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Abstract: Prion diseases or transmissible spongiform encephalopathies (TSEs) are fatal 

neurodegenerative disorders in mammals that are caused by unconventional agents 

predominantly composed of aggregated misfolded prion protein (PrP).  

Prions self-propagate by recruitment of host-encoded PrP into highly ordered  

-sheet rich aggregates. Prion strains differ in their clinical, pathological and biochemical 

characteristics and are likely to be the consequence of distinct abnormal prion protein 

conformers that stably replicate their alternate states in the host cell. Understanding prion 

cell biology is fundamental for identifying potential drug targets for disease intervention. 

The development of permissive cell culture models has greatly enhanced our knowledge on 

entry, propagation and dissemination of TSE agents. However, despite extensive research, 

the precise mechanism of prion infection and potential strain effects remain enigmatic. 

This review summarizes our current knowledge of the cell biology and propagation of 

prions derived from cell culture experiments. We discuss recent findings on the trafficking 

of cellular and pathologic PrP, the potential sites of abnormal prion protein synthesis and 

potential co-factors involved in prion entry and propagation.  

Keywords: prion; prion strains; transmissible spongiform encephalopathies; 

glycosaminoglycans; LRP1; RPSA 
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1. Introduction 

 

Prion diseases or transmissible spongiform encephalopathies (TSEs) are neurodegenerative 

disorders that affect many mammalian species. TSEs include Creutzfeldt-Jakob disease, fatal familial 

insomnia and Gerstmann-Sträussler-Scheinker syndrome in humans, scrapie in sheep and goats, 

chronic wasting disease in deer and elk and bovine spongiform encephalopathy. In humans, prion 

diseases can be sporadic, infectious or of genetic origin. Natural genetic prion diseases in animals have 

not been reported until now. In animals, infection occurs mainly through the intestinal tract due to 

ingestion of prions present in the food or the natural environment [1]. During TSE disease, an 

abnormally folded conformer (PrP
Sc

) of the cellular prion protein (PrP
C
) accumulates in the central 

nervous and lymphoreticular system of the infected host. According to the prion hypothesis, PrP
Sc

 

constitutes the major, if not only, component of the proteinaceous infectious particles [2,3]. The 

conversion of the host-encoded PrP
C
 to PrP

Sc 
is a post-translational process that involves a 

conformational change from a predominantly -helical structure to a protein fold increased in ß-sheet. 

PrP
Sc

 is likely generated by a seeded polymerization reaction in which it serves as a template that binds 

to normal PrP
C
 and catalyzes its conformational conversion to an abnormal, aggregated isoform. PrP 

aggregates consist of fibrils with a cross-ß-structure that is characteristic of amyloid. As the amyloid 

fibril elongates and matures, it acquires an increase in conformational stability that is resistant to 

denaturation by heating, detergents and proteases. Amyloid fibrils are associated with many other 

neurodegenerative protein misfolding disorders, notably Alzheimer’s and Parkinson’s disease [4]. 

However, prion diseases are unconventional protein misfolding disorders because they constitute 

infectious diseases that are often naturally transmitted within species and sometimes even across 

species barriers.  

The first prion disease studied was scrapie of sheep and goats. Seminal work on scrapie by Pattison 

and Millson in 1961 laid the foundations for the hypothesis that prions exist as different strains [5].  

At least 20 different prion strains have been isolated from scrapie that can be propagated in the same 

inbred mouse line. Prion strains are distinguished by several semi-quantitative factors including 

incubation time before disease onset, lesion profiles in the brain and the areas of deposition of 

aggregated PrP [6,7]. PrP
Sc

 molecules associated with prion strains differ in their biochemical and 

biophysical properties. For example, PrP
Sc

 molecules exhibit strain-specific glycosylation profiles, and 

differ in their resistance to proteases as well as in their binding to conformation-specific  

antibodies [8,9]. This led to the proposal that prion strains are enciphered by the specific fold of PrP
Sc

 

[3,10]. According to this theory, strain-specific PrP
Sc

 conformations would be adopted and amplified 

by the binding and subsequent conversion of PrP
C
, thereby preserving the strain-specific information 

enciphered by the respective quaternary structures of PrP
Sc

. 

2. The Cellular Prion Protein PrP
C
: Structure, Biosynthesis and Intracellular Trafficking 

In 1985 researchers identified the Prnp gene encoding the prion protein [11,12] on chromosome  

20 in humans and chromosome 2 in mice [13,14]. The Prnp gene is evolutionary highly conserved, 

exhibiting a sequence homology of approximately 80% from amphibia to mammals [15–17]. The Prnp 

gene contains two to three exons depending on the species, with the last exon encoding the open 
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reading frame [12]. Cellular prion protein is constitutively expressed in many tissues, including the 

central and peripheral nervous system as well as the immune, lymphoreticular and intestinal  

system [18]. A particularly high expression is found in neurons localized both at pre- and post-synaptic 

sites [19] and in glial cells [20]. 

PrP
C
 is synthesized on the rough endoplasmic reticulum (ER) and transits through the Golgi 

apparatus to the cell surface (Figure 1A). Within the ER and Golgi, PrP
C
 becomes glycosylated at two 

asparagine residues [21].
 
Further post-translational modifications include the formation of a disulfide 

bond between two cysteine residues (amino acid residues 179 and 214 in human PrP) [22] and the 

attachment of a glycosyl-phosphatidyl-inositol (GPI) moiety at the carboxy-terminus of the protein 

[23]. At the plasma membrane, PrP
C
 is incorporated into lipid rafts and caveolae (raft structures with 

caveolin-1), which are regions of the membrane enriched in cholesterol and sphingolipids [24,25]. 

Targeting to these lipid rafts is mediated by the amino-terminus of PrP
C
 [26,27]. An early association 

of PrP
C
 with lipid rafts during its biosynthesis appears to be necessary for its correct folding [28]. 

Although PrP
C
 is normally translocated to the plasma membrane, high concentrations have been 

detected within multivesicular bodies [29]. Once on the plasma membrane, PrP
C
 can undergo 

proteolytic processing by metalloproteases, resulting in a membrane-attached carboxyterminal (C1) 

and an extracellularly released amino-terminal fragment [30–33]. In addition, it has been observed that 

a small percentage of full-length PrP
C
 molecules is secreted, either in a soluble form [34,35] or in 

association with exosomes [36,37]. Within the cell there is a minor sub-population of PrP
C
 molecules 

present in the cytosol [38]. Interestingly, using an inducible cell line, PrP23-230 was found in the 

nucleus of these cells and in association with chromatin [39]. The physiological relevance of such 

intranuclear localization so far is unclear. 

