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Prionoid Proteins in the Pathogenesis
of Neurodegenerative Diseases
Cameron Wells, Samuel E. Brennan, Matt Keon and Nitin K. Saksena*

Iggy Get Out, Neurodegenerative Section, Darlinghurst, NSW, Australia

There is a growing body of evidence that prionoid protein behaviors are a core
element of neurodegenerative diseases (NDs) that afflict humans. Common elements in
pathogenesis, pathological effects and protein-level behaviors exist between Alzheimer’s
Disease (AD), Parkinson’s Disease (PD), Huntington’s Disease (HD) and Amyotrophic
Lateral Sclerosis (ALS). These extend beyond the affected neurons to glial cells and
processes. This results in a complicated system of disease progression, which often
takes advantage of protective processes to promote the propagation of pathological
protein aggregates. This review article provides a current snapshot of knowledge on
these proteins and their intrinsic role in the pathogenesis and disease progression seen
across NDs.

Keywords: prion, prionoid, neurodegenerative disease, Alzheimer’s disease, Parkinsion’s disease, amyotrophic
lateral scelerosis, Huntington’s disease

INTRODUCTION

Neurodegenerative diseases (NDs) are a range of debilitating conditions, predominantly involving
the gradual loss of function and death of cells in the central and peripheral nervous system. Most
neurons are incapable of reproducing to replace lost cells, so this damage is often cumulative
and permanent. Prionoid disorders are a class of NDs characterized by protein aggregates which
propagate via template-directed misfolding. Many prominent NDs are now believed to have a
basis in prionoid pathology, including Alzheimer’s Diseases (AD), Parkinson’s Disease (PD),
Huntington’s Disease (HD) and Amyotrophic Lateral Sclerosis (ALS). Although these diseases
express varied etiology and pathology, each demonstrates the degeneration of neurons and gradual
loss of neural functions. However, the specific neurons targeted and functions lost vary between
diseases. Despite extensive research, our understanding of prionoid disease processes remains
limited, and as of today, we have few effective treatments and no cures.

The study of prionoid disorders began with the identification of prions by Prusiner (1982),
following decades of study into what had been previously referred to as ‘‘slow viruses’’ (Prusiner,
1982). His research brought several such diseases to the fore, beginning with Scrapie in sheep
and later progressing to human prion protein (PrP). He identified prions as a self-templating
amyloidogenic state of a normal cellular protein which served as an infectious pathogenic agent
(Prusiner, 1994). These represented a novel form of pathology defined not solely by their genetic
code, but by the abnormal conformations they take on and confer upon normally (‘‘natively’’)
folded proteins.
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The distinction between prions and prionoid proteins has
long been a subject of academic discussion. Arguments have
been made for various classification and naming conventions,
yet no formal conclusion has been reached (discussed in Harbi
and Harrison, 2014; Eraña, 2019). In this article, we will use the
term ‘‘prionoid’’ to refer to proteins that display prionoid altered
states in which they are capable of template-based self-replication
and propagation between cells, but which have not demonstrated
transmission between individuals.

In this review article, we summarize the current knowledge
on prionoid protein disorders. We highlight the underlying
mechanisms by which their intercellular transfer is mediated,
resulting in pathologic neurodegenerative changes, as well
as several proteins involved in neurodegenerative prionoid
pathologies. We will specifically explore prionoid mechanisms
in the pathologies and pathogenesis of AD (amyloid precursor
protein, APP and Tau), HD (Huntingtin, Htt), PD (α-synuclein),
and ALS [Fused in Sarcoma (FUS), Superoxide Dismutase 1
(SOD1), and TAR DNA-Binding Protein 43 (TDP-43)].

PRIONOID PROTEINS

Prionoid proteins are defined by their ability to misfold into at
least one pathological conformation which can be transmitted
to native forms of the protein. This templating function has
been proposed to be facilitated by the exposure of hydrophobic
amino acid side chains that are normally buried in the interior
of the protein (Prusiner, 1998; Prusiner et al., 1998). Misfolded
prionoid proteins share structures rich in β-sheets, polypeptide
structures which render the proteins prone to forming aggregates
comprised of protein fibrils (Cushman et al., 2010). These
facilitate the development of intracellular aggregates that develop
into stable inclusion bodies through the recruitment of native
proteins. At the same time, extracellular fibrils can enter and seed
aggregation in other cells, enabling intercellular transmissibility.

The specific mechanisms of activity vary between disorders,
but they all ultimately lead to the death of a specific set of
neurons in the brain. Disentangling the symptoms resulting from
loss- or gain-of-function is often difficult, as the major function
gained (prionoid protein misfolding) is often accompanied
by loss of function (Allison et al., 2017). Leighton and
Allison (2016) recently reviewed gain and loss of function
mechanisms in AD, HD and ALS. In general, gain-of-function
mechanisms include autophagic activation, aggregation, axonal
dysfunction, and cellular stress, while loss-of-function entails
protein sequestration, synaptic dysfunction and DNA damage.
Some symptoms could be the result of either loss- or gain-
of-function, such as denervation, mitochondrial dysfunction,
excitotoxicity, and oxidative stress.

Immune responses such as the activation of glial cells are
an early factor in many prionoid diseases and remain activated
for an extended period of time (Sapp et al., 2001; Iannaccone
et al., 2012; Liao et al., 2012; Kim et al., 2018). However, these
processes are often ineffective, and prionoid proteins linger
despite the ongoing activity of autophagic pathways. In the long
term, this can result in a shift from a neuroprotective to a
persistent neurotoxic environment. This serves to both impede

pathological aggregate clearance and to exert neurotoxic effects
(Liddelow et al., 2017). It appears likely that the disruption of
the neuroprotective-neurotoxic equilibrium through extended
immune activation plays a key role in the pathological effects of
prionoid disorders.

PRIONOID NEURODEGENERATIVE
DISORDERS AFFLICTING HUMANS

Alzheimer’s Disease (AD)
AD is a neurodegenerative disorder characterized by progressive
dementia, developing from subtle memory loss to severe memory
loss and behavioral changes. This is caused by the progressive
loss of synapses followed by the loss of neurons, particularly
in regions of the brain involved in memory. These include
the hippocampus, amygdala, entorhinal cortex, parahippocampal
region, temporal pole and temporal lobe (Ramos Bernardes
da Silva Filho et al., 2017). Most cases are sporadic (cause
unknown), although there are rare inherited forms that result
from mutations. These mutations are typically associated with
the gene encoding APP or in presenilin 1 or 2, enzymes that
contribute to the cleaving of APP into Aβ, both of which
increase production of Aβ (Selkoe, 2001). The other significant
genetic factor is apolipoprotein E (ApoE), with the ε4 and
ε2 alleles increasing and decreasing AD risk respectively (Liu
et al., 2013).

There are two major aggregates of prionoid proteins
implicated in AD. These are extracellular neuritic plaques
composed of amyloid-β (Aβ) peptides and intracellular
neurofibrillary tangles (NFTs), cytoplasmic inclusion bodies rich
in a hyperphosphorylated form of the tau protein.

Amyloid-β
Aβ is a small peptide of 39–42 amino acids in length that is
ubiquitously expressed in the central nervous system (CNS). It
is formed by the cutting of APP by the enzymes β-secretase
(BACE1) and γ-secretase in the membranes of neurons. While
not well understood, APP and its isoforms have a broad array
of functional roles outside of pathology, including involvement
in synaptic plasticity and synaptogenesis, learning and memory,
gene transcription and neuroprotection (reviewed in Hiltunen
et al., 2009).

Aβ fibrils are toxic to mature neurons at high concentrations,
causing dendritic and axonal retraction followed by cell death
(Yankner et al., 1990). Aβ fibrils are rapidly cleared from the
brains of healthy individuals, with a half-life between 1 and
2.5 h (Savage et al., 1998). However, this clearance is impeded
in AD, with Aβ aggregates demonstrating the ability to impair
the activity of the ubiquitin-proteasome system (Almeida et al.,
2006; Mawuenyega et al., 2010). Varying levels of neurotoxicity
are expressed by conformationally different forms of Aβ (Petkova
et al., 2005). While Aβ40 (the peptide form ending at position
40 of APP) is drastically more abundant in the CSF, Aβ42 is either
the major or sole component of neuritic plaques (Miller et al.,
1993; Iwatsubo et al., 1994; Gravina et al., 1995). Overexpression
of Aβ40 alone in transgenic mice does not lead to the formation
of insoluble aggregates, and mixed aggregates develop more
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slowly than those containing Aβ42 alone (McGowan et al., 2005;
Lei and Zhefeng, 2013). As the Aβ42 variant is significantly
more toxic and prone to the formation of amyloid fibrils,
this abundance is likely to play a role in AD pathogenesis
(Phillips, 2019).

However, it is unlikely that neuritic plaques alone cause
AD pathology. Multiple studies have shown a lack of direct
correlation between plaque numbers and locations and
AD-related damage (Arriagada et al., 1992; Gómez-Isla et al.,
1997). He et al. (2018) recently proposed a model of AD
pathology in which Aβ is necessary, but not itself a driver of
pathological mechanisms. Instead, it creates an environment that
promotes seeded tau pathology, and facilitates the accumulation
of endogenous tau within nearby dystrophic axons. This
increases fibrillization, which becomes a source of secondary
tau seeds which can translocate via axons and spread pathology
through iterative cycles of tau amplification.

A recent study into somatic recombination of APP identified a
multitude of sequence variants of this gene, some of which were
associated with AD pathogenesis. This study also revealed that
AD brains contain three to five times more genetic variants than
normal brains (Lee et al., 2018). This increase in variability may
contribute to the variety of Aβ isoforms, inhibiting therapeutic
activities targeted at only a portion of the Aβ population.
Furthermore, it may result in proteins that are significantly more
likely to aggregate and contribute to prionoid pathology. This
may also contribute to the age-associated increase in AD, as the
number of somatic genomic variants likewise increases with age.

Tau
Tau is a natively unfolded, soluble phosphoprotein. It is a
major microtubule-associated protein (MAP) in mature neurons,
interacting with tubulin to stabilize microtubules and promote
microtubule assembly in the brain (Weingarten et al., 1975;
Goedert and Spillantini, 2006). Tau localizes predominantly to
axons and neuropil and is not observed in glia (Binder et al., 1985;
Trojanowski et al., 1989).

Phosphorylation is integral to the regulation of proper tau
function. However, while tau from healthy brains has a ratio
of three moles of phosphate: one mole of protein, AD brains
have a significantly higher ratio of 8:1 (Köpke et al., 1993).
This hyperphosphorylation appears to be a major pathological
change in AD, enabling tau to dissociate from microtubules.
This both increases tau’s mobility and enables it to take on
an oligomeric intermediary stage and the fibrillar form which
aggregates in NFTs (Grundke-Iqbal et al., 1986). However,
these changes do not diminish the levels of soluble cytosolic
tau. An overall eightfold increase in hyperphosphorylated tau
was reported, suggesting dramatically increased tau production
during the course of AD (Khatoon et al., 1992). Furthermore,
hyperphosphorylated (but not fibrillar) tau inhibits rather
than promotes microtubule assembly by sequestering normal
brain tau and microtubule-associated protein 2 (MAP2; Alonso
et al., 1994, 2006; Li et al., 2007). This suggests that loss-
of-function may be a major pathological process in AD,
dramatically reducing the brain’s capacity for intracellular
transport organelles and cell division.

NFTs spread in an anatomically orderly manner throughout
the brain over the course of AD, typically projecting in an
anterograde direction from the hippocampus and associated
regions (Braak and Braak, 1997; Delacourte et al., 2002; Lace
et al., 2009). The majority of the tau fibers which comprise
NFTs are coiled helical structures referred to as paired helical
filaments (PHFs), although straight filaments also occur (Braak
et al., 1986). NFTs emerge in the entorhinal cortex, subiculum
of the hippocampal formation and the amygdala early in the
disease process. The number of tangles in the neocortex has
been positively correlated with disease severity, accumulating
in a consistent pattern reflecting the vulnerability of specific
areas to AD pathology (Arriagada et al., 1992). However, the
neuronal loss does exceed tangle formation by a significant
margin, suggesting that it is not the sole contributing factor
(Gómez-Isla et al., 1997).

A growing body of evidence suggests that the pre-fibrillar
aggregates composed of the oligomeric form of tau have a
more significant toxic role, with NFTs being unnecessary for
pathology (reviewed in Shafiei et al., 2017). In fact, a transgenic
mouse model of human tau demonstrated increased survival
in aggregation-prone tau (d’Orange et al., 2018). This suggests
a neuroprotective role in which sequestration of neurotoxic
oligomeric tau mitigates its damaging effects.

Parkinson’s Disease (PD)
PD manifests as a progressive reduction in conscious muscle
control, leading to trembling, stiffness, slowness of movement
and a loss of fine motor control. This is caused by selective,
progressive degeneration of dopamine-producing neurons in
the substantia nigra (Trétiakoff, 1919). Most cases of PD are
idiopathic, however, mutations in several genes including the
SNCA and parkin genes have been linked with familial forms of
the disease.

A current major hypothesis suggests that aggregates develop
in the brain stem and anterior olfactory structures several
years before the involvement of the substantia nigra. They then
propagate along the long unmyelinated axon pathways from the
olfactory system and gut, leading to disruption of smell, vagal
nerve function and sleep (Braak et al., 2004; Hawkes et al., 2007).
However, there have been some observations of some variance
in susceptibility of brain regions, temporal order and anatomical
distribution, resulting in some opposition to this theory (Burke
et al., 2008).

The signature lesions of PD are two types of aggregates in
the cytoplasm of dopaminergic neurons; Lewy Bodies (LBs)
and Lewy Neurites (LNs). Amyloid forms of ubiquitinated
and hyperphosphorylated α-synuclein are the most abundant
protein in LBs and LNs (Uversky, 2007; Braak and Del
Tredici, 2008b). These aggregates develop in the cell body
and neuronal processes respectively, and form a considerable
time prior to the appearance of somatomotor dysfunction
(Uversky, 2007). LBs and LNs exhibit a predictable, ascending
pattern of progression, suggesting axodendritic transfer between
anatomically connected brain regions (Braak and Del Tredici,
2008a). LBs are significantly more abundant in sporadic PD than
they are in familial PD (Kotzbauer et al., 2004).
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α-Synuclein
α-synuclein is a small, natively unfolded presynaptic protein.
While its precise physiological functions are unknown, it
interacts with multiple proteins, lipids, and membranes. It has
been suggested to have roles in synaptic maintenance and
neurotransmitter release, especially of dopamine (Maroteaux
et al., 1988; Clayton and George, 1999; Abeliovich et al.,
2000). The absence of α-synuclein does not significantly
impede survival but does suggest that the protein is an
essential negative regulator of dopamine neurotransmission
(Abeliovich et al., 2000).

The expression of α-synuclein in PD varies between brain
regions. Most α-syn expression is in the cytosol of excitatory
neurons in brain regions affected early in PD such as the olfactory
bulb, the dorsal motor nucleus of the vagus and substantia nigra
pars compacta. However, some α-synuclein has been observed
in inhibitory synapses of the external plexiform layer of the
olfactory bulb, the lateral and medial globus pallidus and the
substantia nigra pars reticulata (Taguchi et al., 2016).

Both wild-type and pathological variants of α-synuclein form
amyloid-like fibrils upon prolonged incubation in solution,
although the pathological form does so at a higher rate (Conway
et al., 2000). In the process of forming these fibrils, α-synuclein
takes on oligomeric forms which later develop into spherical,
ring-like and string-like intermediate forms, collectively known
as protofibrils. These are soluble structures which gradually
coalesce into insoluble fibrils, forming α-synuclein aggregates.
There is evidence that these soluble oligomers are the source
of neurotoxicity in PD, disrupting cellular homeostasis and
mediating neuronal death (reviewed in Stefanis, 2012). However,
it has been noted that even if inclusion bodies are not the
main effector of PD pathology they may exert neurotoxic
effects including blocking neuronal trafficking in axons and
sequestering essential neuronal components.

There is evidence of a synergistic interaction between the Tau
protein and α-synuclein, as co-occurrence leads to accelerated
fibrillization of both proteins (Giasson et al., 2003). However,
while the proteins co-occur in the same vicinity of LNs, affected
neurites typically have either tau or α-synuclein, but not both
(Kotzbauer et al., 2004).

Huntington’s Disease (HD)
HD is a progressive, autosomal dominant neurodegenerative
disorder characterized selective neuronal cell death, primarily
in the cortex and striatum, leading to motor disturbance,
cognitive loss, and psychiatric issues (Vonsattel et al., 1985). The
disease typically manifests clinically in people aged 40–50, with
pathology worsening over 10–20 years until death.

HD inheritance is driven by mutations in the gene encoding
the huntingtin (Htt) protein. The dominant mutation of interest
is the repeat expansion of a CAG trinucleotide repeat. In
unaffected individuals, the number of repeats varies between
6 and 39, while in individuals with HD the number increases to
36–180 (Rubinsztein et al., 1996; Mangiarini et al., 1997). This
leads to the expansion of the polyglutamine (polyQ) tract, leading
to the formation of amyloid-like protein aggregates (MacDonald
et al., 1993; Scherzinger et al., 1997). Most adult-onset cases have

expansions ranging from 40 to 55 repeats, while expansions of
70 and above have been associated with the juvenile form of the
disease (Scherzinger et al., 1997).

Huntingtin
The function of Htt is not well understood. However, it
is essential for development, with disruption resulting in
embryonic death in mice (Nasir et al., 1995). N-terminal Htt
has demonstrated the ability to shuttle between the cytoplasm
and nucleus in a Ran GTPase-dependent manner, interacting
with the nuclear export-associated translocated promoter region
(Tpr) of the nuclear pore (Cornett et al., 2005). There is
evidence for the involvement of Htt in both anterograde
and retrograde microtubule-based axonal trafficking, with
Htt-associated protein 1 (HAP1) mediating interactions between
Htt, microtubule motor proteins and their co-factors (Schulte
and Littleton, 2011). These functions are disrupted by the activity
of mutant Htt (mHtt), resulting in impaired vesicular and
mitochondrial trafficking (Trushina et al., 2004).

Htt is expressed in various parts of the body, including
the colon, liver, pancreas, testes and the entirety of the brain.
Within the brain, it is focussed on the neurons of the dentate
gyrus and pyramidal neurons of the hippocampal formation,
cerebellar granule cell layer, cerebellar Purkinje cells and pontine
nuclei. While expression does occur in glial cells, the neuronal
expression is significantly more prominent (Strong et al., 1993).
The protein primarily localizes with vesicles and microtubules,
and may function in cytoskeletal anchoring or vesicle transport
(DiFiglia et al., 1995; Hoffner et al., 2002).

The expression of the normal and mutant forms of Htt has
been shown to be similar in the CNS (Trottier et al., 1995).
However, neuronal loss in HD has been found to vary by location.
The putamen and caudate nucleus suffer the greatest losses
(64 and 57%, respectively), followed by 29–34% in telencephalic
white matter and 21–29% in the cerebral cortex (de la Monte
et al., 1988). Decreases in the volume of the gray matter (cortex),
white matter (axonal fibers) and increases in CSF all begin
several years before the onset of symptoms. This change in
CSF, in particular, progressed linearly and in association with
the number of polyQ repeat expansions (Squitieri et al., 2009).
Loss of striatal and white matter volume has been identified as
much as 15 years prior to the onset of symptoms, suggesting that
preventative treatments must be initiated long before diagnoses
can be effectively made (Paulsen et al., 2010).

Pure polyQ segments can be folded into several distinct
fiber conformations, which confer different levels of toxicity and
consequently neurodegeneration (Nekooki-Machida et al., 2009).
This has been used to justify a lack of correlation and in some
cases negative correlation, between deposition of Htt aggregates
and observed toxicity (Arrasate et al., 2004). It has been proposed
that variants with extended β-sheets resulted in modestly toxic or
nontoxic effects as a result of ‘‘buried’’ polyQ, which prevented
interaction with, and sequestration of, free endogenous proteins
(Nekooki-Machida et al., 2009).

Gain of function mechanisms such as increased levels of
reactive oxygen species (ROS) and direct toxicity exerted by
the polyglutamine repeat expansion appears to be the core
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mechanism of pathological toxicity in HD (reviewed in Imarisio
et al., 2008). However, this is not likely caused by aggregate
formation. Cells with Htt inclusions have, in fact, demonstrated
improved survival compared to those without (Arrasate et al.,
2004). It may be that aggregates are a protective measure,
sequestering toxic oligomers to prevent further cellular damage.
A more accurate predictor of neuronal death appears to be
levels of diffuse Htt, with several studies arguing that soluble
oligomeric forms of polyQ-expanded Htt are the source of
HD toxicity (Leitman et al., 2013; Kim et al., 2016). Htt
aggregates may instead play a role in toxicity through loss of
function mechanisms. While wild-type Htt inhibits excitotoxic
neurodegeneration, possibly through the binding of apoptosis-
mediator caspase-3 (Leavitt et al., 2006), pathological mutant
forms of Htt have been associated with a reduced binding
affinity for caspase-3. This can either directly lead to or increase
vulnerability to cell death (Zhang et al., 2006). In addition,
there is evidence of proteasome sequestration within Htt and
polyQ aggregates, facilitating pathology through the inhibition
of cellular clearance processes (Holmberg et al., 2004).

Amyotrophic Lateral Sclerosis (ALS)
ALS is a neurodegenerative disorder characterized by progressive
degeneration of muscle function. Symptoms typically involve a
combination of lost voluntary muscle control and uncontrolled
spasms, with death commonly arising from respiratory failure.
In most cases, degeneration is relatively constant until death.
Molecular changes have been observed to occur prior to the
development of physical symptoms, suggesting that denervation
is a more direct symptom of the ALS disease process than cell
death (Bertrand et al., 2018).

ALS is atypical in that multiple prionoid proteins have
been associated with the disorder, independent from one
another. Familial ALS (fALS) has been associated with FUS
and SOD1 aggregates. Sporadic ALS (sALS) is predominantly
linked to aggregates of TDP-43 and T-cell-restricted intracellular
antigen-1 (TIA1). In almost all studies, the accumulation of FUS
and TDP-43 in cytoplasmic inclusions has been shown to be
mutually exclusive (Mackenzie et al., 2010). This suggests the
presence of at least two independent disease pathways.

FUS, TDP-43 and TIA1 each have a ‘‘prion-like domain’’
(PLD). These are low-complexity sequences found in the genetic
code of RNA-binding proteins. These sequences are enriched in
glycines and uncharged polar amino acids such as asparagine,
glutamine, and tyrosine (Couthois et al., 2011; Hennig et al.,
2015). They are in either the N- or C-terminals of the protein (the
start and end of an amino acid chain respectively). Many genes
that encode PLD-containing proteins are essential in mammals,
typically having roles in RNA processing (March et al., 2016).
Aggregates of RNA-binding proteins are involved in various
stages of mRNA processing, storage, and decay. PLDs allow
these proteins to ‘‘functionally aggregate,’’ forming higher-order
assemblies and cytoplasmic foci such as P-bodies and stress
granules (SGs; Gilks et al., 2004; Buchan et al., 2008; Toretsky
and Wright, 2014). However, these same aggregates can cause
severe cellular damage if protein quality control mechanisms are
disrupted, allowing them to propagate unchecked.

Fused in Sarcoma (FUS)
FUS is an RNA-binding protein that shuttles between the
nucleus and cytoplasm (Zinszner et al., 1997). It has functions
in transcriptional regulation, RNA homeostasis and rapidly
appears at sites of DNA damage, suggesting a role in DNA
repair (Bertoletti et al., 1996; Kasyapa et al., 2005; Wang et al.,
2013). The protein is a major component of cytoplasmic SGs
and results in the co-localization of SGs to autophagosomes
(Bosco et al., 2010a).

Most ALS-linked FUS mutations are clustered within the
C-terminal domain. Many disrupt the nuclear import of FUS
and thus promote cytoplasmic accumulation. The resultant
level of cytoplasmic mislocalization has been correlated with
ALS disease onset, with stronger mutations resulting in earlier
disease onset and more cytoplasmic FUS (Dormann et al.,
2010). Mutations in FUS have been observed in fALS and rarely
sALS, accounting for 4% and 1% of cases respectively. FUS
mutations result in several forms of ALS, with P525L mutations
causing juvenile (the early 20s) ALS and R521C and R518K
mutations causing a late-onset disease (40s–60s; Deng et al.,
2014). Post-mortem tissues from patients with FUS mutations
have expressed cytoplasmic aggregates containing FUS in MNs
and glial cells (Kwiatkowski et al., 2009). ALS-linked variants of
FUS appear to engage different RNAs than wild-type variants,
which may contribute to ALS toxicity (Hoell et al., 2011).

According to a yeast model, FUS toxicity requires cytoplasmic
aggregation, the presence of a prion-like N-terminal domain and
binding of RNA. This suggests that toxicity may be based in
the loss-of-function effects of RNA sequestration or otherwise
disrupting the activities of RNA (Sun et al., 2011). Glutamine
has been observed to promote the formation of toxic oligomers
species, and so the high glutamine: asparagine ratio (∼6:1) of the
FUS PLD may contribute to the fixation of proteins into toxic
forms (Halfmann et al., 2011).

Superoxide Dismutase 1 (SOD1)
SOD1 is one of the most common genes implicated in ALS.
While there is no consensus on the proportion of ALS attributed
to SOD1 mutations, it is typically held to account for between
13% and 20% of familial ALS and between 0% and 7% of sporadic
ALS (Andersen, 2006; Chiò et al., 2008). It is a superoxide
radical-scavenging enzyme that natively converts the superoxide
anion O2 into O−

2 or H2O2, and in doing so clears free radical
by-products which cause oxidative stress. It is present in the
cytoplasm and nuclei of all cell types.

In its native form, SOD1 is an extremely stable homodimer.
However, most ALS-linked SOD1 mutations destabilize the
protein. This makes it more likely to expose typically obscured
hydrophobic surfaces, increasing vulnerability to partial
unfolding and leading to the formation of pathological protein
aggregates (Tiwari and Hayward, 2005; Nordlund and Oliveberg,
2008; Münch and Bertolotti, 2010). This is extremely atypical in
prion and prionoid pathology, which usually involves a change
from instability to stability.

The oxidation appears to be a requirement of
SOD1 aggregation, with aggregates lacking oxidants failing
to form aggregates at all. The only exception was zinc-deficient
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SOD1, which itself produced significantly higher levels of
aggregation when oxidated (Rakhit et al., 2002). Aberrant
oxidation or post-translational modification of SOD1 has
also been observed to promote aggregation in in vitro models
(Rotunno and Bosco, 2013).

While the pathological activities of mutant SOD1
(mSOD1) are generally considered to have their basis in gain-
of-function mechanisms, there is also evidence of lost function.
Notably, almost all ALS-associated SOD1 mutations result in a
decrease in SOD1 enzyme activity, and SOD1 knockout models
demonstrate similar outcomes to ALS (Saccon et al., 2013).
These effects include increased oxidative stress, susceptibility to
neuron loss following injury and progressive motor neuron
degeneration (Reaume et al., 1996; Fischer et al., 2012;
Shi et al., 2014).

TAR DNA-Binding Protein 43 (TDP-43)
TDP-43 is a highly conserved essential RNA-binding
ribonucleoprotein. TDP-43 prionoid proteins express ordered,
self-perpetuating aggregation transmissible from affected cells
to their progeny. Their properties suggest a closer relation to
yeast prions than human prion protein (PrP; Polymenidou and
Cleveland, 2017).

TDP-43 is the major protein in most ALS-linked cytoplasmic
inclusions (Scotter et al., 2015). Increased levels of TDP-43
mRNA have been observed in the motor neurons of both fALS
and sALS patients, with TDP-43 aggregates forming in their
motor cortices and spinal cords (Arai et al., 2006; Rabin et al.,
2010; Qin et al., 2014). The development of TDP-43 inclusions
results in increased export of TDP-43 from the nucleus to the
cytoplasm, leading to a sustained decrease of nuclear TDP-43
and increased levels of stable TDP-43 mRNAs (Polymenidou
and Cleveland, 2017). Upon moving into the cytoplasm, TDP-43
undergoes defective phosphorylation and conformational
changes followed by ubiquitination, preventing re-entry into the
nuclear compartment (Neumann et al., 2006, 2009; Ayala et al.,
2008; Braak et al., 2017). Disruption of intranuclear TDP-43
expression and RNA metabolism, as well as the noxious effects
of toxic TDP-43 forms, results in loss of function for affected
cells (Neumann et al., 2009; Ratti and Buratti, 2016).

Mutations in TDP-43 appear to either increase aggregation
propensity of TDP-43 or promote SG formation, resulting in
most patients with TDP-43 mutations developing a classical ALS
phenotype (Manghera et al., 2016; Polymenidou and Cleveland,
2017). Cells expressing mutant TDP-43 also form larger SGs, and
are incorporated into SGs earlier, than those expressing wild-type
TDP-43 (Dewey et al., 2011).

Out of more than 44 ALS-linked mutations in TDP-43,
all but 3 are found in the C-terminal PLD (Da Cruz and
Cleveland, 2011). Elevated expression of TDP-43 C-terminal
fragments containing the PLD has resulted in increased toxicity
and aggregation of cytoplasmic TDP-43 in various contexts (King
et al., 2012). This suggests that the PLD plays a key role in
pathological aggregate formation in ALS. However, Aggregates
may also occur due to the supersaturation of TDP-43 and other
proteins in MNs (Yerbury et al., 2019) which can undergo
liquid-liquid phase separation in the cytoplasm, leading to the

formation of phosphorylated, insoluble aggregates regardless of
whether or not mutations are present in TDP-43 (Gasset-Rosa
et al., 2019). This may even be a precursor to protein misfolding
and self-templating protein aggregation, but there is currently no
experimental data to answer this question.

T-Cell-Restricted Intracellular Antigen-1 (TIA1)
TIA1 is an RNA-binding protein that assembles into
membrane-less organelles such as SGs. Seeded TIA1 aggregation
through a PLD is a requirement of SG formation (Gilks et al.,
2004). TIA1 recruits other mRNAs and proteins to SGs,
including TDP-43 and FUS (Polymenidou and Cleveland,
2017). TIA1 may serve to initiate aggregation, facilitated by
‘‘scaffolding’’ proteins and RNA molecules (Deleault et al., 2003).

TIA1 exhibits increased mutation of its PLD in ALS patients.
If these mutations are a cause of ALS, it is only in a very
small minority of cases (0.5% of sALS, 2% of fALS; Mackenzie
et al., 2017). A study by Mackenzie et al. (2017) studied a
novel ALS/FTD family and identified the P362L mutation in the
PLD of TIA1. Subsequent genetic association analyses revealed
a significant increase in the burden of TIA1 PLD mutations in
ALS patients relative to controls. Interestingly, the post-mortem
neuropathology of five TIA1 mutation carriers clearly showed a
consistent pathological signature with numerous round, hyaline,
TDP-43-positive inclusions. It appears that the TIA1 mutations
significantly increased the propensity of TIA1 protein to undergo
phase transition. In live cells, TIA1 mutations delayed SG
disassembly and promoted the accumulation of non-dynamic
SGs that harbored TDP-43. Moreover, in this study the TDP-43
in SGs apparently became insoluble, impinging on its mobility.
These suggest that TIA1 may have a supportive role in TDP-43
pathology, rather than functioning as a sole pathogen.

These TIA1 mutations in ALS/FTD further reinforce the
intrinsic role of RNA metabolism, RNA-binding proteins, and
SG dynamics in ALS/FTD pathogenesis.

COMMON PRIONOID FEATURES

Propagation
The Prionoids function like traditional prions, in that they
require both a method of seeding template-based alteration to
transform natively conformed proteins into their prionoid form
(Figure 1E), and a means of transmission between host neurons
(Figure 2).

In AD, it was observed that injection of pathological Aβ brain
extracts and homogenates into APP transgenic mice resulted in
the development of associated plaques and pathology in a time-
and concentration-dependent manner (Meyer-Luehmann et al.,
2006). Furthermore, it was found that Aβ can be transmitted
between neurons directly via interfaces between neurites (Nath
et al., 2012). Similarly, Frost et al. (2009) demonstrated that
extracellular Tau aggregates, but not monomers, can transmit a
misfolded state from the outside to the inside of a cell. These
induce fibrillization of intracellular full-length Tau, which is by
itself capable of seeding the formation of fibrils composed of
recombinant Tau monomers (Friedhoff et al., 1998). Microglia
have been found to package defective tau proteins into exosomes,
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FIGURE 1 | Common properties of prionoid disease pathways. (A) Most prionoid proteins have been associated with inhibition of the cell’s autophagic machinery,
particularly the lysosomal autophagy and ubiquitin-proteasome systems. This results in inhibited cellular clearance processes, enabling greater accumulation of
aggregates. (B) Aggregated proteins often mislocalize into aberrant cellular compartments. In amyotrophic lateral sclerosis (ALS), TAR DNA-binding protein 43
(TDP-43) and fused in sarcoma (FUS) mislocalize from the nucleus to the cytoplasm. Amyloid-β in Alzheimer’s diseases (AD), α-synuclein in Parkinson’s disease (PD)
and mutant superoxide dismutase-1 (mSOD1) in ALS mislocalize into the mitochondria. In Huntington’s disease (HD), Huntingtin (Htt) mislocalizes into the nucleus.
(C) Many Neurodegenerative Disease (ND) processes involve the disruption of microtubule-mediated transport of various cellular components, particularly
mitochondria. This often results in incorrect distribution of mitochondria, enhancing mitochondrial dysfunction. (D) Glial cells exert various neurotoxic and
neuroprotective effects. In NDs these are often either insufficient to control pathological processes or subverted to enhance pathological spread or severity. The most
common mechanism of this is increased neuroinflammatory activity, leading to the production of high levels of neurotoxic reactive oxygen species (ROS). The
resultant oxidative injury enhances glial activation, compounding the effects of the pathology. (E) Soluble oligomeric species of prionoid proteins are often present in
the cytoplasm of infected cells. While typically incapable of seeding aggregates, they are recruited to aggregates in order to accelerate their growth. There is
evidence that oligomeric prionoids exert neurotoxic effects. Oligomers may contribute to the spread of pathology through uptake by microglia after being
exocytosed. (F) Dysfunction in mitochondria leads to increased production of neurotoxic ROS. The downstream effects of ROS activity can damage mitochondria,
resulting in a self-reinforcing cycle.

nanoscale vesicles secreted by all mammalian cells. While these
can act to limit aggregate accumulation within cells, they can also
transport the infectious proteins between adjacent brain areas,
accelerating the spread of pathological proteins (Asai et al., 2015).

In PD, intracellular transmission of α-synuclein fibrils, but
not monomers, can also seed the formation of LB-like aggregates,
actively recruiting and converting soluble endogenous
α-synuclein in the cytoplasm into a misfolded state (Luk
et al., 2009). There is evidence that α-synuclein is secreted into
extracellular space by atypical exocytosis processes as a normal
part of the protein’s life cycle, independent of any pathological
processes. However, the amount secreted is elevated in response
to cellular defects associated with PD pathogenesis, such as
proteasomal and mitochondrial dysfunction. Both monomeric
and aggregated α-synuclein are secreted in this manner (Lee
et al., 2005). The internalization of this extracellular α-synuclein
may contribute to the spread of PD, as internalized material seeds
aggregation of endogenous α-synuclein (Hoffmann et al., 2019).
However, there is some debate as to the precise mechanism
involved in this internalization. Proposed mechanisms include
endocytosis, micropinocytosis, and cell surface protein-mediated
uptake (reviewed in Rodriguez et al., 2018).

Large, internalized aggregates of Htt polyQ have been
observed to bind to cell plasma membranes in culture, forming
nuclei that selectively recruit soluble cytoplasmic proteins. These
aggregates persist when cells divide, resulting in a heritable,
self-sustaining seeding and fragmentation process (Ren et al.,
2008). There is also experimental evidence that mHtt may
be transmitted across synapses based on transgenic mouse
and fly models (Pecho-Vrieseling et al., 2014; Babcock and
Ganetzky, 2015). Transmitted Htt can either recruit endogenous
Htt monomers and oligomers to propagate seeded aggregation
(Herrera et al., 2011) or localize to the nucleus if in possession
of a nuclear localization signal. Nuclear localization often leads
to cell death. Short peptides with few polyQ repeats are no less
toxic than longer peptides, suggesting that the pathological role
of polyQ repeats may be in aggregation efficiency rather than
toxicity (Yang et al., 2002).

In ALS, both FUS and TDP-43 self-replicate through the
actions of their PLDs. Evidence suggests that the C-terminal
domain is integral to TDP-43’s intrinsic aggregation propensity
and is involved in aberrant misfolding, toxicity, recruitment
into SGs and aggregate formation (Johnson et al., 2008,
2009; Dewey et al., 2011). While TDP-43 aggregate seeding
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FIGURE 2 | Intercellular transmission pathways in prionoid NDs. (A) Prionoid aggregates and oligomers are released into the extracellular space through exocytosis.
This can occur in normal cells, but may be accelerated during pathology. (B) Cell death releases aggregates and oligomers developing within the affected neuron.
Some of these are capable of persisting in the extracellular space. (C) Microglia phagocytose extracellular aggregates and oligomers. Many pathological processes
weaken enzymatic degradation processes, allowing engulfed prionoid material to persist. Some prionoids may be released, either in vesicles or following death of the
microglia, facilitating infection of neighboring cells. (D) Extracellular aggregates and oligomers can be taken into healthy neurons by unconfirmed processes. These
include endocytosis, micropinocytosis and protein-mediated uptake. (E) Prionoid material can be transmitted directly across synapses. Alternatively, tunneling
nanotubes may facilitate direct transmission between neurons. (F) Prionoid material can be internalized by astrocytes, possibly at the synapse or through tunneling
nanotubules. Aggregation can progress within the astrocytes, or prionoid material can be transferred to healthy neurons through tunneling nanotubes. (G) Once
prionoid material has entered a healthy neuron, it can seed pathological aggregation. Aggregates may seed conformational changes in natively conformed proteins,
while oligomers may either accelerate the growth of seeded aggregates or infect functional amyloid aggregates.

appears to be mediated by the presence of an RNA scaffold
(Deleault et al., 2003), FUS aggregate formation requires both
the N-terminal PLD and a C-terminal RGG (glycine-arginine
rich) domain. This suggests a more complex, multi-domain
process than is observed in TDP-43 pathology (Gitler and
Shorter, 2011; Sun et al., 2011). Fibrils of both proteins can
seed aggregation in vitro, allowing aberrant misfolding and
protein accumulation (Furukawa et al., 2011; Nonaka et al., 2013;
Nomura et al., 2014).

mSOD1-positive aggregates in human patients and fALS
mouse models have shown granule-coated fibrillar morphologies
rich in β-sheet structures, which facilitate template-based
misfolding of native SOD1 (Kato et al., 2000). In in vitro
tests, preformed SOD1 aggregates and misfolded proteins have
been shown to accelerate or seed aggregation of soluble SOD1
(Chattopadhyay et al., 2008; Chia et al., 2010; Eisenberg and
Jucker, 2012). It appears likely that intercellular spread requires
the release of aggregates into extracellular space, followed by
internalization into other cells by macropinocytosis. This allows
the internalized aggregates to seed aggregation of endogenous
SOD1 (Münch et al., 2011). The ability to self-propagate
through fragments of misfolded fibrils suggests that fibril
breakage may be a key part of the self-propagation process
(Lee and Kim, 2014).

Strain-Like Phenomena
One of the most vexing aspects of prionoid pathologies for
researchers is the broad range of clinical manifestations which
they can produce. While broad categories of symptoms can
be sketched out, each case is, for the purposes of medicine,
functionally unique. Individuals vary in clinical symptoms,
clinical progression, properties and behaviors of aggregates
and even brain region specificity. ALS is possibly the best
example of this, with multiple accepted and several controversial
subtypes based on such factors as the location and age of
onset of neurodegeneration and the presence or absence of
cognitive symptoms (reviewed in Siddique and Siddique, 2019).
Even the definitive boundaries of disorders can be somewhat
unclear, as evidenced by the debate as to whether ALS and
frontotemporal dementia, a cognitive disorder, share the same
disease spectrum.

While there are many hypotheses for the variability of
prionoid diseases, one of the most prominent is what we
refer to as the ‘‘strain hypothesis.’’ This posits that, much
like traditional diseases, prionoid disorders possess sub-species
variations. However, rather than being genetic in nature, these
variations exist in the conformational states of the prionoid
proteins. This results in a broad range of pathological effects
despite ostensibly similar aggregates structures. Studies have
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observed the presence of such ‘‘conformational strains’’ in
aggregates composed of Aβ, tau, α-synuclein and TDP-43.

Aβ deposits have demonstrated a high level of heterogeneity.
Pathological aggregates have been found to form dense-core
plaques, diffuse deposits, cerebral amyloid angiopathies,
inert deposits, and intracellular aggregates, replicating these
conformations in recruited native proteins (Carlo and
Stöehr, 2018). While no clear structural predominance has
been identified on a population scale, within individuals
the non-pathological Aβ40 isoform has a tendency for one
conformation to dominate. Interestingly, pathological Aβ42 is
more structurally heterogeneous and lacks a dominant species
(Qiang et al., 2017). There is clear evidence for structural
divisions between some pathological subspecies, with rapid-
progressing AD possessing distinct Aβ42 particles that differ
in size, display of N-terminal and C-terminal domains, and
conformational stability (Cohen et al., 2015). Similarly, there is
evidence for structural variance between familial and sporadic
AD. fAD patients with mutations in the APP gene were found
to test negative to the amyloid-specific PET probe Pittsburgh
compound B (PiB), commonly used to detect Aβ in sAD,
despite post-mortem analysis showing cerebral amyloid deposits
(Scialò et al., 2019).

Studies of tau have provided even greater evidence for
this, with Kaufman et al. (2016) identifying and characterizing
18 different tau strains in a cell culture model. Each of these
strains resulted in different cellular pathologies when used to
inoculate transgenic mice, with distinct cell types and brain
regions targeted and different rates of network propagation.
There is evidence that different tau fibril types cause part
of this variability, resulting in different conformations when
grown on fibrils of homogenous or heterogenous 3R or 4R
tau isoforms (Soto and Pritzkow, 2018). However, AD has
been found to show the highest level of homogeneity when
compared to other tauopathies, possible due to the relative
predominance of the isoform expressing a 1:1 ratio of 3R and 4R
tau (Sanders et al., 2014).

Research into α-synuclein has found that different
environmental factors can alter conformations, such as reduced
concentrations of salts causing a change from cylindrical to
twisted, ribbon-like structures (Bousset et al., 2013). Truncation
of the N-terminal or C-terminal domain can likewise result
in conformational differences in α-synuclein (Guo et al.,
2013). Specific conformational strains can also be produced by
posttranslational modification, as shown with phosphorylation
of serine 129. Phosphorylated fibers demonstrated different
morphology compared to wild-type fibers and exerted
higher levels of toxicity. However, phosphorylation of
other fibers did not lead to changes in fibril morphology,
suggesting the involvement of serine 129 in suppressing toxicity
(Ma et al., 2016).

We were unable to find significant evidence for
conformational strains in HD, although this does not preclude
the existence of such phenomena.

While there is a great deal of speculation regarding
conformational subtype in ALS due to the broad range of
clinical manifestations, this remains mostly conjecture. Tsuji

et al. (2012) demonstrated differing patterns of expression
in insoluble material extracted from ALS brain samples
through immunoblotting of protease-resistant fragments from
three FTLD-ALS subtypes. Nonaka et al. (2013) found that
transfected cells from brains with specific histopathological
subtypes templated the same properties onto wild-type TDP-43,
although this was not confirmed to be based on conformational
changes. A study into peptide variations also demonstrated some
variability, demonstrating that seeding aggregates with different
TDP-43 peptides resulted in different phosphorylated C-terminal
fragments of TDP-43 and different trypsin-resistant bands. These
results were interpreted as suggesting that the variability in
TDP-43 peptides allowed them to induce various pathologies,
ultimately functioning in a manner similar to prion strains
(Shimonaka et al., 2016).

Persistence and Disrupted Clearance of
Protein Aggregates
The formation of misfolded proteins is a normal component
of physiological function. As a result, cells possess innate
‘‘quality control’’ mechanisms that either eliminate proteins
before aggregation or clear aggregates after they have formed.
Schubert et al. (2000) calculated that around one-third of
newly synthesized eukaryote proteins were degraded due to
misfolding or improper assembly within minutes of synthesis. A
growing body of evidence indicates that a core issue in prionoid
pathologies is a disruption of this balance, resulting in more
misfolded proteins being produced than can be degraded.

Many, but not all, prionoid aggregates are extraordinarily
difficult to degrade. This is likely a result of β-sheet
structures, sheets of hydrogen-bonded β-strands which are
common secondary structures in pathological aggregates
(Tyedmers et al., 2010).

The autophagy-lysosome pathway is the key mechanism by
which cells actively degrade misfolded proteins and damaged
organelles. Macroautophagy (commonly referred to as simply
‘‘autophagy’’) is a key subset of this. It involves sequestering
cytoplasmic materials into double-membraned autophagosome
vesicles and fusing them with lysosomes, in which they undergo
enzymatic degradation (Ramesh and Pandey, 2017). Several
studies have been conducted into autophagy inhibition in
the absence of disease-linked mutations, producing symptoms
markedly similar to prionoid NDs (Hara et al., 2006; Komatsu
et al., 2006; Filimonenko et al., 2007). These include loss of
neurons in multiple regions of the brain, particularly cerebellar
Purkinje cells and hippocampal pyramidal neurons, and resultant
impairment of motor coordination and strength. The studies also
observed time-dependent formation of cytoplasmic ubiquitin-
positive inclusion bodies in neurons, similar in structure to
prionoid pathological inclusions. Komatsu et al. (2006) noted
similar proteasome function in healthy and degrading cells,
proposing that autophagy had a more significant role in, and was
more impaired in, prionoid pathologies.

There is growing evidence for a model of prionoid
neurodegenerative disorders in which a primary pathological
mechanism is destabilization of the balance between protein
misfolding and clearance (Figure 1A). This enables abnormal
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accumulation of aggregated proteins, enabling escalating
neurotoxic effects.

Impeded enzymatic degradation has been noted in both
central microglia and peripheral macrophages in AD and affects
the clearance of both Aβ40 and Aβ42 fibrils (Mawuenyega
et al., 2010; Lai and McLaurin, 2012). Aβ accumulation in
APP mutants appears to indirectly inhibit activity of the
ubiquitin-proteasome system, which may lead to self-reinforcing
pathological disruption of autophagy (Almeida et al., 2006). This
is a possible explanation for the identification of Aβ aggregates
that are able to persist more than 6 months following the
cessation of pathological Aβ production (Jankowsky et al., 2005),
as well as elevated Aβ levels without a concomitant increase in
protein production (Selkoe, 2001).

Inhibition of Aβ and APP production in a transgenic mouse
model of AD did not lead to degradation of amyloid aggregates
and pools of soluble Aβ42 but did lead to a rapid decrease in
the full-length APP. This resulted in significant improvements
in short and long-term spatial and working memory tasks but
was ineffective at recovering episodic memory and cognitive
flexibility (Melnikova et al., 2013). These results suggest that
several symptoms of AD depend upon the continued aggregation
of misfolded proteins, while the areas which failed to recover may
be affected by existing aggregates or have suffered irreparable
damage from early disease processes. The latter explanation
is supported by the early and severe effects of AD on areas
involved in episodic memory (Gainotti et al., 1998) and cognitive
flexibility (Guarino et al., 2019).

Similarly, tau pathology has been associated with decreased
autophagic activity. The onset of AD has been associated with a
decrease in autophagy-related gene expression, with certain tau
isoforms inhibiting lysosome-dependent autophagic processes
(reviewed in Hamano et al., 2018). Furthermore, NFTs composed
of tau proteins are able to persist after the death of the ‘‘host’’
neuron, forming extracellular ‘‘ghost’’ tangles (Serrano-Pozo
et al., 2011).

In PD, α-synuclein inclusions cannot be effectively degraded
either, despite colocalizing with essential components of
both the autophagic and proteasomal protein degradation
pathways. They persist even after soluble α-synuclein levels have
been substantially reduced, suggesting that once formed, the
aggregates have an extremely high resistance to clearance.

Extracellular α-synuclein internalized by cells has been
observed to impair lysosomal activity, resulting in decreased
autophagosome clearance in AD patients. This effect was
greatest with aggregated α-synuclein, which more persistently
accumulates within recipient cells. Oligomeric intermediates
proved to be susceptible to clearance (Lee et al., 2004).
Interference with lysosomes, along with other protein quality
control systems, has been observed to promote accumulation
of α-synuclein within recipient cells, leading to the formation
of inclusion bodies (Desplats et al., 2009). This indicates the
potential for a self-reinforcing autophagic inhibition loop, in
which internalized α-synuclein reshapes the cell’s immune
environment to facilitate further aggregation and consequently,
intercellular spread. Macroautophagic inhibition has been
observed to contribute to cell death in aggregate-bearing

cells, suggesting a possible role for loss-of-function processes
in neurodegeneration (Winslow et al., 2010). Drug-mediated
autophagy induction was able to mitigate this inhibitory effect,
reducing α-synuclein accumulation within cells exposed to
aggregates (Hoffmann et al., 2019).

Htt fragments containing pathogenic polyQ repeats have
been demonstrated to nearly completely inhibit the ubiquitin-
proteasome system, a major regulator of autophagy (Bence
et al., 2001). This appears to be the result of proteasome
sequestration within aggregates of mHtt N-terminal fragments
of polyQ expansion proteins, suggesting a pathological role for
aggregates outside of direct toxicity. Furthermore, polyQ repeats
are themselves resistant to proteasomal degradation, further
limiting cellular clearance processes (Holmberg et al., 2004). This
proteasomal inhibition has been observed to double the amount
of ubiquitinated aggregates, demonstrating significant growth
in pathological aggregation in the absence of effective cellular
clearance processes (Waelter et al., 2001).

Distinct subsets of aggregates within ALS pathology have
also been termed ‘‘irreversible.’’ Their formation typically
involves changes to secondary and tertiary structures within
the protein monomers of aggregate species (Invernizzi et al.,
2012; Prasad et al., 2019). This can require only a small portion
of the monomer chains in the aggregate, and during this
process, small proteins often undergo a significant increase in
β-sheet content. Once this state has been achieved, dissociation
becomes extremely difficult. However, some success has been
observed with highly concentrated chemical denaturants and
high pressures (Amin et al., 2014).

Depletion of healthy TDP-43 has been shown to inhibit
expression of the major autophagy component Atg7, likely
through destabilization of the Atg7 mRNA. This leads to the
impairment of autophagy and facilitates the accumulation of
polyubiquitinated proteins (Bose et al., 2011). As such, the
prevention of regular TDP-43 function due to disease-associated
mutation and the resultant loss of function due to aggregation
may contribute to impaired cellular clearance, and thus the
spread of pathology.

Mutations in FUS inhibit downstream autophagic activity
by reducing the number of omegasomes, a precursor to
autophagosomes (Soo et al., 2015). They have also been
associated with the accumulation of autophagy substrate p62,
which is upregulated when autophagy is inhibited (Mathew
et al., 2009). However, p62 itself inhibits the clearance of
ubiquitinated proteins, further compromising the ubiquitin-
proteasome system (Korolchuk et al., 2009). It also leads to
more direct toxic effects, with accumulation leading to aberrant
oxidative stress responses and the formation of SGs (Thomas
et al., 2013).

Autophagy Impairment With Aging
The incidence of most NDs increases with age. Concomitantly,
the ability of the body to eliminate misfolded proteins declines
with age. This decline has been observed in control of
the proteostatic network, which maintains proteostasis and
the elimination of dysfunctional proteins, as well as many
component processes of autophagy, such as autophagosome
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induction and fusion with lysosomes (Donati et al., 2001; Massey
et al., 2006). Aging also dampens the ability of microglia
to respond to stimuli such as α-synuclein (Bliederhaeuser
et al., 2016). Studies of mSOD1 in ALS demonstrated that
overexpression of various ALS-linked mutants did not lead
to the formation of aggregate deposits (Johnston et al., 2000;
Münch et al., 2011). This has led to the proposal of a ‘‘latent
development’’ theory, in which many aggregation-promoting
mutations are active significantly before symptom onset, with
pathological effects held in check by cellular control processes
until age-related dysfunction tips the scales. Aging microglia in
AD have been observed to become dysfunctional and exhibit
decreasing neuroprotective capabilities such as binding and
degrading Aβ. However, they retain their ability to produce
pro-inflammatory cytokines, allowing a progressive increase in
net neurotoxicity (Borchelt et al., 1997; Jankowsky et al., 2001).

The shortening of telomeres may be a factor in this age-related
dysfunction. Telomeres modulate DNA stability and shorten
through cell replication in the process of aging (Blackburn,
2000). Shortening telomeres are known to be associated with
both accelerated synuclein pathology and impaired microglial
response (Scheffold et al., 2016). The average length of telomeres
is shorter (Forero et al., 2016) and the rate of telomere
shortening is faster in neurons, microglia and T-cells from AD
patients than in healthy controls, suggesting the involvement of
pathological mechanisms (Panossian et al., 2003; Flanary et al.,
2007; Liu et al., 2016). Similar findings in ALS models (De
Felice et al., 2014; Linkus et al., 2016) suggest that microglial
telomere shortening may influence the onset of symptoms in
various NDs.

Protein Mislocalization
Aberrant protein localization is present in many prionoid
pathologies. It is typically the result of mutation or alteration
of the organelle transport system, either through cargo proteins,
transport receptors or general deregulation (Hung and Link,
2011; Figure 1B). This can result in pathological effects through
either loss of function, in which aberrant localization prevents
activity despite maintaining intrinsic function, or toxic gain of
function as the protein’s typical activity becomes harmful in an
aberrant location.

Studies of Aβ have demonstrated abnormal HSP60-mediated
translocation of APP to the mitochondria, resulting in increased
levels of mitochondrial Aβ. They also observed mislocalization
of these mitochondria from axons and dendrites to the soma,
and resultant disruption of mitochondrial function (Iijima-
Ando et al., 2009; Walls et al., 2012). Following this, Aβ

has been reported to impair mitochondrial transport without
affecting either mitochondrial function or the cytoskeleton in
hippocampal neurons (Rui et al., 2006). The result is mislocalized
mitochondria unable to return to their native positions, possibly
driving pathological toxicity.

Hoover et al. (2010) found that pseudohyperpolarized tau
of the sort observed in AD mislocalized to dendrites and
dendritic spines, while phosphorylation-deficient tau block
mistargeting. This phosphorylation-mediated mislocalization
was concluded to cause early synaptic dysfunction by suppressing

AMPA-mediated synaptic responses. Disruption of postsynaptic
targeting and anchoring of glutamate receptors have both been
proposed as possible mechanisms (Hoover et al., 2010; Miller
et al., 2014).

In HD, N-terminal Htt has demonstrated the ability to shuttle
between the cytoplasm and nucleus of cells. The exact mechanism
of this shuttling is inconclusive, with possible mechanisms
including a nuclear export sequence in Htt and interaction with
the nuclear export-associated translocated promoter region (Tpr)
of the nuclear pore. Disruption of both systems in HD has been
demonstrated to increase nuclear Htt accumulation (Cornett
et al., 2005; Zheng et al., 2013). The amphipathic α-helical
membrane-binding domain appears to be required for effective
transport between the nucleus and cytoplasm, enabling targeting
of vesicles and the endoplasmic reticulum. When disrupted by
point mutation, nuclear accumulation and toxicity of mHtt both
increased significantly (Atwal et al., 2007).

Mouse models of SOD1 have established that subjects
expressing wild-type SOD1 localize to both the cytoplasm and
nuclei, while mSOD1 were limited to the cytoplasm. This
occurred independently of any mutations in the neurons or
astrocytes studied, suggesting that it is a property of the protein
rather than the cell (Lee et al., 2015).

Wild-type FUS predominantly resides in the nucleus.
However, ALS-linked mutants have been observed to mislocalize
to the cytoplasm. The level of mislocalization has been positively
correlated with both the onset of ALS and the maturation status
of the MNs affected (Higelin et al., 2016). mFUS linked to
severe ALS recruits significantly more cytoplasmic FUS into SGs
following stress or irradiation than those linked to mild ALS
(Higelin et al., 2016). mFUS-expressing cells were also noted to
express increased numbers of large, densely packed FUS-positive
SGs along neurites (Higelin et al., 2016).

Mutant TDP-43 likewise mislocalizes from the nucleus to
the cytoplasm. There is evidence of ubiquitinated TDP-43-
containing inclusion bodies in ALS, and evidence of decreased
levels of nuclear TDP-43 when such ubiquitinated TDP-43
inclusion bodies are present (Neumann et al., 2006; Geser et al.,
2008). Mutant-specific TDP-43 toxicity has been associated
with higher levels of cytoplasmic TDP-43 mislocalization,
serving as a strong predictor of neuronal death. However,
there is evidence that inclusion bodies are not necessary
for toxicity, and that their presence is entirely independent
of cell death (Barmada et al., 2010). This indicates that
the formation of inclusions may be only a method of
limiting TDP-43 translocation, rather than a direct effector
of pathology.

A study by Archbold et al. (2018) into inhibition and
overexpression of nuclear exporters in ALS identified several
redundant nuclear export pathways. They observed that
inhibition of exportin-1 (XPO1) and depletion of various
exportin levels failed to significantly increase levels of nuclear
TDP-43, while overexpression of exporters increased nuclear
export. It may be that nuclear export is predominantly
independent of active export mechanisms. A recent study
demonstrated that export is size-dependent, and as a result
proposed that export mechanisms are predominantly driven by
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passive diffusion (Pinarbasi et al., 2018). They argue that the
limited effects of some exporter proteins are due to shuttling
of secondary components of SGs; supplementing rather than
driving the formation of inclusion bodies.

Intracellular Transport Dysfunction
A common factor in NDs is the disruption of intracellular
transport systems, typically through interference of microtubule-
mediated transport (Figure 1C). This contributes to the loss-
of-function and mislocalization pathologies, particularly with
regards to mitochondria. Mitochondrial function is reliant on
extensive intracellular transport to meet the cell’s energy needs,
especially with regards to the maintenance of synapses.

AD is possibly the most involved ND in intracellular transport
dysfunction due to the involvement of the MAP tau. This leads
to both loss-of-function due to dissociation from microtubules
and a gain-of-function inhibition of microtubule assembly in its
hyperphosphorylated form (Grundke-Iqbal et al., 1986; Alonso
et al., 1994, 2006; Li et al., 2007). There is evidence that this
inhibitory activity is the result of tau binding to the ‘‘tracks’’ of
the microtubules, slowing anterograde transport (Ebneth et al.,
1998). Aβ is likewise involved in pathological AD processes.
Exposure of cultured hippocampal neurons to soluble Aβ was
shown to significantly impair transport of mitochondria along
axons in both the retrograde and anterograde directions (Wang
et al., 2010). Aβ42 specifically has demonstrated the ability to
induce mitochondrial mislocalization, with fewer in the axons
and dendrites and more localized to the soma (Iijima-Ando
et al., 2009). This is likely to limit the cell’s ability to undergo
neurotransmitter Exo- and endocytosis at its synapses, possibly
contributing to functional deficits. There is some evidence of
pathological synergy between Aβ and tau as well, with the
presence of both Aβ and pathologically cleaved tau increasing
levels of stationary mitochondria and levels of oxidative stress
(Quintanilla et al., 2012).

In HD, the activity of mHtt has been shown to result in
disruption of both anterograde and retrograde microtubule-
based axonal trafficking of both vesicles and mitochondria.
This is accompanied by the retraction of neurites. These effects
have been shown to precede entry of mHtt into the nucleus,
suggesting that it is an early part of pathology (Trushina et al.,
2003). Pathological aggregates in the cytosol have been shown
to ‘‘immobilize’’ mitochondria adjacent to them. This process
involves the sequestration of wild-type Htt, which is important
for fast axonal trafficking, as well as various trafficking motors
and mitochondrial components (Trushina et al., 2004; Chang
et al., 2006).

Several factors in PD contribute to transport dysfunction. The
parkin gene, one of the major sites of mutations in familial PD,
is a microtubule-stabilizing protein, and thus a logical target
for pathology. However, Yang et al. (2005) found no effect of
PD-linked mutations on parkin’s interactions with microtubules.
Parkin mutations may, however, exert indirect effects on cell
stability. Healthy parkin reduces microtubule depolymerization
and consequently attenuates the activity of MAP kinase (MAPK),
significantly reducing certain toxic mechanisms (Ren et al.,
2009). α-synuclein has also been shown to interact with the

protein tubulin, inducing polymerization of purified tubulin into
microtubules. However, the effects of pathological mutations
on this process are inconclusive, with some studies suggesting
an increase in tubulin polymerization and other impairment
(reviewed in Pellegrini et al., 2017).

Research into both fALS and sALS has found a significant role
of microtubule-mediated axonal transport in MN survivability.
These deficits are believed to be one of the earliest events
in ALS. Kinesin and dynein proteins are believed to play a
significant role, being directly involved in both anterograde
and retrograde transport along with microtubule polymers
(reviewed in Burk and Pasterkamp, 2019). Mutations in FUS
are particularly involved in the activity of the kinesin family
of proteins. Recruitment of the kinesin-1 (KIF1) mRNA and
protein within FUS inclusions mediates the mislocalization of
specific RNAs from axons. This leads to a loss of detyrosinated
glutamate microtubules, and consequently issues with RNA
localization. The mechanism of effect appears to not be related
to microtubule stability, but rather through targeting the
tubulin carboxypeptidase enzyme onto specific microtubules
(Yasuda et al., 2017). SOD1 pathology appears more strongly
associated with dynein, as MNs from SOD1G93A mice display
defective dynein-mediated retrograde axonal transport from the
embryonic stage (Kieran et al., 2005). There is also evidence
for the involvement of the anterograde transport pathway, as
studied in a transgenic squid axoplasm model. Activation of
p38 MAPK and the consequent phosphorylation of KIF-1,
inhibiting transport along microtubules, were implicated in this
process (Bosco et al., 2010b). In addition, ALS mSOD1 has
been shown to reduce levels of the mitochondrial membrane
protein mitochondrial Rho GTPase 1 (Miro1), a master regulator
of mitochondrial axonal transport. This results in further
inhibition of anterograde axonal transport of mitochondria
(Moller et al., 2017). TDP-43 models have demonstrated smaller
growth cones and shorter axons than controls, with impaired
axonal transport and cytoskeletal disruptions (Baskaran et al.,
2018). TDP-43 knockdown and mislocalization have been
shown to result in decreased expression of microtubule
regulator stathmin-2, which is necessary for normal axonal
growth and regeneration (Klim et al., 2019). This may be
the result of a polyadenylation site uncovered as a result
of altered splicing during TDP-43 deficiency, resulting in
a truncated, non-functional mRNA (Melamed et al., 2019).
Post-translational stabilization of stathmin-2 has been shown
to restore axonal regenerative capabilities (Klim et al., 2019;
Melamed et al., 2019).

Failing Defense Mechanisms Propagate
Disease
Another factor which can influence the precarious balance within
prionoid pathologies is the subversion of defense mechanisms
intended to prevent or slow the diseases’ spread. This has been
observed in multiple prionoid disorders. Many of these systems
involve the ejection of pathological material from stressed cells
or transport between regions. These processes can only remain
beneficial as long as the proteins, fibrils, and aggregates can
be effectively cleared after being removed from already affected
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cells. Failure to do so serves as another symptom of the loss of
autophagic balance within the CNS in prionoid pathologies.

Reactive astrocytes may propagate Aβ pathology by
producing a secretase required for Aβ production (BACE1;
Rossner et al., 2005). As Aβ is an upstream activator of astrocytes
(Lian et al., 2016), this may result in a cycle in which astrocytes
become activated by neuronal Aβ pathology, only to themselves
increase the production of Aβ.

In PD, microglia are responsible for phagocytotic α-synuclein
clearance (Lee et al., 2008). However, the microglial activation
required to initiate this process has been shown to also lead to
inflammatory signaling and production of ROS (Zhang et al.,
2005; Jin et al., 2007). This, in turn, facilitates the oxidization of
α-synuclein in nearby neurons, compounding gain-of-function
α-synuclein pathology (Shavali et al., 2006).

The release of α-synuclein fibers into extracellular space
through exocytosis is accelerated under conditions that increase
levels of α-synuclein misfolding, such as mitochondrial and
proteasomal dysfunctions (Lee et al., 2005). In adaptive
situations, this may serve to limit intracellular aggregation
and facilitate extracellular phagocytic clearance processes.
However, when the body is incapable of effectively clearing
these extracellular proteins as a result of aging or other
factors, this process facilitates the spread of infectious fibrils
to previously healthy neuronal and glial cells (Cuervo et al.,
2004). Once internalized by astrocytes, α-synuclein pathology
can be transmitted between them through tunneling nanotubes
(Rostami et al., 2017). This interaction with α-synuclein
oligomers greatly increases opportunities for glial and neuronal
exposure, contributing to the spread of the disease. Toll-like
receptor 4 (TLR4) appears to mediate inflammatory response
to astrocytic α-synuclein accumulation, increasing ROS
production, levels of pro-inflammatory cytokines and microglial
phagocytic activity (Fellner et al., 2013; Rannikko et al., 2015).

In ALS, a study of cell-to-cell transfer of mSOD1 in
different volumes of culture media indicated that pathological
SOD1 transfer is the result of cellular uptake following the
expulsion of aggregates by mSOD1-containing cells (Münch
et al., 2011).

Glial Neuroprotective-Neurotoxic
Equilibrium
Glial cells, particularly astrocytes and microglia, have a peculiar
role in prionoid diseases, in that they exert both neurotoxic
and neuroprotective effects. In the context of NDs, glia is
predominantly involved in the degradation of aberrant proteins
and various pro- and anti-inflammatory processes. There is a
great deal of debate as to whether their neuroprotective or
neurotoxic activity is more significant, although this is skewed
by the tendency of pathological processes to enhance the activity
of neurotoxic modalities (Figure 1D). This, in turn, prompts
debate as to whether therapies should be targeted at suppressing
or enhancing the activities of glial cells.

Astrocytes are specialized glial cells that respond to CNS
damage through reactive astrogliosis, a complex graduated
continuum of context-dependent changes regulated by various
signaling events. Their effects include reversible alteration of

gene expression, cell hypertrophy, and rearrangement of tissue
structures into long-lasting astroglial scarring (Sofroniew and
Vinters, 2010).

Microglia are the resident macrophage cells of the CNS,
functioning as its first and main form of immune defense.
While their function is like that of peripheral macrophages,
microglia have been found to be more efficient at phagocytosis
than their peripheral counterparts (Jin and Yamashita, 2016).
In a resting state, they actively probe the CNS for pathological
changes, targeting plaques, damaged or unnecessary neurons
and synapses, and infectious agents (Gehrmann et al., 1995; Luo
and Chen, 2012). However, when activated they take on either
the neurotoxic M1 or neuroprotective M2 phenotypes (Li and
Zhang, 2016). M1 microglia release pro-inflammatory mediators
such as cytokines and chemokines which inhibit phagocytosis,
as well as substances such as ROS which promote oxidative
stress (Dheen et al., 2007; Sorce et al., 2014; Orihuela et al.,
2016). M2 microglia produce anti-inflammatory factors, clearing
cellular debris through phagocytosis and releasing various
protective and trophic factors (Orihuela et al., 2016; Tang and
Le, 2016). However, recent evidence has suggested that microglia
exist in a continuum between the M1 and M2 states, exerting
various levels of toxic and protective effects. This is supported by
data that suggests that the release of the beneficial components
of inflammation, such as IGF-1, occurs in mSOD1 microglia in
both the pre-symptomatic and end-stages of disease progression
(Chiu et al., 2013).

With respect to AD, evidence suggests that astrocytes
play a neuroprotective role through uptake and clearance
of Aβ aggregates (Pihlaja et al., 2008, 2011). However, this
neuroprotective activity is insufficient to clear plaques, as
evidenced by the stability of both amyloid plaque burden and
plaque size distribution throughout the progression of the disease
(Serrano-Pozo et al., 2012). However, astrocytes do preferentially
target diffuse Aβ deposits over larger fibrillar aggregates, and
so may serve to isolate soluble, neurotoxic Aβ and thus limit
collateral damage (Perez-Nievas and Serrano-Pozo, 2018). These
neuroprotective activities are diminished over the course of the
disease, while neurotoxic effects increase through both the loss
of counteractive neurotrophic effects and toxic gain of function
(reviewed in Perez-Nievas and Serrano-Pozo, 2018).

The lipid-binding protein apolipoprotein E (APOE) appears
to be a necessary component in the astrocytic degradation
of Aβ (Koistinaho et al., 2004). The APOEε4 allele is
the strongest genetic risk factor of AD, with homozygous
individuals experiencing an 8–12-fold higher incidence of
the disease (Corder et al., 1993). This allele has been
found to promote Aβ aggregation (Hyman et al., 1995),
formation into soluble oligomers (Hashimoto et al., 2012) and
reduces Aβ clearance (Castellano et al., 2011). It has also
demonstrated a role in tau pathology, promoting tau-mediated
neurodegeneration independent of Aβ pathology (Shi et al.,
2017). The strong association between AD and this allele
is indicative of a more neurotoxic astrocytic phenotype.
Its significance as a risk factor indicates that it may be
a driver of AD pathology, allowing neurotoxic elements
to overcome natural defense mechanisms. In contrast, the
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APOEε2 allele exerts a significant protective influence and
has been associated with a decreased incidence of AD
(Corder et al., 1994). For this reason, upregulation of
APOEε2 and/or downregulation of APOEε4 may serve as
valuable therapeutic tools.

Activation of microglia, on the other hand, is largely
neurodegenerative in AD. Activated microglia can be induced
by pathological proteins such as Aβ under disease conditions,
leading to increased production of cytokines and neurotoxins,
including ROS, ultimately promoting neurodegeneration (Meda
et al., 1995; Coraci et al., 2002).

There is also significant evidence for increased inflammatory
activity in PD compared to controls (Lecours et al., 2018). In
a mouse model of PD, infected astrocytes were observed to
produce A53T mutant α-synuclein, leading to the induction of
severe neurodegeneration (Gu et al., 2010). However, astrocytes
have also shown the ability to endocytose α-synuclein released
into the surrounding microenvironment by pathological lesions,
sequestering it and inhibiting further infection of neurons (Lee
et al., 2010). Microglia are also highly responsive to α-synuclein
deposits. Olanow et al. (2019) showed that dopaminergic
neurons implanted into PD patients gradually acquire
α-synuclein aggregates over approximately 14 years, and this
aggregation is associated with an increased presence of activated
microglia. However, microglia also exhibit both neuroprotective
and neurotoxic functions in response to α-synuclein and
may attempt to clear the aggregates or exhibit inflammatory
phenotypes (reviewed in Lecours et al., 2018).

