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ABSTRACT
Prion disease is an infectious and fatal neurodegenerative disease. Western blotting (WB)-based 
identification of proteinase K (PK)-resistant prion protein (PrPres) is considered a definitive diag
nosis of prion diseases. In this study, we aimed to detect PrPres using formalin-fixed paraffin- 
embedded (FFPE) specimens from cases of sporadic Creutzfeldt–Jakob disease (sCJD), Gerstmann– 
Sträussler–Scheinker disease (GSS), glycosylphosphatidylinositol-anchorless prion disease 
(GPIALP), and V180I CJD. FFPE samples were prepared after formic acid treatment to inactivate 
infectivity. After deparaffinization, PK digestion was performed, and the protein was extracted. In 
sCJD, a pronounced PrPres signal was observed, with antibodies specific for type 1 and type 2 
PrPres exhibited a strong or weak signals depending on the case. Histological examination of serial 
sections revealed that the histological changes were compatible with the biochemical character
istics. In GSS and GPIALP, prion protein core-specific antibodies presented as PrPres bands at 8–9 
kDa and smear bands, respectively. However, an antibody specific for the C-terminus presented as 
smears in GSS, with no PrPres detected in GPIALP. It was difficult to detect PrPres in V180I CJD. 
Collectively, our findings demonstrate the possibility of detecting PrPres in FFPE and classifying the 
prion disease types. This approach facilitates histopathological and biochemical evaluation in the 
same sample and is safe owing to the inactivation of infectivity. Therefore, it may be valuable for 
the diagnosis and research of prion diseases.
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Introduction

Human prion diseases, also known as transmissible spon
giform encephalopathies, are lethal neurodegenerative 
disorders that include sporadic Creutzfeldt–Jakob disease 
(sCJD), inherited prion diseases, and acquired human 
prion diseases. The pathogenesis of prion disease is char
acterized by the conversion of a normal cellular prion 
protein (PrP) isoform (PrPc) into an abnormal pathogenic 
form (scrapie prion protein: PrPSc) [1]. PrPSc has a high 
beta-sheet content that renders it partially resistant to 
proteinase K (PK) digestion [2].

The identification of PK-resistant PrP (PrPres) by 
western blotting (WB) is a critical diagnostic criterion 
for prion diseases [3]. Prion proteins have two glyco
sylated sites near the C-terminus, and WB presents 

three PrP signals: unglycosylated, monoglycosylated, 
and diglycosylated PrP forms [4]. The size of the ungly
cosylated PrPres fragment differs depending on the N- 
terminal PK digestion site and is distinguished into 
types 1 (21 kDa) and 2 (19 kDa).

Inherited prion diseases caused by mutations in the 
PrP gene (PRNP) account for approximately 10% of 
human prion diseases. In Japan, mutations in codon 
180 (V180I) and 102 (P102L, Gerstmann–Sträussler– 
Scheinker disease [GSS]) are common [5]. 
Diglycosylated PrPres do not appear in the WB of 
V180I CJD; conversely, two bands corresponding to 
the unglycosylated and monoglycosylated forms are 
identified [6,7]. GSS presents three PrPres bands 
between 21 and 35 kDa, consisting of unglycosylated,
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monoglycosylated, and diglycosylated PrPres, with a 
band pattern similar to that of sCJD type 1; further
more, a low molecular weight of 8 kDa is also 
observed [8,9].

Glycosylphosphatidylinositol-anchorless prion dis
ease (GPIALP) is an inherited prion disease that has 
recently been reported [10–12]. A genetic mutation 
results in the lack of the C-terminal GPI anchor, result
ing in PrPres smears and a 9 kDa signal detected by WB 
using a PrP core-specific antibody.

Traditionally, unfixed frozen samples are required 
for WB. In the event of suspected prion disease, a 
frozen sample is preserved during the autopsy. WB is 
performed to identify the presence of PrPres, which, 
together with the histological findings, is used to obtain 
a final diagnosis. Occasionally, prion disease may be 
suspected retrospectively after the autopsy; however, 
frozen samples are usually not preserved in such 
cases, and the diagnosis may remain unclear. Most 
preserved pathology specimens are formalin-fixed spe
cimens, which complicates the evaluation of PrPres 

using conventional methods, such as WB.
Some reports have demonstrated the presence of 

PrPres in formalin-fixed paraffin-embedded (FFPE) 
samples, but all were animal samples, with no PrPc 

detection [13–15]. Recently, Nakagaki et al. identified 
undiagnosed prion disease in a cadaver for anatomical 
practice by measuring prion seeding activity by real- 
time quaking-induced conversion (RT-QuIC) from for
malin-fixed brains and histological findings from FFPE 
[16]. However, this novel RT-QuIC method could only 
demonstrate PrPSc seeding activity, and the details 
regarding the PrPres type remained unknown. In this 
study, we employed novel modified protein extraction 
methods to facilitate the biochemical evaluation of PrP 
and PrPres in FFPE samples using WB. Furthermore, we 
evaluated whether the analysis of PrPres signal patterns 
using various PrP antibodies specific to different epi
topes can be used for the detailed classification of prion 
diseases.

