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Objective: The objective of this study was to characterize the phenotypic spectrum of the rare sporadic Creutzfeldt-
Jakob disease cortical subtype (sCIDMM/MV2C) in a large multicentric autopsy cohort.
Methods: We evaluated clinical histories, biofluid markers, brain diffusion-weighted (DW)-magnetic resonance imaging
(MRI), and electroencephalogram (EEG) findings in 56 patients. The histomolecular assessment included misfolded
prion protein (PrP) typing by immunoblotting, histopathology, and PrP immunohistochemistry in several brain areas.
Results: Misfolded PrP typing showed a dominant 19 kDa unglycosylated PrP fragment (type 2) in all brains, focally
associated with a 21 kDa (type 1) fragment in 53% of participants (MM/MV2C + 1). Immunohistochemistry revealed
coarse/perivacuolar PrP deposits in the neocortices and a patchy/coarse pattern in the cerebellar molecular layer. The
mean disease duration was 16.0 months. At onset and early stages, most patients manifested only progressive cogni-
tive decline, consistent with the predominant distribution and relative severity of spongiform change in the cerebral
cortex. Brain DW-MRI showed cortical hyperintensities in 94% of cases. Cerebrospinal fluid (CSF) real-time quaking-
induced conversion (RT-QulC) assay was positive in 70% of cases. Compared with pure MM/MV2C, the mixed
MM/MV2C + 1 phenotype showed a shorter disease duration (14 vs 19 months), and a higher frequency of striatal
DW-MRI hyperintensity (56% vs 19%), EEG periodic sharp-waves complexes (41% vs 6%), and CSF RT-QuIC positivity
(86% vs 53%).
Interpretation: The clinicopathologic phenotype of sCIDMM/MV2C diverges from that of typical sCJIDMM/MV1.
Moreover, the histomolecular heterogeneity within MM/MV2C influences clinical features and results of diagnostic
investigations, challenging its identification in vivo. Nonetheless, results suggest that DW-MRI and CSF RT-QuIC allow
an accurate clinical diagnosis of Creutzfeldt-Jakob disease in most patients.
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poradic Creutzfelde-Jakob disease (sCJD), the most
Sprevalent human prion disease, remains a challenging
diagnostic task for clinicians due to its rarity and substan-
tial heterogeneity. It includes a broad spectrum of pheno-

i

typic variants, or “subtypes,” characterized by distinctive
clinical and histomolecular features. At the molecular
level, sCJD subtypes are mainly defined by methionine
(M) to valine (V) polymorphism at codon 129 of PRNP,
the gene encoding the cellular prion protein (PrP%), and
the “type” of misfolded PrP (PrP>) defined by the immu-
noblot profile of the fragments generated by proteinase-K
digestion (ie, type 1, 21 kDa or type 2, 19 kDa, respec-
tively).1 Subtype classification and nomenclature are based
on the combination of codon 129 genotype, and the PrP*
type (eg, MM1, MV1, VV2, VVI, etc.), with a few excep-
tions. They include the merging of MMI1 and MVI in
the MM/MV1 subtype due to the lack of phenotypic dif-
ferences, and the splitting of MM2 and MV2 groups into
2 distinct subtypes each, defined by distinctive histo-
pathologic features. The former group was split into
MM2-cortical (MM2C) and MM2-thalamic (MM2T),
and the latter into MV2K and MV2C.” The consistent
similarities across histopathologic features, PrP* typing,
and transmission properties between MM2C and MV2C,
which is consistent with the preferential conversion of
PrP-129 M into PrP% (ie, PrP*-129 M allotype) in
MV2C, prompted the merging of MM2C and MV2C
into a single subtype.”” Thus, the current classification of
sCJD includes the following 6 subtypes: MM/MV1, VV2,
MV2K, MM/MV2C, MM2T, and VVI. Initially pro-
posed in 1999,° this classification has received substantial
biological confirmation and support for its generalizability,
including the demonstration that 5 out of 6 subtypes
behave as distinct prion strains upon serial experimental
transmissions. Accordingly, they were named M1 (isolated
from MM1 and MV1 inocula), V2 (VV2 and MV2K),
M2C (MM2C), M2T (MM2T), and V1 (VV1).” Nota-
bly, subtypes linked to M1 and V2 prions account for
most sCJD cases. Among the others, the MM/MV2C
subtype has raised significant attention due to the rela-
tively slow progression and early involvement limited to
the cerebral cortex, resulting in a clinical phenotype that is
challenging to recognize in vivo, often leading to delayed
diagnosis.g’9 Moreover, its high prevalence as a
nondominant subtype in mixed sCJD phenotypes in
which 2 subtypes coexist in the same patient,™'® and the
very low transmission efficiency in experimental animal
models,” make the MM/MV2C subtype of interest also
from a neurobiological perspective. To date, the rarity of
the MM/MV2C subtype has limited its comprehensive

characterization. Nonetheless, aiming to improve the

clinical recognition of such patients, subtype-specific diag-
nostic criteria have been recently proposed.'’ These
criteria showed, preliminarily, a good accuracy in a small
cohort (n = 9, all MM at codon 129) but lack confirma-
tion in larger and external cohorts. Here, we performed a
systematic analysis of clinical, histopathologic, and molec-
ular features (PrP>, genetics) in the largest sCJD
MM/MV2C cohort reported to date and re-assessed the
accuracy of the proposed diagnostic criteria.

Materials and Methods
Ethic Statement

The study was conducted according to the revised Declaration of
Helsinki and Good Clinical Practice guidelines. All medical
information was collected as part of national surveillance pro-
grams for prion diseases and approved by the local institutional
review board for each country/participating center (CE-ISS
09/266, May 2009). All patients’ data and samples were coded
to protect their identities. Written informed consent was given
by study participants or the next of kin.

