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Table 6 The summary of non-CJD patients in the positive cases of ELISA of 14-3-3 y protein

Age Sex diagnosis WB (14-3-3 protein) ELISA Real-time QUIC method
all isoforms v-specific isoform T-specific isoform

79 male PCD/LEMS + + 4,233 -
69 male PCD/LEMS + -+ 4, 541 -
51 female temporal epilepsy + + 3, 405 -
59 female temporal epilepsy + + 3,79 -
62 male limbic encephalitis + + 3,072 -
78 male limbic encephalitis + + 5, 809 -
42 female MELAS + + 4,912 -
25 female MELAS + + 5, 227 -
78 male DAT + + 3,110 -
62 female DAT + + 3,386 -
69 female DAT + + 3, 892 -
57 male DAT + - 3,092 -
59 male DAT + 3,074 -
61 male DAT + - 3,038 -
66 fernale DAT + - 2,941 -
67 female DAT - - 2, 569 -
70 female DAT - 2,534 -
78 female DAT - - 2, 445 -
83 fernale DAT - - 2,410 -
89 female DAT - - 2,025 -
72 male DAT - - 1, 949 -
59 female DAT - - 1, 852 -
63 male DAT - - 1,709 -

PCD: paraneoplastic cerebellar degeneration, LEMS: Lambert-Eaton myasthenic syndrome, MELAS: Mitochondrial myopathy, Encephalopathy, Lactic Acidosis,

Stroke-like episodes, DAT: Dementia of Alzheimer's type

found that all three protein markers in CSF to be highly
sensitive at the early stages of CJD, with CSF tau protein
having the greatest specificity and efficiency. However,
an ELISA to detect 14-3-3 was the most sensitive of the
biochemical markers from the same samples. These
findings indicate that a combination of DWI-MRI and
14-3-3y ELISA are the most effective tests for detecting
CSF protein markers during the early stages of CJD.
There were two problems with our study: 20 DAT
cases identified that the level of ELISA was 3, 000-5,
000 AU/ml, but they could not be detected by WB and
these results showed a discrepancy between the 14-3-3y
WB and ELISA (additional file 3, figure S1-a); and the
specificity of the ELISA was very low (Figure 1). In this
study we established an ELISA method for the detection
of 14-3-3y in CSF. The levels of 14-3-3 in the CSF of
CJD patients were significantly elevated compared with
those in other patients with neurological disorders. In
various studies, the differences in sensitivity and specifi-
city for detection of 14-3-3 were likely due to the lack
of uniformity between the diseases, as well as the num-
ber of diseases that are associated with 14-3-3. The
detection limit of the y-isoform by WB was equivalent
to 3, 400-4, 600 AU/ml by the ELISA, thus very low

levels of 14-3-3y in the CSF of DAT patients were con-
firmed using the ELISA (Table 6).

One of the reasons why the specificity was low was the
combination of monoclonal antibodies used in the sand-
wich ELISA. If we had developed the ELISA using a com-
bination of specific y-isoform antibodies, such as clone
#3, it is likely that the specificity may have been greater.

Atarashi et al. [7] detected the abnormal prion protein in
CSF using the RT-QUIC method, with the specificity of
the RT-QUIC method at 100%. These findings indicate
the promise of an enhanced diagnostic capacity of RT-
QUIC in the antemortem evaluation of suspected CJD.
The RT-QUIC method has high specificity and moderate
sensitivity in suspected CJD cases. Therefore, the cut-off
limit for ELISA assay sensitivity was close to 100% because
the specificity of the RT-QUIC method was 100%. Differ-
ential diagnosis is crucial, in particular because the num-
ber of false positive results may increase (Table 6).
Additionally, the subtype of false negative results with
human prion disease is also important (Tables 4 and 5).

Conclusion
We have established an ELISA that specifically detects
14-3-3y, and we believe that our ELISA is an
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appropriate primary diagnostic screening tool for human
prion diseases. We think that the combination of an
ELISA specific for 14-3-3y and the RT-QUIC method
are the best diagnostic tools that can be used to detect
human prion diseases in CSF.

Additional material

Additional file 1: Table S1. The profiles of all researches in the
sensitivity and specificity of ELISA kits of 14-3-3 protein in CJD
patients. ELISA: WB: Western blots method, N.E: not exminated We
compared the previous reports of ELISA kits of 14-3-3 protein in CSF of
CJD patients with our data. Supplementary reference. 1. Geschwind MD,
Martindale J, Miller D et al. Challenging the clinical utility of the 14-3-3
protein for the diagnosis of sporadic Creutzfeldt-Jakob disease. Archives
of neurology. 2003;60:813-816. 2. Kenney K, Brechtel C, Takahashi H et al.
An enzyme-linked immunosorbent assay to quantify 14-3-3 proteins in
the cerebrospinal fluid of suspected Creutzfeldt-Jakob disease patients.
Annals of Neurology. 2000; 48:395-398. 3. Gmitterova K, Heinemann U,
Bodemer M et al. 14-3-3 CSF levels in sporadic Creutzfeldt-Jakob disease
differ across molecular subtypes. Neurobiology of Aging. 2009; 30(11):
1842-50.

Additional file 2: Table S2. The characterization of three
monoclonal antibodies and three polyclonal antibodies in six
isoforms of 14-3-3 protein. 14-3-3 proteins are a highly conserved
family of multifunctional proteins which are primarily found in high
levels in neurons. These proteins comprise seven distinct isoforms (3-
isoform, y-isoform, n-isoform, g~isoform, {-isoform, T-isoform and o-
isoform), but o-isoform has not been detected in the human brain. We
analyzed six isoforms (B-isoform, y-isoform, n-isoform, e-isoform, &-
isoform and t-isoform) in human CSF. We obtained the full-length gene
encoding each isoform (B-isoform, y-isoform, n-isoform, e-isoform, ¢-
isoform and t-isoform) of 14-3-3 protein from a cDNA library. Full-length
constructs encoding either the B- or y-isoform of human 14-3-3 protein
in addition to a His-tag were cloned into pcDNA6/His vector, after which
the constructs were transfected into murine 293T cell lines and over-
expressed. All isoforms of protein were collected and purified three times
through an affinity chromatography column. We analyzed all isoforms of
recombinant protein of 14-3-3 protein reacted by three monoclonal
antibodies (#1-#3) and polyclonal antibodies (#4-#6). Two monoclonal
antibodies (#1 and #2) and one polyclonal antibody (#6) were specific by
only y-isoform of 14-3-3 protein. But one monoclonal antibody (#3) and
two polyclonal antibodies (#4 and #5) were reacted by other isoforms
including y-isoform of 14-3-3 protein.

Additional file 3: Figures S1a and S1b. The standard curves
obtained for the sandwich ELISA (clones #1 and #6). The standard
curves obtained for the sandwich ELISA (clones #1 and #6). The standard
control used a recombinant y-isoform of 14-3-3. The combination of
antibodies (#1 and #6) showed a dose-dependent reaction against the y-
isoform. Detection of 14-3-3 by the Western blot method in DAT
patients. Detection of 14-3-3 by the Western blot method in DAT
patients. Both cases 1 and 2 were DAT patients. The data from the 14-3-
3 ELISA indicated that the protein concentration in cases 1 and 2 were 3,
168 and 6, 773 AU/m, respectively. The positive control (#3) was also
included.

Additional file 4: Figure S2a and S2b. The relationship between the
concentration of standard samples and the absorbance. The
relationship between the concentration of standard samples and the
absorbance. Correlation coefficient = 0.9967. The relationship between
the concentration of standard samples, and the absorbance in
different standard samples. The relationship between the
concentration of standard samples, and the absorbance in different
standard samples. These measurements were repeated five times. We
acquired the almost data similar to the fifth.
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Co-Occurrence of Types 1 and 2 PrP™® in Sporadic
Creutzfeldt-dakob Disease MM1
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Sendai; the Department of Neurology,” Oyamada Memorial Spa
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Japan

The genotype (M/M, M/V, or V/V) at polymorphic
codon 129 of the human prion protein (PrP) gene
and the type (1 or 2) of protease-resistant PrP
(PrP**°) in the brain are major determinants of the
clinicopathological phenotypes of sporadic Creutzfeldt-
Jakob disease (sCJD). According to this molecular
typing system, sCJD has been classified into six
subgroups (MM1, MM2, MV1, MV2, VV1, and VV2).
Besides these pure subgroups, mixed cases present-
ing mixed neuropathological phenotypes and more
than one PrP*° type have been found in sCJD. To
investigate the frequency of the co-occurrence of
types 1 and 2 PrP* in sCJD patients classified as
MM1, we produced type 2 PrP**-specific antibody To-
hoku 2 (T2) that can specifically detect the N-terminal
cleavage site of type 2 PrP** after protease treatment
and examined brain samples from 23 patients with
sCJD-MM1. Western blot analysis using the T2 anti-
body revealed that the minority type 2 PrP™° could be
detected in all sCJD-MM1 brain samples including those
of the cerebellum where sCJD-MM2 prions rarely accu-
mulate. These results show that the co-occurrence of
types 1 and 2 PrP**° within a single sCJD-MM1 patient is
a universal phenomenon. The general co-occurrence of
multiple PrP™° fragments within a single prion strain
questions the validity of the conventional molecular
typing system. (dm J Patbol 2011, 178:1309-1315; DOI:
10.1016/j.ajpath.2010.11.069)

Creutzfeldt-Jakob disease (CJD) is a lethal transmissible
neurodegenerative disease caused by an abnormal iso-
form of prion protein (PrP°), which is converted from the

normal cellular isoform (PrP)." The genotype (M/M, M/V,
or V/V) at polymorphic codon 129 of the human prion
protein (PrP) gene and the type (type 1 or type 2) of PrPSe
in the brain are major determinants of the clinicopatho-
logical phenotypes of sporadic CJD (sCJD).?™ Type 1
and type 2 PrPS° are distinguishable according to the
size of the proteinase K (PK)-resistant core of Prpsc
(PrP™®) (21 and 19 kDa, respectively), reflecting differ-
ences in the PK-cleavage site (at residues 82 and 97,
respectively).2® According to this molecular typing sys-
tem, sCJD has been classified into six subgroups (MM1,
MM2, MV1, MV2, VV1, or VV2).

