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ABSTRACT 
 

Neurodegenerative diseases are often characterized by the co-deposition of different 

amyloidogenic proteins, normally defining distinct proteinopathies. 

An interesting example is represented by prion diseases, in which the presence of PrPSc 

plaques is often accompanied by aggregates of the tau protein, normally implicated in 

another class of diseases called tauopathies. How this copresence of amyloidogenic proteins 

can influence the progression of prion disease is still a matter of debate. 

Recently, the cellular form of the prion protein, PrPC, has been investigated as a possible 

receptor of amyloidogenic proteins, since its binding activity with Aβ, tau and α-synuclein has 

been proved and it has been linked to several neurotoxic behaviours exerted by these 

proteins.  

In our previous paper we showed that PrPC acts as a receptor for tau K18 amyloid fibrils and 

that the exposure of cultured cells to these fibrils causes an increased PrPC retention at the 

plasma membrane. Interestingly, tau K18 fibril administration reduced PrPSc levels in 

chronically prion-infected cells, probably by an impairment of PrPC conversion due to the 

fibril binding.  

To deepen this aspect, we decided to exploit, together with tau K18, also another construct 

of tau containing the sequence forming the core of Alzheimer’s disease tau filaments in vivo. 

Our results suggest that, despite differing for six amino acids only, these two constructs form 

different tau fibril types in vitro. However, their effect on PrPSc reduction was comparable 

and probably based on the binding to PrPC at the plasma membrane, inhibiting the 

conversion event. Moreover, both amyloid fibrils were able to hinder the earlier phases of 

prion infection, slowing down prion replication and making cells less prone to be infected.  

Our results suggest PrPC as a receptor for different tau fibril types and point out a role of tau 

amyloid fibrils in preventing the prion conversion event at the base of the pathology. These 

findings may help disentangle the mutual relationship between amyloidogenic proteins that 

often show co-deposition.  

 

 

 



3 
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INTRODUCTION 
 

1.1. Neurodegenerative diseases  

According to the 2020 World Population ageing report of United Nations, “the world 

continues to experience an unprecedented and sustained change in the age structure of the 

global population, driven by increasing levels of life expectancy and decreasing levels of 

fertility”. In 2020, individuals 65 years of age or older were 727 million, with women 

representing the major part. This number is expected to more than double in 2050 

worldwide, reaching 1.5 billion, with a share of the population of 16% and with all regions 

equally contributing 1.  

Around 50 million people suffer from dementia worldwide and this number is predicted to 

increase up to 150 million by 2050 2, together with the enormous social and economic cost 

linked to these pathologies. In 2020, the estimated global cost of dementia was 1.3 trillion 

US dollars and it is expected to more than double by 2050 3. 

Neurodegenerative diseases are a group of pathologies characterized by the reduction in the 

functionality of specific subsets of neurons and resulting in the degeneration of these cells 

and in the symptoms typical of these illnesses such as memory loss, speech impairments, 

movement problems and others. A common feature of so different pathologies is the 

aggregation and the deposition of normally soluble proteins that start becoming insoluble, 

enriched in beta sheets and that accumulate as fibers called “amyloid”. Protein aggregates 

are found either intracellularly or in the extracellular space of the central nervous system 

(CNS) cells and their deposition occurs in a disease- and protein-specific way. Differences in 

cells that accumulate amyloids and in cells that degenerate might be explained by seeing the 

accumulation of amyloids as the end point of a cascade, with the earlier stages more linked 

to the pathogenesis. The most peculiar neurodegenerative disease is prion disease, with 

unique features that, over the years, have attracted the attention of scientific and health 

authorities. Others neurodegenerative diseases sharing with prion diseases some clinical 

features have been termed as “prion-like”.   

 

1.2. Prions and prion-like diseases 

Prion diseases are characterized by the structural conversion of the cellular form of the prion 

protein, PrPC, into the disease-causing form, PrPSc 4. The misfolding event triggering this 
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conversion may result from the direct contact between PrPC and the pathogenic PrPSc, which 

induces the native PrPC to misfold in a process known as “templated conformation change” 

or “seeding” 5. This induced conformational change has classified prion diseases as 

“infectious”, meaning that the spontaneous transmission between individuals has happened 

outside of an experimental setting, despite most of the cases occur with unknown reason 

from the wild-type protein or through mutations in PrPC sequence.  

Other diseases, termed “prion-like”, share with prions the induced conformational change 

that leads to the propagation of protein misfolding and to the cell-to-cell spreading of 

pathological proteins in specific anatomic regions. These diseases are classified as “not 

infectious”, as the transmission between individuals has never been proved. According to the 

type of protein mainly found aggregated in the CNS of the patient, prion-like pathologies are 

classified as tauopathies, such as progressive supranuclear palsy (PSP), corticobasal 

degeneration (CBD) and others; α-synucleinopathies including Parkinson’s disease (PD), 

dementia with Lewy bodies (DLB) and multiple system atrophy (MSA); TDP-43 

proteinopathies; FUS/FET proteinopathies; trinucleotide repeat diseases and others. 

Alzheimer’s disease (AD) is usually considered separately, as it shows both Amyloid β (Aβ) 

and tau accumulation 6. 

 

 

Figure 1. Prion and prion-like diseases. Schematic representation of the misfolded proteins and of the protein 

aggregates involved in the most common neurodegenerative diseases. 

 

Especially in the aging brain, these proteinopathies show frequently co-occurrence with 

different combinations, making the classification harder.  

Except for trinucleotide repeat diseases, arising from mutations causing the abnormal 

expansion of repetitive sequences, the sporadic cases of the other pathologies involve the 

wild-type proteins and, rarely, pathogenic missense or splicing mutations 5. 
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Even though associated with the same protein deposition, these diseases exhibit very 

different phenotypes and the age of onset, the cognitive decline, the location and extent of 

protein aggregates may vary significantly, even among individuals affected by the same 

pathology.  

The mechanisms underlying the initial conversion of the normal soluble proteins into 

insoluble filamentous aggregates remain unknown.   

For most of the aggregated proteins involved in these pathologies, the same templated 

conformation change, described originally for prions, has been documented. In the case of 

prion diseases, several factors can generate a peculiar PrPSc, which is able to imprint its 

unique conformation to the PrPC molecules, thus generating distinct diseases propagating in 

individuals 7,8. These unique conformations, or “strains”, have been reported also for Aβ 9-11, 

tau 12-14 and α-synuclein 15-18, and they may provide an explanation for the existence of 

different tauopathies and synucleinopathies, that, even though showing the accumulation of 

the same protein, differ in the clinical symptoms, brain-region affected and cell types 

targeted.  

In the case of prions, their propagation is linked to the transfer from an infected cell to a 

naïve one, suggesting that PrPSc can spread through connected cells or that it can be released 

in the extracellular environment and taken up by nearby cells. The intracerebral injection of 

brain extracts from AD patients induced the accumulation of Aβ deposits in mice 19, while 

Frost and colleagues demonstrated that tau fibrils added to the culture medium are taken up 

by cells and induce the fibrillization of endogenous cytoplasmic tau 20. Moreover, healthy 

neurons transplanted into PD patients developed, years later, Lewy bodies (LBs) positive for 

α-synuclein, suggesting that the pathogenic form, in the host brain, induced the aggregation 

of the normal protein in the transplanted cells 21,22.  

 

1.3. Human prion diseases 

Prion diseases are a heterogeneous group of fatal and infectious pathologies that afflict 

mammals and cause neurodegeneration. Creutzfeldt-Jakob disease (CJD), Gerstmann-

Sträussler-Scheinker syndrome (GSS) and fatal familial insomnia (FFI) characterize humans, 

but other examples of mammals’ prion diseases are represented by scrapie in sheep, bovine 

spongiform encephalopathy (BSE) in cattle and chronic wasting disease (CWD) in cervids. 

Their unique features are linked to the ability of these diseases to be inherited, to be 

infectious or to arise spontaneously. In fact, the majority of prion diseases are classified as 



11 
 

sporadic and account for 85% of all the cases, while some forms are genetic (15%) and less 

than 1% are acquired 23.  Among the clinical symptoms there are dementia, insomnia, deviant 

behaviour, ataxia and paraplegia 24, while neuropathologically, poor or extensive atrophy and 

neuronal loss, vacuolation and spongiform changes, astrocytic gliosis and prion protein 

amyloid plaques deposition, the latter representing the only diagnostic marker 25. The agent 

responsible for these diseases are prions, infectious proteins derived from the structural 

conversion of the cellular prion protein (PrPC) to the disease-causing scrapie isoform (PrPSc) 
4.  

The first case of human prion diseases was reported in 1920 by Hans Creutzfeldt, who 

described in a patient “a peculiar focal illness of the central nervous system” 26. The following 

year, Alfons Maria Jakob, neuropathologist in Hamburg, described other cases of patients 

who had developed loss of memory, behavioural changes, speech, and motor defects 27,28. 

However, in the end, only two out of five cases described by Jakob met the criteria for the 

current diagnosis of prion diseases, and not even the Creutzfeldt’s one. In 1957, another 

degenerative disease, kuru, was described by Daniel Carleton Gajdusek among natives of 

New Guinea 29,30 and, years later, it was linked to the consumption of the relatives’ brains for 

ritualistic purposes. The experiments demonstrating the transmission of kuru to chimpanzees 
31-33 won a Nobel Prize for Gajdusek in 1976 and, without any doubt, proved the infectious 

nature of this disease. In 1982, Stanley B. Prusiner coined the term “prion”, standing for 

“proteinaceous infectious particle”, to describe the protein-containing infectious agent 

responsible for prion disease 34 and, in 1997, won the Nobel Prize for his studies. Prusiner 

and his group supported the prion hypothesis by isolating the infectious protein particle from 

infected animals and inactivating it by methods known to disrupt proteins 35,36. 

As mentioned before, in humans, around 85% of all cases are sporadic CJD (sCJD), in which 

the conversion of PrPC to PrPSc is considered to occur spontaneously. From 10% to 15% of all 

cases are genetic (familial mostly) and linked to mutations in the gene encoding for the prion 

protein, PRNP, making it more prone to change conformation into PrPSc. The less frequent 

and most known cases are acquired, in which PrPSc is transmitted to an individual causing 

his/her endogenous PrPC to misfold. 
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1.3.1. Sporadic prion diseases 

Sporadic prion diseases include sCJD and the recently identified variably protease-sensitive 

prionopathy, characterized by the presence of an insoluble PrP, more sensitive to protease 

digestion than normal prion diseases 37.  

The usual onset of sCJD is between 55 and 75 years of age with around 85% of the patients 

dying within 1 year 38. First developed symptoms are cognitive, and they vary among cases 

including altered sleep, vertigo, headache, and behavioural changes together with aphasia, 

apraxia, and visual disturbances 39. The progression is rapid with the development of 

myoclonus, consisting in the involuntary and irregular twitching of muscles. 

Neuropathologically, neuronal loss, gliosis and vacuolation in the cell body are observed and 

the deposition of PrPSc may be revealed by immunocytochemistry and proteinase K (PK) 

digestion followed by Western Blot (WB) analysis 40. The diagnosis is usually performed with 

magnetic resonance imaging (MRI) and electroencephalogram (EEG). Cerebrospinal fluid 

(CSF) analysis may detect the presence of 14-3-3 neural protein, normally released after rapid 

neuronal loss. To date, none of these methods is considered to be completely specific 41. 

Interestingly, the rate of homozygosity of polymorphism at codon 129 of human PRNP gene, 

resulting in the substitution of valine with methionine, is higher in sCJD patients, suggesting 

this as a factor predisposing to the development of the disease 42. 

 

1.3.2. Genetic prion diseases  

Genetic prion diseases are usually divided in three subcategories: familial Creutzfeldt-Jakob 

disease (fCJD), GSS and FFI, all associated to mutations in the PRNP gene encoding for the 

prion protein. There are now at least 40 different known mutations in the PrP encoding gene, 

causing alterations in the number of repeats in the N-terminal portion of PrP and point 

mutations in the C-terminus 43. Four point mutations at codons 102, 178, 200 and 210 and 

insertions of five or six octapeptide repeats account for 95% of the cases 41. All these factors 

are thought to make the cellular prion protein, PrPC, more prone to convert into PrPSc 40. fCJD 

is typically presented as a progressive dementia, with an earlier age of onset and protracted 

clinical course than sCJD, and characterized by ataxia and other motor symptoms, typically 

manifested between 30 and 55 years of age. Several other mutations result in different 

phenotypes and in the use of distinct names. GSS is usually a slow progressive disease arising 

at the age of 50, albeit earlier onset cases have been reported 44. Many PrPSc-positive deposits 

are found throughout the brain and also cases of neurofibrillary tangles presence, typical of 
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Alzheimer’s disease, have been reported 45. Fatal familial insomnia is a very rare prion disease 

usually manifested at 40 years of age and characterized by a long-lasting insomnia followed 

by motor and cognitive symptoms 23. The neuronal loss usually occurs within the thalamus. 

FFI was originally associated to a mutation at codon 178, found later also in familial 

Creutzfeldt-Jakob disease; this mutation, together with the polymorphism at codon 129, 

might produce two altered conformations of the prion protein and two distinct disease 

phenotypes 46. 

 

1.3.3. Acquired prion diseases 

The acquired forms of prion diseases usually derive from the accidental transmission of PrPSc, 

which causes the endogenous PrPC to misfold and to trigger the disease.  

As mentioned before, Kuru was the first acquired prion disease identified and linked to the 

endocannibalism practice, now almost totally eradicated. 

Variant Creutzfeldt-Jakob disease (vCJD) is the only known prion disease able to be 

transmitted directly from animals, affected by BSE, to humans. It is thought that BSE 

epidemics, also known as “mad cow disease”, raised especially in United Kingdom due to the 

practice of feeding sheep products, some of which contaminated with prions, to cattle. Some 

of the food products, derived from the infected cattle, were consumed by humans who 

developed the disease, that had its peak in 1992-1993 23. This pathology is characterized by 

the onset of psychiatric symptoms, preceding by months the canonical neurological ones, 

and by an earlier age of onset and a longer disease duration 47. Almost all reported cases so 

far are homozygous for methionine at codon 129 of PRNP gene. Moreover, this form of prion 

diseases differs from the others for the presence of PrPSc, not only in the CNS, but also in the 

lymphoreticular system, maybe because acquired through oral or blood product exposure 23. 

Some cases of vCJD, acquired from blood transfusion, were also reported in UK 48. 

Prions were reported also to be transmitted iatrogenically, through infected corneal 

transplants, human growth hormone extracted from cadavers, dura mater transplants and 

contaminated neurosurgical instruments, albeit their incidence has now declined since the 

introduction of recombinant human growth hormone, synthetic dura mater grafts and 

appropriate sterilizing procedures 23. The homozygosity at codon 129 seems to predispose to 

iatrogenic CJD 49. Interestingly, Aβ accumulation was also found in the brain of patients who 

died for iatrogenic prion disease caused by the exposure to infected human growth hormone; 
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whether this effect is linked to Aβ transmission or to its synthesis and accumulation triggered 

by prion pathogenesis needs to be clarified 50,51.  

 

1.3.4. Diagnosis 

Diagnosis of prion diseases is performed through clinical and molecular methods.  

EEG analysis was largely used for the detection of periodic or pseudoperiodic sharp wave 

complexes (PSWC) in the advanced stages of the disease, but its reliability has been 

questioned for being able to detect only some subtypes of the pathology 52.  

MRI signal abnormalities are another important tool in the detection of prion diseases, also 

before the onset of clinical symptoms. These alterations become usually more extensive with 

the progression of the disease, evidencing dilatation of ventricles and cortical thinning 38. 

Cerebrospinal fluid (CSF) analysis, to detect markers linked to brain injury, may help in the 

diagnosis. However, the detection of one of these proteins, 14-3-3, may result ambiguous 

due to the release of high amount of this neural protein in the CSF also in non-prion related 

disorders 53. Total tau protein content is also used as a CSF marker for prion diseases, showing 

high specificity especially when combined with the 14-3-3 test 54,55, although concerns have 

emerged regarding sample preparation and it is thought that MRI analysis should always 

support the interpretation of the results 56. 

In 2010, a new technique for the in vitro detection of a very small amount of PrPSc, called real-

time quaking-induced conversion (RT-QuIC), has been developed 57. This assay uses 

recombinant PrP as substrate, seeded with the PrPSc present in the specimen, and 

intermittent cycles of shaking, that favour the conversion of the substrate into PrPSc. The 

conversion event is monitored by the fluorescence emission of the Thioflavin T (ThT), a 

specific dye that binds to the forming β-sheets 57. This test revealed a sensitivity greater than 

80% and 100% specificity, albeit in a small group of cases 57. 

