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Defining the phenotypic spectrum of sporadic
Creutzfeldt-Jakob disease MV2K: the kuru

plaque type

Simone Baiardi,"»? Angela Mammana,’ Sofia Dellavalle,* Marcello Rossi,"
Veronica Redaelli,? Elisa Colaizzo,* Giuseppe Di Fede,®> Anna Ladogana,*
Sabina Capellari’? and ®Piero Parchi'-?

The current classification of sporadic Creutzfeldt-Jakob disease identifies six major subtypes mainly defined by the
combination of the genotype at polymorphic codon 129 (methionine/M or valine/V) of the prion protein gene and the
type (1 or 2) of misfolded prion protein accumulating in the brain (e.g. MM1, MM2, MV1, MV2, etc.).

Here, we systematically characterized the clinical and histo-molecular features associated with the third prevalent
subtype, the MV2 subtype with kuru plaques (MV2K), in the most extensive series collected to date. We evaluated
neurological histories, cerebrospinal biomarkers, brain MRI and EEG results in 126 patients. The histo-molecular as-
sessment included misfolded prion protein typing, standard histologic staining and immunohistochemistry for prion
protein in several brain areas. We also investigated the prevalence and topographic extent of coexisting MV2-cortical
features, the number of cerebellar kuru plaques and their effect on clinical phenotype.

Systematic regional typing revealed a western blot profile of misfolded prion protein comprising a doublet of 19 and
20 kDa unglycosylated fragments, with the former more prominent in neocortices and the latter in the deep grey nu-
clei. The 20/19 kDa fragment ratio positively correlated with the number of cerebellar kuru plaques. The mean disease
duration was exceedingly longer than in the typical MM1 subtype (18.0 versus 3.4 months). Disease duration corre-
lated positively with the severity of pathologic change and the number of cerebellar kuru plaques. At the onset
and early stages, patients manifested prominent, often mixed, cerebellar symptoms and memory loss, variably asso-
ciated with behavioural/psychiatric and sleep disturbances. The cerebrospinal fluid prion real-time quaking-induced
conversion assay was positive in 97.3% of cases, while 14-3-3 protein and total-tau positive tests were 52.6 and 75.9%.
Brain diffusion-weighted MRI showed hyperintensity of the striatum, cerebral cortex and thalamus in 81.4, 49.3 and
33.8% of cases, and a typical profile in 92.2%. Mixed histotypes (MV2K + MV2-cortical) showed an abnormal cortical
signal more frequently than the pure MV2K (64.7 versus 16.7%, P =0.007). EEG revealed periodic sharp-wave com-
plexes in only 8.7% of participants.

These results further establish MV2K as the most common ‘atypical’ subtype of sporadic Creutzfeldt-Jakob disease,
showing a clinical course that often challenges the early diagnosis. The plaque-type aggregation of the misfolded
prion protein accounts for most of the atypical clinical features. Nonetheless, our data strongly suggest that the con-
sistent use of the real-time quaking-induced conversion assay and brain diffusion-weighted MRI allows an accurate
early clinical diagnosis in most patients.
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Introduction

The broad phenotypic heterogeneity of sporadic Creutzfeldt-Jakob
disease, the most common human prion disease, depends on prion
protein (PrP) gene (PRNP) sequence variations and the proprieties of
the abnormal PrP (PrP5°) aggregates accumulating in the brain. The
primary genetic determinant is a methionine (M)/valine (V) poly-
morphism at codon 129 of PRNP, leading to three possible combina-
tions MM, MV or VV.! The second molecular determinant is the
PrPSc proteinase K-resistant core fragment size, which identifies
two main unglycosylated fragments, type 1 with a relative molecular
mass of 21 kDa and type 2 of 19 kDa.? The codon 129 genotype-Prp5°
type combination determines six major disease subtypes, with minor
exceptions.® They include the MM1 and MV1 merging into a single
subtype and the MM2 splitting into two clinicopathological subtypes
with prominent cortical (MM2C) or thalamic (MM2T) distribution of
pathologic changes. As a result, the current classification of sporadic
Creutzfeldt-Jakob disease identifies the following six main subtypes:
MM/MV1, MM2C, MM2T, VV1, VV2 and MV2.? Experimental trans-
missions in syngeneic hosts, demonstrating that five out of six sub-
types behave as distinct prion strains, supported this classification
strongly.* As the only exception, VV2 and MV2K converged to a single
strain named V2 because it transmits more efficiently in the presence
of 129V than 129M.*

The prototype of V2 infection is the VV2 subtype, also known as
‘cerebellar’ or Brownell-Oppenheimer variant, characterized by
short duration, early and prominent ataxia, and an ascendingintra-
cerebral spreading that results in late involvement of the cerebral
cortex and dementia.®

In heterozygotes (MV2K subtype), the V2 strain converts both PrP©
isoforms (i.e. with valine or methionine at codon 129) but with a re-
ducedreplication efficiency.*® This leads to a more prolonged clinical
course, a more widespread CNS involvement at clinical onset, and a
reduced response of neurodegenerative diagnostic biomarkers in
biofluids compared to the VV2 phenotype.>”® Moreover, the conver-
sion of PrP©-129M seems to be fundamental for PrPS¢ aggregation in
the form of kuru plaque, as elegantly demonstrated by experimental
traceback transmissions, which identified the V2 strain as respon-
sible for iatrogenic Creutzfeldt-Jakob disease 129MM phenotype
with kuru plaques.® PrPS¢ deposition as extracellular amyloid plaques
rather than diffuse membrane-associated aggregates could be an-
other determinant of the less aggressive disease phenotype, given
the reduced neurotoxicity of these PrP5° deposits.

It is also noteworthy that, in patients carrying MV, the V2 strain
may coexist with other strains associated with different conforma-
tions of PrP5c-129M (e.g. M1, M2C), leading to mixed histotypes (e.g.
MV2K + MV2C, MV2K + MV1), which further contributes to phenotypic
heterogeneity. Additionally, initial evidence from the topographic
distribution of mixed histotypes suggests that allele-specific conver-
sion by prion strains might be region dependent.™®

Despite the evidence provided by animal models, the effective
contribution of specific molecular (strain) features on the clinico-
pathological phenotype of this peculiar disease subtype is not
well known. MV2K represents the third most common sCJD subtype

in Western countries while having a relatively low prevalence in
Asia due to the rarity of the codon 129V PRNP allele in these popula-
tions.*0**

Here, we have comprehensively characterized the histo-molecular
features of MV 2K, aiming to define the determinants of the ‘unusual’
clinical phenotype associated with this sCJD subtype. Additionally, we
examined the results of diagnostic investigations [EEG, MRI, CSF
14-3-3 and real-time quaking-induced conversion (RT-QuIC) assay]
and other surrogate biomarkers in both CSF and plasma of potential
utility for diagnostic and severity stratification purposes.