Materials and methods

Patient samples

This study was conducted using post-mortem brain 
specimens of 14 cases of prion diseases (seven sCJD, 
three GSS, two GPIALP, and two V180I CJD cases [one 
pentosan polysulfate [PPS]-treated and one untreated 
case]) and five cases of non-prion diseases (one liver 
cirrhosis, one spinocerebellar ataxia type 6, one Emery 
– Dreifuss muscular dystrophy, one chronic progressive 
external ophthalmoplegia, and one multiphasic 

disseminated encephalomyelitis). The examined cases 
are presented in Table 1. All cases were autopsied at 
the Department of Neuropathology, Graduate School of 
Medical Sciences, Kyushu University. We obtained 
informed written consent for the autopsy from the 
patients or their next of kin. All analyses were per
formed following the Declaration of Helsinki. This 
study was approved by the Ethics Committee of 
Omuta National Hospital (5–3) and the Ethics 
Committee of the Faculty of Medicine of Kyushu 
University (#2019–179).

Protein extraction from FFPE

Brain specimens were fixed in formalin for at least two 
weeks. Prion disease samples were immersed in 90% for
mic acid for 1 h to inactivate infectivity (Figure 1a); FFPE 
blocks were prepared in the usual procedure. Detailed 
protein extraction methods have been previously 
described [17,18]. Briefly, each FFPE specimen was sec
tioned at 10-μm thickness and collected in two centrifuge 
tubes, with one or two sections each of 4–6 mm3 of brain 
volume (Figure 1b). Subsequently, they were deparaffi
nized with 100% xylene and 99% ethanol and hydrated 
(Figure 1c). Sections from one of the two tubes were 
incubated with PK (final concentration: 100 μg/mL) for 
15 h at 55°C (Figure 1d). The conditions for PK digestion 
were modified from the paraffin-embedded tissue (PET)- 
blot technique [19–21]. The other tube was used as a 
sample without PK treatment (Figure 1e). After quench
ing the PK reaction with Pefabloc SC (Roche, 
Indianapolis, IN), the samples were centrifuged at 
15,000 × g for 10 min to discard the supernatant. 
Subsequently, the pellets were washed with citrate- 
sodium dodecyl sulphate (SDS) buffer (200 mM Tris- 
HCl at pH 7.5, 200 mM NaCl, 5% SDS, and 100 mM 
sodium citrate), and the supernatant was removed after 
centrifugation at 15,000 × g for 10 min at room tempera
ture. Proteins were then extracted from the pellet by 
incubation at 100°C for 20 min and subsequently at 
80°C for 2 h in 20 μL of citrate-SDS buffer with occasional 
vortexing. Finally, the supernatant was recovered after 
centrifugation at 15,000 × g for 15 min at room tempera
ture and the sample buffer was added to the supernatant. 
This final solution was boiled at 95°C for 5 min and used 
as the sample for WB (Figure 1f).

Western blotting

To detect PrPc and PrPres, samples were electrophoresed 
by sodium dodecyl sulphate-polyacrylamide gel electro
phoresis (SDS-PAGE) in 12% gels (BIO-RAD,-Hercules, 
CA, USA) and then transferred onto polyvinylidene
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difluoride membranes (BIO-RAD), and blocked with 5% 
skim milk. Four anti-prion antibodies (mouse monoclo
nal 3F4 [specific for PrP at 109–112], 1: 2000 (final 
concentration: 1 µg/mL); BioLegend, San Diego, CA, 
USA, rabbit monoclonal EP1802Y [specific for PrP at 
212–230], 1: 2000 (final concentration: 0.33µg/mL); 
Abcam, Cambridge, UK, rabbit polyclonal Tohoku 1 
[specific for type 1 PrPSc], 1: 5000 (protein concentration 
was not available), and rabbit polyclonal Tohoku 2 [spe
cific for type 2 PrPSc], 1: 3000 (protein concentration 
was not available); Tohoku 1 and 2 were provided by 
Prof. Kitamoto of Tohoku University) were used [22]. 
Peroxidase-conjugated anti-mouse immunoglobulin (Ig) 
G (1: 20000 (final concentration: 0.05 µg/mL); Vector, 
Burlingame, CA, USA) and peroxidase-conjugated anti- 
rabbit IgG (1: 20000 (final concentration: 0.05 µg/mL); 
Vector) were used as the secondary antibodies. 
Immunoreactivity was visualized using Immobilon 
Western Chemilum HRP substrate (Millipore, Billerica, 
MA, USA) and imaged on a Lumino Image Analyzer 
(Cytiva, Tokyo, Japan, ImageQuant 800). Western blot 
signals were measured using the ImageJ Fiji software 
(NIH). In each case group (sCJD, GSS, GPIALP, V180I 
CJD), the pattern of molecular weight of PrPres (high 
molecular weight PrPres (>30 kDa), three PrPres bands 
(19 or 21 ~ 30 kDa), and low molecular weight PrPres 

(<19 kDa)) was evaluated with Student’s T-test using 
Microsoft Excel software.