The sequencing of the gene encoding for PrP, PRNP, is usually performed to exclude prion 

diseases caused by genetic mutations. Moreover, methionine homozygosity at codon 129 

constitutes a risk factor for the development of prion diseases, being overrepresented in sCJD 

and vCJD patients 53,58,59. Finally, insertions/deletions of repeats in the octapeptide region are 

considered pathogenic, because of the increase in the formation of protease resistant PrP 55. 

The two isoforms of PrP, PrPC and PrPSc, share the same identical aminoacidic sequences, but 

the conformational change of the secondary structure makes PrPSc richer in β-sheets and 

partially resistant to proteolysis. Consequently, PrPC is completely digested upon PK 
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treatment, while PrPSc proteolysis results in the removal of the N-terminal amino acids and 

in the appearance of the distinct bands corresponding to the di-, mono- and un-glycosylated 

forms of PrPSc in WB.  

 

 

Figure 2. WB banding pattern of not infected and prion-infected samples. In not infected samples (left panel), 

proteinase K completely digests PrPC resulting in no signal coming from the membrane after the incubation with 

anti-PrP antibody. In prion-infected samples (right panel), both PrPC and PrPSc are present, and the digestion 

with proteinase K results in the appearance of three bands corresponding to the PK-resistant core of PrPSc.  

 

Size, mobility and abundance of bands are used to distinguish different PrPSc associated to 

specific diseases 53. 

Finally, immunohistochemistry is used to localize and to reveal the morphology of PrPSc 

deposits in different regions of the brain.  

The two methods mentioned above, together with the genetic screening, represent to date 

the only tools for a definitive diagnosis of prion diseases 55. 

 

1.3.5. Prion strains 

Prions are characterized by the existence of “strains”, described as infectious particles that, 

when transmitted to identical hosts, produce distinct prion disease phenotypes, including 

incubation times, specific neuronal target, and lesion profiles 60. Usually, the existence of 

strains is linked to differences in the nucleic acid of pathogens, but in the case of PrPSc, a 

protein-only infectious particle, this property must be explained by other factors. The idea 

that different strains result from PrP itself is supported by differences in the biochemical 

properties of two prion strains, responsible for the transmissible mink encephalopathy 

(TME). Differences following PK digestion 61 and in the resistance to denaturing agents and 
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proteolysis 62 suggest the existence of distinct conformations. Even though a strain can only 

be identified after experiments evaluating the characteristics associated with its 

transmission, biochemical analyses are useful to evaluate differences in the glycosylation 

pattern or in the size of the PK resistant fragments. Transmission of prion diseases between 

different mammalian species may be restricted by the so called “species barrier”, when 

prions isolated from one species result less infectious when inoculated in other species, with 

longer incubation time and reduced attack rate. Usually, the first inoculation of prions from 

species A to species B results in not all inoculated animals developing the disease and in 

variable incubation periods when compared to the inoculation within the same species. The 

second passage to further animals of species B, instead, resembles the one within the same 

species, with all animals developing the disease with consistent incubation periods 63. This 

peculiar effect is thought to reside in PrP primary and 3-D structure differences between the 

donor and the acceptor species, affecting the efficiency of the protein-protein interaction at 

the base of prion conversion.  

Among animal prion diseases, strains derived from hamster prions (Sc237and 263K), mouse-

adapted BSE prions (301C and 301V) and mouse-adapted scrapie prions (RML, ME7, 139A, 

and 79A) are used to study human prion diseases 64. RML prions, for example, derive from 

scrapie prions that have been adapted into mouse by repetitive passages. Distinct human 

prion strains, differing in their biochemical and neuropathological patterns, as well as in their 

transmission properties, have been identified in CJD, kuru and FFI. These strains differ in their 

banding pattern on WB upon PK digestion, suggesting different human PrPSc conformations. 

PrPSc fragment sizes and the ratios of the three PrP glycoforms are maintained when passed 

in transgenic mice expressing human PrP and result in murine prions with the same fragment 

sizes and glycoform ratios as the original inoculum 65. Furthermore, vCJD prions differ in their 

glycoform pattern when compared to classical CJD, but they resemble the ones observed in 

cattle BSE and BSE when transmitted to other species 65.  
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Figure 3. Molecular strains of human prion diseases 63. WB of brain homogenates after treatment with PK 

showing different molecular and glycoform ratios. T1-T3: sporadic or iatrogenic CJD, T4: vCJD. 

 

1.4. Cellular prion protein 

The human cellular form of the prion protein is encoded by the PRNP gene, located in the 

short arm of chromosome 20 and consisting of two exons, with the second one containing 

the full coding sequence. In mice, the Prnp gene is located in chromosome 2 and the last exon 

of three encodes for the protein 66. 

The precursor protein of 253 amino acids is synthetized in the endoplasmic reticulum and 

there it is modified with the removal of the C-terminal signal peptide, the attachment of the 

glycosylphosphatidylinositol (GPI)-anchor, the formation of the disulfide bond between 

Cys179 and Cys214 and the N-linked glycosylation at Asn181 and Asn197 67-69. The protein is 

subsequently modified in the Golgi network, with the refinement of the glycans attached to 

the asparagines, giving rise to four different protein isoforms: the un-glycosylated one, two 

mono-glycosylated forms and the di-glycosylated one, with both asparagines occupied by 

glycans 70. The GPI-anchored mature protein of 208 amino acids is attached to the 

extracellular part of the plasma membrane 71, and it is characterized by an N-terminal 

disordered domain, with four octa-repeats regions where divalent cations bind 72, and a C-

terminal globular domain, consisting of three α-helices, a three stranded antiparallel β-sheet 

and the GPI-anchor 73,74. During its trafficking, PrPC undergoes several endoproteolytic 

processes, with both physiological and pathological functions 75. The α-cleavage, which 

occurs at position 111/112 of the human sequence, produces a N1 fragment of 11 kDa with 

neuroprotective effects 76 and a C1 fragment of 16 kDa, which cannot be converted into PrPSc 

and therefore considered as inhibiting the misfolding event 77. The β-cleavage, occurring at 
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residues 90/91 of the human sequence, results in the formation of a 9 kDa N2 fragment and 

a 18-20 kDa C2 fragment, related to prion infection 78,79.  

The endoproteolytic cleavage, close to the GPI-anchor, produces an almost full length PrP 

protein called “shed PrP”, present in CSF and blood, shown to bind protein oligomers and 

fibrils, inhibiting their neurotoxic effects 80. 

 

1.4.1. PrPC expression and functions 

PrPC is already present during embryogenesis, but its highest level of expression in the CNS 

is reached during adulthood 81. Its expression was also seen in skeletal and cardiac tissues, 

lymphoid organs, lung, gut, spleen, ovary and testis 82. Despite its ubiquitous expression, 

mouse models lacking PrPC do not present significant defects 83. The most evident phenotype 

of Prnp knocked out mice is the resistance to PrPSc infection 84. Other roles are the 

involvement in circadian rhythms 85, neurogenesis and neuronal differentiation 86, 

hippocampal synaptic plasticity 87, and myelin formation and maintenance in peripheral 

nervous system (PNS) 88. PrPC is expressed also outside of the CNS and it was found in cells of 

the immune system 89, suggesting its role in the immunological system 90. 

 

1.4.2. PrPC as amyloid receptor 

Several lines of research have focused on the identification of putative cellular receptors 

responsible of or assisting the detrimental effects exerted by circulating amyloid species 

involved in neurodegenerative diseases. Recently, because of its already demonstrated 

ability to transduce PrPSc toxicity, PrPC has been largely studied as a possible binding partner 

of several amyloid species.  

 

1.4.2.1. PrPC as PrPSc receptor 

Prion infectivity resides in its ability to take contacts and convert PrPC, which has now been 

identified as the main factor essential for prion replication. As previously mentioned, the 

most evident phenotype of PrPC knocked out mice is their resistance to PrPSc infection 84. In 

addition of being resistant to prions, PrPC knockout (KO) mice are not damaged by exogenous 

PrPSc, as demonstrated by a study in which grafts overexpressing PrPC accumulate prions that 

show no toxicity to their surrounding PrPC KO tissues 91. Moreover, arresting the propagation 

of PrPSc, by depleting the PrPC neuronal pool, prevents prions neurotoxicity, despite the 

extraneuronal PrPSc accumulation 92. Besides the toxicity induced by prion infection, another 
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study pointed out the possible role of PrPC in mediating PrPSc toxicity without any prion 

replication. In this work, the expression of PrPC of different species, and so less prone to be 

converted by PrPSc due to the species barrier, led anyway to neurotoxic signals, 

independently of prion replication 93.  

 

1.4.2.2. PrPC as Aβ receptor 

Aβ pathology, as well as the one of other prion-like proteins, comprises many different 

proteopathic species with distinct structural properties and neuropathological features 94,95. 

It is now widely accepted that small (oligomers) and large (protofibrils) Aβ aggregates, rather 

than monomers, are responsible for the effect on neural physiology 96, and that this 

heterogeneity could be responsible for the different clinical manifestation 97. The binding 

between PrPC and Aβ oligomers was demonstrated using Aβ-42 synthetic oligomers, which 

show nanomolar binding affinity to PrPC. In addition, the long-term potentiation (LTP) 

blockage, induced by these amyloid species, was absent in PrP null mice 98. This effect was 

reverted by preventing the binding using anti-PrP specific antibodies. Seemingly, Freir and 

colleagues showed that two antibodies targeting residues 93-102 and 143-153 of the prion 

protein blocked the inhibition of LTP mediated by Aβ, both in vitro and in vivo 99. Significant 

apoptotic phenotypes were observed in SH-SY5Y, when transiently transfected to express 

PrPC and cultivated with Chinese hamster ovary cell line (CHO-7PA2) secreting toxic Aβ 

species 93.  

Besides several other studies suggested PrPC as a mediator of Aβ neurotoxic effects 100-103, 

some works described Aβ-mediated impairments that do not depend on PrPC 104-106. These 

apparently controversial results may derive from the use of heterogeneous Aβ amyloid 

preparations, obtained by in vitro aggregation of the monomers or from the culture medium 

of specific cell lines or from AD affected brains. Being the pathological Aβ not a single 

molecule, it is unlikely that PrPC could transduce all the pathological toxic effects of these so 

heterogeneous entities.  

 

1.4.2.3. PrPC as tau receptor 

Tau is a microtubule-binding protein regulating microtubule assembly and stability and it is 

expressed in the CNS as six different isoforms due to alternative splicing. Tau protein is 

neuropathologically involved in tauopathies, a class of neurodegenerative diseases 

characterized by the accumulation of insoluble tau inclusions, called neurofibrillary tangles 
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(NFTs), accumulating in neurons and glia 107. However, transgenic mice expressing wild-type 

or mutant human tau suggest that NFTs are not sufficient for neurodegeneration 108,109, and 

their formation may exert protective functions, sequestering toxic monomeric or oligomeric 

tau species. Therefore, soluble oligomers, rather than insoluble aggregates, are suggested to 

be the toxic species, despite the difficulties in their characterization and the heterogeneity 

of oligomer preparations.  

Full-length recombinant tau was reported to bind recombinant PrPC in its octapeptide domain 
110. In another study, the toxic effects exerted by extracellular tau species were prevented by 

the administration of anti-PrP 6D11 antibody 111, and similar results were obtained by 

Ondrejcak and colleagues, who showed the prevention of LTP inhibition induced by both 

recombinant and brain-derived tau, using anti-PrP antibodies 112. Recently, soluble 

aggregates of tau were shown to bind PrPC in vitro and their detrimental effects on LTP and 

neurites were prevented by PrPC ablation or using anti-PrP antibodies 100. Moreover, the in 

vivo effect of tau on long-term depression (LTD) was investigated in rats, where the 

hippocampal injection of soluble tau aggregates increased the threshold for LTD induction in 

a PrPC-dependent manner. Interestingly, tau soluble aggregates completely blocked the Aβ-

facilitated LTD, indicating that the cellular prion protein could mediate a range of different 

and sometimes opposing actions, following the interaction with distinct amyloid proteins 113. 

Our previous work investigated the interplay between recombinant tau K18 amyloid fibrils, 

directly administered to the culture medium of N2a cells, and PrPC. We were able to find an 

interaction of the prion protein with tau fibrils, prevented by the treatment with anti-PrP 

antibodies, and an increased uptake of tau fibrils in cells expressing PrPC compared to the 

ones knocked-out for the protein. Interestingly, the exposure of prion-infected cells to these 

amyloids induced a decrease in PrPSc levels, probably because of a direct binding between 

PrPC and tau, that hinders the conversion event 114. 

 

1.4.2.4. PrPC as α-synuclein receptor 

α-synuclein is, in its monomeric state, an intrinsically disordered protein of 140 amino acids 

localized in the pre-synaptic terminals. Although its localization may suggest a role in the 

regulation of neurotransmitter release, synaptic function and plasticity, α-synuclein functions 

remain unknown 115,116. α-synuclein monomers can aggregate forming oligomers and fibrillar 

conglomerates, linked to cytotoxicity 117. In the aggregation process, α-synuclein interacts 

with other proteins giving rise to LBs, neuronal intracellular inclusions constituted mainly by 
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α-synuclein fibrillar aggregates 118. Abnormal cytoplasmic α-synuclein inclusions characterize 

α-synucleinopathies, a class of neurodegenerative diseases that includes PD, DLB and MSA.  

Although not mandatory for their transport, the expression of PrPC promotes α-synuclein 

fibril spreading in the brain of injected mice, together with the formation of LB-like 

aggregates. Moreover, the overexpression of PrPC in HEK293 cells enhances the binding of α-

synuclein fibrils to the plasma membrane 119. Same data were confirmed by Aulić and 

colleagues both in vitro and in vivo and, interestingly, the authors reported an effect of α-

synuclein fibrils in the reduction of PrPSc 120. The interaction with α-synuclein fibrils is 

prevented by the expression of a mutant form of PrPC lacking its central domain 119, while the 

detrimental effects of α-synuclein oligomers are abolished by pre-treating hippocampal slices 

with anti-PrP 6D11 antibody 121. 

In contrast, in another paper, the authors found no binding between α-synuclein oligomers 

and PrPC, and comparable α-synuclein-mediated toxicity between PRNP+/+ and PRNP0/0 mice 
122. As for Aβ, the characterization of different preparations of α-synuclein oligomers/fibrils 

is extremely important to assess the contribution of PrPC in synucleinopathies.  

 

1.4.3. PrPC intracellular trafficking 

The cellular prion protein continuously transits from the extracellular plasma membrane to 

the endocytic compartments 123. From early endosomes, PrPC can be recycled back to the 

plasma membrane or degraded in the endolysosomal compartments 124. Its association to 

lipid rafts 125, enriched in cholesterol and sphingolipids, starts when the immature PrPC 

precursor resides in the ER 126. PrPC routing involves either clathrin-dependent and -

independent pathways. GPI-anchored proteins, such as PrPC, are not able to physically 

interact with the adaptor proteins responsible for the clathrin-mediated endocytosis (CME), 

because of the lack of intracellular aminoacidic sequences. However, their internalization can 

be mediated through the interaction with other partners 127. CME of PrPC requires its N-

terminal aminoacidic sequence, from position 23 to 107 of the mouse sequence 128, and this 

could imply the association with the extracellular domain of a transmembrane protein that 

contains a coated pit internalization signal 129. PrPC interaction with laminin receptor 

precursor (LRP) and the 67-kDa laminin receptor (LR), resulting in its internalization via 

clathrin-coated pits, has been documented 130. Moreover, PrPC interacts with the 

transmembrane low-density lipoprotein receptor-related protein 1 (LRP1), and this binding 

allows the internalization via a clathrin-dependent mechanism 131. Controversial data on the 
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involvement of clathrin in PrPC internalization were obtained in Neuro2a (N2a) cells, where 

the downregulation of clathrin has no effect on PrPC uptake 132.The protein is then targeted 

to early endosomes through the Ras-related protein Rab5 133, and Dynamin may play a role 

in the PrPC internalization pathway. 

PrPC internalization may also rely on caveolae, plasma membrane pits formed by the 

assembly of cytoplasmic proteins on a caveolin platform 134, which move PrPC to late 

endocytic multivesicular bodies (MVBs) and lysosomes rather than to the recycling 

compartments 135. PrPC octarepeats region was shown to interact with Caveolin-1, a 22kDa 

protein organizing several caveolar functions 136. Among clathrin-independent endocytosis 

(CIE) mechanisms, copper binding to the N-terminal region of PrPC promotes its endocytosis 

through a pathway regulated by flotillin and Fyn kinase 137.  