Materials and methods

We included 126 patients with sporadic Creutzfeldt-Jakob disease
carrying the MV genotype at PRNP polymorphic codon 129. All
patients had a comprehensive clinical assessment, being hospita-
lized in a Neurology Department at least once during the disease
course. Eighty-seven received a ‘definite’ diagnosis of sporadic
Creutzfeldt-Jakob disease MV2K (or MV2K +2C) by post-mortem
brain tissue studies according to molecular and histopathological
consensus criteria.’®'*'* Of the 87 patients, 57 were referred to
the Neuropathology Laboratory (NP-Lab) at the Institute of
Neurological Science of Bologna, Italy (from 2000 to 2021), 12 to
the Foundation IRCCS, Carlo Besta Institute of Neurology, Milan,
Italy (from 1994 to 2016), and 18 were part of a previously published
case series.? The remaining 39 (all from the NP-Lab) fulfilled the cur-
rent diagnostic for ‘probable’ sporadic Creutzfeldt-Jakob disease
and tested positive by the CSF prion RT-QuIC assay. To define clin-
ical criteria distinguishing probable MV2K from MV1 and MV2C (i.e.
two rarer subtypes associated with codon 129 heterozygosity), we
reviewed all definite MV1 (n =22) and MV2C (n = 3) from a consecu-
tive series of 548 sporadic Creutzfeldt-Jakob disease cases submit-
ted at the NP-Lab between 2000 and 2021. In line with the current
literature,>'° MV1 showed a significantly shorter disease duration
than MV2K (Supplementary Table 1). Moreover, none of the MV2C
participants presented symptoms of cerebellar or nigrostriatal in-
volvement within 12 months from disease onset, a finding consist-
ent with the dominant cortical pathology and relative sparing of the
cerebellum characterizing this subtype.'® Therefore, we used the
following conservative criteria to define a case as ‘probable
MV2K’: (i) disease duration >8 months (i.e. the mean disease dur-
ation of MV1 cases plus two standard deviations) and (ii) clinical
evidence of cerebellar and/or nigrostriatal involvement within 6
months from the onset. All 39 probable participants in the MV2K
group fulfilled the previously mentioned criteria.

To rule out pathogenic PRNP mutations and confirm codon 129 het-
erozygosity, we performed PCR amplification and sequencing of
genomic DNA from all included subjects, according to a previously
published protocol.*®
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We prepared the brain homogenates and performed PrP*¢ typing by
western blot according to established methods.**” Briefly, samples
were runina 15 cm long separating gel, transferred to Immobilon-P
membranes (Millipore) and probed overnight with the monoclonal
antibody 3F4 (1:30 000 working dilution). The immunoreactive sig-
nal was visualized by enhanced chemiluminescence (Immobilon
Western, Millipore) on a LAS 3000 camera (Fujifilm).

To evaluate in-depth the regional variability of PrP¢ typing, we
performed immunoblots in samples from 22 regions (Supplementary
Table 2) in a subgroup of 25 patients. Western blot signals, including
the ratio of unglycosylated PrPS¢ isoforms (19 and 20 kDa fragments),
were measured semiquantitatively by densitometry using AIDA soft-
ware (Raytest, Germany).

The brains of 84 participants were obtained by autopsy and handled
according to a standardized procedure.’® Briefly, either one-half
(right hemisphere) or selected coronal tissue sections, including all
major brain structures and nuclei, were frozen immediately and
stored in sealed bags at —80°C. The remaining tissue (in most cases
from the left hemisphere) was fixed in formalin and was used for
neuropathological examination and PrP immunohistochemistry.

Standard routine histopathological staining was performed in all 84
brains. Additionally, a semiquantitative evaluation of grey matter
spongiosis and gliosis was carried out in 67 cases by analysing
haematoxylin eosin-stained sections obtained from 20 brain regions
(Supplementary Table 2). The same experienced neuropathologist
(P.P.) rated spongiosis on a 0—4 scale (not detectable, mild, moderate,
severe and status spongiosis) and gliosis on a 0-3 scale (not notice-
able, mild, moderate and severe). Then, a lesion profile for each pa-
tient was obtained by averaging the two scores.

We performed PrP immunohistochemistry on formalin-fixed and
paraffin-embedded blocks of the areas selected for histopathologic
examination. PrP immunohistochemistry was carried out using the
monoclonal antibody 3F4 (1:400, Signet Labs) as described.'® PrP de-
posits were described as diffuse or synaptic, perivacuolar, coarse or
patchy, plaque-like and kuru plaques. To evaluate the co-
occurrence of different histotypes within the same brain, we inves-
tigated the regional distribution of PrP deposition in the following
brain regions: frontal (n=67), temporal (n=>57), parietal (n=57)
and occipital (both calcarine sulcus and lateral occipital gyrus, n
=59 and n=>54, respectively) neocortices, striatum (n=63), thal-
amus (n=58), hypothalamus (n=45), midbrain (n=45), pons (n=
40), medulla (n =42) and cerebellum (n=63).

We classified the mixed phenotypes according to both PrP5° typing
and histotyping data. We only detected mixed cases in which MV2K
was the dominant phenotype with 2C as a secondary component
(i.e. MV2K + 2C). These cases were characterized by large confluent
vacuoles and a perivacuolar pattern of PrP deposition at immunohis-
tochemistry (i.e. the hallmarks of the MM/MV2C subtype).

For this purpose, sections of the cerebellum at the level of the den-
tate nucleus were processed for periodic acid-Schiff staining. Two
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operators (S.B. and P.P.) separately evaluated and manually
counted periodic acid-Schiff-positive plaques in 10 cerebellar folia
of each case at x200 magnification. Both operators reviewed all dis-
cordant cases (i.e. total amount >5 plaques) to reach an agreement.
Akuru plaque score was calculated, representing the mean number
of kuru plaques in each cerebellar folium.

