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INTRODUCTION

Creutzfeldt-Jakob disease (CJD), a fatal transmissible neuro-
degenerative disease, is caused by an abnormal infectious isoform
of prion protein (PrP%°), which is generated by a conformational
change of the normal cellular isoform (PrP€) (31). The
conformational conversion of PrP¢ occurs due to either one of
three causes: spontaneous conversion in sporadic CJD (sCJD),
pathogenic mutations of the PRNP gene in genetic CJD, or PrPs
infection in iatrogenic CJD and variant CJD.

The genotype (methionine, M or valine, V) at polymorphic
codon 129 of the PRNP gene and the type (1 or 2) of PrP¢ in the
brain are the major determinants of the clinicopathological fea-
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Abstract

The genotype (methionine, M or valine, V) at polymorphic codon 129 of the PRNP gene
and the type (1 or 2) of abnormal prion protein in the brain are the major determinants of
the clinicopathological features of sporadic Creutzfeldt—Jakob disease (CJD), thus provid-
ing molecular basis for classification of sporadic CJD, that is, MM1, MM2, MV1, MV2,
VV1 or VV2. In addition to these “pure” cases, “mixed” cases presenting mixed
neuropathological and biochemical features have also been recognized. The most fre-
quently observed mixed form is the co-occurrence of MM1 and MM2, namely MM 1+2.
However, it has remained elusive whether MM 142 could be a causative origin of dura mater
graft-associated CJD (dCJD), one of the largest subgroups of iatrogenic CJD. To test this
possibility, we performed transmission experiments of MM1+2 prions and a systematic
neuropathological examination of dCJD patients in the present study. The transmission
properties of the MM1+2 prions were identical to those of MM1 prions because MM2
prions lacked transmissibility. In addition, the neuropathological characteristics of MM2
were totally absent in dCJD patients examined. These results suggest that MM 142 can be
a causative origin of dCJD and causes neuropathological phenotype similar to that of
MMI.

tures of sCJD and permit molecular classification of sCJD, that is,
MM1, MM2, MV1,MV2,VV1 or VV2 (26). The PrP* types 1 and
2 are distinguishable according to the size of the proteinase
K-resistant core of PrP%¢ (21 and 19 kDa, respectively), reflecting
differences in the proteinase K-cleavage site (at residues 82 and
97, respectively) (27). In addition, MM2 cases can be further
divided into two subgroups, cortical form (MM2C) or thalamic
form (MM2T), based on the neuropathological characteristics
(26). Similarly, MV2 cases can also be divided into two neuro-
pathologically distinct subgroups, cortical form (MV2C) or kuru
plaque form (MV2K) (28). On the other hand, the MM1 and MV 1
subgroups are indistinguishable in clinicopathological, biochemi-
cal and transmission properties, and are merged into one subgroup
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as MM/MV1 (4, 26). Similarly, MM2C and MV2C are also indis-
tinguishable and are merged into one subgroup as MM/MV2C. As
a consequence, six subgroups are recognized in the current clas-
sification of sCJID, that is, MM/MV1, MM/MV2C, MM2T,
MV2K, VV1 and VV2 (30). In addition to these “pure” subgroups,
“mixed” cases presenting mixed neuropathological features and
more than one PrP*¢ type in the same brain have also been reported
(5, 26, 28, 32, 33, 35). The most frequently observed mixed form
is the co-occurrence of MM/MV1 and MM/MV2C, denoted as
MM/MV1+2C (28).

Dura mater graft-associated CJD (dCJD) is an iatrogenic CJD
caused by prion-contaminated dura mater grafts obtained from
human cadavers undiagnosed as CJD. There are two distinct sub-
groups in dCJD that show distinct clinicopathological, biochemical
and transmission properties, reflecting their different causative
origins. Plaque-type dCJD is caused by the transmission of sCJD
MV2K or VV2 and shows characteristic clinicopathological and
biochemical features, that is, widespread PrP amyloid plaques
(kuru plaques) and the accumulation of intermediate type PrPsc
showing intermediate electrophoretic mobility between types 1 and
2 PrPe (16, 18, 19, 23, 37). On the other hand, non-plaque-type
dCIJD has been considered to be caused by the transmission of sSCID
MM/MV1 and shows clinicopathological and biochemical features
indistinguishable from those of sCJD MM/MV1, that is, diffuse
synaptic type PrP deposition and type 1 PrPS® accumulation.