Besides these “pure” subgroups, “mixed” cases pre-
senting mixed neuropathological phenotypes and more
than one PrP™s type have been reported.*®='° At first,
the co-occurrence of types 1 and 2 PrP™® within one
individual was found in five of 14 patients with sCJD.®
Recently, a systematic regional study in a series of 225
patients revealed that 35% of the sCJD patients pre-
sented both PrP™s types.® In addition to these neuro-
pathologically and biochemically mixed cases, monoclo-
nal antibodies recognizing an epitope between residues
82 and 96 of human PrP (ie, specifically detecting type 1
PrP™®® after PK digestion), revealed that all CJD patients
formerly classified as type 2 contained the minority type 1
PrP™®® despite the lack of mixed neuropathological phe-
notypes.’"'2 The co-occurrence of multiple PrP™s frag-
ments without mixed neuropathological phenotypes has
remained controversial. To investigate accurately the fre-
quency of the co-occurrence of types 1 and 2 PrP™®, we
produced type 2 PrP™s-gpecific polyclonal antibody To-
hoku 2 (T2)'® and examined brain samples from 23 pa-
tients formerly classified as sCJD-MM1. Here we report
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Table 1. Summary of Clinical Features
Age at PSWC on Myoclonus Akinetic Duration of
onset (years) EEG (months) (months)* mutism (months)* illness (months)  PrP deposition
MM1 (n = 23) 68.6=7.8 2.0+26(23/23)7 2.2x25(23/23) 30+32 135+7.8 Synaptic
MM1+2(n =9) 658=102 53=58(89)" 48=54(99)7" 5.7 +6.3 11.8+ 109  Synaptic +

perivacuolar

Values are mean = SD.

*Duration until appearance of PSWC, myoclonus, or akinetic mutism from onset.

TPositive rate.

that the minority type 2 PrP™® could be detected with type
1in all sCJD-MM1 patients examined.

Materials and Methods

Patients

All CJD cases included in this study were patients with
clinically, genetically, and neuropathologically proven
sCJD. The diagnosis of CJD and the type of PrP™s were
confirmed by neuropathological examination, PrP immu-
nohistochemistry, and conventional Western blotting us-
ing monoclonal antibody 3F4 as described.’* ' The ge-
notype and the absence of mutations in the open reading
frame of the PrP gene were determined by sequence anal-
ysis.’® All subjects were homozygous for methionine at
codon 129 of the PrP gene and were classified as follows:
MM1, 23 cases; MM1+2 (MM1-dominant form), nine cas-
es; MM2 (cortical form), one case. The clinical features of
the patients are summarized in Table 1. Detailed infor-
mation of this sCJD-MMZ2 patient has been reported pre-
viously."” Four age-matched control subjects were in-
cluded in this study and were also homozygous for
methionine at codon 129 of the PrP gene.

Sample Preparation and Western Blotting

Brain tissues were obtained at autopsy from the patients
after receiving informed consent for research use. PrP™*®
was extracted from brain tissues with collagenase treat-
ment as described'® with some modifications. Samples
were subjected to 13% SDS—polyacrylamide gel electro-
phoresis and Western blotting as described.'® The pro-
duction of type 2 PrP™®S-specific polyclonal antibody T2
has been reported previously."™ The monoclonal anti-
body 3F42° and the T2 antibody were used as the
primary antibodies. Goat-antimouse immunoglobulin
polyclonal antibody labeled with the peroxidase-con-
jugated dextran polymer, EnVision+ (Dako, Carpinte-
ria, CA) and antirabbit EnVision+ were used as the
secondary antibodies. The signal intensities of the
Western blots were quantified with Quantity One soft-
ware using an imaging device, VersaDoc 5000 (Bio-
Rad Laboratories, Hercules, CA).

Immunohistochemistry

Formalin-fixed brain tissues were treated with 99% formic
acid for 1 hour to inactivate the infectivity and embedded
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in paraffin. Tissue sections were pretreated by hydrolytic
autoclaving before PrP immunohistochemistry.'* The 3F4
antibody and the monoclonal antibody #712"22 were
used as the primary antibodies. Antimouse EnVision+
was used as the secondary antibody.

Results

T2-Reactive PrP®° Fragments in the Cerebrums
from sCJD-MM1 Patients

To determine whether type 2 PrP™* could be detected in
the sCJD patients formerly classified as type 1, we ex-
amined the cerebral samples from 23 patients with sCJD-
MM1 by Western blotting using type 2 PrP™S-specific
polyclonal antibody T2 (Figure 1A). The T2 antibody is a
proteolytic cleavage site—-specific antibody and can spe-
cifically react with the N-terminally cleaved type 2 PrPre®
after PK digestion.”® Although the N-terminal cleavage of
type 2 PrP™*® by PK treatment can occur at several sites,®
the T2 antibody detects the major cleavage products
cleaved at residue 97."® As the positive control for the T2
antibody, we also examined nine patients with sCJD-
MM1+2 (MM1-dominant form) and one patient with
sCJD-MM2 (cortical form). In the conventional Western
blot analysis using the monoclonal antivody 3F4, which is
the most popular anti-PrP antibody that reacts with all
PrP™es types, the sCJD-MM1 brains showed only type 1
PrP™®s (Figure 1B). In contrast, in the Western blot analy-
sis using the T2 antibody, all sCJD-MM1 brains contained
T2-reactive PrP™® fragments (Figure 1C). The sizes of the
T2-reactive fragments were identical to those of type 2
PrP™® in the sCJD-MM2 brain. In the quantitative analy-
sis, the mean signal intensities of PrP™* in the sCJD-MM2
brain were assigned as 100/mm? in each experiment
using the 3F4 or T2 antibody (Figure 1D). To compare
the amounts of the T2-reactive PrP™*® fragments among
the patients, the mean signal intensities of the T2-
reactive fragments were divided by those of the 3F4-
reactive PrP™® fragments, and the percentage of the
T2-reactive fragments was calculated in each case (T2/
3F4 ratio). The mean T2/3F4 ratio of the sCJD-MM1 pa-
tients was significantly lower than that of the sCJD-MM1+-2
patients (Figure 1E). Thus, small but significant amounts of
T2-reactive PrP™® fragments could be detected in all
sCJD-MM1 patients examined. '
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Figure 1. Tohoku 2 (T2)-reactive PrP™ fragments in the cerebrums from
sCJD-MM1 patients. A: The epitope for type 2 PrP**-specific antibody T2.
The T2 antibody specifically detects the N-terminal cleavage site of type 2
PrP*s 13 [n contrast, 3F4 antibody detects both PrP™® types. B: The conven-
tional Western blot analysis using the 3F4 antibody was used for the classi-
fication of sCJD patients included in this study. The subgroup and case
number of each patient are described above each lane. A faint type 2 PrP™*
band (arrowhead) was detected with the majority type 1 PrP™® bands in the
sCJD-MM1+2 brain (case 109). C: T2-reactive PrP™® fragments could be
detected in all sCJD-MM1 brains examined. D: The signal intensities of the
3F4-reactive PrP™® fragments (white bars) or those of the T2-reactive PrP™*
fragments (gray bars). The mean signal intensities of PrP™* in the sCJD-MM2
brain (case 16) were assigned as 100/mm? in each experiment. To compare
the amounts of the T2-reactive PrP™* fragments among the patients, the mean
signal intensities of the T2-reactive fragments were divided by those of the
3F4-reactive fragments, and the percentage of the T2-reactive fragments was
calculated in each case (T2/3F4 ratio, black bars). The data are expressed as
mean = SEM (n = 3). E: Summary of the Western blot analysis using the T2
antibody. Values are means = SEM.

