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Sporadic Creutzfeldt-Jakob disease (sCJD) is a rare neurodegenerative disorder caused
by the conformational conversion of the prion protein (PrPC) into an abnormally folded
form, named prion (or PrPSc). The combination of the polymorphism at codon 129
of the PrP gene (coding either methionine or valine) with the biochemical feature
of the proteinase-K resistant PrP (generating either PrPSc type 1 or 2) gives rise
to different PrPSc strains, which cause variable phenotypes of sCJD. The definitive
diagnosis of sCJD and its classification can be achieved only post-mortem after PrPSc

identification and characterization in the brain. By exploiting the Real-Time Quaking-
Induced Conversion (RT-QuIC) assay, traces of PrPSc were found in the olfactory
mucosa (OM) of sCJD patients, thus demonstrating that PrPSc is not confined to the
brain. Here, we have optimized another technique, named protein misfolding cyclic
amplification (PMCA) for detecting PrPSc in OM samples of sCJD patients. OM samples
were collected from 27 sCJD and 2 genetic CJD patients (E200K). Samples from 34
patients with other neurodegenerative disorders were included as controls. Brains were
collected from 26 sCJD patients and 16 of them underwent OM collection. Brain and
OM samples were subjected to PMCA using the brains of transgenic mice expressing
human PrPC with methionine at codon 129 as reaction substrates. The amplified
products were analyzed by Western blot after proteinase K digestion. Quantitative
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PMCA was performed to estimate PrPSc concentration in OM. PMCA enabled the
detection of prions in OM samples with 79.3% sensitivity and 100% specificity. Except
for a few cases, a predominant type 1 PrPSc was generated, regardless of the tissues
analyzed. Notably, all amplified PrPSc were less resistant to PK compared to the original
strain. In conclusion, although the optimized PMCA did not consent to recognize sCJD
subtypes from the analysis of OM collected from living patients, it enabled us to estimate
for the first time the amount of prions accumulating in this biological tissue. Further assay
optimizations are needed to faithfully amplify peripheral prions whose recognition could
lead to a better diagnosis and selection of patients for future clinical trials.

Keywords: Creutzfeldt–Jakob disease, olfactory mucosa, protein misfolding cyclic amplification,
neurodegeneration, prion, peripheral biomarker

INTRODUCTION

Human prion diseases are a group of rare and fatal
neurodegenerative disorders with an incidence of 1.5–2 cases
per million population/year, worldwide (Ladogana et al., 2005).
They can have sporadic (85%) or genetic (5–15%) origins and
can be acquired by infection through different routes (less than
5%) (Cochius et al., 1992; Bruce et al., 1997; Heckmann et al.,
1997; Hill et al., 1997; Heath et al., 2006; Hamaguchi et al., 2009;
Davidson et al., 2014). Sporadic forms are the most common,
have unknown etiology, and include: Creutzfeldt-Jakob disease
(sCJD) (Parchi et al., 1996), fatal insomnia (sFI), and variably
protease-sensitive prionopathy (VPSPr) (Gambetti et al., 2008).
The pathological agent responsible for these diseases is an
abnormally folded protein, referred to as prion (or PrPSc), which
results from the conformational conversion of the physiological
PrPC (Prusiner, 1982). PrPC is a glycophosphatidylinositol
(GPI)-anchored glycoprotein encoded by the PRNP gene that
has two common alleles encoding either methionine (M) or
valine (V) at codon 129. These polymorphisms play an important
role in modulating the clinicopathological phenotypes of prion
diseases (Stahl et al., 1987; Tahiri-Alaoui et al., 2004). PrPC

possesses two N-glycosylation sites at asparagine 181 and 197

Abbreviations: RT-QuIC, real-time quaking-induced conversion; PMCA, protein
misfolding cyclic amplification; PrPC, prion protein, PrPSc, Prion; VPSPr,
variably protease-sensitive prionopathy; sCJD, sporadic Creutzfeldt-Jakob disease;
sFI, sporadic fatal insomnia; M, methionine; V, valine; PK, Proteinase
K; PrPres, PK-resistant prion; vCJD, variant Creutzfeldt-Jakob disease; rec-
PrP, recombinant PrP; CSF, cerebrospinal fluid; OM, olfactory mucosa; AD,
Alzheimer’s disease; FTD, frontotemporal dementia; PD, Parkinson’s disease; MSA,
multiple system atrophy; PSP, progressive supranuclear palsy; CBD, corticobasal
degeneration; MS, multiple sclerosis; BHs, brain homogenates; Wb, Western
blot; PBS, phosphate buffer saline; recHuPrP23−231, full-length human PrP with
methionine at position 129; recHaPrP90−231, truncated Syrian hamster PrP;
PMSF, phenylmethylsulfonyl fluoride; GdnHCl, guanidine hydrochloride; EDTA,
ethylenediaminetetraacetic acid tetrasodium salt; BH_PMCA, amplified products
obtained from BH; OM_PMCA, amplified products obtained from OM; PVDF,
polyvinylidene difluoride membranes; HRP, horseradish peroxidase; OND, other
neurodegenerative/neurological disorders; MMunk, MM samples with unknown
PrPres typing; MVunk, MV samples with unknown PrPres typing; VVunk,
VV samples with unknown PrPres typing; PNGase F, Peptide-N-glycosidase
F; EEG, electroencephalogram; MRI, magnetic resonance imaging; MRI-DWI,
diffusion-weighted magnetic resonance imaging; PRNP, prion protein gene; GPI,
glycosylphosphatidylinositol; CNS, central nervous system; LB, luria bertani;
IPTG, isopropyl b-D galactopyranoside; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; ThT, thioflavin T; DTT, dithiothreitol.

which allow the formation of di-glycosylated, mono-glycosylated,
and un-glycosylated species. The relative abundance of each
glycosylated species defines the glycoform ratio of both PrPC and
PrPSc (Rudd et al., 1999; Bate et al., 2016).

PrPC is soluble in mild detergents and is completely degraded
by proteolytic enzymes, including the proteinase K (PK)
(Meyer et al., 1986). In contrast, PrPSc is partially insoluble in
detergents and is more resistant to PK treatment, thus leaving
a C-terminal and PK-resistant core (PrPres) after digestion
(Pan et al., 1993). The digestion leads to the generation of
amino-terminal-truncated fragments of di-glycosylated, mono-
glycosylated or un-glycosylated PrPres that migrate at lower
molecular weights compared to those of PrPC (Oesch et al.,
1985). Of particular interest, the molecular weight of the un-
glycosylated species can be either 21 or 19 kDa thus giving
rise to type 1 or type 2 PrPres, respectively (Parchi et al.,
2009). Thus, based on the un-glycosylated PrPres fragment sizes
(type 1 or 2) and the polymorphism at codon 129 of PRNP
(M or V), sCJD can be classified in six different phenotypic
subtypes: MM1, MM2, MV1, MV2, VV1, and VV2. Each sCJD
subtype is characterized by specific clinical and neuropathological
features (e.g., disease duration, clinical signs, neuropathological
features, PrPSc tissue tropism) (Parchi et al., 1996, 1999, 2012;
Puoti et al., 2012; Ironside et al., 2014; Ritchie and Ironside,
2017). The most frequent subtypes are MM1, VV2, and MV2
(Zerr and Parchi, 2018).

