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Abstract

BACKGROUND: The diagnostic and prognostic performance of the novel

fluid biomarkers brain-derived tau (BD-tau) and phospho-tau217 (p-tau217) in

Creutzfeldt–Jakob disease (CJD) is not defined.
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2 BENTIVENGA ET AL.

GiuseppeMario Bentivenga and Fernando

Gonzalez-Ortiz are the joint first authors. METHODS:We measured cerebrospinal fluid (CSF) and plasma BD-tau, p-tau217, p-

tau181, total tau (t-tau), neurofilament light (NfL), and 14-3-3 in 100 CJD patients,

100 with non-prion rapidly progressive dementia (np-RPD), 92 with mild cognitive

impairment due to Alzheimer’s disease (AD-MCI), and 55 healthy controls (HC).

RESULTS: Plasma BD-tau performed comparably to plasma t-tau but had lower per-

formance than CSF t-tau (p < 0.001) and 14-3-3 (p = 0.014) in CJD versus np-RPD

differential diagnosis. Plasma BD-tau diagnostic accuracy increased when ratioed to

plasma p-tau217, matching CSF 14-3-3. Plasma BD-tau levels were associated with

survival (p< 0.001), outperforming t-tau andNfL.

DISCUSSION: Plasma BD-tau is a valuable marker for CJD prognostication. In the

clinical setting, the plasma BD-tau/p-tau217 ratio provides an accurate, fast marker

supporting the clinical diagnosis of CJD.

KEYWORDS

Alzheimer’s disease, biomarker, brain-derived tau, cerebrospinal fluid,Creutzfeldt–Jakobdisease,
phospho-tau, plasma, prion, p-tau181, p-tau217, rapidly progressive dementia

Highlights

∙ The increase of plasma BD-tau levels parallels that of CSF t-tau in CJD.

∙ CSF p-tau217 levels are significantly increased in CJD, reflecting a prion-specific

secondary tauopathy.

∙ Plasma p-tau217 shows a distinct profile than CSF p-tau217 in CJD.

∙ Plasma BD-tau/p-tau217 ratio is as accurate as CSF 14-3-3 in distinguishing CJD

from np-RPDs, including AD.

∙ BD-tau represents a valuable blood-based biomarker for CJD prognostication.

1 BACKGROUND

Creutzfeldt–Jakob disease (CJD) is a rare neurodegenerative disorder

related to prion protein (PrP) misfolding with heterogeneous etiology

(sporadic, genetic, or acquired). Sporadic CJD (sCJD), the most com-

mon form (85% of cases), encompasses six major clinicopathological

subtypes that are determined by the combination of the polymorphic

codon 129 genotype (encoding methionine, M, or valine, V) of the

PrP gene (PRNP) and the type (1 or 2) of misfolded PrP (PrPSc) accu-

mulating in the brain (e.g., MM1, MV1, MM2, etc.).1 Besides sCJD,

genetic CJD (gCJD), caused by pathogenic PRNPmutations, comprises

10%–15% of the cases. Similar to sCJD, the type of PrPSc (1, 2, or

intermediate size) and the codon 129 genotype of PRNPmutated allele

are the main determinants of gCJD clinicopathological subtypes (e.g.,

M1, M2C, M2T, etc.).2 Each sCJD and gCJD subtype is associated with

distinct clinical presentations, neuropathological profiles, and disease

progression rates.1,2

Differentiating CJD from other rapidly progressive dementias

(RPDs) presents significant clinical challenges due to overlapping

symptoms, especially in early phases. Moreover, the variability in

disease course among CJD subtypes complicates or often prevents

adequate disease monitoring and prognostication. Last, given the phe-

notypic heterogeneity of CJD, it would be useful to have an accessible

marker to prompt consideration of prion disease in less specialized

settings.

To date, the in vivo diagnosis of patients with prion disease has

reached virtually full accuracy using the second-generation prion real-

time quaking-induced conversion (RT-QuIC) amplification assay on

cerebrospinal fluid (CSF), olfactory mucosa brushes or skin punches,

and magnetic resonance imaging (MRI).3–6 Besides, the combination

of markedly increased total tau (t-tau) levels in CSF and a marked

increase in the t-tau to phosphorylated tau (p-tau) ratio (t-tau/p-tau

ratio) showed close to 100%diagnostic accuracy for typical CJD (MM1,

MV1 subtypes).7,8 However, both RT-QuIC and the t-tau/p-tau ratio

require CSF collection by lumbar puncture (LP), whichwill reduce their

suitability for screening purposes, and RT-QuIC has limited availabil-

ity and is not performed outside specialized laboratories. Similarly, an

MRI-based diagnosis requires expertise that may not be available in

all hospitals.9 Regarding blood-based diagnostic markers, t-tau, neu-

rofilament light (NfL), S100B, and β-synuclein levels (variably assayed

through enzyme-based immunoassays or mass spectrometry) have

been proven to rise significantly in blood derivatives fromCJDpatients

and to accurately discriminate them from both neurodegenerative

dementias and non-neurodegenerative controls.10–13 However, when
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BENTIVENGA ET AL. 3

