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Human prion diseases are remarkable for long incubation times followed typically by rapid clinical decline. Seed ampli-
fication assays and neurodegeneration biofluid biomarkers are remarkably useful in the clinical phase, but their potential 
to predict clinical onset in healthy people remains unclear. This is relevant not only to the design of preventive strategies 
in those at-risk of prion diseases, but more broadly, because prion-like mechanisms are thought to underpin many neu-
rodegenerative disorders. Here, we report the accrual of a longitudinal biofluid resource in patients, controls and healthy 
people at risk of prion diseases, to which ultrasensitive techniques such as real-time quaking-induced conversion (RT- 
QuIC) and single molecule array (Simoa) digital immunoassays were applied for preclinical biomarker discovery. 
We studied 648 CSF and plasma samples, including 16 people who had samples taken when healthy but later developed 
inherited prion disease (IPD) (‘converters’; range from 9.9 prior to, and 7.4 years after onset). Symptomatic IPD CSF samples 
were screened by RT-QuIC assay variations, before testing the entire collection of at-risk samples using the most sensitive 
assay. Glial fibrillary acidic protein (GFAP), neurofilament light (NfL), tau and UCH-L1 levels were measured in plasma and 
CSF. Second generation (IQ-CSF) RT-QuIC proved 100% sensitive and specific for sporadic Creutzfeldt-Jakob disease (CJD), 
iatrogenic and familial CJD phenotypes, and subsequently detected seeding activity in four presymptomatic CSF samples 
from three E200K carriers; one converted in under 2 months while two remain asymptomatic after at least 3 years’ fol-
low-up. 
A bespoke HuPrP P102L RT-QuIC showed partial sensitivity for P102L disease. No compatible RT-QuIC assay was discov-
ered for classical 6-OPRI, A117V and D178N, and these at-risk samples tested negative with bank vole RT-QuIC. Plasma 
GFAP and NfL, and CSF NfL levels emerged as proximity markers of neurodegeneration in the typically slow IPDs (e.g. 
P102L), with significant differences in mean values segregating healthy control from IPD carriers (within 2 years to onset) 
and symptomatic IPD cohorts; plasma GFAP appears to change before NfL, and before clinical conversion. 
In conclusion, we show distinct biomarker trajectories in fast and slow IPDs. Specifically, we identify several years of pre-
symptomatic seeding positivity in E200K, a new proximity marker (plasma GFAP) and sequential neurodegenerative 
marker evolution (plasma GFAP followed by NfL) in slow IPDs. We suggest a new preclinical staging system featuring clin-
ical, seeding and neurodegeneration aspects, for validation with larger prion at-risk cohorts, and with potential applica-
tion to other neurodegenerative proteopathies.  
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Introduction 
Prion diseases are transmissible and inevitably fatal neurodegen-
erative conditions characterized by recruitment of host-encoded 

cellular prion protein (PrP) into disease-associated polymeric as-

semblies which propagate by elongation and fission.1 The observed 

range of clinical and pathological expressions in humans, however, 

is strikingly heterogenous despite the shared fundamental disease 

mechanism.2 Sporadic Creutzfeldt-Jakob disease (sCJD), the most 

prevalent form, accounts for roughly 85% of the incidence of human 

disease, typically presenting with the triad of rapidly progressive 

dementia, ataxia and/or myoclonus. Inherited prion disease (IPD) 

caused by autosomal dominant highly-penetrant mutations in the 

prion protein gene (PRNP) comprises 10–15% of the incidence but 

produces a wide spectrum of clinical syndromes including CJD, fatal 

familial insomnia (FFI), Gerstmann-Sträussler-Scheinker (GSS) dis-

ease, peripheral PrP systemic amyloidosis from truncation muta-
tions, and long-duration dysexecutive-apraxic syndromes seen in 
octapeptide repeat insertions (OPRIs).3,4 Acquired prion disease 
has historically attracted considerable media, political and public 
health attention, despite being the rarest manifestation. Relevant 

exposures include bovine spongiform encephalopathy prions in 
the diet, and use of blood and blood products for variant 
CJD (vCJD)5; cadaver-sourced human growth hormone,6 neurosur-
gery, and lyophilized dura mater in iatrogenic CJD (iCJD),7 and at 
mortuary feasts in the Eastern Highlands Province of Papua New 
Guinea in kuru.8 

One of the most remarkable aspects of prion biology is the ap-
parent long incubation phase between prion infection/exposure 

and disease onset, lasting up to five decades in kuru and cadaver- 

sourced human growth hormone-related iCJD.6,9 Prions are trans-

missible to laboratory rodents by inoculation allowing for study of 

the sequence of prion infection, propagation and toxicity, which 

forms two mechanistically distinct phases.2,10,11 Specifically, fol-

lowing inoculation, infectious prion titres rise exponentially to 

reach a plateau, which continues for a considerable time until dis-

ease onset. Infectivity and toxicity are therefore uncoupled, with 

the length of the plateau being inversely proportional to PrP expres-

sion level. If this two-phase kinetics model is applicable to human 

disease, the clinically silent incubation phase marked by high prion 

titres hypothetically offers a window of opportunity for discovery of 

fluid biomarkers that predict proximity to onset e.g. potential  
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dynamic changes in measures of seeding activity and/or neurode-
generative markers. Moreover, if borne out in humans, the two- 
phase kinetics model would provide a foundation for targeted pre-
vention strategies in prion disease.12,13 

Longitudinal studies of defined populations with high lifetime 
risk of prion disease undoubtedly afford the best opportunity to elu-
cidate the sequence of biomarker evolution during the presympto-
matic phase in humans. For context, cadaver-sourced human 
growth hormone (c-hGH) was administered to at least 1849 UK indi-
viduals between 1958 and 1985, 81 of whom have so far succumbed 
to iCJD,6,14 while those currently at risk of IPD were estimated at 
1000 in the UK.15 Accrual of longitudinal biofluid sample resources 
from these studies not only allows repeated examinations for bio-
marker discovery, but also for ascertainment of rates of change as 
an even more sensitive predictor of disease onset.16 It is not feasible 
to adequately power clinical trials for candidate drugs in prion dis-
ease prevention for a simple clinical end point,17 but the character-
ization of presymptomatic biomarkers could inform different 
strategies, enrichment in and learning from trials. 

The advent of ultrasensitive real-time quaking-induced conver-
sion (RT-QuIC) assays capable of detecting PrP-amyloid seeding 
down to the attogram (10−18 g) range in the last decade offers the 
potential to detect presymptomatic CSF PrP-amyloid seeding activ-
ity in at-risk individuals.18,19 The assay exploits the ability of 
PrP-amyloid in tested samples to convert recombinant PrP (rPrP) 
monomers within a reaction mixture, and accelerates the process 
with cyclical bursts shaking and rest to amplify rPrP amyloid fibrils; 
alteration of thioflavin T (ThT) emission spectrum from amyloid 
binding within the reaction mixture is then detected by a micro-
plate reader in relative fluorescence units (RFU) over a certain 
threshold. Indeed, Orru et al.18 used RT-QuIC to demonstrate high 
levels of seeding activity in brains and CSF of hamsters experimen-
tally inoculated with 263 K prions in the clinically silent incubation 
period before disease onset, paralleling prion bioassays in the two- 
phase kinetics model20; interestingly, Vallabh et al.21 identified pre-
symptomatic RT-QuIC seeding activity in an single elderly carrier of 
the E200K mutation. CSF RT-QuIC assays in human prion disease to 
date have been honed primarily to detect sCJD and IPD E200K 
seeds to high sensitivity (>90%) and specificity (∼100%), far out-
stripping of its utility in other IPD disease syndromes.22–27 

Nevertheless, assay developments along the way have identified 
key factors [incubation temperature, sodium dodecyl sulphate 
(SDS), Hofmeister salts, etc.] and novel seed-substrate compati-
bilities [truncated hamster (Ha90) and bank vole (BV) rPrPs], 
which may pave the way for optimizing RT-QuIC for the more fas-
tidious seed species in IPD.28–31 

Neurodegenerative biomarkers in prion disease are essentially 
downstream products of either neuronal injury, astrogliosis and in-
flammation, or other secondary disease pathologies. While none of 
them are strongly discriminatory between neurodegenerative dis-
eases, particularly with cross-sectional values, the tracking of bio-
marker dynamics over time may segregate mutation carriers 
approaching disease onset from ageing effects in normal controls. 
The introduction of digital immunoassay platforms revolutionized 
biomarker detection sensitivity, now down to single molecule reso-
lution (e.g. Singe molecule array, Simoa), instead of relying solely on 
overall chemiluminescence intensity.32 Recently, our Unit demon-
strated segregation of plasma tau and neurofilament-light (NfL) levels 
between IPD mutation carriers from symptomatic IPD individuals, and 
more importantly showed rising levels in the 2 years prior to symptom 
onset in small numbers of converting individuals examined, through 
use of Simoa assays.33 Further advances in Simoa technology now 

allows for multiplex arrays measuring up to four candidate biomar-
kers, limiting depletion of precious biofluid resources. 

