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The protein misfolding mechanism of disease was first
described almost 40 years ago in a group of neurodegenera-
tive disorders caused by the prion protein (PrP) [1]. In these
diseases, misfolding of cellular PrP (PrPC) into a B-sheet-rich
conformation (PrP5°) results in PrPS¢ serving as a template
for additional PrP® misfolding. Recent advances in cryo-
electron microscopy (cryo-EM) have led to high-resolution
structures for several misfolded protein aggregates isolated
from brain tissue, including the PrP5¢ isolate 263K [2]. This
model shows that the PrP5¢ proteins are stacked in register,
with the R groups from each amino acid in the plane of the
C, backbone. The amides of the backbone are perpendicular
to the plane, facilitating hydrogen bonds between protein
layers to stabilize the flat, misfolded structure. In this con-
formation, PrP%° becomes a template for progressive mis-
folding of PrPC, with each replication event creating a new
layer of intermolecular hydrogen bonds. Presumably, this
mechanism leads to fibril formation and progressive neu-
rodegeneration in a variety of distinct disorders, including
Creutzfeldt—Jakob disease (CJD), fatal familial insomnia,
and Gerstmann—Straussler—Scheinker disease.

The prion hypothesis was initially viewed as incompat-
ible with the observation that the disease agent (at the time
thought to be a slow virus) was capable of inducing multiple
disorders in the absence of a nucleic acid (discussed in [3]).
This seeming conflict was resolved with the introduction
of the strain hypothesis, which proposes that the disease a
patient develops is determined by the distinct conformation
PrP5¢ misfolds into, rather than mutations in a viral genome
[4-6]. In this review cluster, the article by Dr. Jason Bartz
discusses our current understanding of PrP5¢ strain biology
in both human disease and other mammalian species, as well
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as the host and non-host factors that impact strain evolution
in an individual [7].

Over the last 2 decades, research on other neurodegenera-
tive diseases, including Alzheimer’s disease (AD) and mul-
tiple system atrophy (MSA), has increasingly shown that the
protein misfolding mechanism is not exclusive to the conver-
sion of PrP® into PrP5¢ [8, 9]. Consistent with the growing
experimental observations that proteins like f-amyloid (Ap),
tau, and a-synuclein behave like prions, cryo-EM structures
of recombinant fibrils or patient-derived protein aggregates
containing these proteins all show in register templates,
implying that the same mechanism that supports PrP5¢ prop-
agation also enables self-templating of pathogenic Ap, tau,
and a-synuclein (several of these structures are discussed in
[10-12]). Along with the growing need to expand the use
of the term ‘prion’ to apply to a larger group of proteins is
the need to define and investigate the disease-causing strains
that result from their misfolding. Four reviews in this cluster
focus on the phenotypic heterogeneity that manifests as a
result of variability across non-PrP5 prion strains.

Lau et al. discuss the structural and biological data sup-
porting the hypothesis that distinct Af strains give rise to
specific spatiotemporal patterns and types of pathology in
AD patients, which likely impacts the clinical presentation
of disease [10]. A similar diversity among amyotrophic lat-
eral sclerosis (ALS) patients is now thought to arise from
strain differences across proteins associated with the disor-
der. Ayers and Borchelt review the literature supporting the
role of distinct SOD1, TDP-43, FUS, and C9orf72 strains
in sub-types of familial ALS [13]. Tauopathies are a large
and diverse group of disorders, each associated with a par-
ticular type and distribution of tau inclusions in the brain.
Like PrP%°, where each prion disease is caused by its own
unique strain, structural studies report conserved tau fibril
conformations across patients with particular disorders,
as discussed by Vaquer-Alicea et al. [11]. For example,
the same conformation of misfolded tau has been resolved
from both familial and sporadic AD patients [14], but this
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differs substantially from fibrils isolated from Pick’s dis-
ease patients [15]. Notable similarities are seen with the
a-synuclein prion strains responsible for synucleinopathies,
including MSA. As we discuss in the review by Holec and
Woerman, mounting structural, genetic, and biological data
support the hypothesis that MSA is caused by a-synuclein
prions that are distinct from those found in patients with
Lewy body diseases, including Parkinson’s disease [12].

