 1 (STI1), causing PrPc endocytosis and 

modulating STI1-dependent ERK1/2 signalling involved in neuritogenesis, neuron 

survival, neurite outgrowth, and neuroprotection (21,24,38,62,63). Furthermore, 

overexpression of PrPc has been demonstrated to reduce lesion size following ischemic 

stroke compared to wild-type mice.  (31,64). The molecular pathways described above 

are summarized in Figure 5. 

Regarding the expression of PrPc in the Peripheral Nervous System (PNS) and its 

protective role, one of the most established functions of the cellular prion protein is the 

regulation of peripheral myelin maintenance and homeostasis (21). This is further proved 

by experiments done using Prnp0/0 mice since, in these studies, knockout mice develop 

late-onset peripheral neuropathy characterized by demyelination, indicating that 

peripheral myelin maintenance is a bona fide function of PrPc (31,56). PrPc therefore 

regulates myelin homeostasis by interacting with G protein-coupled receptors (GPCR) 

expressed in Schwann cells called Gpr126, also known as Adgrg6, which triggers a 

signalling cascade that promotes myelination (Figure 6) (21,39,65,66). 

Figure 6: Process of myelin homeostasis with PrPc on the left and chronic demyelinating 

polyneuropathy caused by the absence of PrPc (39). 
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PrPc and its role in the intestinal barrier 

PrPc is involved in cell-to-cell adhesion processes during the development of the 

CNS (40,42). However, this process has been identified in other cell types, namely 

enterocytes, which are the cells that constitute the intestinal wall. These cells perform 

several functions, including acting as a barrier between the intestinal lumen and blood 

circulation and facilitating the absorption of nutrients (67–69). What is interesting to point 

out is that some studies have found that decreased levels of PrPc in enterocytes cause the 

cell-to-cell adhesion to weaken, therefore increasing the intestinal wall’s permeability by 

increasing paracellular passage (67,70). These results demonstrate that PrPc protects the 

organism from external aggression. However, it also could be a facilitating factor if 

infectious prions were ingested orally (71).  

 

Other relevant functions of PrPc 

Despite the lack of clarity regarding the specific functions of PrPc, this protein has 

been shown to influence some other mechanisms within the human body. For example, 

PrPc is thought to play a role in cancer proliferation, particularly solid cancers such as 

pancreatic, colorectal cancer and gliomas, because of its overexpression in these types of 

cancer. Moreover, numerous PrPc identified or potential partners are involved in 

signalling pathways known to modulate cell proliferation, which can determine cancer 

invasion, metastasis, and cell death. These pathways have been identified in human cancer 

cells (40,56). In recent years, an increasing amount of evidence points to the potential 

role of PrPc in other neurodegenerative diseases such as alpha-synucleinopathies 

(Parkinson’s Disease being the most common) and tauopathies (Alzheimer’s Disease 

being the most prevalent) (56,72). As it happens, PrPc has been found colocalized with 

Amyloid β-containing senile plaques of Alzheimer’s Disease (AD) patients. 

Nevertheless, studies have yet to determine whether PrPc plays a role in protection or as 

a potentiator for neurodegeneration (24,38). In the case of Parkinson’s disease (PD), the 

degree of colocalization with PrPc is lower. Despite this, in this disease, the elevated level 

of oxidatively modified proteins represents a significant contributing factor to the 

impairment of several cellular functions. As previously mentioned, PrPc has the potential 

to act as a protector against oxidative stress (21,38).  
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I.2. Infectious Prion protein known mechanisms 

As previously stated, the cellular Prion Protein has an isoform associated with 

disease, known as the Scrapie-associated Prion Protein, PrPSc (there are other diseases 

caused by misfolding of the prion protein, but for the sake of simplicity, this terminology 

is commonly used to refer to disease-associated Prion Proteins in general) (73). PrPSc is 

the first and only infectious particle with no genetic material. Consequently, it has been 

the subject of extensive research to further understand the underlying mechanisms of its 

propagation and transmission since its discovery approximately forty years ago (74). The 

objective of this section is to provide a comprehensive overview of the currently 

understood mechanism by which PrPc undergoes misfolding into PrPSc and how this 

misfolded protein can result in the development of an infectious disease. The amount of 

PrPSc necessary for the infection of a new host (or the development of the sporadic 

disease) to be successful is very low (in the low femtogram range: 10-15 grams), yet the 

prevalence of these diseases in humans is extremely rare (75). Furthermore, although 

humans are susceptible to Bovine Spongiform Encephalopathy (BSE), the prion disease 

affecting bovine cattle, our species appears to be immune to Scrapie (affecting sheep) and 

Chronic Wasting Disease (CWD) affecting cervid populations (76). 

• PrP misfolding 

The Prion Protein must be misfolded to cause disease, whether it is 

sporadic/idiopathic (meaning of unknown aetiology) or acquired by infection. Until 

recently, the mechanism by which a normal protein misfolds into PrPSc remained a 

significant unresolved issue within the scientific community (77,78). In 2021, two papers 

were published on the mechanism by which the “initial” PrPSc is formed in a healthy 

individual, namely by Sanz-Hernández et al. and Kraus et al. Despite extensive 

investigate, protein conversion into PrPSc has remained unclear, particularly when 

considering a de novo situation. In their study, Sanz-Hernández et al. identified an 

intermediate between PrPc and PrPSc, named huPrP* (77). 

The intermediate form of prion protein was found to cause the aggregation of a 

specific strain of disease associated with Prion Protein, designated PrP mutant T183A. 

These findings, although specific to this mutant PrPSc, help to elucidate the mechanisms 

of conversion into pathological aggregates (Figure 7) (77). Nonetheless, similar to the 

huPrP* intermediate provided by Sanz-Hernández and coworkers in 2021, Kraus et al. 



Introduction 

25 

describe, in the same year, an intermediate in which the structure β-strand 1- α-helix 1- 

β-strand 2, is separated from α-helices 2 and 3, the latter being then able to untwist and 

form β-sheets. Furthermore, the β1 - β2 sheet has to be disrupted, probably generating 

another intermediate to break the intramolecular hydrogen bonds that will become 

intermolecular in PrPSc (Figures 8 and 9) (78). Once the misfolding process is complete, 

the PrPSc isoform is a β-sheet-rich protein with little to no α-helices. It also forms ordered 

aggregates, more commonly known as amyloid fibrils (78,79). 

 

 

 

 

Figure 7: Process of misfolding of the cellular Human Prion Protein (in blue) into aggregates (in red at the 

far right of the image) and going through an intermediate named huPrP*. This intermediate form is 

characterized by the detachment of the two β-strands and their attached α-helix which is helix 1(32). 

Extracted and simplified from “Mechanism of misfolding of the human prion protein revealed by a 

pathological mutation” (77) 

Figure 8. In this figure the edge β-strands of PrPSc are ready to form hydrogen bonds with 

an incoming, partially unfolded PrPc polypeptide, coercing it to refold, and form fresh β-

strands. This way PrPSc can propagate throughout the brain (82). 
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• Mechanisms of replication 

Once the process by which the cellular prion protein misfolds and assumes a 

specific configuration has been elucidated, it becomes necessary to demonstrate how a 

protein can propagate and induce disease without other agents. The prevailing view 

among researchers is that PrPSc, once formed or introduced into a new host, will encounter 

its healthy counterpart (PrPc) and refold it into a new PrPSc alternative isoform (80). This 

first step then initiates an exponential propagation of PrPSc isoforms that will spread 

throughout the body since, as we have previously stated, PrPc is ubiquitously expressed 

throughout the body (23,80). Many experiments have confirmed this hypothesis, the most 

pertinent being that Prnp0/0 mice are resistant to prion disease, meaning the endogenous 

PrPc is necessary for developing pathology (80). As previously stated, once formed, 

PrPSc tends to form aggregates, also called amyloid fibrils. These fibrils are extracellular 

protein aggregates with particular characteristics, including a high β-sheet content, 

Figure 9: Transition from PrPc (Top) to PrPSc (Bottom) here depicted as a monomer. The new 

positions of the β-sheet hydrogen bonds, as they turn intermolecular in PrPSc, is circled in red  (78) 
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insolubility, and resistance to degradation (81,82). The amyloid structure formed upon 

aggregation has two relevant structures for propagation. The first one is the Parallel In-

Register Intermolecular β-Sheet (PIRIBS) structure, where different PrPSc monomers 

stack up on top of each other (82). Although historically associated with PrPSc strains 

having little to no infectivity, this structure has been associated with a hamster-adapted, 

fully infectious scrapie prion strain named 263K (78,83). In 2021, Kraus et al. were able 

to determine for the first time the near-atomic structure of the 263K PrPSc strain, showing 

a PIRIBS-based architecture with N-linked glycans and GPI-anchor projecting outwards 

from the fibril core (78). These projections are then able to distort the cellular membrane, 

which is in accordance with observations made in prion-infected tissue (i.e., spongiform 

degeneration of the brain) (Figure 10) (78,83).  

 

 

 

 

 

The second relevant structure adopted by PrPSc for propagation is a four-rung β-

solenoid (4RβS) structure. In this sequence, PrPSc coils around itself, with β-strands 

positioned on top of other β-strands of different sequences. Consequently, the stacking of 

these strands is not in register. An example of a prion strain adopting this type of amyloid 

fibril structure is the Rocky Mountain Laboratory (RML), a murine scrapie strain. RML 

has two different presentations, the wild-type (wtRML) and the anchorless strain (aRML), 

which is the subject of much more extensive study, lacks GPI-anchors and is severely 

Figure 10: Left side of the picture shows Membrane-bound PrPc, and right side represents the 263K prion 

model of the Parallel In-Register Intermolecular β-Sheet (PIRIBS) fibril core (turquoise), with hypothetical 

illustrations of glycans (red), the GPI anchors (blue), and the curl of the membrane (grey) is shown to follow 

in parallel of the twist of the GPI anchors (78). 
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depleted in N-linked glycans (84). Nonetheless, despite the presented differences between 

wtRML and aRML, the amyloid fibril core is thought to be roughly the same (84,85).  

Figure 11 compares 263K and RML strains and shows their amyloid structures’ 

differences (85). Furthermore, it is crucial to highlight these distinctions, as they may 

offer insights into the existing obstacles to transmission between certain species (78,85).  

 

 

 

 

I.3. Prion diseases 

Prion diseases are infectious neurodegenerative diseases that are invariably lethal 

and affect humans and domestic and wild animal species (86,87). As previously stated, 

these diseases are characterized by the misfolding of the endogenous PrPc into PrPSc that 

will accumulate in amyloid fibrils and cause cell necrosis (85). Prion diseases are also 

known as Transmissible Spongiform Encephalopathies (TSE) due to their infectious 

nature and the spongiform aspect they induce, which results in cell death in the brain. 

These diseases can be divided into three categories: sporadic, inherited and acquired (88). 

This chapter will describe the principal types of prion disease and their clinical 

expression. To facilitate the comprehension of the reader, Figure 12 depicts the main 

functional areas of the brain with their associated functions and anatomical location (89).  

Figure 11: Cross-sectional simplified depictions of membrane-bound 263K and RML 

prions. The RML structure shown was assembled using the aRML PDB coordinates 

(PDB: 7TD6) because the wtRML were not yet publicly available (85). 
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• Human prion diseases 

Sporadic prion diseases 

Human prion diseases are mostly sporadic/idiopathic (85%), meaning their exact 

aetiology is unknown, but most often attributed to spontaneous PrPc misfolding or 

somatic mutation of the PRNP gene (88,90). Within this classification, the most common 

is sporadic Creutzfeldt-Jacob Disease (sCJD), followed by sporadic Fatal Insomnia (sFI), 

also called the thalamic form of sCJD. Sporadic fatal insomnia is the rarest type of 

sporadic prion disease. It is also very similar in terms of clinical features to Fatal Familial 

Insomnia (FFI), which we will mention in the next paragraph (91,92).  

Sporadic Creutzfeldt-Jacob Disease has a global yearly incidence of about two 

cases per million individuals, classifying it as a rare disease (93). sCJD covers different 

presentations in which the symptoms observed and the prognostic of progression to 

dementia, then death, will vary. These differences in phenotype are mainly divided into 

two main groups: the cognitive subtypes and the ataxic subtypes (91). These subtypes can 

be further classified into six specific categories (MM1, MV1, VV1, MM2, MV2 and 

Figure 12: Image depicting the main functional areas of the cerebral cortex and the cerebellum (89). 
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VV2) based on a specific polymorphism of the PRNP gene at codon 129, in which a 

methionine (M) is replaced by valine (V), and on the molecular weight of the 

unglycosylated PrPSc (type 1 or 2) (94). The most prevalent form of sCJD is the cognitive 

form (MM1 and MV1), which accounts for approximately 40% of cases (94). These 

present first with rapid cognitive decline and myoclonus, ataxia, pyramidal and 

extrapyramidal symptoms, characterized by a fast progression to akinetic mutism and 

death (median: 3 to 4 months survival after the onset of symptoms) (93–95). The onset of 

clinical symptoms is in accordance with the first affected areas of the brain by this 

subtype, namely the striatum (Figure 13) (holding an important role in procedural 

learning and memory) and the parietal cortex (Figure 11) (important in somatosensory 

information, having specific areas relevant for cognitive functions such as reading and 

mathematical thinking) (96–98). 

The second most common is the VV2 or ataxic subtype, representing around 15% 

of cases (94). In this phenotype, patients present initially with ataxic symptoms, almost 

invariably accompanied by gait difficulties and frequently accompanied by associated 

vertigo. Subsequently, patients experience memory loss and rapid cognitive decline, 

accompanied by signs and symptoms similar to those observed in the cognitive subtype 

of sCJD (91,99). This difference in the clinical onset of the disease is explained by the 

part of the central nervous system that is affected first, in this case, the cerebellum, which 

is responsible for movement coordination, among others (Figure 12). This phenotype is 

also characterized by a longer duration of disease (median of 6 months) (93,95). 

Figure 13: Organization and depiction of the brain’s basal nuclei. Highlights for the Striatum and it’s 

composing structures (yellow), the Lentiform Nucleus and it’s composing structures (blue), and the 

Thalamus (Pink). Extracted and adapted from “The Atlas of Human Anatomy”  (214) 
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Inherited Prion diseases  

Genetic or inherited prion diseases account for 10 to 15% of all cases of prion 

disease (19,100). To the present day, more than 30 disease-causing mutations located in 

the open reading frame of PRNP have been characterized, mainly divided into three 

categories: single point mutations, STOP codon mutations, and insertions or deletions of 

nucleotides into the coding DNA of the octapeptide repeat regions (19,88,101). These 

mutations are then separated into a set of clinical and pathological features, diving them 

into three known diseases: genetic CJD (gCJD), Gerstmann-Sträussler-Scheinker 

Syndrome (GSS), and Fatal Familial Insomnia (FFI) (19). Furthermore, experiments 

reveal that these forms of spongiform encephalopathy are transmissible, granting these 

diseases a unique characteristic of being inherited and transmissible (88). In the case of 

gCJD, the symptoms are similar to those found in the cognitive presentation of sCJD. The 

differences are mainly in the age of symptom onset, which occurs at an earlier age (30 to 

70 years old for gCJD, compared to 55 to 75 years old for sCJD), and the person has 

likely a family history or a positive genetic test for a mutation associated with gCJD 

(19,102). 