The National Prion Monitoring Cohort (NPMC) study in the UK 
was well placed to address this unmet need, having recruited at- 
risk individuals with contemporaneous acquisition of longitudinal 
clinical, neuroimaging, neuropsychometric and neurophysiological 
data, along with assembling an expansive blood and CSF biofluid 
archive since 2008. In this study, we marshalled the combined util-
ity of disease-specific PrP-amyloid seed amplification assay 
(RT-QuIC) and ultrasensitive multiplexed Simoa digital immuno-
assay platform to characterize biomarker discovery and evolution 
in individuals at risk of prion disease. 

Materials and methods 
Ethical statement and study participants 

Biofluid samples from all at-risk and symptomatic prion disease 
used in this study were drawn from individuals enrolled into the 
NPMC with written consent. Blood samples were routinely drawn 
at each assessment from 2008 onwards, while acquisition of CSF 
samples started in 2015 following an amendment to existing ethical 
approval for the NPMC through the Scotland A Research Ethics 
Committee (05/MRE00/63). 

The NPMC enrolled eligible individuals from October 2008 on-
wards, encompassing those symptomatic of all forms of prion dis-
ease (sCJD, iCJD, vCJD and IPD), asymptomatic individuals at risk of 
IPD (IPD-AR), iCJD (iCJD-AR) and vCJD, and healthy controls. The 
IPD-AR population includes confirmed asymptomatic carriers of 
pathogenic PRNP mutations, and untested blood relatives of those 
affected by, or known to carry, pathogenic PRNP mutations. The 
iCJD-AR population in the NPMC is composed of recipients of 
cadaver-sourced human growth hormone up to 1985. The schedule 
of assessments, and hence biofluid sampling intervals, were admi-
nistered according to the stratum in which a participant falls, deter-
mined by the projected rate of disease progression,34 and by clinical 
need. At each assessment, research blood samples were also taken 
with written informed consent from willing friends or non-blood 
relatives as controls. 

For Simoa biomarker comparison, healthy control CSF samples 
were sourced from the spouses and non-blood relatives of patients 
with young-onset Alzheimer’s disease (AD), the British 1946 Birth 
Cohort (Insight-46), CONFLUID cohorts (healthy controls with no cog-
nitive concerns and Mini-Mental State Examination scores > 27), and 
NPMC (single at-risk individual subsequently mutation-negative on 
predictive testing); healthy control plasma samples and data were 
sourced from NPMC internally (friends and non-blood relatives of pa-
tients) and from non-mutation carriers within the Genetic 
Frontotemporal Dementia Initiative cohort (GENFI). For CSF RT-QuIC 
analyses, control samples were sourced from Institute of 
Neuroscience and Physiology at University of Gothenburg (indivi-
duals with AD confirmed by CSF biomarkers and other non-AD neuro-
degenerative diseases), NHNN Neuroimmunology Laboratory (CSF 
referred for non-neurodegenerative indications) and from NPMC (sin-
gle healthy at-risk individual, subsequently mutation-negative on 
predictive testing). 

Proximity to clinical onset/conversion in IPD-AR 
individuals 

Age at onset in IPD is highly variable (standard deviation ∼10 years 
even within a family), therefore many people who carry IPD  
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mutations are healthy beyond their parental or average age of onset 
for each mutation. Consequently, we developed a new method to es-
timate the age of onset for IPD-AR, whereby each individual has an es-
timated age of onset in the future. This method approximates a 
cumulative normal distribution of risk for each mutation based on lit-
erature data, and sets estimated age of onset in the future equal to the 
accrual of 50% of an individual’s outstanding cumulative risk. Further 
details and an example are provided in the Supplementary material. 

NPMC biofluid sample processing 

Blood 

Whole blood samples collected in EDTA or citrate tubes destined for 
fractionation into plasma were centrifuged at 2000g for 10 min at 
room temperature (22°C) on arrival at the laboratory. The super-
natant (upper plasma phase) was then divided into aliquots of 
0.5–2.0 ml in Nunc Cryovials, and then frozen at −80°C. 

CSF 

CSF samples were collected in two separate polypropylene tubes 
(Sarstedt 62.610.018), designated as CSF-R (for RT-QuIC) and 
CSF-N (for neurodegenerative markers). CSF-R was divided into ali-
quots of 0.5–1 ml in Nunc Cryovials after gentle mixing. CSF-N was 
centrifuged at 2200g for 10 min at room temperature, and super-
natant separated into aliquots of 0.5–1.0 ml in Nunc Cryovials. 
Both were then stored in −80°C freezers. 

Recombinant prion protein expression and 
purification 

Full-length human [Hu rPrP; amino acid (aa) residues 23–231; acces-
sion M13899] and bank vole rPrP (BV rPrP; aa residues 23–231; acces-
sion AF367624), and truncated hamster (Ha90 rPrP; aa residues 90– 
231; accession K02234) and truncated bank vole rPrP (BV90 rPrP; aa 
residues 90–231; accession AF367624) were purified according to 
previously established methods.35,36 The full-length human P102L 
rPrP (HuPrP P102L rPrP; aa residues 23–231; accession M13899) con-
struct contained His-tags, and as such was purified using a different 
protocol with some minor modifications.37 Further details are avail-
able in the Supplementary material. 

CSF RT-QuIC analyses 

The standard RT-QuIC reaction mix per well was composed of 
10 mM buffer (sodium phosphate pH 7.4, or HEPES pH 7.4 or 8.0), 
130–300 mM NaCl or NaI, 0.1 mg/ml rPrP (Hu, BV, Ha90, BV90 or 
HuPrP P102L), 10 μM (ThT), 1 mM EDTA, and 0.001 or 0.002% SDS. 
Reactions were prepared in 96-well optical clear-bottomed plates 
(Nalgene Nunc International 265301). In each well, 80 or 85 µl of re-
action mix was seeded with 20 or 15 µl of CSF, respectively, bringing 
the final volume up to 100 µl per well. 

Thereafter, the loaded plates were sealed (Thermo Scientific 
Nunc 232702) and incubated in BMG FLUOstar Omega Lite or 
POLARstar Omega microplate readers between 42°C and 55°C, at 
double orbital shake/rest cycles of 60 s/60 s at 700 rpm. ThT fluores-
cence readings (excitation 450 ± 10 nm, emission 480 ± 10 nm; bot-
tom read) were recorded at intervals of 45 min. Each sample was 
tested in quadruplicate and classed as positive if the relative fluor-
escence units (RFU) in ≥2 of 4 wells exceed the 10% baseline- 
corrected threshold within the corresponding time cut-off points.38 

Samples initially resulting in 1 in 4 positive wells were retested, and 
if 1 in 4 wells remained positive, were classed as ‘equivocal’. Time 

cut-offs were determined by incubation temperature i.e. 50 h for 
42°C, 30 h for 50°C, and 24 h for 55°C.28 

End point quantitation of CSF seeding activity 

CSF seeding doses were determined through end point quantitation 
of RT-QuIC PrP-amyloid seeding activity using the Spearman-Kärber 
method originally used in animal bioassay.36,39 Each sample was 
serially diluted by one-third using a single non-prion control CSF 
sample to reconstitute the total seeding volume per well to 20 µl. 
We define 50% seeding dose (SD50) as a unit of seeding activity or 
end point sample dilution that yields positive responses in 50% 
(e.g. 2 of 4) RT-QuIC reaction wells according to the criteria 
above. The SD50 can be estimated from the results of a dilution series 
using: 

LogSD50 = x p=1 + 1/2d − d
􏽘

p (1) 

where xp=1 being the highest log10 dilution with 4/4 positive wells; 
d = log dilution factor; p = proportion positive at a given dose; ∑p =  
the sum of values of p for xp=1 and all higher dilutions. 
Adjustments can then be made to report SD50 per unit of neat 
sample, e.g. undiluted CSF. When a neat CSF sample (20 µl) 
yielded only 3/4 positive wells, the Spearman-Kärber method 
was not used, and instead, this sample was calculated to contain 
1.5 SD50 (per 20 µl CSF) because, by definition, one SD50 gives 2/4 
positive wells. 

N4PB biomarker measurement 

Plasma and CSF glial fibrillary acidic protein (GFAP), NfL, tau and ubi-
quitin C-terminal hydrolase L1 (UCH-L1) were measured by Simoa 
using the N4PB kit on a HD-X Analyser (Quanterix), following the man-
ufacturer’s protocol.32 In brief, samples were thawed and centrifuged 
at 10 000g for 5 min at room temperature (21°C) to precipitate any deb-
ris; subsequently, the samples were transferred to designated wells 
on the plates, diluted at 1:4 for plasma and 1:40 (or 1:100) for CSF 
with sample diluent, and bound to paramagnetic beads coated with 
capture antibodies specific for human GFAP, NfL, tau and UCH-L1. 
Longitudinal samples from a single patient where available, were 
analysed on the same plate. The biomarker-bound beads were then 
incubated with the respective biotinylated detection antibodies, 
which in turn are conjugated to streptavidin-β-galactosidase com-
plex, which serves as a fluorescent tag. Hydrolysis of the complex of 
a resorufin β-D-galactopyranoside substrate results in a fluorescent 
signal proportional to the concentration of the respective biomarkers 
present. Measurements from each sample were with biomarker con-
centrations extrapolated from a standard curve, fitted to a four- 
parameter logistic algorithm. Coefficients of variation (CVs) were de-
termined using four internal quality control samples, and were <20% 
and <10% for intra-assay and inter-assay comparisons. 