T2-Reactive PrP"™®° Fragments in the
Cerebellums from sCJD-MM1 Patients

The consistent detection of the T2-reactive PrP™®® frag-
ments in the cerebrums from sCJD-MM1 patients led us
to suppose that co-occurrence of types 1 and 2 PrP™®
fragments might be a universal phenomenon. Indeed, the
T2-reactive PrP™® fragments were also detected in the
cerebellum of a sCJD-MM1+2 patients in the present
study. In most sCJD-MM1+2 patients, type 2 PrP™* is
rarely detected in the cerebellum by conventional West-
ern blot analysis.® In addition, the cerebellums from
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sCJD-MM1+2 patients lack the perivacuolar PrP deposi-
tion that is characteristic of sCJD-MM2 prions, whereas
the cerebrums show a mixed PrP deposition pattern (ie,
synaptic plus perivacuolar PrP deposition).*® In accor-
dance with these reports, the cerebellums from the sCJD-
MM1+2 patients in the present study lacked perivacuolar
PrP deposition and showed only the synaptic-type depo-
sition, whereas the cerebral cortices showed perivacu-
olar PrP deposition in addition to the synaptic-type depo-
sition (Figure 2A). Furthermore, conventional Western
blot analysis using the 3F4 antibody showed the lack of
type 2 PrP™® accumulation in the cerebelium of the sCJD-
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Figure 2. T2-reactive PrP™*® fragments in the cerebellum from the sCJD-
MM1+2 patient. A: Imunohistochemistry using the anti-PrP antibody #71
showed that perivacuolar PrP deposition was restricted to within the
cerebral cortices in the sCJD-MM1+2 patient (cases 45; X40, insets X
200). The sCJD-MM1 patient showed only synaptic-type PrP deposition
(case 47; X40). G = gray matter; W = white matter. B: In the conventional
Western blot analysis using the 3F4 antibody, faint type 2 PrP™* bands
(arrowheads) were detected in the cerebrums from the sGJD-MM1+2 pa-
tients (cases 2, 5, 45, and 55) but not in the cerebellum (case 45 CE). In case
44, although neuropathological examination showed focal perivacuolar PrP
deposition, the conventional Western blot analysis failed to detect type 2
PrP™s, C: T2-reactive PrP™® fragments could be detected also in the cerebel-
lum of the sCJD-MM1+2 patient (case 45 CE). D: The signal intensities of the
3F4-reactive PrP™* fragments (white bars) or those of the T2-reactive PrP™®
fragments (gray bars), and the T2/3F4 ratios (black bars). The mean signal
intensities of PrP™® in the sCJD-MM2 brain (case 16) were assigned as
100/mm? in each experiment. Data are expressed as mean * SEM (1 = 3).
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Figure 3. T2-reactive PrP** fragments in the cerebellums from the sCJD-MM1
patients. A: In the conventional Western blot analysis using the 3F4 antibody,
PrP** was not detected in the cerebellum of the sCJD-MM2 patient (case 16 CE).
B: The T2-reactive PrP™ fragments could be detected in the cerebellums from
the sCJD-MM1 patients (cases 47 CE and 49 CE), but not in the cerebellum from
the sCJD-MM2 patient (case 16 CE). C: The signal intensities of the 3F4-reactive
PiP™* fragments (white bars) or those of the T2-reactive PrP**® fragments (gray
bars), and the T2/3F4 ratios (black bars). The mean signal intensities of PrP™ in
the sCJD-MM2 cerebrum (case 16) were assigned as 100/mm? in each experi-
ment. Data are expressed as mean = SEM (n = 3).
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MM1+2 patient (case 45 CE) (Figure 2B). Nevertheless,
Western blot analysis using the T2 antibody revealed that
the cerebellum of the sCJD-MM1+2 patient (case 45 CE)
contained T2-reactive PrP™® fragments (Figure 2C). The
sizes of the T2-reactive fragments were identical to those
of type 2 PrP™® in the sCJD-MM2 brain. In the quantitative
analysis, the T2/3F4 ratio of the cerebellum (case 45 CE)
was lower than that of the cerebrum (case 45) (Figure
2D). Thus, small amounts of T2-reactive PrP™® fragments
could be detected also in the cerebellum of the sCJD-
MM1+2 patients.

For further analysis, we also examined the cerebellums
from two sCJD-MM1 patients. In most sCJD-MM2 pa-
tients, the cerebellum lacks significant pathology, and
PrP deposition is seldom or never observed.* In line with
this report, the cerebellum of the present sCJD-MM2
patient (case 16 CE) did not contain any PrP™* signals
when probed with the 3F4 or T2 antibody (Figure 3, A
and B)."” In contrast, the cerebellums from the sCJD-
MM1 patients contained the T2-reactive PrP™° frag-
ments (cases 47 CE and 49 CE). These T2-reactive PrP™e®
fragments showed the exact type 2 PrP™® migration pat-
tern. In the quantitative analysis, the T2/3F4 ratios of the
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cerebellums (case 47 CE, 1.5% = 0.8%; case 49 CE,
1.1% = 0.5%) were lower than those of the cerebrums
(case 47, 3.4% = 0.5%,; case 49, 5.9% * 0.8%) (Figure
3C). Thus, trace amounts of T2-reactive PrP™® fragments
could be detected in all sSCJD-MM1 brain samples includ-
ing those of the cerebellum.

T2-Reactive Truncated PrP° Fragments in
Non-CJD Control Brains

The normal cellular isoform of PrP, denoted as PrP®, is
cleaved by endogenous proteases and can generate
various N-terminally truncated PrP€ molecules.2®24 This
raised the possibility that T2-reactive PrP fragments (97-
PrP®) might pre-exist in the brains and might be incorpo-
rated into MM1 PrP™®® aggregates in sCJD-MM1 patients.
To determine whether the 97-PrP® fragments can be gen-
erated in normal brains, we examined brain samples from
four age-matched control subjects without PK treatment.
Western blot analysis using the T2 antibody showed that
the cerebral cortices from the control subjects contained
97-PrP€ (Figure 4, A and B). The glycosylation patterns of
these 97-PrPC fragments were different from those of the
T2-reactive PrP™®® fragments observed in the sCJD pa-
tients. After deglycosylation with PNGase F, these 97-
PrP¢ fragments migrated at 19 kDa. Moreover, the cere-
bellums from the control subjects also contained the 97-
PrP€ (Figure 4, C and D). Thus, the T2-reactive truncated
PrP® fragments could be detected in all control brain
samples including those of the cerebellums.

Patchy Plaque-Type PrP Deposition in the
sCJD-MM1 Patients with High T2/3F4 Ratios

In the 23 patients with sCJD-MM1 examined in the pres-
ent study, two patients (cases 4 and 6) showed high
T2/3F4 ratios similar to those of the sCJD-MM1+2 pa-
tients (Figure 2D). The clinical courses of cases 4 and 6
were not significantly different from those of the other
sCJD-MM1 patients (Figure 5A). Indeed, the duration
until the appearance of akinetic mutism and total duration
of illness in case 6 were rather shorter than the mean
values in the sCJD-MM1 patients. However, the high T2/
3F4 ratios raised the possibility that these two sCJD pa-
tients might contain a focal deposition of MM2 prions
overlooked in the previous examination. Therefore, we
re-examined all brain sections from these patients by PrP
immunohistochemistry. The cerebral and cerebellar cor-
tices from the two patients lacked perivacuolar PrP de-
position and showed diffuse synaptic-type PrP deposi-
tion. However, careful re-examination revealed a very
focal accumulation of small PrP plagues in the cerebral
cortices (Figure 5B). These patchy plaque-type PrP de-
posits were not accompanied by large vacuoles, in con-
trast to the perivacuolar PrP deposition (Figure 5, C and
D). Meanwhile, besides perivacuolar and synaptic-type
deposition, coarse PrP deposits similar to the patchy
plague-type PrP deposition were observed in the cere-
bral cortices from the sCJD-MM1+2 patients. These
coarse PrP deposits in the sCJD-MM1+2 patients were



also independent of vacuoles (Figure 5E). Thus, the
sCJD-MM1 patients with the high T2/3F4 ratios showed
the patchy plaque-type PrP deposition similar to the
coarse PrP deposition in the sCJD-MM1+2 patients. Al-
though these sCJD patients had been classified into
MM1 by the conventional classification system because
the lack of perivacuolar PrP deposition, the patchy
plague-type PrP deposition might indicate the existence
of MM2 prions.

Discussion

Our data comprised three major findings. First, using the
novel antibody T2 that can specifically react with the
N-terminal cleavage site of type 2 PrP™® after PK diges-
tion, type 2 PrP™* could be detected in all sCJD-MM1
brain samples including those of the cerebellum where
sCJD-MM2 prions rarely accumulate. Second, T2-reactive
truncated PrPC fragments (97-PrP€) could be detected in
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Figure 4. T2-reactive truncated PrP® fragments in non-CJD control brains.
A: The cerebral cortices from age-matched control subjects (N1 to N4) were
examined by conventional Western blot analysis using the 3F4 antibody without
PK treatment. After deglycosylation with PNGase F, major PrP¢ fragments mi-
grated at 25 kDa. In addition, various truncated PrP€ fragments (arrowheads)
were also observed. B: T2-reactive truncated PrP€ fragments (97-PrP©) could be
detected in all control brains. The 97-PrP€ fragments migrated at 19 kDa after the
deglycosylation. C and D: The 97-PrP© fragments could be detected also in the
cerebellums from the control subjects (N1 CE and N2 CE).
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Figure 5. Patchy plaque-type PrP deposition in the sCJD-MM1 patients with
high T2/3F4 ratios. A: The duration until the appearance of akinetic mutism
(gray bars), total duration of illness (white bars), and the T2/3F4 ratio (black
bars) of the sCJD patients. The sCJD-MM1 or sCJD-MM1+2 cases are ar-
ranged in order of the duration until the appearance of akinetic mutism. *The
patient became unconsciousness and bedridden 1 month after the initial
symptom because of respiratory failure. **The patient did not present akinetic
mutism throughout the clinical course. B: PrP immunohistochemistry using
the 3F4 antibody revealed patchy plaque-type PrP deposition (arrowheads)
besides diffuse synaptic-type PrP deposition in the cerebral cortices from the
sCJD-MM1 patient with the high T2/3F4 ratio (case 4; temporal cortex; X40).
C: The patchy plaque-type PrP deposition was independent of vacuoles
(case 4; occipital cortex; X400). D: The patchy plaque-type deposition in the
other sCJD-MM1 patient with the high T2/3F4 ratio (case 6; frontal cortex;
X400). E: The cerebral cortices from the sCJD-MM1+2 patient showed
coarse PrP deposition similar to the patchy plaque-type PrP deposition (case
S; parietal cortex; X400). Scale bars = 10 pum.

age-matched control brains without PK treatment. Third,
two sCJD-MM1 patients with relatively high type 2 PrP™®
contents showed unique PrP deposition, namely the patchy
plaque-type deposition. Here we demonstrate that the co-
occurrence of types 1 and 2 PrP™® within a single sCJD-
MM1 patient is a universal phenomenon.

