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Introduction

Transmissible spongiform encephalopathies (TSEs) or prion diseases affect both humans and animals.

They can be transmitted by a protein-only agent called "prion" [START_REF] Prusiner | Novel proteinaceous infectious particles cause scrapie[END_REF]. Prions are abnormally folded isoforms (PrPsc) of the highly conserved cellular prion (PrPc). Prions retain many characteristics associated with viruses, such as the existence of multiple strains, the ability to remain silent for many years in the infected host before triggering a fatal disease, and host specificity and adaptation. They propagate by inducing abnormal folding of the PrPc. Neuropathologically, they are characterized by the association of spongiform change, neuronal loss, gliosis and aggregates of PrPsc.

Among TSEs, human prion diseases are very rare neurodegenerative illnesses occurring worldwide. 

Diagnostic tests before the development of amplification techniques

1-Electrophysiology

EEG remains an important diagnostic tool. The abnormalities start in a slowing down of the basic rhythm and delta slow wave discharges. In about 60% of the cases of sCJD, the abnormalities become characteristic with periodic sharp waves from short period to one cycle per second [START_REF] Steinhoff | Diagnostic value of periodic complexes in Creutzfeldt-Jakob disease[END_REF]. The occurrence of a periodic EEG is less frequent in genetic or iatrogenic CJD. In vCJD, EEG is nearly never periodic. The test has to be repeated, since the characteristic anomalies can be transient.

2-Imaging

The brain scan is not a contributory examination for the positive diagnosis of CJD because it is usually normal. Brain magnetic resonance imaging (MRI), on the other hand, is important for diagnosis.

Striatal high signals are the most characteristic and frequent abnormalities, they are generally bilateral, symmetrical or not, and can coexist with high signals of cerebral or sometime cerebellar cortex [START_REF] Meissner | MRI lesion profiles in sporadic Creutzfeldt-Jakob disease[END_REF]. The signal anomalies are visible on the T2 sequences but better still on the FLAIR and especially diffusion sequences with a decrease in the apparent diffusion coefficient values [START_REF] Kallenberg | Creutzfeldt-Jakob disease: comparative analysis of MR imaging sequences[END_REF]. In case of vCJD, high signals are located in the posterior part of the thalami ("pulvinar sign") but also sometimes in the dorsomedial nuclei of thalami defining the "hockey stick sign" [START_REF] Zeidler | The pulvinar sign on magnetic resonance imaging in variant Creutzfeldt-Jakob disease[END_REF].

3-Biological tests

Besides the amplification techniques, the most useful markers for the diagnosis of human forms of prion diseases are the detection of 14-3-3 protein and the assay of the protein tau in the cerebrospinal fluid (CSF). The 14-3-3 proteins constitute a group of proteins that exist, in mammals, under seven isoforms of molecular weight equal to 30-kDa. They are particularly abundant in neurons. Like tau protein, the 14-3-3 protein is considered as a marker of neuronal destruction. The isoforms of the 14-3-3 protein can be detected in CSF by quantitative enzyme immunoassay techniques (ELISA) or semi-quantitative Western blot which is the most used in current practice. CSF must be removed by non-traumatic lumbar puncture. Based on data from numerous studies published between 1995 and 2011, the American Academy of Neurology conducted a meta-analysis assessing the sensitivity of 14-3-3 protein detection in CSF for diagnosis of sCJD at 92% and specificity at 80% [START_REF] Muayqil | Evidence-based guideline: diagnostic accuracy of CSF 14-3-3 protein in sporadic Creutzfeldt-Jakob disease: report of the guideline development subcommittee of the American Academy of Neurology[END_REF]. The most common causes of false positives are stroke, recent seizure, hemorrhagic CSF, paraneoplastic syndrome or inflammatory CSF. In other forms of TSE, the sensitivity of 14-3-3 protein detection in CSF is variable.