investigated in the clinical setting (i.e., in rapidly progressive dementia

cohorts), blood β-synuclein was the only one to yield high diagnostic

performance in the range of CSF t-tau and 14-3-3.9,14

Regarding prognosis, some CSF biomarkers (e.g., t-tau and 14-3-3)

have shown significant prognostic power.14 However, accurate blood

biomarkers allowing for noninvasive diseasemonitoring would be very

useful in the clinic. Despite promising pilot data for plasma t-tau and

NfL,15,16 their prognostic value remains lower than that of established

CSFmarkers.14,17

It has recentlybeen reported thatCSF levels of novel taubiomarkers

phospho-tau217 (p-tau217) and phospho-tau181 (p-tau181), usually

thought to reflect Alzheimer’s disease (AD) pathology, as well as brain-

derived tau (BD-tau) reflecting the intensity of neurodegeneration or

neuronal injury, may show increased levels also in CJD.4,18,19 In this

study, we aimed to investigate the diagnostic and prognostic value of

CSF and plasma BD-tau, p-tau217, and p-tau181 in an RPD cohort

(comprising both CJD and non-prion RPD [np-RPD]) and compare it

to that of traditional CSF and blood surrogate neurodegeneration

biomarkers (i.e., t-tau, 14-3-3, and NfL). Moreover, we studied the

biomarkers distribution across CJD subtypes and in a wide cohort

comprising healthy controls (HC) and AD patients.

2 METHODS

2.1 Participant selection

In this multicentric study, we retrospectively analyzed the CSF and

plasma samples in two independent cohorts. Cohort 1 included

patients with RPDwhose samples were submitted to the neuropathol-

ogy laboratory (NP-Lab) at the Institute of Neurological Sciences of

Bologna for diagnostic purposes between 2004 and 2023. Patients

with a definite neuropathological or probable clinical diagnosis accord-

ing to current criteriawere included. Specifically, the cohort comprised

100 randomly selected patients with np-RPD and 100 with CJD. The

CJD group included 88 participants with sCJD (of which 30 had a

neuropathological diagnosis, and 58 had a clinical diagnosis of prob-

able sCJD according to the current criteria,1,3 and were all positive

by prion RT-QuIC4), and 12 patients with a diagnosis of gCJD.2 The

sCJD cases with a definite (i.e., neuropathological) diagnosis were

also classified into subtypes according to Parchi et al. (i.e., MM(V)1,

VV2, MV2K, etc.).1 Among these, 20 patients showing a mixed sub-

type, mainly belonging to the MM1+2C group, were classified based

on the dominant histotype according to published criteria.20 For the

biomarker analysis according to the molecular subtype, we merged

the patients with definite sCJD with those with a probable diagno-

sis and a high level of certainty for a given subtype, as described.14

Overall, 12 M1, 31 MM(V)1, 24 VV2, 25 MV2K, and 8 MM2C were

included. The np-RPD group comprised patients presenting with RPD

who tested negative by prion RT-QuIC. For diagnostic accuracy analy-

ses, thenp-RPDcohortwas split into twomain subgroups, that is, rpAD,

including patients showing biological evidence of amyloid β (Aβ) depo-
sition (defined by pathological CSF Aβ42/Aβ40 ratio), and nonAD-RPD,

RESEARCH INCONTEXT

1. Systematic review: We searched PubMed for publica-

tions regarding cerebrospinal fluid (CSF) and plasma

brain-derived tau (BD-tau) and phospho-tau variants

(p-tau217 and p-tau181) in Creutzfeldt–Jakob disease

(CJD). CSF levels of these biomarkers have been shown

to increase in CJD, independently from AD co-pathology.

However, data regarding their plasma levels and clinical

(diagnostic and prognostic) value are lacking.

2. Interpretation:Our findings indicate thatCSFandplasma

BD-tau and p-tau variant levels vary in CJD without

evidence of AD co-pathology, depending on the clini-

copathological CJD subtype and the matrix analyzed.

In CJD differential diagnosis, plasma BD-tau, p-tau181,

or p-tau217 alone do not provide added diagnostic

value compared to established CSF and plasma surrogate

biomarkers. However, their diagnostic value increases

when evaluated in a ratio. Moreover, BD-tau represents

the most accurate blood-based biomarker for CJD prog-

nostication.

3. Future directions: Replicating the results in additional

cohorts will be important for clinically validating our

findings.

a heterogeneous group well-representative of the most common RPD

alternative etiologies, for example, inflammatory, toxic-metabolic, and

so forth (see SupplementaryMaterial and Table S1 for details).

Cohort 2 included participants from the Dementia Disease Initi-

ation (DDI), a Norwegian national multicentric study.21 The cohort

comprises non-demented individuals between 40 and 80 years of age,

primarily recruited from memory clinics and advertisements in local

news media. The present study included randomly selected partici-

pants with pathological levels of CSF Aβ42/Aβ40 ratio and p-tau181

with mild cognitive impairment (AD-MCI) (n = 92), according to NIA-

AA criteria,22 as well as HC with normal levels of CSF Aβ42/Aβ40 ratio
and p-tau181 (n = 55). The HC reported no subjective experience

of cognitive impairment or decline and performed within the normal

range on neuropsychological test scores. Detailed inclusion criteria for

both cohorts are reported in the SupplementaryMaterial.

