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Abstract

Fatal Familial Insomnia (FFI) is a rare disease caused by a D178N mutation in combination with
methionine (Met) at codon 129 in the mutated allele of PRNP (D178N-129M haplotype). FFI is
manifested by sleep disturbances with insomnia, autonomic disorders and spontaneous and evoked
myoclonus, among other symptoms. The present study describes new neuropathological and
biochemical observations in a series of eight patients with FFI. The mediodorsal and anterior nuclei of
the thalamus have severe neuronal loss and marked astrocytic gliosis in every case, whereas the
entorhinal cortex is variably affected. Spongiform degeneration only occurs in the entorhinal cortex.
Synaptic and fine granular PrPres immunoreactivity is found in the entorhinal cortex but not in the
thalamus. IL6, ILIORA, CSF3R and TLR7 mRNA expression increases in the thalamus in FFI. PrPc
levels are significantly decreased in the thalamus, entorhinal cortex and cerebellum in FFI. This is
accompanied by a particular PrPc and PrPres band profile. Altered PrP solubility consistent with
significantly reduced PrP levels in the cytoplasmic fraction and increased PrP levels in the insoluble
fraction are identified in FFI cases. Amyloid-like deposits are only seen in the entorhinal cortex. The
RT-QuIC assay reveals that all the FFI samples of the entorhinal cortex are positive whereas the
thalamus is positive only in three cases and the cerebellum in two cases. The present findings unveil
particular neuropathological and neuroinflammatory profiles in FFI and novel characteristics of natural
prion protein in FFI, altered PrPres and PrPsc patterns and region-dependent putative capacity of PrP

seeding.
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Introduction

Human prion diseases are classified as sporadic, iatrogenic or genetic according to the origin of the
pathogenic prion protein. Mutations in PRNP, the gene encoding the prion protein, result in genetic (or
familial) prion diseases including familial Creutzfeldt-Jakob disease (fCJD), Fatal Familial Insomnia
(FFI) and Gerstmann-Straussler-Scheinker disease (GSS). The clinical manifestations, neuropathology
and prion species in these disorders largely depend on the site of the mutation and on the
polymorphism at codon 129 in PRNP (1).

Fatal familial insomnia (FFI) is a fatal autosomal dominant prion disease caused by a D/78N mutation
in the PRNP in combination with methionine (Met) at codon 129 in the mutated allele of the same
gene (D178N-129M haplotype) (2-5). The main clinical features of FFI include sleep disturbances
with insomnia accompanied by autonomic disorders, hallucinations, delirium, and spontaneous and
evoked myoclonus, among other symptoms (1,6-10). The age at onset and the duration of the disease
are variable depending in part on the presence of methionine or valine at codon 129 in the normal
allele of PRNP (1,9,11,12).

The most consistent morphological lesions are found in the mediodorsal and anterior thalamus which
may extend to other thalamic nuclei. The inferior olives are also consistently affected. The entorhinal
cortex is commonly involved but other brain regions are seldom affected in most cases. Neuron loss
accompanied by dramatic astrogliosis without spongiosis is the most characteristic pattern in the
thalamus and inferior olives whereas moderate neuron loss and astrocytic gliosis together with
spongiosis predominate in the entorhinal cortex. Discrete loss of Purkinje cells can be found in the
cerebellum and moderate astrogliosis without loss of neurons in the periaqueductal region (13-15).
Neuroimaging studies of carriers have shown consistent hypometabolism in the thalamus even as an
early sign of FFI (16). Immunohistochemistry reveals deposition of abnormal prion protein resistant to
Proteinase K digestion (PrPres) in the entorhinal cortex while in the thalamus, PrPres is absent, or
present in very low amounts, thus suggesting a lack of relation between PrPres, neuron loss and
astrocytic gliosis in FFI (17-19). Microglial activation in the thalamus is apparently discrete in FFI
(20,21). The molecular mechanisms involved in FFI pathogenesis are poorly documented. There is
altered regulation of transcription, protein biosynthesis, protein folding, protein transport, RNA
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splicing, the electron transport chain, oxidative phosphorylation, energy metabolism, transport, and
oxidation reduction (22,23). Proteomic studies have also revealed altered profiles in the neocortex in
FFI (24). Unfortunately, the thalamus was not examined in that study. Recently, we described marked
alterations in the expression of molecules linked to energy metabolism and to protein synthesis in the
mediodorsal thalamus in FFI (Frau-Mendez ef al., submitted).

Transgenic models carrying the D178N mutation have been useful to learn about the effects of this
mutation in brain as lesions are reminiscent of those seen in FFI despite conflicting data regarding the
generation of transmissible prions (25,26).

The present study analyses pathological and molecular features in the brains of eight FFI patients who
carried the D178N mutation and were Met/Met homozygous at codon 129 of PRNP. Special attention
was paid to neuropathological and biochemical markers of neurons, astrocytes and microglia,
inflammatory responses, characteristics of the natural FFI-prion protein, and pathological-prion

(PrPres and PrPsc) species in FFI.
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Results

1. Neuronal changes

Severe neuron loss without accompanying spongiosis was seen in the mediodorsal and anterior
thalamus, and inferior olive in every case; neuron loss was variable from severe to marked in the
pulvinar. Moderate neuron loss with spongiosis in the entorhinal cortex occurred in all but one case.
Purkinje cell loss was discrete and focal (Figure 1).

Protein expression of the presynaptic markers synapsin and synaptophysin, and postsynaptic PSD-95,
were reduced in the thalamus and entorhinal cortex in FFI, whereas only moderate reduction of PSD-
95 loss was found in the cerebellum (Figure 2A and B). Levels of 14-3-3 isoforms vy, B and € were
similar in control and FFI cases (Figure 2A and B). Neuronal marker NeuN and low molecular weight
neurofilament protein (NFL-L) levels were markedly reduced in the thalamus and entorhinal cortex in
FFI but unaltered in the cerebellum (Fig. 2A and B). Protein levels of total Tau and phospho-Tau (p-
Tau) were reduced in the three regions in FFI (Fig 2A and B). Decreased Tau protein levels were
associated with decreased RNA expression levels in the thalamus and entorhinal cortex in FFI (Figure
20).