HD-associated neurodegeneration has been positively
associated with the activation of reactive astrocytes, with mild
cases completely lacking reactive astrocytosis (Myers et al.,
1991). One factor involved in this is the prevention of glutamate
reuptake by reactive astrocytes expressing mHtt, resulting in
excitotoxic injury to neurons (Shin et al., 2005). A similar
mechanism has also been described in AD (Wang and Reddy,
2017), PD (Ambrosi et al., 2014) and excitotoxicity is suspected
to play a role in ALS pathogenesis (King et al., 2016), although
the evidence for this is less certain. However, the link between
the respective prionoid proteins and glial cells is not as detailed
as the other diseases reviewed here. Further research may fully
describe this link for the purpose of identifying new therapeutic
modalities that function across prionoid NDs by interfering with
disease-progressing behaviors of microglia and astrocytes.

Microglia exposed to or expressing mHtt are abnormally
reactive to stimuli that prompt an immune response (Björkqvist
et al., 2008) and are more toxic to neuronal cells (Crotti et al.,
2014). Reactive microglia have been observed in the neostriatum,
cortex, globus pallidus and the adjoining white matter of the
brains of HD subjects, but not controls. While activation
occurred in all levels of pathology, accumulation was greater
in cases with more severe neurodegeneration. The processes
of these microglia were clearly defined even in low-grade HD,
suggesting an early microglial response to changes in the neuropil
and axons (Sapp et al., 2001). Transmission of Htt aggregates
to microglia through phagocytic activity has been demonstrated
in a fly model of HD, enabling seeded aggregation within the
microglial cells. While ostensibly neuroprotective, may serve to

impair microglial clearance, and excessive accumulation may
facilitate transmission to healthy cells (Pearce et al., 2015).

A rat model of ALS found that selective expression of
mTDP-43 in astrocytes led to non-cell-autonomous motor
neuron death and consequent denervation atrophy and paralysis.
It also led to the activation of astrocytes and microglia (Tong
et al., 2013). Interestingly, this rat model also identified a loss
of glutamate transporters in the spinal cord of affected animals,
although a definitive link with excitotoxic injury was not made.

The interplay between glial cells can shift the balance
towards toxic modalities. Activated microglia can cause
astrocytes to become neurotoxic reactive astrocytes that produce
pro-inflammatory cytokines. This results in the rapid destruction
of neurons and oligodendrocytes (Liddelow et al., 2017).

There is evidence to suggest that the functions of microglia
shift throughout the course of ALS. In a chimeric model with
some cells expressing mSOD1, non-neuronal cells that did not
express the mutant protein exerted significant neuroprotective
effects, delaying neurodegeneration and extending survival
(Clement et al., 2003). Similarly, mSOD1-expressing early-
activated microglia exhibit higher levels of markers for the
neuroprotective M2 state, while end-stage microglia displayed
a shift towards the toxic M1 state (Liao et al., 2012; Tang and
Le, 2016). As such, impaired microglial accumulation in early
disease stages accelerates ND progression, and methods that
support early microglial activity may delay prionoid pathology
(El Khoury et al., 2007).

Spiller et al. (2018) proposed a biphasic model of microglial
activity based on their study of a reversible model of TDP-43
ALS pathology. They observed that while mutant, aggregation-
prone TDP-43 was active, there was a significant loss of motor
neurons and no significant change to microglia number or
activity. However, when the expression of mutant TDP-43
was suppressed, microglia expanded rapidly and specifically
cleared TDP-43, allowing the subjects to recover somewhat.
This raises the possibility that the constant renewal of prionoid
protein aggregates from various sources (glial cells themselves
included in some NDs) overwhelms microglia. This may
result in a constant state of inflammatory stimulation from
stressed neurons, reactive astrocytes or autocrine signals. The
sequestration of cellular resources needed for this microglial
response may also contribute to the lack of response, suppressing
microglial proliferation until aggregation has ceased. Despite
evidence from AD and PD showing that microglia can
exert neuroprotective effects (Streit, 2005; Chen and Trapp,
2016; Masuch et al., 2016), none have shown this type of
temporal response.

Glia-Mediated Neurotoxicity
Nitric oxide (NO) is a highly diffusible, reactive molecule
produced by the nitric oxide synthase (NOS) enzyme. At low
concentrations, it is involved in the regulation of metabolic
energy levels, neurotransmission, and vasodilation (Thomas
et al., 2001). The anionic form of NO, nitroxyl (NO−) has also
demonstrated some neuroprotective effects, downregulating
excessive activity by pathology-associated extrasynaptic
N-Methyl-D-aspartate receptors (NMDARs; Kim et al., 1999).
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The major pathological effects of NO emerge when co-expressed
at high levels with the enzyme complex NADPH oxidase
(NOX), which is produced predominantly by microglia. This
complex produces the superoxide radical (O−

2 ) ROS, used for
phagocytic pathogen degradation in healthy cells. However,
NO and O−

2 engage in an extremely rapid (almost diffusion-
limited) chemical reaction, producing the more neurotoxic ROS
peroxynitrite (ONOO−; Rubbo et al., 1994; Mander and Brown,
2005). ONOO− causes irreversible nitration or nitrosylation of
specific amino acid residues, which induces aberrant protein
conformation and function and inhibition of mitochondrial
respiration (Hess et al., 2005; Szabó et al., 2007; Figure 1F).
Nitration of Parkin was noted to initially increase but later
decrease Parkin activity, and α-synuclein nitration was found to
contribute to aggregation, increasing resistance to proteolysis as
well as reducing lipid binding and solubility in PD (reviewed in
Steinert et al., 2010). Nitrosylated proteins have been observed to
accumulate in the brains of human ND patients, but not healthy
controls (Nakamura and Lipton, 2016). There is evidence that
the nitrosylation reaction can result in substantial neuron death,
although it is uncertain whether this is a result of this amino
acid modification or more direct ROS neurotoxicity (Mander
and Brown, 2005). Another cell death process also appears
to exist in mSOD1 ALS, as low levels of extracellular NO in
mSOD1-expressing MNs, but not non-transgenic or wild-type
MNS, activated a self-reinforcing NO upregulation cycle which
ended in cell death (Drechsel et al., 2012).

While synaptic activation of NMDA receptors (NMDAR) is
protective, extrasynaptic NMDAR activation has been shown
to trigger excessive NO production. This is potentially a
key pathway in AD, as Aβ oligomers have been shown to
hyper stimulate extrasynaptic NMDARs (Talantova et al., 2013;
Molokanova et al., 2014).

The inducible NOS isoform (iNOS) has been strongly
associated with ND. It is only expressed in astrocytes and
microglia following exposure to proinflammatory cytokines and
components of pathogens (Mander and Brown, 2005; Saha and
Pahan, 2006). Once expressed, iNOS produces sustained high
levels of NO, facilitating ROS production (Mander and Brown,
2005). The pro-inflammatory cytokines IL-1β and IFN-γ are
sufficient to induce iNOS activation in astrocyte cells, while
some other cytokines such as TNF-α can sensitive cells to
IL-1β and IFN-γ-mediated iNOS activation (Trajkovic et al.,
2001). iNOS can also be activated by some neurodegenerative
toxins. Aggregated Aβ peptides have demonstrated the ability
to trigger iNOS activation in primary microglia (Combs
et al., 2001). NO-mediated nitration of Aβ also increases its
aggregation propensity (reviewed in Kummer et al., 2011),
potentially resulting in self-reinforcing pathology. There is also
evidence of iNOS activation in HD and ALS, however, the exact
inducer has not yet been identified in these diseases (Tabrizi et al.,
2000; Barbeito et al., 2004).

THERAPEUTICS

Prion populations have been shown to adapt to the presence of
selection pressures such as anti-prion compounds, developing

heterogeneity even after biological cloning. There is evidence
that this variability arises at the conformational level, resulting
in quasi-species that can thrive in adverse environments. The
most effective replicator dominates, allowing the acquisition of
resistance even in the absence of genetic variability (Oelschlegel
and Weissmann, 2013). Therapeutic drug design for prions
should be carefully considered with this resistance in mind.

Since prions are pure proteins with no genetic material,
intuitively one thinks of an antibody as an easy way to clear prion
infection. When prion-infected cells in culture were treated with
antibodies against PrP, the accumulation of prion protein was
reduced (Enari et al., 2001). Similarly in mice, treatment with
an antibody against prion protein slowed the onset of disease
symptoms (White et al., 2003). Recently, the MRC Prion Unit in
London announced the possibility of a human clinical trial of an
anti-PrP antibody named PRN100 to treat sporadic Creutzfeldt-
Jakob disease, but no details are available yet. Monoclonal
antibody trials are also underway for AD but have also met
with only limited success (Prins and Scheltens, 2013; van Dyck,
2018). There is also a monoclonal antibody undergoing clinical
trial for PD, but the trial is ongoing and the efficacy data
are not available yet (Jankovic et al., 2018). Beyond this, new
technological approaches aimed at developing antibodies against
beta-sheet rich proteins characteristic of prionoid NDs are also
underway with promising early results in vitro (Goñi et al., 2017;
Manoutcharian et al., 2017).

Apart from monoclonal antibodies, many other therapeutic
approaches have been developed throughout the years, with
limited clinical success (reviewed in Trevitt and Collinge,
2006; Aguzzi et al., 2018). Research suggests that the key
to effective therapeutic approaches is not in degrading the
highly stable aggregates already formed, but in preventing the
development of further pathology. This allows the body to
re-establish existent but overwhelmed protective mechanisms,
both slowing pathological spread and allowing the recovery of
function (Melnikova et al., 2013; Spiller et al., 2018). While some
secretase inhibitors such as doxycycline have already experienced
significant success in animal models of AD, no such success
has been observed in human clinical trials (Molloy et al., 2013).
Similarly, inhibitors of the β-secretase BACE1 enzyme which
cleaves APP into its Aβ form have been able to lower Aβ

levels, but not recover cognitive function (reviewed in Coimbra
et al., 2018). However, research is still ongoing as to whether
applications at pre-clinical stages may have a stronger positive
impact (Voytyuk et al., 2018).

Another target for redressing this pathological imbalance
is the enhancement of autophagic processes. Even in the
absence of any prionoid proteins, a loss of autophagy can lead
to neurodegeneration, suggesting a key role in pathogenesis.
Autophagy-enhancing agents such as rapamycin, metformin,
and resveratrol have been found to have various positive
effects in PD, including increased α-synuclein clearance and
reduced neuronal cell loss (reviewed in Moors et al., 2017).
However, these agents are not selective, and many of the
agents used are involved in other pathways such as apoptosis,
cell growth, and immune responses. This could cause a wide
variety of detrimental side effects, limiting clinical application.
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However, therapies are in development that target downstream
components of the autophagy pathway, which may exhibit more
targeted effects (Moors et al., 2017). Extensive studies have
been made into inhibitors of mTOR, a complex which inhibits
autophagy. One of the most common therapeutic agents is
rapamycin, used in ALS, AD and HD treatment, although many
others such as resveratrol, BECN1, and calpastatin are being
trialed and modeled in various NDs (Towers and Thorburn,
2016; Mandrioli et al., 2018).

Overall, very little has been done in relation to the therapeutic
modulation of glial cell activation, which may also clear
protein aggregates. We know that sustained inflammation
kills neurons and fails to stimulate further clearance of
prionoid protein aggregates. Thus, one of the ways to enhance
neuroprotection during disease progression in NDs could be
by modulating inflammation and subduing the over-activation
of glial cells. Our research has observed that while early glial
activation is predominantly neuroprotective in nature, this shifts
along a continuum towards neurotoxicity through increased
inflammation and the production of toxic molecules as diseases
progress. If glial activation is to be effectively used as an
avenue for therapeutics, more research must be undertaken
with regards to both the early identifications of pathological
aggregation and determination of when in the disease process
the glial response turns from positive to negative. However,
even in the absence of such specific mechanistic knowledge,
there are some avenues of approach which can be explored.

These include targeting pathways that arrest M1 activation (Liu
et al., 2014), decreasing the effects of pro-inflammatory cytokines
and promoting the transition to the protective M2 phenotype
(reviewed in Subramaniam and Federoff, 2017).

CONCLUDING REMARKS

While these NDs have diverse symptoms, outcomes and prionoid
behaviors, their similar mechanisms of action and propagation
seem to indicate that they are all different manifestations of
the same core pathology. At their cores, they are all indicative
of a loss of proteostatic equilibrium. The reduction of protein
quality control mechanisms and increase of pathological proteins
results in a pathological cascade, producing sinks of cellular
resources that eventually lead to dysfunction and death. Perhaps
by identifying the common elements within these diverse
conditions, a mechanism could be found to disrupt these
pathologies before they can develop into the debilitating and
lethal conditions they are today.
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Mikhail V. Belousov 1,2, Olga I. Poleshchuk 1, Daria V. Likholetova 1, Petr A. Sokolov 3,

Nina A. Kasyanenko 3, Andrey V. Kajava 4,5, Galina A. Zhouravleva 1,6* and

Stanislav A. Bondarev 1,6*

1Department of Genetics and Biotechnology, St. Petersburg State University, St. Petersburg, Russia, 2 Laboratory for

Proteomics of Supra-Organismal Systems, All-Russia Research Institute for Agricultural Microbiology (ARRIAM),

St. Petersburg, Russia, 3Department of Molecular Biophysics and Polymer Physics, St. Petersburg State University,
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A number of [PSI+]-no-more (PNM) mutations, eliminating [PSI+] prion, were previously

described in SUP35. In this study, we designed and analyzed a new PNM mutation

based on the parallel in-register β-structure of Sup35 prion fibrils suggested by the

known experimental data. In such an arrangement, substitution of non-charged residues

by charged ones may destabilize the fibril structure. We introduced Q33K/A34K amino

acid substitutions into the Sup35 protein, corresponding allele was called sup35-M0.

The mutagenized residues were chosen based on ArchCandy in silico prediction of high

inhibitory effect on the amyloidogenic potential of Sup35. The experiments confirmed that

Sup35-M0 leads to the elimination of [PSI+] with high efficiency. Our data suggested that

the elimination of the [PSI+] prion is associated with the decreased aggregation properties

of the protein. The new mutation can induce the prion with very low efficiency and is able

to propagate only weak [PSI+] prion variants. We also showed that Sup35-M0 protein

co-aggregates with the wild-type Sup35 in vivo. Moreover, our data confirmed the utility

of the strategy of substitution of non-charged residues by charged ones to design new

mutations to inhibit a prion formation.

Keywords: [PSI+], amyloid, ArchCandy, prion, Saccharomyces cerevisiae, SUP35 mutation,

superpleated-β-structure

1. INTRODUCTION

Prions are self-propagating and transmissible protein isoforms that cause fatal neurodegenerative
disease in humans or heritable traits in lower eukaryotes. The most known hallmark of almost all
prions is a formation of amyloid aggregates (Liebman and Chernoff, 2012). These aggregates have
a set of specific properties, such as resistance to detergents and proteases, interaction with dyes
Thioflavin T and S, birefringence when stained with the Congo Red dye, and cross-β-structure
(Baxa et al., 2006). The first discovered prion, PrPSc (“prion protein” scrapie), causes severe
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infectious neurodegenerative diseases in mammals (Prusiner,
2013). Discovery of prions in lower eukaryotes (Wickner, 1994)
revealed that this phenomenon is widespread and based on
common mechanisms. Thus, unicellular organisms such as yeast
can be used for investigation of prionization and the data
obtained can be extrapolated tomammalian prions (Liebman and
Chernoff, 2012).

One of the best-studied prions to date is [PSI+], an isoform
of Sup35 protein (Cox, 1965; Wickner, 1994; Wickner et al.,
1995), which is a eukaryotic release factor 3 (Stansfield et al.,
1995; Zhouravleva et al., 1995). This protein is divided into
three domains (N, M, and C) (Kushnirov et al., 1988).
The C-terminal part of Sup35 contains four GTP binding
sites (Stansfield et al., 1995; Zhouravleva et al., 1995) and
it is essential for the cell viability and termination of
translation (Ter-Avanesyan et al., 1993). N-domain is required
for [PSI+] maintenance (Ter-Avanesyan et al., 1994) and
formation of stress-inducible condensates (Franzmann et al.,
2018). N-domain consists of two parts — the Q/N rich
segment (1–39 aa) and the oligopeptide repeats region (OR),
containing one incomplete and five complete repeats (40–112
aa) (Kushnirov et al., 1988). The charged M-domain represents
an unfolded linker that also affects [PSI+] prion maintenance
(Liu et al., 2002; Helsen and Glover, 2012).

Cells bearing [PSI+] prion have a reduced amount of
monomeric Sup35 protein, that increases the frequency of the
read-through of premature stop codons (Liebman and Chernoff,
2012). Nonsense mutation ade1-14, which lead to the synthesis
of a truncated non-functional Ade1 protein and to the inability
of cells to synthesize adenine, is often used to test for the
nonsense suppression caused by the prion. The accumulation
of the adenine biosynthesis intermediate results in the red color
of colonies growing on the 1/4 YEPD medium. The appearance
of [PSI+] prion leads to the suppression of ade1-14 nonsense
mutation and the formation of full-length Ade1. Phenotypically
it can be detected by growth on media lacking adenine and
the white colony color. This manifestation can vary depending
on the structure of Sup35 aggregates (prion variant), templated
upon prion propagation. The term “variant” is used hereafter for
different prion variants, and “strain” — only for yeast strains.
Cells bearing weak variants of the [PSI+] prion demonstrate weak
growth on adenineless media, i.e., weak nonsense suppression,
while the strong [PSI+] variants lead to almost complete masking
of the ade1-14mutant phenotype (Liebman and Chernoff, 2012).

Different approaches may be used for investigation of Sup35
aggregates in [PSI+] cells. They can be decorated by transiently
overproduced Sup35NM-GFP and visualized with fluorescence
microscopy (Osherovich et al., 2004). Sup35 aggregates can also
be directly analyzed with biochemical approaches: differential
centrifugation, SDD-AGE (Kryndushkin et al., 2003) or
modifications of SDS-PAGE (Kushnirov et al., 2006).

Oligopeptide repeats in the Sup35 N-domain significantly
affect [PSI+] prion maintenance. At least two first ORs are
essential for the prion propagation (Liu and Lindquist, 1999;
Osherovich et al., 2004; Shkundina et al., 2006). At the same
time OR expansion leads to increased fragmentation of Sup35
aggregates, while a decrease in the number of repeats has an

opposite effect (Langlois et al., 2016). Previously, using the T-
REKS algorithm (Jorda and Kajava, 2009), we identified an
additional OR in the Sup35 N-domain, located from 28 to 40
amino acid residues (Bondarev et al., 2013). The mutation within
this OR, named sup35-M0, was designed based on the model
of a superpleated-β-structure, proposed for Sup35 aggregates
(Kajava et al., 2004). According to this model, charged amino acid
residues located inside the fibril, can destabilize this structure,
due to the electrostatic repulsion. In this work, we investigated
the effect of this mutation on the prion propagation and
properties of Sup35 aggregates.

2. MATERIALS AND METHODS

2.1. Strains, Media, and Growth Condition
Saccharomyces cerevisiae strain 7A-D832 [psi–] and its isogenic
[PSI+] derivative 10-7A-D832 (Bondarev et al., 2013) were used
in this study unless otherwise specified. Both strains contain
the sup35::TRP1 knockout on the chromosome, compensated
by plasmid(s) bearing the SUP35 gene. For the experiments
with protein transformation, the [psi–] [pin–] strain 2-OT56
(Matveenko et al., 2016) was used.

Yeast strain 12-D1682, used for the induction of new
[PSI+] variants, was constructed as follows. Strain GT671 was
transformed by pRSU2 plasmid, carrying the URA3 marker.
Transformant with the Ura+Leu– phenotype was selected and
designated as U-GT671. Yeast strain GT159 (Chernoff et al.,
1999) was transformed by the pRSU1 plasmid (Volkov et al.,
2002), carrying LEU2 marker, and mated with the U-GT671
strain. Diploids were selected on SC-Ura-Leu media. Then
random ascospore isolates were obtained, and MATa Ura–Leu+

segregant was selected and named 12-D1682 (Table 1). This
strain was transformed with a pRS316CUP-NM-GFP plasmid
for overproduction of Sup35NM-GFP. The prion induction was
performed as described below and seven prion variants were
isolated. Clones that lost pRS316CUP-NM-GFP were selected
after several passages on YEPD.

Yeast cultures were maintained on the YEPD (yeast
extract/peptone/dextrose medium) or synthetic complete
minimal medium (SC) (Kaiser et al., 1994). Solid media were
prepared with the addition of agar (2%). SC media with 5’-FOA
(1 mg/ml) was used for counter-selection of plasmids bearing
URA3 (Kaiser et al., 1994). Nonsense suppression in [PSI+]
cells was detected by the ability to grow on the SC medium
lacking adenine (SC-Ade) or by the colony color on 1/4 YEPD
(Eaglestone et al., 2000). Yeast cells were grown at 30◦C.

2.2. Plasmids
Plasmids bearing the new sup35 mutation were constructed
by site-directed mutagenesis. We amplified the vector using
highly processive DNA polymerase (AccuPrime Pfx, Invitrogen)
(the primer sequences are available upon request). The vectors
pRSU1 (Volkov et al., 2002), pRSU2 (Volkov et al., 2002),
pRS316CUP-NM-GFP (Serio et al., 1999), pRS315CUP-NM-GFP
and pET-20b-SUP35NM-His6 (Allen et al., 2005) were used
as templates. Next, the PCR mixture was treated with DpnI
(Thermo Scientific) to remove the template DNA. Then, this
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TABLE 1 | Strains of S. cerevisiae used in this study.

Strain Genotype References

7A-D832 MATα ade1-14(UGA) his7-1(UAA) leu2 lys2-739 trp1 ura3 sup35::TRP1 [pYCH-U2] [psi–] [PIN+] Bondarev et al., 2013

10-7A-D832 MATα ade1-14(UGA) his7-1(UAA) leu2 lys2-739 trp1 ura3 sup35::TRP1 [pYCH-U2] [PSI+] [PIN+] Bondarev et al., 2013

2-OT56 MATa ade1-14(UGA) trp1-289(UAG) ura3-52 his3-1200 leu2-3,112 [psi–] [pin–] Matveenko et al., 2016

GT159 MATa ade1-14(UGA) trp1-289(UAG) his3 lys2 ura3-52 leu2- 3,112 [psi–] [PIN+] Chernoff et al., 1999

GT671 MATα ade1-14(UGA) trp1-289(UAG) his3 lys2 ura3-52 leu2- 3,112 sup35::HIS3MX [CEN LEU2 SUP35] [psi–] [pin–] Gift from Y.O. Chernoff

U-GT671 MATα ade1-14(UGA) trp1-289(UAG) his3 lys2 ura3-52 leu2- 3,112 sup35::HIS3MX [pRSU2] [psi–] [pin–] This study

12-D1682 MATa ade1-14(UGA) trp1-289(UAG) his3 lys2 ura3-52 leu2- 3,112 sup35::HIS3MX [pRSU1] [psi–] [PIN+] This study

74-D694 MATa ade1-14(UGA) trp1-289(UAG) ura3-52 his3-1200 leu2- 3,112 [psi–] [PIN+] Derkatch et al., 1997

P-74-D694 MATa ade1-14(UGA) trp1-289(UAG) ura3-52 his3-1200 leu2- 3,112 [PSI+] [PIN+] Drozdova et al., 2016

solution was used for transformation of E. coli competent cells.
All mutations were verified by sequencing. To construct the
pRS315CUP-NM-GFP plasmid, we ligated the region with the
CUP1 promoter, Sup35NM and GFP from pRS316CUP-NM-
GFP (Serio et al., 1999) into the polylinker site of the pRS315
plasmid (Sikorski and Hieter, 1989). The region of interest
in pRS316CUP-NM-GFP and the polylinker site were digested
by XhoI and SacI enzymes. Sticky-end ligation was performed
with T4 DNA-ligase according to Thermo Scientific protocol.
pRS315CG was obtained analogously from pRS316CG (Serio
et al., 1999) and pRS315. pR16CUP-NM-yTagRFP-T plasmid was
obtained by insertion of the XhoI-XhoI fragment from pCUP-
NM-His6 (Kiktev et al., 2015) in place of the XhoI-SalI fragment
of pR16CUP-SFP1C-yTagRFP-T which in turn resulted from
the substitution of the PstI-PstI fragment in pR16CUP-SFP1-
Cerulean (Matveenko et al., 2016) for the PstI-PstI fragment from
pIM35 (Malcova et al., 2016). TagRFP-T is a TagRFP derivative
containing one additional substitution (Shaner et al., 2008). All
the plasmids are listed in Table 2.

2.3. Genetic and Microbiological
Procedures
Standard microbiological approaches were used for all
manipulations with yeast and bacterial colonies (Sambrook
and Fritsch, 1989). Yeast protein transformation was performed
as described previously (Tanaka and Weissman, 2006). Direct
plasmid shuffle (from wild-type to mutant allele) was performed
as follows: the [PSI+] sup35::TRP1 strain with the SUP35 gene on
a URA3 plasmid was transformed with LEU2 plasmids bearing
the wild-type or mutant SUP35 alleles. Transformants, selected
on SC medium lacking uracil and leucine (SC-Ura-Leu), were
tested for suppression of the ade1-14 mutation to determine
the presence of [PSI+]. These transformants were replica plated
on media with 5′-FOA for counter-selection of the plasmid
with SUP35, and then on the SC-Leu and SC-Ura media to
prove the loss of the plasmid. The suppressor phenotype of the
obtained strains was analyzed on SC-Ade or 1/4 YEPD. Reverse
plasmid shuffle (from mutant allele to wild-type) was performed
as follows: the strains after direct shuffle were transformed
with plasmids bearing the wild-type allele. Transformants were
selected on SC-Ura-Leu medium and then streaked out on YEPD
media to allow spontaneous plasmid loss. Colonies were replica

TABLE 2 | Plasmids used in this study.

Plasmid Description References

pRSU1 LEU2, ampR, PSUP35, SUP35 Volkov et al., 2002

pRSU1-sup35-M0 LEU2, ampR, PSUP35,

sup35-M0

This study

pRSU2 URA3, ampR, PSUP35,

SUP35

Volkov et al., 2002

pRSU2-sup35-M0 URA3, ampR, PSUP35,

SUP35

This study

pRS316CUP-NM-GFP URA3, ampR, PCUP1,

SUP35NM-GFP

Serio et al., 1999

pRS316CUP-NM-M0-GFP URA3, ampR, PCUP1,

SUP35NM-M0-GFP

This study

pET-20b-SUP35NM-His6 -, ampR, T7, SUP35-NM-His6 Allen et al., 2005

pET-20b-SUP35NM-M0-His6 -, ampR, T7,

SUP35-NM-M0-His6

This study

pRS315CUP-NM-GFP LEU2, ampR, PCUP1,

SUP35NM-GFP

This study

pRS315CUP-NM-M0-GFP LEU2, ampR, PCUP1,

SUP35NM-M0-GFP

This study

pRS315 LEU2, ampR Sikorski and

Hieter, 1989

pRS315CG LEU2, ampR, PCUP1, GFP This study

pR16CUP-NM-yTagRFP-T URA3, ampR, PCUP1,

SUP35NM-yTagRFP-T

This study

pIM35 URA3, ampR, PMET25,

yTagRFP-T

Malcova et al.,

2016

For each plasmid, the following characteristics are indicated: yeast selective marker, (“-”

— the absence of a yeast selective marker), bacterial selective marker, promoter of the

inserted gene, gene of interest. All yeast plasmids in the table are centromeric.

plated on SC-Leu or SC-Ura medium to identify clones which
contain only wild-type SUP35 allele. After selection, the cells
were tested for suppression of the ade1-14mutation to determine
the presence of [PSI+].

The [PSI+] prion loss and transmission were scored according
to the previously described procedure (Afanasieva et al., 2011)
with minor modifications. The [PSI+] strain (10-7A-D832) was
transformed with a LEU2 plasmid bearing the SUP35 or sup35-
M0. To estimate [PSI+] curing, caused by the presence of mutated
sup35 allele, three transformants for each allele were replica
plated three times on a medium lacking uracil, then resuspended
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in water and plated on 1/4 YEPD medium to obtain single
colonies and to reveal the nonsense suppressor phenotype. Then
these clones were replica plated on media lacking uracil or
leucine. The frequency of prion loss was estimated as a fraction of
Ura+Leu– [PSI+] colonies. To determine the efficiency of [PSI+]
transmission from Sup35 to Sup35-M0, 50 transformants for
each combination of SUP35 and sup35-M0 alleles were replica
plated three times on medium lacking leucine containing uracil
to enable the cells to lose plasmid containing wild-type SUP35.
To estimate the efficiency of [PSI+] transmission, the fraction of
Ade+ colonies was scored amongst Ura–Leu+ isolates.

2.4. [PSI+] Induction
Plasmids bearing SUP35NM-GFP or GFP under control of CUP1
promoter were used for the prion induction. Strains [psi–][PIN+]
with corresponding plasmids were grown in selective media at
30◦C to logarithmic phase. For the induction of CUP1 promoter,
CuSO4 was added into the media to the final concentration of
100 µM for the 7A-D832 strain or 50 µM for 12-D1682. Before
induction and after 24 h, the aliquots of cultures were plated
on 1/4 YEPD to count the number of white clones and evaluate
the frequency of their appearance. To compare the amounts of
Sup35NM for different constructions, other aliquots were taken
at the same time points. Cell lysates were obtained with alkaline
lysis (Zhang et al., 2011) and subsequently analyzed with SDS-
PAGE (Sambrook and Fritsch, 1989). The same cells were used
for fluorescence microscopy.

2.5. Decoration of Sup35 Aggregates
in vivo
Two combinations of isogenic strains were used in this
experiment: P-74-D694 and 74-D694, or 10-7A-D832 and 7A-
D832. The first pair (P-74-D694 and 74-D694) was transformed
with plasmids for production of Sup35NM fused with different
fluorescent proteins (Sup35NM-TagRFP-T and Sup35NM-GFP
with substitutions) and corresponding control constructs
(TagRFP-T and GFP). For the TagRFP-T production, cells
with plasmid pIM35 were grown overnight in the liquid
media lacking methionine. For overproduction of the other
constructs with fluorescent proteins, CuSO4 was added to a final
concentration of 50 µM. The second pair of strains (10-7A-D832
and 7A-D832) was transformed with plasmids for production of
Sup35NM-GFP, Sup35NM-M0-GFP or GFP. Overproduction
of these proteins was induced by addition of CuSO4 to a final
concentration of 100µM. In all cases, the induction time was 4 h.

2.6. Propagon Counts
The transformants of 10-7A-D832 with pRS316CUP-NM-GFP
and pRS316CUP-NM-M0-GFP were used for the propagon
counts. The cells were grown in liquid SC-Ura medium with
additional adenine to the early logarithmic phase (OD600 = 0.2).
Then CuSO4 was added to a final concentration of 25 µM.
Cells were plated on YEPD supplemented with 3 mM GuHCl
to obtain single colonies before the addition of CuSO4 and after
one cell culture division (estimated by OD600). The number of
propagons in cells was determined using a previously described
colony-based method (Cox et al., 2003).

2.7. Fluorescence Microscopy
Cells were gently pelleted (2000-3000 rpm) and resuspended
in 50% glycerol. Fluorescence was analyzed using a Zeiss
AxioScope.A1 wide-field fluorescence microscope. Images were
taken with a QIClick-F-CLR-12 (QImaging) camera using
QCAPTURE PRO 7 software.

2.8. Protein Analysis
The amount of Sup35 in different strains was quantified
using Western Blotting with rabbit polyclonal anti-Sup35
antibodies (Chabelskaya et al., 2004). Monoclonal anti-tubulin
antibodies (T6074, Sigma) were used for tubulin detection.
Densitometry measurements were performed in ImageJ software
(Schneider et al., 2012). SDS-PAGE with additional boiling
(Kushnirov et al., 2006) was performed to detect Sup35NM-
GFP and Sup35 in the aggregated and soluble fractions. For
the analysis of Sup35 amyloid aggregates, SDD-AGE was used
(Kryndushkin et al., 2003).

2.9. Protein Purification From Escherichia

coli and Fibril Preparation
For Sup35NM purification, pET-20b-SUP35NM-His6 (Allen
et al., 2005) plasmid or its derivative for Sup35NM-M0
overproduction were used. For protein purification, E. coli
strain BL21(DE3) was used (Studier and Moffattf, 1986).
Overproduction of recombinant proteins was carried out
in 2TYa media with 1 mM IPTG. Cultures were grown
at 37◦C for 6 h. Proteins were purified in denaturing
conditions (in the presence of 8 M urea) according to
previously published protocols (Glover et al., 1997; Serio
et al., 1999). The purification was performed with a two-step
procedure with Ni-NTA agarose (Invitrogen) and Q-sepharose
(GE Healthcare) columns. Proteins were concentrated with a
centrifuge concentrator with molecular weight cutoff of 30
kDa (Millipore).

The obtained Sup35NMproteins were diluted at least 100-fold
into fibril assembly buffer (5 mM potassium phosphate pH 7.5,
150 mM NaCl) to a final protein concentration of 0.5 mg/ml.
In these conditions, Sup35NM spontaneously forms aggregates.
Samples were incubated at 26◦C with slow overhead rotation
(rotator Bio RS-24, Biosan). Tomonitor amyloid fibril formation,
aliquots were removed every 12 h up to 24 h of incubation.
The rate of aggregated protein was estimated by SDS-PAGE with
boiled and unboiled samples.

2.10. TEM and AFM
For fibrils visualization, Jeol JEM-2100 transmission electron
microscope and Bruker Nanoscope V atomic force microscope
were used. The negative staining with a 1% aqueous solution
of uranyl acetate was used for TEM measurements. Samples
were prepared by applying 5 µl of the Sup35NM fibril solution
with concentration 0.5 mg/ml on a substrate, followed by
washing with distilled water and drying. The fibrils were
immobilized on freshly-cleaved mica surface for AFM analysis
and formvar coated copper grids for TEM measurements
(Sokolov et al., 2018).
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2.11. Statistical Analysis
To compare the protein amounts the Mann-Whitney U-test
was used (Mann and Whitney, 1947). The Fisher’s exact test
(Fisher, 1935) was used to compare the proportion of cells with a
particular phenotype. All statistical tests were performed in R (R
Core Team, 2018).

3. RESULTS

3.1. Design of a New sup35 Mutation
In the previous work, we constructed five mutant sup35 alleles,
each of them leading to substitutions of two consecutive polar
residues to charged ones (lysines) in the middle of one of
the oligopeptide repeats (OR1 - OR5). Such mutations are
incompatible with Sup35p aggregates with superpleated β-
structure spanning the ORs with the respective mutations.
These mutations were named sup35KK, and each was designated
according to the number of ORs (from sup35-M1 to sup35-
M5) (Bondarev et al., 2013). We introduced mutations in
all previously known ORs of Sup35 (Kushnirov et al., 1988).
However, using T-REKS program, we identified additional repeat
upstream of the known ORs (28–40 aa) (Bondarev et al., 2013).
To complete the set of sup35KK alleles, we substituted two
residues in the middle of newly identified OR0 (Q33K/A34K)
to lysines and designated this mutation sup35-M0. The potential
effect of this mutation on the Sup35 aggregation was evaluated
with ArchCandy program (Ahmed et al., 2015). Previously
it was shown that this tool accurately predicts the impact
of amino acid substitutions on aggregation properties of a
protein (Ahmed et al., 2015; Bondarev et al., 2015; Roche
et al., 2017). According to the analysis, sup35-M0 mutation
could significantly decrease the amyloidogenic potential of Sup35
and have the highest effect on this parameter compared to
known PNM2 mutation (Doel et al., 1994) and other sup35KK,

which were shown to eliminate the [PSI+] prion (Figure 1)
(Bondarev et al., 2013).

3.2. The sup35-M0 Mutation Efficiently
Eliminates the [PSI+] Prion
To analyze the effect of the mutation, we used previously
described isogenic [PSI+] and [psi–] strains with SUP35 deletion
compensated by a copy of this gene on a URA3 plasmid
(Bondarev et al., 2013). In this system, we can change the alleles
of SUP35 by plasmid shuffling. The presence of the nonsense
mutation ade1-14 in these strains allows monitoring the prion
propagation by the cell phenotype. As [PSI+] strains are able
to suppress ade1-14 mutation, we test for the prion loss by
detecting the decrease in growth on medium lacking adenine
accompanied by increased accumulation of the red pigment on
1/4 YEPD. To check the effect of sup35-M0, we transformed
isogenic [PSI+] and [psi–] strains with a plasmid bearing sup35-
M0 or SUP35 (control). All independent [PSI+] transformants
bearing the mutant allele demonstrated a significant decrease
in nonsense suppression phenotype on 1/4 YEPD (Figure 2A)
or SC media without adenine (data not shown). The complete
elimination of prion phenotype was observed after loss of the
wild-type SUP35 allele (Figure 2A). Yeast cells did not restore
nonsense suppressor phenotype after replacement of a mutant
allele by the wild-type (Figure 2A) suggesting that sup35-M0
mutation leads to the [PSI+] prion loss.

Elimination of the prion should be accompanied by the
elimination of Sup35 aggregates from the cells. We checked for
the disappearance of aggregates in the transformants, which lost
the wild-type SUP35, with SDD-AGE (Kryndushkin et al., 2003)
and did not find Sup35 aggregates in cells bearing only sup35-
M0 (Figure 2B). This fact confirmed our assumption that the
mutation eliminates the prion. We also compared the relative
amount of the Sup35 protein for strains with the wild-type and

FIGURE 1 | Substitutions Q33K/A34K within N-domain of Sup35 decrease the amyloidogenic potential of the protein. The ArchCandy program (Ahmed et al., 2015)

was used to predict amyloidogenic properties. Cumulative scores (sum of β-arch scores counted for each amino acid residue) are presented on the plot. WT —

wild-type protein; G58D, Q33K/A34K, Y46K/Q47K, and Q61K/Q62K substitutions that correspond to mutations PNM2, sup35-M0, -M1, and -M2, respectively.
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FIGURE 2 | sup35-M0 efficiently and irreversibly eliminates [PSI+] prion. (A) The phenotype of strains with different combinations of SUP35 and sup35-M0 alleles in

[PSI+] and [psi–] strains on 1/4 YEPD is shown (images were taken after 4 days of incubation). Transformants bearing two plasmids with two wild-type alleles or

combination of sup35-M0 and SUP35 are presented on the panel “WT/mut” (at least 16 transformants were analyzed). The phenotype of cells after the plasmid loss is

shown on panel “mut”. Finally, sup35-M0 (or SUP35 as a control) were replaced with SUP35 by the reverse plasmid shuffling, phenotype of obtained strains is

presented on panel “WT after mut.” (B) The sup35-M0 allele leads to the elimination of Sup35 aggregates according to SDD-AGE results. Antibodies against Sup35

were used for Western Blotting. (C) Result of Western Blot hybridization after SDS-PAGE analysis of protein lysates from the [psi–] strain with mutant or wild-type allele

of SUP35 with anti-Sup35 and anti-Tub1 antibodies. (D) The densitometry analysis of Sup35 protein level (ten replicates) revealed no difference in Sup35 protein level

in strains with sup35-M0 compared to SUP35. (E) [PSI+] transmission from the wild-type to the indicated sup35 allele. Fraction of cells that retained the prion after

loss of the wild-type allele is shown on graph. (F) [PSI+] loss induced by transient expression of the sup35KK alleles and PNM2 mutation. Fraction of cells that have

lost the prion after the loss of sup35KK allele is shown. **p-value < 0.01 and ***p-value < 0.001 according to Fisher’s exact test.

the mutant SUP35 allele and found no difference (Figures 2C,D),
suggesting that the prion loss was not caused by a decreased
amount of Sup35.

To compare the effects of the new mutation on the prion

replication, we estimated the prion loss and transmission in

the presence of sup35-M0 allele according to special protocols

for each parameter [(Afanasieva et al., 2011), see Materials and
Methods section for details]. We did not observe cases of prion
transmission to the sup35-M0 allele (Figure 2E). At the same
time, the rate of [PSI+] loss was 97.12 ± 0.55% that significantly
exceeds the same parameter for other sup35KK mutations with

a maximum value of ∼40% in case of substitutions within the
secondOR (Figure 2F) (Bondarev et al., 2013). Based on this data
we concluded that new mutation very efficiently eliminates the
[PSI+] prion.

3.3. The Sup35NM-M0 Protein Forms
Infectious Amyloid Aggregates
The highly efficient loss of the prion caused by sup35-M0
suggested that Sup35 with amino acid changes Q33K/A34K
might be unable to form aggregates and induce [PSI+]
formation. To check this hypothesis, we constructed plasmids
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for purification of the Sup35NM-M0 protein from E. coli cells.
We chose only the N-terminal part of the protein because
it is sufficient for aggregation (Glover et al., 1997). Wild-
type Sup35NM protein was used as a control. After 24 h of
incubation in nondenaturing conditions, both proteins formed
SDS-resistant aggregates, detected by comparing the amount
of the proteins in boiled and unboiled samples analyzed with
SDS-PAGE (Figure 3A). Using atomic force microscopy (AFM)
and transmission electron microscopy (TEM) we investigated
the morphology of Sup35NM and Sup35-M0 aggregates and
found no detectable difference between them (Figure 3B). To test
infectious properties of the obtained fibrils, we used the protein

FIGURE 3 | Sup35NM-M0 forms infectious amyloid aggregates. (A) Result of

Coomassie staining of the gel after SDS-PAGE analysis of Sup35 fibrils formed

in vitro. Sup35-M0 forms SDS-resistant aggregates similar to wild-type Sup35.

(B) AFM and TEM images of fibrils formed by Sup35NM or Sup35NM-M0.

(C) Phenotype of [psi–][pin–] strain (2-OT56) transformed with fibrillar or

monomeric proteins on 1/4 YEPD (16 independent transformants are shown

for each case, images were taken after 5 days of incubation). The appearance

of [PSI+] phenotype (white color) after protein transformation suggested

infectious properties of the aggregates.

transformation technique (Tanaka and Weissman, 2006) and
demonstrated that aggregates of both proteins were infectious
and led to [PSI+] appearance (Figure 3C). In all cases, the
observed nonsense suppressor phenotype was prion-mediated
because it was lost after cell growth on the media with GuHCl
(data not shown), which is known to cause the loss of [PSI+]
(Tuite et al., 1981). At the same time, cells transformed with
monomeric protein did not acquire prion phenotype. Thus,
charged residues withinOR0 in Sup35 do not significantly change
its ability to form infectious aggregates in vitro.

3.4. The sup35-M0 Allele Can Induce and
Propagate the [PSI+] Prion but With Low
Efficiency
Next, we analyzed the effect of sup35-M0 allele on the
prion induction in vivo. The presence of another prion
[PIN+] is required for [PSI+] de novo formation in yeast
cells (Derkatch et al., 1997). For this experiment [psi–][PIN+]
strains (derivatives of 7A-D832 or 12-D1682 bearing SUP35 or
sup35-M0) were transformed with plasmids for Sup35NM-GFP
(positive control), Sup35NM-M0-GFP or GFP (negative control)
overproduction. The presence of sup35-M0 in cells significantly
decreased the frequency of [PSI+] formation in different yeast
strains. Furthermore, the overproduction of Sup35NM-M0-GFP
induced [PSI+] with very low efficiency (Figures 4A,B). This
result allowed us to conclude that investigated substitutions
significantly decrease the aggregation propensity of the protein,
as was predicted by the ArchCandy program (Figure 1). We also
compared patterns of Sup35NM-GFP and Sup35NM-M0-GFP
fluorescence upon their overproduction. In all cases, we found
that Sup35 aggregates formed during [PSI+] induction: rings,
ribbons, or dots (Figure 4C), which are detected on the different
stages of the prion life cycle (Tyedmers, 2012).

The low frequency of the prion induction upon sup35NM-
M0 overexpression may also be explained by the effect of
the mutation on the protein stability. However, the levels of
corresponding proteins upon their overproduction are the same
(Figures 4D,E), which contradicts this hypothesis.

To check that the cells with nonsense suppressor phenotype
and bearing sup35-M0 were [PSI+] we isolated several
corresponding clones of 12-D1682. The suppressor phenotype
of these clones was preserved after several passages (Figure 4F)
and in the absence of the plasmid, used for [PSI+] induction, but
eliminated after the growth on GuHCl containing media (data
not shown). We also found aggregates of Sup35 in all analyzed
strains with prion variants (Figure 4G). These results prove the
ability of sup35-M0 to maintain the [PSI+] prion. Nevertheless, it
should be mentioned that all [PSI+] variants formed in presence
of sup35-M0 had weak suppressor phenotype (Figure 4F).

3.5. The Sup35-M0 Protein Can Incorporate
Into Fibrils of the Wild-Type Protein in vivo
We analyzed the ability of the protein with Q33K/A34K
substitutions to incorporate into pre-existing Sup35 aggregates
in vivo. Transient overproduction of Sup35NM fused with
fluorescent protein leads to the decoration of existing Sup35
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FIGURE 4 | sup35-M0 can induce and propagate [PSI+] prion but with low efficiency. (A) Frequencies of [PSI+] induction in the [psi–][PIN+] 7A-D832 (A) and 12-D1682

(B) cells upon overexpression of SUP35NM-GFP (WT) or sup35NM-M0-GFP (M0) in the presence of wild-type or mutant allele of SUP35. Overproduction of GFP

(Continued)
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FIGURE 4 | hereafter was used as a negative control. All constructions were under control of CUP1 promoter, CuSO4 was used for the 24 h induction. All

experiments were repeated six times. Our results demonstrated that the mutation has a dramatically lower potential to induce [PSI+] prion than SUP35

(***p-value < 0.001 according to Fisher’s exact test). The “Allele” designates allele of full-length SUP35 present in cells. (C) The cells tested on panel A were analyzed

with the fluorescence microscopy (scale bar equals 5 µm). Various types of prion aggregates (dots, rings, and ribbons) were detected in the presence of both alleles

(SUP35 and sup35-M0). (D) Results of Western Blot hybridization after SDS-PAGE analysis of protein lysates of strains used for [PSI+] induction. (E) Densitometry

analysis of the Western Blotting. The level of N-terminal domain of Sup35 fused to GFP was normalized to the full-length Sup35-M0 which is unchanged in cells with

wild-type and mutant sup35 allele according to the results presented on the Figure 2 (**p-value < 0.01 according to Mann-Whitney U-test). (F) The nonsense

suppressor phenotype of several [PSI+] variants induced in presence of SUP35 or sup35-M0 in the 12-D1682 strain. Ten independent isolates are shown for each

case. Cells were grown for 4 days on 1/4 YEPD and 5 days on SC-Ade. (G) The results of SDD-AGE analysis of protein lysates of typical [PSI+] variants induced in the

presence of sup35-M0, antibodies against Sup35 were used for Western Blotting.

aggregates and formation of detectable fluorescent foci in cells
(Osherovich et al., 2004). [PSI+][PIN+] and [psi–][PIN+] yeast
strains (P-74-D694 and 74-D694, respectively) were transformed
with the plasmids for overproduction of Sup35NM fused to
a red fluorescent protein, TagRFP-T, in combination with
either Sup35NM-GFP, or Sup35NM-M0-GFP, and analyzed with
fluorescence microscopy. This experiment showed that the
aggregates of Sup35NM and Sup35NM-M0 decorate [PSI+]
aggregates (Figure 5A). One possible explanation of these results
is that independently formed Sup35-M0 fibrils might co-
localize with the wild-type fibrils, however, colocalization of
the fibrils forming de novo in [psi–] strains seems less likely
than co-aggregation of the wild-type and mutant proteins.
Then we rechecked the ability of Sup35-M0 to embed into
aggregates of the prion variant used in experiments with plasmid
shuffle. The isogenic [PSI+][PIN+] and [psi–][PIN+] strains (10-
7A-D832 and 7A-D832, respectively) were analyzed for the
aggregate formation of Sup35NM-GFP or Sup35NM-M0-GFP.
We detected fluorescent foci for both proteins only in [PSI+]
strain (Figure 5B), which suggested the inclusion of the proteins
into pre-existing aggregates, rather than de novo aggregation
of the overproduced proteins. Then the incorporation of
Sup35NM-M0 into amyloid aggregates was analyzed with
SDS-PAGE with modifications, which allowed to evaluate the
distribution of the protein with substitutions between fractions
of detergent-resistant aggregates and monomers (Figure 5C).
The results clearly demonstrated that Sup35NM-M0 was
converted into amyloid-like conformation in the investigated
[PSI+] strain. Taken together these data demonstrated the
ability of the Sup35-M0 to incorporate into various Sup35
aggregates in vivo.

Incorporation of Sup35-M0 into the existing prion aggregates

may have different effects. Previously we proposed that the

analogous mutation in the second OR (sup35-M2) leads to
formation of non-heritable fold and as a result to the prion
loss (Bondarev et al., 2013). The main mechanism responsible
for the prion transmission is a fragmentation of the prion
aggregates by chaperones (Liebman and Chernoff, 2012). An
impairment of this process should lead to the decrease in number
of prion “seeds,” called propagons, and affects the transmission
of the prion upon cell division. We analyzed the effect of
Sup35NM-M0-GFP production on the propagon number after
one generation and found no significant differences compared to
Sup35NM-GFP (Figure 5D). Thus, we considered that sup35-M0
has negligible effect on the aggregate fragmentation.

Finally, using phenotypic assay, we investigated the influence
of the Sup35NM-M0 incorporation into wild-type Sup35
aggregates on the [PSI+] prion properties. One of the effects
of increased Sup35 aggregation in [PSI+] cells is a reduction in
cell viability as overproduction of Sup35NM in [PSI+] strains
may lead to increased prion-dependent lethality (Derkatch, 1998;
Vishveshwara et al., 2009). We checked whether Sup35NM-M0
retained the toxic properties of the wild-type protein. In contrast
to Sup35NM-GFP, overexpression of Sup35NM-M0-GFP did not
lead to a decrease in cell viability (Figure 5E). Overall, our data
imply that the mutant Sup35 is able to co-aggregate with the
wild-type protein, but their coaggregation may destabilize prion
propagation of the native protein.

3.6. The Effect of sup35-M0 Mutation Is
Variant-Unspecific
The effect of sup35 mutations on [PSI+] usually depends on the
prion variant (Derkatch et al., 1999; King, 2001). We checked
whether the effects of sup35-M0 are variant-specific.We obtained
seven new [PSI+] prion variants in the strain with a single
copy of SUP35 on the plasmid (see Materials and Methods
section for details). These strains had different strengths of the
nonsense suppressor phenotype on medium lacking adenine,
and differed in size of Sup35 aggregates (Figures 6A,B). The
replacement of SUP35 by sup35-M0 in these strains led to the
loss of nonsense suppressor phenotype (Figure 6C) and Sup35
aggregates (verified for two investigated strains with SDD-AGE,
data not shown). This allowed us to conclude that the sup35-M0
allele eliminates [PSI+] independently of the prion variant.

4. DISCUSSION

The N-terminal domain of Sup35 is traditionally subdivided onto
QN-rich (1–39 aa) and oligopeptide repeats regions (40–112
aa) (Kushnirov et al., 1988). The minimal region essential for
[PSI+] propagation was assumed to comprise the first 57 residues,
i.e., all QN region and two first ORs (Osherovich et al., 2004;
Shkundina et al., 2006). In this work, we described the effects
of substitutions (Q33K/A34K) within previously uncharacterized
oligopeptide repeat of Sup35 on the [PSI+] prion propagation.
We designated this new mutation as sup35-M0 and showed that
it is able to eliminate [PSI+]. This fact is in good agreement with
position of the mutation, as well as the fact, that the majority of
known PNM mutations is located within the region which was
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FIGURE 5 | The Sup35-M0 protein can incorporate into fibrils of wild-type protein in vivo. (A) [psi–][PIN+] (74-D694) and [PSI+][PIN+] (P-74-D694) yeast strains were

transformed with the plasmids for overproduction of Sup35NM-yTagRFP-T, in combination with either Sup35NM-GFP or Sup35NM-M0-GFP. We observed that

(Continued)
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FIGURE 5 | the aggregates of Sup35NM and Sup35NM-M0 colocalize in [PSI+], as well as in [psi–] cells (scale bar equals 10 µm). (B) The transformants of

[psi–][PIN+] (7A-D832) and [PSI+][PIN+] (10-7A-D832) with overproduced Sup35NM-GFP (WT), or Sup35NM-M0-GFP (M0) were analyzed with fluorescence

microscopy (scale bar equals 5 µm). We detected foci of both proteins only in [PSI+], but not in [psi–], strain, which indicates inclusion of the proteins into existing

aggregates. (C) The result of SDS-PAGE with boiled gel for strains from the panel B was shown. The “Allele” designates allele of full-length SUP35 present in cells. The

Sup35NM-GFP (WT) and Sup35NM-M0-GFP (M0) proteins can incorporate into the existing prion aggregates upon transient overproduction in [PSI+] strain (both are

detected in a fraction of aggregates). (D) Production of Sup35NM-M0-GFP does not affect the number of propagons. The cells from the panel B were used to

calculate number of propagons before and after mild overproduction of Sup35NM-GFP or Sup35NM-M0-GFP; 25 µM CuSO4 was used for the induction. (E) Cells

with overproduction of Sup35NM-TagRFP-T together with Sup35-NM-M0-GFP or Sup35NM-GFP were analyzed for prion toxicity. Cells were plated in 10-fold serial

dilutions and grown for 2 days on SC-LeuUra + Cu2+ or YEPD and 4 days on SC-UraLeu. TagRFP-T production was used as a control; vector — pRS315.

shown to be important for [PSI+] maintenance (DePace et al.,
1998; King, 2001).

The sup35KK mutations, as it was shown previously, may
have different effects on [PSI+] propagation (Bondarev et al.,
2013). Taken together with current results, we can conclude
that proteins with corresponding substitutions within OR0–
OR2 eliminate the prion, but can incorporate into pre-existing
prion aggregates, induce [PSI+] appearance and form amyloid
aggregates in vitro (Bondarev et al., 2013 and paper in
prep). Despite these common features only sup35-M2 and the
sup35-M0 eliminate the prion even in presence of the wild-
type allele (Figure 2F). This allows us to speculate that the
role of first OR in the prion propagation is different from
OR0 or OR2.

The hallmark of sup35-M0 is the higher efficiency of [PSI+]
elimination (97.12 ± 0.55%, Figure 2F) compared to the other
previously characterized PNM mutations. For example, the
prion loss in the presence of PNM2 or sup35-M2 mutations
reachs 20 and 40%, respectively (Bondarev et al., 2013). The
shuffle of SUP35 from S. cerevisiae to the homologs from
other yeast species (S. paradoxus, S. bayanus, S. mikatae,
S. kudriavzevii) may also lead to the [PSI+] elimination
but with lower efficiency than sup35-M0 (Afanasieva et al.,
2011). Furthermore, the prion elimination by the sup35-M0
mutation can destabilize different [PSI+] variants (Figure 6C),
while the effects of all previously described PNM mutations
were variant-specific (Derkatch et al., 1999; King, 2001).
Another specific feature of sup35-M0 is a very low ability to
induce and propagate the prion. Our results suggest that this
mutation can maintain only limited number of weak prion
variants (Figure 4F).

The strong effect of sup35-M0 was not linked to the stability
of the protein as the relative amounts of wild-type and mutant
proteins did not differ (Figures 2C,D). Also, the elimination
of the prion in the presence of sup35-M0 could not be
explained by the complete inability of the protein to propagate
[PSI+]. Sup35NM-M0 can form infectious aggregates in vitro
(Figure 3C), overproduction of Sup35NM-M0-GFP leads to the
prion induction in vivo, and, finally, sup35-M0 can maintain
the prion, though, with low efficiency (Figures 4A,B). The
low prion induction rate upon overproduction of Sup35NM-
M0-GFP and in the presence of sup35-M0 may be explained
by the reduced ability of the soluble protein to aggregate
with itself, as was demonstrated for Sup35-M1 and Sup35-M2
(Khan et al., 2018).

It is noteworthy that our experimental results once again
illustrate the accuracy of ArchCandy prediction (Ahmed et al.,
2015; Bondarev et al., 2015; Roche et al., 2017). We found
that sup35-M0 significantly decreases the frequency of the
prion induction de novo and has lower prionogenic potential
in vivo (Figure 4A). These data are in a good agreement
with the bioinformatics predictions of ArchCandy, according to
which lysines in 33–34 aa positions significantly decrease the
amyloidogenic potential of Sup35 protein (Figure 1).

Prion loss caused by a certain SUP35 allele may occur due to
different mechanisms. In case of the interspecies barrier, three
mechanisms were proposed: the inability of the heterologous
protein to incorporate into prion aggregates, the block of
aggregation by the protein and formation of the non-heritable
fold of aggregates (Afanasieva et al., 2011). Detailed investigation
of [PSI+] elimination caused by PNM2 revealed two potential
processes that may explain nonheritable properties of aggregates:
increased fragmentation leading to solubilization of aggregates
and impairment of prion transmission to the daughter cell
(DiSalvo et al., 2011; Verges et al., 2011; Pei et al., 2017).
We found that Sup35NM-M0 can incorporate into pre-existing
Sup35 aggregates in vivo (Figures 5B,C), but this does not
affect the number of propagons (Figure 5D) and thus the
fragmentation of aggregates. It seems that both mechanisms
could not explain the effect of sup35-M0. We suppose that the
prion loss caused by sup35-M0 is rather linked with the decreased
aggregation propensity of the protein, followed by solubilization
of aggregates by cellular chaperones. This hypothesis is in good
agreement with very low [PSI+] induction rate in the presence
of sup35-M0 (Figure 4A) and prediction of the ArchCandy
(Figure 1). However, this disagrees with the high efficiency of
co-aggregation of Sup35NM-M0 with Sup35 (Figure 5), but we
suggest that differences in aggregation rate in this experiment
may be hidden due to the overproduction of the protein.

In summary, here we described a new mutation in
SUP35, which can efficiently eliminate [PSI+] factor in a
variant-independent manner. The sup35-M0 possess very low
amyloidogenic potential and can protect cells from the
spontaneous appearance of the prion. We suggest that the
investigated mutation may be widely used for fast and non-
specific elimination of the [PSI+] prion or for design of
yeast strains which almost never undergo transition to the
[PSI+] state. Moreover, our discovery may serve as a proof
of concept for the design of a prion-eliminating mutations
using specific bioinformatic tools. In mammals at least two
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FIGURE 6 | The sup35-M0 mutation destabilizes different [PSI+] variants. (A) The suppressor phenotype of the obtained [PSI+] variants (designated by numbers 1-7).

[PSI+] designates the 10-7A-D832 strain. Cells were plated in 10-fold serial dilutions and grown for 3 days on YEPD and 5 days on SC-Ade. (B) The comparison of

Sup35 aggregate size in strains from the panel A. [psi–] is the 12-D1682 strain. (C) The suppressor phenotype of the same strains after the replacement of SUP35 by

sup35-M0. Cells were grown for 3 days on YEPD or 1/4 YEPD and 7 days on SC-Ade.

analogous mutations, eliminating the PrP prion in presence
of the wild type allele, were described. Both of them lead to
substitutions of polar residue to the charged one (Q167R or
Q218K) (Zulianello et al., 2000; Perrier et al., 2002), and it was
shown that the protein with Q218K substitution decreases
formation of PrP amyloid aggregates in vitro (Lee et al., 2007).
Thus, our study supports the design of analogous mutations
that could block propagation of mammalian prion and amyloid
proteins and thus may be useful for amyloidosis therapy.
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Parkinson’s disease (PD) is one of the most common neurodegenerative disorders
with a global burden of approximately 6.1 million patients. Alpha-synuclein has been
linked to both the sporadic and familial forms of the disease. Moreover, alpha-synuclein
is present in Lewy-bodies, the neuropathological hallmark of PD, and the protein
and its aggregation have been widely linked to neurotoxic pathways that ultimately
lead to neurodegeneration. Such pathways include autophagy/lysosomal dysregulation,
synaptic dysfunction, mitochondrial disruption, and endoplasmic reticulum (ER) and
oxidative stress. Alpha-synuclein has not only been shown to alter cellular pathways but
also to spread between cells, causing aggregation in host cells. Therapeutic approaches
will need to address several, if not all, of these angles of alpha-synuclein toxicity. Here
we review the current advances in therapeutic efforts for PD that aim to produce
a disease-modifying therapy by targeting the spread, production, aggregation, and
degradation of alpha-synuclein. These include: receptor blocking strategies whereby
putative alpha-synuclein receptors could be blocked inhibiting alpha-synuclein spread,
an alpha-synuclein reduction which will decrease the amount alpha-synuclein available
for aggregation and pathway disruption, the use of small molecules in order to
target alpha-synuclein aggregation, immunotherapy and the increase of alpha-synuclein
degradation by increasing autophagy/lysosomal flux. The research discussed here may
lead to a disease-modifying therapy that tackles disease onset and progression in
the future.

Keywords: alpha-synuclein, Parkinson’s disease, aggregation, therapy, oligomers, fibrils

INTRODUCTION

Parkinson’s disease (PD) is the secondmost common neurodegenerative disorder, after Alzheimer’s
Disease, and the most common movement disorder (Mhyre et al., 2012). PD has a prevalence
of approximately 0.5–1% among individuals 65–69 years of age, rising to 1–3% among persons
80 years of age and older (Nussbaum and Ellis, 2003). PD is characterized by motor symptoms
including tremor, rigidity, bradykinesia, postural instability, gait and balance impairment and
non-motor symptoms such as cognitive decline, autonomic impairment, rapid eye movement
behavioral sleep disorder, constipation, and other behavioral disturbances (Stacy, 2011; Obeso et al.,
2017). Additionally, its hallmark feature is the accumulation of alpha-synuclein (α-syn) that results
in the formation of proteinaceous cytoplasmic inclusions, known as Lewy-bodies and Lewy neurites
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(LBs/LNs; Jakes et al., 1994). Current therapeutic approaches are
directed at controlling symptoms and delaying the progression
of the disease for as long as possible (Poewe, 2009). Therefore,
the development of disease-modifying therapeutics is extremely
attractive in experimental and clinical research in PD.

Multiple lines of evidence support the critical importance
of α-syn in PD pathogenesis. The intraneuronal proteinaceous
cytoplasmic inclusions now known as LBs, the hallmark of PD,
were first described by Lewy in 1912 (Lewy, 1912; Goedert
et al., 2013). Several decades later, in 1996, the first link
between α-syn and the PD phenotype was established with
the identification of the A53T point mutation on chromosome
4q21-23 (Polymeropoulos et al., 1996). The gene encoding α-
syn (SNCA) was identified the following year (Polymeropoulos
et al., 1997). Subsequently, α-syn was identified as a major
component of LBs and LNs (Spillantini et al., 1997). While we
have since achieved a greater understanding of PD pathogenesis,
the exact mechanisms elucidating the nature of progressive
dopaminergic cell loss in the substantia nigra (SN) pars compacta
remain to be determined. In this review article, we examine
advances in our current understanding of the pivotal role of α-
syn in PD pathogenesis, including pathways implicated in α-
syn toxicity, suggested seeding and propagationmechanisms that
underlie cell-to-cell transmission between neighboring neurons,
and viability of potential disease-modifying therapeutics targeted
against pathological α-syn species.

α-Syn
Although the full extent of the physiological function for α-syn
is yet to be revealed and there may be conflicting findings in
need of resolution, α-syn is involved in synaptic activity through
regulation of vesicle docking, fusion, and neurotransmitter
release (Ghiglieri et al., 2018). α-syn is an abundant 14 kDa
protein consisting of 140 amino acids and comprised of three
domains: (1) an N-terminal lipid-binding alpha-helix; (2) a
non-amyloid-component (NAC); and (3) an acidic C-terminal
tail (Lashuel et al., 2013). The N-terminal domain of α-syn is
characterized by a series of seven 11-residue imperfect repeats,
each based upon a highly conserved KTKEGV hexameric motif
that is also observed in the α-helical domain of apolipoproteins
(Davidson et al., 1998; Bussell and Eliezer, 2003; Bussell et al.,
2005). This similar architecture allows α-syn to mediate lipid
interactions in a similar way to how apolipoproteins do, inserting
its amphipathic helices into lipid membranes to influence their
curvature (Davidson et al., 1998). The central region (residues
61–95), also known as the NAC domain, can form cross β-sheets
and consists of a highly hydrophobic sequence underlying its
high propensity for aggregation and leading to protofibril and
fibril formation (Uéda et al., 1993; Giasson et al., 2001; Tuttle
et al., 2016). The predominantly unstructured conformation
of α-syn makes it a target for various post-translational
modifications such as phosphorylation. Indeed phosphorylation
of Serine 129 in the C-terminal domain of α-syn has been
associated with an increased propensity of aggregate formation
(Samuel et al., 2016). A number of studies have reported aberrant
accumulation of phosphorylated α-syn at the Serine-129 residue
(pS129) in the brains of PD patients, as well as in animal models

of synucleinopathies (Tenreiro et al., 2014; Oueslati, 2016).While
only a small fraction of α-syn (∼4%) is phosphorylated in healthy
brains, substantial accumulation of pS129 (∼90%) is observed in
brains with Lewy pathology, implicating a potentially important
association between this posttranslational modification and
the accumulation of α-syn aggregates concomitant with LB
formation and neurodegeneration (Fujiwara et al., 2002;
Hasegawa et al., 2002). Further insight on the significance
of S129 phosphorylation on α-syn aggregation, LB formation,
and neurotoxicity may provide insight into the nature of PD
pathogenesis and PD and related disorders. While numerous
lines of evidence indicate that monomeric α-syn is not toxic,
several studies highlight α-syn oligomers and fibrils as the species
responsible for α-syn toxicity (Neumann et al., 2004; Outeiro
et al., 2008; Peelaerts et al., 2015), and it has been shown
that overexpression or triplication of synuclein is sufficient
for α-syn aggregation to take place (Outeiro et al., 2008;
Zambon et al., 2019).

There are conflicting findings on the nature of the native
state of α-syn. Although the majority of studies suggest that
cytosolic α-syn is present within cells as an intrinsically unfolded
monomer, alternative hypotheses have proposed that it exists
as a tetrameric alpha-helical oligomer that is resistant to
fibrillization and thus distinct from pathological variants (Bartels
et al., 2011; Wang et al., 2011; Fauvet et al., 2012; Burré
et al., 2013; Smaldone et al., 2015). α-Syn can adopt an α-
helical conformation in association with biological membranes
or remain in an intrinsically unfolded state in the cytosol,
suggesting it has different functions in different subcellular
locations depending on its dynamic structure (Eliezer et al., 2001;
Ramakrishnan et al., 2006; Ullman et al., 2011). Indeed, a recent
investigation lends further support to this notion using chemical
crosslinking and FRET experiments to demonstrate that α-syn
multimerizes into a tetrameric complex upon binding cellular
membranes and that it is this tetrameric membrane-bound α-syn
that mediates SNAP receptor (SNARE) complex assembly and
that functions as a molecular chaperone for these complexes at
the presynaptic membrane (Burré et al., 2014). These findings
should be interpreted with caution as evidence for tetrameric α-
syn stems from crosslinked samples.

PATHWAYS IMPLICATED IN TOXICITY OF
α-SYN

Disruption of several cellular pathways leads to the loss
of dopaminergic neurons in PD, including synaptic vesicle
recycling, mitochondrial function, oxidative stress, endoplasmic
reticulum (ER) stress, and autophagy-lysosomal pathway (ALP)
function (Figure 1). The accumulation of α-syn into prefibrillar
forms, and then its assembly into higher molecular weight
aggregates, induces cellular toxicity and maybe the greatest
contributor to pathogenesis in PD (Bengoa-Vergniory et al.,
2017). The increased cellular toxic burden caused by aggregated
α-syn may arise from overexpression of the protein, genetic
multiplication, or impairment to normal protein clearance
mechanisms such as autophagy (Alegre-Abarrategui et al., 2019).
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FIGURE 1 | Implicated pathways for α-syn toxicity. To the left, healthy cellular pathways are illustrated, while to the right examples of how these pathways are
perturbed in Parkinson’s disease (PD) are shown. Under normal circumstances, autophagic and lysosomal clearance degrades protein and other debris in the cell. In
PD these pathways are blocked causing an accumulation of aggregated protein that could itself lead to more aggregation. In healthy cells, endoplasmic reticulum
(ER) function is preserved, but in PD ER stress leads to calcium efflux into the cytoplasm. While in healthy cells mitochondrial function and oxidative balance are
maintained, in PD the electron transport chain (ETC) and mitochondria function are compromised which causes an increase in reactive oxygen species (ROS) that
leads to oxidative stress. Finally, in PD α-syn may interact with synaptobrevin-2, leading to synaptic dysfunction.

Synaptic Vesicle Impairment
α-syn is typically localized to the presynaptic terminal where
it associates with synaptic vesicles and influences membrane
curvature (Maroteaux et al., 1988; Wong and Krainc, 2017).
There it is known to promote synaptic vesicle fusion and
other processes in synaptic-vesicle trafficking through its
interactions with the synaptobrevin-2 component of the SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) complex. Large α-syn oligomers preferentially bind
synaptobrevin-2 and may disrupt SNARE complex assembly,
synaptic-vesicle motility, and dopamine release (Burré et al.,
2010; Choi et al., 2013). Additionally, loss of α-syn has been
associated with an increase in dopaminergic release (Senior et al.,
2008; Anwar et al., 2011), and so the aggregation of α-syn could
also lead to loss of function effects at the synapse.