The trace amounts of type 2 PrP™® in the sCJD-MM1
brains might result from the involvement of 97-PrPC frag-
ments into the MM1 PrP™®® aggregates. Despite the lack
of perivacuolar PrP deposition that is characteristic of
sCJD-MM2 prions, trace amounts of type 2 PrP™® were
detected in all sCJD-MM1 patients examined. In addition,
type 2 PrP™® could be detected not only in the cerebrums
but also in the cerebellums where sCJD-MM2 prions
rarely accumulate. These findings support the view of the
co-occurrence of multiple PrP™® fragments within MM1
prions rather than the co-occurrence of multiple prion
strains within the same individual. One possible explana-
tion for the co-occurrence of multiple PrP™® fragments
within a single prion strain is the involvement of multiple
PrP® fragments into the PrP™s aggregates. There is ac-
cumulating evidence that various N-terminally truncated
PrP® molecules exist in human brains.?>2* Moreover,
T2-reactive 97-PrP€ fragments existed in normal human
brains in the present study. These 97-PrPC fragments
might be incorporated into the PrP™® aggregates with
full-length PrPS° and might acquire protease resistance
as reported in deletion mutant PrPs or green fluorescent
protein-tagged PrP.25-28 These findings lead us to spec-
ulate that the minority type 1 PrP™® detected in the brains
from CJD patients classified as type 22 might also be
caused by the involvement of 82-PrP® fragments. Be-
cause the type 1 PrP™®-specific antibodies used in these
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reports recognize an epitope between residues 82 and
96 of human PrP and can react with full-length PrP®, it
remains to be determined whether 82-PrPC fragments
can be generated in human brains. If an antibody that
can specifically detect the N-terminal cleavage site at
residue 82 is generated, 82-PrP® fragments might also
be detected in human brains. To examine the possibility
of the co-occurrence of multiple prion strains within one
individual, whether transmissibilities and pathological
phenotypes can be split into two groups in the transmis-
sion studies using the limiting ditution of these CJD brains
should be addressed in the future.

The analysis of the type 2/total PrP™® ratio (ie, the
T2/3F4 ratio) using the T2 antibody may have signifi-
cance in classifications of sCJD. In the present study, two
of 23 sCJD-MM1 patients showed high T2/3F4 ratios and
the unique PrP deposition designated as the patchy
plague-type. Because the patchy plague-type deposition
was similar to the coarse PrP deposition in the sCJD-
MM1+2 patients, these deposits might be precursors of
the perivacuolar PrP deposition or variant deposition pat-
terns of MM2 prions. The finding of the patchy plaque-
type deposition in the sCJD patients who have been
neuropathologically and biochemically classified into
MM1 raises the possibility that the co-occurrence of MM1
and MM2 prions within the same brain might be under-
estimated in the conventional classification. Hereafter,
sCJD-MM1 patients need to be examined by the T2 an-
tibody, and the focal accumulation of MM2 prions must
be tested carefully in patients showing high T2/3F4 ratios
compared with the mean value of the sCJD-MM1 patients
(5.1%). On the other hand, although the mean T2/3F4
ratio of the sCJD-MM1+2 patients was significantly
higher than that of the sCJD-MM1 patients, some of the
sCJD-MM1+2 patients showed low T2/3F4 ratios indis-
tinguishable from those of the sCJD-MM1 patients.
These results suggest that examination using the T2
antibody is insufficient to discriminate sCJD-MM1+2
from sCJD-MM1 when the amount of type 2 PrP™® is
marginal and the examined brain region is limited. To
avoid missing the focal accumulation of MM2 prions,
multiple brain regions need to be examined by the T2
antibody, as suggested when using the conventional
Western blot analysis.®

Unfortunately, immunohistochemical analysis of type 2
PrP™®® using the T2 antibody was unavailable in the pres-
ent study. To eliminate the infectivity of sCJD prions, all
brain sections had to be treated with formic acid, and
infectious conformers were denatured. Therefore, the
PrP™es type-specific cleavage by PK treatment was im-
possible in tissue sections. We also attempted to detect
the endogenous protease-cleaved type 2 PrP™® without
PK treatment. In this preliminary experiment, the patchy
plaque-type PrP deposition in the sCJD-MM1 patients
with the high T2/3F4 ratios showed the T2-immunoreac-
tivities, whereas the synaptic-type deposition was not
immunolabeled with the T2 antibody (A. Kobayahsi and
T. Kitamoto, unpublished). However, as 97-PrP® frag-
ments also exist in human brains, we cannot conclude
whether the T2 immunoreactivities observed in the sCJD
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brains without PK treatment represent the existence of
type 2 PrP™s.

In conclusion, the present study, together with evi-
dence from other groups,’™'? suggests that the co-oc-
currence of multiple PrP™® fragments within a single
sCJD patient is a universal phenomenon. These findings
show that the conventional typing of PrP™® merely repre-
sents the predominant PrP™®® subpopulation among mul-
tiple co-existing PrP™® fragments. Besides the general
co-occurrence of multiple PrP™® fragments, the condition
of PK digestion easily affects the size of Prpres 2728 |n.
deed, insufficient PK digestion can generate type 1
PrP®s-specific antibody-reactive fragments in the sCJD
patients classified as type 2.2° Furthermore, it is possible
that the conventional Western blot analysis fails to detect
type 2 PrP™® in sCJD-MM1+-2 cases showing very focal
perivacuolar PrP deposition in the brain.® These confus-
ing aspects of PrP™® typing question the validity of the
conventional molecular typing system. For a precise clas-
sification, it may be appropriate that the neuropatho-
logical phenotyping [synaptic (SY), perivacuolar (PV),
plague (PL), or patchy plague (PP)] be combined with
the molecular typing [eg, sCJD-MM1(+2)/SY+PV] the
sCJD-MM patient showing synaptic + perivacuolar PrP
deposition, but not type 2 PrP™® in the conventional
Western blot analysis.
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Deduction of the evaluation limit and termination timing of
multi-round protein misfolding cyclic amplification from a
titration curve
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ABSTRACT

In this study, the efficacy of disinfectants in reducing the partially protease-resistant isoform of prion
protein was evaluated by a multi-round protein misfolding cyclic amplification (PMCA) technique.
Hamster brains infected with scrapie-derived strain 263K were homogenized, treated under inactivating
or mock conditions, and subjected to multi-round PMCA. Four sets of serial 10-fold dilutions of mock-
treated samples were analyzed. Although considerable variability was observed in the signal patterns,
between the second and sixth rounds the number of the PMCA round correlated in a linear fashion
with the mean dilution factor of mock-treated, infected brains, corresponding to a log reduction factor
(LRF) of 3.8-7.3 log. No signals were observed in the PMCA products amplified from normal hamster
brain homogenates. The mean numbers of rounds at the first appearance of the signal for 1 M and 2
M NaOH-treated samples were 4.33 and 4, respectively. Using the linear regression line as the titration
curve, the LRFs of these disinfectants were found to be 6.1 and 5.8 log, respectively; these values were
not significantly different. The mean number of rounds for the alkaline cleaner and sodium dodecyl
sulfate were 9 and 10.33, respectively, and were outside the range of both the linear regression line and
evaluation limit. The disinfectants were considered very effective because their LRFs were >7.3 log. These
estimations were concordant with previous bioassay-based reports. Thus, the evaluation limit seems to
be valuable in some applications of multi-round PMCA, such as disinfectant assessment and process
validation.

Key words disinfectant, evaluation, prion, protein misfolding cyclic amplification.

The pathogenesis of prion disease involves conversion of a
cellular isoform of the prion protein (PrP¢) into a disease-
associated isoform of PrP (PrP%) (1). In healthcare facil-
ities, inactivation or removal of prions is a vital measure
for preventing iatrogenic transmission of prion disease.
Bioassay, the only method for measuring residual infec-
tivity after inactivation, has some drawbacks. Bioassays
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are expensive and time-consuming. Assessment of toxic
reagents requires enormous dilution, which also reduces
sensitivity. Sensitivity in animal models does not always
reflect sensitivity in transmission between humans. There-
fore, development of sensitive in vitro methods that can
serve as surrogate or supplemental measures for bioassays
is necessary.
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Protein misfolding cyclic amplification is an in vitro
method for producing large amounts of PrP™* (2). PMCA
has a sensitivity >4000 times greater than that of bioas-
says (3), and amplified products have been shown to be
infectious (4). PMCA has been used to assess the effi-
cacy of PrP% removal, and the reported results have been
concordant with the results of bioassays to assess inac-
tivation efficacy (5, 6). However, many bioassay-proven
disinfectants have not yet been assessed by PMCA. More-
over, before this method can be applied in practice, many
aspects must first be quantified; for example, the termi-
nation timing of multi-round PMCA and its quantitative
capabilities.