2. Glial changes

A marked increase in GFAP mRNA expression and immunoreactivity, as revealed by
immunohistochemistry and Western blotting, was observed in the thalamus, entorhinal cortex and
cerebellum in FFI (Figure 3A, B and C). No major alterations in Iba-1 (protein and mRNA) and
Cd11b and Cd68 (mRNA) expression were observed in FFI, except two cases which showed a marked
increase in the three microglial markers with RT-qPCR analysis in the thalamus (Figure 3A, B and C)
and in one case in the cerebellum that showed increased Iba-1 expression with Western blotting. No
modifications in Olig2, used as an oligodendrocyte marker, and the dual astroglia and microglia
activator CNTF mRNA expression levels, were seen in any region in FFI when compared with
controls (Figure 3A).

3. Inflammatory markers

Seventeen mRNAs encoding pro- and anti-inflammatory cytokines, toll-like receptors, colony
stimulating factors, cathepsins and members of the complement system, were assessed in FFI and
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control cases. Increased expression of interleukin 6 (/L6), interleukin 10 receptor alpha subunit
(IL10RA), colony stimulating factor 3 receptor (CSF3R) and toll-like receptor 7 (TLR7) was found in
the thalamus in FFI (Table 1A). In contrast, interleukin 10 (IL10) was downregulated in the entorhinal
cortex in FFI compared with controls (Table 1B).

IL6 mRNA upregulation in the thalamus was validated using two additional housekeeping genes
(GAPDH and GUSB) (Figure 4A). IL6 protein is expressed in reactive microglia in the entorhinal
cortex and the thalamus in FFI (Figure 4B).

Regarding inflammatory pathways and mediators, expression levels of IkBa were diminished in the
thalamus and entorhinal cortex, but not in the cerebellum in FFI. This was accompanied by increased
expression of the phosphorylated band (appears as a doublet) (Figure 4C). The expression of
superoxide dismutase 1 (SOD1) was also increased in the thalamus and entorhinal cortex, whereas
elevated cyclooxygenase 2 (COX-2) expression levels were only detectable in the thalamus in FFI
(Figure 4C).

4. PrP expression

Brain extracts of control and FFI cases were analysed for PrP levels using a battery of antibodies
mapping to different epitopes of the PrP sequence to exclude epitope-dependent bias (Figure 5A). PrP
levels were significantly decreased in the thalamus, entorhinal cortex and cerebellum in FFI compared
with controls, as revealed by densitometric analysis of Western blot bands (Figure 5B and C).
However, increased expression of the nonglycosylated band of about 19 kDa was observed in the
thalamus when using PrP antibodies mapping to the central region of PrP comprising the a-helical
domains H1 and H2 (Figure 5B). Decreased PrP mRNA levels are also observed in the thalamus and
entorhinal cortex in FFI cases (Figure 5C).

5. Analysis of abnormal PrP forms

Western blot analysis with SAF70 antibody of PK-digested FFI brain homogenates revealed that the
diglycosylated PrPres band was the most abundant, followed by the monoglycosylated form, whereas
the nonglycosylated band of about 19 kDa was under-represented in the entorhinal cortex in FFI cases.
In contrast, no PK-resistant PrP was detected in the thalamus and cerebellum (Figure 6A). PrP
immunohistochemistry using the 3F4 antibody showed synaptic and fine granular PrPres
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immunoreactivity in the entorhinal cortex while no PrP signal was detected in the thalamus (Figure
6B) and cerebellum (data not shown) (Figure 6B).

In order to detect conformational modifications of PrP, dot blot analysis using the anti-PrP
conformational antibody 15B3 was performed in FFI and control cases. Increased signal was observed
in the entorhinal cortex and to a lesser degree in the thalamus in FFI cases when compared to controls.
The signal was lower than that observed in the cerebellum from a sCJD MM1 case that was used as a
positive control. Densitometric analysis showed significant differences between control and disease
cases (p<0.01 and p<0.001, respectively for the thalamus and entorhinal cortex) and between the
entorhinal cortex and thalamus in FFI cases (p<0.05) (Figure 7A).

As an alternative method to assess the levels of abnormal PrP, brain homogenates of control, FFI and
sCJD cases were incubated with Ac-NHS, a compound that acetylates the e-amino group of lysines.
The epitope of the 3F4 antibody contains a lysine. If that lysine is acetylated, then the 3F4 antibody
will no longer recognize that now acetylated epitope and will not bind to PrP. When PrP is in the PrPc
conformation the lysine of the 3F4 epitope is available to react with the reagent and is entirely
acetylated. This results in the elimination of signal from 3F4, since the 3F4 epitope has been
acetylated and is, therefore, no longer present in PrP (Figure 7B). When PrP is in the PrPsc
conformation, the lysine of the 3F4 epitope is hidden and less available to react with Ac-NHS, which
means that the lysine of the 3F4 epitope is unacetylated and can be recognized by the 3F4 antibody
(27). As expected, incubation of control cases with Ac-NHS completely abrogated the signal
detectable with 3F4 (Figure 7B). Incubation of sCJD with Ac-NHS slightly decreased the detectable
signal with 3F4. Quantification of signal intensities with and without Ac-NHS treatment showed that
66.2 + 19% of all PrP in the frontal cortex of sCJD is in the form of a misfolded PrP not able to react
with Ac-NHS. However, incubation of FFI with Ac-NHS showed that only 9.1 &+ 7.4% was abnormal
PrP, whereas no signal was identified in the thalamus after Ac-NHS (Figure 7B).