Mitochondrial Dysfunction
Dopaminergic neurons are uniquely susceptible to
mitochondrial dysfunction due to their high energy demands
and increased exposure to oxidative stress (Valente et al., 2004;
Ricciardi et al., 2014). The selective vulnerability of these neurons
was first recognized following the finding that the mitochondrial
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) resulted in the cell death of SN DA neurons in humans
(Langston et al., 1983). Moreover, MPTP was shown to be toxic
to DA neurons in mouse and non-human primate models of
PD (Przedborski et al., 2001). α-Syn oligomers can also inhibit
the import of proteins, including some subunits of complex
I, into the mitochondria by binding to the translocase of the

outer membrane (TOM20) and inhibiting its interaction with
the co-receptor TOM22 (Di Maio et al., 2016). Overexpression
of the α-syn mutants A53T or A30P has been shown to increase
the aggregation of α-syn in human neuroblastoma cells (Parihar
et al., 2009). In these cells, immunogold electron transmission
microscopy revealed the localization of α-syn aggregates within
the mitochondria of overexpressing cells, which exhibited
decreased mitochondrial transmembrane potential and limited
cellular respiration concomitant with increased production
of reactive oxygen species (ROS). The proximity between the
mitochondrial electron transport chain (ETC) and mitochondria
DNA (mtDNA) increases the vulnerability of mutations
in mtDNA due to ROS, especially during mitochondrial
dysfunction, such as in complex I inhibition (Davis et al., 1979).
Indeed, mutations in mtDNA or impairment to the ETC cause
mitochondrial dysfunction and energy depletion. Damaged
mitochondria result in electron leakage, produce increased ROS,
and release cytochrome C leading to activation of caspase-3,
caspase-9, and other pro-apoptotic factors ultimately leading
to cell death (Brustovetsky et al., 2002). Additionally, α-syn
can interfere with mitochondrial membrane fusion and fission,
resulting in fragmentation of mitochondria, and it can inhibit
mitophagy and complex I activity, and disrupt mitochondrial
membrane potential (Cole et al., 2008; Devi et al., 2008; Chen
and Chan, 2009). While this review concentrates on PD it is
worth noting that oligodendrocytes, which are heavily loaded
with pathological glial cytoplasmic inclusions in multiple system
atrophy (MSA) patients, are also cells with high endogenous
α-syn and a high metabolic profile. It is interesting to consider
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the parallels between these two synucleinopathies and cellular
selective vulnerability (Alegre-Abarrategui et al., 2019).

Oxidative Stress
Failure of the antioxidant proteins regulating ROS levels, like
superoxide dismutase (SOD) and glutathione (GSH), results in
oxidative stress, which may have deleterious effects inside cells
(Indo et al., 2015). Interestingly, the SN appeared to contain
twice as much oxidized proteins as compared with the caudate,
putamen, and frontal cortex in the post-mortem brains of healthy
individuals, suggesting that the increased susceptibility of SN
to oxidative stress may contribute to the selective degeneration
of nigral DA neurons (Floor and Wetzel, 2002). Unregulated
oxidation of intracellular macromolecules and organelles can
cause cellular damage and may lead to cell death (Wiseman and
Halliwell, 1996; Rego and Oliveira, 2003). As one of the major
producers of ROS, mitochondria are particularly vulnerable
to oxidative stress-induced cytotoxicity, especially considering
mtDNA is not protected by histone proteins as seen in nuclear
DNA (Richter et al., 1988). As mentioned above, α-syn can
interfere with translocation of mitochondrial-target proteins,
thereby disrupting the proper functioning of the ETC, and
leading to elevated levels of intracellular oxidative stress (DiMaio
et al., 2016). Interestingly, while α-syn toxicity is implicated in
increasing cellular oxidative stress, it has also been suggested that
oxidative stress can induce α-syn toxicity. Excessive exposure
to oxidative stress causes lipid peroxidation of polyunsaturated
fatty acids, which in turn leads to the formation of 4-hyroxy-2-
nonenal, a product that has been shown to hamper fibrillization
of α-syn and promote the formation of secondary beta sheets
and toxic soluble oligomers in a dose-dependent manner (Dexter
et al., 1989; Qin et al., 2007; Bae et al., 2013). Incubation of α-syn
with cytochrome c/H2O2 leads to the oxidative stress-induced
aggregation of α-syn by crosslinking α-syn tyrosine residues
through dityrosine bonding (Hashimoto et al., 1999; Ruf et al.,
2008). Moreover, colocalization of cytochrome c and α-syn was
reported in the LB of patients with PD (Hashimoto et al., 1999).

Endoplasmic Reticulum (ER) Stress
The ER is essential for the synthesis, modification, and delivery
of proteins to their target sites within the secretory pathway
(i.e., Golgi). Overexpressed or mutant α-syn accumulates within
the ER, interfering with protein folding and inducing ER stress,
which may contribute to neurodegeneration (Colla et al., 2012).
Smith et al. reported that increased ROS levels stemming
from ER stress and mitochondrial dysfunction contribute to
A53T α-syn-induced cell death (Smith et al., 2005). Moreover,
aggregated α-syn impairs both the ubiquitin-proteasome system
and autophagy, resulting in ER stress and the activation of the
unfolded protein response (UPR; Bence et al., 2001; Xu et al.,
2005; Kim et al., 2008). Accumulation of α-syn in the ER results
in calcium leakage into the cytosol, which then acts on α-
syn in a feedback-like manner potentiating further aggregation
(Volles and Lansbury, 2002; Kayed et al., 2004; Sokolov
et al., 2006; Nath et al., 2011). Mitochondria also function in
regulating calcium homeostasis. Increased mitochondrial uptake
of cytosolic calcium released by the ER generates excessive ROS

(Nunnari and Suomalainen, 2012; Görlach et al., 2015; Paupe and
Prudent, 2018). Additionally, the protein folding capacity of the
ER operates in an ATP-dependent manner, thus sustained UPR
activation promotes increased ROS production.

Autophagy-Lysosomal Pathway (ALP)
Dysfunction
α-Syn overexpression also disrupts autophagy, a cellular process
involved in the degradation of damaged organelles, invading
microorganisms and aggregated proteins (Wong and Holzbaur,
2015). Impairment of autophagic processes is reported to result
in the accumulation of α-syn and propagation in a prion-like
fashion, further potentiating the cellular toxicity of α-syn
pathology. In addition, A53T and A30P α-syn exhibit a stronger
binding affinity for the lysosomal receptor LAMP2A compared
with wild-type (WT) α-syn, so these mutant forms of α-syn
are not efficiently degraded by protein clearance mechanisms,
which results in increased α-syn burden of chaperone-mediated
autophagy and inhibits the loading and clearance of other
cargo (Cuervo et al., 2004). Moreover, α-syn overexpression in
iPSCs compared with controls reduced the enzymatic activity
of multiple lysosomal enzymes, including GCase, which is
essential for the proper functioning of the autophagolysosome
(Mazzulli et al., 2011, 2016). Mutations in the leucine-rich repeat
kinase 2 (LRRK2) protein may also disrupt autophagy and
lysosomal function and are the most common cause of familial
and sporadic PD. Elevated mutant LRRK2 kinase activity is
associated with cytotoxicity (West, 2017). Jeong et al. (2018)
demonstrated that dysregulation of downstream Rab substrates
of LRRK2 resulted in neurodegeneration of dopaminergic
neurons in the mammalian brain. Their findings suggest further
study of the Rab GTPases may not only elucidate the processes
governing these intercellular membrane dynamics, but also
reveal molecules or pathways that can serve as potential targets
for therapeutic intervention. Indeed, a recent study showed that
the accumulation of phospho-α-syn in a rat rotenone model
correlated with ALP dysfunction and that LRRK2 inhibitors
could prevent these effects (Di Maio et al., 2018).

CELL-TO-CELL TRANSMISSION OF α-SYN

α-Syn is proposed to propagate from the peripheral (i.e., enteric)
nervous system (PNS) to the central nervous system (CNS) as
well as spread via a cell-to-cell transmission (Volpicelli-Daley
and Brundin, 2018). In 2003, a seminal study published by
Braak et al. (2003) introduced a six-stage system for PD based
on the observed caudo-rostral pattern of progression of α-
syn pathology, with stage 1 originating in the lower brainstem
and stage 6 extending to involve the cortex. According to this
theoretical caudo-rostral pattern of progression, the olfactory
system, caudal brainstem, and autonomic nervous system were
among the earliest areas affected by α-syn pathology (Braak and
Braak stages 1 and 2). This was followed by a significant loss
of dopaminergic neurons in the SN (Braak and Braak stages
3 and 4), and subsequent extensive cortical involvement (Braak
and Braak stages 5 and 6). Consistent with this hypothesis
were the findings that patients who have undergone vagotomy
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(Svensson et al., 2015) or appendectomy (Killinger et al., 2018)
have reduced risk of developing PD. However, not all cases
of sporadic PD exhibit α-syn pathology as predicted based
on the suggested anatomical hierarchy of the caudo-rostral
progression pattern of pathology (Burke et al., 2008; Alafuzoff
et al., 2009). Additionally, Braak and Braak’s staging system
does not adequately explain the absence of clinical symptoms
in individuals with observable widespread α-syn pathology at
autopsy (Parkkinen et al., 2005; Alafuzoff et al., 2009). A
retrospective autopsy series in 30–55% of elderly subjects with
widespread Lewy-related pathology (Braak and Braak stages
5 and 6) reported no definite neuropsychiatric symptoms,
suggesting considerable cerebral compensatory mechanisms
(Jellinger, 2008). Nevertheless, Braak and Braak’s model has
successfully demonstrated that the α-syn pathology present in
PD is not only restricted to the SN but extends to involve several
other brain regions and both the PNS and CNS. Although the
precise mechanisms underlying disease progression are yet to be
established, pathology could originate in the gut and proceed
retrogradely to the brain via the vagal nerve or could start in
the vagal nerve and extend to the gut via anterograde movement
(Braak and Del Tredici, 2016; Kim et al., 2019).

Further evidence supporting the hypothesis that α-syn may
self-propagate and spread progressively between interconnected
brain regions through a cell-to-cell transmission mechanism
came from the pathological analysis of grafted nigral neurons.
In 2008, two independent postmortem studies reported that
healthy embryonic mesencephalic neurons grafted into the
striatum of PD patients developed α-syn pathology or LB-like
structures many years after brain surgery (Kordower et al.,
2008; Li et al., 2008). These findings suggested host-to-graft
propagation of α-syn pathology and gave rise to the idea
of a ‘‘prion-like’’ transmission mechanism to describe the
pathogenic potential of disease progression. In this model,
neuron-released aggregated α-syn in the extracellular space may
be internalized by neighboring neurons, where it may act as a
seed to induce further misfolding and aggregation of endogenous
α-syn proteins. Repeated subsequent cycles of α-syn aggregate
formation and release are thought to correspond with further
disease progression (Brettschneider et al., 2015).

Multiple pre-clinical studies both in vitro and in vivo have
demonstrated strong evidence supporting prion-like propagation
and transmission of α-syn (Spillantini et al., 1998; Prusiner
et al., 2015). Desplats et al. (2009) were one of the first studies
to demonstrate a cell-to-cell transmission mechanism of α-syn
in vivo. The study reported human α-syn transfer in 15% of the
fluorescently labeled mouse neural stem cells transplanted into
the hippocampus of α-syn transgenic mice. In a recent study,
injection of nigral LB-enriched fractions containing pathological
α-syn was purified from postmortem PD brains and inoculated
into the SN or striatum of WT mice and rhesus macaque
monkeys. In both mice and monkeys, intranigral or intrastriatal
inoculation of PD-derived LB extracts resulted in progressive
nigrostriatal neurodegeneration starting at striatal dopaminergic
terminals. At the onset of LB-induced degeneration, host
pathological α-syn diffusely accumulated within nigral neurons
and anatomically linked brain regions (Recasens et al., 2014).

Subsequent in vivo studies using an injection of recombinant
α-syn aggregates further support the hypothesis of cell-to-cell
transmissibility of pathogenic α-syn. Through injection of α-
syn preformed fibrils (PFFs) into the striatum of transgenic
mice, researchers demonstrated the development of Lewy
pathology, nigrostriatal degeneration, and importantly expanded
our understanding of cell-to-cell transmission by describing
the nature of spread in neuroanatomically connected regions:
this provided the first evidence that synthetic α-syn PFFs
alone can induce the initiation and propagation of α-syn
pathology in vivo (Luk et al., 2012). Furthermore, intracerebral
injections of recombinant human or mouse fibrils directly into
the SN of C57BL/6J mice or into asymptomatic transgenic
mice induced a time-dependent development of extensive α-syn
pathology (Masuda-Suzukake et al., 2013). Similar observations
are reported in rats after nigral inoculation with four different
structural types of α-syn assemblies: two distinct strains denoted
‘‘fibrils’’ and ‘‘ribbons,’’ α-syn oligomers, and brain homogenates
from transgenic mice expressing mutant human α-syn (A30P;
Peelaerts et al., 2015). Interestingly, these findings suggest there
might be distinct properties to the different strains of α-syn
aggregates associated with PD pathology, including seeding
propensity, rate of aggregation, and potential to trigger an
inflammatory response.

The evidence of cell-to-cell transmission of pathologic α-syn
in interconnected brain regions suggests a prion-like mechanism
of spread. However, a recent study demonstrated that the spread
of α-syn pathology does not always proceed as expected along
the connectome, either anterogradely or retrogradely, through
a template-recruitment process reminiscent of that observed in
prion diseases (Sorrentino et al., 2017). Furthermore, although
injected fibrillar human α-syn induced extensive α-syn pathology
and protein inclusions in A53T transgenic mice, in E46K
transgenic mice α-syn pathology was predominantly localized
to the site of injection with no evidence for spread (Sacino
et al., 2014). Importantly, it is worth noting that the Mendez
et al.’s (2008) study reported no evidence of LB pathology
in the surviving grafts 14 years after graft transplantation.
Although there is significant evidence supporting the concept
of cell-to-cell propagation of α-syn pathology, there are some
discrepancies that need to be taken into consideration, such
as differences in the experimental paradigm, starting material
for the injection, the injection/graft environment, observational
period post-injection, animal models used, and individual
differences between PD patients.

THERAPEUTIC APPROACHES TARGETING
α-SYN FOR PD TREATMENT

There is currently no disease-modifying therapies for PD,
but medication or surgery can provide palliative treatment
directed at controlling symptoms that may substantially improve
motor impairments. A systematic division of different strategies
to target α-syn thus separates stabilizing the physiological
conformation of α-syn, decreasing its expression, inhibiting
its aggregation, and increasing intracellular clearance, from
transmission-directed approaches including inhibiting uptake
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by neighboring cells and enhancing extracellular clearance
mechanisms (Figure 2; Kaufman and Diamond, 2013; Hasegawa
et al., 2017).

Interference With the Prion-Like Spread of
α-Syn
Ongoing research seeks to identify disease-modifying agents
for PD that will restrict templated conformation changes
and transcellular propagation of pathological α-syn. However,
as endogenous α-syn is necessary in order for α-syn to
spread (Braak et al., 2003; Kordower et al., 2008; Li et al.,
2008), it is difficult to only specifically target the spread
of α-syn, and so multiple approaches rely on targeting α-
syn that is associated with its spread, while also partially
targeting endogenous α-syn. An efficient method to regulate
transmission would be blocked α-syn receptors; blocking the
LAG3 cell-surface protein, an immune receptor involved in
the endocytosis of extracellular aggregated α-syn (Mao et al.,
2016) would be an interesting therapeutic avenue. LAG3-directed
antibodies significantly reduce misfolded α-syn-induced toxicity
and transmission (Anderson et al., 2016; Mao et al., 2016).
However, LAG3 expression was not associated with modified
disease progression in a different study (Liu et al., 2018). One
influential study proposed that heparan sulfate proteoglycans
on the surfaces of cells can mediate the uptake of amyloid
fibrils, including those composed of α-syn, through endocytosis
(Holmes et al., 2013). Thus, limiting the endocytosis of
extracellular α-syn may hamper its pathogenic seeding potential
and delay the progression of Lewy pathology. Although it
remains unclear how α-syn escapes the endosome, it has
been suggested that compromised endo-lysosomal membrane
integrity increases cell susceptibility to α-syn aggregation after
internalization of seeds via endocytosis (Jiang et al., 2017).
Cell cultures treated with heparin and chloral hydrate, which
both disrupt heparan sulfate proteoglycans, suffered a reduction
of endocytic uptake of α-syn (Holmes et al., 2013). Further
experiments should be conducted in animal models to identify
specific inhibitors of heparan sulfate proteoglycans that can
slow the pathology propagation cycle without interfering with
essential cellular processes.

A careful study of these and other potential α-syn receptors is
warranted in order to advance α-syn receptor-blocking therapies.

Reducing α-Syn Production
Since α-syn gene duplications and triplications lead to PD, a
potential therapeutic approach is to reduce α-syn production.
This reduction of total protein amounts can be achieved with
RNA interference (RNAi), using gene-silencing mechanisms
to target α-syn mRNA levels. Indeed, silencing α-syn has led
to neuroprotection in vitro upon 1-methyl-4-phenylpyridinium
(MPP+) insult (Fountaine and Wade-Martins, 2007). Also,
shRNA delivered via a lentiviral vector silenced human α-syn
expression in rat striatum, and siRNA directed against α-syn
reduced the expression of endogenous α-syn after 2 weeks of
infusion into the mouse hippocampus (Sapru et al., 2006; Lewis
et al., 2008). The success of these studies prompted testing
of chronic siRNA infusions directed against α-syn in squirrel

monkeys (McCormack et al., 2010). Following a unilateral
infusion, α-syn levels were reduced by 40–50% relative to the
untreated side. Additionally, experiments in rodent models
demonstrated that antisense oligonucleotides (ASOs) safely
reduced levels of α-syn protein expressions and did not affect
the normal nigral dopaminergic neuronal function or cause
neurodegeneration (Alarcón-Arís et al., 2018). However, a major
challenge is that the precise physiological role of α-syn has
not yet been characterized, and thus a therapy aimed at a
reduction of its expression could have a significant impact.
Indeed, Manfredsson and colleagues reported that the marked
reduction (>90%) of α-syn achieved using viral vectors in rat and
non-human primate SN corresponded to nigrostriatal system
degeneration (Gorbatyuk et al., 2010; Kanaan and Manfredsson,
2012; Collier et al., 2016). It is essential to determine the degree
of reduction necessary to effectively prevent α-syn accumulation
in preclinical trials before this approach is considered viable
for further investigation in PD patients. Additionally, careful
consideration must be taken regarding the method of delivery,
as systemic administration of RNAi or ASOs could potentially
act on α-syn expressed in peripheral tissues. Hence, it is essential
to perform further experiments in preclinical trials, especially in
non-human primates, to clearly determine preliminary efficacy,
tolerability and safety profile of this therapeutic approach, before
preparations can be made to move into the clinical stage.

In addition to targeting α-syn mRNA translation processes,
an alternative approach to reduce α-syn protein expression seeks
to interfere with the transcription of the α-syn gene. A recent
study found that β2-adrenoreceptor (B2AR) agonists (e.g.,:
clenbuterol and salbutamol) could reduce α-syn gene expression
by modulating transcription through altering histone deacetylase
(HDAC) activity at the α-syn gene promoter and enhancer
regions, and found that thesemodifications were neuroprotective
in cell line and rodent models (Mittal et al., 2017). Consistent
with these findings, a Norwegian epidemiological study reported
that treatment with the B2AR salbutamol against asthma
corresponded with a reduced lifetime risk of developing PD,
whereas the B2AR antagonist propranolol purportedly increased
PD risk (Mittal et al., 2017). This report indicates that B2AR
agonistsmay show promise as potential disease-modifying agents
that may inhibit α-syn protein expression at the transcriptional
level. Further studies should be pursued in animal models
of α-syncleinopathies to investigate therapeutic implications
for PD patients.

Inhibition of α-Syn Aggregation and
Aggregate Reduction
Inhibition of α-syn aggregation remains an extremely attractive
potential target for therapeutic interventions. Heat shock
proteins (HSP) act as molecular chaperones that assist nascent
polypeptide chains to fold correctly, and thus help prevent
protein aggregation events. Klucken et al. (2004) reported
the efficacy of HSPs for the reduction of aggregated α-syn
in vitro and in vivo studies. An interesting point of investigation
is how aggregation-prone polypeptides escape protein quality
control systems on the way to forming pathological aggregates.
Indeed, HSPs may get trapped within aggregates as the rate
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FIGURE 2 | Therapeutic strategies for PD. Boosting autophagic/lysosomal clearance is a potential avenue for clearing α-syn and other aggregating proteins that
disrupt cellular homeostasis. Reducing SNCA mRNA by modulating histone deacetylase (HDACs) or through RNA interference (RNAi) strategies can potentially lead
to a decrease in expression of α-syn which is known to result in reduced aggregation and toxicity. Reducing aggregation can be achieved by impeding the
multimerization of α-syn through heat shock proteins (HSPs) for example, or by dissociating existing aggregates with small molecules. Blocking α-syn entry through
receptor blocking would directly target the spread of α-syn and prevent its transport from cell to cell. Finally, immunotherapy could potentially neutralize α-syn and/or
α-syn aggregates extracellularly and perhaps even intracellularly in the case of intra/nanobodies.

of the aggregate formation increases with the progression of
pathology, thus reducing the availability of these molecular
chaperones. The kinetics of aggregation influence the ability of
small HSPs to inhibit α-syn aggregation, and may indicate how
these aggregates potentially evade HSP chaperone-action, as the
aggregated protein-loads increase the burden on this system
(Cox et al., 2016). Therefore, further investigation is needed
into mechanisms of regulating HSP expression levels to offer
neuroprotection via chaperone induction/co-induction.

Another approach to reducing the risk of α-syn aggregation
inside cells utilizes an oligomer modulator called Anle138b

[3-(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1H-pyrazole]
that inhibits the formation and accumulation of α-syn oligomers
but does not interfere with the level of protein expression
(Wagner et al., 2013). Importantly, the compound slowed
disease progression in human A30P α-syn transgenic mice
even when treatment started after the onset of disease-related
symptoms (Levin et al., 2014). Indeed, both in mouse models
of prion disease and in three different PD mouse models,
Anle138b strongly inhibited oligomer accumulation, neuronal
degeneration, and disease progression (Wagner et al., 2013).
Interestingly, binding studies revealed that Anle138b does not
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bind the monomeric form of α-syn, and thus does not interfere
with non-aggregated forms of the protein in the physiologic
state. Additionally, no detectable toxicity was reported at
therapeutic doses and the compound exhibited excellent oral
bioavailability and blood-brain barrier (BBB) penetrance. A
recent study by Deeg et al. (2015) reported that Anle138b and
other diphenyl-pyrazole compounds exhibited significantly
increased fluorescence upon binding to fibrillar α-syn structures,
rendering this compound a promising fluorescent biomarker for
investigation of aggregation dependent epitopes.

Early in vitro studies revealed numerous small molecule
inhibitors of α-syn assembly. Masuda et al. (2006) tested
79 compounds belonging to 12 different chemical classes and
found that compounds from seven of these classes (polyphenols,
phenothiazines, polyene macrolides, porphyrins, rifamycins,
Congo red and its derivatives, and terpenoids) inhibited α-
syn filament assembly. Several molecules including, baicalein,
delphinidin, dopamine chloride, and gallocatechin, were of
particular interest, as they exhibited strong inhibitory properties
against α-syn filament formation. Soluble α-syn oligomers
formed instead in the presence of inhibitory compounds,
probably through binding interactions with the C-terminal,
suggesting this may be the mechanism through which filament
formation is inhibited. These findings were corroborated by the
evidence presented 2 years earlier by Zhu et al. (2004) who
showed that baicalein both inhibited the formation of α-syn
fibrils and disaggregated pre-existing α-syn filaments.

Several other small molecules have been reported to inhibit
α-syn aggregation. Methylthioninium is one such example of
an effective aggregation inhibitor of a-syn fibrillar inclusions
both in vitro and in vivo that also exhibits the potential
of rescuing behavioral deficits and ameliorating pathology in
transgenic mouse models (Schwab et al., 2018). NPT100-18A
interacts with the C-terminal domain of α-syn, displaces it
from the membrane, reducing the formation of α-syn oligomers,
and subsequently reduced neuronal accumulation of α-syn and
decreased markers of cell toxicity. Treatment with NPT100-18A
improved motor deficits in mThy1 WT α-syn transgenic mice in
a dose-dependent manner (Wrasidlo et al., 2016). NPT200-11 is
another inhibitor of α-syn aggregation comparable to NPT100-
18A, which stabilizes α-syn conformers and blocks pathological
misfolding of the protein. A small randomized, double-blind,
single ascending dose phase 1 clinical trial evaluating the
safety, tolerability, and pharmacokinetics of NPT200-11 was
recently completed (Clinicaltrials.gov Identifier: NCT02606682).
A fourthmolecule is the human IgG1 fusion protein NPT088 that
contains the General Amyloid Interaction Motif (GAIM) and is
designed to simultaneously target multiple misfolded proteins.
NPT088 treated Thy1-Hα-syn mice showed increased tyrosine
hydroxylase levels concomitant with a significant reduction in
proteinase K-resistant α-syn (Fisher et al., 2015). A multidose
phase 1 clinical trial is currently underway to evaluate the safety
and tolerability of NPT088 in patients with probable Alzheimer’s
disease (NCT03008161).

Molecular tweezers have also been shown to be strong
dissociative and anti-aggregation agents (Sinha et al., 2011,
2012). These molecules are relatively small molecules that inhibit

protein interactions; CLR01 has shown great promise in vitro
inhibiting α-syn aggregation across multiple studies (Sinha et al.,
2012; Acharya et al., 2014; Schrader et al., 2016). CLR01 has
shown to be effective at reducing α-syn-induced cell death
in vitro and has also been shown to reduce α-syn proteasomal
inhibition in zebrafish (Prabhudesai et al., 2012). This prompted
the investigation of the safety of this lysine-specific tweezer in
a mammalian system; not only was CLR01 found to be safe
and well-tolerated in mice, but it was also shown to cross
the BBB, ensuring delivery to the target tissue in subsequent
studies (Attar et al., 2014). In a pre-clinical PD mouse model
CLR01 was able to reduce motor symptoms and α-syn-related
pathology (Richter et al., 2017), indicating it is an interesting
candidate for the treatment of PD. Strengthening this evidence
with more pre-clinical research would highlight the case for
CLR01 and other molecular tweezers as candidates for PD
clinical trials.

Immunotherapy is another promising strategy for the
reduction of α-syn aggregates that is currently in clinical trials.
Several studies have reported that both active and passive
immunization against α-syn was neuroprotective in transgenic
mouse models of PD (Masliah et al., 2005, 2011; Bae et al.,
2013; Sanchez-Guajardo et al., 2013). These findings prompted
the first phase 1 clinical trial with PRX002, a humanized
IgG1 monoclonal antibody directed against epitopes near the
C-terminus of aggregated forms of α-syn. Results from the phase
1a clinical trial reported a 96.5% reduction in the concentration
of free serum α-syn (Schenk et al., 2017). A multiple-ascending
dose study was performed in a phase 1b clinical trial to
evaluate the safety and tolerability of PRX002 in idiopathic
PD patients (Jankovic et al., 2018). The results of this study
demonstrated significant target engagement evidenced by the
reduction in free serum α-syn levels by up to 97% after a single
infusion cerebrospinal fluid (CSF) penetration indicated by a
dose-dependent increase in CSF PRX002 concentrations. All
doses of PRX002 were found to be safe and tolerable, supporting
the design of an ongoing phase 2 clinical trial (NCT03100149;
Jankovic et al., 2018).

In contrast to PRX002, BIIB054 (Biogen) is a fully human-
derived monoclonal antibody directed against the N-terminal
epitope of α-syn that exhibits a high level of specificity for
aggregated and fibrillar forms of α-syn with a more than 800-fold
binding affinity for aggregated α-syn compared with monomeric
forms of the protein (Weihofen et al., 2019). BIIB054 treatment
was reported to reduce the spread of truncated α-syn variants to
the contralateral cortex and rescuedmotor impairments by about
50% in α-syn PFF-inoculated WT mice (Weihofen et al., 2019).
A recently-concluded phase 1 clinical trial of a single-ascending
dose study of BIIB054 in PD patients and healthy volunteers,
reported it was well tolerated at single doses up to 90 mg/kg, had
a serum half-life of 28 days, and CSF concentrations achieved in
healthy volunteers were 0.2% of those seen in plasma (Brys et al.,
2019). Single doses of BIIB054 up to 45 mg/kg were well tolerated
in PD patients, and the pharmacokinetic profile was comparable
to that seen in healthy volunteers. BIIB054 is currently being
evaluated in recently diagnosed PD patients in a multinational
phase 2 clinical trial (NCT03318523).
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Active immunization approaches have also been previously
studied. AFFiRiS, developed AFFITOPE, a vaccine that
consists of short synthetic α-syn peptide fragments. In the
recently completed parallel-group phase 1 clinical trial, the
AFF008 study series assessed the tolerability and safety of
repeated subcutaneous administration of a synthetic α-syn
mimicking epitope called AFFITOPE PD01A in a group of
24 patients randomized to receive either AFFITOPE PD01A
low dose or high dose (NCT01568099). Similar results were
observed in another phase 1 clinical trial study that used a
different synthetic α-syn mimicking epitope called AFFITOPE
PD03A (NCT02267434). At the screening, the average duration
of PD after the initial diagnosis was between 1.6–2.3 years.
The study design was comparable to that used with AFFITOPE
PD01A, with 36 patients randomized to a low dose, high
dose, or placebo group. Treatment was found to be safe and
well-tolerated at both doses in PD patients. AFFITOPE PD01A
elicited a clear dose-dependent immune response against the
peptide itself and cross-reactivity against the α-syn targeted
epitope over time. Overall results also reported a significant
increase in antibody titer against PD01A. However, there was
no significant immunogenicity of AFFITOPE PD03A when
compared with controls.

Although antibodies are invaluable tools for synucleinopathy
research, their high molecular weight undermines the viability
of their therapeutic potential. This is especially important in
neurological disorders as the BBB is a formidable obstacle to
the systemic treatment of CNS diseases, because it impairs the
passage of the vast majority of molecules, including antibodies,
to the brain. Therefore, an interesting new avenue of research
is that of gene-engineered antibodies called intrabodies and
nanobodies, by expressing regions for antibody specificity
separate from the full-length antibody. While a major concern
about the use of immunotherapy in PD treatment is whether
antibodies will have significant brain penetration to achieve
sufficient target engagement, these engineered fragments
might circumvent that issue, as they have higher brain
penetrance and faster clearance. Additionally, because they
can be synthesized in large quantities by bacterial or yeast
systems, their production can be made more efficient and
economical, providing further support for their viability. Zhou
et al. (2004) reported scFv fragments, comprised of heavy
variable and light variable domains linked by a short, flexible
polypeptide sequence, that bind and stabilize monomeric
forms of α-syn, thereby inhibiting the formation of insoluble
high-molecular-weight α-syn species. Moreover, Zha et al.
(2016) demonstrated that use of scFv W20 against common
epitope of various toxic oligomeric species, reduced α-syn
and mutant huntingtin protein aggregate load in PD and
HD transgenic mice, and simultaneously reduced synaptic
degeneration, neuroinflammation, and oxidative stress
and significantly improved motor and cognitive deficits.
Additionally, single domain antibodies called nanobodies might
be an alternative to scFvs (Hamers-Casterman et al., 1993).
Nanobodies have a higher solubility and a lower molecular
weight compared with scFvs, rendering greater brain penetrance
due to increased passage through the BBB. Their ability to

recognize unique epitopes with subnanomolar affinity and
their high production yield at a relatively low cost make them
a useful class of biomolecules for research and therapeutic
applications. A study on the nanobody NbSyn87 that has
target specificity for residues 118–131 in the C-terminus of
α-syn reported that it binds both monomeric and fibrillar
forms of the protein, indicating that the epitope is accessible
in the fibrillar state (Guilliams et al., 2013). The length of
time of fibrillization influenced the apparent affinities of
NbSyn87 for their epitopes. This finding suggests that the
epitope on the α-syn C-terminus undergoes conformational
changes during fibrillization and that nanobodies are
able to target different, potentially pathogenic forms of
aggregated α-syn.

Although neuro-immunotherapy presents as an elegant tool
to inhibit the pathogenic spread of extracellular aggregated
α-syn, the potential associated risks in both active and passive
immunization, including systemic side reactions, need to
be clearly elucidated. Neurodegenerative disease treatment
requires further investigation into the multiple routes of vector
administration, including direct injection, injection into the
CSF, and intramuscular and intravascular administration.
Subsequent studies will need to clearly evaluate the safety and
risk associated with more invasive measures that efficiently
transduce or treat smaller areas, compared with broader,
less-invasive means of distribution associated with limited brain
penetrance due to the need to bypass the BBB. Optimization
of these technological challenges, including means to either
mechanically or biologically bypass the BBB, achieve sufficient
antibody levels in CNS to enable adequate target engagement,
and direct elimination only against aggregated α-syn species,
are needed to further evaluate important implications
for future therapeutics.

Enhancing Degradation of Intracellular
α-Syn Aggregates
Autophagy is suggested to serve a significant role in the
intracellular degradation of α-syn aggregates (Decressac et al.,
2013). Once the autophagosome has formed around its target, a
lysosome can merge with it, delivering its degradative enzymes
to the enclosed, pathogenic cargo. Autophagosome-lysosome
fusion events are mediated by Rab GTPases that recruit
membrane-tethering complexes to reduce the spatial separation
between the two compartments and SNARE proteins that drive
the physically fusion of the bilayers (Nakamura and Yoshimori,
2017). Dysfunction of the ALP has been shown to correlate
with increased accumulation of intracellular α-syn aggregates
and induce the activation of nonclassical secretory pathways
(Poehler et al., 2014). While the presence of intracellular α-
syn aggregates may increase the pathologic burden on host
neurons, neuron-released α-syn aggregates may enhance the
cell-to-cell propagation of α-syn pathology and progression
of disease (Lopes da Fonseca et al., 2015). Thus, enhancing
autophagic processes may promote increased clearance of
pathological α-syn and alleviate the intracellular burden
on host neurons.
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The mammalian target of rapamycin (mTOR), a component
of protein complexes mTORC1 and mTORC2 are essential for
cellular development and tissue regeneration, as well as the
regulation of apoptosis and autophagy (Maiese et al., 2013).
Rapamycin and its analogs work via mTOR inhibition to
induce autophagy. This class of drugs has been shown to have
neuroprotective effects primarily due to its ability to promote
increased clearance of α-syn through the induction of autophagic
processes (Webb et al., 2003; Crews et al., 2010; Bové et al.,
2011; Decressac et al., 2013; Maiese et al., 2013). However,
rapamycin has limited utility because it lacks specificity, and acts
on other essential pathways involved in immunosuppression,
and thus is not a viable drug candidate for PD where
long-term treatment would be necessary. Due to rapamycin’s
therapeutic limitations, researchers have investigated other
compounds that promote autophagy. For example, trehalose
is a sugar molecule present in many organisms that acts
through an mTOR-independent pathway, and has been shown
to enhance autophagy through increased lysosomal biogenesis,
leading to the corresponding increased clearance of protein
aggregates (Sarkar et al., 2007). Another strategy to achieve
inhibition of mTOR uses a modulator of the mitochondrial
pyruvate carrier (MPC) called MSDC-0160 to reduce pyruvate
transport into the mitochondria. MSDC-0160 causes alterations
in mitochondrial metabolism induced by MPC inhibition that
result in mTOR inhibition and upregulation of autophagy in
neurons (Ghosh et al., 2016). It has been shown to protect
midbrain dopaminergic neurons from MPP+-induced cell death
and nigral dopaminergic neurons in a ‘‘chronic’’ genetic mouse
model of PD, and enhance autophagy in a model of α-syn-
induced toxicity in C. elegans (Ghosh et al., 2016). These findings
warrant further investigations to determine whether MPC
inhibition may present promise as a useful avenue for future
therapeutics, and may provide insight into the development
of other MPC modulators as potential disease-modifying
agents for PD.

CONCLUSION

Substantial evidence supports the identification of α-syn is a key
player in the initiation and progression of neurodegeneration
in PD pathogenesis. Several pre-clinical therapeutic modalities
targeting pathological α-syn have revealed promising results.
Current approaches include treatments designed to inhibit
the synthesis, aggregation, or uptake of abnormal α-syn
and enhance extracellular protein clearance mechanisms. α-
syn immunotherapy and small molecule-based dissociation
of aggregates have garnered significant interest as potential
methods that might slow or halt the progression of the
disease. However, further research is needed to optimize our
understanding of the clinic-pathological relationship between
the various species of α-syn and the development of PD. While
caution is warranted when manipulating global α-syn levels, we
conclude that targeting toxic α-syn seems a compelling strategy
for therapeutic targets in PD.
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α-Synuclein (α-Syn) forms toxic intracellular protein inclusions and transmissible amyloid
structures in Parkinson’s disease (PD). Preventing α-Syn self-assembly has become one
of the most promising approaches in the search for disease-modifying treatments for
this neurodegenerative disorder. Here, we describe the capacity of a small molecule
(ZPD-2), identified after a high-throughput screening, to inhibit α-Syn aggregation. ZPD-
2 inhibits the aggregation of wild-type α-Syn and the A30P and H50Q familial variants
in vitro at substoichiometric compound:protein ratios. In addition, the molecule prevents
the spreading of α-Syn seeds in protein misfolding cyclic amplification assays. ZPD-2 is
active against different α-Syn strains and blocks their seeded polymerization. Treating
with ZPD-2 two different PD Caenorhabditis elegans models that express α-Syn either
in muscle or in dopaminergic (DA) neurons substantially reduces the number of α-Syn
inclusions and decreases synuclein-induced DA neurons degeneration. Overall, ZPD-
2 is a hit compound worth to be explored in order to develop lead molecules for
therapeutic intervention in PD.

Keywords: Parkinson’s disease, α-synuclein, amyloid, protein aggregation, aggregation inhibitor, Caenorhabditis
elegans, neurodegeneration

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder that affects about 0.3% of the population
and >1% of people over 60 years of age (4% over 80 years) (Nussbaum and Ellis, 2003; Dexter
and Jenner, 2013). It is characterized by the loss of dopaminergic (DA) neurons in substantia
nigra pars compacta, which compromises the motor capacity of PD-suffering patients, producing
tremor, rigidity, and bradykinesia (Marti et al., 2003). Additionally, since the disease spreads to the
cerebral cortex (Braak et al., 2003), symptoms could include emotional and cognitive impairment
(Marti et al., 2003). Nowadays, treatments are focused on alleviating the above mentioned motor
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symptoms, mostly using dopamine replacement by
administration of dopamine precursor (L-DOPA), combined
with carbidopa, a L-DOPA decarboxylase inhibitor, and/or
catechol-O-methyl transferase inhibitors and monoamine
oxidase-B inhibitors (Dexter and Jenner, 2013). However, these
treatments do not prevent the progression of PD and they lose
efficacy as the disease advances.

Parkinson’s disease is pathologically characterized by the
accumulation of protein aggregates in the neuronal body, Lewy’s
bodies (LB), and/or fibrils deposited in neuronal processes,
Lewy’s neurites (LN), of affected neurons (Spillantini et al., 1997).
These inclusions are mainly composed of α-synuclein (α-Syn),
a protein predominantly expressed in the synaptic termination
of DA neurons (Bendor et al., 2013). This evidence, together
with the identification of mutations in the gene that encodes
for this protein (SNCA) as the cause behind familial cases
of PD (Polymeropoulos et al., 1997) and the observation that
duplications and triplications of the SNCA gene lead to highly
penetrant forms of the disease (Singleton et al., 2003; Ibanez et al.,
2004) directly connect PD and α-Syn. In fact, the presence of
aggregated α-Syn in the brain is a common feature of a group
of diseases named synucleinopathies, which, in addition to PD,
include Dementia with Lewy’s bodies (DLB) and multiple system
atrophy (MSA), among others (Marti et al., 2003).

In solution, α-Syn is a 140 amino acid intrinsically disordered
protein whose function seems to be related with vesicle trafficking
(Bendor et al., 2013). In vitro it forms thermodynamically
stable amyloid aggregates (Serpell et al., 2000) that can display
different conformational features (Li et al., 2018). The formation
of amyloids by α-Syn follows the typical sigmoidal kinetics,
reflecting a nucleation-polymerization process (Sabate et al.,
2003); although secondary nucleation reactions might also occur
(Xue et al., 2010). In vivo, α-Syn assemblies exert a toxic effect
(Winner et al., 2011) and could be transmitted from cell to cell
in a prion-like manner by seeding native α-Syn aggregation in
previously unaffected neurons (Hansen et al., 2011).

Preventing α-Syn aggregation seems to hold the potential to
achieve significant therapeutic impact. Several strategies have
been developed toward this objective: SNCA gene-silencing
approaches to decrease the protein levels (McCormack et al.,
2010), methods to increase the clearance of aggregated α-Syn by
autophagic and proteasomal machineries (Gao et al., 2019), and
molecules intended to avoid the formation and/or propagation
of aggregated α-Syn (Dehay et al., 2015; Hauser, 2015). One
of the main limitations of this last strategy is the absence of a
well-defined structure of monomeric α-Syn in solution, due to
its intrinsically disordered nature, which hampers the rational
design of inhibitors. High-throughput screening protocols have
been developed to circumvent this problem (Silva et al., 2011;
Levin et al., 2014). A number of promising small molecules
have been discovered with this approach, including anle138b
(Levin et al., 2014), BIOD303 (Moree et al., 2015), fasudil
(Tatenhorst et al., 2016), squalamine (Perni et al., 2017), or
SynuClean-D (SCD) (Pujols et al., 2018). In this context, we have
developed a robust screening and validation protocol to analyze
large chemical libraries in the search for effective inhibitors of
α-Syn aggregation (Pujols et al., 2017). The in vitro pipeline

FIGURE 1 | Chemical structure of the compound ZPD-2. ZPD-2 corresponds
to 4-cyclohexyl-2-((2-nitro-4-(trifluoromethyl)phenyl)thio)-6-oxo-1,6-
dihydropyrimidine-5-carbonitrile.

integrates thioflavin-T (Th-T) fluorescence and light scattering
measurements, transmission electron microscopy (TEM), and
protein misfolding cyclic amplification assays (PMCA). This
approach allowed us to identify ZPD-2 (Figure 1) as a novel
small molecule able to inhibit the aggregation of wild-type (WT)
α-Syn, as well as that of the A30P (Kruger et al., 1998) and H50Q
(Appel-Cresswell et al., 2013) familial mutants, being active
against the seeded polymerization of different α-Syn strains.
The compound displayed low toxicity for neuronal human cells
and demonstrated significant inhibitory capacity in two well-
established Caenorhabditis elegans models of PD (van Ham et al.,
2008; Harrington et al., 2012).

MATERIALS AND METHODS

Protein Purification
Protein expression and purification of WT α-Syn and its variants
(H50Q and A30P) were carried out as previously described
(Pujols et al., 2017) and the resulting purified protein was
lyophilized and kept at−80◦C until its use.

In vitro Aggregation of α-Syn
α-Syn was resuspended in sterile PBS and filtered through
0.22 µm membranes to remove small aggregates. Aggregation
was performed in a sealed 96-well plate, containing 70 µM
α-Syn (WT, A30P or H50Q), 40 µM Th-T in PBS 1×, a
1/8′′ diameter Teflon polyball (Polysciences Europe GmbH,
Eppelheim, Germany) and 100 µM ZPD-2 or DMSO (in control
samples) in a total volume of 150 µL per well. The plate was
incubated at 100 rpm and 37◦C after having been fixed in an
orbital culture shaker Max-Q 4000 (ThermoScientific, Waltham,
MA, United States). Measurements of Th-T fluorescence were
done every 2 h in a Victor3.0 Multilabel Reader (PerkinElmer,
Waltham, MA, United States), exciting through a 430–450 nm
filter and collecting the emission signal with a 480–510 filter. Each
assay was done in triplicate. The values of the aggregation kinetics
were fitted to the following Eq. 1 (Crespo et al., 2016):

∝ = 1−
1

kb(ekat − 1) + 1
(1)

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 December 2019 | Volume 12 | Article 30658

https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00306 December 13, 2019 Time: 16:3 # 3

Peña-Díaz et al. ZPD-2 Inhibits α-Synuclein Aggregation

where kb and ka constitute the homogeneous nucleation rate
constant and the secondary rate constant (fibril elongation and
secondary nucleation), respectively (Crespo et al., 2016).

Titration assays were done by applying different ZPD-2
concentrations (200, 150, 100, 75, 50, 25, and 10 µM). Time-
dependent assays were developed by adding 100 µM of ZPD-2
at different time points after the beginning of the reaction (4, 8,
12, 16, 20, and 24 h). In all cases a fixed concentration of α-Syn at
70 µM was maintained.

Strains were generated as previously described (Bousset et al.,
2013; Peelaerts et al., 2015; Carija et al., 2019). Briefly, lyophilized
α-Syn was resuspended in PBS 1× and dialyzed for 24 h in a
1:1000 (v/v) ratio with buffer B (50 mM Tris–HCl pH 7.0), or
buffer C (50 mM Tris–HCl pH 7.0 supplemented with 150 mM
NaCl). Then, the protein was filtered through 0.22 µm membrane
and incubated at 70 µM in presence or absence of 100 µM ZPD-
2 in a 96-well plate as described above. For the seeding assays,
α-Syn pre-formed fibrils were sonicated for 5 min and then
added to the aggregation reaction at ratios of 1% (v/v) for each
condition. The plate was then incubated, and Th-T fluorescence
measured as previously indicated.

The soluble fraction was obtained for subsequent
quantification by centrifuging 300 µL of aggregated sample
at 16,900 × g for 90 min. The supernatant was then recovered
and loaded into a Tricine–SDS-PAGE gel. Gels were stained
with Blue safe. Finally, the density of the α-Syn bands was
calculated using Quantity One software (Bio-Rad, Hercules, CA,
United States). Experiments were done at least in triplicate.

Transmission Electron Microscopy
End-point α-Syn aggregates incubated for 32 h were collected,
diluted 1:10 with PBS 1× and sonicated for 5 min. Five
microliters of these sonicated samples was placed rapidly on a
carbon-coated copper grid and incubated for 5 min. The grids
were dried with a filter paper to withdraw the excess of sample
and immediately washed twice with miliQ water. Finally, 5 µL
of 2% (w/v) uranyl acetate was added to the top of the grid and
incubated for 2 min. The excess of uranyl acetate was removed
with a filter paper and grids were left to air-dry for 10 min.
Images were obtained using a TEM Jeol 1400 (Peabody, MA,
United States) operating at an accelerating voltage of 120 kV.
A minimum of 30 fields were screened per sample, in order to
collect representative images.

Light Scattering
End-point α-Syn aggregates were collected, placed into a
quartz cuvette, and analyzed in a Cary Eclipse Fluorescence
Spectrophotometer (Agilent, Santa Clara, CA, United States). The
sample was excited at 300 nm and the subsequent scattering at
90◦ monitored between 280 and 320 nm.

Protein Misfolding Cyclic Amplification
The PMCA assay was carried out as previously described
(Herva et al., 2014). Briefly, α-Syn was resuspended to a final
concentration of 90 µM in Conversion Buffer (PBS 1×, 1% Triton
X-100, 150 mM NaCl), supplemented with Complete Protease
Inhibitor Mixture (Roche Applied Science, Penzberg, Germany).

Sixty microliters of this α-Syn solution was added into 200-µL
PCR tubes containing 1.0 mm silica beads (Biospec Products,
Bartlesville, OK, United States). Samples were exposed to 24-h
cycles of 30 s sonication and 30 min incubation at 37◦C, using
a Misonix 4000 sonicator, at 70% power. After every 24 h-cycle,
1 µL of the incubated sample was added to a new PCR-tube
containing fresh α-Syn. This process was repeated for 5 days.
In the case of treated samples, ZPD-2 was added in each cycle
to the fresh non-sonicated sample to a final concentration of
128 µM, which corresponds to the 0.7:1 α-Syn:ZPD-2 ratio
of the previous set of aggregation kinetics assays. Untreated
samples were prepared adding the same concentration of DMSO
(0.26%) present in the treated mixtures. All the reactions were
made in triplicate.

At the end of each cycle, 10 µL of the incubated
samples were diluted 1:10 with 90 µL of PBS 1×, 40 µM
Th-T. Th-T fluorescence was measured in a Cary Eclipse
Fluorescence Spectrophotometer (Agilent, Santa Clara, CA,
United States), exciting at 445 nm and collecting the emission
signal between 460 and 600 nm.

Proteinase K Digestion
For protein digestion, 6 µL of Proteinase K (5 µg/mL final
concentration) was added to 18 µL of PMCA aggregated samples
and incubated for 30 min at 37◦C. After the incubation, 8 µL of
loading buffer containing 1% β-mercaptoethanol was added and
the enzyme was thermally inactivated at 95◦C for 10 min. Finally,
7 µL of the incubated and stained samples was loaded into a
Tricine–SDS-PAGE gel together with unstained Protein Standard
markers (ThermoFisher Scientific, Waltham, MA, United States).
Gels were stained with Blue safe.

Nuclear Magnetic Resonance
Expression of 15N-labeled human WT α-Syn was carried out in
Escherchia coli BL21 DE3 strain. First, cells were grown in LB
medium until an OD600 of 0.6. The culture was then centrifuged
at 3000 rpm for 15 min and the pellets collected and resuspended
in 1 L minimal medium, composed of: 768 mL of miliQ water
with 1 mL of ampicillin 100 mg/mL, 100 µL CaCl2 1 M,
2 mL MgSO4 2 M, 20 mL glucose 20%, 10 mL vitamins 100×
(Sigma–Aldrich, Darmstadt, Germany), 200 mL salts M9, and
1 g 15NH4 (Cambridge Isotope Laboratories, Inc., Tewksbury,
MA, United States). Cells were incubated for 1 h at 37◦C and
250 rpm. After that, protein expression was induced for 4 h
with 1 mM IPTG. Protein was purified as previously described
(Pujols et al., 2017).

1H-15N HSQC spectra were obtained at 20◦C on a Bruker
600 MHz NMR spectrometer equipped with a cryoprobe in a
mixture containing 70 µM 15N-labeled α-Syn, PBS buffer (pH
7.4), 2.5% d6-DMSO, and 10% D2O in the absence or in the
presence of 100 µM ZPD-2.

Toxicity Assays
Neuroblastoma cells were incubated 24 h in DMEM
medium in a 96-well plate before the addition of different
concentrations of ZPD-2 (from 1 µM to 1 mM). Cells
were incubated for 48 h at 37◦C and PrestoBlue R© reagent
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(ThermoFisher Scientific, Waltham, MA, United States) was
added to analyze cell death. Treated and untreated cells were
incubated with PrestoBlue R© for 10 min at 37◦C. Finally,
fluorescence emission was measured by exciting at 560 nm and
collecting at 590 nm.

Caenorhabditis elegans Assays
Maintenance
Animals synchronization was carried out by bleaching and
overnight hatching in M9 (3 g/L KH2PO4, 6 g/L Na2HPO4, 5 g/L
NaCl, 1 M MgSO4) buffer. Thus, nematodes were cultured at
20◦C on growth media plates (NGM) containing 1 mM CaCl2,
1 mM MgSO4, 5 µg/mL cholesterol, 250 M KH2PO4 pH 6.0,
17 g/L Agar, and 3 g/L NaCl. Plates were previously seeded with
E. coli OP50 strain. Nematodes were maintained using standard
protocols (Brenner, 1974).

Strains
Strain NL5901, unc-119(ed3) III; pkIs2386 [Punc-54:α-SYN:YFP;
unc-119(+)] was obtained from the C. elegans Genetic Center
(CGC). For the α-Syn-induced DA degeneration analysis,
strain UA196 (Harrington et al., 2012), gifted generously
by the laboratory of Dr. Guy Caldwell (Department of
Biological Science, The University of Alabama, Tuscaloosa,
AL, United States), was used; [sid-1(pk3321); baIn33 (Pdat-
1:sid-1, Pmyo-2:mCherry); baIn11 (Pdat-1:α-SYN; Pdat-1:GFP)].
In the main text, this strain was named Pdat-1:GFP; Pdat-
1:α-SYN.

ZPD-2 Administration
After cooled, the autoclaved NGM agar medium (1 mM CaCl2,
1 mM MgSO4, 5 µg/mL cholesterol, 250 M KH2PO4 pH 6.0,
17 g/L Agar, and 3 g/L NaCl) was enriched with 100 µM of a
stock of ZPD-2 in 0.2% DMSO to a final concentration of 10 µM.
After 2 days, plates were seeded with 250 µL of E. coli OP50 with
10 µM of ZPD-2. Nematodes were placed on the plates at larval
stages L4 and exposed either to ZPD-2 or DMSO (controls) for
7 days. Daily transfer was done to avoid cross progeny.

Aggregate Quantification
The number of cellular inclusions was quantified as previously
described (van Ham et al., 2008; Munoz-Lobato et al.,
2014). Briefly, NL5901 (Punc-54:α-SYN:YFP) worms were age-
synchronized and left overnight to hatch. Nematodes in
phase L1 were cultured and grown into individual NGM
plates seeded with E. coli OP50. When animals reached L4
developmental stage, they were transferred onto either ZPD-
2-treated plates or DMSO-treated plates (negative control).
Every day, animals were transferred into a new plate to
avoid cross contamination. At stage L4 + 7, the aggregates
in the anterior part of every single animal were counted.
For each experiment, 30 7-day-old nematodes per treatment
were analyzed using a Nikon Eclipse E800 epifluorescence
microscope equipped with an Endow GFP HYQ filter cube
(Chroma Technology Corp., Bellows Falls, VT, United States)
and each experiment was carried out in triplicate. Inclusions
could be described as discrete bright structures, with edges

distinguishable from surrounding fluorescence. ImageJ software
was used for measuring the number of cellular aggregates
considering the area dimensions. For the quantification of
α-syn aggregates in C. elegans one single image was taken
from each animal. Every image contained among 30–45
stacks (1 µm) that allowed to detect aggregates at different
animal positions. At least 30 animals were imaged for each
assayed condition.

C. elegans Lifespan Analysis
L4-stage synchronized C. elegans were exposed to 10 µM of ZPD-
2 or DMSO (controls) during lifespan analysis. The worms were
classified as alive, dead, or censored every 2 days by determining
their movement and response to nose and tail tap. The numbers
of alive and dead worms were recorded until all worms perished.
The data were plotted as a Kaplan–Meier survival curve and
groups compared using a Wilcoxon-test.

C. elegans Neurodegeneration Assays
Worms were analyzed for α-Syn-induced DA neurodegeneration
as described previously (Harrington et al., 2012). Briefly, 20–30
L4-staged animals were transferred to ZPD-2 – NGM plates and
make them grow up to 7 days (L4 + 7 days of development)
after which the DA cell death induced by the over-expression
of α-Syn was analyzed by fluorescence. Plates containing only
0.2% DMSO, without ZPD-2, were used as control. Worms were
transferred daily to avoid cross contamination.

The six anterior DA neurons (four CEP and two ADE
DA neurons) were scored for neurodegeneration according to
previously described criteria (Sulston et al., 1975; Harrington
et al., 2012). Worms were considered normal when all six anterior
DA neurons (four CEP, cephalic, and two ADE, anterior deirid)
were present without any visible signs of degeneration. If a worm
displayed degeneration in at least one of the six neurons, it
was scored as exhibiting degeneration. For each independent
experiment, 30 worms of each treatment were examined under
a Nikon Eclipse E800 epifluorescence microscope equipped with
an Endow GFP HYQ filter cube (Chroma Technology Corp.,
Bellows Falls, VT, United States).

Microscopy and Imaging
Animals were placed in a 1 mM solution of sodium azide
and mounted with a coverslip on a 4% agarose pad. Animals
were visualized with a Nikon Eclipse E800 epifluorescence
microscope. The system acquires a series of frames at specific
Z-axis position (focal plane) using a Z-axis motor device.
Animals were examined at 100× magnification to examine
α-Syn-induced DA cell death and at 40× to examine α-Syn
apparent aggregate.

Statistical Analysis
All graphs were generated with GraphPad Prism 6.0 software
(GraphPad Software Inc., La Jolla, CA, United States). Data
were analyzed by two-way ANOVA Tukey’s HSD test using
SPSS software version 20.0 (IBM Analytics, Armonk, NY,
United States) and t-test using GraphPad software version
6.0 (GraphPad Software Inc., La Jolla, CA, United States).
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All data are shown as means and standard error of mean
(SEM). p < 0.05 was considered statistically significant. In
the graphs ∗, ∗∗, and ∗∗∗ indicate p < 0.05, p < 0.01, and
p< 0.001, respectively.

RESULTS

ZPD-2 Reduces and Delays the
Aggregation of Human α-Synuclein
in vitro
We designed and optimized a screening protocol that allows
to follow the aggregation kinetics of α-Syn by monitoring Th-
T fluorescence emission for 32 h. This approach permitted
us to study the inhibitory potential of more than 14,000
compounds (Pujols et al., 2017, 2018). The activity of molecules
able to reduce significantly the final amount of Th-positive
material and/or impact the nucleation or elongation rates of
the reaction was further confirmed using light scattering and
TEM measurements at the end of the reaction. This allowed us
to identify 30 active compounds, most of which seem not to
be connected in terms of structure, precluding QSAR studies.
We have previously described the properties of SCD a molecule
that acts preferentially on top of α-Syn proto-fibrillar or fibrillar
assemblies (Pujols et al., 2018). Here, we describe the properties
of ZPD-2 (Figure 1), a compound that differs in its mechanism
of action. SCD and ZPD-2 share a benzotrifluoride group,
which suggested that it could constitute the minimal inhibitory
unit; however, this group is devoid of any anti-aggregation
activity by itself (unpublished), indicating that, most likely, it
only acts as a framework for the different active groups in
the two molecules.

The incubation of 70 µM of α-Syn in the presence and
absence of 100 µM of ZPD-2 revealed that the compound
modulated the protein aggregation, reducing the formation of
Th-T positive structures at the end of the reaction by an
80%, while extending t50 by 8 h (Figure 2A). The analysis
of the kinetics revealed a reduction in the nucleation rate
constant in presence of ZPD-2 (kb = 0.008833) by threefold,
when compared to the control reaction (kb = 0.02754). The
autocatalytic rate constant was also lower in the treated sample
(ka = 0.2432 h−1) than in the control (ka = 0.3230 h−1). Light
scattering measurements at 300 nm confirmed that the observed
reduction in Th-T fluorescence corresponds to an effective
decrease in the levels of α-Syn aggregates, with a 67% decrease
in the dispersion of light in the presence of ZPD-2 (Figure 2B).
TEM images corroborated that the samples incubated with ZPD-
2 (Figure 2D) contained less fibrils per field than the non-
treated ones (Figure 2C). In good agreement with these data,
quantification of soluble α-Syn at the end of the aggregation
reaction indicated that its level was threefold higher in ZPD-2-
treated samples (Supplementary Figure S1A).

Further analysis of the inhibition capacity of ZPD-2 indicated
that it exhibited a dose-dependent effect, displaying a statistically
significant effect even at 10 µM (1:7 compound:protein ratio)
(Figure 3A), where the final Th-T signal was reduced by 49%.

To address the time window in which ZPD-2 is active,
we set up aggregation reactions with a constant amount
of ZPD-2 added at different time points after the reaction
begins. A time-dependent response was observed (Figure 3B),
with a very significant inhibition when ZPD-2 was added
at early (4–8 h) and intermediate (12–16 h) times, and a
less pronounced effect when it was added at the plateau
phase (20–24 h). This indicates that ZPD-2 is mostly active
against the species formed early in the aggregation reaction,
consistent with its highest impact on the nucleation rate
constant kb. Importantly, NMR studies using isotopically labeled
monomeric and soluble α-Syn indicated that ZPD-2 does
not interact with its native form, since we could not detect
any perturbations in chemical shifts or peak intensities in
α-Syn in the presence of a molar excess of the molecule
(Supplementary Figure S2).

Several α-Syn single point mutations are connected with
the onset of familial cases of PD (Kruger et al., 1998; Appel-
Cresswell et al., 2013). We studied the ability of ZPD-2 to
prevent the aggregation of two of the most frequent and
aggressive variants, H50Q and A30P. The molecule was also
active against these α-Syn forms in kinetic assays (Figure 4A).
According to the relative Th-T signal at the end of the
reaction in ZPD-2-treated and non-treated samples, the molecule
inhibited the aggregation of A30P and H50Q by 96 and 94%,
respectively (Figure 4B).

ZPD-2 Prevents α-Syn Seeded
Aggregation in Protein Misfolding Cyclic
Amplification Assays
Protein misfolding cyclic amplification assays, initially developed
to study the polymerization and propagation process of the
prion protein (Barria et al., 2012; Morales et al., 2012),
has been recently adapted for α-Syn amyloid aggregation
(Herva et al., 2014). Essentially, cycles of incubation at
37◦C are followed by vigorous sonication in order to allow
fibril growth and subsequent fibrillar rupture, thus producing
α-Syn seeds. These preformed seeds are used to trigger
the aggregation of fresh protein in the following cycle,
amplifying the fibrillar content. At 90 µM of α-Syn, PMCA
produced amyloid structures resistant to protease K (PK)
digestion, as observed by SDS-PAGE, with the maximum
protection arising after four rounds (Figure 5A, middle). Th-
T fluorescence measurements of the same samples indicated
that this protection correlates with an increasing presence
of amyloid-like assemblies (Figure 5B). In sharp contrast, in
the presence of ZPD-2, the amount of PK-resistant protein
after four rounds is negligible (Figure 5A, right), Th-T
fluorescence signal being also significantly low relative to
control samples at this stage (Figure 5B). These results
suggested that ZPD-2 was strongly interfering with the PMCA-
promoted seeding of α-Syn amyloids. The fact that Th-T
decrease becomes significant only at pass 4, likely indicates
that the aggregated non PK-resistant species generated at
early steps still retain certain Th-T binding ability, since
SDS-PAGE analysis indicates that the levels of PK-resistant
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FIGURE 2 | ZPD-2 inhibits the aggregation of wild-type α-synuclein in vitro. (A) Aggregation kinetics of α-Syn in absence (black) and presence (green) of ZPD-2.
Intensity of Th-T fluorescence is plotted as a function of time. (B) Light scattering of end-point aggregates is measured at 300 nm for untreated (white) and
ZPD-2-treated samples (green). (C,D) Representative TEM images of untreated (C) and ZPD-2-treated (D) samples. Th-T fluorescence is expressed as normalized
means. Final points were obtained at 48 h after the aggregation reaction begin. Error bars are shown as standard errors of mean values, ∗∗∗p < 0.001.

FIGURE 3 | Analysis of the inhibitory capacity of ZPD-2. (A) Titration of the effect of different concentrations of ZPD-2 on 70 µM α-Syn aggregation. (B) Th-T
fluorescence of α-Syn end-point aggregates after the addition of ZPD-2 at different time points during the aggregation kinetics. Th-T fluorescence is plotted as
normalized means. End-points were obtained at 48 h of α-Syn incubation. Error bars are shown as standard errors of mean values, ∗∗∗p < 0.001.

protein is already decreased in treated samples at passes 1–3
(Supplementary Figure S3).

ZPD-2 Prevents the Aggregation of
Different α-Synuclein Amyloid
Conformations
The aggregation of α-Syn has been described to lead to
the formation of different amyloid conformations, or strains,

depending on the environmental conditions (Li et al., 2018); a
property that has been linked with its spreading in the brain
and the manifestation of different synucleinopathies (Peelaerts
et al., 2015). We analyzed the capacity of ZPD-2 to prevent the
aggregation of α-Syn into different previously described amyloid
conformations (Bousset et al., 2013; Carija et al., 2019). We refer
them as strain B (buffer B, 50 mM Tris–HCl pH 7.0) and strain C
(buffer C, 50 mM Tris–HCl pH 7.0 supplemented with 150 mM
NaCl), to keep the original strain nomenclature. ZPD-2 was
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FIGURE 4 | ZPD-2 inhibits the aggregation of α-synuclein familial variants. (A) Aggregation kinetics of WT (black), H50Q (blue), and A30P (green) variants of α-Syn in
presence (dotted) and absence (continuous) of ZPD-2, using Th-T as reporter. (B) End-point measurements of the aggregation of WT, H50Q, and A30P variants of
α-Syn in presence (dotted) or absence (continuous) of ZPD-2 Th-T fluorescence are expressed as normalized means. Error bars are shown as standard errors of
mean values.

FIGURE 5 | PMCA of α-synuclein in presence of ZPD-2. (A) Tricine–SDS-PAGE gels of untreated (middle) and ZPD-2-treated (right) PMCA samples before (–) and
after (+) being digested with proteinase K. (B) Th-T fluorescence of different PMCA cycles of treated (green) and untreated (black) samples. Soluble α-Syn and PMCA
steps 4 and 5 are shown. Th-T fluorescence is plotted as normalized means. Error bars are shown as standard errors of mean values.

active in both cases (Figures 6A,E), inhibiting by up to 90% the
formation of the amyloid strains B and C, as monitored by Th-
T fluorescence. Light scattering measurements (Figures 6B,F)
and TEM imaging (Figures 6C,D,G,H) and soluble protein
quantification at the end of the reaction (Supplementary Figure
S1B) of the different samples confirmed the inhibitory activity
of ZPD-2 against the two strains. Non-fibrillar aggregates might
be necessary for fibril formation (obligate), able to convert into
fibrils, but not indispensable for fibril formation (on-pathway),
or unable of converting directly to fibrils (off-pathway). The
difference between the large reduction in Th-T fluorescence
promoted by ZPD-2 in strain C aggregation kinetics and the
moderate impact the molecule has in light scattering and soluble
protein levels might indicate the formation of Th-T negative off-
pathway aggregates in these conditions, since they do not evolve
into fibrils. However, their size should be rather small, since we
did not observe any large amorphous aggregate in ZPD-2-treated
samples (Figure 6H).

We addressed whether the strong inhibitory capability of
ZPD-2 at neutral pH can be overridden by the presence of
preformed fibrils able to seed the aggregation reaction. The

addition of 1% (v/v) of seeds effectively accelerated the formation
of both B and C strains (Figures 7A,B). However, the presence
of ZPD-2 abrogates this effect, reducing the final amount of
amyloid-like structures in seeded reactions by an 87% for strain
B (Figure 7A) and a 90% for strain C (Figure 7B), according to
Th-T fluorescence. Again, light dispersion measured at 300 nm
revealed a significant decrease of aggregates by 57 and 70% in the
case of strains B and C, respectively (Figures 7C,D).

ZPD-2 Reduces the Formation of
α-Synuclein Inclusions in a C. elegans
Model of PD
We assessed the toxicity of ZPD-2 for human neuroblastoma
cells. No significant toxicity was observed when the molecule
was added to the cell culture up to 80 µM (Supplementary
Figure S4). We skipped efficacy studies on neuroblastoma cells,
because, with more than 20 different compounds analyzed, we
could not find a straightforward connection between the potency
of the molecules in cell cultures and that in our C. elegans models
of PD. We first analyzed the effect of ZPD-2 in the C. elegans
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FIGURE 6 | ZPD-2 blocks the aggregation of two different α-synuclein strains. (A,E) Aggregation kinetics of α-Syn strains B (A) and C (E) in absence (black) and
presence (green) of ZPD-2. (B,F) Light scattering final point measurements at 300 nm of untreated (white) and ZPD-2-treated samples (green) of strains B (B) and C
(F). (C,D,G,H) Representative TEM images of untreated α-Syn aggregates (C,G) and treated (D,H) samples for strains B and C, respectively. Th-T fluorescence is
expressed as normalized means. Final points were obtained at 48 h after the aggregation reaction begins. Error bars are shown as standard errors of mean values,
where p < 0.05 and p < 0.001 were indicated by ∗ and ∗∗∗, respectively.

strain NL5901. This strain over-expresses human α-Syn fused
to the yellow fluorescent protein (YFP), under the control of
the muscular unc-54 promoter, transgene phIs2386 (Punc-54:α-
SYN:YFP). The expression of human α-Syn in the muscle of
this nematode has been successfully used to identify modifier
genes (Hamamichi et al., 2008; van Ham et al., 2008). Animals
at the fourth larval stage (L4) were incubated in the presence or
absence of 10 µM ZPD-2 and analyzed at 9 days post-hatching
(L4+ 7). These aged worms, which mimic aged PD patients, were
then analyzed by epifluorescent microscopy and the number of
visible α-Syn inclusions was quantified (Figures 8A,B). In these
assays, ZPD-2 moderately, but significantly, reduced the number
of apparent aggregates (25.7 ± 1.3) when compared to untreated
worms (31.8 ± 1.7) (Figure 8C). In addition, worms treated
with ZPD-2 showed an increase in their mean lifespan of 14.2%,
relative to untreated animals (p-value = 0.015, Wilcoxon unpaired
test) (Supplementary Figure S5).

Neuroprotective Role of ZPD-2 in a
C. elegans Model of PD
The loss of DA neurons is one of the most important
characteristics of PD and an important target in the search for
a future treatment for this disorder. C. elegans presents a total
of four pairs of DA neurons, three of them in the anterior part
(CEPD, CEPV, and ADE) and one pair in the posterior part (PDE)

(Sulston et al., 1975). The existence of six anterior DA neurons
has been recently used to analyze PD-related processes in a model
(strain UA196) that expresses both human α-Syn and GFP under
the control of the dopamine transporter promoter (Pdat-1:GFP;
Pdat-1:α-SYN) (Kim et al., 2018). Human α-Syn expression in
these DA neurons induces a progressive degeneration process
(Cao et al., 2005). At 9 days post-hatching, the number of
remaining functional neurons of untreated (Figure 9A) and
ZPD-2-treated (Figure 9B) worms was analyzed. As an average,
in control worms 48.1% of DA neurons are non-functional,
whereas in treated animals this value decreases to 40.4% (p-
value = 0.038, Wilcoxon unpaired test). Despite the difference
between both means is rather low, the distribution of the data
indicated a displacement in the DA neurons survival profile
(Figure 9C and Supplementary Figure S6) in the presence of
ZPD-2 when compared to the control worms. As a result, there
is a significant increase in the number of worms containing
more than three functional neurons in the anterior region in the
presence of ZPD-2 (51.0± 4.8%) when compared to the controls
(29.1± 3.1%) (Figure 9D).

DISCUSSION

Protein aggregation is tightly connected with neurodegenerative
disorders such as Alzheimer’s and PDs. Immediately after the
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FIGURE 7 | Seeding assays with three different strains. (A,B) Aggregation kinetics of α-Syn, buffer B (50 mM Tris–HCl pH 7.0) (A), or buffer C (50 mM Tris–HCl pH
7.0 supplemented with 150 mM NaCl) (B), reported by Th-T fluorescence, in absence of compounds and seeds (black), in presence of 1% (v/v) of preformed seeds
at the specific condition (gray dotted line) and in presence of seeds and 100 µM of ZPD-2 (green). Light dispersion of treated (green) and untreated (white) seeded
samples at final point of strain B (C) and strain C (D). Error bars are shown as standard errors of mean values, ∗∗∗p < 0.001.

FIGURE 8 | In vivo anti-aggregational assays in Caenorhabditis elegans. Representative images of apparent α-Syn aggregates in C. elegans body wall muscle cells
obtained by epifluorescence microscopy of NL5901 worms treated without (A) and with ZPD-2 (B). (C) Quantification of α-Syn muscle inclusions in the absence
(white) and presence of ZPD-2 (green). ∗∗p < 0.01.

identification of α-Syn as the main fibrillar component in LBs and
LNs (Spillantini et al., 1997, 1998) it became evident that targeting
the aggregation of this protein might hold therapeutic potential
(Tatenhorst et al., 2016).