Patient Selection and Classification

We included 56 patients who had a definite sCJD diagnosis, as
determined by postmortem brain tissue studies according to
molecular and histopathological consensus criteria.>'* Thirty-
one patients were from the Neuropathology Laboratory at the
Institute of Neurological Science of Bologna (ISNB), Italy,
15 from the National Prion Disease Pathology Surveillance Cen-
ter (NPDPSC) of the United States, in Cleveland, Ohio, 6 from
the Center for Neuropathology and Prion Research of the
Ludwig-Maximilians-Universitit, Munich, Germany, and 4 from
the National Creutzfeldt-Jakob Disease Research and Surveil-
lance Unit (NCJDRSU), University of Edinburgh, United
Kingdom. All diagnoses were reviewed at ISNB. To this aim,
histopathologic characterization in all cases and PrP> typing in
45 of them were also carried out at ISNB. Moreover, the original
Western blot analyses performed at NPDPSC in 11 cases were
reviewed by 2 independent experts (authors P.P. and I1.C.). We
included both “pure” (MM/MV2C) and “mixed” (MM/MV2C
+ 1 and MV2C + 2K) histotypes. Specifically, we attributed the
designation of MM/MV2C + 1 only to participants with a pre-
dominant type “2C” phenotype, in which the mean total
amount of PrP>* type 2 (total type 2 “load”), expressed in per-
centage of total PrP>* signal on Western blot, after averaging all
brain regions examined (see below), was higher than that of type
1 (e, at least 51%).> In contrast, we based the definition of
MV2C + 2K on the presence of a predominant coarse/
perivacuolar PrP accumulation at immunohistochemistry (ie, the
hallmark of the MM/MV2C histotype) in all neocortices, stria-
tum, and thalamus. Of note, 3 cases showing only PrP* type
2 in all brain regions were classified as MM2C + 1 due to the
finding of synaptic-type PrP deposits in the molecular layer of
cerebellum (ie, hallmark of MM/MV1 histotype). This is

because, when PrP5¢ type 1 is very focal or limited in amount,
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histopathologic examination is more sensitive than PP typing.
According to the criteria above, 23 cases were classified as
MM/MV2C (20 MM and 3 MV), 31 as MM/MV2C + 1
(23 MM and 8 MV), and 2 as MV2C + 2K (Supplementary
Fig S1).

Molecular Genetic Analyses

To rule out pathogenic PRNP mutations and determine the
codon 129 genotype, we performed PCR amplification and
sequencing of genomic DNA, following a previously published

protocol.”?

Histopathologic Assessment

Standard routine histopathological staining was performed in all
brains. A semiquantitative evaluation of gray matter spongiosis,
astrogliosis, and neuronal loss was carried out by analyzing
8-micrometer-thick hematoxylin eosin-stained sections obtained
from at least 10 brain regions (Supplementary Methods). The
same experienced neuropathologist (author DP.P.) rated
spongiform change on a 0 to 4 scale (not detectable, mild, mod-
erate, severe, and status spongiosus), as well as astrogliosis and
neuronal loss on a 0 to 3 scale (not noticeable, mild, moderate,
and severe). Then, a lesion profile for each patient was obtained

by averaging the 3 scores.

PrP Immunohistochemistry

Immunohistochemistry for PrP was performed on formalin-fixed
and paraffin-embedded blocks of the following areas: frontal and
occipital neocortices, hippocampus, striatum, thalamus, per-
iaqueductal gray, and cerebellum (see Supplementary Methods).
PrP deposits were described according to the terminology pro-
posed by a panel of experts in the field.?

Misfolded Prion Protein Typing

Preparation of brain homogenates and PrP* typing by Western
blot was performed according to established methods.'*"> In all
cases analyzed at ISBN (n = 45), we performed immunoblots in
samples from the temporal, parietal, occipital lobes, and medial
thalamus. To evaluate the regional variability of PrP* typing in
depth, we extended the analysis to 8 areas (frontal, temporal,
parietal and occipital lobes, hippocampus, striatum, thalamus,
and cerebellum) in a subgroup of 32 individuals. To assess the
total type 2 load, Western blot signals were measured by densi-
tometry using AIDA software (Image Data Analyzer version
4.15, Raytest, Isotopenmessgeracte GmbH, Straubenhardt,

Germany).

Clinical Analysis

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
disturbance(s) complained by the patient or documented by neu-
rological examination, and as “early symptoms” those reported
in the first third of total disease duration in each patient. More-
over, we calculated the mean time of appearance of all reported
symptoms/signs from disease onset, grouped according to the
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following categories: cerebellar, psychiatric, myoclonus, visual,
pyramidal, parkinsonism, cognitive (mild impairment), demen-
tia, non-myoclonic involuntary movements (ie, other dyskine-
sias), and akinetic mutism. Disease duration was calculated from
the presentation of neurological signs to death. Patients with lim-
ited medical information (n = 5) were excluded from the clinical
analysis.

