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Prion is defined as a “proteinaceous infectious particle” consisting exclusively of a single protein without the involvement

of nucleic acids that causes spongiform encephalopathies in mammals. Prion diseases are characterized by the

accumulation of abnormal isoforms of PrP glycoprotein.
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1. Introduction

Even though the histopathological examination is a less sensitive diagnostic method for transmissible spongiform

encephalopathies (TSEs) compared to detection by immunohistochemistry, PETblot and Western blot of PrP , the prion

diagnostic marker, it is indispensable in the study of the lesions in TSEs to identify and characterize TSE phenotypes in

both natural hosts and experimental animals.

In TSEs, there are no gross neuropathological lesions but there are characteristic histological lesions: bilateral and

symmetrical widespread neuropil and/or neuronal vacuolation (spongiform appearance), synaptic changes, neuronal loss,

gliosis, a variable degree and type of accumulation of PrP   and sometimes amyloid plaques  (Figure 1).

Spongiform changes are a general hallmark of TSEs; albeit neuronal vacuolation is frequent in animal prion diseases, it is

uncommon in humans and has to be distinguished from non-specific spongiosis. This includes brain oedema, metabolic

encephalopathies, autolysis and artefacts . TSE spongiform degeneration is widespread or focal with small or oval

uniform-sized, well-delineated and empty vacuoles in the neuropil and the neuron perikaryon. These changes can

sometimes result from an artefact caused by the fixation and paraffin-embedded processing of the brain tissue . It might

also be caused by abnormal membrane permeability, autophagy or accumulation of PrP   in the lysosomes . Some

studies revealed that vacuolation is not related to PrP  accumulation .

Figure 1. Neurohistopathological features of animal prion diseases. (a) Neuronal vacuolation (arrow) (Classical scrapie,

sheep, medulla oblongata, dorsal vagal nucleus); (b) Neuropil vacuolation (arrow head) (Classical BSE, bovine, medulla

oblongata, nucleus of the solitary tract); (c) Astrogliosis (Atypical scrapie, sheep, medulla oblongata, GFAP Polyclonal

antibody, DAKO, 1:1000 dilution, x200); (d–i) Some PrP   deposition types: (d) Intraneuronal (Feline spongiform

encephalopathy, cat, medulla oblongata, reticular formation, 3F4 PrP Residues 109–111 Monoclonal antibody, DAKO,

1:300 dilution, x1000); (e) Perineuronal (BSE, bovine, medulla oblongata, reticular formation, 6H4 PrP Residues 144–152

Monoclonal antibody, Prionics AG, dilution 1:1000 x400); (f) Fine granular (dot line), stellate (arrow head), perivascular
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(arrow) (Classical scrapie, sheep, medulla oblongata, 2G11 PrP Residues 146-R154-R171-182 Monoclonal antibody,

Pourquier Institute, 1:200 dilution, x100); (g) Linear (Classical BSE, bovine, medulla oblongata, reticular formation, 12F10

PrP Residues 142–160 Monoclonal antibody, SPBIO, 1:200 dilution, x200); (h) Plaque-like (cerebral cortex section from

the CWD Proficiency testing 2008 organized by the European Reference Laboratory for TSEs-APHA, Weybridge, 2G11

PrP Monoclonal antibody, 1:200 dilution, x100; (i) Punctuate (arrow head) and globular (arrow) (Atypical scrapie, sheep,

medula oblongata, pyramidal tract, 2G11 PrP Monoclonal antibody, 1:200 dilution). (a–b) Haematoxylin and eosin (H & E)

stain, x200; (d–e)  StreptABC-AP, Nova fucsina,  Mayer’s Haematoxylin; (c,  f–i)  Vectastain Elite –HRP,  DAB, Mayer’s

Haematoxylin.