Extensive research into the biological function of PrP
C
 has resulted in a plethora of different 

possible functions. So far, these include involvement in signaling cascades, neuronal survival, 

apoptosis, oxidative stress, cell adhesion, differentiation, immunomodulation and more recently, 

microRNA metabolism [40,41]. PrP
C 

has a high affinity for metals such as copper, zinc and manganese 

through binding at its amino-terminus. Binding to PrP
C
 mediates neuronal uptake of these metal ions 

potentially through interaction with other receptors [42,43]. PrP
C
 has also been proposed to act as a 

cell surface scaffold protein that interacts with different partners. These mediate the activation of a 

range of diverse signaling pathways that modulate neuritogenesis and synapse formation [40]. 

Interactions of PrP
C 

with the neural cell adhesion molecule NCAM or with the laminin receptor 

precursor LRP/LR have been reported to elicit specific signaling cascades in neurons [44–46].  

In non-neuronal cells, PrP
C
 also plays an important role during embryogenesis or during stem-cell 

proliferation and differentiation [47,48]. Interestingly, PrP has also been shown to bind both RNA  

and DNA in vitro [49–52]. Evidence for a physiological role of these nucleic acid-protein  

associations [41] is accumulating but needs further clarification. 
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Figure 1. Localization of PrP
C
 and PrP

Sc
 in L929 fibroblast cells. (A) Indirect 

immunofluorescence (IF) staining of cellular PrP (green) in uninfected L929 cells. PrP
C
 

predominantly resides at the cell surface with some intracellular localization. (B) Detection 

of PrP
Sc

 in L929 cells persistently infected with prion strain 22L by IF. In contrast to PrP
C
, 

PrP
Sc

 (green) primarily localizes intracellularly and partially co-localizes with the 

lysosomal marker Lamp-1 (red). (A,B) Nuclei were counterstained with Hoechst (blue). 

Scale bar: 5 µm. 

 

 

PrP
C
 is rapidly and constitutively endocytosed from the plasma membrane [53,54]. External stimuli 

such as the binding of copper or stress-inducible protein 1 (STI1) to PrP
C
 can stimulate its 

internalization [55]. Endocytosis occurs via a dynamin-dependent pathway. PrP
C
 transits through Rab5 

positive early endosomes (EEs) before it is degraded via the endosomal/lysosomal pathway [54,56–
59]. Alternatively, endocytosed PrP

C
 can transfer rapidly and directly to recycling endosomes (RE) and 

back to the cell surface [54,56,60,61]. It has been proposed that the  

dynamin-dependent endocytosis of PrP
C
 is a GPI-anchor independent event mediated by the 

interaction of other proteins with specific domains within PrP
C
 [56]. 

Both, clathrin-dependent and -independent pathways have been described for PrP
C
  

internalization [54,59,62–64] (Figure 2). Although PrP
C
 may be endocytosed through rafts in some  

cells [62,64,65], most studies demonstrate that PrP
C
 translocates out of rafts prior to its internalization 

via clathrin-coated pits in permanent cell cultures and primary neurons [54,60,66–69].  

An amino-terminal, positively charged domain of PrP
C
 is important for its endocytosis by  

clathrin-coated vesicles [54,66]. PrP
C
 has been detected in clathrin-coated vesicles using electron 

microscopy [54,60,70]. Still, PrP
C
 internalization in mature primary hippocampal neurons appears to 

depend on rafts and cholesterol [71]. In agreement with this, Sarnataro et al. showed that lipid rafts and 

clathrin-coated vesicles can co-operate in the internalization of PrP
C
 [72]. The conflicting results 

obtained in different cell culture models argue that the internalization of PrP
C
 is a complex event that 

PrPCA Bnot permeabilized

permeabilized

PrPSc Lamp-1

merge inset
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may involve different receptors and co-receptors and more than one endocytic route depending on the 

cell type or stimulus.  

Figure 2. Cell biology of PrP in scrapie-infected cells. PrP
C
 is synthesized in the 

endoplasmic reticulum (ER) and passes through the secretory pathway to the cell surface, 

where it resides in lipid rafts. In many cells, PrP
C
 leaves lipid rafts prior to being 

internalized by clathrin-dependent endocytosis (I). Clathrin-independent  

raft/caveolae-dependent internalization (II) of PrP
C
 has also been proposed for some cells. 

PrP
C
 can be degraded by lysosomes or rapidly recycled back to the cell surface by 

recycling endosomes (RE). In cultured scrapie-infected cells the conversion of PrP
C
 to 

PrP
Sc

 is believed to take place on the cell surface and/or in vesicles along the 

endolysosomal pathway. After conversion PrP
Sc

 can accumulate at the cell surface or in 

intracellular vesicles (e.g. lysosomes). 

 

3. Cell Surface Receptors for PrP
C
 

Clathrin-coated vesicles mediate internalization of transmembrane proteins by interaction with 

accessory proteins [73]. Since PrP
C
 lacks a transmembrane domain capable of interacting with adaptor 

proteins, co-internalization of PrP
C
 with other proteins has been suggested. Several potential receptors 

for co-internalization have been proposed, including the laminin receptor precursor LRP/LR, the  

low-density lipoprotein receptor-related protein 1 (LRP1) and glycosaminoglycans (GAGs). 

Comparative studies on the involvement of these receptors for PrP
C
 endocytosis are lacking, so it is 

still unclear which role these receptors play in certain cell types. Of note, also other so far unidentified 

receptors might be involved.  

The membrane-associated form of the ribosomal protein SA (RPSA), termed laminin receptor 

precursor LRP/LR, has been characterized as a potential binding partner of PrP [74–77]. RPSA is a 

multifunctional protein present on the cell surface or associated with cytosolic ribosomes. The 67 kDa 
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membrane-bound form LRP/LR is a high affinity receptor for laminin derived from a 37 kDa 

polypeptide (37LRP) precursor by homo- or heterodimerization through fatty acid acylation. LRP/LR 

is expressed in a variety of tissues and cells, including neurons [78], and also binds growth factors, 

toxins and pathogens. LRP/LR was first identified in a yeast two-hybrid system using a HeLa cDNA 

library as prey and PrP as bait [76]. Interaction of PrP23-231 and LRP/LR, both ectopically expressed, 

was confirmed in insect cells and N2a cells. Recombinant human PrP also bound to N2a and BHK 

cells expressing LRP/LR [74]. Direct binding of recombinant PrP to LRP/LR is mediated through a 

region in PrP encompassing amino-acid residues 144-179 in human PrP [77]. Recombinant PrP also 

indirectly associates with LRP/LR on the surface of CHO cells through the interaction of both 

molecules with the GAG heparan sulfate proteoglycan (HSPG). Although an association of PrP and 

LRP/LR was confirmed in an interactome analysis of tagged-PrP expressed in neuroblastoma cells, co-

internalization of LRP/LR and endogenously expressed GPI-anchored PrP
C
 has not been formally 

demonstrated [79].  