Diagnostic Investigations

Cerebrospinal Fluid Analyses

Prion Real-Time Quaking-Induced Conversion. Prion real-
time quaking-induced conversion (RT-QulC) assay using CSF
and full-length (residues 23-231, PQ-cerebrospinal fluid [CSF])
or truncated (residues 90-231, IQ-CSF) hamster recombinant
prion protein as substrate was performed as previously

described.!¢"!8

Protein 14-3-3. Protein 14-3-3 in CSF was detected semiquan-
titatively by Western blot, as described."” Alternatively, we mea-
sured 14-3-3 gamma isoform using a commercially available
enzyme-linked immunosorbent assay (ELISA) assay kit (Circulex
14-3-3 gamma ELISA kit, MBL, Woburn, MA) according to
the manufacturer’s instructions. For ELISA analyses, we consid-
ered “positive” 14-3-3 values greater than 23,400 AU/ml,
according to our in-house cutoff.*’

Magnetic Resonance Imaging. We reviewed all available cere-
bral magnetic resonance imaging (MRI) results, focusing on
studies including fluid-attenuated inversion recovery (FLAIR)
and diffusion-weighted imaging (DWI) sequences. Studies with-
out FLAIR/DWI sequences were not analyzed further. Specifi-
cally, we searched for hyperintensities on FLAIR and/or DWI
sequences in temporal, parietal and occipital cortices, striatum
(caudate and putamen nuclei), thalamus, hippocampus, and
insula. The time of MRI studies from the onset of symptoms
was analyzed. According to current diagnostic criteria for
sCJD,*!" we considered as “typical” findings the presence of
hyperintensities on FLAIR and/or DWI in at least 2 cortical
regions and/or the striatum.

Electroencephalography. Electroencephalography (EEG)
recordings were reviewed, and abnormal traces were classified as
follows: (a) diffuse nonspecific slowing, (b) paroxysmal dis-
charges, and (¢) periodic sharp-wave complexes (PSWCs).>
When multiple EEG recordings were available for review, we
assigned the highest degree of severity according to the following
rule: PSWCs > paroxysmal discharges > slowing. We also col-
lected the timing of each EEG recording (ie, time from onset of

clinical symptoms).

Other Surrogate Biomarkers of
Neurodegeneration

CSF total tau (t-tau) and neurofilament light chain (NfL) were
measured by automated chemiluminescent enzyme immunoassay
on the Lumipulse G600II platform (Fujirebio, Gent, Belgium),
whereas plasma NfL was measured with the SIMOA NEF-light
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advantage kit on a SIMOA SR-X analyzer platform (Quanterix,
Billerica, MA).

Results

Estimated Prevalence

In the neuropathologic ISNB cohort (2001-2024),
including 594 consecutive brains from individuals with
definite sCJD, MM/MV2C (both pure and mixed forms)
was the fourth most prevalent histotype, accounting for
5.2% of cases.

Molecular Genetic Analyses

None of the participants carried pathogenic mutations in
the PRNP open reading frame. Forty-three (76.8%)
patients had the MM and 13 (23.2%) the MV genotype
at codon 129. Of note, the relative frequency of the mixed
histotype (see below) was higher in participants with
129MV than in those with the 129MM genotype (10/13,
76.9% vs 23/43, 53.4%, p = 0.20), although this differ-

ence was not statistically significant.

PrP*¢ Typing

The immunoblot profile of proteinase K-resistant PrP*
showed an unglycosylated fragment migrating at 19 kDa
(type 2) in all participants (Fig 1). We detected only PrP*
type 2 in 27 cases (including all NPDPSC cases), whereas
in 27 cases the predominant type 2 was associated with
type 1 (ie, 2 > 1) in at least one analyzed area. Predomi-
nant type 2 was defined as a total PrP* type 2 load
>51% calculated in immunoblot analyses of temporal,
parietal, occipital cortices, and thalamus. When we exam-
ined the regional variability of PrP* typing in 8 regions,
instead of 4, the recognition of mixed histotypes did not
improve. The cerebellum was the brain area where type
1 was more consistently detected (ie, 53.1% of cases
showed exclusive or predominant type 1; Table 1).

MM2C

lanes 1 2 3 4

5

In 2 individuals carrying MV at PRNP codon 129, PP
type 2 was associated with a variable relative amount of a
20 kDa fragment (“intermediate” PrP> type), most evi-
dent in the thalamus and striatum, whereas less represen-
ted in the neocortices. We found a slightdy higher
percentage of cases showing both PrP* types 1 and 2 in
patients carrying 129MV than in those MM (8/13,
61.5% vs 20/43, 46.5%), but the total type 2 load was
comparable between groups (84 £ 12% vs 85 £ 16%).

As in other sCJD subtypes, monoglycosylated PrP*
was predominant in all MM/MV2C brains. However, as
compared with typical MM/MV1, we found a relatively
higher representation of the unglycosylated band and a pro-
portional under-representation of the monoglycosylated iso-
form, resulting in a reduction of the ratio between
glycosylated/unglycosylated PrP> species in all areas ana-
lyzed (Supplementary Table S1).

Neuropathology

Spongiform change, characterized by large (diameter
15-20 pm) and confluent vacuoles, often organized in
“grape-like” clusters (Fig 2), was widespread in the neo-
cortex, being most pronounced in the temporal and occip-
ital lobes. The thalamus and striatcum were consistently
affected, but usually less than the neocortex. In contrast,
the hippocampus, midbrain, and cerebellum were typically
spared or showed mild neuropathological changes in the
cases with longer disease duration. The lesion profile was
quite similar to that of the most common MM/MV1 sub-
type, except for greater cortical pathology and absence of
significant spongiform change in the cerebellum. Accord-
ingly, the mixed histotype MM/MV2C + 1 showed a sig-
nificantly higher lesion severity score in the cerebellum
than pure MM/MV2C. At the same time, MV2C + 2K
had more pronounced pathology in both midbrain and