Although sCJID MM/MV1+2C accounts for 28% of all sCJD
cases in European countries where the causative dura mater grafts
were manufactured (28), it has remained elusive whether this sCID
subgroup could be a causative origin of dCJD. To test this possi-
bility, we performed experimental transmission of sCJD MM 1+2C
and systematic neuropathological examination of dCJD patients in
the present study.

MATERIALS AND METHODS

Patients

CJD cases included in this study were patients with clinically,
genetically and histopathologically proven sCJD (five cases) and
dCJD (45 cases). Brain tissues were obtained at autopsy from CJD
patients after receiving informed consent for research use. The
diagnosis of CJD, histopathological type and PrP% type were con-
firmed by PrP immunohistochemistry and Western blot analysis
(13, 33). The genotype and the absence of mutations in the open
reading frame of the PRNP gene were determined by sequence
analysis as described (14). According to Parchi’s classification
(30), the sCJD cases were classified as follows: MM1, two cases;
MM2C, one case; MM 1+2C, two cases. These patients showed the
typical phenotypes of each sCJD subgroup in the clinico-
pathological and biochemical examinations. All dCJD cases exam-
ined were 129M/M homozygotes.

Transmission experiments

The production of knock-in mice expressing human PrP with one
of the codon 129 genotypes (Ki-Hul29M/M, Ki-Hul29M/V or
Ki-Hul29V/V), knock-in mice expressing human PrP with lysine
homozygosity at another polymorphic codon 219 (Ki-Hu219K/K),
and knock-in mice expressing human/mouse chimeric PrP (Ki-
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ChM) has been reported previously (2, 10, 15). The expression
levels of human PrP in the brains of these knock-in mice were
identical to the level observed in wild-type mouse. Intracerebral
inoculation of 10% brain homogenates from the sCJD MM1+2C,
MMI1 or MM2C patients was performed as described (34). The
inoculated mice were sacrificed at a predefined clinical endpoint,
or at accidental death. One hemisphere of the brain was fixed in
10% buffered formalin for immunohistochemistry, and the other
hemisphere was immediately frozen for Western blotting or serial
passage. Incubation times are expressed as mean + SEM. These
experiments were approved by the Institutional Animal Care and
Use Committee of Tohoku University, and performed in strict
accordance with the Regulations for Animal Experiments and
Related Activities at Tohoku University.

Immunohistochemistry

Formalin-fixed brain tissues were treated with formic acid (99%
for human tissues or 60% for mouse tissues) for 1 h to inactivate
the infectivity, and embedded in paraffin. Tissue sections were
pretreated by hydrolytic autoclaving before PrP immuno-
histochemistry (13). The anti-PrP monoclonal antibody 3F4
(Signet, Dedham, MA, USA) was used as the primary antibody for
human sections, and anti-PrP antiserum PrP-N (12) was used as
the primary antibody for mouse sections. Goat-anti-mouse immu-
noglobulin polyclonal antibody labeled with the peroxidase-
conjugated dextran polymer, EnVision+ (Dako) and anti-rabbit
EnVision+ were used as the secondary antibodies.

Western blotting

PrPS¢ was obtained from the cerebral cortex after tissue homog-
enization, collagenase digestion and Sarkosyl-NaCl extraction
(9). For deglycosylation of PrPS, samples were digested with
PNGaseF (New England Biolabs, Ipswich, MA, USA) (16).
Protein samples were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting (2). PrP%¢ type-specific polyclonal antibodies [designated
as Tohoku 1 (T1) or Tohoku 2 (T2)] (17) or anti-PrP monoclonal
antibody 3F4 were used as the primary antibodies. The type 1
PrPSe-specific antibody T1 reacts with epitopes located between
residues 82 and 96 of human PrP, which can be retained in type 1
PrP5¢ but not in type 2 PrP* after proteinase K-digestion (17). The
type 2 PrPS-specific antibody T2 is a proteolytic cleavage site-
specific antibody and can specifically react with the N-terminally
cleaved type 2 PrP* after proteinase K-digestion (17). Anti-rabbit
EnVision+ and anti-mouse EnVision+ were used as the secondary
antibodies. The signal intensities of the Western blots were quan-
tified with Quantity One software using an imaging device,
VersaDoc 5000 (Bio-Rad Laboratories, Hercules, CA, USA).

RESULTS

The clinical features of the two patients with sCJD MM1+42C are
summarized in Table 1. Histopathological examination of the brain
revealed the coexistence of MM/MV1 pathology, that is, diffuse
synaptic type PrP deposition, and MM/MV2C pathology (ie, large
confluent vacuoles and perivacuolar PrP deposition) (Figure 1A—
C). Western blot analysis of PrPS using a conventional anti-PrP
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Table 1. Summary of clinical features of the sCJD MM1+2C cases.