6. PrP solubility and detection of oligomeric and amyloid forms

PrP solubility was assessed in samples of the thalamus and entorhinal cortex in FFI cases compared
with controls. Cytoplasmic (PBS-soluble), membrane (deoxycholate-soluble) and insoluble (SDS-
soluble) fractions were processed for Western blotting with the SAF70 antibody. Diglycosylated and
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monoglycosylated forms predominated in the membrane followed by the insoluble fraction in control
and FFI samples (Figure 8A). A small amount of PrP was also detected in the cytoplasmic fraction.
However, altered solubility was observed in FFI compared with controls. Significantly reduced levels
of PrP (p<0.05) in the cytoplasmic fraction and increased levels of insoluble PrP (p<0.05) were found
in FFI cases when compared with controls (Figure 1A). The same pattern was seen in the frontal
cortex and cerebellum in sCJD MM1 when analysed in parallel with a corresponding control used for
comparison (p<0.01 and p<0.001, respectively, for the cytoplasmic and insoluble fractions) (Figure
1A, only frontal cortex shown).

To further characterise the presence of misfolded structures, we analysed for the presence of
oligomers. Dot blot analysis of FFI and sCJD MMI1 brain homogenates using the anti-oligomer
antibody 11A indicated the presence of oligomeric species in the thalamus of FFI cases but in smaller
amounts than those detectable in the cerebellum of sCJD (Figure 8B).

Presence of amyloid-like structures in FFI cases was assessed by incubation of brain homogenates
with thioflavin T (ThT) followed by quantification of the fluorescence signal. A significant increase in
ThT signal was detected in the entorhinal cortex of FFI cases compared with controls (p<0.05).
Although a similar trend was also observed in the thalamus, these samples showed high variability. In
contrast, high ThT binding to amyloid structures was observed in the cerebellum in sCJID MM1 used
as a positive control (p<0.001) but not in the cerebellum of FFI (Figure 8C).

7. PrP seeding activity

Due to the low amounts of pathogenic-related PrP forms detected in the brains of these FFI cases, we
tested the ability of these forms to act as seeds for non-pathogenic PrP using the RT-QulC assay,
which mimics in vitro the conversion of PrPc to misfolded and amyloid PrP (28-30).

Brain homogenates were diluted from 10 to 10™ in order to find the optimal range of detection. At a
dilution of 10™ all the FFI samples of the entorhinal cortex were positive whereas the thalamus was
positive only in three of seven FFI cases; the cerebellum was positive in two of eight cases (Figure
9A). All controls were negative at all dilutions (data not shown).

Significant correlation was detected between the levels of PrPres (quantified from PK-digestion
experiments) and RT-QulC signal in the entorhinal cortex (Figure 9B), while no correlation between
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total PrP (quantified from SAF70 Western blot) and RT-QulC signal was observed in the same region
(Figure 9B). Since no positive PrPres was previously detected in the thalamus and cerebellum of FFI
cases, correlations in these brain regions cannot been established.

To quantify the regional and prion disease differences in seeding activity, 10 brain homogenate
dilutions (for which all prion cases were positive) of the thalamus, entorhinal cortex and cerebellum of
FFI cases, and frontal cortex and cerebellum of sCJD, were analysed in parallel (Figure 10A). The RT-
QulC signal was quantified using the area under the curve (AUC) (cumulative measurement of
seeding efficiency) and lag phase (time to reach 10,000 RFU) parameters. The thalamus and entorhinal
cortex of FFI cases, and the frontal cortex and cerebellum of sCJD cases, showed similar seeding
ability considering AUC and lag phase. However, the cerebellum of FFI cases showed increased lag
phase and decreased AUC values, indicating less seeding activity (Figure 10B and C).

A general overview of the major findings is presented in Supplementary Table 3.
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Discussion

1. Neuropathological observations

Relative homogeneity of lesions in the present series can be related, at least in part, to the
homozygosity Met/Met in all cases. All FFI cases were males, had the D/78N mutation and were
met/met homozygous at codon 129 of PRNP. Regarding the three regions analysed, marked neuronal
loss and severe astrocytic gliosis without spongiosis were found in the thalamus, especially in the
mediodorsal nucleus; moderate neuron loss, astrocytic gliosis and spongiosis in the entorhinal cortex
in most cases; and focal Purkinje cell loss and astrocytic gliosis without spongiosis in the cerebellum
in some cases, as already reported (15,31). PrPres deposition was detected by immunohistochemistry
in the entorhinal cortex in the present cases. Morphological alterations were accompanied by
biochemical evidence of reduced neuronal and synaptic markers, including neurofilaments, NeuN,
synapsin, synaptophysin, PSD-95, Tau and phospho-Tau, particularly in the thalamus and entorhinal
cortex, together with increased expression levels of glial fibrillary acidic protein used as a marker of
astroglia. Interestingly, although variable from one to the other, 14-3-3 levels in FFI brains do not
differ from controls, in agreement with the absence of 14-3-3 in the CSF of FFI cases (32). The
presence of PrPres in the entorhinal cortex correlates with spongiosis as already reported in human and
animal prion diseases (33). This does not mean a close causative relationship as PrPres is also
detectable in regions where no major lesions are present, and similar amounts of PrPres are found in
regions with distinct vulnerability (34). No correlation between abnormal PrP deposition, loss of
synapses and neurological deficits has been observed in human and animal prion diseases (35-37).

2. Inflammatory profiles in FFI

The observation of limited activated microglia in the three brain regions analysed in FFI is in
agreement with a report of a small cohort of FFI cases where Iba-1 was used as a microglial marker
(20). However, microglial activation, as demonstrated by expression of the class Il major
histocompatibility Human Leukocyte Antigen-DR (HLA-DR), has been reported in the thalamus in
FFI (21).