2.2 CSF and plasma biomarker analyses

We measured BD-tau and p-tau217 in CSF and plasma, Aβ40 and

Aβ42 in CSF, and p-tau181 and NfL in plasma in both cohorts, as

reported.23–25 Moreover, we quantified CSF and plasma t-tau, CSF

NfL, p-tau181, and 14-3-3 levels and performed prion and α-synuclein
RT-QuIC seeding amplification assays in NP-Lab participants, as

reported.4,26 All analyses were performed by personnel blinded to
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4 BENTIVENGA ET AL.

clinical diagnosis. Sample collection protocol and quantification of fluid

biomarkers are presented in the SupplementaryMaterial.

2.3 Survival analyses in the CJD cohort

Regarding the biomarkers’ prognostic performance assessment in

CJD, we defined survival as the time (in months) from sample

(CSF or plasma) collection to death or akinetic mutism. The latter

was used in place of time to death exclusively when the revision

of medical charts indicated the adoption of life-extending treat-

ments (e.g., enteral/parenteral nutrition, tracheostomy), as previously

reported.14,27 Four patients were excluded from the survival analyses

due to the lack of information on disease duration.Moreover, eachCJD

patient was assigned a disease stage by computing the ratio between

disease onset to sampling and the disease duration.27 Survival analyses

wereperformed in thewholeCJDcohort and three subgroups, stratify-

ing for clinicopathological subtypeas follows: (1) sCJDMM(V)1+ gCJD

M1 (i.e., all cases related to the PRNP codon 129-M genotype and

PrPSc type 1 combination); (2) sCJDVV2; (3) “atypical” (i.e., slowly pro-

gressive) CJD, including all the other subtypes (i.e., sCJD MV2K and

MM2C).

2.4 Statistical analyses

Statistical analyses were performed using Stata 18 SE (StataCorp), R

(version 4.3.2), andGraphPadPrism9 (Graph-Pad Software). Between-

group age comparisons were assessed with linear regression, while

sex distributions were evaluated using Fisher´s exact test. To exam-

ine group differences in plasma and CSF biomarkers, multiple linear

regression models were fitted with the diagnostic group as the inde-

pendent variable and the respective biomarker as the dependent

variable, including age and sex as covariates. Due to departures

from normality in the regression residuals, all biomarkers were log-

transformed for the final models. The final models demonstrated

adequate distributions of the regression residuals concerning normal-

ity and heteroscedasticity. In all models, HC was compared to the

diagnostic groups. Only CJD cases with normal CSF Aβ42/Aβ40 ratio

(Aβ-/CJD) were included in this analysis. No adjustments for multiple

comparisons were made. Plots were generated using the “ggplot2” R

package. For the diagnostic section, receiver operating characteristic

(ROC) analyseswere performed to calculate each biomarker’s sensitiv-

ity, specificity, and diagnostic accuracy with a relative 95% confidence

interval (95% CI). Maximized Youden’s index was used to define the

optimal cutoff value for each biomarker. The areas under the curve

(AUC) between the ROC curves were compared using the DeLong

test. For survival analyses, biomarker concentration was naturally log-

transformed to fulfill the normal distribution. The Kaplan–Meier esti-

mate was used to calculate the cumulative time-dependent probability

of death. Next, we assessed the biomarkers’ prognostic value by fit-

ting all fluidbiomarkers (continuousvalues and tertiles) in separateCox

proportional hazard models, alone (univariate analysis) or by includ-

ing other known prognostic factors in prion disease (i.e., codon 129

genotype, age at sampling, and time from onset to sample collection)

as covariates (multivariate analysis), as reported.17 Survival analysis

results are presented as hazard ratios (HRs) and 95% CI. The assump-

tion of proportional hazard was assessed by Schoenfeld residuals.

Further details on survival analyses are provided in the Supplemen-

tary Material. Spearman’s correlation coefficients were calculated to

test the possible association between biomarkers’ concentrations and

disease stage.

3 RESULTS

3.1 Demographic variables

The study included a total of 347 participants (mean [SD] age, 68.06

[10.2] years; 186 females [53.5%]). All three main subgroups, AD-MCI

(mean [SD] age: 67.7 [8.2] years old), CJD (mean [SD] age: 67.1 [9.5]

years old), and np-RPD (mean [SD] age: 73.1 [10.5] years old), were sig-

nificantly older than HC (mean [SD] age: 61.3 [9.8] years old) (AD-MCI,

CJD, and np-RPD, all p < 0.001). There were no significant differences

in sex distribution between groups. Details on the participants’ demo-

graphic andbiomarker data for themain cohorts are reported inTable 1

and Table S2.

3.2 The differential effect of AD pathology and
CJD clinicopathological subtype on CSF and plasma
biomarker values

In the first part of the study, we sought to assess the differential effect

of CJD and AD pathological changes on CSF and plasma biomarker

levels. For this purpose, we studied the biomarker value distribution

in a wide cohort of typical AD-MCI patients and various CJD clini-

copathological subtypes (i.e., MM(V)1, VV2, MV2K, MM2C, and M1)

compared toHC (Figure 1 andFigure S1). For this analysis,weonly con-

sidered Aβ-/CJD patients, that is, CJD participants with no evidence

of Aβ deposition (defined by a normal Aβ42/Aβ40 ratio) to avoid the

confounding effect of AD co-pathology.