Nevertheless, the absence of a defined three-dimensional
structure for the functional state of α-Syn due to its intrinsically
disordered nature makes the rational design of effective inhibitors

that stabilize α-Syn and thus prevent or delay its aggregation, as it
has been successfully done for globular proteins like transthyretin
(Bulawa et al., 2012; Sant’Anna et al., 2016), difficult. In this
scenario, evaluation of large chemical libraries appears as one of
the few strategies we have to discover an effective inhibitor of
α-Syn deposition and, indeed, this approach has already rendered
promising molecules (Levin et al., 2014; Moree et al., 2015;
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FIGURE 9 | Neuroprotective activity of ZPD-2 in a Caenorhabditis elegans model of PD. Representative images of GFP and α-Syn expressing anterior DA neurons in
worms treated without (A) and with ZPD-2 (B) for 7 days after L4. Healthy neurons are labeled with white arrows. (C) Distribution of DA surviving neurons in the
anterior region of worms. (D) Percentage of worms containing three neurons functional or less and more than three functional neurons after 7 days post-hatching.
White bars indicate control samples while the green ones correspond to treated samples. ∗p < 0.05.

Tatenhorst et al., 2016; Perni et al., 2017; Pujols et al., 2018). In
the present work, we describe the discovery of ZPD-2, a small
molecule able to prevent up to 90% the in vitro aggregation of
WT α-Syn and of familial mutants of the protein when used
in a 0.7:1 (protein:ZPD-2) ratio, delaying also significantly the
completion of the reaction. Its inhibitory capacity was confirmed
by orthogonal techniques such as light scattering and TEM.

Further analysis demonstrated that ZPD-2 was able to prevent
the aggregation in a concentration-dependent manner, with
∼50% inhibition at a 7:1 protein:compound ratio. This, together
with solution NMR measurements indicate that ZPD-2 does
not interact significantly with soluble monomeric α-Syn, which
suggests that it will not interfere with the functional state of
the protein. In addition, the inhibitory potential of ZPD is
time-dependent, being more significant at early (0–8 h) stages,
in fair contrast with SC-D, a compound we identified in the
same screening campaign, whose activity was time-independent,
being able to target late species (Pujols et al., 2018). The largest
affinity of ZPD-2 for early aggregating species is also inferred
from the fact that it mainly impacts the nucleation constant,
reducing it by threefold. This might also explain why, at a 0.7:1
ratio, the molecule works well for the A30P (96% inhibition)

and H50Q (94% inhibition) familial variants, provided that
both mutations facilitate oligomerization, H50Q favoring also
fibrillation (Marvian et al., 2019).

ZPD-2 is able to inhibit the aggregation of α-Syn under
different solution conditions. This ability opens a possibility
for its use in different synucleinopathies, where different α-Syn
strains might occur (Bousset et al., 2013; Peelaerts et al., 2015).
Importantly, ZPD-2 is one of a few small molecules shown
to inhibit efficiently α-Syn seeded aggregation, where the lag
phase of the reaction is shortened or abrogated because the
soluble protein can be directly incorporated on top of the
preformed fibrillar fragments. This seeding-blocking activity
explains why ZPD-2 is so effective preventing the formation
of PK-resistant/Th-T-positive species in PMCA assays, which
promote both templated seeding and aggregates amplification.
This effect might respond to the ability of the compound to
either destabilize small aggregates or to prevent their elongation,
a property that can be very relevant to prevent the cell-to-cell
spreading of misfolded α-Syn.

ZPD-2 had not detectable toxic effect for neuronal cells at
10 µM, a concentration at which it reduces the presence of α-Syn
inclusions in a C. elegans model of PD expressing human α-Syn
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in body wall muscle cells and extends lifespan. Not surprisingly,
this anti-aggregational activity translates in reduced DA neurons
degeneration in a C. elegans model that over-expresses human
α-Syn exclusively in these cells, increasing significantly the
proportion of animals that keep > 50% of their anterior part
DA neurons intact.

CONCLUSION

In conclusion, ZPD-2 properties make this molecule a promising
hit for the sake of developing leads able to tackle α-Syn
aggregation and seeds propagation in PD and, potentially, other
synucleinopathies.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

SP-D, JP, XS, JavS, ED, and SV conceived and designed the
experiments, and analyzed the results. SP-D, JP, FP, JaiS, and
MC-G performed the aggregation assays. AČ expressed and
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FIGURE S1 | α-Synuclein soluble fraction at the end of the aggregation. (A)
Soluble fraction of α-Syn when incubated in absence (black) or presence (green)
of ZPD-2 in PBS solution. (B) Soluble fraction of strains B and C at final point of
the aggregation when incubated in presence (green) or absence (black) of ZPD-2.

FIGURE S2 | Lack of interaction between monomeric α-synuclein and ZPD-2
assessed by NMR. Superposition of the 1H-15N HSQC NMR spectra of
15N-labeled α-Syn (70 µM) in absence (black) and presence (green) of
100 µM of ZPD-2.

FIGURE S3 | PMCA assay at early stages. Tricine–SDS-PAGE gels of untreated
(middle) and ZPD-2-treated (right) PMCA samples before (−) and after (+) being
digested with proteinase K. Soluble α-Syn and PMCA steps 1–3 are shown.

FIGURE S4 | Toxicity assays. Analysis of neuronal cells culture survival in
presence of different concentration of ZPD-2. Survival is potted as normalized
means. Error bars are shown as standard error of means values, where p < 0.001
was indicated by ∗∗∗.

FIGURE S5 | C. elegans lifespan analysis. Effect of ZPD-2 treatment (green) on
the survival of PD model animals, in comparison with untreated PD worms (black).
The data represent the survival ratio (approximately 60–80 animals per group).

FIGURE S6 | Distribution of functional neurons in the C. elegans dopaminergic
model. Normal distribution of the remaining functional dopaminergic (DA) neurons
in transgenic animals when treated with ZPD-2 (green) or vehicle (gray). The
dashed line delimits animals having four or more functional DA neurons.
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A large fraction of the human genome encodes intrinsically disordered proteins/regions
(IDPs/IDRs) that are involved in diverse cellular functions/regulation and dysfunctions.
Moreover, several neurodegenerative disorders are associated with the pathological
self-assembly of neuronal IDPs, including tau [Alzheimer’s disease (AD)], α-synuclein
[Parkinson’s disease (PD)], and huntingtin exon 1 [Huntington’s disease (HD)]. Therefore,
there is an urgent and emerging clinical interest in understanding the physical and
structural features of their functional and disease states. However, their biophysical
characterization is inherently challenging by traditional ensemble techniques. First, unlike
globular proteins, IDPs lack stable secondary/tertiary structures under physiological
conditions and may interact with multiple and distinct biological partners, subsequently
folding differentially, thus contributing to the conformational polymorphism. Second,
amyloidogenic IDPs display a high aggregation propensity, undergoing complex
heterogeneous self-assembly mechanisms. In this review article, we discuss the
advantages of employing cutting-edge single-molecule fluorescence (SMF) techniques
to characterize the conformational ensemble of three selected neuronal IDPs (huntingtin
exon 1, tau, and α-synuclein). Specifically, we survey the versatility of these powerful
approaches to describe their monomeric conformational ensemble under functional
and aggregation-prone conditions, and binding to biological partners. Together, the
information gained from these studies provides unique insights into the role of gain or
loss of function of these disordered proteins in neurodegeneration, which may assist
the development of new therapeutic molecules to prevent and treat these devastating
human disorders.

Keywords: intrinsically disordered proteins, neurodegenerative diseases, single-molecule FRET, fluorescence
correlation spectroscopy, huntingtin exon 1, tau, α-synuclein
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INTRODUCTION

The classical protein ‘‘structure–function’’ paradigm establishes
that proteins fold into a unique ordered 3D structure determined
by their amino acid sequence before acquiring a specific
biological function (reviewed in Fersht, 2008). However, studies
over the last two decades have identified functional proteins
lacking a stable secondary and/or tertiary structure, and instead
adopting a dynamic ensemble of multiple conformational
states (Kriwacki et al., 1996; Wright and Dyson, 1999; Mittag
et al., 2010; Babu et al., 2012; Tompa, 2012; van der Lee
et al., 2014). These intrinsically disordered proteins and
regions (IDPs and IDRs, respectively) are widespread in the
human proteome and play critical roles in diverse biological
processes, including in transcription and translation, cell
cycle, signaling, and transport (Iakoucheva et al., 2002;
Wright and Dyson, 2015; Babu, 2016; Tsafou et al., 2018).
Their functional diversity is sustained by unique features:
(i) quick response to variations in cellular environment;
(ii) interaction with multiple binding partners (with high
specificity but low affinity) that provides binding promiscuity;
and (iii) tight regulation by posttranslational modifications
(PTMs) (Babu et al., 2012; Uversky, 2015; Babu, 2016). The
misbehavior and misfolding of these naturally flexible proteins
or regions can ultimately lead to their dysfunction. Therefore,
IDPs/IDRs have been implicated in several devastating
human diseases (such as in neurodegeneration and cancer),
supporting the emerging ‘‘disorder in disorders’’ (or D2) concept
(Uversky et al., 2008).

Many severe neurodegenerative disorders are associated
with the pathological self-assembly and extra- or intracellular
deposition of neuronal IDPs or proteins containing IDRs. These
include amyloid-β (Aβ) peptides in Alzheimer’s disease (AD);
tau in multiple tauopathies (including AD); α-synuclein (αS)
in Parkinson’s disease (PD); huntingtin (HTT) in Huntington’s
disease (HD); and TAR DNA-binding protein-43 (TDP-43) and
fused in sarcoma (FUS) protein in amyotrophic lateral sclerosis
and frontotemporal lobar degeneration (FTLD; reviewed in
Uversky, 2014, 2015). These neurodegeneration-promoting
proteins are fully or locally disordered in their monomeric-
unbound state, but surprisingly they display a high tendency
to form ordered insoluble aggregates (Uversky, 2014). In
addition, accumulated evidence supports that aggregation-prone
IDPs/IDRs can cause neurodegeneration through the failure to
adopt a functional state (loss of their native functions) and/or
gain of abnormal toxic interactions or protein accumulation
resulting in toxic oligomers/aggregates (toxic gain of function;
Trojanowski and Lee, 2005; Winklhofer et al., 2008). Effective
therapies should be designed to restore their biological functions
and/or avoid their aggregation at early stages. Therefore,
there is an urgent medical interest in understanding these
neuronal IDPs/IDRs in normal and disease conditions by:
(i) characterizing their functional diversity and structural
rearrangements upon interaction with distinct binding partners;
and (ii) determining the conformational ensemble of their
monomers under conditions that favor aggregation, which are
ideal clinical targets. Together, these approaches will provide

insights into the key physical and structural features of these
aggregation-prone IDPs/IDRs that trigger gain or loss of
function, and ultimately cause neuronal cell death.

Remarkably, single-molecule fluorescence (SMF) methods
have enhanced our understanding of IDPs, including amyloid-
forming proteins, during the past two decades (reviewed in
Brucale et al., 2014; Schuler et al., 2016). Numerous SMF
methodologies have been developed for probing transient
oligomeric species and to determine their stoichiometry. These
include two-color coincidence detection (TCCD; Cremades
et al., 2012), single-molecule Förster resonance energy transfer
(smFRET; Shammas et al., 2015), total internal reflection
fluorescence microscopy (TIRF)-based approaches (Lv et al.,
2015), or single-molecule photobleaching (Zijlstra et al., 2012).
In addition, SMF techniques have been successfully used to
characterize the complex conformational distribution and
plasticity of monomeric IDPs, and molecular interactions
with biological partners or aggregation inducers (Banerjee
and Deniz, 2014; Lee et al., 2015). While the application
of SMF approaches to uncover oligomeric states has
been largely debated (Kundel et al., 2018), in this review
article, we focus on the use of SMF methods to study the
conformational ensemble of monomeric neurodegeneration-
promoting IDPs under functional and aggregation-prone
conditions. Notably, the low protein concentrations required
for these techniques (in the pM or nM range) inhibit
the rapid protein self-assembly. In addition, recording
behaviors of individual molecules enables the description
of dynamic/heterogeneous systems and the detection of
coexisting subpopulations, which are not accessible in traditional
ensemble and time-averaging methodologies (Figure 1; Joo
et al., 2008; Schuler and Eaton, 2008; Schuler et al., 2016).
From this class of SMF methods, fluorescence correlation
spectroscopy (FCS) and smFRET have emerged as powerful and
versatile tools.

FCS measures fluorescence-intensity fluctuations arising
from the diffusion of a few fluorescent molecules through a
small confocal observation volume (∼1 fL). These fluorescence
fluctuations are then analyzed using the autocorrelation
function that quantifies the self-similarity of the signal over
several delay times. Commonly, it can provide information in
local concentrations, molecular mobility, and/or photophysical
properties (Hess et al., 2002). Moreover, FCS allows to determine
the overall chain dimensions of proteins (for homogeneous
populations) and molecular interactions using the translational
diffusion time at a slow time scale and conformational dynamics
at fast time scales (Chattopadhyay et al., 2005; Sherman et al.,
2008; Melo et al., 2011). In particular, nanosecond FCS in
conjugation with smFRET and polymer physics can be used to
quantify the reconfiguration time of unfolded polypeptide chains
(Soranno et al., 2012). Therefore, FCS has been widely applied
to evaluate the hydrodynamic size of monomeric IDPs, internal
conformational dynamics, and molecular interactions (Figure 1;
Crick et al., 2006; Rhoades et al., 2006; Middleton and Rhoades,
2010; Li et al., 2015; Li and Rhoades, 2017).

In addition, smFRET relies on the non-radiative energy
transfer from a donor fluorophore to an acceptor fluorophore
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FIGURE 1 | Untangling the conformational heterogeneity and molecular
interactions of monomeric intrinsically disordered proteins (IDPs) through
single-molecule fluorescence (SMF) approaches. Single-molecule Förster
resonance energy transfer (smFRET) histogram discriminating between
distinct conformational ensembles of double-label protein (donor–acceptor):
monomeric free protein in solution and bound states with extended (low ETeff)
or compacted conformations (high ETeff). Fluorescence correlation
spectroscopy (FCS) autocorrelation curve reporting on changes in the
diffusion time of single-label protein free in solution (blue curve) and upon
interaction with aggregation inducers or binding partners (gray curve). The
binding results into a shift of the autocorrelation curve to the right (longer
translational diffusion times).

through a dipole–dipole coupling mechanism. The efficiency of
transfer (ETeff) exhibits an inverse sixth power dependence on
the interdye distance, allowing to determine distances on the
nanometer scale (∼2–10 nm, as a ‘‘spectroscopic ruler’’; Forster,
1949). Therefore, intramolecular smFRET (both donor and
acceptor fluorophores located on same molecule) can evaluate
conformational rearrangements and dynamics of proteins (Chen
and Rhoades, 2008; Banerjee and Deniz, 2014; Schuler et al.,
2016). Several strategies have been applied for site-specific
double-labeling IDPs, including the use of cysteine residues
and genetically encoded unnatural amino acids (Lemke, 2011).
Briefly, in diffusion-based smFRET, fluorescence intensities
are recorded for each donor–acceptor labeled protein while it
diffuses across a small confocal volume, and subsequently ETeff
values are calculated for each photon burst and plotted as a
histogram (Brucale et al., 2014; Schuler et al., 2016). Due to
the high structural heterogeneity of IDPs, the Förster equation
cannot provide a precise conversion of mean ETeff values into
distances (O’Brien et al., 2009), since there is a wide distribution
of donor–acceptor distances (without a single fixed distance).
Commonly, several polymer models have been employed to
describe the conformational ensemble of IDPs and denatured
proteins. These include the Gaussian chain, worm-like chain, or
a weighted Flory-Fisk distribution (discussed in detail in Schuler
et al., 2016). Remarkably, intramolecular smFRET can report
on conformational changes and dynamics of neurodegeneration-
promoting IDPs in solution and upon binding to functional
partners or aggregation promoters (Figure 1; Ferreon et al.,

2009; Trexler and Rhoades, 2009, 2010; Elbaum-Garfinkle and
Rhoades, 2012; Melo et al., 2016, 2017).

In this short review, we focus on the IDPs—huntingtin exon
1 (HTTex1), tau, and αS—and discuss a series of key SFM
studies to characterize their heterogeneous/dynamic monomeric
conformational ensemble and also interactions relevant for their
function or disease.

HTTex1 IN HD

HTT is a large multidomain protein (with over 3,000 amino
acids and 348 kDa) that is involved in several complex cellular
processes, such as in trafficking of vesicles and organelles,
transcription regulation, and generally in cellular homeostasis
(reviewed in Schulte and Littleton, 2011; Saudou and Humbert,
2016). HTT is of major clinical relevance because the abnormal
expansion of the CAG repeat within the first exon of its gene
(IT15) is the pathological hallmark of HD (MacDonald et al.,
1993). Above a critical threshold of about 37 CAG repeats,
it leads to the expression of a mutant HTT protein with
an expanded polyglutamine (polyQ) domain, which ultimately
forms amyloid-like fibrils and intracellular inclusion bodies
(Bates et al., 2014). The aberrant splicing and proteolytic
cleavage of mutant proteins result in highly toxic HTT
fragments spanning exon 1 (HTTex1; Wellington et al., 2002;
Sathasivam et al., 2013), which are sufficient to replicate
much of HD’s pathology/progression (Mangiarini et al., 1996).
The exact molecular mechanism whereby HTTex1 contributes
to neurodegeneration remains elusive, but growing evidence
supports that the molecular sources of neurotoxicity inherent
to the polyQ expansion are toxic conformations of the
monomer and/or oligomers (Nagai et al., 2007; Takahashi
et al., 2008). Therefore, considerable effort has been devoted to
characterize the conformational features of monomeric polyQ
peptides and HTTex1 in solution (reviewed in Wetzel, 2012;
Adegbuyiro et al., 2017).

HTTex1 consists of a polyQ domain flanked by an
N-terminal 17 amino acid segment (N17) and a C-terminal
proline-rich region (PRR; Wetzel, 2012; Adegbuyiro et al.,
2017). Since the age of onset, risk of disease and severity
in HD are strongly correlated with the polyQ length (Bates
et al., 2014), the early structural studies solely focused on
simple synthetic polyQ peptides (with extra lysine residues
to improve their solubility). Several circular dichroism (CD)
and nuclear magnetic resonance (NMR) studies have shown
that simple polyQ sequences regardless of their repeat length
are predominantly disordered in solution (Altschuler et al.,
1997; Chen et al., 2001; Klein et al., 2007). In a pioneering
FCS study, Crick et al. (2006) identified the hydrodynamic
radius of monomeric polyQ peptides to obtain insights into
their global dimensions and also shapes. The authors measured
the average translational diffusion time (proportional to the
hydrodynamic radius) of (Gly)-(Gln)N-Cys-Lys2 peptides in
solution and assessed how it scales with the chain length.
Notably, FCS revealed that: (i) aqueous solution is a ‘‘poor
solvent’’ (low scaling exponent with v = 0.32 ± 0.02), suggesting
that monomeric polyQ sequences adopt a heterogeneous
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ensemble of collapsed conformations; and (ii) the absence of
sharp structural transitions across the critical polyQ length
(no drastic changes in the diffusion time with increasing
chain lengths).

A detailed understanding of the structural basis of monomeric
mutant HTTex1 is crucial for developing a mechanistic model
for HTTex1 toxicity. Current hypotheses describing the
toxic structural threshold are largely sustained by indirect
evidences. In particular, numerous studies over the last
decade support that both flanking regions (PRR and N17)
strongly modulate the aggregation of HTTex1 in solution
(Thakur et al., 2009; Crick et al., 2013; Shen et al., 2016)
and in the presence of biological membranes (Burke et al.,
2013). Specifically, in solution, N17 enhances aggregation in a
distinct mechanism to that of synthetic polyQ peptides (Thakur
et al., 2009), while PRR displays an opposite effect, favoring
aggregation-resistant conformations (Bhattacharyya et al., 2006).
Together, it supports that the cross-talk between both flanking
regions and/or a sharp conformational transition above the
pathological polyQ threshold control the HTTex1 cytotoxicity.
Nevertheless, there remains controversy due to the absence
of single-atom resolution structures of HTTex1 (ones lacking
solubilizing tags or stabilizing amino acids). This is due to
the high aggregation propensity of HTTex1, the disordered
features of the polyQ stretches, and the inherent challenge
of recombinant expression and purification of HTTex1.
While a recent high-resolution cryo-electron microscopy
structure for the full-length HTT protein was reported in a
complex with HTT-associated protein 40 (HAP40), the exon
1 region was not solved due to its disordered nature (Guo
et al., 2018). Notably, the first single-molecule structural
characterization of monomeric HTTex1 in solution was
recently provided by a collaborative study from the Lemke,
Pappu, and Lashuel groups (Warner et al., 2017). In this
elegant study, smFRET was used to determine intramolecular
distances within monomeric HTTex1 at pM concentrations,
where its self-assembly and phase separation are prevented.
Briefly, both an intein-fusion strategy and a semi-synthetic
approach were employed to create five polyQ lengths
HTTex1 variants (15Q, 23Q, 37Q, 43Q, and 49Q). For each
variant, multiple double-labeled smFRET constructs were
designed by site-specific labeling at a fixed position in N17
(A2C with Alexa 488 maleimide dye) and variable in PRR
(A60C, P70C, P80C, or P90C with Alexa 594 maleimide dye).
Remarkably, using smFRET in combination with atomistic
simulations, Warner and co-workers proposed that both
wild-type (WT) and mutant HTTex1 adopt a ‘‘tadpole-
like’’ topology, in which N17 adsorbs on the polyQ tract,
making a ‘‘globular head,’’ and the PRR domain forms
an extended/semi-flexible chain. Therefore, contrary to
previous indirect evidences, smFRET data argue against
sharp structural transitions in HTTex1 at pathological polyQ
lengths in solution. The authors suggested that the increase
of the polyQ surface area with its length promotes: (i) toxic
‘‘heterotypic interactions’’ by increasing the binding sites;
and (ii) ‘‘homotypic interactions’’ that ultimately trigger
HTTex1 aggregation.

In light of this recent smFRET work, future studies should
firstly evaluate whether the toxic polyQ expansion controls
the HTTex1 interactome. In particular, FCS or fluorescence
cross-correlation spectroscopy (FCCS) will allow to quantify
the interaction of WT (as control) and mutant HTTex1 with:
(i) biological partners or emerging interacting proteins; (ii)
biological membranes with variable lipid composition; and (iii)
molecular chaperones. Simultaneously, the characterization of
the conformational ensemble of HTTex1 under functional and
aggregation-prone conditions through smFRET will provide
insights into toxicity relevant conformations.

TAU IN TAUOPATHIES

Tau is a microtubule-associated protein (MAP) found
predominantly in the axons of neurons (Litman et al., 1993;
Hirokawa et al., 1996) that plays a critical role in microtubule
(MT) assembly/stabilization (Weingarten et al., 1975; Drubin
and Kirschner, 1986; Gustke et al., 1994; Trinczek et al., 1995;
Goode et al., 2000) and axonal transport (Ebneth et al., 1998;
Terwel et al., 2002). Its pathological aggregation and deposition
are associated with numerous devastating neurodegenerative
disorders termed tauopathies, including AD, FTLD, chronic
traumatic encephalopathy, and Pick’s disease (reviewed in
Brunden et al., 2009). Accumulating evidence supports that the
disruption of its native function as a MAP can also contribute
to these tauopathies (Ballatore et al., 2007; Winklhofer et al.,
2008). For instance, the abnormal hyperphosphorylation of tau
can promote its self-assembly into toxic oligomers and paired
helical filaments (PHFs), as well as reduces tau–MT interaction,
resulting in MT destabilization and cell death (reviewed in
Johnson and Stoothoff, 2004).

Tau consists of three major functional regions: (1) MT
binding region (MTBR) composed of imperfect repeats that
directly interacts withMTs/tubulin (Butner and Kirschner, 1991)
and forms the core of PHFs (Crowther et al., 1989); (2) a
proline-rich domain (PRD) that increases MT-binding/assembly
(Gustke et al., 1994); and finally (3) an N-terminal projection
domain that controls MT spacing (Chen et al., 1992) and might
bind to neuronal plasmamembrane (Brandt et al., 1995). In adult
human brains, the alternative splicing of a single MAPT gene
results in six different isoforms (ranging from 352 to 441 amino
acids) that contain up to twoN-terminal inserts (0N, 1N, and 2N)
and three or four imperfect repeats (3R or 4R) within MTBR.

Tau is a large disordered protein in its monomeric unbound
state (Cleveland et al., 1977). The full-length protein is
highly demanding for NMR (Mukrasch et al., 2009), and so
far, most NMR studies have used MTBR fragments. In a
seminal ensemble FRET study, Mandelkow and co-workers
identified that tau forms a highly compact structure in
solution described by a ‘‘paperclip’’ conformation (Jeganathan
et al., 2006). Specifically, this early work revealed that the
C-terminus is in close proximity to the N-terminus and the
MTBR, but without a measured FRET distance (so higher than
10 nm) between the N-terminus and the MTBR. Recently,
the Rhoades Lab used SMF methods to characterize the
aggregation-prone structures of tau [in the presence of heparin
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(Elbaum-Garfinkle and Rhoades, 2012) and polyphosphates
(polyP; Wickramasinghe et al., 2019)] and the functional
conformations [with soluble tubulin heterodimers (Elbaum-
Garfinkle et al., 2014; Li et al., 2015; Melo et al., 2016)]. Below,
we summarize the studies reporting on the conformational
transitions undergone by tau relevant to its functional and
aggregation-prone states.

Initial smFRET work by Elbaum-Garfinkle and Rhoades
redefined the ‘‘paperclip’’ model from ensemble measurements
for tau monomer in solution and also characterized its
conformational ensemble in the presence of heparin (Elbaum-
Garfinkle and Rhoades, 2012). This comprehensive work
investigated 12 double-labeled constructs of tau that mapped
multiple overlapping regions within the 2N4R isoform (longest
tau isoform), and their respective ETeff were reported for
each construct in the absence and presence of heparin.
In solution, the overall dimensions of tau diverge from a
theoretical random coil protein in a ‘‘good solvent.’’ This
is further sustained by intramolecular contacts between the
N- and C-termini and also each terminus and the MTBR,
which was ascribed to electrostatic effects. Together, smFRET
data supported that tau adopts more an ‘‘S-shaped’’ than a
‘‘paperclip’’ topology (Jeganathan et al., 2006; from ensemble
FRET) in solution, since the MTBR is in relatively close
contact with both termini. The discrepancy is explained,
in part, by the use of: (i) a donor–acceptor pair with a
small Förster radius; and (ii) the Förster equation to directly
convert ETeff into distances, in ensemble measurements.
Notably, the same work also revealed that tau undergoes a
two-state conformational transition upon binding to heparin
underlined by the pronounced MTBR compaction and the
loss of the long-range interactions between the two termini.
Moreover, different domains of tau exhibit distinct physical and
structural features, and consequently they respond differentially
upon heparin binding. In a recent study, Wickramasinghe
and co-workers investigated the interaction of tau with the
physiologically aggregation inducer, polyP, using FCS and
smFRET (Wickramasinghe et al., 2019). Specifically, following
a similar approach as described for heparin, smFRET data
reported that polyP promotes a local compaction of the MTBR
and PRD, with a concomitant decrease in the long-range
contacts between both termini. The binding of tau to polyP
was further characterized by FCS, revealing that both PRD and
MTBR interact with polyP. The conformational changes and
aggregation effects depicted were found to strongly correlate
with the polyP chain length. Moreover, longer polyP chains
were shown to promote intermolecular interactions in tau
monomers (working as ‘‘intermolecular scaffold’’), thus inducing
its pathological aggregation.

Most research on tau function has been focused so far on
its role in MT dynamic instability and its interaction with
stabilized MTs. In addition, ensemble MT polymerization assays
(based on scatter measurements) do not provide a detailed
description of the first step of MT assembly. Therefore, the
molecular mechanism by which tau promotes the polymerization
of tubulin into MTs remains poorly understood. The Rhoades
Lab has applied SMF methods to describe the largely overlooked

interaction of tau with soluble tubulin heterodimers (the first step
of MT assembly mechanism). In a pioneering work, Elbaum-
Garfinkle et al. (2014) identified for the first time by FCS
that tau binds to soluble tubulin heterodimers (under non MT
assembly conditions, with a low concentration of tau and in a
buffer lacking GTP), and disease mutations also enhance this
interaction. In two subsequent FCS studies, Li et al. (2015) and
Li and Rhoades (2017) showed that: (i) tau binds to multiple
tubulin heterodimers (Li et al., 2015); and (ii) the C-terminal
pseudo-repeat region of tau (adjacent to MTBR) increases the
heterogeneity of tau–tubulin complex with further independent
binding sites at R2 and R3, in which the size and heterogeneity
are strongly linked to tau function (MT polymerization; Li
and Rhoades, 2017). The topological features of tau in this
heterogeneous/dynamic complex were further investigated by
intramolecular smFRET (Melo et al., 2016). These measurements
were performed under 100% tubulin binding and a multiprobe
approach was again employed for 2N4R and 2N3R tau isoforms.
Remarkably, large shifts toward lower mean ETeff were observed
for constructs probing the solution long-range interactions (for
both termini and each terminus and the MTBR). This work
revealed that tau adopts an overall open structure in this
complex, exposing binding sites within the MTBR. Similarly, this
expansion is observed upon binding to the MT surface (Sillen
et al., 2007) and heparin (Elbaum-Garfinkle and Rhoades, 2012).
Surprisingly, smFRET data also showed that theMTBR conserves
its global dimensions, while its individual repeats experience local
extensions to provide binding to multiple tubulin heterodimers.
The extent of conformational changes within the MTBR was
larger for two repeat-spanning constructs for both isoforms, also
including R3. Contrary to NMR data for tau bound to a single-
tubulin dimer (Gigant et al., 2014), no evidence for the U-turn
topology adopted by theMTBRwas found. Finally, these findings
supported that tau forms a ‘‘fuzzy complex’’ with soluble tubulin,
in which it retains its flexibility and conformational plasticity as
an IDP. However, it remains to be elucidated whether tau can
bind simultaneously tubulin and MTs.

In summary, smFRET revealed that the MTBR
responds differentially upon interaction with soluble
tubulin or heparin/polyP that accounts for distinct
conformational ensembles of tau in its tubulin-bound state
and aggregation-prone structure, respectively. In addition,
it provides a framework to explore the role of PTMs (as
hyperphosphorylation) in the conformational ensemble of
monomeric tau under functional (‘‘fuzzy complex’’ with soluble
tubulin) and disease conditions. Finally, as recent studies support
that tau can undergo liquid–liquid phase separation (LLPS;
Hernández-Vega et al., 2017; Zhang et al., 2017; Wegmann
et al., 2018), smFRET provides a versatile tool to probe early
conformational changes that trigger phase separation (in the
presence of molecular crowding and RNA), and to explore the
dynamics within the droplet.

αS IN PD

αS is a small protein (140 amino acids) abundantly expressed
in presynaptic terminals of neurons in the human brain
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(Maroteaux et al., 1988; Jakes et al., 1994). This protein is
intrinsically flexible in solution and, similar to other IDPs,
acquires structure upon binding to biological binding partners
as lipid membranes (Weinreb et al., 1996; Davidson et al., 1998;
Eliezer et al., 2001). While αS has been associated with several
biological activities, including in regulation of synaptic vesicles
pools (Murphy et al., 2000; Cabin et al., 2002), neurotransmitter
release (Nemani et al., 2010), SNARE complex assembly (Burré
et al., 2010), and vesicle trafficking (Cooper et al., 2006; Snead
and Eliezer, 2019), the precise function of this protein remains
enigmatic and controversial. αS is the major component of
intracellular amyloid deposits known as Lewy bodies and has
thus been implicated in the development and pathogenesis of
neurodegenerative disorders, such as PD (Polymeropoulos et al.,
1997; Spillantini et al., 1998; Goedert, 2001). In particular,
biological membranes appear to play a key role in αS function
and dysfunction (reviewed in Snead and Eliezer, 2014).

αS contains three main regions: (1) N-terminal region that
mediates binding to lipid membranes; (2) a central hydrophobic
non-amyloid β-component (NAC) region responsible for its
self-assembly; and (3) a highly negatively charged C-terminus.
Several ensemble biophysical methods, including NMR (Eliezer
et al., 2001; Bussell and Eliezer, 2003; Chandra et al., 2003;
Dedmon et al., 2005), electron paramagnetic resonance (EPR)
spectroscopy (Jao et al., 2004; Drescher et al., 2008), and CD
(Chandra et al., 2003; Ferreon and Deniz, 2007), have provided
valuable insights into the conformational transitions in αS upon
interaction with sodium dodecyl sulfate (SDS) micelles and/or
lipid vesicles. In addition, a recent in-cell NMR study revealed
that the disordered nature of monomeric αS is highly conserved
in the cytoplasm of mammalian cells (Theillet et al., 2016).

A seminal FCS work from the Webb and Eliezer groups
quantified the binding of αS to large unilamellar vesicles (LUVs)
prepared with variable anionic lipid content, showing that
electrostatic effects strongly enhance the αS-lipid interaction
(Rhoades et al., 2006). In a subsequent FCS study from the
Rhoades lab, this interaction was further explored as a function
of different lipid compositions (anionic and saturated lipids),
membrane curvature, and PD-associated mutations (Middleton
and Rhoades, 2010). This work revealed a preferential binding of
αS to gel-phase liposomes when compared to fluid-phase vesicles.
Moreover, it reported on drastic effects of membrane curvature,
underlining a stronger affinity of αS for small unilamellar
vesicles (SUVs) over LUVs. Finally, PD-associated mutations
presented only minor changes in the molar membrane-partition
coefficients compared to the WT protein.

To better understand the disorder-to-order transitions in
αS, several studies have employed SMF methods to identify
and resolve multiple coexisting populations and its structural
heterogeneity. Pioneering smFRET experiments from the Deniz,
Rhoades, and Subramaniam labs provided structural insights
into the conformational switching between the broken and
extended α-helical structures adopted by αS upon binding to
SDS micelles and lipid vesicles (Ferreon et al., 2009; Trexler
and Rhoades, 2009; Veldhuis et al., 2009). These works were
able to distinguish between conflicting reports from ensemble
measurements debating the configuration of micelle or lipid

bound αS (Chandra et al., 2003; Borbat et al., 2006). smFRET
identified a broken α-helical conformation adopted by αS upon
binding to SDS above the critical micelle concentration. Further,
the Deniz and Rhoades labs identified that the binding surface
curvature strongly modulates the helical topology of αS. Their
works revealed that αS adopts an extended helical structure upon
binding to low-curvature SDS or lipid surfaces, while it assumes a
bent-helix conformation on highly curved SDS micelles. Further
work from the Deniz group explored the effect of PD-associated
mutations on αS folding by both CD and smFRETmeasurements
(Ferreon et al., 2010). It revealed that A53T, E46K, and C-
terminal truncation (residues 1–107) variants display a similar
multistate folding behavior to WT protein. However, the A30P
mutation (located on the membrane binding region) was found
to not adopt an extended conformation at SDS concentrations
near or below the critical micelle concentration. A more recent
study from the same lab investigated the ‘‘two-dimensional (2D)
crowding’’ effect on the structural transitions of αS at membrane
surface (Banerjee et al., 2016). Under high ‘‘2D crowding’’
conditions promoted by the simultaneous membrane binding
of αS and Hsp27 (a lipid-interacting chaperone), αS was found
to adopt an alternative (‘‘hidden’’) conformation, which is not
highly populated at chaperone-free conditions.

smFRET work from Trexler and Rhoades also probed the
aggregation-prone structures of αS under different aggregation-
promoting conditions, such as low pH and in the presence
of aggregation inducers (spermine and heparin; Trexler and
Rhoades, 2010). Remarkably, this work revealed that the low
pH and aggregation inducers promote distinct effects on the αS
structure. Briefly, the C-terminus of αS was found to structurally
collapse at low pH, while minor effects were reported on the
N-terminus and the central region of the protein. However,
this local compaction of C-terminal region had no significant
effect on the overall dimensions of αS. Meanwhile, αS binding to
both heparin or spermine showed a lack of large-scale structural
transitions. In addition, recent work from the Deniz lab used a
combination of SMF and ensemble methods to investigate the
effect of osmolytes in αS folding (Moosa et al., 2015). Contrary to
the SDS folding pathway, this study supported that αS follows
a two-state transition in the presence of osmolytes, consisting
of rapid interconverting conformations of unfolded and force-
folded states. The effects obtained for both osmolytes and ‘‘2D
crowding’’ support that complex cellular contexts need to be
explored in order to describe the physiological folding landscape
of αS. On that note, recent work from the Rhoades lab revealed
that cell-surface-exposed glycans are potential cellular interactors
of αS (Birol et al., 2019). This work employed FCS to quantify
the interaction of monomer αS with glycans, and identified these
cell exposed glycans as key modulators of αS internalization
in cells.

Together, these works have identified and described the
conformational landscape of αS under diverse conditions (such
as membrane-bound state, PD-associated mutations, and the
presence of osmolytes and ‘‘2D crowding’’) and provide an
outline in the future to also evaluate the impact of PTMs.
In addition, future in vivo smFRET measurements could
complement in-cell MNR data (although performed at different
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concentration range). In particular, it will allow to determine
the physical/structural features of αS under physiological and
disease situations and to evaluate in vivo conditions promoting
the disorder-to-order transition.

CONCLUSION REMARKS

SMF methods have been recognized as powerful and versatile
approaches to investigate the heterogeneous and dynamic nature
of neurodegeneration-associated IDPs, including HTTex1, tau,
and αS as discussed in this review article. These cutting-edge
techniques have provided valuable insights into: (i) their
monomeric states; (ii) the aggregation-prone structures of
tau and αS; (iii) the disorder-to-order transition of αS upon
membrane binding; and finally (iv) the formation of a ‘‘fuzzy
complex’’ by tau bound to soluble tubulin. However, the
structural interpretation of smFRET data is highly challenging
for IDPs due to their heterogeneous and dynamic nature.
For IDPs systems, Förster equation does not provide a
direct conversation of ETeff in distances, and polymer physics
models have been successfully applied to describe the broad
distribution of donor–acceptor distances. Moreover, smFRET
requires site-specific double-labeling proteins with small organic
dyes through natural/mutated cysteines or genetically encoded
unnatural amino acids. Meanwhile, molecular dynamics (MD)
simulation provides a valuable tool to rationalize smFRET data,
including to describe the dynamic movement of the dye molecule
and to consider its linker, and together to provide insights into
IDP conformational dynamics.

Most SMF research performed for the discussed proteins has
been restricted to in vitro studies. As such, native functional

interactions and the associated conformational changes in
the cellular context are underinvestigated. Therefore, it is
crucial to move SMF methods towards in vivo conditions.
For smFRET, it requires developing new strategies for in vivo
labeling proteins, as fluorescent proteins are not suitable. Recent
advances by Schuler and colleagues used microinjection to
deliver IDPs (recombinant protein labeled in vitro) in live
mammalian cells and employed a range of SMF techniques
(including smFRET) to describe their structural dynamics
(König et al., 2015), providing a new avenue to study this
challenging class of proteins. We anticipate that adapting
a similar approach to the systems discussed in this review
article and future advances in SMF tools and application will
allow to characterize the conformational ensemble of these
neuronal IDPs in vivo, and simultaneously reveal and delineate
toxic structural transitions associated to their loss of function
or aggregation.
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Currently, there is no effective treatment of proteinopathies, as well as their diagnosis in
the early stages of the disease until the first clinical symptoms appear. The proposed
model of fibrillation of the Aβ peptide and its fragments not only describes molecular
rearrangements, but also offers models of processes that occur during the formation
of amyloid aggregates. Since this model is also characteristic of other proteins and
peptides, a new potential target for drug development in the treatment of Alzheimer’s
disease (AD) and other proteinopathies is proposed on the basis of this model. In our
opinion, it is oligomers that are promising targets for innovative developments in the
treatment of these diseases.

Keywords: amyloid, oligomer, drug, polymorphism, model

INTRODUCTION

In the process of folding, the proteinmolecule acquires a unique spatial structure, which is necessary
for its biological function. Nevertheless, in cells, there are a number of conditions under which
the process of protein folding is disrupted. This leads to the formation of protein oligomers
forming insoluble aggregates. A variety of such aggregates are amyloid fibrils. The formation and
accumulation of amyloid aggregates in organs and tissues is one of the observed stages of the
pathogenesis of diseases, combined into a group of proteinopathies, which includes Alzheimer’s
disease (AD), Parkinson’s disease (PD), type 2 diabetes mellitus, and various systemic amyloidoses
(Saha et al., 2000; Hardy and Selkoe, 2002; Caughey and Lansbury, 2003; Chiti and Dobson, 2006;
Lesné et al., 2006; Shankar et al., 2008).

Currently, there is no effective therapy for proteinopathies, as well as their diagnosis in the early
stages of the disease until the first clinical symptoms appear. In addition, a large number of proteins
that are not associated with pathological processes are capable of forming amyloid aggregates and
fibrils in vitro. This allows us to conclude that the formation of amyloids is a common property of
the polypeptide chain (Fändrich and Dobson, 2002). It is also known that amyloid fibrils formed
by the same protein can have a high degree of polymorphism (Fändrich et al., 2009). Therefore,
the study of the molecular mechanism of the pathogenesis of amyloidosis is one of the urgent and
important tasks of modern medicine and molecular biology.
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THE EFFECTIVENESS OF DRUG THERAPY

It is extremely alarming that the inefficiency of modern methods
of treatment is associated with failures in the development of
new drugs for the treatment of AD. The proportion of successful
treatment attempts created by drugs during the decade from
2002 to 2012 is 0.4% (Ousset et al., 2014).

Cholinesterase Inhibitors (ChEIs) are a common form of
drug treatment of AD, and the three most effective drugs
are donepezil, galantamine, and rivastigmine. Side effects
when using these drugs are different, but none of them
contributes to a significant improvement in cognitive function
in patients (Birks, 2006). There is evidence that prolonged
exposure to these drugs even accelerates AD (Lu and Tune,
2003). In addition, they effectively increase the level of
acetylcholine available for neurotransmission. Memantine is
an alternative approved drug that only mildly inhibits the
glutamatergic system by binding to N-methyl-D-aspartate
receptors (NMDARs; Glasgow et al., 2017), which reduce excess
Ca2+ in postsynaptic neurons associated with neurodegenerative
diseases (Parsons et al., 2013). Glutamate receptors of the
central nervous system play a key role in ensuring the
plasticity of neurons and the processes of memory consolidation
(under normal conditions). Hyperactivation of the N-methyl-
D-aspartate (NMDA) subtype of these receptors leads to the
development of neurotoxicity.

Memantine is also effective in combination with ChEIs
(Tariot et al., 2004). Non-specific treatments for AD used
include antidepressants, such as selective serotonin reuptake
inhibitors fluoxetine and paroxetine, which can combine well
with ChEI (Aboukhatwa et al., 2010). Other symptoms of AD,
such as anxiety and psychosis, may be affected by drugs such as
anxiolytics, oxazepam or antipsychotics, risperidone (Ballard and
Waite, 2006). Although these drugs are considered effective in the
treatment of AD, they nevertheless affect only the symptoms of
the disease.

From the point of view of drug targets in the treatment of
AD, α-, β- and γ-secretases are studied, which are involved in
APP proteolysis to the Aβ peptide. As mentioned above, the
disruption of the aggregation of the Aβ peptide can lead to the
prevention of plaque formation (Yang et al., 2019). There are
several targets associated with the degradation of the Aβ peptide,
one of which is neprilysin (Hornung et al., 2019). There are
targets that regulate the expression of APP in patients with AD. It
is also necessary to include targets related to the phosphorylation
and aggregation of tau protein in this incomplete list.

As for β-secretase (BACE1), there are many studies on
its inhibition, including docking of a number of flavonoids
(Shimmyo et al., 2008), as well as a number of studies on
virtual screening (Huang et al., 2005; John et al., 2011);
later high-throughput screening (in combination with
pharmacophore modeling to clarify), which revealed the
reasons for the inhibition of this enzyme (Muthusamy et al.,
2013). Studies of mutant forms of BACE1 in mice indicate that
there may be serious side effects when inhibiting this particular
enzyme. In particular, such effects can be neurodegeneration,
which is a serious problem (Yan and Vassar, 2014). As regards

γ-secretase, this intramembrane protein is involved not only
in the APP proteolysis but also in a number of other processes
(Minter et al., 2005). It is clear that inhibition of this enzyme
leads to a decrease in the amount of Aβ peptide (He et al., 2010).
The situation is complicated by another protein, β-arrestin 2,
which apparently regulates γ-secretase, and thus, inhibition of
this enzyme can reduce the formation of Aβ peptide plaques
(Thathiah et al., 2013). Since the formation of the Aβ peptide
is a sequential process from the APP precursor protein that
requires the sequential participation of BACE1 and γ-secretase,
combination therapy, including both BACE1 inhibitor and
γ-secretase modulator, will be more effective than an individual
treatment of each individual enzyme during the formation of Aβ

peptide (Strömberg et al., 2015).

AMYLOID FIBRILS AND OLIGOMERS

There are two competing hypotheses about the cause of AD: one
of them is the amyloid hypothesis (Tanzi and Bertram, 2005).
It is based on the idea that the amyloid Aβ peptide, instead
of being synthesized and participating in metabolism, begins to
accumulate in the brain and form aggregates in the form of
plaques. The accumulation of the peptide leads to pathology,
expressed in the death of neuron cells and the appearance of
plaques containing this protein. Genetic data are also a source
of confirmation of this hypothesis. The Aβ peptide precursor
protein (APP) gene is located on chromosome 21, and trisomy
of this chromosome in Down syndrome is the reason that AD is
often observed in patients with Down syndrome (Masters et al.,
1985; Maltsev et al., 2011), which in this case indicates the genetic
basis of AD disease. Simple proteolysis is required to convert
the Aβ peptide precursor protein (APP) to the Aβ peptide. It
should be mentioned that no correlation was found between
amyloid plaque formation and neuronal loss (Schmitz et al.,
2004). The so-called ‘‘channel’’ hypothesis of AD, first proposed
in 1993, states: that oligomers of amyloidogenic proteins make
pores into the membrane that causes the influx of Ca2+ ions, an
imbalance of ions of other metals, oxidative stress, and finally cell
death (Arispe et al., 1993). The second hypothesis is associated
with modifications of tau protein. Hyperphosphorylation of
tau protein associated with microtubules leads to pathology
of neural tangles. Recent studies have shown that there is a
connection between these two hypotheses (Small and Duff,
2008; Jin et al., 2011; Maltsev et al., 2014). In addition to
this, misfolding of the Aβ peptide and tau protein is observed,
which leads to their uncontrolled aggregation. Observation of
the pathological process shows that misfolding is distributed
from local points by the prion-like mechanism for both
tau and Aβ peptide (Bloom, 2014). For tau protein, the
formation of polymorphic particles was shown by NMR analysis
(Mukrasch et al., 2009).

In the last decade, several researchers have attempted to
describe oligomeric particles, which are possibly the precursors
of the formation of amyloid fibrils. The direct interest in
oligomeric particles is due to the fact that, for example, in the
case of AD, oligomers formed by the Aβ peptide are found in the
brain tissues of patients suffering from this disease (Roher et al.,

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 January 2020 | Volume 12 | Article 31980

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Galzitskaya Oligomers Are Promising Targets for Drug Development

FIGURE 1 | Schematic representation of the possible mechanism of fibril formation by Aβ peptide and its fragments. (A) Monomers; (B) ring-like oligomers; and
(C) single fibril. R is a recombinant sample and S is synthetic.

1996). A similar role of oligomers (nanomers and dodecamers)
was noted in many studies since such particles have the highest
toxicity compared to dimers, trimers, and tetramers. More and
more facts indicate that in the pathogenesis of neurodegenerative
diseases, it is the oligomers, and not the mature fibrils, that pose
the greatest danger. Thus, it has recently been demonstrated that
oligomers formed by the Aβ(1–42) peptide have a damaging
effect on the blood-brain barrier, thereby disrupting brain
homeostasis (Brkic et al., 2015).

It is believed that amyloid fibrils are specifically ordered
aggregates characterized by the presence of a secondary structure
of a certain type—a cross-β structure, in which β-sheets are
parallel to the axis of fibril (Makin and Serpell, 2005). In
the formation of amyloid aggregates by globular proteins,
only part of their amino acid sequence is involved in the
formation of the cross-β structure. The introduction of amino
acid substitutions into these regions (amyloidogenic region)
may affect the ability of the protein to form amyloid fibrils.
The determination of amyloidogenic regions is necessary to
understand the mechanism of amyloid aggregation and the
pathogenesis of neurodegenerative diseases (Selivanova et al.,
2016c; Surin et al., 2016).

In addition, it currently remains difficult to establish the
spatial structure of fibrillar aggregates due to the limited
capabilities of individual physicochemical methods. For
example, the structure of amyloid fibrils can be determined
using the method of solid-state NMR spectroscopy, however,
this method is very time-consuming and ambiguous in
the interpretation of the obtained data. Also, despite
the fact that amyloidogenic proteins and peptides are

the objects of study by a large number of researchers,
and the appearance of a large number of publications
at the moment there is no general model that describes
the molecular mechanism of the formation of amyloid
aggregates and fibrils (Fändrich et al., 2011). Protofibrils
are not yet available on images from a cryogenic sample, and
therefore high-resolution cryo-EM reconstructions from fibrils
represent the average values of multiple conformations of
protofilaments (Gremer et al., 2017). In this case, averaging as
high-resolution information of individual protofilaments, as
well as conformational variability in flexible regions, are lost
(Seuring et al., 2018).

Using bioinformatics approaches and modern
physicochemical methods, we studied the formation of
amyloid aggregates of the Aβ(1–40), Aβ(1–42) peptides
and their fragments, and a model is proposed that describes
the mechanism of the structural organization of amyloid fibrils
(Suvorina et al., 2015; Selivanova et al., 2016a,b,c, 2018a,b;
Galzitskaya and Selivanova, 2017; Galzitskaya et al., 2018a,b;
Galzitskaya, 2019).

Based on the developed kinetic model of amyloid formation,
the sizes of primary and secondary nucleus of fibril formation
were calculated for two isoforms of the Aβ peptide (Dovidchenko
et al., 2014, 2016). Thus, for the Aβ(1–40) peptide, it was found
that the size of the primary nucleus is two monomers, and
for Aβ(1–42) three monomers. In this case, the size of the
secondary nucleus for the Aβ(1–40) peptide is one monomer,
and for Aβ(1–42) it is two monomers. Based on the obtained
data, a structural model of the primary oligomer underlying the
dodecamer was proposed (Dovidchenko et al., 2016).
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It was shown by electron microscopy that the key structural
element, which is the building block for the formation of amyloid
fibrils, is a ring-like oligomer consisting of approximately
12monomers for Aβ(1–40) andAβ(1–42) peptides. The diameter
of such an oligomer is 8–9 nm, and the height about 3 nm.
The inner diameter of the ring oligomer is 3–4 nm. Ring-like
oligomers are stacked in a fibril on a ring-to-ring or more
frequently ring-on-ring basis with a slight overlap. Oligomers
of this type are observed in electron micrographs from the
moment when the amyloid formation process begins, and their
number gradually decreases. Oligomers interact with each other
not only on a ring-to-ring basis but can also attached to the side
surface of fibrils due to lateral interactions, thereby increasing
its thickness.

We have proposed an oligomer structure for the Aβ peptide
and its fragments, which are very different from each other. The
Aβ peptide oligomer consists of three primary oligomers that
form a ring-like structure in a cross-section. Twelve monomers
(56 kDa) form a tubular cylinder with an internal diameter
of about 3–4 nm, and the salt bridges stabilize this oligomer:
Arg5-Glu22 is formed between the primary oligomers, and
Asp23-Lys28 is formed inside the monomeric structure. The
regular sizes of the structures observed upon application of these
oligomers are present on X-ray diffraction patterns (this is the
meridional reflection at 53Å and the equatorial reflection at 55Å).
In the case of oligomer for the fragments of Aβ peptide, such
an oligomer is formed from 48 peptides that form 12 β-sheets
arranged in a tubular cylinder with outer and inner diameters of
6 and 2 nm, respectively (Galzitskaya et al., 2018b).

An important characteristic of amyloid fibrils formed by
Aβ(1–40) and Aβ(1–42) peptides is their polymorphism. The
model of aggregation of amyloid fibrils that we have proposed
is valuable in that it explains this polymorphism. In this case,
this is due to a change in the association of oligomers during
amyloidogenesis (Figure 1). The structure of the oligomer itself is
determined by the amino acid sequence of themonomers. A vivid
example of this can be demonstrated by the example of Aβ(1–40)
and Aβ(1–42) isoforms and amyloidogenic fragments of the Aβ

peptide. The constructions of oligomers differ in the structure of
the complex and physicochemical properties (Dovidchenko et al.,
2014; Galzitskaya and Selivanova, 2017; Selivanova et al., 2018b;
Galzitskaya, 2019; Figure 1).

To determine the amyloidogenic regions of the protein
polypeptide chain that form intermolecular interactions in
amyloid fibrils, an approach was used consisting in the limited
proteolysis of mature fibrils and subsequent determination
of the amino acid sequence of the obtained peptides using
high-resolution mass spectrometry (Selivanova et al., 2016c;
Surin et al., 2016; Galzitskaya et al., 2018b).

The data obtained using the approach described above
allowed us not only to find out what structural transformations
a protein or peptide molecule undergoes in the process of
fibril formation, but also to confirm the described model
of amyloid formation for Aβ(1–40) and Aβ(1–42) peptides.
It should be noted that the experimentally determined
amyloidogenic fragments coincided with the predicted sites
using the FoldAmyloid program (Garbuzynskiy et al., 2010).

FIGURE 2 | Packing of two dodecamer structures of Aβ(1–42) peptide in
fibril. (A) Amino acid sequences of mouse and human Aβ(1–42) peptide are
presented. Arg5, Tyr10, and His13 are indicated in the structures.
(B) Ser26 and nearby residues are highlighted in the structure.

WHY DO NOT MICE GET ALZHEIMER’S
DISEASE? A POSSIBLE ORGANIZATION
OF THE OLIGOMERIC STRUCTURE MAY
PROVIDE AN ANSWER TO THIS
QUESTION

Recent evidence suggests that soluble Aβ peptide oligomers are
a major cause of synaptic dysfunction and memory loss in AD.
To further address this uncertainty, the neurotoxicity of various
isoforms of Aβ peptide was analyzed at the cellular level. The
results showed that Aβ(1–42) can form oligomers much faster
than Aβ(1–40) oligomers, while Aβ(1–43) and Aβ(1–42) exhibit
the highest level of neurotoxicity (Fu et al., 2017).

The EM images clearly show that fibrils are built from
oligomeric structures for both the Aβ peptide and its fragments
(Figure 1). The structure of Aβ(1–42) fibril, determined using
cryo-electron microscopy, does not coincide with the EM images
presented in the Supplementary: when increasing the EM images,
it is clear that the fibril does not consist of endless beta-sheets
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obtained using the processing program cryo-EM, and the fibril is
constructed of oligomeric structures laid in the same way as in
our model (Gremer et al., 2017).

The possible organization of the oligomeric structure may
answer the question, why mice do not have AD? In the mouse
Aβ peptide, Gly is located instead of Arg5, thereby violating the
salt bridge, a bond that stabilizes the layers of primary oligomers.
And the presence of Arg13 instead of His13 only prevents the
formation of such an oligomer structure. Thus, the replacement
of three amino acids at the N-terminus of the murine Aβ peptide
results in no signs of AD in mice (Figure 2A). The deletion
of Glu22 (Osaka mutant) causes enhanced oligomerization
of the Aβ peptide, but not fibrillogenesis (Tomiyama et al.,
2008). Again, a salt bridge cannot form, a bond stabilizing the
monomeric form of the Aβ peptide. Ala2Thr mutation (Jonsson
et al., 2012) can slow down Aβ fibrillogenesis (Lin et al., 2017),
but at the same time, Ala2Val mutation (Di Fede et al., 2009)
accelerates Aβ fibrillogenesis and is associated with the early
onset of AD (Messa et al., 2014), since such mutation leads
to stabilization of the N-terminal part of the peptide. English
mutation (Janssen et al., 2003) His6Arg promotes fibrillogenesis,
enhances cytotoxicity, and increases the average size of Aβ

oligomers (Ono et al., 2010). It should be noted that for only a few
mutants, the model structure of monomer packing in amyloid
fibril was obtained.

Five developed antibodies (Gantenerumab, Solanezumab,
Aducanumab, Bapineuzumab, Crenezumab) did not reach
clinical stage 3. This means that there was a misconception
(vision) of the structure of the amyloid against which antibodies
were developed. Among the ensemble of oligomers, it is
necessary to single out the ‘‘correct’’ oligomer, which is involved
in the construction of fibrils. And as we now understand, such
an oligomer should be just 56 kDa dodecamer. It is just stable
compared with the primary oligomer—tetramer. Murakami
(2014) presents in his article a picture with a large pool of
oligomers that will participate in the construction of fibrils. But if
we take into account that the fibril is built from specific building
material, then all the other oligomers should not interest us as
a target.

The Ser26Glu mutation was detected in the Aβ peptide
(a message from S. Linse at the Amyloid 2019 conference in
Lund), which does not lead to cross-seeding, which means that
the structures from which the fibrils are built for the wild type
and mutant shape are different (Tran et al., 2017). From the
point of view of existing structures, such a mutation should not
affect the fibril structure in any way, since in both structures of
2016 and 2017, this residue looks at the solvent (Wälti et al.,
2016; Gremer et al., 2017). Only in our model, this mutation will
prevent the formation of an oligomeric particle, and most likely,

the mutant form will have a completely different structure of the
building block—the oligomer, so the process of cross-seeding is
impossible (Figure 2B).

CONCLUSIONS

The study of the reasons and development of neurodegenerative
diseases is an important and urgent task of modern medicine.
The prevalence of these diseases is from 5 to 15%, depending on
the age of the patient. It should also be noted that the spread of
this group of diseases is also an acute social problem, since these
diseases reduce the quality and life of patients. As a rule, such
diseases are diagnosed in the late stages of development, when
patients develop the impaired cognitive function. At themoment,
the etiology and pathogenesis of various neurodegenerative
diseases and proteinopathies are only being clarified, there are
almost no diagnostic methods at an early stage of the disease
and attempts to develop an effective method of treatment have
practically no results. This is a direct consequence of a lack of
understanding of key events in the molecular mechanism of the
pathogenesis of neurodegenerative diseases and proteinopathies.

Our proposed model of fibrillation of Aβ peptide and its
fragments not only describes molecular rearrangements, but also
offers models of processes that occur during the formation of
amyloid aggregates. In addition, we offer a new potential target
for drug development in the treatment of AD. In our opinion, it
is ‘‘correct’’ oligomeric complexes that are promising targets for
innovative developments in the treatment of this disease.
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Many neurodegenerative conditions are characterized by the deposition of protein
aggregates (mainly amyloid-like) in the central nervous system (CNS). In post-
mitotic CNS cells protein aggregation causes cytotoxicity by interfering with various
cellular functions. Mutations in different genes may directly cause protein aggregation.
However, genetic factors together with aging may contribute to the onset of
protein aggregation also by affecting cellular degradative functions, in particular the
autophagy-lysosomal pathway (ALP). Increasing body of evidence show that ALP
dysfunction and protein aggregation are functionally interconnected and induce each
other during neurodegenerative processes. We will summarize the findings supporting
these concepts by focusing on lysosomal storage diseases (LSDs), a class of
metabolic inherited conditions characterized by global lysosomal dysfunction and often
associated to a severe neurodegenerative course. We propose a model by which
the inherited lysosomal defects initiate aggregate-prone protein deposition, which, in
turns, worsen ALP degradation function, thus generating a vicious cycle, which boost
neurodegenerative cascades.

Keywords: lysosome, lysosomal storage disease, autophagy, amyloid aggregation, molecular therapy of
neurodegenerative diseases

PROTEIN AGGREGATION IN NEURODEGENERATION
DISEASES

A hallmark of many neurodegenerative diseases is the progressive formation of insoluble protein
aggregates that, in most cases, are composed by amyloidogenic proteins (Chiti and Dobson,
2006). Indeed, under different stress conditions, several intrinsically disordered proteins (normally
soluble) misfold and undergo structural changes and self-assembly that ultimately lead to their
aggregation into insoluble deposits, referred to as amyloids (Dobson, 2003). Amyloid deposits are
characterized by a fibrillar morphology and a cross-β structure, whereby intermolecular main-
chain hydrogen bonding acts as one major stabilizing interaction (Chiti and Dobson, 2006).
Although in some neurodegenerations (e.g., in the polyglutamine diseases; see below) aggregation
per se could be not the cause of the observed neurotoxicity, generally, amyloid aggregation
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represents a therapeutic target for neurological conditions since
it can cause cytotoxicity either by directly interfering with various
cellular functions or because the aggregates sequester other
proteins, which play essential cellular functions (Ciechanover and
Kwon, 2015; Gallardo et al., 2016). Nevertheless, the mechanisms
underlying neurotoxicity driven by amyloid deposition are not
completely understood.

Amyloid deposits found in neurodegenerative diseases are
often characterized by one main component; however, in some
neurodegenerative conditions several amyloidogenic proteins
may contribute to amyloid deposition (Table 1). Alzheimer’s
disease (AD), the most common neurodegenerative disorder is
characterized by deposition of amyloid plaques, whose main
component is the amyloid-beta (Aβ) protein (Goedert and
Spillantini, 2006). α-Synuclein accumulation and aggregation
within Lewy bodies and neurites of the CNS in the form of
amyloid fibrils plays a central role in the pathophysiology of
Parkinson’s disease (PD) and in a subset of neurodegenerative
conditions known as dementias with Lewy bodies (Spillantini
et al., 1997). Polyglutamine (polyQ) expansions in unrelated
proteins and consequent intracellular accumulation of the
mutant protein in inclusion bodies is the underlying cause of a
number of inherited rare neurodegenerative disorders, including
Huntington’s disease (HD) (polyQ expansion in the huntingtin
protein), spinal and bulbar muscular atrophy (SBMA) (polyQ
expansion in the androgen receptor protein), and some forms
of spinocerebellar ataxias (polyQ expansion in ataxin protein)
(Perutz, 1999). Neurofibrillary tangles, which consists of fibrillar
aggregates of hyperphosphorylated tau protein, are commonly
seen in aging and AD brain and are correlated with decline
of brain functions in these conditions (Goedert and Spillantini,
2006). Frontotemporal dementia (FTD), another neuropathy
with protein aggregation has also been associated with toxic
intracellular aggregates of hyperphosphorylated tau (Lee et al.,
2001). Interestingly, some forms of FTD are negative for tau

TABLE 1 | Protein aggregation in neurodegenerative diseases.

Neurodegenerative disease Aggregating protein/s

Alzheimer’s disease Aβ, tau

Parkinson’s disease α-syn, tau

Dementia with Lewy bodies (DLB) α-syn

PolyQ expansion diseases
(Huntington’s, others)

PolyQ expanded proteins (PolyQ htt,
others)

Frontotemporal dementia (FTD) TDP-43, tau

Amyotrophic lateral sclerosis (ALS) TDP-43

Prion diseases PrP

Charcot–Marie–Tooth disease NFs and other misfolded proteins

Down syndrome APP-β-CTF

Lysosomal storage diseases

Mucopolysaccharidoses Multiple amyloid proteins (α-syn, Aβ,
tau, PrP)

Gaucher disease α-syn

Krabbe, NPC-1 α-syn, tau

GM1 gangliosidoses APP- β-CTF

Sialidosis APP, Aβ

inclusions, while are positive for inclusions containing misfolded
TAR DNA-binding protein 43 (TDP-43) (Kwong et al., 2007).
TDP-43 inclusions are also found in the amyotrophic lateral
sclerosis (ALS), the most common forms of motor neuron
disease (Kwong et al., 2007). Aggregate containing the carboxy
terminal fragment of APP (APP-βCTF) have been found in Down
Syndrome, a neurodevelopmental disorder with pathological
features common to the early onset forms of AD (Ying et al.,
2019). Amyloid aggregates containing misfolded prion protein
(PrP) cause the so-called prion diseases, a group of rare
neurodegenerative conditions characterized by the capability
of misfolded PrP to transmit their pathological shape onto
normal variants of the same protein (Aguzzi and Heikenwalder,
2006). The accumulation of different unrelated misfolded
proteins, including the neuronal intermediate filaments (NFs),
is a hallmark of the Charcot–Marie–Tooth disease, the most
common inherited neuromuscular disease (Theocharopoulou
and Vlamos, 2015; Didonna and Opal, 2019). Aggregates
containing NFs are frequently observed also in other motor
neuron diseases. Lysosomal storage diseases (LSDs) are a group
of metabolic diseases caused by inherited defects in lysosomal
or non-lysosomal proteins leading to lysosomal storage and
global dysfunction often associated with neurodegeneration
(Schultz et al., 2011; Platt et al., 2012, 2018). In several
LSDs the primary storage caused by the specific inherited
lysosomal defect is associated to the deposition of amyloidogenic
proteins. Accumulation of α-synuclein has been shown to trigger
neurotoxicity through aggregation-dependent mechanisms in
Gaucher disease, a severe neurological LSD belonging to the
sphingolipidoses, a family of LSDs characterized by primary
lipid storage (Mazzulli et al., 2011). α-Synuclein aggregation
and neurofibrillary tangles have been observed also in other
sphingolipidoses, such as the Niemann–Pick and the Krabbe
diseases (Suzuki et al., 1995; Saito et al., 2004; Smith et al.,
2014). Accumulation and amyloidogenic processing of an
oversialylated APP in lysosomes, and extracellular release of Aβ

peptides have been observed in a mouse model of sialidosis,
an LSDs caused by the deficiency of the lysosomal sialidase
NEU1 (Annunziata et al., 2013). Accumulation of APP-βCTF
was found in GM1 gangliosidosis, an LSD characterized by
primary lysosomal storage of GM1 ganglioside in neurons
(Zha et al., 2004). Mucopolysaccharidoses (MPS) are a family
of LSDs with primary storage of glycosaminoglycans (GAGs)
due to the deficiency of lysosomal enzymes required for
GAG stepwise degradation (Clarke, 2008). Amyloid aggregation
has been observed in different types of MPSs, including the
MPS type IIIA, one of the most common and severe form
of neurodegenerative LSD (Ginsberg et al., 1999; Hamano
et al., 2008; Ohmi et al., 2009; Martins et al., 2015; Beard
et al., 2017; Sambri et al., 2017; Monaco et al., 2020). In
particular, by studying a mouse model of MPS-IIIA, we have
shown that brain deposition of α-synuclein together with
other amyloidogenic proteins including tau, Aβ, and PrP
trigger neurodegenerative processes by both loss-of-function
(LOF) (Sambri et al., 2017) and gain of toxic function
mechanisms (Monaco et al., 2020) (see next sections for
further discussion).
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FACTORS DETERMINING PROTEIN
AGGREGATION

There are two main factors that cause protein aggregation in
neurodegenerative diseases: Gain-of-function (GOF) dominant
mutations in genes encoding aggregate-prone proteins and the
decline of cellular degradation functions, in particular of the
autophagy-lysosomal system (Figure 1).

GOF Mutations in Genes Encoding
Aggregate-Prone Proteins
Protein aggregation may be directly caused by dominant
GOF mutations in gene encoding aggregate-prone proteins
or precursors of aggregate-prone proteins. GOF mutations in
the gene encoding huntingtin lead to polyQ expansion and
huntingtin aggregation, thus causing HD (Perutz, 1999). In
the AD, ∼5% of the forms are Mendelian and are caused
by mutations in the genes encoding the amyloid precursor
protein (APP) and presenilin1/2 (PSEN1/2). These genes are
directly involved in the “amyloidogenic cascade” by which the
APP protein is sequentially cleaved and processed to generate
aggregate-prone Aβ peptides (Hardy and Selkoe, 2002). While
PSEN1/2 mutations increase the activity of γ-secretase that
enhances Aβ peptides production, GOF mutations in APP
gene increase the generation of Aβ peptides either by making
APP a better substrate for its processing or by changing the
biophysical properties of the Aβ peptide, thus rendering it more
likely to aggregate. Among the rare Mendelian forms of PD a
number of cases are associated with dominant GOF mutations
in the gene encoding α-synuclein (SNCA), which lead to the
abnormal aggregation of the protein (Bras et al., 2015). Some
GOF mutations in the PRNP gene (encoding the PrP protein)

produce altered misfolded-prone versions of PrP, thus causing
prion disease (Beck et al., 2010). Genetic studies identified GOF
mutations in the MAPT gene encoding tau protein in some
familial cases of the FTD (Rainero et al., 2017). GOF mutations
in the TARDBP gene (encoding TDP-43) are associated with FTD
and ALS (Kwong et al., 2007). In Down syndrome the extra
gene copy of APP gene (on chromosome 21) leads to increased
production of APP-βCTF (Ying et al., 2019). Finally, several
GOF mutations in unrelated genes have been found to cause
misfolding and accumulation of the corresponding proteins in
Charcot–Marie–Tooth disease (Braathen, 2012).

Decline of the Autophagy-Lysosomal
Pathway
In many neurodegenerative conditions protein aggregation
may occurs without specific GOF mutations in genes
encoding aggregate-prone proteins. In these conditions protein
aggregation is associated to the decline of cellular degradative
functions, specifically of the autophagy-lysosomal pathway (ALP)
(Figure 1). ALP is a major process for degrading intracellular
macromolecules and generating energy or building blocks to
make other macromolecules. ALP relies on the engulfment
of cargos to be degraded (macromolecules or damaged
organelles) in double-membrane vesicles (autophagosomes),
which, therefore, fuse with endosomes/lysosomes to form
autolysosomes, where autophagosome contents are degraded
by lysosomal enzymes (Yu et al., 2018). ALP plays a key role in
protein homeostasis and in the clearance of protein aggregates
(processes that are particularly important in non-dividing
neurons). Therefore, ALP dysfunction may determine/contribute
to the toxic aggregation in neurodegenerative conditions (Nixon,
2013; Fraldi et al., 2016). Accordingly, mice KO for key ALP

FIGURE 1 | Factors contributing to protein aggregation in neurodegenerative conditions. Mutations in different genes may directly cause protein aggregation.
However, genetic factors together with aging may contribute to the onset of protein aggregation also by affecting cellular degradative functions, in particular the
autophagy-lysosomal pathway (ALP). Increasing body of evidence show that ALP dysfunction and protein aggregation are functionally and closely interconnected
and induce each other during neurodegenerative processes.
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components exhibit neuronal accumulation of aggregate-prone
proteins and neurodegeneration (Hara et al., 2006; Komatsu
et al., 2006). Furthermore, in the case of Aβ aggregation, it has
been reported that the functionality of endo-lysosomal recycling
trafficking is critical for determining the amyloidogenic cascade
(Rajendran and Annaert, 2012; Das et al., 2013) and, therefore,
any detrimental effect on the endo-lysosomal transport results in
alterations of Aβ production (Nixon, 2017).