Another putative PrP
C
 co-receptor, LRP1, belongs to the low-density lipoprotein (LDL) receptor 

family and is abundantly expressed in neurons and hepatocytes [80]. LRP1 acts as a scavenger receptor 

with two clusters of complement-type repeats with high affinity for at least 24 different ligands [80]. 

Ligands either directly adhere to LRP1 or initially bind to HSPG before being scavenged by LRP1  

for endocytosis. Thus, HSPGs serve as a primary docking site for ligands acting as a ligand reservoir 

and thereby regulating LRP1 activity. Recognition sites for cytosolic adaptor proteins in the 

cytoplasmic tail of the light chain regulate receptor-mediated endocytosis by clathrin-coated pits 

(CCPs) [80]. LRP1 transiently associates with rafts before it undergoes rapid endocytosis by CCPs. 

Partial lipid raft localization has been demonstrated in some, but not all cell lines tested [81].  

LDL receptor family members also physically and functionally interact with other cell surface 

proteins, including GPI-anchored proteins and thereby modulate their activity [80]. Bridging of LRP1 

to other cell surface receptors by ligands or cytosolic adaptor proteins has been shown to promote their  

co-internalization [81]. PrP
C
 and LRP1 have been shown to co-localize on the cell surface of SH-

SY5Y cells [82]. In neurons, association of PrP
C
 with LRP1 in the secretory pathway assists in 

trafficking of PrP
C
 to the cell membrane [83]. Both, knock-down of LRP1 or the use of LRP 

antagonists, inhibit endocytosis of PrP
C
 [82,83]. A stretch of basic amino acid residues in the amino-

terminus of PrP
C
 mediates binding to LRP1. HSPGs have been shown to be required for LRP1-protein 

complex internalization in some cases [84].  

The metabolism and trafficking of PrP
C
 is influenced by the interaction with cell surface bound 

GAGs. These are long unbranched polysaccharides, composed of repeating disaccharide units that are 

highly sulfated. GAGs are either secreted or linked to core proteins to make an entity known as a 

proteoglycan. Proteoglycans are abundantly expressed on cell surfaces and differ by their 

polysaccharide backbone and the degree of sulfation. Heparin is a GAG mainly produced and secreted 

by mast cells that is structurally closely related to heparan sulfate (HS). The most common 

disaccharide unit within HS consists of glucuronic acid and N-acetylglucosamine. HS side chains are 

covalently linked to either transmembrane syndecans or GPI-anchored glypicans. The basic amino acid 

motif KKRPKP present in the amino-terminus of PrP (residues 23-28) and two additional regions 

(residues 53-93 and 110-120) are important for the association of PrP
C
 with HS [85–87]. 

Experimentally, brain-derived PrP
C
 as well as recombinant PrP have been shown to bind to heparin or 



Viruses 2013, 5                            

 

 

380 

another polyanion, Congo red, in vitro [88,89]. Recombinant PrP has also been shown to bind to 

HSPG on the plasma membrane of CHO cells [90]. 

Whether HSPGs are important for the cell surface localization of PrP
C
 remains controversial.  

In N2a cells, degradation of HS by heparinases neither affected the cell surface expression of PrP
C
 nor 

influenced its raft association [91]. GAG mimetics could potentially modulate cell surface expression 

of PrP
C
 by competing for the binding site of endogenously expressed HSPGs, as exogenously added 

soluble GAGs have been previously shown to influence cellular PrP
C
 levels. Early studies 

demonstrated that treatment of N2a cells with HS increased total cellular levels of PrP
C
 [88].  

While pentosan polysulfate (PPS), a GAG analogue, had no apparent effect on PrP
C
 cell surface 

expression in N2a cells at concentrations of 0.1 g/mL [89], a concentration of 100 g/mL drastically 

reduced PrP
C
 cell membrane localization [90]. Likewise, other polyanionic compounds such as Congo 

red and dextran sulfate 500 kDa (DS500) at concentrations of 10 g/mL reduced the amount of cell 

surface PrP
C
 in N2a cells [90]. PPS treatment did not affect biosynthesis or trafficking through the 

secretory pathway but instead enhanced the endocytosis rate of PrP
C
, resulting in a redistribution of a 

proportion of PrP
C
 into late endosomal vesicles. The amino-terminus, comprising residues 25-91, was 

shown to be important for this. In contrast, GAG analogue suramin was shown to impair PrP
C
 folding 

in the secretory pathway, resulting in the re-routing of PrP
C
 to acidic compartments [92].  

4. Cellular Models for Studying PrP
Sc

 Formation 

Cell culture models replicating prion infectivity were already established in 1970 [93], even before 

PrP
Sc

 was identified as a surrogate marker and potential TSE agent. PrP
Sc

 formation was first detected 

in the murine neuroblastoma cell line N2a when exposed to mouse-adapted scrapie [94,95]. 

Subsequent infection experiments demonstrated susceptibility of N2a cells to several different mouse-

adapted scrapie strains [96]. Since then, several cell lines of neuronal and non-neuronal origin have 

been identified to be susceptible to a stable infection with prions (Table 1). Once prions have 

successfully infected a cell line, they can replicate persistently over multiple cell passages, with very 

few exceptions [97], without any overt cytopathic effect. Cell lines that have been successfully 

infected include microglial cells as well as epithelial cells, fibroblasts and myoblasts, which have all 

been demonstrated to persistently replicate an array of prion strains in vitro [98–108]. Curiously, a 

rabbit kidney epithelial cell line genetically engineered to express PrP
C
 of different species was shown 

to be susceptible to a variety of prion strains isolated from different sources [99–105,109]. Several 

primary cell culture models for prion replication have been reported, some of which show cytopathic 

effects upon infection [110–115]. 

