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Summary
Prion disease is a rare, fatal, and exceptionally rapid neurodegenerative disease. Although incurable, prion disease 
follows a clear pathogenic mechanism, in which a single gene gives rise to a single prion protein (PrP) capable of 
converting into the sole causal disease agent, the misfolded prion. As efforts progress to leverage this mechanistic 
knowledge toward rational therapies, a principal challenge will be the design of clinical trials. Previous trials in prion 
disease have been done in symptomatic patients who are often profoundly debilitated at enrolment. About 15% of 
prion disease cases are genetic, creating an opportunity for early therapeutic intervention to delay or prevent disease. 
Highly variable age of onset and absence of established prodromal biomarkers might render infeasible existing 
models for testing drugs before disease onset. Advancement of near-term targeted therapeutics could crucially depend 
on thoughtful design of rigorous presymptomatic trials.

Introduction
Prion disease is a rare, fatal neurodegenerative disease 
caused by misfolding of prion protein (PrP).1 Most cases of 
prion disease in humans arise spontaneously and are not 
diagnosed until advanced dementia is present.2,3 Severe 
physical and mental impairment and rapid decline in 
health of the symptomatic patients have posed challenges 
for clinical trials.4,5 Genetic prion dis ease, which accounts 
for about 15% of cases,6 offers an unexplored opportunity 
for early therapeutic intervention to delay or prevent 
disease.

Exploration of this opportunity will require creativity in 
clinical trial design. Trials in presymptomatic individuals 
are unlikely to be able to show clinical benefit directly 
because of disease rarity and variability in age of onset.7 
Secondary prevention strategies based on prodromal 
pathology will also likely be infeasible due to absence 
of an established prodrome before onset of genetic prion 
disease.8–10 However, alternative approaches could be des
igned on the basis of the well established patho physiology 
of prion disease. Congruent lines of evidence from 
biochemistry, human genetics, and mouse models support 
the central role of PrP in prion disease.1 Preclinical proof of 
concept studies suggest that a reduction in PrP concen
tration in the brain could delay disease onset in individuals 
with patho genic PrP mutations.11–14 Ongoing development 
of anti sense oligonucleotides for prion dis ease15 suggests 
that the therapeutic goal of PrP reduction might soon 
become clinically actionable.

Given the well established and singular role of PrP in 
prion disease, quantitative demonstration of reduced PrP 
concentration in the CNS via an appropriately qualified 
pharmacodynamic biomarker is likely to predict clinical 
benefit in prion disease. We therefore present a proposal 
made to scientists at the US Food and Drug Administration 
(FDA)’s Center for Drug Evaluation and Research that 
PrP load in human CSF merits evaluation as a surrogate 
endpoint in the context of the Accelerated Approval pro
gramme. Such an approach could enable, for the first time, 
rigorously con trolled trials in presymptomatic individuals 

with genetic prion disease mutations, with the aim of 
preserving full quality of life.

Pathogenesis of prion disease
All subtypes of human prion disease, including 
CreutzfeldtJakob disease, fatal familial insomnia, and 
GerstmannStrausslerScheinker disease, share a common 
molecular mechanism—misfolding of native PrP, encoded 
by the prion protein gene (PRNP). The misfolded protein, 
known as a prion, can induce misfolding of other PrP 
molecules. Through such templated misfolding, prions 
spread in a conformational cascade, recognised for dec
ades as the molecular mechanism driving PrP’s gainof
function in disease.1,16

The true annual incidence of human prion disease is 
about two deaths per million population,17 or about one in 
6000 deaths.6,18 Although prion disease is infamous for the 
small minority (<1%) of cases acquired through infection,19 
most (about 85%) cases, termed sporadic, occur spontan
eously, with no known environmental or genetic trigger. 
The remainder (about 15%) arise from dominant, gain
offunction, proteinaltering variants in PRNP.6 Some of 
these variants are highly penetrant, with lifetime risk 
approaching 100%, and three such variants account for 
most genetic cases.6 Age of onset is highly variable and not 
well predicted by PRNP genotype.7

Among neurodegenerative diseases, prion disease is 
notable for its exceptionally rapid clinical course. Patients 
with symptomatic prion disease progress from first symp
tom to death in about five months.20 Although about 
a quarter of genetic cases correspond to mutations that 
progress more slowly, most patients with genetic prion dis
ease die within a year from first symptoms.7 In this short 
time, patients rapidly descend into advanced dementia, 
typically spending the last weeks of life in a state of akinetic 
mutism. Throughout the disease, the brain is the epicentre 
of destruction. Diagnosis is chal leng ing because of the 
rapidity of decline and heterogeneity of early symptoms, 
which can be cog nitive, motor, auto nomic, or psychiatric 
in nature.21 On average, patients with prion disease do not 
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receive a diagnosis until twothirds of the way through the 
short symptomatic course,2 at which point they are severely 
debilitated. Detection of prion seeding activity in CSF 
using realtime quaking induced conversion (RTQuIC) 
now offers excellent sensitivity and specificity,22 but prion 
disease is typically not suspected until about three months 
from first symptom onset.23

Despite its rarity and variability in clinical presentation, 
prion disease is well understood at the molecular level, 
with all lines of evidence pointing to the central role of 
PrP in prion disease. PrP forms a naturally transmissible 
protein aceous pathogen devoid of nucleic acid,16 and bio
chem ical, human genetic, and model organism approaches 
support the notion that PrP is required for prion disease 
(panel 1).