Immunohistochemistry

Sections with a thickness of 6 μm from the same FFPE 
block that was used for protein extraction were analysed. 

Hematoxylin and eosin (HE) staining was performed for 
histological examination. Immunohistochemistry (IHC) 
was performed using a primary antibody specific for 
anti-PrP: (mouse monoclonal 3F4 [1:400 (final concen
tration: 5 µg/mL)]). Envision system (Dako, Glostrup, 
Denmark) was used as the secondary antibody and 
visualized with 3,3′-diaminobenzidine (DOJINDO, 
Kumamoto, Japan).

Results

Western blotting

The results of WB using the 3F4 antibody are presented 
in Figure 2. In control cases, PK-untreated samples (PK 
[−]) exhibited strong PrP signals from approximately 
25–40 kDa (Figure 2a). In the PK-treated samples (PK 
[+]), no signal was detected in all control cases, and no 
PrPres. In the PK (−) samples of sCJD cases, PrP signals 
were observed mainly between 25 and 40 kDa with 
different intensities among cases (Figure 2b-d). PK (+) 
samples showed PrPres signals in all sCJD cases. The 
signal intensity and pattern varied among cases. In 
sCJD 1, 2, and 3, three PrPres bands were detected at 
21–30 kDa (white arrowheads in Figure 2b), and these 
were considered to correspond to unglycosylated, 
monoglycosylated, and diglycosylated PrPres, respec
tively. In addition, high molecular smear bands were 
also observed. sCJD 4 and 6 (Figure 2b, c) also pre
sented three PrPres bands, as well as high molecular 
smear bands; however, the bands corresponding to 
the unglycosylated PrPres were slightly wider at 19–21 
kDa (black arrowheads in Figure 2b, c). In sCJD 5, only

Table 1. Case profiles.
Case No. Diagnosis Age at death (y) Sex Disease duration Brain Weight (g)

sCJD 1 sCJD MM1 + 2 77 F 4y 11 m 800
sCJD 2 sCJD MM1 73 F 3 m 1210
sCJD 3 sCJD MM1 72 F 3y 4 m 650
sCJD 4 sCJD MM1 + 2C 73 M 3 m 1090
sCJD 5 sCJD MM1 + 2C 72 F 3.5 m 1400
sCJD 6 sCJD MV2(+1) 78 F 1y 7 m 1115
sCJD 7 sCJD MM2 55 F 4 m 1040
GSS 1 GSS 79 F 5y 1200
GSS 2 GSS 78 F 13y 1020
GSS 3 GSS 65 M 5y 820
GPIALP 1 GPIALP 37 F 11y 1269
GPIALP 2 GPIALP 36 M 16y 1425
V180I CJD 1 V180I (PPS-treated) 70 F 5y 9 m 484
V180I CJD 2 V180I (PPS-untreated) 85 M 1y 1300
control 1 LC 79 M - 1350
control 2 SCA6 93 M - 1161
control 3 EDMD 65 M - 1275
control 4 CPEO 84 F - 958
control 5 MDEM 78 M - 1186

sCJD, sporadic Creutzfeldt–Jakob disease; GSS, Gerstmann–Sträussler – Scheinker disease; GPIALP, glycosylphosphatidylinositol-anchorless prion disease; PPS, 
pentosan polysulfate; LC, liver cirrhosis; SCA6, spinocerebellar ataxia type 6; EDMD, Emery–Dreifuss muscular dystrophy; CPEO, chronic progressive external 
ophthalmoplegia; MDEM, multiphasic disseminated encephalomyelitis.sCJD, sporadic Creutzfeldt–Jakob disease; GSS, Gerstmann–Sträussler–Scheinker 
disease; GPIALP, glycosylphosphatidylinositol-anchorless prion disease; PrPres, proteinase K resistant prion protein; SD, standard deviation. 
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faint PrPres was detected at 20–30 kDa. In sCJD 7, a 
broad band of unglycosylated PrPres at 19–21 kDa was 
detected (black arrowheads in Figure 2d).