Despite recent success with prion cell culture models (Table 1), prion infection of cells in vitro has 

been notoriously difficult and often unsuccessful. Most cell lines expressing PrP
C
 are resistant to prion 

infection, and for many prion strains, suitable cell culture models have not been  

established [95,116–118]. Importantly, ex vivo models for the propagation of prion strains of human 

origin have only been reported once [119]. Infections with human strains were more successful when 

prions had been previously adapted to mice [99,120]. Whilst expression of PrP
C
 is necessary for prion 

infection in vitro [121,122], the expression level of PrP
C
 does not generally appear to influence 

susceptibility [107,118,123]. Importantly, infection rates and prion titers in cell culture are usually low 
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and subsequent cloning of infected cells or pre-selection of clones is a necessary process to increase 

the percentage of infected cells within a cell population [95,118,124–127]. Remarkably, persistent 

prion infection is often lost over continuous passage. Changes in growth medium composition and 

culture conditions can account for prion loss in cell culture [128,129]. Additionally, genetic 

heterogeneity and chromosomal instability have been proposed to affect susceptibility of cell 

populations over time [118,130].  

Cell lines that are susceptible to some prion strains demonstrate a remarkable resistance to other 

strains [107,118,125]. The mouse derived fibroblast cell line NIH/3T3 for example has been shown to 

be susceptible only to mouse-adapted scrapie strain 22L, whilst the murine fibroblast cell line L929 is 

capable of replicating the strains 22L, RML and ME7 [107,125]. The reason for the differences in 

susceptibility to prion infection is unclear but points to substantial differences in the cell biology of 

prion strain replication. So far, susceptibility of a cell line to any given prion strain can only be 

determined empirically. 

A major restriction in the analysis and understanding of prion cell biology is the specific detection 

of the disease-associated isoform PrP
Sc

 over the host-encoded isoform. There is a shortage of 

antibodies that are suitable for the convincing and specific detection of PrP
Sc

 by western blot or 

immunofluorescence. Therefore, it is extremely difficult to investigate the uptake of PrP
Sc

, the 

subcellular distribution and location of de novo synthesis. Presently, the protocols for the specific 

detection of the misfolded isoform take advantage of the unique biochemical features of PrP
Sc

 and 

include treatments with denaturants to enhance immunoreactivity [131]. Moreover, newly generated 

PrP
Sc

 cannot be discriminated from the inoculated PrP
Sc

 used, unless either the substrate PrP
C
 or 

template PrP
Sc

 are tagged by antibody-specific epitopes or fluorescent labels. In most studies done so 

far, cells overexpressed tagged PrP
C
 [132–134]. Thus, either the presence of the tag or overexpression 

of PrP
C
 could influence the conversion process. Amino-acid residue substitutions in PrP often create 

complications such as a transmission barrier. Tagging of PrP
C
 at the amino-terminus with GFP has 

been shown to compromise prion infection and PrP
Sc

 formation in vivo and in vitro [135]. 

Alternatively, fluorescent labeling of purified prion preparations has been successfully used to study 

prion uptake and intraneuronal transport in vitro. However, the uptake characteristics of labeled fibrils 

show striking differences compared to those of untagged PrP
Sc

 from crude brain homogenate 

preparations [133,136]. More recently, 3F4-tagged PrP
Sc

 derived from transgenic mice that were 

infected with prions proved effective in studying prion uptake [133]. Of note, changes in the PrP 

amino acid substitutions could affect prion strain characteristics and might thus not be suited to study 

the cell biology of different prion strains.  

 Previously, prion cell culture systems relied on the detection of PrP
Sc

 as a marker for infection and 

prion titers were determined by inoculation of cell lysates into panels of mice [107]. A major 

breakthrough came in determining the titers of standard prion strains with the development of the 

“Standard Scrapie Cell Assay” (SSCA) [118]. The SSCA incorporates a highly susceptible N2a 

subclone that is inoculated with serial dilutions of the prion strain RML as a standard. These infected 

N2a cells are propagated in a microtiter format until de novo formed PrP
Sc

 accumulates to detectable 

levels. After three cell passages, defined numbers of cells are filtered onto nitrocellulose membranes 

and PrP
Sc

 positive cells are detected by immunoblot using an ELISPOT reader. The SSCA can also be 

used as an endpoint assay (SCEPA) to quantify prion titers of individual samples by comparison with 
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the standard titration curve [137]. The SSCA was subsequently adapted to a panel of cell lines 

exhibiting selective susceptibility to different strains [125,138]. 

Table 1. Cell culture models susceptible to transmissible spongiform encephalopathy 

(TSE) agents. 

 

  

Cell 

designation 
Tissue of origin or cell type 

Species 

of origin 
Prion strain References 

1. Neuronal or brain-derived cells 

N2a neuroblastoma cell line* mouse 

Chandler,RML, 139A, 

22L, C506, Fukuoka-1, 

FU CJD  

[95,96,127, 

139–144] 

GT1 hypothalamic cell line mouse 

Chandler,RML, 139A, 

22L, kCJD, FU CJD , 

M1000 

[96,97,99,120, 

139,145] 

SN56 cholinergic septal cell line mouse Chandler, ME7, 22L [146] 

HpL3-4 

hippocampal PrP-deficient  

cell line, 

upon ectopic expression of 

moPrP* 

mouse 22L [121,147] 

CF10 

brain derived PrP-deficient  

cell line, 

upon ectopic expression of moPrP 

mouse 22L [122] 

SMB prion-infected brain cell mouse 
Chandler, 139A, 22F, 

79A 
[93,148,149] 

CAD catecholaminergic cell line mouse 
RML, 22L, 22F, 79A, 

139A, ME7 
[125,150–152] 

MG20 
microglial cell line  

overexpressing PrP
C
 

tg20 

mouse 

Chandler, ME7, Obihiro, 

mouse-adapted BSE 
[98] 

PC12 pheochromocytoma cell line rat 139A, ME7 [153–155] 

HaB brain-derived cell line hamster Sc237 [131] 

SH-SY5Y neuroblastoma cell line human sCJD brain material [119] 

MDB 
primary brain cells,  

SV40 transformed 
mule deer CWD [129] 

2. Primary neuronal or brain-derived cells 

CGN 
cerebellar granule neurons 

overexpressing ovine PrP
C
 

tgov 

mouse 
mo 127S [111] 

CAS 
cerebellar astrocytes 

overexpressing ovine PrP
C
 

tgov 

mouse 
mo 127S [111] 

NSC neural stem cells mouse 22L, RML [112,113,115] 
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Table 1. Cont. 

