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Chapter 1 )
Advancements in Chronic Wasting Disease <o
(CWD) Prion Detection: Moving Beyond

the Gold Standards

Paulina Soto, Reece McGinn, and Rodrigo Morales

Abstract Chronic wasting disease (CWD) is perhaps the most problematic prion
disease at present, considering its rapid spread in North America, its presence in
both captive and wild animals, and its unknown zoonotic potential. Although sev-
eral strategies have been attempted to contain the spread of CWD, their success
appears to be limited. One of the main problems associated with the management of
this disease lies in its diagnosis. At present, CWD diagnosis is evaluated using post-
mortem tissues using techniques of insufficient analytical sensitivity. As a conse-
quence, these techniques do not allow for the identification of infected animals
using biological samples that could be collected from live subjects. Along this line,
further development of prion amplification methods may fill this much-needed gap.
This chapter summarizes the current methods used to diagnose CWD in regulatory
and laboratory settings, and provides perspectives on how new technologies may
help facilitate the identification of diseased animals.

Keywords Chronic wasting disease (CWD) - CWD detection - PMCA - RT-QulC
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Introduction

Transmissible spongiform encephalopathies (TSEs), or prion diseases, are fatal
neurodegenerative diseases that affect humans and some animals. These diseases
occur when the normal prion protein (PrP€) misfolds into a pathological and infec-
tious form (PrPS), which can self-propagate and induce additional misfolding pro-
cesses as well as the brain deposition of these deleterious particles (Dearmond and
Prusinertt 1995; Orge et al. 2021; Prusiner 1991).

Prion diseases include several disorders, such as Creutzfeldt—Jakob disease
(CJD), Gerstmann—Straussler—Scheinker (GSS) syndrome, fatal familial insomnia
(FFI), and kuru in humans (Belay 1999; Collinge 1997, 2001). In animals, scrapie
in sheep and goats (Sigurdson et al. 2003), bovine spongiform encephalopathy
(BSE) in cattle (Collinge 1997), and chronic wasting disease (CWD) in cervids
(Sigurdson 2008) are relevant to highlight considering their impact on animal and
human populations.

Prion diseases can manifest in three ways: (I) familial, (Il) sporadic, or (III)
acquired. In humans, sporadic prion disease is the most common form (about
85-90% of all cases) and is exemplified by sporadic Creutzfeldt—Jakob disease
(sCJD). Acquired prion diseases account for less than 1% of cases and include kuru,
variant Creutzfeldt—Jakob disease (vCJD), and iatrogenic Creutzfeldt—Jakob dis-
ease (iCJD). The iCJD is primarily caused by contaminated dura mater and corneal
transplants, as well as treatments with cadaveric human growth hormone and blood
transfusions (Belay 1999; Collinge 2001). The remaining percentage of cases are
due to mutations in the prion protein that favor the misfolded form of the protein.
These familial cases include GSS, FFI, and inherited forms of CJD (Collins et al.
2001; Medori et al. 1992).

Different from humans, most of the natural TSE cases in animals are thought to
be transmitted through ingestion, although vertical routes have also been proposed.
This is supported by epidemiological and experimental evidence (Gallardo and
Delgado 2021). However, it is important to highlight that the cause of transmission
remains unclear in some specific cases. Recent examples of this include the emer-
gence of chronic wasting disease (CWD) in the Scandinavian Peninsula (Benestad
et al. 2016) and the prion disease affecting camels in Algeria (Babelhadj et al. 2018).

Chronic Wasting Disease (CWD)

CWD affects cervids, including white-tailed deer (Odocoileus virginianus), mule
deer (Odocoileus hemionus), reindeer (Rangifer tarandus), red deer (Cervus ela-
phus), elk (Cervus canadensis), moose (Alces alces), sika deer (Cervus nippon), and
muntjac deer (Muntiacus muntjak) (Escobar et al. 2020). CWD was first observed
in 1967 in the state of Colorado, USA (Williams and Young 1980). The escalating
threat of CWD in cervid populations is underscored by surveillance data. In the year
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2000, CWD was recorded in five states in the United States and one Canadian prov-
ince. By 2010, the disease had been identified in 17 states and two provinces. As of
2018, CWD was reported in 26 states and three provinces, indicating a significant
geographic expansion of the infection in the cervid population (Osterholm et al.
2019). At the moment of writing (February 2025), CWD has been identified in 36
US states, five Canadian provinces (https://www.usgs.gov/centers/nwhc/science/
expanding-distribution-chronic-wasting-disease), three Nordic countries, and
South Korea.

The exact origin of CWD is unknown; however, several hypotheses have been
proposed. One of them suggests that CWD may result from cervids being infected
by scrapie-affected sheep that often share the same environment. This hypothesis is
supported by experimental evidence indicating that cervids can be infected with
scrapie prions derived from sheep. Studies have shown that brain homogenates con-
taminated with scrapie can affect elk and white-tailed deer (Greenlee et al. 2011).
These originally infected animals, in turn, may adapt the infectious particles for
efficient transmission within the same and other cervid species. Additional experi-
mental research has further validated this theory, demonstrating that infection of
sheep with CWD prions is possible, leading to a disease that resembles conventional
scrapie (Cassmann et al. 2021). Another hypothesis posits that some of the CWD
cases are of sporadic origin, and these act as the original foci of transmission
(Tranulis et al. 2021). This hypothesis finds strong support in the fact that the CWD
agents naturally existing in North America and Europe appear to be unrelated and
spontaneously generated in each geographic location (Tranulis et al. 2021).

CWD can be transmitted both vertically and horizontally. Experimental evidence
collected from muntjac deer (Muntiacus muntjak) shows that 80% of the offspring
from CWD-positive dams are infected, indicating that prion infection can occur in
utero, during parturition, or during nursing (Nalls et al. 2013). Additional studies
identified PrP% in the fetal, gestational, and reproductive tissues of deer infected
with CWD (Bravo-Risi et al. 2021). Regardless, horizontal transmission is perhaps
the best-accepted mode of transmission for CWD in natural scenarios. This may
occur through direct contact between infected animals or indirect contact through
environmental elements (Jo Moore et al. 2016). Excreta from animals infected with
CWD, including saliva, blood, urine, and feces, can contaminate environmental
components such as water, vegetation, and soil, as well as surfaces, and they can
persist for years (Carlson et al. 2023; Nichols et al. 2009; Pritzkow et al. 2015;
Smith et al. 2011). The contact of naive animals with these contaminated fomites
may, in turn, facilitate the propagation between animals. These assumptions go
along with the high prevalence and persistence of prion infectivity in captive set-
tings (Belay et al. 2004).

CWD, like all prion diseases, has a lengthy preclinical phase that can last from
several months to years before any visible clinical signs appear. This makes it chal-
lenging to differentiate between preclinical CWD-infected and uninfected animals.
After an animal is exposed to CWD prions through ingestion, the infectious agents
are thought to first replicate in lymphoid tissues associated with the digestive tract.
The prions then spread mainly through the circulatory system to other lymphatic
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centers, including the tonsils and retropharyngeal lymph nodes (Sigurdson et al.
2002). Once prions reach a critical concentration in the body, neuro-invasion is
favored and occurs in a retrograde manner, moving from the peripheral nervous
system to the central nervous system (CNS). This process occurs specifically
through the ascending fibers of the autonomic nervous system, leading to prion
deposits and spongiform degeneration in the dorsal motor nucleus of the vagus
nerve located in the obex region of the medulla oblongata. Ultimately, prions multi-
ply in the CNS, causing neuronal death, the onset of clinical symptoms, and eventu-
ally, the death of the individual (Moreno and Telling 2018).

Multiple researchers and government agencies are actively working to address
the CWD problem by implementing diverse strategies. These approaches focus on
the proactive detection and removal of affected animals using diagnostic tests, aim-
ing to effectively manage and mitigate the impact of the disease. Additionally, bios-
ecurity protocols are in place to reduce the movement of infected animals to
locations not affected by CWD, including the movement of dead animals, preven-
tion of contact of captive animals with wildlife, and/or any risk of animal exposure
to possibly CWD-contaminated environments. Due to the significant spread of
CWD, there is an urgent need to develop rapid, sensitive, and cost-effective diag-
nostic tests. These tests should ideally utilize samples collected ante-mortem, be
minimally invasive, and be easy to access. Currently, there are only a few approved
tests for detecting CWD in the United States (the country most affected by CWD),
which primarily focus on two types of samples regarded as the “gold standards”
(Haley and Richt 2017).

Currently, the official tests for detecting CWD prions in cervids are conducted
post-mortem (Peters et al. 2000). These tests utilize tissues such as the retropharyn-
geal lymph nodes and the brain obex region. The retropharyngeal lymph nodes,
located in the head of cervids underneath the back of the throat, have been observed
to accumulate prions relatively soon after infection in white-tailed deer (one of the
most CWD-susceptible species), well before any clinical signs appear. The diagno-
sis of prion diseases has traditionally relied on detecting the biological marker asso-
ciated with the disease, PrP%.

The Official Methodologies for CWD Detection

The official diagnostic tests for CWD in cervids, also referred to as the “gold stan-
dards,” include immunohistochemistry (IHC) (Peters et al. 2000) and the enzyme-
linked immunosorbent assay (ELISA) (Hibler et al. 2003) (Fig. 1.1). IHC is used to
detect PrP% deposits in tissues, while the ELISA assay examines fresh tissue
homogenate to identify the accumulation of the prion protein. Both assays require
antibodies specifically targeting the prion protein. As mentioned before, there are
two approved tissue types for official CWD post-mortem testing in cervids: the
medial retropharyngeal lymph nodes (MRPLNSs) and the brainstem (obex) (Haley
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Fig. 1.1 Methods to detect CWD prions. This figure shows some of the current methodologies
available to identify CWD prions. Current approved methods use two different tissue types (obex
and MRPLNs) coupled with specific techniques (IHC and ELISA, although western blots are also
widely accepted). Recently optimized prion amplification technologies allow the detection of
CWD prions in a wide variety of samples, including a plethora of tissue and fluid samples.
Importantly, these prion amplification assays allow for the ante-mortem identification of diseased
animals. Moreover, these techniques are amenable to detecting prions in multiple environmen-
tal fomites

and Richt 2017). It is essential to analyze both types of tissues to obtain an accurate
diagnosis (Benavente et al. 2023).

Immunohistochemistry (IHC) For the immunohistochemistry assay, formalin-
fixed tissues are utilized. These tissues are sliced into thin sections and treated with
antibodies that bind to prion proteins that have been pretreated with proteases and
denatured to help in the exposure of reactive epitopes (Sajnani et al. 2012). The
binding of the antibody to infectious prion clumps is indicated by a pink color,
which can be observed under a microscope. A key characteristic of infectious prions
is their partial resistance to treatment with acids and digestion by proteases (usually
proteinase K, or PK). As a result, normal cellular prions can be digested by PK,
while the misfolded and infectious protein remains (Guiroy et al. 1991).

ELISA This test uses fresh and homogenized tissues to look for infectious prions.
An antibody is used, and the measurement is observed by colorimetry, giving a
numerical value, which refers to the intensity of binding between the antibody and
possible infectious prions present in the sample. The intensity values that are more
significant than a predetermined threshold indicate the presence of prions (Haley
and Richt 2017).

Western Blot (WB) Although not part of the “gold standard,” this technique is well
accepted as a diagnostic tool for CWD prions, as it detects infectious particles when
they are already at high concentrations. This methodology requires homogenized
tissue that has been digested with an enzyme (PK) and fractionated by size through



6 P. Soto et al.

SDS-PAGE. This is followed by an immunoblotting process. With this approach, it
is possible to differentiate the types of prions present by visualizing the electropho-
retic mobility and glycosylation patterns of the PrP protein, which may be mono-,
di-, or non-glycosylated (Haley and Richt 2017). The visualization of these bio-
chemical patterns is useful to preliminarily differentiate between prion strains
(Morales 2017).

IHC, ELISA, and western blot are all effective methods to identify CWD prions
in samples collected post-mortem. However, these techniques lack the necessary
sensitivity to identify animals at early stages of infection. It is essential to mention
that when a sample provides readings below the detection threshold, the CWD test
results are reported as “Not Detected” instead of “Negative” to clearly recognize the
low sensitivity of these assays (Haley and Richt 2017). The results of these tests
may be inconclusive, especially in animals that are in the early stages of infection
(Giles et al. 2017). An additional disadvantage of these tests is that they require tis-
sues that can only be collected post-mortem. A study conducted in 2019 found that
WB and ELISA techniques have detection capabilities ranging from dilutions of
107! to 1072 when starting from a 10% weight/volume tissue extract. This may result
in impracticality when analyzing tissues from animals at early incubation periods:
at those stages, animals usually display low and/or variable levels of PrPS proteins
in these tissues. Very low concentrations of prion deposits reduce the reliability of
the tests (McNulty et al. 2019). This limitation makes it challenging to use these
detection methods as a control strategy for CWD.

Bioassays to Identify CWD Prions

It is important to note that the first bioassays related to prion diseases were con-
ducted on large animals, but the results were inconclusive, likely due to the insuffi-
cient length of the observation periods. Specifically, between 1936 and 1939, Cuille
and Chelle (Brown and Bradley 1998) reported the transmission of scrapie to sheep
more than 1 year after inoculation. Other early experimental transmissions of TSE
include the inoculation of the kuru and CJD agents into chimpanzees, with observa-
tions lasting approximately 2 years (Gibbs Jr 1968; Gajdusek et al. 1966). While
large animal experiments yielded invaluable insights, the prototypes developed
from these studies were often unwieldy and prohibitively expensive.

The evolution of bioassays increasingly favors the use of transgenic mice that
overexpress the physiological prion protein, PrP€, from diverse animal species.
Genetic technologies facilitate the elimination of the endogenous mouse PrP (PrP?)
(Telling et al. 1995) in certain instances and introduce PrP from multiple, larger
animals. This enormously facilitates bioassays for different strains of natural prions,
enabling the study of interspecies prion transmissions and the subsequent adapta-
tion of the infectious agent in the new hosts (Watts and Prusiner 2014).

When considering bioassays as a detection methodology, we must recognize the
ethical issues involving the use of animals and the extensive incubation periods



1 Advancements in Chronic Wasting Disease (CWD) Prion Detection... 7

necessary to reach conclusive results. These experiments may also be quite expen-
sive (Giles et al. 2017). Regardless, bioassays are sensitive as they allow for the
detection of CWD prions at high dilutions (1076) (McNulty et al. 2019). Another
advantage of bioassays is that they allow the study of the pathophysiology of CWD,
as well as being responsive to the specific strain identity of the agent present in the
problem sample (Beck et al. 2012).

In Vitro Prion Replication Assays to Detect CWD Prions

In the past two decades, innovative in vitro prion replication assays such as the pro-
tein misfolding cyclic amplification (PMCA) (Castilla et al. 2006) and the real-time
quaking-induced conversion (RT-QulC) (Green 2019) have emerged as powerful
tools in the quest to identify prions. These assays partially simulate the mechanism
of prion replication in vitro, allowing the amplification of trace amounts of PrP%
while consuming larger amounts of normally folded prion proteins. This is achieved
through a cyclic amplification procedure involving repeated cycles of incubation
and fragmentation. Both PMCA and RT-QuIC are highly sensitive techniques for
detecting CWD prions in various biological samples, such as blood, urine, saliva,
feces, tears, gestational tissues, nasal mucosa, peripheral tissues, and decaying
corpses, and additionally include environmental samples (Fig. 1.1) (Bartz et al.
2024; Benavente et al. 2023; Bravo-Risi et al. 2021, 2023; Carlson et al. 2023;
Davenport et al. 2018; Denkers et al. 2020; Haley et al. 2009, 2011; Henderson et al.
2015; Inzalaco et al. 2024; Jo Moore et al. 2016; Johnson et al. 2006; Kraft et al.
2023; Kramm et al. 2020; Nichols et al. 2009; Pulford et al. 2012; Smith et al. 2011;
Soto et al. 2023, 2024; Yuan et al. 2022).

Protein Misfolding Cyclic Amplification (PMCA) The PMCA technique involves
alternating incubation and sonication cycles of a mixture including a sample sus-
pected to contain PrP% and the normal cellular prion protein PrP¢ provided in the
brain extract of prion-free animals (Soto et al. 2002). This technique aims to convert
PrP€ to PrP5 in vitro. The sonication steps included in the PMCA protocol aim to
break PrP5 into smaller pieces, which enhances the growth of active PrP5 nuclei.
During incubation, these smaller particles recruit and convert more PrP¢ to PrPsc.
Due to the amplification of PrPS¢ using this technique, it is possible to identify infec-
tious particles in samples with a small number of prions through immunoblot tech-
niques (Morales et al. 2012). According to McNulty and collaborators (McNulty
et al. 2019), detection using this technique can be extremely sensitive, being 10,000
times more sensitive than IHC, ELISA, and WB. However, other groups have
described increased sensitivities using this assay (Bartz et al. 2024).

The PMCA technique has been extensively used to study CWD in terms of dis-
ease mechanisms and diagnosis. It uses a substrate derived from the cellular prion
protein obtained from the brains of transgenic mice that overexpress the prion pro-
tein found in cervids, such as white-tailed deer, elk, and moose. This approach
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provides an abundant source of PrP€, which can be converted in vitro. In the case of
the PMCA protocol to detect CWD prions, the “substrate” (source of the PrP€ pool)
is initially supplemented with EDTA, digitonin, and a protease inhibitor cocktail.
This mixture is then combined with the “sample” (suspected to contain PrP5¢). The
combined mixture is subjected to cycles of incubation and sonication for 72 hours
at 37 °C. After this process is completed (a “round”), a portion of the resulting prod-
uct is transferred into a new PrP¢ brain homogenate preparation. Typically, three
PMCA rounds are performed to assess the presence of CWD prions in a given sam-
ple, although additional rounds may be added for samples inhibiting the reaction,
such as soils, plants, and others (Soto et al. 2024). Finally, the product obtained
from the final PMCA round is subjected to digestion with PK. The final concentra-
tion of PK added can vary, depending on the specific strain of prions being studied.
After the PK treatment, this final product is evaluated using WB (Castilla et al.
2006; Morales et al. 2012).

As of 2025, the CWD-adapted PMCA protocol has been used on biological sam-
ples (Benavente et al. 2023), including body fluids (Haley et al. 2011), excretions
(Bravo-Risi et al. 2023), decaying carcasses (Soto et al. 2023), and various tissues
(Bartz et al. 2024). Additionally, due to its high sensitivity, PMCA can also detect
prions in environmental samples, including different types of soil (Smith et al.
2011), plants (Carlson et al. 2023), water (Nichols et al. 2009), grass (Pritzkow et al.
2015; Soto et al. 2024), insects and parasites (Pritzkow et al. 2021; Soto et al. 2024),
and surfaces (Pritzkow et al. 2018).

Real-Time Quaking-Induced Conversion (RT-QuIC) RT-QuIC is an effective
prion replication method (Atarashi et al. 2011) that has been extensively used to
detect CWD prions in multiple sample types. RT-QulC was introduced in 2010 as a
novel technique for detecting small amounts of PrP%. This method takes advantage
of the ability of the recombinant prion protein to misfold, leading to the formation
of recombinant PrP fibrils. The aggregation process is monitored in real-time
through the binding of a fluorescent dye called thioflavin T. This dye intercalates
within the growing amyloid fibrils, exhibiting a different spectrum compared to that
if the dye were free in solution. According to previous reports (McNulty et al. 2019)
where different detection techniques are compared for a pool of infectious material
with CWD, the RT-QuIC technique has a detection power of one log higher com-
pared to PMCA. The latter is still contested, considering other available articles that
describe a higher efficiency of PMCA compared with RT-QuIC (Benavente et al.
2023). RT-QuIC has been used for the detection of CWD prions in multiple sample
types, such as muscles (Li et al. 2021), secretions, excretions (Davenport et al.
2018; Henderson et al. 2015), and many others (Burgener et al. 2022).

Summary of Pros and Cons of the In Vitro Prion Amplification Assays RT-QulC
and PMCA have been shown to provide false negative results (Jones et al. 2023;
Lacroux et al. 2014; Vijaywargiya et al. 2024). With the emergence of CWD,
detection has been an issue for labs, and determining a standard approach for testing
has not happened yet. The latter can lead to variable results depending on the lab,
equipment, and specific protocols used (Rowden et al. 2023). Another negative
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aspect of these techniques involves the concern of working with biohazard samples
(Bistaffa et al. 2017).

A positive aspect of RT-QulC involves its rapid turnover. Most RT-QuIC tests
take around 90 hours or more to complete (Green 2019). This is considerable com-
pared with bioassays that can take 250+ days to complete (Notari et al. 2012).
RT-QuIC substantially reduces this time to just a few hours, depending on the pro-
tocol used in different laboratories (Tewari et al. 2021; Yilmaz et al. 2024). RT-QuIC
also has an extremely high sensitivity, with around 95% accuracy (Fiorini et al.
2020) and up to 98% specificity (Rossi et al. 2020; Bistaffa et al. 2019). For testing,
RT-QuIC can use a wide variety of samples, as observed for humans and multiple
other animal species. The use of RT-QuIC is not limited to post-mortem specimens
(Yuan et al. 2022). The RT-QulC products are considered not to be infectious, a fact
that is advantageous in terms of sample manipulation but a disadvantage to studying
the properties of the input infectious agent (Bartz et al. 2024). Considering the lat-
ter, RT-QuIC is not able to discriminate between prion strains, importantly limiting
its diagnostic use (Bartz et al. 2024).

PMCA faithfully replicates infectious prions, creating biosafety concerns as
additional infectivity is generated. Besides this negative aspect, the PMCA products
can be further studied to specifically assess the infectivity and strain properties of
the infectious particles present in a given sample. In addition, PMCA can partially
mimic interspecies transmissions (Bartz et al. 2024). Technical aspects are also a
challenge. Due to the high sensitivity of PMCA, contamination of the samples can
occur, and specific training, as well as the inclusion of multiple positive and nega-
tive controls, must be considered. Along with these technical aspects, the PMCA
technique requires specific equipment that may challenge its implementation.

Multiple types of samples can be interrogated by PMCA for their prion content
(Benavente et al. 2023). These include environmental samples like soils and water
(Nichols et al. 2009). An optimized PMCA method can detect a single prion particle
of PrP% from a sample (Wang et al. 2022), making this technique a highly sensitive
platform when compared to other forms of detection. PMCA can also differentiate
between prion strains (Castilla et al. 2008). Strain specificity is extremely valuable
because strains can cause different disease phenotypes that can have a wide range of
incubation periods and clinical symptoms (Crowell et al. 2015).

Perspectives

An innovative, noninvasive test to identify live animals infected with CWD prions
before symptoms appear could significantly change the way we combat this devas-
tating disease. By detecting infected deer early, we can greatly reduce the risk of
environmental prion contamination and limit both horizontal and vertical transmis-
sion of the disease.

Fortunately, recent advances in in vitro prion replication assays, specifically in
the PMCA and RT-QuIC techniques, show great potential for detecting prions in the
biological fluids of cervids affected by CWD. By utilizing these innovative
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techniques, which allow for noninvasive sample collection from living animals and
can be easily accessed, we can significantly enhance our efforts to control CWD in
wildlife and ecosystems.
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Abstract Prion diseases are rapidly progressive and fatal neurodegenerative disor-
ders caused by misfolded prion proteins. Accurate and early diagnosis is essential to
distinguish these conditions from treatable dementias and to prevent iatrogenic
transmission. While definitive confirmation still depends on postmortem neuro-
pathological techniques such as immunohistochemistry and western blot, recent
advances have significantly improved antemortem diagnostic capabilities. The ante-
mortem diagnosis combines clinical evaluation, neuroimaging, electroencephalog-
raphy, and cerebrospinal fluid biomarkers. The development of real-time
quaking-induced conversion (RT-QuIC) has enhanced the detection of misfolded
prion proteins with high specificity, complementing existing diagnostic methods.
Although advancements in biomarkers and diagnostic methodologies have improved
the early detection of prion diseases, challenges remain. Continued research is cru-
cial for enhancing early identification, tracking disease progression, optimizing
patient management, and further elucidating disease pathogenesis.
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Introduction

Early and precise diagnosis of Creutzfeldt—Jakob disease (CJD) is crucial for distin-
guishing this incurable condition from treatable, rapidly progressive dementias and
preventing iatrogenic transmission (Zanusso et al. 2016; Paterson et al. 2012). As
per the diagnostic criteria established by the Creutzfeldt—Jakob Disease International
Surveillance Network (Diagnostic criteria for surveillance of CJD 2017; Hermann
and Zerr 2022), conventional neuropathological methods, such as immunohisto-
chemistry and western blot, which confirm misfolded prion protein (PrP%) in the
brain tissue, are considered valid for definitively diagnosing prion diseases.
Typically, these diagnostic procedures are conducted as part of postmortem exami-
nations or through biopsy, posing challenges in clinical practice (Brown and Farrell
2015; Chitravas et al. 2011). Patients may receive a diagnosis of probable or possi-
ble prion disease through antemortem assessment if they meet the clinical diagnos-
tic criteria for prion disease (Diagnostic criteria for surveillance of CJD 2017) and
other neurodegenerative conditions have been excluded. Supporting investigations
such as magnetic resonance imaging (MRI), electroencephalography (EEG), and
conventional cerebrospinal fluid (CSF) biomarker analyses aid in the diagnostic
process, and real-time quaking-induced conversion (RT-QulC) assays have
improved diagnostic accuracy; however, these analyses do not provide a definite
diagnosis (Collins et al. 2006; Zanusso et al. 2003). The most effective method for
obtaining a premortem diagnosis of prion disease currently involves a combination
of CSF laboratory findings and MRI results. An early and confident diagnosis of
prion disease is not only beneficial for infection control measures but also plays a
crucial role in planning patient care decisions (Connor et al. 2019).

Sporadic CJD (sCJD)

sCJD is the most prevalent form of prion disease in humans, comprising around
85% to 95% of all prion cases (Ladogana et al. 2005; Masters et al. 1979). Its origin
remains unknown, as it is not associated with any mutations in the PRNP gene.
However, studies indicate that individuals with a family history of CJD, a medical
history of psychosis, a record of multiple surgical procedures, or prolonged resi-
dence on a farm (more than 10 years) are significantly more prone to developing
sCJD (De Villemeur 2013). sCJD exhibits a broad range of phenotypic variations,
linked to polymorphisms of codon 129 in the PRNP gene and the size of the
protease-resistant core of the abnormal prion protein (PrPres), typically around 21
KDa (type 1) or 19 KDa (type 2). Codon 129 of the PRNP gene encodes either
methionine (M) or valine (V) amino acids on each allele. Consequently, individuals
with CJD can manifest MM, MV, or VV genotypes in the protease-resistant core.
These variations, encompassing both genotypic and core size differences (type 1
and 2), contribute to distinct phenotypes of prion disease (Cali et al. 2006). As a


https://www.eurocjd.ed.ac.uk/
https://www.eurocjd.ed.ac.uk/

2 Diagnosis of Prion Diseases 17

Rapidly progressive cognitive

impairment Progressive neurological syndrome

Two of the following:

A Mynoclonus

B Visual or cerebellar problems

C Pyramidal or extrapyramidal features
D Akinetic mutism

Typical MRI scan*
i * Neuropathologicall
Positive CSF ypical EEG *High signal in Positive RT-QuIC* e an
e A0 e immunohistochemicall;
e *Generalized periodic brain scan or at least two ~GSF or other tssues ! 1 ly
complexes cortical regions (temporal, or bnocl?enucally
parietal, occipital) either confirmed
on DWI or FLAIR
EOSSIBLE PROBABLE DEFINITE

Fig. 2.1 sCJD Diagnostic Criteria. Definite, probable, and possible. Based on diagnostic criteria
established by the Creutzfeldt—Jakob Disease International Surveillance Network. (Adapted from
Diagnostic criteria for surveillance of CID (2017))

result, sCJD is classified into six distinct subtypes: sCID MM1, sCID MM2, sCID
MV1, sCID MV2, sCJD VV1, and sCJD VV2 (Cali et al. 2009; Puoti et al. 2012).

The clinical diagnosis of sCJD prior to death is based on a combination of char-
acteristic neuropsychiatric symptoms, electroencephalography (EEG), magnetic
resonance imaging (MRI), CSF 14-3-3 protein analysis, and real-time quaking-
induced conversion (RT-QuIC) testing (Fig. 2.1). Additional biomarkers, such as
elevated total Tau (t-Tau) levels in CSF, may improve the accuracy of premortem
diagnosis. However, discrepancies among studies have raised controversies sur-
rounding the clinical usefulness of certain established surrogate biomarkers (Abu-
Rumeileh et al. 2019).

Genetic Prion Diseases

Genetic forms of prion diseases are relatively uncommon, comprising approxi-
mately 10% to 15% of all cases of prion diseases. This group includes the familiar
CJID (fCJD), also known as genetic CJD (gCJD), Gerstmann—Striaussler—Scheinker
syndrome (GSS), and fatal familial insomnia (FFI) (Zerr and Schmitz 2021; Ghetti
et al. 2018; Budka et al. 1995; Uttley et al. 2020; Kovécs et al. 2005). These disor-
ders are linked to autosomal dominant pathogenic mutations in the PRNP, which
may involve point mutations resulting in amino acid substitutions, premature stop
codons, or insertions/deletions of octapeptide repeats (OPRs) in the N-terminal
region of the PRNP (Schmitz et al. 2017). These mutations induce structural altera-
tions in the normal PrPC, facilitating its transformation into PrP5 through
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conformational changes (Noble et al. 2015). The penetrance—the likelihood of
developing the disease—varies based on the specific mutation, as well as geographic
and ethnic factors (Kovdcs et al. 2005). For instance, while the penetrance of the
E200K mutation is 67% in the Italian population (Ladogana et al. 2005) and 60% in
the Slovak population (Kosorinova et al. 2021; A pilot study of a genetic CJD risk
factor (E200K) in the general Slovak population on JSTOR), it reaches 100% in the
Libyan Jewish population in Israel (Spudich et al. 1995). In cases of genetic prion
disease, diagnosis is confirmed (Fig. 2.2) when an individual exhibits indicative
symptoms and carries a heterozygous pathogenic mutation in the PRNP gene, iden-
tified through molecular genetic testing (Zerr and Schmitz 2021). Typically, symp-
toms begin to manifest between the ages of 50 and 60 years. The disease duration
varies significantly, ranging from a few months in cases of gCJD and FFI to several
years in GSS syndrome (Zerr and Schmitz 2021).

Iatrogenic CJD (iCJD)

Tatrogenic transmission of CJD arises from specific surgical and medical proce-
dures. The primary sources of iCJD include the utilization of contaminated growth
hormone (hGH) and dura mater grafts obtained from human cadavers with undiag-
nosed CJD (Kobayashi et al. 2018; Will 2003). Other sources of iCJD include cor-
neal transplants, treatment involving cadaveric pituitary-derived gonadotropin, and
the utilization of CJD-contaminated electroencephalogram (EEG) depth electrodes
and neurosurgical instruments (Kobayashi et al. 2018). Although iCJD diagnosis
typically relies on identifying a known iatrogenic source (Fig. 2.3), it is important
to acknowledge the possibility of transmission through unrecognized mechanisms
(Llorens et al. 2020a). The clinical presentation of iCJD can vary depending on the
specific route of exposure, and it is often characterized by an unusual young age at
onset. Exposure through neurosurgical instruments or dura mater grafting typically
mirrors sCJD, with comparable illness duration. While iCJD linked to contaminated
hGH exposure may show predominant cerebellar syndrome and slightly longer dis-
ease duration (Liberski et al. 2023).

Variant CJD (vCJD)

In March 1996, the UK witnessed the first cases of vCJID, a newly recognized neu-
rological disorder. The disease was linked to the consumption of beef from cattle
affected by Bovine Spongiform Encephalopathy (BSE), commonly referred to as
“mad cow” disease (Creutzfeldt-Jakob disease - NHS). vCJID can also be transmit-
ted through blood transfusion, although this occurrence has been documented only
five times in the UK (Creutzfeldt-Jakob disease - NHS). The duration of the incuba-
tion period remains unclear. vCJD exhibits distinct clinical features (Fig. 2.4).
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PRNP mutations associated with GSS neuropathological phenotype: P102L, P105L, A117V,
G131V, F198S, D202N, Q212P, Q217R, M232T, 192 bpi

PRNP mutations associated with CJD neuropathological phenotype: D178N-129V, V180I,
V180I+M232R, T183A, T188A, E196K, E200K, V203I, R208H, V210I, E211Q, M232R, 96 bpi,
120 bpi, 144 bpi, 168 bpi, 48 bpdel

PRNP mutations associated with FFI neuropathological phenotype: D178N-129M

PRNP mutation associated with vascular prp amyloid: Y145s

PRNP mutations associated with proven but unclassified prion disease: H187R, 216 bpi
Mutations associated with neuro-psychiatric disorder but not proven prion disease: 1138M,

G142S, Q160S, T188K, M232R, 24 bpi, 48 bpi, 48 bpi + nucleotide substitution in other
octapeptides

ADDITIONAL LIST OF MUTATIONS

PRNP mutations without clinical and neuropathological data: T188R, P238S

PRNP polymorphisms with established influence on phenotype: M129V

PRNP polymorphisms with suggested influence on phenotype: N171S, E219K, 24 bp deletion

PRNP polymorphisms without established influence on phenotype: P68P, A117A, G124G,
V161V, N173N, H177H, T188T, D202D, Q212Q, R228R, S230S

Fig. 2.2 Genetic TSE diagnostic criteria. Definite, probable, and mutation list. Based on diagnos-
tic criteria established by the Creutzfeldt-Jakob Disease International Surveillance Network.
(Adapted from Diagnostic criteria for surveillance of CID (2017))


https://www.eurocjd.ed.ac.uk/

20 T. Saleem et al.

Progressive predominant cerebellar
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This list is provisional as previously unrecognised mechanisms of human prion disease may occur

Fig. 2.3 Accidentally transmitted TSE diagnostic criteria. Definite, probable, and relevant expo-
sure risks. Based on diagnostic criteria established by the Creutzfeldt-Jakob Disease International
Surveillance Network. (Adapted from Diagnostic criteria for surveillance of CIJD (2017))

Psychiatric symptoms, including behavioral changes, depression, and anxiety, typi-
cally appear first. Additionally, many patients experience limb or joint pain, as well
as painful paresthesia or dysesthesia. Neurological deficits, myoclonus, and akinetic
mutism develop progressively. Unlike sCJD, vCJD is significantly longer
(~14 months), and its onset occurs in younger individuals (median age of onset is
29 years) (Zerr and Poser 2002).

Overview of Established Biomarkers

In 1998, a “biomarker” was defined by the National Institutes of Health Biomarker’s
Definition Working Group (Atkinson et al. 2001) as “a characteristic that is objec-
tively measured and evaluated as an indicator of normal biological processes, patho-
genic processes, or pharmacologic responses to a therapeutic intervention”
(Atkinson et al. 2001). Biomarkers are objective and quantifiable representations of
biological processes. Most of the biomarkers presently utilized in clinical settings
are based on genomics, proteomics, and metabolomics (Ginsburg and Willard
2009). Biomarkers are essential for disease diagnosis, prognosis, and therapeutic
monitoring.
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Fig. 2.4 Variant CJD diagnostic criteria. Definite, probable, and possible. Based on diagnostic
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(Adapted from Diagnostic criteria for surveillance of CID (2017))
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CSF-Based Biomarkers

CSF is the most established biomarker source in neurology, providing a direct
reflection of brain changes. Lumbar puncture remains a valuable tool for monitoring
these changes when necessary.

CSF biomarkers are crucial for diagnosing prion diseases, distinguishing them
from other neurological conditions, and offering insights into disease pathology
(Hermann et al. 2021). These biomarkers fall into two categories: surrogate bio-
markers and disease-specific biomarkers. Surrogate biomarkers, such as 14-3-3 and
Tau protein, are neurological markers, while disease-specific biomarkers detect
PrP5¢ based on its altered biochemical properties. Alterations in the levels of disease-
related proteins, such as PrP5, start earlier than the onset of symptoms (Biieler et al.
1994; Collinge et al. 2008; Collins et al. 2004).

14-3-3

The 14-3-3 protein is a group of highly conserved regulatory molecules that play
essential roles in various cellular processes, including cell cycle regulation, apopto-
sis, and signal transduction (Fu et al. 2000). In prion diseases, 14-3-3 emerged as a
significant biomarker for diagnosis and clinical evaluation.

In 1986, Harrington et al. detected two proteins (26 and 29 kDa) present in all
CJD samples analyzed via two-dimensional gel electrophoresis (2-DE) (Harrington
et al. 1986). Later named p130/p131, these proteins proved useful for premortem
CJD diagnosis (Blisard et al. 1990). Subsequent studies identified them as isoforms
of 14-3-3 (Hsich et al. 1996), reporting diagnostic sensitivities of 84% and 81% for
sporadic and genetic CJD, respectively, with 100% specificity (Zerr et al. 1996).

Following this discovery, immunoassays were introduced as alternatives to
2-DE. Western blotting became a routine method but was later replaced by enzyme-
linked immunosorbent assay (ELISA), which offered better performance and diag-
nostic capabilities (Baxter et al. 2002). ELISA results were shown to correlate with
western blot findings, and 14-3-3 gamma ELISA demonstrated superior sensitivity
and specificity, enabling the detection of lower protein levels undetectable by west-
ern blot (Matsui et al. 2011; Leitdo et al. 2016).

Subsequently, 14-3-3 was validated as a biomarker in CSF (Schmitz et al. 2016a).
Among different molecular subtypes of sCJD, VV2, MMI1, and MV1, which are
associated with rapid progression and distinct clinical signs, exhibited higher 14-3-3
levels. In contrast, subtypes with longer disease durations, such as MM2 and MV2,
show lower levels (Gmitterova et al. 2009).

14-3-3 is also increased in vCJD cases, with a positive predictive value of 86%
and a negative predictive value of 63%, though these values are lower than those
observed in sCJD (Green et al. 2001).
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Tau

Tau is a microtubule-associated protein predominantly expressed in neuronal cells,
with lower expression levels in glial cells (Weingarten et al. 1975). In CSF, total Tau
(t-Tau) concentrations are thought to reflect the pace of axonal degeneration across
various neurological disorders (Blennow et al. 2010). In the diagnosis of sCJD,
which is the most common type, changes in the levels of CSF 14-3-3 and t-Tau are
key indicators, both of which are considered neurodegenerative markers (Schmitz
et al. 2016a; Otto et al. 2002; Sanchez-Juan et al. 2006; Zerr et al. 1998).

In sCJD, t-Tau protein levels are elevated (Otto et al. 1997), with an optimal
cutoff range of 1300-1400 pg/mL for diagnosis (Sanchez-Juan et al. 2006; Otto
et al. 1997; Blennow et al. 2005). In contrast, vCJD shows elevated t-Tau levels
compared to controls, with a cutoff above 500 pg/mL, similar to levels observed in
AD but different from those seen in SCID (Green et al. 2001). t-Tau levels in CJD
are also influenced by the prion protein type, specifically the codon 129 genotype on
the PRNP gene (Karch et al. 2015).

There is a significant correlation between t-Tau levels and disease duration,
severity, and cognitive decline in CJD, suggesting that CSF Tau concentrations are
an indicator of neuronal damage in the brain (Meiner et al. 2011; Cohen et al. 2016).
Conversely, phosphorylated Tau (p-Tau) levels are elevated in AD but remain stable
across other progressive neurological conditions (Riemenschneider et al. 2003;
Baldeiras et al. 2009). The predictive capabilities of t-Tau levels and the t-Tau/p-Tau
ratio enhance their utility, particularly when combined with other diagnostic
approaches, for identifying CJD (Bahl et al. 2009; Skinningsrud et al. 2008). Tau
has a positive predictive value of 93% and a negative predictive value of 81%. The
combination of CSF 14-3-3 and Tau offers even greater diagnostic accuracy, with a
positive predictive value of 91% and a negative predictive value of 84% (Green
et al. 2001).

Another option to differentiate between CJD and AD is the application of non-
phosphorylated tau (non-p-tau) as a biomarker due to its distinctive patterns in cere-
brospinal fluid (CSF). In CJD, non-p-tau levels are typically found to be significantly
lower compared to AD, where phosphorylated tau (p-tau) levels are markedly ele-
vated (Llorens et al. 2020b; Ermann et al. 2018). This difference in non-p-tau, com-
bined with other diagnostic markers, offers a valuable tool in distinguishing these
two neurodegenerative conditions, as CJD often presents with rapidly progressive
dementia and specific prion-related biomarkers, whereas AD is characterized by
amyloid plaques and a progressive buildup of p-tau. The use of non-p-tau, along
with traditional diagnostic methods, can improve the accuracy of differential diag-
nosis, allowing for more targeted therapeutic strategies and better prognosis for
patients (Llorens et al. 2020b; Ermann et al. 2018).
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Neuron-Specific Enolase (NSE) and S100 Calcium Binding
Protein B (S100b)

NSE and S100b were among the most studied proteins after 14-3-3 and t-Tau. An
increase in neuron-specific enolase is linked with rapid nerve cell loss, observed in
CJD cases where NSE levels were elevated during disease progression (Kropp et al.
1999). A prospective study exploring the NSE levels found that with a threshold of
35 ng/ml, the sensitivity was 80%, and the specificity was 92% for the diagnosis of
CID (Weber et al. 1997). In a simultaneous comparison of 14-3-3, NSE, and
S-100 in a suspected CJD cohort, the sensitivity of 14-3-3, NSE, and S-100 was
89.8%, 79.7%, and 94.2%, while their specificity was 100%, 91.5%, and 85.4%,
respectively. Among the tested markers, 14-3-3 alone exhibited the highest specific-
ity and sensitivity (Beaudry et al. 1999). Although S100b has been extensively stud-
ied, it was not as accurate or successful compared to 14-3-3.

Alpha-Synuclein

Alpha-synuclein, a neuronal protein involved in synaptic function, has emerged as
a promising biomarker for Creutzfeldt—Jakob disease (CJD) due to its markedly
elevated levels in the CSF of affected patients compared to those with other neuro-
degenerative disorders. The adoption of Meso Scale Discovery (MSD) technology
in its measurement has enhanced the precision of quantification, offering a robust
platform for detecting subtle variations in protein concentration. In the study by
Llorens et al., an electrochemiluminescence (ECL)-based alpha-synuclein enzyme-
linked immunosorbent assay (ELISA) implemented on the MSD system was used
to accurately measure CSF alpha-synuclein levels (Kruse et al. 2018; Llorens et al.
2017a, 2018a). Their findings demonstrated high diagnostic accuracy—with sensi-
tivity and specificity values that effectively distinguished CJD cases from non-CJD
controls—thereby underscoring the assay’s potential as a reliable diagnostic tool for
CJD diagnosis.

Protein Misfolding Cyclic Amplification (PMCA)

The detection of misfolded prion protein in CSF is considered more specific for
prion diseases. Aggregation assays originated with the development of PMCA,
which mimics the conversion of PrP€ into PrP% in an in vitro environment. This
process involves incubation and sonication to generate more PrPS. PMCA enables
the detection of minute levels of PrPS by exponentially amplifying its presence to
detectable levels using a standard western blot. This capability has led to its adop-
tion in prion disease diagnosis (Gonzalez-Montalban et al. 2011).
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The application of PMCA has enabled the detection of prions in a range of bio-
logical fluids and tissues. Specifically, prions have been detected in brain (Saborio
etal. 2001), CSF (Barria et al. 2018), blood (Lacroux et al. 2014; Concha-Marambio
et al. 2016), urine (Moda et al. 2014), and several other tissues and fluids of patients
with vCJD. Additionally, prions have been detected in olfactory mucosa (OM)
(Cazzaniga et al. 2022) and urine (Pritzkow et al. 2023) of patients with sCJD and
in the olfactory mucosa of FFI patients (Redaelli et al. 2017).

RT-QulIC

Building on the principles of PMCA, an advanced technology for the amplification
of misfolded PrP was later developed and is known as RT-QulIC. In RT-QuIC,
recombinant prion protein (rec PrP) substrate is converted into misfolded proteins
and monitored using amyloid-sensitive thioflavin-T (Th-T) dye. This assay, which
is plate-based, utilizes the amyloid-binding dye as a key component. The emission
spectrum of this dye shifts upon binding to amyloid structures, enabling the real-
time monitoring of the aggregation kinetics of the assay (Atarashi et al. 2011). The
RT-QulIC assay is a significant breakthrough in the antemortem diagnosis of prion
diseases, with high reproducibility between different diagnostic laboratories
(Atarashi et al. 2011; McGuire et al. 2012; Cramm et al. 2016). The RT-QuIC assay
(Fig. 2.5) mimics the seeded conversion process of PrP¢ in vitro, amplifying minus-
cule amounts of PrP5¢ derived from brain, CSF, olfactory mucosa (OM) (Zanusso
et al. 2003), tear fluid (Schmitz et al. 2023), or other biological samples to a detect-
able level (Atarashi et al. 2008). CSF is a well-established biological fluid for the
detection of PrP% in the RT-QulIC with a high specificity of approximately 100%
(Hermann et al. 2021). The sensitivity of this method depends on the kind of prion
disease; for sporadic forms of prion diseases, the sensitivity varies between 80 and
96% for sporadic CJD (sCJD) and around 60% for sporadic fatal insomnia (SFI)
(Abu-Rumeileh et al. 2018a). For genetic forms of prion diseases, the sensitivity
ranges between 62% and 88% for gCJD E200K patients (Xiao et al. 2019), 16.7%
and 83.3% for FFI patients (Cramm et al. 2016; Xiao et al. 2020; Schmitz et al.
2022a), and 33% and 81.8% for GSS (Schmitz et al. 2022a; Sano et al. 2013). The
variation in the sensitivity of the RT-QulC assay can depend on the different prion
diseases that are caused by different PrP*° strains, which exhibit different biochemi-
cal properties, including the structure and stability of the PrP%. The disease stage
may also influence the sensitivity of the assay; the amount of PrP5 present in CSF
and other biological samples may vary depending on the disease progression, which
could be influenced by the abundance of PrP5 in the sample, with higher sensitivity
typically observed in later stages of disease when PrP5¢ levels are higher.
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Fig. 2.5 Principle of RT-QulC technique. Misfolding of the recombinant prion protein (rec PrP)
after contact with PrP% seeds (conversion) is followed by aggregation into larger structures, which
then are fragmented by high-frequency shaking. New seeds provide the basis for further conver-
sion of rec PrP in repeated cycles of incubation and shaking. The results are visualized by measur-
ing the thioflavin T fluorescence that is emitted when the dye binds to aggregates of misfolded
protein. (Adapted from Zerr (2022). Reprinted with permission Zerr (2022))

Neuroimaging and Electrophysiological Diagnostic Methods

MRI

MRI is a valuable tool for diagnosing prion diseases by detecting characteristic
brain abnormalities. The combination of different MRI pulse sequences has emerged
as an additional parameter for establishing a “probable” diagnosis of sCJD, particu-
larly when ruling out other potential neurodegenerative diseases such as ischemia,
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Fig. 2.6 Transverse cMRI series from two CJD patients. The upper series, representing an MM
type, shows bilateral hyperintensities in the temporoparietal and temporooccipital cortex as well as
in the caudate nucleus and putamen. The lower series, representing a VV type, shows hyperintensi-
ties in the caudate nucleus, putamen, and thalamus (pulvinar). (Source: National Reference Center
for TSE)

encephalitis, and neoplasia in the patient’s diagnosis. Diffusion-weighted imaging
(DWI) and fluid-attenuated inversion recovery (FLAIR) sequences often reveal
hyperintense signals in key regions such as the cerebral cortex, basal ganglia, and
thalamus. These signals can appear as characteristic patterns like “cortical ribbon-
ing” or the “pulvinar sign,” which are especially significant in vCJD. Additionally,
in clinical variants, signal increases may be localized differently—for example, the
Heidenhain variant shows an occipital emphasis that correlates with early visual
disturbances (Fig. 2.6).

Consequently, in 2009, DWI and FLAIR MRI sequences were proposed to be
incorporated into the criteria (Hermann et al. 2021; Zerr et al. 2009). As per these
criteria, a positive MRI brain scan indicative of sCJD diagnosis is characterized by
high signal intensity in at least two cortical regions (temporal, parietal, occipital) or
at the caudate nucleus and putamen, observed on either DWI or FLAIR sequence
(Meissner et al. 2009). The combination of those MRI sequences was shown to be
highly specific (96%) and have a higher sensitivity (80%) for sCJD patients
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(Hermann et al. 2018; Rosenbloom et al. 2015). In genetic prion diseases, the sen-
sitivity ranges between 50% and 88% for gCJD E200K patients, 50% and 88% for
GSS, and 0% for FFI patients (Connor et al. 2019).

These characteristic imaging findings not only help differentiate prion diseases
like CJD from other neurodegenerative conditions but also contribute to a timelier
diagnosis when interpreted alongside clinical assessments and cerebrospinal fluid
biomarkers.

Positron Emission Tomography

Positron Emission Tomography (PET) using [18F] fluoro-2-deoxy-D-glucose as a
tracer (FDG-PET) is a powerful imaging tool that can detect alterations in glucose
metabolism in the brain. In particular, FDG-PET is effective in identifying decreased
glucose metabolism in the cortical regions of patients with sCIJD. The value of
FDG-PET in the differential diagnosis is limited due to the lack of distinct, consis-
tent metabolic patterns across all prion disease subtypes (Renard et al. 2017).
Nonetheless, FDG-PET remains a promising tool, particularly in the early stages of
sCJD. One notable finding is reduced glucose metabolism in the thalamus observed
in patients with a rare MM2T subtype of sporadic fatal insomnia (Abu-Rumeileh
et al. 2018a).

Electroencephalography (EEG)

Periodic sharp-wave complexes (PSWCs) observed on electroencephalography
(EEG) recordings (Fig. 2.7), with a frequency of 1 Hz, represent a hallmark finding
throughout the course of illness in patients with sCJD, exhibiting a sensitivity of
64% and a specificity of 91% (Steinhoff et al. 2004). PSWC serves not only as a
pivotal indicator of sCJD but also boasts excellent interobserver reliability across
different EEG evaluations, ensuring consistent and trustworthy EEG assessments.
The diagnosis of PSWCs on EEG recordings entails the presence of strictly peri-
odic cerebral potentials, predominantly lasting between 100 and 600 milliseconds,
with inter-complex intervals falling between 500 and 2000 milliseconds. These cri-
teria are established based on EEG studies of periodic complexes in pathologically
confirmed cases of CJD. The detection of PSWCs on EEG varies depending on the
sCJD subtype. For instance, PSWCs may be detected in a very early stage of the
disease (1-4 months after onset) in classic sCJD patients with MM 1 subtype or only
in the later stages of the disease in slow progression sCJD patients such as
MM2C and MV2K subtype (Steinhoff et al. 2004; Neufeld and Korczyn 1992;
Burger et al. 1972; Lee and Blair 1973; Wieser et al. 2006). For genetic forms of
prion diseases, the sensitivity is approximately 50% for gCJD E200K patients (Gao
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Fig. 2.7 Electroencephalogram in CJD. EEG of a patient with sporadic Creutzfeldt-Jakob disease
(sCJD). The findings show periodic bi- and triphasic complexes, which are observed in about two-
thirds of sCJD patients

et al. 2019) and is rarely observed in FFI patients with a specificity of about 3%
(Chu et al. 2022).

Biomarker Under Development

Recent technological advancements have enabled the detection of disease-related
proteins in various tissues and fluids, including olfactory mucosa, skin, blood, urine,
and tear fluid (Table 2.1) (Moda et al. 2014; Pritzkow et al. 2023; Schmitz et al.
2023; Maass et al. 2020; Bongianni et al. 2017, 2022; Okuzumi et al. 2023; Schmitz
et al. 2022b; Orru et al. 2014, 2017).

The exploration of molecules associated with synaptic degeneration stands as
one of the most extensively studied approaches in the quest for preclinical biomark-
ers of TSEs (Table 2.2). Neurofilament light chain protein (NfL) is recognized as an
indicator of neuronal damage and is routinely subjected to analysis (Schmitz et al.
2016a; Zerr et al. 1998; Otto et al. 2002; Thompson and Mead 2019). Additional
markers of neuronal death, such as alpha-synuclein (Llorens et al. 2018b), S100b
protein (Chohan et al. 2010), glial fibrillary acidic protein (GFAP), neuron-specific
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Table 2.1 Established and potential applications of biofluids and tissues in prion disease

biomarker research

PrP* detection (vCID by PMCA); potential

PrP detection (vCID by PMCA); source of
neurodegeneration biomarkers; potential source

Source of neurodegeneration biomarkers;
potential source of additional biomarkers.

PrP* detection; potential source of additional

potential source of additional biomarkers

PrPS¢ detection (vCJD and sCJD by PMCA);
potential RT-QulC implementation and source of

References

Lacroux et al. (2014),
Concha-Marambio et al.
(2016), Thomas et al. (2023)
Schmitz et al. (2022b),
Bougard et al. (2016)

Shimamura et al. (2024),
Steinacker et al. (2016), Chen

et al. (2016)

Schmitz et al. (2023)

Cazzaniga et al. (2022),

Redaelli et al. (2017), Orri

et al. (2014)

Moda et al. (2014), Pritzkow
et al. (2023)

Orri et al. (2017)

potential source of additional biomarkers

Biofluid/
tissue Applications (established and potential)
‘Whole
blood RT-QuIC implementation and source of
additional biomarkers
Plasma
of additional biomarkers.
Serum
Tear fluid
biomarkers
Nasal PrPS¢ detection;
brushings /
Olfactory
tissue
Urine
additional biomarkers
Skin PrP5¢ detection;
biopsies
Saliva

PMCA);

PrP* detection in salivary gland (vCID by

potential RT-QulIC implementation and source of
additional biomarkers

Douet et al. (2017)

Table 2.2 Additional potential CSF biomarkers for the differential diagnosis of sCJD

Biomarker

Malate dehydrogenase 1
(MDH1)

a-, B-, and y-Synuclein

Non-phosphorylated Tau
(non-P-Tau)

Neurogranin

Ubiquitin

Diagnostic accuracy
Sensitivity: 83% / Specificity: 85%*

Increased in sCJD®

Differentiates sCJD from AD (AUC
0.99) and from other neurological
diseases (AUC 0.99)

Differentiates sCJD from other
neurological diseases (AUC 0.96) and
AD (AUC 0.85)

Differentiates prion diseases from
healthy controls (AUC 0.95), AD
(AUC 0.85), and FTD (AUC 0.95)

Bone morphogenetic protein and | Increased in sCJD?

activin membrane-bound
inhibitor (BAMBI)

Cell-free mitochondrial DNA

(mtDNA)

Increased in sCJD?

Adapted from: Hermann Hermann et al. (2021)
*Compared to other neurological diseases
"Compared to other neurological diseases and non-neurodegenerative controls

References

Schmitz et al.
(2016b)

Oeckl et al. (2016)
Llorens et al.
(2020b), Ermann
et al. (2018)

Blennow et al.
(2019)

Abu-Rumeileh et al.
(2020)

Lépez-Pérez et al.
(2020)

Lietal. (2019)
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enolase (NSE) (Thompson and Mead 2019), and neurogranin (Blennow et al. 2019),
exist, yet their diagnostic utility in prion diseases is not fully established.

NfL

NfL serves as a constituent of the neuronal cytoskeleton and is released in response
to neuronal damage across various conditions, rendering it a highly reliable bio-
marker for neurodegeneration (Zerr et al. 2018). Increased levels of NfL are found
in all subtypes of sCJD, even in those typically associated with low levels of t-tau
and negative protein 14-3-3, such as sCJID MV2K, MM2C, and gCJD E200K
(Blennow et al. 2019; Kanata et al. 2019). NfL has exceptional sensitivity in detect-
ing sCJD (Schmitz et al. 2022b), higher than 95%, but demonstrates a low specific-
ity of 43.1% (Abu-Rumeileh et al. 2019; Abu-Rumeileh et al. 2018b). Increased
plasma levels of NfL have been observed in CJD, significantly higher than in other
neurodegenerative dementias such as AD, Lewy body dementia (LBD), or fronto-
temporal dementia (FTD), as well as compared to control groups (Zerr et al. 1998).
A study demonstrated an AUC of 0.93 for distinguishing CJD from non-CJD
dementias (Zerr et al. 2021), while another reported a sensitivity of 100% and speci-
ficity of 85.5% in diagnosing various prionopathies, including sporadic, genetic,
and iatrogenic CJD, as well as GSS (Steinacker et al. 2016; Thompson and
Mead 2019).

YLK-40

Activation of microglial and astrocyte cells represents a pivotal characteristic in
numerous neurodegenerative conditions (Porter et al. 1973). In prion diseases, how-
ever, there is an absence of a typical immune or inflammatory response, and it
remains unclear whether the activation of these mechanisms contributes to the neu-
rodegenerative process or emerges as a consequence of the disease’s pathogenesis
(Kercher et al. 2007). Nevertheless, neuroinflammation phenomena are widely doc-
umented in these disorders, prompting exploration into the potential of glia activa-
tion and neuroinflammation biomarkers (Aguzzi et al. 2013). Among the investigated
markers of inflammation and astroglial activation, the glycoprotein YKL-40 emerges
as particularly promising. Elevated levels of YKL-40 in CSF have been demon-
strated in sCJD compared to other neurodegenerative diseases (Llorens et al. 2017b;
Villar-Piqué et al. 2019). Furthermore, recent studies have quantified this glycopro-
tein in plasma from various patients with neurodegenerative disorders, emphasizing
notably higher levels in individuals with CJD (Llorens et al. 2017b; Villar-Piqué
et al. 2019).
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Advances in Biomarker Discovery

Advances in technology have greatly contributed to the development of new detec-
tion methods in science. When examining the historical methodologies used in
diagnostics, the progression of new detection methods is characterized by increased
accuracy, ease of use, heightened sensitivity, and enhanced user-friendliness. The
detection of 14-3-3 protein biomarkers, which began with 2-DE, has evolved, and
currently, ELISA stands out as the most prominent and user-friendly methodology.
ELISA, as an immunoassay, leverages the catalytic characteristics of enzymes for
the detection and quantification of reactions. The heightened sensitivity of ELISA
facilitates the utilization of various body fluids for diagnostic purposes.
Single-molecule array (SIMOA) is an ultrasensitive technology that is better
than ELISA in its detection capability, allowing measurement up to 10~* M (Rissin
et al. 2010). The advantages of SIMOA are reduced reaction volume and the ability
to differentiate femtomolar differences in protein concentrations with fluorescence-
based detection. With the advancement in detection methodologies, blood and other
noninvasive body fluids can replace CSF as a biomarker resource in the near future.
There are studies that compared the detectability and efficiency of the same marker
in different fluids like CSF and blood. Neurofilament light (NfL), which is an axo-
nal damage marker, is highly increased in both plasma and CSF of sCJD patients in
comparison to control groups that are non-neurodegenerative and neurodegenera-
tive controls (Zerr et al. 2018; Abu-Rumeileh et al. 2018b; Kanata et al. 2019; Zerr
et al. 2021; Schmitz et al. 2022b). ROC curve analysis showed a diagnostic accu-
racy of CSF by AUC of 0.92 with 80% specificity and 87% sensitivity, indicating
that it is in the comparable range with other markers like 14-3-3 or RT-QulC exhib-
iting specificity and sensitivity between 80 and 99% (Schmitz et al. 2016a; Cramm
et al. 2016; Schmitz et al. 2022b). Independently replicated studies from other labo-
ratories using SIMOA for blood NfL with high sensitivity and specificity in sCJD
support that NfL is a suitable blood-based biomarker (Zerr et al. 2021; Steinacker
et al. 2016; Thompson et al. 2018, 2021). It makes not only monitoring disease
progression easier but also allows for screening individuals for early diagnosis.
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Abstract Prion diseases are fatal neurodegenerative disorders for which no effec-
tive therapies exist. Despite decades of drug discovery efforts, progress in develop-
ing disease-modifying treatments has been slow. However, recent advances have
introduced novel therapeutic modalities targeting key aspects of prion pathology,
including prion protein biogenesis, aggregation, and degradation. Advancements in
diagnostic tools and highly sensitive prion detection methods are also playing a
crucial role in enabling early and accurate diagnosis, which is essential for the
timely application of emerging therapeutics. This chapter explores novel therapeu-
tic modalities for prion diseases, focusing on small-molecule theranostics and com-
pounds promoting prion protein degradation, RNA-based therapeutics, and gene
therapy approaches. We critically assess the advantages and limitations of these
therapeutic strategies, considering their development, efficacy, and translational
potential. By leveraging these innovative modalities, the therapeutic toolbox for
prion diseases is expanding, offering hope for the development of effective
treatments.
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Introduction

Human prion diseases are rare and incurable neurodegenerative diseases. Despite
the rarity, there are undoubtedly unmet medical needs where current therapeutic
offerings are not even supportive in symptom management. As of January 2025, the
presence of just one active clinical study in clinicaltrials.gov clearly underscores
that prion diseases are an unmet therapeutic challenge. This is mainly due to limited
knowledge of disease etiology (Legname 2017), limited research (compared to
other neurodegenerative diseases) because of the relative rarity, and the potential to
be transmitted within and across species as well as their consequences for human
and animal health (leading to strict safety protocols to avoid laboratory/personnel
infections).

In addition, prion diseases present significant obstacles to treatment due to their
unique variability and pathophysiology (Zerr et al. 2024). Different mutations in the
PRNP gene lead to genetic prion diseases, including genetic Creutzfeldt—Jakob dis-
ease (gCJD), Gerstmann—Striaussler—Scheinker disease (GSS), and fatal familial
insomnia (FFI), accounting for about 15% of cases. Sporadic prion diseases occur
spontaneously in about 85% of patients, with no known environmental or genetic
trigger. Human-to-human transmission of these diseases has occurred due to iatro-
genic exposure, and zoonotic forms of prion diseases are linked to bovine disease.
These diseases vary in onset age, progression, and clinical symptoms. Variability in
disease progression has been observed even within families with the same mutation
(Baiardi et al. 2021), which further complicates the development of effective thera-
peutic treatments (Uliassi et al. 2023).

In spite of these differences, all forms of prion diseases involve the conversion of
normal cellular prion protein (PrP®) into its misfolded, pathogenic, and transmissi-
ble form (PrP). This process leads to the accumulation of toxic aggregates, result-
ing in widespread neuronal damage and brain dysfunction. Prion strains are encoded
in distinct PrP conformations, which exhibit different aggregation patterns.
Furthermore, PrPC€ is required for prion propagation and mediates neurotoxicity.
Although PrP€ has been widely investigated, its physiological roles have not been
entirely elucidated yet (Legname 2017). Similarly, prion protein misfolding has
been extensively studied, but the precise triggers and mechanisms are still not fully
understood. However, some good news appeared in gloomy times. Indeed, the dis-
covery of such a paradigm of templated prion protein misfolding has had a striking
influence on the “prion-like” misfolding and propagation of other protein aggre-
gates (Eid et al. 2024), which is now recognized as a common mechanism in other
neurodegenerative disorders, such as Alzheimer’s disease (AD) and Parkinson’s
(PD) disease.

Hence, genetics and the central role of PrP at the molecular level have provided
a strong therapeutic hypothesis for prion diseases.

Drug discovery efforts have been mainly focused on stabilizing the normal struc-
ture of PrPC or disrupting the interactions that promote its conversion to PrP5¢ and
aggregation. These principally include the prevention of PrP¢ unfolding, the
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inhibition of PrP% polymer and oligomer formation, and the blockade of PrP¢
recruitment by PrPS+,

Notably, Kuwata has advanced to in vivo studies with macaques a PrP¢ molecu-
lar chaperone that stabilizes PrPC, avoiding PrP% conversion (Yamaguchi et al.
2019). In spite of promising results, no human clinical studies have been started yet.
Another well-explored strategy is the inhibition of PrP5 polymer and oligomer for-
mation, which has demonstrated disappointing results (Giles et al. 2015). Likewise,
compounds inhibiting PrP% aggregation showed critical issues related to the selec-
tivity toward prion aggregates, among others.

Additionally, repurposing approaches have been largely explored in prion dis-
eases. These allowed us to identify flupirtine (Otto et al. 2004), quinacrine
(Geschwind et al. 2013), and doxycycline (Haik et al. 2014), which have been tested
in clinical trials, showing no clinical benefits to the patients.

Similarly, several monoclonal antibodies (mABs), which target PrP to either
block its misfolding or clear aggregates from the brain, have been developed (White
et al. 2003). Encouraging results from a prion protein mAB, PRN100, were pre-
sented in the first human trial on CJD patients (Mead et al. 2022).

However, no symptomatic and disease-modifying treatment still exists for prion
diseases.

Given the failure of PrP-centric therapeutic approaches and the established mul-
tifactorial nature of prion diseases, we and others have envisioned the development
of compounds endowed with other therapeutic properties beyond PrP modulation,
the so-called “multi-target-directed ligands” (MTDLs), as effective therapeutic
tools to counteract prion-mediated neurotoxicity (Klingenstein et al. 2006). Despite
promising, we had not moved forward with preclinical evidence from animal
studies.

Also, diagnosis of prion diseases is difficult, as it relies on advanced disease-
stage biomarkers. In fact, PrP% represents a good biomarker to be used in the diag-
nosis of prion diseases via different techniques with high sensitivity and specificity
(Cazzaniga et al. 2021). However, early diagnosis is urgently needed, particularly
due to the rapid clinical course of these devastating disorders.

After decades of drug discovery efforts during which no therapies emerged,
recent progress has been made in the development of disease-modifying therapies
for prion diseases (Vallabh et al. 2020). Recent studies have explored the potential
of novel therapeutic modalities (Blanco and Gardinier 2020) targeting prion biogen-
esis, PrP% aggregation, and PrP degradation to provide an effective treatment for
prion diseases. These therapeutic modalities span small molecules with unique fea-
tures (i.e., theranostics and compounds promoting PrP degradation) and RNA-based
therapeutics (i.e., ASO, siRNA, and aptamers), as well as gene therapy (i.e.,
CRISPR-Cas). In the following, we will describe and critically discuss each of
them, highlighting advantages and limitations.