In 49 brains, we performed immunohistochemistry with antibodies
specific for Ap (4G8, dilution 1:5000, Signet Labs), p-tau (AT8, dilu-
tion 1:200, Immunogenetics) and a-synuclein (LB509, dilution
1:100, Thermo Fisher Scientific), using several brain regions, mainly
following established consensus criteria.'*

We reviewed the clinical chart for each patient’s neurological
symptoms and signs at the onset and during the disease course.
We defined as ‘onset symptom(s)’ the first neurological distur-
bance(s) complained by the patient at disease onset, and as ‘early
symptoms’ those reported in the first 6 months from onset, a
time representing approximately the first third of the average dis-
ease duration in MV2K subtype. Moreover, we calculated the
mean time of appearance of all reported symptoms/signs from dis-
ease onset grouped according to the following categories: ataxia/
cerebellar, psychiatric, myoclonus, sensory/peripheral nervous
system, visual, oculomotor, pyramidal, parkinsonism, cognitive
(single-domain), dementia and akinetic mutism. Disease duration
was calculated from the presentation of neurological signs to
death. Finally, for each case, we searched for all available informa-
tion concerning the alternative diagnosis taken into consideration
at the time of neurological assessment.

Prion RT-QulIC

Prion RT-QuIC using full-length [residues 23-231, previous QuIC
(PQ)-CSF] or truncated [residues 90-231, improved QuIC (IQ)-CSF]
hamster recombinant PrP as substrate was performed as previously
described.?*?*

Protein 14-3-3

Protein 14-3-3 was detected semiquantitatively by western blot as
described.” Alternatively, we measured 14-3-3 gamma isoform
using a commercially available enzyme-linked immunosorbent as-
say (ELISA) assay kit (Circulex 14-3-3 gamma ELISA kit, MBL) accord-
ing to the manufacturer’s instructions. According to our in-house
cut-off, we considered ‘positive’ the 14-3-3 assay with values >23
400 AU/m1.**

We reviewed all available cerebral MRI results focusing on studies
including fluid-attenuated inversion recovery (FLAIR) and/or
diffusion-weighted imaging (DWI) sequences. MRIs without DWI/
FLAIR sequences were not analysed further. Specifically, we
searched for hyperintensities on T,-FLAIR and/or DWI sequences
in eight brain areas, namely temporal, parietal and occipital corti-
ces, striatum (caudate and putamen nuclei), thalamus, hippocam-
pus, insula and cingulate gyrus. We also evaluated the timing of
MRI studies after the onset of symptoms. According to current
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diagnostic criteria for sporadic Creutzfeldt-Jakob disease,?® we con-
sidered a ‘typical’ positive finding the presence of hyperintensities
on T,-FLAIR and/or DWI in at least two cortical regions (temporal,
parietal and occipital cortices) and/or the striatum.

EEG recordings were reviewed, and abnormal traces were classified
as follows: (i) diffuse nonspecific slowing; (ii) paroxysmal dis-
charges; and (iii) periodic sharp-wave complexes (PSWCs).?®
When multiple EEG recordings were available for review, we as-
signed the highest degree of severity according to the following
rule: PSWCs > paroxysmal discharges > slowing.

CSF total tau (t-tau) was measured by sandwich ELISA (INNOTEST,
Fujirebio) or by automated chemiluminescent enzyme immuno-
assay on the Lumipulse G600II platform (Fujirebio). In CSF, neurofi-
lament light chain (NfL) was quantified by a validated commercial
ELISA (NfL ELISA kit, IBL),” while plasma NfL was measured with
the SIMOA NF-light advantage kit on a SIMOA SR-X analyser plat-
form (Quanterix).

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, La Jolla, CA, USA). Depending on the data dis-
tribution, the Mann-Whitney U-test or the two-tailed Student t-test
was used, as appropriate, to test differences between two groups of
continuous variables. The one-way ANOVA or Kruskal-Wallis test
(followed by Bonferroni’s or Tukey’s post hoc tests) was used for
multiple group comparisons. The chi-square test and Fisher’s exact
test were adopted for categorical variables. The Spearman bivariate
test was used to evaluate the strength of the correlation between
clinical and histo-molecular findings. Hypothesis testing was two-
sided, and P < 0.05 were considered statistically significant.

Finally, to identify the best combination between clinical fea-
tures and ancillary tests, allowing an accurate diagnosis, we calcu-
lated the diagnostic sensitivity of different associations of
biomarkers and clinical characteristics at the time of CSF collection
and after the whole disease course. For this purpose, we analysed
48 MV2K cases (19 definite and 29 probable) with all biomarkers
available. The definitions of the combination criteria are reported
in Supplementary Fig. 1.

Data collection of clinically suspected cases is an integral part of the
National Creutzfeldt-Jakob disease surveillance study, which was
approved by the Ethics Committee of the Istituto Superiore di
Sanita (CE-ISS 09/266 on 29 May 2009).

The data supporting this study’s findings are available from the
corresponding author upon reasonable request.

Results

In the neuropathologic cohort of the NP-Lab (2000-2021), including
548 Caucasian individuals with definite sporadic Creutzfeldt-Jakob
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disease, MV2K (pure or mixed) was the third most prevalent sub-
type accounting for 10.6% of cases.

None of the participants carried pathogenic mutations in the PRNP
open reading frame. All patients carried the MV genotype at codon
129.

As previously described,’®'” the immunoblot profile of proteinase

K-resistant PrP5° showed an unglycosylated fragment migrating
at 19 kDa (type 2) in all definite participants, associated with a vari-
able relative amount of a second peptide migrating at 20 kDa de-
pending on the brain region analysed (Fig. 1). The 19kDa
fragment was dominant in the neocortices in most cases (20/25,
80%) (Fig. 1A). In contrast, we found a dominant 20 kDa band or iso-
intensity between bands in subcortical regions including striatum
(23/25 cases, 92%), thalamus (22/25, 88%), hippocampus (22/25,
88%) and brainstem (18/20, 90%). The cerebellum showed the high-
est variability, with a dominant 20 kDa or an iso-intensity patternin
16 patients (64%) and a dominant 19 kDa band in nine (36%) (Fig. 1B).
Further analysis of all cases with frozen tissue available from the
neocortex (middle temporal gyrus), medial thalamus and cerebellar
hemisphere confirmed the results obtained in the exploratory
group. Specifically, the 20 kDa/iso-intensity pattern was prevalent
in the thalamus (55/60, 91.7%) and cerebellum (43/56, 76.7%), while
the 19 kDa fragment predominated in the temporal cortex (45/63,
71.4%). As in other sporadic Creutzfeldt-Jakob subtypes, the ana-
lysis of PK-resistant PrP* glycoforms (i.e. glycoform ratio) generally
revealed a predominant monoglycosylated isoform. However,
there was some heterogeneity among the areas analysed
(Supplementary Table 3), probably reflecting the stage and severity
of pathologic changes related to disease duration, the ratio between
the 19/20kDa bands and possibly regional differences in PrP©
glycosylation.