* some cells overexpress moPrP
C
-A or 3F4 antibody-epitope tagged moPrP

C 

5. PrP
Sc 

Uptake During the Infection Process 

The prion infection process in vitro can be divided into four main steps: 1) Attachment of PrP
Sc

 to 

the cell; 2) uptake; 3) initiation of PrP
Sc

 formation and establishment of productive infection; and 4) 

persistent propagation. Most of the steps have been studied separately. The use of different prion 

preparations, strains, and cell lines has complicated direct comparison of results. Consequently, the 

following paragraphs can only give an overview of the possible infection processes. 

Most cell lines in vitro are capable of taking up PrP
Sc

 (Figure 3). Uptake of prion strains was 

reported to be neither cell type nor strain dependent [133]. However, even within a cell population 

exposed to scrapie brain homogenate, uptake is evident only in a subset of cells [133]. The observed 

differences in the speed of internalization are at least in part due to variations in the PrP
Sc

 sample 

preparation [133,158]. Detergent extraction of PrP
Sc

 prior to fluorescence labeling resulted in a slow 

uptake over a number of days [136]. However, PrP
Sc

 from crude brain homogenate preparations was 

taken up rapidly within minutes to hours post prion exposure [132,133,159–164]. Several studies have 

demonstrated that PrP
Sc

 is readily taken up by cells known to be resistant to prion  

Cell 

designation 
Tissue of origin or cell type 

Species 

of origin 
Prion strain References 

3. Non-neuronal cells 

C2C12 skeletal myoblast cell line mouse 22L [108] 

L fibroblasts fibroblast cell line mouse ME7, Chandler [106] 

L929 fibroblast cell line mouse 22L, RML, ME7 [107] 

NIH/3T3 fibroblast cell line mouse 22L [107] 

MSC-80 Schwann cell line mouse Chandler [156] 

MovS 
Schwann cell-like  

from dorsal root ganglia 

tgov 

mouse 

PG127, SSBP/1, scrapie 

field isolates 
[104,157] 

moRK13 
epithelial cell line 

expressing mouse PrP
C
 

rabbit 

Fukuoka-1, 22L, 

Chandler, M1000, mo 

sCJD 

[99–101,120] 

voRK13 
epithelial cell line 

expressing vole PrP
C
 

rabbit vo BSE  [100] 

ovRK13/ 

RoV9 

epithelial cell line 

expressing ovine PrP
C rabbit 

PG127, LA404, SSBP/1, 

scrapie field isolates 
[102–104] 

elkRK13 
epithelial cell line 

expressing elk PrP
C
 

rabbit CWD [105,109] 

4. Primary non-neuronal cells 

BM-derived 

MSC 

bone marrow derived 

mesenchymal stem cell 
mouse Fukuoka-1 [110] 

BM-derived 

MSC-like 

bone marrow derived 

mesenchymal stem cell like 
mouse Fukuoka-1 [114] 
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infection [159,160,165,166], arguing that potential receptors and uptake mechanisms for PrP
Sc

 are also 

present in non-permissive cells. 

As physical interaction between PrP
C
 and PrP

Sc
 is required for the conversion of cellular prion 

protein to its pathological isoform, PrP
C
 might also serve as a receptor for PrP

Sc
 uptake. Interestingly, 

overexpression of PrP
C
 did not affect initial binding of PrP

Sc
 to CHO cells [159]. It was later shown 

that cells devoid of PrP
C
 also take up PrP

Sc
, demonstrating that PrP

C
 is not generally required for PrP

Sc
 

uptake (Figure 3) [133,136,159,162]. But how does PrP
Sc

 bind to the cell and how does it enter?  

Three putative cell surface receptors have been characterized that could be involved in PrP
Sc

 uptake. 

LRP/LR has been found expressed in human small intestinal mucosa [167], suggesting that it could 

mediate the initial PrP
Sc

 uptake in the gut when the animal is first exposed to prions by food 

contaminants. Importantly, PrP
Sc

 uptake in human intestinal enterocytes in culture depended on both 

prion preparations and strains [158]. Uptake of PrP
Sc

 present in brain homogenate from mice infected 

with bovine spongiform encephalopathy was reduced upon preincubation of cells with anti-LRP/LR 

antibodies, suggesting that LRP/LR is involved in this process. Likewise, uptake of proteinase K 

treated mouse-adapted scrapie prions into non-permissive BHK cells was dependent on the LRP/LR 

receptor and HS [166]. Of note, establishment of prion infection in these systems has not been shown. 

Jen and colleagues recently demonstrated that a specific inhibitor of LRP1 receptors and  

siRNA-mediated knock-down both drastically impaired binding and uptake of both recombinant PrP 

fibrils and PrP
Sc

 in wildtype and PrP knock-out neurons [164]. Interestingly, addition of PrP
Sc

 to the 

cells slowed down endocytosis of endogenous PrP
C
, suggesting that PrP

Sc
 and PrP

C
 were competing 

for the same binding site on LRP1. Further studies demonstrated that the binding of PrP
Sc

 to LRP1 was 

mediated by cluster 4 of LRP1 that is also implicated in endocytosis of PrP
C
 [82,83,164]. 

Figure 3. Non-neuronal cells and PrP-deficient cells take up PrP
Sc

. Brain homogenate from 

mice infected with the 22L prion strain is taken up by L929 fibroblast cells (left panel) and 

PrP-deficient HpL3-4 cells (right panel). Cells were incubated with infected brain 

homogenate for 18 hours prior to fixation, permeabilization, guanidine hydrochloride 

treatment and immunofluorescence staining. Cells incubated with uninfected brain 

homogenate (MOCK ctrl) served as control for specific detection of PrP
Sc

. PrP
Sc

 uptake is 

observed in both fibroblast cells and PrP-deficient cells. Monoclonal anti-PrP antibody: 

4H11. Nuclei were counterstained with Hoechst (blue). Scale bar: 5 µm. 

 

 

PrP0/0 cell line HpL3-4 

PrPSc MOCK ctrlPrPSc

L929 cells

MOCK ctrl
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Proteoglycans could represent the third class of PrP
Sc

 receptors necessary for binding and early 

uptake of exogenous PrP
Sc

. PrP
Sc

 binds to the HS analog heparin and disulfonated Congo red  

in vitro [159,168]. HS serves as a binding partner for PrP
Sc

 in vivo, as proteinase K digested PrP
Sc

 

(hamster scrapie Sc237) poorly bound to mutant CHO cells lacking HS or GAGs [159]. Addition of 

heparin, a natural HS analog, competitively inhibited binding of PrP
Sc

 to N2a and wildtype CHO  

cells [159]. GAG mimetics have also been shown to inhibit uptake of PrP
Sc

 in cell culture.  