The presence of methionine or valine at codon 129 of
PrPC, as well as other probably unknown factors, influences
the structural rearrangement of the protein during misfolding
and gives rise to different PrPSc strains which ultimately lead
to the phenotypic heterogeneity of sCJD (Hosszu et al., 2004;
Safar, 2012; Kobayashi et al., 2013, 2015). In some cases, sCJD
might present with mixed phenotypic features characterized
by a combination of type 1 and type 2 PrPres (MM1 + 2,
VV1 + 2 and MV1 + 2), which make the classification of
the disease very challenging (Puoti et al., 1999; Uro-Coste
et al., 2008; Parchi et al., 2009; Cassard et al., 2020). Moreover,
several studies showed that prions can undergo processes of
selection and adaptation. These phenomena can be sustained
by two different hypotheses: (1) the cloud hypothesis, where
the prion strain is intrinsically composed of a heterogeneous
pool of PrPSc and only the variant able to replicate in the
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environment receives a selective advantage (Collinge, 2010;
Li et al., 2010; Morales et al., 2016), and the (2) deformed
templating hypothesis, where the prion strain is considered to
be pure and can generate different PrPSc conformers starting
from PrPC. In this case, the newly formed PrPSc variant that fits
well to the environment will emerge (Makarava and Baskakov,
2012, 2013; Baskakov, 2014). These mechanisms may explain
the resistance of prions to therapeutic treatments and suggest
that drug-resistant PrPSc variants might emerge in patients
under pharmacological treatment (Kabir and Safar, 2014). Once
formed, PrPSc can interact with PrPC acting as a template for
its further conversion into PrPSc (Caughey, 2001). By exploiting
this mechanism, PrPSc molecules spread throughout the central
nervous system (CNS) and sustain disease progression (Caughey,
2001). At present, PrPSc is the only reliable biomarker of prion
diseases and accumulates at high levels in the CNS. Thus,
the definite diagnosis of sCJD requires PrPSc detection and
characterization in the CNS through biopsy or postmortem
[Federspil et al., 2002; Kübler et al., 2003; World Health
Organisation [WHO], 2003]. This will allow us to define the
PrPres type (1 or 2) and categorize sCJD patients into one of
the six subtypes. Premortem diagnosis relies on criteria which
combine clinical (e.g., neuropsychiatric symptoms), instrumental
(e.g., brain MRI and EEG abnormalities) and laboratory
tests (variations in the CSF of 14.3.3 or tau protein, and
RT-QuIC) that classify the disease as probable or possible
(Hermann et al., 2021).

The RT-QuIC analysis has been recently developed and
uses recombinant PrP (rec-PrP) as a reaction substrate and
demonstrated the presence of PrPSc in the CSF, olfactory mucosa
(OM), and skin of sCJD patients (Orrú et al., 2014, 2017;
Franceschini et al., 2017; Mammana et al., 2020). Considering
its reliability and robustness, the RT-QuIC has been introduced
in several countries, including Italy and United States, among
the clinical diagnostic criteria for human prion diseases (Istituto
Superiore di Sanità; Watson et al., 2022). Unfortunately, this
technique does not provide any information on PrP typing
and the final reaction products seem to be not infectious
(Raymond et al., 2020). In contrast, the PMCA uses PrPC

proteins either derived from brain homogenates or cell lysates
and showed the presence of PrPSc in the CSF (Barria et al.,
2018), urine (Moda et al., 2014), and blood (Concha-Marambio
et al., 2016) of patients with variant CJD (vCJD), which is
related to the consumption of foodstuff obtained from cattle
affected by bovine spongiform encephalopathy (Hill et al., 1997).
Notably, the PMCA generated products retained the biochemical
and infectious properties of the original vCJD strain (Cali
et al., 2019). Thus, in contrast to RT-QuIC, the PMCA might
faithfully amplify PrPSc and offers the possibility to detect and
recognize its type starting from the analysis of peripheral tissues
of living patients.

Besides the vCJD strain, the prion strains responsible
for sCJD have been barely amplified with PMCA (Jones
et al., 2009; Moda et al., 2014; Concha-Marambio et al.,
2016; Camacho et al., 2019). More recently, Bélondrade
et al. (2021) have further optimized the PMCA to
amplify sCJD using different reaction substrates and

found that the amplification efficiency was seed- and
substrate-dependent.

In our study, we describe a further optimization of the PMCA
protocol that enables amplification of all sCJD prions present in
the brain but also in the OM collected from 129MM, 129MV, and
129VV patients. Through quantitative PMCA, we could estimate
the PrPSc concentration in the OM and verify whether and to
what extent the prions amplified from both tissues maintained
the original strain features, especially in terms of PK resistance
and PrPSc typing.

MATERIALS AND METHODS

Ethics Statements
Written informed consent for participation in research and
all procedures for sample collection and experimental studies
were in accordance with the 1964 Declaration of Helsinki
and its later amendments and were approved by the Ethical
Committee of “Fondazione IRCCS Istituto Neurologico Carlo
Besta” (Milan, Italy). Tg(MHu2M)FVB-B5378 mice were housed
in individually ventilated cages (2–5 mice per cage), daily fed,
and provided with water. Lighting was on an automatic 12 h
basis. Regular care was periodically performed for assessment
of animal health. The animal facility is licensed and inspected
by the Italian Ministry of Health. Current animal husbandry
and housing practices comply with the Council of Europe
Convention ETS123 (European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific
Purposes; Strasbourg, 18.03.1986), Italian Legislative Decree
116/92 (Gazzetta Ufficiale della Repubblica Italiana, 18 February
1992), and with the 86/609/EEC (Council Directive of 24
November 1986 on the approximation of laws, regulations,
and administrative provisions of the Member States regarding
the protection of animals used for experimental and other
scientific purposes). The animal study, including its Ethics
aspects, was approved by the Italian Ministry of Health (Permit
Number: 258/2018-PR), and all efforts were made to minimize
animals suffering.

Mice and Human Genotyping
Murine genomic DNA was extracted from ear biopsies
and analyzed by PCR using specific primers (5′-GAACTG
AACCATTTCAACCGAG-3′ and 5′-AGAGCTACAGGTGGA
TAACC-3′). Denaturation at 95◦C for 5 min was followed by
35 cycles of amplification (95◦C for 1 min, 58◦C for 1 min,
72◦C for 1 min). PCR products were resolved by agarose
gel electrophoresis and analyzed for the presence of the
transgene. Human DNA was extracted from peripheral blood
mononuclear cells (PBMC). The coding sequence of PRNP gene
was amplified by PCR using two pairs of primers: forward 5′-
CAGAGAAGTACAGGGTGGCA-3′/reverse 5′-AATGTATGA
TGGGCCTGCTCAT-3′ and forward 5′-CAACATGAAGCAC
ATGGCTGGT-3′/reverse 5′-TAAAAGGGCTGCAGGTGGAT
AC-3′. The amplified fragments were sequenced using the
BigDye Terminator v1.1 Cycle Sequencing kit (Applied
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Biosystems) and analyzed on an ABI 3130xl Genetic Analyzer
(Applied Biosystem).

Collection of Biological Samples
A total of 65 OM samples were included in the study (see
Table 1). In particular, 27 were collected from sCJD patients
(MM = 13, MV = 8 and VV = 6), 2 from genetic CJD
(gCJD) patients harboring the E200K mutation and 36 from
patients with other neurodegenerative/neurological disorders
(OND), including Alzheimer’s disease (AD = 3) (McKhann
et al., 2011), Parkinson’s disease (PD = 7) (Postuma et al.,
2015), frontotemporal dementia (FTD = 7) (Rascovsky et al.,
2011), multiple system atrophy (MSA = 4) (Gilman et al.,
2008), progressive supranuclear palsy (PSP = 7) (Höglinger
et al., 2017), corticobasal degeneration (CBD = 6) (Alexander
et al., 2014) and multiple sclerosis (MS = 2) (Table 1). OM
samples were collected between the septum and the middle
turbinate in the vault of the nose by brushing with a cotton
swab, as previously described (De Luca et al., 2019). Cotton
swabs were then immersed in saline solution and subjected to
vigorous shaking to collect OM cells. Samples were then stored
at −80◦C until analyses. A total of 28 brains were included
in the study. In particular, frozen samples of frontal cortex
(gyrus cinguli) were collected from 26 sCJD patients (MM1 = 7,
MV1 = 3, VV1 = 1, MM2-cortical = 3, MM2-thalamic = 2,
MV2 = 6, VV2 = 4) and 2 non-CJD patients (AD = 1_129MM
and FTD = 1_129MV). Sixteen of the sCJD brains (MM1 = 6,
MV2 = 6, and VV2 = 4) belonged to patients who underwent
OM collection (see Table 2 for details). The demografic data,
genetic, instrumental and laboratory findings of all sCJD patients
who underwent OM collection are reported in Table 3. The
brains of the AD and FTD patients who donated OM samples
were not collected.

TABLE 1 | Summary of the OM samples included in the analysis.