 

1.4.4. PrPC intercellular trafficking 

Apart from being present on the plasma membrane, PrPC was found in MVBs 138, specialized 

endosomes containing intraluminal vesicles (ILVs), whose content can be degraded in 

lysosomes or released in the extracellular space after the fusion with the plasma membrane 
139. Prnp-null mice exhibit reduced MVBs formation and exosome release 140, suggesting an 

important role of PrP in exosome metabolism.  

PrPC overexpression was connected to the formation of tunnelling nanotubes (TNTs), 

cytoplasmic extensions connecting distant cells 141, where the protein transits probably by 

surface continuity or by vesicular transport 142.  

Normally, the endosomal sorting complex required for transport (ESCRT) is involved in MVBs 

biogenesis, targeting cargoes to the ILVs, and its alteration affects PrPC trafficking and 

localization 143. Moreover, the dysregulation of vacuolar protein sorting (VPS) proteins, 

implicated in ESCRT pathway, affects PrPC localization. The downregulation of Vps35 and 

Vps28 respectively blocks and increases PrPC internalization 144, while the expression of a 

Vps4 dominant-negative isoform accumulates PrPC at the limiting membrane of endosomes 
143.  
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Figure 4. PrPC intra- and intercellular trafficking. PrPC internalization can be mediated by the interaction with 

clathrin, caveolin or other adaptor proteins such as LRP1. From the early endosomes, the protein can be 

recycled back to the plasma membrane or, alternatively, PrPC can be delivered to lysosomes for degradation or 

directed to the extracellular space through exosomes and TNTs. 

 

1.4.5. PrPC to PrPSc conversion  

Prion diseases are characterized by the pathological conformational change of PrPC into PrPSc 

and the consequent accumulation of the latter in the CNS 145. In this transition, a portion of 

PrPC α-helices and coil structures is converted into β-sheets, which make PrPSc structurally 

different from its counterpart 146. This change in the structure is accompanied by different 

physical-chemical properties of PrPSc, such as the resistance of its C-terminal fragment to PK 

degradation and the insolubility in non-denaturing detergents 34. Therefore, PK digestion and 

WB are routinely performed to assess PrPSc presence. After PK digestion, PrPSc resistant 

fragments (PrP 27-30) show a lower molecular weight and maintain the characteristic three-

band pattern corresponding to the di-, mono- and un-glycosylated forms, while PrPC is 

completely digested (Fig. 2). 

 

1.4.6. PrPSc intracellular trafficking 

The conversion of PrPC to PrPSc seems to require from minutes to hours after the first 

exposure 147,148. Although, together with PrPC, PrPSc was found localized at the plasma 

membrane, it seems to reside primarily in the intracellular compartments 149,150. After being 
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endocytosed, PrPSc is recycled to the plasma membrane or, alternatively, sent to the Golgi 

apparatus via the retromer pathway, to be degraded in lysosomes 151.  

MVBs have been proposed as an important site for prion conversion since, by preventing 

their maturation, PrPSc accumulation is reduced 152. 

PrPSc internalization pathways were thought to be the same as PrPC, but their identification 

is still controversial. For instance, clathrin- and caveolae-mediated endocytosis pathways 

slightly control prion uptake but remain fundamental for the establishment of the infection 
153.  

LRP/LR may represent an important receptor for prions, as their uptake is reduced upon the 

administration of an antibody targeting LRP/LR 154. Moreover, BSE prions in vCJD seem to be 

internalized by LRP/LR in gut enterocytes 155.  

LRP1 represents another prion receptor, which after binding, targets PrPSc to lysosomes 

rather than to the plasma membrane 156. 

Heparan sulfate (HS) is a glycosaminoglycan (GAG) related to heparin and covalently attached 

to a range of core proteins to form HS-proteoglycans (HSPGs) 157. The treatment with 

heparinase and chlorate, inhibitors of sulfation, strongly reduces PrPSc rods binding and 

uptake 158. Furthermore, the binding of PrPSc to Chinese Hamster Ovary (CHO) cell 

membranes could be reduced by heparin treatment 159, suggesting an involvement of HS in 

prion uptake.  

Macropinocytosis, a non-selective process responsible for the delivery of cargoes to late 

endosomal and lysosomal compartments, was shown to be involved in the uptake of fibrillar 

prions 160. Whether macropinocytosis mediates prion uptake or the establishment of an 

efficient infection remains to be clarified, since the treatment with amiloride, an inhibitor of 

macropinocytosis, does not influence PrPSc uptake in ROV cells 161, while in N2a cells the 

inhibition of this pathway was sufficient to prevent PrPC conversion in its pathological 

counterpart 162. 

Murine neurons infected with prions internalize PrPSc by vesicles positive for late endosomal 

and lysosomal markers but not by early endocytic, synaptic, or raft-derived vesicles 163. 

Interestingly, PrPC seems not involved in the uptake process of PrPSc, since exogenous PrPSc 

has been found in the extremities of neurites either in WT or PrP KO cells 163.  

 

1.4.7. PrPSc intercellular trafficking 

PrPSc is proposed to spread among cells through direct contact, TNTs, and exosomes.  
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Previous works demonstrated that prion-infected cells are efficiently able to transmit their 

infectivity to neighbouring naïve cells by direct contact 164,165.  

TNTs represent another way of PrPSc spreading in neuronal CAD cells 142, and astrocytes may 

contribute to this process, through the involvement of different intercellular connections 

delivering PrPSc to neurons 166. Inside TNTs, PrPSc moves in endolysosomal vesicles 142,166, but 

the escaping mechanism leading to PrPSc interaction with PrPC needs to be clarified. Both the 

number of TNTs and the amount of released vesicles are increased following prion infection, 

boosting PrPSc spreading in a positive feedback loop 166.  

Being, as well as PrPC, a GPI-anchor protein residing in lipid rafts, PrPSc can be incorporated 

into exosomes 167. The treatment with monensin, which stimulates the release of exosomes, 

is accompanied by an increased prion infectivity 168, and PrPSc enriched exosomes are 

infectious when challenged in mice 138,169. Moreover, the amount of infectivity associated 

with the exosomal pathway was seen to be prion strain-dependent in RK13 cells 170. Prion 

infection could also modify the exosomal population, which shows different structural 

characteristics compared to the ones of the uninfected cells 167. In addition, exosomes might 

not represent the only population of vesicles involved in prion spreading, as showed in N2a 

cells, where PrPSc was found associated to plasma membrane-derived microvesicles, resulted 

to be infectious both in vitro and in vivo 171. Detectable levels of infectivity were also found 

in lower-speed vesicle preparations, consistent with PrPSc association with larger vesicles 138. 

Interfering with the ESCRT machinery strongly affects the association of prions with 

exosomes 172, albeit ESCRT-independent pathways for the delivery of cargoes into exosomes 

have been described, such as the one requiring ceramide, a sphingolipid abundant in rafts, 

produced by the neutral sphingomyelinase (nSMase) pathway 173. The treatment of prion-

infected cells with the nSMase2 inhibitor GW4869 was found to hinder PrPSc targeting into 

exosomes 174.  
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Figure 5. PrPSc intra- and intercellular trafficking. During prion infection, PrPSc is internalized through the 

interaction with several binding partners. In the cytoplasm, PrPSc is mainly found in endosomal vesicles positive 

for Lamp-1 and rab7. From there, PrPSc is sent to lysosomes for degradation or directed to the extracellular 

environment through exosomes and TNTs, contributing to the propagation of the infection. 

 

1.5. Tauopathies 

Neurodegenerative diseases characterized by the deposition of misfolded tau in the brain are 

collectively known as tauopathies. To date, more than 26 different tauopathies have been 

identified 175. Disorders in which the accumulation of tau is the predominant feature are 

called primary tauopathies, distinguished from the ones in which tau deposition is secondary 

to other events, known as secondary tauopathies. The nomenclature of primary tauopathies 

overlaps with the classification of Frontotemporal Lobar Degeneration-Tau (FTLD-Tau). 

Alzheimer’s disease belongs to the secondary tauopathies because triggered by Aβ 

accumulation 176. 

Clinically, patients develop features of frontotemporal dementia (FTD), and secondary 

symptoms can vary according to the anatomic area, cell types involved, and specific tau 

isoforms deposited 177.  

Tau is a microtubule binding protein playing an important role in microtubule polymerization 

and in promoting axonal transport and neuronal integrity 178. In the adult human brain, six 

different tau isoforms are expressed, deriving from the alternative splicing of exons 2, 3 and 

10 and differing for the presence of 3 (3R) or 4 (4R) microtubule binding domains (MBDs) 179. 



27 
 

In normal conditions, the ratio between 3R/4R isoforms is almost 1:1 and the dysregulation 

of this equilibrium, with the over-representation of a class over the other, may drive tau 

pathology 180. Specific MAPT mutations can disrupt this equilibrium leading to tauopathies 
181. Most of the mutations occur in exons 9-13, and the ones residing in intron 10 and some 

in exon 10 affect its alternative splicing, increasing the ratio of 4R tau isoforms 182. In all 

patients’ brains with mutations affecting the splicing, insoluble tau levels comprise 

predominantly, but not exclusively, the isoform that is over-represented 183. Moreover, two 

haplotypes of tau exist, H1 and H2, differing from each other for a 900 kb sequence inversion 

and for a 238 bp deletion in H2, upstream to the exon 10 184. In addition, a number of single-

nucleotide polymorphisms in H1  was seen to produce several sub-variants, some of which 

associated with an increased risk of tauopathies, such as CBD and PSP 185, also because of an 

increased expression of 4R tau 186. In addition, tau protein in tauopathies results abnormally 

hyperphosphorylated, decreasing its binding affinity to microtubules and promoting its self-

aggregation 187. According to the composition of the aggregates, tauopathies are classified in 

3R, 4R or mixed 3R+4R. Following this classification, 3R tauopathies (60 and 64 kDa bands in 

WB of sarkosyl-insoluble fractions) comprise Pick’s disease (PiD), 4R tauopathies (64 and 68 

kDa bands) include PSP, CBD, globular glial tauopathy (GGT) and argyrophilic grain disease 

(AGD); mixed tauopathies are primary age-related tauopathy (PART) and AD, the latter as a 

secondary tauopathy (Fig. 6) 176. Mutations in the MAPT gene, encoding for tau, are 

associated with FTLD 182. Recently, a new classification based on the structure of the tau 

filament found in the pathologies has been proposed 188.  
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Figure 6. Molecular classification of tauopathies (Frontotemporal Lobar Degeneration (FTLD)-Tau) and WB 

patterns of insoluble tau 176. 3R tauopathies (PiD, Pick’s disease) are characterized by the presence of 

aggregated 3R tau isoforms (60 and 64 kDa bands). 4R tauopathies (PSP, progressive supranuclear palsy; CBD, 

corticobasal degeneration; GGT, globular glia tauopathy; AGD, argyrophilic grain disease) present the 

aggregation of 4R tau isoforms (64 and 68 kDa bands). Mixed tauopathies include primary age-related 

tauopathy (PART) and present either 3R and 4R aggregated tau isoforms (60, 64 and 68 kDa bands). Mutations 

in tau gene MAPT are associated with FTLD (FTLD-MAPT). 

 

1.5.1. 3R tauopathies 
 

1.5.1.1. Pick’s disease 

This pathology was firstly characterized by Arnold Pick, who described a severe atrophy of 

the frontal, temporal and parietal lobes 189. Significant neuronal loss, gliosis and round 

intraneuronal inclusions called Pick’s bodies, composed of filamentous 3R tau, are observed. 

Straight tau filaments are predominantly present in the hippocampus and in frontal and 

temporal cortices 190. Tau pathology is also found as round Pick body-like inclusions in both 

oligodendroglia and astrocytes 191. PiD is the only tauopathy predominantly associated with 

3R tau inclusions. 

 

1.5.2. 4R tauopathies 
 

1.5.2.1. Progressive supranuclear palsy 

PSP is characterized by atrophy in the subthalamic nucleus and pons, and by a 

depigmentation of the substantia nigra 192. Intraneuronal tau pathology consists of NFTs and 

globular inclusions composed of 4R tau and associated with tufted astrocytes, with tau-

positive inclusions forming densely packed fibrils that form tufts in the proximal processes 

surrounding astrocytic nuclei 193. In oligodendrocytes, tau inclusions, called coiled bodies, 

surround the nucleus 194.  

 

1.5.2.2. Corticobasal degeneration 

In CBD, differently from PSP that affects the hindbrain areas, neuronal loss and gliosis occur 

in the frontoparietal cortex and extend to the frontal and superior temporal lobes 195. 

Moreover, astrocytic inclusions have different morphology compared to the ones found in 

PSP, with plaques in CBD that might be involved earlier than neuronal accumulation 196 and 
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that represent a diagnostic criteria for CBD patients. Ballooned neurons have also been found 

in CBD, with an higher density compared to PSP, and with deposits composed of pre-tangles 

and not NFTs 197.  

 

1.5.2.3. Globular glial tauopathy 

GGT is characterized by tau pathology mainly consisting of 4R tau in oligodendrocytes and 

astrocytes 198. Differently from PSP, GGT is characterized by globular oligodendrocytic and 

astrocytic inclusions 199, while neuronal tau pathology is mostly present as diffuse 

cytoplasmic globular or small tangle-like pathology 200. Three subtypes have been 

documented according to the localization of tau aggregates. In type I, the globular inclusions 

in oligodendrocytes, located in the frontotemporal regions, lead to behavioural symptoms. 

In type II, the motor cortex and the corticospinal tract are affected with a consequent 

impairment of movement. Type III combines the features of the previous categories with 

higher burden and smaller size of astrocytic inclusions 201. 

 

1.5.2.4. Argyrophilic grain disease 

AGD is neuropathologically characterized by argyrophilic and 4R-tau immunoreactive grains, 

small spindle-shaped lesions in neuronal processes and, in particular, in dendrites and 

dendritic spines 202. The immunostaining for p62 and ubiquitin is also helpful to detect grains.  

These grains are usually deposited in the transentorhinal and entorhinal cortices, the CA1 

region of the hippocampus, the presubiculum, the neighbouring temporal cortex, the 

orbitofrontal cortex, and the insular cortex 203. Oligodendritic coiled bodies and neuronal 

pretangles are also observed, while granular/fuzzy astrocytes are constantly present in the 

amygdala 201.  

 

1.5.3. Mixed tauopathies: 4R+3R 
 

1.5.3.1. Primary age-related tauopathy 

PART usually shows AD-like NFTs with few or no Aβ plaques. In contrast to AD, NFTs are 

exclusively found in temporal lobes, basal forebrain, brainstem and olfactory bulb 204. When 

associated with dementia, the term NFT (or tangle-only) dementia is also used 205. In some 

cases, it is uncertain whether a progression towards AD will be seen and it is still under debate 

whether PART represents a distinct pathology or an early stage of AD 206. Neurofibrillary 
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degeneration and ghost tangles restricted to the hippocampus and medial temporal lobe are 

seen 205.  

 

1.5.3.2. Alzheimer’s disease 

AD is classified as a secondary tauopathy because of the formation of intracellular NFTs in 

the presence of extracellular amyloid plaques mainly formed by the amyloid β peptide in a 

fibrillar form. In contrast to FTLD-tau, AD affects people over the age of 75 and its symptoms 

are linked to dementia rather than changes in behaviour 203. This is the most common form 

of dementia, thought to represent the 60-70% of all cases and afflicting 44 million people 

worldwide 207. AD is usually manifested with short-term memory difficulties, but problems in 

expressive speech, visuospatial processing and executive functions may also occur 208. The 

severity of the cognitive impairment in AD varies. The earliest symptomatic stages are usually 

referred as mild cognitive impairment (MCI), with the functional capacities relatively 

preserved, while a cognitive impairment compromising independence and affecting daily life 

is defined as dementia. A gradual onset and an ongoing progression of dementia usually 

characterize AD 208, albeit the starting point can precede of many years the clinical symptoms 
209. Age is the most important risk factor in developing AD, raising in individuals aged 65 years 

or more. 

Sporadic AD represents the most common form, but a small percentage, less than 1% of the 

cases, is linked to autosomal dominant mutations in the gene encoding for the amyloid 

precursor protein (APP) and in the genes encoding for presenilin-1 and 2, forming the 

catalytic subunits of the γ-secretase complex 210. Mutations in these genes are associated 

with an earlier age of onset 211. Moreover, APOE polymorphism is the most important genetic 

risk factor for AD. The heterozygosity in the APOE ε4 increases the risk for dementia by 3-4 

times, while the homozygosity by 12-15 times, when compared to APOE ε3 212. It is thought 

that the three ApoE isoforms may alter Aβ aggregation in the brain, with ApoE4 slowing its 

clearance 213. Moreover, apart from exerting its effect on Aβ, APOE polymorphisms may 

affect directly tau pathogenesis, as demonstrated by an increased risk of PSP onset, which 

does not feature Aβ pathology 214, and by the influence on tau pathology in animal models, 

independently from Aβ 215. Other risk factors may be represented by metabolic features such 

as diabetes mellitus, hypertension, obesity, and lifestyle such as alcohol abuse, smoking, low 

physical activity, and social isolation 208. Aβ peptides derive from the cleavage of APP, a single 

transmembrane protein enriched in synapses, by β- and γ-secretase in the so called 
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“amyloidogenic pathway” 216, and then are secreted in the extracellular space. A peptide of 

40 amino acids (Aβ-40) is the prevalent species secreted, while a longer fragment, Aβ-42, is 

less abundant 217. Aβ-42 has a high propensity to aggregate and it is detected in the majority 

of extracellular amyloid plaques 218. Mutations in APP or PSEN1/2 may affect APP processing 

resulting in the alteration of Aβ42/Aβ40 ratio 217.  