MM2C+1

6

kDa

19 = ——_—-— ™ N 8 e

7 8 9 10

ctrl TC ocC Th
vVv2
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ctrl TC ocC Th Ce
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FIGURE 1: Regional immunoblot profiles of proteinase K-resistant PrP5¢ fragments in 2 representative sporadic Creutzfeldt-
Jakob disease MM2C and MM2C + 1 cases. In pure MM2C (lanes 2-5), the unglycosylated PrP5¢ band migrates at 19 kDa (PrP5c
type 2). In mixed MM2C + 1, a fragment migrating at 21 kDa (PrP°¢ type 1) is detected together with dominant PrP*¢ type 2 in
neocortices (lanes 7-9), and alone in the cerebellum (lane 10). Of note, the diglycosylated/unglycosylated ratio was greater in
the VV2 subtype (lane 1) than in MM2C (lanes 2-5). Immunoblot is probed with the mAb 3F4. ctrl = control; TC = temporal
cortex, OC = occipital cortex, Th = thalamus; Ce = cerebellum.
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TABLE 1. Relative PrP>¢ Type 1 and 2 Amounts and Regional Distribution in 8 Brain Regions in a Subgroup of 32
Patients
FC (%) TC (%) PC (%) OC (%) Hipp (%) Str (%) Th (%) Ce (%)
Type 2 19 (59.4) 22 (68.8) 19 (59.4) 19 (59.4) 15 (46.9) 16 (50.0) 19 (59.4) 13 (40.6)
Type2>1 11 (34.4) 9 (28.1) 8 (25.0) 9 (28.1) 8 (25.0) 13 (40.6) 9 (28.1) 2 (6.3)
Type 1 =2 1(3.1) 1(3.1) 3 (9.4) 1(3.1) 5 (15.6) 1(3.1) 2 (6.3) 0 (0.0)
Type1>2 0 (0.0) 0 (0.0) 2 (6.3) 2 (6.3) 2 (6.3) 2 (6.3) 2 (6.3) 7 (21.9)
Type 1 1(3.1) 0 (0.0) 0 (0.0) 1(3.1) 2 (6.3) 0 (0.0) 0 (0.0 10 (31.2)
The relative intensity of unglycosylated PrP> peptides was evaluated by semiquantitative densitometry: when both type 1 and 2 were detected,
isointensity was defined as a difference of signal intensity < 5%, whereas a band was defined “predominant” when the difference was > 6%. FC = fron-
tal cortex; TC = temporal cortex; PC = parietal cortex; OC = occipital cortex; Hipp = hippocampus; Str = striatum; Th = thalamus; Ce =
cerebellum.

cerebellum than pure MM/MV2C. We found no signifi-
cant differences in vacuoles type/distribution and the
lesion profile of 129MM and 129MV  cases
(Supplementary Fig S2).

PrP immunochemistry revealed coarse deposits typi-
cally surrounding large vacuoles in the neocortices and
striatum (ie, perivacuolar pattern), which is the hallmark
of MM/MV2C histotype. All cases showed perivacuolar
coarse PrP deposition in the neocortex, except for one, in
which spongiform change was replaced by status spo-
ngiosus in the occipital cortex (Table 2). Instead of the
perivacuolar pattern, scattered, patchy, coarse PrP were
detected in the hippocampus, midbrain, where they
mainly localized in the periaqueductal grey region, and to
a lesser extent in the thalamus. In the cerebellum, immu-
noreactivity was confined to the molecular layer, except
for the MV2C + 2K, showing kuru plaques and plaque-
like deposits in the granular layer. The most frequent PrP
deposition patterns in the molecular layer were (i) patchy
coarse, often with focal distribution and no clear associa-
tion with spongiform change, in pure MM/MV2C, and
(ii) punctate synaptic usually co-localized with spongiosis
in MM/MV2C + 1. In the latter group, synaptic deposits
were also frequently detected in cortical regions and deep
nuclei (Supplementary Table S2). The synaptic pattern
was strongly associated with PrP*° type 1 load, particularly
in the cerebellum (odds ratio = 41.5, 95% confidence
interval [CI] = 5.3-325.4, p < 0.001). Next, we assessed
the consistency between PrP* type 1 detection and occur-
rence of synaptic PrP deposition in the cerebellar molecu-
lar layer in a subgroup of 30 cases with PrP* typing in
8 brain areas and PrP immunohistochemistry available. All
but one case (15/16, 93.8%) with detectable PrP* type
1, cither alone or mixed with type 2, showed synaptic PrP
deposits as expected. Of the 14 cases with only PrP*° type

2 detectable in the cerebellum, 3 were negative at immu-
nochemistry (21.4%), 10 showed only patchy/coarse
deposits (71.4%), and 1 displayed both synaptic and pat-
chy/coarse PrP deposits (7.1%). After excluding the
immunohistochemistry-negative cases, the overall concor-
dance between molecular PrP typing and immunohisto-
chemistry was 92.6%.

Finally, in contrast with a previous report,”> we did
not find significant oligodendroglial PrP pathology in our
cohort.

Remarkably, we were not able to detect any PrP
immunoreactivity in the hippocampus (n = 26), striatum
(n = 1), midbrain (n = 14), and cerebellum (n = 5) in a
subgroup of pure cases.

Clinical Features
Among the 56 examined participants, 64.3% were females.
The mean age at clinical onset was 64.5 & 7.7 years (ran-
ge =47-82), and the mean disease duration was
16.0 £ 9.7 months (range = 4.5-61). Participants in the
MM/MV2C + 1 group were older than those in pure
MM/MV2C (65.7 £ 6.8 vs 60.9 & 8.1 years, p = 0.031)
and, although not stadistically significant, showed a shorter
total disease duration (14.3 &= 7.2 vs 19.2 £ 13.4 months).
Illness presentation was characterized by single or
multiple domain mild cognitive impairment in most cases
(Fig 3, Table 3); patients usually complained of forgetful-
ness and word-finding difficulty. Although poor cognitive
performance was noted in all cases during the disease
course, overt dementia was rare in the early disease stage.
Cortical involvement was also documented by visual
symptoms of central origin, including visual field loss,
prosopagnosia, visual hallucinations, and visual agnosia in
35% to 40% of patients and occurring as an isolated pre-
senting feature in 2 patients. Psychiatric symptoms and
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TABLE 2. Patterns of Prion Protein Deposition at Inmunohistochemistry
n Coarse/PV Coarse/patchy Synaptic Kuru plaques Plaque-like