Additional previously measured plasma NfL and GFAP values 
from GENFI non-mutation carriers were also used to supplement 
healthy control data; five samples from this group were also ana-
lysed in our study to validate that the inter-assay CVs were < 15% 
for these two markers. 

Data and statistical analyses 

Similar to previous experience, the N4PB biomarker values includ-
ing healthy controls were positively skewed.33 Log10 transform-
ation of GFAP, NfL, tau and UCH-L1 values reduced skewness 
across our sample cohorts, rendering them approximately  
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normally distributed, allowing group-wise comparison of means 
using single factor ANOVA followed by pairwise t-tests. To address 
the known normal ageing effects on GFAP, NfL and Tau levels,40–43 

biomarker values for healthy control CSF and IPD-AR CSF greater 
than 2 years to predicted onset were normalized to age 60 (apart 
from UCH-L1, which did not demonstrate an age effect). Single fac-
tor ANOVA followed by pairwise t-tests (assuming α = 0.05) were 
then applied to compare means of age-normalized values grouped 
by the respective cohorts—healthy controls, IPD at-risk individuals 
more than 2 years to predicted/actual clinical onset (IPD-AR > 2 
years), IPD at-risk individuals less than 2 years to predicted/actual 
clinical onset (IPD-AR < 2 years), symptomatic IPD individuals 
(IPD), sCJD/vCJD/iCJD individuals (CJD), and iCJD at risk individuals 
(iCJD-AR). Individual biomarker slopes were modelled using mixed 
effects models, with random effects of slopes and intercepts. 

Confidence intervals (95% CI) for sensitivity and specificity of 
RT-QuIC assays were determined using the exact Clopper-Pearson 
interval. 

Statistical analyses were carried out using GraphPad Prism (ver-
sion 9.2.0) and STATA v15.1. 

Data availability 

All raw data, including Simoa values and RT-QuIC relative fluores-
cence units, are available on request. Corresponding clinical data 
may be requested, but a data transfer agreement is likely to be re-
quired, including restrictions that protect confidentiality and con-
sent terms. 

Results 
The range of PRNP mutations in our combined IPD and IPD-AR bio-
fluid cohorts in this study included 5-OPRI, 6-OPRI, P102L, P105S, 
A117V, Y157X, D178N-129V, D178N-129M, Y163X and E200K. For 
CJD, this included samples from sCJD, iCJD (cadaver- 
sourced human growth hormone) and vCJD; the iCJD-AR cohort 
only included recipients of implicated batches of cadaver-sourced 
human growth hormone. IPDs are further broadly classified as 
‘fast’ or ‘slow’ according to mutation and its associated median/ 
mean survival (fast IPD < 12 months e.g. E200K, D178N, etc); slow 
IPD > 12 months e.g. OPRIs, P102L, A117V, Y163X, P157X, etc.). We 
defined clinical conversion as the emergence of characteristic 
neurological symptoms and signs along with functional decline 
measurable by MRC Prion Disease Rating Scale scores, supported 
by the presence of mutation-specific investigation abnormalities 
e.g. diffusion weighted imaging abnormalities in E200K, neuro-
physiological abnormalities in P102L, polysomnographic abnor-
malities in D178N-FFI, etc. 

RT-QuIC PrP-amyloid seeding assay CSF sample 
cohorts 

From 2015 to 2021, 161 CSF samples were accrued for RT-QuIC ana-
lysis; IPD-AR samples account for the largest proportion (n = 61; in-
dividuals = 39), followed by IPD (n = 20; individuals = 20), sCJD/iCJD 
(n = 17; individuals = 17) and c-hGH iCJD-AR (n = 4; individuals = 3), 
which were tested against non-prion controls (n = 59; individuals  
= 59). Three pairs of samples exist from E200K, 6-OPRI and P102L 
converters, each with one sample before and after conversion. 
Baseline demographic details are summarized in Table 1. The entire 
at-risk and converter cohort is depicted graphically in Fig. 1. 

N4PB neurodegenerative marker sample cohorts 

We assembled a total of 416 plasma and 135 CSF samples, from 2008 
to 2021, for Simoa N4PB measurements. The IPD-AR cohort ac-
counts for the majority of samples for both biofluids with 217 plas-
ma samples from 69 unique individuals, and 67 CSF samples from 
40 unique individuals. Crucially, this included longitudinal plasma 
(n = 86; individuals = 14) and CSF (n = 7; individuals = 3) samples 
capturing the interlude spanning clinical conversion (plasma range 
−9.9 to 7.4 years; CSF range −0.9 to 4.3 years); in two other IPD-AR 
individuals, a single plasma sample each was collected within 2 
years of clinical conversion but none after. Of the 16 converted 
IPD individuals, eight had plasma NfL and tau levels measured by 
simplex Simoa platforms and published previously.44 In addition 
to the IPD-AR cohort, plasma (n = 3; individuals = 2) and CSF (n = 5; 
individuals = 4) samples from asymptomatic h-GH iCJD-AR indivi-
duals were also tested against symptomatic IPD, CJD (sCJD, iCJD 
and vCJD), and healthy control cohorts, with baseline demograph-
ics summarized in Table 1. 

Optimization RT-QuIC conditions for IPD CSF 
samples 

A panel of CSF samples from clinically well characterized indivi-
duals with symptomatic prion disease [IPD and CJD (sCJD and 
iCJD)] were first screened with IQ-CSF RT-QuIC.38 Subsequently, 
an exploratory set of IQ-CSF RT-QuIC negative samples were put 
through iterative RT-QuIC assays with alterations in pH, buffer, in-
cubation temperatures, salts, CSF seeding volumes, and rPrP spe-
cies to determine the best available conditions for each IPD 
mutation, prior to testing the entire at-risk sample cohort. 

Initial IQ-CSF RT-QuIC survey of the CJD sample set gave 15 posi-
tive (≥2/4 wells) and two equivocal (1/4 wells) results, with the 
equivocal samples becoming positive after adjustment of seeding 
volume from 20 µl to 15 µl. All four CSF from symptomatic E200K 
carriers were strongly positive with IQ-CSF RT-QuIC where all wells 
became positive within 10 h of incubation. CSF from a single 6-OPRI 
carrier drawn following an unexpected ‘CJD-like’ transformation 
with corresponding DWI changes on MRI brain indistinguishable 
from sCJD after several years of classical 6-OPRI disease progres-
sion, was also strongly positive (Supplementary Fig. 2). CSF from 
symptomatic P102L, P105S, D178N-129M, Y163X and classical 
6-OPRI were all negative. All control CSF samples (n = 59) tested 
negative for IQ-CSF RT-QuIC with 20 µl seeding volume, as did all 
the control CSF (n = 47) using 15 µl seeding volume. Overall, the 
IQ-CSF RT-QuIC sensitivity and specificity for CJD and E200K IPD 
samples were both 100%. 

A new bespoke variation of RT-QuIC using HuPrP P102L (PBS pH 
7.4, 130 mM NaI, 0.002% SDS, 42°C) was positive in four of nine symp-
tomatic P102L carriers. Of note, all four positive samples were from 
those with classical GSS phenotype at onset, though one underwent 
a ‘CJD-like’ transformation featuring typical DWI MRI brain changes 
after 2 years.45 CSF samples from three symptomatic P102L indivi-
duals with purely cognitive phenotypes and two with classical 
GSS phenotype tested negative with Hu P102L, wild-type Hu, BV, 
IQ-CSF RT-QuICs and all other exploratory conditions. 

CSF seeding activity (3/4 wells) in a symptomatic P105S carrier 
with a CJD-like phenotype with cortical ribboning on DWI MRI 
Brain, was best demonstrated using Hu rPrP in pH 7.4 with 
130 mM NaI at 42°C (Supplementary Fig. 3). 

Optimum RT-QuIC conditions for D178N-129 M, Y163X and clas-
sical 6-OPRI were not found despite extensive exploration  
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(Supplementary Table 1). In instances where seeding activity 
was demonstrated, they occurred beyond the cut-off time and fre-
quently in close proximity to spontaneous fibrillization in control 
wells. 

RT-QuIC analyses of IPD-AR and iCJD-AR CSF cohorts 

We divided the at-risk samples into the following groups, and 
matched them to the best available RT-QuIC assay determined in 
the exploratory phase: (i) E200K-AR and iCJD-AR to Ha90 rPrP in 
pH 7.4 and 300 mM NaCl at 55°C (IQ-CSF RT-QuIC); (ii) P102L-AR to 
HuPrP P102L in pH 7.4 and 130 mM NaI at 42°C (Hu P102L 
RT-QuIC) and BV rPrP in pH 7.4 and 300 mM NaCl at 50°C (BV 
RT-QuIC); and (iii) Other-AR to BV RT-QuIC. 