In the present study, multi-round PMCA was applied
to assess the LRFs of PrP™ by four agents, namely, an
alkaline cleaner (mip-PC-M; Ecolab, Tokyo, Japan); 3%
SDS; 1 M NaOH, (which is recommended by the World
Health Organization) (7); and 2 M NaOH. The efficacy
of these agents has previously been assessed by bioassays
(8-10).

MATERIALS AND METHODS

Preparation of brain homogenates

A 10% (w/v) homogenate of hamster brain infected
with hamster-adapted scrapie strain 263K (263K-BH) was
prepared in PBS containing protease inhibitors cocktail
(Roche Diagnostics, Mannheim, Germany) and sonicated
with an analogue sonifier (S-250; Branson Ultrasonic,
Danbury, CT, USA) for 1 min. A 10% (w/v) Neg-BH
was prepared under the same conditions. Another 10%
(w/v) N-BH, which was used for a PMCA substrate, was
prepared by homogenization in PMCA buffer (PBS con-
taining protease inhibitors cocktail, 1% TritonX-100, and
4 mM EDTA) followed by sonication for 1 min.

Prion inactivation procedures

263K-BH was treated with four disinfectants: an alkaline
cleaner, SDS, and 1 and 2 M NaOH, as described be-
low. Disinfectant or mock treatments of 263K-BH and
disinfectant treatments of Neg-BH were performed in
triplicate.

Treatment with alkaline cleaner

Ten uL of 10% 263K-BH was mixed with 90 uL of an
alkaline cleaner containing 0.125 M NaOH (mip PC-M,
Ecolab) and this mixture incubated for 30 min at 70°C.
After incubation, the sample was neutralized to pH 7.5
with 9 uL 1 M HCI, and then 4.6 uL 1.2 M Tris-HCl
(pH 8.0) was added. For a negative control, Neg-BH was
treated in the same manner. For a mock treatment control,
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10 L 10% 263K-BH was mixed with 90 uL of an HCI
pre-neutralized alkaline cleaner (pH 7.5) and incubated
under the same conditions.

Sodium dodecylsulfate treatment

One% 263K-BH was incubated with 3.0% (w/v) SDS (total
volume, 100 uL) for 5 min at 100°Cand 4.6 uL 1.2 M Tris-
HCI (pH 8.0) added. For a negative control, Neg-BH was
treated in the same manner. For a mock treatment, 263K-
BH was treated with distilled water instead of SDS.

Sodium hydroxide treatment

Sodium hydroxide treatment was performed under two
conditions. Ten uL 10% of 263K-BH was mixed with
90 uL 1.1 or 2.2 M NaOH and incubated for 120 and
60 min, respectively, at 25°C. In both methods, samples
were neutralized to pH 7.5 with 9 uL 10 M HCI, and
4.6 1L 1.2 M Tris-HCI (pH 8.0) was added. For a negative
control, Neg-BH was treated in the same manner. A mock
treatment was performed with distilled water instead of
NaOH.

Multi-round protein misfolding cyclic
amplification reaction

Disinfectant-treated ~ 263K-BH (triplicate) and
disinfectant-treated Neg-BH (triplicate) were diluted
1:100 in N-BH substrate, and serial 10-fold dilutions of
mock-treated 263K-BH (in duplicate) were prepared by
diluting with 10% N-BH substrate. The reaction mixture
(total volume, 100 £L) was placed in a 0.1 mL thin-walled
PCR tube with a screw cap (No. 72.733.200; Sarstedt,
Numbrecht, Germany) and subjected to multi-round
PMCA. A round of amplification consisted of 48 cycles of
sonication (five pulses of 5sec with Isec rest) and agitation
(1 hr) at 37°C using a fully automatic cross-ultrasonic
protein activating apparatus (ELESTEIN 070-GOT,
Elekon Science, Chiba, Japan). After each round, the
reaction products were diluted 1:10 in fresh 10% N-BH,
after which the next round was started. For serially
diluted mock-treated samples, multi-round PMCA was
terminated when a signal was detected (with some
exceptions).

Proteinase-K digestion and Western blotting

Samples were digested with PK for 30 min at 37°C; a
concentration of 50 pg/mL was used for samples before
they were subjected to PMCA, and 100 ug/mL for samples
after PMCA. The digested samples were Western blotted
with an anti-PrP monoclonal antibody (3F4) as described
previously (11). Western blot signals were detected with
a Versa Doc 5000 imaging device and signal intensities
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were quantified using Quantity One software (Bio-Rad
Laboratories, Hercules, CA, USA).

RESULTS

Assessment of logs of reduction factor of
the partially protease resistant isoform of
prion protein by four disinfectants using
multi-round protein misfolding cyclic
amplification

We assessed residual amounts of PrP™ after four inacti-
vation procedures: alkaline cleaner treatment for 30 min
at 70°C, 3% SDS treatment for 5 min at 100°C, 1 M
NaOH treatment for 2 hr at 25°C, and 2 M NaOH treat-
ment for 1 hr at 25°C. 263K-BH (1%) was treated with
four inactivation procedures and neutralized. No signal
was detected in undiluted, disinfectant-treated 1% 263K-
BH, but strong signals were observed in 30-fold diluted,
mock-treated 263K-BH (positive control) (Fig. la), indi-
cating that the residual amounts of PrP™ were below the
Western blot detection limit. To eliminate inhibition by
disinfectants carried over into the PMCA reaction mix-
ture, the disinfectant-treated 263K-BHs or Neg-BHs were
diluted 100-fold in 10% N-BHs, generating 10™* dilutions
of brain, and subjected to PMCA. To evaluate the inac-
tivation efficacy or LRF of each disinfectant individually,
PMCA of serial 10-fold dilutions of relevant mock-treated
samples were performed simultaneously (dilution factors
used are indicated in Figs. 1b-e).

Alkaline cleaner

We detected PrP™ signals by Western blot in each round
(Fig. 1b). Signals for two out of three alkaline cleaner-
treated samples appeared in the ninth round (indicated by
arrowheads in Fig. 1b). All signals for >—10 log dilutions
of mock-treated samples appeared by the third round, and
a signal for one of the —11 log dilutions appeared in the
ninth round. Thus, we inferred that the residual amount
of PrP™ in the initial PMCA reaction mixture of alkaline
cleaner-treated samples was <—11 log dilution. Because
there was a —4 log dilution of 263K-infected brain in
the initial reaction mixture, the LRF of PrP™ by alkaline
cleaner was calculated as >7 log.

Sodium dodecylsulfate

We detected PrP™ signals by Western blot in each round
(Fig. 1c). Two of the SDS-treated replicates generated sig-
nals in the tenth round, and the third generated signal in
the eleventh round (indicated by arrowheads in Fig. 1c).
All of the >—11log dilutions generated signals by the tenth
round. One —12 log replicate appeared in the fifth round
and the other had not appeared by the eleventh round.
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Thus, we inferred that the residual amount of PrP™ in
the initial PMCA reaction mixture was <—12 log dilu-
tion. Because there was a —4 log dilution of 263K-infected
brain in the initial reaction mixture, the LRF of PrP™ by
SDS was calculated as >8 log.

1 M or 2 M sodium hydroxide

We detected PrP*™ signals by Western blot in each round
(Fig. 1d, e). Signals for two of the 1M NaOH-treated sam-
ples were detected in the fourth round, and the signal for
the third replicate was detected in the fifth round (in-
dicated by arrowheads in Fig. 1d). In the mock-treated
samples, no signal appeared for the —8 log dilutions until
the fifth round. Although signals for the —12 log dilutions
appeared in the fifth round, signals for one of the duplicate
—10 and —11 log dilutions appeared in the fourth round,
while the others appeared in the sixth round (Fig. 1d).
Thus, we estimated that the residual amount of PrP™ in
the initial PMCA reaction mixture of 1 M NaOH-treated
samples was between —8 and —10 log dilutions. Because
there was a —4 log dilution of 263K-infected brain in the
initial reaction mixture, the LRF of PrP™ by 1 M NaOH
was calculated to be between 4 and 6 log.

One replicate each of the 2 M NaOH-treated samples
generated signals in the third, fourth, and fifth rounds
(indicated by arrowheads in Fig. le). One each of the
—8 or —9 log-diluted mock-treated samples generated
signals in the second and third rounds. All of the —10
to —12 dilutions generated signals between the third and
fifth rounds. One —13 log-diluted replicate generated a
signal in the fifth round (Fig. 1e). Thus, we estimated that
the residual amount of PrP™ in the initial PMCA reaction
mixture of 2 M NaOH-treated samples was between —8
and —13 log dilutions. Because there was a —4 log dilution
of 263K-infected brain in the initial reaction mixture, the
LRF of PrP™ by 2 M NaOH was calculated to be between
4 and 9 log. We performed all experiments in duplicate
and generated the same results on both occasions.