Severe spongiform change, gliosis and neuronal loss affected the
striatum, thalamus and entorhinal cortex, whereas other limbic
structures, such as the hippocampus, amygdala and cingulate
gyrus, the hypothalamus and the cerebellum showed moderate
changes. Of note, despite the invariable involvement, the latter
showed less severe changes than the cerebellum of VV2 brains
(Fig. 2A). The brainstem was consistently affected by mild to mod-
erate pathologic changes. Spongiform change mainly involved the
substantia nigra and periaqueductal grey (midbrain), the grey mat-
ter next to the locus coeruleus (pons) and anterior to the fourth ven-
tricle (medulla) (Supplementary Fig. 2).

All neocortices showed mild to severe pathologic change, slight-
ly more pronounced in the frontal cortex, depending on the disease
duration. A more severe neocortical pathology characterized the in-
dividuals with a prolonged clinical course (Fig. 2B). In contrast, the
intensity of pathologic change in subcortical nuclei and limbic cor-
tices was comparable between short- and long-duration cases, sug-
gesting these regions were involved earlier during the disease
course. Interestingly, we found higher pathologic scores in the tem-
poral neocortex in the brains that showed a dominant 20 kDa Prp5¢
unglycosylated fragment compared with those with a predominant
19kDa band (mean score 2.5+1.1 versus 1.4+0.8, P=0.004).
Spongiform change comprised intermediate size, non-confluent
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Figure 1 Regional immunoblot profiles of proteinase K-resistant Prp5°
fragments in two representative sporadic Creutzfeldt-Jakob disease
MV2K cases (#1 and #2). (A) Western blot profile in neocortices showing
a dominant 19 kDa (type 2) unglycosylated band in Case #1 and, con-
versely, a dominant 20 kDa fragment in Case #2. (B) Immunoblot of thal-
amus showing a similar intensity of 19 and 20kDa bands and a
dominant 20 kDa fragment in the cerebellum (vermis) of both cases.
Immunoblots are probed with the mAb 3F4.

vacuoles and often showed a striking laminar distribution in the
deeper layers (IV-VI) of neocortices (Fig. 3A). The latter finding
was particularly evident in cases with shorter duration showing
less severe pathologic changes.

PrP immunochemistry revealed amyloid (kuru type) plaques
and plaque-like deposits in the granular layer of the cerebellum
in all cases (Table 1 and Fig. 3B and C).

In the cerebellum, kuru plaques were seen prominently within
the internal granular cell layer, at the junction with the Purkinje
cell layer, and, in most cases, near the white matter. Kuru plaques
also extended to the molecular layer proportionally with the overall
number of cerebellar plaques (Figs 2C and 3D). In a subgroup of
cases (i.e. all with high cerebellar kuru scores), plaques were also
detected in the neocortex, thalamus and striatum (Table 1 and
Figs 2D and 3E). The number of kuru plaques was associated with
disease duration (Fig. 2E). There was also a trend towards a positive
correlation with the severity of pathologic changes in the cerebel-
lum (rho=0.261, P=0.054). Additionally, cerebellar kuru scores
were higher in individuals with the dominant 20 kDa unglycosy-
lated PrP5¢ fragment than in those with the dominant 19 kDa
band in the cerebellum (Fig. 2F).

Plaque-like deposits were invariably present in the cerebellar
granular layer, thalamus, striatum and brainstem, as in most neo-
cortices. However, this pattern of PrP deposition was more abun-
dant in the cerebellum and subcortical structures (e.g. thalamus,
putamen and substantia nigra) than in the neocortex and in cases
with higher cerebellar kuru scores. As a general observation,
plaque-like deposits were larger in the cerebellum than in the
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striatum and brainstem. In neocortices, PrP typically accumulated
in the form of delicate, punctate/granular synaptic deposits, often
surrounding the neuronal perikarya and dendrites (perineuronal
distribution) (Fig. 3F) and to a lesser extent with a plaque-like pat-
tern that largely colocalized with spongiform change in the deeper
layers (Fig. 3G). In the hypothalamus, the pattern of PrP deposits
was either small plaque-like (in most cases), synaptic (sometimes
assuming a perineuronal distribution), or both (Supplementary
Fig. 3).

In the neocortices of a subgroup of cases (24/67, 35.8%), we also
observed large confluent, grape-like vacuoles associated with
coarse PrP deposits surrounding vacuoles (perivacuolar distribu-
tion) (Fig. 3H and I). These features, virtually indistinguishable
from those observed in MM2C, were mixed with those of ‘pure’
MV2K. Accordingly, we classified these cases as mixed MV2K + 2C
histotype. The M2C showed a spatial distribution with a posterior
(maximum extent in the occipital cortex) to anterior (minimum in
the frontal cortex) gradient (Fig. 2G), although in seven cases
(29.2%), all neocortices were affected. Nonetheless, the comparison
of lesion profiles of MV2K and MV2K + 2C revealed only minor dif-
ferences, limited to a slightly lower severity of pathologic change
in the hippocampus and cerebellum in the mixed histotype
(Fig. 2H). The cerebellar kuru score was significantly lower in
MV2K +2C than in pure MV2K (Fig. 2I). Moreover, according to the
typical MM2C lesion profile, we found PrP perivacuolar deposits in
the striatum in 16.7% of cases and occasionally in the thalamus.
Finally, there were large PrP patches focally in the molecular layers
of the cerebellum in two MV2K + 2C, a pattern consistent with long-
duration MM2C (Fig. 3J).

Alzheimer’s disease-related pathologic changes (ADRC) were
found in 31 of the 49 brains analysed (63.1%). In 26 cases, ADRC
were mild (low ABC score),?® while four presented intermediate
scores and one a high score. Additionally, seven participants
(14.3%) were diagnosed with primary age-related tauopathy (four
probable, three possible).?® Cerebral amyloid angiopathy involving
large parenchymal and meningeal vessels was observed in 11
brains (22.4%). The severity of ADRC was similar between MV2K
and MV2K + 2C cases but with a trend towards a more widespread
AB pathology in the latter group (Thal phase >3 42.9% versus
21.4%, P=0.129).

As previously reported,?” we detected a prion-related secondary
tauopathy independent from ADRC, characterized by dot- or stub-
like positive immunoreactive structures, probably representing
delicate neurites, in the neocortices, striatum, thalamus and cere-
bellum (molecular and Purkinje cell layers) of MV2K individuals
showing mild to moderate neuropathologic changes (Fig. 3K). In
these cases, tau immunoreactivity colocalized mostly with spongi-
form change in the grey matter. Minimal or no tau immunoreactiv-
ity was seen when neuronal loss and gliosis were severe and in the
cases with status spongiosus.