Many mammals are natural hosts of prion disease, and 
accordingly, the study of prion disease benefits from use of 
animal models that faithfully recapitulate the disease 

course. In the most commonly used experimental 
paradigm, intracerebral inoculation of wildtype animals 
with prions leads to fatal disease after a highly predictable 
incubation time. Experiments in these models have 
provided some of the most compelling evidence of the 
importance of PrP in prion disease. PrP knockout confers 
complete resistance to prion disease,11 and prion neuro
toxicity only affects cells expressing PrP.32 Moreover, PrP 
gene dosage is associated with pace of disease across a 
wide range of expression levels,12 with heterozygous PrP 
knockout mice surviving prion infection 2·5 times as long 
as wildtype mice (figure 1). Similarly, in transgenic mouse 
models express ing PrP with mutations that cause genetic 
prion disease in humans, PrP dosage is inversely associ
ated with age of onset of spontaneous illness.38

Previous therapeutic efforts
No diseasemodifying treatment exists for prion disease. 
Of drugs tested clinically, none had strong preclinical 
evidence from animal models, and most have been 
assessed only in case reports or observational studies 
in a few symptomatic patients.39 Three existing drugs—
flupirtine, quinacrine, and doxycycline—have been tested 
in randomised controlled trials4,5,40 in patients with 
sympto  matic prion disease with cognitive or survival end
points. Previous observational studies reporting survival 
increase from quinacrine and doxy cycline were not 
supported by these randomised studies, highlighting the 
importance of adequately controlled trials. However, 
these studies also show the chal lenges of conducting 
trials in a population with advanced, rapidly progressive 
dis ease. In the doxy cycline trial,5 for example, nearly as 
many patients died awaiting random group assignment 
as were ultimately enrolled.

Future therapeutic advances could increase awareness 
of prion disease among neurologists and facilitate early 
diagnosis. However, available preclinical data from animal 
models provide additional perspective on the limitations 
of evaluating therapeutic efficacy only at a symptomatic 
disease stage. Some small molecules and sulphated sugar 
polymers identified in the past 15 years have shown 
convincing antiprion activity in animals. Although none 
have prospects for clinical advancement, owing to either 
inefficacy against human prion strains41–44 or inadequate 
brain distribution,45,46 these molecules have provided 
import ant insights into the time dependence of thera
peutic efficacy. In all instances when different animal 
model treatment timepoints have been compared, 
effective  ness of the compound decreased the later it was 
admin is tered.43,45,47,48 None of these compounds have shown 
efficacy after onset of symptoms. For example, the most 
thoroughly studied molecule, IND24, quadrupled time to 
disease onset when administered before prion infection, 
increased sur vival time by about 70% when admin
istered between infection and symptom onset, and lost all 
efficacy if admin istered as symptom onset approached 
(figure 2).

Panel 1: Evidence that PrP is integral to prion disease 
pathophysiology

Biochemical
Prions are composed of PrP;24 prion strains are encoded in 
distinct conformations of PrP;25–27 prion infectivity can be 
generated in vitro from purified PrP28–31

Animal genetics
PrP is required for prion propagation;11 PrP is required for 
prion neurotoxicity;32 PrP dosage and incubation time are 
inversely associated;12 PrP amino acid sequence governs the 
species barrier33

Human genetics
All families with genetic prion disease carry protein-altering 
variants in PRNP;34 certain missense variants in PRNP confer 
protection against prion disease35–37

PrP=prion protein.

Figure 1: Prion disease incubation time and PrP expression level
Time to terminal disease in transgenic prion-infected animals is shown as a function of PrP expression level. 
Wild-type mice intracerebrally inoculated with prions develop fatal disease in 5–6 months. Transgenic mice 
producing extra PrP develop disease more rapidly than wild-type mice, while heterozygous knockout animals 
producing half the normal amount of PrP remain healthy more than twice as long as wild-type mice. Homozygous 
knockout animals cannot propagate prions and never develop prion disease. Plotted on the basis of data reported by 
Fischer and colleagues.12 PrP=prion protein.
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These results could reflect fundamental differences in 
the molecular stage of disease. Following prion infection 
of animals, prion titres in the brain rise during a clini
cally silent incubation phase, with prion accumulation 
rate corres ponding to the animal’s PrP expression level. 
Some evidence indicates that increase in prion titre 
might slow or halt by the time symptoms emerge.16,49 If 
so, therapies that inhibit prion replication without 
affecting prion neurotoxicity might be highly effective 
prophylactics, with less clear molecular basis for efficacy 
at symptomatic stages.

These observations suggest that development of anti
prion drugs has two complementary needs moving 
forward. In addition to identifying molecules worth test ing 
in humans, the field would be served by investi gating new 
clinical paradigms.

Emerging therapeutic directions
Although the aforementioned drug discovery efforts were 
not targeted towards discovery of drugs with any single 
mechanism of action, genetics has long provided a strong 
therapeutic hypothesis in prion disease: reduction of 
native PrP. The importance of PrP in prion disease is 
well established, and genetic proofofconcept studies 
show a dosedependent protective effect of lower ing PrP 
expression. Experimentally, this protective effect has been 
recapitulated using condi tional and con stitutive knock
out systems.13,14 Substantial evidence also suggests that 
reducing PrP experssion should be well tolerated. PrP 
knockout mice are viable, fertile, have normal lifespans, 
and exhibit normal behavi our, initially defying efforts to 
identify a knockout pheno type.50 In the peripheral nervous 
system, PrP undergoes proteolytic cleavage to release a 
signalling peptide that promotes myelin maintenance.51 
PrP knockout mice develop a slowly progressing demyelin
ating polyneuro pathy, which leads to mild sensorimotor 
deficits late in life.52 Hetero zygotes are unaffected.52 No 
native function has yet been identified in the CNS. 
Knockout cattle53 and naturally occurring knockout goats54,55 
are described as phenotypically normal. Although truncat
ing variants late in the human PRNP coding sequence are 
known to give rise to a secreted protein, early truncating 
variants appear to convey true loss of function of PrP. Such 
vari ants have been observed in a heterozygous state in 
healthy middleaged and older individuals with no synd
romic or neurological health concerns.6,56 As such, a reduc
tion in PRNP gene dosage appears to be well tolerated 
in humans.