GSS was first described in an Austrian Family in 1936 by Gerstmann, Sträussler, 

and Scheinker (103). This form of inherited prion disease develops between the ages of 

40 and 60 and has an average life expectancy of 5 years after the onset of symptoms (104). 

These typically manifest as an abnormal gait and abnormal eye movements, such as 

nystagmus, in relation to early cerebellar dysfunction (103,105). As the disease 

progresses through the various parts of the brain, other symptoms may emerge, including 

memory loss and rapid cognitive decline (106). This particular disease shows a broader 

span of phenotypes than other inherited prion diseases, dividing itself into kindreds, 

making it especially difficult to diagnose (102,107). 

Fatal Familial Insomnia was first named by Lugaresi et al. (1986) (108). Before 

this, FFI was described as a severe thalamic atrophy (92). The latter relates to the area of 

the brain that is most prominently affected by the disease − the thalamus – (Figures 12 

and 13), which can be divided into five major functional components: dealing with 

arousal and pain regulation; regulating sensory domains except for olfaction; controlling 

motor language; cognitive function; and regulation of mood and motivation (109). The 

typical age of onset for FFI is between 51 and 60 years old, with a survival time of slightly 

over a year, on average, approximately 16 months. The symptoms of FFI can be divided 
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into three main groups: sleep disturbances, autonomic symptoms linked to sympathetic 

nervous system hyperactivity (which include hypertension, tachycardia, excessive 

sweating, and elevated body temperature, among others), and classic prion disease 

symptoms (92). Furthermore, two phenotypes are described, each belonging to a 

genotype. These are the 129MM and the 129MV genotypes. The first genotype is 

homozygous for methionine in the codon 129 and is associated with a shorter lifespan 

than the heterozygous one (129MV). Moreover, 129MM appears to be associated with 

more severe symptoms of insomnia, myoclonus, special disorientation, hallucinations, 

and autonomic dysfunction (92,102). While the heterozygous genotype appears to be 

clinically closer to classic CJD symptoms, including worsening equilibrium and ataxia, 

FFI’s genotypes are associated with an early onset of sleep disruption, characterized by 

progressive sleep time and quality loss. The prolonged severe insomnia is associated with 

the overactivation of motor functions and the sympathetic nervous system, which will 

result in not only autonomic dysfunction but also a behaviour/symptom called agrypnia 

excitata with oneiric stupor. The latter is identified as an extended episode of dream 

reenactment, often consisting of movements executed in daily activities, that can be 

remembered upon “awakening”. Agrypnia excitata with oneiric stupor in FFI is usually 

defined by longer and almost continuous episodes compared to other REM sleep disorders 

(92,110). Finally, as the disease progresses, classic TSE symptoms begin to appear, in 

particular cognitive decline, which in this form of prion disease is characterized by 

alterations in the level of vigilance leading to a progressive dream-like state (92). 

Acquired Prion diseases  

Acquired prion diseases are transmitted most often by the ingestion of 

contaminated meat. The first acquired form of TSE described in humans was Kuru 

disease, which derived from cannibalism practiced in indigenous tribes, where the 

contents of the brain of deceased people were consumed in rituals (111). More Recently, 

a zoonotic TSE surfaced when cases of CJD appeared to have an increased incidence. It 

was later discovered that these cases arose from the consumption of bovine meat from 

cattle affected with Bovine spongiform encephalopathy. This variation of CJD is now 

referred to as variant CJD (vCJD) (112–114). The last type of acquired prion disease is 

iatrogenic CJD, which happened following blood transfusions and use of contaminated 

material with PrPSc (115–118). 
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I.4. Neurodegenerative Proteinopathies 

Many neurodegenerative diseases are associated with proteins endogenous to the 

human body, that misfold and generate β-sheet rich isoforms that tend to aggregate and 

cause disease (119,120). This mechanism of aggregation and self-templating has been 

described increasingly as being a “prion-like” mechanism in reason of the similarities 

exhibited with prions (121–124). Of the diseases described as to having this behaviour, 

Parkinson’s and Alzheimer’s diseases are the most studied to this day (119,125). 

 

I.5. The Gut-Brain axis 

In recent years researchers have increasingly studied a phenomenon called the gut-

brain axis (126). This communication pathway between the CNS and the gut with its 

associated functional tissues and microbiome, is a two-way crosstalk where not only the 

brain triggers the gut, but the contrary also happens. Increasing evidence arises proving 

that gastrointestinal health influences neuronal, and overall mental health (127). 

Moreover, proof has been shown that bacterial byproducts are recognized by the central 

nervous system and possess the ability to modulate behaviour in mice (128). These 

information push further researchers to study the gut-brain axis in the development of 

neurodegenerative disorders in order to better understand them.  
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II. Methods 

II.1. Aim 

The present review aims to collate the extant knowledge on the associations 

between the gut and prion or “prion-like” diseases. To facilitate the screening process, 

research questions were designed to guide reviewers through the execution of this review. 

Moreover, although this work does not fully meet the criteria for classification as a 

systematic review, it is nevertheless intended to be as systematic and reproducible as 

possible. 

 

Q1: Is there a relationship between the gut and the future development of prion disease 

or other neurodegenerative proteinopathies? 

Q2: Do prions and other misfolded proteins take the same paths from the gut to the central 

nervous system?  

Q3: Is there any evidence supporting a connection between classic prion diseases and 

neurodegenerative proteinopathies concerning the gut?  

 

II.2. Materials and research methodology  

The articles for this review were collected by one researcher (M.T.), who defined 

a search keyword algorithm intended to encompass the most relevant articles for the 

review. The search algorithm employed was as follows: “((prions) AND (microbiome OR 

gut))”. To ensure comprehensive coverage of the available literature, six databases were 

consulted, with the same search algorithm employed in each. These were PubMed, 

Scopus, Embase, Cochrane, B-On and Web of Science. The search algorithm was 

modified slightly between databases to align with their respective parameters. No time 

limit was settled, nor any language was excluded while executing this research. To 

mitigate the risk of bias and ensure the replicability of the process, a second reviewer 

(R.C.) undertook the processing of the search in all the databases, thereby ensuring no 

discrepancies between the reviewers. The final search was conducted across all databases 

on the 1st of December 2023. Three individuals screened the titles, abstracts, or full 

references from the search results to assess their eligibility for inclusion in the review. 
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The screening process was conducted using the “Rayyan” (129) online application, 

specifically designed to assist with the management of literature reviews. 

II.3. Primary screening of articles and inclusion criteria  

The initial screening of the articles was conducted on the basis of title, keywords 

and abstract, with duplicates being excluded. To reduce the selection bias, three reviewers 

engaged in the selection process (I.M., M.T. and R.C.). In this first phase, the inclusion 

criteria were every primary article that connected the gut and prion or “prion-like 

disease”. The reviewers were required to select articles on neurodegenerative diseases for 

which a misfolded protein with the propensity to form aggregates and “self-replicate” in 

a prion-like manner was responsible. This definition of “prion-like disease” was used to 

guide the selection of articles (130). The exclusion criteria excluded articles that were 

focused on diagnosis and biomarkers for diagnostic tools and epidemiologic studies that 

would not answer the research questions. Furthermore, background articles (i.e., articles 

that did not involve any original experimentation) were also excluded. Nevertheless, 

those deemed relevant for the review were designated “on topic” to review the original 

articles referenced to ensure the search was as comprehensive as possible. Each of the 

three reviewers conducted the review process independently, with no access to the others’ 

inclusion decisions. Once each reviewer had completed their selection process, M.T. was 

able to unlock the decisions made by each reviewer. This then allowed for a discussion 

between all three reviewers to assess cases where there were conflicts in the decision to 

include or exclude the article.  

II.4. Secondary Screening  

The secondary screening was done by one reviewer (M.T.), to classify these 

articles by their population and the subject they tackled in relation to our research 

questions. The secondary selection process involved a more comprehensive procedure 

whereby the reviewer conducted a more thorough examination of the abstract and the full 

text, ensuring that it met the inclusion criteria for this review. To facilitate the 

classification of the primary articles, labels were introduced to distinguish between them 

according to population and the theme relevant to the review (Figure 14). 
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Population: 

 

o in vitro 

o Nematodes 

o Animals 

o Humans 

 
 

Principal subject(s): 

o Degradation of PrpSc/misfolded protein in the GI tract 

o Enteric Nervous System (ENS) 

o Pathogenesis and location of PrpSc/misfolded protein after oral 

or parenteral challenge 

o Prion/misfolded protein uptake from the gut 

o Prion susceptibility  

o Gut Associated Lymphoid Tissue (GALT) association 

Figure 14 : Article labelling  
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III. Results  

III.1. Description of the results 

Of the 514 articles initially identified, 385 were excluded for the following 

reasons: they were review articles, they were outside the scope of the review (off-topic), 

they were of the wrong publication type (in this case, a protocol) or they had the wrong 

outcome. The results are presented in a flow-chart PRISMA diagram (131) (Figure 14). 

At the second screening stage, a further 23 of the 129 references were excluded, leaving 

a total of 102 articles included for the final review. Of these, 85 were about prion diseases, 

four were about Alzheimer’s disease (AD), and 13 were about Parkinson’s disease (PD). 

Out of the 102 references, 68% were studies carried out in animals, more precisely in 

mammals, 20% were in vitro studies, while human tissue samples (including biopsies) 

constituted 5%. For further details, please refer to Table 1. 

 

 
Table 1: Summary of the references kept for the final review separated by disease and population 

 
 

 

 

Three studies included nematodes (roundworms), two of which were conducted 

with Caenorhabditis elegans (132) and one with Trichuris muris (133). The earliest 

article in this review was published in 1989, but the majority (99/102) were published 

after the year 2000. 
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III.2. Prion/misfolded protein’s uptake from the gut  

In this review, a total of 72 references mention the prions or misfolded protein’s 

uptake from the gut. Of these, 63 focus on prion protein, three on Alzheimer’s Disease 

related proteins, and nine on α-Synuclein (PD). 

 

Prions  

In the case of prion diseases, it is known that, when they are acquired, they are 

generally transmitted orally. This is the case for example in Bovine Spongiform 

encephalopathy, vCJD and Kuru (134,135). In this section, will be presented the results 

of the review pertaining to PrPSc uptake from the gut lumen to the CNS, passing through 

various structures.  

Figure 15: PRISMA Flow diagram from:  Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, 

Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. 

(131) 
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Forty-eight references mention the importance of the Gut-Associated Lymphoid 

Tissue (GALT) in the uptake of misfolded prion proteins, but also as an early replication 

site for PrPSc before neuroinvasion. Donaldson et al. (2015), stated that the small 

intestine’s GALT plays a major role in PrPSc invasion, particularly when compared to the 

large intestine, which seems to bear little to no significant effect on pathogenesis (136). 

As early as the year 2000, Beekes & McBride observed scrapie infect mice after oral 

challenge and defined the GALT -particularly the ileal GALT- as an important locus for 

PrPSc intake and propagation, with follicular DC being the most concentrated in PrPSc. 

Within the GALT, Peyer’s Patches (Figure 5) play a decisive role in PrPSc accumulation 

(137), and within these structures Dendritic Cells are another important stakeholder in the 

uptake of misfolded prions. Huang et al. (135) demonstrated that DCs can “take up and 

transport PrPSc from the gut lumen through the lymphatics to lymphoid tissue”. This was 

further proven by Raymond et al. (136) who showed that, when CD11c+ DCs were 

depleted in the GALT and spleen before oral challenge in mice, early PrPSc accumulation 

in these tissues was blocked, therefore susceptibility to disease decreased and 

neuroinvasion by PrPSc was impaired. Following this study, Bradford et al. (137) 

demonstrated that chemokine receptor expressing DCs (CXCR5) propagate prions 

towards follicular DCs after oral challenge, by inhibiting specifically their expression in 

orally infected mice, who showed a reduced early accumulation of prions upon follicular 

DCs in the Peyer’s patches and spleen, significantly reducing disease susceptibility. 

DCs are also seen, as shown in Figure 15, near Microfold cells (M cells) beneath 

the follicle-associated epithelium (FAE) (138). Van Keulen et al.(138), describes M-cells 

as a potential pathway from the lumen to the GALT in sheep highly susceptible to scrapie 

infection. In addition to this, Miyazawa et al. (139) were able to prove that murine-

adapted BSE were transported by M cells in an in vitro model of bovine intestinal 

epithelial cell line, this model had a 30-fold increase in the uptake of prions when 

compared to non-differentiated cells. Donaldson et al. (140,141), further proves 

involvement of M cells in prion uptake by orally challenging mice with ME7 scrapie 

strain. In 2012, his team showed that when mice were depleted of M cells, early prion 

accumulation in the follicular DCs of PPs is blocked. In 2017, the contrary experiment 

was carried out, showing that mice over expressing M cells had a “10-fold higher 

infectious titre of prions”, and experienced shorter survival times (143). In a different 

type of experiment, Foster & MacPherson (142) tested ileal and caecal PP in their uptake 

of PrPSc in orally challenged murine. In this study they found that PrPSc was bound to M 
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cells and enterocytes of the follicle-associated epithelium in ileal PP within 24h of 

inoculation. Furthermore, within 48 h after ingestion PrPSc was bound to M cells and 

enterocytes of the follicle-associated epithelium in caecal PP, it was also found that the 

greatest accumulation of PrPSc happens in the region of the caecum over the 48-hour 

period studied. It was suggested by the authors that this anatomical region might act as a 

retention pouch for PrPSc upon oral infection. In 2015, Nagasawa et al. showed that M 

cells and goblet cells (Figure 5) synthesize aldolase A which in turn binds to prion protein, 

leading the investigators to think that prions can be taken up by M cells in a PrP-Aldolase 

A complex. However, in 2011 and 2012 in vivo studies made in sheep by Åkesson et al. 

demonstrated that the follicle associated epithelium of PP was not involved in PrPSc 

uptake, whereas the absorptive epithelium had evidence of PrPSc uptake (Figure 16). 

However, in 2012 Åkesson et al., further examined the phenotype of the cells transporting 

exogen PrP and found that DC were not co-localized with the studied recombinant-PrP, 

instead it was associated with macrophages or immature DCs. The entry of PrPSc into the 

GALT by the absorptive epithelium, was further supported by Jeffrey et al. (143), and 

Dagleish et al. (144), which localized PrPSc in the lacteals and submucosal lymphatics, of 

sheep gut loops within 15- or 30-min post inoculation respectively, and up to 3,5 hours 

post-challenge (Figure 16a). Ano et al. (145), was able to make the same type of 

observations after orally infecting 15-day-old mice with scrapie-associated prions. 