Case #1 Case #2
Gender Male Female
Age at onset (years) 68 66
Initial symptom Progressive Progressive
dementia dementia
Myoclonus (months)* 1 6
Akinetic mutism (months)* 2 10
PSWCs on EEG (months)* 1 10
Duration of illness (months) 2 44

*Duration until the appearance of myoclonus, akinetic mutism or
PSWCs on EEG from onset.

Abbreviations: PSWC = periodic sharp-wave complex; EEG = electroen-
cephalogram.

antibody 3F4, type 1 PrP%-specific antibody T1 or type 2 PrPSe-
specific antibody T2 showed the coexistence of types 1 and 2 PrPS¢
in both patients (Figure 1D). To compare the relative amounts of
the type 1 or type 2 PrP% between the patients, the signal intensi-
ties of the T1- or T2-reactive PrP were normalized by those of the
3F4-reactive PrP%. The type 1 : type 2 ratios in case #1 and case #2
were 90:10 and 55:45, respectively. We then inoculated
intracerebrally the brain homogenates from the two sCJD
MMI+42C cases into PrP-humanized knock-in mice. These
knock-in mice expressed human PrP with either one of the codon
129 genotypes (Ki-Hul129M/M, Ki-Hu129M/V or Ki-Hu129V/V),
human PrP with the 219K/K genotype (Ki-Hu219K/K) or human/
mouse chimeric PrP (Ki-ChM) (2, 10, 15). The mean incubation
periods and attack rates of sSCJD MM 1+42C prion-inoculated mice
were similar to those of MM prion-inoculated mice (Table 2). In
particular, Ki-ChM mice showed remarkably short incubation
times after challenge with sCJD MM1+2C prions, similar to those
after challenge with MM1 prions (34). By contrast, sCID MM2C
prions could not be transmitted to any PrP-humanized knock-in
mouse lines examined, as reported previously (18). Indeed,
although experimental coinfection with distinct prion strains can
result in prolonged incubation periods, referred to as “prion strain
interference” (3, 7), the coexisting MM2C prions did not interfere
with the transmission of MM1 prions even in the mice inoculated
with MM 1+2C case #2 materials, which contained equal amounts
of type 2 PrP% and type 1 PrP%. Moreover, the neuropathological
features were also identical between the sCJD MM 1+2C prion-
inoculated mice and the MM prion-inoculated mice, regardless of
the PRNP genotype of mice (Figure 2A). All MM1+2C prion-
inoculated mice showed only diffuse synaptic type PrP deposition,
and the neuropathological characteristics of MM2C such as large
confluent vacuoles or perivacuolar PrP deposition were not
observed. Moreover, Western blot analysis of PrP* in the brain
revealed that all sCJD MM 1+42C prion-inoculated mice produced
only type 1 PrP% regardless of the PRNP genotype (Figure 2B).
Even in Western blot analysis using type 2 PrPS¢-specific antibody
T2, no PrP*® signal was detected in the MM 142C prion-inoculated
mice and the MMI1 prion-inoculated mice. The sizes of type 1
PrP* produced in the sCJD prion-inoculated mice seemed to be
slightly smaller than those in the human cases (inocula). Similar
downward size shift of PrP5 after transmission has been recog-
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nized in a transmission experiment using a different PrP-
humanized knock-in mouse line (22). However, we reported
previously that type 1 PrP*° produced in the sCJD prion-inoculated
mice retained epitopes for the type 1 PrPS-specific antibody T1
(residues 82-96) or for another type 1 PrP*-specific antibody
POM2 (residues 83—89) (17). In addition, we confirmed that type
2 PrP% produced in the sCJD prion-inoculated knock-in mice
could be detected by the N-terminal cleavage site-specific anti-
body T2 similar to type 2 PrP%¢ of human sCJD cases (17, 18),

MM1+2C (case #1)
MM1+2C (case #2)
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Figure 1. Neuropathological and biochemical properties of the sCJD
MM1+2C cases. A. Histopathological analysis showed scattered large
confluent vacuoles (arrows) in addition to spongiform changes in the
cerebral cortex (H&E; frontal cortex of case #1). B. Immunohistochemical
analysis of PrP revealed the coexistence of perivacuolar PrP deposition
(arrows) and synaptic type PrP deposition (anti-PrP antibody 3F4; frontal
cortex of case #1). C. Higher magnification of perivacuolar PrP deposition
in panel B. Scale bars: 100 um. D. Western blot analysis using a conven-
tional anti-PrP antibody 3F4, type 1 PrP%-specific antibody T1 or type 2
PrPSe-specific antibody T2 revealed the co-occurrence of types 1 and 2
PrP%¢in the sCJD MM1+2C cases. The amounts loaded per lane were as
follows: MM1, 280 ug (wet weight of brain tissue); MM2C, 100 ug;
MM1+2C (case #1), 250 pug; or MM1+2C (case #2), 125 ug.
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Table 2. Transmission of sCJD MM1+2C, MM1 or MM2C to PrP-humanized knock-in mice.