In case of iatrogenic CJD after treatment with growth hormone, the sensitivity is good after several months of evolution [START_REF] Brandel | 14-3-3 protein cerebrospinal fluid detection in human growth hormone-treated Creutzfeldt-Jakob disease patients[END_REF]. In inherited forms, detection of 14-3-3 protein is often positive in genetic CJD, but is more rarely detected in cases of GSS or FFI [START_REF] Kovács | Genetic prion disease: the EUROCJD experience[END_REF]. Finally, in the case of vCJD, the detection of 14-3-3 protein is only positive in 50% of cases and is therefore not a good diagnostic test [START_REF] Green | Use of 14-3-3 and other brain-specific proteins in CSF in the diagnosis of variant Creutzfeldt-Jakob disease[END_REF], [START_REF] Brandel | Variant Creutzfeldt-Jakob disease in France and the United Kingdom: evidence for the same agent strain[END_REF].

Tau protein is a cytoskeleton protein found in CSF in proteolysed form that can be assayed. The tau dosage can be done according to bio-photonic methods (electroluminescence) or enzyme ELISA tests.

The increase in total tau protein in CJD is related to neuronal loss and not, as in Alzheimer's disease, to the conjunction of neuronal loss and abnormal hyper-phosphorylation of tau. Therefore, the isolated elevation of the total tau protein contrasting with a normal level of phosphorylated forms of the protein (phospho-tau) and Aβ42 peptide is an important diagnostic argument in favor of CJD, even in the absence of detection of the 14-3-3 protein [START_REF] Chohan | The role of cerebrospinal fluid 14-3-3 and other proteins in the diagnosis of sporadic Creutzfeldt-Jakob disease in the UK: a 10-year review[END_REF].

Principles of amplification techniques

The principle of protein amplification techniques is based on the ability of PrPsc to induce a conformational change in PrP in a continuous fashion, so that minute amount of PrPsc found in biologic fluids or tissues can be amplified to a threshold of detection by conventional laboratory techniques (Fig. 1). The most widely used protein aggregation tests include protein misfolding cyclic amplification assay (PMCA) with detection performed most often by Western blot [START_REF] Soto | Cyclic amplification of protein misfolding: application to prionrelated disorders and beyond[END_REF] and real-time quaking-induced conversion (RT-QuIC) which uses thioflavin-T fluorescence to detect PrPsc [START_REF] Atarashi | Ultrasensitive detection of scrapie prion protein using seeded conversion of recombinant prion protein[END_REF].

1-PMCA PMCA was first described in 2001 [START_REF] Saborio | Sensitive detection of pathological prion protein by cyclic amplification of protein misfolding[END_REF]. This technique can detect very small amounts of PrPsc in brain, spleen, tonsil or biologic fluids (urine, blood or CSF) [START_REF] Rubenstein | Re-assessment of PrP(Sc) distribution in sporadic and variant CJD[END_REF], [START_REF] Moda | Prions in the urine of patients with variant Creutzfeldt-Jakob disease[END_REF], [START_REF] Bougard | Detection of prions in the plasma of presymptomatic and symptomatic patients with variant Creutzfeldt-Jakob disease[END_REF], [START_REF] Pritzkow | Detection of prions in blood from patients with variant Creutzfeldt-Jakob disease[END_REF], [START_REF] Bougard | Diagnosis of Methionine/Valine Variant Creutzfeldt-Jakob Disease by Protein Misfolding Cyclic Amplification[END_REF]. When PrPsc is effectively contained in the tissue, it will act as a "seed" resulting in the conversion of PrPc contained in brain homogenates [START_REF] Soto | Cyclic amplification of protein misfolding: application to prionrelated disorders and beyond[END_REF] or cell extracts that will be added as a substrate [START_REF] Yokoyama | Heparin enhances the cell-protein misfolding cyclic amplification efficiency of variant Creutzfeldt-Jakob disease[END_REF]. The PMCA is based on a series of sonication / rest cycles designed to break down the aggregated PrPsc into smaller fragments that can induce further aggregation. The high sensitivity of the method is related to this principle of sonication / rest cycles. Subsequently, the sensitivity of the technique was increased by the development of serial PMCA, where a fraction of the PMCA reaction products is used to seed a fresh substrate [START_REF] Castilla | Detection of prions in blood[END_REF]. So the sensitivity of the PMCA is comparable to animal bioassays [START_REF] Rubenstein | Re-assessment of PrP(Sc) distribution in sporadic and variant CJD[END_REF]. Despite widespread use in research laboratories, PMCA remains difficult in its practical application due in particular to the use of fresh brain material as a substrate and to the difficulty in standardizing the procedure with a lack of consistency between laboratories even with an identical protocol. Western blot detection is a time-consuming method, but has the advantage of identifying the glycotype of PrP which is important in investigating the biochemical nature of the PrPsc within the seeding material.