 

 

Figure 7. APP cleavage 208. In the non-amyloidogenic pathway (left), APP is cleaved by α-secretase and the 

subsequent cleavage by γ-secretase originates the extracellular p3 peptide and the intracellular AICD fragment. 

In the amyloidogenic pathway (right), the subsequent cleavages by β- and γ-secretase produce AICD and the 

aggregation prone Aβ peptide.  
 

Together with extracellular Aβ plaques, AD is characterized by the deposition of tau as 

intraneuronal NFTs, neuropil threads and dystrophic neurites (degenerated axons and 

dendrites containing tau and surrounding Aβ plaques) 208. The deposition of all 3R and 4R six 

tau isoforms characterizes AD pathology. Tau aggregation may start following its 

phosphorylation. In the healthy brain, 2-3 residues of tau are phosphorylated. In contrast, in 

AD, its phosphorylation status is from 3- to 4- fold higher than normal brain, and 

hyperphosphorylated tau was seen to represent the main component of tau aggregates in 

AD brain 219. This abnormal hyperphosphorylation seems to precede tau accumulation in AD 

neurons, since hyperphosphorylated tau has been found also in the absence of tangles both 

in AD and in normal aged brains 220. The triggering event of this hyperphosphorylation is still 
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unclear, but it might be caused by conformational changes in tau protein that make it a better 

substrate for phosphorylation or a worse substrate for dephosphorylation 221.  

Tangles are mainly formed by paired helical filaments (PHFs), formed by a twisted double-

helical ribbon of subunits. Less abundant are straight filaments (SFs), differing from PHFs for 

the absence of width modulation 222. Both PHFs and SFs show a similar C-shaped 

morphological unit that differs in the arrangement in the two types of filament 222. Recently, 

Fitzpatrick and colleagues provided the first high-resolution structure of PHFs and SFs by 

cryogenic electron microscopy (cryo-EM) 223. The link between Aβ and tau pathology is not 

well understood and even though Aβ accumulation has been considered the key factor 

driving tau accumulation following the so called “amyloid hypothesis” 224, other studies 

suggested an independent tau pathological role in AD 225-227. 

 

1.6. Tau Protein 

Tau protein represents, together with MAP1 and MAP2, the major microtubule associated 

protein (MAP) in a mature neuron 228. Even though it has been discovered more than 40 years 

ago as an essential protein for microtubule assembly 178, tau research interest has grown 

since it was recognized as the main component of PHFs in AD 229,230.  

 

1.6.1. Tau expression and structure 

Human tau protein is encoded by the MAPT gene located on the long arm of chromosome 17 

and containing 16 exons, although exons 0 and 14 are transcribed but not translated 231. Tau 

pre-RNA splicing varies according to the neuronal type and its maturation stage 107. The 

protein is transcribed from a 6 kb mRNA that generates 6 different isoforms, ranging from 37 

to 46 kDa, due to the alternative splicing of exons 2, 3 and 10 179,232. Exons 2 and 3 encode 

for 29 amino acids inserts in the N-terminus of the protein and exon 3 is not transcribed when 

exon 2 is missing. Exons 4A, 6 and 8 are exclusively transcribed in the PNS. Exons 9-12 encode 

for 30-31 amino acids repeats forming the MBDs of tau, with the second repeats encoded by 

exon 10. Accordingly, the alternative splicing produces six different isoforms characterized 

by the presence of 0, 1 or 2 N-terminal inserts (0N, 1N or 2N) and by the presence of 3 (3R) 

or 4 (4R) MBDs 232.  
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Figure 8.  Tau encoding gene, MAPT, contains 16 exons 107. Exons 1, 4, 5, 7, 9, 11, 12 and 13 are constitutive 

whereas the others can be alternatively spliced. The product of exons 2, 3 and 10 alternative splicing is six 

different isoforms characterized by the presence of two or three repeats constituting the MBDs and by zero, 

one or two N-terminal insertions. 

 

Tau expression is finely regulated during development and in the adult human brain all six 

isoforms are expressed, whereas only the 0N3R is expressed in the fetal brain 179. In the 

healthy human brain, the ratio between 3R and 4R isoforms is almost 1:1, although this ratio 

can differ in some regions 233. Despite being used as a model for tauopathies investigations, 

mice tau expression differs from the human one. The adult mouse brain expresses only the 

isoforms with 4 MBDs and, even though being similar between N1 and the C-terminus, 

human and mouse tau proteins differ significantly at the N-terminus 107. 

Tau is hydrophilic, very stable under acidic conditions and high temperatures. Moreover, tau 

is a basic protein, but the aminoacidic distribution gives to the protein an asymmetry of 

charges that is important for the binding to microtubules, the interaction with other partners, 

the internal folding, and the aggregation 107. Although tau is natively unfolded, it can adopt a 

“paperclip” like structure, where the C-terminus folds over the MBDs and the N-terminus 

folds back over the C-terminus 234. This structure may protect tau from aggregation. Four 

different domains can be distinguished: the N-terminal acidic projection domain, that goes 

from amino acid 1 to 150 and includes the two N-terminal inserts, the proline-rich domain 

(aa 151-243), the MBDs (aa 244-369), separated by flanking regions and constituting the 

structure by which tau binds and stabilizes microtubules, and the C-terminal tail, from amino 

acid 370 to 441 235. In contrast to the other regions, the second and third MBDs have a higher 

propensity to form an ordered β-sheet structure 236. Although not binding to microtubules, 

the N-terminal region was seen to influence the attachment 237, and truncated constructs, 

lacking the N-terminal part, show altered microtubule interactions 238. The N-terminal inserts 
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have unclear functions, but they seem to influence tau sub-cellular localization 239. The 

proline-rich domain of tau contains seven Pro-X-X-Pro (PXXP) motifs, constituting a potential 

binding site for Src homology-3 (SH3)-containing proteins 232. The regions flanking the MBDs 

regulate the interaction with microtubules 240. The proline-rich and the MBDs play a role in 

the interaction of tau with other neurodegenerative-associated proteins such as α-synuclein, 

14-3-3 and FUS, suggesting a role of tau in other diseases where these proteins are deposited 
232. Finally, tau C-terminal region function remains elusive, but it was suggested that it might 

play a role in influencing tau interaction with other partners 241. 

 

1.6.2. Tau functions  

In the developed neurons, tau is mainly located in axons where its affinity to microtubules is 

higher than in dendrites 242. Here, tau protein stabilizes microtubules, promotes microtubule 

assembly and regulates their dynamics, allowing the reorganization of cytoskeleton 107. 

Moreover, as discussed before, the different isoforms of tau can have different sub-cellular 

localizations and, consequently, the altered splicing may disrupt microtubule stability. Tau 

knockout mice have also demonstrated important roles in neurogenesis and neuroplasticity 
243,244. The binding with α- and β-tubulin heterodimers occurs through residues interspersed 

throughout and around the MBDs of tau 245, and mutations in these residues may destabilize 

the microtubules and increase free-tau molecules, promoting their aggregation 180. Tau can 

regulate axonal transport competing with kinesin and dynein motor proteins for binding to 

microtubules and affecting both anterograde and retrograde transport 246,247. Furthermore, 

tau might be essential for axonal elongation and maturation, since its knockdown inhibits 

neurite formation in cultured rat neurons 248. 

Tau was also observed in dendrites where it can be involved in synaptic plasticity 249. Some 

works also reported a nuclear tau localization in neuronal and non-neuronal cells 250,251, 

where it seems to maintain the integrity of genomic DNA and cytoplasmic and nuclear RNA 
252.  

Despite the first studies in tau knockout mice revealed no significant phenotypes 253, recent 

studies suggested that tau may be involved in the regulation of neuronal activity, 

neurogenesis, iron export and LTD 107. Other studies pointed out a role of tau in neurogenesis, 

albeit with opposite results 243,254. Lei and colleagues linked the deficiency of tau with the 

intraneuronal iron accumulation due to an impaired interaction of APP with ferroportin. The 

iron accumulation was observed in brain regions where soluble tau levels were reduced, such 
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as the cortex in AD or the substantia nigra in PD, linking tau deficiency to neurodegeneration 
255. Finally, the interaction of tau with actin has been documented and was shown to be 

important for the cytoskeleton network; tau phosphorylation can impair the binding with 

actin, leading to alterations in the cytoskeleton organization 256.  

 

1.6.3. Tau in pathologies 

How tau is linked to pathologies and what is the triggering event leading to tau misfolding 

and aggregation are still a matter of debate.  

Mutations in MAPT gene are linked to tau aggregation in hereditary tauopathies although 

the cause of aggregation in sporadic diseases is still unknown. So far, no MAPT mutations 

have been associated to AD 182. MAPT mutations are classified as missense, modifying the 

sequence of tau, and splicing mutations, altering the ratio of the isoforms without affecting 

the sequence. Some missense mutations can also alter the alternative splicing.  

Most of the missense mutations reduce the binding affinity of tau to microtubules, altering 

their structure and increasing the level of unbound free tau. In contrast, some mutations, 

such as Q336H and Q336R, were shown to promote microtubule assembly in vitro 257,258. 

Moreover, R5H and R5L tau mutants fail to interact with the p150 subunit of the dynactin 

complex, suggesting a possible impairment of the axonal transport 259.  Some mutations, such 

as P301L and P301S, were shown to increase the aggregation propensity of tau 12,260 and to 

make it more prone to be seeded 261-263. 

Splicing mutations alter the ratio between 3R and 4R isoforms and, due to the increased 

binding affinity of 4R tau to microtubules, can result in microtubule instability 181,264. Most of 

the pathogenic mutations reside within or near intron and exon 10 and usually result in an 

increased inclusion of exon 10 (repeat R2) with a consequent over-production of 4R isoforms. 

Other mutations, such as Δ280K, have an opposite effect, resulting in the constitutive 

exclusion of exon 10 from tau transcripts 265. 

The interaction of tau with microtubules is negatively regulated by phosphorylation 266. Some 

of tau phosphorylation sites are hyperphosphorylated in AD and other tauopathies. Almost 

85 putative phosphorylation sites have been identified, some of which in the MBDs, that, 

when phosphorylated, decrease tau binding to microtubules 267. Interestingly, also the 

phosphorylation of regions outside of the MBDs may influence the binding of tau to 

microtubules 268. The detached tau, besides resulting in the cytoskeleton destabilization, 

undergoes self-aggregation forming oligomers and aggregates 269. Other sites were seen to 
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be critical and, when phosphorylated, tau is transformed into an inhibitory molecule that 

sequesters other proteins, normally associated with microtubules 270. The 

hyperphosphorylation may not only affect tau aggregation but also its correct sorting 271. 

Missense mutations in the tau sequence, as well as altering potential phosphorylation sites, 

were also shown to promote phosphorylation when compared to WT tau 270. It is poorly 

understood which phosphorylation sites are involved in the disease pathogenesis and which 

are phosphorylated only after the formation of tau pathology. Mimicking tau permanent 

phosphorylation reproduces some of the aspects of AD pathology 187, while the 

phosphorylation in the proline-rich region induces tau propensity to self-aggregate 232,272. 

Moreover, other mechanisms might be involved in the phosphorylated tau-induced 

pathology. Tau phosphorylation at Ser262 or Ser 356 affects its recognition by the C-terminus 

of the heat shock protein 70-interacting protein-heat shock protein 90 (CHIP-HSP90) 

complex, impairing tau proteasomal degradation 273. Furthermore, tau injection into synaptic 

terminals disrupts synaptic transmission 274. Finally, tau phosphorylation may alter the 

interaction with its binding partners, as demonstrated for the kinesin-associated protein JUN 

N-terminal kinase-interacting protein 1 (JIP1) 275 and Fyn 276.  

 

1.6.4. Tau aggregation and toxic species 

The aggregation of tau characterizes several neurodegenerative diseases and understanding 

the phenomenon by which a normally soluble and disordered protein can undergo 

conformational changes forming fibrillar structures could help disentangle the molecular 

aspects of these disorders. In solution, the high positive charges surrounding the aggregation-

prone MBDs make tau protein soluble 277 . The addition of negatively-charged cofactors, such 

as heparin 278, changes in solvent conditions 279, specific patterns of post-translational 

modifications 280, truncations and mutations, can alter tau solubility and can induce its 

aggregation. Two short hexapeptide motifs, VQIINK and VQIVYK in R2 and R3, were shown to 

be essential for tau aggregation and highly prone to form β-structures 281,282. Moreover, since 

the structure of PHFs was shown to be constituted by the MBD regions of tau 283 and tau 

fragments made of MBDs sequence, without N- and C-termini, are more prone to aggregation 

than full-length tau 284, different in vitro tau constructs have been exploited. Two of these, 

K18 and K19, represent the model for 4R and 3R tau isoforms respectively. Tau K18 is 

constituted by four MBDs and ranges from residue 244 to residue 372 while K19 is similar to 

K18, but lacks the second repeat 285. Both constructs efficiently form in vitro filaments in the 
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presence of cofactors such as heparin 286,287. Although these models have helped clarifying 

many aspects of tau pathology, their usefulness has now been questioned. In fact, the 

structure of tau filaments from the brain of AD patients has been recently solved through 

high resolution cryo-EM 223. Both PHFs and SFs are formed by an ordered core of pairs of 

protofilaments with C-shaped subunits and comprising residues 306-378 of tau, but they 

differ in the symmetry of the protofilament packing. The disordered N- and C-termini form 

the fuzzy coat.  

The same group reported also the cryo-EM structures of the tau filaments from PiD (3R) 288 

and CTE 289 and CBD 290 (4R), all extending up to residue 380 of the human tau sequence and 

confirming the existence of distinct molecular conformers of assembled tau, that differ 

between diseases 291. When compared to the widely used tau K18 and K19 constructs, the 

absence of the C-terminal residues involves the formation of different structures, not 

resembling the ones of in vivo filaments 223. Moreover, the use of cofactors, such as heparin, 

should be considered, since it has been shown that heparin-induced amyloid filaments differ 

significantly from the in vivo ones, at least in tauopathies 292. 

 

 



38 
 

Figure 9. Tau filaments in diseases 291. Each disease is characterized by two filament types. Two protofilaments 

are present in AD PHFs and SFs and in CTE type I and II filaments. Single or double protofilaments are seen in 

PiD and CBD. 

 

The in vitro aggregation of tau seems to follow a nucleation-dependent mechanism. 

Following this process, tau monomer, in its paperclip conformation, needs to partially misfold 

in order to self-assemble and form an aggregation-competent nucleus 293. This phase, known 

as “lag phase”, can be accelerated by the addition of preformed fibrillar tau seeds or cofactor 

molecules and it is thought to represent the rate-limiting step in the aggregation process due 

to kinetic barriers 294. Soluble tau monomers are then incorporated progressively into 

amyloid fibrils during the elongation phase, enabling the growth of the fibrils 295. Secondary 

nucleation events and fragmentation of fibrils may contribute to further tau fibrillization. 

When the maximum number of monomers is incorporated into fibrils, the reaction reaches 

the plateau. 

 

Figure 10. Tau in vitro fibrillization mechanism 277. Tau aggregation is thought to start when the monomers 

lose their paperclip conformation and start to assemble forming seeding-competent nuclei, necessary for fibril 

polymerisation. Fragmentation and secondary nucleation can contribute to further tau aggregation. Several 

conditions such as post-translational modifications (PTMs) and cofactors can influence tau aggregation. Seeded 

tau fibrillization usually results in the loss of the lag phase and in an exponential curve kinetics. 
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The in vivo mechanism of tau aggregation remains unclear, but it may follow the same model.  

During amyloidogenesis, highly heterogeneous oligomeric tau species are formed and they 

are suggested to be converted into amyloid fibrils 296. Oligomers are considered the most 

toxic species, thought to disrupt membranes integrity 297, to interact with other proteins 298, 

to cause mitochondrial and synaptic disfunctions 299 and to inhibit LTP 300. NFTs formation 

may represent a protective response and, instead of being directly toxic, it might sequester 

toxic monomers or oligomers 301. However, in the longer term, NFTs might compromise cell 

functions, sequestering other components and impairing axonal transport 107.  