In the PK (−) samples of the GSS cases, PrP signals 
were observed from 25 to 40 kDa (Figure 2e). PK 
digestion revealed low molecular PrPres signal at the 
molecular weight of 8 kDa in GSS 1, 2 and 3 (Figure 
2e, arrow). Three PrPres bands were detected at 21–30 
kDa in GSS 1 and 3 (Figure 2e, white arrowheads). 
High molecular weight strong PrPres smear signals 
were also observed in all three GSS cases. In GPIALP 
cases, PrP signals were also observed in PK (−) samples 
from 25 to 40 kDa; PK digestion revealed low molecu
lar weight bands at approximately 9 kDa (Figure 2e, 
arrow) and smear bands from low to high molecular 
weight (Figure 2e). The PK (−) samples of V180I CJD 
cases also exhibited PrP signals from 25 to 40 kDa 

(Figure 2e). The PrPres signal was faint, with only 
faint high molecular PrPres seen in only V180I CJD 
case 1 (Figure 2e).

The results of WB using EP1802Y antibody are dis
played in Figure 3. In control cases, normal PrP signals 
were observed at 25–40 kDa in PK (−) samples; in PK 
(+), in all cases, a noticeable PrPres signal ranging from 
21 to 30 kDa was not observed (Figure 3a). In the PK 
(−) samples of sCJD cases, as in 3F4, PrP signals were 
observed at 25–40 kDa with different intensities among 
cases (Figure 3b, c). The PK (+) samples of sCJD 1–5 
and 7 showed moderate PrPres signals ranging from 21 
to 30 kDa (Figure 2b, c, white arrowheads). In case 1–5 
and 7, low molecular weight bands at approximately 16 
kDa were also noted (arrows). In addition, in all cases, 
strong high molecular weight smear signal was 
observed (Figure 3b, c*). In sCJD 6, a band

Figure 1. Workflow of protein extraction from the formalin-fixed paraffin-embedded (FFPE) samples. The FFPE samples are sectioned 
into two tubes, one for proteinase K (PK) treatment (d) and the other without PK treatment (e), and the proteins are then extracted.
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corresponding to the unglycosylated PrPres was 
observed at approximately 20 kDa (black arrowhead), 
which was lower in molecular weight than in sCJD 1–5 
and 7. The 16 kDa band was not detected.

In the GSS cases, the PK (+) samples of GSS 1–3 
showed bands corresponding to the unglycosylated 
PrPres at 21 kDa (Figure 3d, white arrowheads) and 

smear bands with a high molecular weight (Figure 3d *). 
The low molecular weight band at approximately 8 kDa 
observed in 3F4 was not detected in EP1802Y. In GPIALP 
cases, PK (−) presented signals at approximately 25–40 
kDa, whereas no signal was detected in PK (+) 
(Figure 3d). In the PK (+) sample of V180I CJD 1 (PPS- 
treated case), a high molecular smear band was observed

Figure 2. Western blot analyses of the formalin-fixed paraffin-embedded (FFPE) samples with the 3F4 anti-prion protein (PrP) 
antibody. (a) in control cases, proteinase K-untreated (PK [−]) samples show strong PrP signals at approximately 25–40kDa. 
Proteinase K-treated (PK [+]) samples show no signal. (b, c, d) in the sporadic Creutzfeldt–Jakob disease (sCJD) cases, PK-resistant 
PrP (PrPres) signals are observed with varied densities per case. In sCJD 1, 2, and 3, three PrPres bands are detected at 21–30 kDa 
(white arrowheads). sCJD 4, 6 and 7 also show three PrPres bands, but the unglycosylated PrPres are slightly wider at 19–21 kDa 
(black arrowheads). In sCJD 5, faint PrPres is detected at 21–30 kDa. In all sCJD cases, high molecular smear PrPres signals are 
observed with varied densities per case. (e) PK digestion reveals three bands of PrPres at 21–30 kDa (white arrowheads) in 
Gerstmann–Sträussler–Scheinker disease (GSS) 1 and 3, as well as low molecular weight bands at approximately 8 kDa (arrows) 
and strong high molecular weight smear bands. In GSS 2, a high molecular weight smear band and a band at approximately 8 kDa 
(arrow) are present. In glycosylphosphatidylinositol-anchorless prion disease (GPIALP) cases, PK digestion reveals smear bands from 
low to high molecular weight and low molecular bands at approximately 9 kDa (arrows). In V180I CJD cases, weak high molecular 
PrPres smear signals are observed in V180I CJD 1, PrPres signal are unclear in V180I CJD 2.
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(Figure 3d*). In contrast, the signal was substantially weak 
in the PK (+) sample of V180I CJD 2 (PPS-untreated case) 
(Figure 3d).