The quantitative methods used in the present study have shown non-altered expression levels of
different microglial markers (Iba-1, Cd11b and CDG68), together with increased expression of IL6,

11

9T0Z ‘0T |udy uo ArlqiT A1slBAIUN JBIse NI A T /B10'sfeulno [pioxoBuuy//:dny wouy papeojumoq


http://hmg.oxfordjournals.org/

IL10RA, CSF3R and TLR7 in the thalamus in FFI, which explains the seemingly contradictory results
of the previous studies. Increased numbers of activated microglia are found in the thalamus in two
cases. Although gene upregulation of cytokines and mediators of the immune response in FFI is far
from the dramatic deregulation in sCJD (38), the present findings indicate minor but significant
inflammatory responses in the thalamus in FFI. IL6 triggers COX-2 expression (39), suggesting a
regional-dependent activation of 1IL6-COX-2 signaling in the thalamus in FFI. Indirect evidence of
activation of the NF«B is in agreement with observations in scrapie-infected mice (40) and in sCJD
(38,41).

Elevated SOD-1 levels in thalamus and entorhinal cortex regions argue in favor of oxidative stress
responses in FFI such as those seen in human and animal prion diseases (38,42,43) are not available in
FFL

3. Particular PrP species in FFI

Decreased PrP mRNA and protein expression levels have been reported in the frontal cortex of sCJD
MMI cases and in the cerebellum of sCJD VV2 samples (44), and in the neocortex of sCJID mice
tg340-129MM carrying the human PrP gene (38). The present study shows that PrP mRNA and
protein levels are also reduced in the thalamus and entorhinal cortex in FFI. Low levels of abnormal
PrP and PrPres in FFI cases are also in line with downregulation of PrPc in FFI.

In agreement with seminal descriptions, the diglycosylated PrP band is the most abundant form,
followed by the monoglycosylated form in the thalamus, entorhinal cortex and cerebellum in FFI,
whereas the nonglycosylated form is underrepresented (10,17,45). However, a robust nonglycosylated
band of about 19 kDa is observed in the thalamus of FFI cases using antibodies against the H1 and H2
regions of prion protein. Different prion strains present specific glycosylation patterns (46,47), and PrP
glycosylation display strain-specific properties (45,48). These characteristics seem to have
implications in the modulation of PrP conversion (49). The presence of this unique band in the
thalamus suggests that specific prion species or strains are expressed in this region in FFI. Whether
this has implications in the major vulnerability of the thalamus in FFI is not known.

4. Conformational modifications of PrP in FFI
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PrPres typing in the entorhinal cortex in the present series is characteristic of 19 kDa PrPsc type 2 with
underrepresentation of the nonglycosylated form and increased expression of the diglycosylated band
(4,17). The present observations also show altered conformation and solubility of PrP, as well as the
presence of oligomers in the thalamus and entorhinal cortex in FFI similar to that seen in sCJD.
However, the proportion of total PrP versus PrPres is higher in FFI when compared with sCJD thus
explaining, in part, the almost negligible low amount of PrPres in some cases, in the thalamus in FFI
17).

5. Toxic species and seeding capacity of PrP in FFI

The precise nature of the PrP species responsible for toxicity in FFI needs to be deciphered although
the present data suggest that oligomers and amyloid aggregates are certainly not the most abundant
components of PrP species in FFI. This is in contrast with evidence showing oligomeric species as the
main toxic and infective agent in prion disease models (50-52). In parallel, the present findings also
suggest that PrPres is not the only actor in prion disease pathogenesis (53-57).

Additionally, the present findings show that PrP from FFI cases has seeding capacities similar to those
of sCJD as revealed by RT-QulC analysis. Although the correlation between in vitro seeding assays
and true in vivo propagation and transmissibility of misfolded PrP remains to be elucidated, the high
seeding activity of the thalamus and entorhinal cortex suggests that PrP in FFI has the capacity to
induce de novo misfolded PrP molecules even considering a scenario with low, almost absent, PrPres
levels, as in the thalamus.

Following a recently suggested definition of infection, considered as a process by which a self-
propagating agent causes disease or damage as a consequence of its intrinsic capacity to make
identical or similar copies of itself through a diversity of mechanisms requiring, or not, an exogenous
component (58), FFI-PrP has infective properties in vitro similar to other prion strains while
presenting different molecular, biophysical and biochemical properties. However, since FFI brain
tissue has low infectivity in classical prion bioassays, it may be speculated that this effect in natural
conditions is restricted to vulnerable brain regions and depends on the particular characteristics of the
host’s prion (i.e., specific mutation of the prion protein). Yet spontaneous generation of prion
infectivity has been reproduced in FFI knock-in mice (26).
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Material and Methods

Cases and general processing

All the cases were from the Basque Country in the north of Spain where FFI has a relatively high
incidence due to a founder effect in a historically small rural community with endogamy not
uncommon (59).

Brain tissue was obtained from the Institute of Neuropathology Biobank and the Brain Bank of the
Araba University Hospital and Basque Biobank for Research (O+eHun) following the guidelines of
the Spanish legislation on this matter and the approval of the local ethics committees. The post
mortem interval between death and tissue processing was between 2 h and 22 h 50min. One
hemisphere was immediately cut in coronal sections, 1cm thick, and selected areas of the encephalon
were rapidly dissected, frozen on metal plates over dry ice, placed in individual airtight plastic bags,
numbered with water-resistant ink and stored at -80°C until use. The other hemisphere was fixed by
immersion in 4% buffered formalin for 3 weeks. Neuropathological examination in all cases was
routinely performed on twenty selected de-waxed paraffin sections comprising different regions of the
cerebral cortex, diencephalon, thalamus, brain stem and cerebellum, which were stained with
hematoxylin and eosin, Kliiver-Barrera and for immunohistochemistry to microglia, glial fibrillary
acidic protein, -amyloid, phosphorylated Tau (clone ATS), a-synuclein, TDP-43, ubiquitin, PrP (3F4
antibody) and p62. FFI cases (n = 8) were genotyped and identified, all of them, as carriers of the
D178N mutation in PRNP and M/M at codon 129 of the same gene. Age-matched control cases (n =9)
had not suffered from neurologic or psychiatric diseases or, metabolic disorders (including metabolic
syndrome), and did not have abnormalities in the neuropathological examination excepting sporadic
Alzheimer’s disease-related pathology stages I-11/0 of Braak and Braak. In addition to these controls,
cases of sCJD subtype MM1 (n = 4) were used for comparative studies of PrP. Morphological and

biochemical studies were centered on the thalamus, entorhinal cortex and cerebellum.
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Antibodies and reagents