Inoculum (ID) Mouse line (human PRNP genotypes at codons 129 and 219)

Ki-Hu129M/M (M/M, E/E)  Ki-HU129M/N (M/V, E/E)  Ki-HU129V/V (V/V, E/E)  Ki-Hu219K/K (M/M, K/K)  Ki-ChM
MM1+2C (case #1) 615+ 8 (6/6)* ND 717 + 44 (6/6) 647 £ 49 (5/5) 162 + 13 (6/6)
MM1+2C (case #2) 580+ 8 (5/5) 595 + 6 (4/4) 588 + 11 (4/4) 594 + 10 (5/5) 160 £ 9 (4/4)
MM1 (H3)T 467 + 24 (8/8) 490 + 26 (5/5) 774 + 32 (6/6) 573 £ 52 (5/5) 142 £ 3 (5/5)
MM1 (NR) 531 + 47 (5/5) 508 + 55 (6/6) 588 + 3 (5/5) 527 + 31 (6/6) 154 £ 5 (6/6)
MM2C#+ — (0/7) — (0/7) — (0/7) — (0/8) — (0/6)

*Mean incubation periods (days + SEM) and attack rates (number of mice positive for PrP accumulation in immunohistochemical analysis/number of

inoculated mice).

tTransmission data of sCJD MM1 prions (H3) have been reported previously (10, 16-18, 34).
#None of the sCJD MM2C prion-inoculated mice had developed disease by the end of their life span. Transmission data of Ki-Hu129M/M,

Ki-Hu129M/V and Ki-Hu129V/V have been reported previously (18).
Abbreviation: ND = not done.

suggesting that the PrP% type-specific N-terminal cleavage by
proteinase K is not altered in these knock-in mice. Therefore,
although the sizes of PrP% produced in the sCJD prion-inoculated
mice can slightly differ from those of human counterpart, it does
not affect the typing of PrP* that was determined by differences in
the N-terminal proteolytic cleavage site. Whether the size shift can
relate to C-terminal cleavage of PrP%° or to posttranslational modi-
fication of PrP, for example, glycosylphosphatidylinositol anchor,
should be examined in the future. Taken together, the neuro-
pathological and biochemical analyses revealed that MM2C prions
were not transmitted to the sCJD MM 1+2C prion-inoculated mice.

To examine whether the transmission properties of sCJD
MM/MV1+2C were identical to those of MM/MV1 in human
iatrogenic CJD cases, we performed systematic neuropathological
evaluation of 45 cases with dCJD, representing approximately
one-third of dCJD cases in Japan. Histopathological examination
throughout the whole brain has an advantage over Western blot
analysis to detect the focal coexistence of MM/MV2C prions with
MM/MV1 prions (28). Among 45 dCJD cases, 29 showed diffuse
synaptic type PrP deposition, and 16 showed widespread PrP
amyloid plaques (kuru plaques) (Figure 3A). However, none of the
dCJD cases showed sCJD MM/MV 1+2C-like pathology despite
the fact that sSCJD MM/MV1+2C accounts for 28% of all sCID
cases in European countries where the causative dura mater grafts
were manufactured (Figure 3B) (28), suggesting that MM/MV2C
prions are also not transmissible in human iatrogenic CJD cases.