However, 30 days post infection PrPSc was detectable in the follicles of PP, namely inside 

macrophages (Figure 16) (146,149,150). Similar to this, Okamoto et al. (148), showed 

that in neonatal (one day old) mice orally infected with scrapie-associated prions, PrPSc 

was localized in the cytoplasm of villus enterocytes 1 hour after inoculation.  

Relating to the mechanism by which PrPSc is transported from the lumen to the 

follicular DCs, Marshall et al(149) showed that intrinsic PrPc expression by enterocytes 

is not necessary for PrPSc uptake and early replication in Peyer’s patches. This experiment 

was able to show that after oral challenge, the quantity of PrPc inside enterocytes did not 

influence susceptibility to disease.  

In 2006, Austbø et al. found that PrPc expression levels were low in lambs’ 

lymphoid follicles, while high concentrations were detected in the outer submucosa and 

muscular layer of the gut. This suggests that while the GALT may act as a reservoir for 

PrPSc accumulation, it is not the main site of protein conversion (153). Moreover, inside 

PP, PrPSc is thought to accumulate in the germinal centres which are not directly 

innervated, however PrPc is intensively collocated with the DC present in the 
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suprafollicular area of PPs, these dendritic cells establish contacts with follicular dendritic 

cells and with B cells inside germinal centres possibly carrying PrPSc in cases of infection 

(154). Furthermore, it was found that in mice with a reduced number of PP, oral challenge 

became impossible, strengthening the hypothesis of PP being necessary for prion oral 

infection (154,155). Furthermore, in same study Prinz et al. (152) was able to determine 

that although the number of PP influences greatly oral susceptibility to scrapie-associated 

prion disease in mice, the number of lymphocytes associated to them do not disturb prion 

intake.  

Glaysher et al. (2007) (156) further substantiate the significance of GALT for 

neuroinvasion by Scrapies in a murine experiment. In this experiment, mice that were 

knockouts for the GALT and follicular DC were found to be resistant to oral infection 

with Scrapies. In the same study, when follicular DC were reintroduced without the 

presence of PP and mesenteric lymph nodes, or even just in the absence of PP, mice were 

still refractory to oral challenge. However, upon the introduction of isolated lymphoid 

follicles within follicular DC (in the absence of PP), mice exhibited comparable 

symptoms to those observed in the negative control mice (156). In a recent study, Balcan 

et al.(154), observed PrPc transit and localization in mice under endoplasmic reticulum 

stress versus basal conditions. In mice with induced endoplasmic reticulum stress, the 

levels of PrP were significantly increased in enterocytes and lacteals of PP (Figure 16), 

whereas they were decreased in M cells. This study suggests that in basal conditions, PrP 

Figure 16: a) PrPSc localization within 15 minutes to 3,5 hours after oral challenge in ileal PP 

b) PrPSc localization 30 days after oral challenge in ileal PP. FAE: follicle-associated 

epithelium (149) 
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uptake from the gut lumen occurs primarily through the M cell-Peyer’s patch-mesenteric 

lymph node axis, with an alternative pathway via the enterocyte-lacteal-mesenteric lymph 

node axis. However, in the context of endoplasmic reticulum stress, the enterocyte-

lacteal-mesenteric lymph node appears to be the sole axis for PrP transmission. 

Once PrPSc has entered the GALT, it must still cross the blood-brain barrier in 

order to initiate neuroinvasion. To this issue eight references pertain to the role the Enteric 

Nervous System (ENS) plays in this regard. In 2008, Albanese et al.  found that mice 

expressed PrPc inside enteric glial cells, these cells represent an integral part of the ENS 

and significantly outnumber neurons in that area. Studies have suggested that enteric glial 

cells exert essential roles in supporting the survival and functions of the ENS neurons 

(158). This localization of PrPc is seen to be a potential site for neuroinvasion by PrPSc, 

according to (156). 

Chiocchetti et al. (157) concluded, after observing the GALT from sheep ileum 

(distal part of the small intestine), that enteric and sympathetic neurons innervate the 

lymphoid follicles of Peyer’s patches, therefore constituting a possible pathway for prion 

neuroinvasion. However, McGovern et al. (158), found that nervous cells and PrPSc are 

only rarely located together inside PPs, suggesting that even if accumulation happens in 

the germinal sites of PP (Figure 5) neuroinvasion happens within other structures. On the 

other hand, in the same study it was observed that “sheep between 2 and 4 months of age 

had significantly more nerve fibres within follicles than older groups”, which could 

probably explain why young sheep are more susceptible to prion disease when compared 

to older animals (161). In addition to this, St. Rose et al. (159) observed a strong negative 

correlation between the concentration of PP and number of associated lymphoid follicles, 

with the age of Cheviot sheep. The reduction in PP and associated lymphoid follicles is 

correlated with an increase in the age of sheep.  

In 2010, Dagleish et al. (147) arrived at the conclusion that Scrapie-causing PrPSc 

is more proteinase resistant than BSE-causing PrPSc, by inoculating sheep and observing 

gut loops 15 min up to 3,5 hours after direct inoculation into the loops. In 2000, 2002, 

and 2003 Heggebø et al., published a series of studies made in lambs and sheep. The first 

study stated that the distribution of prion protein -no discrimination was made between 

PrPc and PrPSc - within the ileal PP of lambs (5 months old) changes between a scrapie-

free individual and an infected one however, the distribution of prion protein was similar 

between naturally infected lambs and those who were inoculated by a single dose scrapie-

infected brain given orally (Heggebø et al., 2000). The second study by Heggebø et al. 



Results 

45 

(161), was focused on the distribution of PrPSc in the GALT of 20 to 24 months old sheep 

with late pre-clinical signs of scrapie and early clinical signs. This experiment first 

showed that between the early clinical stages of diseases and the pre-clinical stage there 

is a difference in the colonization by PrPSc, with the individuals being in the pre-clinical 

stage only showing limited lesions in the brain, whereas in sheep that had begun to show 

symptoms PrPSc was widely spread throughout the CNS. However, despite the differences 

observed in the CNS, concentrations of PrPSc in the lymphoreticular system and 

peripheral nervous system were comparable between pre-clinical and clinical stages of 

disease. Furthermore, a large accumulation of PrPSc was found in lymphoid nodules of 

the alimentary tract, and other lymphoid tissues were also affected including extra-

nodular sites of lymphoid tissues, such as the marginal zone of the spleen. The third article 

published by Heggebø et al. (162), was made from the same experiment as the previous 

one, only this time, the functional region targeted was the ENS. This study found that 

PrPSc was more prominent in the ENS when the disease-associated protein had already 

invaded the surrounding lymphoid tissue. Furthermore, this experiment revealed that 

lymphoid follicles are highly innervated, which is confirmed by other authors (161). 

Keulen et al. (141), in a study describing early and late pathogenesis of natural scrapie 

infection in sheep, defines the first stage of infection as the colonization of the GALT by 

PrPSc, the second as the access to the efferent lymph and subsequently the blood stream 

leading to the “dissemination of the scrapie agent to non-GALT-associated lymphoid 

tissues”, and the final stage being neuroinvasion which in this study starts in the ENS 

supporting the findings of other studies (153,154,165,166). In 2014, González et al. (167) 

observe the pathogenesis of PrPSc in sheep using two inoculation methods, oral and 

conjunctival (conjunctival tissue of the eyes) challenge. Despite the difference in route of 

infection both populations showed identical tissue progression, the earliest detection of 

PrPSc was observed in gut- and pharynx-associated lymphoreticular tissues. After this, the 

brain and other lymphoreticular tissues became simultaneously PrPSc positive, and lastly 

the spinal cord and peripheral nervous tissues of the enteric, parasympathetic, and 

sympathetic systems became affected. In contrast, Kimberlin et al. (1989), found 

evidence of PrPSc replication in the spinal cord before finding it in the brain (168). 

Furthermore, irrespective of the inoculation method sheep showed identical symptoms, 

which started 6 and 8 months after infection for oral and conjunctival challenge, 

respectively. The commonalities observed between these two routes suggest “early 

dissemination of the infectious agent in the bloodstream and a common neuroinvasion 
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pathway,” (167) supporting the haematogenous route of infection to the brain previously 

described by Van Keulen et al. in 2002 (138), although in this case the ENS was not the 

first nervous tissue to be affected.  

Similarly to Scrapie in sheep, CWD in deer population appears to have the same 

pathogenesis upon oral infection, as depicted by Sigurdson et al. (169). 

In contrast with the findings in ovine population, Defaweux et al. (167) studied 

the amount of nerve fibres in Ileal PP of bovine cattle, and found that the older the animals 

were, the more nerve fibres were present in the germinal centres of PP in the ileum of 

calves, specifically near follicular DCs. These observations lead to see the innervation of 

the germinal centres to be an “age-dependent dynamic process” (170), possibly 

influencing the path of neuroinvasion in bovine cattle and their susceptibility to BSE. In 

more recent studies (171,172), four- to six-week-old calves were orally challenged with 

BSE-causing PrPSc and their peripheral nerves and ganglia, as well as central nervous 

tissues were sampled (from 1week to 8 months post oral challenge). The results of this 

study showed that, upon inoculation of a high dose of PrPSc, the calves showed infectivity 

in ileal PPs as early as two-month post-inoculation, and, as early as 8 months after 

infection in the spinal cord and parasympathetic nodal ganglion located close to the brain. 

However, it has been shown that the incubation period is dose-dependent, therefore the 

early observation of PrPSc in central nervous system is influenced by the dose given to 

the calves (100g compared to the 1mg dose that has been shown to be sufficient to cause 

an infection in cattle). Studies done with older calves aged 4 to 6 months (173,174), with 

the same inoculating dose as Ackermann et al. (168), searched PrPSc in the small intestine 

from 1 month to 44 months post-infection. Infectivity in these animals was detected not 

only in the ileum but also in the ileocecal junction and in the jejunum from 4 months post-

infection up until 44 months. The same observations were made by Okada et al. (147), 

this time with calves that were 3 to 4, and 9 to 11 months old and sacrificed at 20, 30 and 

46 months post oral challenge. Furthermore, no PrPSc was observed in the myenteric and 

submucosal plexuses of the ENS of the small intestine or any other tissues. No 

observations were made on the age differences between the calves. However, higher 

transmission rates and shorter incubation periods were obtained from ileal samples 

proving their higher infectivity compared to other small intestine regions (174,175). Fast 

et al. (170), also reported in their follow-up study that the amounts of infectivity observed 

at 4 months post-infection are comparable to levels at later stages of disease. 



Results 

47 

In BSE several articles point to the importance of the 37-kDa laminin receptor 

(37LRP or RPSA)(176), in prion uptake from the gut. In vitro, BSE is endocytosed by 

Human enterocytes via the 37 kDa/67 kDa Laminin Receptor. A study done in 2005, 

showed that PrPSc was internalized via endocytosis within minutes of infection. The 

endocytosis of the infectious BSE-associated PrPSc was reduced when the 37 kDa/67 kDa 

laminin receptor (LRP/LR) was inhibited. This receptor, which is apically expressed in 

Caco-2/TC7 cells, seems to be the entry point for the BSE-associated PrPSc. The results 

from this study, therefore, underscore a potential role of enterocytes in the absorption of 

BSE-associated PrPSc during oral infection through specific 37 kDa/67 kDa laminin 

receptor-dependent endocytosis (177). Moreover, porcine species are immune to oral 

transmission by BSE-associated PrPSc which might be explained by the differences 

between aa sequencing between pigs and ruminant mammals (178). 

A study carried out in vitro with cell cultures of different animals suggests 

possible oral transmissibility of CWD and sheep scrapie to humans and confirms the oral 

transmissibility of BSE to humans. However, CWD does not seem to be transmissible to 

cattle, pigs, and sheep. Furthermore, sheep scrapie might have caused BSE but may not 

cause TSE in cervids and pigs, and BSE may not be transmissible to cervids. Data from 

this experiment however only takes the enterocyte model system into account to model 

prion infections (179). 

In a study named “Protease-Resistant Human Prion Protein and Ferritin Are 

Cotransported across Caco-2 Epithelial Cells: Implications for Species Barrier in Prion 

Uptake from the Intestine”, it is suggested that PrPSc-associated proteins, in particular in 

complexes with ferritin-largely conservated between species-, may facilitate PrPSc uptake 

in the intestine from distant species, leading to a carrier state in humans (180). 

In 2015, Holznagel et al. infected orally Cynomolgus monkeys with brain of cows 

with bovine spongiform encephalopathy. This experiment was carried out in order to 

better understand the human vCJD model by using a simian subject. The results showed 

that BSE-associated prions were preferentially transported from the gut to the CNS along 

afferent sensory nerve fibres and initially entered the simian CNS at lumbar spinal cord 

levels. In asymptomatic animals, we found BSE in 50% and 12% of gut- and tonsil-

derived samples, respectively. This study also revealed that tonsils remained negative for 

PrPSc for an extended period of the incubation time, mainly becoming positive during 

clinical phase of the disease. If neuroinvasion happens in a similar way in human 
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population, this suggests that tonsillectomy testing drastically underappreciates the 

number of silent carriers in humans (181). 

Parkinson’s disease 

There is an increasing amount of evidence pointing to PD having two different 

types of disease onset being the “gut first” and “brain first” phenotypes (182). The 

references herein produced describe the “Gut first”, phenotype of Parkinson’s disease. 

Two of these studies have demonstrated a potential new pathway that would lead 

misfolded α-Synuclein from the gut to the central nervous system (183,184). Chandra et 

al. were able to observe that, enteroendocrine cells by their close proximity with both the 

gut lumen and the ENS are good candidates for α-Synuclein uptake from the gut to the 

CNS (184). Furthermore, the same author was able to prove that α-Synuclein not only is 

expressed by enteroendocrine cells, but also that the pathological isoform of α-Synuclein 

can go from these gut mucosal cells to the interconnected nerves. Two other studies 

focused on the enteric nervous system and its role in the uptake of misfolded proteins to 

the CNS (185,186). Heng et al. (183), treated mice with 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) which is extensively used to induce parkinsonism in animals. 

In this study, chronically MPTP- treated mice showed an increase in abnormal aggregated 

and nitrated α-synuclein, particularly in the myenteric plexus of the stomach. Bencsik et 

al. (182), described the particular case of an α-Synuclein mutation (A53T) expressed by 

transgenic mice. In their case the expression of misfolded protein appeared to happen 

simultaneously in the ENS and CNS, however it appears that the pathogenic α -synuclein 

is expressed in the ENS slightly before than the CNS.  

One study by S. G. Chen et al. (184), used nematodes - C. elegans - as a model 

for PD and was able to feed them exogenous re-formed α-Synuclein fibrils which induced 

a prion-like propagation of aggregates, mimicking the pathogenesis of PD. This study 

also hypothesizes that heparan sulphate proteoglycans (a molecule ubiquitously 

expressed in mammals’ tissues in cell surface and extracellular matrix) (188), mediate the 

uptake of α-Synuclein fibrils from the gut lumen to the ENS. The last study was 

performed in human duodenum biopsies from PD patients. In this experiment, Vascellari 

et al. (186), were able to detect pathologic α-Synuclein aggregates in the duodenum of 

PD patients with the aid of a rapid, ultrasensitive seed amplification assay (RT-QuICR). 