Anti-B-actin (1:10,000) was from Sigma (St. Louis, MO, USA) and anti-Tau (N-ter) (1:1,000) from
Millipore (Temecula, CA, USA). Anti-p-Tau (T181) (1:1,000) was from Calbiochem (San Diego, CA,
USA), anti-14-3-3 isoforms (1:2,000) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-
synaptophysin (1:5,.000) and anti-SOD1 (1:2.000) from Novocasta-Leica (Wetzlar, GE), anti- post-
synaptic density protein 95 (PSD-95) (1:1.000), anti-synapsin (1:2.000) and anti-IxBo (1:1.000) from
Cell Signaling Technology (Beverly, MA, USA), anti-neuronal nuclei (NeuN) from Chemicon-
Millipore (Temecula, CA, USA), anti Neurofilament Light (NF-L) (1:5.000) and anti-GFAP (1:5.000)
from Dako (Santa Clara, CA, USA), anti-Tau (Tau-5) (1.1.000) from Thermo Scientific (Wilmington,
DE), and GAPDH (1:2.000) from Abcam (Cambridge, UK). Anti-COX-2 (1:1.000) was from Cayman
(Ann Arbor, MI, USA) and anti-Iba-1 (1:1.000) from Wako (Richmond, VA, CA). 15B3 (1:1.000)
was from Prionics (Schlieren, SW). Anti-oligomer antibody (11A) (1:2000) was from Invitrogen
(Waltham, MA, USA). Anti PrP antibodies (1:1000) were from Cayman (SAF32, SAF61 and 12F10),
Abcam (8H4) and Millipore (3F4). Proteinase K (PK) and Thioflavin-T (ThT) were from Sigma.
Western blotting

Human tissues were lysed in lysis buffer containing 100mM Tris pH 7, 100mM NaCl, 10mM EDTA,
0.5% NP-40 and 0.5% sodium deoxycolate plus protease and phosphatase inhibitors. After
centrifugation at 14,000g for 20 min at 4°C, supernatants were quantified for protein concentration
with Bradford reagent (Bio-Rad, Hercules, CA, USA), mixed with SDS-PAGE sample buffer, boiled
and subjected to 8-15% SDS-PAGE. Gels were stained with Coomassie or transferred onto
polyvinylidene difluoride membranes and processed for specific immunodetection using
electrochemiluminescence reagent. For the detection of PrP, a buffer containing 100mM Tris pH 7,
100mM NaCl, 10mM EDTA and 0.5% SDS plus protease and phosphatase inhibitors was used in
parallel to detect differences in the amount of insoluble PrP extracted from brain tissues. Using
different detergent composition, no differences in the PrP western blot patterns or expression levels
were detected (data not shown).

Proteinase K digestion
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10% w/v brain tissue homogenates were incubated with different proteinase K (PK) concentrations
(25-100 pg/ml) for 1h at 37°C. Reactions were stopped with 1mM Phenylmethylsulfonyl fluoride and
developed for Western blot with anti-PrP antibodies.

RNA purification and reverse transcription

RNA was obtained from entorhinal cortex and dorsomedial thalamus of FFI cases and controls using
RNeasy Lipid Tissue Mini Kit (Qiagen Hilden, GE) following the instructions of the supplier. RNAs
were treated with DNase Set (Qiagen) for 15 min to eliminate genomic DNA contamination. The
concentration of each sample was measured using a NanoDrop 2000 spectrophotometer (Thermo
Scientific) at 340nm. RNA integrity was assessed with the RNA Integrity Number (RIN value)
determined with the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). RIN values are
shown in Table 1. Reverse transcriptase reaction was carried out with the High Capacity cDNA
Archive kit (Applied Biosystems Foster City, CA, USA). RNA from cerebellum in FFI cases did not
of sufficiently high quality and therefore the cerebellum was not included in mRNA studies.

qPCR

Quantitative RT-qPCR assays were performed in duplicate on cDNA samples obtained from the retro-
transcription reaction diluted 1:20 in 384-well optical plates (Kisker Biotech Steinfurt, GE) using the
ABI Prism 7900 HT Sequence Detection System (Applied Biosystems). The reactions were carried out
using 20xTagMan Gene Expression Assays for genes involved in protein synthesis, energetic
metabolism and purine metabolism, and 2xTagMan Universal PCR Master Mix (Applied Biosystems).
TagMan probes are shown in Supplementary Table 2.

The reactions were conducted following the parameters: 50°C for 2 min, 95°C for 10 min, 40 cycles at
95°C for 15 sec and 60°C for 1 min. The fold change was determined using the equation 2-AACT.
RT-QuIC

RT-QulC was performed as described previously (25) with minor modifications. Briefly, 85ul of
reaction buffer was seeded in the presence of recombinant PrP (10ug) with 15ul of 10%w/v brain
homogenates. Tissues were lysed in PBS 0.1% SDS and clarified by centrifugation for 10min at
10,000g and further diluted from 10~ to 10 in PBS. Reaction was set in a final volume of 1001 and

placed in a 96-well black optical bottom plate (Fisher Scientific). Each sample was run in duplicate.
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Prepared plates were sealed and incubated in a FLUO Star OPTIMA plate reader (BMG Labtech
Ortenberg, GE) at 42°C for 80 h with intermittent shaking cycles, consisting of one minute double
orbital shaking at the highest speed (600rpm) followed by a one minute break.

All RT-QulC experiments were performed using the chimeric recPrP composed of the Syrian hamster
residues 14 to 128 followed by sheep residues 141 to 234 of the R154 Q171 polymorphic haplotype as
described elsewhere (60).