Antisense oligonucleotides
Studies have investigated various therapeutic modalities 
to lower PrP expression,57–60 but to date, no practical means 
to achieve this therapeutic goal in the human brain has 
been available. However, because of the strength of clinical 
advances in the application of antisense oligo nucleotides 
(ASOs) to other neurological diseases,61,62 ASOs designed 
to target and degrade PrP RNA have emerged as a 

plausible nearterm therapeutic option and are now 
in preclinical development.15 ASOs are short (17–20 base) 
singlestranded oligonucleotides, chemically modified 
for pharmacokinetic stability, that specifically bind com
plementary target RNA. Following binding, ASOs can 
modulate their targets by various mechanisms; of par
ticular interest for prion disease, they can trigger RNAse 
H1mediated degradation of the target RNA, reducing the 
amounts of encoded protein.63

ASOs for neurological applications have been intensively 
studied, including the successfully completed phase 1, 2, 
and 3 trials of nusinersen in children with spinal muscular 
atrophy61,64 and phase 1–2 trial of an antihuntingtin 
antisense oligonucleotide (ASOHTT Rx) in adults with 
Huntington’s disease.62 Although nusinersen acts through 
splice modification, ASOHTT Rx acts through degrada
tion of HTT RNA, and has been shown to be cap able of 
achiev ing a 40% reduction of mutant huntingtin protein 
in CSF of patients.62 Together, these and other programmes 
have compiled a wealth of know ledge regarding the 
behaviour of ASOs in the CNS (panel 2).

ASOs are uniquely modular drugs. Nucleotide sequen
ces of ASOs specify target binding through WatsonCrick 
base pairing, yet these sequences are orthogonal to classes 
of backbone chemistry that determ ine many pharma
cokinetic and pharmacodynamic para meters.63 Consi
dering this modularity, human data from other CNS 
anti sense oligo nucleotide programmes provide insights 
into potential properties of a PrPreducing anti sense 
oligonucleotide.

Trials in presymptomatic mutation carriers 
Development of a plausible, genetically targeted therapy for 
prion disease lends urgency to the question of how clini
cal trials might be designed to give such a therapy its 
strongest chance to succeed. Although no method exists to 
identify patients with sporadic prion disease before clini cal 
onset, genetic prion disease could offer a unique oppor
tunity for presymptomatic intervention. Through predic
tive genetic testing, individuals carrying highpenetrance 

Figure 2: Treatment efficacy by time of administration in prion-infected mice
Efficacy of the anti-prion small molecule IND24, which inhibits prion replication by an unknown mechanism of 
action, depends on the timepoint at which treatment begins. When given prophylactically, it can quadruple time to 
disease of intracerebrally prion-infected mice. After prion infection begins, it increases time to disease onset by 
only about 70%. Beginning around 90 days post-infection, still before symptom onset, the IND24 molecule 
becomes ineffective. Plotted on the basis of data reported by Giles and colleagues.43
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PRNP mutations can be identified years or decades before 
symptom onset.

A trial in individuals who are presymptomatic and at risk 
of disease can be designed in multiple ways. The trial could 
recruit healthy mutation carriers, randomly assign them to 
drug or placebo, and follow them up to see if treatment 
delays onset of symptoms. One such trial is being done 
in families with PSEN1 mutation causing autosomal
dominant earlyonset Alzheimer’s disease, costing about 
US$96 million (ClinicalTrials.gov, NCT01998841).72 For 
prion disease, this approach is infeasible because the 
disease is very rare and age of onset is very variable,7 both 
more so than for PSEN1 variants. Furthermore, such a 
costly trial design would not be tenable in a rare disease 
with no prospects for offlabel or expanded use of the drug 
once approved.

Prodromal biomarkers
In slowly progressing neurodegenerative diseases, pro
dromal imag ing or biochemical tests can detect patho
logical changes well before symptoms manifest.73,74 Such 
pro dromal bio markers might offer opportunities for 
secondary preven tion, enabling selective enrolment of 
individuals close to onset,75 or allowing subclinical markers 
of disease to be tracked as outcome measures. However, no 
such markers exist for prion disease. Prospective studies 
of carriers of prion disease muta tions have reported 
consistent neuro logical and neuro physiological signatures, 
includ ing brain volumetric changes by MRI,9 regional 
hypo metabolism by FDGPET,8 and lowerlimb sensory 
defects,10 concurrent with, or shortly after, symptomatic 
onset, but not before onset. At most, suggestive changes 
were noted in single individuals about one year before 
symptom onset.8,9 In an ongoing natural history study of 
presympto matic mutation carriers and control participants, 
we have measured two markers of neuronal damage, 
neurofilament light chain and total tau, as well as prion 
seeding activity22 in CSF, all markers that are highly 
diagnostic or prognostic, or both, in patients with symp
tomatic prion disease.22,76–82 Neurofilament light chain and 
total tau concentrations were within normal ranges in 
all pres ympto matic carriers, indistinguish able from non
carrier control participants; seeding activity was observed 
in only one of 23 presymptomatic individuals, and any 
prognostic implication remains unclear.83

This picture could change with further study, particularly 
in the minority of atrisk individuals whose mutations 
can predispose to a longerthanaverage disease course. 
If prodromal changes can be identified in this popula
tion, change in such markers might provide supporting 
data for a drug development programme. Nonetheless, 
validating the prognostic value of such markers could take 
decades.7–10 More importantly, a focus on individuals with 
prodromal pathology would prohibitively limit the number 
of trial partici pants, and preclinical proofofconcept 
studies such as those we have discussed suggest that this 
approach might specific ally select for those individuals 

Panel 2: Behaviour of ASOs in the CNS

Extensive preclinical and clinical testing of ASOs has delineated 
many pharmacological and toxicological parameters relevant 
to consideration of testing of PrP-lowering ASOs in individuals 
at risk for prion disease.

Delivery
ASOs delivered by intrathecal infusion or intrathecal bolus 
injection have achieved broad distribution across the CNS in 
non-human primates. Although ASOs are most potent in the 
cortex, activity is also seen in deep brain structures, with 
knockdown of target RNA reaching or exceeding 50% in 
regions including the cortex, hippocampus, spinal cord, pons, 
and cerebellum.65–67 Clinical studies of spinal muscular atrophy 
and Huntington’s disease have relied on bolus delivery of ASO 
by intrathecal injection.61,62

Safety and tolerability
In studies of intrathecally delivered ASOs for spinal muscular 
atrophy, Huntington’s disease, and amyotrophic lateral 
sclerosis, treatment was not associated with safety or 
tolerability concerns, and no serious drug-related adverse 
events were reported in treated individuals.62,64,68

Time to effect
ASO activity is reflected in target mRNA concentrations 
within 14 days of treatment in rodents and non-human 
primates;65,66,69 PrP has an estimated in-vivo half-life of 18 h,14 
indicating that ASO-based mRNA depletion could quickly 
affect PrP at the protein level.