Autophagy-lysosomal pathway decline may be caused by
genetic factors (LOF – mutations inherited in a dominant
or recessive fashion), environmental factors (mainly aging)
which are known to impact on degradative capability of cells
(Nixon et al., 2008) or by protein aggregation itself (see next
paragraph). Therefore, genetic factors trigger protein aggregation
in neurodegenerative diseases either directly (GOF mutations
in gene encoding aggregate-prone proteins) or indirectly (LOF
mutations in ALP genes). Importantly, genetic factors can
represent either the genetic determinant or a risk factor that
contributes to neurodegenerative conditions (Figure 1).

Lysosomal storage diseases are the paradigm of
neurodegenerative diseases associated to ALP dysfunction
caused by genetic factors (Fraldi et al., 2016). Indeed, in
LSDs LOF mutations in lysosomal hydrolases or in proteins
involved in lysosomal biology cause lysosomal storage and global
dysfunction associated to the impairment of the autophagy flux
(Lieberman et al., 2012; Platt et al., 2012). A number of AD
patients carrying LOF mutations in PSEN1 show lysosomal and
autophagic dysfunction (Lee et al., 2010). Lysosome dysfunction
in these patients can be explained by two different mechanisms,
one involving defects in the lysosomal acidification machinery
and the other in lysosomal Ca+2 homeostasis (Coen et al., 2012;
Lee et al., 2015). Some Mendelian forms of PD are caused by
mutations in ALP genes. Mutations in ATP13A2 encoding a
component of the lysosomal acidification machinery (ATPase
type 13A2) are associated with lysosomal dysfunction and
defective autophagosomes clearance in PD (Ramirez et al.,
2006). PD caused by mutations in the LRRK2 gene showed
lysosomal stress and accumulation of abnormal autophagosomes
(reviewed in Jin and Klionsky, 2014). PD with mutations in
VPS35 is associated to defects in the retrograde transport
between endosomes and the trans-Golgi network (Zimprich
et al., 2011). Mutations in PINK (PTEN-induced putative kinase)
or PARKIN (PD protein) genes cause PD forms characterized by
defective mitophagy (Geisler et al., 2010). Dysfunction of ALP
has been associated with specific mutations also in ALS (Song
et al., 2012) and in CMT disease (Lee et al., 2012; BasuRay et al.,
2013). LOF mutations in the genes whose products are involved
in endo-lysosomal function (such as CHMP2B, progranulin, and
TMEM106B genes) have been identified as the causative factors
in familiar forms of FTD (Rainero et al., 2017).

Mutations in ALP genes may also represent risk/predisposing
factors for disease pathogenesis. Interestingly, in PD many
ALP gene mutations represent risk factors when they are
in heterozygosis, while cause a specific LSD when they are
in homozygosis, thus providing a strong genetic evidence
linking between PD and LSDs (Shachar et al., 2011; Robak
et al., 2017). The most known example of this genetic link is

provided by the GBA gene encoding for the glucocerebrosidase
(GCase), a lysosomal enzyme involved in the degradation of
glucosylceramide. When GBA is mutated in homozygosis causes
the Gaucher’s diseases, while when it is mutated in heterozygosis
represents a major risk factor for PD (Sidransky et al., 2009).

PROTEIN AGGREGATION MAY AFFECT
ALP GENERATING A VICIOUS CYCLE IN
NEURODEGENERATIVE DISEASES

As discussed in the previous section, ALP dysfunction may
contribute to the toxic aggregation in neurodegenerative diseases.
On the other hand, mounting evidence also show that protein
aggregation itself may affect ALP, thus generating a vicious
cycle, which boost protein aggregation and toxicity (Figure 1).
Although mechanisms underlying these processes are still poorly
understood, these indirect pathways may explain why ALP
became dysfunctional in neurodegenerative conditions caused by
GOF mutations in aggregate-prone proteins.

How Protein Aggregation Affect ALP
Different works have shown that the aggregated forms of
α-synuclein can bind the lysosome, thus impairing the
chaperone-mediated autophagy, a selective autophagy pathway
for degradation of cytosolic proteins (Cuervo et al., 2004;
Martinez-Vicente et al., 2008) or inducing lysosomal rupture
(Freeman et al., 2013). Moreover, α-synuclein overexpression
may compromise ALP by inhibiting autophagy initiation via
Rab1a inhibition (Winslow et al., 2010). In addition, α-synuclein
toxicity has been reported to be associated with a progressive
decline in markers of lysosome function due to cytoplasmic
retention of TFEB, a master transcription factor regulating
lysosomal biogenesis and function (Settembre et al., 2011;
Decressac et al., 2013). Similarly, the polyglutamine-expanded
androgen receptor (polyQ-AR) associated to SBMA, interferes
with TFEB transactivation, which accounts for autophagic flux
defects present in SBMA motor neuron-like cells (Cortes et al.,
2014). Abnormal toxic polyQ expansions of htt protein may
affect the efficiency of autophagy by inhibiting cargo recognition
by autophagosomes (Martinez-Vicente et al., 2010) and/or by
inhibiting autophagosome biogenesis and transport (Wong and
Holzbaur, 2014; Rui et al., 2015). In Down syndrome increased
production of APP-βCTF has been shown to impair lysosomal
acidification and function (Ying et al., 2019).

The Paradigm of Lysosomal Storage
Diseases
The interplay between ALP dysfunction, protein aggregation,
and neurodegenerative processes is well represented in LSDs
(Figure 2). Here, we will provide some key examples of LSDs in
which the mechanisms underlying this interconnection have been
studied more in depth.

In Gaucher disease lower levels of GCase in the lysosomes
lead to the increased accumulation of glucosylceramide, which
stabilizes soluble oligomeric α-synuclein intermediates that, in
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FIGURE 2 | Proposed model showing how ALP dysfunction and protein aggregation generate a vicious cycle in LSDs. In LSDs, the inherited LOF of a specific
lysosomal enzyme causes lysosomal degradation flaw and primary storage, which promotes the initial deposition of amyloidogenic proteins. Such amyloid
deposition, in turns, worsens lysosomal degradation capability and impairs autophagy function, thus generating a vicious cycle, which boost neurodegenerative
cascades.

turn, are converted into amyloid fibrils (Mazzulli et al., 2011).
The accumulation of α-synuclein inhibits the trafficking of
newly synthesized GCase from ER to Golgi, thus reducing
the amount of functional GCase in the lysosomes and further
amplifying glucosylceramide accumulation. Therefore, the loss
of GCase creates a positive feedback loop of reduced lysosomal
function and α-synuclein accumulation that ultimately leading to
neurodegeneration (Mazzulli et al., 2011).

As discussed above several MPSs show the presence of
amyloidogenic protein aggregates in the brain. Nevertheless,
the neuropathogenic relevance of these amyloid deposits in the
context of MPSs and the underlying mechanisms remain largely
unexplored. Recently, we have demonstrated that α-synuclein
accumulates as neuronal insoluble aggregates in a mouse model
of MPS-IIIA, and showed that this accumulation depletes
synaptic α-synuclein, contributing to neurodegeneration by
a LOF mechanism (Sambri et al., 2017). Further studies in
MPS-IIIA mice have showed that α-synuclein progressively
accumulates together with other amyloid proteins, including PrP,
tau, and Aβ mostly into the lysosomes of neuronal cell bodies,
thus exerting a gain of neurotoxic function by affecting ALP

(Monaco et al., 2020). Indeed, inhibiting amyloid aggregation
in MPS-IIIA mice by using CLR01, a “molecular tweezer” that
acts as a broad-spectrum inhibitor of protein self-assembly
(Attar and Bitan, 2014) reduced lysosomal enlargement and
re-activates autophagy, thus ameliorating neurodegenerative
signs (Monaco et al., 2020). Mechanistically, our preliminary
data in MPS-IIIA mouse brain indicate that the build-up of
multiple amyloid proteins into the lysosomes of neurons leads
to lysosomal clustering in cell body and to the concomitant
depletion of the axonal pool of lysosomes, which are critical for
autophagosome encountering and clearance. As a consequence,
LAMP1-negative autophagosomes massively accumulate in the
cell periphery and axons. Therefore, our data suggest a
model in which amyloid aggregation impairs the autophagic
flux in neurons by disrupting normal lysosomal distribution
and, thus preventing lysosomes to encounter and fuse with
autophagosomes. Importantly, a similar neuropathogenic link
between amyloid deposition and ALP is likely to occur also
in other MPSs showing both amyloid deposition (see previous
section) and autophagy impairment (Pierzynowska et al., 2019).
Furthermore, in addition to the inhibition of lysosomal-mediated
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clearance of autophagosomes, other mechanisms (such as those
discussed above) may contribute to amyloid-induced autophagy
impairment in MPSs. Nevertheless, an open question is: if
amyloid accumulation accounts for autophagy degradative
dysfunction, what triggers initial deposition of amyloid proteins
in the MPS brain? In the case of Gaucher disease it has
been demonstrated that the primary storage of glucosylceramide
stabilizes α-synuclein intermediates, promoting amyloid fibrils
deposition (Mazzulli et al., 2011). It is likely that the primary
storage of other sphingolipids may trigger amyloid aggregation
in other forms of sphingolipidoses where, indeed, amyloid
protein deposition has been observed (see the previous section).
Similarly, GAGs could initiate and stabilize amyloid deposition in
the case of MPSs. Supporting this hypothesis, it has been reported
that GAGs provide a scaffold promoting amyloid aggregation
(Iannuzzi et al., 2015; Liu et al., 2016).

In summary, findings in Gaucher disease and MPSs suggest
a model in which primary lysosomal storage due to the
inherited lysosomal deficiency triggers initial amyloid deposition,
which, in turns, affect lysosomal functions, including autophagy
degradation, thus generating a vicious loop between ALP and
amyloid deposition, which boost neurodegeneration (Figure 2).

CONCLUSION

The interplay between protein aggregation and ALP dysfunction
is crucial in driving neurodegenerative processes in a number
of neurological conditions, among which LSDs represent
the paradigm. In LSDs genetic factors directly cause the
failure in lysosomal degradation function and the storage
of undegraded materials into the lysosome. Although the
underlying mechanisms are still unclear, it is likely that the
primary storage due to the inherited lysosomal defect may
promote the initial deposition of amyloidogenic proteins into the

lysosomal compartment. Such compartmentalized deposition, in
turns, worsens autophagy-lysosomal degradation capability of
neurons through different mechanisms that may involve reduced
trafficking of lysosomal enzymes to the lysosomes (as in the case
of Gaucher diseases), impaired autophagosome clearance (as we
demonstrated in MPSs) and, likely, others. These mechanisms
generate a vicious loop that boost neurodegenerative processes
in LSDs, thus allowing, on the other hand, the possibility to
identify new attractive therapeutic targets to treat these severe
neurological conditions.
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Eukaryotic cells release different types of extracellular vesicles (EVs) including exosomes,

ectosomes, and microvesicles. Exosomes are nanovesicles, 30–200 nm in diameter,

that carry cell- and cell-state-specific cargo of proteins, lipids, and nucleic acids,

including mRNA and miRNA. Recent studies have shown that central nervous system

(CNS)-derived exosomes may carry amyloidogenic proteins and facilitate their cell-to-cell

transfer, thus playing a critical role in the progression of neurodegenerative diseases, such

as tauopathies and synucleinopathies. CNS-derived exosomes also have been shown to

cross the blood-brain-barrier into the bloodstream and therefore have drawn substantial

attention as a source of biomarkers for various neurodegenerative diseases as they can

be isolated via a minimally invasive blood draw and report on the biochemical status

of the CNS. However, although isolating specific brain-cell-derived exosomes from the

blood is theoretically simple and the approach has great promise, practical details are of

crucial importance and may compromise the reproducibility and utility of this approach,

especially when different laboratories use different protocols. In this review we discuss

the role of exosomes in neurodegenerative diseases, the usefulness of CNS-derived

blood exosomes as a source of biomarkers for these diseases, and practical challenges

associated with the methodology of CNS-derived blood exosomes and subsequent

biomarker analysis.

Keywords: biomarker, exosome, extracellular vesicle (EV), neurodegenerative diseases, Alzheimer’ disease,

Parkinson’s and related diseases, ALS

INTRODUCTION

Eukaryotic cells release a variety of extracellular vesicles (EVs), including microvesicles, ectosomes,
oncosomes, and exosomes. EVs can be shed directly from the plasmamembrane, e.g., ectosomes, or
can be released upon fusion of multivesicular bodies (MVBs) with the plasmamembrane (Colombo
et al., 2014; Coleman and Hill, 2015; Lööv et al., 2016). Exosomes are formed via the latter process
by the inward budding of the endosomal membrane, creating MVBs that contain intralumenal
vesicles (ILVs). The formation of ILVs is regulated tightly and inmany cases depends on endosomal
sorting complex required for transport (ESCRT) proteins, and on tetraspanins, including CD9,
CD63, and CD81. Alternatively, ILVs can form by ESCRT-independent mechanisms, e.g., by a
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process mediated by ceramides (van Niel et al., 2011; Perez-
Hernandez et al., 2013; Colombo et al., 2014; Thompson
et al., 2016). Fusion of MVBs with the plasma membrane
leads to the release of ILVs as exosomes, ranging from
30 to 200 nm in diameter (Paulaitis et al., 2018), into the
extracellular space where they can be taken up by recipient
cells (Figure 1; Coleman and Hill, 2015; Lööv et al., 2016;
Thompson et al., 2016). The precise details of the uptake
mechanisms of exosomes into recipient cells are not known. In
general, exosomes can be taken up by non-specific endocytotic
mechanisms, such as macropinocytosis and micropinocytosis,
or by more specific, receptor-dependent pathways involving
integrins (Hoshino et al., 2015), proteoglycans (Christianson
et al., 2013), T cell immunoglobulins, and mucin-domain-
containing protein 4 (Tim4) (Miyanishi et al., 2007). Moreover,
exosomes can fuse directly with the plasma membrane releasing
their cargo into the cytosol of the recipient cell (Figure 1;
Montecalvo et al., 2012; Mathieu et al., 2019).

Transmission electron microscopy (TEM) images of
negatively stained exosomes initially indicated a cup-shaped
morphology, yet later cryo-electron microscopy images of
unfixed exosomes, including in a study by Banizs et al.,
comparing negative-stain EM and unstained cryo-EM of the
same exosome preparation, showed a spherical shape, suggesting
that the cup-shaped morphology might have resulted from the
fixation process in conventional TEM (Figure 2; Théry et al.,
2006; Raposo and Stoorvogel, 2013; Banizs et al., 2014).

Exosomes are produced and released by virtually all cell
types, including different brain cells, such as neurons, astrocytes,
microglia, and oligodendrocytes (Potolicchio et al., 2005; Fauré
et al., 2006; Krämer-Albers et al., 2007; Bianco et al., 2009; Dutta
et al., 2018; Goetzl et al., 2018; Xia et al., 2019). The nomenclature
used in the field is somewhat problematic. Isolation of pure
exosomes requires the use of methods such as a sucrose
cushion, a density gradient, size-exclusion chromatography,
or sequential ultracentrifugation and filtration steps and the
resulting vesicles must be characterized thoroughly for their
size, morphology, and biochemical characteristics (Lötvall et al.,
2014). However, because exosomes are the main type of vesicle
in preparations including other types of extracellular vesicles,
many authors have used the terms extracellular vesicles and
exosomes interchangeably. For simplicity, here we also use the
term “exosomes” inclusively when discussing papers that did not
go through the rigorous isolation protocols and characterization
needed to establish the identity of pure exosome preparation. The
reader should keep in mind that in many cases, the preparations
described as exosomes may contain also small amounts of other
extracellular vesicles.

Originally, exosomes were believed to be a disposal
mechanism of unwanted membranes and proteins during
the maturation process of reticulocytes into erythrocytes
(Pan, 1985). Recent studies have demonstrated that exosomes
have multiple additional roles including spreading various
proteins, DNA, mRNA, miRNA, and other non-coding RNAs
from cell to cell, often depending on the physiological state
of the parent cell (Valadi et al., 2007; Guescini et al., 2010;
Montecalvo et al., 2012; Cai et al., 2013; Budnik et al., 2016;

Sardar Sinha et al., 2018). In the central nervous system
(CNS), exosomes play critical physiological roles in intercellular
communication, maintenance of myelination, synaptic plasticity,
antigen presentation, and trophic support to neurons. Under
pathological conditions, especially in proteinopathies, there
is an increase in the use of this machinery for disposal of
accumulating, unwanted biomolecules (Krämer-Albers et al.,
2007; Antonucci et al., 2012; Lee et al., 2012; Budnik et al.,
2016; Goetzl et al., 2016; Thompson et al., 2016). In particular,
disposal of unwanted cellular components via exosomes occurs
to assist when other cellular clearance mechanisms, such as the
proteasome and autophagy-lysosome system, gradually fail in
eliminating aggregated amyloidogenic proteins (Alvarez-Erviti
et al., 2011; Ihara et al., 2012; Urbanelli et al., 2013; Fussi et al.,
2018; Miranda and Di Paolo, 2018). Under such conditions,
CNS-derived exosomes have been shown to be involved
in prion-like, cell-to-cell spread of amyloidogenic proteins,
including Aβ, tau, α-synuclein, and TDP-43 (Bellingham et al.,
2012; Vingtdeux et al., 2012; Feiler et al., 2015; Polanco et al.,
2016).

The role of exosomes in exporting amyloidogenic proteins
from brain cells in neurodegenerative proteinopathies has been
demonstrated in recent years by multiple groups who showed
that CNS-derived exosomes may be enriched in amyloidogenic
proteins, such as tau and hyperphosphorylated tau in Alzheimer’s
disease (AD) and other tauopathies (Clavaguera et al., 2009;
Liu et al., 2012; Vella et al., 2016), monomeric and oligomeric
amyloid β-protein (Aβ) in AD (Fiandaca et al., 2015; Sardar
Sinha et al., 2018), and α-synuclein in Parkinson’s disease (PD)
(Danzer et al., 2012).

Exosomes have been isolated successfully from human
serum and plasma (Caby et al., 2005; Fiandaca et al., 2015),
cerebrospinal fluid (CSF) (Vella et al., 2008), saliva (Ogawa
et al., 2008; Michael et al., 2010), and urine (Pisitkun et al.,
2004). Characterization of exosomes isolated from human
serum and plasma has demonstrated similarities in vesicle
size, shape, concentration, and presence of exosomal markers
suggesting that serum and plasma are equally useful for isolation
of blood exosomes (Soares Martins et al., 2018). Multiple
exosomal surface markers have been reported and are routinely
used to identify exosomes, including the tetraspanins CD9,
CD63, and CD81, ALG 2-interacting protein X (ALIX), tumor
susceptibility gene 101 protein (TSG101) and ESCRT proteins
(Théry et al., 2002; Dutta et al., 2015; Thompson et al., 2016).
Exosomes can cross the blood-brain-barrier (BBB) making them
a highly attractive source of biomarkers originating in the
CNS that could be isolated from the blood (Alvarez-Erviti
et al., 2011; Zheng et al., 2017). The ability to cross the
BBB in the opposite direction potentially can make exosomes
useful for delivering drugs and biomolecules into the brain
(Luan et al., 2017; Rashed et al., 2017) though this topic
is beyond the scope of our review. Rather, we focus on
exosomes that cross the BBB from the CNS into the blood
and discuss the role of CNS-derived exosomes in different
neurodegenerative disorders, biomarker opportunities, and the
technological challenges associated with isolation of CNS-derived
blood exosomes.
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FIGURE 1 | Biogenesis, secretion, and uptake of exosomes and their cargo. (1) Invagination of the cell membrane leads to the formation of early endosomes. (2)

ESCRT-0 recognizes and binds ubiquitynated proteins and further recruits ESCRT-I (including the exosomal marker TSG101) and ESCRT-II to this complex. (3)

ESCRT-III is a transient protein complex that plugs the inward budding vesicle to avoid the escape of the cargo during scission. Alix recruits deubiquitinases to

ESCRT-III, which remove ubiquitin from cargo proteins (Budnik et al., 2016). ESCRT proteins detach from the membrane and are released into the cytoplasm. (4) The

formed intralumenal vesicle contains the cargo protein and can either be (5) degraded in lysosomes or (6) secreted into the extracellular space. (7) The formation of

intralumenal vesicles can occur via ESCRT-independent pathways and is promoted by higher levels of ceramides in the lipid membrane (Budnik et al., 2016).

Exosomes released into the extracellular space can be taken up by recipient cells by endocytosis (8) or fusion with the plasma membrane (9) allowing the transport of

cargo between different cells and body parts.

FIGURE 2 | Electron micrographs of exosomes. Exosomes were isolated from cultured primary endothelial cells. Left: exosomes were stained with uranyl acetate and

embedded as whole mount preparations in methylcellulose. The image shows a cup-shaped morphology and heterogeneous sizes ranging from 30 to 100 nm. Right:

Exosomes were analyzed by cryoelectron microscopy without chemical fixation or contrasting. Exosomes appear as round membranous structures. Adapted from

panels B and C in Figure 1 of Banizs et al., © 2014, originally published in International Journal of Nanomedicine (Dovepress). https://doi.org/10.2147/IJN.S64267.
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ROLE OF CNS EXOSOMES IN
NEURODEGENERATIVE DISORDERS

Exosomes have been shown to play a crucial role in the
pathology of various neurodegenerative diseases, including
AD, PD, amyotrophic lateral sclerosis (ALS), frontotemporal
dementia (FTD), and prion diseases (Thompson et al., 2016;
Shi et al., 2019). In addition, multiple groups have begun using
exosomes as a source of biomarkers for these diseases. The most
common fluid biomarkers are listed in Table 1. Some of these
biomarkers already have been analyzed in exosomes in one or
more diseases, whereas others have been measured in biofluids
but not yet in exosomes. This section summarizes briefly the
current state of research into the role of exosomes in these
diseases whereas the subsequent section discusses their use as a
source of biomarkers originating in the CNS.

TABLE 1 | List of potential fluid biomarkers for diagnosis of neurodegenerative

diseases.

Disease Biomarker Biofluids References

AD Aβ42, pT181-tau,

pS396-tau,

total-tau

Neuronal

exosomes isolated

from blood, CSF

Tapiola et al.,

2009; Fiandaca

et al., 2015; Goetzl

et al., 2016;

Winston et al.,

2016; Jia et al.,

2019

PD α-synuclein, DJ-1 Neuronal

exosomes isolated

from blood, CSF

Shi et al., 2014;

Dutta et al., 2018;

Zhao et al., 2019

Prion diseases PrP, tau, 14-3-3 CSF
Otto et al., 1997;

Llorens et al.,

2018

FTD Aβ42, total tau,

pT181-tau,

pS396-tau, NfL

Neuronal

exosomes isolated

from blood, CSF

Irwin et al., 2013;

Fiandaca et al.,

2015;

Abu-Rumeileh

et al., 2018;

Goossens et al.,

2018

ALS TDP-43, NfL,

phospho-NfH

CSF, plasma,

serum Kasai et al., 2009;

Noto et al., 2011;

Boylan et al.,

2013; Hosokawa

et al., 2014;

Lehnert et al.,

2014; Lu et al.,

2015; Oeckl et al.,

2016

AD, Alzheimer‘s disease; Aβ42, Amyloid β-protein 1-42; CSF, Cerebrospinal fluid; FTD,

Frontotemporal dementia; NfH, Neurofilament heavy chain; NfL, Neurofilament light chain;

PD, Parkinson‘s disease; PrP, Prion protein; pS396-Tau, Tau phosphorylated at S396;

pT181-Tau, Tau phosphorylated at T181; TDP-43, transactive response DNA-binding

protein 43 kDa.

Alzheimer’s Disease
The pathology of AD is characterized by the aggregation of Aβ in
senile plaques and of hyperphosphorylated tau in neurofibrillary
tangles. Accumulation and spread of the latter lesion in
susceptible brain regions correlate with a progressive cognitive
decline (Rajendran et al., 2006; Guix et al., 2018). Different
roles of exosomes related to both Aβ and tau pathologies in
AD have been reported in several studies. Rajendran et al.
demonstrated that in HeLa and Neuroblastoma 2a (N2a) cells,
sequential cleavage of the amyloid β-protein precursor (APP)
by β-secretase occurs intracellularly in early endosomes, where
it may be directed subsequently to MVBs and secreted into the
extracellular space in exosomes after fusion of the MVB with
the plasma membrane. Possibly supporting this idea, the authors
showed that the exosomal marker Alix was enriched in the
vicinity of senile plaques in the AD brain, whereas the brain of a
patient with PD or of a healthy control subject stained negatively
for plaques and for Alix (Rajendran et al., 2006).

Other studies have shown that exosomes isolated from
neuronal cell cultures accelerated the aggregation of Aβ,
suppressed the formation of toxic Aβ oligomers, and facilitated
the uptake of Aβ by microglia (Yuyama et al., 2008, 2012). A
protective role of exosomes in AD pathogenesis was proposed
based on the finding that exosomes isolated from human CSF
or brain samples sequestered oligomeric Aβ in the brain (An
et al., 2013). The importance of the originating cell type for the
physiological effect of exosomes was highlighted by Dinkins et al.
who showed that exosomes isolated from astrocytes, in contrast
to neuronal exosomes, interfered with the uptake of Aβ in a
mixed glial cell culture. However, similar to neuronal exosomes,
astrocytic exosomes promoted Aβ aggregation (Yuyama et al.,
2012; Dinkins et al., 2014). Recently, it has been found that
N2a cells carrying the autosomal-dominant Swedish form of
APP (KM670/671NL) secreted exosomes containing Aβ and
C-terminal fragments of APP whereas cells expressing wild-
type APP secreted exosomes that contained the APP C-
terminal fragments but not Aβ. Furthermore, APP and its
C-terminal fragments were specifically sorted into exosomes
lacking the tetraspanin protein CD63, demonstrating that
neuroblastoma cells secrete distinct populations of exosomes
containing different cargos and targeting specific cell types
(Laulagnier et al., 2018).

Pathologic forms of tau have been shown to spread via
exosomes among different cells (Polanco et al., 2016). A
study by Clavaguera et al. demonstrated the spreading of
the frontotemporal-dementia-associated form P301S-tau from
mouse brain extracts to different brain regions after injection into
the hippocampus and the overlaying cerebral cortex of transgenic
mice expressing wild-type human tau (Clavaguera et al., 2009).
The authors did not comment on the potential involvement of
exosomes in the spread of tau pathology yet several subsequent
publications provided strong evidence for the presence of tau in
CNS-derived exosomes and the contribution of such exosomes
to the spread of the pathology. Tau and hyperphosphorylated
tau have been identified in exosomes isolated from human CSF
(Saman et al., 2012; Guix et al., 2018), human plasma and
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serum (Fiandaca et al., 2015; Guix et al., 2018), brain tissue of
transgenic rTg4510 mice (Polanco et al., 2016), and conditioned
medium of M1C cells (Saman et al., 2012). Further evidence
for a role of exosomes in the transmission of tau has been
provided by the findings that microglia secrete and phagocytose
exosomal tau and that inhibition of exosome synthesis reduced
tau propagation in mouse and cellular model systems (Asai et al.,
2015). Exosomes also may contribute to the interplay between Aβ

and tau in AD. In a recent study, Aulston et al. demonstrated that
treatment with EVs (presumablymostly exosomes), isolated from
induced pluripotent stem-cell (iPSc)-derived neuronal cultures
generated from a patient harboring the familial-AD-associated
A246E of presenilin-1, which increases the Aβ42/Aβ40 ratio,
induced tau phosphorylation in wild type C57BL/6 mouse brain
(Aulston et al., 2019). Taken together, there is already substantial
evidence for the contribution of exosomes to AD pathology,
both in spreading the pathology in the brain and potentially
in modulating Aβ aggregation. However, this is a developing
field and elucidating the precise mechanisms and implications of
exosome involvement in AD will require further investigation.

Parkinson’s Disease
The neuropathological hallmark of PD is the accumulation and
aggregation of α-synuclein in intracellular inclusions termed
Lewy bodies (LBs) and Lewy neurites. α-Synuclein also is the
main component of pathological aggregates in related disorders
called synucleinopathies, including dementia with Lewy bodies
and multiple system atrophy (Spillantini et al., 1998). Several
lines of evidence indicate participation of exosomes in the
intercellular spread of α-synuclein in the brain. Patients with
PD that received transplants of either embryonic nigral neurons
(Kordower et al., 2008) or fetal mesencephalic dopaminergic
neurons (Li et al., 2008) developed Lewy body-like inclusions
in these grafts over a period of 11–16 years, which stained
positive for α-synuclein. These finding might be attributed to
the prion-like spread of α-synuclein pathology from disease-
affected host neurons to the grafts, but also to other factors,
such as an unfavorable microenvironment, lack of appropriate
trophic signaling, or immune reactions (Kordower et al., 2008;
Li et al., 2008). Following up on these initial studies, Hansen et al.
explored intercellular α-synuclein transfer in disease propagation
using cellular co-culture model systems and transgenic mice.
They found that extracellular α-synuclein was taken up by
recipient cells via endocytosis and interacted with intracellular
α-synuclein. They also demonstrated the in-vivo transfer of α-
synuclein between host and grafted cells in a mouse model
overexpressing human α-synuclein, though this model was not
suitable for detecting the potential involvement of exosomes in
the transfer (Hansen et al., 2011).

Newly synthesized α-synuclein can be secreted rapidly via
unconventional exocytosis and has been found in the lumen of
cellular vesicles. Importantly, this intravesicular α-synuclein is
more prone to aggregation and is secreted from the cells (Lee,
2005). Proteasomal and mitochondrial dysfunction and other
cellular defects associated with PD pathogenesis lead to increased
secretion of monomeric and aggregated forms of α-synuclein
(Lee, 2005). Emmanouilidou et al. provided the first evidence

for exosomal secretion of α-synuclein in a calcium-dependent
manner in SH-SY5Y cells. Conditioned medium containing
exosomal α-synuclein has been shown to reduce the viability
of recipient neurons, suggesting that secretion of α-synuclein
contributed to the spreading of PD pathology (Emmanouilidou
et al., 2010). Additionally, lysosomal dysfunction is believed
to accelerate exosomal α-synuclein release and propagation to
surrounding cells (Alvarez-Erviti et al., 2011).

By using a novel protein-fragment-complementation assay,
Danzer et al. identified oligomeric α-synuclein species in
exosomes in the conditioned medium of human H4 neuroglioma
cells and primary cortical neurons. Moreover, they determined
that α-synuclein oligomers were present both on the outside and
the inside of exosomes, and suggested that α-synuclein could
be secreted through different pathways as it was found both
free and in association with exosomes (Danzer et al., 2012).
In the presence of exosomes, α-synuclein was more prone to
aggregation and exosome-associated α-synuclein was taken up
more efficiently by cells in culture than free α-synuclein, further
supporting a role for exosomes in the intercellular transfer of
α-synuclein (Danzer et al., 2012; Grey et al., 2015). A recent
study showed that phosphorylated α-synuclein concentration in
saliva exosomes was higher in patients with PD than in healthy
individuals. The authors also observed a higher abundance of
neuronal exosomes in the saliva of patients with PD, which they
speculated could reflect increased salivary secretion of exosomes
from neuronal endings in salivary glands (Rani et al., 2019).

Frontotemporal Dementia (FTD) and
Amyotrophic Lateral Sclerosis (ALS)
Frontotemporal dementia is a heterogeneous disorder that
causes progressive changes in behavior, language, memory,
executive control, and motor functions (Olney et al., 2017). It
is characterized pathologically by atrophy of the frontal lobe
and often involves accumulation of different forms of aberrantly
post-translationally modified and aggregated tau in the brain
of affected individuals. In addition, FTD can be characterized
pathologically by cellular inclusions of the transactive response
DNA-binding protein 43 kDa (TDP-43) (Turner et al., 2017), a
feature it shares with ALS, which is a distinct neurodegenerative
disease affecting motor neurons in the brain and spinal cord.
In fact, FTD and ALS appear to be on a spectrum and some
patients display mixed phenotypes of both diseases (Kawakami
et al., 2019). However, each disease also can present without
involvement of the other one and unlike TDP-43, which is shared
by both diseases, mutations in certain proteins are associated with
either FTD or ALS, but not both. For example, mutations in the
superoxide dismutase 1 (SOD1) gene lead to familial forms of
ALS but not FTD (Münch et al., 2011). The FTD-ALS clinical
spectrum correlates not only with TDP-43 inclusions in neuronal
and glial cells, but also with the observation that hexanucleotide-
repeat expansion of the C9orf72 gene can lead to ALS, FTD, or
a mixed clinical presentation of both diseases (Neumann et al.,
2006; Turner et al., 2017).

SOD1 was the first gene discovered to cause familial ALS
and the most studied cause of ALS. The presence of SOD1
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in exosomes secreted from motor-neuron-like NSC-34 cells
overexpressing human wild-type or mutant SOD1 provided the
first evidence for the secretion and cell-to-cell transmission
of SOD1 in the context of ALS (Gomes et al., 2007). Using
a similar cell model, misfolded, mutant, or wild-type human
SOD1 was shown to be transmitted between cells both as
free protein aggregates and through exosomal transport. In
addition, misfolding of human, wild-type SOD1 was propagated
in HEK293 cells via exosomes in conditioned media over
several passages and was transferred to cultured transgenic
mouse primary spinal cord neurons expressing human wild-
type SOD1 (Grad et al., 2014). Immunoelectron microscopy
using the misfolded-SOD1-specific antibody 3H1 (Pickles et al.,
2016; Atlasi et al., 2018) demonstrated that the majority of
SOD1 aggregates were present on the exterior of exosomes
isolated from the conditioned medium of cultured NSC-34 cells
(Grad et al., 2014).

Like SOD1, TDP-43 might be secreted in exosomes,
facilitating a prion-like spread of its misfolded species, though
to our knowledge, this has not yet been demonstrated
directly. Treatment of SH-SY5Y cells expressing TDP-43 with
brain extracts of buffer-insoluble proteins from patients with
ALS showed that the TDP-43 concentration was increased
significantly in exosomes isolated from the conditioned medium
compared to untreated cells, whereas the concentration level of
the exosomal marker CD63 did not differ between the fractions
suggesting that there was no change in exosome concentration
(Nonaka et al., 2013). A study by Feiler et al. used a protein-
complementation assay allowing the researchers to quantify
TDP-43 in HEK-293 cells. Western blot analysis showed the
presence of myc-tagged exogenous and endogenous TDP-43
in exosomes of cells transfected with myc-TDP-43. The study
showed that exosomal TDP-43 was taken up preferentially by
recipient cells and exerted higher toxicity than free TDP-43
(Feiler et al., 2015).

A study by Iguchi et al. provided further support for exosomal
transport of TDP-43 using exosomes from the cell-culture
medium of N2a cells. Cells expressing mutant forms of human
TDP-43 or a fragment thereof secreted the respective protein
forms in their exosomes. TDP-43 also was detected in purified
exosomes from primary cortical neurons of transgenic C57BL/6
mice expressing human TDP-43A315T but not from primary
astrocytes or microglia (Iguchi et al., 2016). The pathological
relevance of exosomal TDP-43 was highlighted by the presence of
TDP-43 in exosomes isolated from frozen post-mortem temporal
cortices of patients who died of sporadic ALS, in which TDP-43
concentration levels were increased compared to exosomes from
brains of healthy controls. Treatment of N2a cells overexpressing
human TDP-43 with GW4869 or siRNA silencing Rab27A to
reduce exosome secretion (Ostrowski et al., 2010) resulted in
increased intracellular levels of insoluble TDP-43 aggregates
(Iguchi et al., 2016). The studies presented above suggest that
TDP-43 is secreted via exosomes in the human brain and that
the exosomes are involved in the spread of TDP-43 pathology,
common to ALS and FTD, yet a conclusive demonstration of
these processes is still not available.

Prion Diseases
Transmissible prion encephalopathies, such as Creutzfeldt-Jakob
disease, scrapie, and bovine spongiform encephalopathy are
characterized by misfolding of the normal prion protein PrPc

into the aggregation-prone form PrPSc (Prusiner, 1982, 1991).
The first suggestion of an association of misfolded prion
protein with exosomes came from a ME7 scrapie-infected
mouse model in which PrPSc was identified in late-endosome-
like organelles from brain homogenates, which were obtained
by sequential centrifugation steps using a Nycodenz R© density
gradient. Analysis of these fractions by dot blot, western blot, and
double-labeled immunogold electron microscopy identified the
endosome-lysosome markers cathepsin B, mannose 6-phosphate
receptor, ubiquitin-protein conjugates, and β-glucuronidase
(Arnold et al., 1995). Because ILVs, the direct precursors of
exosomes, are formed in late endosomes (Stoorvogel et al., 2002),
the presence of PrPSc in these organelles may suggest a possible
localization of PrPSc in exosomes.

Based on multiple analysis methods, including western blot,
mass spectrometry, and morphological analysis, a later study
found strong evidence supporting this possibility. PrPc and PrPSc

were found to be actively released into the extracellular space by
PrP-expressing Rov cells before and after infection with sheep
PrPSc. Importantly, the study showed that exosomes containing
PrPSc were infectious to other cells, suggesting a contribution of
exosomes to the intercellular spread of prions in-vivo (Fevrier
et al., 2004). Further support for this hypothesis came from
studies reporting exosomal secretion of the endogenous prion
protein by cultured primary rat cortical cells (Fauré et al., 2006),
mouse hypothalamic neuronal GT1-7 cells (Vella et al., 2007),
and mouse N2a cells (Alais et al., 2008; Veith et al., 2009).
Additionally, exosomes derived from these cells were shown to
introduce prions into uninfected recipient cells (Vella et al., 2007;
Alais et al., 2008) and induce prion disease when inoculated
in mice (Vella et al., 2007). The relationship between exosome
release and intercellular prion transport was investigated also
by Guo et al. who observed that stimulation of exosome release
by treatment with the ionophore monensin (Savina et al., 2003)
led to an increase in prion infectivity, whereas inhibition of
exosome release using GW4869 (Guo et al., 2015) decreased
prion transmission between rabbit kidney epithelial (RK13) and
mouse GT1-7 cells (Guo et al., 2016).

In contrast to other neurodegenerative disorders, wherein
only a small fraction of the offending proteins are released in
exosomes, exosomes may be a major pathway for the spread
of pathological proteoforms in prion diseases (Arellano-Anaya
et al., 2015; Stuendl et al., 2016). Arellano-Anaya et al. (2015)
showed that strains of PrPsc from three different species were
secreted into the culture medium of RK13 cells and were present
in fractions containing exosomal markers and at typical densities
of exosomes. Moreover, it was shown that these exosomal prion
proteins retained their infectivity (Arellano-Anaya et al., 2015).
Pan et al. observed that prion proteins were secreted in exosomes
upon inhibition of cyclophillins by the immunosuppressive agent
cyclosporine A, which usually leads to an accumulation of
aggregated PrPsc and its deposition in aggresomes in N2a and
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Chinese hamster ovary cells (Pan et al., 2018). The presented
studies strongly indicate that different prion protein species are
secreted via exosomes and therefore contribute, possibly to a
high extent, to the spread of the misfolded, pathogenic protein
in prion diseases.

CNS-DERIVED EXOSOMES AS A SOURCE
OF BIOMARKERS FOR
NEURODEGENERATIVE DISEASES

Blood biomarkers are highly sought-after in the field of
neurodegenerative diseases. They offer important advantages
relative to expensive imaging modalities or the invasive lumbar
puncture required for analysis of CSF biomarkers. However,
drawbacks such as inconsistent results from different research
groups and weak or non-existent correlation with disease severity
or with CSF-derived or imaging biomarkers have hampered
progress in this direction (Mehta and Adler, 2016; Lashley et al.,
2018; Zhao et al., 2019). The relatively poor performance of
blood-based biomarkers reflects the disconnect between the brain
biochemistry and the blood composition, which is maintained
by the BBB to protect the brain. As CNS-derived exosomes can
cross the BBB into the blood and can be isolated from the blood,
measurement of biomarkers in them offers an attractive solution
for these issues.

The groups of Zhang at University of Washington, Seattle
and Goetzl at University of California, San Francisco have
pioneered this field establishing isolation protocols for
neuronal exosomes, which were used as a novel source for
neurodegenerative-disease biomarkers. Neuronal exosomes
were obtained by immunoprecipitation using antibodies
targeting the neuronal marker proteins NCAM or L1CAM
(see section Isolation of CNS-Derived Blood Exosomes).
NCAM is a neuronal cell adhesion protein that belongs to the
immunoglobulin superfamily and is involved in cell-cell and
cell-matrix interactions. L1CAM is an axonal glycoprotein that
plays an important role in nervous-system development and its
mutations cause neurological syndromes known as CRASH.

Using this methodology, Fiandaca et al. (2015) determined the
levels of total tau, pT181-tau, pS396-tau and Aβ42 in neuronal
exosomes in a cohort comprising patients with AD, patients
with FTD, and matching cognitively normal control subjects.
They found significantly higher levels of all four biomarkers
in patients with AD and of pT181-tau and Aβ42 in patients
with FTD compared to healthy controls. Impressively, their
final model classified 96.4% of patients with AD and 87.5%
of patients with FTD correctly and predicted the development
of AD up to 10 years before the onset of clinical symptoms
(Fiandaca et al., 2015).

Further analysis of neuronal exosomes obtained from
the same cohort, demonstrated that levels of cathepsin D,
LAMP-1, and ubiquitinated proteins, which are involved in
the proteasomal and lysosomal degradation pathways, were
significantly higher in patients with AD than in those with
FTD. Similar to their initial study, the authors found that the
concentration levels of the investigated proteins in neuronal

exosomes from patients with AD were significantly distinct from
those in age- and sex-matched healthy controls up to 10 years
before the diagnosis (Goetzl et al., 2015). The results suggested
that neuronal lysosomal dysfunction is an early event in the
development of AD and may be useful as a predictive biomarker
in prospective studies.

A following study by the Rissman group found that plasma-
derived neuronal exosomal levels of pT181-tau, pS396-tau,
and Aβ42 were increased, whereas the post-synaptic protein
neurogranin and repressor element 1-silencing transcription
factor (REST) levels were decreased in patients with AD or with
mild cognitive impairment (MCI) converting to AD compared to
normal subjects and patients with stableMCI that did not convert
to AD (Winston et al., 2016). These promising results suggest that
alterations of these neuronal-exosomal biomarkers could predict
the conversion fromMCI to AD.

An adaptation of the original procedure for isolation of
neuronal exosomes allowed Goetzl et al. to enrich astrocyte-
derived exosomes from plasma and subsequent analysis of
biomarkers in these exosomes (Goetzl et al., 2016). Astrocyte-
derived exosomes from patients with AD, patients with FTD,
and healthy controls showed up to 20-fold higher levels of β-
site amyloid β-protein precursor-cleaving enzyme 1, γ-secretase,
Aβ42, soluble APPα and APPβ, glial-derived neurotrophic factor,
pT181-tau, and pS396-tau compared to the concentrations
measured in neuronal exosomes. Moreover, concentration levels
of Aβ42 in astrocytic exosomes were lower in AD samples
compared to the concentrations in healthy control samples,
whereas pT181-tau, pS396-tau, and Aβ42 concentration in
neuronal exosomes were significantly higher than in the control
samples (Goetzl et al., 2016). In a recent study, Rissman’s group
showed that plasma-derived neuronal and astrocytic exosomes
from patients with mild traumatic brain injury (mTBI) contained
high levels of Aβ42 and low levels of neurogranin compared
to healthy individuals with no history of TBI, suggesting that
injury-associated proteins in these exosomes could be used as
biomarkers for mTBI (Winston et al., 2019).

The Zhang group analyzed α-synuclein in neuronal exosomes
from a large cohort of 267 patients with PD and 215 healthy
controls and found that α-synuclein concentrations in the
isolated exosomes were higher in the PD group compared to
the control group. Although the diagnostic performance of
neuronal exosomal α-synuclein wasmoderate (receiver operating
characteristic (ROC) analysis AUC = 0.654, sensitivity = 70.1%,
specificity = 52.9%), a significant cross-sectional correlation of
neuronal exosomal α-synuclein was found with disease severity
(Shi et al., 2014), suggesting that if a similar correlation were
observed longitudinally, this biomarker could be useful for
measuring PD progression and outcome measures of clinical
trials. In a follow-up study, the same group demonstrated that
tau protein levels in neuronal exosomes were elevated in patients
with PD but not in patients with AD (Shi et al., 2016). In a
longitudinal study, Wang et al. tested the utility of plasma α-
synuclein and CNS-derived exosomal α-synuclein at baseline
and in 2-year follow-up samples in a cohort comprising 256
individuals who might be at risk of PD. Their data showed that
an increase in plasma α-synuclein at baseline and at follow-up

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 March 2020 | Volume 13 | Article 38100

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Hornung et al. Biomarker Analysis in Brain-Derived Blood Exosomes

could predict progression of cognitive decline in a subgroup of
people with an increased PD risk, evidenced by hyposmia and
reduced dopamine transporter imaging. In contrast, a decrease
of α-synuclein in exosomes was associated with worsening of
cognitive performance (Wang et al., 2018).

Recently, the protocol developed by Goetzl et al. was used by
another group to determine the levels of DJ-1 and α-synuclein
in neuronal exosomes from 39 patients with PD and 40 healthy
controls (Zhao et al., 2019). Both, DJ-1 and α-synuclein were
significantly higher in neuronal exosomes from patients with
PD than in those from healthy controls whereas no significant
differences were observed in total plasma, in agreement with the
previous study by Shi et al. (2014). As in the previous study, ROC
analysis yielded only a moderate discrimination between patients
with PD and healthy controls even when both biomarkers were
combined (Zhao et al., 2019).

In another new study, Aβ42, total tau, and pT181-tau were
analyzed in two cohorts consisting of patients with AD, patients
with amnestic MCI (aMCI), and healthy controls (Jia et al.,
2019). The study included a discovery stage cohort comprising
28 patients with AD, 25 patients with aMCI, and 29 healthy
controls, and a larger validation cohort consisting of 73 patients
with AD, 71 patients with aMCI, and 72 healthy controls. The
authors compared the biomarker concentration levels in the
neuronal exosomes to the concentration of the same biomarkers
in the CSF of all subjects. The data in both the discovery and
validation cohorts showed that all three assessed biomarkers—
Aβ42, total tau, and pT181-tau in neuronal exosomes were
highest in patients with AD, significantly lower in patients with
aMCI, and lowest in healthy controls. Encouragingly, the level
of each exosomal biomarker showed a strong correlation with
the respective CSF biomarker, suggesting that the measurement
of these biomarkers in the neuronal exosomes could replace
CSF analysis (Jia et al., 2019). A comprehensive summary of the
studies described in this section is shown in Table 2.

These studies demonstrate the potential of CNS-derived blood
exosomes as a source of diagnostic, prognostic, and progression
biomarkers for neurodegenerative diseases. In addition to blood
products, exosomes obtained from other biofluids, such as CSF
and saliva, also have been used for diagnostic purposes (Yoo
et al., 2018; Cao et al., 2019). Obtaining saliva from patients
is less invasive than obtaining blood and saliva is easier to
process because it does not coagulate. However, as a source
of biomarkers in neurodegenerative (and systemic) diseases,
saliva has been studied much less than plasma or serum, likely
because variability and risk of contamination in saliva compared
to blood are higher (Han et al., 2018; Cao et al., 2019). In
contrast, the fidelity of biomarkers measured in CNS-derived
blood exosomes as representing biochemical changes in the
CNS has been found to be similar to that of CSF biomarkers,
suggesting that the same level of confidence can be achieved
using a substantially less invasive procedure. This is important in
particular for measurement of treatment efficacy in clinical trials
where multiple tests often are required during the trial. Similar
to CSF biomarker studies, the data also suggest that biomarker
panels likely will provide better diagnostic or prognostic power
than single biomarkers (Fiandaca et al., 2015; Goetzl et al., 2016;

Shi et al., 2016; Winston et al., 2016). A particular advantage of
biomarker analysis in CNS-derived blood exosomes compared
to CSF is the ability to compare the biomarkers in exosomes
originating in different cell types.

ISOLATION OF CNS-DERIVED BLOOD
EXOSOMES

Numerous methods for isolation of exosomes have been
reported, including protocols based on ultracentrifugation,
filtration, precipitation, immuno-affinity capture, and
microfluidics arrays (Contreras-Naranjo et al., 2017; Doyle
and Wang, 2019; Zhang et al., 2019). However, only a minority
of the reported methods can yield a sufficient number of
exosomes when starting from a typical patient sample, e.g.,
0.5mL, if the goal is to isolate subsequently CNS-derived
exosomes for biomarker analysis. Therefore, we focus here on
isolation methods that have been used successfully for isolating
CNS-derived blood exosomes followed by biomarker analysis.
For more general reviews on exosome isolation techniques (see
Li et al., 2017; Doyle and Wang, 2019).

The use of blood plasma as a source of exosomes requires
the addition of EDTA or heparin to prevent clotting and
subsequent separation of plasma by centrifugation (e.g., 15min
at 2,500 g) (Goetzl et al., 2015). To isolate exosomes from human
plasma, thrombin needs to be added to the plasma samples
prior to proceeding with the actual isolation. Alternatively,
serum can be obtained by allowing the blood to clot for
15–20min at room temperature before separating the serum
by centrifugation and the serum then can be used directly
for exosome isolation. Addition of protease and phosphatase
inhibitors to the samples and maintaining the clotting time
consistent for all the samples under study is crucial for preventing
degradation or modification of exosomal ingredients, especially
those present in minute concentrations (Fiandaca et al., 2015;
Goetzl et al., 2015). Additional precautionary measures should be
taken for measurement of α-synuclein in CNS-derived exosomes
isolated from the blood as minute quantities of erythocytic α-
synuclein released upon hemolysis can contaminate the sample.

A side-by-side comparison of the protocols developed by the
two first groups pioneering this field, the Zhang and Goetzl
groups, is shown in Figure 3. The Zhang group was the first
to describe a method for isolating CNS-derived exosomes from
mouse and human plasma. Their approach used anti-L1CAM
antibodies immobilized on superparamagnetic microbeads for
immuno-capture of CNS-derived exosomes directly from plasma
diluted 1:3 in phosphate-buffered saline without prior isolation
of total exosomes (Figure 3A). They incubated diluted plasma
samples with anti-L1CAM antibody-coated epoxy beads for
24 h with gentle rotation before proceeding to exosome release
or lysis.

In the work of Goetzl and co-workers, the process included
an initial polymer-assisted precipitation of extracellular vesicles
from serum or plasma followed by immunoprecipitation using
antibodies specific for NCAM or L1CAM to enrich CNS
neuronal exosomes (Figure 3B; Fiandaca et al., 2015). They

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 March 2020 | Volume 13 | Article 38101

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Hornung et al. Biomarker Analysis in Brain-Derived Blood Exosomes

TABLE 2 | Selected publications analyzing biomarkers in CNS-derived blood exosomes.

Exosome isolation

method

Validation methods Study cohort Analyzed biomarkers Outcome References

Immunocapture using

anti-L1CAM

antibody-coated M-270

Dynabeads

TEM, Western blot PD: 267

HC: 215

Neuronal exosomal

α-synuclein

α-synuclein: PD↑,

Correlation with

disease severity

Shi et al., 2014

Exosome precipitation and

immunocapture using

biotinylated anti-NCAM or

anti-L1CAM antibodies and

streptavidin-agarose resin

NTA AD: 57

AC: 57

FTD: 16

FTC: 16

AD (preclinical and after AD

diagnosis): 24

Neuronal exosomal Aβ42,

total tau, pT181-tau,

pS396-tau

Aβ42, total-tau, pT181-tau,

pS396-tau: AD↑

Aβ42, pT181-tau: FTD↑

Aβ42, pT181-tau,

pS396-tau: Preclinical AD↑

compared to AC, AD↑

compared to preclinical AD

and AC

Fiandaca et al.,

2015

Exosome precipitation and

immunocapture using

biotinylated anti-L1CAM

antibody and

streptavidin-polyacrylamide

resin

NTA AD: 26

AC: 26

FTD: 16

FTC: 16

AD (preclinical and after AD

diagnosis): 20

Neuronal exosomal

Cathepsin D, LAMP-1,

Ubiquitin, HSP-70

Cathepsin D, LAMP-1,

ubiquitinylated proteins:

AD↑ compared to AC and

FTD

HSP70: AD↓ compared to

AC, FTD↓ compared to FTC

and AD

Cathepsin D: FTD↑

compared to FTC

Cathepsin D, LAMP-1,

ubiquitinylated proteins:

preclinical AD↑, AD↑

compared to AC

HSP70: preclinical AD↓,

AD↓ compared to AC

Goetzl et al., 2015

Exosome precipitation and

immunocapture using

biotinylated anti-L1CAM

antibody and

streptavidin-polyacrylamide

resin

TEM, NTA AD: 10

MCI: 20

MCI to AD converter: 20

HC: 10

Neuronal exosomal Aβ42,

pT181-tau, pS396-tau

Aβ42, pT181-tau,

pS396-tau: AD↑, MCI to AD

converter↑ both compared

to MCI and HC

NRGN, REST: AD↓, MCI to

AD converter↓ both

compared to MCI and HC

Winston et al.,

2016

Exosome precipitation and

immunocapture by

biotinylated anti-GLAST or

anti-L1CAM antibodies and

streptavidin-agarose resin

NTA AD: 12

AC: 10

FTD: 14

FTC: 10

Neuronal and astrocytic

exosomal BACE-1,

γ-secretase, sAPPα, sAPPβ,

Septin-8, GDNF, Aβ42,

pT181-tau, pS396-tau

BACE-1, sAPPβ: AD↑, FTD

n.s.

GDNF: AD/MCI↓, FTD n.s.

BACE-1, γ-secretase, Aβ42,

sAPPα, sAPPβ, GDNF,

pT181-tau, pS396-tau: ADE

of all groups↑ compared

to NDE

Goetzl et al., 2016

Immunocapture using

anti-L1CAM

antibody-coated M-270

Dynabeads

TEM, Western Blot,

NTA

PD: 91

AD: 106

HC: 106

Neuronal exosomal total tau Total-tau: PD↑ compared to

AD and HC

Correlation to disease

duration and CSF tau in PD

Shi et al., 2016

Immunocapture using

anti-L1CAM

antibody-coated M-270

Dynabeads

Not determined Normosmia/ no DAT

reduction: 80

Hyposmia/ no DAT

reduction: 133

Hyposmia/ DAT

reduction: 43

Total plasma and neuronal

exosomal α-synuclein

Total-α-synuclein:

Hyposmic/ DAT reduction↑

at baseline and

longitudinally

NDE α-synuclein:

Hyposmic/ DAT reduction↓

longitudinally

Correlation with cognitive

function and DAT imaging

Wang et al., 2018

Exosome precipitation and

immunocapture by

biotinylated anti-L1CAM

antibody and

streptavidin-agarose resin

TEM PD: 39

HC: 40

Neuronal exosomal DJ-1

and α-synuclein

DJ-1 and α-synuclein: PD↑

compared to HC Zhao et al., 2019

(Continued)
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TABLE 2 | Selected publications analyzing biomarkers in CNS-derived blood exosomes.

Exosome isolation

method

Validation methods Study cohort Analyzed biomarkers Outcome References

Exosome precipitation and

immunocapture by

biotinylated anti-NCAM

antibody and

streptavidin-agarose resin

TEM, Western blot Discovery stage:

AD: 28

aMCI: 25

HC: 29

Validation stage:

AD: 73

aMCI: 71

HC: 72

Neuronal exosomal Aβ42,

total-tau, pT181 tau

Aβ42, total-tau, pT181-tau:

aMCI↑ compared to HC,

AD↑ compared to aMCI and

HC

Exosomal biomarker

correlate with respective

CSF biomarker

Jia et al., 2019

Exosome precipitation and

immunocapture by

biotinylated anti-L1CAM or

anti-GLAST antibodies

immobilized on

streptavidin-coated

magnetic beads

FACS mTBI: 19

HC: 20

Neuronal and astrocytic

exosomal Aβ40, Aβ42,

NRGN, NfL, total tau,

pT181-tau, pS396-tau

Aβ42: mTBI↑

NRGN: mTBI↓

Aβ40, total-tau, NfL,

pT181-tau, pS396-tau:

mTBI n.d. or n.s.

Winston et al.,

2019

↑, increased; ↓, decreased; AC, Alzheimer’s disease control; AD: Alzheimer‘s disease; ADE, astrocyte-derived exosomes; aMCI, amnestic mild cognitive impairment; Aβ40, amyloid

β-protein 1-40; Aβ42, amyloid β-protein 1-42; BACE-1, β-site amyloid precursor protein-cleaving enzyme 1; CSF, cerebrospinal fluid; DAT, dopamine transporter; FACS, fluorescence

activated cell sorting; FTC, frontotemporal dementia control; FTD: frontotemporal dementia; GDNF, glial-derived neurotrophic factor; GLAST, glutamate aspartate transporter; HC,

healthy control; HSP70, heat shock protein 70; L1CAM, L1-cell adhesion molecule; LAMP-1, lysosomal-associated membrane protein 1; MCI, mild cognitive impairment; MOG, myelin

oligodendrocyte glycoprotein; mTBI, mild traumatic brain injury; n.d., not detectable; n.s., not significant; NCAM, neuronal cell adhesion molecule; NDE, neuron-derived exosomes;

NfL, neurofilament light; NRGN, neurogranin; NTA, nanoparticles tracking analysis; PD, Parkinson‘s disease; pS396-tau, tau phosphorylated at S396; pT181-tau, tau phosphorylated

at T181; REST, repressor element 1-silencing transcription factor; sAPPα/β, soluble amyloid precursor protein α/β; TEM, transmission electron microscopy; TRPS, tunable resistive

pulse sensing.

first incubated serum or thromboplastin-D-treated plasma
samples with the non-specific PEG-based ExoQuick exosome
precipitation solution to obtain a pellet of total exosomes, which
was resuspended and the incubated with biotinylated anti-human
NCAM or L1CAM antibodies to enrich neuronal exosomes
by subsequent immunoprecipitation using a streptavidin-coated
polyacrylamide resin (Goetzl et al., 2015). Similar approaches
were used later by the groups of Kapogiannis, Rissman, and
others (Winston et al., 2016; Doyle and Wang, 2019).

After capturing the exosomes by antibody-coated beads,
according to both groups’ protocols the beads are washed
and the NCAM/L1CAM-positive exosomes can be eluted, e.g.,
for morphological analysis and for measurement of exosome
number and size using methods, such as Nanoparticle Tracking
Analysis (NTA), Tunable Resistive Pulse Sensing (TRPS) or
Microfluidic Resistive Pulse Sensing (MRPS) (Shi et al., 2014;
Goetzl et al., 2016; Winston et al., 2016; Jia et al., 2019; Yan
et al., 2019). Alternatively, the exosomes may be lysed on the
beads by treatment with different buffers, such as Mammalian
Protein Extraction Reagent (M-PER) (Fiandaca et al., 2015;
Goetzl et al., 2015) or other detergent-containing buffers for
different downstream analyses and biomarker measurement (Shi
et al., 2014, 2016; Wang et al., 2018). The methods used in
different studies and themeasured candidate biomarkers in CNS-
derived blood exosomes for different neurological diseases and
conditions are summarized in Table 2. The reported methods
for isolation of CNS-derived exosomes from blood samples
share wide similarities and differ mainly in the type of solid
support used to immobilize the respective antibodies in the
immunoprecipitation step. Although to date no study has
compared side-by-side the different approaches, the efficiency

and specificity of each method likely depends mainly on the
specificity of the used antibody.

Adaptations of the protocol of Goetzl et al. have subsequently
been applied for the isolation of astrocyte-derived blood
exosomes using an anti-GLutamate ASpartate Transporter
(GLAST) antibody (Goetzl et al., 2016, 2018). Our group
was the first to successfully isolate oligodendrocyte-derived
blood exosomes using anti-myelin oligodendrocyte glycoprotein
(MOG) antibody coupled to magnetic Dynabeads (Dutta et al.,
2018). A challenge in such studies is to confirm that the isolated
exosomes indeed originated in the cell type intended. Such
confirmation can be achieved using dot blots or western blots
using antibodies against specific protein markers of the cells of
origin. For example, enolase 2 or glutamate ionotropic receptor
AMPA type subunit 1 (GRIA1) may be used to identify neuronal
exosomes, glial fibrillary acidic protein (GFAP) for astrocytic
exosomes, and myelin proteolipid protein for oligodendroglial
exosomes. The challenge in such experiments is due to the low
abundance of exosomes released specifically from these cell types
into the blood (Doyle and Wang, 2019), which in our experience
is ≤1% of the total serum/plasma exosomes. To address this
challenge one must either isolate the exosomes starting with
relatively large starting volumes of serum/plasma or use detection
methods with higher sensitivity than those of dot blots or
western blots.

It is also important to note that immunoprecipitation
using NCAM or L1CAM does not provide exclusively CNS
neuronal exosomes. NCAM and L1CAM are enriched in, but
are not restricted to, neurons. They also may be present
in microvesicles other than exosomes though no information
exists currently regarding this possibility. According to the
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FIGURE 3 | Isolation of CNS-derived exosomes from blood. (A) The protocol of the Zhang group relies on anti-L1CAM antibody-coupled epoxy beads, which are

incubated directly with diluted plasma to bind neuronal exosomes. The following washing steps in 0.1% BSA remove unbound, non-neuronal exosomes in the

sample. (B) The method described by Goetzl et al. The protocol uses first an exosome precipitation step by ExoQuick followed by capturing specifically neuronal

exosomes with biotinylated anti-L1CAM antibodies and a streptavidin-conjugated resin. Subsequent washing steps remove non-neuronal exosomes as well as the

antibody and resin to yield neuronal exosomes.

human protein atlas (https://www.proteinatlas.org), L1CAM
is expressed mainly in the CNS, peripheral nervous system
(PNS), and in distal renal tubules whereas NCAM is mainly
observed in the CNS, PNS, adrenal gland, heart, and peptic
cells. Proteomic analysis of L1CAM-captured exosomes from
plasma showed higher concentrations of several CNS marker
proteins, including phosphorylated tau, neuron-specific enolase,
microtubule associated protein 2, neurofilament light chain
(NfL), and L1CAM than in total exosome samples (i.e., before
enrichment of neuronal exosomes) (Mustapic et al., 2017),
suggesting that the majority of the exosomes indeed originated in
CNS neurons. Nonetheless, the field should continue searching
for, and testing, more specific markers that will allow isolation of
purer exosome populations of CNS neurons and other cell types.
Moreover, as different neurological diseases affect different brain
regions, markers specific to a brain region or a neuron type, e.g.,
dopaminergic neurons for PD, may be developed in the future
and allow biomarker analysis that would offer higher level of
precision than general neuronal markers.

CURRENT CHALLENGES AND FUTURE
PERSPECTIVES

Extensive research in the last two decades has demonstrated
that exosomes play a role in both physiological and pathological
states of cells in the CNS. These vesicles function as intercellular
communicators and serve as a vehicle for disposal of unwanted
biological material. By carrying aggregated amyloidogenic
proteins from cell to cell, exosomes contribute to the spread
of these pathologic proteoforms in various neurodegenerative
disorders. Impairment of the lysosomal and/or proteasomal
pathways has been reported to increase disposal of pathogenic
proteins via exosomes, contributing to disease spread in the CNS.
However, the mechanisms involved in this process, the uptake of
the released exosomes by specific recipient cells, the involvement
of receptors and the impact of the lipid composition in the
exosome membrane in these processes are yet to be elucidated.

Numerous studies have examined biofluid biomarkers for
neurodegenerative diseases (Table 1). In AD, the most consistent
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biomarkers have been Aβ42, total tau, pT181-tau, and pS396-
tau measured in CSF and more recently in neuronal exosomes
(Tapiola et al., 2009; Fiandaca et al., 2015; Goetzl et al., 2016;
Winston et al., 2016; Jia et al., 2019). The same biomarker
panel has been shown to distinguish FTD from AD and
healthy controls in multiple studies mostly using CSF as a
biomarker source. In addition, although NfL is elevated in most
neurodegenerative diseases, it was found to be significantly
higher in FTD than in AD (Irwin et al., 2013; Fiandaca et al.,
2015; Abu-Rumeileh et al., 2018; Goossens et al., 2018). DJ-1
and α-synuclein have been shown to be promising biomarkers
in the diagnosis of PD. Results from studies involving neuronal
exosomes have been demonstrated to be reproducible for α-
synuclein (Shi et al., 2014; Dutta et al., 2018; Zhao et al., 2019)
and for different forms of Aβ and tau (Fiandaca et al., 2015;
Goetzl et al., 2016; Winston et al., 2016; Jia et al., 2019), and
the acquired data in the neuronal exosomes correlated to those
obtained from CSF samples (Jia et al., 2019). Increased CSF
levels of tau and 14-3-3 proteins and decreased concentration
levels of total PrP were found to be potential biomarkers for
prion diseases (Otto et al., 1997; Llorens et al., 2018). NfL and
phosphorylated forms of the neurofilament heavy chain have
been shown consistently to be increased in the CSF, plasma,
and serum of patients with ALS in several single- and multi-
center studies (Boylan et al., 2013; Lehnert et al., 2014; Lu et al.,
2015; Oeckl et al., 2016). However, NfL is associated with many
neurodegenerative diseases and is likely to be more useful as an
indicator of disease progression rather than diagnosis (Olsson
et al., 2019; Preische et al., 2019). Therefore, TDP-43 measured
in CSF may constitute a more promising biomarker for ALS
as it was demonstrated to be a main component in the disease
pathology (Neumann et al., 2006) and its concentration levels
are elevated in patients with ALS compared to healthy controls
(Kasai et al., 2009) and patients of other neurodegenerative or
inflammatory diseases (Table 1; Noto et al., 2011; Hosokawa
et al., 2014). Nevertheless, there is still a need for more
specific biomarkers obtained through minimally invasive means
for diagnosing patients reliably, ideally in early disease stages,
monitor their disease progression, and evaluate clinical-trial
outcomes. Similar needs exist for many rare neurodegenerative
and neuromuscular diseases, many of which are genetic (e.g.,
ataxias, myotonic dystrophies) and can be diagnosed based
on identifying the relevant mutant gene, but without reliable
progression biomarkers, conducting successful clinical trials is
a major challenge. Investigating new sources, such as CNS-
derived exosomes, promises to generate robust biomarkers for
neurodegenerative diseases through simple blood tests.

CNS-derived exosomes isolated from blood also have been
shown to be a useful source of biomarkers for other neurological
conditions, including stroke (Chen et al., 2016) and TBI (Winston
et al., 2019), and for following brain processes that are not
easily accessible, such as adult hippocampal neurogenesis (AHN)
(Luarte et al., 2017). The enrichment of exosomes derived
from specific brain cell types, such as neurons, astrocytes, and
recently oligodendrocytes by immuno-capture likely will provide
a more specific and useful source of diagnostic and progression

biomarkers compared to plasma or serum themselves or total
exosomes isolated from these biofluids. The fourth brain-cell
type, microglia, presents a unique challenge because microglia
share surface markers, which potentially could be used to
distinguish their exosomes from the other brain-cell types, with
peripheral monocytes and macrophages. In the absence of a
unique microglial marker presented on the exosomal membrane,
isolation of microglial exosomes from blood currently is
not possible.

An important practical challenge in the methodology
discussed above is the limited sample volume typically available
from biobanks or providing clinics and the minute number of
CNS-derived exosomes in such samples, necessitating the use
of high-sensitivity detection methods, such as single molecule
array (SIMOA, Quanterix, USA), electrochemiluminescence
ELISA (Meso Scale Discovery, USA) or Immuno magnetic
reduction (MagQu, Taiwan). Another potential difficulty,
discussed more in personal communication than represented
in the published literature, is the reproducibility of biomarker
analysis in CNS-derived exosomes. The challenges are both
the exosome-isolation process itself, which requires a high
level of expertise and precision, and the characterization of
the subsequent assays, which must be done for each assay
separately using multiple independent exosome preparations for
establishing acceptable intra- and inter-experiment coefficients
of variation. There is still a need for reproducible, standardized
protocols for isolation of exosomes and subsequent analysis
of biomarkers of interest. Nonetheless, the examples discussed
above demonstrate that exosome populations enriched from
specific brain cell-types hold potential as a promising source
of biomarkers for different neurodegenerative disorders and
it will be particularly interesting to compare biomarkers in
exosomes from different cell types side-by-side in the same
samples. Finally, a major difficulty specific for development
of diagnostic biomarkers for many neurodegenerative diseases
is the absence of samples from patients with a validated
diagnosis. To develop this field further, the establishment of
biobanks containing pathologically validated samples from
patients with neurodegenerative diseases and healthy controls
is essential.
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Diabetes affects hundreds of millions of patients worldwide. Despite the advances

in understanding the disease and therapeutic options, it remains a leading cause of

death and of comorbidities globally. Islet amyloid polypeptide (IAPP), or amylin, is a

hormone produced by pancreatic β-cells. It contributes to the maintenance of glucose

physiological levels namely by inhibiting insulin and glucagon secretion as well as

controlling adiposity and satiation. IAPP is a highly amyloidogenic polypeptide forming

intracellular aggregates and amyloid structures that are associated with β-cell death. Data

also suggest the relevance of unprocessed IAPP forms as seeding for amyloid buildup.

Besides the known consequences of hyperamylinemia in the pancreas, evidence has

also pointed out that IAPP has a pathological role in cognitive function. More specifically,

IAPP was shown to impair the blood–brain barrier; it was also seen to interact and

co-deposit with amyloid beta peptide (Aß), and possibly with Tau, within the brain of

Alzheimer’s disease (AD) patients, thereby contributing to diabetes-associated dementia.

In fact, it has been suggested that AD results from a metabolic dysfunction in the brain,

leading to its proposed designation as type 3 diabetes. Here, we have first provided a

brief perspective on the IAPP amyloidogenic process and its role in diabetes and AD. We

have then discussed the potential interventions for modulating IAPP proteotoxicity that

can be explored for therapeutics. Finally, we have proposed the concept of a “diabetes

brain phenotype” hypothesis in AD, which may help design future IAPP-centered drug

developmentstrategies against AD.