IQ-CSF RT-QuIC survey of the E200K-AR cohort (n = 22) revealed 
four positive results. All of these samples recorded 4/4 wells posi-
tive apart from one sample (remains asymptomatic at 3.37 years 
follow-up) in which 3/4 wells were positive (Fig. 2A). CSF SD50/ 
µl estimates were calculated, as described in the ‘Materials 
and methods’ section. A pair from these samples belonged to 
an E200K converter, one 0.2 years before and the other 0.4 years 

after disease onset; the other pair was from an asymptomatic 
E200K carrier drawn at 3.75 and 1.70 years from the present 
time. The SD50/µl for the converter rose from 1.78 to 2.34, while 
that from the asymptomatic carrier dropped from 1.35 to 0.78 
(Fig. 3). 

In the P102L-AR subgroup tested with HuPrP P102L RT-QuIC, all 
samples were negative apart from one (21/22) sample from an 
asymptomatic at-risk untested individual over the age of 60; 1/57 
non-prion control also tested positive (Fig. 2B and C). Both these 
samples remained positive on repeat testing; of note, this non- 
prion control sample tested negative in both IQ-CSF and BV 
RT-QuIC assays. The sole P102L-AR sample linked to a clinical con-
verter, drawn 0.9 years prior to disease onset was negative, but the 
sample drawn 0.6 years after clinical onset tested positive (3/4 
wells) with the HuPrP P102L RT-QuIC assay. 

The Other-AR samples were tested with the BV RT-QuIC assay 
on the basis of BV rPrP being a potential ‘universal acceptor’ in ex-
periments seeded by brain homogenates.29 None of the Other-AR 
samples (0/12) nor in the P102L-AR subgroup (0/27) tested positive 
with BV RT-QuIC. All the non-prion control CSF samples were 
negative (n = 51). 

Table 1 Baseline demographics of N4PB and RT-QuIC cohorts           

PRNP c129   

Cohorts/cohort subgroups Number of  
samples 

Unique  
individuals 

Mean age at  
sample, y (SD) 

F/M MM MV VV PRNP  
untested/unknown  

Plasma N4PB 
IPD-AR  217  69  43.9 (13.3) 128/89  96  57  0  64  

IPD-AR >2 y  198  66  49.0 (13.2) 115/83  82  52  0  64  
IPD-AR <2 y  19  14  43.4 (13.3) 13/6  14  5  0  0  
P102L  100  33  43.7 (10.4) 68/32  26  25  0  49  
E200K  59  22  52.2 (15.9) 23/36  44  7  0  8  
Miscellaneous IPD  58  15  35.9 (9.17) 37.0/21  31  25  0  2 

c-hGH iCJD-AR  3  2  55.7 (0.6) 1/2  1  0  0  1 
Symptomatic IPD  62  26  50.9 (11.8) 40/22  33  29  0  0 
CJD  40  18  52.0 (14.5) 12/28  16  19  5  0 
Healthy controls                         

GFAP and NfL  132  84  49.7 (13.5) 66/66  0  0  0  127  
Tau and UCH-L1  89  41  51.9 (13.1) 38/51  0  0  0  89 

CSF N4PB 
IPD-AR  67  40  46.9 (12.4) 36/31  29  15  0  21  

IPD-AR >2 y  64  37  47.0 (12.2) 33/31  26  15  0  21  
IPD-AR <2 y  3  3  46.4 (19.2) 3/0  3  0  0  0  
P102L  30  16  46.0 (12.1) 18/12  6  5  0  19  
E200K  23  16  54.1 (10.7) 11/12  16  5  0  2  
Miscellaneous IPD  14  8  37.3 (8.4) 7/7  7  5  0  2 

c-hGH iCJD-AR  5  4  53.8 (3.0) 1/4  1  0  0  4 
Symptomatic IPD  22  21  48.4 (13.6) 14/8  14  8  0  0 
CJD  17  17  60.6 (10.7) 10/7  7  9  0  1 
Healthy controls  24  24  69.1 (6.8) 12/12  0  1  0  23 
CSF RT-QuIC 
IPD-AR  61  39  46.5 (12.3) 31/30  28  13  0  20  

IPD-AR >2 y  58  36  46.5 (12.1) 28/30  25  13  0  20  
IPD-AR <2 y  3  3  46.4 (19.2) 3/0  3  0  0  0  
P102L  27  16  45.4 (11.7) 17/10  6  5  0  16  
E200K  22  16  53.5 (10.8) 10/12  15  5  0  2  
Miscellaneous IPD  12  7  36.2 (8.6) 5/7  7  3  0  2 

c-hGH iCJD-AR  4  4  53.3 (3.1) 1/3  1  0  0  3 
Symptomatic IPD  20  20  48.9 (13.4) 13/7  12  8  0  0 
CJD  17  17  59.4 (10.5) 10/7  7  10  0  0 
Non-prion controls  59  59  65.4 (14.5) 28/31  0  1  0  58 

c129 = codon 129; F/M = female/male; MM = methionine homozygous; MV = methionine-valine heterozygous; SD = standard deviation; VV = valine homozygous.   
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Plasma Simoa N4PB results 

Log(GFAP) and log(NfL) demonstrated sequentially incremental and 
statistically significant mean values between IPD-AR > 2 years and 

IPD-AR < 2 years, IPD and CJD cohorts on single-factor ANOVA with 

post hoc groupwise comparisons [Fig. 4A; log(GFAP), IPD-AR > 2 

years versus IPD-AR < 2 years P = 0.0006, IPD-AR < 2 years versus 

healthy controls P = 0.0004, IPD-AR < 2 years versus IPD P = 0.0003; 

for log(NfL), IPD-AR > 2 years versus IPD-AR < 2 years P = 0.002, 

IPD-AR < 2 years versus healthy controls P = 0.002, and IPD-AR < 2 

years versus IPD P = 3.7 × 10−6]. Of note, there were no significant 

differences in the mean values between the healthy control and 

IPD-AR > 2 years cohorts [P = 0.623 for log(GFAP); P = 0.298 for 

log(NfL)]. The mean values of the N4PB biomarkers according to co-

hort divisions, and the P-values from the single factor ANOVA ana-

lyses are summarized in Table 2. 
Mean age-normalized log(Tau) was not statistically significant 

between IPD-AR > 2 years versus IPD-AR < 2 years (P = 0.329), 
healthy control/IPD-AR > 2 years versus IPD (P = 0.1), and IPD-AR  
< 2 years versus IPD (P = 0.849). Mean log(UCH-L1) (not 
age-normalized) was not statistically different between IPD-AR >  
2 years versus IPD-AR < 2 years (P = 0.802). As for the iCJD-AR co-
horts, relevant statistically significant mean values were only 
seen with log(GFAP) against the CJD cohort (2.01 versus 2.70 pg/ 
ml; P = 0.02), and with log(Tau) against normal controls (0.609 

versus 0.264 pg/ml; P = 0.03); the latter was driven by a single outlier 
in the sample obtained from an iCJD-AR individual with contem-
poraneous destructive pituitary craniopharyngioma. 

We identified 16 PRNP mutation carriers (P102L = 10, 
D178N-FFI = 2, E200K = 1, 5-OPRI = 1, 6-OPRI = 2) who underwent 
clinical conversion during follow-up over a median of 7.8 years 
[interquartile range (IQR) 5.2 years] in whom at least one presymp-
tomatic plasma sample was available for analysis. An incline in 
plasma log(GFAP) and log(NfL) values was observed, but most con-
sistently in P102L, D178N-FFI and E200K converting individuals. The 
pattern of log(GFAP) and log(NfL) evolution for the clinically fast IPD 
converters (E200K ± D178N-FFI)33 tend to exhibit relatively flat lines 
followed by abrupt rises close to or at the time of clinical onset. In 
comparison, the clinically slow IPD converters (P102L) showed a 
slower but more consistent upward trajectory in log(GFAP) and 
log(NfL) values, with 52.6% (10/18) and 44.4% (8/18) of measure-
ments above the 90th percentile of healthy controls (HC90), respect-
ively in the 2 years before clinical onset (Fig. 5A and B). The 
log(GFAP) and log(NfL) trajectories of the other slow IPD converters 
(one 5-OPRI and two 6-OPRI) were inconsistent, with two of three 
showing values above HC90 up to several years before the < 2 years 
window, and the remaining one 6-OPRI converter being below HC90 
throughout. None of the iCJD-AR individuals had converted to iCJD 
on follow-up, but one died of invasive craniopharyngioma and an-
other developed early-onset Alzheimer’s dementia. 