Gliosis and PrP  deposition, not always associated with the severity of lesions, precede neuronal damage and neuropil

vacuolation in the brain suggesting that a neuroinflammatory component might contribute to neuronal loss in these

diseases . Nevertheless, the mechanism of neuronal damage, the precise role of microgliosis and astrogliosis in that

neurodegeneration and the cell tropism by a specific prion strain require additional research.

2. Prions and Animal Prion Diseases

Prion is defined as a “proteinaceous infectious particle”  consisting exclusively of a single protein without the

involvement of nucleic acids that causes spongiform encephalopathies in mammals. Prion diseases are characterized by

the accumulation of abnormal isoforms of PrP glycoprotein. Disease-associated isoform, designated PrP   when

protease-resistant, is derived from its physiological cellular prion protein precursor PrP , by a posttranslational

mechanism that involves conformational change and aggregation . The pathogenic misfolded isoform is able to transmit

misfolding by transforming more PrP  towards an increasing in β-sheet structure in detriment to the physiological α-helical

structure and a tendency to aggregate into oligomers .

The prion protein gene (PRNP), highly conserved across mammals, is considered the major genetic determinant of

susceptibility to prion diseases. Exon composition varies from one exon (e.g., Canis lupus familiaris, Felis catus, and Ovis
aries), two exons (Homo sapiens), three exons (Cervus elaphus) or four exons (like  Bos taurus),  according to the

Ensembl database. Nevertheless, a high level of conservation is observed in the coding sequence and aminoacidic

sequence. A comparative genomic approach including nine species allows us to visualize the more conserved regions of

the protein, as presented in Figure 2.

Figure 2. Multiple alignment of PrP protein from Ovis aries (ENSOARP00020014736), Capra hircus (CAA63050.1), Bos
Taurus (ENSBTAP00000069134), Canis familiaris (ENSCAFP00000009107), Felis catus (ENSFCAP00000030786),
Rangifer tarandus (ABS87897.1), Cervus elaphus (AAU93885.1), Alces alces  (AZB50215.1) and  Camelus
dromedarius (CAA70901.1). The alignment was performed using T-Coffee program  and edited using Genedoc software

.

Multiple mutations and polymorphisms of  PRNP have been described in different animal species and some of them

demonstrated an important effect on prion disease susceptibility/resistance. Figure 3  presents the missense mutations

detected in PrP protein from Ovis aries. Variants are classified above and below the bar as ‘Risk factor’ and ‘Resistance’

according to in vivo and in vitro analyses . The other variants were analysed by an in-silico approach through

the PROVEAN algorithm (http://provean.jcvi.org/index.php, accessed on 27 January 2021) and classified as ”Deleterious”

and ”Neutral”. All the missense mutations were gathered from Ensembl (ENSOART00020017839.1) and through

database searching .
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Figure 3. Missense mutations of prion protein (PrP) in Ovis aries. The coloured bar represents structural features of the

protein according to UniProt (P23907), including α-helix (orange), β-strand (green) and turn (red). Variants are classified

above and below the bar as ”Risk factor” and ”Resistance” according to in vivo and in vitro analyses. The other variants

were analysed using an in-silico approach through PROVEAN algorithm, and classified as ”Deleterious” and ”Neutral”.

Different prion strains (isolates or variants) are distinct self-templating conformers  that display different phenotypes in

a specified host and are preserved upon serial passage within the same host genotype. These distinct entities were first

proposed in 1961 and since then have been characterized in different mammalian species with the implication in disease

pathology and transmission . Prion strains can be differentiated after experimental transmission to wild type or

transgenic rodents by differences in the clinical signs, incubation period and the lesion profiles in the brain of the affected

animals leading to the laboratory definition of a strain . The lesion profile mainly focuses on differences in the regional

patterns of prion-induced vacuolar neuropathology and/or PrP   deposition but there are also strain differences in the

association of PrP   with particular brain cell types . At the same time, biochemical characteristics of PrP   as the

electrophoretic mobility, protease resistance, glycosylation profile and sedimentation can be used to distinguish between

prion strains .