Titration curve of protein misfolding cyclic
amplification

The rough estimates described above are due to consid-
erable variability-in the rounds at which signals for the
diluted mock-treated samples appeared. Signals for sam-
ples of higher dilutions did not always appear later than
did those for lower dilutions (Fig. 1b—e). We concluded
that accurate assessment of the efficacy of disinfectants
would require a greater number of replicate samples for
each serial 10-fold dilution.

We then combined the data from the four mock
treatments, which we had performed under different-
conditions. We first compared residual amounts of PrP™
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Fig. 1. Western blot analysis of PrP** before and after PMCA. (a) Western blots of disinfectant-treated and mock-treated samples, containing
1% 263K-infected brain homogenate, after proteinase K digestion. Samples were undiluted (x 1) or diluted 30-fold (x30) before Western blotting.
The positive controls are mock-treated samples. (b—e) Western blots of PMCA products after proteinase K digestion at each round. Disinfectants
include (b) an alkaline cleaner, (c) 3% SDS, (d) 1 M NaOH, and (e) 2 M NaCOH. Arrowheads indicate the signal first detected from disinfectant-treated
samples or from each dilution of mock-treated samples. The PMCA round number is indicated at the right top corner of each panel, and molecular
mass of the protein bands (kDa) is indicated at the left of each panel. Dilution factors of mock-treated samples starting from the infected brain
are provided at the top of each panel; control indicates negative control reactions. * indicates bands caused by insufficient proteinase K digestion.
Connecting lines between panels indicate continuity of samples in multi-round PMCA.
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between mock-treated 263K-BH before PMCA to study
the direct effect of mock treatments (Fig. 2a). Signal in-
tensities of PrP™® in samples treated with distilled water
for 5 min at 100°C (mock treatment for SDS) were about
one-fifth of those in untreated samples (controls). Signal
intensities for the remaining three mock treatments were
comparable to those in the controls. We then compared
amounts of amplified PrP* between mock-treated 263K-
BH after the first round of PMCA to determine whether
the slight difference in PrP™ in the starting material af-
fected the PMCA product yield (Fig. 2b). Signal intensities
in the mock-treated alkaline cleaner and SDS experiments
were comparable to those in the controls, while the sig-
nals for 1 M and 2 M NaOH were about half those in the
controls. Thus, the slightly different amounts of PrP™ in
the starting materials did not affect the amplified product
yield after a single round of PMCA. We then determined
whether slight differences in amounts of PrP* in the start-
ing materials affected signal appearances during repeated
PMCA rounds; rounds at which signals for 10-fold serial
dilutions of four mock treatments first appeared (indi-
cated by arrowheads in Fig. 1b-e) are shown in Fig. 3a.
If the SDS mock treatment affected PMCA performance,
signal appearances for SDS mock-treated samples should
have been delayed. However, no remarkable delay was ob-
served, indicating that slight differences in the amount
of PrP™ after four mock treatments did not affect signal
appearances in multi-round PMCA. Thus, we concluded
that combined statistical analysis of the four sets of mock
treatment data was reasonable.

To study the correlation between dilution factor and
round number, the mean and standard deviation of dilu-
tion factors for each round were calculated (the bottom
line of Fig. 3a) and plotted (Fig. 3b). Between the second
and sixth rounds, PMCA round strongly and linearly cor-
related with the mean of dilution factors (r*=0.924; Fig.
3b, solid line). The linear regression line extends from the
—7.8 to —11.3 log dilutions. We did not observe a linear
correlation after the seventh round (Fig. 3b, dashed line).
Round number means for alkaline cleaner-, SDS-, 1 M
NaOH-, and 2 M NaOH-treated samples were 9, 10.33,
4.33, and 4, respectively (shown as vertical lines in Fig.
3b). As the latter two are included within the linear re-
gression range (Fig. 3b), amounts of residual PrP™ were
estimated to be 10.1 and 9.8 log dilutions for 1 M and
2 M NaOH, respectively, using the linear regression line
as a titration curve. Because there was a —4 log dilution
of 263K-infected brain in the initial reaction mixture, the
LRFs of PrP™ by 1 M and 2 M NaOH were calculated
to be 6.1 and 5.8 log, respectively. These results do not
appear to differ significantly, particularly in light of the
large variances. As the former two are outside the range of
the linear regression line, we judged that residual PrP™ in
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Fig. 2. The effect of mock treatments on PrP™ amplification by
PMCA. (a) Western blot analysis of residual PrP™s in samples after no
treatment or four different mock treatments. Physical conditions of mock
treatments are indicated above the bars. The Y axis indicates relative
signal intensities (percentage) versus the mean signal intensities of the
controls. (b) Western blot analysis of amplified PrPs after the first round
of PMCA of 100-fold diluted samples shown in (a). Physical conditions
of mock treatments are indicated above the bars. The Y axis indicates
relative signal intensities (percentage) versus the mean signal intensities
of the controls.

samples treated with alkaline cleaner or SDS are <11.3 log
dilutions, which is the edge of the titration curve (Fig. 3a,
bottom line). The LRFs of PrP™ by these disinfectants
were >7.3 log.

DISCUSSION

We used multi-round PMCA to estimate minute amounts
of PrP™ in 263K-infected hamster brain treated with four
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Fig. 3. Determination of the PMCA titration curve. (a) The rounds at which signals were first detected for each dilution factor of four mock
treatments (indicated with arrowheads in Figs. 1b-e) are depicted. Open circles, alkaline cleaner; filled circles, 3% SDS; open triangles, 1 M
NaOH; and filled triangles, 2 M NaOH. For example, in the second round of mock treatment for alkaline cleaner, one signal was detected for
the 107, 1077, and 10~ log dilutions (Fig. 1b). Thus, in the row corresponding to “PMCA round” 2, one open circle is depicted on each line
corresponding to “log 10 of dilution factors” of —6, —7, or —9. The mean value and SD of dilution factors of each round were calculated.
*, number of PrP™ positive samples per total number of samples tested; f, mean and SD not calculated because no signals appeared in
the first and eighth rounds; ¥, SD not calculated because the number of signals was <3 in the seventh, ninth, tenth, and eleventh rounds.
(b) Filled circles and error bars indicate the mean value and SD of the dilution factors, respectively. Error bars are not shown after the seventh
round because the number of signals detected was <3. Solid line, linear regression line; dashed line, fitting curve; vertical lines, means of the rounds
at which signals were first detected.
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disinfectants. As expected, multi-round PMCA showed
higher sensitivity, we could therefore perform it more
quickly than a standard bioassay. The method was sen-
sitive enough to detect signals from —13 log-diluted sam-
ples. This sensitivity is comparable to that reported in
the literature (3). As the exact nature of the seed has not
yet been elucidated, the relationship between seed and
infectivity, or even that between seed and PrP™, is not
fully understood. Therefore, we estimated the amounts
of PMCA seed in samples treated with disinfectants, and
calculated the LRF as the difference between the estimated
amount of PMCA seed and the total PrP* input in the
initial PMCA reaction mixture.

The LRF of alkaline cleaner assessed by PMCA was
>7.3 log (Fig. 3b). Baier et al. observed no infectivity in
263K-infected hamster brain homogenate treated with al-
kaline cleaner (12). Thus, the deduced LRFs by PMCA
is consistent with assessment by bioassays. The LRF of
SDS assessed by PMCA was >7.3 log (Fig. 3b). Tateishi et
al. observed no infectivity in mouse-adapted CJD strain
treated with SDS (10). As the prion strains used in PMCA
and bioassay were different, direct comparison is difficult,
however the tendency of the effect of SDS treatment on
either strain is similar. The LRF of 1 M NaOH was 6.1 log
in this study (Fig. 3b). The infectivity in 263K-infected
hamster brain homogenate treated with 1 M NaOH was
<1038 (calculated to be >5.5 LRF) (15). The inactivation
efficacy of 1 M NaOH on CJD Fukuoka-1 strain as deter-
mined by mouse bioassay has been reported to be 4-6 (9,
13). In one report, the authors did not observe infectivity
in 263K-infected hamster brain homogenate treated with
1 M NaOH (14), but the sensitivity of the bioassay was
reduced in that study because the samples were diluted to
reduce NaOH toxicity. Thus, we consider that our estima-
tion is concordant with bioassay-determined LRFs. The
LRF of 2 M NaOH in this study was 5.8 log (Fig. 3b). The
inactivation efficacy of 2 M NaOH assessed by bioassay is
somewhat enigmatic. Mice inoculated with CJD Fukuoka-
1 strain treated with 2 M NaOH developed disease after
a longer incubation time than did mice inoculated with
samples treated with 1 M NaOH (9). Residual infectivity
in 263K-infected hamster brain homogenate treated with
2 M NaOH for 120 min was 10*? (calculated to be 5.1
LRF), but in samples treated with 1 M NaOH for 60 min,
the residual infectivity was <103® (15). Nevertheless, the
LRF for 2 M NaOH estimated by PMCA appears consis-
tent with the LRF assessed by bioassay. Collectively, the
PrP™ LRFs for at least three procedures tested in this
study were concordant with the LRFs of infectivity. These
results suggest that PMCA can be used as a surrogate for,
or supplement to, bioassay (5). V

By analyzing the signal patterns of mock-treated sam-
ples, we found a linear correlation between PMCA rounds
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and infected brain dilution factors. The linear regression
line can therefore serve as a titration curve. When the
mean round number of disinfectant-treated samples was
inside the range of the titration curve, we could deduce
the amount of PMCA seed from the curve; when it was
outside the range, the estimated amount remained con-
stant, namely >7.3. We thus regard the edge of the titration
curve as the evaluation limit. This is similar to the concept
of assay system detection limits. Thus, there are two lim-
itations of PMCA: the detection limit and the evaluation
limit, which in this study were —13 log and —11.3 log di-
lution, respectively. Once the estimated amount of PMCA
seed has become constant, we believe that continuing
multi-round PMCA is fruitless. In other words, we rec-
ommend terminating multi-round PMCA after the round
corresponding to the evaluation limit has been passed.
The titration curve can be used in two ways: to deduce
the amount of PMCA seed and to indicate the timing of
termination.