Frontal cortex 55 55 (100) 0 (0.0) 12 (21.8) 0 (0.0) 0 (0.0)
Occipital cortex 50 49 (98.0) 0 (0.0 7 (14.0) 0 (0.0 0 (0.0)
Hippocampus 48 6 (12.5) 13 (27.1) 4 (8.3) 0 (0.0) 0 (0.0)
Striatum 55 52 (94.5) 2 (3.6) 7 (12.7) 0 (0.0 0 (0.0
Thalamus 53 43 (81.1) 10 (18.9) 10 (18.9) 0 (0.0) 2 (3.8)
Periaqueductal gray 46 10 (21.7) 21 (45.6) 3 (6.5) 0 (0.0) 2 (4.3)
Cerebellum 53 0 (0.0) 36 (67.9) 25 (47.2) 2 (3.8) 2 (3.8)

Data are expressed as n (%). No immunoreactivity detectable: hippocampus, n = 26; striatum, n = 1; periaqueductal gray, n = 14, cerebellum,

n=5. PV = perivacuolar.

behavioral changes were commonly reported in the earliest

mixed MM/MV2C + 1 group than in pure MM/MV2C
disease stage. As the disease progressed, approximately (85.7% vs 53.3%),).
1 year after disease onset, patients developed parkinsonism
(37%), myoclonus (61%), pyramidal signs (65%), and

dementia (98%). Cerebellar symptoms/signs were reported

Protein 14-3-3. CSF 14-3-3 protein was detected in 18 of
35 tested patients (51.4%), demonstrating a suboptimal per-

in only 40% of cases, rarely in early stages, being more
frequent and earlier in the MM/MV2C + 1 group than
in pure MM/MV2C (Supplementary Table S3). Similarly,
MM/MV2C + 1 patients developed dementia, non-
myoclonic dyskinesias (eg, chorea and dystonia), and
akinetic mutism earlier than pure MM/MV2C.

Diagnostic Investigations
CSF Analyses

Prion RT-QuIC. Prion-RT-QulC was performed in
30 cases: PQ-CSF in 19, IQ-CSF in 26, and both proto-
cols in 15 CSF. Overall, 21 of 30 (70.0%) CSFs tested
positive, 7 were negative, and 2 were undetermined. 1Q-
CSF showed an increased sensitivity compared with PQ-
CSE (in the subgroup tested by both assays, IQ-CSF
86.7% vs PQ-CSF 46.7%, p = 0.05). After histotype

stratification, diagnostic sensitivity was higher in the

formance. We found no difference between MM/MV2C and
MM/MV2C + 1 groups (52.9% vs 47.1%). Patients with a
positive 14-3-3 finding showed higher median CSF t-tau levels
than those 14-3-3 negative (2,628 vs 1,075, p = 0.0002).

Magnetic Resonance Imaging. Brain MRI, including DWI
and FLAIR sequences, demonstrated high diagnostic sensi-
tivity, being positive in 97.1% of tested patients (33 of
34; Table 4). In most cases, high-intensity signals involved
the neocortices of all lobes, showing a typical “cortical rib-
bon” pattern, whereas striatum and thalamus were less fre-
quently affected (Fig 4). The involvement of deep grey
nuclei and limbic areas, in particular the insular cortex,
was more pronounced in MM/MV2C + 1 cases. How-
ever, because the mean time from clinical onset was longer
for this group, we cannot definitely rule out that
hyperintensity localization in these anatomic regions
reflects a later disease stage.

FIGURE 2: Neuropathologic features of sporadic Creutzfeldt-Jakob disease MM/MV2C. (A) Spongiform change with large size,
confluent vacuoles. (A;, B) Comparison between large (A;) and small (MM1 case, B) size vacuoles. (C) Sparing of the
hippocampus and (D) cerebellar molecular layer in pure MM/MV2C. (E) Microvacuoles in the cerebellar molecular layer of an
MM/MV2C + 1 case. (F) Coarse PrP deposits surrounding large vacuoles (perivacuolar pattern) in the neocortex, and (G) with
scattered distribution in the thalamus. (I) Patchy coarse PrP accumulation in the molecular layer of the cerebellum. (H) Fine,
synaptic PrP deposition in cerebellar molecular layer of an MM/MV2C + 1 case. (J) Representative findings in the cerebellum
of MV2C + 2 K cases: patchy coarse PrP deposits in the molecular layer (ML), and kuru plaques/plaque-like deposits in the
granule layer (GL) (J; and J, show details at higher magnification of kuru plaque). (K) Comparison between the lesion profile of
subtypes MM/MV2C and MM/MV1. (L) Lesion profiles of MM/MV2C with long and short disease duration. (M) Comparison
between lesion profiles of pure MM/MV2C, MM/MV2C + 1 and MV2C + 2 K. A to E, J; = Hematoxylin and eosin staining,
F to J, Js: PrP immunohistochemistry with the mAb 3F4. FC = frontal cortex, TC = temporal cortex, PC = parietal cortex,
OC = occipital cortex, HIPP = hippocampus, EC = entorhinal cortex, STR = striatum, TH = thalamus, MDB = midbrain,
CE = cerebellum, *p < 0.05.
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FIGURE 3: Clinical course of sporadic Creutzfeldt-Jakob disease MM/MV2C. The dashed line indicates the mean time of
appearance (in months) from disease onset, whereas the bars represent the frequency for each group of symptoms/signs. *Since
in a minority of clinical reports, the description of late symptoms was scanty or lacking, the number of patients indicated may not

reliably represent the real frequency of akinetic mutism.