The products generated by PMCA are infectious and retain similar structural and biochemical properties to the PrPsc of the seeding material [START_REF] Weber | Generation of genuine prion infectivity by serial PMCA[END_REF], [START_REF] Castilla | Crossing the species barrier by PrP(Sc) replication in vitro generates unique infectious prions[END_REF].

2-RT-QuIC

The development of RT-QuIC, combining the protein aggregation test with an integrated detection system, was a major step forward in the use of aggregation tests [START_REF] Wilham | Rapid end-point quantitation of prion seeding activity with sensitivity comparable to bioassays[END_REF], [START_REF] Atarashi | Ultrasensitive human prion detection in cerebrospinal fluid by real-time quaking-induced conversion[END_REF]. With this technique, the PrPsc amplification is carried out in the presence of a soluble recombinant PrP (rPrP) sensitive to proteinase-K, submitted to intermittent automated agitation that allow to the newly formed rPrePsc aggregates to be broken down. The abundance of aggregates is evidenced by real-time detection using thioflavin T. The first generation of RT-QuIC assays was carried out using full-length hamster rPrP. To increase sensitivity and shorten the time to obtain the result, a second generation RT-QuIC using truncated PrP is being evaluated [START_REF] Orru | Rapid and sensitive RT QuIC detection of human Creutzfeldt-Jakob disease using cerebrospinal fluid[END_REF].

Diagnostic use of amplification techniques

One of the major differences between PMCA and RT-QuIC is their different ability to amplify PrPsc from sporadic, variant and genetic forms of CJD. PMCA readily amplifies PrPsc from vCJD tissue while RT-QuIC easily amplifies tissue from sporadic or genetic CJD patients. Taking advantage of this difference allows to discriminate vCJD and sCJD.