This tool not only proves the presence of misfolded protein in the studied area, but also 

the prion-like behaviour of self-propagation it has. This study, further supports the 
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possible gut-to-brain pathway of misfolded α-Synuclein in the “gut-first” phenotype of 

PD.  

Alzheimer’s disease  

The three articles found, focus on mechanisms “prion-like” adopted by beta-

amyloid (Aβ) such as with Y. Sun et al. (173) and J. Y. H. Liu et al. (174), describing the 

possibility of misfolded Aβ to travel from the gastrointestinal tract to the CNS of mice 

namely from the myenteric plexus and through the vagus nerves. These introduce the 

possibility that, AD might, just like PD and prion diseases have a starting point in the 

gastrointestinal tract. Moreover, Flach et al. (175) have found that Sup35NM fibrils (a 

yeast prion) are able to initiate neurodegeneration in transgenic mice expressing the 

human tau protein after intra cerebral inoculation, also stating the possibility that non-

mammalian prions originating from the microbiome, can originate protein misfolding in 

their host and be at the starting point of neurodegenerative diseases such as AD. 

 

III.3.  Prion/misfolded protein susceptibility  

In this review, the question of susceptibility to prion disease generated twenty-one 

results in prion diseases, three in PD and one in AD. However, as most articles have two 

or more simultaneous labels, this subject is not restricted only to this paragraph.  

In 2010, Ano et al.(130) observed that in suckling mice (i.e. 15 days old) lacking 

maternal antibodies, the uptake of PrPSc was done at a significantly lower rate than in 

wild-type mice. Moreover, PrPSc uptake increased when administered with purified 

immunoglobulin G (IgG). This study suggests that maternal immunoglobulin and the 

weaning period of animals, are important risk factors for the oral susceptibility to PrPSc. 

In 2019, Sánchez-Quintero et al. showed that mice infected with a natural mouse 

small intestine-restricted helminth pathogen Heligmosomoides polygyrus (a worm-like 

parasite) (193), subsequently infected with ME7 scrapie-prion strain demonstrated a 

significant increase in survival time. However, this phenomenon only happened when 

prion inoculation was done 8 days after helminth infection, which corresponds to the 

period when the adult worms re-emerge back into the gut lumen. This time stamp also 

corresponds to a significant increase in Mononuclear phagocyte population, such as 

macrophages, however how this influences PrPSc uptake from the gut lumen is yet to be 

determined (194).  
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In 2015, Martin et al. subjected mice to a nonsteroidal anti-inflammatory drug, 

indomethacin. This class of drugs is known to cause intestinal inflammation, therefore 

expected results were that of an increased susceptibility to scrapie-associated strain ME7 

upon oral challenge. However, instead of increasing PrPc concentration (expected in 

inflammation), acute administration of indomethacin decreased cellular expression of 

PrPc. Moreover, when administered chronically indomethacin led to a “modest delay in 

the onset of neurological disease” (195).  

 

III.4. Degradation of PrPSc by the gut 

Another label defined in this review was the degradation of PrPSc by the gut of 

affected animals, 8 references in total mention this subject, all relative to prion disease.  

Krüger et al. (179), describe faecal shedding of, in hamsters after oral challenge 

with scrapie-associated prions at 24 to 72 hours post infection. In the first 24 hours, and 

late pre-clinical or clinical stages, no PrPSc was found in hamsters’ excrement. 

Furthermore, only about 5% of the initial inoculum was found in the faeces, and the 

majority of PrPSc was out of the alimentary tract, and the authors attribute this mainly to 

degradation by digestion.  
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IV. Discussion 

Upon completion of the review, the labels were fined in an attempt to segregate 

the references according to the disease, the population, and the subject matter. The initial 

subject under consideration was the uptake of misfolded protein or prion from the gut 

lumen into the gut. Regarding this subject, most articles identified referred to prion 

diseases, with scrapie featuring the most frequently and BSE the second most frequently. 

Upon oral infection, it is agreed upon that the PP play a key role in prion uptake 

and replication (153,155,160,161), however the exact mechanism by which PrPSc is able 

to cross the epithelial barrier is still discussed. References mention on the one hand the 

importance of the follicle-associated epithelium of PP, namely with M cells (143–

145,197), but others deny this structure’s implication in the uptake of the protein stating 

that the absorptive epithelium of PP is the responsible structure for PrPSc uptake 

(149,152). Nonetheless, a recent study hypothesized that endoplasmic reticulum stress 

influences the pathway used by PrPSc to enter the GALT and initiate replication. This 

study proposes that both pathways previously mentioned exist, however if the 

endoplasmic reticulum exists in a stress inducing environment, then the absorptive 

epithelium becomes fully responsible for the uptake (157). These results show that, even 

if a significant number of experiments have been carried out through the years, it is still 

difficult to this day to define the exact point, or points of entry borrowed by PrPSc. 

Furthermore, the last study mentioned made its hypothesis while observing cellular prion 

protein and not its disease-associated isoform, limiting therefore the conclusions that can 

be taken from it. Nonetheless, the behaviour pattern exhibited by the tissue would be 

interesting to investigate further, for example knowing whether oral challenge with PrPSc 

causes or not endoplasmic reticulum, namely in PP. In the case of BSE, the experiments 

were mainly made in bovine cattle and were also scarcer. Also, it is interesting to point 

out that while CWD and scrapie seem to have the same pathogenesis, in terms of 

structures infected and age susceptibility(169), BSE-associated transmissible spongiform 

encephalopathy seems to behave differently upon infection of a new host (198). The 

differences observed are mainly in sites of accumulation, while BSE-associated PrPSc 

tends to accumulate directly in the CNS, scrapie-associated PrPSc exhibits high 

accumulation in lymphoid tissue prior to neuroinvasion (156,170,198). The differences 

observed between different disease-causing PrPSc render comparison between them 
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difficult, however some similarities are observed such as the importance of PP in PrPSc 

uptake and accumulation, in particular ileal Peyer’s Patches (161,170,199).  

Still on prion uptake from the gut, the closest animal to humans studied were 

primates and only one reference has surfaced (181). Furthermore, observations made in 

the study provide essential clues on prion behaviour in primates, for example the study 

revealed that, in primates lymphoid tissue invasion in tonsils and spleen by PrPSc 

happened only in late-stage incubation or at early clinical signs of BSE. If the same type 

of pathogenesis is confirmed in humans affected with vCJD then studies carried out in 

tonsillectomies for purposes of assessing the prevalence of population carrying the vCJD-

associated PrPSc is largely underestimated (200). 

Given this, it is important to further study prion behaviour in human and non-

human primates to fully understand how these pathogens function in human population. 

However, it is important to emphasize that given the low prevalence of prion disease in 

humans, its rapid progression to death after diagnosis, and the high level of biosafety 

required to study this type of disease it is complicated to this day to study human prion 

disease on a large scale (112,201). 

Within the tag prion/misfolded protein uptake from the gut, references were also 

extracted mentioning Parkinson’s Disease and Alzheimer Disease. These studies, 

however few in number, reveal that prion diseases and the neurodegenerative diseases 

herein mentioned have a commonality, they can originate in the gut. Furthermore, they 

all seem to use the enteric nervous system as a pathway to the CNS (183–187,190).  

This study comprises a set of limitations which include the wide variety of labels 

covered, making the presentation of results lengthier and more difficult to explain, even 

more so given the large quantity of selected articles for this review (102). In addition to 

this not all articles were discussed or presented in this work, leaving parts of the data still 

untreated. However, this study also comprises a set of strengths including the fact that 

reviews comparing prion diseases and neurodegenerative proteinopathies have mostly 

directed their focus onto protein misfolding (120,130). In this matter however, PD is the 

exception with an increasing amount of literature pointing to a clear gut-to-brain 

phenotype of the disease (119). The clear impact of the gut, its microbiome, and its 

associated lymphatic and nervous system on these types of disease is another common 

point that should be further studied in the future with the aim understanding if these 

commonalities exert a potential for future treatment and earlier diagnosis 

(136,137,157,186,190,192,202–205). Furthermore, mucosal vaccination appears as a 
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promising way to delay symptom onset of prion diseases in studies found in this 

review(206,207), further pressing the importance of uncovering the mechanisms by 

which both prion and “prion-like” diseases travel from the lumen of the gastrointestinal 

tract into the central nervous system.  

To conclude, this work emphasizes the increasing amount of evidence linking 

prion diseases and neurodegenerative proteinopathies, while tackling the importance of 

the gut-brain axis which has demonstrated in recent years to have a major role in both 

health and disease (123,208–210).    

 



Gut in prion and “prion-like” disease 

 54 



Bibliography 

 

55 

V. Bibliography 

1. Arnts H, van Erp WS, Lavrijsen JCM, van Gaal S, Groenewegen HJ, van den 

Munckhof P. On the pathophysiology and treatment of akinetic mutism. Neurosci 

Biobehav Rev [Internet]. 2020 May 1 [cited 2024 Jun 26];112:270–8. Available 

from: https://pubmed.ncbi.nlm.nih.gov/32044373/ 

2. Hafiz S, Jesus O De. Ataxia. Encyclopedia of Movement Disorders, Three-Volume 

Set [Internet]. 2023 Aug 23 [cited 2024 Jun 24];V1-70-V1-86. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK562284/ 

3. Hama K, Aoki J. LPA3, a unique G protein-coupled receptor for lysophosphatidic 

acid. Prog Lipid Res. 2010 Oct;49(4):335–42.  

4. Lotersztajn S, Mallat A. Chapter 11 - Hepatic Stellate Cells as Target for Reversal 

of Fibrosis/Cirrhosis. Stellate Cells in Health and Disease. 2015 Apr 8;175–84.  

5. Söderholm JD, Perdue MH. Effect of Stress on Intestinal Mucosal Function. 

Physiology of the Gastrointestinal Tract. 2006;1:763–80.  

6. D’Souza RS, Hooten WM. Extrapyramidal Symptoms. Clinical Nurse Specialist 

[Internet]. 2023 Jul 31 [cited 2024 Jun 26];7(4):224. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK534115/ 

7. Dao DPD, Le PH. Histology, Goblet Cells. StatPearls [Internet]. 2023 Mar 15 

[cited 2024 Jul 6]; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK553208/ 

8. NIH. National Institute of Neurological Disorders and Stroke. 2023 [cited 2024 

Jun 24]. Myoclonus | National Institute of Neurological Disorders and Stroke. 

Available from: https://www.ninds.nih.gov/health-

information/disorders/myoclonus 

9. Lohia A, McKenzie J. Neuroanatomy, Pyramidal Tract Lesions. StatPearls 

[Internet]. 2023 Jul 24 [cited 2024 Jun 26]; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK540976/ 

10. Peever J, Fuller PM. The Biology of REM Sleep. Current Biology. 2017 Nov 

20;27(22):R1237–48.  

11. Chahal G, Tyagi S, Ramialison M. Navigating the non-coding genome in heart 

development and Congenital Heart Disease. Differentiation. 2019 May 1;107:11–

23.  

12. Davies G, Griesenbach U, Alton E, Davies JC. 53 - Molecular Therapies for Cystic 

Fibrosis. Kendig’s Disorders of the Respiratory Tract in Children. 2019;800-

811.e3.  

13. Zabel MD, Reid C. A brief history of prions. Pathog Dis. 2015 Dec 1;73(9).  

14. Leopoldt JG. Nützliche und auf die Erfahrung gegründete Einleitung zu der 

Landwirthschaft ... - Johann George Leopoldt - Google Books [Internet]. Christian 

Friedrich Günthern; 1759 [cited 2024 Apr 28]. 1–64 p. Available from: 

https://books.google.pt/books?hl=en&lr=&id=MiNkAAAAcAAJ&oi=fnd&pg=P

A2&dq=+J.G.+Leopoldt&ots=1L3bO2hIMb&sig=ZjGZUpi-u76ZhUEx-u-

759ezqPo&redir_esc=y#v=onepage&q&f=false 

15. Prusiner SB. Novel Proteinaceous Infectious Particles Cause Scrapie. Science 

(1979) [Internet]. 1982 [cited 2024 Apr 28];216(4542):136–44. Available from: 

https://www.science.org/doi/10.1126/science.6801762 



Gut in prion and “prion-like” disease 

 56 

16. Zhu C, Aguzzi A. Prion protein and prion disease at a glance. J Cell Sci [Internet]. 

2021 Sep 1 [cited 2024 Mar 30];134(17):245605. Available from: 

https://dx.doi.org/10.1242/jcs.245605 

17. Bagyinszky E, Van Giau V, Youn YC, An SSA, Kim S. Characterization of 

mutations in prnp (PRION) gene and their possible roles in neurodegenerative 

diseases. Neuropsychiatr Dis Treat [Internet]. 2018 [cited 2024 May 19];14:2067–

85. Available from: 

https://www.tandfonline.com/action/journalInformation?journalCode=dndt20 

18. Liebert A, Bicknell B, Adams R. Prion Protein Signaling in the Nervous System—

A Review and Perspective. https://doi.org/104137/STIS12319 [Internet]. 2014 

Dec 2 [cited 2024 May 21];3:STI.S12319. Available from: 

https://journals.sagepub.com/doi/full/10.4137/STI.S12319 

19. Schmitz M, Dittmar K, Llorens F, Gelpi E, Ferrer I, Schulz-Schaeffer WJ, et al. 

Hereditary Human Prion Diseases: an Update. Molecular Neurobiology 2016 54:6 

[Internet]. 2016 Jun 20 [cited 2024 Jun 25];54(6):4138–49. Available from: 

https://link.springer.com/article/10.1007/s12035-016-9918-y 

20. Baral PK, Yin J, Aguzzi A, James MNG. Transition of the prion protein from a 

structured cellular form (PrPC) to the infectious scrapie agent (PrPSc). Protein 

Science. 2019 Dec 1;28(12):2055–63.  

21. Kovač V, Šerbec VČ. Prion Protein: The Molecule of Many Forms and Faces. 

International Journal of Molecular Sciences 2022, Vol 23, Page 1232 [Internet]. 

2022 Jan 22 [cited 2024 Mar 30];23(3):1232. Available from: 

https://www.mdpi.com/1422-0067/23/3/1232/htm 

22. Antonyuk S V., Trevitt CR, Strange RW, Jackson GS, Sangar D, Batchelor M, et 

al. Crystal structure of human prion protein bound to a therapeutic antibody. Proc 

Natl Acad Sci U S A [Internet]. 2009 Feb 2 [cited 2024 May 20];106(8):2554. 