Disease 129 PRNP
genotype

Number of patients

Sporadic CJD MM 13

MV 8

VV 6

Genetic CJD (E200K) MM 1

MV 1

Other neurodegenerative/neurological
diseases: Alzheimer’s disease (AD),
corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP),
multiple system atrophy (MSA),
Parkinson’s disease (PD),
frontotemporal dementia (FTD), and
multiple sclerosis (SM)

MM 14 (AD = 1, CBD = 2,
FTD = 3, MSA = 2,
PD = 3, PSP = 3)

MV 16 (AD = 1, CBD = 2,
FTD = 3, MSA = 1,
PD = 3, PSP = 4,

MS = 2)

VV 6 (AD = 1, CBD = 2,
FTD = 1, MSA = 1,

PD = 1)

TABLE 2 | Details of the olfactory mucosa (OM) and brain homogenates
(BHs) analyzed.

Patient Sample Available Code Genotype/
Mutation

Brain
PrPres

type

1 BH No nd MM nd

OM Yes 1_OM*

2 BH No nd MM nd

OM Yes 2_OM

3 BH Yes 3_BH*−* MM 1
OM 3_OM*

4 BH No nd MM/E200K nd

OM Yes 4_OM

5 BH No nd MM nd

OM Yes 5_OM*

6 BH No nd MM nd

OM Yes 6_OM*

7 BH Yes 7_BH*−* MM 1

OM 7_OM

8 BH No nd MM nd

OM Yes 8_OM*

9 BH No nd MM nd

OM Yes 9_OM

10 BH No nd MM nd

OM Yes 10_OM*

11 BH Yes 11_BH MM 1

OM 11_OM*

12 BH Yes 12_BH*−* MM 1

OM 12_OM*

13 BH Yes 13_BH MM 1

OM 13_OM

14 BH Yes 14_BH*−* MM 1

OM 14_OM*

15 BH No nd MV/E200K nd

OM Yes 15_OM

16 BH Yes 16_BH*−* MV 2

OM 16_OM*

17 BH No nd MV nd

OM Yes 17_OM*

18 BH No nd MV nd

OM Yes 18_OM*

19 BH Yes 19_BH*−* MV 2

OM 19_OM*

20 BH Yes 20_BH*−* MV 2

OM 20_OM*

21 BH Yes 21_BH*−* MV 2

OM 21_OM

22 BH Yes 22_BH MV 2

OM 22_OM*

23 BH Yes 23_BH MV 2

OM 23_OM*

24 BH No nd VV nd

OM Yes 24_OM*

25 BH Yes 25_BH*−* VV 2

OM 25_OM*

(Continued)
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TABLE 2 | (Continued)

Patient Sample Available Code Genotype/
Mutation

Brain
PrPres

type

26 BH Yes 26_BH*−* VV 2

OM 26_OM*

27 BH Yes 27_BH*−* VV 2
OM 27_OM*

28 BH No nd VV nd

OM Yes 28_OM*

29 BH Yes 29_BH*−* VV 2

OM 29_OM

30 BH Yes 30_BH*−* MM 1

OM No nd

31 BH Yes 31_BH*−* MM 2C

OM No Nd

32 BH Yes 32_BH* MM 2C

OM No Nd

33 BH Yes 33_BH*−* MM 2C

OM No Nd

34 BH Yes 34_BH*−* MV 1

OM No Nd

35 BH Yes 35_BH*−* MV 1

OM No Nd

36 BH Yes 36_BH*−* MV 1

OM No Nd

37 BH Yes 37_BH* VV 1

OM No Nd

38 BH Yes 38_BH*−* MM 2T

OM No Nd

39 BH Yes 39_BH*−* MM 2T

OM No Nd

Black asterisk indicates samples that were subjected raw to PK resistant analysis,
while red asterisk refers to PMCA generated products that underwent similar
evaluation; nd: not determined; 2T, MM2-thalamic; 2C, MM2-cortical. Gray color
indicates patients whom brain and olfactory mucosa were collected from.

Preparation of Human Brain
Homogenates for Biochemical, RT-QuIC
and PMCA Analyses
Frozen brain samples (sCJD, AD and FTD) were homogenized
at 10% (weight/volume, w/v) in lysis buffer (100 mM sodium
chloride, 10 mM ethylenediaminetetraacetic acid tetrasodium
salt (EDTA), 0.5% Non-idet P-40, 0.5% sodium deoxycholate,
10 mM Tris, pH 7.4). Brain homogenates (BHs) were then
centrifuged at 4◦C, 800 × g, for 1 min to remove cellular
debris. The supernatant was then subjected to different analyses.
In particular, 10 µL was treated with PK and subjected to
Western blot (Wb) analysis to verify the presence of PrPres

and determine its biochemical properties (glycoform ratio
and typing). Fifty µL was used to perform PK resistance
analysis (as detailed in the section “Proteinase-K Resistant
Profile of Brain Homogenates and PMCA Generated Products”).
Twenty µL of selected BHs was used to perform Peptide-
N-Glycosidase F (PNGase F) experiments (as detailed in the
section “PNGase F Treatment of Human Brain Homogenates”).

Each BH was diluted at 10−4 in phosphate buffer saline (PBS)
(volume/volume, v/v) and 2 µL of this dilution was subjected
to RT-QuIC analysis (as detailed in the section “RT-QuIC
Analysis of Brain Homogenates and Olfactory Mucosa”). Finally,
each BH was diluted from 10−3 to 10−12 in PBS (v/v) and
every dilution was subjected to PMCA analysis (as detailed
in the section “PMCA Analysis of Brain Homogenates and
Olfactory Mucosa”).

Preparation of Olfactory Mucosa for
RT-QuIC and PMCA Analyses
Olfactory mucosa samples were thawed and centrifuged at
4◦C, 800 × g, for 20 min. The saline solution was removed
and approximately 2 µg of the pellet was collected using
an inoculating loop, and dissolved in 25 µL of PBS (pH
7.4, Sigma). Ten µL of this solution was used to perform
PMCA analysis (as detailed in the section “PMCA Analysis
of Brain Homogenates and Olfactory Mucosa”). Two µL was
further diluted into 18 µL of PBS and 2 µL of this latter
dilution was used to perform RT-QuIC analysis (as detailed
in the section “RT-QuIC Analysis of Brain Homogenates and
Olfactory Mucosa”).

Production of Recombinant PrP Proteins
for RT-QuIC Analysis and Quantitative
PMCA
Full-length human PrP with methionine at position 129
(recHuPrP23−231) and truncated Syrian hamster PrP
(recHaPrP90−231) constructs were expressed in Escherichia
coli BL21 (DE3) cells (Stratagene). One hundred mL of overnight
culture was inoculated into Luria-Bertani (LB) medium
complemented with 100 µg/mL ampicillin. At 0.6 OD600
the expression of the constructs was induced with 0.8 mM of
isopropyl b-D galactopyranoside (IPTG). Cells were grown
at 30◦C for 12 h and then lysed in 25 mM Tris–HCl, 5 mM
EDTA, 0.8% Triton X-100, pH 8.0 with fresh added 1 mM
phenylmethylsulfonyl fluoride (PMSF) using PandaPLUS 2000.
Inclusion bodies containing the recombinant proteins were
washed several times in bi-distilled water and then dissolved
in 8 M guanidine hydrochloride (GdnHCl) before loading
onto a pre-equilibrated HiLoad 26/60 Superdex 200 pg column
(Cytiva) and eluted in 5 M GdnHCl, 25 mM Tris–HCl, 5 mM
EDTA, pH 8.0 at a flow rate of 2 mL/min. Protein refolding
was performed by dialysis against 20 mM sodium acetate,
pH 5.5 using Spectrapor membrane. Purified proteins were
analyzed by SDS-polyacrylamide gel electrophoresis under
reducing conditions, dialyzed against phosphate buffer, pH
5.8 and stored at −80◦C. All salts used were from Sigma-
Aldrich. RecHaPrP90−231 was used as a reaction substrate
for RT-QuIC analyses, while recHuPrP23−231 was used for
quantitative PMCA.

RT-QuIC Analysis of Brain Homogenates
and Olfactory Mucosa
RecHaPrP90−231 was thawed and filtered through a 100 kDa
Nanosep centrifugal device (Pall Corporation). RT-QuIC reaction
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TABLE 3 | Summary of the demographic data, genetic, instrumental and laboratory findings of the sCJD patients who underwent OM collection.