The quantitative capability of the titration curve is
somewhat compromised by the variability in signal ap-
pearances (Fig. 3aand b). We speculate that the reasons for
this variability are as follows: (i) the efficiency of PMCA
amplifications is intrinsically variable, probably due to
variability in breakage of the PMCA seed by sonication,
which is difficult to control (16); and (ii) dilutions pre-
pared from aggregated material have a dilution error or
lack of uniformity in PrP™ particle size and number. This
lack of uniformity causes gain or loss of PMCA seed in
highly diluted samples, which in turn biases the presence
or absence of signal. To establish a quantitative PMCA
analysis, further efforts are required to reduce variability.
During the preparation of this manuscript, Chen et al.
reported a linear correlation between PrP™ amounts and
PMCA round (17). They concluded that partial purifica-
tion of 263K-infected brain homogenate is important to
reduce variability in PMCA.

Another objection to the use of PMCA for assessing
PrP™ is contamination or de novo generation of PrP™
Because PMCA is very sensitive, a trace amount of con-
tamination yields false positive signals. We took great care
to avoid contamination. Because no signal appeared in
the negative controls, which do not contain 263K-BH
(Fig. 1b—e), we believe that no contamination or de novo
generation occurred in our experiments. A third objection
to PMCA is the use of disinfectant. In a bioassay, animals
cannot be inoculated with undiluted toxic materials. Sim-
ilarly, materials that inhibit PMCA performance must be
diluted, which reduces sensitivity. Hence, we diluted the
SDS-treated samples.

Before PMCA can be used for assessing disinfectant
efficacy, criteria by which efficacy is defined must be es-
tablished. The presence or absence of signal seems to be an
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inadequate criterion, because signals eventually appeared
in samples treated with all four disinfectants, disinfectants
that have been proved by bioassays to possess different in-
activation efficacies. The noteworthy difference between
very effective disinfectants (alkaline cleaner and SDS) and
moderately effective disinfectants (1 M and 2 M NaOH)
was the mean round numbers at which signal first ap-
peared. The mean round numbers of the former were
outside the round corresponding to the evaluation limit,
while those of the latter were within the evaluation limit
(Fig. 3b). The evaluation limit may be a valid means of
categorizing disinfectants.

In this study, we evaluated residual amounts of PrP™ af-
ter treatment with bioassay-proven disinfectants and cal-
culated the LRF of each disinfectant using multi-round
PMCA. The evaluation limit, or the range within which
PMCA rounds correlate with mean dilution factors of in-
fected brain, seems to be valuable in practical applications
of multi-round PMCA, such as assessment of disinfectants
and process validation.

ACKNOWLEDGMENTS

This study was supported by the Program for Promotion
of Fundamental Studies in Health Sciences of the National
Institute of Biomedical Innovation (T.K.); a grant from the
Ministry of Health, Labor and Welfare (T.K.); a Grant-in-
Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology (T.K.); and the
Benesis Corporation and Mitsubishi Tanabe Pharmaceu-
tical company (A.T, M.K., and M.M). We thank Prof. K.
Doh-ura for kindly providing the 263K strain. M.K. and
M.M. are affiliated with the Benesis Corporation, which
manufactures human plasma fractionation products and
where the alkaline cleaner tested in this study is used to
clean pipelines. The fact that this alkaline cleaner is also
used by our company had no influence whatsoever over
our experimental data.

REFERENCES

1. Prusiner S.B. (1998) Prions. Proc Natl Acad Sci U S A 95: 13,363-83.
2. Saborio G.P,, Permanne B., Soto C. (2001) Sensitive detection of

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

10.

11.

12.

13.

14.

15.

16.

17.

157

pathological prion protein by cyclic amplification of protein
misfolding. Nature 411: 810-3.

. Saa P, Castilla J., Soto C. (2006) Ultra-efficient replication of

infectious prions by automated protein misfolding cyclic
amplification. J Biol Chem 281: 35,245-52.

. CastillaJ., Sad P, Hetz C., Soto C. (2005) In vitro generation of

infectious scrapie prions. Cell 121: 195-206.

. Murayama Y., Yoshioka M., Horii H., Takata M., Yokoyama T., Sudo

T., Sato K., Shinagawa M., Mohri S. (2006) Protein misfolding
cyclic amplification as a rapid test for assessment of prion
inactivation. Biochem Biophys Res Commun 348:

758~62.

. Suyama K., Yoshioka M., Akagawa M., Murayama Y., Horii H.,

Takata M., Yokoyama T., Mohri S. (2007) Prion inactivation by the
Maillard reaction. Biochem Biophys Res Commun 356:
245-8.

. World Health Organization. (2000) WHO Infection Control

Guidelines for Transmissible Spongiform Encephalopathies.
http://whglibdoc.who.int/hq/2000/WHO CDS CSR’APH 2000.
3.pdf

. Baier M., Schwarz A., Mielke M. (2004) Activity of an alkaline

‘cleaner’ in the inactivation of the scrapie agent. J Hosp Infect 57:
80—-4.

. Tateishi J., Tashima T., Kitamoto T. (1988) Inactivation of the

Creutzfeldt-Jakob disease agent. Ann Neurol 24

466.

Tateishi J., Tashima T., Kitamoto T. (1991) Practical methods for
chemical inactivation of Creutzfeldt-Jakob disease pathogen.
Microbiol Immunol 35: 163~6.

Tkeda S., Kobayashi A., Kitamoto T. (2008) Thr but Asn of the
N-glycosylation sites of PrP is indispensable for its misfolding.
Biochem Biophys Res Commun 369: 1195-8.

Baier M., Schwarz A., Mielke M. (2004) Activity of an alkaline
‘cleaner’ in the inactivation of the scrapie agent. J Hosp Infect 57:
80—4.

Tamai Y., Taguchi E, Miura S. (1988) Inactivation of the
Creutzfeldt-Jakob disease agent. Ann Neurol 24: 466-7.

Brown P, Rohwer R.G., Gajdusek D.C. (1986) Newer data on the
inactivation of scrapie virus or Creutzfeldt-Jakob disease virus in
brain tissue. J Infect Dis 153: 1145-8.

Taylor D.M., Fraser H., McConnell I, Brown D.A., Brown K.L.,
Lamza K.A., Smith G.R. (1994) Decontamination studies with the
agents of bovine spongiform encephalopathy and scrapie. Arch
Virol 139: 313-26.

Deleault N.R., Harris B.T., Rees J.R., Supattapone S. (2007)
Formation of native prions from minimal components in vitro. Proc
Natl Acad Sci U S A 104: 9741-6.

Chen B., Morales R., Barria M.A., Soto C. (2010) Estimating prion
concentration in fluids and tissues by quantitative PMCA. Nat
Methods 7: 519-20.

509



Neuroscience Letters 498 (2011) 119-123

Heparin enhances the cell-protein misfolding cyclic amplification efficiency of
variant Creutzfeldt-Jakob disease

Takashi Yokoyama?, Atsuko Takeuchi®, Miyuki Yamamoto?, Tetsuyuki Kitamoto®,
James W. Ironside¢, Masanori Morita®*

2 Research and Development Division, Benesis Corporation, c¢/o Division of Neurological Science, Department of Prion Research, Tohoku University Graduate School of Medicine,
2-1, Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan

b Division of Neurological Science, Department of Prion Research, Tohoku University Graduate School of Medicine, 2-1, Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan

¢ National CJD Surveillance Unit, Division of Pathology, School of Molecular and Clinical Medicine, University of Edinburgh Western General Hospital, Edinburgh EH4 2XU, UK

ARTICLE INFO ABSTRACT

Highly sensitive in vitro screening tests are required to prevent the iatrogenic spread of variant
Creutzfeldt-Jakob disease (vCJD). Protein misfolding cyclic amplification (PMCA) is a candidate for such
a test, but the sensitivity of this method is insufficient. Polyanions were reported to enhance PMCA effi-
ciency, but their effects on vCJD are unclear. We developed a cell-PMCA of vCJD, wherein cell lysate
containing exogenously expressed human PrP was used as substrates, to investigate the effects of vari-
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geey ":l‘_’.fs" ous sulfated polysaccharides on amplification efficiency. PrP™ amounts after cell-PMCA were analyzed
CelIl)-Pr]\/l CA by western blotting. Heparin, dermatan sulfate, and dextran sulfate (average molecular weight [MW]
Prion 1400 kDa) enhanced efficiency, but dextran sulfate (average MW 8 kDa) and a heparin pentasaccharide
sCJD analog had no effect. Pentosan polysulfate inhibited cell-PMCA reaction. The amplification efficiency of

vCJD cell-PMCA of v(JD increased to >100-fold per round with heparin. The enhancing effects of heparin on
cell-PMCA were seed dependent: it was high for vCJD, low for sporadic Creutzfeldt-Jakob disease, and low
to negligible for hamster-adapted scrapie-derived 263 K. In multi-round PMCA, signals were detected at
earlier rounds with heparin than without heparin, and PrP¢ in 10~1° diluted vCJD brain was detected by
the sixth round. Heparin-assisted cell-PMCA of vCJD represents a significant step toward detecting very
minute amounts of PrP*¢ in the body fluids of asymptomatic vC]D patients.
© 2011 Elsevier Ireland Ltd. All rights reserved.