Keywords: Aß-42, Alzheimer’s disease, amylin, diabetes, IAPP, protein aggregation

INTRODUCTION

Amyloidogenesis is a process by which peptides spontaneously self-assemble into higher order
structures, namely oligomers, protofibrils, and mature amyloid fibrils (Martins et al., 2008; Maurer-
Stroh et al., 2010; Hauser et al., 2014). These mature amyloid fibrils are highly ordered structures
with fibrillar aggregates derived from different amyloidogenic amino acid sequences that share
common features (Maurer-Stroh et al., 2010). The current consensus is that the amyloid fibrils
are not the main cause of toxicity (Martins et al., 2008; Kuperstein et al., 2010; Hauser et al., 2014).
This seems to be mostly down to precursor oligomers and protofibrils, which are associated with a
number of the so-called amyloid diseases, including type 2 diabetes mellitus (T2DM), Alzheimer’s
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disease (AD), Parkinson’s disease, and cataracts (Hauser et al.,
2014; Cremades and Dobson, 2018).

T2DM, the most prevalent type of diabetes, is an islet amyloid
polypeptide (IAPP)-associated pathology (Cukierman et al.,
2005; Westermark et al., 2011; Yang and Song, 2013). Dementia
also represents a major public concern, affecting 50 million
people worldwide. AD, the most common form of dementia in
North America (Alzheimer’s Association, 2016; Bondi et al., 2017;
Lane et al., 2018), is associated with amyloid beta peptide 42 (Aß-
42) (Martins et al., 2008; Kuperstein et al., 2010). The amyloid
hypothesis on AD pathology is, however, called into question
by the undeniable role of Tau aggregation and other important
players, as has been reviewed (Makin, 2018).

There is much evidence to support the close association
between T2DM and AD. IAPP (also known as amylin) and Aß-
42 were proven to co-deposit, contributing to AD onset and
progression (Jackson et al., 2013; Wijesekara et al., 2017). In
addition, it the molecular interaction between Tau and IAPP
was recently proved (Arya et al., 2019). At last, AD is associated
with insulin resistance and an imbalance of glucose levels in the
brain (Cukierman et al., 2005; Yang and Song, 2013), earning
the designation of type 3 diabetes (T3DM) (de la Monte, 2014;
Kandimalla et al., 2017; Leszek et al., 2017). Given these links,
we have reviewed the mechanisms of IAPP dysfunction in
diabetes and dementia, particularly in AD, thus adding to the
recent view of multi-factorial contributions to both diseases.
Furthermore, we have also discussed the potential interventions
for modulating IAPP proteotoxicity that can be explored for
therapeutics, encouraging new venues for treatment.

IAPP AND DIABETES

Diabetes mellitus (DM) is one of the major causes of premature
illness and mortality worldwide (Federation, 2009). High blood
glucose levels and glucose intolerance, as a consequence of a
defective insulin production/secretion by pancreatic β cells (β-
cells) or insulin sensitivity (Stumvoll et al., 2005; Tan et al.,
2019), are the typical clinical features of the disease. In T2DM,
impairment and loss of β-cell mass has been associated with
diverse pathological phenomena, including glucolipotoxicity,
islet cholesterol accumulation, and islet inflammation (Poitout
and Robertson, 2002; Ishikawa et al., 2008; Brunham et al.,
2010; Donath and Shoelson, 2011). Equally important are the
current views that regard IAPP dyshomeostasis, intracellular
accumulation of IAPP oligomers, and IAPP amyloid deposition
in the islets of Langerhans as detrimental events in β-cell
dysfunction and disease (Kanatsuka et al., 2018).

IAPP is a 37-amino acid neuroendocrine hormone that
plays an important role in regulating metabolism and glucose
homeostasis (Figure 1A). In circulation, IAPP and insulin act as
synergistic partners: they stimulate the uptake of blood glucose
into muscle and fat tissues and inhibit the endogenous glucose
output from the liver, thus stabilizing the blood sugar levels
in post-meal conditions (Zhang et al., 2016). Physiologically,
IAPP also reduces the secretion of nutrient-stimulated glucagon,
regulates gastric emptying and satiation (Lutz, 2010; Akter et al.,

2016), and regulates blood pressure while having an effect on the
renin-angiotensin system (Wookey et al., 1998).

IAPP and insulin are co-secreted and processed by proprotein
convertase (PC) 1/3, PC 2, and carboxypeptidase E (Yonemoto
et al., 2008). During its biogenesis, IAPP is synthesized as
an 89-residue preprohormone (Sanke et al., 1988). Its signal
peptide is cleaved throughout the transport into the endoplasmic
reticulum (ER) to form proIAPP (Akter et al., 2016), which is
then processed in the late Golgi complex. To yield the mature
active form of the hormone, IAPP suffers amidation of the C-
terminal end, and a disulphide bond is formed between cysteines
at positions two and seven (Westermark et al., 2011; Akter
et al., 2016; Bower and Hay, 2016). Once produced, mature
IAPP is co-packaged with insulin in secretory granules of β-
cells to then be co-released in response to glucose (Kahn et al.,
1993; Gedulin et al., 1997; Zhang et al., 2016). In a pre-
diabetes/diabetes phenotypes, the increased production of insulin
is accompanied by augmented IAPP levels (Kahn et al., 1991;
Mulder et al., 1996). The overload and impairment of β-cell
processing machinery leads to the accumulation of unprocessed
IAPP forms (Westermark et al., 2000; Paulsson et al., 2006). These
events, together with the overwhelming of the ER, generate a
feed-forward cycle that promotes IAPP oligomerization, fibril
formation, and β-cell injury. Elevated proIAPP levels and
amyloid deposition in β-cells lacking PC1/3 and PC2 (Marzban
et al., 2006), as well as the presence of proIAPP in intracellular
fibrils (Paulsson et al., 2006), corroborate this idea. Despite
this, the role of unprocessed IAPP forms in the disease is not
fully understood.

Under pathological conditions, increased IAPP expression
and the generation of aberrant IAPP intermediates favor
misfolding, which leads to the formation of toxic aggregates
through a seeding-nucleation model, similar to prion replication
(Mukherjee et al., 2017). As misfolded molecules accumulate,
they build up into intracellular oligomers and larger amyloid
fibrils, which deposit in surrounding tissues, thus disrupting the
normal islet architecture and functioning (Zhang et al., 2016).
Deposits of aggregated IAPP are present in the pancreas of about
90% of T2DM patients, thus representing a histopathological
hallmark of the disease (Westermark and Grimelius, 1973;
Mukherjee et al., 2017). Corroborating the toxicity of these
aggregates in diabetes, the IAPP allele S20G, which raises IAPP
aggregation propensity (Sakagashira et al., 2000), has been
associated with premature onset diabetes and has accelerated
the decline of endogenous insulin secretion when compared to
non-S20G T2DM individuals (Morita et al., 2011). Moreover,
a transgenic mice model expressing human IAPP (hIAPP)
spontaneously developed amyloidosis, showing impaired insulin
production, β-cell loss, and fasting hyperglycemia (Janson et al.,
1996).

Although the link between IAPP aggregation and β-cell loss
seems to be convincing, there are some questions that remain
poorly understood, including (a) the initiation site and triggers
of amyloid formation, (b) the mechanisms of IAPP-mediated
toxicity in β-cell death, and (c) the nature of toxic IAPP
species (Kanatsuka et al., 2018). Initially, mature amyloid fibrils
were presumed to be the pathological structures (Lorenzo and
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FIGURE 1 | IAPP on physiological and pathological contexts and (poly)phenols-mediated protection. (A) In healthy conditions, IAPP is co-secreted with insulin to

regulate glucose metabolism and homeostasis in a post-meal condition. Several functions are attributed to IAPP: slowing down gastric emptying, thereby reducing

food intake and body weight; reducing glucose output from liver and glucagon secretion; and stimulating the renin-angiotensin system, vasodilation, and

(Continued)
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FIGURE 1 | blood glucose uptake. (B) In disease conditions, IAPP pathological species deposit in the pancreas and in brain microvasculature where they induce the

injury of small vessels and reach the brain parenchyma. In the brain environment, IAPP forms heterogeneous deposits with Aβ molecules increasing neurotoxicity.

Proteostasis imbalance caused by Aβ/IAPP and tau may promote a set of molecular changes that culminate in glucose homeostasis dysregulation, cell death, and

neurodegeneration. The molecular pathways of β-cell dysfunction are depicted: autophagy dysregulation; ER stress; UPP overload; membrane instability; and

mitochondrial damage. (C) Protection mediated by (poly)phenols is associated with the stabilization of IAPP monomers, the remodeling of amyloids, protofibrils, and

toxic oligomers to non-fibrillogenic “off-pathway” oligomers and monomers. Aβ, Amyloid beta; ER, Endoplasmic Reticulum; IAPP, Islet Amyloid Polypeptide; Ub,

Ubiquitin; UPP, Ubiquitin Proteasome Pathway.

Yankner, 1996), however, the current consensus is that toxicity is
mostly associated with soluble oligomers and protofibrils, which
may act as the trigger agents for β-cell depletion and diabetes
onset (Haataja et al., 2008; Zhao et al., 2009; Zhang et al., 2016).

Oligomeric IAPP species form ion-leaking pores in the
cell membranes (Gurlo et al., 2010; Li et al., 2016b), leading
to enhanced membrane fluidity, calcium dysregulation, and
decreased cell viability (Huang et al., 2010). IAPP oligomers have
also been found within disturbed mitochondrial membranes in
transgenic hIAPP mice and T2DM patients (Gurlo et al., 2010).
Unstable mitochondrial membrane potential induced by toxic
oligomers is thought to be involved in the overproduction of
reactive oxygen species (ROS), which are currently considered
to be potential initiators of IAPP toxicity (Konarkowska et al.,
2005). ER stress and impairment of proteasome function have
also been associated with hIAPP-induced toxicity (Casas et al.,
2007; Gurlo et al., 2010), however, in studies with cultured islets
producing IAPP at more physiological levels, ER stress was not
detected (Hull et al., 2009).

In heterozygous hIAPP+ mice with β cell–specific Atg7
deficiency (hIAPP+Atg71βcell mice), the accumulation of toxic
oligomers, the loss of β-cells, and diabetes development is
linked to autophagy disruption, and this is suggestive of a role
for autophagy in IAPP toxicity (Kim et al., 2014). Moreover,
inhibition of lysosomal degradation in HIP (hIAPP transgenic)
rats increases hIAPP-mediated toxicity, whereas autophagy
stimulation protects β-cells against hIAPP-induced apoptosis
(Rivera et al., 2011). Chronic inflammation is also observed
in local and systemic amyloidosis due to the activation of the
NLRP3 inflammasome by hIAPP aggregates (Masters et al.,
2010). A general view of IAPP pathological mechanisms is given
in Figure 1B.

IAPP PATHOLOGY IN THE BRAIN

AD was considered for a long period to be caused by
Aβ amyloidogenesis and/or Tau aggregation (Makin, 2018).
Indeed, the presence of extracellular Aβ-42 amyloid plaques
and intracellular aggregates of hyperphosphorylated Tau are the
classical diagnostic markers of the disease (Glenner et al., 1984;
Gotz, 2001; Gong et al., 2003). Aβ exists mainly in two forms, Aβ-
40 and Aβ-42, composed of 40 and 42 amino acids, respectively,
and the increase of the Aβ-42/Aβ-40 ratio is strongly correlated
with AD severity (Kuperstein et al., 2010). Given the importance
of these players in disease pathophysiology, AD research has
been so focused on them that other possible agents have been
somewhat overlooked.

More recently, IAPP has emerged as a novel player in AD
pathology (de la Monte and Wands, 2008; Wijesekara et al.,
2017; Norwitz et al., 2019; Qiu et al., 2019). Notwithstanding,
the mechanisms by which IAPP contributes to AD pathology are
still unclear and deserve further enquiry. It is known that IAPP
and Aβ interact with each other and that IAPP promotes Aβ

aggregation in a seeding-like manner, leading to the formation
of cross-seeded oligomers (Andreetto et al., 2010; Rezaei-Ghaleh
et al., 2011; Yan et al., 2014; Hu et al., 2015; Bakou et al., 2017;
Moreno-Gonzalez et al., 2017; Ge et al., 2018; Armiento et al.,
2019). Interestingly, an aggregation blocker mimicking IAPP has
been proven to work against Aβ (Yan et al., 2007).

Hyperamylinemia has been pointed out as a possible trigger
for IAPP misfolding and aggregation, which may cause damage
in the brain (Jackson et al., 2013) and other organs by
various mechanisms that include the toxic gain-of-function of
IAPP aggregates and the loss of IAPP physiological functions
(Westermark et al., 2011; Despa et al., 2012, 2014). In addition,
IAPP dyshomeostais may affect other organs, particularly the
brain, in Aβ-42-dependent and -independent manners. This is
illustrated by studies showing that IAPP deposition impairs brain
function regardless of Aβ-42 pathology (Srodulski et al., 2014)
and that the brain of AD patients can also have IAPP deposits,
alone or in the presence of Aβ-42 (Fawver et al., 2014), even
if clinical signs of diabetes are absent (Jackson et al., 2013;
Oskarsson et al., 2015). A remarkable aspect is the fact that
the IAPP analog pramlintide is able to have a neuroprotective
effect, both in AD pathogenesis as well as on cognition in
general (Adler et al., 2014). This is in line with observations
that the key regions involved in Aβ-42-IAPP interaction—the
interface amino acid residues—are at the same time high-
affinity binding sites in both the cross- and self-aggregation of
these molecules (Andreetto et al., 2010). Pramlintide possibly
modulates these interactions by preventing them or promoting
the formation of biologically inactive fibrils. However, the in
silico cross seeding of Aβ-42 and IAPP fibril-like oligomers still
needs to be complemented with further experimental evidence
to support this hypothesis (Berhanu et al., 2013). In addition
to Aβ-42, it was also reported that the major component of
cerebrovascular plaques in the AD brain, the Aβ-40, can cross-
seed IAPP fibrillization, suggesting that these two peptides might
populate states that cross-interact (O’Nuallain et al., 2004). Other
mechanisms by which IAPP dyshomeostasis exacerbates Aβ-42
toxicity in the brainmay include ROS generation (Jhamandas and
MacTavish, 2004; Lim et al., 2010) and the breakdown of insulin
degrading enzyme activity, which is responsible for insulin, IAPP,
and Aβ degradation (Kurochkin andGoto, 1994;McDermott and
Gibson, 1997).
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TABLE 1 | Effect of (poly)phenols on the aggregation of human IAPP.

Phenolic compound Experimental model Mechanism of action References

Baicalein • Cell-free • Inhibits the formation of β-sheet structures Mirhashemi, 2012

• Cell-free • Inhibits IAPP amyloid formation Velander et al., 2016

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Neutralizes IAPP-induced cytotoxicity in a dose

depend manner

Curcumin • Cell-free • Modulates IAPP self-assembly by unfolding

α-helix structures

Sparks et al., 2012

• Cell-free • Induces the dissociation of amyloid fibrils Shoval et al., 2008

• Cell-free • Alters the morphology and conformation of

IAPP aggregates

Daval et al., 2010

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Protects cells against amyloid-induced toxicity

ECG • Cell-free • Reduces the rate constants of first nucleation step of

amyloid fibril formation, inhibiting the first stages of

this process

Kamihira-Ishijima et al.,

2012

EGCG • Cell-free • Binds to specific conformers within an ensemble of IAPP

monomers, affecting the oligomerization process and

fibril assembly

Young et al., 2014a

• Cell-free • Delays the formation of β-sheet containing IAPP aggregates

• Stabilizes non-fibrillar large aggregates during fibrillogenesis

Suzuki et al., 2012

• Cell-free • Inhibits the formation of IAPP-NH2 fibrils

• Promotes the generation of IAPP-NH2

amorphous aggregates

Xu et al., 2017

• Cell-free • Remodels IAPP fibrils, but does not fully resolubilize them

to unstructured monomers

Cao and Raleigh, 2012

• Cell-free • Presents an amyloid remodeling activity that is dependent

on its auto-oxidation

Palhano et al., 2013

• Cell-free • Destabilizes IAPP oligomers

• Breaks the initial ordered pattern of two polymers,

decreases their β-sheet content, and enlarges their

conformational space

Wang et al., 2014

• Cell-free • Acts as an efficient amyloid inhibitor, especially in bulk

solution

• Does not disaggregate amyloid fibrils at a

phospholipid interface

Engel et al., 2012

• Cell-free • Binds to IAPP and induces the formation of

amorphous aggregates

Franko et al., 2018

• Cell-free • Disaggregates preformed amyloid fibrils derived from IAPP Meng et al., 2010

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Protect cells against IAPP-induced cytotoxicity

• RIPHAT transgenic mice expressing

hIAPP (sub-chronic administration)

• Reduces the amount of IAPP fibrils in the pancreas but

does not alter the disease clinical signs

Franko et al., 2018

EGCG/Al(III) • Cell-free • Inhibits IAPP fibrillation Xu et al., 2016

EGCG:Zn(II) complex • Cell-free • Suppresses IAPP amyloid aggregation, both in the

presence and absence of a lipid membranes

• Promotes the stabilization of a helical structure of IAPP

Lee et al., 2019

• RIN-5F rat pancreatic β-cell line

exposed to hIAPP aggregates

• Suppresses the cellular toxicity mediated by IAPP

Ferulic acid • Cell-free • Represses IAPP amyloid formation Mirhashemi, 2012

(Continued)
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TABLE 1 | Continued

Phenolic compound Experimental model Mechanism of action References

Fisetin • Cell-free • Inhibits the formation of β-sheet structures Aarabi and Mirhashemi,

2017

Genistein • Cell-free • Prevents the conformational transition of IAPP monomers

to β-sheet structures

• Decreases amyloid fibrillization

• Interferes with self-aggregation of IAPP oligomers

Ren et al., 2018

• RIN-5F rat pancreatic β-cell line

exposed to hIAPP aggregates

• Reduces IAPP cytotoxicity

• Increases cell viability, decreases cell apoptosis, and

reduces cell membrane leakage

Morin • Cell-free • Inhibits the generation of IAPP aggregates

• Promotes the disaggregation of preformed fibrils

• Inhibits insulin aggregation and prevents

conformational changes

Noor et al., 2012

• Cell-free • Changes the morphology, solvent accessible surface area,

and the secondary structure of IAPP pentamer

Wang et al., 2015b

Myricetin • Cell-free • Inhibits IAPP fibrillogenesis Zelus et al., 2012

• PC12 rat adrenal gland cell line exposed

to hIAPP aggregates

• Reduces IAPP-induced cytotoxicity

O4, orcein-related

small molecule

• Cell-like system (using artificial crowding

agents Ficoll 70 and sucrose)

• Generates globular, amorphous off-pathway assemblies,

inhibiting the polymerization of mature IAPP fibrils

Gao et al., 2015

Oleuropein aglycone • Cell-free • Favors the generation of off-pathway IAPP species Rigacci et al., 2010

• RIN-5F rat pancreatic β-cell line

exposed to hIAPP aggregates

• Reduces IAPP cytotoxicity

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Promotes glucose-stimulated insulin secretion

• Stimulates the ERK/MAPK signaling pathway

• Inhibits the cytotoxicity mediated by IAPP amyloids

Wu et al., 2017

PGG • Cell-free • Inhibits IAPP aggregation and amyloid-based

fiber formation

Bruno et al., 2013

• PC12 rat adrenal gland cell line exposed

to hIAPP aggregates

• Prevents the toxicity of IAPP oligomers

Quercetin • RIN-5F rat pancreatic β-cell line

exposed to hIAPP aggregates

• Modulates the aggregation propensity of IAPP

• Protects cells from IAPP cytotoxicity

• Reduces oxidative damage

López et al., 2016

(Continued)
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TABLE 1 | Continued

Phenolic compound Experimental model Mechanism of action References

Resveratrol • Cell-free • Stabilizes IAPP off-pathway oligomers Nedumpully-Govindan

et al., 2016

• Cell-free • Inhibits the stacking of IAPP oligomers, avoiding its

aggregation and accumulation

Jiang et al., 2011

• Cell-free • Promotes conformational changes of hIAPP1 pentamer

(alters secondary structures, order degree,

and morphology)

Wang et al., 2015a

• Cell-free • Inhibits IAPP aggregation in the presence of

aggregation-fostering negatively charged lipid interfaces

Evers et al., 2009

• POPG model membrane • Promotes the generation of secondary structures (sheets

and helices)

• Perturbs the interaction between IAPP and negative

charged membranes

Lolicato et al., 2015

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Arrests IAPP fibril generation and associated cytotoxic

effects at an early stage

Radovan et al., 2009

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Generates off-pathway non-toxic IAPP conformations

• Enhances cell survival

Mishra et al., 2009

• INS-1 rat pancreatic β-cell line

expressing hIAPP

• Decreases amyloid deposition and restores insulin

secretion, though only when autophagy is not blocked

Lv et al., 2019

Resveratrol derivate • POPC/POPS model membrane • Eliminates amyloid growth and

associated-membrane damage

Sciacca et al., 2018

Rosmarinic acid • Cell-free • Represses IAPP amyloidogenic aggregates by opening the

β-sheet conformation of these structures

• Reduces IAPP-mediated toxicity

Zheng and Lazo, 2018

Rutin • Cell-free • Inhibits IAPP misfolding, disaggregates IAPP oligomers and

reverts IAPP conformation toward the physiological state

Aitken et al., 2017

• FVB/NJ transgenic mice

expressing hIAPP

• Slows diabetes progression

• SH-SY5Y human neuroblastoma cell

line exposed to hIAPP aggregates

• Inhibits IAPP aggregation and reduces IAPP-induced

neurotoxicity and oxidative stress

• Reduces the production of ROS and NO

• Attenuates mitochondrial damage

Yu et al., 2015

• BV-2 mouse microglial cell line exposed

to hIAPP aggregates

• Inhibits IAPP aggregation and reduces IAPP-induced

neurotoxicity

• Increases GSH/GSSG ratio

• Reduces the production of MDA, GSSG and

pro-inflammatory cytokines (TNF-α and IL-1β)

Salvianolic acid B • INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Suppresses membrane permeabilization, mitochondrial

impairment, and cytotoxicity induced by IAPP

• Inhibits the formation of lower order oligomers and fibrils

Cheng et al., 2013

Silibinin • Cell-free • Binds to specific conformers within an ensemble of IAPP

monomers, affecting the oligomerization process and

fibril assembly

Young et al., 2014a

• Cell-free • Favors the 3+ IAPP monomer preventing oligomerization

• Disaggregates preformed fibrils into small

off-pathway oligomers

Young et al., 2014b

(Continued)
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TABLE 1 | Continued

• Cell-free • Inhibits IAPP fibrillization through the suppression of toxic

IAPP oligomerization

Cheng et al., 2012

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Reduces IAPP cytotoxicity in a dose-dependent manner

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Enhances estrogen receptors phosphorylation, leading to

downregulation of ROS/RNS production induced

by IAPP/Aβ-42

Yang et al., 2019a

• INS-1 rat pancreatic β-cell line exposed

to hIAPP aggregates

• Protects cells from IAPP-induced apoptosis through

activation of GLP-1R/PKA signaling

Yang et al., 2019b

8-β-d-

Glucopyranosylgenistein

• Cell-free • Interacts with IAPP oligomers, preventing

amyloid fibrillization

Jesus et al., 2014

• STZ-induced diabetic rats • Normalizes fasting hyperglycemia

• Ameliorates excessive post-prandial glucose excursions

• Increases β-cell sensitivity and insulin secretion

Al(III), Aluminum III; Aβ, Amyloid beta; ECG, Epicatechin-3-Gallate; EGCG, Epigallocatechin-3-Gallate; ERK, Extracellular-Signal-Regulated Kinase; FVB/NJ, Friend Virus B NIH

Jackson; GLP-1R, Glucagon-like Peptide-1 Receptor; GSH, Glutathione; GSSG, Glutathione disulfide; hIAPP, Human Islet Amyloid Polypeptide; hIAPP-NH2, Amidated Human

Islet Amyloid Poplypeptide; IL-1β, Interleukin-1beta; MAPK, Mitogen Activated Protein Kinase; MDA, Malondialdehyde; NO, Nitric Oxide; PGG, Pentagalloyl Glucose; PKA, Protein

Kinase A; POPC, 2-oleoyl-1-pamlitoyl-sn-glyecro-3-phosphocholine; POPG, 2-oleoyl-1-pamlitoyl-sn-glyecro-3-glycerol; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine;

RNS, Reactive Nitrogen Species; ROS, Reactive Oxygen Species; STZ-induced diabetic rat, Streptozotocin-induced diabetic rat; TNF-α, Tumor Necrosis Factor-alpha; Zn(II), Zinc II.

As IAPP produced in the pancreas was shown to cross
the blood–brain barrier (Banks et al., 1995; Banks and Kastin,
1998) and to act on brain receptors, another important aspect
of IAPP pathophysiology in the brain is its role in neuronal
network function. Therefore, the effects of IAPP on neuronal
and glial cells have been investigated (Chaitanya et al., 2011;
Xi et al., 2019). As the primary site of IAPP action, the area
postrema (AP) is the brain structure best characterized in terms
of IAPP effects.While IAPP was shown to promote the formation
of AP neuronal projections in neonatal rodents, in adult
Wistar rats, IAPP injections were reported (1) to affect genes
controlling neurogenesis, particularly NeuroD1, (2) to increase
the number of newly proliferated AP-cells, and (3) to promote
differentiation of these cells into neurons (Liberini et al., 2016).
A study to investigate the mechanism by which IAPP modulates
neuronal excitability in AP neurons in rat brainstem slices
revealed that IAPP induced changes in excitatory responses of
neurons not displaying the hyperpolarization-activated cation
current. Furthermore, this study revealed that IAPP receptors
were mainly located on presynaptic glutamatergic terminals
connecting these neurons and that IAPP can increase glutamate
release enough to cause cell firing (Fukuda et al., 2013). Likewise,
hIAPP was shown to cause a dose-dependent membrane
depolarization and an increase in firing frequency in neurons of
the diagonal band of Broca, a cholinergic basal forebrain nucleus,
in rats (Li and and Li, 2012). Hence, IAPP dysregulationmay have
important implications in neuronal function. IAPP receptors
were also proven to be mediators of the deleterious actions of
Aβ-42 in human neurons (Jhamandas et al., 2011). In this sense,
amylin receptors are seen as potential targets for AD therapies
(Fu et al., 2017).

AD is also considered a metabolic disease to a large extent.
It is clear that the brain loses its capacity to deal with glucose
and to respond to insulin and insulin-like growth factor (IGF)

(Rivera et al., 2005; Liu et al., 2011; Talbot et al., 2012). The
inability to respond to insulin and IGF leads to brain “starvation”
and neuronal loss (de la Monte et al., 2009; de la Monte, 2012).
Moreover, reducing the activity of the insulin/IGF signaling
cascade seems to protect from AD-like neurodegeneration in
nematodes, possibly by promoting more densely packed (and less
toxic) amyloid fibrils (Cohen and Goedert, 2004; El-Ami et al.,
2014). Thus, the link between AD and insulin/IGF exists, but it is
not easy to decipher. However, some of the mechanisms involved
are becoming clear. For example, the kinases that promote
Tau phosphorylation, causing cell death, become increasingly
activated due to insulin resistance (Schubert et al., 2003, 2004).
Then, Aβ-42 and its precursor protein levels also increase in the
brain as a result of insulin resistance (Messier and Teutenberg,
2005). One can state that, what could be called the “brain
diabetes phenotype,” i.e., increased resistance to insulin and to
IGF, can result in the appearance of classical AD molecular
biomarkers. Besides these clear links between diabetes and AD-
related peptides and proteins, the physiological functioning of
insulin and IGF promotes neuronal growth, differentiation, and
the formation of synapses, the lack of which is associated with
dementia (Takeda et al., 2010; Westwood et al., 2014). Overall,
insulin and IGF are required for synaptic plasticity and are
necessary for the cognitive function, themechanisms of which are
only partially explained (Qiu et al., 1998; Wickelgren, 1998; Zhao
and Alkon, 2001). Oxidative stress is also associated with AD and
diabetes as well as advanced glycation end products (Ramasamy
et al., 2011; Silveira et al., 2019).

Although studies focusing on IAPP, insulin, and IGF are
stimulating and may lead to exciting developments, one must be
careful to draw definitive conclusions regarding multi-factorial
diseases such as AD, even if it has been analyzed through the
prism of the glucose metabolism. The road to a treatment for AD
is full of failed starts and drug-development pipeline failures even
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if one (partially) understands the mechanism involved (Berhanu
et al., 2013). The fact that aging implies reductions in insulin
and IAPP release (Dechenes et al., 1998) provides important
clues that, in retrospect, should not have been overlooked for
so long (Despa and Decarli, 2013). The most powerful process
may be related to IGF-I, which has been shown to protect
and rescue hippocampal neurons from Aβ-42 neurotoxicity and
IAPP-induced toxicity, as a two-in-one solution. This was already
reported over 20 years ago (Doré et al., 1997), but, inexplicably,
it was somewhat ignored. This is no longer the case: the role of
IAPP in AD is not overlooked, as IAPP is even seen as the second
amyloid of AD pathology, a promising approach to understand
IAPP in relation to AD (Fawver et al., 2014). A curious finding
is that Aβ-42 directly activates the amylin-3 receptor subtype,
which may have major implications in AD pathology (Fu et al.,
2012) as well as in the “brain diabetes phenotype” that we have
proposed here. Moreover, it may also explain why pramlintide,
which acts on rat and human amylin receptors (Gingell et al.,
2014), can be protective in AD. Interestingly, Aβ-42 expressed
on human neurons can bind to amylin receptors (Jhamandas
et al., 2011), thereby triggering activation of apoptotic genes,
as IAPP does (Jhamandas and Mactavish, 2012). The activity
of these molecules on the brain may lead to neuronal death,
particularly in AD patients, thus explaining their phenotypic
profiles (Kawarabayashi et al., 2001; Dubois et al., 2016; Li and
Huang, 2016; Li et al., 2016a).

STRATEGIES FOR REDUCING IAPP
PROTEOTOXICITY USING NATURAL
COMPOUNDS

The links between IAPP and AD have not gone unnoticed,
with some authors presenting relevant reviews on the topic and
hinting at possible therapeutic strategies (Despa and Decarli,
2013; Jackson et al., 2013; Bharadwaj et al., 2017; Mietlicki-
Baase, 2018). The role of IAPP is undeniably relevant in
both diabetes and AD. Therefore, attempting to modulate
the oligomerization process or block its cytotoxicity is an
appealing venue for therapeutic strategies. Different approaches
have been attempted to block protein aggregation (Figure 1C).
Efforts have been made to interfere with the oligomerization
process itself by (i) stabilizing the monomer, (ii) remodeling
small oligomers from a fibrillogenic to non-fibrillogenic form,
thereby creating “off-pathway” oligomers, and (iii) reverting
fibrils to monomers or other intermediate species (Pithadia
et al., 2016; Table 1). Another strategy is to revert the
pathological effects of oligomers in cellular homeostasis,
such as ER stress, mitochondrial damage, cell membrane
permeabilization, autophagy impairment, inflammation, and β-
cell death (Kiriyama and Nochi, 2018).

The pleiotropic action of (poly)phenols toward chronic
diseases, particularly diabetes, is well-documented (Bahadoran
et al., 2013; Panickar, 2013; Jasmin and Jaitak, 2019; Silveira et al.,
2019). Most importantly, (poly)phenols have been linked to the
inhibition of aggregation of proteins such as IAPP and Aβ-42
(Pithadia et al., 2016; Sequeira and Poppitt, 2017; Dhouafli et al.,
2018). It has been shown that different classes of (poly)phenols

may interfere with different steps of the oligomerization process
(Ladiwala et al., 2011). The lower toxicity of these compounds
compared to synthetic molecules gives them an advantage as
future therapeutics. However, there is an urgent need for the
validation of their therapeutic potential in pre-clinical studies, as
most of the evidences derives from cell-free and in vitro assays
(Table 1).

Epigallocatechin gallate (EGCG) and resveratrol are the
most-studied compounds. EGCG has been proved to remodel
IAPP oligomers, create “off-pathway” intermediates, and prevent
monomers from shifting into β-sheet structures, a critical step in
early-stage aggregation processes (Bieschke et al., 2010; Young
et al., 2014a; Nedumpully-Govindan et al., 2016). Resveratrol
has also been suggested as an inhibitor of both IAPP and Aβ-
42 pathological effects. It was reported to lower intracellular
and secreted levels of Aβ-42 and also to stimulate intracellular
degradation (Marambaud et al., 2005). However, resveratrol
seems to be less effective than EGCG and inefficient in
preventing amyloid formation (Tu et al., 2015). In addition,
(poly)phenols have an important role in reducing oligomer-
induced cytotoxicity by modulating oxidative stress (Chakrabarti
et al., 2013), inflammation (Apetz et al., 2014), and autophagy
(Rigacci et al., 2015). A compilation of (poly)phenols as bioactive
components modulating IAPP toxicity is given in Table 1.

CONCLUDING REMARKS

This study shows how an “old story” can originate ground-
breaking knowledge and create new venues for a therapeutic
approach. The first high-impact paper describing IAPP as a
relevant factor for T2DM was published in 1994 (Lorenzo et al.,
1994). Since then, even though it took a long time for this field
to be pursued, knowledge has come a long way. It is now clear
that direct brain microvascular injury, leading to white matter
disease, is unequivocally originated by elevated IAPP levels in
diabetes (Ly et al., 2017), further supporting the “diabetes brain
phenotype” hypothesis that we have proposed here.

This change of approach is as cutting-edge as the finding that
amyloid fibrils precursors, but not the amyloid fibrils themselves,
are the cause of toxicity (Martins et al., 2008). We believe that
this study, and others that reflect on the role of IAPP in AD
in an unbiased manner (Mietlicki-Baase, 2018) complemented
by further experiments, will certainly pave the road to future
IAPP-centered drug development strategies against AD, as we
considering it as the result of a “diabetes brain phenotype.” Such
a view will certainly yield major therapeutic advances.
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Intramembrane-cleaving proteases (I-CLiPs) catalyze the hydrolysis of peptide bonds
within the transmembrane regions of membrane protein substrates, releasing bioactive
fragments that play roles in many physiological and pathological processes. Based
on their catalytic mechanism and nucleophile, I-CLiPs are classified into metallo,
serine, aspartyl, and glutamyl proteases. Presenilin is the most prominent among
I-CLiPs, as the catalytic subunit of γ-secretase (GS) complex responsible for cleaving
the amyloid precursor protein (APP) and Notch, as well as many other membrane
substrates. Recent cryo-electron microscopy (cryo-EM) structures of GS provide new
details on how presenilin recognizes and cleaves APP and Notch. First, presenilin
transmembrane helix (TM) 2 and 6 are dynamic. Second, upon binding to GS, the
substrate TM helix is unwound from the C-terminus, resulting in an intermolecular β-
sheet between the substrate and presenilin. The transition of the substrate C-terminus
from α-helix to β-sheet is proposed to expose the scissile peptide bond in an
extended conformation, leaving it susceptible to protease cleavage. Despite the
astounding new insights in recent years, many crucial questions remain unanswered
regarding the inner workings of γ-secretase, however. Key unanswered questions
include how the enzyme recognizes and recruits substrates, how substrates are
translocated from an initial docking site to the active site, how active site aspartates

Abbreviations: I-CLiPs, intramembrane-cleaving proteases; GS, γ-secretase; APP, amyloid precursor protein; cryo-EM,
cryo-electron microscopy; SREBPs, sterol regulatory element-binding proteins; AD, Alzheimer’s disease; S2P, site-2-protease;
S1P, site-1-protease; TM, transmembrane helix; IAP, intramembrane aspartate protease; PS, presenilin; SPP, signal peptide
peptidase; TMD, transmembrane domain; PSH, presenilin homolog; NTF, amino-terminal fragment; CTF, carboxy-terminal
fragment; SANS, small angle neutron scattering; Rce1, Ras and a-factor converting enzyme 1; MmRce1, Methanococcus
maripaludis homolog of Rce1; ZMPSTE24, zinc metallopeptidase STE24; Aβ, amyloid-β peptide; APPTM, transmembrane
domain of APP; C99, C-terminal fragment containing 99 amino acid residues; AICD, APP intracellular domain; FAD,
familial Alzheimer’s disease; PSEN1 and PSEN2, presenilin 1 and 2 genes; NICD, Notch intracellular domain; NCT,
nicastrin; APH-1, anterior pharynx-defective 1; PEN-2, presenilin enhancer 2; DpNCT, Dictyostelium purpureum homolog
of nicastrin; HsNCT, human nicastrin; ECD, extracellular domain; CSP, chemical shift perturbation; GSIs, γ-secretase
inhibitors; dUVRR, deep-ultraviolet resonance Raman spectra.
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recruit and coordinate catalytic water, and the nature of the mechanisms of processive
trimming of the substrate and product release. Answering these questions will have
important implications for drug discovery aimed at selectively reducing the amyloid load
in Alzheimer’s disease (AD) with minimal side effects.

Keywords: I-CLiPs, γ-secretase, substrate, interaction, Alzheimer’s disease

FOUR CLASSES OF
INTRAMEMBRANE-CLEAVING
PROTEASES

Intramembrane-cleaving proteases (I-CLiPs, also called IMPAS)
carry out regulated intramembrane proteolysis (RIP). They
hydrolyze peptide bonds buried inside the membrane lipid
bilayer (Brown et al., 2000) and release bioactive fragments
(Haze et al., 1999; Niwa et al., 1999; Lal and Caplan, 2011;
Lichtenthaler et al., 2011). Numerous I-CLiP substrates have
been discovered, including the sterol regulatory element-
binding proteins (SREBPs; Brown and Goldstein, 1997), the
membrane receptor Notch (Selkoe and Kopan, 2003), and the
amyloid precursor protein (APP; Annaert and De Strooper,
1999). I-CLiPs therefore play crucial roles in a variety of
biological processes, including embryonic development, immune
responses, and normal function of the nervous system. In
addition, I-CLiPs contribute to many diseases such as cancer
and Alzheimer’s disease (AD; Winter-Vann and Casey, 2005;
Lichtenthaler et al., 2011; Düsterhöft et al., 2017).

Based on their catalytic mechanisms, I-CLiPs are classified
into four families: rhomboid serine proteases (Wu et al., 2006),
S2P-metalloproteases (Feng et al., 2007), di-aspartyl proteases
(Fluhrer et al., 2009), and glutamyl proteases (Manolaridis et al.,
2013). Although six classes of soluble proteases are known,
I-CLiPs using cysteine or threonine as catalytic residue have
not yet been identified. In the 3D structures of I-CLiPs, the
polar catalytic residues are located well below the membrane
surface, shielded from hydrophobic membrane environment
by surrounding transmembrane helices (TMs), whereas water
molecules are readily accesible to the catalytic residues through
a hydrophilic chamber or channel.

Serine I-CLiPs
Rhomboids constitute a large superfamily of serine I-CLiPs,
which are involved in developmental signaling in Drosophila
(Wasserman and Freeman, 1997), host invasion of protozoan
parasites (Sibley, 2013), and human diseases such as cancer and
neurodegeneration (Bergbold and Lemberg, 2013; Düsterhöft
et al., 2017). Rhomboids have been intensely studied as model
I-CLiP and also for their biological importance (see an excellent
review by Strisovsky et al., 2009; Tichá et al., 2018). The
rhomboid fold is composed of six TMs named TM1 to
TM6 (Figure 1A). The catalytic dyad, serine (on TM4) and
histidine (on TM6), is located at a V-shaped cavity accessible
to the aqueous phase at a distance of 10–12 Å below the
membrane surface (Wang et al., 2006; Wu et al., 2006; Ben-Shem
et al., 2007; Figure 1A). During intramembrane proteolysis,
the histidine activates the catalytic serine for a nucleophilic

attack on substrates (Lemieux et al., 2007). Rhomboids recognize
the helical TMs and a linear segment adjacent to the TMs
of their substrates (Strisovsky et al., 2009). Structural and
modeling studies proposed that the TMs of the substrates may
bind the rhomboid at the interface of TM2 and TM5, where
TM5 plays the role of the substrate gate (Baker et al., 2007;
Xue and Ha, 2013; Zoll et al., 2014; Shokhen and Albeck,
2017). Binding studies reveal a role of allostery in catalysis.
Dimerization of rhomboids is required for the formation of an
exosite and subsequent allosteric substrate binding and activation
(Arutyunova et al., 2014).

Metalloproteases
Site-2 proteases (S2Ps) constitute another family of
metalloproteases, which activate membrane-bound transcription
factors through RIP. S2Ps have been well studied in the context
of cholesterol metabolism, with a zinc ion at its active site
(Sun et al., 2016). After site-1 protease (S1P) cleavage, S2P
cleaves SREBPs. The N-terminus of SREBP is then released
and enters the nucleus to activate genes for biosynthesis and
uptake of cholesterol (Sakai et al., 1996; Brown and Goldstein,
1997). An X-ray structure of Methanocaldococcus jannaschii
S2P (mjS2P; Figure 1B), an S2P ortholog, revealed six TMs
and three β-strands. The zinc ion, ∼14 Å below the membrane
surface, is coordinated by two histidine residues in an HEXXH
motif (‘‘H’’ is histidine, ‘‘E’’ is glutamate, and ‘‘X’’ is any amino
acid) in TM2 and an aspartate in TM4 (Feng et al., 2007). Two
conformations were identified: an open state and a closed state
(Figure 2A). In the closed conformation, water accesses zinc
via a polar channel open to the cytoplasmic side. In the open
conformation, the TM1 and TM6 are separated by 10–12 Å,
forming a cleft for substrate entry and positioning the catalytic
zinc towards the substrate (Figure 2B).

Di-Aspartyl Proteases
Di-aspartyl intramembrane proteases are characterized by a
pair of catalytic aspartates. One of their catalytic aspartates is
contained within the signature GXGD motif (‘‘G’’ is glycine,
‘‘X’’ is any amino acid, and ‘‘D’’ is aspartate; Steiner et al.,
2000; Fluhrer et al., 2009). Di-aspartyl intramembrane proteases
are involved in many fundamental processes such as cell
differentiation, development, immune surveillance, and virus
maturation. This family has two key members: presenilin (PS)
and signal peptide peptidase (SPP; Weihofen et al., 2002). PS
is the catalytic subunit of γ-secretase (GS; Wolfe et al., 1999;
Li et al., 2000), which cleaves Notch and APP transmembrane
domain (TMD; Francis et al., 2002; Haass and Steiner, 2002),
among over 90 substrates (Beel and Sanders, 2008). PS homologs
(PSHs) can also cleave APP at the two major cleavage sites
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FIGURE 1 | Representative structures of four I-CLiP families. Catalytic residues are labeled on the schematic structure, and the catalytic cavities are shown in the
crystal structure from either the extracellular (or luminal) side or cytoplasmic side. (A) Serine protease rhomboid (GlpG, PDB: 2NRF). (B) Metalloprotease S2P (mjS2P
PDB: 3B4R). (C) Aspartate protease MCMJR1, aka presenilin homolog (PSH, PDB: 4HYG). (D) Glutamyl I-CLiP (mmRce1 PDB: 4CAD).

of PS (Torres-Arancivia et al., 2010; Naing et al., 2018a): the
γ-site and the ε-site, generating Aβ42 and Aβ48, respectively
(Naing et al., 2018a). A ∼3.3-Å resolution crystal structure
of an ortholog from Methanoculleus marisnigri (MCMJR1)
showed nine TMs (Figure 1C) with TM1–TM6 equivalent to
the amino-terminal fragment [N-terminal fragment (NTF)] and
TM7–TM9 equivalent to the C-terminal fragment (CTF) of PS
formed by autoproteolysis of GS (Li et al., 2013). TM1–TM6 tilt
at angles of 15–35◦ away from the lipid membrane surface and
form a horseshoe-shaped structure surrounding the CTF TMs.
The active site aspartates (Asp 162 on TM6 and Asp 220 on
TM7) are located in a cavity accessible from the cytoplasmic side,
approximately 8 Å from the membrane surface. The structure
of MCMJR1 characterized by small angle neutron scattering

(SANS) is smaller than the crystal structure, indicating that the
enzyme may be more compact in solution (Naing et al., 2018b).

Glutamyl Proteases
Ras converting enzyme 1 (Rce1) is a glutamate intramembrane
protease (Manolaridis et al., 2013) found in the endoplasmic
reticulum. Rce1 carries out posttranslational modifications of
proteins with a C-terminus CAAX motif (‘‘C’’ is cysteine,
‘‘A’’ is an aliphatic amino acid, and ‘‘X’’ is any amino acid
residue; Figure 3; Boyartchuk et al., 1997). Substrates of
Rce1 include Ras and prelamin A. Rce1 cleavage of these
substrates is necessary for their function. The posttranslational
modifications of CAAX proteins include cysteine isoprenylation,
−AAX release, and methylation of the exposed C-terminal
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FIGURE 2 | Open and closed conformations of mjS2P. (A) Crystal structures
of the closed and open states of mjS2P, a metallo I-CLiP, and (B) cytoplasmic
view of the catalytic cavity in the closed state and the cleft in the open state.

carboxyl of isoprenylcysteine (Figure 3; Schmidt et al., 1998).
The Rce1 is the prenyl endopeptidase responsible for the release
of the C-terminal −AAX peptide. These modifications are
required for proper localization of the Ras protein (Michaelson
et al., 2005) and can affect various signaling pathways during
differentiation, proliferation, and oncogenesis (Winter-Vann
and Casey, 2005; Christiansen et al., 2011). A crystal structure of
the Rce1 ortholog from Methanococcus maripaludis (MmRce1)
reveals eight TMs (Figure 1D; Manolaridis et al., 2013).
TMs 4–7 form a conical cavity with an opening towards
the cytosol, allowing solvent access and prenylated substrate
accommodation. The catalytic dyad, a glutamate and a histidine,
is located in the cavity approximately 10 Å away from the
membrane surface.

Finally, a hybrid I-CLiP, ZMPSTE24, is a zinc metalloprotease
that matures lamin A, a nuclear scaffold protein, through
recognizing a CAAX motif (Pendás et al., 2002). Mutations
in ZMPSTE24 are associated with premature aging, such as
in Hutchinson–Guilford progeria syndrome (HGPS; Navarro
et al., 2014). ZMPSTE24 resides in the inner nuclear membrane
and is also known as farnesylated-protein converting enzyme
1 (FACE-1), and Ste24 in yeast. After farnesylation of the
C-terminal CAAX motif, prelamin A is cleaved by either
Rce1 or ZMPSTE24, and then the C-terminal cysteine residue
is carboxymethylated (Figure 3). ZMPSTE24 further cleaves
a 15-residue CTF, resulting in mature lamin and its release
from the nuclear membrane. In progeroid conditions caused
by ZMPSTE24 mutation, farnesylated and methylated prelamin
accumulates in the nuclear membrane. ZMPSTE24 contains
an extraordinary intramembrane chamber, large enough to

accommodate a ∼10-kDa protein or ∼450 water molecules
(Pryor et al., 2013). The active site residues are facing
the chamber, with an arrangement almost identical to
bacterial thermolysin.

GS IN HEALTH AND DISEASE

GS is reported to cleave over 90 substrates (Beel and Sanders,
2008). Conversely, aberrant GS cleavage is associated with many
diseases, including cancer, skin disorder, and neurodegenerative
diseases (Shih and Wang, 2007; Kelleher and Shen, 2010). Here,
we highlight the two most prominent GS substrates, APP and
Notch, which are involved in AD and cancer, respectively.

GS and AD
Amyloid plaques are a hallmark of AD pathology, which
are mainly composed of aggregated amyloid-β (Aβ) peptides.
Aβ deposits have been proposed as the initial trigger in the
decade-long progression towards neurodegeneration in AD
(Tanzi and Bertram, 2005), which leads to tau pathology
and eventually widespread neuroinflammation. Aβ peptides are
produced from APP by the consecutive action of two proteases,
β-secretase and GS. β-Secretase sheds the ectodomain of APP,
generating C99 and the N-terminus of the subsequent Aβ species
(Mullard, 2017). GS is the I-CLiP that cleaves within the TM of
APP (APPTM), releasing different lengths of Aβ peptides into
the extracellular matrix or endosome lumen (Qi-Takahara et al.,
2005; Takami et al., 2009). Longer Aβ peptides (e.g., Aβ42 and
Aβ43) are particularly prone to aggregation.

There are two APP processing pathways (Figure 4). In
the non-amyloidogenic pathway, APP is first cleaved by α-
secretase to generate C83, and further cleavage of GS can
no longer generate Aβ. In the amyloidogenic pathway, APP
is first cleaved by β-secretase to generate a membrane-bound
CTF containing 99 amino acid residues (C99). C99 is then
the substrate of GS to generate Aβ, the pathogenic peptide
for AD (Lichtenthaler et al., 2011), while the APP intracellular
domain (AICD) is liberated into the cytoplasm (Haass and
Steiner, 2002). β-Secretase and GS both localize to the lipid
rafts of cell or organellar membranes, and cholesterol plays
an important role in the enzyme activity (Tun et al., 2002;
Urano et al., 2005). The observation of different lengths of Aβ

peptides suggests a successive C-terminal trimming mechanism
of GS after the initial ε-cleavage (Qi-Takahara et al., 2005;
Takami et al., 2009). In addition to Aβ40 and Aβ42, Aβ38,
Aβ43, Aβ45, Aβ46, and Aβ48 are also identified. Starting from
two initial ε-cleavage sites ε48 and ε49, Aβ40, Aβ43, and
Aβ46 are generated from Aβ49 through successive shedding of
tripeptides. Non-transitional state GS inhibitors (GSI), DAPT
and Compound E, suppress intracellular Aβ40 production
while increasing Aβ43 and in turn Aβ46 levels (Qi-Takahara
et al., 2005). Aβ45, Aβ42, and Aβ38 are generated from Aβ48
(Figure 4). These two product lines have been established using
LC–MS/MS (Takami et al., 2009). The stepwise cleavage sites
are named ε48/ε49, ζ45/ζ46, ζ42/ζ43, and γ38/γ40 (Lichtenthaler
et al., 2011; De Strooper and Chávez Gutiérrez, 2015; Langosch
and Steiner, 2017).
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FIGURE 3 | The posttranslational modification of proteins with a C-terminus CAAX motif by Rce1, a glutamyl IMP. In CaaX, “C” is cysteine, “A” is an aliphatic amino
acid, and “X” is any amino acid. The posttranslational modifications of CAAX proteins include the cysteine isoprenylation, the −aaX release, and carboxyl methylation
of the exposed isoprenylcysteine. The Rce1 is the prenyl endopeptidase for the release of the C-terminal −aaX peptide. These modifications are required for proper
localization of the Ras to the membrane.

FIGURE 4 | The generation of Aβ40 and Aβ42 from amyloid precursor protein (APP). α-Secretase and β-secretase are the sheddases generating C83 and C99 from
APP, respectively. γ-secretase (GS) is the I-CLiP that carries out intramembrane proteolysis of C99 to generate Aβ, a pathogenic peptide in Alzheimer’s disease (AD).

Aβ peptides can aggregate into oligomers and fibrils. Longer
Aβ forms, such as Aβ42 and Aβ43, are especially prone
to aggregation and are therefore much more toxic (Makin,

2018). Mutations in APP on chromosome 21q (Levy et al.,
1990; Goate et al., 1991; Tanzi and Bertram, 2005; Bertram
et al., 2010) and in PS 1 and 2 genes (PSEN1 and PSEN2,
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respectively) on chromosomes 14 and 1 (Levy-Lahad et al.,
1995; Rogaev et al., 1995; Sherrington et al., 1995) can cause
early-onset familial Alzheimer’s disease (FAD), characterized
by an increased Aβ42/Aβ40 ratio biochemically. The most
common FADmutations occur in PS, underlining the important
biological role for GS. The successive cleavage of the APP
substrates progressively destabilizes the GS–Aβn complex with
the shortening of the Aβn. It has been shown that PSEN
mutations will further destabilize the Aβn–GS complex, resulting
in the release of longer Aβn (Szaruga et al., 2017) and raising the
Aβ42/Aβ40 ratio.

As a GS substrate, the local conformation and dynamics of
APPTMcontribute to the observed cleavage sites. A right-handed
APPTM helical dimer was characterized by nuclear magnetic
resonance (NMR) in solution (Figure 5A). In the same study,
FAD mutations V44M and V44A within APPTM were found
to selectively expose the T48 site for fast solvent exchange.
This may promote T48 for the initial ε-cleavage over L49 and
consequently shift cleavage preference towards Aβ42 production
(Chen et al., 2014).

GS and Notch Signaling
Notch signaling is involved in neurogenesis, synapse growth
and plasticity, and neuronal death in vertebrates (Kopan and
Ilagan, 2009). The Notch receptor is a single-span membrane
protein like APP. For Notch-1, the TMD is from residues
Ala1732 to Ser1757, terminated by a cluster of basic residues:
1758RKRRR1762, similar to the APP intracellular juxtamembrane
region 724KKK726 (Deatherage et al., 2017; Figures 5A,B). In
the Notch signaling pathway, Notch precursors are cleaved by a
furin-like convertase at Site-1 (S1), generating the mature Notch
receptor, a 2,500-residue membrane protein. The shedding of
the Notch ectodomain following S1 cleavage is carried out by
ADAM, a metalloprotease, which is referred to as Site-2 (S2)
cleavage. After shedding, the Notch receptor undergoes cleavage
by GS, which, like APP, is Processive (van Tetering and Vooijs,
2011). For Notch-1, the initial cleavage, which is called the Site-3
(S3) cleavage, mainly occurs at Val1754 (Figure 5B), releasing a
large Notch intracellular domain (NICD; Deatherage et al., 2017).
The NICD translocates to the nucleus, forming an activator
complex (Kitagawa, 2015). The processive cleavage stops at Site-4
(S4), mainly at Ala1742, and an extracellular domain (ECD)
peptide (Nβ) terminating at residue 1741 is released (Deatherage
et al., 2017). PS1 mutations associated with FAD also cause
a shift in the Nβ cleavage site, in a similar manner to Aβ

(Okochi et al., 2006).

Targeting GS for AD Drug Discovery
A major theme in AD drug discovery is to reduce amyloid by
inhibiting GS. To date, however, clinical trials of GSIs have failed
due to severe side effects and worsening cognitive functions in
patients. The so-called Notch-sparing APP-selective inhibitors,
which preferentially inhibit APP cleavage over Notch by GS,
did not show reduced toxicity (Crump et al., 2012; Tong et al.,
2012). Another strategy in AD drug discovery is to develop GS
modulators (GSM), which bias GS activity towards generating
shorter, less toxic Aβ peptides (Bursavich et al., 2016). Given

FIGURE 5 | The sequence and solution structure of the transmembrane
domain (TMD) of Notch-1 and APP. (A) The solution nuclear magnetic
resonance (NMR) structure of Notch-1 TMD (PDB: 5KZO), C99 TMD (PDB:
2LP1), and APPTM TMD dimer (PDB: 2LZ3). The major cleavage S3 site on
Notch-1 and Aβ42 cleavage sites on C99/APPTM are labeled red. The
juxtamembrane domains lysine (K) and arginine (R) are indicated. (B) The
sequence and topology of Notch-1 TMD (adapted with permission from
Deatherage et al., 2017; copyright 2017 American Association for the
Advancement of Science) and APP-C99 (adapted with permission from Beel
et al., 2008; copyright 2008 American Chemical Society). Black arrows
indicate the direction of the helices from N- to C-termini. Important residues
are color coded: the positively charged juxtamembrane domain residues are
labeled blue. In Notch-1, the major S3 cleavage site Val1754 and major
S4 cleavage site A1742 are labeled red. In APP-C99, the Aβ40 cleavage sites
are labeled green, and the Aβ42 cleavages sites are labeled red/orange. A
table of APPTM residue numbering is provided in the context of both APP
and C99.

the complexity of the role of GS in biology beyond Notch and
APP, it is imperative that the molecular details of GS interactions
with substrates be understood to inform an effective strategy for
discovering disease-modifying drugs in AD.

STRUCTURES OF APO GS AND
ITS SUBUNITS

There are four essential components of GS: PS (also abbreviated
as PSEN), nicastrin (NCT), anterior pharynx-defective 1
(APH-1), and PS enhancer 2 (PEN-2; Kimberly et al., 2003;
Figure 6A). The catalytic subunit, PS, consists of nine TMs with
two catalytic aspartates, Asp257 and Asp385, located in TM6 and
TM7, respectively (Wolfe et al., 1999; Li et al., 2013; Bai et al.,
2015b). GS is matured and activated only after PS undergoes
autoproteolysis, cleaving itself between TM6 and TM7 and
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FIGURE 6 | High-resolution cryo-electron microscopy (cryo-EM) structure of apo γ-secretase (GS; PDB: 5A63). (A) Schematics of GS complex. (B) The horseshoe
shape arrangement of the GS TMs, with two catalytic aspartates located on the convex side of the transmembrane helix (TM) horseshoe: Asp257 on TM6 and
Asp385 on TM7. The location of TM2 is drawn based on a bound-state GS structure (PDB: 5FN3). (C) The cryo-EM structure of a nicastrin subunit; a close-up view
of the hydrophilic pocket is shown.

dividing PS into an NTF and a CTF (Thinakaran et al., 1996;
Knappenberger et al., 2004). NCT, which has a large, heavily
glycosylated ECD and a single TM segment (Xie et al., 2014),
is involved in the initial binding of substrate and likely inhibits
the docking of substrates with long N-termini prior to the
action of a sheddase. APH-1 contains seven TMs and is mainly
responsible for the assembly, scaffolding, and stabilization of
the GS complex (Brunkan et al., 2005). PEN-2, composed of
three TMs is required for PS autoproteolysis and stabilizes PS
NTF and CTF (Luo et al., 2003; Prokop et al., 2004). Although
these four components are sufficient for performing cleavage,
additional proteins are possibly involved in the modulation of
the GS cleavage activity (Wakabayashi et al., 2009). For example,
TMP21, a member of the p24 cargo protein family, is reported
to be a component of PS complexes and regulates GS cleavage
(Chen et al., 2006).

X-Ray Structure of a PSH From
Methanoculleus marisnigri JR1 (MCMJR1)
A PS ortholog was discovered from Methanoculleus marisnigri
JR1 (Torres-Arancivia et al., 2010), and its X-ray structure
(Figure 1) was solved soon thereafter (Li et al., 2013). The two
catalytic aspartate residues are ∼9–10 Å apart. This distance
is too far for the coordination of a catalytic water when
compared to soluble aspartate proteases. In pepsin, the two
catalytic aspartates are ∼3 Å away from each other, and in

HIV protease, the two catalytic aspartates are only 2.3 Å
apart (Kovalevsky et al., 2007; Weber et al., 2013). Several
explanations may account for the MCMJR1 structure being in
an inactive conformation. Limited proteolysis was used during
crystallization, which likely removed linker regions between
TMs that in turn allow new motions to occur. Another
possibility is that the apo state of the enzyme is an inactive
conformation, and substrate binding triggers a conformational
change to move the two aspartate residues closer together to
carry out catalysis, as suggested by structures of GS (see below
and Bai et al., 2015a).

X-Ray Structure of the NCT Homolog From
Dictyostelium purpureum (DpNCT)
The structure of NCT was first solved for a eukaryotic homolog
from Dictyostelium purpureum (DpNCT), which shares 40%
sequence identity with human NCT (HsNCT). The 1.95-Å
resolution crystal structure reveals a large ECD and a single
TM helix (Xie et al., 2014). The ECD of DpNCT contains a
large lobe and a small lobe, interacting with each other through
numerous van der Waals contacts at the center of the interface
and 11 hydrogen bonds at the periphery of the interface. A pocket
in the large lobe is surrounded by hydrophilic side chains, which
may be responsible for anchoring hydrophilic N-termini of the
substrates such as APP and Notch. An extended loop from the
small lobe forms a lid that hovers above the pocket, likely gating
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substrate entry. Conformational changes are needed for substrate
recruitment (Li et al., 2014; Xie et al., 2014).

Cryo-Electron Microscopy Structure of GS
After intensive cryo-electron microscopy (cryo-EM) efforts
(Lu et al., 2014; Sun et al., 2015), a 3.4-Å map of GS was
obtained with excellent main-chain connectivity and discernable
side-chain features (Bai et al., 2015b; Figures 6A,B). Among
the 20 TMs identified, TM2 of PS1 shows the highest degree
of flexibility. Except for TM2 and TM6, the other 18 TMs
were observed with good side-chain density, including the seven
TMs of APH-1, the other seven TMs of PS1, the three TMs
of PEN-2, and the lone TM of NCT. Overall, the TMs form
a horseshoe shape (Bai et al., 2015b; Sun et al., 2015), with
PS1 and APH-1 at the center and PEN-2 and NCT at the
tips of the horseshoe. The two catalytic residues (Asp257 and
Asp385 of PS1) are on the convex side of the TM horseshoe
(Figure 6B). The cryo-EM structure of PS solved here is largely
superimposable with the PSH from MCMJR1. The ECD of
NCT directly interacts with PEN-2. The TMs predominantly
interact through van der Waals contacts among hydrophobic
side chains.

The flexibility of PS1 TM2 and TM6 seen in the cryo-EM
structure suggests a pathway for the substrate entrance
and conformational changes during substrate docking and
translocation. Masked classification of the apo-state GS cryo-EM
dataset revealed three major classes of conformations (Figure 7;
Bai et al., 2015a). In class 1, TM2 from PS1 is ordered, and there
is unassigned density corresponding to a kinked α-helix, which
may be a fortuitously co-purified cellular substrate or product.
In class 2, the TM2 helix could be also observed but not well
defined. In class 3, no substrate or TM2 could be observed. PEN-2
rotates away from PS1, together with PS1 TM3 and TM4, while
PS1 TM5/TM6 move towards the extracellular/lumenal space
and TM6 rotates towards TM7. In the cryo-EM structure of GS
in complexes with the peptidomimetic inhibitor DAPT (Bai et al.,
2015a), the conformation of PS1 is very similar to class 1. Both
PS1 TM2 and the linkers between TM2 and TM1 and TM2 and
TM3 become ordered in the presence of DAPT, as well as part
of the long linker between TM6 and TM7. TM6 displays a kink
near the active site, forming a hydrophobic binding pocket with
TM2, TM3, TM5, and TM7 for DAPT, the same pocket that
APP and Notch substrates occupy revealed by later cryo-EM
structures (see ‘‘Interaction of GS With Substrates’’ section).
Crucial structural features and interactions of PS1 are listed
in Table 1.

The cryo-EM structure of GS also reveals new details
regarding HsNCT (Bai et al., 2015b; Figure 6C). First, the
residues involved in GS substrate recognition, Glu333 and
Tyr337, are located in a hydrophilic pocket. Charged arginine
residues (Arg281, Arg285, Arg429, and Arg432) in this buried
pocket may also mediate specific hydrogen bonding and salt
bridges for substrate recruitment. Second, 11 glycosylation sites
were identified on the large lobe. This heavy glycosylation
likely contributes to substrate recruitment (Shah et al., 2005)
and in ECD folding and stability. Two glycans on Asn55 and
Asn435 from the large lobe flank the lid from the small lobe.

INTERACTION OF GS WITH SUBSTRATES

Several interaction models have been put forth to explain
the successive cleavage of APP substrate by GS [see ‘‘GS
and AD’’ section]. First, a ‘‘piston model’’ was proposed in
which APP–C99 remains in a helical conformation but shifts
successively downward towards the active site of PS (Takagi
et al., 2010). However, downward shifting of the substrate may
make it harder for the product to be released as processive
cleavage progresses. Second, a substrate ‘‘bending model’’ was
put forward based on C99 TM backbone dynamics and the
bend of a co-purified substrate observed in the class I cryo-EM
structure of GS. In this model, C99 presents the scissile bond by
bending the TM helix (Scharnagl et al., 2014; Langosch et al.,
2015). Lastly, as elaborated in this section, growing evidence
supports a substrate TMunwindingmodel to generate the scissile
peptide bond in extended conformation, favoring the extended
β-strand conformation that binds productively to the active site
of proteases (Madala et al., 2010).

Docking Site Mapping by Nuclear
Magnetic Resonance (NMR)
Solution NMR has been utilized to probe substrate docking of
APPTM, using PS orthologs that are catalytically active towards
the TM segment of APP (APPTM). Chemical shift perturbation
(CSP) showed that juxtamembrane regions of APPTM mediate
its docking to MCMJR1. The largest CSP occurred at residues
K28 and K54 of APPTM (Figure 8), likely mediating electrostatic
interactions with the MCMJR1 (Clemente et al., 2018). Binding
of the substrate to MCMJR1 decreased the magnitude of amide
proton chemical shifts δH at the C-terminal half of the substrate
APPTM. Because amide δH has a strong positive correlation
with hydrogen bond strength, the pattern of decreasing δH
indicates that the docking to the enzyme weakens helical
hydrogen bonds and unwinds the substrate TM helix around
the initial ε-cleavage site. The APPTM V44M substitution linked
to FAD caused more CSP and helical unwinding around the
ε-cleavage site. MAMRE50, another archaeal ortholog of PSH,
which cleaved APPTM at a higher rate, also caused more
CSP and helical unwinding in APPTM than in MCMJR1.
These data suggest that docking of the substrate TM helix
and helix unwinding are coupled in intramembrane proteolysis
by PS and its ortholog, and FAD mutations can modify
enzyme–substrate interaction.

Interaction Mapping by Photoaffinity
Cross-Linking
A comprehensive mapping of the interaction between APP
C99 and GS at residue resolution was accomplished by
photoaffinity mapping (Fukumori and Steiner, 2016). Sixty-
eight His-tagged C99 constructs containing photo-active amino
acid para-benzoyl-L-phenylalanine (Bpa) substitution, from
residues D1 to D68, were produced. After incubation with
CHAPSO-solubilized GS and UV irradiation, the Bpa residue
photo-cross-linked with nearby GS residues, within ∼3 Å.
Cross-linked substrates and GS components were isolated by
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FIGURE 7 | Three classes of apo GS conformation and DAPT-bound GS structure. The pink helix in class 1 (PDB: 5FN3) and class 2 (PDB: 5FN4) represents an
unidentified substrate co-purified with GS. TM2 observed in class 1 and DAPT bound state (PDB: 5FN2) is in forest green. The two catalytic aspartate residues are
colored red. Helix numbering of the PS1 subunit is labeled in the orthogonal view from the cytosolic side.

TABLE 1 | Function and motifs in the transmembrane domains (TM) and loops (L) of PS1.

Residue# Motifs Function References

NTF TM1 G78-V103 - Interaction with NCT Bai et al. (2015a,b)
L1 S104-E123 - Hydrophilic for substrate recognition Takagi-Niidome et al. (2015)
TM2 T124-C158 - Most dynamic TM; lateral gating of TMD substrate entry Bai et al. (2015a,b)
TM3 Y159-A192 - Interaction with PEN-2 Bai et al. (2015a)
TM4 V193-G217 NF motif (204NF205) Interaction with PEN-2 Kim and Sisodia (2005)
TM5 P218-P242 - Hot spot for FAD mutation Bai et al. (2015a)
TM6 E243-Q276 - Lateral gating of TMD substrate entry Bai et al. (2015a)

Catalytic aspartate (D257) Active site aspartate Bai et al. (2015a,b)
L6 E277-L381 Endoproteolysis region γ-Secretase autocleavage site Bai et al. (2015a)

CTF TM7 G382-A398 GxGD motif (382GLGD385) Peptide bond cleavage and substrate selectivity Steiner et al. (2000)
TM8 T399-K429 - Interaction with APH-1 Bai et al. (2015a)
TM9 K430-I467 PAL motif (433PAL435) PS1 endoproteolysis and γ-secretase activity Sato et al. (2008)

Hydrophobic C-terminus (465FYI467) Interaction with a hydrophobic pocket in APH-1 Bai et al. (2015a)

Values for age represent the mean ± standard deviation. Odds ratios (O.R.) are normalized to APOE-ε3 and non-APOJ-C, making these values “1”. Risk scores shown are sums of
the natural log of the odds ratios. Non-APOE-ε4 group includes APOE-ε2 carriers that have O.R. of 0.6.

Ni-NTA affinity pulldown followed by dissociation of GS for
photoaffinity mapping.

Photoaffinity mapping showed that APP C99 residues Val44,
Leu49, Met51, and Leu52 are cross-linked to PS1 NTF,
representing major substrate–enzyme interaction sites. Cross-
linking at an exosite was also observed. C99 Glu3 was cross-
linked to PS1 NTF, most likely through interaction with the
loop L1 between TM1 and TM2. His6 and Ala30 cross-linked
with NCT and PEN-2, respectively. Ala30 is not close to PEN-2
in the cryo-EM structure of the GS–APP complex, indicating

that major conformation changes occur during substrate–GS
interaction. Met51 and Leu52 also cross-linked to PS1 CTF
(Figure 8), as expected. To distinguish between interactions
for substrate recruitment and for cleavage, ‘‘substrate-binding
chase’’ experiments were carried out: first, C99 ‘‘binding’’ and
cross-linking to GS were performed at 4◦C to inhibit enzyme
cleavage, followed by a 37◦C cleavage ‘‘chase’’ experiment. When
the substrate was cross-linked with PS1 NTF, it could be cleaved
under 37◦C and could also be inhibited by GSIs. However, when
the substrate and NCT/PEN-2 are cross-linked, the substrate
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FIGURE 8 | The substrate–enzyme interaction sites on the APP substrate.
(A) Interaction sites identified by NMR titration (green) and photoaffinity
cross-linking (other colors). (B) Interaction sites between the presenilin
subunit and APP identified by cryo-EM. Upon I-CLiP binding, C-terminus
unwinding occurs, and a β-strand is formed from L720 to K725.

cannot be cleaved, indicating that exosite cross-linking blocked
the substrate passage from the GS exosite to the active site.
Furthermore, the cross-linking of PS1 NTF was suppressed by
GSIs while cross-linking involving PEN-2 was increased with
GSI’s presence. These data further confirmed the existence of a
substrate docking site distinct from the active site. In summary,
these studies show that the GS substrate binds to GS in two steps:
first, the substrate binds to the exosite, likely formed by NCT,
PEN-2, and NTF, and then the substrate translocates to the active
site formed by PS1 NTF/CTF. Compared with the interaction
sites identified in the cryo-EM structure of the GS–APP complex
(Zhou et al., 2019; Figure 8B), this photoaffinity mapping
showed additional interaction sites during substrate docking
and translocation.