Patient Sex
(Male)

PRNP
129

Type
of

PrPres

14.3.3 p-tau
(pg/mL)

t-tau
(pg/mL)

Mutation Positive
MRI
(Y/N)

Dementia
(Y/N)

EEG Age at
onset
(years)

Disease
duration
at OM

collection
(months)

Time to
death at

OM
collection
(months)

Disease
duration
(months)

OM
RT-QuIC
results

CSF
RT-QuIC
results

1 + MM nd Weakly
positive

22 4,261 Y Y Refractory
status

epilepticus

57 2.9 17.4 20.3 + +

2 - MM nd nd nd nd Y Y Triphasic 55 2.3 1.2 3.6 + nd

3 - MM 1 Positive nd 30,150 Y Y Triphasic 42 5.0 29.2 34.2 + nd

4 - MM nd Positive 59 1,126 E200K Y Y Slow waves 54 9.1 1.0 10.1 + nd

5 + MM nd Negative 27 292 Y Y No periodic 45 19.2 23.8 43.0 + nd

6 + MM nd Positive 118 1,698 Y Y Normal 65 7.8 27.9 35.7 + +

7 + MM 1 Positive 41 6,220 Y Y Triphasic 55 2.0 1.4 3.4 + nd

8 + MM nd Weakly
positive

nd 1,187 Y Y Triphasic 42 1.0 48.4 49.4 + +

9 - MM nd Weakly
positive

39 879 Y Y Triphasic 78 7.0 5.8 12.8 + +

10 + MM nd Positive 42 7,934 Y Y Triphasic 70 1.8 0.3 2.0 + +

11 - MM 1 Positive 86 2,633 Y Y Triphasic 59 7.3 22.1 29.4 + +

12 - MM 1 Positive 46 >2,400 Y Y Triphasic 74 0.9 1.2 2.0 + +

13 + MM 1 Positive 25 >2,400 Y Y Triphasic 72 2.3 2.3 4.6 + +

14 + MM 1 Positive 31 >2,400 Y Y Triphasic 65 1.2 0.7 1.9 + +

15 - MV nd nd nd nd E200K N Y Slow waves 71 37.3 6.7 44.0 + nd

16 + MV 1 Negative 38 680 Y Y Triphasic 77 14.0 10.6 24.5 + +

17 - MV nd Weakly
positive

53 3,057 Y Y Slow waves 65 12.9 10.3 23.2 + nd

18 + MV nd Weakly
positive

nd nd nd nd nd nd nd 5.9 nd + nd

19 + MV 1 Positive 65 1,788 Y Y No periodic 69 8.0 3.2 11.2 + +

20 - MV 2 nd 80 2,101 Y Y Slow waves 62 4.4 24.5 28.9 + +

21 + MV 2 Weakly
positive

16.7 1,076 Y Y Slow waves 64 5.1 4.8 9.9 + +

22 - MV 2 Weakly
positive

76 1,986 Y Y Slow waves 74 7.4 7.5 14.8 + +

23 + MV 2 Negative 55 1,905 Y Y Triphasic 79 8.2 4.2 12.4 + +

24 - VV nd Positive 92.8 18,470 Y Y No periodic 61 4.6 6.5 11.1 + nd

25 + VV 2 nd nd nd Y Y Normal 66 5.7 3.5 9.3 + nd

26 - VV 2 Positive 75 15,575 Y Y No periodic 55 8.5 0.6 9.1 + nd

27 - VV 2 Positive 81 15,750 Y Y Slow waves 57 3.3 1.2 4.5 + nd

28 - VV nd Positive nd 5,026 Y Y Triphasic 66 1.5 1.1 2.6 + nd

29 + VV 2 Positive 61 >2,400 Y N Slow waves 40 2.0 3.0 5.0 + +

mix was composed of 10 mM PBS (pH 7.4), 150 mM NaCl,
0.13 mg/ml recHaPrP90−231, 1 mM EDTA, 0.002% SDS and
10 µM thioflavin T (ThT). Ninety−eight µL of the reaction
mix was placed in a black 96-well optical flat bottom plate
(Thermo Scientific) and supplemented with 2 µl of OM or
BH (prepared as previously described). Each sample has been
analyzed in quadruplicate. The plate was sealed with a sealing film
(Thermo Scientific) and underwent intermittent cycles of shaking
(1 min at 600 rpm, double orbital) and incubation (1 min) at
55◦C using the fluorescence microplate reader OPTIMA (BMG
Labtech). ThT fluorescence was measured every 30 min (wave-
lengths: excitation 450 ± 10 nm; emission 480 ± 10 nm).
A sample was considered positive if the fluorescence value of

at least 2 out of 4 replicates was higher than 10,000 arbitrary
units (AU) before the threshold of time set at 60 h, as described
(Franceschini et al., 2017).

Preparation of the Substrate for PMCA
Analysis
The brains of Tg(MHu2M)FVB-B5378 mice (Telling et al., 1994),
from now on referred to as TgHuMM mice, were homogenized
at 10% (w/v) in conversion buffer (PBS 1X containing 150 mM
sodium chloride and 1% Triton X-100) supplemented with
cOmplete Mini EDTA-free protease inhibitor cocktail (Roche)
and used as a PMCA reaction substrate. To increase PMCA
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efficiency, 0.135 M sodium tripolyphosphate, 6 mM EDTA,
100 µg/mL heparin, 0.05% digitonin (Sigma), and 3 Teflon beads
were used to supplement the substrate.

PMCA Analysis of Brain Homogenates
and Olfactory Mucosa
Ten µL of each dilution of BH or OM sample (prepared
as previously described) was added to 90 µL of PMCA
substrate, transferred into 0.2 mL PCR tubes and subjected
to amplification using a Qsonica Q700 sonicator. PMCA
consisted of intermittent cycles of incubation (29 min and
20 s) and sonication (40 s set at 260–280 W). After
48 h of reaction (considered as a round of amplification),
10 µL of the amplified material was added to 90 µL of
freshly prepared PMCA substrate and an additional round of
amplification was performed. In total, each sample (OM or
BH) was subjected to 6 (or in specific cases to 7) PMCA
rounds. To avoid any contamination, PMCA substrates were
prepared under rigorous prion-free conditions and the sonicator
horn was periodically decontaminated with 4 M Gdn-HCl
(overnight). To monitor the contamination and the potential de
novo generation of prions, appropriate negative controls were
included in each PMCA round. All the analyses have been
repeated three times by three different operators to check the
reproducibility of the results. Amplified products obtained from
BH were named BH_PMCA while those obtained from OM
were named OM_PMCA.

Proteinase-K Digestion of Brain
Homogenates and PMCA Generated
Products
Ten µL of (i) BHs (sCJD, AD and FTD), (ii) BH_PMCA and
(iii) OM_PMCA were treated with 50 µg/mL of proteinase K
(PK, Invitrogen) for 1 h at 37◦C under shaking (550 rpm)
before Wb analysis and immunoblotting with 6D11 antibody
(1:5,000, epitopes 93–109, Covance). Ten µL of BHs were
digested with 400 µg/mL of PK for Wb analysis and
immunoblotting with 12B2 antibody (1:8,000, epitopes 89–
93).

Proteinase-K Resistant Profile of Brain
Homogenates and PMCA Generated
Products
The PK resistant profile of the samples marked with red and/or
black asterisks in Table 2 has been assessed. In particular, the
black asterisk refers to the analysis of raw BHs (22 samples:
MM1 = 5, MM2C = 3, MM2T = 2, MV1 = 3, MV2 = 4,
VV1 = 1, VV2 = 4) while the red asterisk refers to the
analysis of BH_PMCA (20 samples: MM1 = 5, MM2C = 2,
MM2T = 2, MV1 = 3, MV2 = 4, VV2 = 4) and OM_PMCA
[21 samples: MM = 9 (4 MM1, 5 unknown PrPres typing),
MV = 7 (5 MV2, 2 unknown PrPres typing), VV = 5 (3
VV2, 2 unknown PrPres typing)]. Each sample was treated
with five increasing concentrations of PK (50, 250, 500, 1,000,
and 1,500 µg/mL) and incubated for 1 h at 37◦C under
shaking (500 rpm). The enzymatic activity was stopped by

boiling the sample for 10 min in loading buffer (BoltTM LDS
Sample Buffer and Dithiothreitol (DTT), Thermo Scientific)
before Wb analyses. Densitometric quantification of PrPres

bands was performed as described in the section “Statistical
Analysis.”

Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis and Western Blotting
Proteinase K digested samples were loaded into 12% BisTris plus
gels (Thermo Scientific) and subjected to electrophoresis analysis
under denaturing conditions (SDS-PAGE). Samples that did not
require PK treatment (e.g. recHuPrP23−231) were immediately
supplemented with loading buffer (BoltTM LDS Sample Buffer 4X
and DTT 10X, ThermoScientific) and boiled for 10 min before
SDS-PAGE. Proteins were then transferred into polyvinylidene
difluoride membranes (PVDF, Millipore) and incubated with
non-fat dry milk (Santa Cruz) for 1 h at room temperature.
PVDF membrane was probed using the monoclonal anti-PrP
antibody 6D11 and then incubated with Fab fragment anti-mouse
IgG conjugated with horseradish peroxidase (HRP) (GE). Blots
were developed with a chemiluminescent system (ECL Prime,
GE Healthcare Amersham). When required, densitometric
quantification of PrPres bands was performed as described in the
section “Statistical Analysis.”

PNGase F Treatment of Human Brain
Homogenates
Twenty µL of selected BHs (3_BH, 16_BH, 19_BH, 25_BH,
26_BH, see below for details) was digested with 100 µg/mL
of PK for 1 h at 37◦C. PNGase F treatment was performed
according to the manufacturer’s instructions (New England
Biolabs PNGase F P0704S). Briefly, after digestion samples were
supplemented with 4 µL di 10X glycoprotein denaturing buffer
and boiled for 10 min. Then, samples were supplemented with
4 µL of reaction buffer (10X), 4 µL of NP-40 (10%), 4 µL
of PNGase F and 4 µL of PBS and incubated overnight at
37◦C. After incubation, 20 µL of LDS-PAGE loading buffer
(Sample buffer 4X and DTT 10X, Thermo Scientific) was
added to the samples that were boiled for 10 min. Finally,
four serial dilutions (1:2) of each sample were prepared,
loaded into 12% BisTris plus gels (Thermo Scientific) and
subjected to Wb analysis.

Quantitative PMCA Analysis
Quantitative PMCA (qPMCA) was performed as previously
described (Chen et al., 2010; Moda et al., 2014). In particular,
we have selected 5 patients (3, 16, 19, 25 and 26) with
known sCJD subtypes (MM1 = 1, MV2 = 2, VV2 = 2) in
which prions were efficiently amplified from both the OM
and the corresponding brain samples (see Table 2 for details).
To this aim, known amounts of recHuPrP23−231 (8, 6, 4,
2, and 1 ng) were analyzed by SDS-PAGE together with
the dilutions of the PNGase treated BHs, to estimate their
specific PrPres content. Samples were immunoblotted with the
6D11 antibody and the intensities of each recHuPrP23−231
band (representing known amounts of protein) were compared
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with those of the PrPres present in each BH dilution. In
this way, we have estimated the concentration of PrPres in
every sCJD-BH. Densitometric analysis of all resulting PrP
bands was performed as described in the section “Statistical
Analysis.”

Statistical Analysis
Densitometric analysis of Western blot bands were carried
out using ImageJ software (1.48v). Graphic representations of
densitometric analysis were performed using the Prism software
(GraphPad v7.0.5). PK resistance profiles of PrPres derived
from BH, BH_PMCA and OM_PMCA were analyzed through
repeated analysis of variance (ANOVA). Associations between
variables were investigated through t-test or Mann–Whitney test
and Fisher exact test, as appropriate.

RESULTS

RT-QuIC Analysis of Olfactory Mucosa
and Brain Homogenates of Sporadic
Creutzfeldt-Jakob Disease Patients and
Controls
RT-QuIC analysis of the OM showed that all samples
collected from sporadic and genetic CJD patients (n = 29),
regardless of the polymorphism at PRNP129, induced an
efficient seeding activity for recHaPrP90−231 before 35 h. The
reaction was stopped at 60 h and none of the OM collected
from patients with other neurodegenerative/neurological
disorders (OND) induced any seeding activity (Supplementary
Figure 1A). We have then subjected to RT-QuIC analysis
the brains of the 16 sCJD patients who underwent OM
collection during life. Also in this case, regardless of the
polymorphism at PRNP129, all sCJD brains induced an
efficient seeding activity while AD and FTD brains did not
(Supplementary Figure 1B).

Western Blot Analysis of Brain
Homogenates
The brain homogenates (BHs) of 26 sCJD patients were
analyzed by Western blot (Wb) to confirm prion disease
diagnosis and determine the biochemical properties of PrPres.
According to the polymorphism at PRNP129 and the PrPres

properties, samples were classified in the following groups:
(i) MM1 = 7, (ii) MV1 = 3, (iii) VV1 = 1, (iv) MM2-
cortical = 3 or (v) MM2-thalamic = 2 (differentiated by
histopathological analysis), (vi) MV2 = 6 and (vii) VV2 = 4
(Supplementary Figures 2A–E). Sixteen of these brains belonged
to patients whom the OM has been collected from: MM1 = 6,
MV2 = 6, and VV2 = 4 (see Table 2 for details). The
BHs of a patient with AD (MM) and a patient with FTD
(MV) were included as negative controls and no PrPres was
detected (Supplementary Figure 2E). The same samples have
been immunoblotted with the 12B2 antibody, which recognizes
type 1 PrPres, and in 6 MV2 and 4 VV2 samples we

could detect the co-occurrence of type 1 and type 2 PrPres

(Supplementary Figures 2F–J).

PMCA Analysis of Sporadic
Creutzfeldt-Jakob Disease Brain
Homogenates
To test the amplification efficiency of sCJD prions, we have
subjected all 26 sCJD BHs to PMCA analysis (see Table 2).
Regarding the MM1 subtype, prions were detected in 5/7 BHs at
the 6th round. In particular, in three BHs (7, 14 and 30) PrPres

was amplified with high efficiency (dilutions 10−8–10−12) while
in two BHs (3 and 12) the amplification was less efficient and
PrPres was detected only in lower dilutions (10−3–10−5). No
PrPres was detected in two BHs (11 and 13) even after 6 rounds
of amplification (Figure 1A). Notably, except for 7_BH, all
amplified PrPres switched from type 1 to type 2 and densitometric
analysis revealed the presence of higher levels of the di-
glycosylated species (Supplementary Figure 3A). Contrarily,
in 7_BH the amplified PrPres did not switch typing and the
di-glycosylated and mono-glycosylated PrP bands were equally
expressed (Supplementary Figure 3A). In the case of cortical
and thalamic MM2 subtypes (MM2C and MM2T, respectively),
PrPres was amplified with low efficiency (dilutions 10−3–10−6) in
2/3 MM2C BHs (31 and 33) (Figure 1B) and all MM2T (38 and
39) (Figure 1C). No PrPres was detected in 32_BH (MM2C) even
after 6 rounds of amplification. Prions amplified from these BHs
maintained type 2 profile but their glycoform ratios differed from
those of the original strains and a predominant di-glycosylated
band was observed (Supplementary Figure 3A). Regarding the
MV subtypes, we could efficiently amplify PrPres (dilutions 10−6–
10−12) in all MV1 BHs (34, 35 and 36) (Figure 1D) and 5/6
MV2 (16, 19, 20, 21 and 22) (Figure 1E). No PrPres was detected
in 23_BH (MV2) even after 6 rounds of amplification. In both
subtypes, the amplification led to the formation of type 1 PrPres