In CSF, BD-tau levels were significantly elevated in all groups

compared to HC (AD-MCI, MM(V)1, VV2, MV2K, MM2C, and M1,

all p < 0.001), with a higher increase in CJD subtypes than in the AD

group. Furthermore, CSF BD-tau was most prominently elevated in

the M1, MM(V)1, and VV2 subtypes, compared with the MV2K and

MM2C groups. CSF p-tau217 levels were also significantly elevated

in the AD-MCI group (p < 0.001) as well as all CJD groups compared

to HC (MM(V)1, VV2, MV2K, MM2C, and M1, all p < 0.001). Notably,

VV2, MV2K, and MM2C showed higher values than MM(V)1 and

M1 subtypes and AD-MCI participants. The CSF BD-tau/p-tau217

ratio was significantly increased in M1, MM(V)1, and VV2 groups

compared to HC (M1, MM(V)1, and VV2, all p < 0.001). Conversely, it

was significantly reduced compared to HC in AD-MCI (p < 0.001) and

MV2K (p = 0.001) groups. CSF p-tau181 levels were excluded from
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BENTIVENGA ET AL. 5

TABLE 1 Demographic characteristics and biomarker levels in themain subgroups.

Parameter HC (n= 55) AD-MCI (n= 92) CJD (n= 100) np-RPD (n= 100)

Age at onset 61.3 (9.8) 67.7 (8.2) 67.1 (9.5) 73.1 (10.5)

FemaleN (%) 34 (62) 46 (50) 54/100 (54) 52/100 (52)

CSF

t-taua N/A N/A 4796 (2103–10006) 621 (372–1244)

BD-taua 199 (144–237) 487 (389–714) 3268 (1086–5264) 279 (154–628)

p-tau217a 36 (32–53) 232 (187–294) 314 (233–495) 195 (84–405)

p-tau181a N/A N/A 60 (41–82) 57 (32–87)

NfLa N/A N/A 6208 (3545–11350) 3078 (1162–12959)

14-3-3b N/A N/A 56,300 (24,100–126,000) 11,200 (6772–25,200)

Aβ42/Aβ40 1.01 (0.95–1.08) 0.48 (0.43–0.55) 0.84 (0.72–0.95) 0.62 (0.47–0.86)

Plasma

t-taua N/A N/A 10.0 (4.1–28.8) 2.8 (1.7–5.1)

BD-taua 4.1 (3.1–5.6) 5.6 (4.1–14.6) 30.0 (12.7–65.7) 9.3 (7.0–17.9)

p-tau217a 1.5 (1.2–1.9) 3.6 (2.5–4.8) 2.6 (1.9–3.7) 3.6 (1.8–6.9)

p-tau181a 8.4 (7.2–10.0) 15.1 (11.7–21.0) 25.3 (17.7–33.6) 29.9 (17.2–45.0)

NfLa 21.6 (14.7–27.7) 28.1 (22.8–43.0) 115.3 (64.7–208.1) 78.8 (35.6–204.9)

Note: Age at onset is expressed asmean (standard deviation). Biomarker values are expressed asmedian (interquartile range).

Abbreviations: Aβ, amyloid β; AD-MCI, Alzheimer’s disease-mild cognitive impairment; BD-tau, brain-derived tau; CJD, Creutzfeldt–Jakob disease; CSF,

cerebrospinal fluid; HC, healthy controls; N/A, not assayed; NfL, neurofilament light chain; np-RPD, non-prion rapidly progressive dementia; p-tau181,

phospho-tau181; p-tau217, phospho-tau217; t-tau, total tau.
apg/mL.
bAU/mL.

this analysis as they were measured with different assays between the

two cohorts (see SupplementaryMaterial).

Plasma BD-tau concentrations were higher than HC in all groups

(AD-MCI,MM(V)1,VV2,MV2K,MM2C, andM1, allp<0.001),with the

most prominent elevations in the M1 and MM(V)1 CJD groups, and to

a lesser extent in theMM2CandVV2 groups. Compared toHC, plasma

p-tau217 levels were significantly increased in all groups (AD-MCI,

MV2K,MM2C, andM1,p<0.001;MM(V)1,p=0.047), apart fromVV2,

with the most prominent mean differences observed in MM2C, fol-

lowed by gCJDM1, AD-MCI, andMV2K. In contrast, plasma p-tau181

concentrations were elevated in all groups compared to HC (AD-MCI,

MM(V)1, VV2, MV2K, MM2C, and M1, p < 0.001). Among sCJD sub-

types, MM2C and MV2K, and to a lesser extent the VV2, showed the

highest mean values. Plasma BD-tau/p-tau217 ratio was increased in

M1, MM(V)1, VV2, and MV2K compared to HC (M1, MM(V)1, and

VV2, p < 0.001; MV2K, p = 0.012). Similarly, plasma BD-tau/p-tau181

ratio compared to HCwas increased inM1,MM(V)1, and VV2 (M1 and

MM(V)1, p < 0.001; VV2, p = 0.001), but not MV2K. For both ratios,

AD-MCI andMM2C groups showed values in the range of HC.