Incubation of non-permissive CHO cells with heparan mimetic HM2602 drastically impaired uptake of 

hamster prion rods (strain Sc237) [165]. Likewise, DS500 and HM2602 impaired entry of hamster 

prion rods in N2a cells [160]. Of note, concentrations sufficient to inhibit PrP
Sc

 accumulation in RML 

infected N2a cells were inefficient in inhibiting PrP
Sc

 uptake [160]. A candidate proteoglycan for PrP
Sc

 

binding and uptake is glypican-1 [169–171]. 

Although several putative receptors for PrP
Sc

 endocytosis have been identified, the exact 

mechanism of uptake has not been elucidated. Besides the classical endocytosis pathways of  

clathrin-mediated endocytosis or raft-mediated endocytosis, PrP
Sc

 could also be taken up by 

macropinocytosis. Macropinocytosis is a relatively non-selective process that delivers its cargo to late 

endosomal and lysosomal compartments. Studies on the uptake of fluorescently labeled detergent 

extracted, proteinase K treated PrP
Sc

 (Chandler scrapie strain) by SN56 cells revealed no  

co-localization with raft marker choleratoxin [136]. Instead, extensive co-localization was observed 

with fluorescent dextran, a marker for internalization by macropinocytosis. Addition of amiloride, an 

inhibitor of macropinocytosis, to Rov cells (RK13 cells expressing ovine PrP) did not inhibit uptake of 

exogenous PrP
Sc

, arguing that this internalization process is not involved in PrP
Sc

 uptake at least in 

these cells [162]. However, productive infection with RML prions was prevented in N2a cells upon 

addition of macropinocytosis inhibitor EIPA for 48 hours during the infection process [172]. Whether 

this treatment influenced external PrP
Sc

 uptake or impaired de novo PrP
Sc

 production has not been 

shown. Future studies will need to clarify the role of macropinocytosis for PrP
Sc

 uptake and 

establishment of persistent infections. 

In summary, the mechanism of PrP
Sc

 internalization is not fully understood. PrP
Sc

 uptake might not 

be restricted to one pathway but could occur through multiple pathways [173] and host factors are 

likely to influence the outcome of the infection process [133,174,175]. One important question that 

needs to be addressed further is if the proposed uptake pathways also lead to a productive prion 

infection. So far, it cannot be excluded that productive infection requires a distinct internalization route 

and alternative uptake mechanisms might prevent chronic infection. Furthermore, it is unclear if 

different prion strains utilize the same entry pathways for establishing chronic infections. 

6. Early Steps of Prion Infection 

The aforementioned studies so far demonstrated that PrP
Sc

 can be taken up by a vast majority of 

cells in vitro, independent of PrP
C
 expression and receptors such as LRP/LR, LPR1 and proteoglycans 

might contribute to PrP
Sc

 internalization. But where exactly is PrP
Sc

 formed, and is the uptake of PrP
Sc

 

necessary for a productive prion infection? Recent progress in studying the earliest events of prion 

infection has been made by expressing tagged PrP
C
 [132,134]. According to these studies, de novo 

PrP
Sc

 formation is a fast process, initiated within minutes [134] to hours post-exposure [132]. 
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Remarkably, initial PrP
Sc

 formation was independent of the scrapie strain and was even apparent in 

cells that do not become persistently infected or with strains previously not shown to propagate in cell 

culture. However, PrP
Sc

 formation was often transient and did not result in a productive  

infection [132]. These data demonstrate that (1) non-permissive cells can transiently produce PrP
Sc

,  

(2) the establishment of a prion infection is initiated after the first round of PrP
Sc

 formation  

and (3) restricted susceptibility to certain strains is controlled by processes that take place after the 

initial PrP
Sc

 formation. Studies using myc-tagged PrP
C
 expressed in N2a cells demonstrated that PrP

Sc
 

was formed on the plasma membrane within 2 minutes post prion exposure and was then rapidly 

trafficked to the perinuclear region [134]. Lipid rafts appeared to be important for PrP
Sc

 formation, as 

treatment with the cholesterol sequestering drug filipin, abolished this process [134]. Neither de novo 

PrP
Sc

 formation nor PrP
Sc

 accumulation in perinuclear compartments was abolished by inhibitors of  

dynamin-dependent endocytosis, CCPs or macropinocytosis. Thus, these endocytic pathways are either 

not involved in de novo formation and trafficking of PrP
Sc

 or multiple pathways can be utilized for 

PrP
Sc

 uptake [134]. The involvement of the LRP1 receptor for the establishment of a productive 

infection is unclear. Knock-down of LRP1 in sensory neurons during the acute infection step appeared 

to decrease uptake of PrP
Sc

 but had no influence on overall PrP
Sc

 levels four weeks post infection, a 

time point at which PrP
Sc

 replication is usually not observed in untreated sensory neurons [164].  

Further experiments will be necessary to prove if the LRP1 receptor is also contributing to the 

establishment of a productive prion infection. 

7. PrP
Sc

 Formation in Persistently Infected Cells 

The cellular compartments involved in PrP
Sc

 formation and accumulation are still ill-defined. In cell 

culture, PrP
Sc

 accumulation has been reported mainly on the cell surface and within endocytic 

compartments [176–178], but also within vesicles of the secretory pathway [179–181], and even in the 

nucleus [182]. PrP
Sc

 formation is a post-translational event that requires physical interaction between 

PrP
Sc

 and PrP
C
 (Figure 2). Although both PrP

C
 and PrP

Sc
 are present on the plasma membrane of 

infected N2a cells [180,183], PrP
Sc

 localizes primarily intracellularly, with only minor amounts on the 

cell surface (Figure 1B) [131]. Still, transport of PrP
C
 to the plasma membrane is required for 

conversion into the abnormal isoform [92,134,177,178,181,184]. Removal of PrP
C
 from the plasma 

membrane by phospholipase C diminishes PrP
Sc

 accumulation in N2a cells [140,177,184]. Likewise, 

impaired transport of PrP
C
 to the cell surface by suramin cures chronically infected N2a cells and 

prevents PrP
Sc

 formation [92]. Lipid rafts appear to play an important role in the formation of  

PrP
Sc

 [58]. Detergent-resistant microdomains isolated from persistently infected N2a cells contain both 

PrP
C
 and PrP

Sc
 [25,179,181,184]. Inhibition of cellular cholesterol synthesis drastically impairs raft 

formation and also influences cellular PrP
Sc

 levels [24,179]. Filipin extraction of membrane cholesterol 

also affects cellular PrP
Sc

 levels in persistently infected N2a cells [65]. Mutant PrP
C
 with a 

transmembrane anchor that redistributes into non-raft regions is not converted to its abnormal isoform, 

suggesting that raft association is required for conversion. Of note, changing the PrP amino acid 

sequence by addition of a transmembrane anchor to PrP could also impair the conversion process  

per se, and the convertibility of such PrP molecule has not been formally proven in vitro [24].  
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Cells expressing PrP
C
 lacking the GPI moiety do not support sustained prion infection in vitro, arguing 

that the anchor is necessary for efficient PrP
Sc

 formation in cell culture [122]. 