There is growing concern that variant Creutzfeldt-Jakob disease
(vCJD) may be iatrogenically transmitted from human to human
[13]. For the prevention of the iatrogenic spread of vC]D, highly sen-
sitive in vitro screening tests that can detect very minute amounts
of the disease-associated isoform of the prion protein (PrP5¢) are
required. Protein misfolding cyclic amplification (PMCA) is cur-
rently one of the most sensitive methods of detecting PrP5¢, because
it generates large quantities of a partially protease-resistant iso-
form of prion protein (PrP's) from materials containing PrPS¢
through repeated cycles of sonication and incubation [3,18,19].
PMCA was able to detect PrPS¢ from the brain tissue of vCJD patients
[14,20]; however, human tissue was used as substrate; Moreover,
amplification efficiency of vC]D was considerably lower than that

Abbreviations: BSE, bovine spongiform encephalopathy; HMW, high molecu-
lar weight; LMW, low molecular weight; MW, molecular weight; PMCA, protein
misfolding cyclic amplification; PPS, pentosan polysulfate; PrP, prion protein; sCJD,
sporadic Creutzfeldt-Jakob disease; vC]D, variant Creutzfeldt-Jakob disease.
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of 263 K, scrapie-derived hamster-adapted strain. Various additives
enhance PMCA or in vitro conversion efficiency of animal prion
diseases [16,21,22]. However, the effect of polyanions on PMCA
depends on prion strains [6], and the effect is ill defined for vCJD. In
this study, we developed cell-PMCA [4] of vC]D, because cell lysate
used as substrate is inexpensive, readily available, and free from
ethical matters, and studied whether various sulfated polysaccha-
rides were able to increase the PMCA efficiency of vCJD.

Human brain tissue of a vCJD patient (No. 96-07) was obtained
from the brain bank of the UK National CJD Surveillance Unit.
Human brain tissue from a sporadic Creutzfeldt-Jakob disease
(sCJD) patient (H3) was obtained at autopsy after informed consent
was received for its use for research purposes [15]. Golden ham-
ster brain infected with 263 K was kindly gifted by Prof. Doh-ura
(Tohoku University). This study was performed with the approval
of the local committee on ethics.

Low-molecular-weight (LMW) heparin sodium salt, with an
average molecular weight (MW) of 4-6 kDa, was purchased from
LKT Laboratories (Paul, MN, USA). High-molecular-weight (HMW)
heparin sodium salt, with an average MW of 13-17 kDa, was from
EMD Chemicals (Gibbstown, NJ, USA). Fondaparinux sodium was

158



120 T. Yokoyama et al. / Neuroscience Letters 498 (2011) 119-123

from GlaxoSmithKline (Tokyo, Japan). Dermatan sulfate 1 sodium
salt, dextran sulfate sodium salt, with average MW of 1400 kDa
and dextran sulfate sodium salt, with average MW of 8 kDa were
from MP Biomedicals (Solon, OH., USA). PPS was kindly gifted by
Prof. Doh-ura (Tohoku University) [7]. Each polysaccharide, except
Fondaparinux, was dissolved in water to a final concentration of
100 mgml~! and stored at 4°C.

Human brain tissue derived from the sCJD or vC]D patients and
golden hamster brain infected with 263K were homogenized in
9 volumes (w/v) of homogenization buffer A (phosphate buffered
saline containing protease inhibitors cocktail [Roche Diagnostics,
Tokyo, Japan]). cDNAs for chimeric PrP between mouse and human,
with methionine at codon 129 (129M), or between mouse and
golden hamster were constructed as described previously [11].
Amino acid sequences encoded by these cDNAs are identical to
human or hamster PrP except for the N-terminal signal sequences,
which are derived from mouse PrP. cDNAs were subcloned into
pIRESneo3 (Takara, Kyoto, Japan). Transient expression of ham-
ster PrP was carried out as follows: 1.6 mg of polyethylenimine
“Max” (nominally MW 40,000; Polysciences Inc., Warrington, PA,
USA) was dissolved in 25ml of Opti-MEM I (Invitrogen™, Life
Technologies Corp., Carlsbad, CA, USA) and incubated at room tem-
perature for 10 min. Thereafter, 0.4 mg of expression vector for
hamster PrP was dissolved in 2ml of Opti-MEM I, mixed with
polyethylenimine solution, incubated at room temperature for
10min, and transferred into a culture flask containing 4 x 108
FreeStyle 293F cells {Invitrogen™). The cells were collected 72 h
after transfection, washed twice in phosphate buffered saline,
resuspended in 4 volumes of PMCA buffer A (to a final concentration
of 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [pH
7.6], 80 mM NacCl, 4 mM ethylenediaminetetraacetic acid, and 1%
NP-40 [Calbiochem™]), and sonicated using Sonifier 250 (Bran-
son Japan, Tokyo, Japan). To prepare cells that stably expressed
human PrP, FreeStyle 293F cells were first adapted to adherent
culture by adding 10% (v/v) fetal bovine serum (Invitrogen™)
to Dulbecco’s modified Eagle medium GlutaMAX (Invitrogen™),
The cells were then transfected with the expression vector for
human PrP with Lipofectamine 2000 (Invitrogen™), according to
the manufacture’s instruction. On the day after the transfection,
the cells were suspended with trypsin, spread onto 96-well plates
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at a concentration of less than 40 cells per well, and cultured
with 200 pgml-! geneticin (Invitrogen™). Cells expressing the
highest levels of human PrP were selected by western blot anal-
ysis, adapted to suspension culture, and maintained in FreeStyle
expression medium supplemented with geneticin. Cell lysates were
prepared as described above. Human and hamster PrP¢ concentra-
tions in 20% (w/v) cell lysates were greater than the hamster PrP¢
concentration in 10% hamster brain homogenate (Fig. S1). Nor-
mal hamster brain was homogenized in 4 volumes of 2x PMCA
buffer B (2x phosphate buffered saline, 8 mM ethylenediaminete-
traacetic acid, 2% Triton X-100, and 2x protease inhibitors cocktail)
and diluted by half with water just before use. Cell lysates or brain
homogenates were stored at —80°C in small aliquots.

The vCJD brain homogenate, 263 K-infected brain homogenate,
and substrates were thawed, briefly centrifuged, mixed, placed in
a 100 pl thin-walled PCR tube with a rod and a screw cap (Sarstedt,
Numbrecht, Germany), and subjected to PMCA (in a total volume of
100 wl). sCJD brain homogenate was similarly prepared except that
centrifugation was omitted. Sulfated polysaccharides were added
at the indicated concentrations. One round of PMCA consisted of 48
cycles of sonication (5 sets of 5-s pulses at 1-s intervals; a power
selector was set at “strong”) and incubation (37°C for 1h). PMCA
was performed with a fully automatic cross-ultrasonic protein-
activating apparatus (ELESTEIN 070-GOT; Elekon Science Corp.,
Chiba, Japan). During PMCA, samples were continuously rotated
at 2 rpm. For multi-round PMCA, PMCA products were diluted 1:3
in fresh substrate before the next round of PMCA.

Before and after PMCA samples were digested with 50 pgmi-!
proteinase K at 37 °C for 60 min. The samples were then subjected
to western blotting as previously described [12] with the following
modifications: the primary and secondary antibodies were diluted
in wash buffer (25mM Tris-HCl [pH 8.25], 150 mM NadCl, 0.1%
Tween 20) and 0.5% (w/v) skimmed milk, and the membranes were
washed in wash buffer.

Cell-PMCA was performed to investigate the effects of various
sulfated polysaccharides on amplification efficiency of vCJD. We
amplified 10~ dilution of vCJD brain and compared signal inten-
sities of PrPs after PMCA with and without additives by western
blotting (Fig. 1A~E). PrP'®s amounts after amplification sometimes
varied considerably (for example, see “no additives” in Fig. 1E). The

heparin
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Fig. 1. Western blotting of cell-PMCA products with and without additives. Western blotting of PMCA products with and without various concentrations of sulfated polysac-
charides (A-E) is shown. Molecular weight at the top of panel A indicates the mean molecular weight of dextran sulfate. LMW indicates low molecular weight. HMW indicates
high molecular weight. No additive indicates that PMCA was performed without sulfated polysaccharides. Positions of molecular weight markers in kDa are indicated at the

right of each panel.
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