Biophysical Studies of Substrate TM
Unwinding
Solid-state NMR revealed that the TM helix of C99 unravels
downstream of the ε-sites (Sato et al., 2009). Under isotopic

labeling, deep-ultraviolet resonance Raman (dUVRR) spectra of
Gurken, a substrate for GlpG rhomboid and MCMJR1 (Torres-
Arancivia et al., 2010), displays both α-helical and 310-helical
geometry; 310-helical unwinding was observed during binding to
the enzyme (Brown et al., 2018). When the 310-helical content
was suppressed using a proline-to-alanine mutation, binding was
not affected, but cleavage was inhibited. This result is consistent
with the fact that the initial docking site is distinct from the
active site proposed for GS (Fukumori and Steiner, 2016) and
rhomboids (Arutyunova et al., 2014). As mentioned above,
hydrogen bond weakening and helical unwinding in the APPTM
C-terminus upon binding to MCMJR1 were also observed in
solution NMR (Clemente et al., 2018).

Cryo-EM Structure of GS in Complex With
Notch and APP
The unwinding of the substrate TM helix at the carboxyl
terminus was confirmed in cryo-EM structures of human
GS in complex with mouse Notch-100 (Yang et al., 2019)
and APP-C83 fragment (Zhou et al., 2019). To stabilize the
GS–substrate complexes, disulfide-cross-linked GS–APP/Notch
complexes were generated with human GS containing an active
site mutation (PS1-Q112C/D385A, PEN-2, APH-1aL, and NCT)
and APP-C83 (V695C; Zhou et al., 2019) or Notch-100 (P1728C;
Yang et al., 2019). In the highest-resolution (2.6–2.7 Å) complex
structure, TM6 extends to having two helices (TM6 and TM6a;
Figure 9); TM2 and the loop between TM6/TM7 of PS are more
ordered compared to free GS (Bai et al., 2015b).

The structures reveal that the C-termini of both APP
and Notch adopt a β-strand conformation, forming an
intermolecular, antiparallel β-sheet with two induced β-strands
from PS1 NTF (TM6) and CTF (TM7). In this β-strand mode,
the cleavage sites on substrate TM are in a more extended
conformation and become more exposed. The ε-cleavage sites
(residues T719 and L720) in APPTM are fully extended
(Figure 9D), as is the S3 cleavage sites (V1754) at the C-terminal
part of Notch TM (Figure 9C).

Additional details of the participation of the NCT ECD
in substrate recruitment (Xie et al., 2014) were revealed in
the complex structures. In addition to the hydrophilic pocket
reported in DpNCT (Xie et al., 2014), another hydrophilic pocket
(Ser651, Arg652, Lys654, and Asp655) located at the small lobe
near the membrane was identified (Figure 9A). A short helix of
Notch-100 is inserted into the hydrophilic pocket (Yang et al.,
2019). Kinetic data showed that the binding affinity between GS
and Notch is driven by TMD interaction and that the affinity
decreases with increasing ectodomain length and structure
(Bolduc et al., 2016). Substrates with longer ectodomains could
only be efficiently cleaved after disrupting the NCT fold. The
sterical hindrance of NCT likely contributes to the selectivity of
the GS substrate.

OPEN QUESTIONS AND FUTURE
DIRECTIONS

Despite the tremendous progress detailed above, our molecular
picture of GS remains far from complete. We do not know
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FIGURE 9 | The cryo-EM structure of the GS–substrate complex with
Notch-100 and APP-C83. Nicastrin (NCT) is colored orange and PS1 cyan.
TM6 and TM7 from PS1 are colored green and blue, respectively. Substrates
are in pink/magenta. (A) The overall complex structure. (B) A close-up view of
the NCT hydrophilic pocket interacting with the Notch substrate. Q1722 is on
Notch-100. 651SRWKD655 is on NCT. (C) The intermolecular β-sheet
around Notch-100 C-terminal cleavage sites. TM6 extends to two helices
(TM6/TM6a). The hybrid β-sheet consists of β1 from TM6, β2 from TM7, and
β3 from the substrate. Two catalytic aspartates are at the S3 cleavage site.
(D) A similar hybrid β-sheet between APP-C83 and PS TM6/TM7. The
ε-cleavage sites are in extended conformation.

FIGURE 10 | Five steps in γ-secretase–substrate interaction and cleavage
to produce Aβ.

the effect of the lipid composition of the lipid bilayer, hence
how the cellular location of APP affects GS cleavage and
how FAD mutations affect Aβ production and increase the

Aβ42/Aβ40 ratio. We still do not have full clarity on how
GS interacts with its substrate. In Figure 10, we outline
the major steps of APP C99 interaction with GS, which
ultimately results in the production of Aβ, a pathogenic
peptide in AD. In each step, there are many important,
unanswered questions:

1. C99 docks to the GS exosite, coupled with helical unwinding
near the initial cleavage site (Clemente et al., 2018). However,
we do not know the molecular identity of the exosite. Most
likely the exosite is not too far from the active site and may be
composed of both NCT, TM2, and loop 1 of PS. The exosite
may be mapped by blocking substrate entry into the GS active
site using an active site GSI. Disulfide gates may be engineered
to probe the exosite and substrate translocation pathway, as
was carried out with rhomboids (Baker et al., 2007).

2. From the exosite, C99 translocates to the enzyme active site,
forming an intermolecular β-sheet with PS (Zhou et al., 2019).
We do not know the pathway of substrate translocation,
partly because we do not know the exact substrate docking
site. TM2 and TM6 are the most dynamic TMs in
PS1 and therefore are mostly likely involved in the lateral
gating mechanism of substrate translocation. The detailed
dynamics of substrate translocation can be elucidated by
combining the power of molecular dynamics simulations and
cutting-edge experimental structural determination methods
for membrane proteins.

3. Initial ε-cleavage occurs at T48 or L49, releasing the AICD
and forming Aβ48 or Aβ49, precursor peptides of the
Aβ42 or Aβ42 production line, respectively. Here, the catalytic
mechanism is not known, nor how the two active site
aspartates coordinate a catalytic water molecule to facilitate
hydrolysis. In all of the solved structures of GS and MCMJR1,
the catalytic aspartates appear to be too far away from each
other to coordinate a catalytic water. Thus, we have yet to
capture the conformation of the GS active site in a catalytically
competent state. Because of the stability of hybrid β-sheet
at the C-terminus of C83, a large conformational change
is needed for reducing this intermolecular interaction to
facilitate the release of AICD. How this happens also remains
an open question.

4. Following ε-cleavage, carboxypeptidase activity of GS trims
Aβ48/Aβ49 processively (Figure 10), shedding tripeptides
to produce Aβ42 and Aβ40. The mechanism of processive
cleavage is not known. Based on biochemical evidence,
Wolfe et al. proposed a tripeptide binding pocket in the
GS active site for P1′P2′P3′ (Wolfe, 2020), which is not
obvious in the GS–C83 complex. How the active site
aspartates get to the next cleavage site on the substrate,
as well as the driving force for this process, is not clear.
It is straightforward to speculate that it involves concerted
conformational changes and dynamics in both GS and
the substrate. The catalytic aspartates in PS may move
towards more N-terminal cleavage sites in APPTM while
GS continues to unwind the substrate. The timing of
AICD release and C-terminal trimming is not clear, for
example, whether they are concurrent, sequential, or of
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random order. We suggest that MD simulations will be
extremely helpful in providing clues for experimentalists in
this area.

5. Finally, following processive cleavage by GS, the shorter
and more hydrophilic Aβ fragment dissociates from the
enzyme and exits the membrane. The mechanism of Aβ

peptide or AICD release has been little studied. What
are the kinetics and pathway of Aβ release? How does
it involve NCT and other components of GS? During
processive cleavage, Aβ fragments may either be released or
undergo one more step of trimming (e.g., Aβ42 is released
vs. Aβ42 is cut down to Aβ38). How is this bifurcation
in the Aβ production pathway determined mechanistically?
Both equilibrium (Szaruga et al., 2017) and kinetic stability
of the Aβ/GS complex might be critical determinants in
this situation. Answers to these questions have important
implications for the design and discovery of new GSMs and
selective GSIs.

Given the recent structural insights, an intriguing question
for AD drug discovery is whether selective GSIs can be designed
or discovered. Yang et al. (2019) pointed out several distinct
pockets in the GS–C83 complex that have different shapes
and dimensions compared with the GS–Notch complex (Zhou
et al., 2019), which may be targeted for rational drug design.
However, it is important to note that GS is highly dynamic, and
binding pockets can stretch and/or shrink. Thus, for selective
GSI, we may still need to rely on docking coupled with

long-time-course MD simulation, high-throughput (HT), or
ultra-HT methods such as DNA encoded libraries which enable
screening of tens of billions of compounds in a single test tube
(Satz, 2018).

CONCLUSION

There has been tremendous progress in the structural and
mechanistic investigation of the substrate–enzyme interaction
in intramembrane proteolysis, especially in light of the recent
cryo-EM structures of GS–C83 and GS–Notch complexes.
In particular, cryo-EM revealed the formation of a hybrid,
intermolecular β-sheet between GS and its substrates, which is
consistent with numerous biochemical and biophysical studies.
However, our knowledge of how GS interacts with its substrates,
which is crucial for developing selective amyloid reduction
agents, remains far from complete.
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Amyotrophic lateral sclerosis (ALS) is a debilitating neurodegenerative disease that
targets motor neurons (MNs) in the brain and spinal cord. It leads to gradual loss of
motor signals to muscles leading to atrophy and weakness. Most patients do not survive
for more than 3–5 years after disease onset. Current ALS treatments provide only a
small delay of disease progression. Therefore, it is of utmost importance to explore
new therapeutic approaches. One of the major hindrances in achieving this goal is
poor understanding of causes of the disease. ALS has complex pathophysiological
mechanisms in its genetic and sporadic forms. Protein aggregates are a common
hallmark of ALS regardless of cause making protein pathways attractive therapeutic
targets in ALS. Here, we provide an overview of compounds in different stages of
pharmacological development and their protein pathway targets.

Keywords: Lou Gehrig’s disease, protein misfolding, superoxide dismutase, C9ORF72 DPRs, motor neuron
disease, proteinopathies, proteostasis

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) or Lou Gehrig’s disease is the most common motor neuron
(MN) disease. It is a progressive and fatal neurodegenerative disease, which affects both upper MNs
in the motor cortex and lower MNs in brain stem and the anterior spinal cord (Ravits and La
Spada, 2009). ALS patients experience muscle cramps, fasciculations, progressive muscle atrophy
and weakness, hyperactive reflexes, difficulty with speech, chewing, and swallowing. Ultimately, the
breathing muscles are affected leading to respiratory failure (Borasio and Miller, 2001). The average
age of disease onset is 55 years (Naruse et al., 2019). More than half of all patients do not live more
than 3–4 years after diagnosis, 20% live 5 years or more, and only 10% live more than 10 years. Men
are at a 1.2 times higher risk to get the disease as compared to women. Other possible risk factors
include genetics, aging, and environmental factors such as toxins, metals, smoking, traumatic head
injury, and infections (Seals et al., 2016a; Spencer et al., 2019). Military veterans are approximately
twice as likely to develop ALS compared to the average prevalence (Seals et al., 2016b). So far
only two drugs are approved by the Federal Drug Administration (FDA) to treat ALS: riluzole and
edaravone. These drugs provide limited relief and slow disease progression by a few months. There
is no known therapy that can halt the disease. The exact mechanism of the disease is still unknown.
Research studies suggest that multiple phenomena can be involved such as protein misfolding and
aggregation, impairment of protein trafficking, oxidative stress, RNA dysmetabolism, failure of
protein clearance machinery, and imbalance in protein homeostasis (Blokhuis et al., 2013; Parakh
and Atkin, 2016; Ramesh and Pandey, 2017; McAlary et al., 2019). Sporadic forms comprise about
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90–95% of all cases. Familial ALS (fALS) accounts for 5–10%
of all cases in the United States (Mehta et al., 2018) involving
genes such as superoxide dismutase 1 (SOD1), Chromosome 9
open reading frame 72 (C9ORF72), tar-DNA binding protein
43 (TDP-43), and fused in sarcoma (FUS) (Chen et al., 2013;
Brenner and Weishaupt, 2019).

Protein aggregation is an important feature of ALS pathology.
Amyloid deposits from different proteins such as TDP-
43, C9ORF72 dipeptide repeats (DPRs), phosphorylated high
molecular weight neurofilament protein (pNFH), rho guanine
nucleotide exchange factor (RGNEF), and FUS have been
detected in ALS MNs (Blokhuis et al., 2013). These aberrant
protein deposits may be toxic to the cells, leading to
neurodegeneration and are potential targets for therapeutic
interventions. In this review, we focus on proteins which
form MN aggregates implicated in ALS pathology. Multiple
promising efforts to therapeutically target these proteins,
either by specific approaches, e.g., interaction modulators or
through small molecules or via indirect and/or wide-ranging
methods, e.g., by protein degradation pathway regulators
or by antisense, are highlighted. We discuss examples of
emerging and promising therapeutic candidates at their different
stages of development (Table 1).

DEFINING PROTEIN AGGREGATION

Protein aggregation is the process of aberrant folding of
a protein leading to self-association that may cause the
formation of oligomers and fibrils via polymerization. The
resulting amyloid fibrils are rich in beta sheet structure.
Physiologically, proteins undergo folding through chaperones
to attain their biologically favored stable conformation. Protein
structure is stabilized by covalent and non-covalent interaction
between the amino acids (Dobson, 2003). In disease, structural
destabilization leads to exposure of hydrophobic amino acids
in the outer environment, which have an affinity to self-
assemble into larger aggregates and fibrils. The basic mechanism
of protein aggregation is through a misfolded or unfolded
conformation of the protein monomer that leads to the
exposure of hydrophobic patches into hydrophilic cellular
environment (Figure 1). The adhesive nature of these patches
may lead to self-association into oligomers and eventually into
fibrils implicated in many neurodegenerative diseases as non-
specific interactions with other cellular proteins interfere with
normal cell functions. The intermediates and oligomers can
interact with cellular membranes harming membrane integrity
leading to the leakage of cellular material and cell death
(Holmes et al., 2014).

There are several factors that lead to destabilization of
protein structure (Figure 2). Genetic mutations can change the
amino acid sequence, leading to altered protein conformation.
Dysregulation of molecular chaperone network functions,
which govern the protein quality control processes such as
protein unfolding and disaggregation and targeting terminally
misfolded proteins for proteolytic degradation (Kim et al., 2013).
Environmental effects such as changes in pH, temperature,

FIGURE 1 | Schematic of common protein aggregation pathway. The
biologically active native form of protein can undergo changes in its structure
which lead to unfolding or misfolding. The hydrophobic motifs interact to form
the oligomeric structures. Larger aggregates of oligomers lead to the
formation of protofibrils, which assemble to form the mature fibrillar structures.

FIGURE 2 | General pathways involved in pathological protein aggregation.
Several factors can play a role such as genetic mutation, protein expression
dysregulation, environmental effects, metal ions, and inflammation. These
conditions can lead to several changes such as conformation instability,
unfolding, and post-translational modifications. The clearance mechanism and
quality control pathways fail to maintain proteostasis.

infection, or chemical modification can also destabilize proteins.
The larger protein aggregates accumulate in the cell or
extracellularly if clearance mechanisms fail (Rubinsztein, 2006).
The dysregulation in the regulatory mechanisms of the cells can
lead to imbalance in the homeostasis of proteins (proteostasis)
(Labbadia and Morimoto, 2015).

The neurodegenerative diseases caused by protein aggregation
are termed proteinopathies. Protein aggregates are the hallmarks
of several neurodegenerative disease, for example, amyloid
beta and tau in Alzheimer’s disease, alpha-synuclein in
Parkinson’s disease (PD), and huntingtin in Huntington’s
disease (Forman et al., 2004). ALS is a complex disease as
multiple aggregating proteins such as SOD1, TDP-43, FUS,
pNFH, and others have been linked to the disease (Chen et al.,
2013; Brenner and Weishaupt, 2019).
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TABLE 1 | Therapeutic protein aggregation targets in ALS.

Therapeutic candidate Target Process affected/checked

AAV9-ShRNA-SOD1 SOD1 Suppression of mutant SOD1
mRNA

Arimoclomol Aggregated
proteins

Enhance expression of
heat-shock proteins, involved
in clearance of aggregated
protein

BIIB078 C9ORF72 gene Antisense against C9ORF72
mRNA to blocks it translation

Colchicine Proteasome
and autophagy

Promotes expression of
HSPB8 and
autophagy-mediated removal
of misfolded proteins

Macrophage migration
inhibitory factor (MIF)

SOD1 Misfolding of SOD1

Molecular Tweezer (CLR01) SOD1 Targets the self-assembly of
SOD1

Myricetin Aggregated
proteins

Clearance of protein
aggregates by upregulation
proteasomal degradation
mechanisms

Recombinant human
monoclonal antibody
(α-miSOD1)

SOD1
Aggregates

Misfolded Sod 1

Single-chain variable fragment
(scFv) derived from the 3B12A
monoclonal antibody (MAb)

TDP-43 TDP-43 nuclear export signal

Single-chain variable fragment
(scFv) named VH7Vk9

TDP-43 Binding of RNA recognition
motif 1 (RRM1) of TDP-43

tgG-DSE2lim and tgG- DSE5b SOD1 Vaccine against early
unfolded protein for rapid
clearance by immune system

Tofersen (BIIB067) SOD1 Reduction in SOD1 protein
level by antisense

THERAPEUTIC TARGETS INVOLVING
PROTEIN AGGREGATES IN ALS

Targeting Protein Aggregates by
Antibodies or Their Derived Fragments
α-miSOD1
A recombinant human monoclonal antibody (MAb)
(α-miSOD1) was generated by screening human memory
B cells from a large cohort of healthy elderly subjects. This
antibody selectively binds to misfolded SOD1, but not to
physiological SOD1 dimers. On postmortem spinal cord sections
from 121 patients with ALS, α-miSOD1 antibody identified
misfolded SOD1 in a majority of cases, regardless of their SOD1
genotype. In transgenic mice overexpressing disease-causing
human SOD1-G37R or SOD1-G93A mutations, treatment with
the α-miSOD1 antibody delayed the onset of motor symptoms,
extended survival by up to 2 months, and reduced aggregation of
misfolded SOD1 and MN degeneration (Maier et al., 2018).

Single-Chain Variable Fragment of Antibodies
TDP-43 is a ubiquitous protein encoded by the tar-DNA
binding protein 43 gene. It is an essential gene for the

development of the CNS from the earliest stages of embryonic
life to adulthood. TDP-43 is associated with multiple steps
of transcriptional and post-transcriptional regulation. Under
physiological conditions, the majority of TDP-43 is nuclear, while
a small proportion is continuously involved in nucleocytoplasmic
relocation and may form aggregates in the cytoplasm (Baloh,
2011). Aggregates of wild-type TDP-43 are present in both
sporadic and familial cases of ALS. Reduction in cytoplasmic
TDP-43 inclusions is a promising strategy for both types
of ALS. Clearance of TDP-43 was targeted using single-
chain variable fragment (scFv) derived from the 3B12A MAb
which can recognize a specific region of TDP-43 nuclear
export signal called D247. HEK293A cells were transfected
with tagged mutant TDP-43 plasmids. Using 3B12A scFv,
mislocalized TDP-43 was detected to have a defective nuclear
localizing signal. 3B12A scFv also accelerated proteasome-
mediated degradation of aggregated TDP-43, most probably
due to an endogenous proline (P), glutamic acid (E), serine
(S), and threonine (T) rich sequence (PEST). Addition of the
chaperone-mediated autophagy related signal to 3B12A scFv
induced HSP70 transcription, which further enhanced TDP-43
aggregate clearance and cell viability. The 3B12A scFv reduced
TDP-43 aggregates in embryonic mouse brain after in utero
electroporation without any apparent side effects in postnatal
brain pathology or development (Tamaki et al., 2018). In a similar
approach, scFv antibody VH7Vk9 was produced against the RNA
recognition motif 1 (RRM1) of TDP-43, which is responsible
for abnormal protein self-aggregation and interaction with p65
NF-κB (Buratti, 2015). Virus-mediated delivery of VH7Vk9 in
HEK293 cells and TDP-43 mice resulted in reduction of the
cytoplasmic/nuclear TDP-43 ratio. Colocalization of TDP-43
with ubiquitin and microtubule associated protein 1A/1B light
chain (LC-3) suggested improved clearance of the protein via
proteasome and autophagosomes. Contralateral and ipsilateral
cortices showed reduced microglial activation in TDP-43 mice
with improvements of motor functions and cognitive deficits
(Pozzi et al., 2019).

Targeting Protein Aggregates by
Vaccines
The seeding hypothesis suggests that protein aggregates can
spread the disease pathology to adjacent cells and brain
regions. Recent reports have indicated that misfolded SOD1
can act like prions and spread the disease (Healy, 2017;
Sibilla and Bertolotti, 2017). Exogenously administered non-
native misfolded or aggregated protein has been found to
generate an immune response (Malik and Roy, 2011). Even
if the exogenous protein is human in nature, the immune
system recognizes it as foreign due to its non-native protein
conformation. In this approach, the host system would generate
antibodies against aggregated protein and clear them through
immune response. One study in hSOD1-G37R transgenic mice
used an immunological therapy with misfolded protein. Two ALS
vaccines against unfolded SOD1, tgG-DSE2lim and tgG-DSE5b,
were investigated (Zhao et al., 2019). Both vaccines showed rapid,
robust, and well-sustained epitope-specific antibody responses
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and increased the life span of treated animals. The question
still remains how successfully this approach can be modified
to address different mutants and conformations of SOD1
protein. The challenge is to generate antigens for multiple
possible conformations of the aggregated protein which is
difficult due to transient nature of certain conformations of
protein aggregates.

Targeting Self-Assembly Process by
Small Molecules
Molecular Tweezers
Small horseshoe shaped molecules termed molecular tweezers
(MTs) bind reversibly to specific amino acid residues of
proteins which enables targeting the process of aggregation
rather than targeting a specific protein or protein conformation.
MTs achieve this activity by hydrophobic and electrostatic
interactions involving labile binding to positively charged amino
acid residues, primarily lysine and to a lower extent arginine.
Hydrophobic and electrostatic interactions are important,
particularly in the early stages of the aberrant self-assembly
process which are effectively interrupted by MTs (Malik et al.,
2019). They do not affect the protein’s bioactivity, but aberrant
interactions leading to protein aggregation can be prevented.
Using purified recombinant wild-type and mutant SOD1, it
was found that the lead MT, CLR01, inhibited the in vitro
aggregation of different isoforms of SOD1. In a SOD1-G93A
transgenic mouse model, CLR01 treatment decreased misfolded
SOD1 in the spinal cord significantly. A small, dose-dependent
decrease in disease duration was found in CLR01-treated,
compared to vehicle-treated animals, yet motor function did
not improve in any of the treatment groups (Malik et al.,
2019). The MT has been shown to be effective against multiple
proteins (Malik et al., 2019) and could, thus become an ideal
therapeutic candidate for ALS with its known aggregates of
multiple proteins.

Targeting Proteasome and Autophagy
Colchicine
Colchicine is a plant alkaloid that interrupts microtubule
formation and other cellular processes. This compound enhances
the expression of heat-shock protein B8 (HSPB8) and several
other autophagy factors (Crippa et al., 2016). HSPB8 recognizes
and promotes the autophagy-mediated removal of misfolded
mutant SOD1, as well as TDP-43 fragments from MNs and
aggregating species of dipeptides produced in C9ORF72-related
diseases (Crippa et al., 2016). A Phase II randomized double-
blind, placebo-controlled clinical trial with colchicine in ALS
(Co-ALS) was recently initiated. ALS patients will be enrolled
in three groups—placebo, colchicine 0.01 mg/day, and colchicine
0.005 mg/day (Mandrioli et al., 2019). The trial will assess safety,
tolerability, respiratory function, and functional ratings scale in
ALS patients. The investigators will also study the cellular effects
of colchicine on specific processes such as autophagy, protein
aggregation, stress granules, and exosome secretion. A parallel
biomarker analysis of neurofilament protein expression will be
performed (Mandrioli et al., 2019).

Arimoclomol
An investigational drug candidate, arimoclomol enhances
expression of HSPs. Previous studies of transgenic SOD1 mice
showed a large safety margin up to 300 mg/day. In separate
studies, the effect of arimoclomol was tested in early and
late stages of the disease. The compound showed promising
results in both disease stages as survival was improved (Kieran
et al., 2004; Kalmar et al., 2008). A double-blind, placebo-
controlled trial was initiated in patients with rapidly progressive
early SOD1 fALS. Arimoclomol was administered orally; it
has good bioavailability as it crosses the blood–brain barrier.
Primary goal of the study was to assess safety and tolerability.
Secondary outcome was efficacy, with main focus on survival.
The rates of decline of the Revised ALS Functional Rating
Scale (ALSFRS-R), percent predicted forced expiratory volume
in 6 s (FEV6), and the Combined Assessment of Function
and Survival (CAFS) were also used for efficacy evaluation
(Benatar et al., 2018). Arimoclomol could treat a broad range of
proteinopathies as the main action of this drug involves clearance
of aberrant, misfolded, degraded, and aggregated protein by
activation of HSPs.

Myricetin
The polyphenolic flavonoid, myricetin, has shown promise
in targeting neurodegenerative diseases such as PD (Maher,
2019). The clear mechanism of action by which it upregulates
proteasomal degradation mechanisms is not known. In ALS, cell
culture studies have shown protein aggregate clearing effects of
myricetin. Cos−7 cells were transfected with plasmid constructs
of WT and mutant SOD1 leading to spontaneous intracellular
accumulation of mutant SOD1 and WT accumulation after
adding a proteasome inhibiting compound. On treatment
with 10 µM myricetin for 48 h, immunofluorescence analysis
showed a decrease in the intracellular aggregation of ubiquitin-
positive SOD1. Myricetin increased chaperone HSP70 level and
ultimately cell survival (Joshi et al., 2019).

Macrophage Migration Inhibitory Factor (MIF)
NSC-34 culture studies revealed that macrophage migration
inhibitory factor (MIF) can reduce misfolded SOD1 and increase
cell survival. One of the functions of MIF involves chaperone-like
properties, which appear to change SOD1 amyloid aggregation
pathways by forming disordered aggregates, which are less toxic
to the cells (Shvil et al., 2018). Shvil et al. reported when NSC-
34 cells are co-transfected with mutant SOD1-G93A and MIF,
mutant SOD1 misfolding is affected by MIF, which prevents
accumulation of mutant SOD1 in cytoplasm. MIF expression
normalized the nuclear and cytoplasmic distribution of SOD1 to
similar levels as wild-type SOD1 distribution (Shvil et al., 2018).
Studies of MIF in animal models to investigate the therapeutic
potential of MIF have not been performed.

Targeting Aggregating Proteins by
Suppressing Gene Expression
Superoxide Dismutase 1
Mutations in SOD1 cause 15–20% of fALS cases. The resulting
amino-acid substitutions destabilize SOD1’s protein structure,
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leading to its self-assembly into neurotoxic oligomers and
aggregates, a process hypothesized to cause MN degeneration.
The aggregates are found in the brain and spinal cord of affected
individuals as intracellular inclusions. The antisense molecule
tofersen (BIIB067) was designed to bind SOD1 mRNA. The
artificially created DNA specifically targets the mRNA stage.
Tofersen prevents translation of mRNA and ultimately the RNA
degrades due to abnormal DNA-RNA strands, thereby reducing
mutant SOD1 protein production. A Phase 1 clinical trial
assessing the safety, tolerability, and activity of tofersen in SOD1-
related fALS patients has been completed. The randomized,
double-blind, placebo-controlled safety trial tested four different
doses of tofersen (0.15, 0.5, 1.5, or 3 mg) in 33 patients over a
12-h period. No serious adverse effects were observed in their
assessment over 28 days post-treatment (Biogen, 2019). This
treatment is moving to a Phase 3 trial to evaluate its efficacy
in fALS. Another gene silencing approach that targets SOD1 by
using adeno-associated virus (AAV) delivered shRNA in mice,
pigs, and non-human primates showed prolonged suppression of
MN disease. A new device design was used for injections which
enabled homogeneous delivery throughout the cervical spinal
cord white and gray matter and brain motor centers after a single
subpial injection (Bravo-Hernandez et al., 2020). This approach
could become an efficient strategy that may be extended to other
delivery vectors.

Dipeptide Repeats of C9ORF72
The most common cause of fALS is the hexanucleotide
repeat expansion in the C9ORF72 gene which is linked to
25–40% of all familial cases. Mutant C9ORF72 forms toxic
DPRs (Gendron and Petrucelli, 2018). Recent studies have
also demonstrated that arginine-rich DPRs (poly glycine-
arginine/proline-arginine (GR/PR) are one of the major sources
of neurotoxicity by targeting nucleopore complexes, thus
affecting the nuclear–cytoplasmic trafficking of RNA and proteins
(Zhang et al., 2015; Shi et al., 2018). Therefore, the gradual
accumulation of those highly toxic DPRs, even at very low
levels, could render neurons vulnerable (Lee et al., 2017). An
experimental antisense oligonucleotide, BIIB078, developed by
Ionis Pharmaceuticals, specifically targets C9ORF72 blocking

its translation. This reduces the DPRs burden in the cell and
their toxic effects. ALS mouse model studies showed extended
survival and, surprisingly in some cases, muscle function also
improved indicating reversal of disease symptoms. Phase 1
trials have been initiated focusing on assessing the safety of
BIIB078. The trial will enroll nearly 60 people with ALS
(Clinical Trials, 2019).

CONCLUSION

A number of different compounds that target a diverse range
of mechanisms of neuronal protein aggregation pathways
have demonstrated early favorable results in preclinical and
early clinical ALS studies. Those include targeting mRNA—
both for degradation and to inhibit translation, clearance of
protein aggregates using antibodies, disruption of protein–
protein interactions that lead to aggregation, preventing the
formation of aggregates using vaccines, and maintaining
proteostasis by activating protein clearance mechanism. This
diverse list of approaches highlights the complexity and the
investigational challenges of targeting protein aggregation in
ALS. Although there is growing evidence that the process of
protein aggregation is an important driver of neurodegeneration,
a proven structure–proteotoxicity relationship based on specific
protein abnormalities such as folding or aggregate state is lacking.
Further basic research into the role of protein abnormalities in
ALS disease mechanism is needed to guide preclinical studies
toward disease specific treatments.
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Alzheimer’s disease (AD) is the most common type of senile dementia, characterized
by neurofibrillary tangle and amyloid plaque in brain pathology. Major efforts in AD drug
were devoted to the interference with the production and accumulation of amyloid-β
peptide (Aβ), which plays a causal role in the pathogenesis of AD. Aβ is generated
from amyloid precursor protein (APP), by consecutive cleavage by β-secretase and
γ-secretase. Therefore, β-secretase and γ-secretase inhibition have been the focus
for AD drug discovery efforts for amyloid reduction. Here, we review β-secretase
inhibitors and γ-secretase inhibitors/modulators, and their efficacies in clinical trials.
In addition, we discussed the novel concept of specifically targeting the γ-secretase
substrate APP. Targeting amyloidogenic processing of APP is still a fundamentally
sound strategy to develop disease-modifying AD therapies and recent advance in
γ-secretase/APP complex structure provides new opportunities in designing selective
inhibitors/modulators for AD.

Keywords: Alzheimer’s disease, amyloid-β, β-secretase inhibitor, γ-secretase inhibitors, γ-secretase modulator,
clinical trial

INTRODUCTION

Alzheimer’s disease (AD) is a progressive and incurable neurodegenerative disorder, characterized
by progressive and irreversible loss of memory. AD is the leading cause of senile dementia. The
number of people age 65 and older living with AD’s dementia in the United States is projected to
grow from 5.8 million in 2020 to 13.8 million by 2050 (Alzheimer’s_Association, 2020). Cognitive
deficits caused by AD, such as progressive memory loss, difficulty in communication and movement
disorder, significantly compromise the patients’ quality of life, leading to hospitalization and
eventually death due to complications. AD has been recognized as one of the most difficult
medical problems with hefty economic burden (Wimo et al., 2010). Total medical expenses for
Alzheimer’s or other dementias in the United States are projected to be $305 billion in 2020
(Alzheimer’s_Association, 2020). The cost of AD is likely to skyrocket in the near future, due
to rising ageing population, increasing mortality relative to other disease and the absence of a
disease-modifying drug. Therefore, there is a major unmet medical need for disease-modifying
therapies for AD.

Approved drugs for AD include acetylcholinesterase inhibitors (Aricept R©, Exelon R©, Razadyne R©)
and NMDA-antagonist memantine (Namenda R©). However, these drugs are not disease-
modifying, only improving symptoms without slowing down or stopping AD from progressing.

Frontiers in Molecular Neuroscience | www.frontiersin.org 1 August 2020 | Volume 13 | Article 137145

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2020.00137
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnmol.2020.00137
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2020.00137&domain=pdf&date_stamp=2020-08-04
https://www.frontiersin.org/articles/10.3389/fnmol.2020.00137/full
http://loop.frontiersin.org/people/729362/overview
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-13-00137 August 4, 2020 Time: 12:46 # 2

Zhao et al. Targeting Aβ Production in AD

In the last 30 years, a large number of drug candidates have
entered clinical development but no new drug for AD has been
approved since memantine in 2003. The majority of AD drug
discovery focused on inhibiting the amyloid-β peptide (Aβ)
production from the amyloidogenic processing of APP.

AMYLOID CASCADE HYPOTHESIS AND
AMYLOIDOGENIC PROCESSING OF APP

In the past 30 years, the amyloid hypothesis has been extensively
tested and amyloid has been the most compelling therapeutic
target for AD. Despite ongoing debates about this hypothesis
in light of recent failures of anti-amyloid-based clinical trials,
new evidences continue to emerge to support the idea that an
imbalance between production and clearance of Aβ peptides
is the initiating event of AD pathogenic processes. Abnormal
accumulation of amyloid eventually leads to formation of senile
plaques and neurofibrillary tangles, two pathological hallmarks
of AD. Aβ aggregates were found to be toxic both in vitro
and in vivo. Numerous studies have shown that Aβ aggregates,
especially soluble oligomers, impair both synaptic function and
structure (Kokubo et al., 2005; Wilcox et al., 2011). Injection
of soluble Aβ42 oligomers directly isolated form AD cerebral
cortex into healthy rats leads to impaired memory (Selkoe et al.,
2016). In addition, accumulation of Aβ oligomers can not only
trigger AD-type tau hyperphosphorylation and cause neurotic
dystrophy (Jin et al., 2011; Stancu et al., 2014; Jacobs et al.,
2018), but also activate neuroinflammation (Park et al., 2018;
Henstridge et al., 2019). Apolipoprotein E4, the greatest genetic
risk factor for late-onset AD, impairs Aβ clearance and promotes
Aβ accumulation in the brain (Carter et al., 2001; Wildsmith
et al., 2013). Along with tau, Aβ might be transmissible through
the Aβ contaminants in cadaver-derived human growth hormone
for the treatment of Creutzfeldt-Jakob disease (Duyckaerts et al.,
2018). From human genetics, dominant mutations causing early-
onset familial AD reside either in APP or presenilin (catalytic
sub-unit of γ-secretase), which alter the proteolytic processing of
APP in ways either elevating the Aβ42/Aβ40 ratio or increasing
the self-aggregation propensity of resultant Aβ peptides (De
Jonghe, 2001; Selkoe, 2001; Chen et al., 2014). Duplication of
the APP gene in Down’s syndrome leads to Aβ deposits in
the teens, and almost invariably leads to AD at an early age
(Lejeune et al., 1959; Head et al., 2012). Interestingly, three DS
patients with partial trisomy that excludes the APP gene did not
develop dementia (Korbel et al., 2009; Doran et al., 2016). The
human genetics of DS strikingly demonstrates that increasing Aβ

dosage (APP duplication) causes dementia, while normalized Aβ

dosage in DS (partial trisomy without APP duplication) prevents
dementia (albeit the sample size = 3 is low), affirming that
amyloid reduction is a fundamentally sound strategy for disease-
modifying treatment of AD. The failures of anti-amyloid clinical
trials in recent years can be attributed to giving the therapy too
late to the patients, poor clinical trial design, heterogeneity of the
trial patient population etc.

Aβ is a small peptide generated by proteolytic processing
of APP (Figure 1A), a type-I transmembrane protein with a

large extracellular domain. APP is transported to the plasma
membrane through the endoplasmic reticulum -Golgi secretory
pathway. The majority of APP is processed via the non-
amyloidogenic pathway at the plasma membrane (Figure 1A). In
the non-amyloidogenic pathway, APP is cleaved by α-secretase
within the Aβ domain between Lys16 and Leu17, producing a
soluble N-terminal fragment (APPs α) and a membrane-bound
C-terminal fragment, C83, which can be further cleaved by
γ-secretases and generates a soluble extracellular p3 peptide,
thus precluding the formation of intact Aβ (Figure 1A;
Anderson et al., 1991; Sisodia, 1992; Wilson et al., 1999).
Unlike the non-amyloidogenic pathway, APP is internalized
and delivered to endosomes in the amyloidogenic pathway (Bu,
2009). During amyloidogenic APP processing, APP is cleaved by
β-secretase (BACE1, β-site APP-cleaving enzyme 1), generating
a soluble N-terminal fragment (APPsβ) and a membrane-bound
C-terminal fragment (C99) (Vassar, 2004; Vassar et al., 1999).
Within the membrane, C99 is subsequently cleaved by an
enzymatic complex known as γ-secretase, releasing a cytoplasmic
polypeptide termed AICD (APP intracellular domain) at the
luminal side and Aβ peptides (Thinakaran and Koo, 2008) at
the other side of the membrane. AICD is transferred to the
nucleus, where it functions as a transcriptional factor (Berridge,
2010), whereas the Aβ peptides are secreted into the extracellular
space when the endosome recycles to cell surface. γ-Secretase
cleaves APP at variable sites within the transmembrane domain,
generating Aβ peptides ranging in length from 38 to 43 residues
(Selkoe and Wolfe, 2007). Among different Aβ species, Aβ42 and
Aβ43 are highly self-aggregating, while Aβ40 and shorter peptides
are relatively benign (Burdick et al., 1992). Aβ42 and Aβ40 are the
two common Aβ species in the human brain and the increased
Aβ42/Aβ40 ratio is a common biochemical feature in the early-
onset familial AD (FAD) caused by mutations in APP and
presenilin. Aβ42 aggregates rapidly into neurotoxic oligomers,
leading to fibrils and plaques. It has been proposed that Aβ

oligomers are more toxic than fibrils, therefore it may play a
more important role than amyloid plaque in AD progression.
Aberrant process of APP by β-secretase and γ-secretase may
result in imbalance between production and clearance of Aβ

peptides, leading to toxic oligomers, fibrils and senile plaques.
Interestingly, pathogenic mutations in presenilin were found to
destabilize γ-secretase-APP interactions and thus enhance the
production of longer Aβ peptides (Chévez-Gutiérrez et al., 2012;
Veugelen et al., 2016; Szaruga et al., 2017). These finding points to
enhancing the stability of γ-secretase-Aβn complex as a potential
therapeutic approach for AD.

DRUG DISCOVERY TARGETING
AMYLOIDOGENIC PROCESSING OF APP

Interference with the amyloidogenic processing of APP has
been a major strategy to modulate Aβ production. As two
crucial enzymes catalyzing the intramembrane proteolysis of
APP, β-secretase and γ-secretase have been the most prominent
targets for AD drug discovery. In the past two decades, numerous
β-secretase inhibitors and γ-secretase inhibitors/modulators
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FIGURE 1 | Drug discovery strategies targeting the amyloidogenic processing of APP. (A) Amyloidogenic and non-amyloidogenic processing of APP. (B) Drug
discovery strategies targeting β-secretase and γ-secretase.

were discovered to inhibit or modulate the amyloidogenic
processing of APP, either causing the reduced production of total
Aβn or shifting the production of Aβ to shorter and more benign
Aβ species (Figure 1B).

Drug Discovery Targeting β-Secretase
β-Secretase
β-secretase, also named as BACE1 (β-site APP-cleaving enzyme
1), was identified in 1999 (Fairbanks et al., 1999; Hussain et al.,
1999; Vassar et al., 1999; Yan et al., 1999; Lin et al., 2000)
as an APP-cleaving aspartyl protease. BACE1 is the principal
neuronal protease for generating C99 from APP, which leads to
subsequent Aβ generation by γ-secretase. Importantly, BACE1
shedding of APP is a prerequisite for γ-secretase cleavage within
the transmembrane domain of APP for Aβ production. Secretion
of Aβ peptides is abolished in cultures of BACE1-deficient
embryonic cortical neurons (Cai et al., 2001). Naturally, BACE1
inhibition has been a widely pursued therapeutic target for
amyloid reduction.

BACE1 is a type-I membrane protein with 501 amino acid
residues related to the pepsin family. It is localized within acidic
subcellular compartments of the secretory pathway, primarily
the Golgi apparatus and endosomes. As shown in Figure 2A.
BACE1 has an N-terminal signal sequence (residues 1–21), a
pro-peptide domain (residues 22–45), a large luminal catalytic
domain (residues 46-451), a single transmembrane domain
(residues 452-483), and a short cytoplasmic domain (residues
484-501) (Hussain et al., 1999; Benjannet et al., 2001). In

addition, BACE1 has several N-linked glycosylation sites and
six cysteine residues that form three intramolecular disulfide
bonds, C216-C420, C278-C443, and C330-C380. The N-terminal
signal sequence and pro-peptide domain were removed post-
translationally, so the mature BACE1 sequence begins at residue
Glu46 (Creemers et al., 2001). In the luminal catalytic domain
for the β-site cleavage of APP, BACE1 contains two motifs, DTGS
(residues 93–96) and DSGT (residues 289–292), which contain
the two highly conserved catalytic aspartates (Hussain et al., 1999;
Bennett et al., 2000). The crystal structure of the catalytic domain
(residues 56-446) of BACE1 with an inhibitor was first published
by Hong et al. in 2000 (PDB code: 1FKN) (Hong et al., 2000). Like
other aspartic proteases, the substrate binding cleft was located
between the N- and C-terminal lobes of BACE1, together with
a β-hairpin loop which forms the flap region. The flap opens to
allow the substrate to enter and then closes down on the substrate
during catalysis and reopens to release the hydrolyzed products.
As shown in Figure 2B, the two conserved aspartate, D93 and
D289, are located at the groove between the N- and C-terminal
lobes, partially covered by the “flap” (residues 130-135) (Hong
et al., 2000). A later substrate-free (apo) structure of BACE1 (PDB
code: 1W50) showed a water molecule located between D93 and
D289, which is likely involved in nucleophilic attack for peptide
hydrolysis and important binding site for inhibitors (Patel et al.,
2004; Ghosh and Osswald, 2014).

BACE1 cleavage is highly specific and cleaves APP only at the
β-secretase sites of Asp1 and Glu11 of Aβ (Vassar et al., 1999).
As expected, BACE1 cleaves the Swedish APP mutant 10 to 100-
fold more efficiently than wild-type APP. BACE1 appeared to be
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FIGURE 2 | Schematic view of the domains of BACE1 and structure of its catalytic domain. (A) BACE1 is a membrane protein consists of (from N- to C- terminal) a
signal peptide (SP, 1–22), a proline rich domain (PR, 23–47), a large luminal catalytic domain (48-420), a loop (421-453), a transmembrane domain (TM, 454-477),
and a cytoplasmic domain (CD, 478-501). (B) 3D structure of the catalytic domain. Two conserved catalytic aspartic acids, D93 and D289, are highlighted.

FIGURE 3 | Structure of BACE1 complexed with peptidomimetic inhibitor OM99-2. (A) Crystal structure of BACE1-OM99-2 complex (PDB code: 1FKN). The ligand
binding region on BACE1 was magnified on the right. Inhibitor OM99-2 was shown as sticks in orange. Two catalytic aspartic acid residues were shown in green as
sphere. The “flap” region was shown in yellow. (B) Chemical structure of OM99-2. The hydroxyethylene transition-state isostere was indicated in red.

an ideal target for drug discovery since its complete inhibition
should shut down the amyloidogenic APP processing.

Drug Discovery Targeting BACE1
The first generation of BACE1 inhibitors are peptidomimetic
transition-state analogs, which were designed to be
accommodated within the substrate-binding cleft of BACE1.
In 2000, Hong et al. developed an 8-residue peptide OM99-2
utilizing the template of the β-cleavage site of Swedish APP,
where the scissile peptide bond was replaced by a Leu-Ala
hydroxyethylene transition-state isostere (Figure 3B; Ghosh
et al., 2000). The crystal structure of BACE1 and OM99-2
complex (Figure 3A) provided coveted molecular insight
into the ligand/enzyme interaction and significantly advanced
the development of BACE1 inhibitors (Hong et al., 2000).
Catalytic aspartates D93 and D289 (see Figure 3A, in green)
are located at the center of the substrate binding pocket. There
are four hydrogen bonds between the catalytic aspartates and
the transition state isostere hydroxyl, and ten hydrogen bonds
between the binding cleft and flap to OM99-2 backbone. As
shown in Figure 3A, the “flap” (in yellow) closes over the top of
the cleft upon the binding of the inhibitor. Futher investigation
led to the design of inhibitor OM00-3 by the replacement

of the P2’ Ala in OM99-2 with a Val, which achived a five-
fold enhancement of inhibitory potency (Hong et al., 2002).
Additional peptidomimetic inhibitors were developed, including
KMI-008, KMI-420, and KMI-429 by Kiso’s group (Shuto
et al., 2003; Kimura et al., 2005; Asai et al., 2006), GSK188909
(Hussain et al., 2007), and compound 11 (Iserloh et al., 2008),
etc. However, the big molecular size precludes the application
of peptidomimetic BACE1 inhibitors in vivo, due to their short
half-life, deficiency in crossing the BBB, and low oral availability.
Therefore, later generations of BACE1 inhibitors are mostly
non-peptidic small molecules.

High-throughput screening (HTS) and fragment-based
drug discovery (FBDD) are two major methods employed to
explore non-peptidyl small molecule BACE1 inhibitors. In
contrast to traditional HTS, which uses libraries of drug-like
compounds (typically 300–500 Da), FBDD screens libraries of
small fragments (typically < 300 Da), allowing more thorough
exploration of the chemical space and the identification of
weakly binding chemical fragments. Small fragment hits
can then be linked or extended into unique multi-fragment
scaffold (Erlanson, 2012). Screening of 8000 fragments by Lilly
Research Laboratories produced two promising fragment hits,
amino-benzothiazine and amino-thiadiazine (May et al., 2011).
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FIGURE 4 | Structure of BACE1 complexed with small molecue inhibitor LY2811376. (A) LY2811376 binds to the active site of BACE1 (PDB code: 4YBI). Inhibitor
LY2811376 was shown as sticks colored with orange for carbon, blue for nitrogen, light blue for fluorine and light-orange for sulfur. The side chain of two catalytic
aspartate (D93 and D289) were shown in yellow as sticks. Hydrogen bonds between aspartate side chain and LY2811376 were shown in dotted black lines.
(B) Chemical structure of LY2811376.

Evolution of the fragment based on crystal structure produced
compound LY2811376 [(S)-4-(2,4-difluoro-5-pyrimidin-5-yl-
phenyl)-4-methyl-5,6-dihydro- 4H-[1,3]thiazin-2-ylamine].
LY2811376 was the first orally available, non-peptidic small-
molecule BACE1 inhibitor, showing satisfactory pharmacokinetic
and pharmacodynamic properties in preclinical animal models
and in humans (May et al., 2011). The chemical structure of
LY2811376 and its complex with BACE1 were shown in Figure 4.
LY2811376 binds to the active site of BACE1 and forms an
optimal H-bonds network with the catalytic aspartates (May
et al., 2011). Despite the encouraging results in preclinical
animal models, LY2811376 shows toxicity in long-term studies.
Other fragment-based compounds, including AZD3839 from
Astra-Zeneca (Jeppsson et al., 2012) and NB-360 from Novartis
(Neumann et al., 2015), also showed great potential in reducing
brain Aβ levels in preclinical studies.

BACE1 Inhibitors in Clinical Trials
BACE1 inhibitors effectively reduced brain and CSF Aβ levels
in both animal studies and human clinical trials. In the past
two decades, many potent BACE inhibitors have been developed,
but only a small portion entered the clinical trials. Selectivity
over other aspartic protease (BACE2, pepsin, renin, cathepsin
D, and cathepsin E) and blood-brain barrier (BBB) permeability
are major hurdles. The first Phase I clinical trial on a BACE1
inhibitor, CTS-21166, was conducted by CoMentis in 2008. CTS-
21166 passes BBB, with high oral bio-availability and selectivity
of BACE1 over other proteases. Results from clinical studies
indicated a dose-dependent reduction of plasma Aβ for an
extended period of time, with up to 80% inhibition at the highest
dosage (Gabrielle, 2008). Merck conducted phase I clinical trial
on their inhibitor MK-8931 (Verubecestat) in 2012, which is well-
tolerated and demonstrates a profound (up to 94%) reduction
in CSF Aβ (Forman et al., 2012). MK-8931 is the first BACE1
inhibitor to advance to phase II/III clinical trial in patients with
mild to moderate AD. It was discontinued in 2017 (Table 1),
due to a lack of clinical benefit in cognition (Egan et al., 2018).
Subsequent phase III clinical trials of MK-8931 in patients
with prodromal AD was also discontinued in 2018, because
it was deemed unlikely to exhibit a positive benefit/risk ratio
(Merck, 2018). Several other promising BACE1 inhibitors in late

state clinical trials also reported disappointing results, including
LY2886721 (Eli Lilly), AZD3839 (AstraZeneca), atabecestat (JNJ-
54,861,911, Janssen), and lanabecestat (AZD3293, LY3314814,
AstraZeneca and Eli Lilly) (Table 1).

Drug Discovery Targeting γ-Secretase
γ-Secretase
γ-secretase is a membrane protein complex composed of
four essential subunits, with presenilin-1 (PS1) or presenilin-
2 (PS2) as the catalytic subunit, nicastrin (Nct), anterior
pharynx-defective 1 (Aph-1), and presenilin enhancer 2 (Pen-
2) (De Strooper, 2003; Wolfe and Kopan, 2004; Wolfe, 2006).
PS1 undergoes autocleavage through its endopeptidase activity
to produce a N-terminal fragment (NTF) and a C-terminal
fragment (CTF) (Thinakaran et al., 1996), each of which
contributes a conserved catalytic aspartate, D257 and D385,
respectively (Figure 5A). Nct is believed to play a role in substrate
recognition and its initial docking (Shah et al., 2005). Aph-
1 stabilizes the complex and Pen-2 is required for maturation
of γ-secretase (Takasugi et al., 2003). γ-secretase cleaves type
I transmembrane proteins and has more than 90 reported
substrates (Haapasalo and Kovacs, 2011; Jurisch-Yaksi et al.,
2013), of which APP and Notch are the most well-characterized.
After the cleavage of APP by BACE1, a C-terminal 99-residue
fragment of APP (C99) is generated and subsequently cleaved
by γ-secretase. The initial cleavage of γ-secretase produces a 48-
residue (Aβ48) or 49-redidue (Aβ49) amyloid peptide, while at
the same time the intracellular domains (AICD) are liberated
into the cytoplasm (Figure 5B; De Strooper et al., 1998; Wolfe
et al., 1999). Subsequent cleavage of Aβ49 by the C-terminal
peptidase activity of γ-secretase leads to the generation of Aβ46,
Aβ43, and Aβ40, while cleavage of Aβ48 results in Aβ45, Aβ42,
and Aβ38 (Golde et al., 1992; Sano et al., 2009). Among Aβ

peptides with different lengths, Aβ42 and Aβ43 are most prone to
aggregation, while Aβ40 and shorter peptides are relatively benign
(Burdick et al., 1992).

Drug Discovery Targeting γ-Secretase
γ-Secretase cleaves within APP transmembrane domain
(APPTM) of C99 to release Aβ, which aggregates to form
neurotoxic oligomers and fibrils. Thus, γ-secretase is an obvious
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TABLE 1 | BACE1 inhibitors in clinical trials.

Compounds Company Structure Clinical trials Participants Status Outcomes References

Verubecestat
(MK-8931,
MK-8931-009)

Merck Sharp & Dohme
Corp.

NCT01739348 EPOCH
Phase II/III 2012–2017

N = 2211 People with
mild to moderate AD

Discontinued No improvement in
cognition

Kennedy et al., 2016;
Scott et al., 2016

C17H17F2N5O3S 409.41
Da

NCT01953601 APECS
Phase III 2013–2018

N = 1500 People with
prodromal AD

Discontinued Worsening cognition in
high dose (40 mg)

Atabecestat
(JNJ-54861911)

Janssen & Shionogi
Pharma

NCT02260674 Phase II
2014–2016

N = 114 People with
early AD

Completed No improvement in
cognition

Timmers et al., 2016,
2018

C18H14FN5OS 367.400 Da

NCT02569398 Phase
II/III 2015–2018

N = 596 People
asymptomatic at risk
for developing AD

Completed Liver toxicity

NCT02406027 Phase II
2015–2018

N = 90 People with
Early AD

Discontinued

Lanabecestat
(AZD3293, LY3314814)

Eli Lilly & Co.,
AstraZeneca

NCT02245737 Phase
II/III 2014–2018

N = 7255 People with
early AD

Discontinued lack of efficacy Eketjäll et al., 2016;
Cebers et al., 2017;
Sakamoto et al., 2017;
Sims et al., 2017C26H28N4O 412.54 Da NCT02783573 Phase

III 2016–2018
N = 5697 People with
mild AD

Discontinued

Elenbecestat (E2609) Biogen, Eisai Co., Ltd. NCT02322021 Phase II
2014–2020

N = 71 People with
prodromal and mild to
moderate AD

Active Albala et al., 2012;
Bernier et al., 2013; Lai
et al., 2017; Lynch
et al., 2018

C19H18F3N5O2S 437.44
Da

NCT02956486
NCT03036280 Phase
III 2016–2021

N = 1330 People with
early AD

Recruiting

CNP520 Amgen, Inc., Novartis
Pharmaceuticals

NCT02576639 Phase II
2015–2016

N = 124 Healthy
people ≥ 60 years old

Completed Ufer et al., 2016;
Neumann et al., 2018

C19H15ClF7N5O2 513.80
Da

NCT02565511 Phase
II/III 2016–2025

N = 1340 People at risk
for AD based on APOE
genotype

Recruiting

RG7129 (RO5508887) Hoffmann-La Roche NCT01664143 Phase I
2012
NCT01592331 Phase I
2012

N = 36 Healthy people
N = 42 Healthy people

Completed
Completed

Liver toxicity

C18H14F3N5O2 389.34 Da

LY2811376 Eli Lilly & Co. NCT00838084 Phase I
2008–2009

N = 61 Healthy people Completed Liver toxicity Martenyi et al., 2010;
May et al., 2010, 2011

C15H14F2N4S 320.36 Da
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TABLE 1 | Continued

Compounds Company Structure Clinical trials Participants Status Outcomes References

LY2886721 Eli Lilly & Co. NCT01561430 Phase
I/II 2012–2013

N = 70 People with AD
or mild AD

Discontinued Liver toxicity Hansen et al., 2015;
Inhibitor et al., 2015;
May et al., 2015

C18H16F2N4O2S 390.41
Da

LY3202626 Eli Lilly & Co. NCT03023826 Phase I
2017
NCT02323334 Phase I
2014–2016
NCT02791191 Phase II
2016–2019

N = 30 Healthy people
N = 136 Healthy people
and people with AD
N = 316 People with
mild AD dementia

Completed
Completed
Discontinued

Low likelihood of
identifying a statistically
significant treatment
effect

Mckinzie et al., 2016;
Willis et al., 2016

C22H20F2N8O2S 498.51
Da

PF-06751979 Pfizer NCT02509117 Phase I
2015–2016
NCT03126721 Phase I
2017

N = 55 Healthy people
and elderly people
N = 12 Healthy people

Completed
Completed

Safe and well-tolerated,
reduced plasma and
CSF Aβ

Qiu et al., 2017;
Inhibitor et al., 2018

C18H19F2N5O3S2 455.50
Da

BI 1181181 Boehringer Ingelheim &
Vitae Pharmaceuticals

Structure not released NCT02044406 Phase I
2014

N = 65 Healthy male Completed Discontinued in favor of
a second-generation
compound

Firth and Tools,
2010a,b;
Dorner-Ciossek et al.,
2015

NCT02106247 Phase I
2014

N = 36 Healthy male Completed

NCT02254161 Phase I
2014–2015

N = 36 Young healthy
male and elderly
healthy people

Discontinued
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FIGURE 5 | Cryo-EM Structure of γ-secretase and progressive cleavage of APP transmembrane domain. (A) The cryo-EM structure of γ-secretase apo (left) and
complexed with substrate C83 (right). Four subunits, Nct, PS1, Pen-2 and Aph-1, were indicated. Two conserved catalytic aspartates, D257 and D385, were shown
as sticks in orange in the magnified graph. The APP substrate C83 was shown as cartoon in orange in the complex. (B) Schematic diagram of the progressive
cleavage sites of γ-secretase on substrate C99.

FIGURE 6 | Chemical structures of representative compounds in three classes of substrate-based GSIs. From left to right: transition-state analog inhibitor
(L-685,458), chemically modified compounds based on hits from high-throughput screening (DAPT), and helical peptide.

drug target for reducing amyloid load. Efforts have been
devoted to develop γ-secretase targeting compounds, γ-secretase
inhibitors (GSIs) and later γ-secretase modulators (GSMs).

Early studies on γ-secretase targeting compounds have shown
an increase of the levels of substrates C99 and C83, and a
reduction of the levels of the γ-secretase cleavage products Aβ

and p3 in APP-transfected cells (Higaki et al., 1995, 1999; Klafki
et al., 1996). Those compounds were named as GSIs, among
which dipeptide aldehydes (such as MG-132 and MDL-28170)
were firstly reported (Higaki et al., 1995; Klafki et al., 1996). At
the same time, substrate-based GSIs were designed, and these
compounds show pharmacological effects through occupying
the binding site of APP on γ-secretase. The substrate-based
GSIs (Figure 6) includes: (1) transition-state analog inhibitor
of aspartyl proteases, such as hydroxyethylene L-685,458, which
was identified to target PS1 NTF and CTF (Shearman et al.,
2000); (2) helical peptide (Das et al., 2003), which was found
to directly bind to the PS1 NTF/CTF interface (Kornilova
et al., 2005); (3) Chemically modified compounds based on
hits from high-throughput screening, such as DAPT (Dovey
et al., 2001), for which PS1 was identified as the direct target
(Morohashi et al., 2006; Bai et al., 2015). The complex structure of

presenilin homolog PSH bound to a hydroxyethylene derivative
L-682,679 was shown in Figure 7. PSH is composed of 9
transmembrane helices (TMs). L-682,679 was found to bind in
the cleft surrounded by TMs 2, 6, 7, 8, and 9. The two catalytic
aspartates D162 and D220 were separated by the phenol group in
the amide end of L-682679 (Dang et al., 2015).

Additional non-peptidyl GSIs were developed, e.g.,
modification of DAPT led to a much more potent compound
LY-411,575, which was further modified to be LY-450,139
(semagacestat, Table 2), a compound that was advanced to phase
III clinical trials. However, the phase III clinical trial revealed
severe gastrointestinal toxicity and skin cancer, which were
probably due to impairment of Notch signaling.

To avoid the toxicity of GSIs, extensive efforts have
been devoted toward selective γ-secretase inhibitors/γ-secretase
modulators (GSMs) (Weggen et al., 2001). Some GSMs interact
with γ-secretase through the allosteric binding site, and therefore
do not interfere with the normal γ-secretase processing of
other physiological substrates, such as Notch (called “Notch-
sparing GSMs”). The first generation of GSMs is a subset
of non-steroidal anti-inflammatory agents (NSAIDs), including
ibuprofen, sulindac and indomethacin. These NSAIDs interact
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FIGURE 7 | The complex structure of presenilin homolog PSH bound to a hydroxyethylene derivative L-682679. (A) Structure of PSH bound to L-682679. The two
catalytic aspartates D162 and D220 were shown in orange. L-682679 was shown in stick model with yellow for carbon, blue for nitrogen, red for oxygen (Dang
et al., 2015). (B) Chemical structure of L-682679.

with PS at the luminal side and increase the distance between the
N- and C- termini of PS, thus direct the cleavage sites toward
Aβ38 instead of Aβ42, without altering total Aβ production
(Lleó et al., 2004; Takeo et al., 2014). The second generation
of GSMs include NSAID-derived carboxylic acid analogs (Beher
et al., 2004; Hall et al., 2010) and non-NSAID GSMs (Huang
et al., 2012; Sun et al., 2012). The second-generation GSMs have
better pharmacokinetic properties, and several of them entered
clinical trials, including CHF 5074, EVP-0962, and PF-06648671
(Table 2). Natural products were also screened and characterized
for their GSM activities, such as dihydroergocristine (DHEC)
(Lei et al., 2015), curcumin (Goozee et al., 2016), and luteolin
(Wang et al., 2016). However, the mechanism of how GSMs
shift Aβ production is poorly understood, partially because the
complexity of the structure of γ-secretase. γ-Secretase contains
4 subunits and at least 18 transmembrane domains, structural
information on this high molecular weight complex is limited
until recently. Moreover, the binding sites of GSMs are still
not understood. GSMs fenofibrate and tarenflurbil were initially
reported to modulate γ-secretase cleavage by binding to the
substrate APP (Kukar et al., 2008), but the specificity of this
binding is questionable (Beel et al., 2009). Other GSMs have been
reported to bind presenilin (Crump et al., 2011; Ohki et al., 2011).

γ-Secretase Inhibitors/Modulators in Clinical Trials
The most potent GSI semagacestat (LY450139) failed in Phase III
clinical trials with more than 2600 patients from 31 countries,
due to worsening cognition and increased risk of skin cancer in
test patients comparing to placebo group (Kieburtz et al., 2013;
Tagami et al., 2017). The side effects are likely due to the impaired
Notch signaling. Focus was then shifted toward “Notch-sparing”
GSMs, which shift the Aβ production to shorter and benign

peptides without affecting the total Aβ production. However,
avagacestat (BMS-708163), which was claimed to be a Notch-
sparing GSI, also failed in a Phase II clinical trial (Table 2) with
similar side effects to those found with semagacestat (Sverdlov
et al., 2012; van Dyck et al., 2012; Coric et al., 2015). Later a
lack of Notch selectivity was reported for avagacestat, which may
contribute to the failure of clinical trial (Crump et al., 2012). Two
more GSMs entered clinical trials. EVP-0962, entered phase II
clinical trial in 2012 but no results have ever been reported. NIC5-
15, a naturally occurring sugar alcohol found in plants and fruits,
also entered phase II clinical trial without follow-up studies.

DISCUSSION

All clinical trials of BACE1 inhibitors and GSIs/GSMs failed,
raising the question about causal role of Aβ in AD pathogenesis,
and the validity of amyloid cascade hypothesis in general.
However, the amyloid hypothesis refers to a continuum of
pathological processes at different stages of disease lasting 15–20
years before symptoms appear (Rowe et al., 2010). It is widely
accepted that amyloid biomarkers (detected by reduced Aβ42
in cerebrospinal fluid (CSF) and/or positive brain amyloid PET
imaging) represent the earliest evidence of AD neuropathologic
change currently detectable in humans (Donohue et al., 2014;
Young et al., 2014; Xiong et al., 2016). A causative role of Aβ

in AD pathogenesis is supported by strong evidences, including
genetic of FAD (De Jonghe, 2001; Selkoe, 2001; Chen et al., 2014)
and Down’s syndrome (Lejeune et al., 1959; Head et al., 2012),
toxicity of Aβ aggregates (Selkoe et al., 2016), Aβ activation of
neuron inflammation (Eng et al., 2004) and Aβ potentiation
of tau pathology (Jin et al., 2011). Very recently, increased

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 August 2020 | Volume 13 | Article 137153

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnm
ol-13-00137

A
ugust4,2020

Tim
e:12:46

#
10

Zhao
etal.

Targeting
A
β

P
roduction

in
A

D

TABLE 2 | γ-secretase inhibitors/modulators in clinical trials.

Compounds Company Structure Clinical trials Participants Status Outcomes References

C20H17ClF4N4O4S
520.88 Da

Avagacestat
(BMS-708163) GSI

Bristol-Myers Squibb NCT00890890 Phase II
2009–2013

N = 263 People with
prodromal AD

Discontinued Lack of efficacy,
Adverse effects:
cerebral microbleeds,
glycosuria, and
nonmelanoma skin
cancer

Sverdlov et al., 2012;
van Dyck et al., 2012;
Coric et al., 2015

C19H27N3O4 361.44
Da

Semagacestat
(LY450139) GSI

Eli Lilly & Co. NCT01035138 Phase
III 2009–2011
NCT00762411
NCT00594568 Phase
III 2008–2011

N = 180 People with
AD
N = 1111, N = 1537
People with AD

Completed
Completed

Lack of efficacy,
increased risk of skin
cancer

Dean et al., 2008;
Bateman et al., 2009;
Kieburtz et al., 2013;
Tagami et al., 2017

F3C

F3C HN S

O

O

S
ClOH

C9H8ClF6NO3S2

391.73 Da

Begacestat (GSI-953)
GSM

Pfizer NCT00547560 Phase I
2007–2011
NCT00441987 Phase I
2007–2010
NCT00479219 Phase I
2007–2008

N = 49 Healthy elderly
objects ( > = 65)
N = 96 Healthy adult
N = 17 Healthy and AD
patients

Completed
Completed
Completed

Lack of efficacy,
Concentration of Aβ in
CSF not affected

C16H11Cl2FO2 325.16
Da

CHF 5074 GSM CereSpir Incorporated
& Chiesi
Pharmaceuticals Inc.

NCT01421056 Phase II
2011–2012
NCT01602393 Phase II
2012–2013
NCT01303744 Phase II
2011–2012

N = 74 People with mild
cognitive impairment
N = 51 People with mild
cognitive impairment
N = 96 People with mild
cognitive impairment

Completed
Completed
Completed

Mild diarrhea as a
notable side effect
Anti-inflammatory
benefit
Improved executive
function for ApoE4 risk
allele carriers

Imbimbo et al., 2009;
Lanzillotta et al., 2010;
Franceschi et al., 2013

C22H19ClF6O3 480.83
Da

EVP-0962 GSM FORUM
Pharmaceuticals Inc

NCT01661673 Phase II
2012–2013

N = 52 People with
early AD

Discontinued Severe side effects Rogers et al., 2012

C25H23ClF4N4O3

538.93 Da

PF-06648671 GSM Pfizer NCT02407353
NCT02440100 Phase I
2015–2016
NCT02316756 Phase I
2014–2015
NCT02883114 Phase I
2016–2016

N = 22, N = 92 Healthy
people
N = 18 Healthy people
N = 12 Healthy people

Completed
Completed
Completed

Dose−dependent
reductions in CSF Aβ42
and Aβ40 and
elevations in Aβ37 and
Aβ38, with no effect on
total Aβ.

Qiu et al., 2016; Ahn
et al., 2017, 2020

C7H14O6 194.18 Da

NIC5-15 Natural
product

Humanetics
Pharmaceuticals
Corporation

NCT00470418 Phase II
2007–2010
NCT01928420 Phase II
2007–2014

N = 15 People with AD
N = 30 People with AD

Completed
Completed

Good tolerability,
Stabilization of
cognition
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FIGURE 8 | The unwinding model of γ-secretase-APP interaction.

Aβ42/40 ratio was shown to drive tau pathology in 3-dimensional
human AD neural cell culture models (Kwak et al., 2020).
These studies support the causal upstream role for Aβ in the
pathogenesis of AD.

Reducing Aβ42 by modulating β- or γ-secretase activity may
inhibit subsequent neurodegenerative changes in the brain. It is
clear that Aβ alone is not sufficient for cognitive dysfunction, but
it may play a crucial role in potentiating downstream tauopathy
and neuroinflammation, converting a cognitively unimpaired
preclinical AD subject to a patient with MCI and finally with
dementia. With recent advances in ultra-sensitive quantification
of pathological proteins in human plasma samples, levels of
phosphorylated Tau protein (pTau181) were used to distinguish
plasma samples from AD vs. control subjects (Janelidze et al.,
2020; Thijssen et al., 2020). For the first time, both Tau and
pTau181 can be measured in plasma to predict brain Tau
load and neurodegeneration, for monitoring the efficacy of β-
or γ-secretase inhibitors/modulators in clinical trials. Existing
β-/γ-secretase inhibitors/modulators can then be tested in sub-
cohorts selected by AT(N) biomarker.

One plausible explanation for negative clinical results is that
BACE1 inhibitors and GSIs/GSMs were given too late, during the
irreversible phase of the disease (MCI/prodromal AD, mild-to-
moderate AD), and patients need to be treated at earlier stage of
AD to prevent neurodegeneration. The phase III trial of BACE1
inhibitor verubecestat by Merck in patients with prodromal AD
(MCI) was discontinued in 2018, similar to the phase II/III trial
of atabecestat by Janssen.

In addition, side effects and toxicity account for a number
of failed trials, such as the inhibition of Notch signaling by
GSIs. Recent studies on BACE1 knockout mice suggested that
BACE1 inhibitors may disrupt the axonal organization in the
hippocampus, and impair synaptic plasticity, leading to defects
in learning and memory (Ou-Yang et al., 2018; Lombardo
et al., 2019). Inhibition of γ-secretase cleavage can lead to the
accumulation of C99 fragment (Lauritzen et al., 2019a), which

was correlated to the acceleration of early neurodegenerative
process in AD (Lauritzen et al., 2012; Lauritzen et al., 2019b).

An obstacle for the development of selective GSMs is the lack
of information about the structural characteristics of γ-secretase-
substrate complex. Recent cryo-EM structure of γ-secretase
bound to the C83 fragment and Notch substrate (Yang et al.,
2019; Zhou et al., 2019) started to fill this crucial knowledge
gap. An α-helical to β-strand transition was observed at the
C-terminal of APPTM, forming an anti-parallel, intermolecular
β-sheet with two induced β-strands from presenilin (Figure 8).
The unwinding of C-terminal transmembrane helix exposes the
initial ε-cleavage sites (T48, L49) to interact with γ-secretase
(Zhou et al., 2019). These are in agreement with earlier Raman
and NMR spectroscopic studies carried out on APPTM and
PSHs in solution, which showed that substrate binding is coupled
with helical unwinding to prime the substrate for peptide bond
hydrolysis (Brown et al., 2018; Clemente et al., 2018).