 

1.6.5. Tau spreading 

According to the prion-like hypothesis of tau propagation, the pathology should initially start 

in one neuron. Then, pathological tau is released in the extracellular space to be internalized 

by another cell, where it can act as a seed for the misfolding of the intracellular tau.  

In the extracellular environment, tau has been found both as free protein 302,303 and 

associated to extracellular vesicles (EVs) such as exosomes 304 and microvesicles 305. 

Moreover, extracellular tau was observed either in its truncated monomeric forms 306,  or as 

oligomers 307,308 and fibrillar aggregates 260,309, potentially contributing to the spreading of 

the pathology.  

The internalization through a temperature-dependent process suggests an active process of 

endocytosis of both monomeric and aggregated tau species 20. 

CME was seen to be involved in the uptake of monomeric tau but not of tau assemblies, that 

seem to follow a dynamin-dependent CIE 310. The use of dynasore, a dynamin inhibitor, 

decreased tau propagation, suggesting an involvement of CME in tau uptake 311, even though 

dynamin activity is not exclusively linked to CME 312. Moreover, the inhibition of clathrin 

function does not affect the uptake of tau aggregates or oligomers 313,314, as well as the one 

of recombinant fibrils 315. 

Among CIE, the role of dynamin is still under debate, since some papers reported no role in 

the internalization of tau fibrils 315 or oligomers 314 while, in contrast, Wu and colleagues 

reported a decreased tau aggregate endocytosis following dynasore incubation 313. 

Interestingly, the inhibition of actin polymerisation was seen to decrease the uptake of tau 

fibrils, suggesting a role of macropinocytosis in this process 315.  
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Tau uptake mechanisms were also suggested to occur through the interaction with other 

partners. The knockdown of LRP1 completely abolished the uptake of tau monomers and 

oligomers, while only partially reduced the one of fibrils 316. The involvement of LRP1 in tau 

uptake was also assessed in vivo, where the LRP1 expression was found to mediate tau 

spreading throughout the brain 316.     

HSPGs were also proposed to mediate tau uptake since the treatment with sodium chlorate, 

which prevents the sulfation of HSPGs, or with heparin, was shown to block the uptake of 

aggregated tau 315. Furthermore, the co-injection of tau fibrils and heparin in mice 

significantly reduced tau internalization, confirming the role of HSPGs also in vivo 315. 

Moreover, HSPGs seem to mediate the internalization of specific tau conformers, as 

demonstrated by a work in which the heparin administration highly affected the 

internalization of tau oligomers from AD brain, but not the one of PSP tau, that was only 

slightly affected 314. Moreover, syndecans, belonging to HSPGs family, seem to mediate the 

specific uptake of tau fibrils in a lipid microdomain dependent pathway involving also flotillins 
317.  

Recently, an intensive area of study concerns the interaction between tau and other 

pathological proteins such as α-synuclein, Aβ and prions. For instance, the interaction with 

Aβ increases the uptake of tau in different cell models and this effect is in part dependent on 

HSPGs 318. Moreover, the knockdown of the cellular prion protein caused a significant 

reduction in the uptake of tau fibrils, suggesting an interplay between these two proteins 114. 

Both extracellular monomeric and fibrillar tau species activate the formation of TNTs, and 

tau fibrils were found inside these structures, facilitating their transfer between neurons 319. 

The in vivo involvement of TNTs is currently unknown.  
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Figure 11. Tau internalization mechanisms 312. (a) 2N4R tau isoform and its functional domain. In the 

extracellular environment tau can be present as free tau or associated to extracellular vesicles. (b) Tau uptake 

mechanisms. (1) Muscarinic acetylcholine receptor subtypes M1 and M3, BIN1 and LRP1 are all associated with 

tau CME; (2) dynamin was involved both in CME and CIE; (3) HSPG binding facilitates tau uptake via 

macropinocytosis; (4) (5) Syndecans are members of HSPG family mediating tau uptake in lipid microdomains 

in a flotillin-dependent or independent way; (6) TNTs are responsible for the transfer of tau between cells. (c) 

Following the uptake, tau enters early endosomes which mature in late endosomes and then in lysosomes. 

From these compartments, tau can be released in the cytoplasm. 

 

Following endocytosis, tau escapes the endosomal membranes to act as a seed for further 

tau molecules. The distinction between endosomal and cytosolic tau populations is 

complicated by the lack of tools. Recently, a new assay relying on the split luciferase NanoLuc 

binary technology system (NanoBiT) was developed and it could be helpful to overcome this 

problem 320. After being endocytosed, monomeric and fibrillar tau reach Rab5- and EEA1-

positive early endosomes 310,311,314, Rab7-positive late endosomes and lysosomes  313,321. Even 

though this process seems conserved also in human neurons 322, recent evidence suggest 

that it may vary according to the tau conformers involved 314.  
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From the intracellular environment, tau can be secreted through direct translocation across 

the plasma membrane 323, and this event seems to be influenced by the membrane 

properties 308. Moreover, also late endosomes could participate in tau exocytosis, since 

Rab7a depletion was shown to affect tau secretion 324.  

As mentioned before, tau was also found in exosomes, resulting from the fusion of MVBs 

with the plasma membrane, and in microvesicles, even though the fraction of tau associated 

with extracellular vesicles is very small 325. 

Despite the transfer of tau between cells has been widely demonstrated, its exact 

mechanisms need to be still clarified and they might represent a useful target to block tau 

spreading in pathologies.  

 

1.6.6. Tau strains 

The ability of tau to spread in a prion-like manner was demonstrated by experiments in which 

the injection of brain extracts from mutant P301S tau-expressing mice into WT mice induced 

the deposition of tau filaments and the spreading of the pathology 326. The observation that, 

like prions, other amyloid-forming proteins can mediate the same templated conformational 

change of their physiological counterparts suggested that they might share other features 

with PrPSc. In prion diseases, a strain is described as an infectious particle that, when 

transmitted, exhibits a specific phenotype 60. For tauopathies, the existence of specific tau 

conformers was suggested by experiments in which the inoculation of human brain extracts 

with distinct diseases into recipient mice produced pathologies that resembled those of the 

initial inoculum 327. Moreover, Sanders and colleagues generated a cell line that, when 

seeded with tau fibrils, produced tau strains differing for morphology, aggregate size, seeding 

capacity, protease digestion patterns, toxicity, and subcellular localization, and that induced 

unique pathological phenotypes when inoculated in mice 12. The same group isolated 18 

distinct tau strains from recombinant, mouse, or human sources and, after biochemical and 

biological characterization, they inoculated them into recipient mice, showing peculiar 

patterns and propagation rates correlating with the in vitro parameters 13.  

Different tau folds were found for AD, CTE, PiD and CBD 223,288-290 and each peculiar structure 

is maintained in individuals with the same disease. Recently, Shi and colleagues characterized 

further 14 tau conformations, some resembling the AD ones and others completely 

unexpected 188. In most cases, individuals with the same disease exhibit the same tau strain. 
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As a result, the authors proposed a structure-based classification of tauopathies which 

complements clinical diagnosis and neuropathology 188.  

Whether tau fibrils are a consequence of the disease or a cause needs to be addressed, but 

it seems unlikely that so many variations of the same protein could represent a secondary 

consequence  328. The authors’ findings may also suggest that many different strains can be 

formed in the healthy brain, but that specific tauopathies favour the propagation of a specific 

strain in certain cell types, as it was suggested for prions 329. Alternatively, each fibril type 

may be specific for each disease according to the specific damage that it can exert on cells.  
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Figure 12. Structure-based classification of tauopathies 188. Structure of filaments found in tauopathies. FBD, 

familial British dementia; FDD, familial Danish dementia; ARTAG, aging-related tau astrogliopathy; GPT, GGT-

PSP-Tau fold. 

 

1.7. Prion diseases and tau pathology 

Neurodegenerative diseases are often seen as separate entities in which only one protein 

misfolds and accumulates in the brain, leading to neuronal death. However, the concept of 

“multiproteinopathies” is now arising, according to which many different proteinopathy 

combinations can be found, especially in the aging brain 6. The most striking example is found 

in AD, with the concomitant deposition of Aβ and tau, but many other pathologies showed 

co-occurrence in a very high rate 330.  

Many works reported the presence of tau pathology in inherited prion diseases. In GSS with 

the PRNP P102L mutation, the presence of NFTs of hyperphosphorylated tau was assessed 

together with PrP plaques 331-334. In 1997, a paper from Tranchant and colleagues reported 

the presence of NFTs in a GSS patient affected by the A117V mutation in the prion protein 

gene. Interestingly, tau deposition could be correlated with the old age of the patient or with 

the protracted duration of the disease, since the affected individual showed the longest 

clinical course in his family 335. A later study suggested that tau accumulation, colocalizing 

with PrP plaques, might derive from PrP accumulation, and not from Aβ, as poor and diffuse 

Aβ deposits were detected 336. A large number of phospho-tau immunoreactive deposits 

were found also in vCJD patients, clustering around PrP plaques and in the absence of Aβ 337. 

The presence of hyperphosphorylated tau was later demonstrated in sCJD patients, also in 

the absence of amyloid plaques 338.  

Although it has been extensively described, the hyperphosphorylation of tau in prion diseases 

is still unclear and there is no established correlation with the duration or with the clinical 

course of the disease. Even the connection between these two proteins remains obscure, 

even though a possible mechanism was described by Pérez and colleagues, who showed that 

PrP 106-126 peptide, a model construct used to study prion-induced neurodegeneration, 

increased the activity of glycogen synthase kinase 3 (GSK-3) and the consequent 

phosphorylation of tau 339. Moreover, as discussed before, the cellular prion protein acts as 

a receptor for several amyloid species, promoting their neurotoxic effects and accelerating 

their spreading.  

Interestingly, a similar interplay between prions and other amyloid fibril-forming proteins 

was described by previous works of our laboratory. α-synuclein amyloid fibrils were seen to 
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reduce prions burden when administered to neuroblastoma cell lines infected with the RML 

prion strain 120. Similarly, recombinantly produced tau K18 amyloid fibrils were found to 

decrease PrPSc level, probably because of a direct interaction with PrPC, hindering the 

conversion event 114. 
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AIM OF THE RESEARCH 
 

Since different proteins, normally associated to distinct neurodegenerative diseases, were 

found to co-deposit and to originate a wide spectrum of multiproteinopathies, many works 

have focused their attention on identifying the mutual relationships between these proteins 

and their effect on the diseases.  

Recently, the cellular form of the prion protein, PrPC, has been identified as one of the 

putative receptors for many aggregation-prone proteins, such as Aβ, tau and α-synuclein, 

mediating their toxic effects and accelerating their spreading throughout the brain. 

Moreover, many forms of prion diseases, characterized by the deposition of the pathogenic 

form of the prion protein, PrPSc, develop other protein aggregates, such as tau tangles.  

In this regard, in our previous work, we showed an interaction between PrPC and fibrils 

produced in vitro from the truncated construct of tau named K18. Moreover, the 

administration of tau K18 fibrils in cultured N2a cells resulted in an increased uptake of these 

fibrils in PrPC-expressing cells compared to the PrP KO ones and in the increased retention of 

PrPC at the plasma membrane. Surprisingly, the same fibrils were found to reduce the amount 

of prions when administered to chronically prion infected ScN2a cells, probably because of 

their binding to PrPC, inhibiting the conversion event.  

However, we were unable to exclude whether, besides PrPC binding, tau fibrils could affect 

prion load by other mechanisms. Therefore, we decided to explore further this effect by: 

 

• Exploiting, together with tau K18, also another construct of tau, named 244-378, that 

encompasses the sequence shown to represent the core of PHFs and SFs in AD 

affected brains and that could lead to the formation of fibrils with a different 

structure. In vitro produced tau fibrils from both constructs were used to assess their 

ability to affect prion load in ScN2a cells. 

 

• Evaluating the possible role of other tau fibrils-mediated mechanisms in reducing 

PrPSc load, to establish a link between these two aberrantly folded entities and to shed 

light on the pathological implications in those diseases in which these proteins were 

found to co-deposit.  
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MATERIALS AND METHODS 
 

2.1. Tau 244-378 cloning 

Tau 244-378 construct was obtained through the addition of six amino acids to the C-

terminus of the human tau K18 sequence in a pET-11a plasmid, using the restriction-free (RF) 

cloning technique 340. Briefly, Forward and Reverse primers were designed to partially anneal 

to the C-terminus of the tau K18 sequence, while the other part is not complementary and 

represent the sequence ACCCACAAGCTGACCTTC encoding for the amino acids 373-378 

(THKLTF). A first polymerase chain reaction (PCR) round was used to obtain and amplify the 

megaprimers. Being a short sequence, the insert was fully synthesized by the primers 

themselves, without the need for a template. In the second PCR, pET-11a:HuTauK18 plasmid 

was added to the reaction to allow the insertion of the desired sequence (Fig. 13).  

 

 

Figure 13. RF-cloning of tau 244-378 construct. Forward (FW) and Reverse (Rev) primers were designed to 

anneal to the C-terminus of tau K18 sequence in pET-11a plasmid and to contain the sequence encoding for the 

amino acids THKLTF, that will extend the C-terminus of tau K18. A first PCR round was used to extend and 

amplify the primers, to produce two megaprimers that were used in a second PCR round to insert the desired 

sequence.  
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Finally, 20 units of DpnI (New England Biolabs) were added and the mixture was incubated 

for 2h at 37° C followed by 20 minutes at 80° C to stop the reaction. DpnI is used to degrade 

any methylated parental plasmid. Finally, E. coli DH5α competent cells were transformed 

with the obtained reaction mixture and plated in a Luria-Bertani-Agar plate complemented 

with 100 μg/mL Ampicillin (PanReac Applichem) and incubated at 37° C overnight. The DNA 

from the resulting colonies was extracted and sequenced to verify the insertion of the desired 

sequence.  

 

2.2. Tau expression and purification 

The expression and purification of Human Tau K18 and Human Tau 244-378 proteins were 

performed as previously described by Barghorn et al. 341. pET-11a plasmids containing the 

sequences encoding for Tau K18 and Tau 244-378 were transformed in E. coli BL21 (DE3) 

(Stratagene). 100 mL of overnight culture were inoculated in 2 L of Luria-Bertani medium 

complemented with 100 μg/mL ampicillin (PanReac Applichem) and grown at 37° C with 180 

rpm shaking until 0.6 O.D.600. The expression of the proteins was induced with 0.8 mM 

Isopropil-β-D-1-tiogalattopiranoside (IPTG) (PanReac Applichem) and cells were grown for 6h 

at 30° C to minimize protein degradation. Cells were harvested by centrifugation and lysed 

by using PandaPlus Homogenizer (GEA) at 4° C in the presence of protease inhibitors 

(Complete™ ULTRA Tablets, EDTA-free, glass vials Protease Inhibitor Cocktail, Roche). The 

homogenates were subjected to a precipitation step boiling the solution for 20 minutes, to 

precipitate most of the proteins except for tau. The resulting supernatants were loaded onto 

a cation exchange chromatography column HiTrap SP FF (Cytiva) in Binding Buffer (20 mM 

MES, 50 mM NaCl, 1 mM EDTA, 0.1 mM MgCl2, 2 mM DTT, 0.1 mM PMSF, pH 6.8) and eluted 

with a linear gradient from 0 to 60% of Elution Buffer (20 mM MES, 1 M NaCl, 1 mM EDTA, 

0.1 mM MgCl2, 2 mM DTT, 0.1 mM PMSF, pH 6.8). Fractions were analysed by Sodium 

Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and the fractions 

containing the protein of interest were loaded onto a size-exclusion chromatography (SEC) 

column (Superdex 200 26/60, Cytiva) in phosphate buffer saline 1X (PBS 1X) pH 7.4. Purified 

proteins were analysed by SDS-PAGE, dialysed against water, lyophilised and stored at -80° 

C. All salts were from Sigma-Aldrich. 
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2.3. Fibrillization of tau proteins 

Fibrillization reaction was performed in a 96-well black plate with transparent bottom (BD 

Falcon), with a 3 mm glass bead in each well (Sigma-Aldrich). All the reagents were filtered 

with a 0.22 μm filter before use. The 200 μL final volume mixture was composed of tau 

K18/244-378 0.5 mg/mL, 0.1 mM DTT and 50 μg/mL heparin in PBS 1X pH 7.4. Due to its 

toxicity to cultured cells, 10 μM Thioflavin T was added only in three wells to monitor the 

real-time aggregation. The plate was covered with a sealing tape (Fisher Scientific) and it was 

incubated at 37° C in orbital shaking (50s of 400 rpm shaking and 10s of rest) in FLUOstar 

Omega Microplate Reader (BMG LABTECH). Fluorescence was monitored every 30 minutes 

by bottom reading at 444 nm of excitation and 485 nm of emission. The reaction was stopped 

after 40h, fibrils pelleted by centrifugation at 186.000xg for 1 hour at 4° C, resuspended in 1 

mL of 1X PBS pH 7.4 and stored at -80°C. Before use, aliquots were sonicated for 5 minutes 

in a sonicator Misonix s3000 at 250 W.  