Relative percentage of PrPres by molecular weight is 
shown in Table 2. Using 3F4, in sCJD cases, the average 
density of the three PrPres bands was higher than that 
of the high molecular PrPres, but no significant 

difference was observed (p > 0.05). In GSS cases, the 
average density of the high molecular PrPres was sig
nificantly higher than three PrPres bands (p < 0.01) and 
low molecular PrPres (p < 0.01). The average density of 
the low molecular PrPres was significantly lower than 
three PrPres bands (p = 0.01). In GPIALP cases, the high 
molecular weight PrPres and three PrPres bands were

Figure 3. Western blot analyses of the formalin-fixed paraffin-embedded (FFPE) samples with the EP1802Y anti-prion protein (PrP) 
antibody. (a) in control cases, proteinase K-untreated (PK [−]) samples show PrP signals at 25–40 kDa. In proteinase K-treated (PK 
[+]) samples, there is no PrPres signals. (b, c) the PK (+) samples of sporadic Creutzfeldt–Jakob disease (sCJD) 1–7 show 
unglycosylated PK-resistant PrP (PrPres) signals at 21 kDa (case 1–5 and 7: white arrowheads) and about 19 kDa (case 6: arrowhead). 
High molecular smear PrPres signals are observed in all sCJD cases (*). In addition, a low molecular weight band at approximately 16 
kDa (arrows) are also found in sCJD cases 1–5 and 7. The 16 kDa PrPres signal is not observed in sCJD 6. (D) in the Gerstmann– 
Sträussler–Scheinker disease (GSS) cases, unglycosylated PrPres at 21 kDa (white arrowheads) and high molecular smear bands are 
present (*). The low molecular weight band at approximately 8 kDa is not detectable. In glycosylphosphatidylinositol-anchorless 
prion disease (GPIALP) cases, no PrPres signal is detected. In the PK (+) sample of V180I CJD 1 (pentosan polysulfate [PPS]-treated 
case), a high molecular smear band (*) is visible, whereas the PrPres signal is substantially weak in V180I CJD 2 (PPS-untreated case).
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summed because the signals were smear-like. Then, the 
low molecular weight PrPres was compared to that of 
the high molecular and three PrPres bands. The average 
density of low molecular weight PrPres of GPIALP cases 
was higher than that of GSS cases, but there was no 
significance (p = 0.15). In V180I CJD cases, only V180I 
CJD 1 case treated with PPS showed high molecular 
PrPres signal. Using EP1802Y, in sCJD cases, the aver
age density of the high molecular PrPres was signifi
cantly higher than three PrPres bands (p < 0.01) and low 
molecular PrPres (p < 0.01). The average density of three 
PrPres bands was significantly higher than low molecu
lar PrPres (p < 0.01). In GSS cases, the average density of 
the high molecular PrPres was significantly higher than 
three PrPres bands (p = 0.01). The low molecular PrPres 

signals were not detected. In GPIALP cases, there was 
no significant PrPres signal. In V180I CJD cases, only 
V180I CJD 1 case treated with PPS showed high mole
cular PrPres signal.

Figure 4 displays the WB results using Tohoku 1 and 
2 as the primary antibodies against PK (+) samples of 
sCJD cases. Using Tohoku 1 antibody, sCJD 1–5 and 7 
showed moderate to strong PrPres smear signals ran
ging from about 20 kDa to high molecular weight. 
Whereas, in sCJD 6, Tohoku 1 immunopositive PrPres 

smear signals was faint. Using Tohoku 2 antibody, 
strong Tohoku 2 immunopositive PrPres signals were 
observed in sCJD 6, with mild to moderate signals in 
sCJD 2,4 and 5. In summary, WB results showed a 
predominantly type 1 PrPres signal in sCJD 1 and 3, 
type 1 + 2 in sCJDs 2, 4, 5 and 7, and type 2 in sCJD 6.

Histopathological findings

In sCJD 1, severe neuronal loss and gliosis with coarse 
neuropil degeneration in the cerebral cortex were 
observed (Figure 5a). IHC revealed synaptic PrP depos
its (Figure 5b). In sCJD 2, neuronal loss, gliosis, spongi
form changes (Figure 5c), and some large confluent 
vacuoles (Figure 5c, inset) were observed. IHC revealed 
fine granular synaptic deposits (Figure 5d). Irregularly 
shaped PrP around the large confluent vacuoles were 
also observed (Figure 5d, inset). Severe neuronal loss 
and gliosis were also observed in sCJD3 (Figure 5e). 
IHC indicated diffuse, frequent fine granular synaptic 
PrP deposits throughout the cortex (Figure 5f). In sCJD 
4, spongiform changes were observed in the cortex. 
However, neuronal cell loss and hypertrophic astrocyte 
proliferation were relatively mild, although some large 
confluent vacuoles were also observed (Figure 5G). IHC 
revealed synaptic PrP deposits and irregularly shaped 
PrP around the large confluent vacuoles (Figure 5h). 
Perineuronal PrP deposits (Figure 5h, inset) were also 