As various distinct phenotypes can be identified in mice, the occurrence of different prion strains is known in classical

scrapie (CS) of sheep and goats (revised by ), the first TSE described nearly 300 years ago, in a rare TSE in mink

farms (TME) and chronic wasting disease (CWD) affecting farmed and free-ranging cervids, both identified in North

America in 1947 and 1967, respectively (revised by ) (Figure 4). Contrarily, single strains have been associated with

other animal prion diseases such as classical Bovine Spongiform Encephalopathy (C-BSE). C-BSE, responsible for an

epidemic and a public health crisis in Europe, was identified in 1985 and largely increased the interest in the TSEs

research due to its link to the variant Creutzfeldt-Jakob disease (vCJD) in humans and the putative transmission to other

animal species (felids, zoo ruminants and small ruminants) . This research and the reinforced TSE surveillance

programs lead to the identification of more animal TSEs. As they showed distinct features from any TSE cases known at

the time, the classical forms, they were designated as atypical (revised by ): atypical scrapie, atypical BSE and atypical

CWD. Recently, a new prion disease was also confirmed in dromedaries—camel prion disease (CPD) (Figure 4). These

could be new animal prion diseases or diseases not previously detected. Retrospective studies indicated that atypical

scrapie has been present since at least 1972 .
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Figure 4. Chronology of identification of animal prion diseases. TME-transmissible mink encephalopathy; CWD—chronic

wasting disease; BSE-bovine spongiform encephalopathy; FSE—feline spongiform encephalopathy; CPD—camel prion

disease. The flags represent the country of the first report of the disease. The dashed arrow indicates retrospective

identification of atypical scrapie in 1972 (Silhouettes from Freepik.com and img.inkfrog.com).

3. Neuroinflammation

Along with neurodegeneration, chronic neuroinflammation is a hallmark of prion brain diseases, but the process that leads

to it is not yet fully understood. Recent research shows that during the accumulation of misfolded PrP  both anti- and

pro-inflammatory factors and molecules are active in the prion brain , reaching a stage of chronic inflammation that is

likely to contribute to prion pathogenesis . It appears that the vast majority of these factors is produced by cells within

the CNS, namely microglial cells, cells that also exhibit PrP  deposition , as it was demonstrated that the arrival of

leucocytes from the periphery is limited and only detectable at the later stages of clinical disease . As recorded for

other diseases, microglia are the brain guardians, with several subpopulations, multifaceted, with neuroprotective but also

neurotoxic properties , displaying region-dependent homeostatic transcriptional identities, observed during prion-

associated neuroinflammation . As such, the role of microglia in this group of diseases remains undefined, as they

could be an actor in the pathogenesis or a simple consequence of the disease . Besides, in scrapie, several

chemokines were identified since the early asymptomatic stage and probably were enrolled in the disease progression.

The inflammasome activation by the CD36 molecules also promotes the activation of several proinflammatory cytokines.

All these factors (chemokines, inflammasome and proinflammatory cytokines) are crucial in the microglia recruitment and

the inflammation and neuronal damage promoted by the PrP  deposition . Due to its nature and course, it is very

difficult to address the neuroinflammation component of the disease in natural occurring prion cases. Thus, information

regarding this aspect of the disease relies mainly on experimental studies that provide valuable and challenging data

about the process.

During prion infection, and before reaching CNS, prions are first detected in lymphoid tissues, frequently associated with

follicular dendritic cells (FDCs). They then progress through the nerves of the autonomic nervous system and finally reach

the CNS where no apparent peripheral immune response is registered, albeit the activation of microglia and astrocytes

. In some experimental studies, the observation of increasing density of activated microglia cells, namely throughout

the cerebellar cortex, as observed in natural cases, is associated with the upregulation of the TNF-α Receptor type-1 .