 

2.4. Transmission electron microscopy (TEM) analysis 

10 μL of tau K18/244-378 fibril solution was dropped onto 200-mesh Formvar-carbon coated 

nickel grids (Electron Microscopy Sciences) for 20 min after which samples were stained with 

25% Uranyl Acetate Replacement (UAR, Electron Microscopy Sciences) for 10 min. Before the 

analysis, the staining solution was removed using Whatman filter paper and the grids air-

dried for 5 minutes. Samples were visualized using a FEI Tecnai Spirit Transmission Electron 

Microscope operating at 120 kV and equipped with an Olimpus Megaview G2 camera. 

 

2.5. Cell cultures 

Mouse neuroblastoma cells N2a were kindly provided by Prof. Chiara Zurzolo (Unité de traffic 

membranaire et pathogenèse, Institute Pasteur, Paris, France). ScN2a cells are clones 

persistently infected with the RML prion strain as described by Prusiner's group 342. Cells were 

kept in culture at 37° C and 5% CO2 in humified atmosphere with minimal essential medium 

(MEM) + GlutaMAX (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum 

(Euroclone), 1X non-essential amino acids (Euroclone) and 1X penicillin-streptomycin 

solution (Euroclone), and they were split every 3-5 days using Trypsin-EDTA 1X solution 

(Sigma-Aldrich).  



50 
 

2.6. Tau K18 fluorophore-labelled fibrils 

Tau K18 fibrils were conjugated to Alexa Fluor™ 488 NHS Ester (Succinimidyl Ester) (Thermo 

Fischer Scientific) according to the manufacturer’s instruction. Tau K18 fibrils were 

ultracentrifuged at 186.000xg for 1h at 4° C, resuspended in 250 μL (2 mg/mL final 

concentration) of 0.1 M sodium bicarbonate buffer pH 8.3 and sonicated for 5 minutes. 5 μL 

of 10 mg/mL reactive dye were added to the fibril mixture and incubated for 1 h at room 

temperature in stirring. The unbound fluorophore was removed by three subsequent dialyses 

against sterile PBS pH 7.4 in gamma-irradiated Slide-A-Lyzer dialysis cassettes with a 

molecular weight cut-off of 3.5 kDa (Thermo Fisher Scientific). Fluorescent fibrils were 

aliquoted and stored at -20° C. 

 

2.7. Tau fibril treatments 

Tau K18 and 244-378 sonicated fibrils, at different concentrations, were directly added to the 

medium of ScN2a cells cultured in 6 or 10 cm plates. The treatment was performed for 

variable amount of time according to the experimental setting. In some experiments, not 

internalized fibrils were removed with trypsin after washing cells with PBS 1X.  

For fluorescence experiments, 2 μM of tau K18-Alexa488 fibrils were administered to ScN2a 

cells cultured in 12-well plates and incubated according to the experimental setting.  

 

2.8. Analysis of internalized tau amyloids 

For the evaluation of Alexa-488-tau K18 fibril internalization, cells were incubated for 4h at 

37° C or 4° C in the presence of 2 μM of tau K18 fibrils. Then, cells were washed twice with 

PBS and incubated for 5 min with 1:1 of Trypan Blue in PBS solution before fixation, to quench 

the fluorescence coming from extracellular tau fibrils 343. Cells were then rinsed three times 

in 1X PBS and fixed with 4% Paraformaldehyde (Sigma-Aldrich) for 30 minutes. 

Permeabilization was performed for 5 minutes in 0.1% Triton X-100 (Sigma-Aldrich) in PBS 

and coverslips were stained with HCS CellMask™ Blue Stain (Thermo Fischer Scientific) 

1:2500, labelling whole-cell cytoplasm. Coverslips were mounted with Fluoromount-GTM 

(Thermo Fischer Scientific) and stored at 4° C. Images were acquired using a Nikon confocal 

microscope (Nikon A1plus). 
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2.9. Metabolic cell activity and cell count 

The influence of tau 244-378 amyloid fibrils was evaluated with 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay. 10.000/well ScN2a RML cells were plated in a 

96-well and, the day after, different concentrations of sonicated tau 244-378 fibrils were 

directly added to the medium and cells were incubated for 72h. Cells were then incubated 

for 3h at 37° C with 20 μL of 5 mg/mL of MTT (Sigma-Aldrich) solution in PBS 1X followed by 

the solubilization with 1:1 DMSO/2-Propanol solution. The absorbance was measured at 570 

nm in EnspireTM multimode plate reader (PerkinElmer) with a reference wavelength of 650 

nm. Each condition was tested in six replicates and in three independent experiments.  

Tau 244-378 fibril effects on proliferation and cell death were assessed by cell counting. 

15.000/well ScN2a RML cells were plated in a 12-well and the day after were treated with 2 

μM tau 244-378 fibrils. Cells were left in incubation up to 72h after which they were detached 

with trypsin and counted using Scepter 2.0 Handheld Automated Cell Counter (Millipore) 

with 60 μM sensors. Three independent experiments were conducted, each one in three 

technical replicates.  

 

2.10. ScN2a treatments 

To test the contribution of cellular degradation pathways, ScN2a RML cells were incubated 

for 72h with tau K18 fibrils and 10 mM 3-methyladenine (Sigma-Aldrich), 100 mM Bafilomycin 

A1 (Sigma-Aldrich) or 50 μM Cloroquine were added 16h before lysis. For the inhibition of 

proteasomal activity, 5 μM of MG132 (Sigma-Aldrich) were added 16h before lysis. 

To block tau fibril endocytosis, ScN2a RML cells were pre-incubated for 10 minutes at 37° C 

or 4° C, after which 2 μM of tau fibrils were directly added to the medium and cells were kept 

in culture for 4h at 37° C or 4° C. Then, cells were washed twice with 1X PBS to remove the 

treatment and were kept in culture up to 72h at 37° C.  

 

2.11. Western blotting 

After culturing them, ScN2a cells were rinsed in 1X PBS and resuspended in lysis buffer 

(10mM Tris HCl, 150mM NaCl, 0.5% NP-40, 0.5% Sodium deoxycholate). Lysates were 

centrifuged for 5 minutes at 5900xg at 4° C. Total protein content was quantified using 

bicinchoninic acid assay (BCA) (Sigma-Aldrich). 20 μg of proteins were diluted in 2X loading 

buffer (10% Glycerol, 50 mM Tris-HCl, 2% Sodium dodecyl sulfate, 4M Urea, Bromophenol 
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blue and fresh-added 200 mM Dithiothreitol) and samples were boiled for 10 minutes at 100° 

C. 

Samples were loaded in 12/15% Tris-Glycine SDS-PAGE gels and transferred onto Immobilon 

P PVDF membranes (Millipore) for 2 hr at 4° C. Membranes were blocked in 5% non-fat milk 

in TBS-T and incubated overnight at 4° C with anti-PrP W226 1:1000 344, anti-tau 7.51 1:500 
345, anti-LC3B 1:1000 (Cell Signaling) antibodies. After three washes in TBS-T, membranes 

were incubated with goat-anti-mouse IgG horse-radish peroxidase-conjugated antibody 

(Dako) for 1h at room temperature and they were visualized using Immobilon Classico 

Western HRP substrate (Millipore). Anti β-actin-HRP antibody 1:10.000 (Sigma-Aldrich) was 

incubated for 1h at RT and used for normalization. Images were acquired using Uvitec 

Alliance (Cambridge), and Uviband software was used for densitometric analysis. 

 

2.12. Proteinase K digestion 

To detect PrPSc content, 150 ug of total proteins were digested with 20 μg/mL of proteinase 

K (Sigma-Aldrich) at 37° C for 1h. The reaction was stopped by adding 2 mM of 

phenylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich) and samples were ultracentrifuged 

for 1h at 186.000xg at 4° C. The resulting pellet was resuspended in 1X loading buffer and 

boiled for 10 minutes. 

To assess fibril resistance to PK digestion, 2 μg of K18 or 244-378 fibrils were digested with 

0.1, 1, 10, 100 μg/mL of PK for 1h at 37° C. 2 μg of tau K18 fibrils were also digested with 100 

μg/mL of PK for 1, 2, 4, 8 and 24h at 37° C. 

 

2.13. Immunofluorescence 

For cell organelles colocalization experiments, 30.000 ScN2a RML cells were plated in 12-well 

plates with a 12 mm coverslip coated for 1h with Poly-L-lysine hydrobromide (Sigma-Aldrich) 

100 μg/ml. The day after, cells were treated with 2 μM Alexa-488 tau K18 fibrils and they 

were incubated for 24h. Cells were then rinsed in 1X PBS twice and fixed with 4% 

paraformaldehyde (PFA) in PBS for 30 minutes. After permeabilization with 0.1% Triton X-

100, coverslips were incubated for 1h with blocking buffer (7% normal goat serum, 1% bovine 

serum albumin, 0.1% Triton X-100 in 1X PBS) and then for 1h and 30 minutes with primary 

antibodies (anti-calnexin 1:500 (Abcam), anti-M6PR 1:500 (Abcam), anti-EEA1 1:500 

(Abcam), anti-LAMP2 1:100 (Abcam), anti-LC3B 1:200 (Cell Signaling)) in blocking buffer. After 

three PBS washes, coverslips were incubated with the appropriate secondary Alexa-488/594-
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conjugated antibody (Invitrogen) for 1h and nuclei were counter-stained with DAPI 0.5 

mg/mL before the mounting with Fluoromount-GTM (ThermoFisher Scientific) and the storage 

at 4° C. Images were acquired with Nikon confocal (Nikon A1plus) as series of z-stacks, 0.25 

μM step, 512x512. 

 
2.14. De novo prion infection 

De novo prion infection of N2a cells was performed as previously described 346 with some 

modifications. Briefly, 150.000 N2a cells were plated in 12-well plates and, the day after, they 

were pre-treated with 2 or 4 μM tau K18/244-378 amyloids for 4h; subsequently, cells were 

washed twice with PBS 1X to remove the treatment before the addition of the seed. PrPSc 

seed was prepared scraping a 10 cm plate of ScN2a RML and sonicating cells in ice 2x5s at 

70% amplitude (Sonics VCX 130 PB). Total protein content was quantified using BCA and 100 

μg of proteins were added to N2a in a final volume of 500 μL of completed MEM without 

penicillin-streptomycin. Cells were kept in incubation with the seed for 72h after which cells 

were detached with trypsin and plated 1:2 in a 6 cm plate. Cells were split two more times 

every 4 days at 1:5 dilution, and the rest was pelleted and resuspended in 50 μL of lysis buffer 

and analysed in WB for PrPSc presence. In all passages, penicillin-streptomycin solution was 

omitted. Passage 1 was not analysed for PrPSc to remove the signal deriving from the initial 

seed. 
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RESULTS 
 

3.1. Production and in vitro fibrillization of tau 244-378 

As previously mentioned, the administration of tau K18 amyloid fibrils to prion infected 

ScN2a cells decreases prion load after 72h of incubation 114. We decided to explore further 

this effect by exploiting, together with tau K18 (amino acids 244-372), also another construct 

made of the amino acids 244-378 of the human tau sequence. The last six amino acids were 

seen to be important for the formation of the structure of PHFs core 223 and their addition 

could generate filaments with a different structure compared to the one of K18 filaments. 

RF-cloning technique was used to extend the C-terminal part of tau K18 sequence (Fig. 14a) 

in pET-11a plasmid adding the six missing amino acids to obtain the 244-378 construct. The 

DNA obtained from the transformed colonies was sequenced to check the insertion of the 

right sequence (Fig. 14b). 

 

 

Figure 14. RF-cloning of tau 244-378 construct. (a) Amino acid sequences of tau K18 and tau 244-378. In blue 

the six amino acids added to tau K18 to produce the 244-378 construct. (b) Alignment of the expected 244-378 

nucleotide sequence (1.) and the product obtained from RF-cloning (2.) with in blue the nucleotide sequence 

encoding for the added six amino acids.  

 

The obtained pET-11a containing the sequence encoding for tau 244-378 was transformed in 

E. coli BL21 (DE3). The expression of the protein was induced with IPTG and the protein 

purified according to the protocol of Barghorn and colleagues 341. After two subsequent steps 
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of chromatography (Fig. 15a), the purity of the protein was assessed by SDS-PAGE. Figure 15b 

shows a comparison between tau 244-378 and tau K18 and the difference in their molecular 

weight. 

 

 

Figure 15. Human tau 244-378 protein purification. (a) Representative chromatogram of tau 244-378 elution. 

Fractions corresponding to the peaks in the absorbance were further purified through SEC. (b) SDS-PAGE of tau 

244-378 (~14,5 kDa) and tau K18 (~13,8 kDa). 

Both K18 and 244-378 tau proteins were subjected to an in vitro fibrillization protocol to 

produce amyloid fibrils in the presence of heparin. ThT dye was added to the reaction to 

monitor the misfolding of the soluble proteins and the assembly of β-sheets-rich amyloid 

fibrils 347. For both constructs, the same protocol, showed to be effective in producing tau 

K18 fibrils, was used 114. The in vitro aggregation process for both proteins followed the 

nucleation-dependent mechanism, and it was constituted by a short lag phase, followed by 

a rapid elongation phase. After almost four hours, all the monomers were converted to fibrils 

and the reaction reached the plateau.    
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Figure 16. Tau K18 and tau 244-378 in vitro fibrillization. Both tau constructs showed a similar aggregation 

kinetic, with a short lag phase of almost 2h, followed by an exponential phase and a plateau, which was higher 

in fluorescence values for tau K18. RFU, relative fluorescence unit.  

As shown in Fig. 16, both tau K18 and 244-378 presented a similar aggregation kinetic, even 

though K18 reached a higher fluorescence signal when compared to 244-378.  We decided 

to collect the end-stage products of the fibrillization process and to characterize them by 

TEM after a small round of sonication to break long fibrils into smaller pieces. TEM analysis 

showed that both constructs form fibrillary structures in vitro (Fig. 17a). To further 

characterize these new tau fibrils, both in vitro fibrillization products were subjected to 

digestion with increasing concentration of PK followed by WB analysis, because of the known 

resistance of tau aggregates to protease degradation 348,349. As shown in figure 17b, both 

constructs form fibrils characterized by high molecular weights species and by the resistance 

to denaturation. Moreover, fibrils produced from the tau K18 fragment showed a partial 

resistance to PK digestion, even at the highest concentration (Fig. 17b, left) and a significant 

degradation is only observed after 24h of incubation with 100 μg/mL of PK (Fig. 17c). In 

contrast, tau 244-378 fibrils were way more sensitive to PK (Fig. 17b, right), suggesting that 

the two tau constructs, differing for six C-terminal amino acids, can assume distinct 

conformational structures, when subjected to in vitro fibrillization.  

 



57 
 

 

Figure 17. Structural and biochemical characterization of tau K18 and 244-378 fibrils. (a) Transmission electron 

microscopy images of sonicated K18 (left) and 244-378 (right) tau fibrils. (b) WB analysis of 2 μg of K18 and 244-

378 tau fibrils treated with 0, 0.1, 1, 10 and 100 μg/mL of PK for 1h and probed with anti-tau antibody. (c) WB 

(left) of 2 μg of tau K18 fibrils incubated for 0, 1, 2, 4, 8 and 24h with 100 μg/mL of PK and probed with anti-tau 

antibody. The graph on the right shows the percentage of fibril reduction in time. T1/2 23.46min. 

Before assessing the effect of these fibrils on cultured ScN2a RML cells, we decided to test 

their effect on cell metabolism by using the MTT assay, which relies on the reduction of the 
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MTT by succinate dehydrogenase, a mitochondrial enzyme. We tested the effect of different 

concentrations of tau 244-378 fibrils following 72h of incubation (Fig. 18b), as previously 

done for tau K18 (Fig. 18a) 114. When compared to tau K18 fibrils, tau 244-378 fibrils showed 

a higher significant metabolic effect when administered to ScN2a RML cells, even at the 

lowest concentration (Fig. 18b). However, as we did not observe any relevant effects on cell 

viability following cell counting (Fig. 18c), also 244-378 fibrils were used in cell culture 

experiments.  