Patient age group at first sample (years from sample)

<40

80

70

60

50

40

30

20

10

0

40−49 50−59 >60

Sample

iCJD (h−GH)
P102L
Other
E200K
Post conversion

CSF + Plasma
CSF only
Patient death
Plasma only

P
at

ie
nt

 n
um

be
r

co
nv

er
te

rs

Figure 1 IPD-AR, iCJD-AR and IPD converter biofluid sample archive. This graph plots all the samples (plasma only, CSF only or matched plasma and 
CSF) analysed in this study, grouped by age category (<40, 40–49, 50–59 and >60) on the x-axis to obscure identities, with each minor tick mark after the 
start of each age category reflecting an interval of 1 year. A total of 12 years are covered per age group as the longest follow-up is over 11 years, in order to 
avoid overlapped timelines. The first (or only) sample from each individual is collapsed to the start of each age category to preserve anonymity. 
Samples from the same individual are joined by a horizontal line if more than one sample was collected; thick black horizontal lines denote onset 
of clinical conversion. Converters are grouped together in the upper shaded part of the graph. For converters where only one presymptomatic sample 
exists without any follow-up samples, the subsequent data-point (unfilled inverted triangle marker) joined by line indicates time of death. IPD muta-
tions with fewer than five at-risk individuals were grouped as ‘Other’ to avoid self-identification.   
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We therefore modelled the linear trajectories of presymptomatic 
NfL and GFAP using mixed effects regression models with random 
effects for individual slopes and ‘fast IPD’ or ‘slow IPD’ as factor vari-
ables, including data prior to conversion (up to 4 years prior to con-
version for slow IPD; 6 months for fast IPD) and one time point up to 6 
months after conversion. These models estimated a slope for plas-
ma log(NfL) of 0.108 pg/ml/year in slow IPD (95% CI 0.0662, 0.149) 
and 1.279 pg/ml/year in fast IPD (1.006, 1.551) with an x-intercept 
(time pre-conversion that linear modelled trajectory crosses mean 
of controls) of 2.448 years; for plasma log(GFAP) 0.090 pg/ml/year 
in slow IPD (95% CI 0.040, 0.140) with a x-intercept of 4.009 
years and 0.458 pg/ml/year in fast IPD (95% CI 0.129, 0.787). 

CSF Simoa N4PB results 

In the CSF cohort, only log(NfL) successfully demonstrated 
incremental, and statistically significant segregation of the mean 

values between the IPD > 2 years, IPD < 2 years and IPD stages 

(Fig. 4B; for IPD-AR > 2 years versus IPD-AR < 2 years P = 0.03, 

IPD-AR < 2 years versus healthy controls P = 0.04, and IPD-AR < 2 

years versus IPD P = 2.95 × 10−5). No significant differences were 

shown between disease stages with log(GFAP). Statistically signifi-

cant differences were seen for log(Tau) and log(UCH-L1) between 

IPD > 2 years and IPD < 2 years versus IPD, but not between IPD > 2 

years versus IPD < 2 years. 
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Figure 2 Graphs of select IPD-AR and control samples with positive RT-QuIC results. (A) This is the sole IQ-CSF RT-QuIC positive E200K-AR sample, 
which recorded fewer than 4/4 wells positive, drawn at 3.37 years from the present time. (B) This is the sole HuPrP P102L RT-QuIC positive sample 
in the P102L-AR set; this sample was negative when tested with BV RT-QuIC. (C) This non-prion disease (neurodegenerative) CSF sample tested positive 
with Hu P102L RT-QuIC, but tested negative with IQ-CSF RT-QuIC and BV RT-QuIC. The dotted vertical lines indicate the time cut-offs for the individual 
assays i.e. 24 h for IQ-CSF RT-QuIC and 50 h for Hu P102L RT-QuIC.  
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In the three asymptomatic PRNP mutation carriers who clinically 
converted on follow-up, only one individual (P102L) registered a CSF 
log(NfL) value (3.07 pg/ml) above the HC90 (2.97 pg/ml) in the 2 years 
prior to clinical onset; all the other N4PB biomarkers in the remaining 
two converters were below the HC90 values (Fig. 5C). All three conver-
ters exhibited overall rises in N4PB biomarker levels after conversion, 
but not all exceeded the HC90 threshold. Correspondingly, in the 
matched plasma sample drawn at the same time as the CSF samples, 
all N4PB biomarker levels were below the HC90 for the E200K convert-
er 0.2 years before clinical onset; for the 6-OPRI converter, both plasma 
log(GFAP) and log(NfL) were above the HC90 at 0.5 years prior to onset, 
while for the P102L converter, only plasma log(GFAP) exceeded the 
HC90 at 0.9 years prior to onset. 

Discussion 
This study features extensive biomarker development in a large 
biofluid archive from individuals at risk of prion disease or in the 

early symptomatic stages. These data provide evidence for two 

types of fluid biomarker trajectory prior to clinical onset. First, not 

only did plasma GFAP emerge as a novel proximity biomarker, 

but linear increases initially in GFAP, and later NfL, in slow IPDs 

were detected up to 4 years pre-conversion. In contrast, in fast 

IPDs, the neurodegeneration biomarkers (NfL) change explosively 

around onset with no definable presymptomatic window. Second, 

in those IPDs for which we have highly sensitive seed amplification 
assays, particularly E200K, we found evidence of a presymptomatic 
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CSF RT-QuIC seeding stage, considerably longer than the clinical 
phase of the disease (several years versus several months). These 
distinct aspects of prion pathophysiology are consistent with the 
two-phase kinetics model of prion propagation.10 They allowed us 
to envisage methods that might be used to stratify at-risk indivi-
duals and help the design and interpretation of presymptomatic 
treatment trials. It is important to note that bona fide prion infectiv-
ity that established the two-phase kinetics model may be distinct 
from PrP-amyloid seeding by RT-QuIC, in that RT-QuIC can be 
seeded by non-infectious aggregated PrP. 

E200K-AR biomarker trajectories 

Our analytical approach was underpinned by the expectation that 
any RT-QuIC assay ought to be sufficiently sensitive for detecting 

seeding activity in symptomatic CSF samples in order to be able 
to do so in presymptomatic samples. The compatibility of IQ-CSF 
RT-QuIC for CJD and E200K seeds was confirmed in the symptomat-
ic cohort, and then in the at-risk sample set by picking up four posi-
tive samples, one of which belonged to a subsequent converter. 
This argues that the previously reported asymptomatic positive 
RT-QuIC in an E200K carrier was not an isolated finding.21 In our co-
hort, no E200K at-risk individual converted without presympto-
matic seeding activity. The E200K presymptomatic seeding period 
(as long as 3.75 years) appears unexpectedly long for an illness 
with such an explosive onset and short duration. The utility of 
tracking CSF SD50 values as a proximity marker remains unknown 
at present given the conflicting trajectories, and will require ana-
lyses of greater number E200K-AR follow-up samples and conver-
ters to fully elucidate. None of the presymptomatic RT-QuIC 

Table 2 Mean values of age-normalized N4PB biomarkers according to cohort 

Plasma N4PB Sample 
number 

Mean  
(pg/ml) 

SD ANOVA  
P-value 

CSF N4PB Sample 
number 

Mean 
(pg/ml) 

SD ANOVA 
P-value  

Log(GFAP) 1.72629 × 10−60 Log(GFAP) 0.109368 
Normal control  132  1.94  0.25  Normal control  24  4.0  1.41  
IPD >2 y  198  1.95  0.26 IPD >2 y  64  3.9  1.40 
IPD <2 y  19  2.23  0.29 IPD <2 y  3  3.7  1.38 
IPD symptomatic  62  2.56  0.41 IPD symptomatic  22  4.1  1.42 
CJD  40  2.70  0.38 CJD  17  3.9  1.41 
iCJD-AR  3  2.01  0.25 iCJD-AR  5  3.9  1.40 
Log(NfL) 5.2614 × 10−114 Log(NfL) 5.91 × 10−36 

Normal control  132  1.04  0.26  Normal control  24  2.8  1.29  
IPD >2 y  198  1.03  0.21 IPD >2 y  64  2.7  1.28 
IPD <2 y  19  1.26  0.27 IPD <2 y  3  3.0  1.31 
IPD symptomatic  62  1.65  0.29 IPD symptomatic  22  3.6  1.38 
CJD  40  2.22  0.29 CJD  17  3.8  1.40 
iCJD-AR  3  1.24  0.74 iCJD-AR  5  3.0  1.31 
Log(Tau) 6.99274 × 10−6 Log(Tau) 6.62 × 10−28 

Normal control  94  0.26  0.30  Normal control  24  1.9  1.18  
IPD >2 y  198  0.18  0.49 IPD >2 y  64  1.9  1.17 
IPD <2 y  19  0.28  0.39 IPD <2 y  3  1.9  1.18 
IPD symptomatic  62  0.30  0.48 IPD symptomatic  22  2.6  1.27 
CJD  40  0.60  0.40 CJD  17  3.4  1.36 
iCJD-AR  3  0.61  0.13 iCJD-AR  5  2.1  1.20 
Log(UCH-L1)a 1.0087 × 10−5 Log(UCH-L1)a 5.84 × 10−16 

Normal control  94  1.21  0.42  Normal control  24  3.2  1.33  
IPD >2 y  198  1.35  0.40 IPD >2 y  64  3.1  1.33 
IPD <2 y  19  1.38  0.42 IPD <2 y  3  3.1  1.32 
IPD symptomatic  62  1.48  0.33 IPD symptomatic  22  3.4  1.36 
CJD  40  1.55  0.26 CJD  17  3.7  1.39 
iCJD-AR  3  1.09  0.33 iCJD-AR  5  3.2  1.34 

aNot age-normalized.  
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positive samples, including one drawn shortly before conversion, 
recorded abnormal neurodegeneration biomarkers, indicating 
that the onset of neurodegeneration is likely to be very close to con-
version and potentially unrecognizable at current sampling inter-
vals. As such, for those at incipient risk of clinical conversion, we 
expect asymptomatic positive CSF RT-QuIC (without evidence of 
neurodegeneration) to herald onset of biomarker evolution towards 
clinical conversion, though the intervals between seeding, neuro-
degeneration and clinical onset remain imprecise. Conversely, 
E200K carriers with negative CSF RT-QuIC and normal neurodegen-
erative markers may not be at risk of incipient conversion. 