Available from: /pmc/articles/PMC2637903/ 

23. Gill AC, Castle AR. The cellular and pathologic prion protein. Handb Clin Neurol. 

2018 Jan 1;153:21–44.  

24. Castle AR, Gill AC. Physiological Functions of the Cellular Prion Protein. Front 

Mol Biosci [Internet]. 2017 Apr 6 [cited 2024 May 30];4(APR):19. Available 

from: /pmc/articles/PMC5382174/ 

25. Van Rheede T, Smolenaars MMW, Madsen O, De Jong WW. Molecular Evolution 

of the Mammalian Prion Protein. Mol Biol Evol [Internet]. 2003 Jan 1 [cited 2024 

May 20];20(1):111–21. Available from: 

https://dx.doi.org/10.1093/molbev/msg014 

26. Aguzzi A, Baumann F, Bremer J. The prion’s elusive reason for being. Annu Rev 

Neurosci [Internet]. 2008 Jul 21 [cited 2024 May 20];31(Volume 31, 2008):439–

77. Available from: 

https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.0604

07.125620 

27. Sanvictores T, Farci F. Biochemistry, Primary Protein Structure. StatPearls 

[Internet]. 2022 Oct 31 [cited 2024 May 30]; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK564343/ 

28. Bortot LO, Rangel VL, Pavlovici FA, El Omari K, Wagner A, Brandao-Neto J, et 

al. Novel quaternary structures of the human prion protein globular domain. 

Biochimie. 2021 Dec 1;191:118–25.  

29. Gielnik M, Taube M, Zhukova L, Zhukov I, Wärmländer SKTS, Svedružić Ž, et 

al. Zn(II) binding causes interdomain changes in the structure and flexibility of the 



Bibliography 

 

57 

human prion protein. Sci Rep [Internet]. 2021 Dec 1 [cited 2024 May 

19];11(1):21703. Available from: /pmc/articles/PMC8568922/ 

30. Gielnik M, Szymańska A, Dong X, Jarvet J, Svedružić ŽM, Gräslund A, et al. 

Prion Protein Octarepeat Domain Forms Transient β-Sheet Structures upon 

Residue-Specific Binding to Cu(II) and Zn(II) Ions. Biochemistry [Internet]. 2023 

Jun 6 [cited 2024 May 19];62(11):1689–705. Available from: 

https://pubmed.ncbi.nlm.nih.gov/37163663/ 

31. Wulf MA, Senatore A, Aguzzi A. The biological function of the cellular prion 

protein: an update. BMC Biol [Internet]. 2017 May 2 [cited 2024 May 31];15(1). 

Available from: /pmc/articles/PMC5412054/ 

32. Shafiq M, Da Vela S, Amin L, Younas N, Harris DA, Zerr I, et al. The prion protein 

and its ligands: Insights into structure-function relationships ☆. BBA-Molecular 

Cell Research [Internet]. 2022 [cited 2024 Mar 30];1869:119240. Available from: 

https://doi.org/10.1016/j.bbamcr.2022.119240 

33. Rehman I, Kerndt CC, Botelho S. Biochemistry, Tertiary Protein Structure. 

StatPearls [Internet]. 2022 Sep 12 [cited 2024 Jun 1]; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK470269/ 

34. Ouellette RJ, Rawn JD. Amino Acids, Peptides, and Proteins. Principles of 

Organic Chemistry. 2015;371–96.  

35. Wulf MA, Senatore A, Aguzzi A. The biological function of the cellular prion 

protein: an update. BMC Biol. 2017;  

36. Shao J, Yin X, Lang Y, Ding M, Zhang B, Sun Q, et al. Cellular Prion Protein 

Attenuates OGD/R-Induced Damage by Skewing Microglia toward an Anti-

inflammatory State via Enhanced and Prolonged Activation of Autophagy. Mol 

Neurobiol [Internet]. 2023 Mar 1 [cited 2024 Jun 3];60(3):1297–316. Available 

from: https://link.springer.com/article/10.1007/s12035-022-03099-5 

37. Wang Z, Zou WQ. Protective Role of Cellular Prion Protein in Tissues 

Ischemic/Reperfusion Injury. Prions and Diseases: Second Edition [Internet]. 2023 

Jan 1 [cited 2024 Jun 3];501–14. Available from: 

https://link.springer.com/chapter/10.1007/978-3-031-20565-1_24 

38. Gavín R, Lidón L, Ferrer I, Del Río JA. The Quest for Cellular Prion Protein 

Functions in the Aged and Neurodegenerating Brain. Cells 2020, Vol 9, Page 591 

[Internet]. 2020 Mar 2 [cited 2024 Jun 3];9(3):591. Available from: 

https://www.mdpi.com/2073-4409/9/3/591/htm 

39. Watts JC, Bourkas MEC, Arshad H. The function of the cellular prion protein in 

health and disease. Acta Neuropathologica 2017 135:2 [Internet]. 2017 Nov 18 

[cited 2024 Jun 3];135(2):159–78. Available from: 

https://link.springer.com/article/10.1007/s00401-017-1790-y 

40. Thellung S, Corsaro A, Bosio AG, Zambito M, Barbieri F, Mazzanti M, et al. 

Emerging Role of Cellular Prion Protein in the Maintenance and Expansion of 

Glioma Stem Cells. Cells 2019, Vol 8, Page 1458 [Internet]. 2019 Nov 18 [cited 

2024 Jun 9];8(11):1458. Available from: https://www.mdpi.com/2073-

4409/8/11/1458/htm 

41. Miranda A, Pericuesta E, Ramírez MÁ, Gutierrez-Adan A. Prion protein 

expression regulates embryonic stem cell pluripotency and differentiation. PLoS 

One. 2011;6(4).  

42. Martins VR, Linden R, Prado MAM, Walz R, Sakamoto AC, Izquierdo I, et al. 

Cellular prion protein: on the road for functions. FEBS Lett. 2002 Feb 13;512(1–

3):25–8.  



Gut in prion and “prion-like” disease 

 58 

43. Wang H, Luo X, Leighton J. Extracellular Matrix and Integrins in Embryonic Stem 

Cell Differentiation. Biochem Insights. 2015 Jan;8s2(8):BCI.S30377.  

44. Martellucci S, Santacroce C, Santilli F, Manganelli V, Sorice M, Mattei V. Prion 

Protein in Stem Cells: A Lipid Raft Component Involved in the Cellular 

Differentiation Process. International Journal of Molecular Sciences 2020, Vol 21, 

Page 4168 [Internet]. 2020 Jun 11 [cited 2024 Jun 10];21(11):4168. Available 

from: https://www.mdpi.com/1422-0067/21/11/4168/htm 

45. Cha S, Kim MY. The role of cellular prion protein in immune system. BMB Rep 

[Internet]. 2023 Dec 12 [cited 2024 Jun 10];56(12):645. Available from: 

/pmc/articles/PMC10761747/ 

46. Kim S, Han S, Lee YE, Jung WJ, Lee HS, Kim YS, et al. Prion protein-deficient 

mice exhibit decreased CD4 T and LTi cell numbers and impaired spleen structure. 

Immunobiology. 2016 Jan 1;221(1):94–102.  

47. Kim S, Han S, Kim T, Nam J, Kim YS, Choi EK, et al. Prolonged follicular helper 

T cell responses in ME7 scrapie-infected mice. Prion [Internet]. 2018 [cited 2024 

Jun 10];12(2):109–16. Available from: 

https://www.tandfonline.com/action/journalInformation?journalCode=kprn20 

48. Mebius RE, Kraal G. Structure and function of the spleen. Nature Reviews 

Immunology 2005 5:8 [Internet]. 2005 Aug [cited 2024 Jun 11];5(8):606–16. 

Available from: https://www.nature.com/articles/nri1669 

49. Zhong C, Zheng M, Zhu J. Lymphoid tissue inducer—A divergent member of the 

ILC family. Cytokine Growth Factor Rev. 2018 Aug 1;42:5–12.  

50. van de Pavert SA. Layered origins of lymphoid tissue inducer cells. Immunol Rev 

[Internet]. 2023 May 1 [cited 2024 Jun 12];315(1):71–8. Available from: 

https://onlinelibrary.wiley.com/doi/full/10.1111/imr.13189 

51. Gadotti VM, Zamponi GW. Cellular prion protein protects from inflammatory and 

neuropathic pain. Mol Pain [Internet]. 2011 [cited 2024 Jun 14]; Available from: 

http://www.molecularpain.com/content/7/1/59 

52. Jewett BE, Thapa B. Physiology, NMDA Receptor. StatPearls [Internet]. 2022 Dec 

11 [cited 2024 Jun 14]; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK519495/ 

53. Tan PH, Yang LC, Chiang PT, Jang JSC, Chung HC, Kuo CH. Inflammation-

induced up-regulation of ionotropic glutamate receptor expression in human skin. 

Br J Anaesth. 2008 Mar 1;100(3):380–4.  

54. Orellana-Urzúa S, Rojas I, Líbano L, Rodrigo R. Pathophysiology of Ischemic 

Stroke: Role of Oxidative Stress. Curr Pharm Des. 2020 Jul 9;26(34):4246–60.  

55. Rodrigo R, Fernandez-Gajardo R, Gutierrez R, Matamala J, Carrasco R, Miranda-

Merchak A, et al. Oxidative stress and pathophysiology of ischemic stroke: novel 

therapeutic opportunities. CNS Neurol Disord Drug Targets [Internet]. 2013 Jul 23 

[cited 2024 Jun 15];12(5):698–714. Available from: 

https://pubmed.ncbi.nlm.nih.gov/23469845/ 

56. Mahabadi HM, Taghibiglou C. Cellular Prion Protein (PrPc): Putative Interacting 

Partners and Consequences of the Interaction. International Journal of Molecular 

Sciences 2020, Vol 21, Page 7058 [Internet]. 2020 Sep 25 [cited 2024 Jun 

16];21(19):7058. Available from: https://www.mdpi.com/1422-

0067/21/19/7058/htm 

57. Puig B, Yang D, Brenna S, Altmeppen HC, Magnus T. Show Me Your Friends 

and I Tell You Who You Are: The Many Facets of Prion Protein in Stroke. Cells 

[Internet]. 2020 Jul 2 [cited 2024 Jun 16];9(7):1609. Available from: 

https://www.mdpi.com/2073-4409/9/7/1609 



Bibliography 

 

59 

58. Armada-Moreira A, Gomes JI, Pina CC, Savchak OK, Gonçalves-Ribeiro J, Rei 

N, et al. Going the Extra (Synaptic) Mile: Excitotoxicity as the Road Toward 

Neurodegenerative Diseases. Front Cell Neurosci. 2020 Apr 24;14:521326.  

59. Maddahi A, Edvinsson L. Cerebral ischemia induces microvascular pro-

inflammatory cytokine expression via the MEK/ERK pathway. J 

Neuroinflammation [Internet]. 2010 Feb 26 [cited 2024 Jun 16];7:14. Available 

from: /pmc/articles/PMC2837637/ 

60. Doeppner TR, Kaltwasser B, Schlechter J, Jaschke J, Kilic E, Bähr M, et al. 

Cellular prion protein promotes post-ischemic neuronal survival, 

angioneurogenesis and enhances neural progenitor cell homing via proteasome 

inhibition. Cell Death & Disease 2015 6:12 [Internet]. 2015 Dec 17 [cited 2024 

Jun 16];6(12):e2024–e2024. Available from: 

https://www.nature.com/articles/cddis2015365 

61. Sun J, Nan G. The extracellular signal-regulated kinase 1/2 pathway in 

neurological diseases: A potential therapeutic target (Review). Int J Mol Med. 

2017 Jun;39(6):1338–46.  

62. Caetano FA, Lopes MH, Hajj GNM, Machado CF, Arantes CP, Magalhães AC, et 

al. Endocytosis of Prion Protein Is Required for ERK1/2 Signaling Induced by 

Stress-Inducible Protein 1. 2008;  

63. Westergard L, Christensen HM, Harris DA. The cellular prion protein (PrPC): Its 

physiological function and role in disease. Biochimica et Biophysica Acta (BBA) 

- Molecular Basis of Disease. 2007 Jun 1;1772(6):629–44.  

64. Zhang B, Cowden D, Zhang F, Yuan J, Siedlak S, Abouelsaad M, et al. Prion 

Protein Protects against Renal Ischemia/Reperfusion Injury. PLoS One [Internet]. 

2015 Sep 1 [cited 2024 Jun 16];10(9):e0136923. Available from: 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0136923 

65. Bremer J, Baumann F, Tiberi C, Wessig C, Fischer H, Schwarz P, et al. Axonal 

prion protein is required for peripheral myelin maintenance. Nat Neurosci. 2010 

Mar;13(3):310–8.  

66. Küffer A, Lakkaraju AKK, Mogha A, Petersen SC, Airich K, Doucerain C, et al. 

The prion protein is an agonistic ligand of the G protein-coupled receptor Adgrg6. 

Nature 2016 536:7617 [Internet]. 2016 Aug 8 [cited 2024 Jun 17];536(7617):464–

8. Available from: https://www.nature.com/articles/nature19312 

67. Megra BW, Eugenin EA, Berman JW. Inflammatory mediators reduce surface 

PrPc on human BMVEC resulting in decreased barrier integrity. Laboratory 

Investigation. 2018 Oct 1;98(10):1347–59.  

68. Hall EJ, German AJ, Willard MD, Lappin MR, Cave N, Washabau RJ, et al. Small 

Intestine. Canine and Feline Gastroenterology. 2013 Jan 1;651–728.  

69. Bonis V, Rossell C, Gehart H. The Intestinal Epithelium – Fluid Fate and Rigid 

Structure From Crypt Bottom to Villus Tip. Front Cell Dev Biol. 2021 May 

20;9:661931.  

70. Petit CSV, Barreau F, Besnier L, Gandille P, Riveau B, Chateau D, et al. 

Requirement of cellular prion protein for intestinal barrier function and 

mislocalization in patients with inflammatory bowel disease. Gastroenterology 

[Internet]. 2012 [cited 2024 Jun 17];143(1). Available from: 

https://pubmed.ncbi.nlm.nih.gov/22446194/ 

71. Kujala P, Raymond CR, Romeijn M, Godsave SF, van Kasteren SI, Wille H, et al. 

Prion Uptake in the Gut: Identification of the First Uptake and Replication Sites. 

PLoS Pathog [Internet]. 2011 Dec [cited 2024 Jun 17];7(12):1002449. Available 

from: /pmc/articles/PMC3245311/ 



Gut in prion and “prion-like” disease 

 60 

72. Manni G, Lewis V, Senesi M, Spagnolli G, Fallarino F, Collins SJ, et al. The 

cellular prion protein beyond prion diseases. Swiss Med Wkly [Internet]. 2020 Apr 

20 [cited 2024 Jun 14];150:w20222. Available from: 

https://pubmed.ncbi.nlm.nih.gov/32330284/ 

73. Wille H, Requena JR. The Structure of PrPSc Prions. Pathogens [Internet]. 2018 

Mar 1 [cited 2024 Jun 18];7(1). Available from: 

https://pubmed.ncbi.nlm.nih.gov/29414853/ 

74. Joshi T, Ahuja N. The Prion Basis of Progressive Neurodegenerative Disorders. 

Interdiscip Perspect Infect Dis. 2023;2023.  