The role of the secretory pathway for PrP
Sc

 formation is unclear. Early studies reported that PrP
Sc

 

co-localized with Golgi markers [131]. It has been speculated that either PrP
C
 or PrP

Sc
 are directly 

translocated from the cell membrane to the ER by a Rab6 controlled retrograde pathway [185]. 

Interestingly, PrP mutants that are retained in the ER or Golgi apparatus can drastically interfere with 

PrP
Sc

 accumulation in RML infected N2a cells, suggesting that the mutants competitively inhibited 

binding or conversion of wildtype PrP
C
 in these compartments [186]. Alternatively, minute amounts of 

PrP
C
 trafficked correctly through the secretory pathway to the cell surface are capable of dominant 

negative interference with the conversion of PrP
C
. 

An important role in the conversion of PrP
C
 to PrP

Sc 
in persistently infected cells is assigned to the 

endocytic pathway [176–178]. In primary hippocampal neurons, PrP
Sc

 was found at the cell surface 

and in early as well as recycling endosomes [61]. The early recycling compartment was suggested to 

be the primary location of prion conversion [187]. Recently, Zurzolo and co-workers studied the 

intracellular localization of PrP
Sc

 in three cell lines persistently infected with different prion strains and 

detected more than 25% of the protein co-localized with a marker for the early recycling  

compartment [187]. Others found that in chronically infected cell lines N2a and GT1, the majority of 

PrP
Sc

 accumulates intracellularly mainly localized within late endosomes and lysosomal  

compartments [131,177,181,184,188,189]. In endosomal or lysosomal compartments, PrP
Sc

 undergoes 

an initial proteolytic cleavage, leading to PrP
Sc

 lacking its amino-terminus [178,181,189,190]. 

Importantly, inhibition of amino-terminal trimming does not inhibit PrP
Sc

 accumulation, arguing that 

this step is not essential for PrP
Sc

 biogenesis [176,178]. In conclusion, while it is unclear if PrP
Sc

 

replication mechanisms are the same for different strains and in different cell types, most studies argue 

that PrP
Sc

 formation in persistently infected cells takes place either on the cell surface or along  

the endocytic pathway, with the majority of PrP
Sc

 eventually accumulating in the lysosomal 

compartment (Figure 2B). 

8. GAGs As Co-Factors for PrP
Sc

 Formation 

The interaction of PrP
C
 and PrP

Sc
 with receptors for binding and uptake is closely linked to the 

conversion process. GAGs are not only involved in the binding and uptake of PrP, but also play an 

important role for PrP
Sc

 formation or stabilization. In vivo HS is a prominent component of cerebral 

prion amyloid plaques and diffuse PrP
Sc

 deposits [191]. Treatment of uninfected cells with lyases that 

cleave GAG chains from endogenous proteoglycans prevents prion infection, arguing that GAGs are 

essential for initiation of a productive prion infection [160]. However, GAGs also play an essential role 

in PrP
Sc

 accumulation in cells chronically infected with prions. Enzymatic digestion of cellular HS, but 

not cellular chondroitin or dermatan sulfate, reduced PrP
Sc

 levels in N2a cells chronically infected with 

RML prions, suggesting that HS is a major co-factor necessary during PrP
Sc

 biogenesis [91]. In line 

with this, sodium chlorate and xyloside EDX, inhibitors for sulfation and proteoglycan glycosylation, 

drastically reduced PrP
Sc

 levels in N2a cells chronically infected with RML [88,91]. Most exogenously 

added sulfated glycans interfere with PrP
Sc

 accumulation in a variety of persistently infected cell 

culture models, likely by binding to PrP
Sc

 or PrP
C
 and by competing for the interaction with 
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endogenous sulfated glycans required for PrP
Sc

 formation and/or stabilization [88,89,192]. The degree 

of sulfation, but also other properties such as the glycan backbone, positioning of sulfates, non-sulfate 

substituents and glycan chain size are important for the anti-PrP
Sc

 activity of GAG analogs [89,165]. 

Disulfonated Congo red and sulfated glycans such as low molecular weight heparin, dextran sulfate, 

suramin and PPS all reduced PrP
Sc

 accumulation in N2a cells persistently infected with RML or 

Chandler [88,89,92,192]. Less sulfated HS, high molecular weight heparin, or other GAGs such as 

dermatan sulfate, chondroitin sulfate and hyaluronic acid exerted no anti-PrP
Sc

 activity [88]. HS side 

chains on glypican-1 are likely important for facilitating PrP conversion, as siRNA knock-down of 

glypican-1 significantly reduces total PrP
Sc

 levels in N2a cells [170]. In conclusion, in vivo and in vitro 

data argue that endogenous GAGs stimulate prion conversion, potentially by providing a scaffold for 

PrP
C
/PrP

Sc
 clustering and interaction [193–195]. Exogenous GAGs competitively inhibit the 

interaction of PrP
Sc

 and PrP
C
 with endogenous GAGs and thereby interfere with the  

conversion process. 