42 A. Pettinari et al.

Novel Therapeutic Modalities for Prion Diseases

Theranostics
The Diagnosis of Prion Diseases

Diagnosing prion diseases presents several challenges due to their rarity, rapid pro-
gression, and similarities to other neurodegenerative disorders (Wu et al. 2021).
Currently, the definitive diagnosis of human prion diseases relies on identifying
histological features and detecting PrP5¢ in brain tissue obtained through biopsy or
autopsy, which is highly invasive or only possible postmortem (Wu et al. 2021). In
contrast, clinical diagnosis is primarily based on a combination of the patient’s
symptoms, magnetic resonance imaging (MRI) and electroencephalography (EEG)
changes (Zerr et al. 2009), and the presence of surrogate markers like the 14-3-3
protein in cerebrospinal fluid (CSF) (Hsich et al. 1996). While this approach dem-
onstrates high accuracy in the symptomatic stage, its sensitivity in the early stages
is limited, as 14-3-3 protein detection is difficult due to its low levels, and clinical
symptoms may overlap with other neurological disorders. Additionally, the absence
of specific antibodies for PrP¢ and PrP5¢ makes it difficult for traditional techniques
like western blotting (WB) to differentiate between them. The WB method detects
PrP%¢ after PrP¢ is removed with proteinase K, but it lacks sufficient sensitivity for
routine biological samples. However, recent advancements in in vitro cell-free con-
version techniques, such as protein misfolding cyclic amplification (PMCA) and
real-time quaking-induced conversion (RT-QulC), have significantly improved
PrP5 detection, enabling earlier and less invasive diagnosis of human prion dis-
eases. PMCA is designed to amplify misfolded PrP% by mimicking the natural
prion replication process (Saborio et al. 2001). It works by repeatedly exposing PrP¢
to misfolded PrP*° in the presence of sonication, which fragments PrP5° aggregates,
increasing their surface area and accelerating conversion. These cycles of incuba-
tion and sonication enhance PrPS¢ accumulation, allowing for highly sensitive detec-
tion, even in low quantities. PMCA has been instrumental in detecting prions in
biological fluids such as CSF, blood, and urine, significantly improving early diag-
nosis. RT-QuIC is another highly sensitive assay that detects prion diseases by
amplifying PrP5¢-induced misfolding (Atarashi et al. 2011). Unlike PMCA,
RT-QulIC uses shaking rather than sonication to promote the conversion of recombi-
nant PrP¢ into a misfolded form. A fluorescent dye, such as thioflavin T, binds to the
newly formed amyloid fibrils, producing a fluorescence signal that increases as mis-
folded PrP% accumulates. RT-QuIC provides a rapid, specific, and quantitative
means of detecting prions in CSF and other tissues, making it a valuable tool for
early and minimally invasive prion disease diagnosis.

However, in the early stages, all these diagnostic methods are not definitive.
Furthermore, different prion strains cause variations in disease presentation and
progression, complicating diagnosis (Parchi et al. 2011). Thus, the need for less
invasive yet reliable early diagnostic tools remains a critical challenge.
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Small-Molecule Theranostics

In the past decade, advances in diagnostic and therapeutic technologies, along with
innovative medicinal chemistry and synthetic methodologies, have opened up more
opportunities for developing innovative and creative small-molecule drugs for prion
diseases. In addition to therapeutic treatment, small molecules can leverage diagno-
sis and monitoring of prion diseases from a precision medicine perspective (Auli¢
et al. 2013). This integrated approach, referred to as the theranostic approach (Auli¢
et al. 2013), combining therapeutic and diagnostic properties, offers a promising
paradigm for tackling prion diseases, which, by progressing silently, make early
diagnosis and intervention extremely challenging. Theranostics aims to detect prion
diseases early and simultaneously deliver targeted treatments, tailoring interven-
tions based on individual prion strains, hence enabling precision medicine
approaches (Auli¢ et al. 2013). A theranostic also allows real-time monitoring of its
delivery to the desired target, as well as the visualization of molecular changes asso-
ciated with its therapeutic effect.

The design of small-molecule theranostics requires careful consideration of
molecular properties, target specificity, and functionality (Bolognesi et al. 2016).
Molecular properties should be properly optimized to combine diagnostic and ther-
apeutic properties into a single molecule without compromising either function and
to ensure that the molecule can cross the blood—brain barrier (BBB). To enhance
target specificity, structure—activity relationship (SAR) studies should be performed
to optimize binding affinity and selectivity for the biomarker and the target while
minimizing off-target effects. Equally important is the proper selection of the diag-
nostic technology. These include fluorescence imaging (e.g., fluorophores), positron
emission tomography (PET), or single-photon emission computed tomography
(SPECT) using radiolabeled isotopes (Bolognesi et al. 2016). PET ligands are imag-
ing tools with established clinical applications in neurodegenerative diseases
(Nordberg 2004). Though they exhibit short half-lives, they require the on-site syn-
thesis of PET tracers and access to radiochemistry equipment and a cyclotron. Thus,
they would not be the preferred choice for the development of prion-directed small-
molecule theranostics. By contrast, fluorescence imaging has emerged as the pre-
ferred diagnostic technology to be used in theranostic development for its
nonradioactive nature, high versatility and sensitivity, and cost-effectiveness, being
easier to synthesize and administer with respect to PET/SPECT imaging tools
(Bolognesi et al. 2016; Staderini et al. 2015). Particularly, near-infrared (NIR) fluo-
rescent molecules (e.g., phthalocyanines and cyanine dyes) with emissions ranging
from 650 to 950 nm have many advantages over conventional fluorophores. The
NIR irradiation is sufficiently penetrating, has low background noise, and is nonin-
vasive and harmless. Additionally, it is a versatile, sensitive, low-cost, and easy-to-
obtain diagnostic tool, especially for preclinical research in neurodegenerative
diseases (Staderini et al. 2015; Sarabia-Vallejo et al. 2023). Despite the different
diagnostic technologies, theranostics have been frequently obtained by conjugating
two individual therapeutic and diagnostic fragments (Kelkar and Reineke 2011).
However, this approach typically provides larger and more complex molecules with
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Fig. 3.1 (a) Chemical structures of amyloid-like protein fluorescent probes. (b) Design strategy
for new anti-prion theranostics

poor drug-likeness. This aspect is of particular importance for theranostics acting in
the central nervous system (CNS).

PrP5 formation and aggregation have been selected as a suitable biomarker and
therapeutic target for the development of prion-directed theranostics. By taking
advantage of PrP’s dual role, the first fluorescent imaging agents for PrP aggregates
(e.g., Congo red and thioflavin T, Fig. 3.1a) can not only serve as imaging probes to
detect prion aggregates but also as anti-aggregation molecules. In fact, there are
several types of small molecules with potential theranostic activity, despite not
being deliberately designed as theranostics. The structure of thioflavin T or Congo
red (Fig. 3.1a), both of which bind to AP due to their planar and n-conjugated sys-
tems able to intercalate into the p-sheet structure, has been the source of many fluo-
rescent probes able to bind and label PrP5. Congo red and its analog chrysamine G
(Fig. 3.1a) have also shown therapeutic potential through their ability to inhibit
prion aggregation.

Examples of theranostic agents for prion diseases remain limited (Staderini et al.
2013, 2023), as the field is still emerging. An interesting example of fluorescent
theranostics designed to simultaneously deliver diagnostic and therapeutic proper-
ties for prion diseases has been developed by us (Staderini et al. 2023). The found-
ing idea was based on the use of fluorescent molecules that can label PrP and
visualize its distribution while exerting anti-aggregation effects. To do that, a scaf-
fold hopping approach has been applied to the central diphenylmethane core of
GNB8. GN8 binds with high affinity to PrPC, resulting in a promising therapeutic
treatment. Nevertheless, its diphenylmethane scaffold is not characterized by fluo-
rescent properties for subsequent theranostic development. Hence, based on GN8’s
bivalent nature endowed with two identical protein recognition motifs (PRMs, high-
lighted in orange in Fig. 3.1b) essential for PrP engagement, the core motif of GN§
has been replaced with a tricyclic carbazole (Staderini et al. 2023) (highlighted in
green in Fig. 3.1b). The planar and aromatic structure of the carbazole ring, along
with its extended m-conjugated system, is a key characteristic of its fluorescence.
Additionally, these are important features for binding to and interacting with
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amyloid-like proteins, as fluorescence changes have been associated with binding to
abnormally folded proteins. Furthermore, this design strategy, by incorporating the
fluorescent nucleus into the structure of GNS, allows for maintaining a lower molec-
ular weight and hence a potentially more favorable BBB permeation compared to
conventional conjugation approaches. Thus, a focused library of bifunctional carba-
zole derivatives has been designed and synthesized through a four-step process. The
synthesized compounds underwent cytotoxicity assessment, followed by testing on
Rocky Mountain Laboratory (RML)-infected ScGT1 neuronal cells to monitor lev-
els of protease-resistant PrP%°. The presence of small dialkylamino groups was dem-
onstrated to be a key feature for both fluorescence and therapeutic properties.
Among them, the bis-(dimethylaminoacetamido)carbazole derivative 2b (Fig. 3.1b)
has been selected for further studies due to its promising profile. Compound 2b
effectively reduced PrP% levels in two cell lines infected with the mouse-adapted
RML strain (ScGT1 and ScN2a). Unlike GN8, 2b did not affect PrP¢ levels, sug-
gesting a potential advantage in reducing toxicity. In amyloid seeding assay experi-
ments, 2b delayed the aggregation of recombinant mouse PrP. Additionally, it
interfered with the amplification of the scrapie RML strain in the PMCA assay more
effectively than GN8. However, 2b did not inhibit the amplification of human vCJD
prions. Notably, 2b exhibited native fluorescence, including emission in the NIR,
and successfully stained PrP5 aggregates in living cells, confirming its potential as
a fluorescent imaging agent. Furthermore, a positive BBB permeability was pre-
dicted for 2b by the in vitro parallel artificial membrane permeation assay (PAMPA-
BBB) (Staderini et al. 2023).

Compound 2b emerges as a promising lead for developing theranostic agents
capable of both treating and imaging prion diseases, offering hope for these cur-
rently incurable conditions. Its ability to reduce prion aggregation without affecting
normal prion protein levels, combined with its fluorescent properties, highlights its
potential for further medicinal chemistry optimization toward strain-independent
anti-prion therapies.

Prion Protein Degradation: A New Therapeutic Opportunity
Jor Prion Diseases

Prion Protein Degradation

Degradation of the prion protein occurs primarily through two key cellular path-
ways: the lysosomal system and the ubiquitin-proteasome system (UPS) (Fig. 3.2).
Understanding these two interplaying degradation systems is necessary for unravel-
ing the pathological mechanisms underlying prion diseases and for the development
of potentially effective treatments (Appleby et al. 2019). These systems are, in fact,
compromised by prion-driven dysfunctions (Hutti et al. 2020). For example, the
lysosomal hydrolases effectively degrade native PrP¢, but PrP* resists proteolysis
and accumulates in lysosomes, impairing their function and leading to cytotoxicity
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Fig. 3.2 Schematic representation of cellular prion trafficking: (1) PrP synthesis and PTMs, (2)
vesicular trafficking system and Golgi apparatus, (3) endo-lysosomal pathway, (4) ER and Golgi
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(Borchelt et al. 1992). Similarly, the UPS effectively degrades soluble PrP¢, but it is
unable to remove the large, insoluble aggregates of PrPS® (McKinnon et al. 2016),
exacerbating cellular proteostasis dysfunction.

Additionally, the interplay between these pathways is central to the cellular
response to prion infection. When the UPS is overwhelmed, misfolded proteins are
often rerouted to the lysosomal pathway for degradation (Scotter et al. 2014). Good
news, but in the late stages of the disease, when aggregates impair autophagic
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functionality, this feedback may lead to cellular toxicity (Raffeiner et al. 2023).
Prion diseases are further complicated by the ability of PrP5 to spread between
cells. Aggregates released into the extracellular space can seed the conversion of
PrP€ to PrP5 in neighboring cells, perpetuating the disease. Lysosomal exocytosis
and other secretory mechanisms are thought to contribute to this intercellular propa-
gation, making the degradation pathways not only essential for cellular homeostasis
but also for limiting disease spread (Fehlinger et al. 2017). Importantly, it is also
possible to exploit these degradation systems to promote PrP degradation, thus low-
ering its cellular levels (Biieler et al. 1993; Goold et al. 2015). Before describing
small molecules able to induce PrP degradation, we will briefly describe prion pro-
tein secretory, recycling, and degradation pathways.

As illustrated in Fig. 3.2, PrP¢ follows the classic secretory pathway: (1) it is
synthesized by ribosomes on the surface of the endoplasmic reticulum (ER) from
the PRNP mRNA. The nascent polypeptide enters the ER lumen through the trans-
locon, where it folds and undergoes several post-translational modifications (PTMs),
including glycosylation and the addition of a glycophosphatidylinositol (GPI)
anchor (Benetti and Legname 2009). (2) The folded protein is transported to the
plasma membrane via the vesicular trafficking system of the Golgi apparatus. Then,
PrP¢ undergoes internalization and recycling, which involves endosome-mediated
degradation and autophagy (Appelqvist et al. 2013; Lawrence and Zoncu 2019). (3)
The endolysosomal pathway consists of the formation of an endosome where PrP¢
can either be recycled back to the plasma membrane via endocytic recycling (ERC)
(green arrows) or to the Golgi via retrograde transport (yellow arrows). Alternatively,
late endosomes can mature into lysosomes (dark blue arrow), where cathepsins and
proteolytic enzymes digest PrP¢ (Trivedi et al. 2020). In addition, (4) ER and Golgi
quality controls (ERQC and Golgi QC, respectively) direct PrP¢ toward lysosomes
(Fig. 3.2). (5) Autophagy is another degradation system contributing to PrP homeo-
stasis and removal of PrPS¢ aggregates (Griffey and Yamamoto 2022). Autophagy is
characterized by the formation of an autophagosome, which initiates with the nucle-
ation of the phagophore, an open double-membrane structure whose edges close to
form a sealed autophagosome containing the misfolded proteins (Vargas et al.
2023). The autophagosomes then merge with lysosomes (purple arrows), resulting
in the degradation of PrP%¢. (6) The UPS is the primary pathway for the degradation
of cytosolic prion proteins in mammalian cells, safeguarding against misfolded or
damaged ones. UPS employs a sequential ubiquitination process involving three
enzyme classes (Ciechanover and Schwartz 1998): El1 (ubiquitin-activating
enzymes), E2 (ubiquitin-conjugating enzymes), and E3 (ubiquitin ligases). Ubiquitin
tags, composed of at least four units, are recognized by the 26S proteasome, which
then proceeds to degradation (orange arrows).

Disruptions in PrP degradation allow PrP5 to accumulate, leading to neuronal
dysfunction and death. Hence, therapeutic approaches targeting PrP degradation
(e.g., enhancing lysosomal or autophagic pathways) are being explored to counter-
act prion diseases. In the following, an overview of small molecules promoting PrP
degradation via lysosomal or autophagic mechanisms will be discussed. It should be
noted that the deliberate design of compounds targeting degradation pathways—the
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so-called degraders (e.g., proteolysis targeting chimeras, PROTACs)—to intention-
ally lower PrP levels is an unexplored field; rather, small molecules have been ret-
rospectively discovered to promote PrP degradation.

Small Molecules Promoting Autophagy and Lysosomal Degradation
of Prion Protein

Harnessing degradation systems to reduce PrP cellular levels is considered one of
the most promising strategies (Goold et al. 2015; Shim et al. 2022).

Autophagy-inducing agents have shown significant promise for prion diseases.
Rapamycin (Cortes et al. 2012) and trehalose (Aguib et al. 2009) (Fig. 3.3) were
found to activate autophagy, clearing PrP% in cell models and extending lifespan in
prion-infected mice. Lithium (Relafio-Ginés et al. 2018) and natural compounds
(Shim et al. 2022), such as FK506 (Nakagaki et al. 2020), also enhanced autophagy,
reduced PrP*¢ levels, and increased survival. Alternative strategies include promot-
ing lysosomal degradation through autophagy-independent pathways. Branched
polyamines facilitate PrPS breakdown by enhancing lysosomal activity (Supattapone
et al. 1999).

UPS-targeting therapies have been less successful but remain a focus of research.
IU1, a deubiquitinase inhibitor, and its derivatives increase proteasome activity and
enhance the degradation of aggregation-prone proteins (Boselli et al. 2017;
Kiprowska et al. 2017).

Interestingly, a derivative of celecoxib, named AR-12 (Fig. 3.3), down-regulates
the cellular chaperone machinery, thereby inducing autophagy and facilitating the
clearance of intracellular viruses and/or unfolded proteins (Booth et al. 2016).
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Fig. 3.3 Chemical structures of compounds able to promote PrP degradation
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Abdurahman et al. demonstrated that both AR-12 and its derivative, AR-14
(Fig. 3.3), exhibit potent anti-prion properties in neuronal and nonneuronal cell
models (Abdulrahman et al. 2017). These compounds significantly reduced PrP5
levels within 72 hours of treatment in cell lines like ScN2a and scrapie-infected
mouse embryonic fibroblasts (SCMEFs) in a time- and concentration-dependent
manner, leading to PrPS degradation and loss of prion conversion activity
(Abdulrahman et al. 2017). Mechanistically, AR-12 and AR-14 induce autophagy,
as shown by the upregulation of autophagy markers, including LC3-II. The anti-
prion effects of AR-12 were demonstrated as autophagy-dependent in ATGS5-
deficient cells, in which autophagy function is impaired. Accordingly, the anti-prion
effect of AR-12 was diminished in autophagy-compromised Atg5-KO cells.
Importantly, long-term treatment with AR-12 enhanced the clearance of PrP% from
prion-infected ScN2a and ScMEF cells, as confirmed by immunoblot and RT-QuIC
analyses, with no reappearance of PrP5¢ after drug discontinuation (Abdulrahman
et al. 2017). This confirms that autophagy plays a crucial role in PrP5 clearance and
can be exploited for the development of autophagy-directed anti-prion small
molecules.

Recently, small-molecule-based therapeutic intervention for prion diseases has
taken a decisive turn. A fresh take on the treatment for diseases involving protein
misfolding has been proposed by Biasini’s group (Spagnolli et al. 2021). This
approach capitalizes on the unique and often transient but stable conformational
states that proteins adopt during their folding process, i.e., the structurally distinct
folding intermediates (Fig. 3.4a). It is referred to as Pharmacological Protein
Inactivation by Folding Intermediate Targeting (PPI-FIT). PPI-FIT provides a path-
way to selectively modulate the stability of protein folding intermediates and even-
tually promote degradation using small molecules. At the heart of PPI-FIT lies
computational modeling, which identifies druggable sites within intermediate fold-
ing states of PrP. This strategy enabled researchers to pinpoint specific conforma-
tions vulnerable to therapeutic intervention starting from molecular dynamics
studies of the human PrP. These PrP intermediate structures have been the starting
point for a virtual screening campaign with a library of ~3.2 x 10° commercially
available compounds. Four hit candidate molecules were identified, with compound
SM875 emerging as the most effective (Fig. 3.4b). By stabilizing PrP folding inter-
mediates, SM875 channels these transient forms toward degradation via the
autophagy-lysosomal pathway. SM875 selectively acts on nascent PrP without
interfering with mature PrP or unrelated GPI-anchored proteins, ensuring high
specificity. Experimental validation showed that SM875 significantly reduced PrP%
levels in prion-infected cell lines, including ScN2a and ScMEF. Mechanistically,
SM875 induces PrP aggregation into partially unfolded states, which are more ame-
nable to lysosomal degradation. Autophagy-dependent degradation was demon-
strated by co-administration of SM875 with bafilomycin A1, an autophagy inhibitor,
which prevented the degradation. This approach not only prevents toxic PrP5 accu-
mulation but also utilizes the cell’s natural quality control systems to restore PrP
proteostasis.
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Fig. 3.4 (a) Graphical representation of the free energy landscape of prion protein from unfolded
(U) to native conformation (N) through the targeted intermediate (I) and misfolding process lead-
ing to misfolded conformation (M); (b) PPI-FIT process for SM875 identification. SM875 stabi-
lizes the conformational intermediate, leading to its subsequent degradation by the
autophagy-lysosomal system

As new protein degradation mechanisms are uncovered, endogenous degradation
systems may be exploited to develop new therapeutics for prion diseases and other
neurodegenerative diseases associated with protein misfolding phenomena (Uliassi
et al. 2025).

RNA-Based Therapeutics

RNA-based therapeutics utilize RNA molecules to regulate gene expression, modu-
late protein production, or correct disease-causing genetic errors. These therapies
have gained significant attention for their potential to treat genetic disorders, can-
cers, and neurodegenerative diseases. These are also opening new frontiers for ther-
apeutic solutions specifically tailored to prion diseases (Minikel et al. 2020; Bender
etal. 2019; Proske et al. 2002). By silencing toxic proteins, modulating gene expres-
sion, or stabilizing proper protein conformations, RNA-based approaches hold the
promise of reshaping the therapeutic landscape for prion disorders.

As illustrated in Fig. 3.5, we focus on three RNA-based therapeutics: antisense
oligonucleotides (ASOs), RNA interference (RNAi)/siRNAs, and RNA aptamers
(Hu et al. 2020; Lauffer et al. 2024; Ni et al. 2021). While ASOs hybridize with
mRNA to induce degradation or block translation, and siRNAs induce silencing of
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Fig. 3.5 Mechanism of action of RNA-based therapeutics: Aptamers bind target proteins to inhibit
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specific mRNA, RNA aptamers bind target proteins to inhibit their functions, acting
similarly to antibodies. In the following, each of these approaches will be discussed,
highlighting their design, pharmacology, and application to prion-specific
challenges.

Antisense Oligonucleotides (ASOs)

Antisense oligonucleotides (ASOs) are synthetic, single-stranded nucleotides (typi-
cally consisting of 13-25 oligonucleotides) that bind RNAs via Watson—Crick base
pairing to modulate protein expression (Leavitt and Tabrizi 2020). They act by
inducing RNase H1 activity to degrade RNA-DNA hybrids (Vickers et al. 2003),
inhibiting translation via steric hindrance (Tallet-Lopez 2003), or altering pre-
mRNA stability by modifying 5" cap formation or 3" polyadenylation (Baker et al.
1997) (Fig. 3.6). ASOs can enhance protein expression by targeting upstream open
reading frames (uORFs) or suppressing nonproductive splicing (Liang et al. 2016).

ASOs have already reached the clinic, showing success in spinal muscular atro-
phy with nusinersen, which modifies SMN2 splicing to restore functional protein
(Hoy 2017). Similarly, tofersen induces degradation of SOD1 mRNA in amyo-
trophic lateral sclerosis (Saini and Chawla 2024). Nusinersen and tofersen employ
2’-OMe and MOE to improve stability. Tominersen is undergoing clinical trials for
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Fig. 3.7 Reported ASOs for prion disease treatment in animal models (Minikel et al. 2020;

Raymond et al. 2019)

Huntington’s disease for its ability to lower the mutant
et al. 2023).

huntingtin (McColgan

Starting from the notion that lowering PrP is a safe and effective strategy for the
treatment of prion diseases (Mallucci et al. 2003), ASOs represent a promising ther-
apeutic strategy. Several ASOs have been developed for targeting PRNP mRNA,
with promising results in prion animal models. ASO1-6 (Fig. 3.7) allows RNase
H1-mediated cleavage of the PRNP mRNA-ASO RNA-DNA hybrid, reducing the
production of PrP and limiting its pathogenic potential. Early studies demonstrated
survival extensions of up to 40% in prion-infected mice when ASO treatment began
early (Nazor Friberg et al. 2012), highlighting their potential for altering disease

progression.
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Prion-targeting ASOs incorporate several medicinal chemistry modifications to
enhance their pharmacological profile, as shown in Fig. 3.7. Phosphorothioate back-
bones increase nuclease resistance and improve bioavailability by promoting serum
protein binding, while 2" modifications, such as 2’-O-methoxyethyl (MOE) and
2’ 4’-constrained ethyl (cEt) (Seth et al. 2010), further stabilize the oligonucleotide
and enhance binding affinity to mRNA. Gapmer ASOs, with central DNA gaps
flanked by modified RNA-like nucleotides, induce efficient RNase H1-mediated
mRNA degradation. Additionally, 5-methylcytosine modifications have been shown
to improve binding specificity (Wan and Seth 2016).

Intrathecal administration has emerged as the preferred delivery method
(Raymond et al. 2019) for ASOs targeting prion diseases. This approach bypasses
the BBB, ensuring effective CNS distribution and durable therapeutic effects.
Periodic bolus dosing, particularly via intracerebroventricular injection, has been
shown to achieve sustained reductions in PrP mRNA and protein levels (Raymond
et al. 2019; Mortberg et al. 2023).

ION717 is a leading investigational ASO for prion diseases. The ongoing Phase
1/2a clinical trial (NCT06153966) is evaluating the safety, tolerability, and efficacy
of intrathecal administration of ION717 in patients with symptomatic prion diseases
(Ionis Pharmaceuticals, Inc 2024). The trial employs CSF PrP as a biomarker for
therapeutic response, providing critical insights into the drug’s pharmacodynamics.
This study offers new hope for people dying from gCJD, GSS, and FFI after the
previous clinical setbacks (Shim et al. 2022).

Short Interfering RNA (siRNA)

Small interfering RNAs (siRNAs) are double-stranded RNA molecules, typically
20-25 nucleotides in length, that play a central role in the RNA interference (RNAI)
pathway, a highly conserved cellular mechanism for regulating gene expression.
Discovered in the late 1990s, siRNAs are now recognized as powerful tools for
sequence-specific gene silencing, offering therapeutic potential across a wide range
of diseases, including viral infections, cancers, and neurodegenerative disorders
(Fire et al. 1998; Elbashir et al. 2001). The mechanism of siRNA action (Fig. 3.8)
involves their incorporation into the RNA-induced silencing complex (RISC),
where the antisense strand guides the complex to complementary mRNA targets.
Once bound, the Argonaute protein within RISC cleaves the mRNA, leading to its
degradation and subsequent suppression of protein translation (Alterman et al.
2019; Hutvagner and Simard 2008).

Clinical success has been achieved with siRNA therapies like patisiran, which
targets transthyretin mRNA to treat hereditary amyloidosis (Adams 2018). Notably,
patisiran features 2’-OMe and MOE modifications (Adams 2018; Gangopadhyay
and Gore 2022), to enhance its pharmacokinetic profile. Preclinical studies have
further shown promise for RNAI in neurodegenerative conditions, including target-
ing tau and alpha-synuclein aggregation pathways in AD (Zhou et al. 2020) and PD
(Titze-de-Almeida et al. 2020).
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Fig. 3.8 Mechanism of action for siRNAs (Meister and Tuschl 2004) and shRNAs. Both siRNAs
and shRNAs guide the RNA-induced silencing complex (RISC) to complementary mRNA targets,
leading to mRNA cleavage and degradation. While siRNAs are directly delivered as short duplexes,
shRNAs are expressed within cells and processed by Dicer into functional siRNA-like duplexes.
These mechanisms result in sequence-specific gene silencing, effectively reducing the expression
of targeted proteins

Advancements in siRNA-based therapies have shown great promise in the treat-
ment of prion diseases, focusing on chemical modifications and innovative delivery
systems that address the challenges of CNS-targeted interventions (Bender et al.
2019; Lehmann et al. 2014; Pulford et al. 2010; White and Mallucci 2009). These
efforts aim to overcome key barriers such as efficient delivery across the BBB, dura-
bility of therapeutic effects, and minimization of off-target interactions.

A landmark preclinical study from the Broad Institute introduced divalent siRNA
technology as a promising approach to prion disease treatment (Gentile et al. 2024).
This innovative modality uses chemically modified siRNAs connected by a linker,
forming a larger molecule designed for enhanced potency and durability (Alterman
et al. 2019). Delivered via bolus intrathecal injection—a method previously vali-
dated for ASO therapies (Minikel et al. 2020)—divalent siRNAs effectively targeted
both murine and human PRNP RNA in transgenic models. Key results include up to
83% knockdown of PRNP RNA in specific brain regions of humanized PRNP BAC
transgenic mice and sustained effects lasting up to six months after a single dose.
Chronic dosing further improved outcomes, with PrP levels reduced to as low as
14% of baseline, underscoring the potential of divalent siRNAs for the long-term
management of prion diseases.

The chemical modifications employed in these siRNA therapies are pivotal for
their success. As shown in Fig. 3.9, modifications such as 5’-vinylphosphonate (5'-
(E)-VP) enhance RISC loading, while ribose alterations, including 2’-OMe and
2’-F, improve nuclease resistance and binding affinity. Phosphorothioate (PS)
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linkages at strand termini increase stability and cellular uptake, and phosphodiester
(PO) linkages maintain structural compatibility. A notable advancement, extended
nucleic acids (exNAs), provides additional durability and potency by stabilizing
specific regions of the siRNA molecule, enabling deeper and more sustained PrP
knockdown with fewer modifications.

RNA Aptamers

Aptamers are short, single-stranded DNA or RNA molecules that fold into intricate
3D structures, enabling high-affinity and specific interactions with target molecules
(Fig. 3.10) similar to antibodies. Through the SELEX (Systematic Evolution of
Ligands by Exponential Enrichment) process, aptamers are selected from a library
of 10> RNAs for their ability to bind specific targets with high precision (Nimjee
et al. 2017). The selected sequences are enriched and subjected to iterative rounds,
typically up to twelve cycles, resulting in aptamers with K, in the nanomolar or even
picomolar range. These highly selective binders have extensive applications in diag-
nostics and therapeutic development. For example, RNA aptamers such as E22P-
AbDA43 target APy, protofibrils, halting nucleation and mitigating neurotoxicity
through a G-quadruplex structure.
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Fig. 3.10 General mechanism of action of PrP-targeted aptamers. The PrP€ is bound to the plasma
membrane by glycosylphosphatidylinositol (GPI) connected to its C-terminus (Prusiner et al.
1998). The folded aptamer binds to the prion N-terminus, stabilizing it (Macedo and Cordeiro
2017) and preventing the misfolding of the a-helices into -sheets, associated with the formation
of insoluble, proteasome-resistant PrPS aggregates (Pan et al. 1993)

Diverse chemical modifications have been introduced to improve aptamer stabil-
ity, bioavailability, and binding efficacy. Sugar modifications, including 2’-F
(Ruckman et al. 1998) and 2’-OMe (Freund et al. 2023) substitutions, and backbone
modifications such as PS linkages, also prolong serum half-life and stabilize aptamer
structures, favoring CNS access (Wang et al. 2024). Conjugations, including termi-
nal capping with inverted thymidine or polyethylene glycol (PEG), further protect
against exonuclease activity and reduce renal clearance, enhancing
pharmacokinetics.

Several aptamers for prion diseases have been reported and patented. RNA
aptamers have shown the potential to bind PrP with high specificity, stabilizing its
native conformation and preventing conversion into PrP% (Macedo and Cordeiro
2017). Structural features like G-quadruplexes significantly improve rigidity and
specificity, exemplified by the R12 (Mashima et al. 2020) aptamer’s robust binding
to PrP’s N-terminal domain. As assessed by NMR studies, aptamers forming
G-quadruplex structures provide additional stabilization mechanisms, influencing
aggregation dynamics and misfolding (Olsthoorn 2014).

R12 exhibited a dissociation constant (Ky) of 8.5 nM for PrP¢ and significantly
reduced PrP*¢ levels in infected mouse neuronal cells, with an ICs, value of 10 pM
(Mashima et al. 2013). R24, designed by tandemly linking two R12 sequences,
achieved an ICs, of approximately 100 nM (Mashima et al. 2020), demonstrating
two orders of magnitude higher activity than monovalent R12. In in vitro models,
R24 at 5 pM concentration nearly abolished PrPS¢ formation, reducing it to approxi-
mately 1% of control levels. Related constructs, such as R12-A-R12 (Mashima
et al. 2020), also showed potent anti-prion activity with an ICs, of approxi-
mately 500 nM.



3 New Therapeutic Modalities in Prion Diseases 57

Efficient delivery of RNA aptamers to the brain remains a major hurdle.
Therapeutic applications have been evaluated using delivery systems for enhanced
targeting. For example, aptamers conjugated to transferrin receptor-binding moi-
eties demonstrated the ability to cross the BBB (Vasconcelos et al. 2024).

Gene Therapy
Gene Therapy Approaches

Gene therapy is a therapeutic approach that involves modifying or manipulating
genetic material to treat or prevent a disease (Ingusci et al. 2019). It typically works
by introducing, replacing, repairing, or regulating genes within a patient’s cells to
correct genetic disorders. Gene therapy can use various techniques, such as deliver-
ing functional copies of faulty genes, silencing harmful genes, or editing specific
DNA sequences using tools like clustered regularly interspaced short palindromic
repeats (CRISPRs). According to a broader definition, gene therapy encompasses
any drug containing or consisting of recombinant nucleic acids (DNA or RNA),
with the aim of correcting, repairing, replacing, adding, or removing a gene sequence
(Ingusci et al. 2019). Instead of treating symptoms, gene therapy strives to directly
address the genetic drivers of the disease. As such, it is, in principle, particularly
suitable for genetic prion diseases.

As depicted in Fig. 3.11, gene therapy consists of two main approaches: gene
addition (A) and targeted genome editing (B) approaches. Gene addition relies on
the ex vivo or in vivo transfer of genetic information into a patient’s cells. During
gene addition, viral vectors, including lentiviruses, adenoviruses, and adeno-
associated viruses (AAVs), and nonviral vectors deliver a whole gene of interest
with promoter or enhancer elements and polyadenylation signals. However, gene
addition requires precise regulation of the introduced gene’s activity to ensure
proper function. Gene expression is indeed influenced not only by promoters and
enhancers but also by genome architecture, neighboring coding and noncoding
sequences, and the gene’s spatial positioning within the nucleus, further complicat-
ing the development of gene addition strategies. Unlike gene addition methods,
genome editing—among which CRISPR-Cas9 is the most widely used and versatile
tool—enables precise, site-specific modifications of DNA sequences within living
cells by using programmable nucleases. It involves recognizing and binding to spe-
cific genomic sequences via effector DNA-binding domains (DBDs). This is fol-
lowed by the introduction of double-strand breaks (DSBs) in the target DNA by
restriction endonucleases such as Cas. The resulting breaks are then repaired to
facilitate precise gene correction or insertion or to lead to gene disruption or small
insertions and deletions.

While gene therapy offers high specificity and potential disease correction com-
pared to classical small molecules, it faces challenges like high costs, immune
responses, potential off-target gene modifications, and delivery complexities. Unlike
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Fig. 3.11 Gene therapy consists of two main approaches: (a) targeted modification and (b) non-
specific addition

gene addition, genome editing tools, such as CRISPR-Cas9, do not inherently
require gene vectors, but vectors are often used to efficiently deliver these tools into
target cells. The choice of a delivery system for gene therapy is therefore crucial. A
suitable vector should meet key criteria, which include (i) ease of manipulation to
engineer the vector for recombination and propagation in appropriate host cells; (ii)
minimal invasiveness to avoid unintended genomic alterations; (iii) target specific-
ity to be expressed exclusively in the intended target cells; (iv) low immunogenicity;
and (v) long-term stability (Ingusci et al. 2019).

CHARM: A Targeted Genome Editing Tool for Prion Diseases

Given all the challenges, both gene therapy approaches have been developed solely
in response to rare monogenic diseases (e.g., lipoprotein lipase deficiency and
transfusion-dependent beta-thalassemia) classified as unmet medical needs
(Schambach et al. 2024). Similarly, genetic prion diseases, being a class of rapidly
lethal gain-of-function disorders that depend upon the expression of a single gene
whose knockout appears well-tolerated, are an ideal target for gene therapy based
on CRISPR/Cas9 technology. As a way to deplete PrP and slow or stop prion dis-
eases, knocking out PRNP with CRISPR/Cas9 has potential advantages over RNAi
or ASOs. Unlike RNAi or ASOs, which require continuous administration to sup-
press PRNP expression, CRISPR/Cas9 enables a permanent gene knockout, elimi-
nating the need for repeated treatments. Additionally, it completely eliminates, not
merely reduces, PrP production in cells. Current CRISPR-based DNA-editing
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technologies are complex, large molecules that are challenging to deliver, especially
into the brain, and have been associated with unintended editing outcomes.
Therefore, an epigenetic editing approach to permanently silence PrP expression in
the brain without modifying the DNA sequence or causing the production of an
altered mRNA or protein has been developed by Weissman et al. (Neumann et al.
2024). This strategy relies on DNA methylation to achieve long-term transcriptional
repression because the human PRNP promoter contains a cytosine-guanine dinucle-
otide (CpGQ) site that serves as a substrate for DNA methylation. However, existing
epigenetic editors can be cytotoxic in certain conditions and are often too large to be
packaged into AAV vectors, the preferred delivery system for the CNS. To over-
come these limitations, the authors designed CHARM (Coupled Histone tail for
Autoinhibition Release of Methyltransferase), a compact, enzyme-free epigenetic
editor (Fig. 3.12). The CHARM construct consists of a fusion between the histone
H3 tail and the noncatalytic Dnmt3L domain. This design enables CHARM to
recruit and activate endogenous DNA methyltransferases (DNMT3A) present
within the cell, leading to targeted DNA methylation and gene silencing. By utiliz-
ing components already existing in the cell, CHARM avoids the need for introduc-
ing exogenous enzymes (i.e., the programmable nucleases), thereby reducing
potential cytotoxicity and minimizing the overall size of the construct.

To direct CHARM to specific genomic loci, it is coupled with a DNA-binding
domain, such as a zinc finger protein, engineered to recognize and bind to the pro-
moter region of the target PRNP gene. Delivery of the CHARM construct was
achieved using an AAV vector, which is well-suited for CNS applications due to its
ability to transduce neurons efficiently. CHARM resulted in up to 80% brainwide
reduction in neuronal PrP—far surpassing the minimum threshold for therapeutic
efficacy and demonstrating successful AAV-mediated delivery and efficient target
gene suppression. PRNP silencing was persistent over time, indicating the stability
of CHARM-mediated epigenetic modifications. DNA methylation at the target pro-
moter was confirmed, supporting the long-term transcriptional repression of PRNP
without altering the DNA sequence. Additionally, the authors developed a self-
silencing CHARM construct that deactivates itself, limiting prolonged expression to
reduce potential antigenicity and off-target effects. Whole-genome analysis and
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functional assays showed that CHARM exhibited minimal off-target methylation.
The absence of significant toxicity or adverse effects in treated animals highlights
the safety of this approach compared to other gene-silencing technologies.

This study marks a major advancement in the field of gene therapy, offering a
highly specific, efficient, and safer alternative to existing approaches. By demon-
strating stable, brainwide PrP suppression with minimal toxicity, CHARM has the
potential to be a transformative therapy for prion diseases and other neurodegenera-
tive disorders.

Conclusions and Future Perspectives

In the last decade, we have witnessed remarkable advancements in therapeutic
modalities for tackling prion diseases. In this chapter, we have explored these
emerging strategies, highlighting selected examples that demonstrate their potential
impact while addressing the challenges they face. The application of these
approaches to prion and other neurodegenerative diseases has the potential to accel-
erate development timelines and mitigate the risk of early clinical failures. While
RNA-based therapeutics have already progressed to investigational drugs in clinical
trials, small-molecule theranostics, prion-targeting degradation compounds, and
gene-editing tools have thus far yielded only hit compounds, lead molecules, or
drug candidates that have been validated at the in vivo proof-of-concept stage.

Extensive basic research and a growing understanding of the mechanisms under-
lying prion diseases have facilitated the development of multiple preclinical candi-
dates, some of which may ultimately translate into disease-modifying treatments.
Future research will be critical to advancing these strategies toward clinical
application.
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Chapter 4 ®
Prion Disease Diagnostic Biomarker Utility <o
in Pre-symptomatic Disease

Laura J. Ellett, Matteo Senesi, Steven J. Collins, and Victoria Lewis

Abstract A typical feature of human prion diseases (PrDs) is the rapid decline to
terminal illness that patients experience after symptom onset, with the most com-
mon phenotype, sporadic Creutzfeldt—Jakob disease (sCJD), frequently progressing
from full independence to requiring palliative care over the course of weeks. A simi-
lar disease course is often observed in the much less common genetic CJD, espe-
cially when associated with the more common pathogenic mutations E200K and
D178N. Therefore, the temporal therapeutic window is greatly reduced in PrDs
compared with other dementias. There are currently no recognised reliable indica-
tors of imminent or prodromal disease preceding the onset of overt, rapid, and cur-
rently unalterable decline. The advent of disease-modifying therapies will further
underscore the need to expedite the time taken to achieve an accurate diagnosis in
order to improve patient outcomes, highlighting the importance of detecting PrDs as
early as possible in their clinical evolution. This review discusses what we currently
know about pre-symptomatic and prodromal PrD derived from incidental case
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reports, limited preclinical cohort studies, and large-scale retrospective tissue
screening programmes, contextualising the utility of current diagnostic tools and
biomarkers for the detection of PrDs at these nascent disease stages.

Keywords Preclinical - Prodromal - Biomarkers - RT-QulC - Magnetic
resonance imaging - Cerebrospinal fluid - Asymptomatic - Longitudinal

Introduction

Prion diseases (PrDs) are clinically multifarious and invariably fatal, with no
disease-modifying therapeutics currently available to patients. All PrDs arise due to
the misfolding of the normal, host-encoded form of the prion protein (PrP€) into
disease-associated conformers (PrP%°), with the accumulation of PrP5 leading to
degeneration of the brain (Prusiner 1998). The most common phenotype of PrD is
sporadic Creutzfeldt—Jakob disease (sCJD: ~85% of all PrD), arising without appar-
ent explanation. Inherited forms of PrD associated with coding mutations in the
prion protein gene (PRNP) are much less common, accounting for only ~10-15%
of all PrD. The most common inherited form is genetic CID (gCJD), which is often
indistinguishable from sCJD clinically and pathologically and is most frequently
associated with the pathogenic E200K PRNP mutation, though it is also linked to
many other point, as well as insert mutations (Appleby et al. 2022): More protracted
illnesses are usually observed in the rarer genetic PrD phenotypes such as
Gerstmann—Striussler—Scheinker (GSS) syndrome, which, like gCJD, has been
associated with many different PRNP mutations, or fatal familial insomnia (FFI),
which is always associated with a pathogenic D178N PRNP mutation. Transmitted
forms of PrD, including medically acquired iatrogenic CJD (iCJD) and the zoonosis
variant CJD (vCJD) due to bovine spongiform encephalopathy (BSE), are extremely
rare, accounting for less than 1% of all PrD cases (Gao et al. 2024).

PrD pathogenesis appears driven by the misfolding of PrP¢ and accumulation of
PrP5¢; therefore, markedly decreasing the expression of the substrate PrP¢ can pre-
vent disease occurrence or arrest disease progression and even reverse initial patho-
logical changes in animal models (Mallucci et al. 2003; An et al. 2025; Biieler et al.
1993). Antisense oligonucleotide (ASO) therapeutics are one approach to attenuat-
ing PrP€ expression levels, harnessing novel disease-modulating strategies through
their ability to impact protein expression at the level of the messenger RNA. Building
on previous preclinical ASO animal studies (Nazor Friberg et al. 2012; Raymond
et al. 2019; Minikel et al. 2020; Biieler et al. 1993), this promising treatment strat-
egy has commenced human clinical trials, namely the IONIS “PrProfile” Phase 1/2a
clinical trial for early symptomatic disease that is currently nearing completion
(Ionis Pharmaceuticals 2024).

Acknowledging previous therapeutic studies in animal prion disease models and
drawing on the broader experience in neurodegenerative disorders, it is apparent
that a key component of therapeutic success for prion diseases is likely to be early
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intervention to minimise irreversible neuronal damage. Three major features of
prion disease make early intervention a challenge: their onset without a clear-cut or
distinctive prodrome, rapid progression, and rare occurrence. In comparison to
other neurodegenerative diseases such as Alzheimer’s disease (AD), PrDs are typi-
cally extremely rapid in their progression. The average duration of illness for sCJD
is 6.3 months, with a median of 3.9 months (Stehmann et al. 2023). As PrDs are
clinically heterogeneous and uncommon, 83% of PrD patients are initially misdiag-
nosed, most often thought to represent other dementias (Appleby et al. 2014), and
on average, PrD is misdiagnosed four times before a correct diagnosis of PrD is
made (Paterson et al. 2012). Once disease-modifying therapies are available, the
limited timeframe between symptom onset and terminal disease means that delays
in accurate diagnosis will have significant negative impacts on patient outcomes.

It is known from animal biochemical and neuropathological studies that PrD-
related changes are present and detectable before symptom onset (Wang et al. 2019;
Brazier et al. 2006; Masters et al. 1975, 1984) and that subtle behavioural and cog-
nitive changes can be detected before more typical clinical features are extant if
appropriate, sensitive metrics are employed (Senesi et al. 2023a). A key challenge is
the ability of existing diagnostic methods and biomarkers to detect PrDs at the earli-
est stage possible, especially at prodromal stages, to allow the best opportunity for
meaningful therapeutic interventions to improve patient outcomes. Herein, we
describe the currently available diagnostic tools that are utilised by clinicians in the
investigation of symptomatic patients wherein PrD may be considered a differential
diagnosis, followed by a review of the literature concerning pre-symptomatic or
prodromal PrD-related biomarker changes in people, found either incidentally dur-
ing investigations for other illnesses or during studies of asymptomatic individuals
at increased risk of prion disease, such as due to their PRNP mutation status.

Currently Available Clinical Diagnostics and Biomarkers
for Prion Disease

Clinical Profile

Clinically, PrD can be a challenge to diagnose early, as initial symptoms are often
non-specific and are common to several other infectious, vascular, autoimmune,
neurological, or neurodegenerative conditions, some of which may be reversible.
Illustrative of this, evaluation to identify early features of prion disease revealed
symptoms such as headache and fatigue (Krasnianski et al. 2014), while mood dis-
order may also be a prodromal feature (Wurm et al. 2025). For typical CJD cases,
the distinctive clinical profile of rapidly progressive dementia, in combination with
other features such as myoclonus and cerebellar ataxia, although strongly sugges-
tive may take some time to evince during which significant damage to the brain has
occurred. Further complicating the early evaluation of overt CJD is the existence of
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different molecular subtypes of sCJD, chiefly influenced by the combination of
PrP% glycoform type (Type 1 or Type 2) and genotype at the polymorphic PRNP
codon 129 (methionine (M) or valine (V) homozygote or heterozygote). As a con-
sequence, the clinical spectrum is more diverse, and patients may present with psy-
chiatric symptoms, movement disorder, or visual complaints rather than cognitive
issues, and the tempo of disease progression may be much slower than usual (Parchi
et al. 2011). Ultimately, PrD classification can only be “definite” with neuropatho-
logical confirmation of the features of the disease or “probable” when neuropatho-
logical confirmation is not possible but where the clinical profile and investigational
studies such as electroencephalogram (EEG), magnetic resonance imaging (MRI),
and cerebrospinal fluid (CSF) biomarkers are supportive (CJD Diagnostic
Criteria 2024).

A range of autosomal dominantly inherited PRNP mutations are recognised,
including missense, nonsense, and octapeptide repeat insertions (OPRIs) that result
in genetic forms of prion disease (Minikel et al. 2016). Although there have been
dozens of reported PRNP sequence variations, recent evidence suggests many of
these may in fact be “benign” polymorphisms or carry a much lower level of disease
penetrance, with lifetime risk as low as 0.1-10% (Minikel et al. 2016). It is assumed
that the presence of a disease-causing PRNP mutation greatly pre-disposes PrP¢ to
spontaneously misfold to PrP5¢ at some point during an individual’s lifetime, lead-
ing to the development of overt PrD, although the precise influences and mechanism/s
behind this have not yet been determined. Different PRNP mutations can also be
influenced by the prion molecular subtype, especially the polymorphic codon 129
genotype, thereby eliciting clinically and neuropathologically distinct and often
quite variable phenotypes (Baiardi et al. 2021; Ladogana and Kovacs 2018), such as
the effect of coding for a valine or methionine at codon 129 in cis with the D178N
mutation. If D178N is in cis with a methionine at codon 129, the mutation typically
leads to an FFI clinical presentation, with an onset typically between the fourth and
sixth decade, progressive sleep and autonomic nervous system impairment, and
other symptoms associated with severe atrophy of the medial thalamic nuclei and
negative or not suggestive investigation results (CSF 14-3-3, MRI, and EEG). If
D178N is in cis with valine at codon 129, then the associated disease phenotype is
usually CJD (Cracco et al. 2018). The most common E200K mutation displays high
penetrance and usually presents as classical CJD with rapidly progressive dementia
of under a year and positive biomarker investigation results such as positive CSF
14-3-3 or RT-QuIC seeding and a suggestive MRI (Appleby et al. 2022). In contrast,
mutations associated with GSS, for example, P102L, typically have more prominent
cerebellar ataxia for an extended period before significant cognitive decline, with
negative biomarker investigation results, significantly longer illness durations up to
several years, and disease onsets anywhere from the third to the sixth decade (Chen
et al. 2024; Ghetti et al. 2018). The wide variation in gPrD presentations observed
between kindreds carrying the same PRNP mutation can even be observed within
kindreds, including symptomatology, age at onset, and disease duration (McLean
et al. 1997; Yamada et al. 1999; Mead et al. 2006; Webb et al. 2008).
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Fig. 4.1 Differences in disease features between sporadic (sCJD; includes data from two cases of
sporadic fatal insomnia) and genetic prion disease (gPrD). Average prion disease (a) duration and
(b) age at disease onset are significantly different (****) across the different disease aetiologic
subtypes. (Novel data obtained from the Australian National CJD Registry (ANCJDR) from its
inception in 1993 to Dec 2024)

As illustrated by Fig. 4.1a, whilst the average illness duration of sCJD is approxi-
mately 6 months, gPrDs, especially non-CJD phenotypes, generally have much lon-
ger durations spanning up to a few years, and some patients with rare forms of
genetic PrD can remain symptomatic for over a decade prior to death. Similarly,
whilst typically the age at onset for sCJD is in the seventh decade, some individuals
manifest PrD much earlier, especially some forms of genetic PrD, as demonstrated
in Fig. 4.1b.

Imaging
Brain Magnetic Resonance Imaging

Brain MRI is the leading non-invasive tool for the identification of PrDs and exclu-
sion of mimics with characteristic changes officially included in the diagnostic cri-
teria in 2009 (Zerr et al. 2009). The MRI features most characteristic of sCJD are
high fluid-attenuated inversion recovery (FLAIR) or diffusion-weighted imaging
(DWI) signal intensities occurring in the corpus striatum (caudate nucleus and/or
putamen) or in at least two cortical (excluding the frontal) regions; significant corti-
cal swelling and contrast enhancement are not considered features of sCJD. MRI
changes may advance with the clinical progression of the disease (Kulkarni 2015).
MRI features have also been found to vary between sCJD subtypes when imaged
early in disease progression (Bizzi et al. 2020). sCJD types MM/V1 and MM/V2C
are less likely to present with DWI abnormalities in the striatum, while VV2 and
MV2K are unlikely to demonstrate changes in the cerebral cortex (Bizzi et al. 2020).
Other prion diseases demonstrate their own unique MRI features, such as the “pul-
vinar sign” in vCJD, which presents as bilateral FLAIR or DWI hyperintensities
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involving the pulvinar thalamic nuclei (Collie et al. 2003). While MRI abnormali-
ties are often non-specific in nature or modest for FFI, there can be evidence of
thalamic volume changes (Grau-Rivera et al. 2016).

Cerebrospinal Fluid Biomarkers

The introduction of CSF biomarkers has significantly enhanced the pre-mortem
diagnosis of PrDs, especially sCJD. Since CSF testing was introduced for PrDs,
referrals to national surveillance systems have increased markedly, which has
played a crucial role in improving the surveillance of PrDs and enhancing the accu-
racy of pre-mortem diagnosis. This section will explore several key biomarkers in
detail, including their mechanisms, diagnostic values, and recent scientific
advancements.

14-3-3 Proteins

14-3-3 proteins are a family of regulatory molecules involved in numerous cellular
processes, including signal transduction, cell cycle control, and apoptosis. These
proteins are present at high levels in the central nervous system (CNS) and are con-
sidered non-specific markers for neuronal damage. They are released into the CSF
following neuronal injury or death, which can occur in various neurological and
pathological conditions, such as prion diseases but also stroke, prolonged seizures,
and viral encephalitis (Muayqil et al. 2012; Stoeck et al. 2012). Despite their non-
specificity, 14-3-3 proteins are valuable in a clinical setting when appropriately uti-
lised in the context of a patient’s illness. Employed correctly in a high pre-test
likelihood setting, the presence of 14-3-3 proteins in CSF has high sensitivity
(~85-95%) and specificity (~80-90%) for sCJD, making them highly useful for
diagnostic purposes and therefore included in the World Health Organisation
(WHO) manual for PrD surveillance (WHO 1998) (Lattanzio et al. 2017; Senesi
et al. 2023b; Chohan et al. 2010). For gCJD due to the most common PRNP muta-
tions, such as E200K and V210I, the sensitivity is similar to sCJD, with sensitivity
around 70-100%, depending on the assay platform utilised (Schmitz et al. 2022). In
other genetic PrD phenotypes such as FFI and GSS, the sensitivity of 14-3-3 pro-
teins is variable, often considerably lower than in sCJD, with FFI showing sensitivi-
ties around 10-40% and GSS around 45% (Chen et al. 2019; Schmitz et al. 2022).
The reason(s) behind such variability in 14-3-3 CSF levels in gPrD is incompletely
resolved but at least partly relates to the rapidity of disease progression, CSF sam-
pling at different stages of disease progression, and possibly the location of the
mutation (before or after amino acid 83) (Chen et al. 2019).



4 Prion Disease Diagnostic Biomarker Utility in Pre-symptomatic Disease 71

Total-Tau Protein

Tau is a microtubule-associated protein crucial for the assembly and maintenance of
microtubules in axons, playing a significant role in maintaining neuronal structure
and function. In the context of prion diseases, Tau is released in high concentrations,
particularly during the late stages of the disease. Similar to 14-3-3 proteins, elevated
levels of total Tau (tTau) in the CSF are indicative of neuronal damage but are also
a non-specific marker for PrDs, as elevated tTau can also be observed in other rap-
idly progressing dementias, inflammatory diseases, or following seizures (Skillback
et al. 2014).

In sCJD, tTau shows a sensitivity and specificity of approximately 80-90%
(Senesi et al. 2023b; Lattanzio et al. 2017). For gCJD, sensitivity and specificity are
reported to be slightly lower on average, greatly depending on the specific PRNP
mutation, with sensitivity ranging from O for mutations such as G114V, D178N(V),
and K194E to >80% for more common mutations such as E200K and a 4-OPRI
insertion (Schmitz et al. 2022; Ladogana et al. 2009; Lattanzio et al. 2017). In FFI,
the sensitivity of tTau is low (7-18%), while in GSS it is approximately 40-50%.
Higher levels of CSF tTau protein in FFI patients seem to correlate with the clinical
presentation of myoclonus, indicating greater neuronal damage (Chen et al. 2019).
Lattanzio et al. (2017) highlighted the utility of the ratio of phosphorylated Tau at
serine 181 (pTau) to tTau in improving the differentiation between PrDs and other
neurodegenerative diseases such as AD.

Real-Time Quaking-Induced Conversion Assay

The real-time quaking-induced conversion (RT-QuIC) assay has revolutionised the
clinical diagnosis of PrDs by exploiting the ability of minuscule quantities of PrP%
to faithfully “seed” the misfolding of PrP¢ into nascent PrP> readily detected by
fluorophores in vitro (Schmitz et al. 2016). Originally developed for CSF samples,
RT-QulIC has expanded its utility to include tissues such as olfactory mucosa (Orru
et al. 2014) and skin biopsy (Orrt et al. 2017), as well as tears (Schmitz et al. 2023).

RT-QuiIC uses recombinant prion protein (rPrP) as a substrate which, when
mixed with a biospecimen containing PrP% and subjected to cyclic shaking, ampli-
fies the small amounts of misfolded prion protein present in the sample. Since its
inception with human rPrP as a substrate to amplify the reaction (Atarashi et al.
2011), other substrates have been employed in RT-QulC, such as full-length ham-
ster (Peden et al. 2012), truncated hamster, and bank vole (Watts et al. 2014; Orru
et al. 2015; Orru et al. 2015). Different substrates, especially truncated hamsters
combined with altered assay conditions such as higher assay temperatures, often
referred to as “second generation” or “improved” RT-QUIC assays, have been found
to provide the advantage of increased sensitivity whilst also (Orrt et al. 2015) short-
ening total assay duration and therefore results turnaround times.

In sCJD, the RT-QuIC assay generally exhibits high sensitivity (~80-90%) and
almost 100% specificity, making it an extremely robust diagnostic tool. Analogous
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to other biomarkers, the application of RT-QuIC to gPrD has demonstrated varying
sensitivities and specificities. For example, symptomatic PRNP mutation carriers
with mutations associated with a gCJD phenotype typically display similar sensi-
tivities and specificities to sCJD, depending on the mutation present (Schmitz et al.
2022; Lattanzio et al. 2017; Rhoads et al. 2020). For other gPrDs such as FFI and
GSS, RT-QuIC testing of CSF from symptomatic individuals, even with assay mod-
ifications such as employing the “universal substrate” bank vole recombinant PrP,
generally shows lower sensitivities (0-30% for FFI and 40-60% for GSS), although
this can vary across the specific disease-associated mutations (Schmitz et al. 2022;
Lattanzio et al. 2017; Mok et al. 2021; Franceschini et al. 2017; Dong and Satoh
2021; Green 2019; Cramm et al. 2016; Sano et al. 2013). Moreover, due to the low
incidence of FFI and GSS, these studies often report only low case numbers, which
can also affect the sensitivity and specificity calculated across laboratories.

As mentioned, recent studies have reported an expanded diagnostic ability of
RT-QuIC beyond CSF to include other tissues and fluids. Olfactory mucosa (Orru
et al. 2014), skin biopsy samples (Orru et al. 2017), and tears (Schmitz et al. 2023)
have been successfully used as alternative biological sources for RT-QuIC testing.
These samples have demonstrated varying degrees of sensitivity and specificity but
still maintain high diagnostic accuracy, comparable to CSF-based assays, with the
advantage of being less invasive than lumbar puncture and offering the potential for
greater convenience in longitudinal and preclinical studies. The versatility of
RT-QuIC across different bio-sample sources underscores its potential as a robust
tool for early diagnosis, monitoring of disease progression, and assessment of thera-
peutic efficacy in PrD.

Biopotential Recordings
Electroencephalogram

Typical EEG findings were included by the World Health Organisation (WHO) in
1998 as a diagnostic criterion for “probable” sCJD. In these criteria, the presence of
periodic sharp-wave complexes (PSWCs) on EEG was recognised as a strongly sup-
portive or hallmark feature for the diagnosis of probable sCJD when combined with
clinical symptoms such as rapidly progressive dementia and at least two other typi-
cal clinical signs (e.g. myoclonus, visual disturbances, ataxia, etc.).

PSWCs are characterised by strictly periodic cerebral potentials occurring at a
frequency of 0.5-2 Hz. PSWCs are typically absent during sleep and sometimes
diminished by psychotropic medications. Their occurrence varies according to the
molecular subtype of sCJD and age (Kovics et al. 2005; Wieser et al. 2006; Collins
etal. 2006), with an overall sensitivity of <65% and specificity of 90%. Additionally,
the main background frequency with increases in delta/theta frequencies in quanti-
tative EEG appears to correlate with clinical progression, making EEG a potential
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tool for monitoring PrD progression in the late symptomatic phases (Collins
et al. 2001).

In early PrD stages, non-specific changes such as diffuse slowing and frontal
intermittent rhythmic delta activity (FIRDA) are more common (Ladogana et al.
2009). Similar EEG patterns have been reported in other neurodegenerative condi-
tions, such as AD and Lewy body dementia (LBD), though less frequently.
Furthermore, the likelihood of detecting PSWCs is much lower in other PrDs such
as GSS, as well as in certain molecular subtypes of sCJD (Puoti et al. 2012).

Updates to the diagnostic criteria for probable sCJD have continued to include
EEG findings, though advancements in other diagnostic tools and biomarkers have
somewhat reduced the reliance on an EEG (Hermann et al. 2018). Nevertheless, the
EEG remains a valuable tool in the evaluation of potential sCJD, particularly in set-
tings where advanced imaging or biochemical testing is contraindicated or
unavailable.

Polysomnography

In FFI, or sporadic fatal insomnia, polysomnography (PSG) frequently offers objec-
tive identification of early and progressive reductions in total sleep time, the absence
of sleep spindles and K-complexes, disrupted sleep structure, and sleep fragmenta-
tion. Although these changes, in combination with brief REM sleep episodes that
may involve dream enactment behaviours, can be envisaged as strongly supportive
of fatal insomnia (Montagna et al. 2003), they are much less common in other forms
of PrD, severely limiting their overall diagnostic utility for PrDs.

Pre-symptomatic Prion Disease

Animal models of prion disease employing a range of hosts, including ovine
(Thomas et al. 2024; Pérez-Lazaro et al. 2024), rodent (Wang et al. 2019; Brazier
et al. 2006), and cervid (Denkers et al. 2024; Kraft et al. 2023) systems, have pro-
vided compelling evidence that the agent of transmission (“prions”) and pathologi-
cal and biological changes are present prior to overt clinical onset. This supports the
proposition that detection of disease at the pre-symptomatic phase should be pos-
sible; however, corroborating this in the human context is challenging for various
reasons. Clearly demarcating pre-symptomatic from prodromal or early symptom-
atic PrD is not necessarily straightforward, as animal models have demonstrated
that subtle behavioural and cognitive changes can be discerned using appropriate
techniques in advance of traditional features (Senesi et al. 2023a; Cunningham et al.
2003, 2005). The completely unpredictable and spontaneous onset of a rare disorder
such as sCJD (accounting for the vast majority of PrD cases) renders the systematic
forward planning of preclinical or even prodromal screening impossible to conduct
(Minikel et al. 2019). Nonetheless, as described in the following sections, the
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concepts of detectable sub-clinical, pre-symptomatic, and subliminal prodromal
phases are supported by a growing number of case reports and systematic studies
across the spectrum of PrD. These studies give valuable insight into the processes
that may be at play prior to the onset of clear-cut symptoms and valuable direction
for future preclinical biomarker development.

Retrospective Large-Scale Archived Tissue Analysis

Large-scale, anonymised, retrospective surveys of tonsil and appendix specimens
have revealed evidence of disease-associated prion protein deposition in a small
number of asymptomatic people in the United Kingdom (Gill et al. 2013; Hilton
et al. 2004). These studies were conducted following the epidemic of bovine spon-
giform encephalopathy (BSE) after it was confirmed that BSE had crossed the spe-
cies barrier into humans as the zoonosis vCID (Will et al. 1996; Collinge et al.
1996). vCJD has been responsible for 233 deaths to date, with 178 of these occur-
ring in the UK. Characteristic features distinguishing sCJD from vCJD are younger
age at disease onset and deposition of PrP% in lymphoreticular tissues.
Epidemiological modelling studies were undertaken during the height of the vCJD
epidemic to predict the burden of disease that would develop due to transmission of
BSE through consumption of contaminated meat (Ghani et al. 2000). Furthermore,
concerns regarding asymptomatic people harbouring vCID and the potential for
secondary transmissions, particularly through donated blood products, for example,
led to large-scale retrospective immunohistological surveys of lymphoreticular tis-
sues for the detection of disease-associated prion protein deposition. These studies
generated estimates that 1 in 2000 people in the UK were likely pre-symptomatically
infected with vCJD prions and potentially at risk of developing and secondarily
transmitting vCJD (Gill et al. 2013). Fortunately, however, so far over the decade
since these findings were published, only one person has succumbed to vCJD in the
UK (Mok et al. 2017), suggesting that the presence of detectable prions in lympho-
reticular tissue samples was an overestimate or may not completely reflect the like-
lihood of developing clinical disease. It has been hypothesised that lymphoreticular
tissues may have increased permissiveness to prions when compared to central ner-
vous system tissue, leading to the possibility of indefinite sub-clinical disease rather
than representing pre-symptomatic disease (Beringue et al. 2012). Of interest, the
most recent case of vCID in the UK reported by Mok et al. (2017) was the first case
of vCJD in a person heterozygous at codon 129, raising the possibility of longer
incubation periods in these individuals. The full pathobiological implications of the
deposition of PrP% in lymphoreticular tissues in asymptomatic persons apparently
harbouring vCJD remain unresolved, but the development of sensitive and specific
tests suitable for mass screening, such as a blood-based assay, could potentially
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advance our understanding of the pre-symptomatic and prodromal phases of
PrD. Indeed, the in vitro PrPS amplification technique known as protein misfolding
cyclic amplification (PMCA), with the addition of some pre-analytical processing
steps, has successfully detected PrP* in the blood of symptomatic and even pre-
symptomatic (14 and 31 months prior to clinical disease) vCJID patients (Concha-
Marambio et al. 2016; Bougard et al. 2016).

Incidental Post-mortem Prion Disease Detection in Apparently
Asymptomatic People

Although rare, there have now been several reported instances of the detection of
diagnostic prion disease brain neuropathological changes in people who were
believed to be asymptomatic for prion disease at the time of death. An adolescent
who had received cadaveric pituitary growth hormone treatments was found to have
neuropathological features of PrD at brain autopsy following death due to viral
respiratory infection (New et al. 1988). There was no clinical suspicion of CJD prior
to her succumbing to pneumonia. Ghoshal et al. (2015) described finding prion
disease neuropathology in a “cognitively normal” study participant. Nakagaki et al.
(2022) reported a positive RT-QulC result from a cadaver used for anatomical prac-
tice, having commenced routine screening of anatomical specimens using RT-QuIC
the year prior. A robust medical history was unable to be retrieved beyond the cause
of death being determined as aspiration pneumonia. Such cases clearly support the
likelihood of established PrD in the human body, especially the brain, prior to con-
vincing clinical features but do not clarify whether these findings represent long-
term sub-clinical disease or a pre-symptomatic phase with the onset of overt disease
imminent.

Incidental Pre-mortem Detection of Pre-symptomatic
Prion Disease

PrD case studies have been reported wherein a diagnostic test has incidentally sug-
gested asymptomatic PrD in a person being investigated for other reasons. To date,
11 such case studies of patients ultimately succumbing to prion disease have been
published in the literature (summarised in Table 4.1), with the majority (all but two)
being cases of presumed sporadic CJD. All cases had pre-symptomatic brain MRI
DWI findings broadly compatible with PrD, and approximately half had undergone
other tests prior to symptom onset, such as EEG or CSF analysis.



76 L. J. Ellett et al.

Table 4.1 Summary of investigation results relevant to prion disease diagnosis conducted before
and after the onset of symptoms across 11 incidentally discovered prion disease cases at the pre-
symptomatic stage of the disease

Diagnostic test result

Test results in relation | MRI DWI EEG
References to prion symptom onset | hyperintensity |tTau | 14-3-3 | RT-QuIlC | PSWC
Satoh et al. 2011 | Before: + - - NP NP

After: + + - NP +
Terasawa et al. | Before: + NP | NP NP -
(2012) After: + NP |NP NP -
Verde et al. Before: + NP | NP NP NP
(2016) After: + + + + —b
Suzuki et al. Before: + NP | NP NP NP
(2016) After: + + + NP b
Zanusso et al. Before: + NP | NP NP NP
(2016) After: + + + +¢ +
Iwasaki et al. Before: + NP | NP NP NP
(2017) After: + + + NP +
Novi et al. Before: + - - - b
(2018) After: + - - + —b
Maeda et al. Before: + - - — -
(2019) After: + + + + +
Koizumi et al. Before: + NP | NP NP NP
(2021) After: + + + — -
Hamada et al. Before: + - - — -
(2022) After: + + + - +
Yasuda et al. Before: + - - - -
(2022) After: + + + — +

PSWC periodic sharp-wave complexes, NP not performed

+ positive/present

— Negative/absent

aprogressed to positive 4 weeks post-symptom onset
®Abnormal recording but not diagnostic for CJD

positive RT-QuIC results in both CSF and olfactory mucosa

Incidental Pre-symptomatic EEG Findings

To date, five studies have reported EEG investigations prior to the onset of typical
clinical PrD (Terasawa et al. 2012; Maeda et al. 2019; Novi et al. 2018; Hamada
et al. 2022; Yasuda et al. 2022). All studies were negative for diagnostic PSWC at
the pre-symptomatic stage of the disease. Abnormal EEG results consisting of dif-
fuse 6-7 Hz theta activity were recorded in only one study a year prior to the onset
of behavioural disturbances (Novi et al. 2018); however, this co-occurred with neu-
rological deficits in face recognition and clock drawing and therefore could indicate
an early clinical feature. EEG assessed a year later at the time the patient was admit-
ted for behavioural changes was unchanged.