Dosing regimen
The in-vivo half-life of nusinersen in CSF was estimated at 
132–166 days;64 clinically, following a series of loading doses, 
maintenance dosing of nusinersen is given every 4 months;70 
the ASO-HTT-Rx phase 1–2 study dosed once a month,62 and 
the ongoing phase 3 study administers drug every 2 or 
4 months.71

ASO=antisense oligonucleotides. PrP=prion protein.

Figure 3: Drug target and proposed surrogate endpoint within the pathophysiological pathway of prion disease
In this proposal, drug candidates, such as antisense oligonucleotides, designed to target the human PRNP RNA 
sequence, can be administered in clinical trials to healthy people at risk for genetic prion disease, before the disease 
process begins. These drugs are expected to engage their target, the PRNP RNA in the brain, reducing the overall 
amount of PrP in the brain. The anticipated drug-dependent change in PrP concentration in the brain can be 
measured in the CSF as a proxy sampling compartment. Because PrP lies directly on the main pathway of disease 
and is essential for disease development and progression, lowering PrP concentration in CSF is expected to predict 
clinical benefit. Thus, a demonstration of lowered concentration of CSF PrP in presymptomatic individuals at risk 
for genetic prion disease could potentially support an application for Accelerated Approval of a PrP lowering drug. 
Adapted with permission from Raymond et al.15 PrP=prion protein.
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likely to benefit the least from a drug, as prion amplification 
and neuro pathology would have already begun.

Surrogate endpoints
Another option exists for clinical research in pre
symptomatic mutation carriers: trials designed to support 
Accelerated Approval. Under this US FDA programme, 
trials can use a surrogate endpoint that is reasonably likely 
to predict clinical benefit. Developed in 1992 to address 
the AIDS crisis, Accelerated Approval served as a mech
anism by which AIDS drugs could secure provisional 
approval on the basis of decreasing HIV viral load in 
patients. This approval process allowed new drugs to 
reach patients swiftly, without having to follow up 
participants in randomised controlled trials until death. 
The link between viral load and clinical outcome was 
considered biologically well established, and clinical 
benefit was subsequently confirmed postapproval. Since 
then, the US Congress has incorporated Accelerated 
Approval into law and has clari fied that this mechanism is 
appropri ate to consider when disease biology provides 
comparably pre dictive surrogate endpoints and if rareness 
and severity render other trial designs infeasible.84

PrP lies directly on the sole pathway of prion disease 
pathophysiology (figure 3). All available lines of evidence 
agree that PrP is the pivotal molecule on this path
way, required for pathogen formation, disease initiation, 
and disease progression in a dosedependent manner. 
Demonstration of target engagement for a PrPlowering 
drug, a pharmacodynamic biomarker reflecting lowered 
brain PrP concentration, would therefore be reasonably 
likely to predict clinical benefit in prion disease. The con
ceptual resemblance between prion disease and infec tious 
disease highlights the opportunity for PrP concen tration 
to serve as a meaningful indicator, with some analogy to 
viral load in HIV.

PrP is abundant in human CSF and can be detected 
using commercially available ELISA kits.76,85 PrP is much 
less abundant in blood than in CSF, suggesting that 
detected PrP is primarily CNSderived rather than blood
derived, and therefore reflects the tissue of interest.86 
Concentration of PrP in CSF is reduced in individuals 
with sympto matic prion disease compared with healthy 
controls or patients with other dementias,76,85–88 perhaps 
because of incorpora tion in plaques or intracellular 
accumulation. Crucially, how ever, this decline does not 
appear to be underway in presymptomatic individuals: 
an ongoing natural his tory study has confirmed the 
testretest stability (mean coefficient of variation 7%) of 
CSF PrP in presymptomatic mutation carriers over the 
short (2–4 month) and medium (10–20 month) term.83 
Concentration of PrP in CSF was stable even in 
one presymptomatic individual with prion seeding acti
vity in CSF. Thus, the pharmacodynamic effects of a PrP
lowering drug should be measurable in the CSF of 
presymptomatic individuals without confounding from 
disease state.

Additional considerations should be worked out as the 
therapeutic development of PrPlowering ASOs advances. 
As in other CNS antisense oligonucleotide programmes,62 
detailed pharmacodynamic modelling in nonhuman 
primate brains will crucially inform how reduction of CSF 
PrP concentration reflects knockdown across the brain. 
Corresponding studies in prioninfected rodents could 
illuminate how regional brain PrP knockdown translates 
into delaying clinical end points. As in other Acceler
ated Approval programmes, following biomarkerbased 
provisional approval, clinical benefit would need to be 
confirmed in a postmarketing study. Under reasonable 
assumptions, a registrybased study of treated presymp
tomatic individuals, compared with historical controls, 
could provide an estimate of delay in disease onset within 
5–15 years.7

Regulatory and community engagement
As we considered an Accelerated Approval strategy, we 
took advantage of the FDA’s Critical Path Innovation 
Meeting mechanism to request an inperson meet ing 
with FDA scientists regarding the prospects for 

Panel 3: Paving the path for successful trials in genetic prion disease

Engaging carriers as part of our team
The best-laid therapeutic and clinical strategies still have no hope of advancing without 
another essential element: patients. One UK study89 found that three-quarters of 
individuals at risk for genetic prion disease opt against predictive genetic testing. 
Many people are counselled against testing on the basis that the result is not actionable. 
However, some individuals might wish to know their status, and motivated individuals at 
risk could have an active and essential part in bringing a drug into existence. Natural 
history and biomarker studies lay groundwork for future trials, powered by donated 
samples and data. Registries showing an organised patient base inspire drug development 
partnerships. Trials depend on participants. Although no one choice regarding genetic 
testing will best serve everyone at risk, acknowledging the full spectrum of preference 
present in every genetic disease community is important, and being prepared to support, 
equip, and empower those who wish to pursue their genetic information is equally crucial.