3.3 Biomarker diagnostic performance

Next, we calculated ROC curves for all biomarkers and the plasma tau

ratios to assess their diagnostic performance in the differential diag-

nosis between CJD and np-RPD, representing themain question in the

clinical setting (Table S3).

In CSF (Figure 2), BD-tau (AUC, 0.89; 95% CI: 0.84–0.93) yielded a

diagnostic performance in the range of t-tau (AUC, 0.89; 95%CI: 0.84–

0.93), overpowering 14-3-3 (AUC, 0.83; 95%CI: 0.78–0.89), NfL (AUC,

0.63; 95% CI: 0.55–0.71), p-tau181 (AUC, 0.52; 95% CI 0.44–0.60),

and p-tau217 (AUC, 0.65; 95% CI: 0.57–0.73) (all p < 0.001). Both p-

tau181 and p-tau217 were outperformed by all the other biomarkers

(all p < 0.001), except for NfL (p = 0.051 and p = 0.731, respectively).

Of note, p-tau217 overpowered p-tau181 (p< 0.001).

In plasma (Figure 2), BD-tau (AUC, 0.76; 95% CI: 0.70–0.83) diag-

nostic accuracywas in the rangeof that of plasma t-tau (AUC,0.79; 95%

CI: 0.73–0.85), and better than that of NfL (AUC, 0.58; 95% CI: 0.50–

0.66) (p< 0.001), p-tau181 (AUC, 0.57; 95%CI: 0.48–0.65) (p< 0.001),

and p-tau217 (AUC, 0.61; 95% CI: 0.53–0.69) (p = 0.006); however,

lower than that of traditional biomarkers measured in CSF, that is, t-

tau (p < 0.001) and 14-3-3 (p = 0.014). Both p-tau181 and p-tau217

yielded a similar diagnostic performance to NfL and were outpowered

by t-tau (both p < 0.001). The diagnostic accuracy of plasma BD-tau

increased when ratioed to p-tau217 (AUC, 0.81; 95% CI: 0.75–0.87),

matching that of CSF 14-3-3 (AUC 0.83), but not CSF t-tau (AUC 0.89,

p = 0.002) or BD-tau (AUC 0.89, p < 0.001) (Table S3). This was espe-

cially evident in the differential diagnosis with rpAD (AUC, 0.92; 95%

CI: 0.88–0.96). Conversely, the plasma BD-tau/p-tau181 ratio did not

provide any diagnostic advantage over CSF t-tau (p < 0.001) and 14-
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6 BENTIVENGA ET AL.

F IGURE 1 CSF and plasma BD-tau, p-tau217, and related ratios mean differences in AD-MCI and Aβ-/CJD subtypes compared to HC. Forest
plots show themean elevation of biomarker levels in CSF and plasma compared to HC across the diagnostic groups. Point estimates are
log-transformed and standardized (Z-log), expressed as standard deviations relative to HC participants (represented by a gray vertical bar,
normalized tomean 0 as the reference). Error bars denote 95%CIs. All statistical tests were two-sided and unadjusted for multiple comparisons.
Aβ, amyloid β; AD-MCI, Alzheimer’s disease-mild cognitive impairment; BD-tau, brain-derived tau; CIs, confidence intervals; CJD,
Creutzfeldt–Jakob disease; CSF, cerebrospinal fluid; HC, healthy controls; ns, non-significant; p-tau217, phospho-tau217.

F IGURE 2 Biomarker diagnostic accuracy in discriminating CJD versus np-RPD. ROC curve analyses were performed to assess the accuracy of
CSF (A) and plasma (B) biomarkers to discriminate between outcome groups. BD-tau, brain-derived tau; CJD, Creutzfeldt–Jakob disease; CSF,
cerebrospinal fluid; NfL, neurofilament light chain; np-RPD, non-prion rapidly progressive dementia; p-tau181, phospho-tau181; p-tau217,
phospho-tau217; ROC, receiver operating characteristic; t-tau, total tau.
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BENTIVENGA ET AL. 7

3-3 (p = 0.045). Further details regarding the biomarkers’ diagnostic

accuracy in the different clinical scenarios are reported in Table S3.

3.4 Prognostic value of novel tau biomarkers

When considering the whole CJD cohort, CSF and plasma BD-tau lev-

els were significantly associated with survival in both univariate (CSF:

HR, 1.51; 95% CI: 1.25–1.82; p < 0.001; plasma: HR, 1.63; 95% CI:

1.35–1.97; p < 0.001) and multivariate (CSF: HR, 1.48; 95% CI: 1.19–

1.84; p < 0.001; plasma: HR, 1.68; 95% CI: 1.32–2.14; p < 0.001) Cox

regression analyses (Table 2). When stratifying for clinicopathological

subtype (Tables S4–S6), plasma BD-tau could not predict survival in

any subgroup, whereas CSF BD-tau levels negatively correlated with

survival only in atypical CJD in the multivariate analysis (HR, 1.54;