 

Figure 18.  Tau fibril effects in ScN2a RML. (a-b) MTT assay of ScN2a RML cell line treated with different 

concentrations (0.5 μM, 1 μM, 2 μM, 5 μM) of tau K18 (a) and 244-378 (b) fibrils for 72h. Data in the graphs are 

reported as mean ± SD, and each dot represents the mean of six technical replicates with each condition tested 

in three independent experiments. Data were analysed with one-way ANOVA with Dunnett’s multiple 

comparison test: n.s. not significant, ****p≤0.0001. (c) Cell count analysis of ScN2a RML treated with 2 μM of 

tau 244-378 for 72h. Data in the graph are reported as mean ± SD. Three independent experiments were 

performed, and each dot represents the mean of three technical replicates. Data were analysed with Wilcoxon 

matched-pairs signed rank test: n.s. not significant.  
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3.2. Tau fibril effect on PrPSc 

Previous works have already shown the ability of α-synuclein and tau K18 fibrils to decrease 

the level of PrPSc in ScN2a RML cells 114,120. To further characterize this peculiar effect, we 

decided to take advantage of both tau constructs, K18 and 244-378, that seem to adopt 

different structures when assembled in vitro. 2 μM of tau K18 fibrils were already shown to 

efficiently reduce PrPSc level in ScN2a RML cells, with the main effect obtained after 72h of 

exposition (Fig. 19a). We decided to test the same experimental setting also for tau 244-378 

fibrils. ScN2a RML cells were treated with 2 μM of 244-378 fibrils for 72h and then cells were 

collected and subjected to PK digestion to evaluate PrPSc levels. As for tau K18, also 244-378 

reduced PrPSc burden after 72h of incubation (Fig. 19b).  

 

Figure 19. Tau fibrils-mediated reduction of PrPSc. (a) Representative WB of ScN2a RML cells treated with 2 μM 

of tau K18 fibrils for 24, 48 and 72h. Samples were treated with 20 μg/mL of PK and the membrane probed with 

anti-PrP antibody W226 to assay PrPSc levels. (b) Representative WB of ScN2a RML cells treated for 72h with 2 

μM of tau 244-378 fibrils. Samples were treated with PK to evaluate the reduction of PrPSc. β-actin was used as 

loading control.   

Since PrPSc reduction is mainly observed after 3 days, we then asked ourselves whether the 

reduction of PrPSc needs 72h of continuous incubation with tau fibrils to occur, or whether 3 

days are only necessary to observe the effect on PrPSc, but actually tau fibrils’ action starts 

earlier. To address this question, ScN2a RML cells were incubated with tau K18 fibrils for 

different periods of time, after which the treatment was removed by PBS washes and cells 

were kept in culture up to 72h to evaluate the effect on PrPSc levels. We decided to start with 
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an incubation with tau K18 fibrils of 24h and 48h, after which the treatment was removed, 

and cells were kept in culture up to 72h.  

 

Figure 20. Tau K18 fibril incubation time affects PrPSc reduction. (a) Representative WB and (b) related 

quantification of PrPSc in ScN2a RML cells after the incubation with tau K18 fibrils. ScN2a RML cells were 

incubated with 2 μM of tau K18 fibrils for 24, 48 or 72h after which the treatment was removed, and cells were 

kept in culture without the treatment up to 72h to allow the evaluation of PrPSc reduction. β-actin was used as 

loading control. (b) Quantification of three independent experiments. Values are shown as percentage of PrPSc 

relative to β-actin. Data are reported as mean ± SD. Data were analysed with two-way ANOVA with Sydak’s 

multiple comparisons test: ****p≤0.0001. (c) Representative WB and (d) related quantification of PrPSc levels. 

ScN2a RML cells were incubated with 2 μM of tau K18 fibrils for 1, 2, 4, 8 and 24h before the removal of the 

treatment and the incubation up to 72h to evaluate the reduction of PrPSc. β-actin was used as loading control. 

(d) Quantification of three independent experiments. Values are shown as percentage of PrPSc relative to β-

actin. Data are reported as mean ± SD. Data were analysed with Friedman test with Dunn’s multiple 

comparisons test: *p≤0.05.  

As shown in figure 20, the incubation for 24h with tau K18 fibrils is sufficient to significantly 

reduce PrPSc level after 72h (Fig. 20a, b). Moreover, shorter incubation times, starting from 

1h, progressively reduce PrPSc, suggesting that K18 fibrils start to act in the short period, but 

the effect on PrPSc reduction is mainly manifested after 72h. The same experiment was 

performed also with tau 244-378 fibrils. For this experiment we chose 4h of incubation, since 

it was the lowest K18 incubation time showing around 50% of PrPSc reduction. ScN2a RML 

cells were incubated for 4h with tau 244-378 fibrils, then the treatment was removed by PBS 
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washes and cells were kept in culture until 72h. Tau K18 treatment was also performed to 

compare the two constructs (Fig. 21). Both tau fibrils comparably reduced PrPSc levels 

following 4h of incubation (Fig. 21a, b). We also decided to check whether tau amyloids were 

actively internalized by cells as they can act on intracellular degradation mechanisms to 

promote PrPSc clearance. Therefore, we evaluated on the same samples the presence of 

intracellular tau amyloids at 72h. Extracellular tau fibrils were removed by trypsinisation to 

evaluate the signal coming exclusively from intracellular fibrils 20,313,315,350. Interestingly, only 

tau K18 amyloids were present after 3 days following 4h of incubation, while a faint tau signal 

was detected in cells treated with 244-378 fibrils (Fig. 21c). We hypothesized that cells, unlike 

K18 fibrils, could not internalize 244-378, or that the internalization occurs within the 4h of 

incubation, but, being kept in culture for 3 days, the internalized amyloids might be removed. 

To address these questions, cells were incubated with 244-378 fibrils for short time periods, 

then they were trypsinised to remove extracellular fibrils and lysed to assess the intracellular 

presence of tau amyloids. As shown in figure 21d, the cells treated with tau 244-378 fibrils, 

checked right after 1, 2, 4, 8 and 24h of incubation, showed a higher amount of internalized 

aggregates, suggesting that both fibril types are internalized, but unlike K18, tau 244-378 are 

rapidly removed by cells, probably degraded. This may also explain the reduced resistance to 

PK digestion of tau 244-378 fibrils (Fig. 17b), compared to the K18 ones, and their different 

effect on cell metabolism (Fig. 18). 
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Figure 21. Comparison of tau K18 and 244-378 fibrils on PrPSc levels. (a) Representative WB and (b) related 

quantification of ScN2a RML cells after their exposure for 4h to 2 μM of tau K18 and 244-378 fibrils, followed 

by PBS washes to remove the treatment and culturing up to 72h to assess PrPSc reduction. PK digestion was 

performed to reveal PrPSc content. β-actin was used as loading control. (b) Quantification of three independent 

experiments. Values are shown as percentage of PrPSc relative to β-actin and data reported as mean ± SD. Data 

were analysed with Friedman test with Dunn’s multiple comparisons test: n.s. not significant. (c) Samples from 

experiments in (a) not treated with PK and probed with anti-tau antibody for the presence of intracellular tau 

K18 and 244-378 fibrils. (d) Internalization of tau 244-378 fibrils. ScN2a RML cells were treated with 2 μM of tau 

244-378 fibrils for 1, 2, 4, 8 and 24h and then lysed and tested for the intracellular presence of tau fibrils.  

 

3.3. Tau fibril localization 

The administration of both tau amyloid fibrils resulted in a comparable reduction in PrPSc 

levels after 3 days and in their internalization, even though with some differences. To deepen 

this mechanism, we decided to explore the internalization mechanism of these fibrils, as it 

may be linked to PrPSc degradation. Tau K18 fibrils were conjugated to Alexa-488 fluorophore, 

to obtain fluorescent fibrils that are easily detectable without the use of antibodies, that may 

not bind to amyloid aggregates. After 24h of incubation with tau K18 fluorescent fibrils, cells 
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were fixed and stained with different antibodies that mark cell organelles. Trypan blue was 

used before fixation to quench the signal of fibrils that were not internalized, as this dye 

cannot enter living cells 343. Cells were stained with EEA1, a protein present in early 

endosomes, Calnexin for the endoplasmic reticulum, M6PR to stain the Golgi apparatus and 

LC3B and LAMP2 to stain autophagosomes and lysosomes respectively. Images of a single 

cell were taken as multiple sections along the z-axis to take into account the whole cell 

volume, and they are shown in 2-D with orthogonal planes to assess the colocalization both 

in XZ and YZ axes. As shown in figure 22, no colocalization was observed after 24h between 

tau K18 fibrils and EEA1 or Calnexin, suggesting that fibrils may not enter through these 

pathways or that we did not choose the right incubation time to observe a colocalization. 

However, K18 fibrils showed a significant colocalization signal with Golgi apparatus (M6PR) 

and with the autophagolysosomal pathway. This may suggest a possible role of tau fibrils in 

stimulating the activity of the cell degradation pathways, that could in turn degrade PrPSc and 

explain its reduction observed after 3 days, following tau fibril exposure. 
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Figure 22. Tau K18 fibril subcellular localization. ScN2a RML cells were treated for 24h with tau K18-Alexa488 

fibrils and then fixed and stained for EEA1 (early endosomes), Calnexin (endoplasmic reticulum), M6PR (Golgi 

apparatus), LC3B (autophagosomes) and LAMP2 (lysosomes). DAPI was used to stain nuclei. Images show one 

of the central sections of the entire z-stack. All three orthogonal planes (XY, XZ and YZ) are represented.  
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To investigate the potential role of lysosomal and proteasomal pathways in mediating the 

clearance induced by tau K18 fibrils, we decided to take advantage of different inhibitors 

known to block the autophagolysosomal pathway at different steps. 3-methyladenine (3-MA) 

is known to block macroautophagy by inhibiting the class III phosphoinositide 3-kinase (PI3K) 
351,352, thus impairing the formation of the preautophagosomal structure. Bafilomycin A1 is 

widely used as Vacuolar H+ ATPase inhibitor, which controls lysosomal pH, resulting in the 

prevention of endosomal and lysosomal acidification and in the disruption of autophagic flux 
353. Similarly, chloroquine changes the lysosomal pH, inhibiting the degradation of 

autophagosomal cargoes into lysosomes 354. We also tested the effect of a proteasomal 

inhibitor, MG132, which blocks the activity of the 26S proteasome complex 355.  

ScN2a RML cells were incubated with tau K18 fibrils for 72h, and, before lysis, they were 

treated with the above-mentioned inhibitors, with time and concentration depending on the 

specific inhibitor. PK-treated samples were used for PrPSc analysis while, in the case of 

autophagic inhibitors, LC3B levels were analysed in the PK-untreated ones, to confirm the 

efficacy of the specific compound. LC3B protein levels are often used to monitor autophagic 

flux, since LC3B-I is converted into LC3B-II during autophagosome formation which, in turn, 

is degraded into lysosomes at the end of the autophagic pathway 356. As shown in figure 23a, 

3-MA administration efficiently blocked the conversion of LC3B-I into LC3B-II, demonstrating 

the efficacy of the treatment. In contrast, the administration of bafilomycin A1 and 

chloroquine led to LC3B-II accumulation, in agreement with their role on blocking the 

lysosomal degradation (Fig 23b, c). Despite the efficient inhibition of the autophagic flux at 

different steps, none of these inhibitors was able to revert, or to even reduce, the PrPSc 

clearance mediated by tau K18 amyloids. Interestingly, K18 fibril administration, together 

with bafilomycin A1 and chloroquine, produced an additive effect on PrPSc clearance. 

Moreover, not even the proteasomal inhibition with MG132 affected the PrPSc reduction 

mediated by tau K18 fibrils (Fig. 23d). We concluded that the intracellular degradation 

pathways do not represent the way through which tau amyloid fibrils reduce prion levels in 

our cellular model, or that the conditions used in our study were not suitable to observe an 

inhibitory effect.   
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Figure 23. Role of degradation pathways in tau fibrils mediated PrPSc clearance. Representative WB of ScN2a 

RML cells incubated for 72h with tau K18 fibrils and treated with (a) 3-methyladenine (3-MA), (b) bafilomycin 

A1 (Baf A1), (c) chloroquine and (d) MG132. PK digestion was performed to evaluate PrPSc levels. β-actin was 

used as loading control and the amount of LC3B-I and LC3B-II was evaluated to confirm the efficacy of the 

inhibitors.  

 

3.4. Tau fibrils do not reduce PrPSc levels by entering cells 

Our experiments demonstrated that tau fibrils efficiently reduce prion levels in ScN2a RML 

cells, and that they are uptaken by cells, localizing in different subcellular compartments. 

However, if internalization is involved, there should be another mechanism by which tau 

fibrils promote the reduction of PrPSc, as we have already ruled out the contribution of 

cellular degradation pathways. To test whether the internalization of tau amyloids and the 

reduction in PrPSc level are connected, we decided to block tau amyloid uptake and to 

evaluate the effect on PrPSc clearance. As discussed before, many mechanisms and receptors 

are involved in the uptake of tau aggregates by cells. To avoid any misinterpretation due to 

the blocking of a specific pathway or another, we decided to block all energy-dependent 

endocytosis mechanisms by incubating cells at 4° C. At this restrictive temperature, fibrils are 

still able to adhere to the plasma membrane but should not be able to be internalized 315. To 

validate the experimental design and the efficacy in blocking fibril endocytosis, ScN2a RML 
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cells were incubated for 4h at 37° C and 4° C in the presence of 2 μM Alexa-488-labelled tau 

K18 fibrils. Trypan blue was used to quench the fluorescence coming from the extracellular 

environment and to allow the evaluation of the internalized fibrils. HCS CellMaskTM was used 

to label the entire cell.  

As shown in figure 24, the incubation at 4° C almost completely prevented the internalization 

of fluorescent tau K18 fibrils. 

 

Figure 24. Tau K18 internalization is inhibited at 4° C. ScN2a RML cells were incubated for 4h with tau K18-

Alexa488 fibrils at 37° C (upper panels) and 4° C (bottom panels). Trypan blue was used to quench the 

fluorescence deriving from extracellular fibrils. Blue CellMaskTM was used to stain the entire cell. 

 

We decided to test the effect on PrPSc following the inhibition of tau K18 fibril uptake. ScN2a 

RML cells were treated with 2μM tau K18 fibrils both at 37° C and 4° C, then the treatment 

was removed by PBS washing and cells were kept in incubation at 37° C up to 72h to evaluate 

PrPSc clearance mediated by tau fibrils. Before lysis, extracellular fibrils were removed by 

trypsin.  
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Figure 25. Effect of the inhibition of tau K18 fibril uptake on PrPSc. (a) Representative WB and (b) related 

quantification of ScN2a RML cells incubated for 4h with 2 μM of tau K18 fibrils at 37° C and 4° C. Then, the 

treatment was removed by PBS washing and cells were kept in culture up to 72h to evaluate the reduction in 

PrPSc after PK digestion of samples. β-actin was used as loading control. (b) Graph shows the quantification of 

three independent experiments. Values are shown as percentage of PrPSc relative to β-actin and data are 

reported as mean ± SD. Data were analysed with two-way ANOVA with Sidak’s multiple comparisons test: 

*p≤0.05, **p≤0.01. (c) Evaluation of internalized tau K18 fibrils at 37° C and 4° C. Trypsin was used to remove 

extracellular fibrils.  

 

Figure 25 shows the WB of the PrPSc levels after the treatment and the corresponding 

quantification. To confirm the effective blocking of tau fibril uptake, the same samples were 

assayed for tau presence. As shown in the bottom panel, no signal corresponding to tau K18 

fibrils was observed when cells were incubated with fibrils at 4° C, demonstrating the efficient 

inhibition of the uptake at this restrictive temperature. However, no major differences were 

observed in PrPSc clearance, with a similar decrease in K18-treated cells, both at 37° C and 4° 

C. This result suggests that, despite being internalized, tau K18 fibrils do not mediate PrPSc 

reduction by entering the cells.  

The same experiment was repeated with tau 244-378 fibrils, to assess whether fibrils showing 

different biochemical and biological behaviours may act on PrPSc reduction with similar 

mechanisms.  
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As shown before, tau 244-378 fibrils are less resistant to protease degradation compared to 

K18 fibrils (Fig. 17b) and, despite being quickly internalized, they are efficiently removed after 

3 days of incubation (Fig.21c, d). To overcome this problem, the blocking of tau 244-378 fibril 

internalization at 4° C was performed also by incubating cells for 4h and by immediately lysing 

them, to avoid fibril removal and to validate the experimental design. Figure 26a (right) 

shows how, as for tau K18 fibrils, 244-378 fibril internalization is efficiently reduced by 

incubating cells at 4° C. Moreover, the complete absence of tau signal, when, after the 

treatment, cells are left in the incubator until 72h, demonstrates again that after the initial 

uptake 244-378 fibrils are efficiently removed by cells (Fig. 26a, left). However, having 

demonstrated the inhibition of the initial uptake at 4° C, we decided to evaluate PrPSc 

reduction by incubating cells with fibrils for 4h at 37° C and 4° C and by leaving them in culture 

up to 72h, after treatment removal. As shown in figure 26b, after 3 days, the 244-378-

mediated reduction in PrPSc levels between cells incubated at 37° C and 4° C was comparable.  