9. Cell-To-Cell Transmission of Prions 

Under the right culturing conditions, prion-infected cells retain stable PrP
Sc

 levels over multiple cell 

divisions. PrP
Sc

 accumulation in dividing cells is strongly influenced by the rate of PrP
Sc

 synthesis, 

degradation and cell division [196]. In persistently infected cells, prion infectivity is primarily 

transmitted from mother to daughter cells [196]. Interestingly, an increase of infected cells during cell 

propagation was observed in some [118,197] but not all cell cultures [107], arguing that at least in 

some cultures, prions spread to neighboring cells. Two major routes have been described for 

intercellular spread of prions in vitro. Several studies have reported release of PrP
Sc

 and/or infectivity 

into the cell culture medium (Table 2). Prions have also been found to be associated with exosomes 

released from infected cells [36,37,99,198]. In NIH/3T3 cells, retroviral co-infection enhanced the 

release of PrP
Sc

 and prion infectivity into the cell culture supernatant. Prion proteins were released in 

association with exosomes and viral particles, suggesting that retroviral co-infection could contribute 

to prion spreading [198]. Kanu and colleagues showed that in SMB cells infected with Chandler 

scrapie, cell-to-cell infection was dependent on close proximity or direct cell contact between donor 

and recipient cell [149]. Culturing infected and uninfected cell populations separated by transwells 

abolished infection of target cells. Likewise, conditioned medium was ineffective at transmitting 

prions to recipient cells. For some cell lines, secretion of infectivity has been reported, but prions were 

preferentially transmitted to nearby cells, suggesting that direct cell proximity promoted efficient 

infection [197]. The fact that living cells were far more effective in transmitting infectivity than dead 

cells argues that cell biological processes are involved in prion transmission. The exact mechanism of 

direct cell-to-cell spread in SMB, Mov and Rov cells needs to be determined, but recent studies argue 

that cytoplasmic bridges, so called tunneling nanotubes (TNTs), are involved in this process in CAD 

cells persistently infected with 139A prions [199]. TNTs are actin and/or microtubule containing 

cytoplasmic bridges that allow intercellular communication. These sometimes contradictory results 

might be explained by the use of different cell types and prion strains. Indeed, the intercellular 

transmission efficiency can differ significantly in different cell lines bearing comparable titers of the 
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same prion strain, arguing that the ability to propagate and to disseminate prions are distinct 

phenomena [197]. 

Table 2. Routes of prion dissemination in cell culture. 

Prion-infected donor cell 

line 

Prion 

strain 

Intercellular prion 

spreading 
PrP

Sc
 secreted References 

N2a 22L 
Yes, via conditioned 

medium 

Yes, associated with 

exosomes  
[36] 

N2a RML No or inefficient Not determined [97,196] 

SMB Chandler 
Yes, via direct cell 

contact 
Not determined [149] 

HpL3-4* 22L 
Yes, via conditioned 

medium 
Not determined [121] 

NIH/3T3 22L 
Yes, via conditioned 

medium 

Yes, associated with 

exosomes 
[198] 

CAD 139A Yes, via TNTs Not determined [200] 

GT1 RML 
Yes, via conditioned 

medium 
Not determined [97] 

GT1 FU CJD 
Yes, via conditioned 

medium 
Not determined [201] 

GT1 M1000 Yes 
Yes, associated with 

exosomes 
[99] 

ovRK13/ RoV9 PG127 Yes (inefficiently) 
Yes, associated with 

exosomes 
[37,197] 

moRK13 M1000 Yes 
Yes, associated with 

exosomes 
[99] 

Mov PG127 
Yes, via close proximity 

of cells 

Yes, associated with 

exosomes 

[37,111, 

197] 

SN56 Chandler 
Yes, via conditioned 

medium 
Yes [202] 

* cells ectopically express 3F4 antibody-epitope tagged moPrP
C 

10. Other Protein Aggregates Can Spread and Propagate in Cell Culture  

Over the last few years an increasing number of studies have shown that non-prion protein 

aggregates associated with other neurodegenerative diseases can spread from cell to cell in a prion-like 

manner [203]. The most studied amyloid proteins are Aβ and tau in Alzheimer`s disease (AD),  

α-synuclein in Parkinson`s disease (PD), superoxide dismutase 1 (SOD1) in amyotrophic lateral 

sclerosis (ALS), and polyglutamine-rich huntingtin fragments in Huntington`s disease (HD).  

These proteins differ from PrP in their amino acid sequences, functions and cellular locations, but all 

share the cross β-sheet conformation in their aggregated states. Although not infectious from a 

classical point of view, protein aggregates accumulating during those diseases have been shown to 

spread in tissues in vivo [204–207] and infect neighboring cells in vitro [208–211]. Spreading of 

protein misfolding along interconnected brain regions argues for direct cell contact as a potential route 

of transmission [212]. Co-cultures of donor and recipient cell lines demonstrated that tau, α-synuclein 
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and SOD1 could be transmitted via conditioned medium, sometimes in association with  

exosomes [208–210,213,214]. A prerequisite of aggregate spreading is the presence of multiple seeds 

that can be transmitted in the infection process. The high spreading efficiency of prions compared to 

other amyloidogenic protein aggregates might, at least in part, be due to a more efficient aggregate 

fragmentation process that produces new seeds [203]. Using a model system of mammalian cells 

expressing the yeast prion protein Sup35 we have recently shown that the cytosol of mammalian cells 

provides an environment for efficient aggregate replication (Figure 4) [215]. The efficiency at which 

aggregate seeds are formed might differ depending on the protein aggregate, as Sup35 and SOD1 

aggregates could be stably propagated over serial passages, while polyQ aggregates were diluted out 

over time [211,215,216]. 

Figure 4. Propagation of cytosolic prions derived from the S. cerevisiae Sup35 prion 

domain NM. N2a cells ectopically express the HA-tagged prion domain NM of Sup35, 

which is the most well characterized yeast prion. The left image shows aggregated NM-HA 

(green) after induction with recombinant NM fibrils, the right image shows the soluble 

NM-HA (green). NM was stained with anti-HA antibody. F-Actin was stained with 

fluorescently conjugated phalloidin (red). Nuclei were stained with Hoechst (blue).  

Scale bar: 5 µm. 

 

11. Concluding Remarks 

Almost 25 years after the discovery of prion susceptible neuroblastoma cells, persistently infected 

N2a cells still constitute the prototype cell-culture system for studying prions. Consequently, prion cell 

biology has been mostly studied in permanent cell lines chronically infected with prion strains RML, 

Chandler or 22L. Still, it is unclear if the identified pathways and co-factors are required for all prion 

strains, or if different prion strains utilize different subcellular compartments for efficient propagation. 

Clearly, pharmacological studies revealed significant differences in the anti-prion efficacy of 

compounds tested against various prion strains in permanent cells and primary neurons [111,217]. 

Whilst some of the anti-prion effects might be directly attributed to their special binding properties to 

PrP
C
 or PrP

Sc
 [193], some might exert their effect more indirectly by affecting cellular metabolism. 

Thus, thorough investigations with different strains propagated in the same cell line are necessary to 

determine if prion strains utilize the same cellular pathways and co-factors for initial infection and 

sustained propagation. 
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