Incidental Lewy body pathology spatially restricted to the brain-
stem was detected in three cases (6.1%) (Braak stage 1in two cases,
stage 3 in one).

Sparse Hirano bodies were found in the hippocampus of 12 out of
26 cases (46.2%) with no evidence of tau-neurofibrillary pathology.

Clinical features

Among the 126 examined cases, the female: male ratio was
1.29:1 (71 female, 55 male), the mean age at clinical onset was
64.7 £9.9 years (range 35-85) and the mean disease duration
18.0 + 11.7 months (range 2-155). Cases belonging to the MV2K
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Figure 2 Relevant histo-molecular features and correlations in sporadic Creutzfeldt-Jakob disease MV2K subtype. (A) Comparison between lesion pro-
files of sporadic Creutzfeldt-Jakob disease MV2K and VV2. (B) Lesion profiles of MV2K with long (>18 months) and short (<9 months) disease duration.
(C) Relationship between kuru plaque load in the cerebellar molecular layer and total amount in the cerebellum. (D) Relationship between cerebellar
kuru plaque score and occurrence of kuru plaques outside the cerebellum. (E) Correlation between cerebellar kuru plaque score and disease duration.
(F) Relationship between prominent unglycosylated PrP5¢ fragment size and cerebellar kuru score. (G) Spatial distribution of PrP perivacuolar (PV)/
coarse deposits in MV2K + 2C phenotype. (H) Lesion profiles of pure MV2K and mixed MV2K + 2C phenotypes. (I) Comparison of cerebellar kuru score
in pure and mixed phenotypes. (A, B and H) Data are expressed as mean and 95% confidence interval (bars). (C-F) Kuru scores represent the mean num-
ber of kuru per cerebellar folium. In F, >f19 = dominant 19 kDa fragment; iso f19/20 = iso-intensity between 19 and 20 kDa fragments; >f20 = dominant
20 kDa fragment. FC = frontal cortex; TC = temporal cortex; PC = parietal cortex; OC = occipital cortex; HIPP = hippocampus; EC = entorhinal cortex;
AMG = amygdala; STR = striatum; TH = thalamus; MDB = midbrain; CE = cerebellum. *P <0.05, **P < 0.01, ***P <0.001, ***P < 0.0001.

+2C group were older than those of pure MV2K (68.2 + 10.8 versus
62.1 +10.0 years, P=0.012) (Supplementary Table 4). Clinical find-
ings did not significantly differ between definite and probable
cases, but for a higher prevalence of oculomotor disturbances
in the former group (31.0 versus 12.9%, P =0.03) (Supplementary
Table 5).

Illlness presentation was typically characterized by instability
while walking or standing, often associated with various cognitive
deficits, including impaired memory, poor attention and confusion,

and a wide range of behavioural/psychiatric symptoms (Table 2 and
Fig. 4). In about 20% of patients, gait disturbance occurred alone at
disease onset, while memory loss was the most frequent isolated
cognitive presentation. Besides gait unsteadiness, other presenting
symptoms suggesting cerebellar involvement included vertigo,
dysarthria and limb incoordination. Sleep complaints, including
excessive sleepiness or insomnia, enacted dream behaviour and
circadian rhythm misalignment, were reported by ~10% of patients
at the onset but never as isolated symptoms. In five subjects,
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Figure 3 Neuropathologic features of sporadic Creutzfeldt-Jakob disease MV2K subtype. (A) Spongiform change with intermediate size vacuoles. (B)
Cerebellar kuru plaques (I = HE; Il = PrP IHC; Il = periodic acid-Schiff). (C) Plaque-like deposits in the cerebellar granular layer (I) and white matter (II).
(D) Kuru plaques in the cerebellar molecular layer and (E) occipital cortex. (F) Perineuronal PrP and (G) deep laminar synaptic staining in neocortex. (H)
Large size, confluent vacuoles. (I) Coarse/perivacuolar PrP deposition. (J) Patchy PrP deposits in the cerebellar molecular layer. (K) Prion-related tau sec-
ondary tauopathy (I =dots; Il = small irregular aggregates). B(I), C-G, I and J: PrP immunohistochemistry with the mAb 3F4; K: tau immunohistochem-

istry with the mAb ATS8.

Table 1 Patterns of PrP deposition

n Kuru plaques Plaque-like Synaptic Coarse/perivacuolar

Cerebellum 63 63 (100) 63 (100) 47 (74.6) 0(0.0)
Neocortex 67 10 (14.9) 63 (94.0) 64 (95.5) 24 (35.8)
Striatum 63 4(6.3) 63 (100) 60 (95.2) 4(6.3)
Thalamus 58 6 (10.3) 58 (100) 58 (100) 1(1.7)
Hypothalamus 45 0(0.0) 45 (100) 43 (95.5) (0.0)
Brainstem 57 0(0.0) 57 (100) 57 (100) (0.0)

Midbrain 45 0 (0.0) 45 (100) 44 (97.8) (0.0)

Pons 40 0(0.0) 40 (100) 38 (95.0) (0.0)

Medulla oblongata 42 0(0.0) 39 (92.9) 41 (97.6) (0.0)

Data are expressed as n (%).

disease onset was characterized by bilateral sensory disturbances;
dysesthesia was the only presenting symptom in three. Finally,
parkinsonism and limb dystonia, often unilateral, mimicking
corticobasal degeneration, represented a rare, unusual clinical
presentation.

During the early disease stage (i.e. within 6 months from onset),
about 80% of MV2K patients showed both cerebellar and cognitive
symptoms. Behavioural and psychiatric symptoms were also com-
mon, being reported in nearly half of them. As the disease pro-
gressed, usually within 12 months after the onset, patients
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Table 2 Clinical symptoms at onset and during early stages in 126 patients

Symptoms at onset, n® Percentage (%) Early symptoms (<6 months), n° Percentage (%)
Gait/postural unsteadiness, 70 (isolated in 24 cases) 55.5 Gait/postural unsteadiness, 95 75.4
Loss of intellectual abilities,® 30 (isolated in 10 cases) 23.8 Loss of intellectual abilities, 86 68.3
Confusion/disorientation, 19 15.1 Behavioural change, 37 29.4
Memory loss (isolated), 18 (isolated in four cases) 14.3 Other psychiatric, 26 20.6
Behavioural changes,? 17 13.5 Sleep complaints, 26 20.6
Sleep complaints (hypersomnia, insomnia), 15 11.9 Confusion/disorientation, 25 19.8
Other psychiatric (delirium, hallucinations), 14 111 Dysarthria, 17 135
Vertigo, 7 (isolated in three cases) 5.5 Visual hallucinations, 13 10.3
Limb dysesthesia, 5 (isolated in three cases) 3.9 Limb dysesthesia, 10 7.9
Dysarthria, 4 3.2 Parkinsonism, 9 7.1
Limb incoordination, 3 2.4 Myoclonus, 9 7.1
Parkinsonism, 3 2.4 Vertigo, 7 5.6
Diplopia, 2 1.6 Limb incoordination, 7 5.6
Transient loss of consciousness, 2 1.6 Diplopia, 5 4.0
Limb dystonia, 2 1.6

Isolated onset is specified for symptoms occurring at least in three cases.
®Only symptoms occurring in at least five cases are reported.