These results demonstrate that, despite being internalized and exhibiting different 

biochemical and biological properties, both K18 and 244-378 fibrils reduce prion levels in a 

way that is independent from their uptake.  
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Figure 26. Inhibition of tau 244-378 fibril uptake and effect on PrPSc. (a) Representative WB of ScN2a RML cells 

incubated with 2 μM of tau 244-378 fibrils for 4h at 37° C or 4° C and then incubated up to 72h (left lanes) or 

immediately lysed (right lanes). Trypsin was used to remove extracellular fibrils. Membranes were probed with 

anti-tau antibody. (b) Representative WB and (c) related quantification of ScN2a RML cells incubated for 4h with 

tau 244-378 fibrils at 37° C and 4° C and kept in culture up to 72h after the removal of the treatment to 

determine PrPSc reduction. β-actin was used as loading control. (c) Graph shows the quantification of three 

independent experiments. Values are shown as percentage of PrPSc relative to β-actin and data are reported as 

mean ± SD. Data were analysed with two-way ANOVA with Sidak’s multiple comparisons test: *p≤0.05. 

 

3.5. Tau fibrils hinder prion de novo infection 

Our previous work demonstrated how tau K18 fibrils can bind to the cellular form of the prion 

protein PrPC and how their administration is able to promote the stabilization of PrPC at the 

plasma membrane. Having excluded a role of the uptake and of the degradation pathways in 

mediating the clearance of PrPSc, we conclude that tau fibrils may act as an antibody directed 

to PrPC, stabilizing it at the plasma membrane and preventing its conversion to PrPSc 357,358. 
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However, despite showing poor localization in this compartment 359, we cannot rule out that, 

besides PrPC binding, tau fibrils bind also to PrPSc, hindering the conversion event.  

In any case, according to this hypothesis, tau fibrils binding to both PrPC and PrPSc should not 

only be able to reduce PrPSc levels in chronically prion-infected cells, but also to hinder the 

conversion of PrPC in not infected cells.  

To test this, we decided to take advantage of a de novo prion infection protocol 346, which 

allows the conversion of PrPC in naïve cells using an inoculum obtained from prion-infected 

cells.  

To assess the contribution of tau fibrils in preventing the infection, not infected N2a cells 

were pre-treated for 4h with 2 or 4 μM of tau K18 fibrils, then they were washed with PBS to 

remove the treatment and finally they were exposed for 72h to ScN2a RML cells homogenate. 

In this way, the PrPSc present in the inoculum should convert the PrPC of the not infected N2a 

cells. After the initial infection step, cells were passaged for three times to allow the removal 

of the initial inoculum and the onset of the de novo prions. The first passage was not analysed 

to avoid the interference of the initial inoculum in the analysis.  

As shown in figure 27, the efficacy of the de novo cell infection is demonstrated by the 

increase of PrPSc content from p2 to p3, suggesting that cells are actively replicating prions.   

Tau K18 fibril pre-treatment, either at 2 μM or 4 μM, was efficiently able to reduce prion 

accumulation in both passages, confirming the impairment of the de novo infection process.  

 

 

Figure 27. Tau K18 fibril effect on de novo infection. (a) Representative WB and (b) related quantification of 

N2a cells pre-treated with 2 or 4 μM of tau K18 fibrils and then infected with ScN2a RML homogenate. Cells 

were passaged for three times to allow prion replication. β-actin was used as loading control. (b) Graph shows 

the quantification of three independent experiments. Values are shown as percentage of PrPSc relative to β-

actin and data are reported as mean ± SD. Data were analysed with two-way ANOVA with Sidak’s multiple 

comparisons test: n.s. not significant, *p≤0.05, **p≤0.01. 
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The same experiment was repeated with 244-378 fibrils, to confirm the ability also of this 

fibril type to hinder prion infection establishment. As for tau K18, not infected N2a cells were 

pre-treated with 2 or 4 μM of tau 244-378 fibrils for 4h followed by the exposure to PrPSc 

seed. As expected, both tau fibril concentrations were able to reduce prion accumulation 

following the de novo infection (Fig. 28). 

 

 

Figure 28. Tau 244-378 fibril effect on de novo infection. (a) Representative WB and (b) related quantification 

of N2a cells pre-treated with 2 or 4 μM of tau 244-378 fibrils and then infected with ScN2a RML homogenate. 

Cells were passaged for three times to allow prion replication. β-actin was used as loading control. (b) Graph 

shows the quantification of three independent experiments. Values are shown as percentage of PrPSc relative 

to β-actin and data are reported as mean ± SD. Data were analysed with two-way ANOVA with Sidak’s multiple 

comparisons test: ****p≤0.0001. 
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DISCUSSION AND CONCLUSIONS 
 

The idea that neurodegenerative diseases were characterized by distinct traits and unique 

features has been set aside, since different protein aggregates, usually considered distinctive 

of different pathologies, were seen to co-deposit. In fact, although Aβ, tau, α-synuclein, 

prions and TDP-43 are usually found aggregated in distinct pathologies, their deposition is 

often found in non-diseased individuals and they can co-exist in the same brain 360. An 

example is represented by the observation of LBs, typically found in synucleinopathies, in 

Alzheimer’s disease cases 361. In addition, LBs were found abundant in tauopathies such as 

PiD, AGD and CBD, normally characterized by tau aggregates only. This suggests that the 

aggregation of tau may predispose neurons to develop secondary LBs 362,363. Furthermore, in 

PD and DLB patients, tau oligomer accumulation has been seen to accompany the one of α-

synuclein, also forming hybrid oligomers made of the two proteins 364. The in vitro interaction 

of these two proteins has been observed through the MBDs of tau and the C-terminus of α-

synuclein 365, with the latter stimulating the phosphorylation of tau and indirectly affecting 

the microtubule stability.  Moreover, some of these proteins can induce the aggregation of 

other proteins in a process known as “cross-seeding”. This process was suggested for tau and 

Aβ and it may explain their simultaneous accumulation in AD 366. Much clearer is the case of 

α-synuclein and tau, where α-synuclein was shown to promote the fibrillization of tau and 

their coincubation induces the fibrillization of both proteins 367. Similarly, in vitro cross-

seeding between Aβ and α-synuclein has been observed 368.  

The same also applies to prion diseases, with described cases of co-deposition of PrPSc with 

α-synuclein and Aβ 338,369, and with phosphorylated tau aggregates found in many different 

prion diseases, as discussed before. In this regard, it is now widely recognized that the cellular 

form of the prion protein, PrPc, binds many different β-sheet-enriched amyloid proteins. 

Recently, in fact, Corbett and colleagues showed the ability of PrPC to bind soluble aggregates 

of tau, α-synuclein and Aβ, and how the ablation of PrPC was able to reduce the toxic effects 

that these aggregates normally exert 100. Similarly, our lab demonstrated an interplay 

between PrPC and α-synuclein amyloid fibrils, with an increased uptake and spreading of α-

synuclein aggregates in the presence of PrPC, both in vitro and in vivo 120. Moreover, the N-

terminus of PrPC was found to interact with tau K18 amyloid fibrils, facilitating their uptake 

in N2a cell line 114. Interestingly, both α-synuclein and tau fibrils were able to reduce the 
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amount of PrPSc when administered to prion-infected N2a cell, possibly by hindering the 

conversion event of PrPC.  

To further explore this effect, we decided to take advantage of the previously used tau K18 

construct, made of the 4 MBDs and used as a model for 4R tauopathy aggregates, and of a 

new tau construct, which extends the tau K18 one and that contains the sequence shown to 

be important for the core of PHFs in AD 223. This construct could result in the formation of 

fibrils with a different structure compared to the one of K18. Recently, the use of in vitro-

prepared amyloid fibrils has been questioned 223,370, expecially for tau, where the use of 

heparin was already shown to alter the structure of the obtained fibrils 292. However, the 

ability of PrPC to bind not only PrPSc, but also other amyloid proteins, suggests that this 

interaction may depend on a property shared by all these aggregates, such as the β-sheet 

content.   

Therefore, we decided to test whether, as for tau K18, also the new tau 244-378 fibrils 

produce an effect on PrPSc content.  

As shown by Fitzpatrick et al., in PHFs and SFs extracted from AD brain, the hexapeptide 306-

311 packs with the opposing residues 373-378, contributing to the formation of the filament 

core. The addition of the six missing amino acids to tau K18, which ends at residue 372, may 

reconstitute the packing interface, conferring a different structure to the filaments. 

Therefore, we decided to extend the K18 sequence up to the amino acid 378 and to subject 

both constructs to the same in vitro fibrilizzation protocol. RF-cloning technique was used to 

extend the K18 construct, then both proteins were produced in parallel using the same 

protocol described by Barghorn et al., proved to be effective for tau K18. To test the ability 

of 244-378 construct to form fibrils, monomers were subjected to cycles of shaking and rest 

in the presence of heparin, and the ability to form β-sheet structures was monitored using 

ThT dye. Both tau constructs showed the same aggregation kinetic, even though the 

fluorescence signal emitted was higher for tau K18. TEM analysis of the end-stage products 

revealed that, as for tau K18, also 244-378 forms fibrils in vitro. We decided to further 

characterize 244-378 fibrils by subjecting them to protease degradation, as the resistance to 

proteolysis represents one of the features of amyloid proteins and it correlates with the 

structural organization and the amount of β-sheets 371. We were surprised to find that 244-

378 fibrils, unlike K18 ones, were way more sensitive to PK digestion, suggesting different 

conformational structures and different β-sheet content, that may explain also the lower ThT 

fluorescence emission when fibrillized in vitro. This result may also suggest that 244-378, 

containing the in vivo PHFs and SFs AD sequence, may reflect a more phisiological 
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conformational structure, since it was already demonstrated that in vivo filaments are less 

resistant to protease degradation compared to the in vitro produced ones 349,372. 

Before cellular studies, we decided to test the metabolic effect of 244-378 fibrils in our 

cellular model. In contrast to tau K18 fibrils, tau 244-378 fibrils exhibited a marked effect in 

the reduction of the metabolic activity in ScN2a RML cells, again confirming the different 

nature of these two amyloid preparations. However, no effects on cell proliferation and 

viability were observed at 2 μM concentration. 

As already shown for tau K18, also 244-378 produced a decrease in PrPSc levels when 

administered for 72h directly to the medium of prion-infected ScN2a RML cells.  

The direct binding between tau fibrils and PrPC, showed in our previous paper, and the 

increased accumulation of PrPC at the plasma membrane following tau K18 administration 

led us to conclude that tau K18 fibrils probably act sequestering PrPC to the plasma 

membrane and preventing its conversion to PrPSc. However, being also internalized, we were 

unable to exclude that tau fibril uptake may contribute to the observed reduction of PrPSc. 

Moreover, even though prion reduction was most likely the result of the binding of tau fibrils 

to PrPC, we were unable to rule out a possible involvement also of PrPSc; in fact, tau fibrils 

might also sequester PrPSc molecules, thus hindering their interaction with PrPC and the 

conversion process.    

To further explore this mechanism, we firstly demonstrated that the reduction of prions 

needs 72h to occur, and incubation times as short as 1 hour are enough to cause a substantial 

decrease of prion levels after 3 days, suggesting that a continous exposure to tau fibrils is not 

needed. Moreover, as expected, both tau fibrils are spontaneously internalized and cause a 

comparable reduction effect on PrPSc, despite the fact that the 244-378 ones are almost 

completely removed after 72h, probably degraded. Their active digestion by cells would be 

in agreement with the lower resistance of 244-378 fibrils to protease degradation, and it may 

also explain the reduced metabolic activity observed in the MTT assay. 

We also observed that, following the internalization, tau K18 fibrils localize in Golgi apparatus 

and in the autophagolysosomal pathway, suggesting a possible stimulation of the cellular 

degradation pathways and a consequent decrease also in PrPSc levels. However, the 

treatment with inhibitors, aimed at blocking the autophagic and proteasomal degradation, 

had no effect, thus ruling out an involvement of these pathways in the tau fibril-mediated 

PrPSc clearance.  

Despite the lack of involvement of degradation pathways, to assess whether the 

internalization of tau fibrils was connected to the PrPSc reduction observed, we decided to 
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test prion reduction in the absence of tau fibril uptake. We took advantage of low 

temperatures, as it was already proved that at 4° C the endocytosis of tau aggregates is 

reduced 114,313,315,373. Both tau K18 and 244-378 fibril uptake was impaired when cells were 

incubated at 4° C, resulting in an almost complete inhibition of the signal coming from the 

intracellular amyloids. However, we were surprised to observe that the presence or the 

absence of tau fibrils within the cells did not affect their ability to reduce PrPSc, as prion 

reduction was fully comparable between cells incubated at 37° C or 4° C. These findings 

strongly support the idea that tau fibrils-mediated PrPSc clearance is driven by a direct binding 

between PrPC/PrPSc and tau fibrils at the plasma membrane, subtracting one of the two 

partners necessary for prion conversion. Moreover, exploiting their action on the plasma 

membrane, it is more likely that PrPC is the binding partner of tau fibrils, since PrPC is mostly 

localized in this cellular compartment, while PrPSc is mainly present at the intracellular level 
149,374, with poor localization at the plasma membrane 359. 

After having demonstrated that tau fibrils reduce PrPSc level in chronically prion-infected 

cells, we wondered whether this effect is limited to the established prion infection or 

whether tau amyloids can also affect the first stages of prion infection. To address this 

question we decided to take advantage of a de novo prion infection protocol, by exposing the 

uninfected N2a cells to an homogenate of ScN2a cells. In this way, the PrPSc present in the 

inoculum of ScN2a is able to convert the PrPC of the uninfected N2a cells, starting the 

infection cycle. To test the possible role of tau in this process, we pre-treated the uninfected 

N2a with tau K18 and 244-378 fibrils before the exposure to the ScN2a inoculum. Following 

our hypothesis, the administration of tau fibrils before the addition of prion inoculum should 

have hampered prion infection. Our results indicated that both tau K18 and 244-378 fibrils, 

administered before the exposure of cells to prion homogenate, reduced significantly the 

accumulation of PrPSc following the de novo infection. Moreover, since tau fibrils were 

removed before the addition of PrPSc inoculum, this experiment further supports the binding 

of tau fibrils with PrPC, through which they exert their effect on PrPSc. The mechanisms of 

prion infection cycle are still poorly understood since, in the established prion infection, the 

conversion into PrPSc was suggested to occur mostly in intracellular compartments 149,150, 

whereas, during the earlier phases, it seems to involve more the plasma membrane 148. Based 

on our data, in the first phases of the infection process, tau binding to PrPC could either 

prevent his physical interaction with PrPSc, inhibiting the conversion, or block PrPC at the 

plasma membrane, inhibiting its recycling through the endocytic compartments. Moreover, 
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in the chronically infected cells, the increased retention of PrPC at the plasma membrane, 

mediated by tau fibrils, could be responsible for PrPSc clearance due to an impaired recycling. 

In conclusion, our findings confirmed the role of tau fibrils in mediating the reduction of 

prions in our cellular model. Moreover, this effect seems to reside on the ability of tau fibrils 

to bind to the PrPC present on the plasma membrane, thus stabilizing the protein and 

hindering its conversion to PrPSc. Here we show also that PrPC may act as a receptor for 

different tau fibril types, that, despite showing different conformational properties, are able 

to comparably reduce prions in our chronically prion-infected model. In addition, tau amyloid 

fibrils impair the initial phase of prion conversion, hindering PrPC/PrPSc interaction and/or 

stabilizing PrPC at the plasma membrane. These results may suggest a dual interplay between 

the prion protein and other amyloidogenic proteins. While, as previously shown for tau and 

α-synuclein, the presence of PrPC at the plasma membrane facilitates the uptake of 

pathological aggregates that may result in a faster spreading of the pathology, here we show 

that, in the case of prion diseases, tau circulating species may protect PrPC from PrPSc 

interaction, thus slowing prion conversion and the progression of the disease. This may also 

explain why, in some prion disease patients, the presence of tau aggregates may correlate 

with a longer disease incubation. In this regard, the interaction between different 

amyloidogenic proteins may result in different outcomes depending on the specific disease, 

and the study of these relationships can be crucial for the development of targeted therapies.  
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