P102L-AR biomarker trajectories 

CSF from P102L affected individuals has historically been tested by 
variations of PQ-CSF and IQ-CSF RT-QuIC, usually included as very 
small subsets within large surveys of national CJD surveillance co-
horts, with low sensitivities (Sano et al.27 is an exception; see the  
Supplementary material and Supplementary Table 1 for de-
tails).23–26,46,47 P102L individuals in these papers were classified as 
GSS with little information provided about clinical phenotype. 
Given the recognized phenotypic heterogeneity (classical GSS, cog-
nitive and CJD-like) of P102L disease, and molecular evidence that 
these may be driven by distinct prion strains and possibly by non- 

infectious PrP amyloids accumulation, it is difficult to compare 
the results. It is quite possible that the few RT-QuIC positive sam-
ples reported may very well be due to the enrichment of individuals 
with the CJD-like clinical phenotype within surveillance 
cohorts.45,48,49 

We developed a bespoke RT-QuIC assay using Hu P102L rPrP and 
NaI capable of detecting CSF seeding activity in a subset of P102L 
diseased individuals and a single untested at-risk individual over 
60 years of age (3.85 years’ follow-up; all relevant N4PB values <  
HC90). Detailed phenotypic profiling suggest that this assay may 
work best in the P102L-GSS and P102L-CJD subgroups, but not in 
the P102L-Cognitive subgroup; due to the small numbers tested, it 
is unknown whether this observation will hold true when applied 
to larger P102L CSF sample sets. We speculate that the single 
RT-QuIC positive control sample may have belonged to an undiag-
nosed P102L patient, based on its highly selective amplification 
solely by the Hu P102L RT-QuIC (negative with IQ-CSF and BV 
RT-QuIC), and compelling kinetic curves, unlike the dubious false 
positives (‘slight amplification’ and ‘slowly rising curve’) reported 
in the literature.50 This sample was sourced from a clinical cohort 
with neurodegenerative symptoms referred for CSF examination, 
and subsequently classified as non-AD based on the biomarker pro-
file; unfortunately no further details can be obtained as they were 
terminally de-identified. Despite its partial sensitivity, our assay 
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may have a role in identifying a subset of at-risk individuals whose 
future conversion will be driven by compatible P102L PrP isoforms. 
As for neurodegenerative markers, plasma log(GFAP) and log(NfL) 
trajectories together with a considerable proportion [including 
CSF log(NfL)] being above HC90 in the 2 years before onset denote 
a longer pre-conversion phase of escalating toxicity relative to 
E200K. Slow IPDs may possess an extended pre-conversion seeding 
window if appropriately sensitive assays can be developed, but 
more clearly, show an identifiable presymptomatic neurodegen-
eration window. 

Other IPD-AR trajectories 

The promise of BV rPrP as a ‘universal acceptor’ did not materialize 
during the RT-QuIC optimisation phase, despite efforts to improve 
sensitivity. No presymptomatic CSF seeding activity was detected 
in classical 6-OPRI, P102L, A117V, D178N-129M and D178N-129V at- 
risk samples using BV RT-QuIC despite previous demonstrations 
that brain homogenates (10−4 dilutions) of all but D178N-129V cases 
can be detected using BV RT-QuIC.29 Neither plasma log(NfL) nor 
log(GFAP) appeared helpful in identifying D178N-129M individuals 
at risk of incipient conversion. Little conclusion can be drawn as 
yet from the inconsistent N4PB biomarker trajectories for our small 
number of 5-OPRI and 6-OPRI converters. 

Proposed presymptomatic IPD staging system 

We propose a general outline of presymptomatic biomarker change 
featuring key aspects of seeding activity, neurodegeneration, and 
clinical elements (Fig. 6). At this stage, despite new and consolidat-
ing evidence, we acknowledge this remains speculative, but pro-
vides a platform that can be tested and refined, as further data 
become available. Broadly, we saw patterns that vary for seeding 
and neurodegeneration between fast and slow IPDs. In fast IPD 
there is no useful presymptomatic neurodegeneration window at 
sampling intervals feasible in our study (Fig. 6). 
Neurodegeneration trajectories for slow IPD are easy to discern in 
retrospect, however we cannot yet be confident enough for individ-
ual prediction in isolation as values lie within the range of healthy 
controls. Accurate prediction for the purposes of individual feed-
back is self-evidently essential given that the information is so con-
sequential. Counterintuitively, plasma biomarker dynamics appear 
to hold more promise than CSF, but this may be artefactual, merely 
reflecting the relative lack of sampling and follow-up data-points in 
the latter. The more immediate use may be for clinical trials, where 
we envisage the potential for biomarker-based enrichment of re-
cruitment and biomarker outcomes in presymptomatic IPD. We be-
lieve that international collaboration will be essential to develop 
comparable sample collections with sufficient power to build con-
fidence in these patterns of change. 

Relevance to other neurodegenerative diseases 

If seeding assays can be more widely developed and applied in neu-
rodegenerative diseases, as seems likely, these findings might pro-
voke exploration of long presymptomatic seeding phases in other 
disorders. Discoveries in recent years have revealed fundamental 
aspects of common neurodegenerative diseases similar to prion 
diseases, particularly in proteopathic seed propagation, transmis-
sibility and strain biology.51–55 The RT-QuIC-type proteopathic 
seed amplification assay borne out of the prion disease field has 
the potential to extend the presymptomatic stage earlier than the 
neurodegenerative phase, which is already very well characterized 

by imaging, neuropsychometric, fluid markers, etc. in AD and fron-
totemporal dementia.16,56,57 Indeed, the adaptation of RT-QuIC for 
α-synuclein has been used to probe the premotor phase of 
Parkinson’s disease, Lewy body dementia and multiple systems at-
rophy with success.58–61 Furthermore, RT-QuIC for 3-repeat, 4-re-
peat and AD tau, and even transactive response DNA binding 
protein-43 (TDP-43) are being honed for wider application in tissues 
and CSF.62–65 

The extension of the presymptomatic phase to include a proteo-
pathic seeding-only phase without evidence of neurodegeneration, 
will open even earlier windows of opportunity for intervention. 
This has particular implications on timing, and study design for 
therapeutic strategies against neurodegenerative diseases includ-
ing human prion disease. 

Acknowledgements 
We thank all NPMC participants and their relatives for their un-
flinching dedication to this study, by volunteering their precious 
time and donating biofluid samples repeatedly even during times 
of debilitating illness and personal grief, for more than a decade. 
We thank Sarah Mazdon, and her predecessor Joanna Field, for 
managing and administrating the Cohort visits and investigations. 
We thank Richard Newton for creating and formatting the images 
for publication. 

Funding 
This work was core-funded by the  Medical Research Council in the 
UK award to the MRC Prion Unit. The clinical research activities of 
the National Prion Clinic are supported by the National Institute of 
Health Research’s (NIHR) UCLH Biomedical Research Centre. T.H.M. 
is supported by a Fellowship award from Alzheimer’s Society, UK 
(Grant Number 341 (AS-CTF-16b-007)). A.N. is supported by a 
Fellowship award from the Medical Research Council. Both T.H.M. 
and A.N. are also supported by CJD Support Network UK Research 
Support Grants. T.C. is supported by a joint Fellowship Award 
from the Association of British Neurologists and Alzheimer’s 
Research UK. S.M. and J.C. are NIHR Senior Investigators. R.W.P. is 
supported by an Alzheimer’s Association Clinician Scientist 
Fellowship, the NIHR UCLH Biomedical Research Centre. J.B.R. is 
supported by the NIHR Cambridge Biomedical Research Centre 
(NIHR203312) and Wellcome Trust (220258). H.Z. is a Wallenberg 
Scholar (Knut och Alice Wallenbergs Stiftelse), and is supported by 
grants from the Swedish Research Council (#2018-02532), the 
European Union’s Horizon Europe research and innovation pro-
gramme together with the European Research Council under grant 
agreement No 101053962, Swedish State Support for Clinical 
Research (Vetenskapsrådet) (#ALFGBG-71320), the Alzheimer Drug 
Discovery Foundation (ADDF), USA (#201809-2016862), the AD 
Strategic Fund and the Alzheimer’s Association (#ADSF-21- 
831376-C, #ADSF-21-831381-C, and #ADSF-21-831377-C), the Bluefield 
Project, the Olav Thon Foundation (Olav Thon Stiftelsen), the 
Erling-Persson Family Foundation, Stiftelsen för Gamla 
Tjänarinnor, Hjärnfonden, Sweden (#FO2022-0270), the European 
Union’s HORIZON EUROPE Marie Skłodowska-Curie Actions 2020 
grant agreement No 860197 (MIRIADE), the EU Joint Programme— 
Neurodegenerative Disease Research (JPND2021-00694), and the 
UK Dementia Research Institute at UCL (UKDRI-1003). This work 
was also supported in part by the Division of Intramural 
Research, National Institute of Allergy and Infectious Diseases (to  

12 | BRAIN 2023: 00; 1–14                                                                                                                                            T. H. Mok et al. 