‘Loss of intellectual abilities includes attention deficit, slow thinking and multiple-domain cognitive dysfunction.
9Behavioural changes include one or more of the following: apathy, aboulia, psychomotor agitation, aggressiveness, irritability and oddness.

developed a variable combination of parkinsonism, pyramidal
signs, full-blown dementia and myoclonus (Supplementary Fig.
4). As for other disease subtypes, akinetic mutism characterized
the end stage of the disease.

The clinical phenotype and disease course were similar in pure
MV2K and mixed MV2K + 2C subgroups except for a higher preva-
lence of parkinsonism in pure MV2K (Supplementary Fig. 5). This
finding was independent of the extent of pathologic change in sub-
stantia nigra (Fig. 2H). Notably, six out of seven (85.7%) of MV2K + 2C
subjects showing perivacuolar/coarse PrP deposits in all neocorti-
ces developed cognitive impairment within 6 months from clinical
onset, suggesting that the M2C component could have contributed
(at least in part) to such clinical presentation.

We investigated the spectrum of possible alternative diagno-
ses in 119 cases. In most cases, the diagnosis was challenging at
first evaluation, especially in early disease stages. As a result, in-
correct diagnostic formulations occurred in ~40% of cases.
Neurodegenerative diseases, particularly atypical Alzheimer’s
disease and cerebellar paraneoplastic disorders, were the most
frequent alternative diagnoses. Of note, despite being less com-
mon, in a few cases, peripheral polyneuropathy was suspected
(Table 3).

Prion RT-QuIC

As for inclusion criteria, all probable MV2K were tested positive by
either PQ- or IQ-CSF. In those with a definite diagnosis, we detected
prion seeding activity in 35 out of 37 tested CSF (94.6%). In both
probable and definite cohorts, sensitivity was significantly higher
using IQ- than PQ-CSF (63/64, 98.4% versus 51/65, 78.5%, P < 0.001).
This result was confirmed when limiting the analysis to 53 cases
tested by both assays (98.1 versus 75.5%, P < 0.001).

Protein 14-3-3

The detection of protein 14-3-3 in CSF demonstrated a suboptimal
sensitivity being positive in 51 out of 97 tested patients (52.6%).

We found no differences between definite and probable MV2K
groups (55.2 versus 48.7%, P=0.53) (Supplementary Table 5).

We did not find either clinical or demographic features to
explain the negative 14-3-3 protein results. As the only significant
association, as expected, subjects with a positive 14-3-3 finding
also showed higher t-tau levels than those 14-3-3 negative (t-tau
cut-off >1250 pg/ml: 90.7 versus 60%, P =0.004).

Brain MRIincluding FLAIR and DW sequences, demonstrated a high
diagnostic sensitivity being positive in 92.2% of tested patients (71/
77), with no differences between probable and definite groups
(Supplementary Table 5). The most affected brain region on MRI
was the striatum, while neocortices showed high-intensity signals
in about half of the cases. Interestingly, in participants with a def-
inite diagnosis, hyperintense signals in the neocortex were more
common in MV2K +2C than in MV2K, probably because of the
more pronounced cortical spongiform change (Supplementary
Fig. 6). One-third of MRIs also revealed abnormal signals in the thal-
amus; about 15% showed hyperintensities in the limbic system.
Overall, subcortical grey nuclei and limbic neocortices were more
commonly affected in the pure than in the mixed phenotype
(Table 4).

As for 14-3-3 protein, we did not find predictors for negative
DW-MRIs. Nonetheless, subjects with negative DW-MRI results
showed a trend towards a longer disease duration as compared
with those with typical imaging (18.5 (18.0-22.8) versus 13.0
(11.0-18.0) months, P=0.059). Besides, the timing of the investi-
gation was slightly delayed (10 (6.8-15.0) versus 7.0 (4.5-9.0)
months, P=0.108). Remarkably, three out of six DW-MRI negative
participants had non-diagnostic hyperintensities involving the
frontal cortex (n = 3), the cingulate gyrus (n = 2) and the thalamus
(n=1).

EEG recordings performed in 115 subjects showed a diffuse, non-
specific slowing in most cases (n=90, 78.3%), PSWCs in 10 (8.7%)
and paroxysmal discharges in two (1.7%). EEG was unremarkable
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Figure4 Clinical course of sporadic Creutzfeldt-Jakob disease MV2K subtype. The dashed line indicates the mean time of appearance (in months) from
disease onset while bars the frequency for each group of symptoms/signs.