observed. In sCJD 5, spongiform changes and occa
sional large confluent vacuoles were observed (Figure 
5i). IHC revealed synaptic PrP deposits and PrP depos
its around the large confluent vacuoles (Figure 5j). 
Spongiform changes and reactive astrocytes were 
observed in sCJD 6 (Figure 5k). IHC revealed synaptic, 
perineuronal, and plaque-type deposits (Figure 5l). In 
sCJD 7, extensive spongiform changes and gliosis were 
observed, along with large confluent vacuoles (Figure 
5m). IHC revealed perivacuolar deposition and diffuse 
synaptic deposits (Figure 5n). In summary, IHC 
showed large confluent vacuoles and perivacuolar PrP 
deposits, a histological feature of sCJD type 2, in sCJD 
2, 4, 5 and 7.

In GSS 1, neuronal loss, spongiform changes, and 
gliosis (Figure 5o), as well as PrP plaques, were also 
observed (Figure 5o, inset). IHC revealed numerous 
PrP plaques and synaptic PrP deposits (Figure 5p). 
GPIALP 2 exhibited minimal spongiform changes and 
only mild neuronal loss (Figure 5q). IHC revealed 
numerous PrP coarse granular deposits in the neuropil 
and around the vessels (Figure 5r). In V180I CJD 1 
(PPS-treated case), neuronal loss, spongiform changes, 
and gliosis were evident in the cerebral cortex; however, 
coarsening of the tissue was relatively mild (Figure 5s). 
IHC revealed synaptic deposits and many PrP coarse 
deposits (Figure 5t). V180I CJD 2 (PPS-untreated case) 
showed extensive and severe spongiform changes in the 
cerebral cortex with relatively mild neuronal loss 
(Figure 5u). IHC showed virtually no abnormal PrP 
deposits (Figure 5v). In the control case, neurons are 
preserved and there are no spongiform changes of 
neuropil (Figure 5w). IHC revealed a uniform and 
weak positive PrP staining in the neuropil, suggesting 
the presence of normal PrP in the cerebral cortex 
(Figure 5x).

Discussion

Our new method clearly proved PrPres signal from 
FFPE samples. The use of PK before the protein extrac
tion stage from FFPE was important for a high effi
ciency of PrPres extraction. Furthermore, the 
characteristic signal could be identified and differen
tiated in sCJD types 1 and 2, as well as in inherited 
prion diseases such as GSS, GPIALP, and V180I CJD, 
using multiple antibodies. Collectively, our method 
facilitates the biochemical diagnosis of prion disease 
from FFPE samples.

The sCJD cases 1 and 3, in which the unglycosylated 
PrPres signal was observed mainly at 21 kDa, were 
predominantly PrPres type 1 with a strong Tohoku 1 
signal, and these findings were consistent with the
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Table 2. Relative percentage of protease-resistant prion protein by molecular weight.
sCJD GSS GPIALP V180I CJD 1

3F4
High molecular PrPres: >30kDa (% ± SD) 48.8 ± 23.9 46.3 ± 23.0 71.4 ± 2.6 100
Three PrPres bands: 19 or 21 ~ 30kDa (% ± SD) 51.2 ± 23.9 32.7 ± 18.0 0
Low molecular PrPres: <19kDa (% ± SD) 0 21.0 ± 0.5 28.6 ± 1.8 0
Relative percentage of protease-resistant prion protein by molecular weight
EP1802Y
High molecular PrPres: >30kDa (% ± SD) 56.4 ± 2.4 79.0 ± 7.9 0 100
Three PrPres bands: 19 or 21 ~ 30kDa (% ± SD) 36.7 ± 1.8 21.9 ± 7.9 0
Low molecular PrPres: <19kDa (% ± SD) 7.0 ± 0.8 0 0 0