Offering forward-looking counselling
Genetic counsellors and physicians who advise families at genetic risk have an important 
opportunity to set the tone for how these individuals will relate to their risk for the rest 
of their lives. As neurodegenerative diseases become meaningfully treatable, it is more 
important than ever to offer genetic counselling that encompasses pros as well as cons of 
predictive testing. Especially in a rapidly progressive disease such as prion disease, being 
able to make an informed decision in advance of symptoms could be essential to 
accessing and benefitting from plausible near-term therapeutics.

Referring mutation carriers to the Prion Registry
In July, 2017, in collaboration with patient organisations Creutzfeldt-Jakob Disease 
Foundation and Creutzfeldt-Jakob Disease International Support Alliance, we launched a 
simple online portal called the Prion Registry. The registry aims to be a location-agnostic, 
researcher-agnostic resource that provides information about research studies and trials 
to patients, carriers, and families on an opt-in basis, while also providing de-identified 
summary statistics to the research community. Referring at-risk individuals to this 
centralised platform will help to motivate drug development partners across sectors and 
to facilitate swift trial recruitment when required.

For the Prion Registry see 
https://prionregistry.org

For the Critical Path Innovation 
Meeting see https://www.fda.
gov/drugs/new-drugs-fda-cders-
new-molecular-entities-and-new-
therapeutic-biological-products/
critical-path-innovation-
meetings-cpim
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Accelerated Approval of a genetic prion disease drug on 
the basis of a demonstration of CSF PrP in asymp
tomatic mutation carriers, in light of the aforemen
tioned considera tions. In November, 2017, at the FDA’s 
headquarters in Silver Spring, MD, USA, we had the 
opportunity to discuss the points we have outlined here 
with 25 of the agency’s scientists. The FDA scientists 
were supportive of the concept, offered constructive 
questions and ideas about appropriate bio marker and 
preclinical data that would be needed, and generously 
offered to provide continued input. Although the FDA 
does not make commitments under the Critical Path 
Innovation Meeting mechanism, we felt the process was 
a model for regulatory partnership in raredisease drug 
development, and we are continuing to work closely 
with the FDA as we gather further data in support of 
this biomarker and clinical strategy. Proactive consulta
tion with nonUS regulatory bodies, health insurance 
companies, and other payers is also an important near
term priority. Finally, engaging the community of pre
symptomatic carriers and building trialready cohorts 
will be crucial to enabling prevention in this population 
(panel 3).

Conclusions and future directions
No diseasemodifying therapy exists for any adultonset 
neurodegenerative disease. Calls are mounting for thera
peutic efforts to aim for early points in the disease 
process,90,91 but the tractability of doing so varies across 
indications on the basis of disease biology and available 
tools. Genetic prion disease has unique assets: a single 
causal gene and protein, robust genetic proofofconcept 
evidence supporting a knockdown therapeutic strategy, 
and established animal models in which this strategy can 
be honed. These insights and resources align to present 
a unique opportunity to shift therapeutic intervention 
upstream beyond early symptoms or preclinical pathology 
to genetically informed primary prevention. The unusual 
constraints of genetic prion disease make it an ideal test 
case for a concept with resonance well beyond this one rare 
indication: leveraging of predictive genetics to rewrite the 
future, and to keep healthy people healthy.
Contributors
SMV and EVM conceived and wrote the article with mentorship and 
guidance from SLS and ESL. SMV retrained as a biomedical researcher 
after learning, in 2011, that she had inherited a lethal, highly penetrant 

Search strategy and selection criteria

We searched Google Scholar and PubMed using the search 
terms “prion”, “PrP”, “Creutzfeldt-Jakob disease”, “fatal 
familial insomnia”, and “Gerstmann-Straussler-Scheinker 
disease” between Jan 1, 2014, and Dec 31, 2019. The search 
was restricted to English language articles and terms were 
included on the basis of their relevance to our strategies and 
considerations for prevention of genetic prion disease.

PRNP variant (D178N) from her mother, who had died of a then
undiagnosed rapidly progressive dementia in 2010. 

Declaration of interests
SMV and EVM report unrestricted charitable gifts from Charles River 
Laboratories and Ionis Pharmaceuticals, and nonfinancial support 
from Ionis Pharmaceuticals, outside the submitted work. EVM reports 
personal fees from Deerfield Management, outside the submitted work. 
All other authors declare no competing interests.

References
1 Prusiner SB. Prions. Proc Natl Acad Sci USA 1998; 95: 13363–83.
2 Paterson RW, TorresChae CC, Kuo AL, et al. Differential diagnosis 

of JakobCreutzfeldt disease. Arch Neurol 2012; 69: 1578–82.
3 Thompson AGB, Lowe J, Fox Z, et al. The Medical Research 

Council prion disease rating scale: a new outcome measure for 
prion disease therapeutic trials developed and validated using 
systematic observational studies. Brain J Neurol 2013; 136: 1116–27.

4 Geschwind MD, Kuo AL, Wong KS, et al. Quinacrine treatment 
trial for sporadic CreutzfeldtJakob disease. Neurology 2013; 
81: 2015–23.

5 Haïk S, Marcon G, Mallet A, et al. Doxycycline in CreutzfeldtJakob 
disease: a phase 2, randomised, doubleblind, placebocontrolled 
trial. Lancet Neurol 2014; 13: 150–58.

6 Minikel EV, Vallabh SM, Lek M, et al. Quantifying prion disease 
penetrance using large population control cohorts. Sci Transl Med 
2016; published online Jan 20. DOI:10.1126/scitranslmed.aad5169.

7 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: e125–34.

8 Cortelli P, Perani D, Montagna P, et al. Presymptomatic diagnosis 
in fatal familial insomnia: serial neurophysiological and 
18FDGPET studies. Brain J Neurol 2006; 129: 668–75.

9 Cohen OS, Chapman J, Korczyn AD, et al. Familial Creutzfeldt
Jakob disease with the E200K mutation: longitudinal neuroimaging 
from asymptomatic to symptomatic CJD. J Neurol 2015; 
262: 604–13.