Table 3 Differential diagnosis in 119 patients Table 4 MRI findings in sporadic Creutzfeldt-Jakob disease
MV2K
Non-CJD diagnoses at first evaluation n (%)
Alzheimer’s disease 12 (10.1) Overall Definite Definite
. . ) MV2K*® MV2K MV2K +2C
Autoimmune/paraneoplastic syndrome 11(9.2)
Cerebrovascular disease 6 (5.0) n 77 24 18
Lewy body disease 4 (3.4) Positive examination 71(92.2) 22 (91.7) 17 (94.4)
Frontotemporal lobar degeneration 3(2.5) (typical)
Peripheral polyneuropathy 3(2.5) Topographic distribution of hyperintensities®
Wernicke’s syndrome 2(1.7) Striatum 58 (81.6) 21 (95.5) 14 (82.4)
Wilson’s disease 2(1.7) Neocortices® 35 (49.3) 4(18.2) 11 (64.7)
Spinocerebellar ataxia 1(0.8) Temporal 33 (46.5) 5(22.7) 10 (58.8)
Vestibular disease 1(0.8) Parietal 37 (52.1) 4(18.2) 11 (64.7)
Amyotrophic lateral sclerosis (bulbar) 1(0.8) Occipital 35 (49.3) 5(22.7) 11 (64.7)
Cancer 1(0.8) Thalamus 24 (33.8) 9 (40.9) 5(29.4)
Spastic paraparesis 1(0.8) Limbic 11 (15.5) 6 (27.3) 0 (0.0)
Leigh’s syndrome 1(0.8) Hippocampus 5(7.0) 4(18.2) -
Psychiatric 1(0.8) Insula 5(7.0) 2(9.1) -
Spectrum of all alternative diagnoses® Cingulate gyrus 3(4.2) 1(4.5) -
Neurodegenerative 24 (20.2) Timing (months) 7.0+33 72+34 7.4+3.9
Alzheimer’s disease 15 (12.6) - - -
Frontotemporal lobar degeneration 5 (4.2) Onl'y'the exanjuna"aons including DWI an'd/or FLAII'Q sequ'ences v'vere 1nc11'1ded.
Lewy body disease 4 (3.4) Positive exammatlo‘n was de-ﬁne-d chordmg to revised diagnostic sporadic
Creutzfeldt-Jakob disease criteria.
Autoimmune/paraneoplastic 21 (17.6) #Includes both definite and probable cases.
Toxic/metabolic 8(6.7) YFrequencies were calculated only for typical cases.
Wilson’s disease 5(4.2) “Isolated hyperintensities were found in the temporal (n = 1), parietal (n=4) and
Wernicke’s syndrome 3(2.5) occipital cortex (n = 3). Additionally, frontal neocortex showed hyperintensities in 31
Vascular 8 (6.7) cases.
Other 9(7.6)
Spinocerebellar ataxia 6 (5.0)
Peripheral polyneuropathy 3(2.5)
20nly diagnoses reported at least three times were included.
Overall, CSF t-tau showed higher levels in MV2K patients than non-
neurodegenerative controls (Supplementary Fig. 7). Still, compared
in 13 cases (11.3%). Analysis of timing revealed that normal EEGs with the most common MM1 subtype, the extent of this increase
were usually recorded during the early disease stage (5.8+2.8 was only mild to moderate. After setting a cut-off discriminative
months), whereas PSWCs appeared later in the disease course of Creutzfeldt-Jakob disease at >1250 pg/ml,?* we correctly identi-

(9.0 + 3.8 months). fied 46 out of 60 cases (76.7%). Therefore, t-tau showed greater
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sensitivity than 14-3-3 protein (P=0.003) in MV2K. Remarkably,
t-tau levels seem to be influenced by the timing of CSF collection;
indeed, in all five cases (from the probable group) that underwent
serial lumbar puncture over time, the biomarker invariably showed
higher values in the last collected sample.

CSF and plasma NfL were analysed in 66 and 24 patients, re-
spectively. The levels of NfL were significantly increased compared
with controls in both fluids. In contrast to 14-3-3 and t-tau, they did
not differ significantly from those of the MM1 group.

The C-QuIC criterion demonstrated 100% sensitivity even during
the early disease stage (Supplementary Table 6). Among the other
criteria, C-MRI had higher sensitivity than C-Tau and C-14-3-3 cri-
teria at any time. Remarkably, the sensitivity of all criteria but the
C-QuIC one significantly increased when the clinical evaluation
accounted for the whole disease course.

Discussion

By focusing on the largest cohort of MV2K, the third most prevalent
disease subtype,® the present results add to previous studies on the
clinical and histo-molecular heterogeneity of Creutzfeldt-Jakob
disease, the most common human prion disease. Overall, our re-
sults further define MV2K as a highly divergent phenotype, clinical-
ly distinguishable from the typical prevalent MM1 that represents
the clinical paradigm of sporadic Creutzfeldt-Jakob disease.
Moreover, they further underline the high value of both CSF
RT-QuIC assay and brain DW-MRI in the clinical diagnosis of
MV2K and the relatively low sensitivity of EEG and CSF proteins
14-3-3 and t-tau assays.

Transmission studies have linked the MV2K and VV2 subtypes
to the same prion strain (i.e. V2)*. The VV2 subtype manifests a
short (mean 6.5 months) disease course characterized by early
and prominent ataxia and late dementia, reflecting an ‘ascending’
progression from the cerebellum, brainstem and deep grey nuclei
to the neocortices.” Conversely, the MV2K subtype shows a slower
progression and higher clinical heterogeneity, especially at the on-
set and early disease stages, probably reflecting a more widespread
CNS involvement at symptom onset. Accordingly, our results indi-
cate the early association between progressive cognitive impair-
ment and cerebellar signs as the most frequent clinical
presentation, which should raise the suspicion of MV2K, especially
in patients with a slower progression than in typical Creutzfeldt-
Jakob disease. However, cognitive complaints can be the primary
clinical finding in a subgroup of patients, challenging the differential
diagnosis with other more prevalent neurodegenerative dementias.
Finally, unusual presentations, such as sensory symptoms, vigi-
lance/sleep complaints and unilateral limb dystonia mimicking cor-
ticobasal degeneration, may also challenge the early diagnosis and
should be considered.**>?

The comparison of lesion profiles between VV2 and MV2K re-
veals a more consistent cortical involvement in the latter. Still,
similarly to the VV2 subtype, the neocortical pathology increases
according to disease duration in MV2K, indicating that in both sub-
types, the cerebellum and other subcortical structures (striatum,
thalamus and brainstem) are affected earlier than the cerebral neo-
cortex and that the pathology spreads following a caudal to rostral
trajectory. Moreover, the amygdala and hippocampus, part of the
limbic system, are also involved early in MV2K. This could explain

S. Baiardi et al.

the relatively high prevalence of psychiatric symptoms and mem-
ory deficits at this disease stage.

Both subtypes accumulate PrP in the form of plaque-like depos-
its. Still, cerebellar kuru plaques have been found only in MV2K, re-
presenting the histopathologic hallmark of this subtype due to the
V2 strain conversion of PrP129M.

Regarding the PrP5° typing, the immunoblot profile of the ungly-
cosylated PrPS¢ comprises a doublet at 20 and 19 kDa instead of a
unique band at 19 kDa representing another significant difference
between MV2K and VV2. Again, the difference reflects the conver-
sion of both PrP129M (20 kDa band) and 129V (19 kDa band). Here
we demonstrated that the relative amount of the two bands is re-
gion dependent: in the thalamus, striatum and cerebellum, the
20-kDa band is usually more prominent or isointense, while the
19 kDa fragment predominates in the neocortices.