Electroencephalography. EEG recordings performed in
45 patients with a mean delay time from onset of 8.2 +
5.7 months showed nonspecific diffuse slowing in 26 patients
(57.8%). Typical PSWCs were identified in 13 patients

(28.9%). Remarkably, 11 of them (84.6%) belonged to the
MM/MV2C + 1 group, 1 to MV2C + 2K, and only 1 to
MM/MV2C. Paroxysmal activity was identified in 4 cases
(8.9%), whereas EEG was unremarkable in 2 (4.4%).

*Early symptoms were those manifesting in the first third of total disease duration calculated for each patient (only those occurring in at least 5 patients

“Behavioral changes include one or more of the following: apathy, abulia, psychomotor agitation, aggressiveness, irritability, and oddness.

TABLE 3. Clinical Symptoms at Onset and During Early Stages in 51 Patients
Symptoms at onset, n %

Loss of intellectual abilities,” 24 47.1

Memory loss, 18 35.3

Behavioral change/psychiatric,® 13 25.5

Confusion/disorientation, 8 15.7

Gait unsteadiness, 7 13.7

Aphasia, 6 11.8

Visual misperception, hallucination, or agnosia, 5 9.8

Vision loss, 3 5.9

Involuntary movements,® 2 3.9

Parkinsonism, 2 3.9
were reported).
bLoss of intellectual abilities includes attention deficit, slow thinking, and multiple-domain cognitive dysfunction.
Involuntary movements include chorea, atherosis, dystonia, and myoclonus.

Early symptoms, n* %
Loss of intellectual abilities/dementia, 35 68.6
Memory loss, 23 45.1
Behavioral change/psychiatric, 18 35.3
Confusion/disorientation, 14 27.5
Aphasia, 14 27.5
Gait unsteadiness, 11 21.6
Visual misperception, hallucination, or agnosia, 10 19.6
Involuntary movements, 7 13.7
Parkinsonism, 7 13.7
Vision loss, 5 9.8

Volume 00, No. 0

5UB2 17 sUoWIWOD dAIa1D 3|gedt|dde sy Aq pausenob ale sappiie YO ‘8sn Jo Sa|nJ 10y ARiq1T8UIUQ AB]IAA UO (SUO I PUCD-PUE-SWLLIB)WIOD B | 1M Alelq Ul uo//:sdiy) Suo i IpuoD pue swe | ay3 8es *[9202/20/9T] uo Arelqiauliuo A|im eubojog s epusizy Aq LTT8.BUe/Z00T OT/I0p/Wod A8 Im Are.q1puljuo//:sdny wolj papeo|umoq ‘0 ‘6728TEST



Baiardi et al: Cortical Type Creutzfeldt-Jakob Disease

All*
N 34
Positive examination (typical)® 33 (97.1)

Topographic distribution of hyperintensities”

Striatum 12 (36.4)
Neocortices” 31 (93.9)
Temporal 26 (78.8)
Parietal 29 (87.9)
Occipital 24 (72.7)
Thalamus 6(18.2)
Limbic 7 (21.2)
Hippocampus 1(3.0)
Insula 7 (21.2)
Timing (mo) 6.4+39

PFrequencies were calculated only for typical cases.

TABLE 4. Magnetic Resonance Imaging Findings.

Only the examinations including DWI and/or FLAIR sequences were included. Data are expressed as n (%).

*Positive examination was defined according with revised diagnostic criteria for sporadic Creutzfeldt-Jakob disease.

MM/MV2C MM/MV2C + 1 MV2C + 2K
16 17 1
16 (100) 16 (94.4) 1 (100)
3 (18.7) 9 (56.2) 0 (0.0)
15 (93.7) 15 (93.7) 1 (100)
13 (91.3) 13 (91.3) 0 (0.0)
15 (93.7) 14 (87.5) 1 (100)
10 (62.5) 13 (91.3) 1 (100)
2 (12.5) 4 (25.0) 0 (0.0)
2 (12.5) 5(31.2) 0 (0.0)
0 (0.0) 1(6.3) 0 (0.0)
2 (12.5) 5(31.2) 0 (0.0)
5.3+ 2.6 7.5+ 4.8 3.00

Other Surrogate Biomarkers of
Neurodegeneration

As in other prion disease subtypes, t-tau and NfL in
both CSF and plasma, were increased in MM/MV2C.
After setting a validated cutoff discriminative for sCJD

EARLY

at t-tau > 1,250 pg/ml,]9 we correctly identified 17 of
30 cases (56.7%), confirming, as for 14-3-3 protein, a
suboptimal performance of t-tau. Although the sample
size was limited, all surrogate biomarker levels (CSF
t-tau, CSF NIfL, and plasma NfL) were higher in pure

LATE

FIGURE 4: Representative Magnetic Resonance Imaging findings in a patient with pure MM2C in early and late disease stages.
The upper micrographs (DWI sequences) show pronounced cortical hyperintense ribboning in the early stage. In contrast,
hyperintensity of the caudate and putamen nuclei is most evident in the late stage, together with an overall reduction of cortical
high signal. The boxes on the bottom (T1 sequences) display a marked progression of cortical atrophy from early to late stage.
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MM/MV2C than in MM/MV2C + 1 (Supplementary
Fig S3).