10 Rudge P, Jaunmuktane Z, Hyare H, et al. Early neurophysiological 
biomarkers and spinal cord pathology in inherited prion disease. 
Brain 2019; 142: 760–70.

11 Büeler H, Aguzzi A, Sailer A, et al. Mice devoid of PrP are resistant 
to scrapie. Cell 1993; 73: 1339–47.

12 Fischer M, Rülicke T, Raeber A, et al. Prion protein (PrP) with 
aminoproximal deletions restoring susceptibility of PrP knockout 
mice to scrapie. EMBO J 1996; 15: 1255–64.

13 Mallucci G, Dickinson A, Linehan J, Klöhn PC, Brandner S, 
Collinge J. Depleting neuronal PrP in prion infection prevents 
disease and reverses spongiosis. Science 2003; 302: 871–74.

14 Safar JG, DeArmond SJ, Kociuba K, et al. Prion clearance in bigenic 
mice. J Gen Virol 2005; 86: 2913–23.

15 Raymond GJ, Zhao HT, Race B, et al. Antisense oligonucleotides 
extend survival of prioninfected mice. JCI Insight 2019; published 
online July 30. DOI:10.1172/jci.insight.131175.

16 Prusiner SB. Novel proteinaceous infectious particles cause scrapie. 
Science 1982; 216: 136–44.

17 Klug GMJA, Wand H, Simpson M, et al. Intensity of human prion 
disease surveillance predicts observed disease incidence. 
J Neurol Neurosurg Psychiatry 2013; 84: 1372–77.

18 Maddox RA, Person MK, Blevins JE, et al. Prion disease incidence 
in the United States: 2003–2015. Neurology 2020; 94: e153–57.

19 Will RG. Acquired prion disease: iatrogenic CJD, variant CJD, kuru. 
Br Med Bull 2003; 66: 255–65.

20 Pocchiari M, Puopolo M, Croes EA, et al. Predictors of survival in 
sporadic CreutzfeldtJakob disease and other human transmissible 
spongiform encephalopathies. Brain J Neurol 2004; 127: 2348–59.

21 Rabinovici GD, Wang PN, Levin J, et al. First symptom in sporadic 
CreutzfeldtJakob disease. Neurology 2006; 66: 286–87.

22 Orrú CD, Groveman BR, Hughson AG, Zanusso G, Coulthart MB, 
Caughey B. Rapid and sensitive RTQuIC detection of human 
CreutzfeldtJakob disease using cerebrospinal fluid. MBio 2015; 
published online Jan 20. DOI:10.1128/mBio.0245114.

23 Appleby BS, RinconBeardsley TD, Appleby KK, Crain BJ, 
Wallin MT. Initial diagnoses of patients ultimately diagnosed with 
prion disease. J Alzheimers Dis 2014; 42: 833–39.



www.thelancet.com/neurology   Vol 19   April 2020 367

Personal View

24 Prusiner SB, Groth DF, Bolton DC, Kent SB, Hood LE. Purification 
and structural studies of a major scrapie prion protein. Cell 1984; 
38: 127–34.

25 Bessen RA, Kocisko DA, Raymond GJ, Nandan S, Lansbury PT, 
Caughey B. Nongenetic propagation of strainspecific properties of 
scrapie prion protein. Nature 1995; 375: 698–700.

26 Telling GC, Parchi P, DeArmond SJ, et al. Evidence for the 
conformation of the pathologic isoform of the prion protein 
enciphering and propagating prion diversity. Science 1996; 
274: 2079–82.

27 Safar J, Wille H, Itri V, et al. Eight prion strains have PrP(Sc) 
molecules with different conformations. Nat Med 1998; 4: 1157–65.

28 Legname G, Baskakov IV, Nguyen HOB, et al. Synthetic 
mammalian prions. Science 2004; 305: 673–76.

29 Deleault NR, Harris BT, Rees JR, Supattapone S. Formation of 
native prions from minimal components in vitro. 
Proc Natl Acad Sci USA 2007; 104: 9741–46.

30 Colby DW, Giles K, Legname G, et al. Design and construction of 
diverse mammalian prion strains. Proc Natl Acad Sci USA 2009; 
106: 20417–22.

31 Wang F, Wang X, Yuan CG, Ma J. Generating a prion with 
bacterially expressed recombinant prion protein. Science 2010; 
327: 1132–35.

32  Brandner S, Isenmann S, Raeber A, et al. Normal host prion 
protein necessary for scrapieinduced neurotoxicity. Nature 1996; 
379: 339–43.

33  Scott M, Foster D, Mirenda C, et al. Transgenic mice expressing 
hamster prion protein produce speciesspecific scrapie infectivity 
and amyloid plaques. Cell 1989; 59: 847–57. 

34 Mead S. Prion disease genetics. Eur J Hum Genet 2006; 14: 273–81.
35  Palmer MS, Dryden AJ, Hughes JT, Collinge J. Homozygous prion 

protein genotype predisposes to sporadic CreutzfeldtJakob disease. 
Nature 1991; 352: 340–42.

36 Shibuya S, Higuchi J, Shin RW, Tateishi J, Kitamoto T. Codon 219 
Lys allele of PRNP is not found in sporadic CreutzfeldtJakob 
disease. Ann Neurol 1998; 43: 826–28.

37  Mead S, Whitfield J, Poulter M, et al. A novel protective prion 
protein variant that colocalizes with kuru exposure. N Engl J Med 
2009; 361: 2056–65.

38 Watts JC, Giles K, Bourkas MEC, et al. Towards authentic 
transgenic mouse models of heritable PrP prion diseases. 
Acta Neuropathol (Berl) 2016; 132: 593–610.

39 Stewart LA, Rydzewska LHM, Keogh GF, Knight RSG. Systematic 
review of therapeutic interventions in human prion disease. 
Neurology 2008; 70: 1272–81.

40 Otto M, Cepek L, Ratzka P, et al. Efficacy of flupirtine on cognitive 
function in patients with CJD: a doubleblind study. Neurology 2004; 
62: 714–18.