1-PMCA

PMCA readily amplifies PrPsc from brain tissue from vCJD patients or animal models [START_REF] Saborio | Sensitive detection of pathological prion protein by cyclic amplification of protein misfolding[END_REF], [START_REF] Jones | In vitro amplification and detection of variant Creutzfeldt-Jakob disease PrPSc[END_REF]. Thus PMCA is very useful for the detection of PrPsc of vCJD in different tissues. Detection of PrPsc in the urine of vCJD patients was the first reported use of PMCA. Of the 14 vCJD patients, PrPsc was detected in 13 of them, whereas none of the 224 controls (sCJD, genetic TSE, other neurological diseases, healthy subjects) had detectable PrPsc; the sensitivity of this PMCA assay was evaluated at 93% with a specificity of 100% and this technique clearly distinguished vCJD from sCJD [START_REF] Moda | Prions in the urine of patients with variant Creutzfeldt-Jakob disease[END_REF]. Several sonication cycles were required to amplify PrPsc to Western blot detectable amounts. This suggests that the amount of PrPsc present in the urine is very small. The detection of vCJD PrPsc in the plasma by PMCA has required pre-analytical steps of treatment (sarkosyl precipitation or magnetic nanobeads coated with plasminogen) to remove factors from blood and its components that could inhibit the reaction [START_REF] Bougard | Detection of prions in the plasma of presymptomatic and symptomatic patients with variant Creutzfeldt-Jakob disease[END_REF] [START_REF] Pritzkow | Detection of prions in blood from patients with variant Creutzfeldt-Jakob disease[END_REF]. A North American study using sarkosyl precipitation detected PrPsc after 2 to 3 rounds of PMCA on 14/14 vCJD blood samples but nothing on blood samples from 16 sCJD and 88 patients with other neurodegenerative diseases [START_REF] Pritzkow | Detection of prions in blood from patients with variant Creutzfeldt-Jakob disease[END_REF]. Similar results were obtained in a French study using magnetic nanobeads coated with plasminogen to eliminate inhibitory factors: PrPsc was detected in 18 out of 18 patients with vCJD and not detected in 134 patients with other neurodegenerative diseases and 104 healthy subjects [START_REF] Bougard | Detection of prions in the plasma of presymptomatic and symptomatic patients with variant Creutzfeldt-Jakob disease[END_REF]. On 67 patients with definite or probable sCJD only one patient was positive. These two studies underline the high sensitivity and specificity values of PMCA for the detection of PrPsc in plasma of patients with clinical vCJD. In the French study, the plasma of two blood donor vCJD patients stored prior to the onset of symptoms was studied. Both patients had detectable PrPsc pre-clinically: one patient from 31 months prior to the onset of symptoms and the other from 16 months [START_REF] Bougard | Detection of prions in the plasma of presymptomatic and symptomatic patients with variant Creutzfeldt-Jakob disease[END_REF]. Finally the method was adapted with success to test CSF. In a recent study, PrPsc was detected in the CSF of 40 vCJD patients out of a total of 41 (39 patients homozygous for codon 129 methionine and the only heterozygous British patient).

Therefore the sensitivity can be evaluated at 96.7%. The result of PMCA was negative in the CSF of 58 control patients with sporadic or genetic CJD or other neurodegenerative disease (specificity almost 100%) [START_REF] Bougard | Diagnosis of Methionine/Valine Variant Creutzfeldt-Jakob Disease by Protein Misfolding Cyclic Amplification[END_REF].

2-RT-QuIC

RT-QuIc is very useful for the detection of PrPsc of sCJD in different tissues notably in CSF and olfactory mucosa. This is why the results obtained with RT-QuIC are now included in the diagnostic criteria for sCJD (Fig. 2). This test is even being used routinely in some countries for the diagnosis of sCJD.