95% CI: 1.09–2.19; p = 0.014). Conversely, both CSF and plasma p-

tau217 levelswerenot associatedwith survival either in thewholeCJD

cohort or in each subtype, except for CSF p-tau217, which significantly

correlated with survival in atypical CJD in the multivariate analysis

(HR, 3.05; 95% CI: 1.14–8.16; p = 0.026). Similarly, CSF and plasma

p-tau181 concentrations did not predict survival in the whole CJD

group, MM(V)1+M1, and atypical CJD. Conversely, p-tau181 was sig-

nificantly associatedwith survival in both plasma (univariate: HR, 4.49;

95% CI: 1.34–15.08; p = 0.015; multivariate: HR, 7.37; 95% CI: 1.71–

31.5; p = 0.007) and CSF (HR, 3.62; 95% CI: 1.04–12.57; p = 0.043)

(albeit only in the high tertile of multivariate analysis) of VV2 patients.

Survival curves for CSF and plasma BD-tau, p-tau217, and p-tau181

are shown in Figure 3 and Figure S2. Survival analysis results in the

distinct subgroups are reported in Tables S4–S6.

Regarding the comparison among plasma biomarkers in the whole

CJD cohort, in terms of prognostic power BD-tau outperformed both

t-tau (univariate: HR, 1.42; 95% CI: 1.21–1.66; p < 0.001; multivari-

ate: HR, 1.49; 95% CI: 1.24–1.78; p < 0.001) and NfL (univariate: HR,

1.43; 95% CI: 1.11–1.83; p = 0.005; not significant in the multivariate

analysis) (Table S7 and Figure S2).

3.5 Association between novel tau biomarkers
and disease stage

We also investigated the possible correlation between CSF biomarker

levels and the disease stage (Table S8). CSF BD-tau levels were asso-

ciated with the disease stage in the whole CJD cohort (rho = 0.242,

p = 0.024), VV2 (rho = −0.485, p = 0.042) and atypical CJD

(rho = 0.305, p = 0.001). Higher plasma BD-tau levels correlated with

later disease stages in the whole CJD cohort, but not after stratifying

for the clinicopathological subtype. CSF and plasma p-tau217 concen-

trations were not associated with the disease stage either in the whole

CJD cohort or across CJD subtypes, apart from plasma p-tau217,

which positively correlated with the disease stage (rho = 0.492,

p = 0.004) in atypical CJD. Of note, CSF and plasma p-tau181 showed

similar behavior, that is, no significant association with disease stage

except for plasma levels in VV2 (rho= 0.478, p= 0.029).

4 DISCUSSION

CSF and plasma p-tau217 and p-tau181 are increasingly used in the

clinical assessment of neurodegenerative disorders, as they are com-

monly thought to reflect AD amyloid-associated changes in tau phos-

phorylation status or secretion.18,25,28 Moreover, BD-tau is emerging

as an accurate blood-based marker of neurodegeneration intensity in

the central nervous system.29,30 Investigating the behavior of these

novelmarkers inCJD, aproteinopathyassociatedwith severeneurode-

generation and extensive phenotypic heterogeneity, is of interest not

only to study their value in CJD differential diagnosis and prognos-

tication but also to investigate factors affecting their biofluid levels

independently fromAD pathology.

In linewith a previous report,18 wedemonstrated amarked increase

in CSF and plasma BD-tau in AD, and especially in Aβ-/CJD patients

compared to HC. CSF BD-tau was most clearly increased in sCJD

MM(V)1 and VV2 and gCJD M1 subtypes, reflecting (like t-tau)

the massive neurodegeneration and rapid progression. Consistently,

plasma BD-tau levels were also significantly increased, although to a

lesser extent in VV2 than in MM(V)1 and M1 groups. Besides BD-tau,

we demonstrated a significant increase in CSF and plasma p-tau217

and plasma p-tau-181 concentrations in CJD, likely reflecting the sec-

ondary tauopathy occurring in this disorder, which was shown to

mainly affect the CJD subtypes related to the V2-CJD strain (i.e., VV2

and MV2K).4,31 Consistently, CSF p-tau217 showed marked increases

in VV2 andMV2K individuals. An analogous trend, but less significant,

has been previously reported for CSF p-tau181.4 The present findings

underline the conceptual limitation of considering p-tau181 and p-tau

217 and related “occupancy ratios” such as the %p-tau217 as mark-

ers indicating “β-amyloidosis,”32–34 given that they can also increase

secondary to other proteinopathies. A definition of early (pre-tangle

in case of AD) markers of molecular/biochemical tauopathy would be

more correct.

Interestingly, when assayed in plasma, the increase in p-tau181 and

p-tau217 levels showed a relative reduction in sCJD VV2 and MV2K,

compared to the MM(V)1 subtype, resulting in similar biomarker lev-

els among the three sCJD groups. This effect, already observed with

otherplasmabiomarkers (e.g., tau,NfL,β-synuclein, glial fibrillary acidic
protein [GFAP]),9,14,35 could be related to the different regional lesion

profiles between sCJD subtypes. Specifically, the early and prominent

cortical involvement inMM2CandMM(V)1,which is not seen inMV2K

and VV2 subjects, may lead to a higher spillover of these molecules in

the blood than that from subcortical regions.