41 Lu D, Giles K, Li Z, et al. Biaryl amides and hydrazones as 
therapeutics for prion disease in transgenic mice. 
J Pharmacol Exp Ther 2013; 347: 325–38.

42  Berry DB, Lu D, Geva M, et al. Drug resistance confounding prion 
therapeutics. Proc Natl Acad Sci USA 2013; 110: e4160–69.

43 Giles K, Berry DB, Condello C, et al. Different 2aminothiazole 
therapeutics produce distinct patterns of scrapie prion neuropathology 
in mouse brains. J Pharmacol Exp Ther 2015; 355: 2–12.

44  Giles K, Berry DB, Condello C, et al. Optimization of aryl amides 
that extend survival in prioninfected mice. J Pharmacol Exp Ther 
2016; 358: 537–47.

45  Dohura K, Ishikawa K, MurakamiKubo I, et al. Treatment of 
transmissible spongiform encephalopathy by intraventricular drug 
infusion in animal models. J Virol 2004; 78: 4999–5006.

46 Tsuboi Y, DohUra K, Yamada T. Continuous intraventricular 
infusion of pentosan polysulfate: clinical trial against prion 
diseases. Neuropathol Off J Jpn Soc Neuropathol 2009; 29: 632–36.

47  Wagner J, Ryazanov S, Leonov A, et al. Anle138b: a novel oligomer 
modulator for diseasemodifying therapy of neurodegenerative 
diseases such as prion and Parkinson’s disease. Acta Neuropathol 
(Berl) 2013; 125: 795–813.

48  Kawasaki Y, Kawagoe K, Chen C, Teruya K, Sakasegawa Y, 
Dohura K. Orally administered amyloidophilic compound is 
effective in prolonging the incubation periods of animals cerebrally 
infected with prion diseases in a prion straindependent manner. 
J Virol 2007; 81: 12889–98.

49  Sandberg MK, AlDoujaily H, Sharps B, et al. Prion neuropathology 
follows the accumulation of alternate prion protein isoforms after 
infective titre has peaked. Nat Commun 2014; 5: 4347.

50  Büeler H, Fischer M, Lang Y, et al. Normal development and 
behaviour of mice lacking the neuronal cellsurface PrP protein. 
Nature 1992; 356: 577–82.

51  Küffer A, Lakkaraju AKK, Mogha A, et al. The prion protein is an 
agonistic ligand of the G proteincoupled receptor Adgrg6. Nature 
2016; 536: 464–68.

52  Bremer J, Baumann F, Tiberi C, et al. Axonal prion protein is 
required for peripheral myelin maintenance. Nat Neurosci 2010; 
13: 310–18.

53 Richt JA, Kasinathan P, Hamir AN, et al. Production of cattle 
lacking prion protein. Nat Biotechnol 2007; 25: 132–38.

54  Benestad SL, Austbø L, Tranulis MA, Espenes A, Olsaker I. 
Healthy goats naturally devoid of prion protein. Vet Res 2012; 
43: 87.

55 Skedsmo FS, Malachin G, Våge DI, et al. Demyelinating 
polyneuropathy in goats lacking prion protein. FASEB J 2019; 
published online Dec 13. DOI:10.1096/fj.201902588R.

56 Minikel EV, Karczewski KJ, Martin HC, et al. Evaluating potential 
drug targets through human lossoffunction genetic variation. 
bioRxiv 2019; published online Jan 29. DOI:10.1101/530881 (preprint).

57  White MD, Farmer M, Mirabile I, Brandner S, Collinge J, 
Mallucci GR. Single treatment with RNAi against prion protein 
rescues early neuronal dysfunction and prolongs survival in mice 
with prion disease. Proc Natl Acad Sci USA 2008; 105: 10238–43.

58  Nazor Friberg K, Hung G, Wancewicz E, et al. Intracerebral 
infusion of antisense oligonucleotides into prioninfected mice. 
Mol Ther Nucleic Acids 2012; 1: e9.

59 Silber BM, Gever JR, Rao S, et al. Novel compounds lowering the 
cellular isoform of the human prion protein in cultured human 
cells. Bioorg Med Chem 2014; 22: 1960–72.

60 Ahn M, Bajsarowicz K, Oehler A, Lemus A, Bankiewicz K, 
DeArmond SJ. Convectionenhanced delivery of AAV2PrPshRNA 
in prioninfected mice. PLoS One 2014; 9: e98496.

61  Finkel RS, Mercuri E, Darras BT, et al. Nusinersen versus sham 
control in infantileonset spinal muscular atrophy. N Engl J Med 
2017; 377: 1723–32.

62 Tabrizi SJ, Leavitt BR, Landwehrmeyer GB, et al. Targeting 
huntingtin expression in patients with Huntington’s disease. 
N Engl J Med 2019; 381: 1398.

63  Bennett CF, Baker BF, Pham N, Swayze E, Geary RS. 
Pharmacology of antisense drugs. Annu Rev Pharmacol Toxicol 
2016; 57: 81–105.

64 Chiriboga CA, Swoboda KJ, Darras BT, et al. Results from a phase 1 
study of nusinersen (ISISSMN(Rx)) in children with spinal 
muscular atrophy. Neurology 2016; 86: 890–97.

65  Kordasiewicz HB, Stanek LM, Wancewicz EV, et al. Sustained 
therapeutic reversal of Huntington’s disease by transient repression 
of huntingtin synthesis. Neuron 2012; 74: 1031–44.

66 DeVos SL, Miller RL, Schoch KM, et al. Tau reduction prevents 
neuronal loss and reverses pathological tau deposition and seeding 
in mice with tauopathy. Sci Transl Med 2017; published online 
Jan 25. DOI:10.1126/scitranslmed.aag0481.

67  McCampbell A, Cole T, Wegener AJ, et al. Antisense 
oligonucleotides extend survival and reverse decrement in muscle 
response in ALS models. J Clin Invest 2018; 128: 3558–67.

68  Miller TM, Pestronk A, David W, et al. An antisense oligonucleotide 
against SOD1 delivered intrathecally for patients with SOD1 familial 
amyotrophic lateral sclerosis: a phase 1, randomised, firstinman 
study. Lancet Neurol 2013; 12: 435–42.