Single-cell transcriptional profiling screening 1/2 million cells revealed seven molecularly distinct and regionally restricted

astrocyte types . Astrocytes are the cells directly implicated in the direct neurotoxic effects related to the human and

animal prions, namely the scrapie, and act as inflammation promoters . In fact, astrocyte function pathway is activated

in prion infection prior to the activated microglia or neuron and neurotransmission pathways .
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Microgliosis is observed in infected brains even before the neuronal loss and spongiform change , microglial cells

phagocytize prions and promote apoptotic cell clearance of neurons, a process mediated by the secretion of milk fat

globule epidermal growth factor 8 (MFGE8) by astrocytes . However, in vivo, this protective role of microglia becomes

insufficient, which can induce microglia to convert from the phagocytic M2 phenotype into the pro-inflammatory M1

phenotype . This altered phenotype may exacerbate the secretion of cytotoxic mediators and contributes to the

spreading of prions, while increases the secretion of pro-inflammatory mediators by microglial cells .

Several studies allowed the identification of the inflammatory profile regarding the transcriptome and protein changes

occurring in the prion- infected brain, some of them using scrapie strain infected mice . Pro-inflammatory cytokines and

chemokines, among which IL-1α and β, IL-12p40, TNF, CCL2–CCL6, and CXCL10, are increased in the brains of mice

with the clinical disease . High-density qRT-PC studies investigating different times of the disease progression

revealed overexpression of inflammatory genes  Il1rn  [IL-1Ra],  Ccl8  [CCL8/MCP-2],  Tnfsf11  [Tnfsf11/RANKL],

and Osm  [OSM]) at the preclinical stage in scrapie strain 22L-infected mice). The upregulation of these genes occurred

before clinical signs  and continued with disease progression. Later on, Oas1a, Isg15, Olr1, and Ccl5, among others,

were found to be increased as well. Overall, the transcription of inflammatory mediators increases as the disease evolves

to display the different clinical phases and endpoint . The analysis of the transduction pathways in prion infected brain

revealed that the AK-STAT and NF-κB pathways are substantially activated during the disease, being responsible for the

transcription of many of these genes. Phosphorylated STAT proteins can act independently, but in addition they can also

act synergistically with NF-κB , thus contributing to the enhancement of the expression of acute phase proteins such as

haptoglobin, ceruloplasmin, α1-antichymotrypsin, and serum amyloid A .

On the other hand, several of the mentioned inflammatory mediators have the potential to induce damage to the CNS.

The triggering of apoptosis in cells is controlled by the expression of  Oas1a,  Isg15,  Tnfsf11,  Olr1, and  Ccl5  ,

cytokines like CCL2, CCL7, and CCL8 can attract monocytes , and it has also been shown that the expression of

Cxcl10, Ccl2, A2m, and Tnf can contribute to neurotoxicity in other disease models .

The importance of region-specific astrocyte and microglial identities during prion- associated neuroinflammation was

highlighted by recent studies: specific brain regions, as well as region-specific homeostatic identities are preserved during

the preclinical stages of the disease. This is related to different prion strains and cell tropism. However, as disease

progresses and the clinical signs arise, the region-specific homeostatic transcriptome signatures are replaced by the

region-independent neuroinflammation signature, regardless of prion strain and cell tropism .These and other studies

suggest that the inflammatory component of the disease concurs to neurodegeneration , by inducing cellular damage in

the CNS and stimulating its surveillance system to display gliosis and activate astroglia and microglia observed in early

disease before vacuolar pathology or clinical signs . Ultimately, an inflammatory self-perpetuation cycle is then

established in the prion infected brain, in which neuronal damage and astrocyte and microglial activation concur to the

pathobiology of the disease and its outcome. The increase microgliosis is closely associated with spongiosis and

astrogliosis, and the correct understanding of its functions must be, in the future, related with therapies, including the

microglia reprogram throughout the prion clearance mechanisms, instead of neurotoxicity associated with these cell

populations in the later stages of prion diseases .
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