A consistent theme emerges from each of these reviews,
which is that the role of strain biology in disease hetero-
geneity has profound impacts on diagnosing and treating
neurodegenerative disease patients. To date, the field suf-
fers from the lack of definitive diagnostic tests for living
patients. As noted in two of the reviews, there are significant
shortcomings with the positron emission tomography (PET)
ligands currently available or in development for diagnos-
ing disease [10, 11]. Known PET ligands are typically only
able to detect a subset of disease-causing strains, but it is
not always clear which subset they are even capable of rec-
ognizing. In addition, off-target binding, particularly for
the first-generation tau PET ligands, adds to the complex-
ity of differentiating between tauopathies by affected brain
regions. The lack of strain specificity also has ramifications
for treating neurodegenerative disease patients. For exam-
ple, small molecules or immunotherapies that interact with
the misfolded conformation are likely to be strain-dependent
if the structure or availability of the binding site is altered
across diseases.

The traditional prion literature is full of lessons about the
need for strain-specific tools to support therapeutic devel-
opment. Despite decades of effort, human CJD prions have
never been successfully propagated in cell culture models.
Instead, high-throughput screening is typically done using
mouse-adapted prion strains that can propagate in cells,
including RML, which was developed at Rocky Mountain
Laboratories by passaging sheep scrapie in mice. Screening
against RML led to the identification of a group of promising
2-aminothiazoles (2-AMTs) [16], including the compound
IND24, which was ultimately shown to double the lifespan
of mice inoculated with RML prions [17]. However, IND24
and the other 2-AMTs showed no efficacy in mice inocu-
lated with human CJD prions [18], underscoring the need
to use disease-relevant strains in drug discovery programs
to identify compounds capable of treating human diseases.
Cryo-EM studies increasingly reveal that the conformations
of misfolded tau and a-synuclein isolated from the human
brain differ significantly from the conformations found in
common research tools. The continued use of model systems
that fail to reproduce the disease-causing strains in human
patients may be hampering the success of drug discovery
efforts for neurodegenerative diseases.

The 2-AMT program led to a second lesson about the
need to understand the composition and evolution of prion
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strains. Rather than a prion strain being defined as a single
conformation, the cloud or quasispecies hypothesis proposes
that a strain exists as a group of substrains [19, 20]. Typi-
cally, dominant substrains outcompete the minor ones for
access to PrPC as substrate. However, when propagation of
the dominant substrain(s) is repressed, the minor ones can
emerge to cause disease (discussed in more detail in [7]).
This phenomenon resulted in the emergence of a drug-resist-
ant strain of RML in mice treated with the compound IND24
[17]. It is currently unknown if non-PrP5¢ prion strains also
exist as clouds of conformations or quasispecies, but the
possibility of drug resistance is one the field should consider
in the event that this phenomenon is discovered for other
misfolded protein strains.

The growing recognition that strains have a profound
impact across neurodegenerative diseases suggests the field
needs to move toward a personalized medicine approach for
diagnosing and treating patients. One cannot help but won-
der what impact our current inability to definitively diagnose
disease in living patients has had on the outcome of clinical
trials. In a world where we can identify the exact strain or
strains spreading in a patient’s brain and match them with
an appropriate therapeutic, would we finally see successful
clinical outcomes? Personalized medicine has revolution-
ized the way we diagnose and treat cancer patients, and its
application in neurodegenerative disease could offer a simi-
lar path forward for patients suffering from diseases such as
AD and MSA. For this to become a reality, we must invest
in the development of strain-specific cell and animal models
of disease, which will enable successful clinical translation
of diagnostics and therapeutics.

The traditional prion literature offers many valuable les-
sons that are becoming increasingly important as we learn
more about the contribution of strains to protein misfolding
diseases. Our hope with this cluster is that we can stimulate
new ideas about the biology underlying each disease and
inspire innovative approaches that lead to the development
of personalized medicine for neurodegenerative disease
patients.
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