Immunohistochemistry

4 um-thick de-waxed paraffin sections were treated to block endogenous peroxidases followed by
10% normal goat serum. After incubation with appropriate antibodies, the sections were incubated
with EnVision+ system peroxidase (Dako) at room temperature for 15 min. The peroxidase reaction
was visualized with diaminobenzidine and H,O,. The omission of the primary antibody in some
sections was used as a control of immunostaining; no signal was obtained with incubation of only the
secondary antibody. Sections were slightly counterstained with hematoxylin.

Amyloidogenic and oligomeric PrP analysis

For dot blot analysis of PrP, 10% w/v brain homogenates were prepared in lysis buffer containing
PBS, 0.5% Nonidet P-40, 0.5% deoxycholate, and protease and phosphatase inhibitors. After
clarification of the homogenates, the supernatants were diluted 1:25 and loaded on 0.2um
nitrocellulose membranes using a dot blot system (Bio-Rad). The membranes were blocked with 5%
(w/v) non-fat dry milk in Tris-buffered saline/Tween 20 (TBS-T) for 1 hour at room temperature and
then incubated with primary antibodies overnight at 4°C. 15B3 antibodies were used for the detection
of PrP conformation, and the anti-oligomer antibody clone Al1 for the detection of PrP oligomeric
forms.

For ThT staining, brain homogenates were prepared in lysis buffer containing PBS, 0.5% Nonidet P-
40, 0.5% deoxycholate, and protease and phosphatase inhibitors. Samples were diluted 1:20 in PBS,
mixed with ThT at a final concentration of 20 [IM and incubated for 10 min with gentle shaking at
room temperature. Beta-sheet formation kinetics was determined by measuring ThT fluorescence
signal (450nm excitation and 480nm emission) every 30 min expressed in relative fluorescence units
(RFU).
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PrP quantification

Ten pL brain homogenate (10% w/v), 4.4 puL octyl B-D-glucopyranoside (20% w/v in water) and
4.4uL sodium phosphate (pH 8.0) were mixed before adding 4.4 pL of a dimethylsulfoxid (DMSO)
solution containing the N-hydroxysuccinimide ester of acetic acid (Ac-NHS) (OuM to 50uM), and
incubated with continuous rotation for 15 min at room temperature. Afterwards, 4.4pL 1M Tris buffer
(pH 8.0) was added and the reaction was incubated in a rotator for another 15 min at room
temperature. The analysis was carried out with by Western blot using the 3F4 antibody. Under these
assay conditions, 10pum Ac-NHS final concentration showed a complete removal of
electrochemiluminescence signal in control brains while PrPsc was still detectable in prion-infected
brain samples.

PrP solubility

Solubility of PrP in different detergents was assessed as detailed elsewhere (61) with minor
modifications. Brain samples (50mg) of entorhinal cortex and thalamus from control and FFI cases
(n=3 for each region and group) were homogenised in a Polytron homogeniser in 750uL of ice-cold
PBS+ (sodium phosphate buffer pH 7.0, plus protease inhibitors) and centrifuged at 5,200 rpm at 4°C
for 10 min. The pellet was discarded and the resulting supernatant was centrifuged at 16,500g at 4°C
for 90 min. The supernatant (S2) was kept as the PBS-soluble fraction. The resulting pellet was
resuspended in a solution of PBS, pH 7.0, containing 0.5% sodium deoxycholate, 1% Triton, and 0.1%
SDS, and this was centrifuged at 16,500g at 4°C for 90 min. The resulting supernatant (S3) was kept
as the deoxycholate-soluble fraction. The corresponding pellet was resuspended in a solution of 2%
SDS in PBS and maintained at room temperature for 30 min. Afterwards, the samples were
centrifuged at 16,500g at 25°C for 90 min and the resulting supernatant (S4) was the SDS-soluble
fraction. Fractions were analysed by Western blotting with anti-PrP antibodies.

Statistical analysis

ANOVA test followed by Tukey’s Multiple-Comparison post hoc test was used to compare the values
from the different groups. Unpaired two-tailed t-test was used for the comparison of two groups of

samples. Values were expressed as mean + SD. Values considered significant were represented as *p
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< 0.05; ** p < 0.01 and *** p < 0.001. Statistical analysis was carried out using Graph Pad Prism 6

software.
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Legends to Figures

Figure 1: Neuropathological assays of the Thalamus, Cerebellum and Entorhinal Cortex of FFI cases.
Left: Hematoxylin and eosin staining. Right: Nissl staining.

Figure 2: Expression of synaptic and neuronal markers in the thalamus, cerebellum and
entorhinal cortex in FFI and control cases: A) Western blotting analyses of PSD-95, synapsin,
synaptophysin, 14-3-3 y,  and ¢ subunits, NeuN, NF-L, Tau (total Tau, Tau-5) and p-Tau (T181) in
the thalamus, cerebellum and entorhinal cortex in five control and FFI representative cases. B)
Densitometry from all the cases analysed by western blotting using GAPDH and B-actin for
normalisation. Coomassie blue was used to control total protein loading. C) Tau mRNA expression in
the thalamus and entorhinal cortex in control and FFI samples were normalised using XPNPEP1 as
determined by TagMan PCR assays; * p<0.05; ** p<0.01; *** p<0.001.

Figure 3: Astroglia and microglia in the thalamus, cerebellum and entorhinal cortex in FFI: A)
mRNA expression of microglial markers Iba-1/Aif-1, Cd68 and Cd11b; astroglial marker GFAP; dual
microglial/astroglial activator CNTF; and oligodendrocyte marker Olig2 expression in the thalamus
(upper panel) and entorhinal cortex (lower panel) in control and FFI samples as determined by
TagMan PCR assays. Values are normalised using XPNPEP1. GFAP mRNA expression was increased
in the thalamus and entorhinal cortex in FFI. Two cases show an apparent increase in microglia cell
markers in the thalamus. B) Immunohistochemistry shows increased GFAP-immunoreactive
astrocytes in the thalamus and entorhinal cortex, but not in the cerebellum, in FFI. No increased
numbers of Iba-1-immunoreactive cells are observed in the thalamus, entorhinal cortex or cerebellum
in FFI, but the morphology of microglia differs in the thalamus, and particularly in the entorhinal
cortex, in FFI. Paraffin sections, slight hematoxylin counterstaining. C) GFAP, but not Iba-1 protein
expression levels are significantly increased in the thalamus, entorhinal cortex and cerebellum in FFI.
Student’s t test: *p<0.05; ***p<0.001.