Two independent studies involving large groups of patients showed that the sensitivity of this technique was equivalent to that of 14-3-3 protein with specificity close to 100% [START_REF] Atarashi | Ultrasensitive human prion detection in cerebrospinal fluid by real-time quaking-induced conversion[END_REF], [START_REF] Mcguire | Real time quakinginduced conversion analysis of cerebrospinal fluid in sporadic Creutzfeldt-Jakob disease[END_REF]. These results, and in particular the absence of false positives, have been confirmed by other studies [START_REF] Cramm | Stability and reproducibility underscore utility of RT-QuIC for diagnosis of Creutzfeldt-Jakob disease[END_REF], [START_REF] Park | Real-Time quaking-induced conversion analysis for the diagnosis of sporadic Creutzfeldt-Jakob disease in Korea[END_REF], [START_REF] Groveman | Extended and direct evaluation of RT-QuIC assays for Creutzfeldt-Jakob disease diagnosis[END_REF] (Table 1). However, the very high specificity of this test remains to be validated on largest series, including in particular patients with potentially treatable diseases that are sometimes classified as probable CJD due in particular to a false positivity of the 14-3-3 protein. The sensitivity of first-generation RT-QuIC was not found to be significantly influenced by the PRNP codon 129 genotype [START_REF] Atarashi | Ultrasensitive human prion detection in cerebrospinal fluid by real-time quaking-induced conversion[END_REF] [28] [START_REF] Lattanzio | Prion-specific and surrogate CSF biomarkers in Creutzfeldt-Jakob disease: diagnostic accuracy in relation to molecular subtypes and analysis of neuropathological correlates of p-tau and Aβ42 levels[END_REF]. A number of studies in sCJD have shown that there is no relationship between the RT-QuIC kinetics and age at onset of disease, disease duration, or timing of the lumbar puncture expressed as a percentage of the total disease duration [START_REF] Mcguire | Real time quakinginduced conversion analysis of cerebrospinal fluid in sporadic Creutzfeldt-Jakob disease[END_REF] [START_REF] Lattanzio | Prion-specific and surrogate CSF biomarkers in Creutzfeldt-Jakob disease: diagnostic accuracy in relation to molecular subtypes and analysis of neuropathological correlates of p-tau and Aβ42 levels[END_REF]. Over 1000 non-CJD CSF samples have been analyzed in these studies and only three have demonstrated a positive RT-QuIC result [START_REF] Mcguire | Real time quakinginduced conversion analysis of cerebrospinal fluid in sporadic Creutzfeldt-Jakob disease[END_REF] [START_REF] Lattanzio | Prion-specific and surrogate CSF biomarkers in Creutzfeldt-Jakob disease: diagnostic accuracy in relation to molecular subtypes and analysis of neuropathological correlates of p-tau and Aβ42 levels[END_REF]. One patient had a diagnosis of vascular dementia but died without postmortem confirmation of disease [START_REF] Mcguire | Real time quakinginduced conversion analysis of cerebrospinal fluid in sporadic Creutzfeldt-Jakob disease[END_REF]. The second patient had a clinical diagnosis at the time of CSF analysis of fronto-temporal dementia and was lost to follow-up. The third patient had a diagnosis of paraneoplastic syndrome accompanying breast carcinoma; however it is unclear whether diagnosis was confirmed at postmortem. The specificity of first-generation RT-QuIC assays is close to 100% and is significantly better than surrogate markers such as CSF 14-3-3 or tau protein [START_REF] Lattanzio | Prion-specific and surrogate CSF biomarkers in Creutzfeldt-Jakob disease: diagnostic accuracy in relation to molecular subtypes and analysis of neuropathological correlates of p-tau and Aβ42 levels[END_REF]. The results obtained retrospectively within the French network have confirmed a sensitivity of more than 80% and specificity close to 100% (Table 1). For both cases classified as other diagnosis but with a positive result, the clinical data are insufficient to establish a diagnosis but CJD cannot be completely eliminated. A major advance has been the development of the second-generation RT-QuIC assay which utilizes an N-terminally truncated Syrian hamster rPrP (SHarPrP[90-231]) and includes the addition of 0.002% sodium dodecyl sulfate to the reaction buffer and an increase in the reaction temperature to 55°C [START_REF] Orru | Rapid and sensitive RT QuIC detection of human Creutzfeldt-Jakob disease using cerebrospinal fluid[END_REF]. A small initial study of 11 CSF samples from neuropathologically confirmed sCJD compared both RT-QuIC assays and demonstrated that the second-generation RT-QuIC assay was considerably faster, being complete within 24-48 hours, and more sensitive, as it detected 91% of sCJD compared to 64% using the traditional RT-QuIC technique, without any loss of specificity.