Non-specific increases in EEG slower frequencies have been noted in several
studies during the early symptomatic stages of PrD (Suzuki et al. 2016; Verde et al.
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2016; Satoh et al. 2011). One study described initial excess slow waves during the
early symptomatic stage, which then progressed to typical PSWCs (Satoh et al.
2011). More usually, however, PSWCs detected at the symptomatic stage of the
disease had normal EEG findings prior to symptom onset, making EEG unlikely to
be a useful preclinical investigation tool (Maeda et al. 2019; Yasuda et al. 2022;
Hamada et al. 2022).

Incidental Pre-symptomatic CSF Biomarker Findings

In six of the 11 case reports (Table 4.1), CSF biomarker testing for PrD was only
performed after the onset of overt clinical disease. In the five case studies that did
include pre-symptomatic CSF biomarker testing, all of which were eventually clas-
sified as sCJD, none of the investigations were supportive of prion disease.
Surprisingly, given the ability of the test to amplify very low levels of PrP5, this
included negative RT-QuIC results in four patients even though DWI hyperintensity
on MRI was present (Hamada et al. 2022; Satoh et al. 2011; Maeda et al. 2019; Novi
et al. 2018; Yasuda et al. 2022). Novi et al. (2018) reported RT-QulC positivity but
negative 14-3-3 and tTau results at the symptomatic stage. As 14-3-3 and tTau pro-
teins are non-specific indicators of neuro-axonal damage in the brain, negative
results obtained during early symptomatic disease may indicate that significant neu-
ronal death or injury has not yet occurred or the evolution of the disease is slower
than usual. This may indicate a potentially important diagnostic window for treat-
ment introduction prior to severe irreversible neuronal damage or loss.

Somewhat surprisingly, CSF RT-QulIC results only demonstrated positive results
after the onset of symptoms in two of the four reports with sequential assay studies
(Table 4.1). They both described cases of sCJD, and RT-QuIC positivity was only
demonstrated in CSF collected after overt disease (Maeda et al. 2019; Novi et al.
2018). Reported findings have also shown a disconnection between 14-3-3 and tTau
positivity and RT-QulIC positivity. Yasuda et al. (2022), Hamada et al. (2022), and
Koizumi et al. (2021) showed diagnostic positivity of 14-3-3 and tTau without a
positive RT-QuIC. The explanation for these discrepancies is unclear but may partly
reflect differences in RT-QulC sensitivity between sporadic molecular subtypes
(Hermann et al. 2024) or that PrD conversion-competent seeds do not enter the CSF
until significant neuronal damage has occurred, in contrast to 14-3-3 and tTau.
Alternative diagnostic tissue and bio-fluid sample sources may prove more useful in
the early diagnosis of PrD, including during the pre-symptomatic stage. Nasal
brushings can directly sample olfactory neurons that may have seeding capacity
prior to that detected in CSF (Orru et al. 2014). Skin has been shown in animal stud-
ies to have seeding capacity during asymptomatic disease (Wang et al. 2019). As
RT-QuIC is currently the only PrD-specific test used routinely in a clinical setting,
it would be ideal to optimise the tissue or bio-fluid source to enable this assay to
reliably identify symptomatic PrD as early as possible or even at the pre-symptomatic
stage to maximise treatment windows before significant neuronal damage and loss
have occurred.



78 L. J. Ellett et al.

Table4.2 Summary of incidentally detected pre-symptomatic prion disease case reports providing
preclinical diagnostic test information

Age at Time from initial Clinical

initial suggestive MRI (DWI | course

MRI hyperintensity) to overt | following

(years)/ symptom onset symptom
Reference sex Reason for MRI (months) onset Aetiology
Satoh et al. | 68/M Patient request 3 Slow; Sporadic
(2011) >1 year
Terasawa 68/F Headache with 4 Slow; Genetic;
etal. (2012) nausea >7 months | V1801
Verde et al. | 65/F Headache 12 Slow; Sporadic
(2016) >1 year
Suzuki et al. | 69/M Coronary artery 29 Slow; Sporadic
(2016) stenosis >1 year

monitoring

Zanusso 74/F Carotid body 14 Rapid; Sporadic
et al. (2016) tumour 3 months
Iwasaki T77/M Dizziness 8 Slow; Sporadic
et al. (2017) 5 months
Novietal. | 64/M Lightheadedness | 16 Slow; Sporadic
(2018) >1 year
Maeda et al. | 67/F Health check 12 Slow; Sporadic
(2019) 6 months
Koizumi 64/F Headache 6 Slow; Genetic;
et al. (2021) >1 year V1801
Hamada 63/F Orofacial dystonia |2 Not Sporadic
et al. (2022) reported
Yasuda et al. | 47/ M Facial numbness 27 Slow; Sporadic
(2022) 5 months

Incidental Pre-Symptomatic MRI Findings

Table 4.2 summarises MRI results in incidentally discovered pre-symptomatic or
early symptomatic PrD patients. The majority of cases had initial MRI imaging in
the 7th decade of life, which correlates with the average age of onset of sCJD
(Fig. 4.1b). The imaging was performed an average of 12 months (SD +9 months)
prior to the onset of clinical features of PrD.

The clinical indications for the initial MRI referral were variable but did not
highlight any distinct symptomatology strongly suggestive of early overt PrD,
although occasional overlap with prodromal symptoms of PrD, such as headache,
cannot be entirely excluded (Table 4.2).

All incidental PrD case reports found brain DWI hyperintensity prior to symp-
tom onset (Table 4.1), which, when present in typical anatomical locations such as
the corpus striatum and cerebral cortex, are known distinctive features of sCJD and
gCJD (Zerr et al. 2009). This was often initially construed as related to an ischaemic
event (Verde et al. 2016; Suzuki et al. 2016; Iwasaki et al. 2017; Koizumi et al.
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2021), and it can be challenging to differentiate a sub-clinical ischaemic event from
changes due to pre-symptomatic PrD. Suzuki et al. (2016), Iwasaki et al. (2017),
and Verde et al. (2016) gave anti-platelet therapy based on initial MRI findings, with
patients remaining asymptomatic for 17, 12, and 8 months, respectively, until pre-
senting to the hospital again. Koizumi et al. (2021) described treatment with aspirin
associated with improvement in DWI hyperintensity, suggesting the finding may
have been due to an ischaemic event and highlighting the possibility that PrD may
coincide with other treatable morbidities. The eventual onset of typical clinical fea-
tures and follow-up MRIs showing the evolution of characteristic DWI hyperinten-
sity in spite of any coincidental treatment clarified the development of PrD.

Longitudinal Investigation of PRNP Mutation Carriers
at Increased Risk of Developing Prion Disease

As previously discussed, the unpredictable and spontaneous appearance of sCJD,
representing the majority of PrD, makes the forward planning of pre-symptomatic
screening almost impossible to conduct. Although predicting disease onset in carri-
ers of highly penetrant PRNP mutations is also challenging, people known to be
“at-risk” of genetic PrD offer a more tractable situation (Minikel et al. 2019).
Asymptomatic PRNP mutation carriers, especially the highly penetrant mutations
such as E200K, D178N, and P102L (Minikel et al. 2016), are still the best opportu-
nity for investigating any potential pre-symptomatic or prodromal changes related
to PrD, as they are the only group where progression to symptomatic PrD during life
is highly likely.

Studies assessing diagnostic investigations in PRNP mutation carriers can be
separated and loosely categorised as either retrospective or prospective. Retrospective
investigations are primarily those involving incidental findings (as described above)
when individuals have been specifically investigated for an unrelated illness and/or
non-specific symptoms not considered to be indicative of PrD but which may actu-
ally be early/prodromal features of PrD when PRNP mutation status is uncovered
during the course of the investigations. Retrospective studies may also involve the
thorough re-analysis of prior investigation results collected pre-symptomatically
from known PRNP mutation carriers for unrelated reasons. Prospective studies,
including longitudinal studies, involve cohorts of known mutation carriers (and
often PRNP mutation-negative family members as controls), whereby diagnostic
tests are carried out, and in the case of longitudinal studies, systematically repeated
over several years in order to detect the earliest development of diagnostic positivity
and potentially predict symptom onset. Given the long period of time often required
to obtain these datasets and the rarity of this family of diseases, there are few such
systematic pre-symptomatic longitudinal studies for gPrD reported in the literature.
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Longitudinal Imaging Studies
Magnetic Resonance Imaging

As already mentioned, characteristic MRI changes in symptomatic PrD, especially
sCJID, are well described with very good sensitivity and specificity and have been
detected incidentally in pre-symptomatic individuals who later developed PrD. As
such, the majority of prospective gPrD studies have included MRI investigations. To
date, however, the longitudinal studies that have been conducted have not shown
significant or convincing MRI DWI changes in asymptomatic gPrD carriers. In
G114V carriers, grey matter volume was reduced compared to healthy controls at
baseline imaging, but grey matter volume was shown to increase when comparing
asymptomatic carriers at baseline to imaging performed 2 years later (Lu et al.
2020). Asymptomatic OPRI carriers showed mild cerebellar atrophy on MRI, and
E200K carriers showed some brain volume changes on MRI, but these findings
were subtle and unlikely to be usable as pre-symptomatic diagnostic markers
(Cohen et al. 2015; Townley et al. 2020).

18Fluorine-Fluorodeoxyglucose (18F-FDG) Positron Emission
Tomography (PET)

18fluorine-fluorodeoxyglucose positron emission tomography (18F-FDG-PET) is
not a commonly employed diagnostic tool for PrD but may hold potential niche util-
ity: Hypometabolism of glucose in cortical and subcortical brain regions has been
described (comprehensively reviewed in Mattoli et al. (2024). PET is an imaging
modality that utilises radioactive tracers to monitor bodily processes such as metab-
olism, blood flow, and the presence of chemicals of interest. 18F-FDG is a radioac-
tive glucose analogue used in conjunction with PET imaging to measure alterations
in cellular metabolism in body tissues. 18F-FDG-PET has demonstrated cerebral
hypometabolism in symptomatic sCJD when other imaging and biopotential record-
ing techniques were unremarkable in the early stages of the disease (Boero et al.
2024). Hypometabolism has also been shown in brain regions during early-stage
genetic PrD, as well as the pre-symptomatic stage in a person harbouring the D178N
mutation at risk for FFI, and therefore may be a relevant tool for understanding pre-
symptomatic gPrD (Lu et al. 2020; Cortelli et al. 2006), as illustrated by hypome-
tabolism in the thalami evident at 13 months prior to the onset of symptoms typical
of FFI (Cortelli et al. 2006).

In carriers of the G114V mutation associated with gCJD, there was no definite
hypometabolism during asymptomatic disease (Lu et al. 2020; Chu et al. 2022;
Kong et al. 2025). The lack of progression to symptomatic disease in G114V
patients in this longitudinal study to date means it has not yet been able to capture
the progression from the asymptomatic to the symptomatic stage. Data collected by
this same team on symptomatic sCJD and E200K patients was able to show
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significant reductions in brain FDG uptake, but it is not yet known if the G114V
patients will display this characteristic at the symptomatic stage of the disease.
Different PrDs are already known to present different findings across varied diag-
nostic modalities, and not all PrDs have been shown to display hypometabolism on
18F-FDG-PET. 18F-FDG-PET hypometabolism was “not well visualised” in those
carrying a seven OPRI mutation even during symptomatic disease, confounded by
cerebral hypometabolism increasing with age (Townley et al. 2020). Consequently,
given the likely ongoing small sample sizes, substantial pathological differences
between gPrDs and age as a confounding factor, 18F-FDG-PET will require consid-
erably more evaluation before determining its utility across the different gPrD
mutations before it can be used as a pre-symptomatic PrD marker.

Longitudinal Analysis of CSF and Other Fluid Biomarkers
RT-QulC Assay

A caveat in relation to longitudinal, pre-symptomatic PrD studies in genetic carriers
is that, as alluded to earlier, many genetic forms of PrD do not test positive in the
classic diagnostic RT-QuIC CSF assay even when symptomatic. CSF from symp-
tomatic patients carrying the E200K PRNP mutation can, however, seed classic
RT-QulIC assays using recombinant hamster prion protein as the substrate (Mok
et al. 2021; Xiao et al. 2019) as well as in a modified assay using a hamster-sheep
recombinant prion protein chimaera (Orru et al. 2015; Mok et al. 2021; Cramm
et al. 2015). In the National Prion Monitoring Cohort (NPMC) study, three pre-
symptomatic E200K carriers were reported to show positive RT-QuIC assay results:
two at least 3 years prior to symptom onset, while one displayed positive results
only approximately 2 months prior to clinical onset (Mok et al. 2023; Vallabh et al.
2024). Similarly, in a separate, single-centre, longitudinal study, RT-QulC seeding
activity was detected in CSF from three pre-symptomatic E200K carriers at 1 year,
2.5 years, and 3.1 years prior to onset (Vallabh et al. 2024), confirming a potentially
identifiable pre-symptomatic PrPS¢  deposition/neurodegeneration ~ window.
Unfortunately, similar to observations of lower sensitivity when RT-QuIC testing
CSF from symptomatic rarer phenotypes of inherited prion disease cases (Schmitz
et al. 2022), in the pre-symptomatic cohort of carriers of other gPrD PRNP muta-
tions, including P102L, 6-OPRI, A117V, and D178N, only one asymptomatic
P102L carrier tested positive in a bespoke CSF RT-QulC (Mok et al. 2023; Vallabh
et al. 2024). It is clear that CSF, or other bio-fluid testing with RT-QulC, especially
when applied to pre-symptomatic PRNP mutation carriers, will likely require sig-
nificant assay re-development with specific modifications such as changes in incu-
bation temperature, reaction buffer components like salts or anionic detergents, and
especially the recombinant protein substrate utilised to suit the particular PRNP
mutation, and even then, may remain unsuccessful (Mok et al. 2023).
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NfL and GFAP

As the screening of neurodegenerative diseases moves forward, biomarkers sourced
from less invasive bio-fluids, such as blood, are envisaged as much more desirable.
Intracellular fibrillar proteins such as neurofilament light chain (NfL) and glial
fibrillary acidic protein (GFAP) are being investigated for their potential to identify
neurodegenerative processes. NfL is part of a group of proteins involved specifically
in the construction of axons, and levels in both CSF and blood are reliable indicators
of neurodegeneration. CSF NfL levels vary significantly amongst CJD molecular
subtypes with increases significantly greater than tTau in cases with subcortical
pathology, although the diagnostic value decreases markedly when considered
within a heterogeneous group of rapidly progressive dementia patients when com-
pared to tTau or 14-3-3 (Abu-Rumeileh and Parchi 2021). GFAP is strongly associ-
ated with astrocytes and can be released into the CSF and blood if astrocytes are
damaged, which may happen during neurodegenerative processes. NfLL can be con-
sidered a marker of neurodegeneration, while GFAP can be considered a marker of
neuroinflammation.

Plasma from asymptomatic mutation carriers in the NPMC study was analysed
using single molecule array (Simoa) technology, showing a potential utility of
GFAP and NfL as biomarkers in the 2 years before the onset of symptoms in per-
sons carrying “slow” gPrD mutations such as P102L (Thompson et al. 2021).
However, a subsequent study on a very small cohort of E200K and P102L carriers
found that NfL. and GFAP gave inconsistent results during the asymptomatic phase
of the disease (Vallabh et al. 2024). More work is required to better understand the
utility of these biomarkers in pre-symptomatic genetic PrDs.

Conclusion

As PrD research enters an era of industry-led, disease-modifying, therapeutic trials,
it has become obvious that, for optimal efficacy, treatments will need to be applied
as early as possible in the disease course. This means it is vital to establish early and
preferably pre-symptomatic diagnostic markers of PrD to identify disease processes
at the earliest possible stage and to also facilitate the monitoring of drug effective-
ness during clinical trials. Given the various aetiologies and phenotypes of PrDs,
finding sensitive biomarkers shared or common to all forms of PrD will remain
challenging. Fortunately, most diagnostic tools work well for the most common PrD
phenotype, sCJD, but not necessarily for less common gPrDs, which may present an
issue in translating gPrD findings as keys to unlocking prodromal or pre-symptom-
atic biomarkers of sCJD. The sCJD molecular subtype and the specific PRNP muta-
tion in gPrD will all undoubtedly influence the development and progression of
pre-symptomatic disease biomarkers. There is a strong possibility that pre-symp-
tomatic clinical markers of PrDs will differ between the different aetiologies of PrD,
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and studies of asymptomatic mutation carriers may find biomarkers that are only
relevant to specific mutation types.

Based on the current literature analysis, brain imaging techniques, especially
MRI, are the most likely to detect early and even pre-symptomatic PrD compared to
other current diagnostic tests; PET imaging is likely to offer a more niche utility.
Cerebral hypometabolism in 18F-FDG-PET is not specific to PrD but is commonly
seen in neurodegenerative dementias and does hold potential utility for specific enti-
ties such as FFIL.

Surprisingly, there was limited evidence to support CSF RT-QuIC analysis as a
useful tool for pre-symptomatic sCJD but some modest evidence for utility in gCJD
caused by the E200K mutation. Future pre-symptomatic clinical studies may need
to incorporate alternative biological sample sites for tests such as RT-QulC, as CSF
may not be the ideal specimen for pre-symptomatic detection, especially in
sCJD. Brain autopsy studies have demonstrated that incidental pre-symptomatic
PrD neuropathology can occur, but it remains unresolved whether such changes
imply the ineluctable development of PrD or perhaps long-term sub-clinical PrD.
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Chapter 5 )
Therapeutic Trajectories in Human Prion <
Diseases

Maria Letizia Barreca and Emiliano Biasini

Abstract Prion diseases are rare yet devastating neurodegenerative disorders that
result from the misfolding of the cellular prion protein, PrPS, into its infectious and
pathogenic isoform, PrP%¢. These diseases are marked by progressive neuronal dam-
age, leading to irreversible cognitive and motor impairments and, ultimately, death.
Despite extensive research into their underlying mechanisms, effective treatments
for prion diseases remain elusive. Such a lack of effective therapies mainly arises
from several challenges, including delayed diagnosis and the complex and poorly
understood biology of prion neurotoxicity.

This chapter provides an in-depth exploration of current and emerging therapeu-
tic strategies to treat prion diseases. One promising approach involves using small
molecules to inhibit prion replication by destabilizing PrP% or modulating PrP¢
homeostasis, possibly avoiding previously observed strain-dependent drug resis-
tance. In parallel, immunotherapeutic approaches, including passive and active
immunization, have shown potential in targeting prions. However, challenges
related to brain penetration and potential neurotoxicity remain significant hurdles to
their successful clinical application. Developing advanced genetic tools, such as
RNA interference (RNAi) and CRISPR-based technologies, has opened up new
avenues for therapeutic intervention. These approaches selectively target and reduce
PrP€ expression, thereby preventing the formation and accumulation of PrPS. The
chapter also highlights the progress in clinical trials, such as the PrProfile trial for
ION717, which tests a novel treatment based on an antisense oligonucleotide
(ASO). As we look toward the future, the chapter underscores the need for a multi-
faceted approach to treating prion diseases. Furthermore, early detection methods,
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innovative drug delivery systems, and collaborative interdisciplinary research
efforts will be essential for translating scientific discoveries into practical clinical
breakthroughs.

Keywords Prion diseases - Protein misfolding - Neurodegeneration -
Therapeutic strategies - Drug discovery

Introduction to Prion Disease Therapeutics

Prion diseases are invariably fatal neurodegenerative disorders characterized by the
misfolding of the normal cellular prion protein (PrP¢) into PrP%, a disease-associated
form. PrP5 is an infectious protein (prion), capable of replicating by templating the
misfolding of PrP¢ molecules. This group of disorders, which includes human con-
ditions like Creutzfeldt—Jakob disease (CJD), fatal familial insomnia (FFI), and
Gerstmann—Striussler—Scheinker syndrome (GSS), as well as animal diseases such
as bovine spongiform encephalopathy (BSE) and scrapie, presents considerable
challenges to both public health and the livestock sector globally (Prusiner 1998).
Despite extensive research, treating prion diseases has proven difficult due to com-
plex diagnostic challenges, the complicated nature of disease progression, and the
limited efficacy of existing therapeutic strategies (Barreca et al. 2018; Jurcau
et al. 2024).

This chapter explores the varied landscape of prion disease treatments, from his-
torical methods to the most advanced approaches currently under development. We
begin by examining the primary challenges in treating prion diseases, such as sig-
nificant diagnostic delays that hinder early intervention, the complex biological
mechanisms underlying these disorders, and the limitations of existing treatment
options. A deeper understanding of these obstacles is essential for developing more
effective treatments and early disease detection methods, which are critical for man-
aging and potentially halting disease progression. We then discuss therapeutic strat-
egies using small molecules to tackle prion pathogenesis. We highlight approaches
to inhibit prion replication, destabilize and remove PrP5, and target PrP¢ through
novel paradigms, including recent advancements in cutting-edge computer-aided
methods. We also examine immunotherapy, another promising research field that
holds hope for prion disease treatment through both passive and active immuniza-
tion strategies. Finally, we review advanced genetic approaches like RNA interfer-
ence (RNAI), antisense oligonucleotides (ASOs), and other genetic tools that
represent the forefront of research and offer significant promise to target the genetic
and molecular bases of prion diseases directly. We conclude by considering future
directions in prion disease therapeutics, discussing novel targets and strategies, and
integrating multi-modal treatment approaches and their potential to provide innova-
tive and effective solutions. The chapter emphasizes the urgent need and opportu-
nity to advance treatment options, setting the stage for future research in this
challenging field.
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Current Challenges in Prion Disease Treatment

The fast progression of prion diseases poses a major challenge for therapeutic inter-
ventions, as these diseases typically have a long asymptomatic incubation period
followed by rapid clinical decline once symptoms manifest. Such a quick progres-
sion leaves only a narrow window for therapeutic intervention, as considerable neu-
rological damage is often already present at the time of diagnosis. Initial symptoms
like cognitive decline, memory disturbances, and behavioural changes are non-
specific (Llorens et al. 2017; Geschwind 2015; Brown and Mastrianni 2010). They
can be misdiagnosed as other neurodegenerative disorders, further delaying accu-
rate diagnosis and reducing the adequate timeframe for effective treatment (Zerr
et al. 2024; Kishida et al. 2023). By the time prion diseases are typically diagnosed,
extensive neurological damage caused by PrPS¢ accumulation has usually occurred,
leading to irreversible neurodegeneration, synaptic damage, and neuronal loss.
These outcomes significantly limit the effectiveness of therapies, which typically
aim to slow disease progression rather than reversing existing damage. The precise
molecular mechanisms driving the conversion of normal prion protein into its
disease-causing form and its spread within the central nervous system (CNS) are not
fully understood, complicating the development of targeted therapies that could
interrupt or reverse the disease process (Spagnolli et al. 2020). Additionally, the
blood-brain barrier (BBB) presents a significant obstacle in treating any brain dis-
order, including prion diseases, as many promising therapeutic agents cannot cross
it in sufficient concentrations to achieve efficacy. Given these challenges, research
continues to focus on developing early detection methods, understanding the funda-
mental mechanisms of prion propagation, and creating therapies that can effectively
cross the BBB to intervene before extensive brain damage occurs.

The Intrinsic Biological Complexity of Prion Diseases Prion diseases could be
considered monogenic disorders since a central molecular event causes them: the
conformational conversion of PrP¢ into PrPS¢. However, the pathological mecha-
nisms underlying prion diseases are complex and only partially understood (Casey
and Sleator 2025; Biasini et al. 2012). PrP€ itself exhibits an incredible number of
structural variations (Bizingre et al. 2024). The PrP gene (PRNP) is located on chro-
mosome 20 and encodes a polypeptide that undergoes extensive post-translational
modifications during its synthesis and trafficking to the cell surface (Biieler et al.
1993; Linden et al. 2008). These modifications include glycosylation at specific
asparagine residues, typically at N-linked glycosylation sites at asparagine residues
N181 and N197 (human PrP numbering) (Rudd 2002; Otvos Jr and Cudic 2002;
Lawson et al. 2005). The heterogeneous glycosylation of PrP¢ results in various
glycoforms that affect its folding, cellular trafficking, and susceptibility to
conversion into PrP5¢ (Atkinson 2004; Ermonval 2003). Differences in glycosyl-
ation patterns also play a role in determining the strain characteristics and species
barrier of prion diseases. A critical disulphide bond between cysteine residues C179
and C214 is essential for maintaining the structural integrity of PrP€, and disruption
of this bond can lead to structural instability, promoting misfolding and aggregation
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(Maiti and Surewicz 2001; Turk et al. 1988). PrP¢ is attached to the cell membrane
via a glycosylphosphatidylinositol (GPI) anchor at its C-terminus, which is essen-
tial for the protein localization to lipid rafts, membrane microdomains involved in
cell signalling, and protein trafficking (Hegde and Rane 2003). The presence of the
GPI anchor also plays a crucial role in the endocytic recycling of PrP¢ and may
influence the conversion dynamics of PrP% (Puig et al. 2014). In its mature form,
PrPC€ can be cleaved by various proteases at specific sites, producing several C- and
N-terminal truncated forms (Chen et al. 1995; Haigh et al. 2009). Some of these
proteolytic forms, such as the C1 and C2 fragments, are believed to have neuropro-
tective roles and may be involved in specific signalling pathways (Walmsley et al.
2009; Mangg et al. 2004). For example, the balance between full-length PrP¢ and its
cleaved counterparts may be critical in regulating its physiological functions and
could impact prion disease pathogenesis (Vanni et al. 2023; Haigh et al. 2009).
Another PrP cleaved form, shed-PrP, is generated by proteases that cleave PrP¢
close to its GPI anchorage site at the C-terminus (Parizek et al. 2001; Taylor et al.
2009). The resulting soluble protein is found in the extracellular environment and
can circulate in body fluids such as blood and cerebrospinal fluid (CSF). The pro-
teolytic cleavage that leads to shed-PrP production is primarily mediated by a fam-
ily of proteases known as ADAMs (“a disintegrin and metalloproteinase domain
proteins”), with ADAMIO0 identified as a key enzyme (Taylor et al. 2009). This
proteolytic activity can vary depending on the physiological and pathological state
of the tissue, suggesting a regulated process influenced by cellular contexts and
signals (Altmeppen et al. 2015). In the context of prion diseases, the role of shed-
PrP is complex and still uncertain. While it lacks the GPI anchor necessary for cer-
tain interactions that promote prion replication, its soluble nature might influence
the distribution and aggregation of pathological PrPS¢ (Puig et al. 2019; Linsenmeier
et al. 2021). Understanding shed-PrP dynamics is therefore crucial for several rea-
sons. Varying levels of shed-PrP across different prion disease states suggest that its
detection in biological fluids could serve as a biomarker for diagnosing or monitor-
ing prion disease progression. Additionally, manipulating the shedding process may
offer new avenues for therapeutic intervention (Mohammadi et al. 2023; Linsenmeier
et al. 2018). Further research is needed to delineate the precise mechanisms through
which shed-PrP influences cellular functions and its exact role in prion pathogene-
sis. However, advances in these areas could pave the way for novel diagnostic and
therapeutic strategies targeting shed-PrP production or function in prion diseases.
Another fundamental layer of complexity in prion disease research is represented
by the pathological conversion of PrP¢ into PrP%, as the precise mechanism of such
conversion remains elusive. This process represents the first and most well-
established example of protein-mediated infectivity, with the misfolded PrP5¢ acting
as a template and a catalyst for converting PrP¢ into additional PrP5® molecules
(Spagnolli et al. 2020). While the exact molecular details of the conversion process
are not fully understood, it is known to involve a significant structural rearrange-
ment that occurs through a direct interaction between PrP¢ and PrP%. The prevailing
model, known as “template-assisted conversion,” suggests that PrP% serves as a
template upon which the normal PrPC is refolded into the pathogenic conformation
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(Krauss and Vorberg 2013; Prusiner et al. 1998). This mechanism is thought to
occur at the cell surface or within cellular compartments such as the endoplasmic
reticulum or endosomes, where PrP¢ and PrP% can interact (Porto-Carreiro et al.
2005). Another, not alternative, model proposes that prion replication involves a
nucleation phase, where a critical mass of PrP5° molecules forms a stable seed that
then rapidly elongates by converting and incorporating PrP¢ molecules into its
structure (Gajdusek 1994; Carbonell et al. 2018). The growth of the prion fibril may
occur through this repeated addition, which can eventually lead to the fibril breaking
into smaller seeds, spreading the infection (Baxa 2008). Prion strains, which exhibit
different biochemical and biological properties and cause different disease pheno-
types, represent diverse conformational states of PrP5® (Weissmann 2009). These
strains may also show varying abilities to infect different species, a phenomenon
known as the species barrier (Priola 1999). The specific conformation of PrP5 is
thus believed to dictate the disease phenotype and its ability to convert PrP¢ from
other species. Beyond the known complexity of PrP¢ and PrP% biology, prion dis-
eases likely result from an intricate interplay of protein dynamics, physiological
processes, and systemic interactions, most of which remain poorly understood.
Understanding these complex aspects of prion diseases appears crucial for develop-
ing effective treatments.

Diagnostic Challenges The diagnosis of prion diseases is notoriously difficult,
with a definitive diagnosis often possible only through post-mortem examination of
brain tissue. Early in the disease, symptoms such as rapid-onset dementia, ataxia,
and myoclonus are usually indistinguishable from those of other neurodegenerative
disorders, complicating early and accurate diagnosis (Weber et al. 1997). The land-
scape of prion disease diagnostics has evolved substantially over the past decades,
acquiring sophisticated biochemical and imaging techniques. Currently, diagnostic
tools include magnetic resonance imaging (MRI) (Mattoli et al. 2024), which can
reveal characteristic brain changes; CSF tests for markers like 14-3-3 and Tau pro-
teins (Altuna et al. 2022; Satoh 2022), which are indicative of prion disease but not
exclusive to it since they reflect neuronal damage rather than specific prion-induced
effects; and the real-time quaking-induced conversion (RT-QuIC), which introduced
an unprecedented level of specificity and sensitivity (Atarashi et al. 2011). Despite
significant advancements in the clinical diagnosis of prion diseases, their complex-
ity and rapid progression continue to challenge current diagnostic capabilities,
underscoring the urgent need for novel biomarkers that can effectively support early
diagnosis and therapeutic assessments. Recent progress has led to the identification
of novel blood-based biomarkers, particularly brain-derived tau (BD-tau) and
phospho-tau217 (p-tau217), which promise non-invasive CJD diagnosis and
monitoring (Bentivenga et al. 2024), although their specificity still needs to be fully
elucidated. Studies have also explored the diagnostic capabilities of 14-3-3, t-tau,
and a-synuclein in differentiating genetic prion diseases from other neurological
conditions (Schmitz et al. 2022). These biomarkers were evaluated for their seeding
activity through the RT-QulC conversion assay and compared with those obtained
in healthy and neurological controls. Seeding activity assays typically involve intro-
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ducing pre-formed amyloid fibrils or aggregates to a solution of monomeric pro-
teins to accelerate fibril formation and mimic the nucleation-dependent
polymerization process. BD-tau, reflective of neurodegeneration or neuronal injury,
showed increased levels in CJD patients, correlating with disease progression and
survival rates (Bentivenga et al. 2024). When combined with p-tau217, BD-tau
plasma levels matched the diagnostic accuracy of traditional CSF markers like
14-3-3 for CJD, positioning it as a potent non-invasive diagnostic tool. In addition
to diagnostic utility, plasma BD-tau levels correlate with patient survival, surpass-
ing the performance of other plasma biomarkers like t-tau and NfL. These data sug-
gest that BD-tau could serve as a diagnostic biomarker and a prognostic indicator in
clinical settings, potentially guiding treatment decisions and monitoring disease
progression. While traditional CSF markers such as t-tau and 14-3-3 proteins have
good diagnostic accuracy for typical CJD subtypes, the requirement for CSF collec-
tion limits their widespread use. Conversely, the BD-tau and p-tau217 offer a less
invasive method with comparable accuracy, making them particularly valuable in
non-specialized medical settings and for preliminary screenings. Further research
and validation are necessary to integrate these biomarkers into routine clinical prac-
tice, but their potential to improve patient outcomes remains promising.

Small Molecule Strategies to Halt Prion Pathogenesis

Strategies to halt prion pathogenesis using small molecules exploit various aspects
of prion biology, replication cycle, and effects on the CNS (Uliassi et al. 2023). One
key approach involves inhibiting prion replication by stopping the amplification of
PrP5 after its formation. This strategy historically focused on developing com-
pounds that can directly interfere with the replication process. For instance, one
strategy uses small molecule inhibitors that bind to PrP5, thereby preventing its
interaction with PrP¢ and its subsequent templating effect. Examples include com-
pounds like doxycycline (Forloni et al. 2002a) and suramin (Ladogana et al. 1992),
which have shown some efficacy in laboratory settings. Other strategies target the
cellular machinery or environmental factors that facilitate prion replication, such as
metal ions or pH, influencing prion stability and replication rates (Legname 2023).
Enhancing the degradation and clearance of PrP%° from neural tissue is also a prom-
ising avenue. This includes drugs that stimulate autophagy or antibodies that spe-
cifically recognize and bind to PrP5, acting as anti-prion agents by tagging the
protein for degradation (Trevitt 2006). A primary preventive strategy to tackle prion
diseases is stopping the disease at its earliest stages by ensuring that PrP¢ does not
undergo pathological conversion. Approaches include compounds that bind to PrP¢
and stabilize its conformation (Mallucci and Collinge 2005; Iraci et al. 2015; Rigoli
et al. 2019; Elezgarai and Biasini 2016). One example is molecule GN8, which has
demonstrated potential by binding to PrP€ and stabilizing its native structure, reduc-
ing its susceptibility to misfolding (Kuwata et al. 2007). Most of these strategies,
alone or in combination, represent the forefront of research in combating prion
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diseases. Each addresses different stages of the disease process, from the initial
formation of PrP% to its spread and the resulting neurodegeneration, highlighting
the need for a multifaceted approach to tackle these complex diseases effectively
(Table 5.1). Further details are provided in the following sections, which delve
deeper into specific small molecules (Fig. 5.1).

Targeting Prion Replication One of the most direct approaches to tackle prion
diseases is to inhibit the replication of the pathogenic form PrPS. Research has
identified various compounds that show potential to achieve this goal in lab settings.
Pentosan polysulfate (PPS), a heparin-like compound, has demonstrated some abil-
ity to inhibit prion replication in various experimental models, although its mecha-
nism is not fully understood (Diringer and Ehlers 1991; Caughey and Raymond
1993; Ladogana et al. 1992). Despite promising in vitro and in vivo results, PPS
faces significant challenges in clinical applications (Todd et al. 2005). One major
limitation is its inability to efficiently cross the BBB, primarily due to its large
molecular size and negative charge, in addition to poor absorption rate from the
gastrointestinal tract. Although invasive administration methods such as intraven-
tricular or intrathecal delivery allow PPS to reach the CNS, these approaches are not
ideal for long-term treatment. Moreover, although observational studies suggested
extended survival in some cases, no direct symptomatic relief was observed, and the
treatment was undermined by numerous complications (Tsuboi et al. 2009).

Another group of compounds studied for their anti-prion properties includes the
antimalarial drugs quinacrine and chloroquine. These agents have been found to
inhibit PrP% formation in infected cell cultures, likely by interfering with the con-
formational change required to convert the normal PrP€ into the misfolded PrP5¢
(Doh-ura et al. 2000; Korth et al. 2001). Their ability to cross the BBB and exhibit
anti-prion effects in vitro initially made them promising candidates for treating
prion diseases. Quinacrine underwent clinical evaluation in two studies: the PRION1
open-label trial in the UK and a double-anonymized, placebo-controlled trial in the
US (Collinge et al. 2009). Unfortunately, although some patients reported early
symptomatic relief, neither trial demonstrated a significant survival benefit. Several
factors may account for this failure, including inadequate CNS drug concentrations,
limited ability to target prion reservoirs, or differences in prion strain susceptibility.
Additionally, these drugs are associated with significant side effects, such as poten-
tial retinal toxicity and gastrointestinal disturbances, which further complicate their
clinical utility, especially given the absence of proven therapeutic benefits (Mead
and Tagliavini 2018).

The most remarkable example of drug discovery and development in prion dis-
eases is represented by 2-aminothiazoles, a class of compounds identified through
cell-based screens for their anti-prion properties. Notably, two molecules of this
group, IND24 and IND81, have shown promise by significantly extending the sur-
vival times of scrapie-infected mice in preclinical studies (Silber et al. 2013).
However, their therapeutic potential was complicated by the emergence of drug-
resistant prion strains during treatment. For instance, mice infected with Rocky
Mountain Laboratory (RML) prions and treated with IND24 initially exhibited
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Table 5.1 Therapeutic features of the discussed anti-prion compounds

Small molecule

Pentosan
Polysulfate (PPS)

Quinacrine

2-Aminothiazoles
(e.g., IND24)

Rapamycin

ARN1468

GN8

SM875

Zn(1)-BnPyP

Flupirtine

Doxycycline

Primary mechanism
of action

Heparin mimetic—
competes with
endogenous heparan
sulfate proteoglycans,
inhibiting prion
aggregation and
propagation
Antimalarian
agent—binds to PrPC
and inhibits
conversion to PrPSc
Stabilizes PrPC and
interferes with PrPSc
aggregation

mTOR inhibitor:
promotes PrPSc
autophagic
degradation
SERPINA3 inhibitor:
enables proteases to
clear prion aggregates
Binds and stabilizes
PrPC's native
conformation to
prevent misfolding

Stabilizes PrPC
folding intermediates
to promote protein
degradation

Zinc complex: binds
and destabilizes
native PrPC,
promoting its
degradation
Modulates
glutamatergic
signalling and affects
PrPSc aggregation

Tetracycline
antibiotic: Binds to
PrPSc, reducing its
aggregation and
protease-resistance

M. L. Barreca and E. Biasini

Efficacy in models

Effective in cells,
prolonged survival in
rodents, and mixed
outcomes in humans

High efficacy in cells, no
effects in rodents, and no
significant improvements
in humans

Effective in reducing
PrPSc in cells, extends
survival in some murine
models, and not reported
in humans

Reduces PrPSc in cells,
extends survival in
rodents, and not reported
in humans

Reduces prion
accumulation in cells and
not reported in humans
Prevents new and
reduces existing PrPSc
aggregates in cells and
animals and not reported
in humans

Lowers PrPC levels in
cells, inhibits prion
replication, promotes
degradation, and not
reported in humans
Anti-prion effects in cells
and brain cultures and
not reported in humans

Reduced aggregation and
neurotoxicity in cells,
extended survival in
animals, and reduced
cognitive decline in
humans

Reduces PrPSc
accumulation and
prevents aggregation in
cells, prolongs survival
in rodents, and has mixed
results in humans

Main limitations

Does not cross BBB,
requires invasive
administration, and has
inconsistent efficacy

Lack of clinical efficacy,
pharmacokinetics issues,
and significant side
effects

Development of
drug-resistant strains and
strain-dependent efficacy

Long-term use concerns
for immunosuppressive
and metabolic side
effects

Poor bioavailability, low
BBB penetration, and
high plasma clearance
Pharmacokinetics
insufficiently
investigated

Not yet fully optimized
for in vivo use

Poor BBB permeability
and potential toxicity due
to metal-ion interactions

Limited clinical evidence
and potential for
hepatotoxicity

No clear survival benefit
in trials and higher doses
may be required for
efficacy
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Fig. 5.1 Chemical structures of the discussed anti-prion compounds

prolonged survival but eventually developed neurological dysfunction over time
due to a drug-resistant prion strain named RML[IND24] (Berry et al. 2013). The
results underscore the complex interplay between prion strains and therapeutic
agents, where resistance can significantly impede the effectiveness of treatments.
The case of IND24 offers valuable insights into the dynamics of therapeutic resis-
tance and highlights the need for innovative treatment regimes. The findings suggest
that monotherapies targeting PrP5° may be insufficient for treating prion diseases, as
they impose selective pressures that drive the emergence of resistant strains. Instead,
intermittent combination therapy with mixtures of different anti-prion compounds
with a different mechanism of action might be required to manage the disease
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effectively (Burke et al. 2020). The approach could circumvent the resistance issue
by altering the selection pressures exerted on the specific prion strain populations.

Destabilizing and Clearing PrP5 Clearing the accumulated PrPS from the CNS is
another viable option for treating prion diseases. Strategies that enhance the natural
degradation pathways, such as the ubiquitin-proteasome system and autophagy, are
under investigation. For instance, studies have shown that boosting autophagy with
drugs like rapamycin can reduce PrP5¢ levels in infected neuronal cells and mice
(Cortes et al. 2012). Another avenue of research involves using specific chemical
chaperones that can refold misfolded proteins. Specific chaperones have been
explored for their potential to destabilize PrP5 aggregates and promote their clear-
ance from the brain (Tatzelt et al. 1996). Recently, an innovative strategy aimed at
treating prion diseases by targeting the SERPINA3 protein, a protease previously
found upregulated in several prion disease settings (Barbisin et al. 2014; Vanni et al.
2017). A newly developed small molecule inhibitor of SERPINA3 called ARN1468
was reported to effectively reduce prion loads in chronically infected cell lines with-
out interacting directly with PrP¢ or PrP5 (Colini Baldeschi et al. 2022). The
approach represents an original paradigm compared to strategies focusing on the
two isoforms as molecular targets, potentially offering a novel therapeutic avenue
that avoids the challenges of prion strain variability and resistance. However, despite
its promising in vitro efficacy, ARN1468 currently suffers from low bioavailability
and limited ability to cross the BBB, which are significant hurdles for in vivo appli-
cation. Overall, the findings highlight the need to optimize ARN1468’s pharmaco-
kinetic properties further to improve its therapeutic potential.

Stabilizing PrP¢ Native Conformation Targeting PrPC to inhibit its pathological
conversion offers a compelling therapeutic approach. By stabilizing PrP¢ in its
native conformation or reducing its overall expression within the CNS, these strate-
gies aim to intercept the prion replication cascade at its inception (Nicoll et al. 2010;
Tatzelt et al. 1996). A notable example of a small molecule designed to inhibit the
conversion of PrP€ into PrP% is the pharmacological chaperone GN8 (Kuwata et al.
2007). Identified through a computational drug screening campaign, GN8 binds
directly to PrPC, stabilizing its native a-helical structure. Such a stabilization effect
is believed to prevent the conformational change necessary for PrP¢ to convert into
PrP5c. The precise binding site of GN8 on PrP€ has been a subject of study, as under-
standing this interaction at the molecular level is critical for optimizing its efficacy
and specificity. Preclinical studies, primarily in cell culture and animal models, have
shown that GN8 can effectively reduce the levels of PrP5 (Kamatari et al. 2013). In
these models, treatment with GN8 prevented the formation of new PrP5% and
appeared to reduce the accumulation of existing PrP5 aggregates. This dual effect
suggests that GN8 may halt the progression of prion diseases and mitigate some of
the pathological features associated with these disorders, although the latter claim
requires further validation (Barreca et al. 2018). Despite its promising in vitro and
in vivo efficacy, GN8 faces several challenges that must be addressed before it can
be considered a viable therapeutic agent. One major issue is its pharmacokinetics,
which has not been thoroughly investigated. Similarly, the long-term effects and
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safety of GN8 have not been fully established. Like any compound affecting protein
folding, there is a risk of off-target effects or unintended interactions with other cel-
lular proteins, necessitating extensive safety testing (Biasini 2019). Future research
should focus on further refining the chemical scaffold of GN8 to improve its effi-
cacy, selectivity, and pharmacokinetic properties.

Promoting PrP¢ Degradation SMS875 is another small molecule derived from
computational efforts currently being explored for its potential as a therapeutic
agent in prion diseases (Spagnolli et al. 2021). SM87S operates through an unusual
mechanism by interfering with the protein’s folding process. The compound was
identified through a novel drug discovery paradigm called Pharmacological Protein
Inactivation by Folding Intermediate Targeting (PPI-FIT). The technique aims to
reduce protein levels by selectively targeting intermediates appearing along the
folding process. The rationale of PPI-FIT is that by stabilizing these intermediates
pharmacologically, they can be marked for degradation by the cellular quality con-
trol machinery. Indeed, cells possess designed mechanisms to identify and degrade
misfolded proteins or unsuccessful folding attempts, thus preventing the accumula-
tion of dysfunctional or toxic proteins. Small molecules can make these intermedi-
ates resemble misfolded proteins by extending their lifespan and impeding the
completion of the folding process. Such an artificial stabilization triggers the cellu-
lar quality control system to recognize the protein folding intermediate for degrada-
tion, thereby reducing the overall level of the target polypeptide. Implementing
PPI-FIT involves identifying potential binding sites that are unique to the folding
intermediates and not present in the native structure of the protein. The structure of
an on-fold PrP intermediate was predicted using computational methods, and then a
virtual screening campaign identified molecules binding selectively to this con-
former. SM875 emerged as the most effective compound among the positive hits in
reducing PrP¢ expression in different cells. Notably, the compound was also shown
to selectively lower PrP loads without affecting the levels of other cellular proteins,
highlighting its specificity. Additionally, SM875 inhibited prion replication, making
it a promising candidate for therapeutic development against prion diseases. The
compound provides strong experimental support for targeting protein folding inter-
mediates, which can be a novel, effective, and selective strategy for drug develop-
ment, particularly for diseases involving protein misfolding and aggregation, like
prion diseases.

Another mechanism for targeting PrP to degradation has been identified thanks
to a tetracationic porphyrin compound called Zn(II)-BnPyP (Masone et al. 2023).
The molecule shows a dual action against prion diseases by binding to different
domains of PrP€. Such a complex binding results in a strong destabilization of the
native PrP¢ fold, promoting its endocytosis and lysosomal degradation and thus
reducing the substrate available for PrP5 formation. Zn(II)-BnPyP has shown robust
anti-prion effects across various prion strains in neuronal cells and organotypic
brain cultures. Like the other strategies targeting PrP<, this approach could circum-
vent the issue of drug resistance arising from the prion strain phenomenon. While
problems remain with moving Zn(II)-BnPyP to the clinical setting due to its
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pharmacokinetic properties, including poor BBB permeability, further optimization
of this compound represents an interesting opportunity for treating prion diseases.

Additional Small Molecules Tested in Clinical Settings Two pharmacological
interventions have been explored through clinical trials with varied outcomes. These
include flupirtine, a triaminopyridine compound that demonstrated in vitro neuro-
protection against damage from amyloid beta peptides and prion protein fragment-
induced damage (Perovic et al. 1995). Clinically, flupirtine was evaluated for its
potential to mitigate cognitive deterioration in CJD patients (Otto et al. 2004). In the
small trial, 13 participants receiving flupirtine experienced a slower progression of
dementia compared to 15 placebo recipients. However, the treatment failed to
improve survival rates, limiting its clinical applicability.

Doxycycline, a tetracycline antibiotic known for its effective penetration of the
BBB and its potential to inhibit PrP aggregation and reduce PrP% protease resis-
tance, showed promise in preclinical studies (Forloni et al. 2002b). Findings from a
long-term preventive treatment trial in FFI patients are awaited in 2025, which may
offer valuable insights into its therapeutic utility.

Immunotherapy for Prion Diseases

Immunotherapy is renowned for its targeted efficacy and minimal side effects, posi-
tioning it as a promising treatment for a variety of challenging, incurable conditions,
including neurodegenerative diseases. Significant research efforts have been
directed towards developing immunotherapies for prion-like disorders such as
Alzheimer’s and Parkinson’s (Vroom and Dodart 2024). Although some clinical
trials have yielded disappointing results and raised concerns about adverse effects,
re-evaluated data from Aducanumab trials, a monoclonal antibody against AP
aggregates, have shown consistent improvements in patient outcomes (Medel
Sénchez et al. 2024). These data support continued exploration of immunotherapy
as a feasible treatment for Alzheimer’s disease.

Compared to other late-onset neurodegenerative disorders, prion diseases pres-
ent distinct advantages for immunotherapy applications. The pathogenic misfolded
PrP5% is a well-recognized causative agent, making it an appropriate target.
Additionally, since the conversion of PrPC into PrP% occurs on cell surfaces or
within the endocytic pathway, these proteins are readily accessible to therapeutic
agents. Pharmacological strategies should ideally target PrP5 to prevent potential
adverse effects associated with binding to PrP¢ regions or interfering with essential
cellular functions. Efforts to develop small molecules targeting PrP5¢ have shown
promise, but this approach faces challenges due to subtle structural variations
among different prion strains or species. It is known that minor amino acid differ-
ences, sometimes only one or two, can significantly hinder prion transmission, high-
lighting structural variations at crucial sites that facilitate seeding activity.
Nonetheless, there is a consensus that all PrP% molecules share a fundamental
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architecture (Manka et al. 2023). This is supported by the substantial similarity
across mammalian PrP structures, the prevalent p-sheet composition in PrP%, their
strong resistance to protease at the C-terminal, and insights from structural analyses
of PrP5. Hence, an effective therapeutic agent with broad anti-prion capabilities
would require engaging a substantial portion of PrP5 while accommodating minor
structural differences across various prion strains. Compared to small molecules,
antibodies are often regarded as more effective for treating prion diseases (Napper
and Schatzl 2023a). Antibodies typically bind to a linear epitope encompassing sev-
eral amino acids and can generally tolerate minor variations, such as one or two
amino acids. When the epitope is conformational, the interaction between the anti-
body and the antigen spans a broader area, enhancing the resilience of the antibody-
PrP% interaction to structural discrepancies. This makes antibodies, especially in a
vaccine formulation, potentially effective, as they can evoke a polyclonal response
aimed at numerous epitopes on PrP%, reducing the impact of minor structural differ-
ences on overall efficacy.

Passive Immunization Strategies The development of PrP knockout mice and the
aspiration to create PrP5¢-specific antibodies has produced numerous anti-PrP anti-
bodies. However, none have yet robustly demonstrated specificity solely for PrP.
Research has focused on the idea that antibodies binding to normal PrP€ can inhibit
its conversion into PrP5, potentially offering a strategy to combat prion replication
and disease. The ability of antibodies to block PrP¢ conversion has primarily been
assessed in vitro with prion-infected cell cultures. Specifically, the 6H4 antibody,
targeting residues 144-152, successfully removed PrP* from infected neuroblas-
toma (N2a) cells (Enari et al. 2001). PrP-specific fragment antigen-binding regions,
such as D13 (targeting residues 95-103) and D18 (targeting residues 132-156),
have efficiently cleared PrP5¢ from cells (Moroncini et al. 2004). Comprehensive
screenings of extensive antibody panels have identified several antibodies effective
in reducing PrP%¢ levels in these cell models, suggesting they can bind to various PrP
epitopes and possibly work via multiple mechanisms (Biasini et al. 2008a, b). In
vivo tests using prion-infected mice have further evaluated the effectiveness of these
anti-PrP antibodies. Weekly intraperitoneal injections of antibodies 8B4 (targeting
residues 34-52) or 8H4 (targeting residues 175-185) prolonged the lifespan of
CD-1 mice inoculated with the 139A prion strain (Pan et al. 2004). Substantial ther-
apeutic effects were achieved with the ICSM18 (targeting residues 146-159) or
ICSM3S5 (targeting residues 91 to 110) antibodies (Reilly et al. 2022). Administering
these macromolecules twice weekly intraperitoneally enabled mice inoculated with
the RML prion strain to survive over 500 days without showing disease symptoms.
However, these treatments were ineffective if initiated during the later stages of the
infection or after intracerebral prion inoculation, underscoring the inability of these
antibodies to traverse BBB and halt CNS progression of the disease. Short-term
antibody treatments have also been explored. The 6D11 anti-PrP antibody (targeting
residues 97—-100) was tested in a 4-week or 8-week trial upon intraperitoneal injec-
tion, showing lifespan extension in mice infected with the 22L prion strain (Sadowski
et al. 2009). Other antibodies were investigated for their effects upon intraventricu-



104 M. L. Barreca and E. Biasini

lar infusions starting at various intervals post-infection. Although only modestly
effective, these treatments extended survival, demonstrating that anti-PrP antibodies
can influence the course of prion disease within the CNS (Jeong et al. 2012; Song
et al. 2008).

Active Immunization Attempts Specific PrP peptides, such as PrP131-150 and
PrP211-230 containing MHC-I-binding motifs, have been used as immunogens to
elicit strong immune responses in wild-type mice, reducing levels of protease-
resistant PrP% (Souan et al. 2001). Strategies like loading bone marrow-derived
dendritic cells with specific PrP peptides have also proven effective in extending
survival in prion-infected mice (Bachy et al. 2010). Other approaches include link-
ing PrP or its peptides to immune-stimulatory molecules, such as the bacterial heat
shock protein Hsp70 homolog DnaK (Koller et al. 2002) or keyhole limpet hemo-
cyanin (KLH), to enhance immune response and survival in experimental models
(Matsushita et al. 1998). Other strategies have included using CpG adjuvants com-
bined with recombinant deer or mouse PrP as immunogens, demonstrating the abil-
ity to extend survival and break self-tolerance in models of chronic wasting disease
(CWD) in transgenic mice (Abdelaziz et al. 2018). DNA vaccines enhancing
immune responses by encoding heterologous PrP have also been explored, although
their effectiveness in preventing prion infection remains unconfirmed (Fernandez-
Borges et al. 2006). All these active immunization strategies generally target the
normal host-encoded PrPC, stabilizing it to prevent conversion to the pathogenic
PrP%. Nevertheless, ideal targets would be the structurally distinct neo-epitopes in
PrP5, as the immune system might recognize them as foreign, potentially leading to
an effective immune response. Research has shown that specific PrP-specific anti-
bodies are present late in prion disease, indicating an immune response against
aberrantly folded PrP molecules (Senatore et al. 2020). Vaccines targeting specific
PrP5¢ epitopes have been developed to induce sustained immune responses in ani-
mals (Napper and Schatzl 2023b; Ma and Ma 2020). However, the protective effi-
cacy of these vaccines, particularly in larger animal models such as deer, remains
uncertain, with some studies suggesting that vaccination could negatively alter dis-
ease susceptibility and progression (Bremer et al. 2009; Wood et al. 2018). These
conclusions underscore the complexity and the need for further research in develop-
ing effective immunization strategies against prion diseases.

Potentials and Limits of Immunotherapy in Prion Diseases Advances in immu-
nological strategies for tackling prion disease have been substantial. Nevertheless,
creating a successful immunological approach is hindered by several factors, includ-
ing the safety of treatments, the BBB’s poor permeability, and the complexity of
developing therapies that target PrP5¢ specifically. Delivering some anti-PrP anti-
bodies to the CNS has been linked to neurotoxic effects (Reimann et al. 2016;
Lefebvre-Roque et al. 2007). A previous comprehensive analysis revealed that spe-
cific antibodies targeting the globular domain of PrP induced neurotoxic effects,
particularly at higher dosages (Reimann et al. 2016). Conversely, antibodies recog-
nizing the octarepeat region showed no toxicity and were protective against neuro-
toxicity induced by other antibodies. These findings suggest that neurotoxicity from
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anti-PrP antibodies depends on the targeted epitope and dosage, necessitating care-
ful evaluation in therapeutic applications. For passive immunotherapy to be effec-
tive, antibodies must be meticulously characterized to avoid adverse effects. Active
immunization strategies typically produce a polyclonal antibody response, which
might inadvertently target neurotoxic epitopes. One approach to circumvent this
issue is using immunogens that differ conformationally from PrP€ but are similar to
the pathogenic PrP5, directing the immune response more specifically toward the
pathogenic form and reducing the likelihood of neurotoxicity. Potential immuno-
gens like recombinant PrP amyloid fibrils and multimeric PrP forms have shown
promise in preclinical studies and should be explored further. The large size of con-
ventional antibodies (~150 kDa) complicates their ability to cross the BBB, posing
a significant challenge for therapeutic delivery to the CNS. Technologies like
receptor-mediated transport and viral vector-based gene delivery are being devel-
oped to facilitate this process (Marciniuk et al. 2016). Studies have shown that tar-
geted delivery of antibody fragments via vectors can prolong survival in
prion-infected models and reduce PrP% levels effectively (Wuertzer et al. 2008).
Despite efforts, no antibodies have been confirmed specifically targeting PrPS with-
out reacting with PrP¢ or other misfolded protein species (Stravalaci et al. 2016;
Tapella et al. 2013). Advances in structural analysis of PrP5 might enable the devel-
opment of such antibodies. Alternatively, nanobodies, which are small and prefer-
entially bind conformational epitopes, could be engineered to recognize PrP5
specifically. These small, single-gene-encoded antibodies could be adapted via gene
therapy vectors for CNS delivery. Advancing passive and active immunization strat-
egies, refining delivery methods, and focusing on PrP5-specific targets could poten-
tially lead to successful immunotherapies for prion diseases (Rovis and Legname
2014). Additionally, given the involvement of PrP® in other diseases (Biasini and
Harris 2012; Manni et al. 2020), these immunotherapies might have broader appli-
cations, suggesting a promising future for anti-PrP immunological strategies.

Genetic Tools to Treat Prion Diseases

Techniques like RNAi, ASOs, and other cutting-edge biotechnological paradigms
discussed below can effectively reduce the overall levels of PrP¢ available for con-
version. Lower expression levels of PrP¢ directly translate into reduced substrate
availability for conversion to PrP5, thereby slowing or halting disease progression.
CRISPR/Cas9 and other newly developed genetic technologies offer a long-term
solution by potentially editing the PRNP gene in germ cells or somatic cells, thus
providing resistance to prion diseases (Mehrabian et al. 2014; Castle et al. 2022).
These strategies aim to address the fundamental biological mechanisms of prion
diseases, offering potential routes to mitigate or reverse the pathological processes.
Researchers have experimented with vectors such as adeno-associated viruses
(AAVs) to deliver nucleic acids that either suppress PRNP expression or introduce
mutations that halt the pathogenic conversion process. RNAI tools provide potent
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resources for reducing or modifying the expression of specific genes associated
with disease states, including prion diseases. Several studies have directly shown
that silencing the PRNP gene in infected mouse models leads to prolonged survival
and delayed disease onset, highlighting the potential efficacy of this strategy (White
et al. 2008; Lehmann et al. 2014).

Advanced Genetic Tools against Prion Diseases A recent report introduced an
advanced therapeutic strategy to tackle prion diseases (Gentile et al. 2024) through
divalent small interfering RNA (di-siRNA) molecules (Alterman et al. 2019). The
uniqueness of this approach lies in developing “divalent” siRNA structures binding
to two distinct sites on the PrP’s mRNA. This dual-targeting feature is designed to
enhance the efficiency and specificity of mRNA recognition and cleavage, ensuring
more effective gene silencing with reduced risk of off-target effects. In vivo experi-
ments in mice showed that treatment with divalent siRNAs significantly reduced
PrPC€ levels in the brain. Notably, the treated animals also showed a marked delay in
the onset of prion disease symptoms and a substantial extension in survival times
compared to control groups treated with conventional siRNA or placebo. Such an
enhanced efficacy of di-siRNAs may result from more efficient recruitment of the
RNA-induced silencing complex (RISC) and subsequent mRNA degradation. This
could theoretically allow lower doses of siRNA to be used in therapeutic contexts,
minimizing potential side effects associated with RNA therapies. Similar di-siRNA
strategies could theoretically be developed to target mRNAs of other pathological
proteins, potentially offering a new genetic tool in the fight against other neurode-
generative disorders.

Another recent study reported developing and applying a novel gene-editing
technology called Coupled Histone tail for Autoinhibition Release of
Methyltransferase (CHARM) to effectively reduce the expression of PrP¢ across the
brain (Neumann et al. 2024). The approach also uses a novel AAV vector to deliver
the epigenetic editor directly into the brain. The editor is engineered to specifically
recognize and bind to the PRNP gene, modifying the epigenetic marks that regulate
its expression. The core innovation of this technology lies in the “compact” nature
of the epigenetic editor. Traditional CRISPR-Cas systems, while powerful, are often
too large to be efficiently packaged into AAV vectors, which are used for gene
therapy due to their safety and ability to target nervous tissue. The engineered editor
used in this study is small enough to fit within the AAV’s packaging limits and has
been optimized to avoid off-target effects that can lead to unintended gene modifica-
tions. The efficacy of this approach was assessed through comprehensive experi-
ments showing a significant reduction of PrP expression throughout the brain.
Importantly, the treatment was durable, with PrP€ silencing observed over extended
periods post-administration. The ability to silence genes across the brain without
requiring invasive procedures or systemic treatments that might cause widespread
side effects represents a significant advancement in gene therapy.

The PrProfile Trial As this chapter was written, lonis Pharmaceuticals announced
the completion of PrProfile enrolment, its Phase 1/2a trial of ION717, a PrP-
lowering ASO for treating prion diseases (NCT06153966). The PrProfile study is a
global, multi-centre, early-phase clinical trial designed to evaluate the safety, toler-
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ability, and pharmacokinetics of ION717 in individuals diagnosed with symptom-
atic prion disease. The trial, carried out by Ionis Pharmaceuticals in collaboration
with leading neurological research institutions worldwide, represents a significant
step forward to slow the disease progression and mitigate the devastating effects of
prion disorders. ASOs are short, synthetic DNA or RNA molecules designed to bind
to the target’s mRNA. The binding effectively deactivates the mRNA, preventing
the production of specific proteins. In the context of prion diseases, ASOs are engi-
neered to reduce the production of PrP¢ (Reidenbach et al. 2019). The trial is set up
as a multi-centre, randomized, double-blind, placebo-controlled study to ensure rig-
orous evaluation of the ASO’s effectiveness and safety. Participants undergo several
spinal taps for the direct administration of ASOs into the CSF, aiming to maximize
drug penetration into the CNS. The expected outcomes of the Ionis trial are multi-
faceted. Primarily, the trial seeks to demonstrate the safety profile of the ION717,
evaluating side effects or potential complications arising from the therapy. Secondary
objectives include assessing pharmacokinetics and exploring early indications of
efficacy in slowing disease progression. The PrProfile trial is a landmark study in
prion diseases, offering hope for a targeted therapeutic approach to a group of dis-
orders that currently lack effective treatments. If successful, this trial could not only
revolutionize the management of prion diseases but also potentially offer insights
applicable to other protein misfolding diseases, such as Alzheimer’s and Parkinson’s
diseases.

Future Directions in Human Prion Disease Therapeutics

The upcoming future of prion disease therapeutics presents several promising new
strategies and a deeper understanding of prion biology that could transform the
treatment landscape. Advances in molecular diagnostics and bioinformatics will
likely drive early detection and intervention, key components that could change the
course of these invariably fatal diseases (Rigoli et al. 2019). Moreover, innovative
therapeutic approaches currently under exploration, such as targeted pharmacologi-
cal therapies, immunomodulatory agents, and advanced gene-editing techniques,
offer hope for effective interventions. A focal point of future research will be the
development of treatments capable of effectively and safely crossing the BBB, a
longstanding obstacle in neurodegenerative disease therapy. Nanotechnology and
other drug delivery systems, such as encapsulated therapeutic agents and receptor-
mediated transport mechanisms, are poised to play crucial roles in overcoming this
obstacle. Furthermore, delving into the lifecycle and cellular interactions of prions
may unveil new therapeutic targets. For instance, efforts to modulate the cellular
pathways involved in the synthesis, trafficking, and degradation of PrP¢ could pro-
vide innovative methods to prevent its pathological misfolding. Another promising
direction involves harnessing the power of immunotherapy, which has shown some
potential in selectively targeting disease-specific epitopes without affecting the
function of the normal protein. Refining vaccine approaches and monoclonal
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antibodies to induce a robust and specific immune response against PrP5 could
provide therapeutic and preventive benefits. Collaboration between genetic counsel-
ling and clinical interventions will be essential to effectively address the familial
forms of prion disorders. Finally, as the research community continues to unravel
the complex mechanisms underlying prion diseases, interdisciplinary approaches
integrating neurobiology, molecular genetics, structural biology, and computational
modelling will be essential. These efforts will enhance our understanding of prion
pathogenesis and accelerate the translation of research findings into clinical
applications.

In summary, the future of human prion disease therapeutics stands to benefit
enormously from current scientific advancements, technological innovation, and
ongoing trials. With a concerted effort towards elucidating the molecular underpin-
nings of prion diseases and developing innovative therapeutic strategies, there is
strong hope that the coming years will bring transformative breakthroughs in man-
aging and possibly curing these challenging neurodegenerative disorders.
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Chapter 6 )
Prion and “‘Prion-Like” Detection: G
From Conventional Methods

to Microfluidics or Lab-on-Chip Platforms

to Monitor Seeding and Spreading

of Misfolded Proteins

José A. del Rio (), Laia Lidén ¢, and Rosalina Gavin

Abstract Misfolded protein neurodegeneration includes several pathologies char-
acterized by the accumulation of a group of proteins that can modify their folding
due to intrinsic or extrinsic factors, leading to the generation of aberrant forms char-
acterized by their high insolubility, cytotoxicity, and the ability to propagate among
various cell types and regions in affected brains. Due to this capacity and based on
the properties of bona fide prions, a large number of “prion-like” or “prionoid” pro-
teins with this ability have been described in recent years. Their study presents chal-
lenges, including the development of a detailed understanding of the processes
involved in the formation of these insoluble aggregates and in establishing the cel-
lular and molecular bases underlying the process of intercellular propagation. To
address these processes, various laboratories have developed techniques to detect
their presence in brain or peripheral samples. The detection of these molecules is, as
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of today, very effective and selective. However, the processes of transmission and
propagation are not fully characterized. Indeed, various classical detection tech-
niques have been developed, generally based on controlled polymerization pro-
cesses and effective detection methods. Nevertheless, these conventional techniques
have now incorporated various methodologies employed in other disciplines, such
as nanotechnology, which have increased our understanding of these processes and
are useful in the development of future therapies and drug discovery. In this chapter,
we summarize the current state of the art of these conventional methods, their limi-
tations, and the use of new platforms to deepen our understanding of these processes.