75. Leemans M. Prion diseases. Anaesthesia & Intensive Care Medicine. 2020 Jan 

1;21(1):56–9.  

76. Ritchie DL, Barria MA. Prion Diseases: A Unique Transmissible Agent or a Model 

for Neurodegenerative Diseases? 2021 [cited 2024 Mar 30]; Available from: 

https://doi.org/10.3390/biom11020207 

77. Sanz-Hernández M, Barritt JD, Sobek J, Hornemann S, Aguzzi A, de Simone A. 

Mechanism of misfolding of the human prion protein revealed by a pathological 

mutation. Proc Natl Acad Sci U S A [Internet]. 2021 Mar 23 [cited 2024 Jun 

18];118(12). Available from: /pmc/articles/PMC7999870/ 

78. Kraus A, Hoyt F, Schwartz CL, Race B, Baron GS, Caughey B. High-resolution 

structure and strain comparison of infectious mammalian prions. Mol Cell 

[Internet]. 2021 [cited 2024 Jun 18];81:4540-4551.e6. Available from: 

https://doi.org/10.1016/j.molcel.2021.08.011 

79. Pan KM, Baldwin M, Nguyen J, Gasset M, Serban A, Groth D, et al. Conversion 

of α-helices into β-sheets features in the formation of the scrapie prion proteins. 

Proc Natl Acad Sci U S A. 1993 Dec 1;90(23):10962–6.  

80. Marín-Moreno A, Fernández-Borges N, Espinosa JC, Andréoletti O, Torres JM. 

Transmission and Replication of Prions. Prog Mol Biol Transl Sci. 2017 Jan 

1;150:181–201.  

81. Rambaran RN, Serpell LC. Amyloid fibrils: Abnormal protein assembly. Prion 

[Internet]. 2008 [cited 2024 Jun 18];2(3):112. Available from: 

/pmc/articles/PMC2634529/ 

82. Requena JR. The protean prion protein. PLoS Biol [Internet]. 2020 Jun 1 [cited 

2024 Jun 18];18(6):e3000754. Available from: 

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3000754 

83. Telling GC. The shape of things to come: structural insights into how prion 

proteins encipher heritable information. Nature Communications 2022 13:1 

[Internet]. 2022 Jul 13 [cited 2024 Jun 22];13(1):1–3. Available from: 

https://www.nature.com/articles/s41467-022-31460-8 

84. Hoyt F, Standke HG, Artikis E, Schwartz CL, Hansen B, Li K, et al. Cryo-EM 

structure of anchorless RML prion reveals variations in shared motifs between 

distinct strains. Nature Communications 2022 13:1 [Internet]. 2022 Jul 13 [cited 

2024 Jun 22];13(1):1–7. Available from: https://www.nature.com/articles/s41467-

022-30458-6 

85. Caughey B, Standke HG, Artikis E, Hoyt F, Kraus A. Pathogenic prion structures 

at high resolution. PLoS Pathog [Internet]. 2022 Jun 1 [cited 2024 Jun 

22];18(6):e1010594. Available from: 

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1010594 

86. Mabbott NA, Alibhai JD, Manson J. The role of the immune system in prion 

infection. Handb Clin Neurol. 2018 Jan 1;153:85–107.  



Bibliography 

 

61 

87. Appleby BS, Connor A, Wang H. Therapeutic strategies for prion disease: a 

practical perspective. Curr Opin Pharmacol. 2019 Feb 1;44:15–9.  

88. Legname G, Pischke KE. Prions. Encyclopedia of Cell Biology. 2016 Jan 1;2:839–

44.  

89. Dana Foundation. Dana Foundation. 2023 [cited 2024 Jun 24]. Neuroanatomy: The 

Basics - Dana Foundation. Available from: 

https://dana.org/resources/neuroanatomy-the-basics/ 

90. Safar JG. Molecular pathogenesis of sporadic prion diseases in man. Prion 

[Internet]. 2012 Apr [cited 2024 Jun 24];6(2):108–15. Available from: 

https://www.tandfonline.com/doi/abs/10.4161/pri.18666 

91. Puoti G, Bizzi A, Forloni G, Safar JG, Tagliavini F, Gambetti P. Sporadic human 

prion diseases: Molecular insights and diagnosis. Lancet Neurol [Internet]. 2012 

Jul 1 [cited 2024 Jun 24];11(7):618–28. Available from: 

http://www.thelancet.com/article/S1474442212700637/fulltext 

92. Cracco L, Appleby BS, Gambetti P. Fatal familial insomnia and sporadic fatal 

insomnia. Handb Clin Neurol. 2018 Jan 1;153:271–99.  

93. Zerr I, Parchi P. Sporadic Creutzfeldt–Jakob disease. Handb Clin Neurol. 2018 Jan 

1;153:155–74.  

94. Katsikaki G, Dagklis IE, Angelopoulos P, Ntantos D, Prevezianou A, 

Bostantjopoulou S. Atypical and early symptoms of sporadic Creutzfeldt – Jakob 

disease: case series and review of the literature. International Journal of 

Neuroscience [Internet]. 2021 [cited 2024 Jun 24];131(9):927–38. Available from: 

https://www.tandfonline.com/doi/abs/10.1080/00207454.2020.1759594 

95. Venkatraghavan V, Pascuzzo R, Bron EE, Moscatelli M, Grisoli M, Pickens A, et 

al. A discriminative event-based model for subtype diagnosis of sporadic 

Creutzfeldt-Jakob disease using brain MRI. Alzheimer’s & Dementia [Internet]. 

2023 Aug 1 [cited 2024 Jun 24];19(8):3261–71. Available from: 

https://onlinelibrary.wiley.com/doi/full/10.1002/alz.12939 

96. Tuite PJ, Konczak J. Cortical Sensory Dysfunction and the Parietal Lobe. 

Encyclopedia of Movement Disorders, Three-Volume Set. 2010 Jan 1;254–7.  

97. Kreitzer AC. Physiology and pharmacology of striatal neurons. Annu Rev 

Neurosci [Internet]. 2009 Jun 21 [cited 2024 Jun 24];32(Volume 32, 2009):127–

47. Available from: 

https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.051508.

135422 

98. Bizzi A, Pascuzzo R, Blevins J, Moscatelli MEM, Grisoli M, Lodi R, et al. Subtype 

Diagnosis of Sporadic Creutzfeldt–Jakob Disease with Diffusion Magnetic 

Resonance Imaging. Ann Neurol [Internet]. 2021 Mar 1 [cited 2024 Jun 

24];89(3):560. Available from: /pmc/articles/PMC7986086/ 

99. Baiardi S, Magherini A, Capellari S, Redaelli V, Ladogana A, Rossi M, et al. 

Towards an early clinical diagnosis of sporadic CJD VV2 (ataxic type). J Neurol 

Neurosurg Psychiatry [Internet]. 2017 Sep 1 [cited 2024 Jun 24];88(9):764–72. 

Available from: https://jnnp.bmj.com/content/88/9/764 

100. Appleby BS, Shetty S, Elkasaby M. Genetic aspects of human prion diseases. Front 

Neurol [Internet]. 2022 Oct 5 [cited 2024 Jun 25];13. Available from: 

/pmc/articles/PMC9579322/ 

101. Sehn JK. Insertions and Deletions (Indels). Clinical Genomics. 2015;129–50.  

102. Imran M, Mahmood S. An overview of human prion diseases. Virol J [Internet]. 

2011 Dec 24 [cited 2024 Jun 25];8(1):1–9. Available from: 

https://link.springer.com/articles/10.1186/1743-422X-8-559 



Gut in prion and “prion-like” disease 

 62 

103. Farlow MR. Gerstmann–Sträussler–Scheinker Syndrome. Encyclopedia of the 

Neurological Sciences. 2014 Jan 1;421–5.  

104. Moini J, Piran P. Cerebral cortex. Functional and Clinical Neuroanatomy. 2020 

Jan 1;177–240.  

105. Jiang AA, Longardner K, Dickson D, Sell R. Gerstmann-Sträussler-Scheinker 

syndrome misdiagnosed as conversion disorder. BMJ Case Rep [Internet]. 2019 

[cited 2024 Jun 25];12(8). Available from: 

https://pubmed.ncbi.nlm.nih.gov/31413052/ 

106. Risacher SL, Farlow MR, Bateman DR, Epperson F, Tallman EF, Richardson R, 

et al. Detection of tau in Gerstmann-Sträussler-Scheinker disease (PRNP F198S) 

by [18F]Flortaucipir PET. Acta Neuropathol Commun [Internet]. 2018 Dec 29 

[cited 2024 Jun 25];6(1):114. Available from: 

https://actaneurocomms.biomedcentral.com/articles/10.1186/s40478-018-0608-z 

107. Ufkes NA, Woodard C, Dale ML. A case of Gerstmann-Straussler-Scheinker 

(GSS) disease with supranuclear gaze palsy. Journal of Clinical Movement 

Disorders 2019 6:1 [Internet]. 2019 Dec 11 [cited 2024 Jun 25];6(1):1–3. Available 

from: https://link.springer.com/articles/10.1186/s40734-019-0082-1 

108. Lugaresi E, Medori R, Montagna P, Baruzzi A, Cortelli P, Lugaresi A, et al. Fatal 

Familial Insomnia and Dysautonomia with Selective Degeneration of Thalamic 

Nuclei. New England Journal of Medicine. 1986 Oct 16;315(16):997–1003.  

109. Torrico TJ, Munakomi S. Neuroanatomy, Thalamus. StatPearls [Internet]. 2023 

Jul 24 [cited 2024 Jun 25]; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK542184/ 

110. Guaraldi P, Calandra-Buonaura G, Terlizzi R, Montagna P, Lugaresi E, Tinuper P, 

et al. Oneiric stupor: The peculiar behaviour of agrypnia excitata. Sleep Med. 2011 

Dec 1;12(SUPPL. 2):S64–7.  

111. Liberski PP, Gajos A, Sikorska B, Lindenbaum S. Kuru, the First Human Prion 

Disease. Viruses 2019, Vol 11, Page 232 [Internet]. 2019 Mar 7 [cited 2024 May 

21];11(3):232. Available from: https://www.mdpi.com/1999-4915/11/3/232/htm 

112. Hilton DA. Pathogenesis and prevalence of variant Creutzfeldt-Jakob disease. 

Journal of Pathology [Internet]. 2006;208(2):134–41. Available from: 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

31144463958&doi=10.1002%2fpath.1880&partnerID=40&md5=47346be66bd4

8395acced425a66a8e45 

113. Dean M. UK government responds to variant-CJD news and waiting lists. Lancet 

[Internet]. 1998;352(9130):795–795. Available from: 

https://www.embase.com/search/results?subaction=viewrecord&id=L128306993

&from=export 

114. Will R. Variant CJD. J Neurol Sci [Internet]. 2017;381:25–6. Available from: 

["https://www.embase.com/search/results?subaction=viewrecord&id=L62018335

2&from=export", “http://dx.doi.org/10.1016/j.jns.2017.08.113”] 

115. Axon ATR, Beilenhoff U, Bramble MG, Ghosh S, Kruse A, McDonnell GE, et al. 

Variant Creutzfeldt-Jakob Disease (vCJD) and gastrointestinal endoscopy. 

Endoscopy [Internet]. 2001;33(12):1070–8. Available from: 

["https://www.embase.com/search/results?subaction=viewrecord&id=L33121082

&from=export", “http://dx.doi.org/10.1055/s-2001-18937”] 

116. Head MW, Ironside JW. vCJD and the gut: Implications for endoscopy. Gut. 

2007;56(1):9–11.  

117. Gruszecka J, Filip R. Handling of endoscopic equipment after use in the case of a 

patient with suspected prion disease. Annals of Agricultural and Environmental 



Bibliography 

 

63 

Medicine [Internet]. 2020;27(3):319–25. Available from: 

["https://www.embase.com/search/results?subaction=viewrecord&id=L20050522

43&from=export", “http://dx.doi.org/10.26444/aaem/111723”] 

118. Seghatchian J. Reflections on current status of blood transfusion transplant viral 

safety in UK/Europe and on novel strategies for enhancing donors/recipients 

healthcare in promising era of advanced cell therapy/regenerative medicine. 

Transfusion and Apheresis Science [Internet]. 2019;58(4):532–7. Available from: 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

85067557524&doi=10.1016%2fj.transci.2019.06.007&partnerID=40&md5=877

24f5e27b95e135c170c7b77f36098 

119. Chen Y, Shao Q, Yuan YH, Chen NH. Prion-like propagation of α-synuclein in 

the gut-brain axis. Brain Res Bull. 2018 Jun 1;140:341–6.  

120. Frost B, Diamond MI. Prion-like mechanisms in neurodegenerative diseases. 

Nature Reviews Neuroscience 2009 11:3 [Internet]. 2009 Dec 23 [cited 2024 Jul 

8];11(3):155–9. Available from: https://www.nature.com/articles/nrn2786 

121. Scialò C, De Cecco E, Manganotti P, Legname G. Prion and Prion-Like Protein 

Strains: Deciphering the Molecular Basis of Heterogeneity in Neurodegeneration. 

Viruses 2019, Vol 11, Page 261 [Internet]. 2019 Mar 14 [cited 2024 Jul 

8];11(3):261. Available from: https://www.mdpi.com/1999-4915/11/3/261/htm 

122. Yoshida S, Hasegawa T. Deciphering the prion-like behavior of pathogenic protein 

aggregates in neurodegenerative diseases. Neurochem Int. 2022 May 

1;155:105307.  

123. Chen Y, Shao Q, Yuan YH, Chen NH. Prion-like propagation of α-synuclein in 

the gut-brain axis. [Internet]. Vol. 140, Brain research bulletin. 2018. p. 341-341–

6. Available from: 

https://search.ebscohost.com/login.aspx?direct=true&db=cmedm&AN=2989476

6&site=eds-live 

124. Steiner JA, Quansah E, Brundin P. The concept of alpha-synuclein as a prion-like 

protein: ten years after. Cell Tissue Res [Internet]. 2018;373(1):161–73. Available 

from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-

85042553477&doi=10.1007%2fs00441-018-2814-

1&partnerID=40&md5=5a986f8a10e7ff4781ad341fe2124c3c 

125. Walker LC. Prion-like Mechanisms in Alzheimer Disease. Handb Clin Neurol 

[Internet]. 2018 Jan 1 [cited 2024 Jul 8];153:303. Available from: 

/pmc/articles/PMC6375694/ 

126. Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interactions 

between enteric microbiota, central and enteric nervous systems. Annals of 

Gastroenterology : Quarterly Publication of the Hellenic Society of 

Gastroenterology [Internet]. 2015 [cited 2024 Jul 8];28(2):203. Available from: 

/pmc/articles/PMC4367209/ 

127. Loh JS, Mak WQ, Tan LKS, Ng CX, Chan HH, Yeow SH, et al. Microbiota–gut–

brain axis and its therapeutic applications in neurodegenerative diseases. Signal 

Transduction and Targeted Therapy 2024 9:1 [Internet]. 2024 Feb 16 [cited 2024 

Jul 8];9(1):1–53. Available from: https://www.nature.com/articles/s41392-024-

01743-1 

128. Gabanyi I, Lepousez G, Wheeler R, Vieites-Prado A, Nissant A, Wagner S, et al. 

Bacterial sensing via neuronal Nod2 regulates appetite and body temperature. 