DISCUSSION

sCID MMI1+2C prion-inoculated mice lacked the neuro-
pathological and biochemical characteristics of MM2C prions. In
addition, sCJID MM/MV 1+2C-like pathology was entirely absent
in the dCJD cases in the systematic evaluation in the present study.
These results suggest that sCJID MM/MV1+2C prions and
MM/MV1 prions are identical in transmission properties both in
animal experiments and in human iatrogenic CJD cases because
MM/MV2C prions lack transmissibility. As transmission experi-
ments using PrP-humanized knock-in mice have been so far con-
ducted on very limited numbers of sCJD MM 1+2C cases, further
analyses with larger series, including cases with predominant
accumulation of MM2C prions, may be needed to generalize the
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implications of the present study. However, the conclusion of the
present study is supported by several lines of evidence as follows.
First, sCID MM1+2C prions and MM/MV1 prions showed the
same transmission properties also in a transmission study using
nonhuman primates (29). Second, the absence of successful trans-
mission (22) or extremely low transmissibility (4) of sCJD MM2C
prions has also been revealed by transmission studies using other
lines of PrP-humanized knock-in mouse. Finally, the incidence
rate of non-plaque-type dCJD (68%) among the total dCJD cases
in Japan perfectly matches the sum total of the incidence rates of
sCID MM/MV1 (40%) and MM/MV 14+2C (28%) among all sCJD
cases in European countries (30, 37) where the causative dura
mater was collected from human cadavers. As virtually all Japa-
nese dCJD patients were of the same 129M/M genotype (25),
reflecting overwhelming predominance of the 129M/M homoz-
ygosity in the general population in Japan (8), the disease pheno-
types of the dCJD patients simply depended on the prion strain
infected (19). Indeed, the incidence rate of plaque-type dCJD
(32%) among the total dCJD cases in Japan is also close to the total
sum of the incidence rates of its causative origins [ie, sCID VV2
(15%), MV2K (8%) and MV2K+2C (3%)] in European countries
(30). Taken together, the present study suggests that not only sCJD
MM/MV1 but also MM/MV1+2C can be a causative origin of
non-plaque-type dCJD.

The reasons for the lack of transmissibility of sCJID MM/MV2C
prions remain unknown. As the disease duration of sCJD
MM/MV2C patients is the longest among sCJD subgroups (30),
the replication of MM/MV2C prions may not proceed efficiently.
This seems to be the same situation as that of self-propagating
misfolded proteins that are transmissible between neighboring
cells within a patient but are not transmissible between individuals,
so-called “prionoid” (1). These self-propagating misfolded pro-
teins can be efficiently transmitted to “primed” animals such as
overexpressors or disease-prone mutants (6, 11, 21). Similarly,
MM/MV2C prions can also be transmissible to primed animals
such as transgenic mice overexpressing human PrP (20, 24),
or transgenic mice overexpressing bank vole PrP (36),
with a 100% attack rate. The lack of transmissibility of
MM/MV2C prions to non-primed hosts suggests that CJD patients
showing neuropathological and biochemical characteristics of
MM/MV1+2C, MM/MV2C or MV2K+2C can be diagnosed as
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Histopathological analysis of the brain of
Ki-Hu129M/M mice inoculated with sCJD
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bars: 100 um. B. Western blot analysis using
a conventional anti-PrP antibody 3F4, type 1
PrPSe-specific antibody T1 or type 2
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PrPSe regardless of the PRNP genotype. Type
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blot analysis using the T2 antibody.

25

3F4

17 -

T

17 -

T2

17 -

“sporadic” CJD even if they have a medical history of known risk
factors for iatrogenic CJD such as dural grafting or treatment with
growth hormone. An alternative explanation is that the PrP-
humanized knock-in mice, humans or nonhuman primates (29)
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were much more susceptible to MM/MV1 prions than to
MM/MV2C prions and this prevented the appearance of
histopathological or biochemical features related to MM/MV2C
prions despite the existence of undetectable levels of MM/MV2C
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prions in the brain. To test this possibility, serial passages from
MM142C prion-inoculated mice to animals that are not permissive
to MM1 prions but susceptible to MM2C prions will be needed in
the future.

The clinical features of the sCID MM/MV1+2C patients can
differ from those of MM/MV 1 patients depending on the extent of
the MM/MV2C pathology (5, 28). The disease duration became
significantly longer and the cerebellar signs less frequent with
increasing MM/MV2C pathology (28). In contrast, the transmis-
sibility of sCJD MM/MV1+42C prions was identical to that of
MM/MV1 prions regardless of the abundance of MM/MV2C
prions in the present study, as MM/MV2C prions lacked transmis-
sibility. This would be an important finding from the viewpoint of
public health. As the current decontamination/disinfection proce-
dures against CJD prions were developed before genotyping
and molecular classification become available, the effectiveness
of the current procedures against sCJD MM/MV1+2C prions has
not been tested. However, the present study suggests that the
current procedures, considered to be effective against MM/MV 1
prions, are sufficient for the decontamination/disinfection of
MM/MV 1+2C prions as well.

In conclusion, sCJD MM/MV1+2C prions and MM/MV1
prions showed identical transmission properties. With respect to
public health issues, the present study suggests that sCID
MM/MV1+42C prions and MM/MV 1 prions can be considered as
the same entity, apart from the classification of sCJD patients.
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