Keywords Prion protein - PCMA - RT-QulC - Microfluidic devices -
Organotypic slices - Brain-on-chip - Amyloid seeding - Amyloid spreading -
“prion-like” and prionoids

Introduction

Prion diseases are neurodegenerative diseases characterized by neuronal loss, vacu-
olation of brain parenchyma, deposition of protein aggregates, inflammatory
responses, and a fatal course. They are caused by the posttranslational conversion of
the cellular prion protein (PrP¢), a glycoprotein physiologically relevant in mam-
mals, into a misfolded and aggregated pathogenic isoform (PrP™ or PrP5¢) (Prusiner
1982). Following this conformational change, PrP5 acquires partial resistance to
proteinase K digestion, insolubility in nonionic detergents, and great resistance to
both physical and chemical sterilization. Examples of these processes in animals are
scrapie in sheep and goats, bovine spongiform encephalopathy (BSE), and chronic
wasting disease (CWD) in cervids, among others. In humans, the most common is
Creutzfeldt—Jakob disease (CJD), in sporadic (sCJD), iatrogenic (iCJD), and famil-
ial (fCJD) forms, and a variant of CJD (vCJD). In addition to genetic forms, there
are fatal familial insomnia (FFI), Gerstmann—Striussler—Scheinker syndrome
(GSS), and variable protease-sensitive prionopathy (VPSPr). However, other neuro-
degenerative diseases are characterized by protein misfolding aggregation (PMA),
such as Alzheimer’s and Parkinson’s diseases (AD and PD, respectively), multiple
system atrophy (MSA), and numerous tauopathies (Scheckel and Aguzzi 2018;
Kovacs 2019). Although with relevant differences, recent evidence suggests that
many of these misfolded/amyloid proteins can exhibit behavior similar to prions,
propagating between neural cells in a “prion-like” or prionoid manner (see (Costanzo
and Zurzolo 2013; Goedert et al. 2017; Holmes and Diamond 2017; Del Rio et al.
2018; Kara et al. 2018; Vilette et al. 2018; Scialo et al. 2019; Meisl et al. 2020; Peng
et al. 2020; Willbold et al. 2021; Joshi and Ahuja 2023; Zerr et al. 2024)). Indeed, in
contrast to infective prions (i.e., (Blattler et al. 1997)), the seeding and propagation
of the prionoid can take place in some experiments in the absence of the endogenous
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protein counterpart (e.g., for tau, see (Wegmann et al. 2015); see also (Kara et al.
2018) for review), which reinforces the intrinsic differences between prions and
“prion-like” proteins (Hall and Patuto 2012; Erana 2019; Jellinger et al. 2021). The
seeding and progression of these bona fide prions and “prion-like” or prionoids can
be determined using established detection methods in parallel to biochemical or
histopathological examination. To enhance understanding of the behavior of mis-
folded amyloids in protein misfolding diseases (PMDs), microfluidics and brain-on-
chip approaches, including 3D organotypic slices and brain organoids, have been
developed as valuable tools (see (Del Rio and Ferrer 2020; Pineau and Sim 2020;
Chia et al. 2022; Sala-Jarque et al. 2022; Walters and Haigh 2023) for reviews).
These techniques enable the monitoring of changes in specific cellular and molecu-
lar processes responsible for amyloid seeding and cell spreading, along with their
effects on neuronal physiology. Furthermore, these platforms offer enhanced repro-
ducibility and represent a potential alternative to conventional approaches for better
understanding neurodegeneration. In this chapter, we recapitulate classical/conven-
tional and recent progress in neurobiological research on prion and “prion-like”
proteins using microfluidic lab-on-chip (LOC) approaches as well as cellular mod-
els (from cells to brain organoids). These approaches, propelled by various fields
including biochemistry, nanotechnology, and cell biology, aim to facilitate the
development of more effective detection methods and precise models for basic
mechanistic studies in protein—protein interactions and for fast and high-throughput
drug screening for these devastating diseases.

Classical Prion-Seed Detection and Aggregation Methods
and Their Use in PMDs

Protein Misfolding Cyclic Amplification (PMCA)

Some studies have demonstrated that the formation of amyloids might occur via
seeded nucleation (Jarrett and Lansbury 1993; Eigen 1996), displaying sigmoidal
growth kinetics (Ferrone et al. 1985; Knowles et al. 2009; Morris et al. 2009;
Prusiner 2017). The limiting step in the development of the process lies in the for-
mation of small aggregates of misfolded protein in the so-called “lag phase” (Morris
et al. 2009; Arosio et al. 2015). The aggregates, commonly termed “nuclei,” recruit
and convert properly folded protein, forming larger fibrillar aggregates. The full
process includes the indicated “lag phase” followed by a fast-growing phase and the
last phase, or “steady state” equilibrium, as described in several other proteins
(Ferrone et al. 1985; Knowles et al. 2009; Morris et al. 2009; Prusiner 2017).
Techniques allowing in vitro detection and amplification of misfolded proteins are
of great interest to the bigger field of PMDs. One of the most widely used tech-
niques is protein misfolding cyclic amplification (PMCA), developed in Claudio
Soto’s lab around 2000 ((Saborio et al. 2001); see also (Wang et al. 2023a) for a
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recent review). Similar to DNA amplification by polymerase chain reaction (PCR),
the amplification of PrP5 by PMCA is achieved by exposing the PrP5¢ seeds present
in the analyzed sample and the PrP€ substrates to a cyclical process of incubation/
elongation and fragmentation (Soto et al. 2002; Castilla et al. 2006; Morales et al.
2012). The method is based on the capacity of PrP% to induce a conformational
change of PrPC€ leading to the amplification of very small amounts of PrP% in the
sample to biochemically measurable amounts of generated fibrillar PrP5. Thus,
after the processes, samples are usually followed by the detection of generated pri-
ons, usually by Western blotting (Saa et al. 2006). The PCMA process includes an
incubation step characterized by the role of PrP% as a template for the added PrP°€
protein and a second fragmentation step that breaks the preformed PrP5¢ fibrils into
shorter portions that, in a second PCMA cycle, play the role of new templates for
increased elongation (Saborio et al. 2001). Thus, cyclic alternation of sonication
and incubation phases enables exponential amplification of PrP5 that can be finally
detected. The original method was improved by Joaquin Castilla in Claudio Soto’s
lab utilizing a programmable microplate horn sonicating system (Castilla et al.
2005) used in several studies (see (Wang et al. 2023a) for review). Concerning
detection levels, it has been considered that PCMA can detect a single molecule of
PrP% present in an affected brain extract. This is a >10'? range of higher sensibility
compared to classical Western blotting techniques (Bieschke et al. 2004; Saa et al.
2006; Wang et al. 2023a). Since its development, PMCA has been improved by
several modifications that include the addition of Teflon beads (Gonzalez-Montalban
et al. 2011; Johnson et al. 2012) and EDTA or digitonin (Moda et al. 2014) in the
reaction mixture, leading to increased fragmentation, elongation, and further detec-
tion. Considering the great potential use of this technique in prion detection in bio-
logical samples as well as other samples or materials, several studies have focused
on applying this technique to other PMDs. Indeed, PCMA has been reported to be
useful for pf-amyloid (Salvadores et al. 2014), a-synuclein (Herva et al. 2014;
Shahnawaz et al. 2017), and tau (Meyer et al. 2014) seed detection. However, real-
time quaking-induced conversion (RT-QuIC) seems to be more useful for these
“prion-like” proteins due to its intrinsic advantages and broader use (see below).

Real-Time Quaking-Induced Conversion (RT-QulC)

As indicated, protein misfolding cyclic amplification assay (PMCA) and RT-QulIC
are the two most widely used PrPS® amplification techniques. Around ten years after
the development of the PMCA technique, a new technique was developed: the
“quaking-induced conversion” (QulC), which improves speed and practicality by
using recombinant bacterial-expressed PrP, which is easy to prepare in large quanti-
ties, as a substrate for the conversion reaction, and the reaction is promoted by
intermittent strong agitation replacing sonication (Wilham et al. 2010; Atarashi
et al. 2011b). With a similar detection range of PMCA for most samples, the origi-
nal method and its modifications (e.g., e-QulC) improved their use in different
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samples and amyloids, increasing sensitivity (Orru et al. 2011), although the e-QulC
assay is more difficult to standardize and less reproducible than the standard
RT-QuIC (Atarashi et al. 2011b). In the currently used method, RT-QuIC uses dif-
ferent forms of recombinant PrP as a substrate to amplify small amounts of PrP% in
the analyzed sample. The generated fibrils are linked to amyloidophilic dyes such as
Thioflavin T (Saeed and Fine 1967), Congo red (Yakupova et al. 2019), and benzo-
furanone (Lengyel-Zhand et al. 2020) monitored in real-time using a fluorescence
multiplate reader (Atarashi et al. 2011a). Alternatively, gold nanoparticles (Zhou
et al. 2015) or CdTe quantum dots (Xia et al. 2016) have been used as an alternative
to Thioflavin T. However, a modification of the original RT-QuIC was described
using the 90-231 aa of hamster PrP instead of recombinant E. coli-generated PrP,
0.002% SDS, and increased temperature largely reduced the “lag phase” of the reac-
tion (Orru et al. 2015). In fact, this modification is considered a second generation
of RT-QuIC by some authors (Atarashi 2023). The method was used to detect patho-
genic prions in cerebrospinal fluid (CSF) from CJD patients (Orru et al. 2015), since
one of the disadvantages of the first-generation technique is its unspecific results in
the presence of other proteins in the sample in addition to the pathogenic prion (e.g.,
blood cells in CSF). Current detection ranges of RT-QulC are close to the attogram
(1078 g).

As was previously the case with PMCA, RT-QulC was also used to detect amy-
loid, “prion-like” proteins of other PMDs in affected brains. Thus, a-syn RT-QuIC
has been developed to be applied in a-synuclein detection in PD, MSA, dementia
with Lewy bodies (DLB), or Lewy body dementia (LBD) (see (Soto 2024) for a
recent review). Numerous studies have demonstrated that the o-syn RT-QulC
method is useful in detecting a-synuclein seed presence in CSF and serum with a
sensitivity of & 92-95% and a specificity of 100% (e.g., (Fairfoul et al. 2016;
Shahnawaz et al. 2017; Groveman et al. 2018; Sano et al. 2018; Huang et al. 2024)).
In addition, modifications of the technique have been used to detect a-synuclein of
p-a-synuclein in peripheral tissues such as submandibular gland, biopsies of skin,
and olfactory mucosa, aiming at noninvasive testing, although with lower sensitivity
(~ 85-90%) (e.g., (Manne et al. 2020a, b, Kuzkina et al. 2021; Stefani et al. 2021).
In parallel, although some reports point to the potential use of the RT-QuIC for AD
(e.g., (Jack et al. 2018)), most of the published studies used this technique in pure
tauopathies since some of them are adapted to determine the presence of the 3R and
4Rtau isoforms in samples from Pick’s disease (PID) (Saijo et al. 2017; Metrick
et al. 2020), progressive supranuclear palsy (PSP) (Metrick et al. 2020), cortico-
basal degeneration (CBD), and frontotemporal lobar degeneration linked to chro-
mosome 17 (FTDP17 MAPT) (Saijo et al. 2020). However, Frey and coworkers
recently developed a novel tau seeding assay based on RT-QuIC but using the full-
length ON3R tau as a template. This method was able to distinguish between differ-
ent tauopathies, including AD, based on the 3R/4R tau ratio (Frey et al. 2023).
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Semi-Denaturing Amyloid Seeding Assays and Native
Aggregation Assays

As an alternative to RT-QulC, semi-denaturing amyloid seeding assay (SDASA)
uses similar agitation of recombinant PrP in a solution that contains zirconium
beads to accelerate fibril growth (Sabareesan and Udgaonkar 2017). The process is
also monitored in real time by different fluorochromes. The main advantage is that
SDASA does not involve elevated temperatures like RT-QulC but instead uses chao-
tropes in the buffer mixture to unfold the PrP substrate, destabilize hydrophobic
aggregates, and increase the solubility of hydrophobes, thereby enhancing fibril for-
mation. The method, like RT-QuIC, can use full-length recombinant PrP or frag-
ments of the protein (Sabareesan and Udgaonkar 2017). In contrast, as an alternative,
arecent study used a native aggregation method that largely avoids denaturing con-
ditions (Sangar et al., BioRxiv 2022, DOI: 10.1101/2022.08.25.505283). However,
these two methods require extensive setup and are still under development.

New Methods for Prion-Seeded Aggregation and Propagation
Studies and Their Use in Other Neurodegenerative Diseases

An Overview of New Methods to Detect Prion
and “Prion-Like” Proteins

As an alternative to the abovementioned methods (PMCA and RT-QulC) and their
modifications, several studies developed new methods of prion and “prion-like”
detection in biological samples. Most of them are based on the ELISA protocol and
antibody-mediated reactions, although other electrochemical and nanotechnologi-
cal methods have also been developed. Most of the methods largely increase sensi-
tivity by several orders of magnitude. Some of these examples are the single-molecule
array technology (SIMOA) that is able to handle very minute samples (~ fg range)
with a relevant detection range of (=107 M) of several molecules or biomarkers
(Rissin et al. 2010). In fact, their combined use with RT-QulC has recently been
valuable in determining risk factors and seed formation in larger prion at-risk
cohorts (Mok et al. 2023). Other alternatives, such as modified chemiluminescence
(CLEIA) and proximity extension assays mainly used for biomarker detection, such
as SIMOA, displayed detection ranges of ~100 pg/ml for some analytes (Hirose
etal. 2015). In addition to these approaches, researchers have used surface-enhanced
Raman scattering (SERS) (Manno et al. 2010), electrochemical detection (Yoon
et al. 2021), improved fluorescence detection (Hu et al. 2013), fluorescence method
with dextran-labeled probes (Azam et al. 2011), and plasmon resonance (Hianik
et al. 2009; Jiayu et al. 2009) to detect prions. The sensitivity of these methods
ranged from 0.1 to 10~° nM. However, these methods are unfortunately not available
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for all laboratories and are not yet a powerful alternative to PCMA or RT-QuIC for
prion detection, although, as noted, both conventional techniques still have some
limitations (Gough and Maddison 2010).

Cellular-Based Biosensors for Prion and Prion-Like
Seed Detection

Several groups have developed in vitro cellular models to monitor the seeding prop-
erties of some “prion-like” proteins and their effects on cell physiology (e.g., cyto-
toxicity). Cell lines overexpressing mutated proteins fused with a flag sequence
(e.g., for tau, P301L-V5 (Xu et al. 2016)) have been used for high-throughput assays
of tau seeding. Some of these approaches have also included Forster resonance
energy transfer (FRET) detection methods (Chun and Johnson 2007; Kfoury et al.
2012; Lo et al. 2019; Shin et al. 2019). These “biosensor” cell lines are highly spe-
cific, generating fluorescence FRET signals only when the appropriate tau seed is
transferred into the cell line, mainly by lipofection (see Sala-Jarque et al., bioRxiv,
DOI: 10.1101/2024.01.20.576414). A new biosensor cell line has recently been
developed by using nanoluciferase (Nluc) binary technology (NanoBiT)
(Sadeghzadeh et al. 2023). These cellular biosensor approaches, mainly developed
in HEK293 or H4 cells, have been adapted for a-synuclein (Prusiner et al. 2015;
Holmes and Diamond 2017; Braun et al. 2023). The reader may find more informa-
tion about these cellular biosensors and their putative potential in the following
reviews (Kara et al. 2018; Ferreira and Caughey 2020; Sala-Jarque et al. 2022;
Braun et al. 2023). Although these methods have revealed relevant information
about the “prion-like” seeding and strain-dependent seeding capacity of aggregates
(e.g., tau), their use for routine clinical diagnostic purposes in clinical practice is
limited by their needs: tissue cultures, immunohistochemical, and advanced micros-
copy or flow cytometry facilities.

For pathogenic prions, bioassays in mice or hamsters are the gold standard for
studying prion seeding and propagation, since only PCMA but not RT-QuIC can
generate bona fide infective prions (Kara et al. 2018). In recent years, many differ-
ent cell lines that can become chronically infected with prions have been developed.
These cell lines are useful to mimic the intracellular machinery or processes
involved in prion seeding, and in addition, are powerful tools for drug screening.
The first cell line able to replicate prion, developed by Chandler in 1961, was termed
the scrapie mouse brain (SMB) cell model (Chandler 1961). From this model,
researchers developed other cell lines suitable to be infected with prions, mainly
derived from neuroblastoma cell lines (e.g., (Race et al. 1987)). However, these
neuroblastoma cell lines, especially N2a, generate clones with different susceptibil-
ity to being infected with prions (Marbiah et al. 2014) (J.M. Torres (INIA, Madrid,
Spain) personal communication). This has been partially solved by developing a
cellular bioassay for pathogenic prions. One example is the standard scrapie cell
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assay (SSCA) that is well suited for mouse-adapted prions such as RML (Klohn
et al. 2003). Today, the ScN2a, GT1, SN56, 1C11, and CADS neural-derived cells
from rodents are examples of cell lines infected with prions that have been used for
several years in numerous studies (see (Krance et al. 2020) for review). In addition
to these, nonneuronal cell lines such as NIH-3T3 and L.929 (LD9) and genetically
engineered cells expressing mouse PrP€, such as Npl2, Hpl3-4, or RK13, are used
(Krance et al. 2020). However, although other cell lines can be genetically engi-
neered to express non-murine prions for specific purposes, there is a lack of reliable
2D cell lines or protocols that support infectivity and propagation of human prions,
and this can only be achieved by using 3D human-derived organoids (Groveman
etal. 2019, 2023; Foliaki et al. 2020) or organotypic slice preparations (see below).
The use of brain organoids derived from pluripotent embryonic stem cells (e.g., H9
cells, WiCell Research Institute) or induced-pluripotent stem cells (iPSCs) is a plau-
sible strategy to study these processes for human prions (Groveman et al. 2020,
2021; Pineau and Sim 2021; Walters and Haigh 2023). 3D organization, but also
neural development of the organoid, seems to be mandatory to efficiently infect
cells with human prions since undifferentiated mouse neurospheres are not infected
with prions (Herva et al. 2010; Iwamaru et al. 2017), and neurons derived from
iPSCs obtained from a GSS patient growing in a 2D substrate do not generate prions
after treatment (Matamoros-Angles et al. 2018). In contrast, iPSC-derived astro-
cytes seemed to reproduce prion infectivity (Krejciova et al. 2017); see (Aguzzi and
Liu 2017) for comments on this interesting result. This appears to be specific for
bona fide prions since other “prion-like” proteins can be generated in cultured iPSCs
and brain organoids (see (Foliaki et al. 2021) and (Walters and Haigh 2023) as
examples) using mainly genetic approaches (see also (Gonzalez et al. 2018)).
Examples of organoids include ptau (Bowles et al. 2021; Shimada et al. 2022), ptau
and p-amyloid (Raja et al. 2016; Chen et al. 2021), a-synuclein (Raja et al. 2022;
Becerra-Calixto et al. 2023; Ra et al. 2023), and TDP-43 (Tamaki et al. 2023).

Organotypic Slice Cultures for Prion and “Prion-Like” Seed
Detection and Spreading

For most purposes, cultured slices of the developing brain, termed organotypic slice
cultures (OSCs), preserve a high degree of cellular differentiation and tissue organi-
zation, offering unique advantages over other in vitro methods, as they mimic
numerous in vivo aspects such as the 3D organization of the cultured region with
preserved cytoarchitectonics (Gahwiler 1988; Gahwiler et al. 1997). OSCs have
been prepared from various brain regions, including the hippocampus, neocortex,
striatum, spinal cord, hypothalamus, and cerebellum (e.g., (Gahwiler 1981; Zimmer
and Gahwiler 1984; Sofroniew et al. 1988; Stoppini et al. 1991; Lonchamp et al.
2006; Del Turco and Deller 2007)). The current protocol for OSCs used in several
laboratories was developed by Stoppini and coworkers (Stoppini et al. 1991) by
culturing slices from perinatal rodent brains on transwells (Stoppini et al. 1991; del
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Rio and Soriano 2010). One of the advantages of OSCs is the maintenance of the
main neural types in the preparation (Gahwiler et al. 1997; Mingorance et al. 2006).
Another advantage is that the culture can be prolonged for >2-3 months, being a
useful method to analyze developmental changes, axonal plasticity, and
neurodegeneration.

Concerning the use of OSCs in prion biology, Aguzzi and coworkers developed
an infectivity assay of pathogenic prions by using OSCs derived from the cerebel-
lum of wild-type mice, since the endogenous expression of mouse PrPC€ is greater in
this region (Falsig and Aguzzi 2008; Falsig et al. 2008). This method was termed
prion organotypic slice culture assay (POSCA) (see also (Pineau and Sim 2020) for
review). In the original study, Falsig and Aguzzi were able to demonstrate that PrP5
accumulation occurs faster in POSCA preparations compared to in vivo infection
(Falsig and Aguzzi 2008; Falsig et al. 2008; Kondru et al. 2017). This might be the
result of the observed accelerated aging in the OSCs in contrast to other cell culture
methods (Liu et al. 2022). In fact, the aging process analyzed by means of genome-
wide gene expression analyses (GEWAS) revealed that prions accelerated the devel-
opment of age-related molecular signatures and senescence markers (Liu et al.
2022). The POSCA method was combined with RT-QulC, and PrP%¢ in the slice was
detected 7 days after prion infection (Kondru et al. 2017). This combination was
termed the OSCAR assay by the authors (Kondru et al. 2017). Relevantly, POSCA
cultures can be infected by prions that fail to infect other cell lines (e.g., mouse-
adapted scrapie strain ME7 and the BSE-derived strain 301C). Most of the studies
used wild-type mice as the source of the cerebellar slices. However, Kondru and
coworkers extended their use to analyze the infection properties of CWD-derived
prions by using cerebellar slices from mice overexpressing elk PrP¢ (Kondru et al.
2020), and Pino and Sim were able to culture complete serial coronal sections of
mouse brain as OSCs to infect them with different scrapie strains RML, 22L, and
ME?7 (Pineau and Sim 2020). This is of relevance since the infective behavior of
different prion strains in the same recipient PrP¢ background slice can be monitored
and compared with different techniques (from biochemical to histological), also
reducing animal experimentation and repetitive experiments. Thus, the pathological
effects derived from prion infections can be recapitulated in POSCA, such as astro-
gliosis, spongiform vacuolization, microglia activation, neuronal death, and syn-
apse degeneration (e.g., (Falsig et al. 2008; Campeau et al. 2013; Wolf et al. 2015)).
In fact, the roles of particular domains (e.g., the globular domain) of the prion pro-
tein in their associated neurotoxicity have recently been analyzed by using POSCA
(Reimann et al. 2023). Finally, POSCA is also used to develop anti-prion drugs
(e.g., (Margalith et al. 2012; Cortez et al. 2015; Bamia et al. 2021; Masone et al.
2023)) with varying effectiveness. This anti-prion test has also been developed
using organotypic slices from the hippocampus (Goniotaki et al. 2017).

Concerning “prion-like” proteins observed in other PMDs, OSCs have been used
to monitor seeding as well as the progression of, among others, P301S tau or ptau
(Croft et al. 2017; Miller et al. 2021; Korde and Humpel 2022), f-amyloid (Harwell
and Coleman 2016; Novotny et al. 2016; Croft and Noble 2018; Moelgg et al. 2021),
a-synuclein (Elfarrash et al. 2019; Croft et al. 2022; Ucar et al. 2022), and TDP-43



124 J. A. del Rio et al.

A ;

Fig. 6.1 Example of the seeding and spreading of P301L human tau in OSCs of the entorhinal-
hippocampal formation of wild-type mice. The entorhinal cortex (EC) was infected with AAV
expressing mutated human tau, and the appearance of human tau in infected and recipient cells can
be detected by using human-specific tau antibodies (Taul3). The boxed areas in (a) can be seen at
high magnification in (b) and (c¢). Infected neurons and recipient cells labeled by the Taul3 anti-
body showed dystrophic neurites and relevant presence of human tau in their vacuolized cyto-
plasm. These experiments demonstrate the axonal transport and intercellular transfer of pathogenic
tau species between infected and recipient neurons in OSCs shortly after 10 days of culture.
Abbreviations: EC entorhinal cortex, CA1-3 hippocampal fields 1 and 3, DG dentate gyrus, SUB
subicular region

(Leggett et al. 2012). In most cases, OSCs, as with brain organoids, were prepared
from mice carrying mutation/s in the protein of interest (e.g., 3xTgAD (Croft et al.
2017), huAPP mice (Harwell and Coleman 2016), or mice overexpressing mutated
tau AK280 (Messing et al. 2013)). Alternatively, the seeding properties can be ana-
lyzed by incubating or injecting the OSCs with preformed fibrils or seeds (e.g.,
TDP-43 (Leal-Lasarte et al. 2017), tau (Suttkus et al. 2016), a-synuclein oligomers
(Xu et al. 2013)), or, as an alternative, by viral delivery of mutated forms of the
amyloid (e.g., using recombinant adeno-associated virus (AAV) expressing AS3T
(Croft et al. 2019), or AAV expressing P301L (Fig. 6.1)). As with infective prions,
the accumulation of the misfolded amyloids takes place faster than in in vivo rodent
models, and for some experiments it appeared after 7 days (f-amyloid (Novotny
et al. 2016), 15 days (a-synuclein (Elfarrash et al. 2019), and 28 days (ptau (Croft
et al. 2019)), leading to fast monitoring of these processes in a complex culture
ex vivo model. Our current experiments illustrate how human tau with P301L muta-
tion can be propagated in the entorhino-hippocampal connection of wild-type mice
shortly after 10 days of in vitro after treatment in the entorhinal cortex (EC)
(Fig. 6.1).
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Lab-on-Chip Microfluidic Devices to Prion and “Prion-Like”
Seeding and Spreading

An Overview of Lab-on-Chip Devices

Microfluidics and lab-on-chip (LOC) technologies emerged in the last 20 years as
part of a plausible strategy for monitoring amyloid seeding and propagation and
amyloid-biological interactions, as well as being a valuable, reproducible tool to
analyze cell-to-cell seeding and spreading of pathogenic seeds from “prion-like” or
prionoids (Aguzzi and Rajendran 2009; Scheckel and Aguzzi 2018). Microfluidics
platforms are devices containing microchannels interconnecting different cell cul-
ture reservoirs with a height ranging from nanometers to micrometers (Tabeling
2005; Folch i Folch 2013; Lagally 2014; Li 2015). Although pioneering microflu-
idic studies were developed by Champenot et al. for neuroscience ((Campenot
1977; Campenot 1982); see also (Taylor and Jeon 2010; Neto et al. 2016) for
reviews), their origins were parallel to micromanufacturing techniques from the
semiconductor industry in the ‘70s—‘80s (please see (Tabeling 2005; Li 2015) for
reviews). After this, the concept of pTAS (miniaturized total chemical analysis sys-
tems) was developed to describe a microfluidic device/platform that could carry out
all the functions required for the analysis of an analyte. From this, manufacturing
terms like MEMs (microelectromechanical systems) and LOC devices were
extended to biomedical fields (Folch i Folch 2013; Song et al. 2018).

Most microfluidic LOC devices used in biology are generated using the silicone
elastomer Polydimethylsiloxane (PDMS) (McDonald et al. 2000; McDonald and
Whitesides 2002; Ng et al. 2002; Kuncova-Kallio and Kallio 2006; Dixit and
Kaushik 2016). PDMS is a cheap, biocompatible, soft, and easy-to-handle elasto-
mer with an optical refraction index like a glass coverslip. This PDMS-based micro-
fluidic application using soft-lithography micromanufacturing technologies for
neurobiology was developed around 2005 by Jeon’s lab ((Taylor et al. 2003, 2005;
Rhee et al. 2005; Park et al. 2006) with great evolution in recent years (see (Neto
et al. 2016; Choi et al. 2017; Habibey et al. 2022) for reviews). These studies follow
the pioneer platform (Campenot 1977, 1982) to generate a simple and reproducible
culture device for compartmentalized neural growth and differentiation. Most of the
current experiments designed to explore the cell dynamics of different amyloids
include experiments developed using microfluidic devices. Although marketed by
different companies (e.g., Xona™ microfluidics), ad-hoc PDMS-based manufac-
ture of LOC devices is mainly based on soft-lithography protocols (McDonald et al.
2000; Whitesides et al. 2001). Readers may obtain more information about LOC
platform manufacturing strategies in reference books (Minteer 2006; Herold and
Rasooly 2009; Lee and Sundararajan 2010; Folch i Folch 2013). In this chapter, we
will focus on the PDMS-derived LOC devices with the greatest impact on the study
of amyloids associated with PMDs.

Microfluidics and LOC devices hold a number of advantages for amyloid-related
research at different levels: (i) small reaction volumes; (ii) putative large number of
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independent but repetitive compartments allowing protein—protein interactions
(e.g., droplet microfluidics); (iii) almost complete control over spatial and temporal
parameters of the reaction; (iv) compatibility with several detection methods (from
optical to electrical sensors); and finally (v) compartmentalized LOC devices allow
for the specific and safe culture of different cell types (e.g., neurons, astroglia, oli-
godendroglia, microglia, etc.) and nonneuronal cells in the same device in an inter-
active manner.

Although most amyloid species were initially identified within the context of
prion diseases and several PMDs (see (Peng et al. 2020) for review), several non-
neural proteins also form misfolded fibrils (e.g., amylin (Zheng et al. 2020) or insu-
lin (Zheng et al. 2020)). The monitoring of this process can be developed in LOC
(e.g., in hydrodynamic focusing systems (e.g., (Fitzpatrick et al. 2013; Arosio et al.
2016)), or using electrophoretic approaches in these systems (e.g., (Saar et al.
2018)). In addition, the proteinase K resistance of generated prions can be analyzed
more quickly in microfluidic devices (Le Nel et al. 2008).

However, it is well known that the amyloid aggregation process is largely depen-
dent on the interaction of the protein with several ions (e.g., (Kim et al. 2018)),
membranes (e.g., (Terakawa et al. 2018; Alghrably et al. 2019)), or other surfaces
(e.g., water (Schladitz et al. 1999). In fact, these are some of the disadvantages of
PMCA and RT-QuIC. Thus, researchers use different methods to avoid or control
these sometimes unwanted interactions. One of the most widely used methods is the
aggregation of different proteins inside micelles or micro/nanodroplets (water-oil)
(e.g., (Shim et al. 2007; Teh et al. 2008; Casadevall i Solvas et al. 2012; Shembekar
et al. 2016; Wang et al. 2023b)). Using microdroplets, several independent reactions
can be monitored instantaneously in identical droplet sizes, which are several orders
of magnitude smaller than what has been common in biochemical assays. On a
practical basis, the formation of the droplets, mainly by microfluidic focusing
devices, is followed by their harvesting and maintenance, trapped or retained in
reaction chambers to be further analyzed (e.g., (Shim et al. 2007; Teh et al. 2008;
Casadevall i Solvas et al. 2012; Shembekar et al. 2016; Wang et al. 2023b)). In these
cases (especially for droplets exposed to air) (Casadevall i Solvas et al. 2012), the
decrease in droplet volume over time due to the evaporation of water molecules
increases the analyte/protein concentration inside the generated droplet, thereby
increasing protein—protein interaction and, more relevantly, amplifying signal(s)
associated with the aggregation that can be monitored with several methods, includ-
ing FRET. Other alternatives to enhance the process of reduction of microdroplet
volume by using PDMS-derived microflows to enhance the reactions were also
recently reported (e.g., DroMiCo, (Kopp et al. 2020)). This published method gen-
erates and traps the microdroplets to accelerate droplet shrinking and prevent entry
of air into the device, thereby furthering analysis.

Indeed, changes in the aggregation of fibrils during the three-phase curve (see
introduction) can be monitored easily using Thioflavin T fluorescence or, depending
on the protein sequence with some amino acid (e.g., tryptophan), with specific fluo-
rescence features after aggregation (e.g., (Knowles et al. 2009; Meisl et al. 2016;
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Toprakcioglu et al. 2019). In fact, the time evolution of the “lag phase” is also of
interest for the characterization of some amyloids since in most studies the molecu-
lar events that occur in this “lag phase” of the amyloid formation cannot be fully
ascertained using classical methods. However, LOC devices and microdroplet for-
mation were very useful in describing in greater detail the sequential events during
this fibril formation for different misfolded proteins of neural and nonneural origin
(e.g., B-amyloid (Arosio et al. 2014), fibroin, p-lactoglobulin (Toprakcioglu et al.
2019), human islet amyloid polypeptide (Marek et al. 2010), or hemoglobin (Ferrone
et al. 1985).

In neurodegeneration, researchers aim to determine the properties of the “propa-
gative seeds” or “propagons” for particular amyloids. This is a challenging ques-
tion, especially for “prion-like” proteins (Aguzzi and Lakkaraju 2016). Over time,
classical bulk methods have been modified to solve these challenges by adding an
amplification step. For example, using a new method, Arosio et al. detected
B-amyloid-“propagons” in a “lag phase” of aggregation by sample filtration during
the phase, followed by an amplification method with fresh f—amyloid monomer.
This was followed by the quantification of the original “propagon” concentration
using a calibration curve based on controlled seed concentration (Arosio et al.
2014). Using this method, the authors improved by two orders of magnitude the
bulk technical approaches to allow the concentration of fibrillar fB—amyloid (Arosio
et al. 2014). However, the development of “digital microfluidics,” which combines
the use of microfluidics and high-throughput biological assays (Guo et al. 2012),
has helped researchers to develop a digital amyloid quantitative assay (d-AQuA)
aimed at allowing the absolute quantification of single replicative units, the “propa-
gons” of insulin (Pfammatter et al. 2017). In fact, the authors used a dilution method
of nanodroplets with picoliters of volume containing (or not) “propagon” species
being further evaluated (Pfammatter et al. 2017). This method, although not devel-
oped for other amyloids, is faster than currently available methods (e.g., microplate
assays) and will be of relevance for fast diagnosis of the presence of “pathological
seeds” for different PMDs. Parallel to these approaches, other groups have devel-
oped more automatic methods, such as a microchannel-connected multi-well plate
(LCHAMP) device (Park et al. 2016) that uses microdroplet formation and micro-
fluidic transport to 96-well plates. The amount of Ap (at a range of ~10 pg/mL) is
detected using a droplet-based magnetic bead immunoassay (Park et al. 2016). Of
relevance, as several PMDs show the presence of different amyloids, micro/nano-
droplet assays are useful to mimic these putative interactions at the nanoscale level
(Agarwal et al. 2022). Thus, LOC devices are of relevance not only for the reduced
sample volume required but also for the automatization and high-throughput assays
of amyloid detection. As an example, microfluidic devices have been used to deter-
mine the prion size in brain extracts using sample diffusion in H-shaped devices and
further FRET detection (Meisl et al. 2021). Lastly, a recent example may be seen in
a study that developed a specific microfluidic biosensor for CWD (Muhsin
et al. 2023).
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LOC as a Tool to Monitor Cell-to-Cell Transport of Prion
and ‘“‘Prion-Like” Proteins

However, as indicated, researchers have tried to determine cell-to-cell mechanisms
implicated in amyloid seeding and spreading that, for some “prionoids,” are still not
fully clarified (see introduction). In this respect, several studies reported using LOC
devices, with two or more consecutive chambers: f-amyloid (e.g., (Deleglise et al.
2014; Song et al. 2014)), a-synuclein (e.g., (Volpicelli-Daley et al. 2011; Freundt
et al. 2012; Brahic et al. 2016; Urrea et al. 2018; Wang et al. 2018; Gribaudo et al.
2019, 2023)), tau (e.g., (Wu et al. 2013; Dujardin et al. 2014; Calafate et al. 2015;
Takeda et al. 2015; Usenovic et al. 2015; Congdon et al. 2016; Polanco et al. 2018;
Hallinan et al. 2019, 2020)), TDP-43 (i.e., (Feiler et al. 2015)) or dipeptide repeat
proteins (DPRs) of the C90rf72 gene product associated with ALS and frontotem-
poral dementia (FTD) (Westergard et al. 2016) were able to perform cell-to-cell
transmission by navigating intracellularly along axons allowing seeding and propa-
gation of the amyloid (Fig. 6.2) (reviewed in (Del Rio et al. 2018; Urrea et al. 2018;
Peng et al. 2020; Uemura et al. 2020)).

These studies reported the sequential transport of the “pathogenic seeds” as free
seeds or in exosomes between different cell populations cultured in hydrodynami-
cally isolated microfluidic chambers. In these experiments, a differential volume
between reservoirs is established to avoid diffusion transfer by the media between
reservoirs. More relevantly, in several studies, neurons derived from
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Fig. 6.2 Uptake and transport between EC and HIP neurons of different forms of tau in microflu-
idic devices (MFDs). (a) Example of an MFD used in the experiments. EC and HIP were seeded
in the different chambers; 7 days after seeding, EC neurons were labeled with AAV9.hSyn.
GCaMP6s, and HIP neurons with AAV9.Syn.JRCaMP1b. Neurons interconnect by crossing their
axons through the microchannels of 950 pm length. (b) Western blots of MFDs treated with vehi-
cle (VER), fibrillar tau, and fibrillar ptau. The number of days after treatment (DAT) is indicated
in each panel. For each MFD, the result of the Western blot in the cells (up) and the culture media
(down, i.e., Taul3 M in (b)) is illustrated. In addition, the number of the MFD used is included, and
the bottom line of each MFD links the EC and HIP chambers of the device. Cells and media extract
were immunoblotted using Taul3 and actin (b). As observed in (b), labeling of Taul3 appeared in
the HIP cells after ptau incubation of the EC chamber only after 7 DAT. Note that in all cases the
observed transport is a cell-mediated transport, and no diffusion in the media of the tau species
may be detected. Abbreviations as in Fig. 6.1. Scale bar: A =450 pm
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induced-pluripotent stem cells or neuronal progenitors are included to mimic spe-
cific neurodegenerative diseases (e.g., (Choi et al. 2014; Ruiz et al. 2014; Park et al.
2018)). These LOC approaches help researchers to ascertain the role of nonneuronal
cells in the seeding and propagation process for particular amyloids (e.g., p—amy-
loid roles of microglia reactivity and migration (Cho et al. 2013; Park et al. 2018)
and the role of astrocytes in a-synuclein seeding (Cavaliere et al. 2017). However,
the emerging role of oligodendrocytes during some amyloid transmission (e.g.,
a-synuclein (Tu et al. 1998; Uemura et al. 2019), tau (Ferrer et al. 2019, 2020); see
also (Ferrer 2018) for a recent review) has yet to be fully described in LOC devices.
Interestingly, the role of PrP, LRP1, and other putative receptors for these “pri-
onoids” has been evaluated in these microfluidic compartmentalized platforms (e.g.,
(Urrea et al. 2018; Chen et al. 2022; Thom et al. 2022; Courte et al. 2023; Rivas-
Santisteban et al. 2023; Chen et al. 2024), establishing platforms for drug screening.

Conclusions

The clinical presentation of human prion diseases bears some resemblance to the
pathological hallmarks of many other commonly known PMDs. They have been
largely studied, but the mechanisms by which they cause neurodegeneration have
not been fully uncovered. The presence and detection of prions and “prion-like”
proteins in different samples presents a challenging and evolving problem. Thus,
the development of more precise and efficient detection methods has been the focus
of research in recent years. Other challenging processes, such as intercellular propa-
gation and generation in more complex tissue models, have been addressed in recent
years with the use of humanized models based on iPSCs, organoids, and organo-
typic slice preparations. These new approaches complement animal experimenta-
tion to ascertain basic concepts, such as strain-derived effects. In parallel,
microfluidics and LOC platforms have emerged as plausible platforms for charac-
terizing amyloid generation in more controlled environments. Significantly, these
newly developed techniques are useful for analyzing cell-to-cell transfers of mis-
folded proteins and determining the molecular factors involved in seeding and
spreading. Moreover, they are particularly valuable for initial drug screening aimed
at developing anti-prion treatments.
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Chapter 7 ®
Tracking Prions by RT-QulC: An Update <o

Christina D. Orru, Bradley R. Groveman, and Byron Caughey

Abstract Prion seed amplification assays, such as real-time quaking-induced con-
version (RT-QuIC), are providing ultrasensitive, specific, and increasingly practical
means of detecting prions and diagnosing prion diseases in humans and other ani-
mals. Widespread efforts have greatly increased the breadth of RT-QulC applica-
tions for research, surveillance, and clinical purposes. Here, we summarize recent
progress in several key areas in which RT-QulC assays are being applied and further
developed.

Keywords Prions - RT-QuIC - Skin - Diagnostics - Ear punches - Preclinical
detection - sCJD subtypes - Pregnancy - Solid surfaces - Quantitation - Seed
amplification assay

Prion protein (PrP) prion diseases are mammalian neurodegenerative disorders
involving the accumulation of abnormal deposits of the host’s prion protein in vari-
ous tissues, most importantly the central nervous system (Sigurdson et al. 2019;
Caughey and Sim 2024; Zerr et al. 2024). Prion disease pathogenesis involves the
conversion of the normal “cellular” form of PrP (PrPC) into pathological forms,
which, when infectious, are generically called PrP5 (Meyer et al. 1986; Artikis et al.
2022; Manka 2025). In humans, prion diseases are most often sporadic, that is, of
no known origin other than the spontaneous misfolding and aggregation of PrP. The
most common of those is sporadic Creutzfeldt—Jakob disease (sCJD) and its multi-
ple subtypes (Zerr and Parchi 2018; Zerr et al. 2024). Sporadic prion diseases are
also thought to occur in other animal species, most notably the so-called atypical
forms of bovine spongiform encephalopathy (BSE) (Houston and Andreoletti 2019;
Caughey and Sim 2024) and sheep scrapie (Benestad et al. 2008). Much rarer in
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humans but more common in sheep (classical scrapie) (Cassmann and Greenlee
2020; Sola et al. 2023), cervids (chronic wasting disease (CWD)) (Benestad and
Telling 2018), and cattle (classical BSE, during its epidemic) are acquired prion
diseases initiated by infections from exogenous sources (Houston and Andreoletti
2019). In humans, such infections are usually iatrogenic, i.e., caused inadvertently
via the use of prion-contaminated medical instruments, transplanted tissues, or
extracts thereof (Brown et al. 2012; Brown and Farrell 2015). A third etiology, par-
ticularly well described in humans, is genetic, i.e., due to specific pathogenic muta-
tions in the host’s PrP gene (PRNP) (Zerr and Parchi 2018; Mead et al. 2019;
Caughey and Sim 2024; Zerr et al. 2024). At least 35 such mutations have been
identified, accounting for genetic forms of CJD, Gerstmann—Straussler—Scheinker
(GSS) syndrome, and fatal familial insomnia.

Among the challenges of coping with neurodegenerative proteinopathies, includ-
ing PrP prion diseases, has been the accurate and sensitive detection of the causative
prions or prion-like self-propagating protein aggregates. These aggregates can serve
as diagnostic and prognostic biomarkers as well as indications of sources of infec-
tion. The structures of such assemblies that have been determined at near-atomic
resolution have so far taken the form of amyloid fibrils [e.g., (Scheres et al. 2020;
Caughey et al. 2022, 2023; Artikis et al. 2022)]. In the case of brain-derived fibrils
of PrP, the PrP monomers are stacked parallel and in-register along the fibril axis
(Alam et al. 2024; Artikis et al. 2022; Hallinan et al. 2022; Hoyt et al. 2022a, b;
Kraus et al. 2021; Manka 2025; Manka et al. 2022, 2023). The fibrils can grow with
the addition and complete refolding of PrP® monomers at the templating surfaces at
the ends of the fibrils through seeded polymerization (Kraus et al. 2021).

This inherent seeding and conformational templating activity of prions was first
demonstrated in cell-free conversion reactions in which proteinase K (PK)-resistant
PrP%¢ (PrPR*) was shown to convert PrP¢ into PrPR* (Kocisko et al. 1994) with
strain- and species-specificities (Raymond et al. 1997; Kocisko et al. 1995; Bessen
et al. 1995; Bossers et al. 2000). The subsequent demonstration of continuous con-
version in sonicated, brain-homogenate-based protein misfolding cyclic amplifica-
tion (PMCA) reactions allowed the development of ultrasensitive assays that
propagated prion infectivity (Castilla et al. 2005; Deleault et al. 2003, 2007, 2012;
Saa et al. 2006b; Saborio et al. 2001). Other studies indicated that purified recombi-
nant PrP¢ (rPrP) can replace brain homogenate as a source of PrP¢ substrate without
diminishing prion detection in sonicated reactions called rPrP-PMCA (Atarashi
et al. 2007). Then the often difficult-to-control sonication of assay tubes was
replaced with shaking to give rise to tube-based quaking-induced conversion (QulC)
assays (Atarashi et al. 2008; Orru et al. 2009). Concurrently, a shaken, multi-well
plate-based conversion reaction was introduced, i.e., the amyloid seeding assay
(ASA) (Colby et al. 2007). Improvements in conditions of the plate-based assays
using rPrP¢ substrates to markedly increase kinetic differences between prion-
seeded and spontaneous (unseeded) fibrillization led to the real-time QulC
(RT-QuIC) assays (Atarashi et al. 201 1b; Wilham et al. 2010). In contrast to PMCA
conversion products (Castilla et al. 2005), the products of at least human sporadic
Creutzfeldt-Jakob disease (sCJD)-seeded RT-QulC assays have been found to be
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Fig. 7.1 Number of yearly peer-reviewed scientific publications with prion RT-QuIC applications.
Graphics highlight when specimens were initially tested (to our knowledge) by prion RT-QulIC in
representative publications listed in the main text. The X-axis indicates the year of publication, and
the y-axis is the number (#) of papers identified via a PubMed search using the keywords “prion
RT-QulC.” The red line highlights both the increased use of RT-QulC over time as well as the rapid
surge in new applications of the assay over the last decade. Dots indicate the anatomical region
tested: brain (red), retropharyngeal lymph node (orange), RAMALT (green), and third eyelid (pur-
ple). The scissors and scalpels represent surgical instruments and other solid surfaces on which
prions are now readily detectable with RT-QulIC assays (see main text)

noninfectious (Raymond et al. 2020). Collectively, these various types of nucleated
polymerization-based assay formats, i.e., PMCA, ASA, and RT-QuIC, have been
dubbed seed amplification assays (SAAs) (Russo et al. 2021). With each of these
SAAs, strong correlations have been established between seeding activity and
infectivity in tissues of prion-infected hosts [e.g., (Saa et al. 2006a; Colby et al.
2007; Wilham et al. 2010)].

Since the initial descriptions of RT-QulC assays (Atarashi et al. 201 1b; Wilham
et al. 2010), there has been an explosion of applications to human and animal prion
diseases [reviewed in (Green and Zanusso 2018; Hermann et al. 2021; Vascellari
et al. 2022; Green 2022; Orru et al. 2023)] (Fig. 7.1). RT-QuIC assays are usually
much more sensitive than more conventional assays such as ELISA, immunohisto-
chemistry, and western blot (McNulty et al. 2019). This greater sensitivity has
allowed prion detection, and associated diagnoses, using accessible biospecimens
such as cerebrospinal fluid (CSF) (Atarashi et al. 2007; McGuire et al. 2012; Orru



146 C.D. Orru et al.

et al. 2015b; Foutz et al. 2017), blood plasma (Orru et al. 2011; Vascellari et al.
2012; Elder et al. 2013), nasal brushings (Orru et al. 2014; Zanusso et al. 2014;
Bongianni et al. 2017; Groveman et al. 2017a), skin (Orru et al. 2017; Wang et al.
2019; Mammana et al. 2020; Zhang et al. 2024; Chen et al. 2024), eye components/
tears (Orru et al. 2018; Schmitz et al. 2023), recto-anal mucosa associated lym-
phoid tissue (RAMALT) (Haley et al. 2016a, b, 2020), ear punches (Ferreira et al.
2021), feces (Denkers et al. 2016; Cheng et al. 2016), urine (John et al. 2013;
Henderson et al. 2015), saliva (Henderson et al. 2013, 2015), third eyelids (Cooper
et al. 2019), peripheral nerves (Baiardi et al. 2019), fetal tissues (Nalls et al. 2017,
2021; Luk et al. 2021) paraffin-embedded sections (Hoover et al. 2016), ticks
(Inzalaco et al. 2023), digestive system (Satoh et al. 2019) and others. For example,
many studies have now supported the use of RT-QulC positivity as a key, officially
accepted criterion for diagnoses of probable sporadic Creutzfeldt—Jakob disease
(Green 2022). Multiple reviews have summarized most of this progress (Green and
Zanusso 2018; Vascellari et al. 2022; Green 2022; Orru et al. 2023). Here, we high-
light a number of notable recent advances in RT-QulC applications to prion
diseases.

RT-QulC Detection of Diverse PrP Prions

To our knowledge, RT-QulC seeding activity has been detected at some level in
brain tissue from humans and animals with all forms/strains of prion disease,
especially using bank vole rPrP as a substrate (Orru et al. 2015¢). The list of
detectable human prions has recently been extended to novel subtypes of sporadic
Creutzfeldt—Jakob disease with PRNP codon 129MM genotype and distinct PrP
plaque phenotypes affecting the gray matter (pGM) or the white matter (pWM) of
sCJID cases (Bayazid et al. 2023). Overall, depending upon rPrP substrates and
reaction conditions, prion RT-QulC can be broadly reactive to mammalian prions
or more selective, allowing for strain discrimination [e.g., (Masujin et al. 2016;
Orru et al. 2015a, c)]. A long list of variables has been found to affect prion
RT-QuIC sensitivity and specificity, including sample handling, sample matrices,
rPrP substrate, salts, pH, detergents, temperature, shaking speed, shaking motion,
shake-rest intervals, and beads. [e.g., (Atarashi et al. 2011a, b; Cramm et al. 2016;
Elder et al. 2013; Green 2019; McGuire et al. 2016; Metrick 2nd et al. 2019; Orru
etal. 2011, 2016; Peden et al. 2012; Wilham et al. 2010)]. Importantly, it remains
possible that new types and strains of prions, such as those that might be generated
upon prion transmission from one species or host genotype into another, could
escape detection by existing RT-QulC assays. This scenario is of particular con-
cern in testing for any new zoonotic transmissions of animal prion strains
into humans.
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Detecting Prions in Skin Specimens

For the purposes of diagnostics and surveillance in living hosts, it is important to
identify accessible biospecimens in which prion seeding activity can be reliably
detected. In humans, the best validated and most widely used diagnostic specimen
is cerebrospinal fluid (CSF) [(Atarashi et al. 201 1b; McGuire et al. 2012) and many
subsequent papers listed above]. However, the necessary lumbar punctures are inva-
sive and can be contraindicated in certain patients. Skin represents another readily
accessible diagnostic specimen. Our initial studies found RT-QulC seeding activity
in the skin of both living (n = 3) and deceased (n = 35) sCJD patients (Orru et al.
2017) and in experimental rodents early in the course of infection (Wang et al.
2019). Further studies showed that treatment of mice with an anti-prion compound
reduced skin seeding activity (Ding et al. 2021). Analyses of a larger panel of human
skin biopsies from CJD cases yielded 89% diagnostic sensitivity and 100% specific-
ity (Mammana et al. 2020). A recent, and still larger, study compared RT-QuIC
analyses of skin biopsies and CSF from live human prion disease cases (Chen et al.
2024), finding that testing of analysis of multiple skin biopsies provided slightly
better sensitivity than analysis of CSF. Also recently, we reported an extensive study
of skin samples that were collected at autopsy from two to three body areas (next to
the ear, lower back, and/or apex of the head) of 339 cases with various types of
neuropathologically confirmed prion diseases and non-sCJD controls (Zhang et al.
2024). Analysis of a retrospective cohort by two independent laboratories gave
87.3% or 91.3% sensitivity and 94.7% or 100% specificity, respectively, while a
prospective cohort showed a sensitivity of 89.4% and specificity of 95.5%. CSF
from 212 cases gave 89.7% sensitivity and 94.1% specificity.

In addition to these overall sensitivity and specificity parameters are the relative
RT-QuIC sensitivities in detecting the multiple subtypes of sCJD and other human
prion diseases that have been described (Zerr and Parchi 2018; Mead et al. 2019;
Caughey and Sim 2024; Zerr et al. 2024). As also seen in previous studies (Orru
et al. 2017; Mammana et al. 2020; Chen et al. 2024), the performance of the skin
RT-QulIC analysis was sCJD subtype-dependent, in this case with sensitivity being
highest in sCJDVV1-2 subtype, followed by VV2, MV1-2, MV1, MV2, MM,
MM1-2, MM2, and VV1 (Zhang et al. 2024). The skin next to the ear gave the high-
est sensitivity individually, but again, greater sensitivity was obtained by analyzing
more than one site. In comparing cases with false negative versus true positive skin
RT-QuIC results, the disease duration was significantly longer with the false nega-
tives [12.0 £ 13.3 (months, SD) vs. 6.5 + 6.4, p < 0.001]. Finally, Baranova et al.
directly compared matching skin and CSF samples from 38 prion disease cases and
30 neurological controls (Baranova et al. 2024). Although positive skin samples had
~ten-fold higher median seeding activity, the CSF analyses gave higher diagnostic
sensitivity (100% versus 89.5% for skin). Collectively, these studies are building
validation of RT-QulC analysis of skin as a valuable biomarker for the detection and
diagnosis of prion diseases.
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Detection of CWD in Deer Using Ear Punches

An extension of RT-QulC applications to skin specimens is the use of ear punches
from white-tailed and mule deer to detect CWD infections (Ferreira et al. 2021).
With the aid of an iron oxide magnetic extraction step introduced by the Hoover and
Mathiason labs (Denkers et al. 2016), we analyzed punches from various parts of
the ear pinna from CWD-infected and control deer and compared the results to
those obtained from gold-standard retropharyngeal lymph node specimens [e.g.,
(Darish et al. 2024)]. On this basis, the ear analyses provided an apparent diagnostic
sensitivity of 81% and specificity of 91%. This performance was comparable to, or
even improved upon, that achieved previously using RAMALT biopsies (Haley
et al. 2016b), suggesting that RT-QulC analysis of ear pinna punches may be helpful
in detecting CWD infections in cervids.

Preclinical Detection of Prion Seeds in Individuals at Risk
of Prion Disease

In humans, inherited prion diseases account for 10-15% of cases, while acquired,
e.g., iatrogenic, infections constitute less than 1% of cases (Zerr and Parchi 2018;
Mead et al. 2019; Caughey and Sim 2024; Zerr et al. 2024). The age of disease onset
is difficult to predict in carriers of disease-associated PRNP mutations or iatrogeni-
cally infected individuals. The iatrogenic cases were recipients of implicated batches
of cadaver-sourced human growth hormone. As treatments become available, as
currently exemplified by Ionis’ Phase 1/2a clinical trial of ION717 called PrProfile,
it will be important to be able to assess when such treatments, with their inevitable
costs and likely side effects, should be initiated in individual mutation carriers. In an
effort to determine whether incipient prion disease pathogenesis can be detected
prior to the onset of overt clinical signs, Mok and colleagues assembled and ana-
lyzed a longitudinal biofluid collection of CSF (n = 72) and plasma samples
(n =220) from individuals at risk of inherited prion disease and iatrogenic CJD as
well as symptomatic cohorts over 13 years (CSF n =39; plasma n = 102) (Mok et al.
2023). This collection included samples from 16 IPD converters ranging from 9.9
prior to and 7.4 years after clinical onset, as well as non-prion and healthy control
samples (CSF n = 83; plasma n = 132). RT-QulIC was 100% sensitive and specific
for sporadic CJD, iCJD, and familial CJD phenotypes (E200K + 6-OPRI-CJD).
Prion seeds were also detected in CSF samples from three E200K carriers in the
presymptomatic phase. One of the latter cases converted shortly after testing, but the
other two remained asymptomatic for another 2-3 years. Partial sensitivity was seen
for P102L disease (sensitivity 44.4%; specificity 98.2%) with a specially adapted
RT-QulIC assay, which was positive for a CSF sample from a P102L. PRNP mutation
carrier. No RT-QulC assay conditions were found to work well for CSF samples
from classical 6-OPRI, A117V, and D178N carriers, despite our previous studies
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showing seed detection in brain tissue from these types of cases at autopsy, albeit
with slower kinetics than is typical for many other human prion diseases (Orru et al.
2015c). In slowly progressive forms of inherited prion disease, plasma glial acidic
fibrillary protein (GFAP) and neurofilament light (NfL) chain, and CSF NfL levels
measured by Simoa served as proximity markers of neurodegeneration, distinguish-
ing normal control (together with inherited prion disease >2 years to onset) from
inherited prion disease cases with <2 years to onset and symptomatic cohorts. Based
on these results, Mok proposed a presymptomatic staging system based on clinical,
seeding, and neurodegeneration features.

Vertical Transmission and RT-QulC Detection of sCJD
Infectivity in Human Placental Tissues

Vertical transmission of prion disease has been demonstrated in cervids (Nalls et al.
2013) and sheep (Ligios et al. 2011; Konold et al. 2013; Foster et al. 2013;
Spiropoulos et al. 2014). Although sCJD only rarely affects pregnant women and
there is no evidence of vertical transmission in humans, cases have arisen that have
raised issues of biosafety associated with performing Cesarean sections. Fortunately,
RT-QulIC analyses of amniotic fluid, cord blood, and placental tissue from a woman
with sCJD of the MM2 subtype indicated little to no detectable prion seeding activ-
ity, and hence infectivity, in such specimens (Luk et al. 2021). Nonetheless, precau-
tions were advised with products of gestation.

RT-QulIC Detection of Prion Seeds in Human
Cerebral Organoids

Cell culture models of prion infection have been important tools in the field.
However, until recently these models had only been applicable to nonhuman prions.
To address the lack of human models, Haigh and colleagues have developed a three-
dimensional self-organizing culture of cerebral brain tissue (cerebral organoids),
derived from human induced pluripotent stem cells (iPSCs), that takes up and prop-
agates sCJD prions while maintaining subtype specificity (Groveman et al. 2019,
2023). Clearance of the initial SCJD brain inoculum and the associated prions from
the organoids and the subsequent de novo accumulation of prions were monitored
by RT-QulIC. Interestingly, cerebral organoids generated from asymptomatic carri-
ers of human genetic prion disease mutations E200K CJD and D178N fatal familial
insomnia showed metabolic disturbances but did not develop RT-QulC-detectable
seeding activity, indicating that the mutation itself is insufficient to cause prion seed
formation (Foliaki et al. 2020, 2023), even under cellular stress (Smith et al. 2022).
RT-QuIC and immunohistochemistry were also used on cerebral organoids that had
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been exposed to CWD to demonstrate that even direct exposure of human brain-like
tissue to CWD prions was insufficient for zoonotic transmission (Groveman et al.
2024). Finally, CJD-infected cerebral organoids were used to test neural cell engraft-
ment therapy (Williams et al. 2023) or anti-prion compounds (Groveman et al.
2021). In the latter case, RT-QulC was used to quantitatively assess the impact of
pentosan polysulfate treatment on prion propagation. Early prophylactic treatment
with the drug delayed prion propagation and even a much-delayed, transient postin-
fection treatment reduced prion seed accumulation.

Detecting Prions on Solid Surfaces

Besides the development of prion disease therapeutics, it remains important to
improve measures to prevent transmissions in the first place. As evidenced by the
iatrogenic transmission of human prion disease via contaminated medical instru-
ments (Brown and Farrell 2015; Brown et al. 2012) and the environment-mediated
transmission of scrapie in sheep and CWD in cervids, the presence of prions on
solid surfaces can be biohazardous. Indeed, many experimental studies have clearly
documented transmission via environmental materials [e.g., see (Bartlet-Hunt et al.
2013; Zabel and Ortega 2017; Sakudo 2020; Pritzkow et al. 2018)]. Such concerns
have driven the development of RT-QuIC assays for detecting prions bound to envi-
ronmental materials, machinery, tools, and surgical instruments to help limit fomite-
borne disease dissemination. Although some solids can be immersed directly in
RT-QuIC reaction wells for highly sensitive detection (Hughson et al. 2016; Mori
etal. 2016; Belondrade et al. 2016; Yuan et al. 2018; Moudjou et al. 2020; Belondrade
et al. 2020), many objects are too large to fit. In addressing this issue, two studies
reported the detection of CWD prions from flat surfaces by sampling with foam
swabs that are sonicated to elute prion seeds that are then concentrated and analyzed
by RT-QulIC and PMCA (Yuan et al. 2022; Soto et al. 2023). A recent study used
this swabbing approach to show that water and ethanol treatments of several types
of surfaces relevant to laboratories and clinics left readily detectable residual prions,
whereas bleach eliminated such seeds (Simmons et al. 2024). However, this study
also showed that certain soil minerals can inhibit RT-QulIC assays, advising that
caution be used in assays of new materials. In contrast, as had been demonstrated
earlier (Christenson et al. 2023, 2024), the addition of a specific type of nanoparticle
can enhance RT-QuIC detection of CWD prions.

We have reported a somewhat different sampling method in which the surfaces
were simply exposed to a sampling medium without the need for swabbing and
subsequent elution steps (Orru et al. 2024). Using that approach, called surface
RT-QuIC (sfRT-QuIC), we also showed that hamster 263K prion seeds can remain
detectable on steel wires for at least a year, even after standard enzymatic cleaning
and sterilization treatments. Moreover, prions on surgical instruments and plates
exposed to even extreme brain tissue dilutions from prion-affected humans, sheep,
cattle, and cervids could be detected using sfRT-QuIC. Similarly, surfaces exposed
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to comparable dilutions of brain tissue from human cases of Alzheimer’s and
Parkinson’s disease were positive using adaptations of tau- and a-synuclein-RT-
QulIC assays even after cleaning/sterilization. Altogether, these studies have demon-
strated ultrasensitive methods of testing for prions and other prion-like
disease-associated seeds bound to a variety of solid materials. PMCA assays and
PMCA coupled to RT-QuIC assays (Kuznetsova et al. 2014) have also been success-
fully applied to prion detection on various solids such as soils [e.g., (Saunders et al.
2011; Xu et al. 2014; Wyckoff et al. 2016)] or steel wires (Belondrade et al. 2016)
that can be immersed in an assay microtube.

Enhancing Quantitative Accuracy

Despite the common misconception that RT-QuIC assays provide only binary posi-
tive vs. negative assessments of the presence of proteopathic seeds, these assays
have in fact been used quantitatively in many studies [e.g., (Favole et al. 2019;
Groveman et al. 2017b, 2019; Metrick 2nd et al. 2019; Orru et al. 2011, 2012, 2014,
2015b, 2017, 2018; Peden et al. 2012; Vascellari et al. 2012; Wang et al. 2019)],
including the first paper to describe RT-QulC assays (Wilham et al. 2010). These
and many other papers have demonstrated that prion RT-QulC assays are usually
more sensitive than prion bioassays in animals. However, the approaches that have
typically been used are only able to reliably discriminate differences in proteopathic
seed concentrations of at least five to tenfold. We have recently reported ways to
improve the accuracy and inter-assay reproducibility of end-point dilution RT-QulIC
assays to seeding activity differences of ~two fold (Srivastava et al. 2024). For this
study, we used as examples a-synuclein-RT-QulC (SAA) assays of a variety of bio-
specimens from Parkinson’s disease and dementia with Lewy bodies cases, but most
of the principles learned should also be similarly applicable to prion RT-QulC
assays. A combination of factors proved to be influential: sample handling; increas-
ing the number of replicate reactions per sample dilution; decreasing the interval of
serial dilutions; and data processing methods such as the midSIN algorithm devel-
oped by Catherine Beauchemin (Cresta et al. 2021) in place of the commonly used
Spearman—Kirber analysis (Dougherty 1964). Better accuracy and reproducibility
in RT-QuIC types of SAAs should improve comparisons of seeding activities with
other disease parameters to improve diagnostics, prognostics, patient cohort selec-
tion for drug trials, and assessments of pharmacodynamics and target engagement
in trials of drugs aimed at pathological protein aggregates such as prions.

Outlook

Many labs continue to make significant advances in the applications of RT-QuIC
and other SAAs to important challenges in prion disease management, including
fundamental research [e.g., (Aguilar-Calvo et al. 2023)], detection, diagnostics,
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biohazard mitigation, and the development of therapeutics. Clearly, work from
many labs has collectively revolutionized the routine diagnosis of prion diseases in
humans, at least. Still, it remains important to continue improving the practicality of
these assays so that they can be more readily applied in the clinic and the field. One
attractive example of such efforts is MN-QuIC, which is a visually based, field-
deployable diagnostic assay for prions, with demonstrated application to chronic
wasting disease in cervids (Christenson et al. 2022). It also seems likely that minia-
turization of these assays into the realm of microfluidics should be both possible and
beneficial in reducing costs and increasing the quantitative accuracy of RT-QuIC
SAAs (Lee et al. 2023). In any case, a key advantage of RT-QulC SAAs is that the
prion seeds that they detect so sensitively and specifically are not indirect manifes-
tations of infections or pathology but primary etiological biomarkers of prion
diseases.
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as Therapeutic Targets in Prion Diseases
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Abstract Prion diseases, also known as transmissible spongiform encephalopa-
thies, are a group of fatal, transmissible neurodegenerative disorders affecting both
humans and animals, with no available therapeutic treatments. Recent research
highlights the critical involvement of reactive microglia and astrocytes in the patho-
genesis of these diseases. This chapter will review emerging evidence on the harm-
ful roles of reactive microglia and astrocytes in prion disease progression and
explore potential therapeutic strategies aimed at targeting their reactive states. A
particular focus will be on the therapeutic potential of modulating microglial phago-
cytic activity and its associated pathways. We will address the challenges in design-
ing effective therapies, including the phenotypic diversity of glial cells, regional
differences in brain strain tropism, intercellular communication between microglia
and astrocytes, dynamic changes in microglial role throughout disease progression,
and the identification of optimal intervention windows. Finally, we will consider the
possibility that different mechanisms underlie neurodegeneration across prion
strains and Creutzfeldt-Jakob disease (CJD) subtypes, highlighting the importance
of developing combination therapies targeting multiple pathways.
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Introduction

Prion diseases, also known as transmissible spongiform encephalopathies, comprise
a group of transmissible neurodegenerative disorders affecting both humans and
animals (Prusiner 1998). These diseases are lethal and currently lack any therapeu-
tic treatment (Giles et al. 2017). Prion diseases are initiated by prions, or PrPS,
which represent the misfolded, aggregated form of a cellular sialoglycoprotein
known as the prion protein, or PrP¢ (Deleault et al. 2007; Legname et al. 2004;
Makarava et al. 2010; Prusiner 1982; Wang et al. 2010). The pathogenic mechanism
involves the replication and dissemination of prions throughout the central nervous
system (CNS), achieved by recruiting and converting host-expressed PrP¢ mole-
cules into misfolded, B-sheet-rich PrP%¢ states (Cohen and Prusiner 1998).
Exploring the mechanisms responsible for PrP5¢ toxicity has been a primary
focus of the field for the last three decades (Brandner et al. 1996; Collinge and
Clarke 2007; Fang et al. 2016, 2018; Forloni et al. 1993; Harris and True 2006;
Lakkaraju et al. 2022; Le et al. 2019; Mallucci et al. 2002, 2003; Novitskaya et al.
2006, 2007; Radford and Mallucci 2010; Solforosi et al. 2004). A wealth of data has
provided solid experimental evidence that PrP is neurotoxic, resulting in neuronal
dysfunction and loss. For the toxic effects of PrP% to occur, PrP¢ expression on
neuronal surfaces is required (Brandner et al. 1996; Chesebro et al. 2005; Lakkaraju
et al. 2022; Mallucci et al. 2003; Rambold et al. 2008; Solforosi et al. 2004).
Reviews summarizing PrPc-mediated toxicity of PrPS along with downstream neu-
rotoxic pathways can be found elsewhere (Le et al. 2019). Not surprisingly, the
development of therapeutic strategies against prion diseases has mostly focused on
inhibiting PrPS replication or suppressing PrPC expression. However, drugs devel-
oped against PrP5¢ have been shown to be effective against one or a few prion strains
but ineffective against others (Berry et al. 2013). Moreover, targeting PrP*° replica-
tion or PrPS¢-PrPC interactions with antiprion compounds has resulted in the acquisi-
tion of resistance to antiprion drugs and the emergence of new prion strains (Berry
etal. 2013; Bian et al. 2014; Burke et al. 2020; Ghaemmaghami et al. 2009). Indeed,
it has been well established that prion strains are able to mutate and adapt to new
replication environments (Burke et al. 2020; Ghaemmaghami et al. 2009; Gonzalez-
Montalban et al. 2013; Katorcha et al. 2018; Mahal et al. 2010). Strain mutation and
adaptation to new environments occur via a deformed templating and selective
amplification of a state that fits better to a new environment (Baskakov 2014;
Makarava and Baskakov 2013; Makarava et al. 2013), and/or through the selection
of preexisting minor variants from a cloud of PrP* structural variants (Li et al. 2010).
The mechanism of direct PrP5¢ toxicity does not adequately explain why prion
strains that do not colocalize with neurons exhibit neurotoxicity. Moreover, tran-
scriptome analysis revealed that neuronal transcripts do not change until the termi-
nal stage of the disease, questioning whether the disease is driven by changes within
neurons (Makarava et al. 2020c; Sorce et al. 2020). Several previous studies on
PrP¢-mediated toxicity have utilized a single prion strain, often RML (Brandner
et al. 1996; Lakkaraju et al. 2022; Mallucci et al. 2003), raising concerns about the
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Fig. 8.1 Schematic diagram illustrating crosstalk between microglia, astrocytes, and neurons in
prion diseases. PrP% triggers a proinflammatory phenotype in microglia (Srivastava et al. 2018).
Reactive microglia activate astrocytes (Kushwaha et al. 2021). In a reactive state, astrocytes lose
homeostatic functions that support neurons (Makarava et al. 2021). Reactive astrocytes associated
with prion disease are neurotoxic (Kushwaha et al. 2021) and have deleterious effects on endothe-
lial cells of BBB (Kushwaha et al. 2023). (The figure was adapted from Makarava et al. 2024a)

uniformity of this mechanism across CJD subtypes or prion strains with diverse cell
tropism. Additionally, the mechanism of PrP% toxicity does not satisfactorily
account for the varying vulnerability of individual brain regions to different prion
strains (Karapetyan et al. 2009; Makarava et al. 2020b). For these reasons, it is
worth considering alternative therapeutic targets for drug development.