Science (1979) [Internet]. 2022 Apr 15 [cited 2024 Jul 8];376(6590). Available 

from: https://www.science.org/doi/10.1126/science.abj3986 



Gut in prion and “prion-like” disease 

 64 

129. Rayyan | Home [Internet]. [cited 2024 Jul 4]. Available from: 

https://new.rayyan.ai/ 

130. Jaunmuktane Z, Brandner S. Invited Review: The role of prion-like mechanisms 

in neurodegenerative diseases. Neuropathol Appl Neurobiol [Internet]. 2020 Oct 1 

[cited 2024 Jul 4];46(6):522–45. Available from: 

https://onlinelibrary.wiley.com/doi/full/10.1111/nan.12592 

131. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. 

The PRISMA 2020 statement: an updated guideline for reporting systematic 

reviews. BMJ [Internet]. 2021 Mar 29 [cited 2024 Jul 1];372. Available from: 

https://www.bmj.com/content/372/bmj.n71 

132. Guan G, Zhao Z, Tang C. Delineating the mechanisms and design principles of 

Caenorhabditis elegans embryogenesis using in toto high-resolution imaging data 

and computational modeling. Comput Struct Biotechnol J. 2022 Jan 1;20:5500–

15.  

133. Mair I, Else KJ, Forman R. Trichuris muris as a tool for holistic discovery research: 

from translational research to environmental bio-tagging. Parasitology [Internet]. 

2021 Dec 6 [cited 2024 Jul 4];148(14):1722. Available from: 

/pmc/articles/PMC8660646/ 

134. Belay ED. Transmissible Spongiform Encephalopathies. International 

Encyclopedia of Public Health. 2016 Oct 6;206–11.  

135. Brenig B. PRIONS. Encyclopedia of Analytical Science. 2005 Jan 1;V7-287-V7-

298.  

136. Donaldson DS, Else KJ, Mabbott NA. The Gut-Associated Lymphoid Tissues in 

the Small Intestine, Not the Large Intestine, Play a Major Role in Oral Prion 

Disease Pathogenesis. J Virol [Internet]. 2015 Sep 15 [cited 2024 Jul 

2];89(18):9532–47. Available from: https://pubmed.ncbi.nlm.nih.gov/26157121/ 

137. Beekes M, McBride PA. Early accumulation of pathological PrP in the enteric 

nervous system and gut-associated lymphoid tissue of hamsters orally infected 

with scrapie. Neurosci Lett [Internet]. 2000;278(3):181–4. Available from: 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

0033987269&doi=10.1016%2fS0304-3940%2899%2900934-

9&partnerID=40&md5=3f9f1a347074fa49925b650d12561950 

138. Huang FP, Farquhar CF, Mabbott NA, Bruce ME, MacPherson GG. Migrating 

intestinal dendritic cells transport PrPSc from the gut. Journal of General Virology 

[Internet]. 2002 Jan 1 [cited 2024 Jul 2];83(1):267–71. Available from: 

https://www.microbiologyresearch.org/content/journal/jgv/10.1099/0022-1317-

83-1-267 

139. Raymond CR, Aucouturier P, Mabbott NA. In Vivo Depletion of CD11c+ Cells 

Impairs Scrapie Agent Neuroinvasion from the Intestine. The Journal of 

Immunology. 2007 Dec 1;179(11):7758–66.  

140. Bradford BM, Reizis B, Mabbott NA. Oral Prion Disease Pathogenesis Is Impeded 

in the Specific Absence of CXCR5-Expressing Dendritic Cells. J Virol [Internet]. 

2017 May 15 [cited 2024 Jul 3];91(10). Available from: 

https://doi.org/10.1128/JVI.00124-17. 

141. Van Keulen LJM, Vromans MEW, Van Zijderveld FG. Early and late pathogenesis 

of natural scrapie infection in sheep. APMIS. 2002 Jan 1;110(1):23–32.  

142. Miyazawa K, Kanaya T, Takakura I, Tanaka S, Hondo T, Watanabe H, et al. 

Transcytosis of Murine-Adapted Bovine Spongiform Encephalopathy Agents in 

an In Vitro Bovine M Cell Model . J Virol [Internet]. 2010 Dec [cited 2024 Jul 

2];84(23):12285–91. Available from: https://journals.asm.org/journal/jvi 



Bibliography 

 

65 

143. Donaldson DS, Sehgal A, Rios D, Williams IR, Mabbott NA. Correction to: 

Increased Abundance of M Cells in the Gut Epithelium Dramatically Enhances 

Oral Prion Disease Susceptibility (PLOS Pathogens, (2016), 12, 12, (e1006075), 

10.1371/journal.ppat.1006075). PLoS Pathog. 2017 Feb 17;13(2).  

144. Donaldson DS, Kobayashi A, Ohno H, Yagita H, Williams IR, Mabbott NA. M 

cell-depletion blocks oral prion disease pathogenesis. Mucosal Immunology 2012 

5:2 [Internet]. 2012 Feb 1 [cited 2024 Jul 3];5(2):216–25. Available from: 

https://www.nature.com/articles/mi201168 

145. Foster N, MacPherson GG. Murine Cecal Patch M Cells Transport Infectious 

Prions In Vivo. J Infect Dis [Internet]. 2010 Dec 15 [cited 2024 Jul 

3];202(12):1916–9. Available from: https://dx.doi.org/10.1086/657415 

146. Jeffrey M, González L, Espenes A, Press CM, Martin S, Chaplin M, et al. 

Transportation of prion protein across the intestinal mucosa of scrapie-susceptible 

and scrapie-resistant sheep. J Pathol [Internet]. 2006 May [cited 2024 Jul 

3];209(1):4–14. Available from: https://pubmed.ncbi.nlm.nih.gov/16575799/ 

147. Dagleish MP, Hamilton S, González L, Eaton SL, Steele P, Finlayson J, et al. 

Digestion and transportation of bovine spongiform encephalopathy-derived prion 

protein in the sheep intestine. Journal of General Virology [Internet]. 2010 Dec 1 

[cited 2024 Jul 3];91(12):3116–23. Available from: 

https://www.microbiologyresearch.org/content/journal/jgv/10.1099/vir.0.025049-

0 

148. Ano Y, A S, R U, Y S, J K, K S, et al. Enhanced enteric invasion of scrapie agents 

into the villous columnar epithelium via maternal immunoglobulin. Int J Mol Med 

[Internet]. 2010 Oct 21 [cited 2024 Jul 3];26(6). Available from: 

https://pubmed.ncbi.nlm.nih.gov/21042778/ 

149. Åkesson CP, McGovern G, Dagleish MP, Espenes A, McL Press C, Landsverk T, 

et al. Exosome-producing follicle associated epithelium is not involved in uptake 

of prpd from the gut of sheep (ovis aries): An ultrastructural study. PLoS One. 

2011 Jan 1;6(7):e22180.  

150. Okada H, Iwamaru Y, Imamura M, Masujin K, Matsuura Y, Murayama Y, et al. 

Detection of Disease-Associated Prion Protein in the Posterior Portion of the Small 

Intestine Involving the Continuous Peyer’s Patch in Cattle Orally Infected with 

Bovine Spongiform Encephalopathy Agent. Transbound Emerg Dis [Internet]. 

2011 Aug 1 [cited 2024 Jul 2];58(4):333–43. Available from: 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1865-1682.2011.01208.x 

151. Okamoto M, Furuoka H, Horiuchi M, Noguchi T, Hagiwara K, Muramatsu Y, et 

al. Experimental transmission of abnormal prion protein (PrPsc) in the small 

intestinal epithelial cells of neonatal mice. Vet Pathol [Internet]. 2003 Nov 1 [cited 

2024 Jul 3];40(6):723–7. Available from: 

https://journals.sagepub.com/doi/full/10.1354/vp.40-6-723 

152. Marshall A, Bradford BM, Clarke AR, Manson JC, Mabbott NA. Oral Prion 

Neuroinvasion Occurs Independently of PrP C Expression in the Gut Epithelium . 

J Virol [Internet]. 2018 Oct [cited 2024 Jul 3];92(19). Available from: 

https://doi.org/10.1128/JVI.01010-18. 

153. Austbø L, Espenes A, Olsaker I, McL. Press C, Skretting G. Lymphoid follicles of 

the ileal Peyers’s patch of lambs express low levels of PrP, as demonstrated by 

quantitative real-time RT-PCR on microdissected tissue compartments, in situ 

hybridization and immunohistochemistry. Journal of General Virology [Internet]. 

2006 Nov 1 [cited 2024 Jul 2];87(11):3463–71. Available from: 

https://www.microbiologyresearch.org/content/journal/jgv/10.1099/vir.0.82008-0 



Gut in prion and “prion-like” disease 

 66 

154. Defaweux V, Dorban G, Demonceau C, Piret J, Jolois O, Thellin O, et al. Interfaces 

between dendritic cells, other immune cells, and nerve fibres in mouse Peyer’s 

patches: Potential sites for neuroinvasion in prion diseases. Microsc Res Tech 

[Internet]. 2005 Jan 1 [cited 2024 Jul 2];66(1):1–9. Available from: 

https://onlinelibrary.wiley.com/doi/full/10.1002/jemt.20135 

155. Prinz M, Huber G, Macpherson AJS, Heppner FL, Glatzel M, Eugster H Pietro, et 

al. Oral Prion Infection Requires Normal Numbers of Peyer’s Patches but Not of 

Enteric Lymphocytes. Am J Pathol. 2003 Apr 1;162(4):1103–11.  

156. Glaysher BR, Mabbott NA. Role of the GALT in scrapie agent neuroinvasion from 

the intestine. Journal of Immunology. 2007 Mar 15;178(6):3757–66.  

157. Balcan E, Öztel Z, Polevshchikov A. Endoplasmic reticulum stress influences the 

localization of prion protein in the small intestine and mesenteric lymph nodes. 

Arch Biol Sci. 2020 Jan 1;72(4):503–13.  

158. Liu C, Yang J. Enteric Glial Cells in Immunological Disorders of the Gut. Front 

Cell Neurosci [Internet]. 2022 Apr 28 [cited 2024 Jul 7];16:895871. Available 

from: www.frontiersin.org 

159. Albanese V, Lawson VA, Hill AF, Cappai R, Di Guardo G, Staikopoulos V, et al. 

Evidence for prion protein expression in enteroglial cells of the myenteric plexus 

of mouse intestine. Auton Neurosci [Internet]. 2008 Jun 1 [cited 2024 Jul 3];140(1–

2):17–23. Available from: 

http://www.autonomicneuroscience.com/article/S1566070208000295/fulltext 

160. Chiocchetti R, Mazzuoli G, Albanese V, Mazzoni M, Clavenzani P, Lalatta-

Costerbosa G, et al. Anatomical evidence for ileal Peyer’s patches innervation by 

enteric nervous system: A potential route for prion neuroinvasion? Cell Tissue Res 

[Internet]. 2008 May 4 [cited 2024 Jul 2];332(2):185–94. Available from: 

https://link.springer.com/article/10.1007/s00441-008-0583-y 

161. McGovern G, Martin S, González L, Witz J, Jeffrey M. Frequency and distribution 

of nerves in scrapie-affected and unaffected peyer’s patches and lymph nodes. Vet 

Pathol. 2009;46(2):233–40.  

162. St. Rose SG, Hunter N, Foster JD, Drummond D, McKenzie C, Parnham D, et al. 

Quantification of Peyer’s patches in Cheviot sheep for future scrapie pathogenesis 

studies. Vet Immunol Immunopathol. 2007 Apr 15;116(3–4):163–71.  

163. Heggebo R, C.McL. Press, Gunnes G, Lie KI, Tranulis MA, Ulv nd M, et al. 

Distribution of prion protein in the ileal Peyer’s patch of scrapie-free lambs and 

lambs naturally and experimentally exposed to the scrapie agent. Journal of 

General Virology [Internet]. 2000 Sep 1 [cited 2024 Jul 3];81(9):2327–37. 

Available from: 

https://www.microbiologyresearch.org/content/journal/jgv/10.1099/0022-1317-

81-9-2327 

164. Heggebø R, Press CML, Gunnes G, González L, Jeffrey M. Distribution and 

accumulation of PrP in gut-associated and peripheral lymphoid tissue of scrapie-

affected Suffolk sheep. Journal of General Virology. 2002;83(2):479–89.  

165. Heggebø R, González L, Press CML, Gunnes G, Espenes A, Jeffrey M. Disease-

associated PrP in the enteric nervous system of scrapie-affected Suffolk sheep. 

Journal of General Virology [Internet]. 2003 May 1 [cited 2024 Jul 3];84(5):1327–

38. Available from: 

https://www.microbiologyresearch.org/content/journal/jgv/10.1099/vir.0.18874-0 

166. Van Keulen LJM, Vromans MEW, Dolstra CH, Bossers A, Van Zijderveld FG. 

Pathogenesis of bovine spongiform encephalopathy in sheep. Arch Virol 



Bibliography 

 

67 

[Internet]. 2008 Mar 19 [cited 2024 Jul 3];153(3):445–53. Available from: 

https://link.springer.com/article/10.1007/s00705-007-0007-4 

167. González L, Pitarch JL, Martin S, Thurston L, Moore J, Acín C, et al. Identical 

Pathogenesis and Neuropathological Phenotype of Scrapie in Valine, Arginine, 

Glutamine/Valine, Arginine, Glutamine Sheep Infected Experimentally by the 

Oral and Conjunctival Routes. J Comp Pathol. 2014 Jan 1;150(1):47–56.  

168. Kimberlin RH, Walker CA. Pathogenesis of scrapie in mice after intragastric 

infection. Virus Res. 1989 Mar 1;12(3):213–20.  

169. Sigurdson CJ, Williams ES, Miller MW, Spraker TR, O’Rourke KI, Hoover EA. 

Oral transmission and early lymphoid tropism of chronic wasting disease PrP(res) 

in mule deer fawns (Odocoileus hemionus). Journal of General Virology [Internet]. 

1999 Oct 1 [cited 2024 Jul 3];80(10):2757–64. Available from: 

https://www.microbiologyresearch.org/content/journal/jgv/10.1099/0022-1317-

80-10-2757 

170. Defaweux V, Dorban G, Antoine N, Piret J, Gabriel A, Jacqmot O, et al. 

Neuroimmune connections in jejunal and ileal Peyer’s patches at various bovine 

ages: Potential sites for prion neuroinvasion. Cell Tissue Res [Internet]. 