Application of Clinical Diagnostic Criteria to
MM/Mv2C

We retrospectively applied the 2019 diagnostic criteria for
sCJD to 30 patients (ie, MM2C, n = 11; MM2C + 1,
n=14; MV2C, n=1; MV2C+1, n=3; and
MV2C + 2K, n=1) with a comprehensive clinical
assessment. Of these 28 (93.3%) were classified as
“probable,” 1 as “possible” (3.3%), and 1 as non-sCJD
(3.3%). The latter participant did not fulfill the clinical
(symptoms) criterion but showed typical DW-MRI corti-
cal hyperintensities. We also evaluated the application of
criteria at the tme of diagnostic work-up (mean
6.7 £ 4.2 months): notably, 13 of 30 patients (43.3%)
did not fulfill clinical criteria (ie, they cannot be diagnosed
to have a “probable” disease, despite testing positive by
DW-MRI). Therefore, prion RT-QulC is crucial for
reaching an accurate diagnosis in the early stage when
clinical symptoms are often limited to cognitive impair-
ment. Then, we applied the new criteria specific to sCJD
MM2C  proposed by Hamaguchi and colleagues
(Supplementary Table S4): 18 cases met the criteria for
“probable” (60%), and 6 for “possible” (20%) CJD,
whereas 6 did not fulfill the criteria (20%). Because MM
homozygosity at PRNP codon 129 is essential in these
criteria we repeated the analysis in 25 subjects carrying
129MM: “probable” (72%) and “possible” (24%) cases
were correctly recognized, limiting uncorrected diagnoses
to 1 (4%). Finally, we restricted the analysis to pure
MM2C cases (n = 11): all met at least the criteria for pos-
sible diagnosis: 9 cases (81.8%) were diagnosed with
“probable,” and 2 with “possible” (18.2%) MM2C.
These results are overall consistent with previously

o 1
reported criteria performance.

Discussion

To further contribute to the understanding of sCJD clini-
cal and histopathological heterogeneity and its molecular
basis, here, we present the results of a comprehensive
study on the largest MM/MV2C cohort reported to date.
As the main results, we provide a refined characterization
of the clinical and laboratory features that distinguish the
MM/MV2C phenotype from the typical prevalent MM/
MV1 subtype (ie, the clinical paradigm of sCJD), along
with a critical revision of previously proposed MM2C-
specific diagnostic criteria for the early identification of
this subtype in clinical practice.

In our large cohort of sCJD-affected brains,
MM/MV2C was the fourth most common subtype,
accounting for approximately 5% of cases, including both

10

“pure” (ie, MM/MV2C) and “mixed” forms in which
MM2C  represents the dominant phenotype (e,
MM/MV2C + 1 and MV2C + 2K). In line with previ-
ous studies in smaller cohorts,>”!" we show that the clini-
cal phenotype of MM/MV2C is primarily characterized
by early cognitive decline and a disease progression which
is significantly slower than in typical MM/MV1. Progres-
sive cognitive decline in the absence of focal neurological
signs raises the differential diagnosis with other neurode-
generative dementias, in particular Alzheimer’s disease,
dementia with Lewy bodies, and frontotemporal demen-
tia. Besides cognitive impairment affecting different
domains, the high frequency of behavioral/psychiatric and
visual symptoms also reflects the primary cortical involve-
ment, with the latter occurring in isolation at onset in a
few cases,” " featuring the so-called Heidenhain variant.

In contrast to typical MM/MV1, motor signs, com-
prising pyramidal and extrapyramidal signs, myoclonus,
and other involuntary movements, usually appear late in
the disease course, between 9 and 12 months after disease
onset. Nevertheless, the finding of extrapyramidal signs at
clinical onset in 3.9% of participants in our cohort, con-
firms that MM/MV2C can also occasionally challenge the
diagnosis in front of an atypical parkinsonian syndrome.”®

The consistent number of participants enabled us to
demonstrate that the coexistence of PrP* type 1 (despite
the dominant type 2) significantly affects the clinical phe-
notype in mixed MM/MV2C + 1. Indeed, we found a
shorter total disease duration, earlier progression to
akinetic mutism and a higher prevalence of cerebellar signs
in these “mixed” cases. Accordingly, we observed more
severe pathological changes in the cerebellum in
MM/MV2C + 1 than in pure MM/MV2C. Because the
cerebellum is usually spared or only mildly affected in
MM/MV2C, the prevalence of reported cerebellar signs
in patients with the “pure” phenotype might be even
overestimated, with features such as wide-based gait and
unsteady walking caused by cortical rather than cerebellar
dysfunction.

Because the early clinical phenotype of MM/MV2C
often does not fulfil the features required by current diag-
nostic criteria for “possible” CJD, clinical awareness and
diagnostic investigations are crucial for the accurate identi-
fication of this subtype. Our results confirm that DW-
MRI is the most sensitive diagnostic test, demonstrating
cortical hyperintensities in 94% of cases. High signal of
striatum and thalamus is less common, especially in pure
MM/MV2C. We also show that prion RT-QulC is the
most informative CSF biomarker (pooled sensitivity,
70%), with the IQ-CSF protocol showing a significantly
higher sensitivity than PQ-CSF (87% vs 47%). Therefore,

clinicians should be aware of the protocol used for
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RT-QuIC analyses in suspected MM/MV2C cases, partic-
ularly when the test returns a negative result. Notably, we
demonstrated a good sensitivity of the RT-QulC
(IQ-CSF) assay in MM/MV2C, although it was lower
than in MM/MV1, VV2, and MV2K subtypes. Our
results are in line with those from previous studies
reporting 71% to 78% sensitivity of IQ-CSF protocol in
this subtype.'®*” The 14-3-3 protein and elevated t-tau
levels in CSF had suboptimal sensitivity, being positive in
only about half of the patients. EEG showed PSWCs
in 29% of patients (a prevalence lower than previously
reported),28 mostly belonging to the MM/MV2C + 1
group, whereas they were exceedingly rare in patients with
pure MM/MV2C.