with the di-glycoyslated species predominant over the others
(Supplementary Figure 3B). Thus, prions amplified in MV1
samples maintained the typing of the original inocula while those
amplified in MV2 switched from 2 to 1. Finally, we efficiently
amplified prions (dilutions 10−6–10−12) in all VV2 BHs (25, 26,
27 and 29) that showed type 1 PrPres but in two of them (27 and
29) the di-glycoyslated species prevailed while in the other two
(25 and 26) the di- and mono-glycosylated bands were equally
represented (Supplementary Figure 3C). Hence, also in this case,
amplified PrPres did not maintain the typing of the original strain
(Figure 1G). No PrPres was amplified in the only available VV1
sample (37_BH) even after 6 rounds of amplification (Figure 1F).
As expected, no PrPres was amplified from the brains of AD
or FTD patients (Figure 1H). Regardless of the co-occurrence
of type 1 and type 2 PrPres in all MV2 and VV2 BHs, the
amplified products acquired similar biochemical properties thus
suggesting that the PMCA was able to generate a distinctive prion
isolate (Polymenidou et al., 2005; Notari et al., 2007; Cali et al.,
2020). Interestingly, these particular switches of PrPres typing
after PMCA analysis of sCJD brain homogenates were recently
described by the group of Bougard (Bélondrade et al., 2021).
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FIGURE 1 | Analysis of brain homogenates by PMCA. Wb of the 3rd and 6th PMCA rounds are shown. After 6 rounds of amplification, PrPres was detected in the
brains of (A) 5/7 MM1, (B) 2/3 MM2C, (C) 2/2 MM2T, (D) 3/3MV1, (E) 5/6 MV2, (F) 0/1 VV1, and (G) 4/4 VV2, although with variable efficiency. (H) No PrPres was
amplified from the brain of OND patients (AD and FTD). (A–C) In particular, type 2 PrPres with a prevalence of the di-glycosylated species was generated by the BHs
of 4/7 MM1, 2/3 MM2C and 2/2 MM2T patients, except for one MM1 patient (7_BH) in which the presence of a type 1 PrPres with an equal representation of the di-
and mono-glycosylated band was observed. (D–G) In contrast, type 1 PrPres was generated by BHs of 3/3 MV1, 5/6 MV2 patients and 4/4 VV2 patients. Except for
2 VV2 samples (25_BH and 26_BH), all amplified PrPres were characterized by a prevalent di-glycosylated band. Numbers in the right of each Wb indicate the
molecular weight marker.

PMCA Analysis of Sporadic
Creutzfeldt-Jakob Disease Olfactory
Mucosa
To test whether our PMCA protocol could also amplify prions in
the OM of sCJD patients, we have analyzed 65 samples collected
from 27 sCJD, 2 gCJD, and 36 OND patients (see Table 1 for
details). From the whole group of MM samples (n = 14), we

could amplify PrPres in 10 OM (71.4%), including 4 MM1, 1
E200K and 5 samples with unknown PrPres typing (MMunk).
Two MM1 and 2 MMunk remained negative (Figures 2A,B).
The majority of the PrPres amplified in this group of OM
were of type 1 and characterized by an equal representation
of the di- and mono-glycosylated species (1, 4, 8, 10, 11,
12 and 14). In contrast, three of them (3, 5 and 6) were
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FIGURE 2 | Analysis of olfactory mucosa samples by PMCA. (A) PrPres detection in OM of 10/14 MM samples (including 4 MM1, 1 E200K and 5 MMunk), 8/9 MV
samples (including 5 MV2, 1 E200K and 2 MVunk) and 5/6 VV samples (including 3 VV2 and 2 VVunk). Samples with known PrPres typing are written in bold. No
PrPres was found in the OM of patients with OND (AD: OND1, OND4 and OND6; Parkinson’s disease: OND2; Corticobasal degeneration: OND3 and OND5).
Numbers in the right of each Wb indicate the molecular weight marker. (B) Schematic representation of the PMCA rounds at which PrPres was detected in each OM
sample. Black and white boxes indicate the presence or absence of PrPres, respectively. (C) Radar plots showing the PrPres predominant species of OM_PMCA
samples. Numerical scale in each radar plot indicates the mean density of the PrPres isoform.
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of type 2 with a prevalence of the di-glycosylated species
(Figures 2A–C and Supplementary Figure 3A). Considering
only the MM1 samples, we were able to amplify prions in 4/6
OM (67%). Interestingly, 3 OM that generated type 1 PrPres

(11, 12 and 14) had the corresponding BHs that amplified type
2 PrPres, except for 11_BH that remained negative (Figure 1).
The remaining OM (number 3) and the corresponding BH
(number 3 in Figure 1) amplified type 2 PrPres. Therefore,
the biochemical properties of MM prions (in terms of typing
or glycoform ratio) were not faithfully maintained after the
amplification. Surprisingly, even the PrPres amplified from BH
and OM of the same sCJD patient often possessed distinct
biochemical features (e.g., in patient 12 type 1 PrPres was
amplified from BH while type 2 PrPres was amplified from
the corresponding OM) (Figures 1A, 2A and Supplementary
Figure 3A). From the whole group of MV samples (n = 9),
we were able to amplify PrPres in 8 OM (88.8%), including
5 MV2, 1 E200K and 2 samples with unknown PrPres typing
(MVunk), while 1 MV2 remained negative (Figures 2A,B). All
amplified products in this group of OM (15, 16, 17, 18, 19,
20, 22 and 23) were characterized by type 1 PrPres with an
equal representation of the di- and mono-glycosylated species
(Figures 2A–C and Supplementary Figure 3B). Considering
only the MV2 samples, we were able to amplify prions in 5/6
OM (83.3%). Interestingly, their corresponding BHs amplified
type 1 PrPres but with a distinct glycoform ratio that was
characterized by predominant di-glycosylated bands, instead
(Supplementary Figure 3B). Finally, from the whole group
of VV samples (n = 6), we were able to amplify PrPres

in 5 OM (83.3%), including 3 VV2 and 2 samples with
unknown PrPres typing (VVunk), while 1 VV2 remained negative
(Figures 2A,B). All amplified products in this last group of
OM (24, 25, 26, 27 and 28) showed type 1 PrPres with an
equal representation of the di- and mono-glycosylated species
(Figures 2A–C and Supplementary Figure 3C). Considering
only the VV2 samples, we were able to amplify prions in
3/4 OM (75%). Their corresponding BHs also amplified type
1 PrPres but their glycoform ratio was characterized by a
higher representation of the di-glycosylated band (27_BH and
29_BH) or an equal representation of di- and mono-glycosylated
species (25_BH and 26_BH) (Supplementary Figure 3C). We
have then evaluated at which PMCA round the OM samples
showed detectable PrPres and found that: 3 MM (3, 5 and
8) and 1 VV (number 26) showed PrPres at the 3rd PMCA
round; 4 MM (6, 10, 11 and 12), 2 MV (16 and 20), and
3 VV (24, 25 and 28) showed PrPres at the 5th PMCA
round; while 3 MM (1, 4 and 14), 6 MV (15, 17, 18, 19,
22 and 23), and 1 VV (number 27) showed PrPres at the
6th PMCA round (Figure 2B). No PrPres was detected in the
36 OM samples of OND patients collected at the 6th round
(Figure 2A and Supplementary Figure 4). The biochemical
properties of PrPres detected in BH, BH_PMCA and OM_PMCA
are summarized in Supplementary Table 1. All samples were
analyzed at least three time by three different operators and
analogous results were always obtained, thus confirming the
reproducibility of the analytical procedures and the reliability
of our findings.

Evaluation of the Biochemical Properties
of Protein Misfolding Cyclic
Amplification Generated Products
Considering that the PrPres amplified from BH and OM did not
retain the specific features of the original prions and that, in
most of the cases, they also differed between samples belonging
to the same patients, we decided to test whether and to what
extent the PMCA could have altered the prion properties during
the amplification.

Initially, we have evaluated if the original prions might have
undergone processes of selection and adaptation during the
amplification, finally leading to the onset of different isolates. To
this aim, we have selected 3 MM1 patients (number 3, 7 and
12), 1 MV2 patient (number 16), and 1 VV2 patient (number
26) whose PMCA results obtained from BH and OM were the
most representative for their specific sCJD subgroup (Figure 3).
In particular, we have observed that (i) BH and OM of patient 3
generated type 2 PrPres with a prevalent di-glycosylated species
(Figure 3A and Supplementary Figure 3A); (ii) BH and OM
of patient 12 gave rise to type 2 and type 1 PrPres, respectively,
with glycoform ratios that differed from each other (Figure 3B
and Supplementary Figure 3A); (iii) BH of patient 7 generated
type 1 PrPres with an equal representation of the di- and mono-
glycosylated species while the OM remained negative (Figure 3C
and Supplementary Figure 3A); (iv) BH and OM of patient 16
generated type 1 PrPres with a prevalent di-glycosylated band
(Figure 3D and Supplementary Figure 3B) and (v) BH and
OM of patient 26 generated type 1 PrPres with the di- and
mono-glycosylated isoforms similarly represented (Figure 3E
and Supplementary Figure 3C). Unfortunately, we could not
perform similar evaluations in MM2C, MM2T, MV1 and VV1
patients because their OM were not available. Figure 3 shows that
from the round at which the amplified PrPres could be detected
by Wb, significant changes in their biochemical profiles were
not observed. However, we do not know whether an adaptation
process might have occurred in the first rounds of PMCA where
the amplified prions could not yet be visualized.