Figure 4: Neuroinflammatory mediators in the thalamus and entorhinal cortex in FFI: A)
Increased IL6 mRNA expression in the thalamus validated with two housekeeping genes GAPDH and
GUSB. B) IL6 immunoreactivity is expressed in microglia in the entorhinal cortex and the thalamus in
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FFI; paraffin sections slightly counterstained with hematoxylin. C) Western blot analyses of IkBa,
SOD-1 and COX-2 in the thalamus, cerebellum and entorhinal cortex in control and FFI cases. Five
representative cases per group and brain region are shown. GAPDH was used for normalisation.
Densitometry from all the cases analysed by Western blot: (C) mRNA expression of 16 in the thalamus
of control and FFI samples as determined by TagMan PCR assays. Values were normalised using
GAPDH and GUSB as internal controls (housekeeping genes) showing similar differences between
groups. Student’s t test: * p<0.05, **p<0.01.

Figure S5: PrP expression in the thalamus, cerebellum and entorhinal cortex in FFI: A)
Localization of PrP sites recognised by the anti-PrP antibodies used in the analysis referring to the
sequence and domains of the PrP protein. SP: signal peptide; CC1 and CC2: charged clusters; HC:
hydrophobic core; H1, H2, and H3: helix 1, helix 2 and helix 3; S-S: disulphide bridge; GPI:
glycophosphatidylinositol anchor. B) Western blot analyses with anti-PrP antibodies SAF32, 3F4,
SAF61, 12F10 and 8H4 in the thalamus, cerebellum and entorhinal cortex in control and FFI cases.
Seven representative cases per group and brain region are shown; GAPDH and B-actin are used for
normalisation. Densitometry from all cases analysed by Western blot shows a significant region-
dependent decrease of PrP immunoreactivity but increased SAF61 and 12F10 immunoreactivity of the
band of about 19 kDa in the thalamus, but not in other brain regions, in FFI. C) mRNA expression of
PrP in the thalamus and entorhinal cortex of control and FFI determined by TagMan PCR assays.
Values normalised using GAPDH and GUSB as internal controls show decreased expression in the
thalamus and entorhinal cortex in FFI compared with controls. Student’s t test: *p<0.05; **p<0.01;
**%p<0.001.

Figure 6: PK-resistant PrP (PrPres) in the thalamus, cerebellum and entorhinal cortex in FFI:
A) Brain homogenates of FFI cases digested with proteinase K (PK9) at the indicated concentrations
and processed for Western blotting using the SAF70 antibody show a strong signal for the
diglycosylated band, a weaker signal for the monoglycosylated band, and a faint signal for the
nonglycosylated band in the entorhinal cortex of FFI cases (lanes 1, 2, 5 and 6), in comparison to the

lack of PrPres in the entorhinal cortex in controls (lanes 3, 4, 7 and 8). B) No PrPres immunoreactivity
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is detected in the thalamus processed in parallel with the positive PrP synaptic pattern of PrPres in the
entorhinal cortex in FFI; paraffin sections, 3F4 antibody, slight hematoxylin counterstaining.

Figure 7: Detection of abnormal PrP in the thalamus and entorhinal cortex in FFI: A) Dot blot
analysis of PrP levels in the thalamus and entorhinal cortex of control and FFI cases (three
representative cases), and in the cerebellum of one control and one sCJD MMI1 case using the anti-
PrPsc conformational antibody 15B3. Densitometries of five cases for each group of samples are
shown in the accompanying graph (EC: entorhinal cortex, T: thalamus, CB: cerebellum). Increased
expression of altered PrP conformation is found in the entorhinal cortex in FFI in contrast with the
weak expression in the thalamus. Strong immunoreactivity is observed in the cerebellum of a typical
sCID MM1 case. Student’s t test: **p<0.01; ***p<0.001: comparison between control and FFI cases.
# p<0.05: comparison between thalamus and entorhinal cortex. B) Western blotting of PrP in the
thalamus and entorhinal cortex in control and FFI cases, and in the frontal cortex of one control and
one sCJD MMI1 case used for comparison. Brain homogenates were untreated (-) or treated (+) with
Ac-NHS. Following treatment a large amount of PrP is present in sCJD whereas only a very small
amount is in the entorhinal cortex and there is no signal in the thalamus in FFL.

Figure 8: Detection of insoluble PrP, oligomers and amyloid aggregates in the thalamus and
entorhinal cortex of FFI cases: A) Western blotting analysis of PrP solubility and aggregation assays
in the thalamus and entorhinal cortex in control and FFI cases and in the cerebellum of controls and
sCJD cases. S2: cytosolic fraction, S3: deoxycholate-soluble fraction, S4: SDS-soluble fraction.
Representative images for each group are shown and quantifications of three cases for each group are
presented in the accompanying graph. Decreased levels in the cytosolic fraction and increased PrP
levels in the insoluble fraction are seen in the thalamus and cerebellum in FFI cases compared with
controls. The same pattern is observed in one sCJD case used as a positive control. B) Dot blot
analysis of oligomers in the thalamus of control and FFI cases (3 representative cases) and in the
cerebellum of one control and one sCJD MMI1 case using the anti-oligomer conformational antibody
11A shows increased immunoreactivity in FFI and particularly in sCJD. C) Densitometry of the
fluorescence in brain homogenates incubated with thioflavin T (ThT) in the thalamus, entorhinal
cortex and cerebellum in FFI and in the cerebellum in sCJD MM1. A maximal increase was observed
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in the cerebellum in sCJD, but a lower significant increase was also observed in the entorhinal cortex
in FFI; Student’s t test, ¥*p<0.05; **p<0.01; ***p<0.001.