Given the “atypical” phenotypic  features,
Hamaguchi et al have recently proposed subtype-specific
criteria for the pure MM2C subtype aimed at improving
clinical diagnosis. However, these criteria do not fully con-
sider the molecular complexity within this subtype, given
that this phenotype may also occur in “mixed” forms,
especially MM/MV2C + 1, and in subjects carrying MV
at codon 129. In this regard, we here confirmed the con-
sistent histopathologic and molecular PrP*  features
between 129MM and 129MV carriers, justifying the
merging of MM2C and MV2C into one MM/MV2C
subtype. In our cohort, 23% of cases were 129MV,
suggesting that the criteria should be extended to include
the 129MV genotype for accurate classification. Moreover,
according to the Hamaguchi criteria, a “probable”
MM2C diagnosis allows at most one of the following
4 clinical features within 6 months post-onset:
(A) myoclonus, (B) pyramidal/extrapyramidal signs,
(C) cerebellar ataxia or visual impairment, and
(D) akinetic mutism. We found that 9 participants pres-
ented 2 or 3 of these clinical features in a subgroup of
30 patients with MM/MV2C with detailed clinical infor-
mation comprising both MM/MV2C and MM/MV2C
+ 1 participants. The higher prevalence and earlier
appearance of cerebellar signs, visual impairment, and
myoclonus in MM/MV2C + 1 cases compared to pure
MM/MV2C (see Table 4) largely explain the discrepancy
with the series reported by Hamaguchi et al, underscoring
the greater accuracy of these criteria for the pure forms.

The results from the study of PrP* glycoforms
deserve a separate comment. Here, we demonstrated a
lower PrP* glycosylated/unglycosylated isoform ratio in
MM/MV2C compared with typical MM/MV1. This find-
ing further supports previous evidence indicating an asso-
ciation between PrP*° glycosylation and prion replication
and transmission efficiency.””*® Accordingly, CJD forms
associated with the most abundant glycosylated PrP* (ie,
variants CJD and sCJD VV2) exhibit the highest

Baiardi et al: Cortical Type Creutzfeldt-Jakob Disease

transmission efficiency.’’ In contrast, the MM2C subtype
showed a low propagation efficiency, being successfully
transmitted (although with a reduced attack rate and with
a long incubation time) only in transgenic mice over-
expressing human PrP€ or expressing bank vole PrP,>*~>*
but not in knock-in murine lines expressing human PrP©
at normal levels (ie, MM2C is the only sCJD subtype that
does not transmit to these mice).”

Another relevant point worth discussing is the high
prevalence of mixed forms in our cohort (57.1% of all
cases), with MM/MV2C + 1 being the most frequent.
Among them, we described, for the first time, the MV2C
+ 2K phenotype, characterized by “2C” dominance over
“2K.” This finding is consistent with the notion that
MM/MV2C is the subtype that most frequently co-exists
with other sCJD subtypes,” although it usually represents
the non-dominant subtype.

The pathogenic mechanisms driving the co-existence
of prion strains are not fully understood. It has been
hypothesized that prion strains exist in a dynamic mixture
of a predominant strain and minor substrains,”> and that
different individual genetic factors and pathogenic mecha-
nisms (eg, prion interference) are responsible for the selec-
tion of one strain over others. In our scenario, prion strain
interference would explain the development of the most
prevalent MM/MV1 4 2C phenotype well.*® Because
prion strains compete with each other converting PrPS,
those with faster/more efficient replication (ie, M1) could
interfere with the slower ones (ie, M2C), eventually favor-
ing MM/MV1 dominancy over MM/MV2C. However,
prion strain interference does not explain the mixed phe-
notypes described here, characterized by the dominant
MM/MV2C subtype. Based on current knowledge of
human prion disease, we suggest 2 hypotheses. The first
considers a different timing between the selection and rep-
lication of the 2 PrP% conformers. Accordingly, M2C
prions would be inidally selected, replicated, and spread
throughout the brain, followed by the M1 prions in the
late disease course, when M2C prions are already diffuse
in the brain, distributing preferendially in brain regions
spared by MM/MV2C, such as the cerebellum. This
hypothesis would also be compatible with an exogenous
source of prions in a mixture in which one PrP> con-
former is highly prevalent, allowing for earlier replication.
The second hypothesis postulates that region-specific,
genetically driven tissue characteristics, such as the PrP®
glycosylation state, may drive the local emergence of a spe-
cific strain over another.’”*® For example, in a subgroup
of 129MM or MV subjects, individual PrP“ glycosylation
state (eg, abundance of unglycosylated PrP species and/or
sialylation profile) could be responsible for a more diffuse
selection and diffusion of M2C over M1 prions.
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The main strength of this study is the significant
number of cases included (the largest reported to date)
and the comprehensive clinical, pathological, and molecu-
lar characterization. The main limitation is the heteroge-
neity of the centers where clinical evaluations were done,
which could have impacted the internal consistency. How-
ever, this clinical heterogeneity well reproduces the real-
life clinical setting where patients underwent neurological
evaluations in different centers, often with limited exper-
tise on prion disease.

In summary, the MM/MV2C is a rare subtype of
sCJD accounting for approximately 5% of all cases. It is
clinically distinct from the typical disease phenotype
(MM/MV1) because of the presentation with slowly pro-
gressive cognitive decline without associated neurological
signs, and a relatively long disease duration. The
histomolecular heterogeneity within this subtype, mainly
determined by the high prevalence of mixed forms,
accounts for the clinical heterogeneity and variable sensi-
tivity of diagnostic investigations. Overall, brain DW-
MRI is the most sensitive diagnostic test, followed by CSF
prion RT-QulC, whereas other tests show suboptimal sen-
sitivity. Awareness of the existence of a sCJD subtype pre-
senting with isolated cognitive impairment not necessarily
associated with rapid progression can lead to an early clini-
cal diagnosis due to the accuracy of diagnostic investiga-
tion (i, DW-MRI, CSF prion RT-QulC assay, and
codon 129 genotyping).
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