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad101/7091431 by U
niversity C

ollege London user on 12 M
ay 2023



B.C.). The views expressed are those of the author(s) and not neces-
sarily those of the NIHR or the Department of Health and Social 
Care. 

Competing interests 
H.Z. has served at scientific advisory boards and/or as a consultant 
for Abbvie, Acumen, Alector, ALZPath, Annexon, Apellis, Artery 
Therapeutics, AZTherapies, CogRx, Denali, Eisai, Nervgen, Novo 
Nordisk, Passage Bio, Pinteon Therapeutics, Red Abbey Labs, 
reMYND, Roche, Samumed, Siemens Healthineers, Triplet 
Therapeutics, and Wave, has given lectures in symposia sponsored 
by Cellectricon, Fujirebio, Alzecure, Biogen, and Roche, and is a co- 
founder of Brain Biomarker Solutions in Gothenburg AB (BBS), 
which is a part of the GU Ventures Incubator Program. J.B.R. has 
provided consultancy and/or served on advisory boards for 
Asceneuron, Astex, Astonautx, Curasen, SV Health, UCB, and 
Wave. J.C. is a director and shareholder of D-Gen, an academic spin-
out in the field of prion disease diagnosis and therapeutics. The 
other authors report no competing interests. 

Supplementary material 
Supplementary material is available at Brain online. 

References 
1. Collinge J. Prion diseases of humans and animals: Their causes 

and molecular basis. Annu Rev Neurosci. 2001;24:519-550. 
2. Collinge J, Clarke AR. A general model of prion strains and their 

pathogenicity. Science. 2007;318:930-936. 
3. Mead S, Lloyd S, Collinge J. Genetic factors in mammalian prion 

diseases. Annu Rev Genet. 2019;53:117–147. 
4. Mead S. Prion disease genetics. Eur J Hum Genet. 2006;14:273-281. 
5. Collinge J. Variant creutzfeldt-jakob disease. Lancet. 1999;354: 

317-323. 
6. Rudge P, Jaunmuktane Z, Adlard P, et al. Iatrogenic CJD due to 

pituitary-derived growth hormone with genetically determined 
incubation times of up to 40 years. Brain. 2015;138(Pt 11): 
3386-3399. 

7. Brown P, Preece M, Brandel JP, et al. Iatrogenic creutzfeldt-jakob 
disease at the millennium. Neurology. 2000;55:1075-1081. 

8. Collinge J, Whitfield J, McKintosh E, et al. Kuru in the 21st cen-
tury–an acquired human prion disease with very long incuba-
tion periods. Lancet. 2006;367:2068-2074. 

9. Collinge J, Whitfield J, McKintosh E, et al. A clinical study of kuru 
patients with long incubation periods at the end of the epidemic 
in Papua New Guinea. Philos Trans R Soc Lond, B, Biol Sci. 2008;363: 
3725-3739. 

10. Sandberg MK, Al-Doujaily H, Sharps B, Clarke AR, Collinge J. 
Prion propagation and toxicity in vivo occur in two distinct 
mechanistic phases. Nature. 2011;470:540-542. 

11. Sandberg MK, Al-Doujaily H, Sharps B, et al. Prion neuropathol-
ogy follows the accumulation of alternate prion protein iso-
forms after infective titre has peaked. Nat Commun. 2014;5:4347. 

12. White AR, Enever P, Tayebi M, et al. Monoclonal antibodies in-
hibit prion replication and delay the development of prion dis-
ease. Nature. 2003;422:80-83. 

13. Raymond GJ, Zhao HT, Race B, et al. Antisense oligonucleotides ex-
tend survival of prion-infected mice. JCI Insight. 2019;4:e131175. 

14. Swerdlow AJ, Higgins CD, Adlard P, Jones ME, Preece MA. 
Creutzfeldt-Jakob disease in United Kingdom patients treated 

with human pituitary growth hormone. Neurology. 2003;61: 
783-791. 

15. Corbie R, Campbell T, Darwent L, Rudge P, Collinge J, Mead S. 
Estimation of the number of inherited prion disease mutation 
carriers in the UK. Eur J Hum Genet. 2022;30:1167-1170. 

16. Preische O, Schultz SA, Apel A, et al. Serum neurofilament dy-
namics predicts neurodegeneration and clinical progression in 
presymptomatic Alzheimer’s disease. Nat Med. 2019;25:277-283. 

17. Minikel EV, Vallabh SM, Orseth MC, et al. Age at onset in genetic 
prion disease and the design of preventive clinical trials. 
Neurology. 2019;93:e125-e134. 

18. Orru CD, Wilham JM, Raymond LD, et al. Prion disease blood test 
using immunoprecipitation and improved quaking-induced 
conversion. MBio. 2011;2:e00078-11. 

19. Atarashi R, Satoh K, Sano K, et al. Ultrasensitive human prion 
detection in cerebrospinal fluid by real-time quaking-induced 
conversion. Nat Med. 2011;17:175-178. 

20. Orrù CD, Hughson AG, Race B, Raymond GJ, Caughey B. Time 
course of prion seeding activity in cerebrospinal fluid of 
scrapie-infected hamsters after intratongue and intracerebral 
inoculations. J Clin Microbiol. 2012;50:1464-1466. 

21. Vallabh SM, Minikel EV, Williams VJ, et al. Cerebrospinal fluid 
and plasma biomarkers in individuals at risk for genetic prion 
disease. BMC Med. 2020;18:140. 

22. McGuire LI, Peden AH, Orrú CD, et al. Real time quaking-induced 
conversion analysis of cerebrospinal fluid in sporadic 
creutzfeldt-jakob disease. Ann Neurol. 2012;72:278-285. 

23. Bongianni M, Orrù C, Groveman BR, et al. Diagnosis of human 
prion disease using real-time quaking-induced conversion test-
ing of olfactory Mucosa and cerebrospinal fluid samples. JAMA 
Neurol. 2017;74:155-162. 

24. Groveman BR, Orrú CD, Hughson AG, et al. Extended and direct 
evaluation of RT-QuIC assays for creutzfeldt-jakob disease diag-
nosis. Ann Clin Transl Neurol. 2017;4:139-144. 

25. Foutz A, Appleby BS, Hamlin C, et al. Diagnostic and prognostic 
value of human prion detection in cerebrospinal fluid. Ann 
Neurol. 2017;81:79-92. 

26. Franceschini A, Baiardi S, Hughson AG, et al. High diagnostic va-
lue of second generation CSF RT-QuIC across the wide spectrum 
of CJD prions. Sci Rep. 2017;7:10655. 

27. Sano K, Satoh K, Atarashi R, et al. Early detection of abnormal 
prion protein in genetic human prion diseases now possible 
using real-time QUIC assay. PLoS ONE. 2013;8:e54915. 

28. Orrú CD, Hughson AG, Groveman BR, et al. Factors that improve 
RT-QuIC detection of prion seeding activity. Viruses. 2016;8:140. 

29. Orrú CD, Groveman BR, Raymond LD, et al. Bank vole prion pro-
tein as an apparently universal substrate for RT-QuIC-based de-
tection and discrimination of prion strains. PLoS Pathog. 2015;11: 
e1004983. 

30. Metrick MA, do Carmo Ferreira N, Saijo E, et al. Million-fold sen-
sitivity enhancement in proteopathic seed amplification assays 
for biospecimens by hofmeister ion comparisons. Proc Natl Acad 
Sci USA. 2019;116:23029. 

31. Mok TH, Nihat A, Luk C, et al. Bank vole prion protein extends 
the use of RT-QuIC assays to detect prions in a range of inher-
ited prion diseases. Sci Rep. 2021;11:5231. 

32. Rissin DM, Kan CW, Campbell TG, et al. Single-molecule 
enzyme-linked immunosorbent assay detects serum proteins 
at subfemtomolar concentrations. Nat Biotechnol. 2010;28: 
595-599. 