Figure 4. Western blotting analyses of the formalin-fixed paraffin-embedded (FFPE) samples with the Tohoku 1 (specific for type 1 
scrapie prion protein [PrPSc]) and Tohoku 2 (specific for type 2 PrPSc) anti-proteinase K-resistant PrP (PrPres) antibodies. (a, b) Sporadic 
Creutzfeldt–Jakob disease (sCJD) 1 and 3 show bands of PrPres at 21–30 kDa and high molecular smears with Tohoku 1, whereas 
Tohoku 2 shows no signal. In sCJD 2, 4, and 5, PrPres signals are observed both with Tohoku 1 and 2. sCJD 6 shows a weak signal 
with Tohoku 1 but a strong signal with Tohoku 2. (c, d) sCJD 7 shows a smear band with Tohoku 1 and a weak smear band at 
approximately 20 kDa with Tohoku 2.
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Figure 5. Histological findings of the prion disease cases. (A, C, E, G, I, K, M, O, Q, S, U, W: Hematoxylin and eosin staining (HE), B, D, 
F, H, J, L, N, P, R, T, V, X: Immunohistochemistry (IHC) with 3F4), (A, B: sporadic Creutzfeldt–Jakob disease case 1 (sCJD 1), C, D: sCJD 
2, E, F: sCJD 3, G, H: sCJD 4, I, J: sCJD 5, K, L: sCJD 6, M, N: sCJD 7, O, P: Gerstmann–Sträussler–Scheinker disease case 1 (GSS 1), Q, R: 
glycosylphosphatidylinositol-anchorless prion disease case 1 (GPIALP 1), S, T: V180I CJD 1 (treated with pentosan polysulfate (PPS)), 
U, V: V180I CJD 2 without PPS, W, X: non prion case: control 3). (A, B: sCJD 1) HE staining indicating neuronal loss, gliosis and 
spongiform changes (a). IHC with 3F4 displaying synaptic prion protein (PrP) deposits in the cerebral cortex (b). (C, D: sCJD 2) HE 
staining shows spongiform changes and some large confluent vacuoles (inset) (c). 3F4 reveals synaptic PrP and perivacuolar PrP 
deposits (inset) (d). (E, F: sCJD 3) HE staining indicating neuronal loss, gliosis and spongiform changes (e). 3F4 displaying synaptic PrP 
deposits in the cerebral cortex (f). (G, H: sCJD 4) HE staining shows spongiform changes and some large confluent vacuoles (g). 3F4 
reveals synaptic PrP deposits, perivacuolar PrP deposits and perineuronal PrP deposits (inset) (h). (I, J: sCJD 5) HE staining shows 
spongiform changes and some large confluent vacuoles (I). 3F4 reveals synaptic PrP and perivacuolar PrP deposits (j). (K, L: sCJD 6) 
HE staining shows spongiform changes (k). 3F4 reveals synaptic, perineuronal (inset), and plaque-type deposits (inset) (l). (M, N: sCJD 
7) HE staining shows spongiform changes, gliosis, and large confluent vacuoles (m). 3F4 reveals PrP perivacuolar and diffuse synaptic 
deposits (n). (O, P: GSS 1) HE staining shows spongiform changes and PrP plaques (inset) (o). 3F4 reveals numerous PrP  
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histological findings of 3F4, which showed fine granu
lar synaptic PrP deposition. Whereas, in cases 2, 4, 5 
and 7, PrPres was detected in both Tohoku 1 and 
Tohoku 2; these results were compatible with the his
tology findings of type 2 sCJD, such as perivacuolar and 
perineuronal PrP depositions in addition to synaptic 
deposition characteristic of type 1. In contrast, case 6 
showed predominantly Tohoku 2 PrPres signals with 
histological findings of confluent large vacuole and 
perivacuolar PrP deposits, consistent with sCJD type 
2. In summary, cases 1 and 3 were sCJD type 1, cases 2, 
4, 5 and 7 were sCJD type 1 + 2 and case 6 was sCJD 
type 2, consistent with WB and histological results. 
Furthermore, our new method used the EP1802Y anti
body and revealed a 16 kDa C-terminal PrPres fragment 
suggestive of type 1 PrPres [23]. The 16 kDa C-terminal 
PrPres fragment was noted in cases 1–5 and 7, whereas 
not in case 6.

The PrPres signals by 3F4 in GSS and GPIALP 
cases were 8/9 kDa low molecular PrPres signals and 
high molecular smear PrPres signals, which are con
siderably different from the signal pattern of sCJD 
and can be distinguished from it. Conversely, GSS 
and GPIALP are difficult to distinguish because of 
their similarity. However, the results of EP1802Y are 
dramatically different between these cases, and the 
PrPres signal was undetected in GPIALP. This is 
because GPIALP does not include the epitope recog
nized by EP1802Y owing to the stop codon at the C- 
terminus.

In V180I CJD, it was difficult to detect the PrPres 

signal in WB using 3F4. Identifying PrPres deposition in 
tissues and WB using frozen samples for V180I is 
challenging. We previously reported a case of V180I 
CJD treated with PPS [7]. This case had relatively high 
histological deposition of PrP with easy identification 
of PrPres in WB using frozen samples. In the present 
study, the PrPres signal using 3F4 was slightly stronger 
in the PPS-treated case than in the PPS-untreated case. 
Using EP1802Y, a strong smear signal was observed in 
the PPS-treated case, whereas the smear signal was 
weak in the PPS-untreated case. In V180I CJD, 
EP1802Y, which recognizes the C-terminus, may be 
able to identify PrPres more easily than 3F4, which 
recognizes the prion protein core.