In the present study, we measured CSF and plasma biomarker con-

centrations in a large RPD cohort comprising both CJD and np-RPD

to compare their diagnostic performance in the main clinical scenarios

exemplifying CJD differential diagnosis in clinical practice: CJD versus

rpAD and CJD versus nonAD-RPDs (i.e., primarily inflammatory-

related conditions and subacute dementias). Overall, CSF t-tau and

BD-tau performed tendentially better than all the other CSF and

plasma biomarkers. Specifically, neither plasmaBD-tau nor p-tau alone

added diagnostic value compared to established CSF and plasma sur-

rogate biomarkers (i.e., t-tau and 14-3-3). However, plasma t-tau and
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8 BENTIVENGA ET AL.

TABLE 2 Biomarker association with survival in the whole CJD cohort.

Survival time Univariate Cox regression Multivariate Cox regression

Diagnostic group and biomarker Median± IQR (months) HR (95%CI) p-value HR (95%CI) p-value

Whole CJD cohort (n= 96)

CSF BD-tau

Continuous value 2.0 (1.0–6.0) 1.51 (1.25–1.82) < 0.001 1.48 (1.19–1.84) < 0.001

Low tertile 7.0 (2.5–11.0) Ref Ref Ref Ref

Mid tertile 1.7 (1.0–3.0) 2.80 (1.60–4.88) < 0.001 2.85 (1.58–5.14) < 0.001

High tertile 1.7 (0.9–3.0) 2.56 (1.47–4.43) 0.001 1.95 (1.04–3.64) 0.035

Plasma BD-tau

Continuous value 2.0 (1.0–6.0) 1.63 (1.35–1.97) < 0.001 1.68 (1.32–2.14) < 0.001

Low tertile 6.2 (2.3–11.0) Ref Ref Ref Ref

Mid tertile 2.0 (0.8–3.5) 2.33 (1.39–3.92) 0.001 2.37 (1.38–4.06) 0.002

High tertile 1.0 (0.7–1.7) 3.92 (2.29–6.71) < 0.001 3.91 (1.93–7.92) < 0.001

CSF p-tau217

Continuous value 2.0 (1.0–6.0) 1.19 (0.79–1.79) 0.401 1.38 (0.86–2.19) 0.171

Low tertile 1.6 (1.0–3.7) Ref Ref Ref Ref

Mid tertile 2.5 (0.9–7.5) 0.84 (0.51–1.38) 0.492 1.12 (0.66–1.88) 0.668

High tertile 2.0 (1.0–3.0) 1.14 (0.69–1.89) 0.601 1.61 (0.88–2.94) 0.120

Plasma p-tau217

Continuous value 2.0 (1.0–6.0) 1.08 (0.75–1.55) 0.653 1.23 (0.82–1.84) 0.304

Low tertile 1.9 (0.9–5.0) Ref Ref Ref Ref

Mid tertile 2.0 (1.0–6.0) 1.00 (0.60–1.66) 0.988 0.91 (0.54–1.52) 0.731

High tertile 1.7 (1.0–6.0) 1.11 (0.67–1.84) 0.675 1.23 (0.68–2.21) 0.483

CSF p-tau181

Continuous value 2.0 (1.0–6.0) 1.16 (0.72–1.85) 0.529 1.22 (0.76–1.95) 0.396

Low tertile 1.8 (1.0–3.5) Ref Ref Ref Ref

Mid tertile 2.8 (0.9–6.5) 0.96 (0.58–1.58) 0.878 1.22 (0.73–2.03) 0.445

High tertile 1.8 (1.0–4.5) 1.16 (0.70–1.92) 0.543 1.36 (0.81–2.29) 0.236

Plasma p-tau181

Continuous value 2.0 (1.0–6.0) 0.98 (0.61–1.59) 0.963 1.08 (0.64–1.83) 0.763

Low tertile 1.5 (1.0–6.0) Ref Ref Ref Ref

Mid tertile 2.0 (1.0–6.0) 0.88 (0.53–1.47) 0.647 0.94 (0.55–1.58) 0.824

High tertile 2.0 (0.8–8.0) 0.91 (0.55–1.51) 0.735 0.97 (0.54–1.73) 0.922

Note: Bold values indicate statistically significant HRs. All multivariate Cox regression analyses included codon 129 genotype, age at sampling, and time from

onset to sample collection as covariates.

Abbreviations: CI, confidence interval; CSF, cerebrospinal fluid; gCJD, genetic Creutzfeldt–Jakob disease; HR, hazard ratio; IQR, interquartile range; Ref,

reference; sCJD, sporadic Creutzfeldt–Jakob disease.

BD-tau over p-tau217 (the BD-tau/p-tau217 ratio) matched the diag-

nostic accuracy of CSF 14-3-3, thus providing an accurate blood-based

biomarker for a rapid RPDs diagnostic assessment, especiallywhen the

differential diagnosis with rpAD is an issue.8,36 Having highly accurate

blood tests in the clinic that would eliminate the need to perform an LP

would be a great improvement, leading tomuch higher accessibility, for

example, in primary care.