These results have been confirmed in larger studies which also demonstrated that the secondgeneration RT-QuIC assay had better reproducibility (Table 2) [START_REF] Groveman | Extended and direct evaluation of RT-QuIC assays for Creutzfeldt-Jakob disease diagnosis[END_REF][START_REF] Lattanzio | Prion-specific and surrogate CSF biomarkers in Creutzfeldt-Jakob disease: diagnostic accuracy in relation to molecular subtypes and analysis of neuropathological correlates of p-tau and Aβ42 levels[END_REF][START_REF] Foutz | Diagnostic and prognostic value of human prion detection in cerebrospinal fluid[END_REF][START_REF] Orrú | A test for Creutzfeldt-Jakob disease using nasal brushings[END_REF][START_REF] Orrú | Prion seeding activity and infectivity in skin samples from patients with sporadic Creutzfeldt-Jakob disease[END_REF][START_REF] Green | Prion protein amplification techniques[END_REF][START_REF] Bongianni | Diagnosis of Human Prion Disease Using Real-Time Quaking-Induced Conversion Testing of Olfactory Mucosa and Cerebrospinal Fluid Samples[END_REF][START_REF] Franceschini | High diagnostic value of second generation CSF RT-QuIC across the wide spectrum of CJD prions[END_REF]. It should be noted that the presence of abnormal PrP capable of aggregating recombinant PrP can also be found in olfactory mucosa cells obtained by biopsy or by brushing as well as in skin biopsies [START_REF] Orrú | A test for Creutzfeldt-Jakob disease using nasal brushings[END_REF] [START_REF] Orrú | Prion seeding activity and infectivity in skin samples from patients with sporadic Creutzfeldt-Jakob disease[END_REF]. The results of RT-QuIC in other forms of prion disease have been evaluated in a small number of cases. In case of genetic form, the result depends on the mutation involved [START_REF] Green | Prion protein amplification techniques[END_REF].

Conclusion

Amplification techniques allow a reliable clinical diagnosis of prion diseases (good sensitivity and specificity close to 100%). With these techniques, some studies have sought to detect other misfolded proteins in the CSF. Encouraging results have been reported for other neurodegenerative diseases such as Parkinson's disease, Lewy body dementia or Alzheimer's disease. 

  They usually manifest as rapidly progressive cognitive impairment associated with variously associated neurological disorders such as myoclonus, visual impairment, cerebellar syndrome, pyramidal or extra-pyramidal signs and terminal akinetic mutism. Sporadic Creutzfeldt-Jakob disease (sCJD) is the most frequent. The other forms are inherited (genetic CJD, Gerstman-Straussler-Scheinker [GSS] or fatal familial insomnia [FFI]) or acquired (iatrogenic CJD or variant CJD (vCJD) linked to bovine spongiform encephalopathy). The diagnosis of human forms of TSE is discussed clinically on the observation of clinical symptoms and the results of various complementary examinations (electrophysiological, radiological or biological tests). Cases are classified according to the likelihood of diagnosis in possible or probable cases. Diagnostic certainty can only be achieved by studying brain lesions from a biopsy or autopsy sample.

  Figure 1 Amplification techniques

Figure 2 Diagnostic

 2 Figure 2 Diagnostic criteria of sporadic CJD (from January 2017)

Table 1 :

 1 Sensitivity and specificity of RT-QuIC in CSF for diagnosis of sporadic CJD with first generation of RT-QuIC using full-length recombinant PrP

	Definite or probable	Sensitivity	Controls (n)	Specificity	Reference
	sporadic CJD (n)	(number of		(number of	
		positive		positive	
		detection)		detection)	
	34	85% (29)	165	100% (0)	Atarashi et al.
					2011
	123	89% (109)	103	99% (1)	McGuire et al.
					2012
	28	79% (22)	43	100% (0)	Orru et al.
					2015
	81	77% (62)	100	100% (0)	Park et al.
					2016
	104	70% (73)	64	100% (0)	Groveman et
					al. 2017
	179	83% (148)	348	99% (2)	Lattanzio et al.
					2017
	49	73% (36)	17	100% (0)	Bongianni et
					al. 2017
	98	84% (82)	822	99% (2)	French
					Network

Table 2 :

 2 Sensitivity and specificity of RT-QuIC in CSF for diagnosis of sporadic CJD with second generation of RT-QuIC using truncated recombinant PrP

	Definite or probable	Sensitivity	Controls (n)	Specificity	Reference
	sporadic CJD (n)	(number of		(number of	
		positive		positive	
		detection)		detection)	
	104	95% (99)	64	100% (0)	Groveman et
					al. 2017
	174	93 (162)	82	98% (1)	Foutz et al.
					2017
	21	86% (18)	17	100% (0)	Bongianni et
					al. 2017
	189	93% (176)	100	100% (0)	Franceschini
					et al. 2017