We have then evaluated whether the sensitivity to PK digestion
of each sCJD prion was lost after the amplification or retained
instead. First of all, we have treated all BHs and their products
of amplification (BH_PMCA) collected at the 6th PMCA round
with increasing concentrations of PK and found that, in the
case of MM2C, MM2T and VV2 the amplified PrPres were
significantly more sensitive to digestion than the corresponding
original strains [repeated measure analysis of variance (ANOVA):
p = 0.0001, p = 0.0103, p < 0.0001, respectively]. In the case of
MM1, MV1 and MV2, these differences were still present but
they were not statistically significant (p = 0.0805, p = 0.0366 and
p = 0.1200, respectively) (Supplementary Figure 5). Notably, all
PrPres amplified from BHs showed similar PK resistance profile
(p = 0.4137) (Figure 4A).

We have then treated the OM amplified samples (OM_PMCA)
with the same concentrations of PK and found that, if combined
together, the amplified PrPres were significantly less resistant
to PK with respect to those of BH_PMCA (p < 0.0001). Also
in this case, the PK resistance profiles of OM_PMCA prions
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FIGURE 3 | Analysis of the biochemical properties of PrPres generated at each round of amplification from BH and OM of MM1, MV2 and VV2 patients. From the
first appearance to the end of the amplification the PrPres maintained both glycoform ratio and typing. (A) The BH and OM of patient 3 generated type 2 PrPres with
a predominant di-glycosylated species; (B) BH and OM of patients 12 generated type 2 and type 1 PrPres, respectively, that were also characterized by distinct
glycoform ratios; (C) OM of patient 7 remained negative while BH gave rise to type 1 PrPres with an equal representation of the di- and mono-glycosylated species;
(D) BH and OM of patient 16 generated type 1 PrPres with different glycoform ratios. (E) BH and OM of patient 26 generated type 1 PrPres with similar levels of the
di- and mono-glycosylated isoforms.

were comparable between each other (p = 0.9616) (Figure 4B).
We have then performed additional analyses by considering
only samples (BH, BH_PMCA and OM_PMCA) collected from
9 autopsied cases: 3 MM1 (number 3, 12 and 14), 3 MV2
(number 16, 19 and 20) and 3 VV2 (number 25, 26 and 27). The
results of this analysis are reported in Figure 4 and show that
the PrPres present in BH, BH_PMCA and OM_PMCA of VV2
possessed significantly different PK resistance profiles between
each other (p < 0.0001) (Figure 4E). In the case of MM1 patients,
statistically significant differences in the PK resistance profiles
were observed between BH and BH_PMCA (p < 0.0001) or
BH and OM_PMCA (p < 0.0001) but not between BH_PMCA
and OM_PMCA (p = 0.6004). Regarding MV2 patients, we
have observed statistically significant differences between the PK
resistance profiles of BH and OM_PMCA (p = 0.0018) but not
between BH and BH_PMCA (p = 0.1183) or BH_PMCA and
OM_PMCA (p = 0.2492) (Figures 4C,D). Taken together these

data indicate that although PMCA could amplify, with variable
efficiency, PrPSc from the majority of BH and OM samples, the
features of the original sCJD prions were altered thus hampering
the possibility of their recognition.

Estimating Prion Concentration in the
Olfactory Mucosa of Sporadic
Creutzfeldt-Jakob Disease MM1, MV2
and VV2 Patients by Means of
Quantitative PMCA
Through quantitative PMCA, we were able to estimate for the
first time the concentration of prions in the OM samples of
sCJD patients. Particularly, we have included one MM1 patient
(patient 3), two MV2 patients (patient 16 and patient 19) and two
VV2 patients (patient 25 and patient 26). Quantitative PMCA
was performed following the protocol previously published by
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FIGURE 4 | PK resistance analysis of BH and their amplified products collected at the 6th PMCA round. (A) PK resistant profiles of all sCJD brain amplified products
(BH_PMCA) did not show statistically significant differences. (B) PK resistant profiles of all sCJD OM amplified products (OM_PMCA) did not show statistically
significant differences. (C) PK resistant profiles of BH, BH_PMCA and OM_PMCA of MM1 patients showing statistically significant differences only between BH and
BH_PMCA or BH and OM_PMCA. (D) PK resistant profiles of BH, BH_PMCA and OM_PMCA of MV2 patients showing statistically significant differences only
between BH and OM_PMCA. (E) PK resistant profiles of BH, BH_PMCA and OM_PMCA of VV2 patients showing statistically significant differences between BH,
BH_PMCA and OM_PMCA. Statistical analyses: repeated measure analysis of variance (ANOVA); BH vs. BH_PMCA: *p < 0.05, **p < 0.01, ***p < 0.001, BH vs.
OM_PMCA: ◦◦p < 0.01, ◦◦◦p < 0.001 and BH_PMCA vs. OM_PMCA ���p < 0.001; error bars: ± standard error of the mean [SEM].

some of the authors of this manuscript (Chen et al., 2010; Moda
et al., 2014; Redaelli et al., 2017). A highly accurate estimation
of OM prions was made possible thanks to the availability of
the corresponding brain samples that were used to calibrate the
PMCA reactions. At the beginning, we have determined the
PrPres concentration in the brain of each sCJD patient. Brains
were digested with PK treated with PNGase and analyzed by
Wb (Figure 5B) along with known concentrations of human
recombinant PrP (Figure 5A). In this way, we calculated that
the PrPres concentrations in 10 µL of the brains were as follow:
patient 3 (3_BH): 8.42 ng (Figure 5C); patient 16 (16_BH):
5.69 ng (Figure 5D); patient 19 (19_BH): 10.96 ng (Figure 5D);
patient 25 (25_BH): 14.72 ng (Figure 5E); and patient 26
(26_BH): 18.62 ng (Figure 5E). Then, we have performed serial
dilutions of these BHs that were subjected to PMCA analysis
together with the corresponding OM samples. We have observed
that after 3 rounds, prions were detected in the OM of patient
3 (3_OM). The last PrPres dilution amplified from BH at the
3rd round of this patient corresponded to 8.4 × 10−11 g,

thus, by postulating that prions contained in BH and OM
possess the same seeding activity by PMCA, this might be the
approximate concentration of PrPres present in 0.8 µg of OM
(Figure 5C). Considering the rapidity of PrPres amplification
in this sample, we have verified whether it could contain a
quantity of prions detectable by Wb even without amplification
but we did not see any PK resistant signal (Supplementary
Figure 6). The OM of patient 16 (16_OM) showed PrPres at
the 5th round while that of patient 19 (19_OM) at the 6th

round which, according to the amplification of their brain
dilutions, corresponded to 5.69 × 10−20 g (Figure 5D) and
1.096× 10−21 g (Figure 5D) of protein, both detectable in 0.8 µg
of sample. Finally, the OM of patient 25 (OM_25) showed PrPres

at the 5th round while that of patient 26 (OM_26) at the 3rd

round. In this case, according to the last dilutions amplified
from the corresponding BHs, we could estimate that PrPres

concentrations in 0.8 µg of these samples are approximately
1.47 × 10−21 g (Figure 5E) and 1.86 × 10−13 g (Figure 5E),
respectively (Supplementary Table 2).
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FIGURE 5 | Quantitative PMCA (qPMCA) for estimating PrPres concentration in OM samples of sCJD patients. (A) Serial dilutions of recombinant full-length human
PrP (recHuPrP23-231) were used to estimate prion concentration in the brain of sCJD patients. (B) Serial dilutions of sCJD brain homogenates subjected to PK and
PNGase treatments before Wb analysis. Quantitative PMCA to estimate PrPres concentration in OM of (C) MM1, (D) MV2, and (E) VV2 patients. Specific rounds at
which every OM PrPres was detected (3rd for the MM1 and one VV2, 5th for one MV2 and one VV2, and 6th for one MV2) are shown.