Figure 9: Differential prion seeding activity in the thalamus, cerebellum and entorhinal cortex in
FFI. A) Prion seeding efficiency detected by RT-QulC in the thalamus, cerebellum and entorhinal
cortex in FFI cases (10 dilutions form 10% w/v brain homogenates). Control cases of the same brain
regions were negative for prion seeding activity. RT-QulC responses of all groups were measured in
relative fluorescence units (RFU) for 80 hours. Samples reaching plateau indicate maximal
fluorescence (60.000 RFU units). Characteristic curves for each case are shown. Three of seven, eight
of eight and two of eight samples of the thalamus, entorhinal cortex and cerebellum, respectively,
showed seeding activity. B) Correlation between RT-QulC and PrP signal in the entorhinal cortex of
FFI cases: PrPres values were obtained from densitometries of PK-digested PrP western-blots; total
PrP values were obtained from densitometries of western-blots using SAF70 antibody. R value
(Pearson correlation) and p value are indicated when statistically significant.

Figure 10: Prion seeding activity in pathologically affected regions of FFI and sCJD cases: A)
Prion seeding efficiency detected by RT-QulC in the thalamus, cerebellum and entorhinal cortex of
FFI cases and in the frontal cortex (MM1) and cerebellum (VV2) of sCID cases (10 dilutions from
10% w/v brain homogenates). Control cases of the same brain regions were negative for prion seeding
activity. RT-QulC responses of all groups were measured in relative fluorescence units (RFU) over a
period of 100 h. The fluorescence plateau was determined to be 60.000 RFU units. B) Quantification
of the RT-QuIC signal by means of AUC calculation. Five cases for each brain region (thalamus,
cerebellum and entorhinal cortex for FFI cases and frontal cortex, and cerebellum for sCJD) were
analysed. C) Quantification of the RT-QulC signal by means of lag phase (in hours). Five cases for
each brain region (thalamus, cerebellum and entorhinal cortex for FFI cases, and frontal cortex and
cerebellum for sCJD) were analysed. ANOVA test followed by Tukey’s Multiple-Comparison post
hoc test revealed decreased AUC and increased lag phase in the cerebellum of FFI cases when
compared with the rest of the groups. Values are expressed as mean + SD. Values considered

significant are represented as ** p < 0.01 and *** p < 0.001.
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Table 1: mRNA expression of selected cytokines and mediators of the inflammatory response in
the thalamus and entorhinal cortex in FFI: Data are represented as the mean = SEM; XPNPEP1 is
used as a housekeeping gene. Increased expression of interleukin 6 (IL6), interleukin 10 receptor alpha
subunit (ILIORA), colony stimulating factor 3 receptor (CSF3R) and toll-like receptor 7 (TLR7) is
observed in the thalamus in FFI, whereas interleukin 10 (IL10) is downregulated in the entorhinal
cortex in FFI compared with controls. Student’s t test: * p<0.05, **p<0.01.

Supplementary Table 1: Summary of cases Age in years, post mortem delay (PMD in hours) and
gender are indicated.

Supplementary Table 2: List of the Tagman probes

Supplementary Table 3: Summary of regional-dependent alterations in FFI
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Table 1

Control vs

THALAMUS Probe Control FFI FFI (p value)
IL18 1097 20492 137321137 0.594 :
Pro-inflammatory IL6 1077+£0434 4304+3879  0.048 .
cytokines IL6ST 1.008+£0.140 1.393+0578  0.111 ;
TNFRSF1 | 1023:0237 2252+1102  0.013 .
IL10 12250870 0876+0464 0375 ;
— R
2 ILIUNRD 1. NZi £ U.Z9U 1.££4U £ U.O00 . £O0 -
Cyakines TGFB1 1048+£0360 1.744+0856  0.711 s
TGFB2 1064 £+0400 1.959+0953  0.038 .
Complement c1QLt 1.120 + 0.539 2.082 + 1.462 0.132 -
system CIQINF7 | 1025:0250 2702+2801  0.955 :
Colony stimulating| _ CSFIR 108720451 16010558  0.074 :
factors CSF3R 101140168 2381+1.045 0009  *
Cathepsins CTSS 1.066 0420 13850619 0272 ;
) TLR4 1063£0352 1275+0433  0.349 -
Toll-like receptors | ., o7 1097 +0518 2169+1.058  0.030 x

ENTORHINAL Control vs

CORTEX Probe Control FFI FFI (p value)
IL18 111420582 13500802  0.555 -
Pro-inflammatory iL6 1576 + 1.446 0.657 + 0.576 0.221 -
cytokines IL6ST 1006+£0117 1.055+0361  0.737 -
TNFRSF1 | 1158:0697 1597:0897  0.315 ;
1L10 112620360 064620168  0.010 z
- IL10RA 1072+£0444 1.095+0380  0.924 .
A"t':;f:;.':::m'y IL10RB 1079+£0425 0820+0370  0.450 ;
TGFB1 1051+£0338 0959+0393  0.649 .
TGFB2 1008+£0144 1441£0734  0.151 :
c1QL1 104120286 1.160+0398 0523 -
°°:'y':tm°"t CIQINF7 | 1027:0746 0245:0357  0.125 ;
C3AR1 1096+0510  0.891 4 0.401 0.400 ;
Colony stimulating| _ CSF1R 1212£0830 0654+0288  0.100 ;
factors CSF3R 1064+£0355 1.029+0603  0.903 ;
Cathepsins CTSS 108120498  0.795% 0466 _ 0.271 -
: TLR4 1052:£0357 10200538  0.896 ;
SENCRKTECapes TLR7 1234£0808 1122+ 0.511 0.768 ;
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Abbreviations
FFI: Fatal Familial Insomnia, PrPres: PrP resistant to proteinase K digestion, PrPsc: Scrapie PrP

(abnormal and pathogenic PrP).
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Figure 6
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Detection of insoluble PrP, oligomers and amyloid aggregates in the thalamus and entorhinal cortex of FFI
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Figure 10
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