Recent advances in the field suggest that reactive microglia and astrocytes not
only respond to prion infection but may also play an active role in driving disease
pathogenesis (Fig. 8.1) (Makarava et al. 2024a). In this chapter, we will survey
emerging data on the deleterious effects of reactive microglia and astrocytes in
prion diseases, as well as review data on the crosstalk between these cell types. We
will discuss approaches to target the reactive states of microglia and astrocytes as
potential therapeutic targets against prion diseases. We will raise issues attributed to
the phenotypic diversity of astrocytes that are important for developing effective
therapeutic approaches. Finally, we will review the possibility that different mecha-
nisms may be responsible for neurodegeneration associated with different prion
strains. Thus, we will discuss the importance of employing combination therapy
targeting various targets.
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Role of Reactive Microglia in Prion Disease Pathogenesis

The transformation of microglia into reactive states is recognized as one of the earli-
est events in the pathogenesis of neurodegenerative diseases, including prion dis-
eases (Carroll et al. 2016; Lu et al. 2004; Makarava et al. 2020c; Vincenti et al.
2016). Remarkably, a global shift in the expression pattern of glial-specific genes
predicted age in humans with greater precision than the expression of neuron-
specific genes, underscoring the role of glia in normal aging (Soreq et al. 2017).
Whole-transcriptome analysis of whole-brain tissues, as well as the analysis of
selective gene sets, illustrated strong proinflammatory characteristics as a common
signature of reactive microglia associated with prion diseases (Baker and Manuelidis
2003; Carroll et al. 2016; Lu et al. 2004; Majer et al. 2019; Sorensen et al. 2008;
Tribouillard-Tanvier et al. 2009; Vincenti et al. 2016). With the advancement of
single-cell RNA-sequencing (scRNAseq), transcriptome analysis of other neurode-
generative diseases and normal aging revealed that both microglia and astrocytes
exhibit region-specific homeostatic transcriptional identities, which, under chronic
neurodegeneration, transform into reactive phenotypes in a disease-specific and
often region-specific manner (Boisvert et al. 2018; Clarke et al. 2018; Grabert et al.
2016; Habib et al. 2020; Mathys et al. 2017; Olah et al. 2020; Prater et al. 2023;
Soreq et al. 2017; Wheeler et al. 2020; Zeisel et al. 2018). Transcriptome analysis of
four brain regions affected by prions (thalamus, cortex, hypothalamus, and hippo-
campus) demonstrated that with disease progression, the region-specific homeo-
static transcriptome signatures in microglia are replaced by a wuniform,
region-independent neuroinflammation signature (Makarava et al. 2020c). The neu-
roinflammation signature was not only region-independent but also uniform across
prion strains with different cell tropisms (Makarava et al. 2020c). The neuroinflam-
mation signature identified in prion-infected animals only partially overlapped with
the microglia degenerative phenotype (MGnD) and the disease-associated microg-
lia phenotype (DAM) reported previously in mouse models of other neurodegenera-
tive diseases (Butovsky and Weiner 2018; Carroll et al. 2020; Keren-Shaul et al.
2017; Krasemann et al. 2017; Makarava et al. 2020c). Among the top differentially
expressed genes upregulated in prion diseases were genes involved in phagocytic
function and synapse pruning (Clga, Clgb, Clgc, C3arl, C3, C4a, Dock2, Fgr,
Fegrl, Fcgr2b, and Fcgr3), modifications of the extracellular matrix (Serpina3n),
genes encoding proinflammatory chemokines that could contribute to neurotoxicity
and apoptosis (Illa, 111§, TNFa, Cxcll0, Cxcl9, Cxcll3, Ccl2, Ccl4, Ccl5, Ccl8,
Ccli2, lllrn, IL6, 11123), a proinflammatory transcription factor Statl, and natural
killer cell-mediated neurotoxicity Fcgr2b (Carroll et al. 2016; Makarava et al.
2020c; Sorce et al. 2020).

Several studies employing animals, postmortem human brains, or in vitro
approaches have demonstrated that activation and proliferation of microglia occur
in regions with PrP% accumulation and in response to it, rather than as a conse-
quence of neuronal death (Bate et al. 2002; Everbroeck et al. 2004; Giese et al.
1998; Greenlee et al. 2016; Kercher et al. 2007; Puoti et al. 2005; Sandberg et al.
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2014; Vincenti et al. 2016; Williams et al. 1997). Notably, widespread activation
and proliferation of microglia occur at much earlier stages than synaptic loss (Baker
and Manuelidis 2003; Carroll et al. 2016; Gomez-Nicola et al. 2013; Lu et al. 2004;
Sandberg et al. 2014), which is considered an early neuron-specific pathological
sign (Hilton et al. 2013; Jeffrey et al. 2000). Using purified, brain-derived, or cul-
tured cell-derived PrP%, we demonstrated that PrP%° can directly trigger a proinflam-
matory response in primary microglia, with the chemical nature of the carbohydrate
groups on the N-linked glycans of PrP5 being critical for defining the degree of
microglial activation (Srivastava et al. 2018).

Over the years, a consensus has emerged that microglia constitute the primary
host defense against prions that involves phagocytic clearance of PrP5 (Aguzzi and
Zhu 2017; Carroll and Chesebro 2019; Mabbott et al. 2020). Indeed, several studies
have shown that ablation of microglia either before prion infection or during the
initial stages of the disease significantly accelerates disease progression (Bradford
etal. 2021; Carroll et al. 2018, 2020; Zhu et al. 2016). Microglia depletion increases
PrP5 deposition in organotypic cultured slices (Zhu et al. 2016). Knockout of
MFGES, a factor secreted by microglia that mediates the phagocytosis of apoptotic
bodies, accelerates prion pathogenesis by 40 days, and elevates PrP5 levels (Kranich
et al. 2010). TREM2 (triggering receptor expressed on myeloid cells-2), which is
involved in the phagocytosis of apoptotic neurons, is also upregulated in prion-
infected mice (Zhu et al. 2015).

However, contrary to the view that microglia are protective, partial inhibition of
microglial proliferation and reactivity during the late subclinical stage (98—126 days
postinfection with the ME7 strain) delays the onset of behavioral signs and extends
survival by 26 days (Gomez-Nicola et al. 2013). Moreover, inhibition of microglial
activation through the administration of an immunosuppressant just before or at the
disease onset suppresses reactive gliosis and prolongs survival in humanized mice
infected with human prions (Nakagaki et al. 2020). Vice versa, peripheral inflamma-
tion or intracerebral challenge of prion-infected mice with LPS exacerbates proin-
flammatory response in microglia, elevating production of the proinflammatory
cytokines TNF-a, IL-1p, and IL-6, which leads to accelerated neurodegeneration
and disease progression (Cunningham et al. 2005, 2009; Lunnon et al. 2011).
Additionally, the knockout of galectin-3 (Lgals3), an opsonin that binds to the
Mertk receptor on myeloid cells and mediates phagocytosis, prolongs survival in
prion-infected mice (Mok et al. 2007). Finally, knockout of 7I/r] (IL1 receptor type
1), a receptor of proinflammatory interleukin-1p expressed by microglia, attenuates
astrocyte reactivity, delays the clinical onset of the disease, and prolongs survival of
prion-infected mice (Schultz et al. 2004).

The phagocytic activity of microglia is implicated in the clearance of PrP5 and
is assumed to play a positive role. However, a recent study links the overactivation
of phagocytic pathways to synaptic loss and accelerated neurodegeneration. In
response to prion infection, microglia upregulate IFN-1 (interferon type 1), which
activates phagolysosomal pathways (Nazmi et al. 2019). Surprisingly, the knockout
of the IFNARI gene, which encodes a receptor for IFN-1, ameliorates clinical signs,
improves neuronal survival and synaptic density, and prolongs survival in
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ME7-infected mice (Nazmi et al. 2019). Contrary to the protective hypothesis, this
work suggests that the activation of the phagocytic phenotype has a negative impact.

To reconcile apparently conflicting results on the protective versus deleterious
roles of microglia, here we propose that the role of microglia changes from a net
positive at early stages to a net negative at later stages of the disease. Indeed,
microglia may have a net beneficial or deleterious impact depending on their capac-
ity for PrP%¢ clearance versus the combined detrimental effects attributed to the loss
of homeostatic functions, overproduction of proinflammatory cytokines toxic to
neurons, triggering of reactive astrocytes with a neurotoxic phenotype, and direct
phagocytic attack on synapses and/or viable neurons.

Microglial Phagocytic Pathways as Possible
Therapeutic Targets

Consistent with the protective role of microglia in PrP%¢ clearance, flow cytometry
analysis found PrP% associated with microglia originating from prion-infected ani-
mals (Yamasaki et al. 2018). Moreover, using microglia isolated from prion-infected
animals and live-cell imaging, we demonstrated considerable upregulation of
phagocytic activity of reactive microglia (Sinha et al. 2021). Activated phagocytosis
was observed regardless of the substrates tested—whether synaptosomes or myelin
debris—indicating that the upregulated phagocytosis is determined by the reactive
states rather than by specific substrates. Surprisingly, in the reactive state, microglia
exhibited no discrimination between synaptosomes purified from prion-infected
brains or normal synaptosomes (Sinha et al. 2021). Consistent with their protective
role, microglia effectively phagocytosed PrP% in mouse brains starting from the
early preclinical stages (Makarava et al. 2024b). However, at the late preclinical
stage, a critical shift occurs in microglial activity from phagocytosis of PrP5 to
establishing extensive neuron-microglia contacts that resemble engulfment
(Makarava et al. 2024b). This change transpires prior to the manifestation of clinical
symptoms and is followed by a rapid accumulation of total PrP5, suggesting a
potential link to neuronal dysfunction and behavioral deficits. Interestingly, the
engulfed neurons do not exhibit apoptotic markers, indicating that microglia are
targeting viable neurons (Makarava et al. 2024b). These findings suggest that sus-
tained upregulated phagocytic activity, initially a defensive response to prion infec-
tion, may eventually become detrimental due to the upregulation of phagocytic
pathways that lead to an assault on viable neurons or synapses. The timing of the
switch in phagocytic targets is crucial, as it presents opportunities for therapeutic
intervention beginning at the onset of the disease.

Several phagocytic pathways are worth considering for exploring potential thera-
peutic targets. Many phagocytic pathways evolved evolutionarily to optimize neural
circuitry during neurodevelopment or adult neurogenesis by eliminating excessive
synapses and neurons (Alonso Bellido et al. 2023; Schafer et al. 2012; Stevens et al.
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2007; Van Ryzin et al. 2019; Wakselman et al. 2008). However, these same path-
ways have been found to be upregulated in neurodegenerative diseases (Butler et al.
2021; Hong et al. 2016).

The Galectin-3—Mertk pathway. Galectin-3 is released by activated myeloid
cells and acts as an opsonin by binding to galactose residues on the cell surface and
to the Mertk receptor on phagocytes (Caberoy et al. 2012; Nomura et al. 2017).
Galectin-3 was found to be upregulated in prion-infected mice. Moreover, global
knockout of Galectin-3 prolonged the survival of prion-infected mice (Mok et al.
2007). The mechanism responsible for prolonged survival has not been investigated.
Because Galectin-3 has pleiotropic effects, including its role in the repair and elimi-
nation of damaged lysosomes (Hoyer et al. 2022), this strategy that targets Galectin-3
should be considered with caution.

The C3b-CR3 pathway. The complement factor C3b tags neurons and synapses,
driving phagocytosis through interaction with the complement receptor 3 (CR3),
consisting of CD18 and CD11b (Hong et al. 2016; Schafer et al. 2012; Stevens et al.
2007). The CD11b-dependent pathway is responsible for the phagocytosis of neu-
rons during development (Van Ryzin et al. 2019; Wakselman et al. 2008). A signifi-
cant upregulation of C3 and Itgam (the gene encoding CD11b) was observed in
prion-infected mice and sCJD individuals (Makarava et al. 2020a; Ugalde
et al. 2020).

The C1g—LRP1/CR3 pathway. C1q opsonizes synapses and drives phagocyto-
sis via interaction with LRP1 or CR3 expressed by myeloid cells (Fouét et al. 2020;
Linnartz et al. 2012; Ogden et al. 2001). Consistent with this mechanism, key com-
ponents of the complement cascade, including Clqa, Clgb, Clqc, C3, and C3arl,
were found to be upregulated in prion-infected mice (Makarava et al. 2020a, c;
Vincenti et al. 2016). Elimination of synapses, involving the tagging of synapses by
Clq and their engulfment via an interaction with the C3 receptor, has been impli-
cated in Alzheimer’s disease, frontotemporal dementia, and normal aging (Hansen
et al. 2018; Hong et al. 2016; Lui et al. 2016; Stephan et al. 2013). The inhibiting
effects of Clq or C3 deficiency on prion transmission via peripheral routes have
been well established (Klein et al. 2001; Mabbott et al. 2001); however, their role of
glia-expressed Clq or C3 on prion pathogenesis in the CNS has not been tested.

Whether phagocytosis has net beneficial or detrimental impacts may change dur-
ing the course of neurodegeneration. Simply blocking or boosting phagocytosis
would not offer an effective therapeutic strategy. Instead, it is necessary to learn how
to block the phagocytosis of specific targets (neurons and synapses) at specific
stages of the disease, which presents significant challenges. Several important ques-
tions need to be addressed to define an effective therapeutic strategy targeting
microglial phagocytosis. Does excessive microglial phagocytosis contribute to neu-
rodegeneration? Do reactive microglia discriminate between viable neurons and
apoptotic neurons damaged by PrP5¢? What receptors are involved in the phagocytic
uptake of neurons? Is phagocytic activity regulated in a selective fashion to target
only a subset of phagocytic substrates? If so, can we selectively suppress the phago-
cytosis of viable neurons?
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Microglia-Astrocytes Crosstalk

Recent years have unveiled intricate crosstalk between microglia and astrocytes
(Linnerbauer et al. 2020; Matejuk and Ransohoff 2020). The reactive states of both
astrocytes and microglia appear to be mutually dependent and regulated through
multiple signaling pathways (Linnerbauer et al. 2020; Matejuk and Ransohoff
2020). Nevertheless, the question of how reactive microglia induce reactive pheno-
types in astrocytes remains unsettled. According to Barres’ hypothesis, microglia-
derived factors TNF-a, IL-1a, and Clqga drive a neurotoxic, Al-reactive state in
astrocytes (Liddelow et al. 2017). However, in prion-infected mice, the elimination
of these factors had only modest effects in suppressing Al-specific markers
(Hartmann et al. 2019). Moreover, contrary to expectations, triple TNF//IL1a"/
Clga” knockout accelerated the progression of prion diseases (Hartmann et al.
2019). This study questioned the role of microglia-produced TNF-«, IL-1a, and
Clqga as the main drivers of the neurotoxic phenotypes in astrocytes in prion dis-
eases (Hartmann et al. 2019). Furthermore, contrary to the Barres hypothesis, the
depletion of microglia resulted in an exacerbated reactive astrocyte phenotype and
accelerated disease progression (Bradford et al. 2021; Carroll et al. 2018, 2020; Zhu
et al. 2016). These results support the idea of crosstalk between reactive astrocytes
and microglia and suggest that exuberant proinflammatory astrocyte reactivity
might compensate for the lack of reactive microglia.

In animals infected with three mouse-adapted prion strains, 221, RML, and
ME7, the upregulation of microglia- and astrocyte-specific genes in specific brain
regions follows consistent ranking orders, suggesting a tightly coupled activation
between microglia and astrocytes (Makarava et al. 2020a, c, 2021). Upon exposure
to cell media conditioned by reactive microglia isolated from prion-infected ani-
mals, primary astrocytes from normal animals acquire hypertrophic morphology
and downregulate genes associated with synaptogenic functions such as Thbsl,
Thbs4, and Sparcll (Kushwaha et al. 2021). Thus, in addition to direct neurotoxic-
ity, proinflammatory factors secreted by reactive microglia can induce reactive phe-
notypes in astrocytes, contributing to non-cell-autonomous neuronal dysfunction
(Fig. 8.1).

Do reactive astrocytes influence the phenotype of microglia? Reactive astrocytes
isolated from prion-infected animals secreted elevated levels of IL6, which is known
to trigger microglial pathways linked to neurodegeneration (Rothaug et al. 2016).
Conversely, inhibiting the activation of the transcription factor STAT3 selectively in
astrocytes in mouse models of Alzheimer’s and Huntington’s disease suppressed
astrocyte reactivity, leading to reduced neuroinflammation and microglial activation
(Ben Haim et al. 2015b). In the reactive states, including those associated with prion
diseases, astrocytes upregulate the expression of IL-33 and C3 (Kushwaha et al.
2021), known drivers of microglia-mediated phagocytosis and elimination of syn-
apses (Schafer et al. 2012; Stevens et al. 2007; Vainchtein et al. 2018). The phago-
cytic functions of both microglia and astrocytes were shown to be influenced via
alternative signaling pathways, illuminating multiple crosstalk mechanisms between
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microglia and astrocytes. In the absence of the tyrosine kinase receptor Mertk,
which is expressed by both microglia and astrocytes, the engulfment of cell bodies
by microglia was delayed, while astrocytes failed to polarize toward dying cells
(Damisah et al. 2020).

Role of Reactive Astrocytes in Prion Disease Pathogenesis

In recent years, there has been a growing appreciation for the view that reactive
astrocytes play an intimate role in chronic neurodegeneration (Acioglu et al. 2021;
Ben Haim et al. 2015a; Habib et al. 2020; Oksanen et al. 2019). However, their
precise function remains highly controversial, as discussed in previous reviews
(Baskakov 2021; Ben Haim et al. 2015a; Escartin et al. 2021; Makarava et al.
2024a). In a healthy brain, astrocytes serve several crucial physiological functions
(Dallérac et al. 2018; Santello et al. 2019; Sofroniew and Vinters 2010). They pro-
vide structural and trophic support to neurons, aiding in their growth and develop-
ment. Additionally, astrocytes actively participate in regulating neurotransmitter
levels, influencing synaptic communication. These glial cells also contribute to the
establishment and stability of synapses between neurons. Furthermore, astrocytes
play a role in maintaining cerebral blood flow, ensuring an adequate supply of nutri-
ents and oxygen. They are involved in energy metabolism, providing nutrients to
neighboring neurons. Importantly, astrocytes help maintain the integrity of the
blood-brain barrier, protecting the brain from harmful substances. Not surprisingly,
under normal conditions, astrocytes exhibit robust regional homeostatic identities,
adapting to the specific needs of different brain regions (Makarava et al. 2021). In
fact, seven developmentally predetermined subtypes of astrocytes that reside in dif-
ferent brain regions have been identified in mouse brains (Zeisel et al. 2018). In
neurodegenerative diseases, including prion diseases, astrocytes acquire reactive
phenotypes sustained throughout the disease progression (Ferrer 2017; Kaczmarczyk
et al. 2022; Makarava et al. 2019; Phatnani and Maniatis 2015; Scheckel et al. 2020;
Slota et al. 2022). Transcriptome analysis demonstrated that astrocytes responded to
prion infection of the CNS much earlier and stronger than neurons (Kaczmarczyk
et al. 2022; Makarava et al. 2020c; Scheckel et al. 2020; Slota et al. 2022).

A number of independent transcriptome studies have documented that in prion-
infected mice, the activation of astrocytes does not follow the bidirectional A1-A2
model (Carroll et al. 2020; Hartmann et al. 2019; Makarava et al. 2020a, c, 2021;
Scheckel et al. 2020). Our recent work has demonstrated that astrocytes respond to
prion infection in a region-specific manner (Makarava et al. 2019, 2021, 2023).
Pathway-specific heatmap analysis of prion-infected animals has revealed a global
disturbance of genes across multiple astrocyte-specific functions, including but not
limited to blood-brain barrier (BBB) regulation, transporters, myelination, energy
metabolism, channels, extracellular matrix, growth factors/receptors/signaling, neu-
roprotection, and neurotoxicity (Makarava et al. 2021). Gene expression analysis
suggests losses in neuronal support functions along with downregulation of genes
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involved in the formation and maintenance of synapses (Nrxnl, Nignl, CdhliO,
Gpc4, Gpc5). While some neuroprotective pathways might be upregulated in
response to prions, the net result of disturbances in neuroprotective/neurotoxic path-
ways, along with the global dysregulation across physiological functions, produces
a neurotoxic phenotype. The neurotoxic reactive phenotype exhibits a universal
gene signature regardless of a prion strain (Makarava et al. 2021). Remarkably, a
very strong correlation between the gene sets reporting on the degree of astrocyte
reactivity and the dysregulation in pathways associated with homeostatic functions
suggests that the degree of astrocyte reactivity dictates the extent to which homeo-
static functions are lost (Makarava et al. 2021). In agreement with this hypothesis,
scoring of the differential gene expression across 17 animal groups inoculated with
four prion strains via two routes reveals a very strong reverse correlation between
the degree of astrocyte reactivity and the incubation time to the prion diseases
(Makarava et al. 2021). Animal groups with the most severe astrocyte reactivity
show the most rapid disease progression. In summary, the transcriptome analysis
raises the possibility that phenotypic changes in reactive astrocytes contribute to the
faster progression of diseases and perhaps even drive prion pathogenesis.

Infection of astrocytes with prions triggers neuronal dysfunction upon co-
culturing of infected astrocytes with neurons (Cronier et al. 2012). However, it
remained unclear whether the neurotoxic effects were due to astrocyte-produced
PrP%¢ or factors released by astrocytes. In our recent work, reactive astrocytes iso-
lated from prion-infected animals exerted adverse effects on primary neuronal cul-
tures, resulting in a reduction in spine size and density, along with impairment of
neuronal growth and synapse integrity (Kushwaha et al. 2021). The media condi-
tioned by the reactive astrocytes also exhibited deleterious effects on primary neu-
rons, including a reduction in the density and size of dendritic spines, disintegration
of synapses, reduced expression of pre- and postsynaptic proteins, along with a
decrease in neuronal viability (Kushwaha et al. 2021). Selective targeting of the
unfolded protein response, which is exacerbated in reactive astrocytes, via inhibi-
tion of PERK signaling, was found to prolong the incubation time to terminal dis-
ease in mice (Smith et al. 2020).

Under normal conditions, astrocytes play an essential role in the development
and maintenance of the BBB (Araya et al. 2008; Heithoff et al. 2021; Lee et al.
2003; Siddharthan et al. 2007). Increased BBB permeability was noticed nearly
40 years ago and was found to be common among animals infected with different
prion strains (Wisniewski et al. 1983). Significant caspase immunoreactivity of
blood vessels, indicative of endothelial cell death, was also reported in prion dis-
eases (Haigh et al. 2014). In mice infected with prions, transcriptome analysis
revealed significant perturbations in the expression of astrocyte-specific genes
involved in BBB maintenance (Makarava et al. 2021). In support of changes seen
from transcriptome analysis, the localization of aquaporin 4 (AQP4), the most prev-
alent water channel that normally localizes on astrocytic endfeet, changed dramati-
cally upon the transition of astrocytes into a reactive state (Kushwaha et al. 2023;
Makarava et al. 2021). The loss of BBB integrity and aberrant localization of AQP4,
a sign of retraction of astrocytic endfeet from blood vessels, were observed prior to
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disease onset (Kushwaha et al. 2023). These changes suggest a loss of astrocyte
polarization and possible dysregulation of astrocyte functions responsible for BBB
maintenance. Indeed, a recent study demonstrated that reactive astrocytes or media
conditioned by reactive astrocytes isolated from prion-infected mice induced a
disease-associated phenotype in endothelial cells originating from noninfected
adult mice (Kushwaha et al. 2023). IL-6, secreted by reactive astrocytes, was identi-
fied as a proinflammatory factor responsible for mediating their deleterious effect
on the BBB (Kushwaha et al. 2023). Surprisingly, extracellular vesicles produced
by normal astrocytes partially reversed the disease-associated phenotype of endo-
thelial cells isolated from prion-infected mice (Kushwaha et al. 2023).

To summarize, astrocyte reactivity, originating as a physiological response to
prion infection, gives rise to a disease-associated phenotype that interferes with
astrocyte homeostatic functions. Indeed, a global dysregulation across multiple
physiological functions of astrocytes, including loss of neuronal support, was
observed in prion disease. The inverse correlation between the degree of astrocyte
reactivity and the disease incubation time suggests that phenotypic changes in astro-
cytes contribute to faster disease progression. Reactive astrocytes isolated from
prion-infected mice had deleterious effects on primary neurons and endothelial cells
that constitute the BBB. Thus, in addition to the direct toxicity of PrP%, neurode-
generation is also driven by a non-cell-autonomous astrocyte-dependent mecha-
nism. This mechanism might act via downregulation of synaptogenic factors and/or
upregulation of proinflammatory factors.

Regulators of Astrocyte Reactivity as Possible
Therapeutic Targets

The question of whether the astrocyte reactive phenotype could be reversed remains
a subject of debate. Studies involving the optic nerve subjected to mild injury,
induced by brief ocular pressure, have indicated that astrocyte reactivity can be fully
resolved if the insult is removed (Sun et al. 2013). However, in more severe insults
such as spinal cord injury, which lead to the formation of glial scars consisting of
reactive astrocytes, phenotypic changes have long been considered irreversible.
Recent studies, however, have shown that reactive astrocytes isolated from injured
spinal cords revert their phenotype upon transplantation into a naive spinal cord,
and vice versa (Hara et al. 2017). This suggests that the preservation of reactive
phenotypes relies on persistent stimulus or the presence of environmental factors.
Is it possible to reverse reactive states in the presence of a persistent stimulus?
The activation of the STAT3 transcription factor has been identified as a universal
feature of astrocyte reactivity in neurodegenerative diseases, shared across different
species, brain regions, and types of illnesses in Ben Haim et al. (2015a) and Yan
et al. (2018). Selective inhibition of the STAT3 pathway in astrocytes has been
found to suppress astrocyte activation or reverse their reactive phenotype,
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improving disease outcomes in animal models of neurodegenerative diseases,
including Alzheimer’s and Huntington’s diseases (Ben Haim et al. 2015b; Ceyzériat
et al. 2018; Reichenbach et al. 2019). Activation of STAT3 has also been observed
in animals infected with prions (Na et al. 2007); however, its role in driving astro-
cyte reactive states associated with prion diseases has not yet been examined.
Nevertheless, STAT3 represents one of the main targets for reversing astrocyte reac-
tivity. Whether inhibiting STAT3 rescues important homeostatic functions of astro-
cytes and delays or ameliorates disease progression remains to be established.

A recent study demonstrated that in optic nerve injury, a balance between neuro-
toxic, C3-positive, and neuroprotective, C3-negative reactive astrocyte populations
is regulated by distinct pools of compartmentalized cyclic adenosine monophos-
phate (cAMP) (Cameron et al. 2023). Raising nuclear or depleting cytoplasmic
cAMP in reactive astrocytes promoted retinal ganglion cell survival. Targeting
cAMP in a compartment-dependent manner might represent an alternative strategy
for manipulating the reactive phenotype of astrocytes. However, it remains to be
determined whether this strategy is suitable for a broad spectrum of neurodegenera-
tive diseases or only applicable to optic nerve injury.

Consideration of Region-Specific Differences
in Reactive Phenotype

Individual prion strains follow their own, strain-specific timelines of disease pro-
gression, exhibiting strain-specific affinity to different brain regions (Karapetyan
et al. 2009; Makarava et al. 2020b, c). Several important issues must be considered
for developing effective therapeutic strategies targeting reactive states of glia. Do
glial cells respond to pathological insults in a strain-specific manner by adopting
distinct, strain-specific states? Are glial reactive phenotypes region-specific or uni-
form across brain regions? What role does region-specific homeostatic identity play
in dictating glial reactive phenotype? How do the differences in the timeline of
disease progression between different brain regions affect the phenotypic diversity
of glia across the whole brain? Only some of these questions have been addressed
at this time.

As discussed above, transcriptome analyzes of microglia-specific genes revealed
that in prion-infected mice, region-specific homeostatic signatures are replaced with
auniform neuroinflammation signature (Makarava et al. 2020c). The same gene sets
are activated in animals infected with different prion strains, regardless of prion
strain cell tropism (Carroll et al. 2016; Makarava et al. 2020c). However, the timing
and degree of activation in different brain regions are dictated by individual strains.

In contrast to microglia, astrocytes exhibit significant regional specificity in their
reactive states (Makarava et al. 2021, 2023). Region-specific phenotypic diversity of
reactive astrocytes is found not only in mice infected with prions but also in animals
subjected to other neurological insults. Our recent work examined the
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region-specific response of genes associated with astrocyte functions and reactivity
to insults of diverse natures, including prion infection, mechanical injury (TBI),
genetic mutations associated with familial Alzheimer’s disease using the SXFAD
mouse model, ischemic insult, and normal aging (Makarava et al. 2023). Surprisingly,
under pathological insults, the expression of genes associated with astrocytes pre-
served region-specific signatures, suggesting that astrocytes respond to insults in a
region-specific manner (Fig. 8.2) (Makarava et al. 2023). In fact, principal compo-
nent analysis (PCA), which considers not only the number of changed genes but
also the extent of their changes, revealed a better separation into distinct clusters
based on brain region rather than the nature of an insult (Makarava et al. 2023). For
instance, even within the same insult, the reactive phenotypes of cortical and tha-
lamic clusters were clearly distinctive (Fig. 8.2). Within the same region, the reac-
tive phenotypes for individual insults showed considerable overlaps. While PCA did
not dismiss the idea regarding the existence of insult-specific phenotypes, the insult-
specific populations did not separate well from each other and instead partially
overlapped, forming continuums of phenotypes. The continuums of phenotypes
were region-specific, suggesting that in defining reactive phenotypes, the role of
region-specific homeostatic identity is perhaps as important as the nature of an
insult (Fig. 8.2). These results illustrate that region-specific homeostatic identities
are critical in shaping the astrocyte response to pathological insults of diverse
natures.

Are region-specific populations of astrocytes equally susceptible to insults in
terms of their phenotypic changes? Judging by changes in the transcriptome, the
rates of astrocyte aging under normal conditions varied across different brain
regions (Boisvert et al. 2018). In prion diseases, the thalamus is considered the most
susceptible brain region, exhibiting the most profound neuroinflammation. The vul-
nerability of thalamic astrocytes in prion diseases could be attributed to the intrinsic
tropism of prions to this region, as the thalamus is impaired at early stages and most
severely affected at advanced stages (Carroll et al. 2016; Makarava et al. 2020c;
Sandberg et al. 2014). Surprisingly, the thalamus shows a profound astrocytic
response even in experimental insults not targeting the thalamus. In SXFAD mice,
deposition of AP plaques and signs of reactive astrocytes occur first in the cortex
and hippocampus at younger ages (Oakley et al. 2006). However, by 14 months of
age, the thalamus shows the highest load of AP plaques in SXFAD mice (Frost et al.
2020). Remarkably, thalamic astrocytes respond not only to insults targeting the
thalamus but also to injuries in other brain regions. Indeed, in traumatic brain injury
(TBI) in mice, the thalamus exhibits the highest GSA scores for astrocyte reactivity
and function, despite the cortex being the primary site of injury. These results align
with previous clinical findings in humans. Up to 17 years after severe TBI, individu-
als showed profound chronic neuroinflammation in the thalamus, attributed to dam-
ages in the thalamocortical tract (Ramlackhansingh et al. 2011; Scott et al. 2015).
Moreover, neuroinflammation in the thalamus has been proposed as a marker of
cortical injury and subsequent long-term cognitive deficits (Necula et al. 2021).
Analysis of astrocyte-specific genes in aged mice revealed the highest GSA scores
for functional gene sets in the thalamus. Given that the thalamus receives reciprocal
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Fig. 8.2 Principal component analysis (PCA) of region-specific insult-elicited differences in gene
expression across five animal groups: 10-month-old SXFAD mouse model, aged 24-month-old
mice, and mice subjected to ischemic insult (middle cerebral artery occlusion or MCAO) and ana-
lyzed 24 h post-insult, prion-infected mice, and mice subjected to TBI and analyzed 7 days post-
injury. PCA was performed using the panel of astrocyte-specific genes for samples from five
experimental animal groups and corresponding controls. Four brain regions were analyzed in each
group: cortex, hippocampus, thalamus, and hypothalamus. The distribution of samples according
to brain region and condition is shown on the top left and top right, respectively. A schematic
illustrating the continuum of astrocytic phenotypes is shown on the bottom right. Each dot repre-
sents an individual animal, with different colors representing different brain regions or experimen-
tal conditions. (The figure was adapted from Makarava et al. 2023)

projections from the entire cerebral cortex, its vulnerability could significantly con-
tribute to understanding pathology and predicting disease outcomes (Grossman and
Inglese 2015; Scott et al. 2015). In summary, thalamic astrocytes are considered the
most responsive to insults, reacting not only to direct insults within the thalamus but
also to injuries in other brain regions.
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Neuroinflammation Versus Direct PrP5 Toxicity as Drivers
of Neurodegeneration

In mice, prions accumulate in different cell types depending on strain-specific cell
tropism. The 22L strain is mainly associated with astrocytes, ME7 is primarily
found in neurons, and SSLOW is predominantly colocalized with microglia,
whereas the cell association of RML depends on the brain region, showing either
neuron- or astrocyte-specific localization (Carroll et al. 2016; Makarava et al.
2020a). According to the hypothesis on direct neurotoxicity of PrP%, the incubation
time to disease is expected to be the shortest in ME7-inoculated mice. Contrary to
this expectation, ME7 exhibits the longest incubation time among the four strains
(SSLOW, RML, 22L., and ME7). In several previous studies that established the
mechanism of PrP¢-mediated toxicity of PrP%, single prion strains were employed,
often RML (Brandner et al. 1996; Lakkaraju et al. 2022; Mallucci et al. 2003), rais-
ing questions about the generality of this mechanism.

Here, we propose that neurotoxicity attributed to neuroinflammation contributes
to neurodegeneration in parallel with the mechanism of direct toxicity of PrPS and
that these two mechanisms are not mutually exclusive. Moreover, depending on
strain-specific features, either neuroinflammation or direct toxicity of PrPS¢ could be
the major driver of the disease (Fig. 8.3). We hypothesize that in strains with short
incubation times, the disease is predominantly driven by neuroinflammation,
whereas in strains with long incubation times, PrP®-mediated PrP toxicity consti-
tutes the major mechanism responsible for neurodegeneration (Fig. 8.2). Indeed,
among the four mouse-adapted strains (SSLOW, 22L, RML, and ME7), SSLOW
induces the most profound neuroinflammation and has the shortest incubation time
for the disease, whereas ME7 displays the most attenuated neuroinflammation and
the longest incubation time (Makarava et al. 2020a, 2021). One should not dismiss
the possibility that the impact of the two mechanisms on neuronal loss or dysfunc-
tion could be brain region-specific. For instance, in RML-infected mice, the neuro-
nal loss associated with PrPS toxicity appears to be limited to the hippocampus.

Further support for this concept comes from a recent study employing a new
mouse model where the expression of PrP¢ was restricted exclusively to neurons

neuroinflammation

strains with short strains with long
incubation times incubation times

Fig. 8.3 Schematic diagram illustrating that the pathogenesis of prion diseases is driven by two
mechanisms: direct toxicity of PrP% to neurons and neuroinflammation. Neuroinflammation is
proposed to be a predominant mechanism in strains with fast disease progression, whereas the
mechanism that involves PrP* toxicity plays a major role in strains with long incubation time
to disease
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(Lakkaraju et al. 2022). In response to prion infection, this mouse model did not
exhibit any activation of microglia or astrocytes while showing a very long incuba-
tion time ranging between 400 and 500 days post inoculation (Lakkaraju et al.
2022). The disease seems to be driven entirely by PrP5 toxicity mediated via PrP¢
expressed in neurons. The next chapter discusses PrP5 features important for trig-
gering neuroinflammation.

The Sialylation Status of PrP% Dictates the Degree
of Neuroinflammation

PrPC undergoes posttranslational modification with a GPI anchor and one or two
sialylated N-linked glycans (Bolton et al. 1985; Stahl et al. 1993; Stahl et al. 1987;
Turk et al. 1988). N-linked glycans exhibit extreme diversity concerning their struc-
ture and composition, resulting in the expression of several hundred PrPC sialogly-
coforms within a cell (Endo et al. 1989; Rudd et al. 1999; Stimson et al. 1999).
Upon the conversion of PrP¢ into PrP%, the N-linked glycans are retained, leading
to PrP% decorated with N-glycans (Baskakov 2017; Baskakov et al. 2018; Rudd
et al. 1999; Turk et al. 1988). Our studies demonstrate that individual prion strains
selectively recruit PrP¢ sialoglycoforms based on a strain structure and the sialylation
status of individual PrP¢ molecules (Baskakov and Katorcha 2016; Katorcha et al.
2015). This selective recruitment gives rise to strain-specific patterns of carbohy-
drate epitopes on PrPS¢ (Baskakov et al. 2018).

Sialic acid residues, located terminally on N-linked glycans, along with the
underlying galactose residues, play a critical role in defining the response of the
innate immune system. Sialylation of glycans serves as a component of a self-
associated molecular pattern, aiding the innate immune system in distinguishing
between “self,” “altered self,” or “non-self” (Brown and Neher 2014; Varki 2008).
Removal of sialic acid residues exposes galactose residues, which then serve as “eat
me” signals for both professional and nonprofessional macrophages, including
microglia. Consistent with this mechanism, PrP% produced via Protein Misfolding
Cyclic Amplification using desialylated PrPC as a substrate does not induce prion
disease in animals after intracranial or intraperitoneal administrations (Katorcha
et al. 2014, 2016; Srivastava et al. 2017). Moreover, animals inoculated with PrP5¢
lacking sialic acid residues are found to remain free of prions throughout their life-
time (Katorcha et al. 2016; Srivastava et al. 2017). Reinstating sialylation of
N-linked glycans on PrP5 restores its infectivity (Katorcha et al. 2016). Upon
peripheral exposure, sialylation of PrPS¢ was found to be critical for its trafficking
and colonization of secondary lymphoid organs, which serve as the primary sites of
prion replication (Srivastava et al. 2017). Following peripheral administration, PrPS¢
lacking sialylation is transported to the liver instead of secondary lymphoid organs
(Srivastava et al. 2017). These studies suggest that sialylation protects PrP5 against
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clearance by macrophages and microglia and is critical in determining the outcome
of prion infection (Makarava and Baskakov 2023).

Strain-specific differences in sialylation status of PrP5° due to the selective
recruitment of PrPC sialoglycoforms have been well established (Baskakov and
Katorcha 2016; Katorcha et al. 2015; Srivastava et al. 2015). Multiple lines of evi-
dence support the hypothesis that the sialylation status of PrP5¢ dictates the degree
of neuroinflammation.

First, PrP5¢ purified from animal brains triggers a proinflammatory response in
primary microglia (Srivastava et al. 2018). The strength of this response is deter-
mined by the level of exposed galactose in N-linked glycans of PrP5. Partial desi-
alylation of PrP5¢ enhances the proinflammatory response (Srivastava et al. 2018).

Second, recent analyzes of the sialylation status of PrP% from different brain
regions revealed a reverse correlation between the level of sialylation of PrP5 and
the degree of neuroinflammation in those regions (Makarava et al. 2020b). Thalamic
PrP5 exhibits lower sialylation compared to PrP% in the hippocampus or cortex
(Makarava et al. 2020b). The thalamus is the first to develop neuroinflammation and
is the most severely affected in the terminal stage (Makarava et al. 2020b, c, 2021).

Third, among the four prion strains compared (SSLOW, RML, 22L, and ME7),
SSLOW PrP5¢ exhibits the lowest level of sialylation and causes the most profound
and widespread neuroinflammation (Makarava et al. 2020a). Conversely, ME7 PrP*
is sialylated at the highest level and is associated with mild neuroinflammation.
Indeed, correlations exist between the level of sialylation, the degree of neuroin-
flammation, and the incubation time to disease (Makarava et al. 2020a).

Fourth, consistent with the hypothesis that carbohydrate groups of N-linked gly-
cans are important determinants of glia activation, atypical PrP5 with low glycosyl-
ation status does not trigger neuroinflammation in animals nor does it cause clinical
disease while replicating in the brain (Kovacs et al. 2013; Makarava et al. 2012,
2015, 2016).

It remains to be established whether targeting PrP¢ sialylation could serve as a
therapeutic approach. In mammals, sialylation of glycans occurs in the trans-Golgi
and is catalyzed by 20 sialyltransferases (STs) (Audry et al. 2011). In PrP5, sialic
acid residues are linked via both o2-3 and a2-6 linkages, with «2-6 linkage being
predominant (Endo et al. 1989; Katorcha and Baskakov 2017). Among the 20 STs,
three enzymes (ST3Gal3, ST3Gal4, and ST3Gal6) sialylate N-linked glycans via an
a2-3 linkage, whereas only two (ST6Gall and ST6Gal2) sialylate via an a2-6 link-
age (Audry et al. 2011; Takashima 2008). Knockout of ST6Gall in mice did not
alter the sialylation of PrPS, nor did it affect the incubation time to disease or dis-
ease pathology (Makarava et al. 2022). These results highlight redundancy in
sialylation and the challenges in targeting this pathway. It may be worth considering
alternative targets, such as receptors and opsonins expressed by myeloid cells and
astrocytes involved in the recognition of sialic acid residues and galactose.
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Conclusion

Recent advances in the field suggest that reactive microglia and astrocytes are inti-
mately involved in the pathogenesis of prion diseases. Therefore, multiple mecha-
nisms behind neurodegeneration in prion diseases should be considered. Investigating
pathways that target the reactive phenotypes of astrocytes and microglia is worth-
while for elucidating potential therapeutic strategies.

Several challenges must be taken into consideration when developing effective
therapeutic strategies that target reactive astrocytes and microglia. First, it is likely
that the reactive phenotypes, as well as the roles played by reactive astrocytes and
microglia, change with disease progression. Defining the optimal time window for
therapeutic intervention is important. Second, prion strains target different brain
areas. Since astrocytes respond to prions in a region-specific manner, it might be
challenging to manipulate their reactive phenotype uniformly across the whole
brain. Testing potential therapeutic strategies using several prion strains is essential.
Third, due to the crosstalk between microglia and astrocytes, suppressing or altering
the reactive state of one cell type will likely change the reactive phenotype of
another cell type. Furthermore, the nature of microglia-astrocyte interaction might
change with disease progression, presenting additional challenges. Defining the
effect of potential drug treatments on the reactive phenotypes of both astrocytes and
microglia is worth the effort. Fourth, the disease progresses at different rates in dif-
ferent brain regions. Consequently, phenotypically diverse subpopulations of glia
are expected to reside in different regions within the same disease stage. For testing
the effects of potential drugs, it is critical to define glial responses in a region-
specific manner.
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Chapter 9 ®
Biological Fluid Biomarkers in Human e
Prion Diseases with a Note on Biosafety

Isidro Ferrer

Abstract The definitive diagnosis of human prion diseases can only be obtained
postmortem by combining clinical symptoms, neuropathology and PrP immunohis-
tochemistry, Western blotting of PrP types, zygosity of codon 129, and genetic
study of PRNP. Premortem diagnosis is strongly sustained by one positive prion-
specific assay, commonly protein misfolded cyclic amplification (PMCA) or real-
time quaking-induced conversion (RT-QulC), principally in CSF samples. Surrogate
biomarkers 14-3-3, t-tau, P-tau, fA4, and total-PrP levels in the CSF help discrimi-
nate other neurodegenerative diseases, but their sensitivity and specificity are vari-
able depending on the prion disease. Other altered proteins in the CSF, such as
neurofilament light chain (NfL), calcium-binding protein S100B, neuron-specific
enolase, a-synuclein and f-synuclein, neurogranin and SNAP-25, triggering recep-
tor expressed on myeloid cells 2 (TREM?2), cytokines, astroglial markers, and
microRNAs, need further validation. Total-tau and NfL levels in the blood may
serve to monitor disease progression, whereas the value of total-PrP, synuclein,
S1008, TREM2, and peripheral inflammatory markers in the blood is limited. Since
the products of positive PMCA and PrP5¢ are present in several tissues in CJD, spe-
cial care and biosafety conditions must be applied in managing and processing
human biological samples of suspected prion disease. Regarding RT-QulIC prod-
ucts, further experimental studies are needed to elucidate their seeding capacity.
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Introduction

Prion diseases are spongiform encephalopathies linked to the transformation of the
normal prion proteins (PrP€), encoded by the PRNP gene, into abnormally folded
protease-resistant isoforms (currently named PrP5¢), which accumulate in the brain
(and other tissues and fluids), causing neuronal death (Prusiner 1994, 1998).

Human prion diseases are sporadic Creutzfeldt—Jakob disease (sCID) (80-90%),
genetic prion diseases (10-15%), and acquired CJD (less than 1%). Animal prion
diseases are scrapie in sheep, goats, and mufflons; bovine spongiform encephalopa-
thy (BSE) in cattle; feline spongiform encephalopathy in felines, including domes-
tic cats; transmissible mink encephalopathy (TME); and chronic wasting disease
(CWD) in deer and elk (Sy et al. 2002; McKintosh et al. 2003; Johnson 2005;
Ironside et al. 2017; Whitechurch et al. 2017; Baiardi et al. 2019, 2021; Orge et al.
2021). Prion diseases are transmissible to vulnerable donors when prions are inocu-
lated (or administered with other procedures). The resulting pathological brain
damage is specific for different prion strains, which depend, in part, on the confor-
mational structure of the prion (Aguzzi et al. 2007; Carta and Aguzzi 2022; Block
and Bartz 2023).

Initially, the transmission between human and animal prion diseases was consid-
ered exceptional, if present, due to species-specific prion barriers. However, experi-
mental transmission assays, and more dramatically, the accidentally produced BSE
and its transmission to humans, have turned the creed of interspecies prion trans-
mission barrier unoperational (Aguzzi and Falsig 2012; Houston and
Andréoletti 2019).

Sporadic Creutzfeldt—Jakob Disease

sCJD is categorized into several subtypes depending on the characteristics of the
prion (type 1 and type 2) and the genotype of codon 129 of PRNP (homozygous or
heterozygous for valine and methionine: MM, MV, VV). PrP type 1 has a primary
cleavage site at residue 82 and a molecular weight of about 21 kDa and type 2 has a
molecular mass of 19 kDa and a primary cleavage site at residue 97. Additional
characteristics are the glycosylation state and the protease resistance of prions. PrP
type 2 in sCJD is currently type 2A. Molecular and genetic variations are mani-
fested with particular clinical symptoms and characteristic neuropathological traits
that include regional vulnerability, variable spongiosis, and individual PrP deposits
in the brain. The main six molecular and genotypic subtypes are MM1, MV1, VV1,
MM2, MV2, and VV2. However, MM1 and MV 1 are phenotypically indistinguish-
able, and they are usually referred to as MM(V)1 subtype; the MM2 group includes
the histopathological cortical (MM2C) and thalamic (MM2T or sporadic fatal
insomnia: sFI) subtypes; and the MV2 group comprises a subtype with kuru-like
plaques in the cerebellum (MV2K) and a cortical subtype (MV2C) (Baiardi et al.
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2019, 2021; Cali et al. 2006; Fiorini et al. 2017; Parchi et al. 1996, 1999, 2000,
2009a, 2012). About 35% of sCJD cases show a combination of subtypes 1 and 2 in
different brain regions (Baiardi et al. 2019; Parchi et al. 2009b; Cali et al. 2020).
New subtypes are reported (Kobayashi et al. 2008; Gelpi et al. 2022). Other atypical
cases have divergent clinical, neuropathological, molecular, and strain-specific pro-
files. A rare, independent subtype, denominated variably protease-sensitive prion-
opathy (VPSPr), is characterized by variable protease-resistance prion deposition
and unique clinical, molecular, and neuropathological features (Gambetti et al.
2008; Zou et al. 2010; Baiardi et al. 2022).

Transmission studies reveal that the six main sCJD subtypes are due to five dif-
ferent strains named M1, M2C, M2T, V2, and V1 based on the codon 129 genotype
and the specific pathological patterns elicited following transmission (Baiardi et al.
2019; Bishop et al. 2010; Parchi et al. 2010; Sigurdson et al. 2019). New strains are
identified (Galeno et al. 2017).

Genetic Prion Diseases

Genetic prion diseases are genetic Creutzfeldt—Jakob disease (gCJD), fatal familial
insomnia (FFI), Gerstmann—Striussler—Scheinker (GSS) disease, PrP-cerebral
amyloid angiopathy (PrP-CAA) and PrP-systemic amyloidosis (PrP-SA) (Baiardi
et al. 2019, 2021; Collins et al. 2001; Schmitz et al. 2017).

gCJD is linked to point mutations or octapeptide repeat insertions in
PRNP. Clinical, neuropathological, biochemical, and transmission characteristics
of gCJD are similar to those seen in sCJD (Baiardi et al. 2021). However, the neu-
ropathological features of PrP% deposits and differences in the amount of monogly-
cosylated and diglycosylated isoforms, together with the presence of doublets in the
nonglycosylated prion, vary depending on the mutation (Baiardi et al. 2021; Parchi
et al. 2000; Schmitz et al. 2017; Grasbon-Frodl et al. 2004; Hill et al. 2006; Mead
et al. 2007). Recently, a new classification has been proposed, including subtypes
MI1-mutation, V2 (K) mutation with or without kuru plaques, V1-mutation, M2C-
mutation (cortical variant), M2T-D178N-mutation (thalamic variant) or FFI, and
M-intermediate-E200K (Baiardi et al. 2021). Mixed and atypical phenotypes are
seldom reported (Baiardi et al. 2021; Shintaku et al. 2021).

FFI is a particular form of genetic prion disease linked to the PRNP D178N
mutation and 129MM homozygosity; cases bearing PRNP D178 mutation and
129VV homozygosity are similar to gCJD, whereas the same mutation in patients
with 129MYV is manifested as a combined form and long duration. Neuropathological
changes in FFI are consistently found in anteroventral and dorsomedial thalamic
nuclei and inferior olives. PrP5® accumulation is low and partially sensitive to pro-
teinase. Western blots of the PrP5¢ show CID prion type 2, but the reticular/synaptic
deposition pattern of the prion aggregates resembles that found in sCJD type 1
(Jiirgens-Wemheuer et al. 2021). Moreover, FFI may resemble a prion type with its
conformation-sharing properties, partly with type 1 and type 2 prions
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(Jiirgens-Wemheuer et al. 2021). Strong monoglycosylated and diglycosylated
bands are typical in FFI (Parchi et al. 1998). Comparative studies of PrP conformers
in FFI and sFI (sCJD-MM2T) suggest novel strain properties distinguishing sFI and
FFI (Cracco et al. 2017; Takeuchi et al. 2019).

GSS is linked to mutations at distinct codons, stop mutations, and insertional
mutations of octapeptide repeats. The most common form is associated with the
P102L mutation. The clinical course is reminiscent of a neurodegenerative disease
with ataxia and dementia. Large plaque-like PrP5¢ deposits in the cerebrum and
cerebellum and discrete spongiform change characterize the neuropathology.
Neurofibrillary tangles identical to those seen in Alzheimer’s disease (AD) occur in
cases with determined point mutations (Baiardi et al. 2019; Bugiani et al. 2000;
Ghetti et al. 2003). PrP% in Western blots shows a ladder-like band pattern and a
proteinase K-resistant fragment of 7-10 kDa (Schmitz et al. 2017; Ghetti et al.
2003). The limited number of cases and the diversity of PRNP mutations causing
GSS have impeded the categorization of prion strains in GSS (Rossi et al. 2019).

Infectious Human Prion Diseases

Acquired prion diseases are the extinct Kuru, variant Creutzfeldt—Jakob disease
(vCJD), and iatrogenic CJD (iCJD). Kuru was due to the ingestion of prion-
contaminated corpses in the context of ritual cannibalism in certain tribes of Papua
New Guinea. vCJD is linked to the human ingestion of infected meal products from
cattle with BSE (Ironside et al. 2017), and it is associated with PrP type 2B (Parchi
et al. 2009a). iCJD is produced after contaminated dura mater allografts, corneal
transplants, treatment with growth hormone and gonadotropin administration
obtained from postmortem contaminated hypophysis, and accidents (punctures)
with contaminated material usually linked to medical practice and prion research
(Brown et al. 2012; Haik and Brandel 2014; Ritchie et al. 2017). Blood transfusions
from cases incubating vCJD have been a rare cause of iCJD. Kuru and vCJD have
typical clinical, neuropathological, and biochemical features. iCJD may resemble
sCID MM(V)1; the MM2C, MM2T, and VV1 subtypes have never been reported.
Yet, a “plaque-like” subtype characterized by florid and kuru-like plaques and fre-
quent stellate cells is almost exclusive to a subgroup of cases with iCJD; the prion
in these cases has a molecular weight intermediate of type 1 and type 2 (MMiK
subtype) (Orge et al. 2021; Kretzschmar et al. 2003; Kobayashi et al. 2007; Cali
et al. 2015; Kobayashi et al. 2016). All acquired prion diseases have been linked to
M1, V2, or BSE-derived strains (Orge et al. 2021).
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Diagnosis of Human Prion Diseases

The diagnosis of prion diseases may be suspected during life with variable levels of
accuracy. Still, the definitive diagnosis is proved following a comprehensive neuro-
pathological, immunohistochemical, and molecular study at postmortem. The neu-
ropathological and PrP immunohistochemical study, usually performed on
formalin-fixed, paraffin-embedded, and dewaxed tissue sections, permits the identi-
fication of the different sCJD and gCJD subtypes, specific forms of iCJD, and vCJD
based on the localization and distribution of neuron loss, type and distribution of
spongiform change (small vacuoles, large confluent vacuoles), and particular pat-
terns of PrPS¢ deposition in the brain (synaptic, plaque-like, perineuronal, peripheral
to confluent vacuoles, kuru-like plaques, florid plaques, radial deposits, and others).
Homogenates of frozen samples processed for Western blotting allow the identifica-
tion of prion types. DNA extraction is used to assess codon 129 zygosity and muta-
tions in PRNP (Brandel and Knight 2018; Gambetti et al. 2003; Ghetti et al. 1996;
Ironside et al. 2017; Kobayashi et al. 2016; Orge et al. 2021; Parchi et al. 1999,
2009b, 2012).

Postmortem studies are also necessary to categorize GSS, PrP-CAA, and PrP-SA
(Bugiani et al. 2000; Ghetti et al. 1996, 2003; Piccardo et al. 1998; Cracco
etal. 2019).

Several complementary probes are helpful in the clinical diagnosis of human
prion diseases during life, including neuroimaging, positron emission tomography,
electroencephalography, genetics, and analysis of selected biomarkers in biological
fluids. Other techniques have restricted applications: cerebral biopsies are currently
very rare due to the invasive procedure, together with the limited information in
many cases. However, PrP immunohistochemistry in tonsillar biopsies is helpful in
the diagnosis of vCJD (Ramasamy et al. 2003).

Magnetic resonance imaging (MRI) may show, often asymmetrical, focal
restricted diffusion at least in two cortical areas and the caudate nucleus, thalamus,
and putamen in MM(V)1 subtype and more selective in the thalamus in VV2, MV2,
and MM2T subtypes. A high FLAIR signal in the posterior thalamus (pulvinar
nucleus) and lower intensity in the anterior putamen are characteristic alterations in
vCID. Sensitivity varies from 80% to 98%, and specificity from 78% to 98%,
depending on the centers (Hermann et al. 2021). Neuroimaging in other subtypes of
sCJD is less precise. [18F] Fluoro-2-deoxy-D-glucose positron emission tomogra-
phy (FDG-PET) may show nonspecific changes except early-reduced thalamic glu-
cose metabolism in the MM2T subtype.

[(11)C]PiB PET detects prion protein in the brain and is helpful in the detection
of prion accumulation in selected brain nuclei years before the appearance of clini-
cal symptoms in GSS (Kepe et al. 2010; Deters et al. 2016). [18F]Flortaucipir PET
visualizes brain tau deposition in certain forms of GSS (Risacher et al. 2018).

Abnormal electroencephalographic (EEG) signals reminiscent of nonconvulsive
status epilepticus are frequent in advanced sCJD. However, the presence of periodic
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sharp-wave complexes (PEWCs) is considered typical of sCID in MM(V)1 and less
frequent in MV2, VV2, and MM2 cases (Steinhoff et al. 2004).

Genetic studies of codon 129 in PRNP are clues to categorize human prion dis-
ease subtypes. Looking at mutations (point mutations, stop mutations, and octapep-
tide repeats) in PRNP is essential in diagnosing genetic prion diseases.

Biochemical changes found in the CSF and other biological fluids in CJD and
other human prion diseases are the subject of many reviews (Hermann et al. 2021;
Zanusso et al. 2016; Zerr et al. 2017; Lattanzio et al. 2017; Thompson and Mead
2019; Abu-Rumeileh et al. 2020; Vallabh et al. 2020; Mok and Mead 2020; Erafa
et al. 2020; Cazzaniga et al. 2020; Figgie and Appleby 2021; Satoh 2022; Zerr 2022;
Atarashi 2023).

The present review first deals with CSF and other fluid (mainly blood and plasma)
surrogate biomarkers or complementary indirect probes that can help the clinical
diagnosis of probable prion disease but do not demonstrate the presence of PrPs.
Western blotting and ELISA are currently employed to study proteins in the
CSF. The SIMOA (single molecule array) analyzer, using a digital version of the
ELISA technique, procures an accurate and precise detection of small amounts of
proteins in plasma.

Second, we will discuss biomarkers that may identify the presence of PrP% in
biological fluids and tissues during life. The central PrP5 detection assays are
Protein Misfolding Cyclic Amplification (PMCA) and real-time quaking-induced
conversion (RT-QulC).

Finally, biosafety measures are considered regarding the potential infectivity of
biological samples learned following the research use and the clinical implementa-
tion of protein amplification and conversion assays in the study of prions.

CSF Surrogate Biomarkers

Proteomic differences exist between ventricular and lumbar CSF (Rostgaard et al.
2023). S100B, total-tau (t-tau), and phosphorylated tau (P-tau) are higher, whereas
neurofilament light chain (NfL) and p-amyloid (A4, ABs,) levels are lower in the
ventricular compartment (Rostgaard et al. 2023). Data presented in this review cor-
respond to studies with CSF obtained from lumbar punctures used for diagnostic
purposes.

CSF proteins selected as surrogate prion disease biomarkers are mainly 14-3-3,
t-tau, P-tau, total-PrP, NfL, S100p, neuron-specific enolase (NSE), a-synuclein,
B-synuclein, neurogranin, SNAP-25, and thymosin 4 (Figgie and Appleby 2021).
In addition, B-amyloid is advantageous in the differential diagnosis of Alzheimer’s
disease (AD).

Other complementary assays are centered on glial cell markers, neuroinflamma-
tion, mitochondria, microRNAs, and miscellaneous molecules.
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sCJD
14-3-3

Increased 14-3-3 levels in the CSF in sCJD were first detected in 1996 by immuno-
assay (Hsich et al. 1996) and Western blotting (Zerr et al. 1996). Increased 14-3-3¢
and 14-3-3y CSF levels are the most sensitive isoforms to sCJD (Takahashi et al.
1999; Satoh et al. 2010). One of the two methods (ELISA and Western blotting) is
currently used in most basic laboratories to screen sCJD.

High CSF 14-3-3 protein levels have sensitivity between 80% and 100% in most
sCJID cases (Orge et al. 2021; Lattanzio et al. 2017; Castellani et al. 2004; Sanchez-
Juan et al. 2006; Collins et al. 2006; Stoeck et al. 2012; Schmitz et al. 2016b).
However, their sensitivity is reduced to 60% in sCJID MM2 and VV2 (Lattanzio
et al. 2017; Castellani et al. 2004; Sanchez-Juan et al. 2006; Collins et al. 2006).
Sensitivity is highest in cases bearing VV2 (100%), relatively high in MM(V)1
(92.8%), low in MV2K (50%), very low in MM2C (30%), and inconsistent in
MM2T (0%) (Lattanzio et al. 2017).

The specificity varies from 40% to 96% (Lattanzio et al. 2017; Sanchez-Juan
et al. 2006; Stoeck et al. 2012; Fiorini et al. 2020). The variability of published
results is related, in part, to the method employed; higher levels of positivity are
obtained with ELISA compared with Western blotting; substantial variations among
laboratories are additional factors of variability. Moreover, 14-3-3 protein levels can
be lower at early stages of the disease and may also decrease in cases with long
disease duration (Gmitterova et al. 2009). However, another study has shown 14-3-3
increased sensitivity from onset to the advanced stage in the MV 129 heterozygous
group (Sanchez-Juan et al. 2007).

CSF 14-3-3 protein levels may also increase in many diseases accompanied by
neuronal cell death, such as hypoxic brain damage, herpes simplex encephalitis,
atypical encephalitis, intracerebral metastases, metabolic encephalopathies, vascu-
lar dementia, AD, dementia with Lewy bodies, other rapidly progressive dementias,
and following traumatic lumbar punctures (Sanchez-Juan et al. 2006; Stoeck et al.
2012; Zerr et al. 1998; Satoh et al. 1999; Chapman et al. 2000; Hamlin et al. 2012;
Kong et al. 2023a).

Total Tau and Phosphorylated Tau (P-Tau)

The CSF’s total-tau (t-tau) levels are increased in sCJD (Otto et al. 2002). Further
studies mainly based on ELISA kits from different sources show variable sensitivity
from 84% to 100% and specificity from 54% to 96% (Lattanzio et al. 2017; Sanchez-
Juan et al. 2006; Abu-Rumeileh et al. 2019a; Fiorini et al. 2020; Hamlin et al. 2012;
Riemenschneider et al. 2003; Karch et al. 2015; Franceschini et al. 2017; Li et al.
2018; Blennow et al. 2019; Llorens et al. 2020a; Leitao et al. 2016). Cutoff values
are variable depending on the laboratories and the kit employed, usually ranging
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from >1030 pg/mL to >1300 pg/mL in the case of Innogenetics/Fujirebio Europe
kits. As for 14-3-3, t-tau levels are lower in MM?2 subtypes and at the early stages of
the disease (Sanchez-Juan et al. 2006; Karch et al. 2015; Cohen et al. 2016). More
precisely, the sensitivity was 100% in VV2, 92.8% in MM(V1), 76.9% in MV2K,
40% in MM2C, and 33% in MM2T in another study (Lattanzio et al. 2017).
Increased CSF levels of t-tau mainly involve isoforms containing exons 2 and 10
(Chen et al. 2016).

T-tau in the CSF also increases in other neurological diseases such as malignan-
cies, encephalitis, vascular dementia, and AD (Lattanzio et al. 2017). Yet, CSF t-tau
and nonphosphorylated tau values are currently higher in sCJD than in AD (Hamlin
etal. 2012; Blennow et al. 2019; Coulthart et al. 2011; Ermann et al. 2018; Lehmann
et al. 2019). NT1-tau is also increased in the CSF (Mengel et al. 2021). Other stud-
ies propose CSF t-tau levels as predictors of survival (Staffaroni et al. 2019;
Riibsamen et al. 2020).

Phosphorylated tau (P-tau) is also increased in the CSF in sCJD (67). Higher
P-tau levels are found in VV2 and MV2K than in MM(V)1 and MM2C subtypes
(Lattanzio et al. 2017). Interestingly, increased CSF P-tau correlates with tiny P-tau-
positive neurites in VV2 and MV2K subtypes rather than with the presence of asso-
ciated AD and aging-related tau astrogliopathy (ARTAG) pathology, which was
common in aged cases with sCJD (Lattanzio et al. 2017). The ratio between t-tau
and P-tau is higher in sCJD than in AD, with a specific range from 94% to 97% and
a sensitivity ranging from 75% to 94% (Riemenschneider et al. 2003; Skinningsrud
et al. 2008; Baldeiras et al. 2009; Skillbick et al. 2014; Dorey et al. 2015; Llorens
et al. 2016; Bruzova et al. 2021). CSF t-tau is a reliable biomarker for sCJD, but
false positive results may occur, especially in rapid AD and acute encephalopathies
(Hermann et al. 2022b).

Ap42

Ap42 concentration in the CSF is slightly decreased in sCJD cases (Lattanzio et al.
2017; Abu-Rumeileh et al. 2017); higher amyloid deposition scores in the brain cor-
relate with lower AP42 concentration in the CSF, thus indicating that CSF Ap42
levels in sCJD (and gCJD) are linked to advanced stages of f-amyloid plaques and
higher Thal phases (Lattanzio et al. 2017). Highly increased CSF tau protein and
decreased AP42 help to discriminate sCJD from AD (Kapaki et al. 2001).

Total Prion Protein (T-PrP)

t-PrP in the CSF is reduced in the CSF in sCJD compared with other rapid demen-
tias (Dorey et al. 2015; Meyne et al. 2009; Torres et al. 2012; Villar-Piqué et al.
2019b; Minikel et al. 2019; Vallabh et al. 2019). Combined analysis of CSF t-PrP,
t-tau, P-tau, and AP42 is clinically helpful in the differential diagnosis between
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sCJD and AD (Abu-Rumeileh et al. 2017). All six human PrP peptides, spanning the
N- and C-terminal domains of PrP, were reduced (Minikel et al. 2019). In serial
lumbar punctures obtained at different disease stages of sCJD patients, t-PrP con-
centrations inversely correlate with disease progression (Villar-Piqué et al. 2019b).
Differences in disease progression have prompted CSF t-PrP quantification as a tool
for prion disease drug development (Vallabh et al. 2020).