DISCUSSION

Although the clinical diagnosis of sporadic Creutzfeldt-Jakob
disease has been significantly improved during the last decades,
the diagnostic confirmation and the identification of individual
sCJD subtypes still requires the neuropathological examination
of the brain aimed at detecting and characterizing the prion
strain. With the development of the seeding aggregation assays
(RT-QuIC and PMCA), traces of prions were found in the CSF,
urine, blood, skin and olfactory mucosa of patients with different
forms of CJD. While the RT-QuIC represents one of the major
breakthroughs for the antemortem diagnosis of these diseases,
it does not provide specific information about the prion strain,
thus hampering the possibility to recognize sCJD subtypes and
stratify patients when they are alive. This aspect is of fundamental
importance since a strain-dependent efficacy of anti-prion
compounds has been emerging (Barret et al., 2003; Yung et al.,
2004; Cronier et al., 2007; Berry et al., 2013; Ding et al., 2021). In
this work, we have evaluated the efficiency of an optimized PMCA
to faithfully amplify prion strains across the spectrum of sCJD

subtypes using OM samples collected from living patients. We
have implemented the protocol published in 2014 (Moda et al.,
2014) by using as a reaction substrate the brain homogenates
of TgHuMM mice supplemented with two important cofactors:
heparin (already known to enhance prion amplification by
PMCA) (Yokoyama et al., 2011; Bélondrade et al., 2021) and
sodium tripolyphosphate. With these modifications, we could
amplify brain-PrPSc from almost all sCJD subtypes. In general,
the amplification was more efficient for prions having at least
one valine at codon 129 (MV1, MV2 and VV2) while it was less
efficient for prions homozygous for methionine (MM1, MM2T
and MM2C), although the substrate contained PrPC with MM at
PRNP129. Almost all prions that amplified better generated type
1 PrPres with a prevalent di-glycosylated band while the others
generated type 2 PrPres with a prevalent di-glycosylated band,
with some exceptions. Unfortunately, the VV1 sample did not
amplify and could not be classified in one of these categories.

Interestingly, all PrPres amplified from brain samples showed
similar sensitivity to proteolytic digestion. They were also less
resistant to digestion than their corresponding unamplified
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strains. Sometimes these differences reached a statistical
significance thus supporting the fact that PMCA may not have
retained the original sCJD strain features while giving rise to
isolates with distinct biochemical properties.

We could not even exclude the possibility that PMCA
has selectively amplified classical or atypical prion isolates,
underrepresented in some of the sCJD brains analyzed.
Although the biochemical analyses performed in this study have
highlighted that some sCJD cases showed a co-occurrence of
type 1 and type 2 PrPres, the lack of immunohistochemical data
hampered the possibility to deepen this aspect even further.

Finally, all sCJD prions have been amplified using the same
reaction substrate and this might have further contributed to alter
the original strain properties. The ability of prions to change
properties when challenged either in vivo or in vitro is not
entirely surprising and has already been reported (Brandner and
Jaunmuktane, 2017; Rossi et al., 2019; Cassard et al., 2020).
For this reason, PMCA results underpin the unpredictable and
fascinating behavior of prions but additional studies are needed to
better clarify and explain our findings that are neither obvious nor
easy to interpret at the time of writing. Certainly, the optimized
PMCA represents an optimal tool that can be further improved
and finally exploited to study many aspects of sCJD prions (e.g.,
biology, heterogeneity, replication and adaptation).

As observed for brains, PMCA was able to efficiently amplify
prions from the olfactory mucosa of sCJD and gCJD patients, but
it did not retain the peculiar strain properties, thus hindering
the possibility to recognize prion strains in living patients.
In particular, the assay was able to detect prions with 79.3%
sensitivity (23/29 OM) and 100% specificity. We have tried to
verify whether the OM that did not amplify prions belonged
to sCJD patients with particular features. By analyzing the
demographic (e.g. sex, age at disease onset, disease duration,
time of brushing after disease onset, time of brushing to death),
instrumental (e.g. EEG, MRI-DWI) and laboratory data (CSF
markers including t-tau, p-tau and 14.3.3) with appropriate
statistical tests, we could not find any significant information
useful to set these subjects apart from the others. By considering
the number of rounds necessary to generate a detectable PrPres

in the other positive samples, we have observed that the MM
prions amplified earlier than MV or VV. We do not know
whether this is due to the fact that MM samples contain more
prions than the others or whether they are able to amplify
better in PMCA (possibly due to the use of TgHuMM substrate).
Notwithstanding, all amplified OM showed type 1 PrPres with
an equal representation of the di- and mono-glycosylated bands,
except for three MM samples that showed type 2 PrPres with
the di-glycosylated band predominant over the others. As
already performed for the patients with negative OM, we have
analyzed the clinical, instrumental and demographic features
of these three patients but we did not identify any possible
correlation or explanation useful to decipher their distinct
biochemical properties.

We have then tested the PK resistance profiles of the OM
amplified products and found that they were very similar
between each other (also considering the three MM samples with
different PrPres typing and glycoform ratio). Notably, they were

all significantly less resistant to PK digestion than the PrPres

amplified from the brains. This was observed also in the case
of BH and OM samples belonging to the same sCJD patient.
Such finding is puzzling since a few indications revealed that
the molecular types of PrPres are conserved in the OM collected
from autopsied sCJD cases (MM1 and VV2) (Zanusso et al.,
2003). Thus, PMCA seems to amplify prions from BH and OM
of the same patient which ultimately acquire distinct biochemical
properties. It is also surprising that in three patients (11, 22
and 23) we amplified PrPres from the OM but not from the
corresponding BHs. One of these patients, the number 23, was
recently found to bear an uncommon mutation at position 113
of the PRNP which has never been described and whose role in
disease onset and progression is still unknown. Finally, we did
not amplify PrPres neither from the brain nor from the olfactory
mucosa of patient number 13.

Thus, there are still unknown factors that, together with
the experimental constraints to which our samples have been
subjected during the amplification, have contributed to modulate
the efficiency of prion amplification in different biological tissues
(brain vs. olfactory mucosa) and have influenced their final
biochemical properties.

The availability of brain and olfactory mucosa samples
collected from the same sCJD patients gave us the unique
opportunity to perform quantitative PMCA and observe that the
quantity of prions in different OM is remarkably variable. In
particular, we have found a statistically significant correlation
between the amount of prions in OM and the age at disease
onset, regardless of PRNP129: younger sCJD patients contained
more prions than older subjects (p = 0.0003). We have also
observed that OM with high amount of prion belonged to
patients with high levels of CSF t–tau, but these results were
not statistically significant. We have noticed that the only VV2
OM samples that did not amplify belonged to a patient that,
compared to all the other VV2 subjects, was not demented at
the time of collection. Again, this is just an observation but we
believe that at this very moment it is important to accurately
describe all findings that might be further verified in future
studies. Contrarily, in the case of MV2 and MM1, we have
identified OM samples collected from demented patients that did
not amplify by PMCA. No other significant correlations between
the presence/amount of OM prions and clinical, demographic or
laboratory findings were observed.

In conclusion, although the optimized PMCA did not consent
to recognize sCJD subtypes from the analysis of OM collected
from living patients, it enabled us to estimate for the first time
the amount of prions accumulating in this biological tissue.
Animal bioassays are currently ongoing to verify the infectious
properties of BH, BH_PMCA and OM_PMCA samples once
injected in TgHuMM mice and determine whether the newly
acquired biochemical features of BH and OM amplified products
are also associated with peculiar infectious and neuropathological
properties. Finally, it would be interesting to test whether prions
can be amplified from other biological samples, including CSF,
urine and blood of the same sCJD patient, eventually using the
bank vole brains as a reaction substrate that were shown to
retain some of the biochemical features of the original strains
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(Bélondrade et al., 2021). Given the novelty of the study and the
lack of scientific information still available in this context, we
are not able to clearly explain some of the findings presented in
the manuscript. Nevertheless, we hope that in the near future,
PMCA will be implemented to the point of enabling detection
and recognition of prions using peripheral tissues of sCJD
patients, finally leading to a better selection of patients for future
clinical trials and eventually consenting to avoid the need for
neuropathological confirmatory tests.
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