33. Thompson AGB, Anastasiadis P, Druyeh R, et al. Evaluation of plas-
ma tau and neurofilament light chain biomarkers in a 12-year 
clinical cohort of human prion diseases. Mol Psychiatry. 2021;26: 
5955–5966.  

Prion infection and neurodegeneration                                                                                                 BRAIN 2023: 00; 1–14 | 13 

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad101/7091431 by U
niversity C

ollege London user on 12 M
ay 2023

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad101#supplementary-data


34. Thompson AGB, Lowe J, Fox Z, et al. The medical research coun-
cil prion disease rating scale: A new outcome measure for prion 
disease therapeutic trials developed and validated using sys-
tematic observational studies. Brain. 2013;136(Pt 4):1116-1127. 

35. Orru CD, Groveman BR, Hughson AG, et al. RT-QuIC Assays for 
prion disease detection and diagnostics. Methods Mol Biol. 
2017;1658:185-203. 

36. Wilham JM, Orrú CD, Bessen RA, et al. Rapid end-point quantita-
tion of prion seeding activity with sensitivity comparable to 
bioassays. PLoS Pathog. 2010;6:e1001217. 

37. Jackson GS, Hill AF, Joseph C, et al. Multiple folding pathways for 
heterologously expressed human prion protein. Biochim Biophys 
Acta. 1999;1431:1-13. 

38. Orru CD, Groveman BR, Foutz A, et al. Ring trial of 2nd gener-
ation RT-QuIC diagnostic tests for sporadic CJD. Ann Clin 
Transl Neurol. 2020;7:2262-2271. 

39. Dougherty R. Animal virus titration techniques. In: Harris RJC, 
ed. Techniques in experimental virology. Academic Press, Inc; 
1964:183-186. 

40. Vagberg M, Norgren N, Dring A, et al. Levels and age dependency 
of neurofilament light and glial fibrillary acidic protein in 
healthy individuals and their relation to the brain parenchymal 
fraction. PLoS ONE. 2015;10:e0135886. 

41. Glodzik-Sobanska L, Pirraglia E, Brys M, et al. The effects of nor-
mal aging and ApoE genotype on the levels of CSF biomarkers 
for Alzheimer’s disease. Neurobiol Aging. 2009;30:672-681. 

42. Chiu MJ, Fan LY, Chen TF, Chen YF, Chieh JJ, Horng HE. Plasma 
tau levels in cognitively normal middle-aged and older adults. 
Front Aging Neurosci. 2017;9:51. 

43. Khalil M, Pirpamer L, Hofer E, et al. Serum neurofilament light le-
vels in normal aging and their association with morphologic 
brain changes. Nat Commun. 2020;11:812. 

44. Thompson AGB, Luk C, Heslegrave AJ, et al. Neurofilament light 
chain and tau concentrations are markedly increased in the ser-
um of patients with sporadic creutzfeldt-jakob disease, and tau 
correlates with rate of disease progression. J Neurol Neurosurg 
Psychiatry. 2018;89:955-961. 

45. Wadsworth JD, Joiner S, Linehan JM, et al. Phenotypic hetero-
geneity in inherited prion disease (P102L) is associated with dif-
ferential propagation of protease-resistant wild-type and 
mutant prion protein. Brain. 2006;129:1557-1569. 

46. Mosko T, Galuskova S, Matej R, Bruzova M, Holada K. Detection 
of prions in brain homogenates and CSF samples using a 
second-generation RT-QuIC assay: A useful tool for retrospect-
ive analysis of archived samples. Pathogens. 2021;10:750. 

47. Cramm M, Schmitz M, Karch A, et al. Stability and reproducibil-
ity underscore utility of RT-QuIC for diagnosis of creutzfeldt- 
jakob disease. Mol Neurobiol. 2016;53:1896-1904. 

48. Webb T, Poulter M, Beck J, et al. Phenotypic heterogeneity and 
genetic modification of P102L inherited prion disease in an 
international series. Brain. 2008;131:2632-2646. 

49. Asante EA, Grimshaw A, Smidak M, et al. Transmission proper-
ties of human PrP 102L prions challenge the relevance of mouse 
models of GSS. PLoS Pathog. 2015;11:e1004953. 

50. Green AJE. RT-QuIC: A new test for sporadic CJD. Pract Neurol. 
2019;19:49-55. 

51. Jaunmuktane Z, Mead S, Ellis M, et al. Evidence for human trans-
mission of amyloid-beta pathology and cerebral amyloid angio-
pathy. Nature. 2015;525:247-250. 

52. Purro SA, Farrow MA, Linehan J, et al. Transmission of amyloid- 
beta protein pathology from cadaveric pituitary growth hor-
mone. Nature. 2018;564:415-419. 

53. Vaquer-Alicea J, Diamond MI, Joachimiak LA. Tau strains shape 
disease. Acta Neuropathol. 2021;142:57-71. 

54. Martinez-Valbuena I, Visanji NP, Kim A, et al. Alpha-synuclein 
seeding shows a wide heterogeneity in multiple system atro-
phy. Transl Neurodegener. 2022;11:7. 

55. Holec SAM, Lee J, Oehler A, et al. Multiple system atrophy 
prions transmit neurological disease to mice expressing wild- 
type human alpha-synuclein. Acta Neuropathol. 2022;144: 
677-690. 

56. Rohrer JD, Nicholas JM, Cash DM, et al. Presymptomatic cogni-
tive and neuroanatomical changes in genetic frontotemporal 
dementia in the genetic frontotemporal dementia initiative 
(GENFI) study: A cross-sectional analysis. Lancet Neurol. 2015; 
14:253-262. 

57. van der Ende EL, Bron EE, Poos JM, et al. A data-driven disease 
progression model of fluid biomarkers in genetic frontotempor-
al dementia. Brain. 2022;145:1805-1817. 

58. Groveman BR, Orru CD, Hughson AG, et al. Rapid and ultra- 
sensitive quantitation of disease-associated alpha-synuclein 
seeds in brain and cerebrospinal fluid by alphaSyn RT-QuIC. 
Acta Neuropathol Commun. 2018;6:7. 

59. Rossi M, Candelise N, Baiardi S, et al. Ultrasensitive RT-QuIC 
assay with high sensitivity and specificity for Lewy body- 
associated synucleinopathies. Acta Neuropathol. 2020;140: 
49-62. 

60. Iranzo A, Fairfoul G, Ayudhaya ACN, et al. Detection of alpha- 
synuclein in CSF by RT-QuIC in patients with isolated 
rapid-eye-movement sleep behaviour disorder: A longitudinal 
observational study. Lancet Neurol. 2021;20:203-212. 

61. Stefani A, Iranzo A, Holzknecht E, et al. Alpha-synuclein seeds in 
olfactory mucosa of patients with isolated REM sleep behaviour 
disorder. Brain. 2021;144:1118-1126. 

62. Saijo E, Ghetti B, Zanusso G, et al. Ultrasensitive and selective 
detection of 3-repeat tau seeding activity in pick disease brain 
and cerebrospinal fluid. Acta Neuropathol. 2017;133:751-765. 

63. Saijo E, Metrick MA  II, Koga S, et al. 4-Repeat Tau seeds and tem-
plating subtypes as brain and CSF biomarkers of frontotemporal 
lobar degeneration. Acta Neuropathol. 2020;139:63-77. 

64. Metrick MA  II, Ferreira NDC, Saijo E, et al. A single ultrasensitive 
assay for detection and discrimination of tau aggregates of 
Alzheimer and pick diseases. Acta Neuropathol Commun. 2020;8: 
22. 

65. Scialo C, Tran TH, Salzano G, et al. TDP-43 real-time quaking in-
duced conversion reaction optimization and detection of seeding 
activity in CSF of amyotrophic lateral sclerosis and frontotempor-
al dementia patients. Brain Commun. 2020;2:fcaa142.  

14 | BRAIN 2023: 00; 1–14                                                                                                                                            T. H. Mok et al. 

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ad101/7091431 by U
niversity C

ollege London user on 12 M
ay 2023


	Introduction
	Materials and methods
	Ethical statement and study participants
	Proximity to clinical onset/conversion in IPD-AR individuals
	NPMC biofluid sample processing
	Blood
	CSF

	Recombinant prion protein expression and purification
	CSF RT-QuIC analyses
	End point quantitation of CSF seeding activity
	N4PB biomarker measurement
	Data and statistical analyses
	Data availability

	Results
	RT-QuIC PrP-amyloid seeding assay CSF sample cohorts
	N4PB neurodegenerative marker sample cohorts
	Optimization RT-QuIC conditions for IPD CSF samples
	RT-QuIC analyses of IPD-AR and iCJD-AR CSF cohorts
	Plasma Simoa N4PB results
	CSF Simoa N4PB results

	Discussion
	E200K-AR biomarker trajectories
	P102L-AR biomarker trajectories
	Other IPD-AR trajectories
	Proposed presymptomatic IPD staging system
	Relevance to other neurodegenerative diseases

	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References