Neurofilament Light Chain (NfL)

CSF NfL levels are increased in sCJD (Kovacs et al. 2017; Zerr et al. 2018; Abu-
Rumeileh et al. 2018a; Kanata et al. 2019). The sensitivity of NfL in the CSF is
90-96%, and the specificity is 80—-85% (Abu-Rumeileh et al. 2018a; Steinacker
et al. 2016; Abu-Rumeileh and Parchi 2021). In contrast to 14-3-3 and t-tau, NfLL
levels are higher in MV2 and VV2 subtypes, yet tau levels diverge from NfL levels
depending on the subtype, degree of subcortical involvement, and disease duration;
MMI cases show a significantly lower concentration of CSF NfL than those with
sCJD MV2, despite the much higher t-tau levels and the more rapid clinical course
(Abu-Rumeileh et al. 2018a).

Increased NfL values are also seen in other neurodegenerative dementias, thus
reducing the sole weight of NfL in the CSF as a diagnostic biomarker of sCJD
(Abu-Rumeileh et al. 2019a; Abu-Rumeileh and Parchi 2021; Khalil et al. 2018).

Calcium-Binding Protein S1008

CSF S100 protein levels are increased in sCJD with a sensitivity of 78-94% and a
specificity of 81-87% (Beaudry et al. 1999).

Neuron-Specific Enolase (NSE)

CSF NSE levels are increased in sCJD; the sensitivity ranges from 50% to 80%, and
the specificity from 83% to 98% (Zerr et al. 1995; Aksamit et al. 2001; Kohira et al.
2000). High levels of tau protein, NSE, and S100f are associated with shorter sur-
vival times (Sanchez-Juan et al. 2007).

a-Synuclein and pB-Synuclein

CSF a-synuclein levels, using commercial ELISA kits, are elevated in sCJD with
high sensitivity (94-98%) and specificity (96-97%) (Llorens et al. 2017a, 2018a;
Kruse et al. 2018). Phosphorylated a-synuclein is also elevated in sCJD compared
with other neurodegenerative diseases, including dementia with Lewy bodies. The
area under the curve (AUC) value for a-synuclein is higher for the discrimination of
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sCJD from dementias associated with Lewy bodies than phosphorylated a-synuclein
(Schmitz et al. 2019). A meta-analysis and recent studies support the utility of
a-synuclein study in the CSF in CJD (Kong et al. 2022).

CSF p-synuclein levels are also increased in sCJD. A single study shows that
B-synuclein performs better than 14-3-3 (AUC 0.95 vs. 0.89) and, to a lesser extent,
than total tau (AUC 0.92) (Abu-Rumeileh et al. 2023).

Neurogranin and SNAP-25

CSF neurogranin levels are increased in sCJD and significantly higher than in
AD. sCJD MMI1/MV1 subtypes show higher neurogranin levels than VV2 cases.
Neurogranin is increased at early sCJD clinical disease stages and is a good prog-
nostic marker of survival time in CJD (Blennow et al. 2019).

Increased neurogranin levels in sCJD were also supported in another study, in
parallel with increased levels of SNAP-25 compared with other neurodegenerative
diseases (Bentivenga et al. 2023). Moreover, SNAP-25 is a better survival marker
than neurogranin in sCJD (Bentivenga et al. 2023).

Other Prion Diseases: vCJD, iCJD, gCJD, GSS, FFI
vCJD

CSF protein 14-3-3 is not as useful a marker for vCJD as it is for sCJD. Increased
concentration of CSF tau is increased in vCJD, but they do not discriminate with
other forms of dementia. S100p and NSE in the CSF are not useful markers in diag-
nosing vCJD (Green et al. 2001).

iCJD

14-3-3, t-tau, P-tau/t-tau ratio, NfL, and a-synuclein protein levels in the CSF in
patients with iCJD did not differ from those described for sCJD (Llorens et al. 2020b).

gCJD, GSS, FFI

14-3-3, tau protein, S100p, a-synuclein, and NSE protein levels are increased in the
CSF in most gCJD, particularly those associated with the E200K, V210I, T188K,
and E196A mutations, but the sensitivity of those biomarkers is low in most cases
of FFI and GSS disease (Kovacs et al. 2005; Ladogana et al. 2009; Chen et al. 2019;
Schmitz et al. 2022b). 14-3-3 and t-tau sensitivity is higher in patients carrying the
V210I-129 haplotype than those carrying E200K-129 M (Lattanzio et al. 2017).
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Increases of CSF tau isoforms with exon-2 and exon-10 segments are found in
gCJD bearing E200K and T188K mutations but not in the cases of FFI (Chen et al.
2019). P-tau/t-tau is also reduced in certain genetic prion diseases, including some
cases of GSS, but not in gCJD linked to D178MV and FFI linked to D178MM
(Llorens et al. 2016). In genetic prion diseases related to octapeptide repeat inser-
tions, the biomarker sensitivity correlates with the number of repeats (Schmitz et al.
2022b). t-PrP levels in the CSF also decrease in gCJD linked to E200K, V210I
mutations, and FFI linked to D178N-129 M but are not modified in GSS linked to
P102L mutation (Villar-Piqué et al. 2019b).

Other Changes in the CSF in Human Prion Diseases
Cytokines

IL-8, IL-4, and IL-10 levels are elevated, and TGFp2 decreased in the CSF in sCJD
(Stoeck et al. 2005, 2006).

Triggering Receptor Expressed on Myeloid Cells 2 (TREM?2)

Elevated CSF soluble TREM2, considered a microglial cell marker, is elevated in
the CSF from patients with sCJD, gCJD with mutations E200K and V210I, and
iatrogenic CJD; soluble TREM?2 levels are not modified in the CSF in FFI (Diaz-
Lucena et al. 2021).

Astroglial Markers

Increased CSF YKL-40 levels, parallel with increased numbers of YKL-40-positive
inflammatory astrocytes in the brain, are found in AD and sCJD (Llorens et al.
2017b). In the same line, increased levels of astroglial markers glial acidic protein
(GFAP), chitotriosidase 1 (CHIT1), and chitinase-3-like protein 1 (YKL-40) are
found in the CSF in sCJD, mainly in the VV2 subtype (Abu-Rumeileh et al. 2019b).
These modifications have limited diagnostic value but may serve to monitor puta-
tive changes during disease progression and to monitor astroglial inflammatory
response to putative treatments (Llorens et al. 2017b; Abu-Rumeileh et al. 2019b).

Increased YKL-40 levels are found in FFI and patients carrying PRNP-E200K
mutations (Llorens et al. 2017b).
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Mitochondria

Malate Dehydrogenase 1 (MDHI): Elevated CSF levels of MDH1 in sCJD suggest
impaired malate oxidation and altered metabolism involving the citric acid cycle
linked to neuron death in prion diseases (Schmitz et al. 2016c).

Miscellaneous

TDP-43 protein levels are significantly lower in sCJD (Bruzova et al. 2021).
Increased CSF calmodulin levels are found in a percentage of sCJD cases, but
calmodulin positivity also occurs to a lesser extent in non-PrP diseases (Chen
et al. 2021).

Multiple microRNAs (miRNAs) show altered expression in the CSF in prion dis-
eases (Llorens et al. 2018b; Kanata et al. 2018). However, no correlation exists
between brain and CSF miRNA profiles in sCJD, indicating that CSF miRNA pro-
files do not faithfully mirror miRNA alterations detected in brain tissue of human
prion diseases (Llorens et al. 2018b). Therefore, the interpretation, diagnostic value,
and correlation of CSF miRNA alterations with brain function in sCJD are still in
the preliminary stage.

The analysis of extracellular vesicles in the CSF is a candidate tool for diagnos-
ing prion diseases (Khadka et al. 2023). Increased PrP has been detected in CSF
exosomes from ovine CSF fluid (Vella et al. 2008) and prion (PrP%), revealed by
PMCA, in most CSF-derived exosomes from scrapie-infected sheep (Lépez-Pérez
et al. 2021). Using exosomes as a diagnostic tool in human prion diseases has not
been tested.

Plasma Surrogate Biomarkers
sCJD
Total-Tau

T-tau increases in plasma or serum in sCJD (Kovacs et al. 2017; Steinacker et al.
2016; Thompson et al. 2021). The sensitivity of serum tau is 84.6%, and the speci-
ficity is 96.2% (Steinacker et al. 2016). The AUC values for plasma t-tau are 0.94
for sCJD, 0.82 for AD, and 0.83 for other neurological diseases (Kovacs et al. 2017).
These values are similar to those obtained in another study (AUC values 0.93 for
sCJID) (Zerr et al. 2021). Plasma t-tau depends on the PRNP codon 129 genotype
and has a moderate prediction survival (Zerr et al. 2021).

NT1-tau is increased in the plasma in sCJD compared with AD and controls;
moreover, NT-1 plasma levels correlate with the stage and rate of disease progres-
sion (Mengel et al. 2021).
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Neurofilament Light Chain (NfL)

NfL levels in plasma are increased in sCJD (Abu-Rumeileh and Parchi 2021; Gu
etal. 2023; Kovacs etal. 2017; Schmitz et al. 2022a; Staffaroni et al. 2019; Steinacker
et al. 2016; Thompson et al. 2021; Zerr et al. 2021). NfL sensitivity for serum NF-L
is 100%, and the specificity is 85.5% (133). The AUC is 0.99 for sCJID, 0.99 for AD,
and 0.96 for plasma NfL (Kovacs et al. 2017). AUC values are similar in another
study comparing sCJD versus non-CJD dementias (Zerr et al. 2021). Nf-L discrimi-
nates better than t-tau between CJD and rapid AD but has no prediction capacity for
survival (Zerr et al. 2021).

Total-PrP

Plasma t-PrP concentrations are elevated in sCJD and other neurodegenerative
dementias (Llorens et al. 2020c). Curiously, t-PrP in plasma correlates with CSF
markers of neurodegeneration but not with t-PrP levels in sCJD (Llorens et al.
2020c). Plasma t-PrP has a limited value in disease discrimination.

B-Synuclein

A single study has shown increased p-synuclein in plasma in sCJID (AUC 0.91),
performing better than plasma t-tau (AUC 0.79) and NfL (AUC 0.65) (Abu-
Rumeileh et al. 2023). Based on these findings, plasma f-synuclein has been pro-
posed to diagnose sCJD (Abu-Rumeileh et al. 2023). Yet further data from other
laboratories are needed to confirm this assumption.

Other Changes in Plasma in Human Prion Diseases

Serum S700B shows high sensitivity (84.2%) but lower specificity (63%) in sCJD
(Steinacker et al. 2016).

YKL-40 serum levels are significantly elevated in sCJD compared with other
dementia-related diseases (169). YKL-40 levels augment with disease progression
(Villar-Piqué et al. 2019a).

Soluble TREM? increases in sCJD in plasma compared with controls, showing
positive correlations with plasma t-tau, NfL, and YKL-40 (Diaz-Lucena et al. 2021).

Peripheral Inflammatory Biomarkers peripheral neutrophil to lymphocyte ratio
(NLR), monocyte to HDL ratio (MHR), and neutrophil to HDL ratio (NHR) are
significantly associated with disease severity in sCJD. Higher NHR and lower high-
density lipoprotein (HDL) are associated with shorter survival times (Kong
et al. 2023b).
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Genetic Prionopathies

t-tau and NfL plasma levels are increased in genetic prionopathies (Kovacs et al.
2017; Thompson et al. 2021). The AUC values were estimated at 0.932 for plasma
t-tau and 1.00 for plasma NfL (Kovacs et al. 2017).

In one study, t-tau and NfL levels did not show significant differences between
PRNP mutation carriers and controls during a follow-up of 1 year (Vallabh et al.
2020). However, another study reports a progressive NfL rise about two years before
the onset of clinical symptoms in patients with PRNP mutations associated with a
slowly progressive clinical course (Thompson et al. 2021).

No modifications in t-tau, GFAP, YKL-40, and calcium-binding protein B levels
in plasma were found in FFI (Hermann et al. 2022a). However, FFI cases showed
increased NfL levels in plasma compared with controls; moreover, higher levels
were associated with the stage and duration of the disease (Hermann et al. 2022a).

CSF vs Plasma Surrogate Biomarkers in Prion Diseases

14-3-3, t-tau, and NSE are used as markers of cell death; NfL as a marker of axon
integrity; neurogranin, SNAP-25, a-synuclein, and B-synuclein are linked to syn-
apses; GFAP and S100p are astrocyte markers; and cytokines, TREM2, and YKL-40
are associated with neuroinflammation. In addition, the t-PrP assay is helpful as it
inversely correlates with the presence of prion protein in the brain. In contrast, Ap
is advantageous in the differential diagnosis of AD. In clinical practice, 14-3-3,
t-tau, P-tau, NfL, and AP levels in the CSF are the most widely used surrogate bio-
markers for diagnosis. CSF t-tau, 14-3-3, and NfL markers are significantly associ-
ated with survival. However, the sensitivity and specificity are variable from one
biomarker to another, mainly depending on the type of prion disease. NfL and t-tau
in plasma help monitor disease progression and response to possible treatments in
prion diseases (Hermann et al. 2021; Thompson and Mead 2019; Abu-Rumeileh
et al. 2020; Figgie and Appleby 2021).

Prion-Specific Assays: PrP%-Seeded Aggregation Assays

Novel prion strains were created with recombinant mouse prion protein produced in
E. coli polymerized into amyloid fibrils; intracerebral inoculation into transgenic
mice expressing MoPrP(89-231) produced a neurologic dysfunction between 380
and 660 days and expression of protease-resistant in brain extracts following inocu-
lation (Legname et al. 2004). Brain extracts transmitted disease to wild-type FVB
mice and Tg mice over-expressing PrP, with 150- and 90-day incubation times,
respectively (Legname et al. 2004). Protease-sensitive synthetic prions have also
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been produced (Colby et al. 2010). The ability of synthetic prions to induce pathol-
ogy in animals under particular conditions is vital to understanding the process of
prion protein conversion into prions (Legname and Moda 2017). Moreover, con-
structing new synthetic-based prion strains opens its application to studying new
biomarkers. In parallel with these helpful applications, additional measures must be
taken before this new source of prions in the laboratories (Castilla et al. 2008).

Protein Misfolded Cyclic Amplification (PMCA)

PMCA is based on the capacity of PrP5 to induce a conformational change of PrP<,
used as a substrate, leading to the amplification of minute fragments of PrP5 of the
assessed sample to quantifiable amounts of prion. The method applies a cyclic pro-
cess of alternative steps of incubation and sonication of the mixture in microtubes;
this step is usually followed by the detection of prion aggregates by Western blot-
ting (Saborio et al. 2001; Moda 2017; Soto and Pritzkow 2018). The test detects
PrP5% in peripheral tissues (Giaccone and Moda 2020). It has excellent sensitivity
for detecting PrP*° in the CSF of scrapie-infected mice and CSF, plasma, and urine
of patients with vCJD (Kanata et al. 2018; Atarashi et al. 2007; Moda et al. 2014;
Bougard et al. 2018; Concha-Marambio et al. 2016; Oshita et al. 2016; Barria et al.
2018; Cali et al. 2019a). However, certain modifications of the PMCA method, for
example, employing partially deglycosylated PrP¢, may produce unexpected results
(Makarava et al. 2013). PMCA has low sensitivity in sCJD (Hermann et al. 2021).
PrP5 was detected in CSF, but not in urine or blood, in sCJD patients using PMCA,
followed by a sensitive immunoassay, SOFIA (Rubenstein and Chang 2013).
However, more recent PMCA studies have detected prions in the urine of 29 of 81
patients with sCJD (mainly MM1 and VV2) (Pritzkow et al. 2023) and vCJD (Cali
et al. 2019b).

Real-Time Quaking-Induced Conversion (RT-QulC)

Crucial predecessors of RT-QulC were amyloid assay seeding (ASA) (Colby et al.
2007) and Quaking-Induced Conversion (QulC) (Atarashi et al. 2008).

RT-QuiC uses different recombinant PrPs (rPrP) as substrates to amplify small
amounts of PrP% in the sample under study. The mixture is subjected to rapid inter-
mittent shaking or agitation to aggregate and form fibrils. The product, coupled with
a fluorescent dye, usually thioflavin, is visualized as amyloid, and the process can
be monitored in real-time using a fluorescence plate reader (Atarashi 2023; Atarashi
et al. 2011; Candelise et al. 2017; Cramm et al. 2016; Da Silva Correia et al. 2023;
Fiorini et al. 2020; Makarava et al. 2013; McGuire et al. 2012; Orru et al. 2015a, b;
Peden et al. 2012; Poleggi et al. 2022; Rhoads et al. 2020; Satoh 2022; Satoh et al.
2017; Schmitz et al. 2016a; Wilham et al. 2010; Zerr et al. 2020).
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The interpretation of the RT-QuIC in the CSF is affected by the presence of red
and white cells and elevated total protein concentrations (Cramm et al. 2016). CSF
samples are recommended to be transparent and colorless, with a white cell count
of <10 x10"6/L and a total protein concentration of <1 g/L. (Green 2019). An
RT-QuIC variant (eQuiC) incorporates an immunoprecipitation step with the spe-
cific antibodies added after incubating with recombinant PrP (Orri et al. 2011)).
However, eQulC is positive in plasma in vCJD but not in sCJD (Orrd et al. 2011).
On the other hand, RT-QulIC has low efficiency in vCJD compared with PMCA.

It has also been stressed that the seeded conversion efficiency and the diagnostic
accuracy of the RT-QulC assay strongly depend on the kind of recombinant PrP
substrate (Da Silva Correia et al. 2023; Bélondrade et al. 2021).

Lower sensitivity is found at the early disease stage and in cases with prolonged
survival; inflammation can also be a source of false positivity (Hermann et al. 2023;
Foutz et al. 2017).

RT-QuIC in the CSF has a high sensitivity and specificity in sCJD with slight
variations depending on the substrate and methodology used. The sensitivity also
varies depending on the CJD subtype, being higher in MM1/MV1, MV2, VV1, and
VV2 subtypes (between 78% and 100%) and lower in MM2 (between 42% and
78% depending on the substrate) (Lattanzio et al. 2017; Green 2019). The CSF
RT-QuIC differentiates 94% of cases of sCJD MM1 from the sCJD MM2 phenotype
and 80% of sCJD VV2 from sCJD VV1 (Bélondrade et al. 2021). Interestingly,
RT-QuIC is positive in 97% of MV2K sCJID cases, while 14-3-3 protein and total-
tau positive tests show 52.6 and 75.9% positivity, respectively (Baiardi et al. 2023).

Other studies report a sensitivity of 92% and a specificity of 100% of RT-QuIC
applied to CSF samples of sCJD (Fiorini et al. 2020; Watson et al. 2022; Bsoul et al.
2023). RT-QuIC proved near 100% sensitivity for sCJD but also for iatrogenic and
most familial CJD phenotypes (Llorens et al. 2020b; Mok et al. 2023).

Despite various caveats and conditions that must be considered to improve the
accuracy of RT-QulIC in the CSF of patients with suspected prion diseases, concor-
dant RT-QuIC values in the CSF are obtained across the European CJD network
(McKenzie et al. 2022).

RT-QuIC is also a helpful method in diagnosing variably protease-sensitive pri-
onopathy (VPSPr), in which surrogate biomarkers in the CSF are unworthy;
RT-QulIC has a sensitivity of 66% in VPSPr (Rhoads et al. 2020). However, RT-QuIC
has much lower sensitivity than PMCA in vCJD (Franceschini et al. 2017).

RT-QulIC in sporadic fatal insomnia (sFI) has a sensitivity of 60% (Abu-Rumeileh
et al. 2018b).

The detection sensitivities of RT-QulC in genetic prion diseases are variable
(Hermann et al. 2021; Abu-Rumeileh et al. 2019a; Llorens et al. 2016; Schmitz
et al. 2016a; Rhoads et al. 2020; Foutz et al. 2017). RT-QuIC positivity accounts for
78% in GSS, 100% in FFI, 87% in gCJD E200K, and 100% in gCJD V203I (Sano
et al. 2013). High sensitivity (100%) is also corroborated in E200K-129 M and
E200K-129 V and slightly lower (95.2%) in V210I-129 M. Yet cases bearing other
PRNP mutations show negative results (Lattanzio et al. 2017). RT-QuIC is also
helpful in detecting prion seeding in the CSF in pre-symptomatic E200K carriers
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(Mok et al. 2023). However, patients bearing other PRNP mutations are not detected
with RT-QuIC (Mok et al. 2023).

RT-QulIC has also been applied in the olfactory mucosa (Fiorini et al. 2020; Orrd
et al. 2014). Interestingly, RT-QuIC assays using nasal brushing offer a sensitivity
0of 97% (Orri et al. 2014). Nasal brushing displays a more robust and faster RT-QulC
response than CSF samples (Orri et al. 2014; Duan et al. 2023). A variant of
RT-QulC may detect the capacity of seeding of infected blood in the context of
vCJID (Thomas et al. 2023). A modified PMCA method has also identified prions in
the olfactory mucosa in sCJD (Cazzaniga et al. 2022).

Infectious Properties of PrP5-Amplified Products

Although the information on this matter is still beginning, prion infectivity occurs
after incubation of misfolded PrP subjected to serial annealing or following PMCA
in scrapie-infected mice or hamsters under particular situations (Moudjou et al.
2013; Weber et al. 2007; Shikiya and Bartz 2011; Makarava et al. 2012; Moda et al.
2015). Additional studies support that PMCA products may be infective under
appropriate conditions (Castilla et al. 2005; Chianini et al. 2012; Gao et al. 2017;
Bistaffa et al. 2017, 2021).

Unfortunately, studies centered on the infectivity of RT-QulC products obtained
with different protocols using distinct substrates (including full-length recombinant
versus truncated recombinant PrP), pretreatments, cycles, and temperatures are lim-
ited and contradictory. One study reported no infectivity of RT-QulC products
obtained by seeding hamster recombinant PrP with hamster-scrapie brain homoge-
nates following inoculation in hamsters (Schmitz et al. 2016a, referred to as JM
Wilham and B Caughey, unpublished data). However, another study reported that
RT-QuIC products obtained from two different mouse prion strains were able to
trigger the aggregation of rPrP with the formation of amyloid rPrP fibrils; when
injected in wild-type mice, these amyloids give rise to a mutant strain able to induce
prion-like pathology (Bistaffa et al. 2017; Sano et al. 2014). On the other hand,
efficient propagation of vCJD has been elicited with samples containing plasma and
heparin using the cell-protein misfolding cyclic amplification technique (Oshita
et al. 2016).

The application of PrP5*-seeded aggregation assays to other biological samples
in sCJD has shown the detection of PrP in the urine (Luk et al. 2016) and detection
and infectivity in skin samples (Orrd et al. 2017; Mammana et al. 2020; Xiao et al.
2021). RT-QuIC analyses have shown PrP amplification, although lower than in
fresh specimens, in formalin-fixed, formic-acid-treated sCJD brain tissue (Dong
et al. 2021). Spontaneous generation of infectious prion disease in transgenic mice
under particular experimental conditions further alerts us about additional hazards
with prions (Torres et al. 2013). Moreover, fine-tuning the PMCA method consis-
tently induces spontaneous misfolding of recombinant PrP into bona fide prions
within hours (Torres et al. 2013).
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Based on these new revelations, special precautions must be taken when han-
dling prion-contaminated material, biological samples, and synthetically generated
PrP products (Bistaffa et al. 2017; Erafa et al. 2023; Pritzkow et al. 2018; Pritzkow
et al. 2021). The manipulation of biological fluids must be conducted by trained
technicians with appropriate equipment and performed in biosecure facilities; safety
measures must be further considered using PRP**-seeded aggregation assays
(Bistaffa et al. 2017). Biosafety level 3 (BSL-3) facilities are recommended as a
precautionary measure.

Conclusion and Future Perspectives

The definite diagnosis of prion diseases needs, in the majority of cases, the informa-
tion provided by the postmortem neuropathological study, which includes morpho-
logical and immunohistochemical data of prion deposition in the brain and other
tissues, codon 129 genotyping, prion typing, and PRNP gene analysis. The combi-
nation of these data, the clinical manifestations during life, and the information
about antecedents linked to risk factors are also necessary to evaluate a subgroup of
iatrogenic cases. Magnetic resonance imaging, including MRI diffusion-weighted
imaging (DWI) (Kishida et al. 2023), tau-PET, electroencephalography, and selected
surrogate biomarkers in biological fluids help approximate prion disease during life
and putatively monitor the progression of the disease in clinical trials testing future
treatments. The most precise tools for the detection of prions are prion-specific
amplification assays, principally protein misfolded cyclic amplification (PMCA)
and real-time quaking-induced conversion (RT-QuIC) in biological fluids and tis-
sues, and the detection of prions using prion-PET. The availability of such advanced
techniques is currently restricted to specialized reference laboratories. The sensibil-
ity and specificity of PrP5 seeding methods are very high, but they do not discrimi-
nate against prion disease subtypes. Combined methods are commonly necessary to
advance the subtype of prionopathy in any particular patient. Therefore, additional
procedures are needed to identify precise subtypes of prionopathies during life.
Another critical point is the categorization of prion strains that mark the character-
istics of prion seeding and spreading of different PrP%° species. Cryoelectron micros-
copy and computational methods for 3D reconstruction of amyloids permit the
high-resolution definition of different types of prion fibrils (Manka et al. 2023a, b).
Yet, further efforts must be applied to recognize new PrP5¢ strains in human prion
diseases.

PrP5 amplification methods applied to different regions trace the progression of
prions in the brain and other tissues. Moreover, prions have been detected in tissues
and materials in contact with prions whose presence was not suspected before the
application of these methods. Since the products of positive PMCA assays are infec-
tious, and PrP%¢ is present in several tissues in CJD, special care and biosafety con-
ditions must be applied in managing and processing human biological samples of
suspected prion disease. Regarding RT-QulC products, further experimental studies
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are needed to elucidate their seeding capacity. Particular attention must be paid to
protecting the personnel working with the novel seeding methods that generate
new prions.
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Human Genetic Evidence for New Targets <o
in Prion Diseases: Opportunities

and Challenges

Elizabeth Hill and Simon Mead

Abstract Human genetics offers a powerful, causally grounded approach to thera-
peutic target identification in prion diseases. In this chapter, we examine strategies
used to discover and evaluate gene candidates, emphasizing the complementary roles
of literature-based hypotheses, expression profiling, cellular screening, and in vivo
models. Although candidate selection using cellular and transcriptomic systems has
yielded limited translational success due to their inability to fully model the human
disease, they remain valuable tools for mechanistic validation. Animal models retain
key pathological features of prion disease and provide insights into cell-type-specific
and non-cell-autonomous mechanisms, particularly involving glial contributions.

We focus on the translational implications of human genetic discoveries, notably
the validation of PRNP as a therapeutic target supported by both Mendelian and
GWAS data and the identification of novel risk loci, including STX6 and GAL3ST]I.
Functional evaluation of these genes across multiple experimental platforms has
highlighted the complexity of moving from genetic association to therapeutic inter-
vention. Distinctions in prion disease initiation versus propagation versus neurotox-
icity stages, and the need for cell- and stage-specific models, are key considerations.

The chapter concludes by outlining a framework for assessing the relevance for
target development, integrating genetic evidence, functional models, and safety
data. While PRNP-targeting therapies are now entering clinical trials, further
research is needed to delineate mechanisms for other candidates. With advances in
multiomic data integration and experimental modeling, genetically guided
approaches hold great promise in expanding the therapeutic landscape for these cur-
rently untreatable neurodegenerative disorders.

Keywords Prion disease - CJD - Target identification - Therapeutic targets -
Genetics

E. Hill - S. Mead ()

University College London (UCL) Institute of Prion Diseases, Medical Research Council
Prion Unit at UCL, London, UK

e-mail: s.mead @prion.ucl.ac.uk

© The Author(s), 2025 219
G. Legname, F. Moda (eds.), Biomarkers and Therapeutical Targets for Prion
Diseases, Subcellular Biochemistry 112, https://doi.org/10.1007/978-3-031-97055-9_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-97055-9_10&domain=pdf
https://doi.org/10.1007/978-3-031-97055-9_10#DOI
mailto:s.mead@prion.ucl.ac.uk

220 E. Hill and S. Mead

State of the Art for Target Identification

Challenges in Identifying New Targets in Prion Disease

There is a huge unmet clinical need in prion diseases, as the disease is universally
fatal with no established disease-modifying treatments. This is partly driven by the
lack of private investment into a disease that is rare, with the most common human
prion disease, sporadic Creutzfeldt—Jakob disease (sCJD), having an annual inci-
dence of 1-2/million/year, equating to a lifetime risk of ~1:5000 (Genevieve et al.
2013). This is compounded by the more general challenge in neurodegenerative
diseases of the failure of clinical trials, despite in vitro, cell-based, and in vivo sys-
tems providing evidence for target engagement (Hay et al. 2014). A contributing
factor could be that the target or model was irrelevant to the human disease process.
For prion diseases, what is the best approach to identify a target and model?

Candidate Selection Based on Literature Searching

Historically, the basic method for candidate selection was literature searching. This
led to biological studies of individual candidate genes that were hypothesized to
have a role in disease pathogenesis based on a related function or interacting with a
disease-associated protein. One example of this in the prion field is glycosamino-
glycans (GAGs), which are polysaccharide side chains of proteoglycans, such as
heparan, heparan sulfate, and chondroitin sulfate. Literature dating back to the
1980s demonstrated heparan sulfate proteoglycans are associated with both cellular
PrP (Gabizon et al. 1993; Caughey et al. 1994) and PrP5 deposits in the disease
context (Snow et al. 1989; McBride et al. 1998). Building on these reports, semisyn-
thetic analogs of endogenous GAGs, otherwise known as polyanionic compounds,
have been trialed in cell-based models and in vivo, with beneficial effects in reduc-
ing PrP% levels and improving clinical outcomes, presumably from a competitive
inhibition mechanism with endogenous GAGs. However, often this candidate-based
approach has proven unsuccessful in translation, as was the case with polyanionic
compounds, and is limited by its biased nature.

Candidate Selection Based on Expression Studies

Identifying differentially expressed genes in prion disease may provide mechanistic
insight into the molecular players and biological pathways that play a role in patho-
genesis, which may translate to potential biomarkers of disease and/or therapeutic
targets.
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Cellular Studies

Multiple studies have been conducted comparing gene expression profiles in unin-
fected and prion-infected cells dating back to the 1990s (Doh-ura et al. 1995). These
studies aimed to elucidate molecular changes associated with prion replication in
simplified, controlled in vitro environments. Early insights included gene regulatory
networks linked to extracellular matrix components that modulate prion propaga-
tion (Marbiah et al. 2014), signaling-related genes (Greenwood et al. 2005), and
pathways associated with cholesterol biosynthesis (Bach et al. 2009). However,
these findings were often dependent on specific cell types and experimental condi-
tions and failed to translate into meaningful targets for therapeutic development.

A critical limitation of cellular models in this context is their limited biological
relevance to the human disease process. While some studies have identified gene
expression changes suggestive of prion-related mechanisms, the overlap of these
differentially expressed genes with those found in prion-infected mouse or human
brain tissue is minor. This “minor overlap” refers to the presence of a few shared
expression patterns or genes across systems, but not in a robust or reproducible
manner that would support these models as reliable predictors of human disease
targets.

Compounding this issue, one notable study reported a complete lack of universal
transcriptional changes induced by prion infection across three different neuronal
cell models (Julius et al. 2008). This suggests high variability in cellular responses
to infection, influenced by cell line-specific factors, and points to the absence of a
core prion-related transcriptional signature in vitro. Such inconsistencies highlight
a central problem: gene expression changes observed in cellular systems often do
not recapitulate the complex, multicellular, and non-cell-autonomous environment
of the brain, where prion disease pathology unfolds.

As a result, cellular studies often fail to provide consistent or translatable targets
for prion disease. The artificial nature of these models, including the use of non-
physiological culture conditions, the absence of supporting glial and immune cells,
and differences in prion strains or the host genotype, all contribute to this limitation.
Although cellular studies remain valuable for screening or mechanistic follow-up,
they should be interpreted cautiously and ideally integrated with in vivo and human
data to increase confidence in target validity.

Animal Studies

Animal studies offer a more relevant system to interrogate gene expression changes
in the complex brain microenvironment, taking into consideration the multiple cell
types. Unlike cellular models, animal models maintain the intricate cell-cell interac-
tions, regional brain architecture, and systemic immune responses that are funda-
mental to prion disease pathogenesis. This complexity allows researchers to observe
disease-relevant processes such as neuroinflammation, glial activation, synaptic
dysfunction, and neuronal degeneration within a biologically relevant context. Also,
animal studies allow investigation of the temporal progression of disease in a way
that more closely reflects human prion disease, including early preclinical changes



222 E. Hill and S. Mead

and late-stage pathology. These features contribute to their higher translational
value for identifying therapeutic targets and understanding disease mechanisms.

There have been many brain gene expression studies performed in prion-infected
mice elucidating genes involved in proteolysis, protease inhibition, cell growth and
maintenance, the immune response, signal transduction, cell adhesion, and molecu-
lar metabolism (Xiang et al. 2004); hippocampal neurogenesis (Slota et al. 2022a);
immediate early gene response (Ojeda-Judrez et al. 2022); upregulation of cilium-
related genes (Kim and Jeong 2022); and genes related to synaptic dysfunction
(Slota et al. 2022b), among others. However, there is not always concordance in the
differentially expressed genes identified across studies. This could be driven in part
by the methodologies used, but studies also differ based on the prion strain used for
infection, as well as the genetic background of the mouse model employed. In a
comprehensive, system-based study involving the infection of six different genetic
backgrounds of mice with two prion strains, with gene expression changes being
assessed at 8—10 time points, Hwang and colleagues identified gene modules that
appeared to be key to prion pathogenesis (Hwang et al. 2009). These included path-
ways such as complement activation, GAG metabolism, cholesterol homeostasis,
sphingolipid metabolism, androgen metabolism, and lipid acceptors.

One central theme that has come from in vivo transcriptomic analysis has been
the central role of glial pathophysiology as a driver of disease (Sorce et al. 2020).
Distinctive microglia- and astrocyte-associated expression signatures have been
identified during prion infection (Carroll et al. 2020) supporting moving away from
“neuron-centric” targeting approaches. However, transcriptomic analyses of the
brain are complex, with gene expression profiles differing based on brain region in
prion-infected mice (Slota et al. 2022b). Furthermore, bulk brain transcriptomics
loses the resolution of cell-type-specific gene expression differences. With the
advent of single-cell RNA sequencing, the central role of glia has been solidified,
with the gene expression of glial cell types being altered in the early stages of the
disease (Dimitriadis et al. 2022; Majer et al. 2019). Specifically, there is dysregula-
tion of neuroprotective astrocytes as well as a spectrum of microglial activation
states in prion-infected mice (Slota et al. 2022a). As such, microglial- and astrocyte-
enriched genes were shown to contribute a strong inflammatory profile consisting of
inflammatory cytokines, genes encoding for extracellular matrix proteins as well as
those related to phagocytosis and proteolysis (Majer et al. 2019). This may interplay
with neuronal dysregulation with there being an early, net upregulation of transcrip-
tion factors and stress-induced genes at preclinical stages of disease, as well as a
general downregulation of transcripts related to neuronal communication. This
includes glutamate receptors, phosphatase subunits, and numerous synapse-related
markers at later stages of the disease (Majer et al. 2019).

Studies assessing the translatome have also highlighted a key role for glia. One
cell-type-specific, genome-wide ribosomal profiling study identified striking trans-
lational alterations in glia in terminal, prion-infected mice but surprisingly limited
changes in neurons (Scheckel et al. 2020). However, in an independent, related
study, the results were different with a prominent altered translatome profile being
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detected in neurons in prion-infected mice even at early stages of the disease
(Kaczmarczyk et al. 2022). The differences between these studies may have been
driven by the different fold change cutoffs as well as technical differences.

Human Studies

The degree to which these mouse transcriptomics studies have relevance to the
human population remains an open question. A degree of overlap in gene expression
profiles in the studies provides some evidence (Ojeda-Judrez et al. 2022; Dimitriadis
et al. 2022; Kanata et al. 2019). One study also tried to narrow the translational gap
by using tg340-PRNP129MM mice infected with postmortem sCJD brain tissue, an
sCJD model that faithfully recapitulates the molecular and pathological alterations
of the human disease, uncovering epitranscriptomic alterations (Kanata et al. 2019).
However, the majority of gene expression studies conducted in human patient brains
have used a gene candidate approach (Vanni et al. 2017) as opposed to a global,
genome-wide transcriptomic approach. The complex safety implications of work-
ing with fresh, frozen human brain may limit the translation of animal work to
human gene expression studies.

Cellular Screens

The recent advent of technologies such as RNA interference (RNAi) and CRISPR
has allowed genome-wide, unbiased, functional studies of genes with potential roles
in various prion-related phenotypes. For example, a genome-wide RNA1 functional
screen conducted to detect cellular host factors that modulate prion propagation
identified targets such as Hnrnpk, which translated to more complex models such as
organotypic slice cultures and Drosophila (Avar et al. 2022). There was also concor-
dance of these hits with a previously identified gene regulatory network associated
with prion propagation (Marbiah et al. 2014), providing confidence that this screen-
ing approach was highlighting biologically meaningful targets.

Identifying factors that control PrP¢ levels is also relevant for pathogenesis as
PrPC is the substrate for prion replication. Indeed, genome-wide interference screens
have also identified modulators of prion protein biogenesis, demonstrating an intri-
cate regulatory network controlling PrP¢ expression. In a high-throughput arrayed
whole-transcriptome RNA interference screen, 743 candidate regulators of PrP€
levels were identified, followed by recursive candidate attrition through multiple
secondary screens prioritizing six gene candidates (Heinzer et al. 2021). In a com-
plementary study investigating the involvement of the microRNAome in modulat-
ing PrPC€ levels, PrP¢ protein levels in cells were assayed following subjection to a
genome-wide library encompassing 2019 miRNA mimics across three cell lines
(Pease et al. 2019). The three screens yielded 17 overlapping high-confidence
miRNA mimic hits, either directly or indirectly modulating PrP€ levels. In an inde-
pendent screen aimed at investigating the effect of transcription factors on PrP¢
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expression, 24 upregulators and 12 downregulators of PrP¢ expression were identi-
fied (Jiang-An et al. 2022). These studies in combination have provided additional
targets that could have therapeutic promise. Screening strategies have also been
employed to identify regulators of PrP intracellular trafficking. One RNA interfer-
ence study showed that depletion of AP2M1, RAB5A, VPS35, and M6PR prevented
PrPC internalization, whereas downregulation of GIT2 and VPS28 increased PrP¢
internalization (Ballmer et al. 2017). PrP¢ cell-surface expression was reduced by
downregulation of RAB5SA, VPS28, and VPS35 and enhanced by silencing EHD1.

Conclusions

Although the aforementioned approaches have been valuable to the field and facili-
tated our general understanding of disease mechanisms, they also come with some
limitations (Table 10.1). Perhaps the two most striking barriers of these approaches
are the relevance to potential targets of human disease (literature searching, cellular
screens, expression studies in non-human model systems) or the question of whether
they are causal or secondary to the disease.

Table 10.1 Strengths and limitations of state-of-the-art approaches to identify new targets for
prion diseases

Strengths Limitations

Literature searching

Widely accessible Biased approach

No cost restraints Potential of bad reporting, bias to positive data, or
unsound experimental design

Available published data is extensive Conflicting studies

Expression studies

Potential to act as biomarkers and be Parsing driver genes from passenger genes is a

targeted therapeutically challenge

Human relevance if conducted in human | Cellular and animal studies may not translate to
postmortem brain human, and human brain studies are only possible
at end stage

Single-cell technologies increase the Complex—brain region and cell-type-specific
cellular resolution of RNA-seq expression changes

Cellular screens

Unbiased, inclusive approach with Lack of a human cell line propagating human
precedent for identifying biologically prions necessitates prion infection studies being
plausible targets that drive disease-relevant | done in rodent cell lines or human cell lines
phenotypes propagating nonhuman prions

High throughput with recent technological | Potential of false negatives/positives with
advances (CRISPR, RNAi) multiplicity of testing
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Alternative Methods to Identify New Targets with Human
Genetic Evidence

Human genetics evidence is a powerful approach due to the implicit causality of
genetics in the target selection process and its direct relevance to human patients.
Indeed, human genetic evidence has been shown to increase the likelihood of suc-
cessful drug development programs (Ochoa et al. 2022; Nelson et al. 2015; Plenge
et al. 2013).

Candidate Gene Studies

To date, around 70 genetic variants have been described in the PRNP gene, encod-
ing PrPC¢ (reviewed in reference (Mead et al. 2019)). Some of these are known to be
disease-causing Mendelian variants with mutation of PRNP being first highlighted
in 1989 by linkage analysis in two independent reports studying families segregat-
ing autosomal dominant forms of prion disease (Hsiao et al. 1989; Owen et al.
1989). Since this discovery, multiple other genetic changes in PRNP have come to
light by candidate gene studies, including a multitude of other missense mutations,
premature truncations, alterations in octapeptide repeat number, and also frame-
shift mutations. Collectively, these account for ~10—15% of the annual incidence of
prion disease, with each of these being associated with variable degrees of pene-
trance and often diverse clinical presentations and progression rates. Non-disease-
causing single nucleotide polymorphisms (SNPs) in the PRNP gene have also been
identified as modulating the risk and progression of prion disease. The most well
recognized are variations at codon 129, which have been firmly established to have
a modifying effect across all of the different subtypes of prion disease as well as all
of the different disease stages (Collinge et al. 1991; Collinge et al. 2006; Minikel
et al. 2019; Mead et al. 2006; Palmer et al. 1991; Webb et al. 2008, 2009).

Although linkage analysis has a genome-wide element, subsequent candidate
gene screening biases discovery either to the PRNP locus or to loci that proved not
to be replicable. However, in reality, there is likely a diverse array of other genetic
loci that influence disease risk and outcomes. The advancement of sequencing tech-
nologies has facilitated unbiased, large-scale, genome-wide studies leading to the
identification of other genetic factors, which are implicitly causal.

Case-Control GWAS Studies in sCJD

Case-control genome-wide association studies (GWAS) in sCJD patients can pro-
vide insight into the genetic factors affecting the spontaneous formation of prions in
the absence of pathogenic mutations in PRNP or an acquired challenge.
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Polymorphisms at codons 127, 129, and 219 within the PRNP gene, which alter the
amino acid sequence, have been robustly associated with prion disease risk and
progression due to their large effect size (reviewed in reference (Mead et al. 2019)).
However, prior to 2020, there was an absence of non-PRNP risk factors for sCID
despite two GWAS studies being conducted, most likely as a result of lack of power
due to limited sample availability (Mead et al. 2009, 2012; Sanchez-Juan et al.
2012, 2014).

However, in 2020, an international, collaborative effort enabled an adequately
powered GWAS study (5208 sCJD patients) to allow the detection of genetic vari-
ants with more modest effects on disease risk (Jones et al. 2020). This work repro-
ducibly identified novel SNPs in and near STX6 (rs3747957; P = 9.7 x 107°) and
GAL3STI (rs2267161; P = 8.6 x 107'9) as conferring risk for the disease at genome-
wide significance, as well as independently validating and defining the risk at the
PRNP locus (rs1799990; P = 2.7 x 10~"). This discovery furthered our knowledge
of the etiology of sCJD, implicating intracellular trafficking (S7X6) and sphingo-
lipid metabolism (GAL3STI) as potential novel causal disease mechanisms.
Furthermore, although PRNP has been the focus of disease therapeutics for many
years, this work unveiled untapped therapeutic potential.

Case-Only GWAS Study of Clinical Phenotypes in sCJD

Phenotype GWAS studies in sCJD patients have the potential to provide insight into
the genetic factors affecting clinical parameters, such as clinical duration and age of
onset, which are strikingly variable in the patient population (Thompson et al. 2013;
Nihat et al. 2022). In 2023, a GWAS was conducted to explore variability in clinical
duration (3773 sCJD patients) and age of onset (3767 sCJD patients) (Hummerich
et al. 2023). SNPs at the PRNP locus were robustly associated with clinical duration
(top SNP 151799990, P = 3.45 x 107%), with subsequent analysis suggesting that
codon 129 was the underlying driver. No genome-wide significant genetic determi-
nants of age at onset were identified, although the HS6ST3 gene was significant
(P =1.93 x 107°) in a gene-based test.

Apart from PRNP, it is noteworthy that there was no evidence of genome-wide
genetic correlation with the case-only GWAS (determinants of clinical phenotypes)
with the case-control GWAS (disease risk factors). Neither did novel risk alleles in
or near the STX6 and GAL3ST] genes affect the disease duration of sCJD or age of
onset. As such, one could speculate that the effects at these risk loci may be involved
in the initial generation of a prion seed or the likelihood of a single or small number
of infected cells further spreading and establishing infection. This is in contrast to
being involved in the subsequent generalized prion propagation in the brain and
downstream neurotoxicity. Indeed, a recent study in Alzheimer’s disease (AD) has
suggested that the genetic determinants that affect disease susceptibility do not nec-
essarily overlap with those that influence subsequent pathological load (Leonenko
et al. 2019). Taken together, human genetic studies have offered insight into prion
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Table 10.2 Strengths and limitations of GWAS to identify new targets for prion diseases

underpinned by human genetic evidence
Strengths
Unbiased and genome-wide, leading to the
discovery of novel candidate loci (in or near to
STX6, GAL3ST1I) as well as validating PRNP
codon 129 as the driver of disease risk
Nominated intracellular trafficking and
sphingolipid metabolism as novel causal disease
mechanisms
Implicitly causal role in prion disease—higher
likelihood of therapeutic translation

Common variants: high relevance to the wider
population

Limitations

Reliance on natural variation and low effect
sizes: PRNP odds ratio (OR) 1.23 (95% CI
1.2-1.3); STX6 OR 1.16 (1.1-1.2);
GAL3STI OR 1.18 (1.12-1.25)

Limitations on sample size due to the rarity
of sCJD—Ilimited power to detect more
variants

Limited to European ancestry at present.
Many countries do not have active
surveillance methods, making it hard to
obtain more diverse samples

Challenge validating STX6 and GAL3ST/
genes in disease models and moving towards

disease mechanisms

CI confidence interval

disease pathophysiology, having noteworthy strengths compared to other approaches
but also some limitations (Table 10.2).

Strengths and Limitations of Strategies Employed to Evaluate
New Targets with Human Genetic Evidence

Although the field has certainly moved forward in our understanding of the genetic
architecture underlying the risk of human prion diseases, the challenge then shifts
to understanding the mechanistic underpinnings of the susceptibility genes identi-
fied (PRNP, STX6, GAL3ST1). This will not only further our understanding of the
molecular mechanisms underlying prion disease pathogenesis but also facilitate
potential translation to therapeutics.

Moving from a Risk Locus to a Disease Hypothesis Using
Bioinformatic Approaches and Harmonization with Other
Association Studies

Bioinformatic approaches can be employed to prioritize causal risk genes and vari-
ants at the susceptibility locus and further decipher the genetic mechanisms through
which they may be acting. Furthermore, integrating these findings with gene expres-
sion data and other gene-phenotype association studies (transcriptome-WAS,
proteome-WAS, lipidomics GWAS) can be highly informative in delineating the
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direction of effects and establishing how risk is conferred, allowing causal hypoth-
eses to be developed.

Galactose-3-0-Sulfotransferase 1 (GAL3ST1)

GAL3STI is a predominantly oligodendrocyte-expressed gene, which encodes an
enzyme involved in the synthesis of sulfatide, a major lipid constituent of the myelin
sheath (Takahashi and Suzuki 2012). Association at the GAL3ST1 locus comprised
two causal genetic variants in strong linkage disequilibrium (LD), including a valine
to methionine missense variant at codon 29 (V29M), which is associated with
increased sulfatide levels in blood (total and five distinct classes of sulfatides,
P =2.5x%x10"5to 2.7 x 1077) (Cadby et al. 2022). This coding change provides a
strong genetic mechanism for the association signal at this locus. However, the chal-
lenge that remains is deciphering the impact of this coding change on the enzyme,
which may have implications for enzyme activity, substrate preference, and/or dif-
ferences in flux through the sulfatide synthesis pathway. Experimental validation is
therefore needed to better understand the association of the coding change with
prion disease pathogenesis.

Syntaxin-6 (STX6)

STX6 encodes a SNARE protein principally acting in retrograde trafficking from
early endosomes to the trans-Golgi network (Bock et al. 1996, 1997). At the STX6
locus, the causal set of 23 highly correlated, non-coding genetic variants makes it
challenging to identify a specific causal variant (Jones et al. 2020). By combining
variant-to-gene algorithms with colocalization and expression data, the STX6 risk
SNP haplotype was shown to have strong eQTL effects across multiple brain
regions, with the risk haplotype increasing brain expression of STX6 (Jones et al.
2020, Lonsdale et al. 2013). Focusing on the putamen and caudate, which showed
the strongest colocalization of GWAS data with eQTLs, the risk allele was associ-
ated with 15% and 13% increases in STX6 expression, respectively (Lonsdale et al.
2013). Genetic upregulation of both gene and protein expression of syntaxin-6 has
also more recently been supported by transcriptome and proteome-wide association
studies (Kiictikali et al. 2025). Strengthening this hypothesis, studies in tauopathies,
where the same set of risk variants at the STX6 locus drive disease risk, have cor-
related genetic risk loci with transcriptomic (Chen et al. 2018) and epigenomic data
(Fodder et al. 2023) in progressive supranuclear palsy (PSP) and proteomic data in
AD (Wingo et al. 2021). The pleiotropic risk effects that syntaxin-6 exerts in mul-
tiple protein misfolding diseases and the multiple, independent lines of molecular
evidence that risk effects are driven through increased syntaxin-6 levels increase
confidence in this being the prevailing genetic mechanism.

Prion disease is the result of many complex cellular interactions acting through
non-cell autonomous mechanisms with highly cell-type-specific effects (Kushwaha
et al. 2021; Smith et al. 2020; Tahir et al. 2022). Extending on the eQTL analysis
using data derived from heterogeneous bulk brain tissues lacking single-cell resolu-
tion, Bryois and colleagues recently performed an eQTL analysis using single
nuclei RNA-seq from 196 individuals in eight brain cell types, which allowed inter-
rogation of the brain cell-type syntaxin-6 may be exerting its risk (Bryois et al.
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2021). This revealed striking cell-type-specific effects in the genetic control of
STX6 gene expression by the lead STX6 risk SNP identified in the sCJID GWAS
study (Jones et al. 2020) (rs3747957), with the eQTL effect predominating in oligo-
dendrocytes (P = 1.49 x 107*) and to a lower degree in excitatory neurons
(P = 0.003). This risk-associated gene upregulation specific to oligodendrocytes
(Kiiciikali et al. 2025) is certainly intriguing given that this cell type has been pro-
posed to be intrinsically resistant to prion infection (Prinz et al. 2004). It also pro-
vides convergence with the other novel, GWAS-identified candidate gene, GAL3ST 1,
which is a predominantly oligodendrocyte-expressed gene.

The value of the association of STX6 risk variants with increased syntaxin-6
expression is two-fold: not only does it provide a clear direction of effect based on
human genetics information but it also lessens the need to establish the exact, single
variant associated with disease risk due to the knowledge of the genetic mechanism
through which that variant is working. Furthermore, in terms of experimental fol-
low-up, a functional genetic approach can be used whereby manipulated syntaxin-6
expression can be directly correlated to disease phenotypes in animal models
and cells.

Strengths and Limitations of Cell-Free In Vitro Methodologies
to Assess Gene Candidates

In vitro studies offer a powerful, cell-free system to explore the effect of different
candidate genes in prion seeding and replication. Infectivity can be generated in
cell-free conditions using the protein misfolding cyclic amplification assay (PMCA),
whereby the conversion of PrP¢ into PK-resistant PrP is enhanced by using cyclic
bursts of sonication (Saborio et al. 2001). This approach can be modified to use a
brain homogenate substrate derived from a mouse model with knockout of a candi-
date target gene to assess how this modifies prion conversion and replication.

One example of a study using such an approach was focused on Hsp70, whereby
PMCA reactions were seeded with RML prions in the substrate from either Hsp70~"~
or Hsp70** mice (Mays et al. 2019). Interestingly, higher levels of PK-resistant
PrP5¢ were produced with the Hsp70** substrate compared to the Hsp70~'~ sub-
strate, suggesting that the seeding kinetics were altered by Hsp70. The CJD genetic
risk factor, STX6, has also been explored using this approach, although no differ-
ences in prion replication were seen in Stx6** and Stx6~~ substrates seeded with
RML prions (Sangar et al. 2024). This argues against an indirect effect of syntaxin-6
expression acting through the abundance of a cofactor for prion replication. The
result also needs to be interpreted with caution considering PMCA mimics no
aspects of cellular trafficking, the functional role of syntaxin-6. Furthermore, there
may be some functional redundancy at the protein level of other related proteins,
which is especially likely with the syntaxin family of proteins.
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Additionally, in standard PMCA reactions, a prion seed is supplied, making it a
model of established propagation as opposed to providing a system to study initial
prion conversion. The latter may be required for gene candidates identified by
GWAS, hypothesized to be involved in disease susceptibility. In the literature,
PMCA has been shown to be able to reproduce the spontaneous generation of prions
(Deleault et al. 2007; Barria et al. 2009). However, translating this approach to
assess initial conversion events in brain homogenate derived from wild-type mice
compared to mice with altered expression of a gene candidate would be challeng-
ing. First and foremost, due to spontaneous conversion being a rare event, it would
require a large number of independent replicates to power such a genetic study.
Second, there is always the doubt that the conversion event could be initiated by
contamination of the laboratory environment. Recently, a PMCA-based method for
the spontaneous generation of bona fide prions was reported (Erafia et al. 2024),
which may be able to overcome some of these barriers. However, this method
requires a very specific set of experimental conditions that may or may not be gen-
eralizable to disease risk.

Other in vitro methodologies, such as real-time quaking-induced conversion
(RT-QuIC) and PrP aggregation assays, are also established, which allow the assess-
ment of relative seed levels or the aggregation propensity of PrP, respectively.
However, these systems are artificial and do not generate infectious prions so results
should be interpreted with caution.

Taken together, in vitro techniques, such as PMCA, offer a powerful platform to
explore the role of gene candidates on seeded prion replication, although more work
is needed to extend this to assess spontaneous misfolding (Table 10.3).

Table 10.3 Strengths and limitations of PMCA to evaluate new targets with human genetics
evidence

Strengths Limitations

Replicates specific infectivity in a Model of established propagation, not initiation so the

simplified, high-throughput setup value of approach depends on the mechanism of the
candidate

Allows faithful replication of prion | Not suitable for all candidate genes—dependent on
strains across many species of prions | localization and/or function

Replicates species barriers More promiscuous than in vivo—species barrier can be
overcome

Rapid results and cost-effective Cell-free, reductionist system that requires knockout
brain homogenate

Modular system where minor Potential for compensatory changes in knockout brain

changes can address different homogenate.

hypotheses

Can reproduce the spontaneous Confounded if PrPC levels differ between substrates

generation of prions
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Strengths and Limitations of Cellular Models to Assess
Gene Candidates

While cellular models have significant limitations in the initial discovery of candi-
date genes, particularly due to their inability to replicate the full complexity of prion
disease pathology, they regain value when used to evaluate and functionally test
targets identified through other approaches such as GWAS or in vivo transcrip-
tomics. In these contexts, cell-based systems offer a controlled, reductionist envi-
ronment that enables detailed mechanistic interrogation of gene function,
perturbation-response profiling, and hypothesis-driven follow-up. Recognizing this
distinction is crucial: although cellular models are insufficient as standalone discov-
ery tools, they are instrumental in validating and de-risking candidate targets when
deployed in combination with more physiologically relevant systems.

Prion-susceptible mouse lines have provided valuable insights into the molecular
and cellular events controlling prion propagation with susceptible cell lines stably
promoting replication of PrP upon subpassaging, allowing high levels of infectiv-
ity to be generated (Nishida et al. 2000; Schitzl et al. 1997). In 2003, the landmark
development of the scrapie cell assay (SCA) revolutionized the study of prion infec-
tivity in permissive cell lines, allowing robust, quantitative determination of prion
propagation with high reproducibility (Klohn et al. 2003). In combination with gene
manipulation studies, this methodology provides an elegant approach to assess the
role of potential disease modifier genes on prion replication, with the key proof of
principle being demonstrated with knockdown of Prnp in prion-susceptible cell
lines inhibiting prion propagation, resulting in a reduced spot count (Goold et al.
2011; Bhamra et al. 2022). Indeed, in 2015 this system was used to perform an
in vitro screen of 14 candidate genes thought to be associated with prion disease
susceptibility at the time (Brown et al. 2014). Half of these genes (Zbth38, Sorcsl,
Stmn2, Hspal3, Fkbp9, Actri10, and Plg) showed highly significant changes in prion
infectivity when overexpressed or knocked down, suggesting their involvement in
prion propagation and/or clearance but also implying a sensitivity of this system to
perturbation.

As discussed in section “Case-control GWAS studies in sCJD”, two novel genetic
risk factors were discovered in SCJD by GWAS in 2020: STX6 and GAL3ST1 (Jones
et al. 2020). Considering GAL3ST1 is predominantly an oligodendrocyte-expressed
gene, the SCA is not necessarily the ideal system to assess its role in prion propaga-
tion as the compatible cell lines are all neuronal in origin. STX6 has broad expres-
sion across the brain cell types, making this a feasible approach to assess its role in
prion propagation. However, when syntaxin-6 was knocked down in neuroblastoma
cells, there was no consistent effect on prion propagation (Jones et al. 2020).

However, most susceptible cell lines only support prion propagation of strains
that have been experimentally adapted to rodents to overcome the species barrier.
Adapted prion strains have been developed in the laboratory setting, whereby scra-
pie, BSE, or CJD prions have been serially passaged in experimental animals of
specific genetic backgrounds (reviewed in (Igel-Egalon et al. 2018)). Therefore, a



232 E. Hill and S. Mead

limitation to cellular work concerns the inability of cells to stably propagate human
prions. Furthermore, the GWAS-identified risk factors were associated with the risk
of sCJD, yet these cellular systems rely on acquired infection, which may be driven
by distinct mechanisms to spontaneous prion conversion.

Although the SCA offers a gold-standard cell-based assay for prion propagation,
the development of cell-based assays of prion-induced neurotoxicity has proven
more challenging. Indeed, neurotoxicity in prion disease is complex, with there not
necessarily being a single mechanism (reviewed in (Le et al. 2019; Mercer and
Harris 2023)). As such there is a bewildering number of ways neurotoxicity can be
explored in cell culture making it difficult to establish connections between candi-
date disease genes and neurotoxic phenotypes. Although multiple valuable models
have been developed (Benilova et al. 2020; Fang et al. 2016; Foliaki et al. 2020),
there is often a lack of concordance of phenotypes between models, and the major-
ity can only be considered to measure one aspect of neurotoxicity. Taken together,
although a reductionist system with notable limitations (Table 10.4), cellular mod-
els provide a valuable platform to independently investigate the specific role of gene
candidates in prion propagation and certain aspects of prion-induced neurotoxicity
in a controlled setting.

Strengths and Limitations of In Vivo Models to Assess
Gene Candidates

Mouse models offer the unique advantage that both prion propagation and neuro-
toxicity can be assessed in the same system. It is important to reiterate here that, as
with cellular models, the utility of in vivo systems also varies depending on the
stage of investigation. While cellular and animal models may have limitations in
unbiased candidate discovery, they gain increasing importance in the downstream

Table 10.4 Strengths and limitations of cellular models to evaluate new targets with human
genetics evidence

Strengths Limitations

SCA provides robust, endpoint quantitative
measurements of prion propagation

Assess strain-specific effects of candidate
genes on propagation by using cell lines
susceptible to >1 strain

Cost-effective and easy to maintain
Simplified system to test direct, mechanistic
hypotheses in a well-controlled setting

Cell-based assays of specific aspects of
neurotoxicity exist

Compatible cell lines with the SCA are neuronal
in origin, precluding the analysis of glial cell
types

Inability of susceptible cell lines to stably
propagate human prions

Acquired models of infection

Reductionist system not incorporating potential
non-cell autonomous mechanisms/recapitulating
the in vivo situation

No gold-standard model of prion-induced
toxicity
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evaluation and functional validation of genes identified through human genetics,
transcriptomics, or other discovery-driven approaches. In this context, mouse mod-
els are indispensable for assessing gene function within the full complexity of the
brain’s multicellular environment.

Many disease characteristics relevant to assessing gene candidates can only be
accurately studied in the context of a multicellular organism. Such characteristics
include susceptibility to disease, incubation time, as well as strain-specific neuro-
pathological and clinical phenotypes. Furthermore, by incorporating the complex
contributions of all the brain cell types and capturing non-cell autonomous mecha-
nisms, mouse models are particularly adept at exploring the role of STX6 and
GAL3STI in prion disease pathogenesis, with both hypothesized to be exerting their
risk effects in oligodendrocytes. To date, there are no published prion-related
in vitro or cellular models of oligodendrocytes, necessitating the use of animal mod-
els to capture the effect of this cell type on prion pathobiology.

Acquired Mouse Models of Prion Disease

Mice challenged with prions are an invaluable model for studying prion disease as
wild-type mice are not only naturally susceptible but also develop bona fide prion
disease, remarkably recapitulating all of the key aspects of the human disease at
both the biochemical and neuropathological levels. Despite the etiology of the dis-
ease being acquired, given the overlap of the downstream disease hallmark features,
this remains a strong model system to explore the role of candidate genes in estab-
lished disease, with the value of this paradigm being demonstrated by the multitude
of different studies already conducted using this approach. Furthermore, animals
intracerebrally infected with the typical dose of 1% (w/v) prion-infected brain
homogenate are generally diagnosed with scrapie sickness within a tight time win-
dow, which is advantageous when considering powering in vivo studies assessing
modifying “factors.” With the advancement of genomic engineering technologies, it
is now relatively straightforward to implement a functional genetics approach
in vivo by manipulating the expression of a gene of interest to explore the effect on
prion disease pathogenesis in prion-infected mice.

The main clinical endpoint from these studies is the incubation period, defined as
the time from prion inoculation to scrapie sickness diagnosis. However, a key con-
sideration is what is a biologically robust and meaningful change. Often studies
report and emphasize minor changes in the incubation period, typically ranging
between 10% and 20%, which can be associated with highly significant p-values.
However, although there is a statistical difference, this does not necessarily translate
to a biologically meaningful difference. Indeed, it has been suggested that these
magnitudes of differences could be within the natural variability that might be
expected with inoculations being done at different time points (Tamgiiney et al.
2008). As such, it is important to be cautious when interpreting statistically signifi-
cant differences in modestly changed incubation periods, as the statistical tests
could be considered to be anticonservative. Despite blinding being implemented, it
is challenging to completely eliminate unconscious observer bias, which may artifi-
cially inflate the p-values. For example, once one animal is diagnosed with scrapie
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sickness, there may be a degree of confirmation bias, resulting in hypervigilance of
staff to cage mates for welfare reasons, leading to animals getting diagnosed in a
tight time frame. Taking this together, large effect sizes in incubation period differ-
ences are needed to firmly establish a clear role of a gene candidate in prion disease
pathogenesis, which is ideally supported by other pathological outcome measures
and validated in other experimental models. Prap provides a good example, with
Prnp knockout in mice rendering them resistant to prion disease, preventing the
development of the hallmark features of prion disease at the clinical, biochemical,
or neuropathological level (Biieler et al. 1993; Sailer et al. 1994).

Seeing sizeable differences (>20%) in incubation periods may be challenging
with some gene candidates, with STX6 and GAL3STI modifier genes, for example,
only having modest effects in human prion disease (S7X6 odds ratio (95% CI) = 1.15
(1.05-1.26); GAL3STI odds ratio = 1.11 (1.00-1.23) (Jones et al. 2020)). In this
context, infection with the standard 1% (w/v) prion-infected brain homogenate may
be too strong a dose of prions, overwhelming any modifying effect present. Although
more potent manipulation of gene expression would be hypothesized to translate to
a stronger modulation of the disease outcomes, this is not always the case with fac-
tors such as compensation further complicating matters. One way to potentially
overcome this could be performing a limiting dilution titration of prions into mice
with manipulated expression of the gene candidate, which better mimics the prion
load at the incipient phases of the disease. This experimental setup better addresses
whether gene candidates are working at the conception phase of prion infection,
better capturing phenomena such as spread; however, this remains an acquired para-
digm. If a gene candidate was involved in initial seed formation, which may be
expected for GWAS-identified susceptibility factors, a mouse model that develops
spontaneous disease would need to be employed to definitely explore this initial
disease stage.

Prion infection in mice is proposed to proceed in two distinct mechanistic phases
(Sandberg et al. 2011, 2014). There is an initial exponential increase in infectivity,
which rapidly reaches a plateau marking the end of what is referred to as the “clini-
cally silent” phase 1. This is followed by the second “neurotoxic” phase where
neuropathology becomes established (Sanders et al. 2014). Therefore, the acquired
mouse infection paradigm offers a valuable model to assess the roles of gene candi-
dates in prion propagation (prion titers, PrP5¢ levels) and prion-induced neurotoxic-
ity (biomarkers of neurodegeneration, neuroinflammation, spongiosis, synapse
loss). In this acquired paradigm, disease is initiated by infection with an exogenous
source of prions.

Spontaneous Mouse Models of Prion Disease

There exist many mouse models that are reported to develop spontaneous prion
disease, normally driven by Prnp overexpression and often coupled with disease-
causing mutations in Prnp. These genetically programmed mouse models with
spontaneous PrP misfolding provide a valuable system to explore the impact of dif-
ferent disease-causing mutations in PRNP on pathophysiology as well as providing
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a platform to study the critical molecular determinants of prion initiation by manip-
ulating the levels of gene candidates.

If relevant, conducting studies in a spontaneous model is important as there are
likely important susceptibility differences across different prion subtypes when
assessing different candidate genes. This has been demonstrated through studies
using small molecules with Anle138b, for example, having different effects on sur-
vival in an acquired RML-infected mouse model (Wagner et al. 2013) relative to a
spontaneous paradigm (Qin et al. 2019). The discordance in effects noted between
the infection and spontaneous paradigm across multiple studies underscores the
pathophysiological differences between them and thus the importance of cross-
examination and validation of genetic candidates. However, spontaneous models
that exist have limitations as they either have highly variable readouts of low pene-
trance (Vallabh et al. 2023), making it difficult to power a study to detect subtle
differences with manipulation of a risk gene, or they do not model bona fide prion
disease (reviewed in (Watts and Prusiner 2014)).