In our method, high molecular smear PrPres signals 
were evident using 3F4 and EP1802Y in almost all 
prion disease cases. On the other hand, no high smear 
PrP signals were found in non-prion cases. The high 
molecular smear PrPres signal is rarely observed in 
frozen samples. The aggregation of PrPres may have 
become stronger during the FFPE sample preparation 
process, which may have made it difficult to isolate PrP 
during thermal boiling, resulting in a high molecular 
smear PrPres signals. In GPIALP, 3F4 revealed marked 
high molecular smear PrPres signals, but no signals 
using EP1802Y. As GPIALP does not have an epitope 
for EP1802Y, the result that it is only recognized by 3F4 
suggests that PrPres without the C-terminus is accu
rately extracted. Furthermore, even in V180I CJD, 
where PrPres signals are usually difficult to obtain, 
high molecular smear PrPres signals were relatively 
easy to obtain when EP1802Y was used. In view of 
these, high molecular smear PrPres signals seem to be 
a very powerful PrPres detection signal in this method 
using FFPE samples.

These results are summarized in Figure 6. The prion 
pathotype can be diagnosed from FFPE samples if 
tested according to this chart. The representative band 
patterns are also summarized in Figure 7.

Since the sections from the same FFPE block are 
used as samples, pathological and biochemical evalua
tions can be performed at the same site. Our new PrPres 

detection method using FFPE showed biochemical 
PrPres characteristics of sCJD and hereditary prion dis
eases, which were compatible with the histological fea
tures of each disease type. Many samples, such as the 
brain and spinal cord, are commonly processed as 
FFPE, and biochemical evaluations such as type 1 and 
type 2 can also be performed on them. Therefore, this 
method can theoretically be used to evaluate the bio
chemical status of PrPres in all autopsy cases of prion 
diseases where FFPE is available. Even for areas, such as 
the hypothalamus, where it is challenging to obtain 
frozen samples during the autopsy, FFPE samples can 
be used first for observation and subsequent biochem
ical characterization. However, the limitation of this 
method is that if formalin fixation is prolonged, the 
PrP band will not be detectable [24].

plaques (inset) and synaptic deposits (p). (Q, R: GPIALP 1) HE staining shows minimal spongiform changes and only mild neuronal 
loss (q). 3F4 reveals numerous PrP coarse granular deposits in the neuropil and around the vessels (r). (S, T: V180I CJD 1 treated with 
PPS) HE staining shows spongiform changes and gliosis (s). 3F4 reveals synaptic deposits and many PrP coarse deposits (t). (U, V: 
V180I CJD 2 without PPS) HE staining shows extensive and severe spongiform changes (u). 3F4 shows virtually no abnormal PrP 
deposits (v). (W, X: non prion case: control 3) HE shows that the neurons and neuropil are preserved, and there is no obvious 
neurodegenerative pathology (w). 3F4 shows a weak positive PrP staining in the cortex (x). (Scale bars: A-V: 50 µm, inset: C, D, H, O, 
P: 25 µm, L: 20 µm).
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FFPE samples are inactivated by formic acid 
treatment; therefore, no special infection control 
measures are required, and the samples can be 
assessed in a general laboratory. Furthermore, WB 
can be performed without frozen samples, and bio
chemical evaluation is possible even if prion 

diseases are suspected after the autopsy; therefore, 
a definitive diagnosis can be obtained. Prion dis
ease-derived infection is a risk factor during cada
veric surgical training [25]; however, this risk may 
be mitigated by screening using our proposed 
methodology.

Figure 6. Schema for classing prion diseases using western blotting (WB) from formalin-fixed paraffin-embedded (FFPE) samples. In 
proteinase K-treated FFPE samples by western blotting with 3F4 antibody, the presence of 21–30 kDa three PrPres bands, high 
molecular smear PrPres signals, or low molecular PrPres signals strongly suggests prion disease. In 3F4, three PrPres bands + moderate 
high molecular smear PrPres signals suggest sCJD, strong high molecular smear PrPres signals + moderate three PrPres bands +  
moderate low molecular PrPres signals suggests GSS or GPIALP. In V180I CJD, it is difficult to detect, and only V180I CJD 1 PPS-treated 
case show weak high molecular smear PrPres signals. In sCJD cases, western blotting using Tohoku 1 (TH1) and Tohoku 2 (TH2) 
antibodies specific for type 1 and type 2 PrPres, respectively, can also distinguish between type 1 and type 2 PrPres with this method. 
In the case of V180I CJD, western blotting with EP1802Y antibody enhanced the high molecular smear PrPres signal, which was weak 
in 3F4. However, this was also only in PPS-treated case (V180I CJD 1), and it was difficult to identify the PrPres signal in untreated 
V180I CJD (V180I CJD 2).
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