2007;329(1):35–44. Available from: 

["https://www.embase.com/search/results?subaction=viewrecord&id=L46686103

&from=export", 

171. Ackermann I, Ulrich R, Tauscher K, Fatola OI, Keller M, Shawulu JC, et al. Prion 

infectivity and prpbse in the peripheral and central nervous system of cattle 8 

months post oral bse challenge. Int J Mol Sci [Internet]. 2021 Nov 1 [cited 2024 

Jul 2];22(21). Available from: /pmc/articles/PMC8583047/ 

172. Ackermann I, Balkema-Buschmann A, Ulrich R, Tauscher K, Shawulu JC, Keller 

M, et al. Detection of PrPBSE and prion infectivity in the ileal Peyer’s patch of 

young calves as early as 2 months after oral challenge with classical bovine 

spongiform encephalopathy. Vet Res. 2017 Dec 19;48(1).  

173. Fast C, Keller M, Balkema-Buschmann A, Hills B, Groschup MH. Complementary 

studies detecting classical bovine spongiform encephalopathy infectivity in 

jejunum, ileum and ileocaecal junction in incubating cattle. Vet Res [Internet]. 

2013 Dec 21 [cited 2024 Jul 2];44(1):1–3. Available from: 

https://veterinaryresearch.biomedcentral.com/articles/10.1186/1297-9716-44-123 

174. Hoffmann C, Eiden M, Kaatz M, Keller M, Ziegler U, Rogers R, et al. BSE 

infectivity in jejunum, ileum and ileocaecal junction of incubating cattle. Vet Res. 

2011 Jan 1;42(1):21.  

175. Stack MJ, Moore SJ, Vidal-Diez A, Arnold ME, Jones EM, Spencer YI, et al. 

Experimental Bovine Spongiform Encephalopathy: Detection of PrPSc in the 

Small Intestine Relative to Exposure Dose and Age. J Comp Pathol. 2011 Aug 

1;145(2–3):289–301.  

176. Digiacomo V, Gando IA, Venticinque L, Hurtado A, Meruelo D. THE 

TRANSITION OF THE 37-kDa LAMININ RECEPTOR (RPSA) TO HIGHER 

MOLECULAR WEIGHT SPECIES: SUMOylation OR ARTIFACT? Cell Mol 

Biol Lett [Internet]. 2015 Dec 1 [cited 2024 Jul 4];20(4):571. Available from: 

/pmc/articles/PMC5240582/ 

177. Morel E, Andrieu T, Casagrande F, Gauczynski S, Weiss S, Grassi J, et al. Bovine 

prion is endocytosed by human enterocytes via the 37 kDa/67 kDa laminin 

receptor. American Journal of Pathology [Internet]. 2005 Oct 1 [cited 2024 Jul 

2];167(4):1033–42. Available from: 

http://ajp.amjpathol.org/article/S0002944010611923/fulltext 



Gut in prion and “prion-like” disease 

 68 

178. Knorr C, Beuermann C, Beck J, Brenig B. Characterization of the porcine 

multicopy ribosomal protein SA/37-kDa laminin receptor gene family. Gene. 2007 

Jun 15;395(1–2):135–43.  

179. Kolodziejczak D, Da Costa Dias B, Zuber C, Jovanovic K, Omar A, Beck J, et al. 

Prion interaction with the 37-kDa/67-kDa laminin receptor on enterocytes as a 

cellular model for intestinal uptake of prions. J Mol Biol. 2010;402(2):293–300.  

180. Mishra RS, Basu S, Gu Y, Luo X, Zou WQ, Mishra R, et al. Protease-resistant 

human prion protein and ferritin are cotransported across Caco-2 epithelial cells: 

Implications for species barrier in prion uptake from the intestine. Journal of 

Neuroscience. 2004 Dec 15;24(50):11280–90.  

181. Holznagel E, Yutzy B, Kruip C, Bierke P, Schulz-Schaeffer W, Löwer J. 

Foodborne-Transmitted Prions From the Brain of Cows With Bovine Spongiform 

Encephalopathy Ascend in Afferent Neurons to the Simian Central Nervous 

System and Spread to Tonsils and Spleen at a Late Stage of the Incubation Period. 

J Infect Dis [Internet]. 2015 Nov 1 [cited 2024 Jul 3];212(9):1459–68. Available 

from: https://dx.doi.org/10.1093/infdis/jiv232 

182. Borghammer P, Van Den Berge N. Brain-First versus Gut-First Parkinson’s 

Disease: A Hypothesis. J Parkinsons Dis [Internet]. 2019 [cited 2024 Jul 

4];9(s2):S281–95. Available from: https://pubmed.ncbi.nlm.nih.gov/31498132/ 

183. Chandra R, Sokratian A, Chavez KR, King S, Swain SM, Snyder JC, et al. Gut 

mucosal cells transfer α-synuclein to the vagus nerve. JCI Insight. 2023;8(23).  

184. Chandra R, Hiniker A, Kuo YM, Nussbaum RL, Liddle RA. α-Synuclein in gut 

endocrine cells and its implications for Parkinson’s disease. JCI Insight. 2017 Jun 

15;2(12):e92295.  

185. Bencsik A, Muselli L, Leboidre M, Lakhdar L, Baron T. Early and persistent 

expression of phosphorylated α-synuclein in the enteric nervous system of A53T 

mutant human α-synuclein transgenic mice. J Neuropathol Exp Neurol [Internet]. 

2014 Dec 8 [cited 2024 Jul 2];73(12):1144–51. Available from: 

https://pubmed.ncbi.nlm.nih.gov/25383638/ 

186. Heng Y, Li YY, Wen L, Yan JQ, Chen NH, Yuan YH. Gastric Enteric Glial Cells: 

A New Contributor to the Synucleinopathies in the MPTP-Induced Parkinsonism 

Mouse. Molecules. 2022 Nov 1;27(21):7414.  

187. Chen SG, Stribinskis V, Rane MJ, Demuth DR, Gozal E, Roberts AM, et al. 

Exposure to the Functional Bacterial Amyloid Protein Curli Enhances Alpha-

Synuclein Aggregation in Aged Fischer 344 Rats and Caenorhabditis elegans. Sci 

Rep. 2016 Oct 6;6:34477.  

188. Zhu Y, Gandy L, Zhang F, Liu J, Wang C, Blair LJ, et al. Heparan Sulfate 

Proteoglycans in Tauopathy. Biomolecules 2022, Vol 12, Page 1792 [Internet]. 

2022 Nov 30 [cited 2024 Jul 4];12(12):1792. Available from: 

https://www.mdpi.com/2218-273X/12/12/1792/htm 

189. Vascellari S, Orrù CD, Groveman BR, Parveen S, Fenu G, Pisano G, et al. α-

Synuclein seeding activity in duodenum biopsies from Parkinson’s disease 

patients. PLoS Pathog [Internet]. 2023 Jun 1 [cited 2024 Jul 2];19(6):e1011456. 

Available from: 

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1011456 

190. Sun Y, Sommerville NR, Liu JYH, Ngan MP, Poon D, Ponomarev ED, et al. Intra-

gastrointestinal amyloid-β1–42 oligomers perturb enteric function and induce 

Alzheimer’s disease pathology. Journal of Physiology. 2020 Oct 1;598(19):4209–

23.  



Bibliography 

 

69 

191. Liu JYH, Sun MYY, Sommerville N, Ngan MP, Ponomarev ED, Lin G, et al. Soy 

flavonoids prevent cognitive deficits induced by intra-gastrointestinal 

administration of beta-amyloid. Food and Chemical Toxicology [Internet]. 

2020;141. Available from: https://www.scopus.com/inward/record.uri?eid=2-

s2.0-

85084861085&doi=10.1016%2fj.fct.2020.111396&partnerID=40&md5=8991f0

183296bb858b2286750e0138b7 

192. Flach M, Leu C, Martinisi A, Skachokova Z, Frank S, Tolnay M, et al. Trans-

seeding of Alzheimer-related tau protein by a yeast prion. Alzheimer’s and 

Dementia. 2022 Dec 1;18(12):2481–92.  

193. Castro GA. Helminths: Structure, Classification, Growth, and Development. 

Medical Microbiology [Internet]. 1996 [cited 2024 Jul 7]; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK8282/ 

194. Sánchez-Quintero A, Bradford BM, Maizels R, Donaldson DS, Mabbott NA. 

Effect of co-infection with a small intestine-restricted helminth pathogen on oral 

prion disease pathogenesis in mice. Sci Rep. 2019 Dec 1;9(1).  

195. Martin GR, Sharkey KA, Jirik FR. Orally administered indomethacin acutely 

reduces cellular prion protein in the small intestine and modestly increases survival 

of mice exposed to infectious prions. Scand J Gastroenterol. 2015 May 

1;50(5):542–9.  

196. Krüger D, Thomzig A, Lenz G, Kampf K, McBride P, Beekes M. Faecal shedding, 

alimentary clearance and intestinal spread of prions in hamsters fed with scrapie. 

Vet Res. 2009 Jan 1;40(1).  

197. Nagasawa Y, Takahashi Y, Itani W, Watanabe H, Hidaka Y, Morita S, et al. Prion 

Protein Binds to Aldolase A Produced by Bovine Intestinal M Cells. Open J Vet 

Med [Internet]. 2015 Mar 11 [cited 2024 Jul 3];5(3):43–60. Available from: 

http://www.scirp.org/journal/PaperInformation.aspx?PaperID=54530 

198. Jeffrey M, González L. Pathology and Pathogenesis of Bovine Spongiform 

Encephalopathy and Scrapie. Curr Top Microbiol Immunol [Internet]. 2004 [cited 

2024 Jul 8];284:65–97. Available from: 

https://link.springer.com/chapter/10.1007/978-3-662-08441-0_3 

199. St. Rose SG, Hunter N, Matthews L, Foster JD, Chase-Topping ME, Kruuk LEB, 

et al. Comparative evidence for a link between Peyer’s patch development and 

susceptibility to transmissible spongiform encephalopathies. BMC Infect Dis 

[Internet]. 2006 Jan 11 [cited 2024 Jul 2];6(1):1–8. Available from: 

https://bmcinfectdis.biomedcentral.com/articles/10.1186/1471-2334-6-5 

200. Clewley JP, Kelly CM, Andrews N, Vogliqi K, Mallinson G, Kaisar M, et al. 

Prevalence of disease related prion protein in anonymous tonsil specimens in 

Britain: cross sectional opportunistic survey. The BMJ [Internet]. 2009 May 30 

[cited 2024 Jul 8];338(7706):1316. Available from: /pmc/articles/PMC2685439/ 

201. Handling Prions | Environmental Health & Safety | Michigan State University 

[Internet]. [cited 2024 Jul 8]. Available from: https://ehs.msu.edu/lab-

clinic/bio/handling-prions.html 

202. Colombo AV, Sadler RK, Llovera G, Singh V, Roth S, Heindl S, et al. Microbiota-

derived short chain fatty acids modulate microglia and promote aβ plaque 

deposition. Elife. 2021;10.  

203. Schmit KJ, Garcia P, Sciortino A, Aho VTE, Pardo Rodriguez B, Thomas MH, et 

al. Fiber deprivation and microbiome-borne curli shift gut bacterial populations 

and accelerate disease in a mouse model of Parkinson’s disease. Cell Rep 



Gut in prion and “prion-like” disease 

 70 

[Internet]. 2023 Sep 26 [cited 2024 Jul 2];42(9):113071. Available from: 

http://www.cell.com/article/S2211124723010823/fulltext 

204. Yang D, Zhao D, Shah SZA, Wu W, Lai M, Zhang X, et al. Implications of gut 

microbiota dysbiosis and metabolic changes in prion disease. Neurobiol Dis. 2020 

Feb 1;135:104704.  

205. Yang Z, Wang Y, Wei M, Li S, Jia C, Cheng C, et al. Intrastriatal injection of 

Parkinson’s disease intestine and vagus lysates initiates α-synucleinopathy in rat 

brain. Cell Death & Disease 2023 14:1 [Internet]. 2023 Jan 5 [cited 2024 Jul 

2];14(1):1–11. Available from: https://www.nature.com/articles/s41419-022-

05531-z 

206. Goñi F, Knudsen E, Schreiber F, Scholtzova H, Pankiewicz J, Carp R, et al. 

Mucosal vaccination delays or prevents prion infection via an oral route. 

Neuroscience. 2005 Jan 1;133(2):413–21.  

207. Goñi F, Mathiason CK, Yim L, Wong K, Hayes-Klug J, Nalls A, et al. Mucosal 

immunization with an attenuated Salmonella vaccine partially protects white-tailed 

deer from chronic wasting disease. Vaccine. 2015 Jan 29;33(5):726–33.  

208. Dogra N, Mani RJ, Katare DP. The Gut-Brain Axis: Two Ways Signaling in 

Parkinson’s Disease. Cell Mol Neurobiol [Internet]. 2022;42(2):315–32. Available 

from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-

85101862586&doi=10.1007%2fs10571-021-01066-

7&partnerID=40&md5=54608d1233d449dac9420f203374c872 

209. Mossad O, Erny D. The microbiota–microglia axis in central nervous system 

disorders. Brain Pathology. 2020;30(6):1159–77.  

210. Claudino dos Santos JC, Lima MPP, Brito GADC, Viana GSDB. Role of enteric 

glia and microbiota-gut-brain axis in parkinson disease pathogenesis. Ageing Res 

Rev [Internet]. 2023;84. Available from: 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

85144030244&doi=10.1016%2fj.arr.2022.101812&partnerID=40&md5=8480f3

041d18fd9be4fa484b8b9dfd1d 

211. Park JI, Cho SW, Kang JH, Park TE. Intestinal Peyer’s Patches: Structure, 

Function, and In Vitro Modeling. Tissue Eng Regen Med [Internet]. 2023 Jun 1 

[cited 2024 Jul 5];20(3):341–53. Available from: 

https://link.springer.com/article/10.1007/s13770-023-00543-y 

212. Jain M, Singh MK, Shyam H, Mishra A, Kumar S, Kumar A, et al. Role of 

JAK/STAT in the Neuroinflammation and its Association with Neurological 

Disorders. Ann Neurosci [Internet]. 2021 Jul 1 [cited 2024 Jun 16];28(3–4):191–

200. Available from: 

https://journals.sagepub.com/doi/full/10.1177/09727531211070532 

213. Chen S, Liu Y, Rong X, Li Y, Zhou J, Lu L. Neuroprotective role of the PI3 

Kinase/Akt signaling pathway in Zebrafish. Front Endocrinol (Lausanne) 

[Internet]. 2017 Feb 8 [cited 2024 Jun 16];8(FEB):238048. Available from: 

www.frontiersin.org 

214. H. Netter F. Head and Neck. In: Atlas of Human Anatomy. 6th ed. Elsevier 

Masson; 2014. p. 101–16.  

  

 