In terms of spontaneous paradigms, it is important to first make the distinction
between human and nonhuman PrP mouse models. Practically all attempts to pro-
duce transgenic mouse models for human genetic prion disease using the human
PrP sequence had been unsuccessful with the exception of one recent GSS mouse
model with the A117V mutation (Asante et al. 2020). The latter was deemed the
first “authentic” transgenic model of an inherited human prion disease as it develops
spontaneous disease and exhibits disease-relevant, transmissible PrP assemblies
without being inoculated with any infectious brain tissue. However, whether this
would be an appropriate model to explore the role of gene candidates in pathophysi-
ology is questionable with the <100% attack rate and the variable disease endpoints.

The rest of the successful transgenic mouse models for prion diseases have been
made using the mouse or bank vole PrP sequences or in chimeric mouse/human PrP
molecules, which seem to be more prone to spontaneous misfolding. However,
although these models develop spontaneous disease, they are not a complete model
for human prion disease due to their lack of transmissibility or absence of pathologi-
cal features characteristic of the disease (reviewed in (Watts and Prusiner 2014)).
Furthermore, the physiological and biological relevance of all of these transgenic
lines is questionable given the gross overexpression of PrP as well as the use of
heterologous promoters, which result in PrP expression patterns distinct from its
normal distribution. To combat this, CRISPR-Cas9 technology has been harnessed
to generate PrP knock-in models, although these lack robust endpoints. Indeed, one
therapeutic study using such a model concluded they were unable to rigorously
evaluate the efficacy of the small molecule because none of the selected endpoints
provided a clear, quantitative measure of disease (Vallabh et al. 2023).

There are some robust models of spontaneous prion disease, such as transgenic
mice expressing wild-type and mutant bank vole prion protein (BVPrP), which have
been reported to spontaneously generate transmissible prions and have robust dis-
ease endpoints that occur in a relatively tight time window (Watts et al. 2012, 2016).
Although these mice express an artificial sequence of PrP at levels much higher than
physiological levels, and as such are not the best models of human disease, they
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may be sufficient to address whether candidate genes modify the spontaneous gen-
eration of prions. Notably, transgenic mice expressing BVPrP containing the E200K
mutation (Watts et al. 2016) may be optimal as patients with the E200K mutation
are very similar to sCJD in their clinical presentation, with both types of prion dis-
eases being late-onset and fast-acting.

Taken together, spontaneous mouse models provide a valuable model to evaluate
the impact of manipulation of genetic candidates on prion initiation as well as prion
propagation and neurotoxicity. However, despite their strengths conceptually, the
current spontaneous mouse models available have their limitations, which have
implications for the design of genetic studies exploring the role of risk genes
(Table 10.5). There is thus an unmet need to generate more relevant spontaneous
mouse models of prion disease.

Table 10.5 Strengths and limitations of prion disease mouse models to evaluate new targets with
human genetics evidence

Strengths Limitations

Acquired

Recapitulate all of the neuropathological Typical infecting dose of 1% prion-infected

features of the human disease brain homogenate may overwhelm the effects of
candidate genes

Robust clinical endpoints with little Observer/confirmation bias in the clinical

variability endpoints—anticonservative statistics

Same core disease process—initiator Acquired model of prion disease, thus a different

irrelevant in most therapeutic cases disease initiator than the more common forms of
prion disease

Biochemical signature of human prion Inoculation does not reflect a normal disease

disease initiation and is prone to the experimental
artifact

Inoculation with a limiting dose of prions Effect of gene candidates may not be translatable

allows probing of initial events across paradigms/strains

Inoculation of humanized models with Biosafety concerns when using humanized PrP

human strains increases translational reach mouse models

Spontaneous

Allows study of prion initiation in addition to | Less robust, quantitative endpoints and measures

prion replication/toxicity—relevance for of disease tend to be more variable—harder to

sporadic disease power studies

Directly relevant for inherited prion diseases | Models tend to overexpress PrP or have

if model has a genetic mutation disease-associated mutations—physiological
relevance?

Preferred model system for the study of Questions surrounding the authenticity of the

genetic susceptibility factors spontaneous mouse models available

Emergence of “authentic” spontaneous Generalisability of mutant PrP molecules to

mouse models which produce transmissible | non-genetic forms of the disease

prions
Multiple spontaneous conversion events as
opposed to the prevailing hypothesis of there
being one in sporadic disease
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Conclusions

In conclusion, there are a multitude of different models that can be used to evaluate
new targets in prion disease underpinned by human genetics evidence. The success
of the approach taken largely relies on the disease stage in which the gene candidate
is acting in prion disease. This is not necessarily known a priori but can be inferred
using a functional genetics approach, whereby the levels of the gene candidate are
manipulated and the functional effects examined. However, using STX6 as an exam-
ple, such gross modulation of gene expression typically used in these sorts of stud-
ies far exceeds the magnitude seen in human patients with the risk allele only driving
modest, subtle changes in gene expression. This approach could also be questioned
for PRNP and GAL3ST1, which are not hypothesized to be working through expres-
sion changes.

A famous quote from Howard Skipper, an American oncologist, stated, ““a model
is a lie that helps you see the truth.” Indeed, every model system discussed, whether
it is reductionist or complex, has strengths and limitations. Therefore, using a mul-
tipronged strategy of investigation could be considered the gold-standard approach
if time and resources allow.

Moving from Causal Hypotheses to Therapeutic Strategies

Following the evaluation of candidate genes with human genetic evidence in differ-
ent experimental paradigms, how does one weigh up collectively the evidence and
decide whether it is of therapeutic relevance? There are multiple criteria that should,
or should preferably, be fulfilled (Table 10.6).

PRNP serves as the perfect illustrative example of a candidate gene, underpinned
by both Mendelian and GWAS genetic evidence, which fulfills all of these criteria
and has since been explored in a therapeutic setting. Here, there is a defined mecha-
nism of action with reduced PRNP levels lowering the levels of the substrate for
conversion as well as countering its other proposed roles central to disease patho-
physiology, such as mediating neurotoxicity. There is evidence for a protective
effect across multiple experimental paradigms in vifro (Concha-Marambio et al.
2023), in cell-based systems (Goold et al. 2011; Bhamra et al. 2022) as well as in
prion-infected mice using both genetic (Biieler et al. 1993, 1994; Mallucci et al.
2003; Prusiner et al. 1993; Sailer et al. 1994; Sakaguchi et al. 1995) and pharmaco-
logical strategies (Minikel et al. 2020a; Raymond et al. 2019) to lower its levels.
Studies in prion-infected mice treated with Prnp-targeting ASOs have provided evi-
dence for a protective effect across prion disease stages and strains with a striking
magnitude of benefit (Minikel et al. 2020a). Importantly, it seems that lowering the
levels of PrP is safe with Prnp~~ mice being largely healthy (Biieler et al. 1992)
except for minor and unreproducible phenotypes (Bremer et al. 2010). Considering
any therapeutic strategy will only result in a partial reduction, this would not be
expected to cause a problem with heterozygote knockout animals not exhibiting a
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Table 10.6 Criteria for success in evaluating gene candidates with human genetics evidence for
translational value in prion disease

Criteria Considerations
Evidence across In vitro data does not always translate to the cellular context;
multiple, diverse similarly, reductionist cellular models do not always recapitulate the

experimental paradigms | complex, multicellular environment of an in vivo model incorporating
non-cell autonomous mechanisms

Magnitude of benefit To be therapeutically useful, the approach needs to have a sizeable
magnitude of effect at a disease stage which is meaningful in a clinical
context

Evidence across prion | Builds confidence in the therapeutic value as well as providing

strains suggestive evidence modifying the gene candidate will have
universality across subtypes of prion disease, increasing its
translational reach

Timing of benefit This will inform the relevant target population (at-risk mutation
carriers vs. symptomatic patients), which will heavily depend on the
stage of the disease process the gene candidate is implicated

Candidate gene Tolerability of targeting the candidate gene in vivo is necessary for

“de-risking”: Safety therapeutic translation, which can be guided by phenotypes seen in
knockout animals or examination of human loss-of-function genetic
variation

Mechanism Although not essential, grasping a mechanism of action of the gene

candidate in prion disease pathogenesis will facilitate therapeutic
translation, guiding decisions such as when treatment would be useful

phenotype. Furthermore, inactivating mutations in the PRNP gene in humans in the
heterozygote state seem to be tolerated (Minikel et al. 2016; Minikel et al. 2020b),
further supporting the notion that in the human context, reducing PrP levels will be
tolerated in a therapeutic setting. As such PRNP lowering or blocking is an appeal-
ing therapeutic hypothesis, resulting in it being pursued in a translational setting
using different therapeutic modalities such as PRNP-targeting ASOs (Phase 1/2a
trial employing ION717, NCT06153966) or by employing PrP-targeting antibodies
(Mead et al. 2022).

What about the other GWAS-identified genetic candidates? S7X6 has been the
most followed-up. However, prion infection of Stx6~~ mice with 1% (w/v) RML
prions had no, or minimal, effect on disease incubation times suggesting modulat-
ing its expression has no effect on established disease (Jones et al. 2024). It is there-
fore unlikely that syntaxin-6 reduction would be useful in symptomatic patients.
However, if it is found to be involved in prion initiation, which would support its
identification as a susceptibility factor in GWAS, it cannot be discounted that lower-
ing its levels at a sufficiently early disease stage could delay the emergence of prion
disease, which would be of relevance to the at-risk patient population. However, the
current model systems that exist make this a difficult hypothesis to pursue (see sec-
tion “Strengths and limitations of strategies employed to evaluate new targets with
human genetic evidence”), and, in any case, it does not have the concrete evidence
base as demonstrated with PRNP, which has been extensively de-risked dating back
to the 1990s (Biieler et al. 1992). Although there is suggestive evidence reduction of
syntaxin-6 would be tolerated, with Stx6~~ mice being overtly healthy and with
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evidence from human loss-of-function variation, the susceptibility mechanism
remains to be established making therapeutic translation unlikely in the near future.

A wide range of experimental models have been employed to support both can-
didate selection and target evaluation in prion disease research. Literature-based
hypotheses, transcriptomic profiling, and genetic screening in cellular systems have
guided early discovery efforts, although these models often fall short of faithfully
recapitulating the complexity of human disease. More sophisticated animal models,
both acquired and spontaneous, have enabled the evaluation of candidate genes in
the context of prion propagation and neurotoxicity, particularly capturing non-cell
autonomous mechanisms and cell-type specific contributions, such as those involv-
ing glial cells. In vitro systems like PMCA and cell-based propagation assays have
further provided rapid, reductionist platforms for mechanistic testing, though with
limitations in modeling initiation and human relevance.

Taken together, the genetically inspired targets have been hugely influential in
the prion disease field. Among them, PRNP stands out as a genetically validated
drug target supported by both Mendelian and GWAS evidence and is now being
pursued in clinical trials. Meanwhile, the identification of additional GWAS risk
loci, such as STX6 and GAL3ST1, has advanced our understanding of novel patho-
genic pathways in human prion disease. The next critical step is to develop a more
granular, mechanistic understanding of how these susceptibility loci confer risk, and
to perform higher-powered genome sequencing studies across diverse prion disease
subtypes. These efforts will be key to unlocking new translational opportunities and
expanding the therapeutic landscape for these currently untreatable conditions.
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Chapter 11 )
Advancing Prion Diagnostics: RT-QulC e
Applications in Peripheral Tissues

Merve Begiim Bacinoglu, Giuseppe Bufano, Federico Angelo Cazzaniga,
Gianluigi Zanusso, Giuseppe Legname, and Fabio Moda

Abstract Prion diseases (PrDs) are fatal neurodegenerative disorders characterized
by the accumulation of misfolded prion protein (PrP5) in the central nervous system
(CNS). This pathological isoform of the cellular prion protein drives disease patho-
genesis through its unique ability to propagate itself via a template-directed mis-
folding mechanism. The definite diagnosis of PrDs relies on the detection of PrPS¢
in the CNS by invasive procedures or postmortem examination, limiting early detec-
tion and antemortem diagnostic investigations. Real-time quaking-induced conver-
sion (RT-QulC) has emerged as a revolutionary diagnostic tool, allowing
ultrasensitive detection of PrP% in cerebrospinal fluid (CSF) and other easily acces-
sible tissues, including the olfactory mucosa, skin, and, more recently, tears. This
assay exploits the autocatalytic amplification of misfolded prions, providing high
sensitivity and specificity in the detection of peripheral PrPS. This chapter explores
the advancements and applications of RT-QulC in diagnosing human PrDs.
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Human Prion Diseases

Prion diseases (PrDs), also known as transmissible spongiform encephalopathies
(TSEs), are a group of rare, rapidly progressive, fatal, and transmissible neurode-
generative disorders that affect both humans and animals (Aguzzi and Heppner
2000). Despite their highly heterogeneous nature, both clinically and neuropatho-
logically, PrDs share common characteristics such as a long incubation period, very
short clinical course, spongiform changes, and most importantly, the deposition of
a disease-associated transmissible agent in the CNS (Prusiner 1998; Knight and
Collins 2001). This agent, known as prion (PrP5¢), is the abnormally folded form of
the physiological cellular prion protein (PrP®). The pathological and infectious fea-
tures of the disease originate from the conformational conversion (misfolding) of
PrPC into PrP% (Stahl and Prusiner 1991). PrPC is a glycophosphatidylinositol
(GPI)-anchored glycoprotein highly expressed in the CNS, whose function is still
yet to be elucidated (Stahl et al. 1987; Castle and Gill 2017). It is encoded by the
PRNP gene, and once synthesized, undergoes a series of crucial post-translational
modifications. These include the addition of a GPI anchor to its C-terminus, the
formation of a disulfide bridge between two C-terminal cysteine residues (Cys179-
Cys214), and the N-linked glycosylation of asparagine residues (Asn181-Asn197)
(Turk et al. 1988; Dear et al. 2007). The different degrees of PrP¢ glycosylation
result in the formation of three distinct isoforms of the protein: diglycosylated,
monoglycosylated, and unglycosylated (Oesch et al. 1985; Haraguchi et al. 1989;
Hill et al. 2006). PrP€ is characterized by an abundance of a-helices structures, a
short antiparallel B-strand in the C-terminal, solubility in detergents, and sensitivity
to proteolytic digestion with proteinase K (PK) (Caughey et al. 1989; Rudd et al.
1999; Wiithrich and Riek 2001; Bate et al. 2016). In contrast, PrP% has higher
amounts of B-sheet structures, which confer reduced solubility in mild detergents
and partial resistance to proteolytic digestion with PK (Stahl and Prusiner 1991).
This resistance leads to the generation of a 141 amino acids long core, PrP™, show-
ing truncated fragments of the di-, mono- and unglycosylated PrP% that can be
observed via biochemical analyses, particularly via Western blot (Wb) (Oesch et al.
1985; Haraguchi et al. 1989; Hill et al. 2006).

The initial mechanism of PrP5¢ formation is still unknown, however, the spread-
ing of prions is dependent on the presence of their native form (Morales et al. 2007).
Studies have demonstrated that infecting PrP¢ knock-out mice with prions does not
induce PrP%¢ spreading and disease progression, whereas, in the presence of the
native protein, PrP5 can act as a template for conversion and spreading (Biieler
et al. 1992). This spreading is sustained by an autocatalytic mechanism, as PrP5¢
oligomers incorporate and convert other PrP® monomers, leading to the growth in
size and eventually generating fibrils (Scheckel and Aguzzi 2018). These fibrils
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fragment, creating new sites for further recruitment and conversion of PrP¢ mono-
mers, amplify the reaction and lead to their accumulation (Prusiner 1991; Jarrett and
Lansbury 1992; Kupfer et al. 2009). Interestingly, PrP% can also acquire different
conformations, referred to as “strains” (Caughey 2003). Strains can significantly
impact the characteristics of PrDs, shaping clinical symptoms and neuropathologi-
cal changes, particularly the patterns of PrP5¢ deposition in the brain (Bruce 2003).
Particularly, PrDs can be classified according to the affected species, means of
transmission (e.g., sporadic, genetic, acquired), clinical symptoms, the PRNP gene
polymorphisms, and PrP% isoforms (Parchi et al. 1997, 2000). A brief overview of
the genetic, sporadic, and acquired forms of PrDs is provided in the paragraphs
below (Collinge 2001).

Sporadic Human PrDs

Sporadic PrDs (sPrDs) include Creutzfeldt—Jakob disease (sCJD), fatal insomnia
(sFI), and variably protease-sensitive prionopathy (VPSPr). sCJD is the most com-
mon human PrDs, accounting for 85% of all cases (Watson et al. 2022). Currently,
sCJD is further classified into six major clinicopathological phenotypes that corre-
late with the polymorphism methionine (M) or valine (V) at codon 129 of the PRNP
gene and the biochemical properties of PrP%, resulting in two “PrP5¢ types” follow-
ing PK digestion. Based on (1) the presence of either M or V at codon 129 and (2)
PrP5 type corresponding to type 1 (unglycosylated PrP band migrating at 21 kDa)
and type 2 (unglycosylated PrP band migrating at 19 kDa) PrP5¢, sCJD can be clas-
sified into MM1, MM2, MV 1, MV2, VV1, or VV2 (Parchi et al. 1999). Additionally,
the MM2 subtype is even further divided following its histopathological features:
MM2-cortical, mainly affecting the cerebral cortex, or MM2-thalamic, mainly
affecting the thalamus, also known as the sFI (Moda et al. 2012; Chen et al. 2023).
The most recently recognized sporadic PrDs is VPSPr, a disease that shows peculiar
properties of the aggregates, revealing, after Wb analysis, a distinctive ladder-like
profile of at least 5 PK-resistant fragments in the 7-26 kDa range, which indicates
a minimal or complete lack of the di-glycosylated form (Zou et al. 2010).

Genetic Human PrDs

Genetic PrDs (gPrDs) are caused by pathogenic variations in the PRNP gene, inher-
ited in an autosomal dominant pattern. To date, more than 60 different mutations
have been described, including missense mutations, insertions or deletions of an
octapeptide region of the N-terminal domain, and nonsense mutations (Appleby
et al. 2022). The gPrDs account for approximately 10-15% of PrDs, and the most
common mutations include the E200K, D178N, V210I, and P102L with variable
penetrance (Kovécs et al. 2005; Minikel et al. 2016). The incidence differs across
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countries, and the frequency of these mutations can vary between different popula-
tions. The three main phenotypes are genetic CJD (gCJD), fatal familial insomnia
(FFI), and Gerstmann-Straussler-Scheinker syndrome (GSS). gCJD clinicopatho-
logical features closely resemble those of the SCJD, with the E200K mutation being
the most common genetic cause. Interestingly, the disease-causing mutations cor-
relate with distinct symptoms, age of onset, and disease duration and can be influ-
enced by the M/V polymorphism at codon 129 (Mead 2006). The influence of
polymorphism at codon 129 on disease phenotype is particularly important in the
case of D178N mutation; depending on whether codon 129 encodes V or M, sub-
jects with D178N mutation are associated with either gCJD or FFI (Goldfarb et al.
1992; Baiardi et al. 2021). FFI represents the genetic counterpart of sFI, with the
differential diagnosis primarily based on genetic testing. The GSS is the first gPrDs
linked to a PRNP mutation and is most commonly associated with the P102L muta-
tion (Hsiao et al. 1989).

Acquired Human PrDs

Acquired PrDs differ from sporadic and genetic forms through their external mode
of transmission, including iatrogenic CJD (iCJD), variant CJD (vCJD), and Kuru.
The iCJD stems from human-to-human transmission through medical operations,
and the first recognized case was linked to corneal transplants (Duffy et al. 1974;
Bonda et al. 2016). Since then, two main sources of iCJD have been acknowledged
with over 500 cases worldwide: human growth hormone treatment and human dura-
mater graft from undiagnosed CJD cadavers, causing an epidemic peak in 1995 and
1997, respectively (Brown et al. 2012). Although iCJD cases are almost extin-
guished, individuals are still diagnosed with iCJD due to the abnormally extended
incubation time, and factors like patients’ age at the time of the operation, route of
infection, and genetic background all contribute to this variability in disease onset
and progression. On the other hand, vCJD is caused by the consumption of contami-
nated food derived from animals infected with bovine spongiform encephalopathy
(BSE) or after receiving blood transfusions from vCJD-affected individuals, occu-
pational exposure to PrDs biological samples, and susceptible subjects were MM at
codon 129 (Trevitt and Singh 2003; Liberski et al. 2019; Brandel et al. 2020).
However, active surveillance of animals has prevented humans from BSE exposure.
Since 2017, no vCJID cases have been reported (except those from occupational
exposure), albeit a single patient of MV at codon 129 was reported as not clinically
distinguishable from sCJD (Mok et al. 2017). Finally, Kuru, the first PrD to be diag-
nosed, is associated with the ritualistic practice of cannibalism among the Fore lin-
guistic group and neighboring communities in Papua New Guinea (Gajdusek and
Zigas 1959). Noteworthy, the biochemical analyses reveal that iCJD, Kuru, and
sCJD are all associated with a predominant monoglycosylated PrP* glycoform
ratio, whereas vCJD and FFI are associated with a predominant diglycosylated
band, underscoring the molecular diversity of PrDs (Parchi et al. 1999; Head et al.
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2004). Given the rapid clinical progression and the transmissible nature, the acquired
PrDs continue to generate widespread public interest and an urgency for early and
accurate diagnosis.

Diagnosis of PrDs

A definite diagnosis of PrDs still requires postmortem biochemical and neuropatho-
logical analysis to detect PrPS aggregates in the CNS (Eraiia et al. 2020). Clinical
diagnosis of PrDs is often challenging as PrDs show high clinical heterogeneity at
disease onset and have variable disease progressions, survival times, and overlap-
ping symptoms with other neurodegenerative diseases (ONDs). Currently, the diag-
nostic criteria for CJD are based on the clinical characteristics combined with
in vivo diagnostic tools, including electroencephalographic findings, brain magnetic
resonance imaging (MRI), and cerebrospinal fluid (CSF) or blood biomarker analy-
ses (National CJD Research & Surveillance Unit, Diagnostic Criteria for
Creutzfeldt-Jakob Disease, published January 2017, https://www.cjd.ed.ac.uk/
sites/default/files/criteria.pdf; Hermann et al. 2018, 2021). From a laboratory per-
spective, the surrogate protein biomarkers 14-3-3 are used to support the clinical
diagnosis of PrDs as well as total tau, phosphorylated tau, and neurofilament light
chain (Abu-Rumeileh et al. 2018). However, these proteins lack the specificity for
PrDs and are frequently used for other neurodegenerative conditions (Lattanzio
et al. 2017). For gPrDs, the genetic analysis of the PRNP gene allows the diagnosis
and categorization; nevertheless, the symptom onset is still unpredictable (Baiardi
et al. 2023). Currently, PrP5 represents the only disease-specific biomarker for
PrDs. The detection of PrP% in peripheral tissues has been the focus of prion
research for decades; however, the conventional techniques struggled to detect PrP5¢
antemortem due to its minute concentrations. In 2001, Soto and colleagues devel-
oped the protein misfolding cyclic amplification (PMCA) technique, which mimics
in vitro the phenomenon of prion conversion that occurs in vivo. PMCA allows the
detection of minute amounts of PrP5¢ (Saborio et al. 2001). This technique involves
incubating a PrPC-enriched substrate, typically brain homogenates (BHs), with sam-
ples that may contain even trace amounts of PrP%. During incubation, PrP% induces
the conversion of PrP¢ into PrP%, leading to its aggregation. A subsequent step of
sonication disrupts aggregates into smaller fragments, promoting further conversion
of PrP¢ to PrP5c. These two steps alternate cyclically, and at the end of the reaction,
the amplified material can be diluted in a new substrate and subjected to further
amplification cycles, referred to as a round of PMCA (Saborio et al. 2001; Cazzaniga
et al. 2020; Giaccone and Moda 2020). After each round, samples are collected and
analyzed by Wb after PK digestion (Castilla et al. 2004). However, a few years later,
a test like PMCA, but easier to handle and not requiring the same biosafety proce-
dures as PMCA, has been developed. This assay is called real-time quaking-induced
conversion (RT-QuIC) and is described below. The operating principle is similar to
that of PMCA but methodologically different.
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The RT-QulC Assay

In 2011, Atarashi and colleagues developed the RT-QuIC as an ultrasensitive assay
for prion detection (Atarashi et al. 2011a, b). The technique has proven its remark-
able utility in clinical applications, and in 2017, RT-QulC analysis of CSF or other
tissues officially entered the guidelines for the diagnosis of sCJD (National CJD
Research & Surveillance Unit, Diagnostic Criteria for Creutzfeldt-Jakob Disease,
published January 2017, https://www.cjd.ed.ac.uk/sites/default/files/criteria.pdf;
Hermann et al. 2018, 2021). In detail, this in vitro technique uses bacterially pro-
duced recombinant PrP¢ (recPrP) as a reaction substrate. For the analysis of human
samples, the first-generation RT-QuIlC (PQ-RT-QulC) employed the full-length
recPrP with the amino acid sequence of human (recHu;,3;)) or hamster (rec-
SHags »31y) (Atarashi et al. 2011b; McGuire et al. 2012). However, it was later
replaced by the second-generation RT-QulC (IQ-RT-QulC), where an N-terminally
truncated recSHag 231, Was used and significantly improved the sensitivity and reli-
ability of the test in detecting PrP5¢ in a variety of human tissue samples (Atarashi
et al. 2011b; McGuire et al. 2012; Orrd et al. 2015; Poleggi et al. 2022). Generally,
the recPrP is diluted in a reaction mix containing salts, a fluorescent dye called
Thioflavin T (ThT), pH stabilizers, and occasionally detergents to maintain protein
stability and enhance the assay sensitivity (Orrd et al. 2020; Da Silva Correia et al.
2023). When a biological sample containing even minute amounts of PrP5¢ is added
to the reaction mix, it promotes the aggregation of recPrP into amyloid-like struc-
tures (Saborio et al. 2001). This aggregation process, driven by the misfolding of
recPrP, is monitored in real-time using ThT. ThT binds into amyloid aggregates,
emitting a fluorescent signal that correlates with the formation of fibrils. The reac-
tion occurs in cyclic incubation steps with intermittent shaking to favor the interac-
tion between the PrP% and recPrP (Schmitz et al. 2016). Samples are tested in
96-well plates, at least in quadruplicate, alongside positive and negative controls, at
a controlled temperature. The assay is performed in a dedicated microplate reader.
Fluorescence values are recorded in real-time at regular intervals (typically every
15 min) and then plotted on a graph, with time represented on the x-axis and fluo-
rescence values on the y-axis. The graph displays the mean fluorescence values of
the four replicates, resulting in a sigmoidal-shaped curve that shows three distinct
phases: (1) a lag phase where the PrP5 starts to interact with recPrP, initiating the
misfolding process (no/very low fluorescence emission); (2) an exponential growth
phase where misfolded recPrP aggregates into oligomers and small fibrils (rapid
fluorescence emission); and (3) a plateau phase where most of recPrP is aggregated
into fibrils (maximum ThT fluorescence) (McGuire et al. 2012; Rossi et al. 2020).
The technology is exceptionally sensitive, capable of detecting PrPS° at concentra-
tions as low as attograms within a short timeframe (Erafia et al. 2020). Over the
years, various forms of recPrP, including those with human, bank vole, and chimeric
sheep-hamster amino acid sequences, have been tested. However, compared to the
hamster protein, all showed a tendency toward self-aggregation, making the inter-
pretation of the results more challenging (Cramm et al. 2016; Mok et al. 2021). Due
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to its versatility, reliability, and robustness, RT-QuIC is now widely used in special-
ized laboratories worldwide for research, diagnostics, and surveillance. Its applica-
tions extend beyond human prion diseases to include animal prion diseases as well
(Atarashi et al. 2007; Dassanayake et al. 2016; Bistaffa et al. 2019; Haley et al.
2020; Harpaz et al. 2024). As summarized in Table 11.1 and detailed below, studies
involving large cohorts of human control samples have consistently reported speci-
ficities close to 100%. Although false-positive results are extremely rare, some of
the control samples that resulted in positive were not neuropathologically confirmed
cases (Green 2019). In case of false-negative results, a retesting of diluted CSF
samples may be useful to raise the sensitivity of the assay (Fiorini et al. 2020). The
updated diagnostic criteria, which include RT-QuIC analysis of biological samples,
have significantly improved the sensitivity for detecting sCJD while maintaining the
same level of specificity (Watson et al. 2022). Definite diagnosis of PrDs still
requires postmortem examination of the brain. It is important to note that technical
specifications and details regarding the production methods for each recPrP sub-
strate are not always provided (Hermann et al. 2018, 2021). International studies
have demonstrated a high degree of inter-laboratory consistency, indicating that
variations in recPrP production protocols have a minimal impact on the diagnostic
performance of the assay (Cramm et al. 2016; McGuire et al. 2016).

RT-QulC Applications for Peripheral Prion Detection

CSF has long been the primary sample analyzed using RT-QuIC due to its invariable
implication in CNS disorders, and it remains the ideal fluid for excluding treatable
conditions or for confirming the diagnosis in patients with a clinical suspicion of
PrDs (Zanusso et al. 2003). Recent advancements in RT-QuIC have expanded its
application to a variety of peripheral tissues. This shift toward peripheral tissue
samples offers the potential for less invasive diagnostic options and the possibility
of earlier disease detection. Several studies have investigated the use of olfactory
mucosa (OM) and skin biopsies for RT-QulC analysis, motivated by the observed
accumulation of PrP* in the olfactory epithelium and skin tissue of sCJD patients
(Tabaton et al. 2004). More recently, the group led by Inga Zerr showed the ability
to detect PrP5¢ in the tears of patients with PrDs (Schmitz et al. 2023). The following
sections will provide an overview of the current RT-QulC applications, their limita-
tions, and the challenges that remain, organized by tissue type.

Cerebrospinal Fluid

In 2011, PQ-RT-QuIC was optimized to reliably detect PrP% in CSF (PQ-CSF) from
various PrDs patients, using the recHu; 231, as the reaction substrates (Atarashi
et al. 2011a; Hermann et al. 2021). In the pilot study, CSF samples from two
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international cohorts including 18 confirmed cases of CJD and 35 controls with
ONDs were tested, achieving a remarkable sensitivity of 83.3% and a specificity of
100% (Atarashi et al. 201 1a). To validate the reliability of the assay, a blinded study
was performed using CSF samples from 16 confirmed cases, 25 probable cases of
CJD, and 144 cases of ONDs from Japan and Australia. None of the samples from
OND patients tested positive, further demonstrating the robustness of the assay,
with a sensitivity once again exceeding 80% (Atarashi et al. 2011b). A year later,
McGuire and colleagues performed RT-QulC assays using the recSHag; 531y. As in
the earlier study, an exploratory and a confirmatory cohort were analyzed, compris-
ing a total of 123 neuropathologically confirmed sCJD cases and 103 controls. The
modified assay detected PrP5¢ in 109 of the 123 CSF samples, achieving an improved
sensitivity of 89% while obtaining a specificity of 99% (McGuire et al. 2012).
Intriguingly, when PQ-CSF was applied to a cohort of gPrDs (n = 56) for the first
time, Sano and colleagues reported high sensitivities for GSS (78%), FFI (100%),
gCJID-E200K (87%), and gCIJD-V2031I (100%), including a control sample, yield-
ing a specificity of 100% (Sano et al. 2013). Subsequent studies further confirmed
the feasibility of using both full-length recHu; »31y and recSHa; 531y in RT-QulIC
assays. Between 2014 and 2017, multiple research groups reported sensitivities
ranging from 73% to 77% and specificities of 100% across different cohorts of
patients with sCJD (n = 222 in total) and non-sCJD controls (n = 210 in total), as
indicated in Table 11.1 (Orru et al. 2014; Park et al. 2016; Groveman et al. 2017).
Notably, within these cohorts, two samples initially classified as positive were later
identified as cases of gCJD caused by E200K mutation in the PRNP gene (gCJD-
E200K). Additionally, one patient with gCJD-V180I and another with GSS syn-
drome consistently yielded negative results. In the same period, Lattanzio and
colleagues analyzed 700 CSF samples, including definite, probable, and possible
cases of CJD, as well as 46 cases of gCJD. At the chosen threshold, the sCJD results
indicated a promising diagnostic utility, obtaining similar sensitivities for definite
sCJID (82.7%), probable sCJD (79.4%), and possible sCID (75.9%). Additionally,
the results for definite gCJD resulted in 91.3% positivity, and notably, for the first
time, one definite case of VPSPr was included, which tested negative. This study
also showed that the sensitivity of PQ-CSF is unaffected by the PRNP codon 129
genotype alone but decreases in MM2 and VV2 subtypes when combined with the
PrP glycotype (Lattanzio et al. 2017). Reaction kinetics, including lag phase and
fluorescence intensity, were indicated to be consistent across sCJD subtypes, sup-
porting earlier findings that the assay kinetics do not vary significantly among sub-
types, except for faster reactions in MM1 compared to MV 1 and VV1 (Cramm et al.
2016). Although the PQ-CSF protocol represented a major advancement, its sensi-
tivity and reliability were not without limitations, triggering the development of the
mentioned “second generation,” also referred to as IQ-CSF assays, which demon-
strated faster results and an improved sensitivity (94%) for CJID compared to
PQ-CSF (73%), while maintaining the high specificity (Groveman et al. 2017).
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Further studies confirmed these findings, showing that the optimized protocol was
able to identify 81% of definite CJD cases that had previously tested negative by
PQ-CSF. Interestingly, the IQ-CSF also allowed the detection of PrP% in rare PrDs
phenotypes, including VPSPr (100% sensitivity) (Franceschini et al. 2017).
Similarly, Foutz and colleagues obtained high sensitivity and specificity in a large
retrospective (92% and 98.5%, respectively) and prospective (95% and 100%,
respectively) analysis of sCJD samples (Foutz et al. 2017). This study also revealed
that the sensitivity varied according to the sCJD subtype, with the MM 1, MV1, and
VV2 subtypes having sensitivities of 96%, 100%, and 100%, respectively, while the
VVI1 and MM2-cortical subtypes exhibited lower sensitivities of 75% and 71%.
Additionally, the study achieved a 95% probability of distinguishing aggressive
MMI1 forms from slower-progressing MM?2 and an 80% probability of differentiat-
ing aggressive VV2 from slower-progressing VV1 by integrating IQ-CSF analyses
findings with PRNP gene sequencing (Foutz et al. 2017). Two subsequent studies
confirmed the different efficiency of the IQ-CSF assay in detecting prions across
different sCJD subtypes. Notably, a ring trial specifically validated its reliability in
identifying cases of MM1, MV1, and VV2 subtypes. Compared to PQ-CSF, the
IQ-CSF protocol resulted in low sensitivity in detecting certain PrDs, including
GSS (P102L) and FFI. Instead, the CSF of gCJD subjects associated with either
E200K-129 M or V210I-129 M presented a sensitivity ranging from 81.8% to 100%
(Foutz et al. 2017; Franceschini et al. 2017; Lattanzio et al. 2017). Recently, Vallabh
and colleagues studied 22 subjects with the E200K mutation, and the detection of
PrP5 was possible in the CSF (1-3 years before onset) of three individuals who
subsequently converted to symptomatic and died of PrDs. This suggested, for the
first time, that prion seeding activity in the CSF might be one of the earliest findings
of disease onset in E200K carriers (Vallabh et al. 2024). Since 2016, four studies
have explored two distinctive reaction substrates: (1) the recombinant Syrian ham-
ster (residues 14—128)—sheep (residues 141-234 of the R;s, Q;7; polymorph) chi-
meric PrP and (2) recombinant full-length bank vole PrP (recHaSh and recBv 3531y,
respectively). This also allowed the application of RT-QuIC to a variety of other
PrDs beyond the sCJD and gCJD. In particular, the recHaSh demonstrated optimal
sensitivity for detecting prion in the CSF of patients with acquired PrDs (i.e., iCJD
87.5%) (Llorens et al. 2020), while the recBv(»; 231, was highly susceptible to a wide
range of prion strains, including GSS and FFL. In the case of acquired CJD, the
group led by A. Green described that approximately 67% of patients with iCJD fol-
lowing a cadaveric growth hormone administration were positive for CSF RT-QulIC
(Green 2019). Although the sensitivity of the assay was not as high as that for sCJD,
it still provided valuable diagnostic information for iCJD. For vCJD, PQ-CSF failed
to amplify prions from CSF samples, suggesting that alternative substrates may be
necessary for accurate diagnosis (Orrd et al. 2015). Indeed, a recent work using
recBv(»; »31) has demonstrated the ability to detect prions in vCJID brain tissue, rais-
ing the possibility that further modifications to the RT-QulIC assay may improve its
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utility in diagnosing vCJD and other PrDs using CSF samples (Mok et al. 2021).
These findings demonstrate the significant advancement of sCJD diagnosis across
different PrDs subtypes through RT-QuIC (Watson et al. 2022).

In recent years, several leading research groups in the RT-QulIC field have identi-
fied various pre-analytical factors that can affect assay performance. Specifically,
the concentration of certain components in CSF has been highlighted: (i) elevated
white cell counts (>10 x 10%L) can lead to false-positive results, and (ii) high red
cell counts (>1250 cells/pL) may cause potentially false-negative outcomes.
Additionally, studies using brain homogenate samples have suggested that higher
concentrations of polar lipids can inhibit amyloid formation in the RT-QuIC reac-
tion (Hoover et al. 2017). To address these challenges and minimize the impact of
unknown inhibitory factors, a recent study has proposed a 10X dilution of CSF
samples as a potential solution (Baranovd et al. 2024).

Olfactory Mucosa

PrDs are known to affect specific brain regions, including the olfactory pathways,
due to the neural connection between the olfactory bulb and other brain areas. Early
in disease progression, prion aggregates can accumulate in the OM neuroepithelium
of sCID patients, making it a suitable site to investigate the presence of PrP*
(Zanusso et al. 2003). Driven by these considerations, in 2014, Orrd and colleagues
introduced an optimized version of RT-QuIC for CJD diagnosis, utilizing nasal
brushings to collect samples from the OM neuroepithelium of patients. The OM is
located in the upper nasal cavity and can be accessed using noninvasive methods
like nasal brushings or swabs. In the work of Orrd, a total of 31 OM samples col-
lected from patients with a probable (n = 14) or definite (n = 15) diagnosis of sCJD,
gCJID (n =2), and ONDs (n = 43) used as negative controls were tested. The assay
was performed using recSHa,;_,3; as the reaction substrate, and for the first time, this
test detected the presence of PrP5¢ in 30 out of 31 patients, with a remarkable sensi-
tivity of 97% and 100% specificity, outperforming the traditional CSF testing, as
summarized in Tables 11.1 and 11.2 (Orru et al. 2014). The diagnostic accuracy of
the OM assay was assessed in 2020 by analyzing in parallel CSF (n = 182) and OM
(n = 42) from suspected sCJD patients and from those presenting rapidly progres-
sive dementia (RPD). Among these, 102 patients were then diagnosed with probable
or definite sCJD. Notably, by combining RT-QuIC testing of both CSF and OM
samples, they achieved 100% sensitivity and specificity, highlighting the assay’s
superior diagnostic accuracy in identifying sCJD among patients with RPD (Fiorini
et al. 2020). A similar study was carried out using recSHay, »3; as a substrate, involv-
ing 86 patients with clinical diagnoses of probable, possible, or suspected
sCJD. Again, both CSF and OM samples from patients with sCJD (n = 61), gCJD
(n=6), GSS (n =2), and ONDs (n = 50) were analyzed to compare the assay effi-
ciency (Bongianni et al. 2017). Moreover, they introduced a soft flocked swab for
OM sampling, replacing the previously used brush. This improved the practicality
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of OM collection and achieved a diagnostic sensitivity of 97% and specificity of
100% for sCJD cases. In combination with the results of CSF analyses, the sensitiv-
ity and specificity reached 100%, suggesting once again that combining the RT-QulC
tests of the two biological samples offers a higher and more accurate approach for
the diagnosis of sCJD (Bongianni et al. 2017). In the same year, Moda and col-
leagues tested OM samples collected from two patients carrying the D/78N muta-
tion in the PRNP gene, showing FFI clinical signs from 4 and 10 months at the
moment of OM collection, and 26 OM samples from either patients with ONDs or
healthy controls. For the first time, through RT-QuIC, the detection of PrP% in the
OM of FFI patients was possible, using recBvy, ,3; as substrate. The results were
also confirmed by analyzing the same OM samples with the PMCA technique
(Redaelli et al. 2017). Despite the different substrates used over the years, the
second-generation RT-QuIC has been proven to be the best tool in clinical use for
OM analyses. A 2020 multi-center study involving different laboratories evaluated
the reproducibility of second-generation RT-QulC assays for diagnosing
sCJD. Researchers analyzed CSF with OM brushings from 9 sCJD cases and 19
controls that were initially tested blind by a coordinating laboratory and then sent to
the others. Blinded testing across the six laboratories revealed a 98—100% concor-
dance rate in detecting the presence of prions with RT-QulC in both samples. These
findings indicate that the second-generation RT-QulC assay on CSF samples and on
OM samples is highly transferable, reproducible, and robust for sCJD diagnosis in
clinical practice (Orrd et al. 2020).

Skin

Starting from the pioneering research of Notari and colleagues that describes the
presence of PrP% in skin biopsy from a vCJID patient, the potential of skin biopsies
as biological samples able to induce prion seeding activity with the use of RT-QulC
was investigated (Notari et al. 2010). Researchers collected postmortem specimens
of skin from sCJD (n = 21) and vCID (n = 1) patients and non-CJD individuals
(n =15) as controls. Employing the first-generation RT-QuIC assay, using either the
recSHay; 3, or the recBVy; 53 as reaction substrate, they detected prion seeding
activity in skin samples with a sensitivity and specificity of 100% (Table 11.2), at
levels approximately 1,000-100,000 times lower than in corresponding brain tis-
sues. Furthermore, when skin homogenates from sCJD patients were inoculated
into transgenic mice expressing human PrP¢, all mice developed prion disease
within 564 days, demonstrating the infectivity of the skin-derived prions (Orrd et al.
2017). These findings combined indicated that sCJD skin contains both prion seed-
ing activity and infectivity, raising concerns about the potential iatrogenic transmis-
sion through surgical procedures (Orrt et al. 2017). Later in 2020, Mammana and
colleagues employed the same RT-QuIC assay with the same substrates to analyze
71 skin punch biopsy samples collected from sCJD patients (n = 35), five assessed
ante- and the others postmortem, and non-CJD patients (n = 37) as controls. The
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Table 11.2 Summary of the sensitivities and specificities of RT-QulC assays using peripheral
tissues and fluids for PrDs’ diagnosis

Olfactory
mucosa

Skin

Eye

Tears

Reference

Orra et al.
(2014)

Bongianni
et al.
(2017)
Redaelli
et al.
(2017)
Fiorini

et al.
(2020)
Orr et al.
(2020)
Orru et al.
2017)
Mammana

et al.
(2020)

Zhang
etal.
(2024)

Baranova
et al.
(2024)

Chen et al.
(2024)

Orru et al.
(2018)
Schmitz
et al.
(2023)

Year
2014

2017

2017

2020

2020

2017

2020

2024

2024

2024

2018

2023

Substrate of
reaction

recSHa ;3 231

recSHa gy 231

recBvgo 31

recSHa ;3 231

recSHa g 231
recBv; 3

recSHa; 531
recB V(23-230)

recSHag 231
recBvgy 031

recSHaop 231

recSHagp 231

recSHa 30

recE200K

PrDs (n.
cases)

sCJD (29),
¢CID-
E200K (2)
sCJID (61),
¢CID (6),
GSS (2)
FFI (2)

sCJD (35)

sCID (9)

sCID (21),
vCID (1)
sCID (32),
¢CID (3)

sCJID (225),
¢CID (11),
GSS (3),
iCJD (1),
sFI (1), FFI
(1), VPSPr
3)

sCID (33),
VPSPr (1),
¢CID-
E200K (2),
GSS (2)
sCID (86),
¢CID (13),
FFI (2)
sCJD (11)

sCJID (9),
gCID (4),
mutation
carriers (5)

Controls
(n. cases)
Non-CJD
(43)

CTRL
(50)

OND
(16), HC
(10)
CTRL
@)

CTRL
(19)
Non-CJD
(15)
Non-CJD
37

Non-CJD
%4)

CTRL
(30)

Non-
PrDs (23)

Non-
sCJD (6)
CTRL
(26)

Sensitivity | Specificity

(%) (%)

97.0 100.0
~92.0 100.0
100.0 100.0
91.5 100.0

89.0-100.0 | 95.0-100.0

100.0 100.0
68.6 100.0
88.6 100.0
~90.3 ~98.0
87.3 94.7

89.5 100.0
79.1 95.7

100.0 100.0
84.0 100.0

(continued)
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Table 11.2 (continued)

Substrate of | PrDs (n. Controls | Sensitivity | Specificity
Reference | Year |reaction cases) (n. cases) | (%) (%)
DS Satoh et al. | 2019 | — sCJD (4), - - -
(2019) ¢CJD-
E200K (1),
GSS (1)
PN Baiardi 2019 | recSHa 31y | SCID (12) | Non-CJD | 100.0 100.0
etal. 2

(2019)

PrDs prion diseases, recSHa,»;_,3;, recombinant full-length Syrian hamster prion protein [23-231],
sCJD sporadic Creutzfeldt-Jakob disease, gCJ/D-E200K E200K genetic Creutzfeldt—Jakob dis-
ease, Non-CJD individual/patient not affected by Creutzfeldt—Jakob disease, recSHa,gy »3;) recom-
binant truncated Syrian hamster prion protein [90-231], sCJD sporadic Creutzfeldt—Jakob disease,
gCJD genetic Creutzfeldt-Jakob disease, GSS Gerstmann-Straussler-Scheinker disease, CTRL
control group, recBv g ;). recombinant truncated bank vole prion protein [90-231], FFI fatal
familial insomnia, OND other neurodegenerative disorders, HC health control, recBv ,; 53, recom-
binant full-length bank vole prion protein [23-231], recBv g »3;. recombinant truncated bank vole
prion protein [90-231], vCJD variant Creutzfeldt-Jakob disease, iCJD iatrogenic Creutzfeldt-
Jakob disease, sFI sporadic fatal insomnia, VPSPr variably protease-sensitive prionopathy, Non-
PrDs individual/patient not affected by prion diseases, Non-sCJD individual/patient not affected
by sporadic Creutzfeldt-Jakob disease, recE200K recombinant human prion protein with E200K
mutation, mutation carriers patient with a mutation in the PRNP gene

study reported a sensitivity of 89% and specificity of 100% for the RT-QuIC assay
in diagnosing sCJD, pointing out that skin-based RT-QuIC testing could serve as a
new, reliable, minimally invasive diagnostic tool (Mammana et al. 2020). Zhang
et al., in 2024, performed a large-scale study analyzing a total of 875 skin samples
collected from 339 neuropathologically confirmed PrDs cases across two cohorts,
sampling 2-3 body areas per individual. The RT-QuIC analyses of these skin sam-
ples confirmed that their seeding activity is a viable biomarker for PrDs detection,
with a sensitivity for the first cohort ranging between 87.3% and 91.3% and speci-
ficity between 94.7% and 100%, while in the second cohort a sensitivity and speci-
ficity of 89.4% and 95.5%, respectively. Notably, the sensitivities were
subtype-dependent, the highest being sCJD VV1-2 subtype, followed by VV2,
MV1/2, MV1, MV2, MM1, MM1/2, MM2, and VV1. The effectiveness of skin
seeding activity has therefore proven to be influenced by factors such as the bio-
chemical characteristics of the prion strain, the polymorphism at codon 129 of the
PRNP gene, the specific body area sampled, and the duration of the disease (Zhang
et al. 2024). Similarly, the group of Baranova et al. tried to detect a seeding activity
in matched postmortem CSF and skin samples from PrDs (n = 38) patients and con-
trols (n = 30). Skin sample analysis yielded a sensitivity of 89.5% and a 100% speci-
ficity. Interestingly, the median seeding dose in the skin was an order of magnitude
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higher than in CSF, despite the overall lower fluorescence signals. These results
overall reinforced the idea of using skin biopsy samples in antemortem diagnostics
(Baranova et al. 2024). Ultimately, another study conducted by Chen et al. aimed at
analyzing samples from PrDs (n = 101) and non-PrDs (n = 23) patients and indi-
cated that single-site skin biopsies had a sensitivity comparable to the one obtained
by CSF analysis (79.1%). Combining the analysis of two or more skin biopsy sites,
instead, the diagnostic sensitivity was significantly improved up to 95%, higher than
the one obtained by CSF while maintaining the same specificity. Therefore, a mul-
tisite skin biopsy approach may offer a superior, minimally invasive, and alternative
approach, especially in those cases where CSF analysis is inconclusive or lumbar
puncture is not feasible (Chen et al. 2024).

Other Peripheral Tissues

The possibility of detecting prions in peripheral tissues extended the assay’s appli-
cability to all tissues hypothesized to be important in and/or affected by PrDs patho-
genesis (Table 11.2). In a 2018 study, Orrd and colleagues explored prion
accumulation in the eye using the second-generation RT-QulC assay. This included
a comprehensive range of ocular tissues, including the cornea, lens, ocular fluid,
retina, choroid, sclera, optic nerve, and extraocular muscle. Particularly, the iCID
related to ocular transplantation and the visual or oculomotor symptoms of sCJD
patients underscored a possible preventive and diagnostic utility. Indeed, the
RT-QuIC analyses of postmortem sCJD samples (n = 11) resulted in a remarkable
100% sensitivity and 100% specificity. The prion aggregates were highly visible in
the posterior retina and potentially could be exploited for an early diagnosis (Orru
et al. 2018). In fact, another study in 2023 demonstrated the presence of prions in
tear samples from patients with sCID (n = 9), gCID (n = 4), and asymptomatic
PRNP mutation carriers (n = 5). Even though the cohort included asymptomatic
individuals, the assay resulted in 84% sensitivity for both sporadic and genetic
forms. Additionally, a recombinant human PrP protein with E200K mutation
(recE200K) has been used as the reaction substrate while sustaining a 100% speci-
ficity. As tears are noninvasive and easily collectible fluids, they offer unique advan-
tages for routine diagnostic applications. They require no specialized handling
protocols, can be collected routinely, and can be easily incorporated into large-scale
sample collections (Schmitz et al. 2023). As another possible application of
RT-QuIC, the analyses of postmortem collected digestive system tissues from PrDs
patients revealed significant prion accumulation in non-neuronal organs, including
the liver and kidney. Importantly, the analyses of esophagus samples demonstrated
diagnostic potential, underlining the need to incorporate prion-specific safety mea-
sures into endoscopic procedures (Satoh et al. 2019). In the same year, postmortem
samples from the peripheral nervous system of various PrDs patients provided
insights into the phenotypic diversity of sCJD and its relationship with prion strains.
Findings suggest that peripheral neuropathy in sCJD is influenced by prion strain
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characteristics, with a markedly lower prevalence in the typical MM(V)1 subtype
compared to VV2 and MV2K subtypes (Baiardi et al. 2019). These observations
highlight the complexity of sCJD pathogenesis and its strain-dependent variability,
offering new avenues for understanding and diagnosing PrDs. Last, blood is tested
as a crucial peripheral sample for diagnostic testing due to its noninvasive nature, its
suitability for large-scale screening within healthcare systems, and its potential role
in preventing secondary transmission of diseases due to blood transfusions.
However, despite its promise, RT-QulC analyses of blood samples from PrDs
patients remain a significant challenge. In 2011, the RT-QuIC assay was integrated
with immunoprecipitation, creating the enhanced QulC (eQulC) assay to facilitate
the capture of prions from blood samples of sCJD patients. While eQulC demon-
strated remarkable sensitivity in detecting vCJD brain-derived spikes in human
plasma (Orru et al. 2011), it faced limitations in identifying prions in blood samples
from patients with sPrDs (Nonaka et al. 2024). Meanwhile, in 2023, Thomas and
colleagues indicated a sensitive detection of prion accumulation in vCJD-spiked
sheep blood up to two years before clinical onset, leveraging iron oxide bead cap-
ture for enhanced sensitivity (Thomas et al. 2023). These findings underscore the
promise of RT-QulIC to sensitively detect prions in blood, even if further optimiza-
tions and testing are needed.

Conclusions

The application of RT-QuIC to peripheral tissues has significantly broadened the
diagnostic landscape for PrDs, providing a highly sensitive and specific tool for the
detection of prion seeding activity outside the CNS. It is important to emphasize
that the inclusion of RT-QuIC in the diagnostic criteria for prion diseases in 2017,
along with the analysis of CSF and OM samples, has significantly improved the
clinical diagnosis of PrDs. This also has profound implications for early diagnosis,
particularly in minimally and noninvasive and antemortem settings, allowing a
deeper understanding of prion accumulations in peripheral tissues and their rele-
vance to disease progression. Despite these achievements, challenges remain in the
standardization of protocols between laboratories and the improvement of sensitiv-
ity for less common prion strains and atypical disease presentations. The research
and diagnostic validation of RT-QuIC for PrDs continues to expand possibilities in
the study of prion-like protein disorders. Notably, this assay has been adapted to
analyze biological samples from patients with common neurodegenerative diseases,
including alpha-synucleinopathies, Alzheimer’s disease, frontotemporal dementia,
and amyotrophic lateral sclerosis, which share similar pathophysiological mecha-
nisms with PrDs (Salvadores et al. 2014; Saijo et al. 2017, 2019, 2020; Bongianni
et al. 2019, 2022; De Luca et al. 2019; Metrick et al. 2020; Scialo et al. 2020; Perra
etal. 2021; Bargar etal. 2021; Coysh and Mead 2022; Bellomo et al. 2022; D’ Andrea
et al. 2023; Concha-Marambio et al. 2023; Kuzkina et al. 2023; Okuzumi et al.
2023; Vascellari et al. 2023; Brockmann et al. 2024; Fontana et al. 2024; Dellarole
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et al. 2024; Ma et al. 2024). Further optimization of the RT-QuIC technique holds
the potential to enhance diagnostic accuracy while deepening our understanding of
the pathophysiology of both PrDs and prion-like proteinopathies. These advance-
ments will not only improve patient care and support the development of therapeutic
interventions, but will also be crucial for disease monitoring, particularly in the
context of pharmacological treatments. This progress is especially important for
emerging pharmacological trials, including the PrProfile trial by IONIS (https://
cjdisa.com/clinical-trial-update-for-prion-diseases/), where precise patient stratifi-
cation plays a critical role in selecting suitable participants and maximizing the
effectiveness of these studies.
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Chapter 12 )
Detecting the Undetectable: Exploring e
the Diagnostic Potential of Protein

Misfolding Cyclic Amplification in Human
Prion Diseases

Federico Angelo Cazzaniga, Giuseppe Bufano, Floriana Bellandi,
Merve Begiim Bacinoglu, and Fabio Moda

Abstract Prion diseases (PrDs) are devastating and fatal conditions characterized
by the accumulation of the misfolded prion protein (PrP%) in the central nervous
system (CNS). Definitive diagnosis of PrDs relies on the detection of prions in CNS
tissues collected postmortem. The advent of a highly sensitive cell-free amplifica-
tion technique, named protein misfolding cyclic amplification (PMCA), has revolu-
tionized this field. It has revealed trace amounts of prions in various tissues,
including cerebrospinal fluid, urine, blood, and olfactory mucosa of patients with
different forms of PrDs. PMCA mirrors in vitro the pathological process of protein
misfolding and aggregation, which occurs in vivo but in a significantly accelerated
manner. For this reason, this technology is currently used in specialized laboratories
to support research and diagnostic activities in human and animal PrDs. This chap-
ter highlights the latest advances and applications of PMCA in the diagnosis of
human PrDs.
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Human Prion Diseases

Prion diseases (PrDs), or transmissible spongiform encephalopathies (TSE), com-
prise a group of progressive, lethal, and transmissible neurodegenerative conditions
that affect both humans and animals (Prusiner 1998b; Knight and Collins 2001).
Scrapie is the most common PrD in sheep and goats (Collinge 2001). Since its dis-
covery, scientists have been puzzled by the precise nature of this pathological agent.
Various hypotheses ranged from a self-replicating membrane to retrovirus-like ele-
ments, but none provided definitive explanations (Legname and Moda 2017). Its
remarkable resistance to agents capable of destroying nucleic acids, such as ultra-
violet and ionizing radiation, led researchers to consider the possibility that it lacks
nucleic acids and may instead be a self-replicating protein (Alper et al. 1967;
Griffith 1967). It was eventually understood that the infectious agent is a protein
with an abnormal conformation, resulting from a conformational change in the nor-
mal prion protein (PrP®). In 1982, Prusiner S.B. coined the term “prion” to refer to
this abnormally folded protein (PrP5), which stands for proteinaceous infectious
particle, and received the Nobel Prize (Prusiner 1998c; Prusiner 1998a). Human
PrDs can be classified as genetic, acquired, and sporadic, with an overall incidence
of 1-2 cases per million (Gao et al. 2024). Regardless of the classification, they are
mainly characterized by the presence of PrP% aggregates in the central nervous
system (CNS) (Bruce et al. 1997). Sporadic Creutzfeldt—Jakob disease (sCJD) is the
most common form of human PrDs, and its underlying causes remain unknown
(Gambetti et al. 2003; Ladogana et al. 2005). Genetic prion diseases (gPrDs) arise
from mutations in the PRNP gene and include genetic Creutzfeldt—Jakob disease
(gCJID), fatal familial insomnia (FFI), and Gerstmann—Straussler—Scheinker syn-
drome (GSS) (Collinge 2001). Acquired prion diseases (1% of all prion cases) result
from the transmission of PrPS¢ between hosts through exposure to contaminated
tissue, medical procedures, or consumption of infected materials. Kuru was the first
human-acquired PrD described, transmitted through ritualistic cannibalism. The
variant form of Creutzfeldt—Jakob disease (vCJID) is another well-known acquired
PrD, transmitted to humans through the consumption of food from cattle affected by
bovine spongiform encephalopathy (BSE) (Lee et al. 2013).

Differences Between PrP¢ and PrP5¢

The prion protein (PrP) is recognized as the primary etiological determinant of PrDs
(Prusiner 1998a, c). As previously mentioned, PrP exists in two distinct forms: the
normal or cellular form, known as PrPC, and the disease-associated form, known as
PrPSc. PrP€ is a glycophosphatidylinositol-anchored glycoprotein (Stahl et al. 1987),
encoded by the PRNP gene located on chromosome 20 in humans (Castle and Gill
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2017). It is conserved across species (Wiithrich and Riek 2001). PrP€ is involved in
several functions, including synaptic activity, neurite elongation and synapse devel-
opment, metal metabolism, anti-apoptotic mechanisms, and protection of cells from
oxidative stress (Castle and Gill 2017; Miranzadeh Mahabadi and Taghibiglou
2020; Panes et al. 2021). The protein undergoes three significant post-translational
modifications: (i) the addition of a glycophosphatidylinositol (GPI) anchor, (ii) the
formation of a disulfide bond between cysteines at residues 179 and 214, and (iii)
N-linked glycosylation at asparagine (Asn) residues at positions 181 and 197 (Dear
et al. 2007). PrP€ is rich in a-helical structures, is soluble in detergents, and is com-
pletely digested by proteinase K (PK) (Zahn et al. 2000; Dima and Thirumalai 2002;
Zou et al. 2011). In contrast, PrP% is characterized by a higher content of (3-sheet
structures, reduced solubility in detergents, and partial resistance to PK digestion
(Riesner 2003; Yuan et al. 2006; Silva et al. 2015).

After PK digestion and Western blot analysis, a resistant core of 141 amino acids,
referred to as PrP™, is formed, showing the typical diglycosylated, monoglycosyl-
ated, and unglycosylated bands (Oesch et al. 1985; Haraguchi et al. 1989; Hill et al.
2006) (Fig. 12.1a).
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Fig. 12.1 Schematic representation of the biochemical differences between PrP¢ and PrP%. (a)
Western blot analysis of PrP¢ and PrP% after proteinase K (PK) digestion. PK treatment com-
pletely removes the signal of PrPC¢, whereas PrP% is partially digested and the PK-resistant
C-terminal fragment can be visualized: (—) indicates PK-untreated samples, while (+) indicates
PK-treated samples (b) Representation of the PK cleavage sites: PrPS isoforms, namely type 1 and
type 2, are generated after cleavage at glycine (Gly) 82 or serine (Ser) 97, respectively. The ungly-
cosylated band of PrP type 1 migrates at 21 kDa, while that of PrP type 2 migrates at 19 kDa. (c)
The pattern of PK-resistant PrP% isoforms. “Pattern A is defined by the presence of type 1 or type
2 PrPS, with a predominant monoglycosylated band compared to the others. Similarly, “Pattern B”
is defined by the presence of type 1 or type 2 PrP5¢, with a predominant diglycosylated band com-
pared to the others
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Models of PrP5¢ Propagation

One of the distinctive features of PrP%¢ is its ability to interact with PrP¢ and induce
its conversion into PrP%. This interaction initiates an “autocatalytic” cascade of
PrP5¢ conversion, which ultimately results in the aggregation and deposition of PrPS¢
in the CNS (Kupfer et al. 2009). According to the template-assisted conversion
model, the spontaneous conversion of PrP¢ into PrP% is thermodynamically unfa-
vorable. However, PrP5¢ interacts with PrP¢, forming a heterodimer. This helps
facilitate the refolding of PrPC into PrPS¢, overcoming the energetic barrier between
the two states (Prusiner 1991). In contrast, the nucleated polymerization model sug-
gests that PrPC and PrP*° exist in a state of dynamic equilibrium (Jarrett and Lansbury
1992). In this model, PrP% molecules gradually accumulate to form a nucleus,
although this process is energetically unfavorable and slow. The formation of this
nucleus is critical in determining the rate at which prion propagation occurs. These
models, while distinct, may work in combination, each representing different stages
of PrP5¢ propagation.

The Concept of PrP5 Strains

One of the most intriguing aspects of prion pathologies is that PrP5¢ can adopt dif-
ferent aberrant conformations, referred to as prion strains. These strains are respon-
sible for inducing different clinical and neuropathological phenotypes of PrDs,
underscoring their complexity and heterogeneity. A prion strain can be identified
based on (i) clinical features (incubation time, survival time, disease progression),
(ii) distribution of PrPS¢ aggregates in the brain, and (iii) neuropathological changes
(Bruce 2003). Biochemically, prion strains can be characterized by (i) the molecular
weight of the unglycosylated PrP™ band, which migrates at either 21 kDa (PrP type
1, with the N-terminus at glycine 82) or 19 kDa (PrP type 2, with the N-terminus at
serine 97) (Parchi et al. 1997; Parchi et al. 2000) (Fig. 12.1b); (ii) the relative pro-
portions of the glycosylated PrP species, referred to as the glycoform ratio (Khalili-
Shirazi et al. 2005); (iii) the degree of resistance to PK digestion (McKinley et al.
1983); and (iv) the denaturation profile in response to chaotropic agents, such as
guanidine hydrochloride (Peretz et al. 2002). The classification of human prion
strains is based on the combination of PRNP gene polymorphism at codon 129
(which can encode either methionine (129 M) or valine (129 V)) and PrP5¢ type
(type 1 or type 2). This results in at least six distinct molecular subtypes of sCJD:
MM1, MM2, MV1, MV2,VV1, and VV2 (Parchi et al. 1999). In certain cases, type
1 and type 2 PrP% coexist within the same individual (Parchi et al. 2009).
Interestingly, sCJD, iCJD, and Kuru are associated with a PrP™ glycoform ratio
characterized by a predominant monoglycosylated PrPS band “Pattern A” (Parchi
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et al. 1999). In contrast, vCJD and FFI show a distinct glycoform ratio marked by a
predominance of the diglycosylated band, characteristic of “Pattern B” (Collinge
et al. 1996; Head et al. 2004) (Fig. 12.1c¢). In 2008, Gambetti and colleagues identi-
fied a novel human prion disorder, referred to as variably protease-sensitive prion-
opathy (VPSPr). Unlike classical sCJID strains, the PrP™ in VPSPr is less resistant
to PK digestion. On Western blot, VPSPr PrP™ is characterized by a distinctive
ladder-like pattern, marked by a typical fragment migrating at approximately 8 kDa
(Zou et al. 2010).

Protein Misfolding Cyclic Amplification

The protein misfolding cyclic amplification (PMCA) has revolutionized the fields of
PrDs research and diagnosis. Developed by Claudio Soto and colleagues, the tech-
nique is based on the principle of protein misfolding transmission. PMCA replicates
the prion conversion and aggregation process that naturally occurs in vivo but under
controlled in vitro conditions (Saborio et al. 2001). Central to this process is the
ability of PrP%¢ to act as a template, inducing the misfolding of its physiological
counterpart, PrP¢, thereby driving the self-propagating cycle of prion replication.
PMCA consists of two phases that are repeated cyclically:

* [Incubation: this phase lasts approximately 30 min at a controlled temperature.
The biological sample, which contains trace amounts of PrP%, is incubated with
a substrate containing an excess of PrP¢ (see Table 12.1 for an updated list of
reaction substrates). During this phase, PrP% acts as a template, inducing the
misfolding of PrP€ and resulting in the formation of additional PrP5¢ aggregates.

* Sonication: this phase disrupts large PrP5 aggregates into smaller seeds which
promotes the conversion of other PrP¢ into PrP%¢. The sonication lasts for 2040 s
with a variable potency (ranging from 200 to 300 Watts). The Watt-potency is
adjusted by means of a power supply, and the sonication is performed in a special
horn described in detail in Fig. 12.2a.

The incubation and sonication phases are repeated in cycles for 24-48 h, constitut-
ing one round of amplification. Subsequently, an aliquot of the amplified material is
transferred to a freshly prepared substrate and undergoes a new round of amplifica-
tion. Each round allows for the perpetuation of in vitro prion propagation, thereby
enabling the amplification of prion traces present in the biological sample under
analysis. The final reaction products are digested with PK and subjected to Western
blot analysis using anti-PrP antibodies (e.g., 3F4 or 6D11). This confirms whether
prion replication has efficiently occurred following the amplification process (see
Fig. 12.2b).
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Fig. 12.2 Graphic representation of PMCA workflow and equipment. (a) PCR tubes containing
the reaction mix (normal brain homogenate (NBH) + biological samples eventually containing
traces of PrP5°) are inserted in the tube-holder rack, allowing their partial immersion in the water
of the sonicator horn. The horn lid helps to keep the rack in place during the sonication phase. The
horn is placed inside an incubator set at 37 °C, which is attached to a power supply that alternates
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PMCA Applications in Human Prion Disease Diagnosis

At present, there is no reliable method for diagnosing human PrDs before death
(Soto 2004; Zerr 2022). Diagnosis of a probable or possible case relies on a combi-
nation of clinical evaluations, disease progression, cerebrospinal fluid (CSF) bio-
markers, and neuroimaging techniques (Soto 2004). A definitive diagnosis requires
neuropathological analysis of the brain for PrP5¢ detection (Soto 2004; Zerr 2022).
Consequently, most definitive diagnoses for CJD are made postmortem through
autopsy. PMCA has introduced the possibility of identifying the presence of minute
amounts of prions in the peripheral tissues of patients with various forms of PrDs.
Given its high sensitivity and specificity, PMCA is making a significant contribution
to improving the clinical diagnosis of these devastating diseases.