69 Rigo F, Chun SJ, Norris DA, et al. Pharmacology of a central 
nervous system delivered 2’Omethoxyethylmodified survival of 
motor neuron splicing oligonucleotide in mice and nonhuman 
primates. J Pharmacol Exp Ther 2014; 350: 46–55.

70 US Food and Drug Administration. SPINRAZA (nusinersen) 
injection, for intrathecal use. 2016. https://web.archive.org/
web/20190711211135/https://www.accessdata.fda.gov/drugsatfda_
docs/label/2016/209531lbl.pdf (accessed July 11, 2019).

71 HoffmanLa Roche. A study to evaluate the efficacy and safety of 
intrathecally administered RO7234292 (RG6042) in patients with 
manifest Huntington’s disease. 2018. https://clinicaltrials.gov/ct2/
show/NCT03761849 (accessed May 16, 2019).



368 www.thelancet.com/neurology   Vol 19   April 2020

Personal View

72 Garber K. Genentech’s Alzheimer’s antibody trial to study disease 
prevention. Nat Biotechnol 2012; 30: 731–32.

73  Bateman RJ, Xiong C, Benzinger TLS, et al. Clinical and biomarker 
changes in dominantly inherited Alzheimer’s disease. N Engl J Med 
2012; 367: 795–804.

74  Byrne LM, Rodrigues FB, Blennow K, et al. Neurofilament light 
protein in blood as a potential biomarker of neurodegeneration 
in Huntington’s disease: a retrospective cohort analysis. 
Lancet Neurol 2017; 16: 601–09.

75  Sperling RA, Rentz DM, Johnson KA, et al. The A4 study: stopping 
AD before symptoms begin? Sci Transl Med 2014; published online 
March 19. DOI:10.1126/scitranslmed.3007941.

76  Abu Rumeileh S, Lattanzio F, Stanzani Maserati M, Rizzi R, 
Capellari S, Parchi P. Diagnostic accuracy of a combined analysis of 
cerebrospinal fluid tPrP, ttau, ptau, and Aβ42 in the differential 
diagnosis of CreutzfeldtJakob disease from Alzheimer’s disease 
with emphasis on atypical disease variants. J Alzheimers Dis 2017; 
55: 1471–80.

77  Franceschini A, Baiardi S, Hughson AG, et al. High diagnostic 
value of second generation CSF RTQuIC across the wide spectrum 
of CJD prions. Sci Rep 2017; 7: 10655.

78  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.

79 Steinacker P, Blennow K, Halbgebauer S, et al. Neurofilaments in 
blood and CSF for diagnosis and prediction of onset in Creutzfeldt
Jakob disease. Sci Rep 2016; 6: 38737.

80  Kovacs GG, Andreasson U, Liman V, et al. Plasma and 
cerebrospinal fluid tau and neurofilament concentrations in rapidly 
progressive neurological syndromes: a neuropathologybased 
cohort. Eur J Neurol 2017; 24: e1326–77.

81 Thompson AGB, Luk C, Heslegrave AJ, Zetterberg H, Mead SH, 
Collinge J, Jackson GS. Neurofilament light chain and tau 
concentrations are markedly increased in the serum of patients with 
sporadic CreutzfeldtJakob disease, and tau correlates with rate of 
disease progression. J Neurol Neurosurg Psychiatry 2018; 89: 955–61.

82  Staffaroni AM, Kramer AO, Casey M, et al. Association of blood and 
cerebrospinal fluid tau level and other biomarkers with survival time 
in sporadic CreutzfeldtJakob disease. JAMA Neurol 2019; 76: 969–77.

83  Vallabh SM, Minkel EV, Williams VJ, et al. Cerebrospinal fluid and 
plasma biomarkers in individuals at risk for genetic prion disease. 
medRxiv 2019; published online Dec 15. https://doi.
org/10.1101/2019.12.13.19014217 (preprint).

84  US House of Representatives. Expedited approval of drugs for 
serious or lifethreatening diseases or conditions. http://uscode.
house.gov/view.xhtml?req=(title:21%20section:356%20
edition:prelim) (accessed Jan 17, 2020).

85  VillarPiqué A, Schmitz M, Lachmann I, et al. Cerebrospinal fluid 
total prion protein in the spectrum of prion diseases. Mol Neurobiol 
2018; 56: 2811–21.

86 Vallabh SM, Nobuhara CK, Llorens F, et al. Prion protein 
quantification in human cerebrospinal fluid as a tool for prion 
disease drug development. Proc Natl Acad Sci USA 2019; 
116: 7793–98.

87  Dorey A, Tholance Y, Vighetto A, et al. Association of cerebrospinal 
fluid prion protein levels and the distinction between Alzheimer 
disease and CreutzfeldtJakob disease. JAMA Neurol 2015; 
72: 267–75.

88  Minikel EV, Kuhn E, Cocco AR, et al. Domainspecific quantification 
of prion protein in cerebrospinal fluid by targeted mass 
spectrometry. Mol Cell Proteomics 2019; published online Sept 26. 
DOI:10.1074/mcp.RA119.001702.

89 Owen J, Beck J, Campbell T, et al. Predictive testing for inherited 
prion disease: report of 22 years experience. Eur J Hum Genet 2014; 
22: 1351–56.

90  McDade E, Bateman RJ. Stop Alzheimer’s before it starts. Nat News 
2017; 547: 153.

91  US Food and Drug Administration. Early Alzheimer’s disease: 
developing drugs for treatment. Guidance for industry. 
February 2018. https://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/
UCM596728.pdf (accessed March 3, 2019).

© 2020 Elsevier Ltd. All rights reserved.


	Towards a treatment for genetic prion disease: trials andbiomarkers
	Introduction
	Pathogenesis of prion disease
	Previous therapeutic efforts
	Emerging therapeutic directions
	Antisense oligonucleotides

	Trials in presymptomatic mutation carriers
	Prodromal biomarkers
	Surrogate endpoints

	Regulatory and community engagement
	Conclusions and future directions
	References