We also confirmed the influence of PrP129M conversion on the
histo-molecular phenotype, demonstrating the association be-
tween the number of kuru plaques and the relative amount of
20 kDa PrP*¢ fragment in the cerebellum.

Of note, several of the MV2K features, including the relatively
slow progression, the reduced expression of the 20 kDa fragment
in the neocortices whose involvement depends on disease dur-
ation, and the association between the number of kuru plaques
and disease duration might rely on the less efficient conversion of
PrP129M. Indeed, transmission studies in mice expressing different
forms of the human PRNP gene showed that the V2 strain manifests
a higher attack rate and a shorter incubation period in the mice car-
rying 129VV compared to those with 129MV,*® which explains well
the VV2 and MV2K discrepancies.

On another relevant issue, codon 129 heterozygosis makes
these patients more permissive to the co-existence of multiple
strains within the same brain. Indeed, the co-expression of both
PrP129M and PrP129V expands the possible conformations that
the disease-associated misfolded PrP may acquire. The most com-
mon subtype associated with MV2K was MV2C (e.g. strain M2C).
Despite the relevance from a biological standpoint, in our cohort,
the mixed MV2K + 2C phenotype had a modest impact on the clin-
ical phenotype and results of diagnostic investigations. These find-
ings could be explained by the focal distribution of the
non-dominant histotype/strain (M2C), often limited to the occipital
cortex. However, that a more widespread M2C co-occurrence might
have a more substantial impact on the clinical phenotype cannot
be excluded. Indeed, six out of seven cases in which we detected
MV2C features in all neocortices presented with early cognitive
symptoms.

For the diagnosis in vitam, besides the atypical long disease
course, physicians should also be aware that the accuracy of the
available diagnostic tests for Creutzfeldt-Jakob disease varies sig-
nificantly. This is particularly true for subtypes with more pro-
longed duration, such as the MV2K. In particular, the prion
RT-QuIC showed an overall high sensitivity (~95%), mainly when
the protocol with truncated (90-231) recombinant PrP was used
(98%). By contrast, the sensitivity was only suboptimal using the
first-generation RT-QuIC (full-length PrP) (79%). In line with these
findings, in case of a negative RT-QuIC response, knowing the assay
protocol used by the laboratory would be critical to interpreting the
result correctly. Applying current MRI criteria,”® DW-MRI also
showed a high sensitivity (91%). This result has high relevance
considering that the assessed MRIs were, in most cases, evaluated
by general neuroradiologists not trained explicitly in the
Creutzfeldt-Jakob disease diagnosis. In the overall cohort, typical
hyperintensities involved the striatum more frequently than
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neocortices, the latter being significantly more common in MV2K +
2C cases. Notably, the thalamus in about a third of patients and the
limbic system in some cases (~15%) also showed hyperintense sig-
nals.®® These findings are consistent with the regional lesion pro-
file, particularly the spongiform change distribution.?*

In contrast with the most prevalent MM1 and VV2 subtypes, CSF
surrogate biomarkers of neuronal degeneration, such as 14-3-3 and
t-tau proteins, had low sensitivity in MV2K, resulting in poor diag-
nostic utility. Therefore, physicians should not rule out the diagno-
sis of sporadic Creutzfeldt-Jakob disease (MV2K subtype) in cases
testing CSF 14-3-3 negative or showing t-tau levels below the cut-off
value supporting the diagnosis of CJD. The moderate increase of
t-tau and 14-3-3 proteins in the CSF of MV2K patients compared
with those with MM1 and VV2 indicates lower toxicity of amyloid
PrP aggregates in this condition.>>® Of note, the brain area showing
the highest difference in the severity of neurodegenerative changes
between VV2 and MV2K is the cerebellum, the region with the
amyloid plaques of the kuru type and the most abundant plaque-
like deposits.?”

Similarly, Gerstmann-Straussler-Scheinker disease, a genetic
prion disease characterized by extracellular aggregation and accu-
mulation of PrP forming amyloid plaques, typically manifests a
slow progression and an overall disease duration of several years.*®
Altogether, these observations support the current view of reduced
neurotoxicity of large protein aggregates forming amyloid plaques
compared to small dispersed aggregates such as oligomers in neu-
rodegenerative diseases.

Unlike 14-3-3 and t-tau, NfL, a marker of neuro-axonal injury,
increases significantly in MV2K, showing levels in CSF comparable
with those in MM1. Therefore, in cases with suspected MV2K,
evaluating NfL levels could be useful, especially in those testing
negative for 14-3-3 and t-tau, to support the suspicion of
MV2K.?*3° Additionally, NfL can be accurately measured in plasma,
allowing for longitudinal analyses of disease progression and
therapeutic response monitoring.*>™*? Finally, we included in the
present study a consecutive cohort of ‘probable’ MV2K selected by
applying the following criteria: (i) MV genotype at codon 129; (ii) dis-
ease duration >8 months; and (iii) clinical evidence of cerebellar
and/or nigrostriatal involvement within 6 months from the onset.
The clinical features and results of diagnostic investigations did
not differ between probable and definite MV2K cases, suggesting
that by combining the determination of codon 129 genotype and
stringent clinical criteria, a specific, accurate diagnosis of MV2K
can be reached in vitam in most cases (Supplementary Fig. 8).
Future studies on large sporadic Creutzfeldt-Jakob cohorts includ-
ing all disease subtypes are required to confirm the accuracy of
the proposed diagnostic algorithm.

Strengths of our work included the comprehensive clinical,
neuropathological and molecular characterization in the most ex-
tensive MV2K case series reported to date. The main limits of the
study are the retrospective nature of the clinical characterization
of probable cases and the lack of a systematic revision of brain
MRIs by experienced neuroradiologists.

Conclusion

In summary, MV2K is the most common ‘atypical’ subtype of spor-
adic Creutzfeldt-Jakob disease due to the relatively long disease
duration and slow progression and the poor sensitivity of some
diagnostic tests such as CSF 14-3-3 protein and EEG. Most clinical
heterogeneity relies on the interplay between biological disease
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determinants (strain) and host factors (genetic), which uniquely
bring to PrP accumulation in the form of cerebellar amyloid kuru
plaques.

Clinicians should consider MV2K in patients with (or early de-
veloping) mixed progressive cognitive and cerebellar dysfunctions.
CSF prion RT-QuIC and brain DW-MRI represent the most sensitive
diagnostic tests. Altogether these data strongly suggest that, des-
pite some unusual features, MV2K can be diagnosed accurately in
vitam based on clinical data, DW-MRI, CSF prion RT-QulC assay
and codon 129 genotyping.
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