Prion Detection in the Urine

In 2014, Moda et al. reported the first successful detection of prions in the urine of
patients with vCJD using the PMCA technique. In particular, the urine of 14 vCJID,
68 sCJD, 4 gCJID, 50 patients with other neurodegenerative disorders (including
Parkinson’s disease, motor neuron disease, Alzheimer’s disease, progressive
supranuclear palsy, and frontotemporal dementia), 50 patients with nondegenera-
tive neurologic disorders (including multiple sclerosis, cerebrovascular disease,
brain tumors, epilepsy, myeloradiculopathy, autoimmune encephalitis, peripheral
neuropathy, and meningitis), and 52 healthy subjects (HS) underwent PMCA anal-
ysis. The authors successfully detected prions in 13 out of 14 urine samples from
vCJD patients, achieving 100% specificity and an overall sensitivity of 92.9%
(Moda et al. 2014). Using quantitative PMCA (qPMCA), the concentration of pri-
ons in urine was estimated to be 1 x 107!¢ g/mL (3 x 107! mol/mL). The brains of
transgenic mice expressing Hul29M PrP¢ were used as a reaction substrate
(Telling et al. 1994). Notably, the amplified prions preserved the distinctive glyco-
form ratio characteristic of prions formed in the brains of vCJD patients (type 2B
mobility with predominance of the diglycosylated PrP isoform, Fig. 12.1c)
(Collinge et al. 1996). To assess the detectability of PrP% in the urine of vCJD
patients at different clinical stages, two samples from the same patient were col-
lected 117 days apart, both of which tested positive. The later sample contained a
higher concentration of PrP%, as evidenced by its detection requiring fewer rounds

<

Fig. 12.2 (continued) cycles of sonication and incubation. (b) Steps of the PMCA procedure: (1)
the reaction substrate is prepared by homogenizing the normal brain of the selected animal model
(NBH); (2) the biological sample, which might include traces of PrP% is added to the reaction
substrate and several rounds of amplification are performed; (3) all samples are treated with pro-
teinase K (PK) and analyzed by Western blot to assess potential prion amplification; and (4) PrP
signal, characterized by the presence of di-, mono-, and unglycosylated bands, becomes more
intense after each round of amplification
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of PMCA. Prions were not detected in any urine samples from patients with sCJD
or gCJD. These results suggested either that prions were absent in the urine of
patients with these forms of PrDs or that the experimental PMCA protocol selec-
tively amplified the vCJID strain.

To assess whether the amplified PrP5¢ retained its infectious properties, the reac-
tion products were intracerebrally inoculated into transgenic mice expressing
human PrP (Tg40). Notably, animals injected with urine-amplified PrP5 showed
clinical, biochemical, and neuropathological features indistinguishable from those
observed in animals injected with vCJD brain homogenate (Cali et al. 2019). This
highlights the critical importance of handling these materials with extreme caution,
strictly adhering to all biosafety protocols designed for the manipulation of brain
samples from vCJD patients.

Pritzkow and colleagues recently refined the PMCA protocol and optimized the
pre-analytical processing of urine samples to facilitate the detection of prions in the
urine of sCJD patients. To this end, urine samples were collected from 81 sCJD
patients, 94 patients with other neurodegenerative diseases, and 66 HS (Pritzkow
et al. 2023). In particular, urine samples underwent iron oxide magnetic extraction
(IOME) prior to amplification, which was carried out using a modified experimental
protocol. This protocol involved the use of brain homogenates from mice express-
ing Hul29M or Hul29V PrP€, supplemented with 6 mM EDTA, 0.05% digitonin,
0.01% sodium tripolyphosphate, and 100 pg/mL heparin. The adapted PMCA pro-
tocol enabled prion detection in 29/81 sCJD urine samples. The efficiency of ampli-
fication varied across disease subtypes, with sCJD prions detected in the urine of 5
out of 24 MM patients, 0 out of 8 MV1, 3 out of 3 VV1, 0 out of 16 MM2, 5 out
of 11 MV2, and 16 out of 19 VV2 patients. Notably, patients homozygous for valine
at position 129 of the PRNP gene (VV) showed significantly higher sensitivity for
urinary prion detection (see Table 12.1). No prions were detected in control urine
samples, resulting in an overall sensitivity of 36% and specificity of 100%. Overall,
the results suggest that inflammation present in certain patients with specific pheno-
types of sCID might elevate the secretion of PrP% in urine, as demonstrated in ani-
mal models (Seeger et al. 2005).

Prion Detection in the Blood

In 2011, Edgeworth J.A. et al. developed an assay capable of detecting vCJD prions
directly in whole blood samples. The technology leveraged a solid-state binding
matrix to capture and concentrate PrP%, followed by immunodetection of the
surface-bound material. The assay was tested on a cohort of 190 whole blood sam-
ples, including 21 from patients with vCJD, 16 with probable sCJD, 11 with defi-
nite sCJD, 25 with sporadic Alzheimer’s disease, 6 with familial Alzheimer’s
disease, 4 with frontotemporal dementia, 7 with other neurological conditions, and
100 from HS. Notably, the assay identified vCJD samples with a sensitivity of
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71.4% (15/21) and a specificity of 100% (Edgeworth et al. 2011). This assay dem-
onstrated that blood samples could contain infectious prions. The first study show-
ing the potential of PMCA to detect prions in the blood of vCID patients was
published in 2014 by Andreoletti and colleagues. In this work, the authors success-
fully detected vCID prions in blood samples from 3 out of 4 confirmed vCID
patients, with no false positives among 141 HS. A particularly notable aspect of this
study was the choice of ovine PrPC as the reaction substrate. This decision was
based on its superior performance compared to other tested substrates, including
murine, bovine, and human PrP€. This substrate optimization marked a significant
advancement, highlighting the critical role of substrate selection in enhancing the
sensitivity and reliability of PMCA-based diagnostics (Lacroux et al. 2014). In
2016, two research groups published optimized PMCA protocols that further
enhanced the sensitivity and efficiency of prion detection in the blood of vCID
patients. The first protocol was published by the group of Soto (Concha-Marambio
et al. 2016). In this work, blood samples were collected from 14 vCJD patients, 16
sCJD patients, 88 patients with other diseases, and 49 HS. Before analysis, all sam-
ples were treated with sarkosyl and subsequently subjected to high-speed centrifu-
gation to remove all components potentially interfering with PMCA. The brain
homogenates of Hu129M mice were used as reaction substrates, enabling the detec-
tion of prions in all vCJD blood samples analyzed (14/14). No prions were ampli-
fied from any other samples, including those from sCJD patients. The protocol
showed the ability to amplify vCJD prions using an extremely small volume of
whole blood. The second protocol was published in the same year by the group of
Coste (Bougard et al. 2016). In this work, PMCA analyses were performed on
plasma samples pre-treated with plasminogen-coated magnetic nanobeads to cap-
ture PrP%°. Brain homogenates from Hu129M mice were used as reaction substrates,
allowing for the detection of PrP% in plasma from all vCJD patients (18/18) at the
clinical stage of the disease, with 100% sensitivity and specificity, regardless of the
anticoagulant used. The authors also analyzed samples from 238 controls, and none
tested positive for PMCA. Instead, in the cohort of 67 sCJD patients, only one
tested positive. Furthermore, prions were amplified in two plasma samples col-
lected from donors before the onset of vCJD, demonstrating that prions circulate in
the blood during the preclinical stages of the disease (31 and 16 months before
symptoms onset) (see Table 12.1). Given the limited availability of preclinical
vCJD blood samples, nonhuman primates were peripherally infected with macaque-
adapted vCJD prions to test the efficacy of PMCA for preclinical prion detection.
Blood samples were collected longitudinally, and surprisingly, prions were detected
as early as 65 days post-infection. Notably, the levels of PrP5¢ in the blood increased
as the disease progressed (Concha-Marambio et al. 2020).

All these studies have shown that PMCA can detect prions in the blood of vCID
patients, whereas prions have been rarely, if ever, detected in the blood of sCID
patients. Given this distinction, there is a clear need to further optimize PMCA for
the analysis of blood and its products collected from patients with sCJD.
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Prion Detection in the Cerebrospinal Fluid

In 2018, Barria et al. developed a highly sensitive PMCA (hsPMCA) for the detec-
tion of prions in the CSF of patients with vCJD. In particular, CSF samples were
collected from 15 vCJD patients, 6 sCJD patients, and 35 controls (Barria et al.
2018). CSF samples were directly subjected to PMCA analysis without any pre-
treatment. For the reaction substrate, brains from Hul29M mice were used, which
allowed for the detection of PrP%¢ in the CSF of all vCJD patients, achieving 100%
sensitivity and specificity. Interestingly, the authors successfully analyzed the CSF
from the first 129 MV patient diagnosed with vCJD and efficiently detected prions
in the sample (Mok et al. 2017). In the same year, Bougard et al. performed a PMCA
study using a larger number of CSF samples, including 41 vCJID, 23 sCJD, 1 gCJD
case, and 33 controls. The test enabled the detection of vCJD prions with 97.6%
sensitivity (40/41 vCJD samples tested positive). Among the 40 positive cases, the
CSF sample from the first 129 MV vCJD patient was also included and successfully
amplified. None of the sCJD samples tested positive for PMCA (Bougard et al.
2018). Similarly, all controls included in the study tested negative. Therefore, in this
case, the technique specifically amplified vCJD prions. However, in 2021,
Bélondrade et al. achieved the first successful amplification of prions from CSF
samples of sCJD patients, albeit on a very limited number of samples (Bélondrade
et al. 2021) (see Table 12.1). This finding suggests that further optimization of
PMCA protocols could enable more consistent amplification of sCJD prions.
Consequently, reanalysis of previously described fluids using these improved condi-
tions is warranted.

Prion Detection in the Olfactory Mucosa

The olfactory mucosa (OM) can be easily and noninvasively collected, making it a
valuable diagnostic tissue with potential utility in supporting the clinical diagnosis
of human PrDs. In 2017, Redaelli et al. optimized PMCA technology to detect pri-
ons in the OM of FFI patients in the late stages of the disease. In particular, the
group analyzed 28 OM samples collected from 2 patients with FFI, 6 patients with
Alzheimer’s disease, 6 patients with Parkinson’s disease, 4 patients with frontotem-
poral dementia, and 10 HS (Redaelli et al. 2017). The PMCA technique success-
fully amplified PrP5¢ from both FFI samples. In this case, the brain homogenate of
the bank vole carrying the M109 PrP genotype was used as a reaction substrate.
Interestingly, the prions obtained from the amplification of OM samples from FFI
patients showed the same biochemical properties as prions found in the brains of
FFI patients, even though the PMCA reaction substrate was derived from the bank
vole species. Remarkably, the PMCA-generated products were intracerebrally inoc-
ulated in mice genetically modified to express the bank vole PrP¢ with methionine
at codon 109 (BvPrP-Tg407) and caused prion pathology. Inoculated animals
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developed mild spongiform changes, astroglial activation, and prion deposition, pri-
marily in the thalamus, as typically observed in the brains of FFI patients (Bistaffa
et al. 2021). This finding confirms that, as previously described with urine from
vCID patients, the amplified products are infectious. Therefore, appropriate bio-
safety precautions must be implemented when handling this material. In 2022,
Cazzaniga et al. further optimized the PMCA technology for the detection of prions
in the OM of patients with different subtypes of sCIJD (Cazzaniga et al. 2022). In
particular, OM samples were collected from 27 patients with sCJD (MM = 13,
MYV =8, and VV = 6), 2 patients with gCJD (E200K), and 36 patients with other
disorders, including 3 patients with Alzheimer’s disease, 7 patients with Parkinson’s
disease, 7 patients with frontotemporal dementia, 4 patients with multiple system
atrophy, 7 patients with progressive supranuclear palsy, 6 patients with corticobasal
degeneration, and 2 patients with multiple sclerosis. The assay was able to detect
sCJD prions in OM samples with 79.3% sensitivity and 100% specificity. As
observed in the case of sCJD urine, the efficiency of amplification varied across
sCJD subtypes. However, the biochemical properties of the amplified prions did not
facilitate the identification of sCJD subtypes in living patients. The availability of
two distinct biological samples (brain and OM) from the same patient enabled a
direct comparison of the biochemical profiles of prion strains following PMCA
amplification. Notably, PMCA products derived from OM showed reduced resis-
tance to PK digestion compared to those amplified from brain tissue. Interestingly,
in three cases, prions were successfully amplified from OM but not from brain tis-
sue of the same patient, underscoring variations in PMCA efficiency and eventually
prion distribution across different biological substrates and sCJD subtypes
(Cazzaniga et al. 2022) (see Table 12.1).

Quantitative PMCA

To estimate the concentration of very low levels of prions in biological samples, the
group of Soto developed the gPMCA (Chen et al. 2010). The key principle of this
method is the direct correlation between the amount of prions in a sample and the
number of PMCA cycles required to detect them. Briefly, a biological sample with
an unknown prion concentration (to be calculated) is subjected to PMCA, together
with the test samples containing known prion dilutions (properly prepared by the
operator). When prion amplification is observed in the sample of interest, the cor-
responding test dilution that amplifies alongside the sample is verified. This enables
the estimation of the prion concentration in the sample of interest. The gPMCA was
applied to estimate the amount of prions in different biological samples collected
from patients with different PrDs: (i) 1 x 107'% g per mL of prions in urine samples
from patients with vCID (Moda et al. 2014); (ii) 5 x 10~"* g per mL of prions in
plasma and white blood cell (WBC) fractions from patients with vCJD (Concha-
Marambio et al. 2016); (iii) 1 x 10™'* g per mL of prions in OM collected from
patients with FFI (Redaelli et al. 2017); and (iv) from 107" to 102! g of prions in
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0.8 pg of OM samples from patients with sCJD (Cazzaniga et al. 2022). The vari-
ability in these concentrations may be associated with the disease stage and the type
of PrDs, including specific subtypes, as observed in the case of sCJD.

Conclusions and Future Perspectives

Prions are unconventional infectious agents, and their unique nature demands
equally unconventional tools for detection. The PMCA technology addresses this
challenge. The technique is extremely sensitive and capable of detecting even a
single molecule of the infectious agent if present in a biological sample (Sad et al.
2006). Based on the data reported in the literature, PMCA was initially capable of
detecting only the prions responsible for vCJD. However, with continuous optimi-
zations, it is now able to detect prions associated with more common, though still
rare, forms of the disease, such as sCJD. However, while prions amplified from
peripheral tissues of vCJD patients retain their typical biochemical and infectious
properties, those from sCJD patients do not preserve their biochemical characteris-
tics. Preliminary inoculation tests in animal models confirm the infectivity of the
amplified products but reveal atypical pathological properties (Moda F., personal
communication). Further optimization of the technique is necessary to enhance its
sensitivity and its ability to identify sCJD subtypes in living patients. This is espe-
cially important for emerging pharmacological trials, such as the PrProfile trial by
IONIS (https://cjdisa.com/clinical-trial-update-for-prion-diseases/) or others where
accurate patient stratification might be essential for improving participant selection.
Finally, protein misfolding is a process implicated in other proteins associated with
more common neurodegenerative disorders, including Parkinson’s disease, atypical
parkinsonisms, dementia with Lewy bodies, Alzheimer’s disease, frontotemporal
dementia, and amyotrophic lateral sclerosis (Forloni et al. 2002; Cummings 2004;
Parakh and Atkin 2016; Moda et al. 2023; Zampar et al. 2024). As a result, PMCA
is being adapted for use in analyzing biological samples from patients with these
conditions to improve their clinical diagnosis (Salvadores et al. 2014; Saijo et al.
2017; Bongianni et al. 2019; De Luca et al. 2019; Saijo et al. 2019; Saijo et al. 2020;
Metrick et al. 2020; Scialo et al. 2020; Perra et al. 2021; Stefani et al. 2021; Concha-
Marambio et al. 2021; Bargar et al. 2021; Bellomo et al. 2022; Coysh and Mead
2022; Bongianni et al. 2022; D’ Andrea et al. 2023; Concha-Marambio et al. 2023a,
b; Kuzkina et al. 2023; Okuzumi et al. 2023; Vascellari et al. 2023; Brockmann et al.
2024; Fontana et al. 2024; Dellarole et al. 2024; Pilotto et al. 2024; Ma et al. 2024).

Compliance with Ethical Standards The authors declare no competing financial or nonfinancial
interests.
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Abstract Seed amplification assays (SAAs) are highly sensitive and advanced
techniques originally developed for the study and diagnosis of prion diseases.
Thanks to their remarkably high sensitivity and specificity, SAAs are now widely
employed in both research and clinical settings for prion detection, especially in
peripheral tissues of patients with prion disorders. Many neurodegenerative dis-
eases, including Alzheimer’s disease, Parkinson’s disease, dementia with Lewy
bodies, frontotemporal dementia, and amyotrophic lateral sclerosis, show prion-like
mechanisms involving the misfolding and self-propagation of pathological proteins.
As a result, SAAs are being adapted and refined for clinical use to improve the
diagnosis of these conditions. This includes detecting traces of pathological pro-
teins in cerebrospinal fluid as well as in minimally or noninvasively collected sam-
ples, such as blood, urine, skin, and olfactory mucosa. This chapter offers an
overview of the role of SAAs in the clinical diagnosis of neurodegenerative diseases.
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Beyond the Fold: How Protein Misfolding Drives
Neurodegenerative Diseases

Neurodegenerative diseases (NDs) are characterized by the progressive degenera-
tion of neurons in the central nervous system (CNS). These diseases manifest
through a broad spectrum of clinical symptoms, including cognitive, motor, and
behavioral impairments. For instance, Alzheimer’s disease (AD) causes progressive
memory loss, cognitive decline, and impaired executive functions (Saa et al. 2005;
Gold and Budson 2008; Hari et al. 2024). Parkinson’s disease (PD) presents motor
symptoms such as tremors, rigidity, bradykinesia, and postural instability, often
accompanied by nonmotor symptoms such as depression and sleep disturbances,
such as isolated REM sleep behavior disorder (iRBD) (Samii et al. 2004).
Amyotrophic lateral sclerosis (ALS) is characterized by progressive muscle weak-
ness, spasticity, and paralysis, resulting in respiratory failure (Grad et al. 2017).
NDs can result from the interplay of genetic, environmental, and lifestyle factors
(Migliore and Coppede 2009), with risk factors such as aging, oxidative stress, and
inflammation playing crucial roles in their development (Mok et al. 2004; Farooqui
and Farooqui 2009; Fischer and Maier 2015; Musgrove et al. 2019; Hou et al. 2019).
Unfortunately, the exact pathological mechanisms underlying NDs are not yet fully
understood. This lack of understanding affects the accuracy of clinical diagnoses
and limits research for targeted therapies. Thus, developing treatments that target
the molecular causes of these diseases, with the potential to halt or even reverse
their progression, remains an important challenge. Currently, protein misfolding is
widely recognized as a leading cause of NDs (Soto and Pritzkow 2018). Misfolded
proteins are central to the pathology of several NDs, with each disease associated
with distinct protein aggregates. For instance, misfolded prion protein (PrP%) drives
transmissible spongiform encephalopathies, or prion diseases, characterized by
intracerebral accumulation of PrPS¢. Similarly, misfolded a-synuclein (aSyn) under-
lies a-synucleinopathies, a group of disorders that includes PD, multiple system
atrophy (MSA), dementia with Lewy bodies (DLB), and pure autonomic failure
(PAF). Misfolded p-amyloid (Ap) is primarily implicated in AD and cerebral amy-
loid angiopathy (CAA), while misfolded tau is associated with tauopathies, includ-
ing corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), Pick’s
disease (PiD), and AD. Additionally, misfolded TAR DNA-binding protein 43
(TDP-43) is the main pathological feature in frontotemporal lobar degeneration
(FTLD), ALS, and limbic-predominant age-related TDP-43 encephalopathy
(LATE). Protein folding is a tightly regulated process, yet under certain conditions,
it can go awry, particularly when the protein has an intrinsically disordered structure
(Chiti and Dobson 2006). Misfolded proteins can interact with their normally folded
counterparts, promoting them to adopt a similar misfolded conformation. This initi-
ates a self-perpetuating misfolding cascade, enabling them to spread throughout the
CNS, where they aggregate into toxic oligomers and insoluble fibrillary structures.
These species contribute to altering neuronal homeostasis and trigger a cascade of
pathological processes. Misfolded proteins could exist in multiple aberrant
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structures, referred to as strains. Thus, the same protein can acquire different toxic
properties, which can cause either different pathologies (e.g., PD vs. MSA) or even
different phenotypes of the same disease (e.g., parkinsonian (MSA-P) versus cere-
bellar (MSA-C) forms of MSA) (Bousset et al. 2013; Fitzpatrick et al. 2017; Li
et al. 2018; Van der Perren et al. 2020; Yang et al. 2022). Misfolded proteins are
disease-specific markers, making them ideal biomarkers for the diagnosis of NDs.
Their detection in postmortem brain tissue remains necessary for a definitive diag-
nosis. Unfortunately, clinical diagnosis of NDs, particularly in the early stages, is
extremely challenging due to overlapping symptoms and the lack of reliable disease-
specific biomarkers comparable to the misfolded proteins found in the brain. In
recent years, two innovative assays, real-time quaking-induced conversion
(RT-QuIC) (Atarashi et al. 2011) and protein misfolding cyclic amplification
(PMCA) (Sai et al. 2005), have revolutionized the detection of trace amounts of
PrP% in cerebrospinal fluid (CSF) and other accessible peripheral tissues, such as
olfactory mucosa (OM), urine, and blood from patients with prion diseases
(Bongianni et al. 2017; Redaelli et al. 2017; Fiorini et al. 2020; Rhoads et al. 2020;
Bistaffa et al. 2021; Cazzaniga et al. 2022; Watson et al. 2022). Despite method-
ological differences, both techniques rely on the same core principle of protein
amplification through cycles of fragmentation and elongation, significantly advanc-
ing diagnostics and our understanding of prion disease pathophysiology. Given that
aSyn, tau, AP, and TDP-43 exhibit prion-like properties, these assays have been
adapted for broader ND research. To avoid confusion with prion-specific terminol-
ogy, the term seed amplification assays (SAAs) was coined to encompass their
application beyond prion disorders. SAAs now facilitate the detection of misfolded
proteins in easily accessible tissues, improving the diagnostic accuracy of NDs.
While CSF remains the preferred biological sample for NDs’ clinical diagnosis, its
collection is invasive and not easily repeatable. Consequently, SAAs are being
refined for noninvasive samples such as OM, skin, saliva, tears, and blood. Emerging
data suggest that misfolded proteins, once thought detectable only in brain tissue,
can be identified in trace amounts in peripheral tissues, often at early disease stages,
offering critical insights into disease onset and progression.

Prion-Like Mechanisms in Neurodegeneration

Originally discovered for prions, the pathological process of protein misfolding has
also been identified in aSyn, tau, Af, and TDP-43, all of which are implicated in
more common NDs (Tornquist et al. 2018). For this reason, these proteins are con-
sidered prion-like proteins:

e aSyn is a small protein of 14 kDa (140 amino acids) that is encoded by the SNCA
gene. It is abundant in the brain, and while its precise function remains unclear,
it is believed to play a role in synaptic function and neurotransmitter release
(Giasson et al. 2001; Waxman and Giasson 2009; Burré 2015). Structurally,
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aSyn is an intrinsically disordered protein composed of three distinct domains.
The N-terminal domain possesses lipid-binding properties. The central region
contains a highly amyloidogenic domain known as the nonamyloid-f component
(NAC) domain, which is primarily responsible for the protein’s aggregation.
Finally, the largely unstructured C-terminal acidic domain interacts with ions,
proteins, and lipids. The C-terminal domain also plays a role in modulating
membrane binding and protecting aSyn from aggregation (Ma et al. 2003; Farotti
et al. 2020).

e Tau is an intrinsically disordered protein that stabilizes microtubules and regu-
lates axonal transport. It exists in six isoforms in the adult human brain, which
arise from alternative splicing of the MAPT (microtubule-associated protein tau)
gene. These isoforms are classified by the number of microtubule-binding repeat
domains in the C-terminal region:

— 3R tau isoforms contain three microtubule-binding repeats.
— 4R tau isoforms contain four microtubule-binding repeats, with the additional
repeat providing stronger binding to microtubules compared to 3R isoforms.

The balance between 3R and 4R tau isoforms is tightly regulated and critical for
normal neuronal functions.

Misfolded tau undergoes hyperphosphorylation before aggregating into neu-
rofibrillary tangles (NFTs), a hallmark of tauopathies. Primary tauopathies are
characterized by aggregates composed of 3R tau isoforms, as in PiD, or 4R tau
isoforms, as in CBD and PSP. In contrast, AD involves a mixture of 3R and 4R
tau isoforms (Teravskis et al. 2020; Hu et al. 2023).

* AP peptides are generated from the amyloid precursor protein (APP) through
enzymatic cleavage by p-secretase and y-secretase. These peptides contain either
40 or 42 residues (A4 and AP,_4,), and their hydrophobic sequences lead to the
formation of insoluble fibrils and form amyloid plaques. Toxic Ap oligomers can
disrupt neuronal activity at the synapse level. Several factors are involved in the
misfolding and aggregation of AP peptides, including pH, metal ions, and the
presence of other molecules such as chaperones or proteoglycans (Butterfield
et al. 2013; Ono and Watanabe-Nakayama 2021).

* TDP-43 is encoded by TARDBP gene, and it is primarily located in the nucleus,
where it plays roles in RNA metabolism, including transcriptional regulation,
splicing, mRNA stability, and transport. Under pathological conditions, TDP-43
relocates from the nucleus to the cytoplasm, a mislocalization often linked to
cellular stress and dysfunction. In the cytoplasm, TDP-43 undergoes various
post-translational modifications, such as phosphorylation, ubiquitination, and
cleavage, but also other aberrant alterations that can promote its aggregation. The
C-terminal region of TDP-43 is pivotal to its pathological behavior due to its
intrinsically disordered nature, making it highly prone to aggregation. This
region harbors the majority of ALS-associated TARDBP mutations and includes
critical phosphorylation sites, underscoring its central role in pathology (Floare
and Allen 2020; Arseni et al. 2022).
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As with prions, increasing evidence suggests that aSyn, tau, A, and TDP-43
also exhibit distinct strains. These strains can faithfully propagate their misfolded
conformations to normal proteins, ultimately giving rise to and driving the onset and
progression of specific pathologies (Clavaguera et al. 2009; Recasens et al. 2018;
Bastioli et al. 2021).

The Contribution of Extracellular Vesicles to Protein
Misfolding and Disease

To date, the exact mechanisms by which misfolded proteins migrate from one cell
to another remain unclear, though several hypotheses have been proposed to explain
this phenomenon (Marsh 2019; Peng et al. 2020). One plausible mechanism involves
cell-to-cell communication via extracellular vesicles (EVs). These 30-100 nm car-
riers are implicated in the transport of proteins, metabolites, and various nucleic
acids (including DNA, microRNA, and mRNA) (Colvett et al. 2023). EVs can target
proximal structures or travel over long distances, serving as vehicles for the transfer
of specific molecular information between cells (Valadi et al. 2007; Maas et al.
2017; Picca et al. 2022). They have also been implicated in several diseases, includ-
ing cancers (Tai et al. 2018), depression (Xian et al. 2022), viral infections affecting
the nervous system (Sampey et al. 2014), and NDs. Notably, disease-associated
aSyn, AP;_4, tau, and TDP-43 have been detected within EVs. Both neurons and
glial cells actively release EVs into the extracellular space, and these vesicles can
cross the blood-brain barrier, entering the bloodstream (Saint-Pol et al. 2020;
Wiersema et al. 2024), thus facilitating their systemic propagation. The presence of
brain-derived EVs in blood and urine provides a valuable opportunity to study brain
protein content noninvasively. EVs were found to play a key role in
a-synucleinopathies by facilitating the extracellular propagation of aSyn oligomers.
These misfolded proteins have been detected on the surface and inside the lumen of
EVs (Danzer et al. 2012). Notably, the increased exosomal release of aSyn has been
observed in response to elevated intracellular levels of aSyn, suggesting that EV's
may play a role in cellular homeostasis by facilitating the clearance of excess mis-
folded proteins (Putz et al. 2008). Additionally, EVs provide catalytic environments
for the nucleation of aSyn aggregation (Properzi et al. 2015; Porta et al. 2018; Li
et al. 2022; Tamaki et al. 2023). Impaired lysosomal function in PD has been
hypothesized to promote aSyn release via EVs, thereby facilitating its spread to
neighboring cells and contributing to the formation of aSyn inclusions (Alvarez-
Erviti et al. 2011). Remarkably, AP;_4, and tau protein phosphorylated at several
sites (e.g., pT181) were found in neural EVs isolated from the CSF and blood of AD
patients (Pulliam et al. 2019). Additionally, the levels of A oligomers found in EVs
correlated with the extent of amyloid plaque deposition in the brain (Saman et al.
2012; Fiandaca et al. 2015; Goetzl et al. 2016; Wang et al. 2017; Lim et al. 2019; Jia
et al. 2019; Picca et al. 2022). Moreover, higher levels of tau pT181, pS396, and
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Ap,_y, were found in plasma EVs of subjects with mild cognitive impairment (MCI)
who progressed to AD (Winston et al. 2016). Recent findings highlight the critical
role of EVs in tau propagation and its involvement in FTD. Plasma EVs contain
full-length tau, allowing quantification of 3R and 4R tau isoforms. Elevated 3R/4R
tau ratios in plasma EVs correlate with tau-related pathology in behavioral variant
FTD (bvFTD), whereas low ratios are observed in 4R tauopathies like PSP. Another
pathological protein found abundantly in EVs is TDP-43, reflecting its disease-
associated mislocalization from the nucleus to the cytosol. High levels of TDP-43 in
plasma EVs distinguish ALS and bvFTD cases with TDP-43 pathology from con-
trols, and these levels strongly correlate with disease severity and neurodegenera-
tion markers (Chatterjee et al. 2024; Zhao and Huang 2024). For these reasons,
circulating EVs hold promise as biomarkers of impaired cellular quality control
mechanisms, particularly in conditions marked by the accumulation of misfolded
proteins. Utilizing innovative techniques such as SAAs for the analysis of EVs
could enable the detection of misfolded proteins, significantly improving the clini-
cal diagnostic accuracy of various NDs.

SAA: How Does it Work?

SAAs are cutting-edge diagnostic tools that leverage the unique capability of mis-
folded proteins to reliably propagate their abnormal conformations to normal pro-
teins. These assays provide a rapid in vitro reproduction of the misfolding
propagation phenomenon observed in vivo. The reaction substrate typically consists
of recombinant or synthetic proteins, which are placed in the wells of multiwell
plates. Each well contains a reaction mix supplemented with the fluorescent dye
thioflavin T (ThT). The biological sample of interest, such as CSF, OM, urine, skin,
tears, saliva, or blood, is carefully prepared and added to the well. If even trace
amounts of misfolded proteins, referred to as seeds, are present in the biological
sample, they induce the conformational change of the substrate proteins. This trig-
gers the misfolding and aggregation of the substrate proteins into amyloid fibers.
The formation and growth of these fibers are monitored in real time via the ThT dye,
which binds to the amyloid fibrils and emits fluorescence. The intensity of this fluo-
rescence is directly proportional to the quantity of amyloid fibrils forming in the
well. Fluorescence readings are taken at regular intervals (typically every 15 min)
and plotted as a function of time, producing a fluorescence versus time curve (y-axis
and x-axis, respectively). The curves typically show three distinct phases: (1) a lag
phase, during which substrate proteins begin to aggregate slowly, with little to no
fluorescence emission; (2) an exponential growth phase, characterized by rapid
oligomer and small fibril formation, accompanied by a steep increase in fluores-
cence emission; and (3) a plateau phase, where the majority of substrate proteins
have aggregated into fibrils, resulting in maximum ThT fluorescence. When analyz-
ing a biological sample containing misfolded proteins, a rapid increase in amyloid
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Fig. 13.1 Schematic representation of the SAA process. Biological samples and the reaction mix
are added into a multiwell plate, with each sample analyzed in at least triplicate. Samples are sub-
jected to alternate cycles of shaking, which induce the fragmentation of protein aggregates, and
incubation, which promotes protein aggregation (monitored via ThT). The presence of misfolded
proteins (seeds) in the biological samples is indicated by the occurrence of the seeding effect

fiber formation is observed, marked by a shortened lag phase and a steep rise in fluo-
rescence signal intensity. Conversely, in the absence of misfolded proteins in the
biological samples, amyloid fiber formation occurs at a much slower rate due to the
spontaneous self-assembly of the substrate proteins. This acceleration in protein
aggregation, known as the seeding effect, strongly suggests the presence of the mis-
folded protein of interest in the biological sample (Fig. 13.1).

SAA Clinical Applications

The application of SAA in biomarker research has emerged as a crucial tool for
detecting disease-specific misfolded proteins in peripheral tissues. These assays
have been optimized to identify pathological aSyn, tau, Ap, and TDP-43 in various
biological matrices, including CSF, OM, skin, saliva, blood, gastrointestinal (GI)
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biopsies, and submandibular gland (SMQG) tissues, as discussed in the following
sections.

Given its central role in ND diagnostics, CSF has been the primary focus of early
SAA development. Multiple laboratories have independently established protocols
for CSF-based SAA analyses, achieving high sensitivity and specificity, especially
for misfolded aSyn detection. However, the lack of standardized methodologies
complicates inter-study comparisons and undermines the assessment of SAA’s
overall reliability. For biomarkers such as Af, tau, and TDP-43, SAA analysis in
CSF is still in its early stages, with limited data available. Standardizing protocols
across laboratories will be essential to validate CSF-based SAA as a robust diagnos-
tic tool and ensure reproducibility across different cohorts and biological samples.
Despite being minimally invasive, CSF collection is not always feasible for routine
or longitudinal studies, especially in asymptomatic individuals or those undergoing
pharmacological treatment. This limitation has driven interest in alternative bioflu-
ids and tissues that allow repeated, less invasive sampling while maintaining diag-
nostic accuracy. Emerging research suggests that peripheral matrices such as OM,
skin, tears, saliva, and blood could serve as viable substrates for SAA, offering
advantages in patient comfort and longitudinal disease monitoring. To provide a
clearer understanding of the advancements achieved with SAA, the following sec-
tions are organized based on the specific proteins under investigation: aSyn, tau,
AP, and TDP-43.

Detection of Misfolded aSyn

In the field of a-synucleinopathies, SAAs (aSyn-SAA) have undergone significant
development and have yielded encouraging results, positioning these techniques as
promising biomarkers for the clinical diagnosis of these diseases. In 2022, SAA was
incorporated as a supportive biomarker for the diagnosis of MSA, highlighting its
growing clinical relevance (Wenning et al. 2022). Ongoing efforts aim to standard-
ize SAA protocols and expand their application to peripheral tissues, which could
facilitate less invasive diagnostic approaches and longitudinal monitoring of disease
progression. Even more remarkably, aSyn-SAA has recently been incorporated as a
biomarker of non-AD copathology in the updated diagnostic criteria for AD (Jack
et al. 2024). This inclusion highlights the growing recognition of the role of aSyn in
the pathophysiology of AD, alongside traditional hallmark markers such as Af
plaques and tau tangles. In the following paragraphs, we will describe the SAA
applications across various biological tissues.

CSF This biological matrix has been the primary focus of extensive aSyn-SAA
research, with a substantial body of literature highlighting its diagnostic potential.
Most of the research studies are summarized in the following Table 13.1 and show
the high sensitivity and specificity of SAA for detecting misfolded aSyn in the CSF
of patients with PD, DLB, and MSA. In some cases, the biochemical and
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Table 13.1 Summary of aSyn-SAA studies performed on CSF samples. All studies show high
levels of sensitivity and specificity across the various research groups and their respective cohorts

Year of
publication

2016

2017

2018

2019

2020

2021

Reference
Fairfoul et al. (2016)

Shahnawaz et al. (2017)

Groveman et al. (2018)

Kang et al. (2019)

van Rumund et al.
(2019)

Garrido et al. (2019)

Bongianni et al. (2019)

Rossi et al. (2020)

Shahnawaz et al. (2020)

Brockmann et al. (2021)

Orru et al. (2021)

Mammana et al. (2021)

Quadalti et al. (2021)

Donadio et al. (2021)

Participants
PD
DLB
iRBD
HC
PD
DLB
OND
PD
DLB
HC
PD
HC
PD
MSA
DLB
OND
LRRK2-PD
PD
HC
DLB
MSA
HC
PD
DLB
OND

MSA
OND

DLB

DLB

OND

PD

HC

PD + DLB + MSA
OND

Sensitivity

95%
92%
100%

88,5%
100%

92%
94%

96,2%
84%
35%

NA

40%
90%

100%
NA

94,4%
97,1%

93,6%
84,6%

85%
86%

97%

100%
100%

91,4%

78%

Specificity
100%

94-96,9%

100%

82,3%

98%

80%

95,9%

98%

100%

92%

87%

100%

97,1%

100%

(continued)
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Table 13.1 (continued)
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Year of
publication Reference Participants Sensitivity Specificity
Perra et al. (2021) DLB 100% 90,6%
OND
Iranzo et al. (2021) iRBD 90% 90%
HC
Bargar et al. (2021b) PD+ DLB 98% 100%
OND
Russo et al. (2021) PD 86%—96% 97%-100%
HC
Concha-Marambio et al. | PD 96,2%-96,4% | 93,8%-
(2021) HC 96,7%
2022 Poggiolini et al. (2022) | PD 89% 96%
MSA 75%
iRBD 64%
HC
Compta et al. (2022) PD 75%
MSA 12%
OND 89%
HC 100%
Hall et al. (2022) DLB 100% 94%
Non-LB pathology
Bongianni et al. (2022) | PD 92% 99,5%
OND
Arnold et al. (2022) aSyn-pathology 71,2% - 80% | 98,1% -
No aSyn-pathology 88,5%
2023 Concha-Marambio et al. | de novo PD Accuracy: NA
(2023) 98%
iRBD Accuracy:
93%
HC
Iranzo et al. (2023) iRBD 75% 97,50%
HC
Liguori et al. (2023) iRBD 67% 72%
Clinical controls
Siderowf et al. (2023) PD 88% 96%
iRBD 86%
NMC 8%
HC
Pilotto et al. (2023) AD 45% 92,9%
OND
Fernandes Gomes et al. | PD 100% 70,8%
(2023) MSA 92,6%
HC
Middleton et al. (2023) | PD 80,5%-87,3% | 89,5%-
HC 97,2%

(continued)
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Table 13.1 (continued)

Year of
publication Reference Participants Sensitivity Specificity
2024 Bellomo et al. (2024) AD 30% 87%
PD + DLB 87%
HC
Plastini et al. (2024) LB-spectrum 85,92% 85,11-
NC 87,50%
Coughlin et al. (2024) |DLB 72% 96%
HC
Young HC
Samudra et al. (2024) DLB 55,20% 96,30%
HC
Grillo et al. (2024) PD 93,80% NA
LRRK2-PD 77%
GBA-PD 92,30%
Ma et al. (2024) PD 91%
DLB 70%
iRBD 95%
MSA 87%
OND 84%
HC 94%
Dam et al. (2024) PD 93% 99,93%
SNCA-PD 100%
GBA-PD 93%
LRRK2-PD 64%
PRKN-PD 33%
HC
Brown et al. (2024) PPMI-prodromal 55,3% NA
cohort

PD Parkinson’s disease, DLB dementia with Lewy bodies, iRBD isolated REM sleep behavior
disorder, HC healthy controls, OND other neurodegenerative diseases, MSA multiple system atro-
phy, LRRK2-PD PD with LRRK?2 gene mutation, non-LB pathology non-Lewy bodies pathology,
NMC nonmanifesting carriers, AD Alzheimer’s disease, LB-spectrum Lewy bodies pathology
spectrum, NC normal cognition, GBA-PD PD with GBA gene mutation, SNCA-PD PD with SNCA
gene mutation, PRKN-PD PD with PRKN-PD gene mutation, PPMI-Prodromal cohort Parkinson’s
Progression Markers Initiative Prodromal cohort

morphological analysis of SAA end products enabled disease discrimination.
Notably, SAA positivity has been observed even in prodromal subjects, such as
individuals with iRBD, suggesting that misfolded aSyn is already present in the
CSF before the onset of clinical symptoms. Interestingly, SAA positivity for mis-
folded aSyn has also been detected in patients with non-a-synucleinopathies, such
as AD. This highlights the potential of SAA to recognize copathologies, thereby
improving patient stratification. Given the rapid advancements in this field, it is pos-
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sible that some recent studies were not included in our review. We acknowledge this
limitation and sincerely regret any omissions. Readers are encouraged to consult the
latest literature for the most up-to-date findings in this evolving area of research.

OM The idea of exploiting OM samples for aSyn-SAA analyses arises from prom-
ising prion disease studies (Orru et al. 2014; Bongianni et al. 2017; Redaelli et al.
2017; Fiorini et al. 2020). In our 2019 study (De Luca et al. 2019), we were the first
to demonstrate that the OM of patients with PD and MSA tested positive for aSyn-
SAA, revealing a notably higher sensitivity for MSA (82%) compared to PD (52%)
with an overall specificity of 84%. Interestingly, biochemical and morphological
analyses of SAA products generated by PD and MSA samples revealed distinct
properties, allowing for their clear differentiation. Thus, beyond the ability to detect
aSyn in OM, these analyses suggest that the distinct properties of the final SAA
products stem from the fact that PD and MSA are driven by different aSyn strains,
which in turn account for these variations. To further explore their biological impact,
the SAA end products were challenged in cell models, where they elicited distinct
inflammatory properties. This finding further supports the hypothesis that the aSyn
strains present in biological samples may impart specific characteristics to the SAA
reaction substrate (De Luca et al. 2021). Following initial efforts to harmonize OM
analytical protocols for SAA, a preliminary interlaboratory assessment was per-
formed to evaluate the reproducibility of this assay (Bargar et al. 2021a). This study
included samples collected from patients with PD, MSA-P, and MSA-C. The results
showed a 96% interrater agreement, highlighting the robustness and reliability of
SAA in OM samples. Notably, the findings revealed that many MSA-P samples
tested positive, whereas MSA-C samples were predominantly negative, further rein-
forcing the hypothesis that distinct strains of misfolded aSyn may exert divergent
effects when analyzed by SAA. The work of Stefani (Stefani et al. 2021) marked a
significant advancement, as it showed the presence of misfolded aSyn in the OM of
subjects with iRBD, a prodromal stage of PD, DLB, and MSA. The study analyzed
samples from iRBD (n = 63), PD (n =41), and controls (n = 59), finding aSyn-SAA
positivity in 44.4% of iRBD, 46.3% of PD, and only 10.2% of controls, with a high
specificity (89.8%). Notably, iRBD subjects who tested positive had more severe
olfactory dysfunction, reinforcing the link between aSyn aggregation and early dis-
ease manifestations. Perra and collaborators (Perra et al. 2021) further contributed
to the field by analyzing OM and CSF samples collected from patients with proba-
ble or prodromal DLB and other neurodegenerative disorders. OM tested positive
for aSyn-SAA in 38 out of 81 patients and CSF in 19 out of 48. The accuracy of the
test was 86.4% for OM and 93.8% for CSF. The combined analysis of OM and CSF
increased the alignment with the clinical diagnosis, potentially reaching 100%. The
results suggest that OM sampling could be used as an initial screening test for sus-
pected DLB patients, followed by CSF testing for confirmation, especially when
OM results are incongruent with the initial clinical diagnosis. Further supporting
the value of multiple sample analyses, a recent study by Kuzkina and colleagues
(Kuzkina et al. 2023) proposed that combining analyses of different biological sam-
ples could bolster diagnostic precision for a-synucleinopathies. Their study, which
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examined OM and skin biopsies from patients with PD (n =27), iRBD (n = 18), and
controls (n = 30), revealed a lower frequency of misfolded aSyn in the OM com-
pared to skin biopsies. Interestingly, misfolded aSyn was found to be more preva-
lent in the OM of iRBD subjects than in those with PD, providing further evidence
for iRBD as a potential marker of a more aggressive form of a-synucleinopathy. In
a subgroup of PD patients, misfolded aSyn was detectable only in the OM, which
aligns with the emerging hypothesis of the “brain-first” subtype of PD. These find-
ings suggest that incorporating aSyn-SAA analysis of both OM and skin could
greatly improve diagnostic accuracy and patient stratification, offering a promising
approach for better managing a-synucleinopathies. Finally, Bongianni (Bongianni
et al. 2022) investigated the seeding activity in two different nasal regions: agger
nasi (AN) and middle turbinate (MT). OM was collected from PD (n = 66) patients
and controls (n = 29). The results showed that misfolded aSyn was detected more
frequently in AN (84%) than MT (45%), with a lower positivity in non-PD patients
(10%). Immunocytochemistry revealed more olfactory neural cells in AN samples.

Skin Recent studies have investigated the use of skin tissue for detecting mis-
folded aSyn through aSyn-SAA. Immunohistochemical studies have detected
pathological aSyn in skin biopsies, though sensitivity remains a concern. In 2020,
Manne and colleagues (Manne et al. 2020a) employed the aSyn-SAA for ultrasen-
sitive detection of misfolded aSyn in both frozen and formalin-fixed paraffin-
embedded (FFPE) skin tissues. The assay successfully detected misfolded aSyn in
frozen skin samples from neuropathologically confirmed PD cases and controls,
achieving 96% sensitivity and specificity. FFPE samples showed slightly lower
sensitivity (75%) and specificity (83%). A further study used both RT-QulIC and
PMCA to analyze autopsy and biopsy skin samples from neuropathologically con-
firmed cases of PD, DLB, MSA, and controls (Wang et al. 2021). A total of 160
autopsied skin specimens from 140 cadavers and 41 antemortem biopsies were
analyzed. RT-QuIC detected misfolded aSyn in autopsy abdominal skin with 94%
sensitivity and 98% specificity in PD cases. Across synucleinopathies (PD, DLB,
MSA), RT-QulC maintained 93% sensitivity and specificity, while PMCA showed
82% sensitivity and 96% specificity in PD autopsy samples. In biopsies from PD
patients, RT-QulC demonstrated superior performance (95% sensitivity, 100%
specificity) compared to PMCA (80% sensitivity, 90% specificity). In 2021,
Donadio and coworkers investigated the reproducibility of immunofluorescence in
detecting pathological aSyn in skin nerves and compared its diagnostic accuracy
with aSyn-SAA in skin and CSF for distinguishing a-synucleinopathies from non-
a-synucleinopathies. Patients with clinically confirmed a-synucleinopathies (PD,
DLB, and MSA) and non-a-synucleinopathies (AD, PSP, and CBD), along with 24
control patients with peripheral neuropathies, were recruited (Donadio et al. 2021).
Immunofluorescence detected misfolded aSyn with 90% sensitivity and 100%
specificity, while aSyn-SAA achieved 86% sensitivity and 80% specificity. These
findings support the use of skin-based immunofluorescence or aSyn-SAA testing
as viable alternatives to CSF aSyn-SAA for diagnosing a-synucleinopathies. In
2021, Mammana et al. (2021) performed aSyn-SAA analysis of skin samples from
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patients with Lewy body disease, including PD and DLB. Skin punch biopsies were
collected either in vivo (n = 69) or postmortem (n = 49) from DLB patients and
subjects with other neurological conditions enrolled as controls. The analysis
showed that the skin aSyn-SAA distinguished DLB patients with 89.2% sensitivity
and 96.3% specificity. In cervical skin samples, sensitivity reached 94.1%. When
comparing the diagnostic accuracy of skin and CSF samples in 79 patients, both
aSyn-SAA protocols performed similarly (skin: 97.5%, CSF: 98.7%). In the same
year, Kuzkina (Kuzkina et al. 2021) investigated the interrater agreement of aSyn-
SAA analysis of skin samples in two independent laboratories. The assay demon-
strated 88.9% diagnostic accuracy and 92.2% interrater agreement. Increased aSyn
seeding activity was observed in patients with longer disease duration and advanced
disease stage and correlated with nonmotor symptoms such as iRBD, cognitive
impairment, and constipation. In 2023, the same author (Kuzkina et al. 2023) com-
pared the aSyn seeding activity in OM and skin samples, and the results are
described above (see OM section). A remarkable discovery was made by Iranzo
(Iranzo et al. 2023), demonstrating the possibility of detecting seeding activity in
the skin of individuals with iRBD. Particularly, iRBD subjects (n = 91) and age-
matched controls (n = 41) underwent simultaneous skin biopsy and lumbar punc-
ture for aSyn-SAA analysis. The assay demonstrated high diagnostic accuracy in
both skin (sensitivity: 76.9%, specificity: 97.6%) and CSF (sensitivity: 75.0%,
specificity: 97.5%), with 99.2% agreement between sample types. Positive patients
showed a significantly higher likelihood of prodromal PD (p < 0.001) and pre-
sented with hyposmia, dopamine transporter deficits, and orthostatic hypotension.
Another study published by Liguori and colleagues (Liguori et al. 2023) compared
the diagnostic accuracy of immunofluorescence and aSyn-SAA for detecting mis-
folded aSyn in skin and CSF of iRBD subjects. Immunofluorescence showed high
diagnostic accuracy (89%), outperforming aSyn-SAA from the skin (70%) and
CSF (69%) due to the latter’s lower sensitivity and specificity. Despite this, immu-
nofluorescence showed significant agreement with CSF-based aSyn-SAA. These
findings support the evidence that misfolded aSyn can be detected in prodromal
disease stages. Several other studies have been published highlighting the high sen-
sitivity and specificity of aSyn-SAA in detecting misfolded aSyn in skin samples,
reinforcing its potential as a reliable diagnostic tool whenever tissue analysis is
feasible (Donadio et al. 2021; Li et al. 2024). Research groups are actively working
on optimizing aSyn-SAA protocols to improve the sensitivity and specificity of
skin-based assays for detecting misfolded aSyn (Kuang et al. 2024).

Blood Several studies have reported elevated levels of physiological aSyn in the
plasma and serum of PD patients compared to healthy individuals (Lee et al. 2006;
Ding et al. 2017; Chang et al. 2020). Recently, a modified SAA protocol combined
with immunoprecipitation (IP) allowed the efficient detection of misfolded aSyn in
the serum of patients with PD, MSA, DLB, and iRBD (Okuzumi et al. 2023). In
particular, the group coordinated by Hattori developed a modified
immunoprecipitation-based real-time quaking-induced conversion (IP/RT-QuIC)
assay, whose results demonstrated high diagnostic accuracy for differentiating PD
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from controls and MSA from controls in internal cohorts. Furthermore, IP/RT-QuIC
effectively differentiated PD and MSA from controls in an external cohort.
Importantly, as observed in the case of CSF (Shahnawaz et al. 2020) and OM (De
Luca et al. 2019), the SAA reaction products preserved disease-specific characteris-
tics, enabling differentiation between PD and MSA samples. In the TREND study
(Kluge et al. 2024), blood samples from a prospective cohort of 1201 individuals
with varying risk levels for PD were collected biennially over 4-10 years. This ret-
rospective analysis focused on 12 participants who later developed PD. The study
aimed to evaluate a blood-based aSyn-SAA as a potential biomarker for prodromal
PD. Pathological aSyn conformers, derived from neuronal EVs, were detected
using (i) immunoblot analyses performed with antibodies against pathological aSyn
conformers and (ii) the aSyn-SAA. All PD patients tested positive for both immu-
noblots and aSyn-SAA at diagnosis. Interestingly, 30% of individuals with iRBD
showed positive aSyn-SAA results, while all healthy controls were negative. These
findings demonstrate the potential of the blood-based aSyn-SAA to detect mis-
folded aSyn conformers up to 10 years before a clinical PD diagnosis, suggesting
its promise as a diagnostic biomarker for prodromal PD. A very recent study
(Schaeffer et al. 2024) explored the association between aSyn-SAA derived from
neuronal exosomes in blood and both PD diagnosis and disease duration. Blood
samples from PD patients (n = 80) and age- and gender-matched healthy controls
(n = 20) were analyzed. The results revealed that 79 out of 80 PD tested positive for
aSyn-SAA, with a sensitivity of 98.8%, whereas healthy controls remained nega-
tive. A significant negative correlation was found between disease duration and
aSyn-SAA positivity, with longer disease duration associated with lower seeding
activity. Another recent study by Wang and colleagues (Wang et al. 2024a) showed
that serum from PD patients tested positive for aSyn-SAA, with 80.49% sensitivity
and 90.48% specificity (for more details, see the saliva section below).

SMG SAA has been successfully applied to detect misfolded aSyn in SMG biop-
sies. In 2020, Manne (Manne et al. 2020b) employed the aSyn-SAA to detect mis-
folded aSyn in SMG collected from PD, incidental Lewy body disease (iLBD), and
control groups, as well as in FFPE sections. Results demonstrated 100% sensitivity
and 94% specificity for frozen samples, with both PD and iLBD tissues showing
higher aSyn-SAA seeding activity compared to controls. In the case of FFPE sam-
ples, sensitivity was reduced to 76%, while the specificity reached 100%.
Remarkably, aSyn-SAA could detect aSyn-SAA seeding activity in iLBD cases
that were undetectable by traditional immunohistochemistry. Thus, the study pres-
ents the aSyn-SAA assay as a highly sensitive and specific method for detecting
PD-related pathological changes in peripheral tissues, with the potential for recog-
nizing prodromal PD in SMG tissues. However, FFPE significantly reduces aSyn-
SAA efficiency. To address this issue, Hepker (Hepker et al. 2023) developed a
kinetic assay seeding ability recovery (KASAR) protocol, which restores the aSyn-
SAA seeding potential of FFPE samples. When tested on 28 FFPE SMG, the proto-
col showed high reproducibility, with 93% of results replicating in blinded tests. In
particular, 11/13 PD samples tested positive by aSyn-SAA, while 19/19 negative
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samples showed no false positives, demonstrating the robustness of the protocol.
This method enabled the detection of misfolded aSyn using a few milligrams of
SMG, offering a valuable tool for the diagnosis of a-synucleinopathies using
archived FFPE samples. The study published by Bargar and collaborators (Bargar
et al. 2021b) further confirmed the possibility of detecting misfolded aSyn in SMG
collected from neuropathologically confirmed cases of PD by aSyn-SAA, even
when different batches of recombinant aSyn were used as reaction substrates.
Although the results are promising, this approach is limited by its invasiveness.

Saliva The collection of saliva is one of the least invasive procedures for patients.
The study by Luan and collaborators (Luan et al. 2022) explored the diagnostic
value of aSyn-SAA using saliva samples from PD (n = 75), MSA (n = 18) patients,
and healthy controls (n = 36). The assay distinguished PD patients with 76% sensi-
tivity and 94.4% specificity. For MSA patients, sensitivity was 61.1%. Although
there were no significant differences in the morphological properties of the SAA
reaction products between PD and MSA (as observed in the case of OM, CSF, and
blood), the lag phase of the aSyn-SAA was notably shorter in PD patients compared
to those with MSA. In a study by Vivacqua and collaborators (Vivacqua et al. 2023),
saliva samples from PD patients (n = 37) and healthy subjects (n = 23) were ana-
lyzed by aSyn-SAA. The results showed that 86% of PD samples tested positive,
compared to 22% of control samples. However, PD samples were characterized by
a significantly shorter lag phase and higher kinetic parameters than controls.
Receiver operating characteristic (ROC) analysis revealed good diagnostic accu-
racy, with a sensitivity of 83.78% and specificity of 82.61%. Wang and colleagues
(Wang et al. 2024a) performed a very interesting study that included PD (n = 82)
and healthy controls (n = 42) who donated blood, with 74 of them (48 PD, 26 con-
trols) also providing saliva samples. An additional 57 subjects (35 PD, 22 HC)
donated saliva only. The aSyn-SAA assay was used to assess aSyn seeding activi-
ties in blood and saliva. Serum aSyn-SAA showed 80.49% sensitivity and 90.48%
specificity, while saliva aSyn-SAA achieved 74.70% sensitivity and 97.92% speci-
ficity. Notably, when combining both serum and saliva samples from 74 subjects,
diagnostic performance improved, with 95.83% sensitivity and 96.15% specificity.
Furthermore, aSyn seeding activity in serum correlated inversely with the Montreal
Cognitive Assessment in males and positively with the Hamilton Depression Rating
Scale in females, while aSyn seeding activity in saliva correlated inversely with age
at diagnosis in males. These findings suggest that combining serum and saliva
aSyn-SAA can provide a highly sensitive, accurate, and minimally invasive diag-
nostic tool for PD. Very recently, Luan and collaborators (Luan et al. 2024) com-
bined the aSyn-SAA and miRNA-29a-3p levels (analyzed via RT-qPCR) in a cohort
of 203 participants with PD, MSA, essential tremor (ET), and healthy controls. The
sensitivity of aSyn-SAA for PD and MSA was 70.30% and 56.25%, respectively,
with specificity for controls at 92.45%. Salivary miRNA-29a-3p expression was
significantly reduced in PD and MSA. Combining the two biomarkers improved
diagnostic accuracy, with sensitivity for PD and MSA reaching 75% and 90%,
respectively. Notably, salivary aSyn-SAA showed 100% sensitivity and 79.21%
specificity for PD versus ET, while miRNA-29a-3p showed 88.24% sensitivity for
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PD versus ET. The combined assessment of these markers offered improved diag-
nostic value for distinguishing PD and MSA from ET.

GI Currently, the body of research investigating the detection of misfolded aSyn in
GI remains limited. In 2021, Bargar (Bargar et al. 2021b) analyzed a sigmoid colon
sample from a neuropathologically confirmed case of PD that tested positive for
aSyn-SAA. In 2023, Vascellari and colleagues (Vascellari et al. 2023) showed intra-
vitam detection of misfolded aSyn in duodenum biopsies from 22 of 23 PD patients
using aSyn-SAA, with no seeding activity detected in 6 healthy controls. The diag-
nostic sensitivity and specificity of the assay for PD were 95.7% and 100%, respec-
tively. These findings suggest that the duodenum may play a role in the propagation
of pathological aSyn. Although the main limitation of this analysis is the invasive-
ness of biopsy collection, it could potentially be incorporated during routine esoph-
agogastroduodenoscopy and colonoscopy screenings to further support clinical
diagnosis.

Detection of Misfolded Tau

While this area of research is still in its early stages, promising results have already
emerged from SAA analyses (tau-SAA) of CSF and skin samples collected from
patients with various tau-related neurodegenerative disorders. Below, we summa-
rize the updated results, separated by biological sample type.

CSF A few studies have shown the utility of tau-SAA in detecting misfolded tau in
the CSF of patients with various tauopathies, including PiD, PSP, and CBD. In the
case of PiD, a recombinant 3R-tau protein was employed to investigate the presence
of misfolded 3R tau in the CSF of enrolled patients. The sensitivity of this assay
reached 100%, with specificity ranging from 94% to 100% (Saijo et al. 2017). For
PSP and CBD, a recombinant 4R-tau protein was used to detect misfolded 4R-tau
in CSF samples obtained either antemortem or postmortem. When analyzing post-
mortem CSF (collected from ventricular sites), tau-SAA showed 100% sensitivity
for PSP and 92% sensitivity for CBD, with 100% specificity for both diseases.
However, antemortem CSF samples showed lower sensitivity, with 69% for PSP
and 50% for CBD. The specificity remained at 82%. The observed discrepancy in
the sensitivity of the assay between antemortem and postmortem CSF samples
could be attributed to differences in matrix composition between the two types of
samples, which may influence the assay’s performance. Additionally, the lower sen-
sitivity of antemortem samples may be partially explained by misdiagnosis, as
tauopathies such as PSP and CBD are often challenging to distinguish clinically
(Saijo et al. 2020). These findings highlight the potential of tau-SAA as a promising
tool for detecting tau pathology while also underscoring the importance of optimiz-
ing assay conditions for various sample types in clinical and postmortem settings.

Skin A recent study (Dellarole et al. 2024) has demonstrated that skin biopsies
from patients with CBD and PSP can serve as valuable biological samples for diag-
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nostic purposes. Both recombinant 4R-tau and 3R-tau proteins were used as sub-
strates in the tau-SAA. Recombinant 4R-tau showed significantly higher seeding
efficiency compared to 3R-tau, reflecting the well-established predominance of
misfolded 4R-tau isoforms in CBD and PSP. This substrate-specific reaction under-
scores the assay’s ability to exploit molecular homology for detecting tauopathies,
further highlighting its potential as a diagnostic tool. Another tau-SAA study, using
autoptic skin samples from neuropathologically confirmed cases of AD, PSP, CBD,
and PiD, confirmed the efficiency of SAA in detecting misfolded tau in peripheral
biological samples (Wang et al. 2024b).

Detection of Misfolded A

The optimization of SAA methodologies for AD is still in its early stages, reflecting
the nascent but rapidly advancing nature of this research area. In this context, all
AB-SAA analyses performed to date have been exclusively focused on CSF sam-
ples. Initial findings have demonstrated significant promise, with several studies
highlighting its potential to detect and characterize misfolded Ap aggregates. In
2014, Salvadores (Salvadores et al. 2014) showed the ability to detect AP oligomers
in the CSF of AD patients, achieving a sensitivity of 90% and a specificity of 92%
in distinguishing AD patients from those with other neurodegenerative disorders or
non-degenerative neurological conditions. More recently, our group combined SAA
with surface-enhanced Raman spectroscopy (SERS) to analyze CSF samples from
patients with AD and mild cognitive impairment due to AD (MCI-AD). This
approach aimed not only to detect misfolded AP oligomers in the CSF of AD and
MCI-AD but also to investigate and characterize potential chemo-structural differ-
ences in the AB-SAA products, which could help differentiate AD from MCI-AD or
even distinguish between various AD phenotypes. The approach achieved a sensi-
tivity of 88% and a specificity of 70%, suggesting the possibility of discriminating
potential disease phenotypes (D’ Andrea et al. 2023).

Detection of Misfolded TDP-43

SAA has recently been applied to the analysis of CSF and OM samples collected
from patients with TDP-43 proteinopathies (TDP-43-SAA). Preliminary findings
suggest that TDP-43-SAA holds significant potential for contributing to the clinical
diagnosis of FTD and ALS. Below, we summarize the updated results, separated by
biological sample type.

CSF 1In 2020, a study optimized the TDP-43-SAA protocol in CSF samples from
patients with genetic forms of ALS and FTD, all associated with TDP-43 aggregates
deposition in the CNS. Specifically, CSF samples were collected from patients with
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C90rf72 expansions, TARDBP, and GRN mutations. The assay showed the ability to
detect even minute amounts (approximately 15 pg) of misfolded TDP-43 proteins in
the CSF. It successfully distinguished FTD/ALS patients from age-matched con-
trols, with an overall sensitivity of 94% and specificity of 85% (Scialo et al. 2020).
In 2023, a subsequent study further confirmed the presence of a TDP-43 seeding
effect in the CSF of ALS patients, enabling effective differentiation from healthy
controls (Audrain et al. 2023). These findings underscore the potential of TDP-43-
SAA as a powerful diagnostic tool, offering new opportunities for early detection
and precision medicine in TDP-43 proteinopathies.

OM 1n 2024, Fontana (Fontana et al. 2024) assessed the seeding activity in the OM
of patients with FTD and TDP-43-immunoreactive pathology (FTLD-TDP) using
TDP-43-SAA. The TDP-43-SAA protocol was optimized with frontal cortex sam-
ples from 16 postmortem cases, including individuals with FTLD-TDP, FTLD with
tau inclusions, and healthy controls. Subsequently, OM samples were collected
from 17 FTLD-TDP patients, 15 healthy controls, and three MAPT mutation carri-
ers. The TDP-43-SAA distinguished with 100% accuracy between postmortem
cases with and without TDP-43 neuropathology. Seeding activity was detected in
the OM, with 82.4% of FTLD-TDP patients testing positive and 86.7% of controls
testing negative (P < 0.001). Interestingly, in TDP-43-S A A-positive samples, cyto-
plasmic deposits of phosphorylated TDP-43 were identified in the olfactory neural
cells. These findings showed that TDP-43-SAA can be employed to recognize and
monitor FTLD-TDP in living patients.

Conclusions

SAAs represent a transformative approach for detecting protein misfolding associ-
ated with NDs, offering remarkable sensitivity and specificity across a variety of
sample types. The accessibility of easily obtainable tissues facilitates the collection
of samples from healthy control subjects, an otherwise challenging but essential
step for optimizing diagnostic accuracy and deepening our understanding of disease
mechanisms. Recent advances in peripheral sampling, such as skin, OM, saliva, and
blood, underscore the versatility and accessibility of these assays for future clinical
applications. Given the heterogeneity of proteinopathies and the intrinsic cross-
seeding potential of misfolded proteins, refining SAA protocols to achieve disease-
specific sensitivity and specificity remains a priority. Harmonization and
standardization of SAA methodologies across laboratories are essential to ensure
reproducibility and reliability. Moreover, integrating SAA with complementary
diagnostic approaches, such as advanced imaging and omics technologies, could
provide a multidimensional perspective on disease pathology, thereby enhancing
clinical utility. For instance, the incorporation of SERS has enriched the molecular
characterization of AP aggregates, hinting at the possibility of AD phenotypic sub-
typing and personalized medicine. While challenges remain, such as optimizing
protocols for in vivo samples and addressing potential misdiagnosis due to clinical
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complexity, the rapidly evolving landscape of SAA research inspires optimism. As
the field progresses, these assays are poised to revolutionize the diagnostic land-
scape, bridging the gap between molecular pathology and precision medicine, and
ultimately improving patient outcomes in a range of NDs. Remarkably, SAAs allow
for the detection of protein aggregates, which are sometimes not exclusively associ-
ated with the primary pathology under investigation (Moda et al. 2023). This capa-
bility proves particularly useful in identifying cases with copathologies, as observed
in AD, where aSyn-SAA and TDP-43-SAA have detected aSyn and TDP-43 posi-
tivity, respectively (Arnold et al. 2022; Pilotto et al. 2023; Bellomo et al. 2024;
Tosun et al. 2024). Similarly, in the CSF of a subgroup of ALS patients, aSyn-SAA
showed the presence of misfolded aSyn (Smith et al. 2024). Such findings suggest
that integrating SAA into the clinical diagnostic workup not only improves the clin-
ical diagnosis of NDs but also provides insights into the presence of copathologies
in specific conditions. These insights underscore the importance of SAA as an inno-
vative tool for recognizing clinical disease phenotyping and deepening our under-
standing of the complex pathophysiology of NDs. By improving our ability to
identify and characterize copathologies, SAA might significantly contribute to the
advancement of personalized pharmacological therapies, providing a boost to preci-
sion medicine and offering hope for tailored therapeutic interventions in the future.
Beyond supporting the clinical diagnosis of NDs, SAAs also hold promise for iden-
tifying individuals at a higher risk of developing these diseases during the prodro-
mal stage and for tracking disease progression. As observed in the detection of
pathological aSyn in the CSF, skin and OM of individuals with iRBD, a prodromal
phase of a-synucleinopathies, this approach highlights the potential of SAAs to
facilitate early diagnosis. Early detection enables the timely initiation of therapeutic
interventions, maximizing their effectiveness and potentially altering the disease
trajectory. Interestingly, SAA replicates in vitro the process of protein misfolding
and aggregation that occurs in vivo, making it a valuable tool for assessing the
effects of various molecules on promoting protein aggregation or disrupting exist-
ing aggregates. This method offers a cost-effective platform for the initial screening
of potential therapeutic compounds, streamlining the identification process before
transitioning to more expensive and complex experimental models (Herva
et al. 2014).
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