In this study, we employed previously validated prognostic mod-

els for CJD17 to study the association between biomarker levels and

survival. In contrast to p-tau181 and p-tau217, CSF and plasma BD-

tau levels could predict survival in the CJD cohort. This most likely

depends on the biological processes these biomarkers reflect, with

BD-tau mirroring the massive CNS neurodegeneration18 and p-tau

the prion-related secondary tauopathy.4 Regarding the strength of the

association between biomarker levels and survival, BD-tau was the

best-performing biomarker in plasma (overpowering both t-tau and

NfL), and it even outperformed some CSF biomarkers included in our

cohort (NfL and BD-tau) or previously investigated (α-synuclein, β-
synuclein, neurogranin, and GFAP).14,17,27,35,37 Specifically, the higher

prognostic power over t-tau depends on BD-tau correlating better
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BENTIVENGA ET AL. 9

F IGURE 3 Biomarker prognostic performance. Kaplan–Meier survival curves displaying time from sampling to death in the whole CJD cohort
as a function of biomarker levels. Biomarker concentrations were binned in tertiles. All patients were deceased at the time of the analysis. BD-tau,
brain-derived tau; CSF, cerebrospinal fluid; CJD, Creutzfeldt–Jakob disease; p-tau217, phospho-tau217.

than plasma t-tau with CSF t-tau levels, considered the gold standard

peripheral biomarker for CJD prognosis.17,18

Of note, plasma BD-tau prognostic performance remained lower

than that of traditional CSF biomarkers, specifically t-tau and 14-3-

3, as well as some novel (i.e., SNAP-2527) surrogate CSF biomarkers,

most likely due to the lower capacity of mirroring the neurodegen-

eration occurring in the CNS (especially in VV2) compared to these

CSF biomarkers. Nonetheless, our results support its use as the first-

line blood-based (i.e., noninvasive) test for disease monitoring and

prognostication in CJD.

When stratifying for clinicopathological subtypes, we found no

significant association between CSF and plasma BD-tau levels and sur-

vival, except for CSF BD-tau in atypical CJD. In line with this result,

within the limitations of having used cross-sectional rather than lon-

gitudinal data in predicting the biomarkers biofluid dynamics along

the disease course, we reported that CSF (but not plasma) BD-tau

levels surge early and remain stable as the disease progresses in

the most common subtypes (i.e., MM(V)1 and VV2) but not in atypi-

cal CJD, in which BD-tau concentrations increase gradually over the

disease course, likely due to the slower progressing neurodegenera-

tive process. This effect, which has also been observed for CSF t-tau,

14-3-3, NfL, SNAP-25,14,27,38 implies that in atypical CJD, its CSF lev-

els accurately mirror the course (rather than simply the presence)

of the disease and therefore have high prognostic value. Regarding

plasma BD-tau, we found no association between blood concentra-

tions and disease stage across CJD subtypes, similarly to other plasma

biomarkers, thus likely justifying their poor prognostic performance.

Regarding p-tau181 and p-tau217 prognostic value across CJD sub-

types, we only found a significant association between survival and

CSF p-tau217 in atypical CJD (whichmainly includesMV2K cases), and

both plasma and CSF p-tau181 (albeit the latter with statistical sig-

nificance only in the third tertile) in VV2 patients. This might suggest

that CJD secondary tauopathy acts synergistically and independently

with prion pathology in worsening prognosis in such cases. Alterna-

tively, a more likely explanation is that secondary tauopathy-related

biomarkers simply indicate a more advanced disease stage (and there-

fore reduced survival). This hypothesis is supported by the significant

association between CSF p-tau217 and plasma p-tau181 levels with

the disease stage in atypical CJD and VV2, respectively.

As a limitation of our study, we recognize that CJD diagnosis and

subtype classification could have been mistaken due to the lack of

a neuropathological assessment in some patients. However, we have

effectively minimized the risks of patient misdiagnosis and misclassifi-

cation by carefully analyzing medical records, codon 129 genotyping,
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10 BENTIVENGA ET AL.

and the performance of second-generation prion RT-QuIC. Regard-

ing survival analyses, we are aware that the employment of akinetic

mutism in place of time to death when life-extending treatments were

adopted might have introduced a bias in the calculation of survival

(as we did not use the same variable for all patients). However, we

believe that eliminating the significant effect of life-extending treat-

mentswould bemore accurate than ignoring this variable, whichwould

also introduce a bias in the calculation of disease duration.

In conclusion, our results show that CSF and plasma BD-tau do

not provide added diagnostic value compared to the established CSF

(14-3-3 and t-tau) and plasma (t-tau) surrogate biomarkers. However,

especially when the differential diagnosis with rpAD is an issue, plasma

BD-tau (or t-tau) ratios with p-tau variants provide a diagnostic accu-

racy in the range of CSF 14-3-3. Moreover, we found that plasma BD-

tau is a highly accurate blood-based marker for CJD prognostication,

envisioning its future use for noninvasive disease monitoring. Finally,

our study provides new evidence indicating that increased plasma

p-tau181 and p-tau217 levels in CJD strongly depend on the clini-

copathological subtype, reflecting the extent of secondary tauopathy.

Future studies in independent cohorts should validate our findings.
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