This unwinding model of the substrate in γ-secretase-APP
interaction suggests that targeting APP, especially the C-terminal
of APPTM, could be a new strategy in selective amyloid
reduction. A substrate-specific inhibitor is not expected to affect
the γ-secretase cleavage of other physiological substrates, the
assembly of the γ-secretase complex, or any presenilin function
(Saura et al., 2004; Wines-Samuelson et al., 2010; Watanabe
et al., 2012; Barthet et al., 2013), thereby sparing the side
effects associated with broad-spectrum γ-secretase inhibitors.
A novel compound C1 was found to interact with the C-terminal
juxtamembrane lysines of APP and inhibit the γ-secretase
production of Aβ both in vitro and in cell (Zhao et al., 2020).
This study provides the first in vitro evidence that targeting
the C-terminal juxtamembrane lysines is sufficient for reducing
Aβ production.

Besides cleavage by the well-known α-, β-, and γ-secretases,
APP can be alternatively cleaved by meprin-β, legumain,
rhomboid-like protein-4 (RHBDL4), caspases, η-secretase (MT-
MMPs) at different sites, resulting in different APP fragments
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(reviewed by García-González et al., 2019). These emerging
proteinases in APP metabolism opened more possibilities for
the intervention of amyloidogenic APP processing in AD.
For example, cleavage of APP by meprin-β can generate a
N-terminally truncated Aβ (Aβ2−X), which is more prone to
aggregation than Aβ40; while the inhibitor of meprin-β, fetuin-
A, was reduced in CSF of AD patients (Puchades et al., 2003),
indicating a potentially pathogenic role of enhanced meprin-β
activity in AD. Further investigations are needed to link the new
proteinases to AD pathogenesis, which will offer novel insights
and more molecular targets in AD drug discovery.

AD is a complex disease and therefore drugs with a
single molecular target may not be sufficient for reversing the
progression of AD. Thus, multi-target molecules able to inhibit
both APP processing and tau pathology, or neuroinflammation
etc., may be a promising approach for the treatment of
AD. Emerging multi-targeted molecules are developed based
on natural products and their derivatives, such as curcumin,
berberine, and epigallocatechin gallate (EGCG) (Shan et al.,
2011; Di Martino et al., 2016). Multiple AD-related clinical
trials were carried out for EGCG, which is a polyphenolic
flavonoid extracted from green tea. EGCG has been proposed
to not only inhibit Aβ misfolding and tau aggregation
in vitro but also increase α-secretase cleavage of APP and
improve inflammatory in APP/PS1 transgenic mouse models
(Obregon et al., 2006; Ahmed et al., 2017; Guéroux et al.,
2017; Ettcheto et al., 2020). While the outcome of clinical
trials on EGCG is currently inconclusive, more trials are

ongoing and it represents an intriguing multi-target strategy
in AD treatment.

SUMMARY

Drug discovery targeting Aβ-producing enzymes is one of
the most important strategies to develop disease modifying
therapeutics for AD. Exploration of “Notch-sparing” GSMs and
inhibitors targeting the substrate APP are two promising future
directions. Beyond obvious significance in AD drug discovery,
investigation of the γ-secretase and BACE inhibitors will not
only provide chemical probes to study fundamental enzymatic
mechanisms, but also help settling the debates on whether Aβ is
indeed a molecular driver in AD pathogenesis.
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Amyloid plaques are a pathological hallmark of Alzheimer’s disease. The major
component of these plaques are highly ordered amyloid fibrils formed by amyloid-β (Aβ)
peptides. However, whilst Aβ amyloid fibril assembly has been subjected to detailed and
extensive analysis in vitro, these studies may not reproduce how Aβ fibrils assemble
in the brain. This is because the brain represents a highly complex and dynamic
environment, and in Alzheimer’s disease multiple cofactors may affect the assembly of
Aβ fibrils. Moreover, in vivo amyloid plaque formation will reflect the balance between the
assembly of Aβ fibrils and their degradation. This review explores the roles of microglia
as cofactors in Aβ aggregation and in the clearance of amyloid deposits. In addition, we
discuss how infection may be an additional cofactor in Aβ fibril assembly by virtue of the
antimicrobial properties of Aβ peptides. Crucially, by understanding the roles of microglia
and infection in Aβ amyloid fibril assembly it may be possible to identify new therapeutic
targets for Alzheimer’s disease.

Keywords: β-amyloid, Aβ, amyloid fibril, amyloid plaques, Alzheimer’s disease, infection, microglia

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by brain
atrophy, amyloid plaques, intracellular neurofibrillary tangles, and neuroinflammation (Braak and
Braak, 1991; Jack et al., 1998; Heppner et al., 2015). The amyloid plaques are primarily composed
of fibrils formed by the β-amyloid (Aβ) peptides (Wang et al., 1996). In AD Aβ assembles into
fibrils within the highly complex environment of the brain; as such multiple molecular and cellular
factors may influence not only the formation the fibrils, but also their clearance. In contrast, Aβ

fibril formation is typically studied in vitro by incubating the purified peptide in simple solution
conditions. This may not reproduce how Aβ fibrils assemble in the AD brain, and result in the
generation of fibrils that have different properties to those formed in vivo. Indeed, Aβ fibrils made
in vitro do not efficiently induce amyloid plaque formation when injected into the hippocampus of
young AD model mice, whereas brain extracts from AD patients and aged AD model mice lead to
Aβ deposition into plaques (Meyer-Luehmann et al., 2006). This suggests that there are cofactors
present in vivo that promote Aβ fibril assembly and deposition in AD. This review will focus on two
potential cofactors, microglia and infection, and how these modulate Aβ amyloid fibril assembly
and whether these can be targeted to reduce plaque formation (Figure 1).
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Aβ AMYLOID FIBRIL ASSEMBLY

Aβ is formed by the sequential cleavage of transmembrane
protein amyloid precursor protein (APP) by β-secretase and
γ-secretase, resulting in Aβ fragments ranging from 39 to 43
residues in length (Selkoe, 1998). The predominant forms of
the peptide are the 40- and 42- residue peptide variants Aβ1−40
and Aβ1−42 (Wang et al., 1996). All known dominant mutations
associated with early-onset AD occur in APP or in presenilin-
1 (PSEN1) and presenilin-2 (PSEN2), which are components
of γ-secretase (Karch et al., 2014). Genome-wide association
studies (GWAS) have also been used to identify genetic risk
factors for late-onset AD, and this has identified genes that
encode proteins involved in APP processing including SORL1,
ADAM10, and APH1B (Lambert et al., 2013; Jansen et al.,
2019). This genetic evidence implicates Aβ as an initiating
factor in AD.

Aβ peptides are intrinsically disordered in their monomeric
form and assemble into highly ordered fibrils via a nucleation
dependent pathway, in which monomers self-associate to form
a nucleus (Knowles et al., 2014). Addition of further Aβ peptides
to the nucleus culminates in the formation of fibrils, which can
then be elongated by end on addition of Aβ peptides. An array
of oligomeric forms of Aβ are associated with fibril assembly
reactions and many studies point to a key role for these oligomers
in neurotoxicity (Shankar et al., 2008; Evangelisti et al., 2016;
Serra-Batiste et al., 2016). In addition, in secondary nucleation,
the surface of existing Aβ fibrils can catalyze the formation
of new Aβ fibrils (Cohen et al., 2013). Cross-seeding can also
occur in which other protein complexes, including fibrils of other
amyloidogenic sequences, provide surfaces for the secondary
nucleation of Aβ fibril assembly (Morales et al., 2013; Ono et al.,
2014; Moreno-Gonzalez et al., 2017).

Aβ amyloid fibrils are highly ordered, with a common
cross-β structure, consisting of β-sheets in which in-register
β-strands are oriented perpendicularly to the fibril axis, with
4.6–4.7 Å spacing between them (Eanes and Glenner, 1968).
Fibrils are unbranched, typically 5–15 nm in width, can reach
up to several microns in length and can consist of a number
of cross-β subunits (Iadanza et al., 2018). These subunits are
protofilaments which associate to form a mature Aβ fibril
(Iadanza et al., 2018). While all Aβ fibrils share this characteristic
cross-β structure, polymorphism refers to the different molecular
structure of the peptide within this cross-β subunit, and also
the different number and arrangement of the cross-β subunits
that make up a mature fibril (Tycko, 2015). While Aβ fibrils
formed both in vitro and derived from ex vivo patient tissue
exhibit polymorphism, the structures determined to date of
fibrils derived from AD patient tissue are distinct from those
formed in vitro (Petkova et al., 2005; Paravastu et al., 2008,
2009; Lu et al., 2013; Qiang et al., 2017; Kollmer et al.,
2019). In addition, it was shown that synthetic Aβ fibrils do
not efficiently induce Aβ-plaque formation when injected into
the hippocampus of young AD model (APP23) mice, whereas
brain extracts from AD patients and aged APP23 mice led to
Aβ deposition (Meyer-Luehmann et al., 2006). This suggests
that a cofactor, or multiple cofactors within the brain, could

be required to drive Aβ assembly and deposition in vivo
(Meyer-Luehmann et al., 2006).

MICROGLIA AND THE IMMUNE
RESPONSE TO Aβ AMYLOID FIBRILS

Microglia are immune cells that are resident in the brain,
and depending on the region, make up 0.5–16% of all cells
in the human brain (Mittelbronn et al., 2001; Ajami et al.,
2007; Ginhoux et al., 2010). When in a resting state, microglia
have a ramified morphology, multiple fine processes project
from the cell body, which are used to monitor the central
nervous system (CNS) microenvironment (Nimmerjahn et al.,
2005). These cells respond to changes in the local environment
and migrate to activating stimuli, adopting a more amoeboid
morphology and expressing an altered repertoire of receptors
(Davalos et al., 2005). Reactive microglia are observed in AD
brains, in close association with Aβ plaques (Itagaki et al., 1989;
Yuan et al., 2016). Aβ fibrils have been shown to activate the
production of pro-inflammatory cytokines by microglia and
thus may be a stimulus for the increased production of these
cytokines, which contribute to the neurodegeneration associated
with AD (Griffin et al., 1989; Bauer et al., 1991; Patel et al., 2005;
Halle et al., 2008; Ojala et al., 2009). However, in addition to
cytokine production, microglia may also modulate the formation
of Aβ amyloid fibrils and plaques. Crucially, microglia can
affect both the generation and the degradation of Aβ fibrils.
The balance between these activities may therefore represent
a key determinant in whether amyloid plaques accumulate
in the AD brain.

FORMATION OF PHYSICAL BARRIERS
AROUND Aβ AMYLOID PLAQUES BY
MICROGLIA

In AD microglia migrate to, surround and infiltrate Aβ amyloid
plaques, where they come into close contact with Aβ fibrils
(Itagaki et al., 1989). In AD mice models this recruitment
can occur as quickly as within a day of plaque formation
and results in a two-fivefold increase in microglia at Aβ

plaques compared to the neighboring tissue (Frautschy et al.,
1998; Simard et al., 2006; Meyer-Luehmann et al., 2008).
Microglia have been shown to surround plaques forming a
barrier that limits their outward growth by preventing the
recruitment of Aβ peptides (Condello et al., 2015). Plaques with
less microglial coverage were less compact and had increased
recruitment of soluble Aβ1−42, allowing the formation of Aβ1−42
protofibrils (Condello et al., 2015). Similar results were found
after depletion of microglia with PLX5622, an inhibitor of
the essential microglial colony stimulating factor 1 receptor
(CSF1R) signaling pathway (Spangenberg et al., 2019). These
hotspots of Aβ1−42 protofibrils were found to be neurotoxic,
resulting in more severe neuritic dystrophy (Condello et al.,
2015). This supports the role of microglia in the formation
of a physical barrier around fibrillar plaques, compacting
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FIGURE 1 | Modulation of Aβ amyloid fibril assembly and clearance by microglial cells and infection, and potential targets of intervention. Aβ peptide assembles into
highly ordered amyloid fibrils with a characteristic cross-β structure. These fibrils form the core of amyloid plaques present in AD brains. Microglia surround these
plaques, forming a protective barrier around them, limiting the recruitment of further Aβ. Microglia can also contribute to the clearance of Aβ fibrils. In order to remove
Aβ deposits in AD, the phagocytic activity of microglia could be enhanced by targeting receptors and pathways involved in this response, such as TREM2 and
CD33. Increasing the breakdown by microglial proteases could also enhance clearance of Aβ deposits. The NLRP3 inflammasome in microglia is concurrently
activated in response to Aβ fibrils, resulting in the release of ASC specks. These specks cross-seed the formation of Aβ fibrils, resulting in further Aβ aggregation.
Therefore, inhibiting the activation of the NLRP3 inflammasome would reduce the cross seeding of Aβ aggregation by ASC specks. Aβ also has antimicrobial and
antiviral-properties, assembling into amyloid fibrils in response to infection. Thus, infection could be targeted to reduce Aβ aggregation.

plaque cores, limiting growth and reducing neurite dystrophy
(Condello et al., 2015).

An array of genes is associated with the development of
late-onset AD (Karch et al., 2014; Jansen et al., 2019). One of
these genes encodes triggering receptor expressed on myeloid
cells 2 (TREM2), an immune receptor of the immunoglobulin
family, which is expressed by microglia (Lambert et al., 2013).
TREM2 sequence variants R47H and R62H have been found
to increase the risk of developing late-onset AD (Jonsson
et al., 2013; Chih Jin et al., 2014). This plasma membrane
receptor forms signaling complexes with the adaptor protein
DNAX-activating protein of 12 kDa (DAP12), and is important
in the phagocytosis of apoptotic neurons and the negative
regulation of inflammatory responses (Hamerman et al., 2005,
2006; Takahashi et al., 2005; Piccio et al., 2007; Hsieh et al.,
2009). In AD model mice, the deletion of TREM2 did not
significantly affect Aβ deposition, but it did reduce the extent
to which microglia surrounded Aβ plaques (Ulrich et al., 2014;
Wang et al., 2016). Plaques were more diffuse, and this was
associated with an increased level of neuritic damage. This
suggests a requirement for TREM2 in the formation of a
neuroprotective microglial barrier. In support of this role for

TREM2, Yuan et al. (2016) found that mice haplodeficient for
TREM2 or DAP12 and humans harboring the R47H TREM2
mutation had a reduced microglial barrier surrounding Aβ

plaques, and reduced plaque compaction. The Aβ fibrils in
these plaques were found to be longer and there was more
evidence of Aβ nanostructures extending out from the main
Aβ fibril bundle, allowing more interaction with nearby neurites
(Yuan et al., 2016).

CLEARANCE OF Aβ BY MICROGLIA

In addition to surrounding amyloid plaques, the microglia
recruited to these plaques may be involved in clearing these
amyloid deposits (Rogers et al., 2002). Microglia are thought
to contribute to the clearance of Aβ via the secretion of
amyloid-degrading enzymes and by the internalization of Aβ

fibrils. Furthermore, analysis of gene regulatory networks in
late-onset AD identified that immune and microglial molecular
networks were most associated with late-onset AD (Zhang
et al., 2013). A number of these risk genes have been found
to be involved in the clearance of Aβ (Kleinberger et al.,
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2014; Ulrich et al., 2018; Griciuc et al., 2019) highlighting the
importance of this process in AD.

Secreted Microglial Proteases
Enzymes that cleave Aβ include the metalloendopeptidases
insulin-degrading enzyme (IDE) and neprilysin (NEP). Microglia
are thought to contribute to the secretion of these enzymes,
along with neurons and astrocytes, and a decrease in microglial
expression of both enzymes is associated with aging in AD model
mice (Leissring et al., 2003; Hickman et al., 2008; Tamboli et al.,
2010). These enzymes, however, are thought to be limited to the
degradation of monomeric peptide, and do not contribute to
the degradation of Aβ amyloid fibrils (Qiu et al., 1998; Farris
et al., 2003; Leissring et al., 2003). There is also evidence on
the capability of NEP to degrade some oligomeric forms of
Aβ. The enzyme was found to degrade oligomers formed from
synthetic Aβ peptide, but in another study NEP did not degrade
Aβ oligomers secreted from cells overexpressing APP (Kanemitsu
et al., 2003; Leissring et al., 2003).

Secreted enzymes capable of cleaving fibrillar Aβ have,
however, been identified. Metalloprotease-9 (MMP-9) is a zinc-
dependent metalloprotease expressed by neurons, astrocytes,
microglia and vascular cells in the brain (Vafadari et al., 2016).
It was shown that incubation of Aβ1−40 and Aβ1−42 fibrils
with MMP-9 leads to their degradation (Yan et al., 2006). Fibril
fragments produced were analyzed using mass spectrometry
and this revealed species corresponding to Aβ1−20 and Aβ1−30,
suggesting Phe20-Ala21 and Ala30-Ile31 as cleavage sites (Yan
et al., 2006). These sites must be accessible to MMP-9 in the fibril
structure. MMP-9 was also found to degrade compact Aβ amyloid
plaques in brain sections from AD model (APP/PS1) mice (Yan
et al., 2006). MMP-2 is implicated in the degradation of soluble
Aβ, with increased Aβ1−40 and Aβ1−42 identified in the soluble
fraction of cortex and hippocampal brain samples of knock out
MMP-2 mice compared to wild-type controls (Yin et al., 2006).

Uptake and Degradation of Aβ Fibrils by
Microglia
Consistent with a role in the clearance of Aβ, microglia express
an array of receptors that facilitate the uptake of Aβ aggregates.

Toll-Like Receptors
One family of receptors involved in the immune response
to Aβ amyloid are the Toll-like receptors (TLRs) a class of
pattern recognition receptors that recognize conserved microbial
structures (Kawasaki and Kawai, 2014). TLRs are type I integral
membrane proteins which recognize ligands with their leucine-
rich repeat (LRR)-containing ectodomains. RNA sequencing
revealed that the expression of six TLR genes (1,2,4,5,6,8)
is upregulated in the temporal cortex of AD patients when
compared to control brains, likely resulting from increased
microglial activation (Chakrabarty et al., 2018). A direct
interaction was identified between Aβ fibrils and CD14, a TLR co-
receptor previously shown to associated with the inflammatory
response to fibrillar Aβ (Fassbender et al., 2004; Reed-Geaghan
et al., 2009). This interaction was shown to facilitate the
internalization of Aβ fibrils by microglia, at lower concentrations

than that required for cell activation (Liu et al., 2005). This
suggests that CD14 could be involved in the phagocytosis of
Aβ fibrils at low concentrations, but increased Aβ levels in AD
results in cellular activation. Consistent with a role in Aβ uptake,
TLR4 deficiency in AD mouse models results in increased fibrillar
and soluble Aβ deposition (Tahara et al., 2006). Conversely,
stimulation of the murine microglial cell line BV-2 with TLR2
and TLR4 ligands significantly increased the internalization of
Aβ in vitro, further implicating TLR receptors in Aβ uptake and
clearance (Tahara et al., 2006; Song et al., 2011).

Scavenger Receptors
Another family of receptors found to be involved in the
internalization of Aβ fibrils are the scavenger receptors (SRs),
which are highly expressed by microglia (Christie et al., 1996;
Wilkinson and El Khoury, 2012). It was found initially that class
A SRs, characterized by an extracellular collagen-like domain, are
involved in the binding to Aβ fibrils to microglial cells (El Khoury
et al., 1996). It was then shown that coincubation of microglia
with SR ligands such as acetyl-low density lipoprotein (Ac-LDL)
reduced Aβ uptake, and CHO cells transfected with class A, or
class B SR’s showed enhanced Aβ uptake, suggesting that SRs
are important in the uptake and clearance of Aβ (Paresce et al.,
1996). Further investigation using microglia that are deficient in
SR-A1 confirmed the role of SR-A1 and also SR-B1 in binding
Aβ fibrils, consistent with a role in the clearance of Aβ amyloid
(Husemann et al., 2001). CD36 is a class B scavenger receptor
identified to form a receptor complex with the α6β1-integrin and
the integrin-associated protein CD47 in microglia. This complex
was shown to mediate the binding of Aβ fibrils to microglial
cells and the subsequent activation of intracellular signaling
pathways (Bamberger et al., 2003). While initial studies reported
that Aβ fibril binding to this complex is largely involved in the
activation of an inflammatory response, it was also reported that
the interaction of Aβ fibrils with this complex is involved in the
phagocytic uptake of fibrils by microglia (Coraci et al., 2002;
Moore et al., 2002; Bamberger et al., 2003; Koenigsknecht and
Landreth, 2004).

TREM2
The deletion of TREM2 in primary microglia was shown to
significantly reduce the phagocytosis of aggregated Aβ1−42
(Kleinberger et al., 2014). Similarly, TREM2 deficiency reduced
the efficacy of antibody-targeted Aβ phagocytosis by microglia
(Xiang et al., 2016). There is evidence for direct interactions
between TREM2 and Aβ1−42 fibrils, although no difference in
binding affinity was identified for TREM2 R47H and R62H
variants that are associated with an increased risk of AD (Lessard
et al., 2018). However, the internalization of monomeric Aβ

was reduced with the expression of these TREM2 AD variants
(Lessard et al., 2018). In another study, TREM2 was found to bind
to Aβ oligomers with a similar affinity to previously described
Aβ receptors, CD36 and receptor for advanced glycation end
products (RAGE), and this interaction was compromised by
R47H and R62H TREM2 mutations (Zhao et al., 2018). In this
study, TREM2 deficiency had little effect on Aβ uptake but led
to significantly reduced Aβ degradation once internalized by
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microglia (Zhao et al., 2018). In TREM2 knock out mice injected
with Aβ oligomers, there was reduced microglial migration to
the site of injection and reduced Aβ clearance (Zhao et al.,
2018). A recent study found that loss of TREM2 function led
to an acceleration in early amyloidogenesis, accompanied by
a reduction in microglial recruitment as previously described,
again suggesting that TREM2 has a role in microglial clearance of
Aβ (Parhizkar et al., 2019). Together this evidence suggests that
Aβ is a ligand for TREM2, and that TREM2 has a role to play in
both Aβ clearance and Aβ-stimulated microglial activation.

A Novel Role for the Autophagy
Machinery in Aβ Receptor Recycling
Aβ clearance by microglia may involve proteins of the autophagy
machinery in a pathway distinct from their canonical function
(Heckmann et al., 2019). This pathway is referred to as LC3-
associated endocytosis (LANDO), with LC3 being a key protein
in macroautophagy. Evidence from this study suggests that
LANDO facilitates recycling of the Aβ receptors CD36, TLR4
and TREM2, thus allowing cycles of Aβ endocytosis to continue,
promoting Aβ uptake and clearance (Heckmann et al., 2019).
The autophagy proteins ATG5 and Rubicon were found to be
protective against Aβ deposition, with their absence leading
to increased pathology. The expression of autophagy proteins
declines with age, which may be related to the development of
Aβ pathology in AD (Rubinsztein et al., 2011). It is important
to note that macroautophagy has previously been implicated
in the secretion of Aβ into the extracellular space where it
forms plaques in AD (Nilsson et al., 2013). When autophagy-
related gene 7 (ATG7) was conditionally knocked out in
excitatory neurons of APP transgenic mice, extracellular Aβ

plaque pathology was significantly decreased, and Aβ instead
accumulated intracellularly (Nilsson et al., 2013). Thus, a
reduction in expression of proteins involved in macroautophagy
could affect both Aβ secretion and clearance.

CD33
CD33, a type 1 transmembrane protein, is a sialic acid-binding
immunoglobulin-like lectin (Siglec) expressed by immune cells,
and was identified by GWAS to be associated with AD
(Hollingworth et al., 2011). In addition, CD33-positive microglia
and CD33 protein levels were found to be increased in AD
brains, and CD33 was found to be associated with cognitive
decline (Karch et al., 2012; Griciuc et al., 2013). It was found
that a rs3865444 allele that was found to be protective in AD
led to a reduction in the level of insoluble Aβ in the AD brain,
suggesting a role for CD33 in mediating the clearance of Aβ

(Griciuc et al., 2013). Furthermore, a risk allele of rs3865444
was associated with reduced Aβ1−42 internalization, and an
increase in fibrillar amyloid, and neuritic amyloid pathology
in AD patients, supporting the involvement of CD33 in the
modulation of Aβ clearance (Bradshaw et al., 2013). Recent work
by Griciuc et al. (2019) showed that knockout of CD33 led to
mitigated Aβ pathology in 5xFAD AD model mice, with genes
related to phagocytosis found to be upregulated (Griciuc et al.,
2019). The opposite effects were found to result from TREM2

knockout (Griciuc et al., 2019). Interestingly, this differential gene
expression in CD33 deficient 5xFAD mice only occurred in the
presence of TREM2, suggesting that TREM2 acts downstream of
CD33 (Griciuc et al., 2019).

Degradation of Aβ Fibrils by Lysosomal
Proteases
Once internalized Aβ fibrils are sorted to lysosomes, a degradative
organelle which contains proteases that are capable of degrading
Aβ fibrils (Paresce et al., 1997). Aβ1−42 monomeric peptide,
non-fibrillar assemblies and fibrils were all shown to be cleaved
by the lysosomal cysteine protease cathepsin B, resulting in the
production of Aβ1−40, Aβ1−38 and Aβ1−33 in a dose-dependent
manner (Mueller-Steiner et al., 2006). This suggests an anti-
amyloidogenic role for cathepsin B, via the C-terminal truncation
of Aβ. In addition to this, cathepsin B was found to accumulate in
mature amyloid plaques in AD model mice. Cathepsin B activity
was highest in supernatant taken from primary microglial cell
cultures, compared to neurons and astrocytes, suggesting that
these cells act as a source of cathepsin B as they surround Aβ

plaques (Mueller-Steiner et al., 2006). The lysosomal protease,
tripeptidyl peptidase 1 (TPP1) is another enzyme capable of
cleaving Aβ fibrils. Digestion of Aβ1−42 fibrils in vitro by TPP1
revealed a number of different cleavage sites within the β-sheet
domains, and molecular dynamics simulations demonstrated
that these cleavages lead to destabilization of the β-sheet fibril
structure (Solé-Domènech et al., 2018).

Failure of Microglia to Clear Aβ Amyloid
Fibrils in AD
Although evidence suggests that Aβ amyloid fibrils can be
internalized by microglia and degraded by lysosomal and secreted
proteases, microglia may be limited in their capacity to clear
Aβ. This is evidenced by the accumulation of amyloid plaques
in the AD brain despite microglial recruitment. A number of
studies support this notion (Paresce et al., 1997; Majumdar et al.,
2008). Fluorescently labeled Aβ fibrils internalized by cultured
microglia were trafficked to lysosomes, however, Aβ was not
degraded and was retained in microglial cells over a 3-day chase
period (Majumdar et al., 2008). This was due to the inefficient
delivery of chloride transporter CIC-9 to lysosomes, resulting
in incomplete lysosome acidification and reduced activity of
lysosomal proteases in the microglial (Majumdar et al., 2011).

Similarly, the genetic risk factor for AD, the ε4 allele of ApoE,
may impair the ability of microglia to remove Aβ deposits. ApoE
is a key cholesterol carrier, primarily produced by astrocytes in
the brain, but also to some extent by microglia, and facilitates the
transport of lipids via receptors of the low-density lipoprotein
receptor (LDLR) family (Bu, 2009). Three common isoforms of
ApoE exist in humans; ε2 ε3 and ε4 (Mahley, 1988). The ε4
allele of ApoE is the strongest genetic risk factor for late-onset
AD, whereas the ε2 allele has a protective effect (Lambert et al.,
2013). ApoE deletion in AD mouse models leads to reduced
Aβ plaque deposition, implicating ApoE in Aβ amyloidogenesis
and/or clearance (Bales et al., 1997; Ulrich et al., 2018). The
efficiency of soluble Aβ clearance from the interstitial fluid of the
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brain is dependent on the ApoE isoform, with ApoE4 resulting in
the least efficient clearance (Castellano et al., 2011). A number
of mechanisms by which ApoE influences Aβ clearance have
been proposed. In microglia, it was reported that lipidated
forms of ApoE stimulate the degradation of soluble Aβ by
NEP, with ApoE4 being the least efficient at promoting this
degradation, and ApoE2 having the strongest effect (Jiang et al.,
2008). There is also evidence to suggest that ApoE results in
faster delivery of Aβ to lysosomes in microglia, by lowering
cellular cholesterol levels, and the efficiency of this cholesterol
efflux activity is isoform-dependent (Hara et al., 2003; Lee et al.,
2011). Furthermore, microglial-like cells derived from human
induced pluripotent stem cells expressing ApoE4 displayed
reduced oligomeric Aβ1−42 phagocytosis compared to ApoE3
cells (Lin et al., 2018).

The ability of microglia to clear amyloid deposits in AD
may also be diminished as a consequence of aging. Indeed,
when production and clearance rates of Aβ1−40 and Aβ1−42
were tracked in AD patients using metabolic labeling, it was
found that clearance rates for both peptides were reduced in
AD compared to controls, but there were no differences in the
rates of their production (Mawuenyega et al., 2010). This may be
due to a reduced capacity of microglia to internalize Aβ fibrils.
Microglia from older AD model mice have a twofold to sixfold
reduction in expression of Aβ-binding receptors SR-A, CD36 and
RAGE compared to wild type controls, in addition there was a
significant reduction in the expression of secreted Aβ-degrading
enzymes IDE, NEP and MMP-9 (Hickman et al., 2008). Old
AD model mice were also found to have increased expression
of inflammatory cytokines tumor necrosis factor-α (TNF-α) and
interleukin-1β (IL-1β), indicating that while clearance pathways
are impaired, a damaging inflammatory response to Aβ could be
exacerbated (Hickman et al., 2008). A later study also found an
impairment in phagocytic activity in AD mice compared to wild
type controls, and this impairment correlated with an increased
deposition of Aβ (Krabbe et al., 2013). Reducing Aβ load
by administering an anti-Aβ antibody restored the phagocytic
capacity of microglia, suggesting that the microglial dysfunction
is a result of AD pathology (Krabbe et al., 2013).

A number of subset populations of microglia have been
identified in aging and AD brains, with distinct transcriptional
profiles and phenotypes (Keren-Shaul et al., 2017; Krasemann
et al., 2017; Marschallinger et al., 2020). These include ‘damage
associated microglia’ (DAM) which are proposed to play a
protective role in disease (Keren-Shaul et al., 2017), and microglia
with a neurodegenerative phenotype, which have lost their
homeostatic function (Krasemann et al., 2017). The switch of
microglia to this impaired neurodegenerative phenotype was
found to be dependent on APOE signaling induced by TREM2,
further implicating these pathways and microglial dysfunction in
AD (Krasemann et al., 2017). Furthermore, a unique population
was recently identified in the aging brain, termed ‘lipid-droplet-
accumulating microglia’ (LDAM), which show a build-up of
lipid droplets, and possess a distinct transcriptional signature
(Marschallinger et al., 2020). Importantly, these microglia show
defects in phagocytosis, as well as increased release of pro-
inflammatory cytokines (Marschallinger et al., 2020). LDAM

accounted for up to 50% of microglia in the hippocampus
of aged mice, but have yet to be confirmed in AD models
or brains (Marschallinger et al., 2020). Frigerio et al. (2019)
showed that a microglial population termed ‘activated response
microglia’ (ARMs) occur naturally in aging mice and in human
brain, but the conversion to this state is accelerated in response
to Aβ plaques (Frigerio et al., 2019). A number of AD
risk genes including ApoE were found to be upregulated in
ARMs, conversely depletion of ApoE blocked the recruitment
of microglia to Aβ plaques (Frigerio et al., 2019). Given the
association of the ApoE4 allele with AD, future studies should
investigate whether this allele influences the production of ARMs
(Lambert et al., 2013). Nonetheless, the implication of these data
is that both aging and AD affect the phenotypes of microglia and
thus their responses to Aβ.

CLEARANCE OF Aβ BY ASTROCYTES

In addition to microglia, astrocytes may play a role in the
clearance of Aβ. Astrocytes, the most abundant glial cell in the
brain, have numerous crucial roles in maintaining and regulating
neuronal function and signal transmission (Perez-Nievas and
Serrano-Pozo, 2018). Like microglia, astrocytes can react to
pathogenesis by adopting a reactive phenotype, and this reactive
astrogliosis is observed in AD brains, with a close relationship
to Aβ pathology (Itagaki et al., 1989; Nagele et al., 2003; Perez-
Nievas and Serrano-Pozo, 2018). Moreover, astrocytes may also
contribute to the clearance of Aβ fibrils in AD and as discussed
above the secreted protease MMP-9 is produced by a number of
cell types including astrocytes (Vafadari et al., 2016). Astrocytes
also secrete the MMP membrane type-1 (MT1) and kallikrein-
related peptidase 7 (KLK7) (Liao and Van Nostrand, 2010; Kidana
et al., 2018). MT1 is expressed by reactive astrocytes close to
Aβ deposits and was shown to degrade Aβ plaques in an AD
(APP) mouse model and cleave Aβ1−42 fibrils in vitro (Liao
and Van Nostrand, 2010). KLK7 was found to cleave Aβ in the
hydrophobic core motif of fibrils (KLVFFA), thus preventing
fibril formation and promoting the degradation of pre-formed
fibrils (Shropshire et al., 2014). KLK7 shows Aβ-degrading
activity in vitro, and deletion of KLK7 in AD mice resulted in
increased fibrillar Aβ pathology (Kidana et al., 2018). Further to
this, KLK7 mRNA levels were found to be reduced in AD brains
(Kidana et al., 2018).

A number of studies have also reported the ability of astrocytes
to internalize Aβ, resulting in the accumulation of Aβ1−42
within activated astrocytes (Nagele et al., 2003; Wyss-Coray
et al., 2003; Nielsen et al., 2010; Pihlaja et al., 2011). Cultured
astrocytes were shown to migrate toward C-C motif ligand 2
(CCL2), a chemokine present at AD plaques, and subsequently
bind to Aβ, although the receptors involved in in Aβ binding
were not identified (Wyss-Coray et al., 2003). ApoE deficient
astrocytes are, however, less efficient in the internalization and
degradation of Aβ deposits compared to wild-type cells, thus
implicating ApoE in astrocytic Aβ clearance (Koistinaho et al.,
2004). Moreover, in a study of AD brain tissue, Aβ present within
astrocytes was suggested to result from the phagocytosis of debris
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FIGURE 2 | Mechanism of NLRP3 activation by amyloid fibrils. A priming signal, such as LPS, leads to the increased expression of NLRP3 and precursor forms of
inflammatory cytokines IL-1β and IL-18. Aβ fibrils act as an activating stimulus via their internalization and disruption of lysosomes leading to the release of cathepsin
B into the cytosol. This is thought to trigger the assembly of the NLRP3 inflammasome complex. This complex recruits ASC adaptor protein, which forms filaments.
ASC filaments interact with pro-caspase 1 via CARD domains, resulting in caspase-1 activation. Active caspase 1 cleaves precursor forms of IL-1β and IL-18, which
are secreted from immune cells in their active form, contributing to neuroinflammation. Caspase 1 also cleaves gasdermin D, which forms pores in the cell
membrane, eventually resulting in pyroptotic cell death.

derived from damaged neurons, as neuron-specific markers were
also identified (Nagele et al., 2003).

INFLAMMASOMES AND THE CROSS
SEEDING OF Aβ AGGREGATION

A role for activated microglia in the production of
proinflammatory cytokines is well documented, and Aβ

fibrils can act as a stimulus for this activation (Halle et al., 2008;
Reed-Geaghan et al., 2009; Stewart et al., 2010). However, the
pathway for the production of pro-inflammatory cytokines IL-1β

and interleukin-18 (IL-18) in microglia may also promote Aβ

fibril formation (Venegas et al., 2017). Thus, the relationship
between microglia and Aβ is complex, and instead of attempting
to remove amyloid plaques, microglia may also be playing a role
in the formation of Aβ amyloid fibrils.

The NOD-like receptor family, pyrin domain containing 3
(NLRP3) inflammasome, is involved in the production and
release of the pro-inflammatory cytokines IL-1β and IL-18
(Swanson et al., 2019). The activation of the inflammasome
is a two-step process, requiring a priming stimulus followed
by an activating stimulus. The priming stimulus can be
cytokines, such as TNF-α and IL-1β, or pathogen associated
molecular patterns (PAMPs) such as bacterial lipopolysaccharide

(LPS) (Bauernfeind et al., 2009; Franchi et al., 2009). This
priming step results in the transcriptional upregulation of
inflammasome components, NALP3 and inactive forms of IL-
1β, IL-18 and caspase-1 (Bauernfeind et al., 2009; Franchi
et al., 2009). A number of stimuli can act as a second
activating stimulus, including ATP, pore-forming toxins that
result in low intracellular K+, crystalline structures such as
uric acid and silica, and Aβ fibrils (Mariathasan et al., 2006;
Martinon et al., 2006; Halle et al., 2008). The activating
stimulus leads to the oligomerization of NLRP3, and the
recruitment of adaptor protein apoptosis-associated speck-
like protein containing a CARD (ASC). This triggers ASC
polymerization into helical fibrils and subsequently assembly into
micrometer-sized structures known as specks (Masumoto et al.,
1999; Franklin et al., 2014; Lu et al., 2014). Caspase-1 is recruited
via a caspase recruitment (CARD) domain and this results in
caspase-1 autoproteolytic cleavage and activation. Caspase-1 is
then responsible for the cleavage and thus activation of cytokines
IL-1β and IL-18, which are released from cells, contributing to
inflammation (Figure 2).

The activation of the inflammasome by Aβ fibrils was first
shown in vitro and was dependent on Aβ phagocytosis and
the subsequent damage to lysosomes, resulting in the release
of cathepsin B into the cytosol (Halle et al., 2008). A further
study then demonstrated that when NLRP3 or caspase-1 was
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FIGURE 3 | ASC specks released from activated microglia cross-seed Aβ aggregation. The NLRP3 inflammasome is activated in microglia in response to a variety of
stimuli, including Aβ fibrils. This activation leads to the release of specks formed from ASC, an adaptor protein that is involved in the inflammasome pathway. ASC
specks cross-seed Aβ peptide, resulting in the formation of further Aβ aggregates in the brain and may create a cycle of inflammasome activation and amyloid
formation.

knocked out in transgenic AD model mice, IL-1β activation
was substantially reduced, providing support for the role of this
activation pathway in vivo (Heneka et al., 2013). Furthermore,
increased levels of cleaved caspase-1 were identified in AD patient
brains compared with controls in hippocampal and cortical
lysates, implicating the NLRP3 inflammasome as an important
pathway in disease (Heneka et al., 2013).

Crucially, in addition to the activation of the NLRP3
inflammasome by Aβ fibrils, evidence is emerging for a positive
effect of the NLRP3 inflammasome on Aβ aggregation (Figure 3).
The activation of the NLRP3 inflammasome results in the release
of ASC specks (Swanson et al., 2019). Venegas et al. (2017)
demonstrated that after their release, ASC specks bind to Aβ1−42
peptide (Venegas et al., 2017). In vitro experiments revealed
that ASC specks accelerate the aggregation of both Aβ1−40
and Aβ1−42 into oligomers and protofibrils, indicating a cross-
seeding activity (Venegas et al., 2017). This was dependent on
the PYD domain of ASC. Moreover, when purified ASC specks
were injected into the hippocampus of AD model mice, more
Aβ deposits were observed, whereas an anti-ASC-speck antibody
was capable of reducing Aβ deposition (Venegas et al., 2017).

This suggests that not only do Aβ fibrils act as a stimulus
to trigger microglial activation, but also that the result of
this activation is the formation of Aβ aggregates, effectively
producing a positive feedback loop (Figure 3). To compound
this, in the presence of ASC-Aβ composites, consisting of Aβ

oligomeric complexes forming in close association with ASC
fibrils, the phagocytic clearance of Aβ by microglia was reduced
by 35%, and its degradation was reduced (Friker et al., 2020).
Thus, the activation of the NLRP3 inflammasome by Aβ fibrils
could therefore both increase amyloid formation and reduce its
clearance, contributing to the Aβ deposition observed in AD.

ANTIMICROBIAL AND ANTIVIRAL
PROPERTIES OF Aβ AND ITS
AGGREGATION

Aβ Response to Bacteria and Fungi
Infection may be a co-factor in the aggregation of Aβ into
amyloid fibrils, moreover this may be related to the intrinsic
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antimicrobial activities of Aβ peptides. Indeed, it was found
that Aβ inhibits the growth of eight common microorganisms
including both bacterial and fungal species, at a similar potency
to the bone fide antimicrobial peptide LL-37 (Soscia et al.,
2010). A further study reported that Aβ protects against fungal
and bacterial infections in mouse, Caenorhabditis elegans and
cell culture models (Kumar et al., 2016). This was as a result
of Aβ binding to microbial cell wall polysaccharides via its
heparin-binding domain (VHHQKL) (Kumar et al., 2016). Aβ

oligomers exhibited significantly increased binding compared
to the monomeric peptide, and electron microscopy imaging
revealed Aβ fibrillation, with fibrils associating with and linking
together microbial cells into clumps, a process known as
agglutination (Kumar et al., 2016). Another study found that
this microbial agglutination was mediated by Aβ1−42, but not
Aβ1−40, suggesting that the more amyloidogenic form of this
peptide has greater antimicrobial activity (Spitzer et al., 2016).

The demonstration of the antimicrobial properties of
Aβ suggests that AD may have an infectious etiology.
A relationship has been proposed between gut microbiota
and brain amyloidosis. APP AD model mice were found to
have an altered gut microbiome compared to wild-type mice,
and when APP mice were bred under sterile conditions, a
significant reduction in cerebral Aβ pathology was observed
(Harach et al., 2017). Furthermore, fecal transplants from
APP mice bred in standard conditions to APP mice bred in
sterile conditions resulted in increased Aβ pathology, whereas
fecal transplants from wild-type mice did not have this effect
(Harach et al., 2017). This research has been supported by
studies in humans, with differences identified in the abundance
of pro- and anti-inflammatory gut bacterial taxa in patients
with brain amyloidosis (Cattaneo et al., 2017). When the
bacterial taxonomic composition of fecal samples was compared
between AD patient and control samples, a distinct microbiome
composition was identified in AD samples (Vogt et al., 2017).
Similarly, a number of studies have suggested a connection
between the oral microbiome and AD (Ide et al., 2016; Chen et al.,
2017; Dominy et al., 2019). Porphyromonas gingivalis, a pathogen
in periodontal infections, was recently identified in AD brains
and resulted in increased Aβ deposition in mice (Poole et al.,
2013; Dominy et al., 2019).

Aβ Response to Viruses
A number of studies have investigated the relationship between
viral infections and AD. There is evidence that herpes simplex
virus type-1 (HSV-1) is a risk factor for AD, when the AD
patient is a carrier of the APOE-ε4 allele (Itzhaki et al., 1997).
Subsequent studies have found an association between HSV-1
and the risk of neurodegenerative disease, with one retrospective
cohort study in Taiwan identifying a 2.56-fold increased risk
of dementia with HSV infection (Tzeng et al., 2018). However,
another study reported only a slightly increased risk (Chen
et al., 2018). In addition to HSV-1, analysis of genomic,
transcriptomic, proteomic and histopathological data from
brains identified increased human herpesvirus 6A (HHV-6A)
and human herpesvirus 7 (HHV-7) in AD brain tissue samples
compared to controls. Viral abundance was suggested to be
linked with APP metabolism networks, including the induction

of PSEN1 and BACE1 expression by HHV-6A (Readhead et al.,
2018). However, the statistical robustness of this analysis was
contested, and re-analysis of the data did not support a link
between HHV-6A or HHV-7 and AD (Jeong and Liu, 2019).

Whilst the link between herpesvirus infections and AD may
be equivocal, various studies suggest that herpesviruses and
other infectious agents promote Aβ aggregation into amyloid
fibrils. In neuronal and glial cell cultures, infection with HSV-
1 led to the accumulation of Aβ within cells, and increased Aβ

deposits were present in mouse brains after HSV-1 infection
(Wozniak et al., 2007). Further investigation revealed that in
AD, HSV-1 DNA localizes with Aβ plaques, with 90% of the
plaques containing viral DNA (Wozniak et al., 2009). Similarly,
it was shown that in a mouse model of recurrent HSV-
1 infections, AD pathologies including Aβ accumulation, tau
hyperphosphorylation and markers of neuroinflammation were
observed (De Chiara et al., 2019). These results were corroborated
recently in a 3D human brain-like model formed from human-
induced neural stem cells (Cairns et al., 2020). It was found that
whilst high HSV-1 infection levels led to cell death, low HSV-1
infection levels led to an AD-like phenotype, including dense Aβ

fibrillar plaques and neuroinflammation (Cairns et al., 2020).
Both Aβ1−40 and Aβ1−42 inhibited the replication of HSV-

1 in a number of cell lines when added to the cultures either
prior to or in parallel with the virus (Bourgade et al., 2014).
This effect was postulated to be a result of Aβ inserting into
the HSV-1 envelope (Bourgade et al., 2014). Moreover, Aβ

oligomers bind viral surface glycoproteins and fibrils mediate
virus entrapment (Eimer et al., 2018). A recent study found that
HSV-1 catalyzes the aggregation of Aβ1−42 in vitro and in an AD
mouse model via surface-mediated nucleation, thus providing
further support for this hypothesis (Ezzat et al., 2019). Crucially,
the interaction of Aβ with viruses may be the same mechanism
as its interaction with bacteria and fungi, namely the Aβ heparin-
binding domain binds carbohydrates exposed on the surface of
the virus (Eimer et al., 2018).

Not only does Aβ have antiviral activity, but its production
may be controlled by the innate immunity protein, interferon-
induced transmembrane protein 3 (IFITM3), which upregulates
the activity of γ-secretase, resulting in the increased generation of
Aβ peptide (Hur et al., 2020). Furthermore, deletion of IFITM3
in the 5xFAD mouse AD model resulted in reduced Aβ plaque
formation, and IFITM3 expression was found to increase with
aging and in mouse models expressing familial AD genes (Hur
et al., 2020). IFITM3 plays a role in preventing viral infection,
and its expression is induced by pro-inflammatory cytokines
(Bailey et al., 2014). Thus, taken together these data support
the antimicrobial and antiviral hypothesis for Aβ and suggest
that infection may be a cofactor for Aβ aggregation in vivo
(Jackson and Hewitt, 2017).

HOW TO PREVENT Aβ AGGREGATION
AND ENHANCE REMOVAL OF Aβ

DEPOSITS

Aβ plaque formation in AD will be a balance between the
rate of amyloid fibril assembly and the rate of clearance. Given
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their potential roles as cofactors in amyloid fibril assembly,
targeting microglial activation and infections by viruses and
bacteria may represent therapeutic approaches in AD. Similarly,
enhancing the uptake and degradation of Aβ fibrils may
provide an additional approach to reduce Aβ plaque burden
in AD (Figure 1).

Reducing the Activation of Microglia
Activated microglia are a characteristic feature of
neuroinflammation in AD (Frautschy et al., 1998; Felsky
et al., 2019). However, despite a decreased risk of AD
associated with long-term non-steroidal anti-inflammatory
drugs (NSAID) treatment, clinical trials of anti-inflammatory
drugs to treat AD have not yet been successful (Aisen et al.,
2003; Meyer et al., 2019; Howard et al., 2020). Minocycline,
an anti-inflammatory tetracycline capable of crossing the
blood-brain barrier (BBB), was found to reduce inflammatory
markers and reverse cognitive impairment in an AD-like
mouse model, induced by the administration of Aβ1−42
oligomers to the brain (Garcez et al., 2017). However, in
clinical trials no improvement in cognitive impairment was
identified with minocycline treatment (Howard et al., 2020).
Similarly, treatment with naproxen did not slow disease
progression in patients with mild-moderate, or reduce the
progression of pre-symptomatic AD (Aisen et al., 2003;
Meyer et al., 2019).

Whilst the aforementioned anti-inflammatories may be
ineffective in the treatment of AD, the inflammasome may prove
to be a better target. Indeed, a small molecule inhibitor of
the NLRP3 inflammasome, MCC950, was found to stimulate
Aβ phagocytosis in vitro, and reduce Aβ deposition in AD
(APP/PS1) model mice (Dempsey et al., 2017). This was
also associated with an improvement in cognitive function
(Dempsey et al., 2017). Similarly, MCC950 prevented α-synuclein
aggregate pathology and the degeneration of dopaminergic
neurons in multiple rodent models of Parkinson’s disease
(Gordon et al., 2018). These results are supported by a
study in which NLRP3 components were knocked out in
AD model mice, and this led to enhanced Aβ clearance and
decreased Aβ deposition (Heneka et al., 2013). Importantly,
these results support the clinical development of inflammasome
inhibitors as a treatment for neurodegenerative amyloid diseases
such as AD.

Targeting Viral and Bacterial Infections
The demonstration that Aβ interacts with viruses may provide
new routes of clinical intervention in AD patients; targeting
viral infection could prevent the Aβ aggregation associated
with AD. Two population cohort studies found that those
taking anti-herpetic treatments for HSV infections had a
reduced risk of dementia (Chen et al., 2018; Tzeng et al.,
2018). In addition, in a recent study in 3D brain-like
structures, HSV-1 infection induced an AD-like phenotype,
and antiviral medication was successful in abrogating this
phenotype, suggesting that antivirals could be utilized to treat
AD patients (Cairns et al., 2020). An antiviral drug, Valacyclovir,
is currently in Phase II clinical trials for the treatment of

AD (ClinicalTrials.gov, ID# NCT03282916). Similarly, targeting
bacterial infections could be used to prevent Aβ aggregation
in AD. For example, inhibition of gingipains, toxic proteases
from P. gingivalis, using small molecule inhibitors led to
reduced Aβ1−42 production, neuroinflammation and neuronal
death (Dominy et al., 2019). Consequently, a small molecule
inhibitor of gingipains, COR388, is currently in Phase II
clinical trials for the treatment of AD (ClinicalTrials.gov,
ID# NCT03823404).

Enhancing the Uptake and Degradation
of Amyloid by Microglia
Whilst a role for TLR receptors in Aβ uptake by microglia
has been suggested, these receptors also have a central role
in the activation of inflammation (Reed-Geaghan et al., 2009;
Stewart et al., 2010). Thus, targeting these receptors in the
treatment of AD is not straight forward, as a detrimental
inflammatory response could also be activated. Treatment
with an LPS-derived TLR4 agonist, monophosphoryl lipid A
(MPL) in a murine AD model led to reduced Aβ load and
enhanced cognitive function, but a ‘low level’ inflammatory
response was also triggered (Michaud et al., 2013). However,
the AAV-mediated expression of the human TLR5 ectodomain
as a ‘decoy’ receptor was explored, and found to result in
the attenuation of Aβ plaque formation in a mouse model
(Chakrabarty et al., 2018). The human TLR5 ectodomain was
fused to human IgG4 Fc (sTLR5Fc), and this was found to bind
to Aβ fibrils strongly, and to other forms of Aβ1−40 and Aβ1−42,
to lesser extents. Therefore, the reduction in Aβ deposition
into plaques could be due to the sequestration of fibrils by
the TLR5 ectodomain (Chakrabarty et al., 2018). Furthermore,
in vitro incubation with sTLR5Fc resulted in increased uptake
of Aβ1−40 fibrils by microglia without activating TLR5 signaling
(Chakrabarty et al., 2018), thus suggesting it as a safe method of
immunomodulation in AD.

TREM2 is upregulated in response to increased Aβ levels
in an AD mouse model (Jiang et al., 2014). Importantly,
upregulating TREM2 significantly reduced Aβ deposition,
neuroinflammation, synapse loss and led to improvements
in cognitive function (Jiang et al., 2014). A monoclonal
antibody targeting TREM2, AL002a, was found to activate
TREM2 signaling in vitro (Price et al., 2020). Furthermore,
treatment of 5xFAD mice with this antibody led to increased
microglial recruitment to Aβ plaques, and reduced Aβ deposition
(Price et al., 2020). TREM2 could therefore be a potential
target for clinical intervention in the treatment of AD,
and AL002 is currently being tested in Phase I clinical
trials in patients with mild to moderate Alzheimer’s disease
(ClinicalTrials.gov, ID#NCT03635047). Another monoclonal
antibody, 4D9, was recently found to increase microglial uptake
of Aβ in vitro and reduce Aβ deposits in the APP NL-G-
F knock-in AD mouse model (Schlepckow et al., 2020). This
antibody enhances TREM2 activity by competing for binding
to the α-secretase cleavage site, therefore preventing TREM2
cleavage and subsequent shedding, whilst also enhancing TREM2
signaling (Schlepckow et al., 2020).
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Macrophage colony stimulating factor (M-CSF) upregulates
the transcription of the chloride transporter CIC-7 by
microglia, increasing lysosomal acidification and enhancing
the degradation of Aβ amyloid fibrils (Majumdar et al.,
2011). This suggests that M-CSF could be used to promote
Aβ amyloid clearance in AD. Indeed, in APP(Swe)/PS1
transgenic AD model mice M-CSF treatment resulted in a
reduced number of Aβ deposits, a higher ratio of microglia
with evidence of Aβ internalization, and reduced cognitive
decline (Boissonneault et al., 2009). However, M-CSF is a
hematopoietic cytokine that has been implicated in a number of
inflammatory and autoimmune diseases and as a consequence
M-CSF treatment could have deleterious inflammatory effects
(Hamilton et al., 2016).

An alternative to enhancing pathways for fibril uptake
and degradation is to inhibit negative regulators of these
pathways. Evidence points toward a role for CD33 as a negative
modulator of Aβ fibril clearance (Bradshaw et al., 2013; Griciuc
et al., 2013, 2019), and inhibition of CD33 may represent a
therapeutic strategy. A phase I clinical trial is underway for the
monoclonal antibody, AL003, which targets and inhibits CD33
(ClinicalTrials.gov, NCT03822208). With evidence suggesting
that CD33 deletion in mice reduces Aβ pathology and increases
microglial expression of genes relating to phagocytosis, AL003
administration aims to inhibit CD33, thus increasing the
clearance activity of microglia and reducing Aβ deposition
(Griciuc et al., 2019). Similarly, CD22 could be targeted in
AD. A recent study used CRISPR-Cas9 with RNA sequencing
analysis to identify genes that are related to aging and lead
to changes in microglial phagocytosis (Pluvinage et al., 2019).
CD22 was identified as a receptor that negatively regulates
phagocytosis and is upregulated in aged microglia. It was found
that inhibiting CD22 with a CD22 blocking antibody improved
the phagocytosis of Aβ oligomers and α-synuclein fibrils in vivo,
supporting the hypothesis that AD results from age-related
changes in microglia that reduce their amyloid clearing ability
(Pluvinage et al., 2019). Similarly, manipulating microglia in
order to favor a switch from dysfunctional phenotypes to
a protective phenotype such as DAM could be a used as
future approach to restore microglial function and enhance the
clearance of Keren-Shaul et al. (2017); Krasemann et al. (2017),
and Marschallinger et al. (2020).

DISCUSSION

Multiple different cofactors may influence Aβ assembly in vivo,
including inflammation and infection. Moreover, the extent of
amyloid plaques formation in AD will be dependent on the
balance between Aβ fibril formation and the clearance and
degradation of these deposits. Evidence points to microglia
playing roles in both amyloid formation and its clearance
(Lee and Landreth, 2010; Venegas et al., 2017), as such the
balance between these microglial activities may be a factor
in the accumulation of amyloid plaques. Yet, despite their
recruitment to plaques, microglia do not appear to be able to
halt the formation Aβ fibrils in AD. In the aging AD brain a

reduction in the uptake and degradation of Aβ amyloid fibrils
by microglia may cause these cells to be overwhelmed by the
amyloid deposits (Hickman et al., 2008; Mawuenyega et al.,
2010; Krabbe et al., 2013). Enhancement of the degradative
activity of microglia therefore represent potential targets for
therapeutic intervention in AD (Boissonneault et al., 2009;
Majumdar et al., 2011).

Neuroinflammation is a damaging process in AD (Heppner
et al., 2015), but via production of the inflammasome specks
microglia could be exacerbating the disease by cross seeding
Aβ amyloid formation (Venegas et al., 2017). Moreover, Aβ

fibrils can themselves stimulate inflammasome formation and
this raises the intriguing possibility that Aβ fibrils promote
Aβ aggregation via microglia activation, resulting in a vicious
cycle (Halle et al., 2008; Heneka et al., 2013; Venegas
et al., 2017; Friker et al., 2020). As such the inflammasome
may be a good target for AD therapeutics (Heneka et al.,
2013; Dempsey et al., 2017; Gordon et al., 2018), as both
inflammation and inflammasome-dependent Aβ fibril assembly
could be reduced.

Whilst, Aβ aggregation has been thought of as being a
pathological process, Aβ has properties consistent with it being
an antimicrobial peptide (Soscia et al., 2010; Bourgade et al.,
2014; Kumar et al., 2016; Spitzer et al., 2016; Hur et al.,
2020). Indeed, there are a number of key similarities with
the antimicrobial peptide LL-37, which can also assemble into
amyloid fibrils (Sood et al., 2008; Jackson and Hewitt, 2017).
Whilst a role for Aβ in vivo as an antimicrobial peptide is
unclear, in vitro it can agglutinate viruses, bacteria and fungi
by assembling into amyloid like structures on the surface of
these infectious agents. This provides an additional mechanism
by which Aβ assembly could be promoted in vivo, by virtue
of its interaction with the surfaces of infectious agents (Kumar
et al., 2016; Eimer et al., 2018; Ezzat et al., 2019). Moreover,
infection would also be predicted to activate inflammation
and could promote Aβ aggregation via the inflammasome
(Swanson et al., 2019). Although, bacteria, fungi, viruses and
inflammasome specks can cross seed Aβ aggregation, little is
known about the structure and properties of the fibrils produced.
Crucially, both in vitro and in vivo Aβ fibrils can assemble
into multiple different fibril polymorphs, in which the Aβ

peptides have different arrangements in the fibril structure
(Petkova et al., 2005; Paravastu et al., 2008, 2009; Lu et al.,
2013; Colvin et al., 2015; Gremer et al., 2017; Kollmer et al.,
2019). Little is known about the molecular structure of the
Aβ aggregates produced by cross seeding by either specks and
microorganisms in vitro nor how they relate to those formed
in vivo in AD brain. This is important to know because Aβ

fibril polymorphism in vivo is related to the type of AD
presented (Lu et al., 2013; Qiang et al., 2017; Rasmussen
et al., 2017). Similarly, whilst Aβ fibrils can be internalized
and degraded by microglia, at least to some extent in vitro
(Husemann et al., 2001; Tahara et al., 2006; Reed-Geaghan
et al., 2009; Song et al., 2011) it is not known if polymorphism
affects clearance of amyloid fibrils in vivo. It is plausible that
Aβ fibril polymorphism could affect the affinity for microglial
Aβ receptors and how the fibrils are degraded by microglial
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proteases. Thus, any fibril polymorphs that can escape microglial
clearance may accumulate more in an AD brain.

In summary, in vivo multiple different cofactors, including
microglia and infection, may influence the assembly of Aβ

amyloid fibrils, and thus could represent targets for therapeutic
intervention in AD.
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Reports on phase separation and amyloid formation for multiple proteins and
aggregation-prone peptides are recurrently used to explore the molecular mechanisms
associated with several human diseases. The information conveyed by these reports can
be used directly in translational investigation, e.g., for the design of better drug screening
strategies, or be compiled in databases for benchmarking novel aggregation-predicting
algorithms. Given that minute protocol variations determine different outcomes of
protein aggregation assays, there is a strong urge for standardized descriptions of
the different types of aggregates and the detailed methods used in their production.
In an attempt to address this need, we assembled the Minimum Information Required
for Reproducible Aggregation Experiments (MIRRAGGE) guidelines, considering first-
principles and the established literature on protein self-assembly and aggregation.
This consensus information aims to cover the major and subtle determinants of
experimental reproducibility while avoiding excessive technical details that are of limited
practical interest for non-specialized users. The MIRRAGGE table (template available in
Supplementary Information) is useful as a guide for the design of new studies and as
a checklist during submission of experimental reports for publication. Full disclosure of
relevant information also enables other researchers to reproduce results correctly and
facilitates systematic data deposition into curated databases.
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INTRODUCTION

Aggregation of misfolded proteins and peptides is associated
with common and rare neurodegenerative disorders and
with amyloidoses (Aguzzi and O’Connor, 2010; Chiti and
Dobson, 2017; Benson et al., 2018). Classical neuropathological
hallmarks such as neurofibrillary tangles in Alzheimer’s disease
(AD), Lewy bodies in Parkinson’s disease (PD), or inclusion
bodies in Huntington’s disease, have as main constituent
characteristic polypeptides aggregated in the form of insoluble
highly-ordered structures named amyloid fibrils (Westermark
et al., 2007; Gremer et al., 2017). The definition of amyloid
encompasses morphological (Figure 1A), structural (Figure 1B)
and histological (Figure 1C) aspects. Amyloid polymorphs
are associated with different clinical sub-types of the same
disease (Guo et al., 2013; Qiang et al., 2017; Goedert et al.,
2018), and they exhibit structural differences that can be
characterized at atomic resolution using solid-state nuclear
magnetic resonance with magic angle spinning (ss-NMR) and
cryo-electron microscopy (cryo-EM) techniques (Fitzpatrick
et al., 2013; Qiang et al., 2017; Rasmussen et al., 2017;
Iadanza et al., 2018b). When the amyloid fold is exploited by
nature for functional purposes, the structural variability is less
evident than in disease-related aggregates, thus suggesting that
functional amyloids are the result of naturally evolved amino
acid sequences (Otzen and Riek, 2019). The analogy of a low-
energy “black hole” has been used to illustrate the propensity
of proteins to form amyloid fibrils after incomplete native
folding or if subjected to appropriate denaturing conditions;
under mildly denaturing conditions, native interactions and
intrachain interactions are in competition, so that the occurrence
of transiently stable, non-native conformations may trigger
amyloid fibril formation (Zheng et al., 2013). However, there
are other energetically stable structures into which proteins self-
assemble irrespectively of, prior to, or concomitantly with the
formation of amyloid fibrils (Figure 1D). Of these, the soluble
aggregates of amyloidogenic proteins attract a particular interest
justified by the cytotoxic properties attributed to amyloid-β (Aβ)
oligomers in AD (Ahmed et al., 2010; Yang et al., 2017) and
α-synuclein oligomers in PD (Lorenzen et al., 2014; Ingelsson,
2016). Liquid-liquid phase separation is now recognized as
having a central role in cell physiology and disease (Shin and
Brangwynne, 2017). For example, membraneless compartments
of concentrated proteins/nucleic acids are implicated in diverse
processes, including RNA metabolism, ribosome assembly, DNA
repair and intracellular signaling (Banani et al., 2017). When
the capacity of protein quality control by the proteasome is
exceeded, misfolded proteins are sequestered into intracellular
compartments such as the aggresome, a perinuclear deposit
destined to autophagy (Johnston et al., 1998), or the CytoQ
and INQ, which are deposition sites of misfolded proteins
in the cytosol and the nucleus, respectively (Miller et al.,
2015). On the other hand, a neuropathological hallmark of
sporadic and inherited forms of amyotrophic lateral sclerosis
and frontotemporal dementia is the deposition of poorly soluble
assemblies of mutated RNA-binding proteins in the nucleus
and cytoplasm of neurons (Patel et al., 2015). The pathogenic

mutants are characterized by a diminished ability to reiteratively
shift between dispersed and condensed phases consisting of
dense liquids and gels (Murakami et al., 2015). The physical
properties of the different polypeptide assemblies (summarized
in Figure 1D) are determined by the degrees of molecular and
supramolecular order. Although denser liquid phases relax more
slowly in response to shear deformation, they still lack the
long-range translational order characteristic of solids (Falahati
and Haji-Akbari, 2019). The maximal organization provided by
crystal lattices allows the structure of folded proteins to be solved
using X-ray crystallography. Naturally occurring microcrystals
are also used by living cells for protein storage, protection and
stabilization (Schönherr et al., 2018), whereas in crystallopathies
such as eosinophilic inflammation, protein crystals have been
reported as promising drug targets (Persson et al., 2019).

THERMODYNAMIC AND KINETIC
OBSTACLES TO REPRODUCIBILITY

According to the phase rule of thermodynamics, the maximum
number of stable phases that can coexist within a mixture
is limited to k+ 2, with k being the number of non-reactive
components present in the mixture (Falahati and Haji-Akbari,
2019). The reduced number of accessible microstates due to
demixing implies an entropic penalty of −T1S > 0 reflecting
the disorder-to-order transition (Shin and Brangwynne, 2017;
Falahati and Haji-Akbari, 2019). This entropic cost, which is
higher at higher temperature (T), can be compensated by
the enthalpic contribution (1H < 0) provided that the new
intermolecular interactions are sufficiently strong to decrease
the Gibbs free energy 1G = 1H-T1S. Whether a given protein
undergoes a phase separation or not is, therefore, predictable
according to the information of temperature and composition
given in phase diagrams. In practice, however, differences in the
protein source and sample manipulation generate aggregation
states that are not readily duplicated among distinct laboratories,
a problem that was highlighted in the editorial entitled “State
of Aggregation” of Nature Neuroscience in April, 2011. The
difficulties in reproducing protein self-assembly experiments are
correlated with the occurrence of metastable states of protein
folding (Sohl et al., 1998) and phase separation (Gazit, 2002;
Baldwin et al., 2011) consisting of local free energy minima whose
evolution toward the global minimum takes place over too long
timescales to be biologically realistic. Partially unfolded states that
are more stable than the native fold (Giri Rao and Gosavi, 2018)
and the kinetic trapping of condensates into oligomeric (Miti
et al., 2015) and gel-like states (Alberti, 2017) accentuate the need
for a clear description of the initial state of the protein, its source
and how it was manipulated.

The interplay between protein folding, oligomerization
and metastable phase separation adds uncertainty to the
dynamic distribution of the different species during test-tube
experiments. How cells spatiotemporally regulate these processes
is additionally determined by the occurrence of post-translational
modifications (Boeynaems et al., 2018; González et al., 2019),
chaperone recruitment (Mateju et al., 2017) and macromolecular
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FIGURE 1 | Amyloid and non-amyloid aggregates. (A) Amyloids have the characteristic fibrillar appearance illustrated in this transmission electron microscopy (TEM)
image of negatively stained fibrils from a peptide derived from the SH3 domain of PI3-kinase (SH3-PI3K) (Ventura et al., 2004). The bar corresponds to 200 nm.
(B) The ordered β-sheet structure of amyloid fibrils produces the cross-β X-ray diffraction pattern here exemplified for fibrils of a peptide derived from Mot3 yeast
prion (Sant’Anna et al., 2016; Fernandez et al., 2017). The blue and red arrows indicate typical reflections at 4.7 and 10.2 Å, respectively. (C) Thioflavin-S (Th-S) is an
histological dye that shows fluorescence in presence of amyloid fibrils (example of SH3-PI3K fibrils stained with Th-S) (Ventura et al., 2004). The bar corresponds to
20 µm. (D) Folded and misfolded monomers are in dynamic equilibrium with soluble oligomers and may coexist in solution with different condensates, such as
dense liquids and gels, amyloid fibrils and their protofibrillar precursors, crystals and amorphous solids. For simplicity, the more complex cases of fibril polymorphism,
multiprotein assemblies or nucleic acid-protein assemblies are not shown, and amyloid fibrils are represented as composed of four protofilament units. (B) Adapted
from (Sant’Anna et al., 2016). All copyright permissions have been secured by the authors.

crowding (Aguzzi and Altmeyer, 2016; Rivas and Minton, 2016).
For the molecular-level understanding of protein aggregation,
kinetic results obtained under tightly controlled conditions and
in the presence of specific dyes, such as Thioflavin-T (Th-
T), Thioflavin-S (Th-S) and Congo red (CR), are analyzed
using different nucleation-and-growth models (Crespo et al.,
2012; Meisl et al., 2016; Chatani and Yamamoto, 2018).
A combination of complementary techniques including (but
not limited to) chromatography, light scattering, and advanced
microscopy is required to validate complex mechanisms that
may comprise the formation of intermediate phases (Ianiro
et al., 2019), precursor oligomers (Pieri et al., 2016), reversible

oligomerization (Silva et al., 2017), irreversible oligomerization
(Silva et al., 2018), and conformational transitions (Ruff et al.,
2019), to cite but a few examples. As a stochastic process, primary
nucleation is itself a source of variability in which stable clusters
are formed occasionally as the result of random molecular
collisions (Vekilov, 2010; Sleutel and Van Driessche, 2018).
When nucleation is a rare event, the emergence of measurable
amounts of protein aggregates is preceded by a lag phase
whose variable duration reflects the probability distribution of
a successful event (Crespo et al., 2012; Michaels et al., 2016).
During amyloid fibril formation, prior addition of > 1% of
preformed fibrils (or seeds) is often sufficient to eliminate the
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lag phase and the intrinsic uncertainty associated to primary
nucleation (Sárkány et al., 2019). Conversely, protein samples
containing residual, yet variable, amounts of preformed seeds
may not be suitable for “unseeded” assays due to irreproducible
lag times (Crespo et al., 2012, 2016). In these cases, a final step
of sample polishing immediately before the aggregation assay is
recommended to eliminate vestigial assemblies formed during
storage or upon thawing (Mahler et al., 2009; Silva et al., 2017;
Weinbuch et al., 2018).

AN ONTOLOGICAL APPROACH TO
PROTEIN AGGREGATION

As new published data on protein aggregation and phase
separation proliferate, they increase the risk that different
semantics are adopted to characterize the same entities, or
else, that different entities end up having the same designation.
Motivated by a similar concern, the International Society of
Amyloidosis has created a nomenclature committee whose
periodical reports try to keep pace with the ever-increasing
knowledge of amyloid disorders in humans and animals
(Westermark et al., 2007; Benson et al., 2018). Recent efforts
toward a controlled vocabulary were also taken in the context
of phase separation in living cells (Alberti, 2017; Shin and
Brangwynne, 2017; Boeynaems et al., 2018), or while establishing
guidelines to the use of Th-T in the presence of non-amyloid
species (Gade Malmos et al., 2017). We now propose an
ontological roadmap (Figure 2) and a systematized terminology
(Table 1), considering the established nomenclature and the
fundamental concepts of physical-chemical equilibrium. We
depart from the definition of phase as a region in space with
uniform density and composition at a given pressure and
temperature (Prausnitz et al., 1998). Phase separation, therefore,
refers to a change in density and/or composition that culminates
in the formation of a new phase. The transition of a molecule i
from phase A to the new phase B is driven by the difference in
chemical potential 1µ = µB

i − µA
i that results from the different

values of mole fraction xi and activity coefficient γi within the two
phases. Recall that

µi = µ0
i + RTln (xiγi) (1)

with µ0
i being the standard chemical potential and R the universal

gas constant. The depletion of phase A (and the concomitant
enrichment of phase B) in component i proceeds until the
equilibrium condition µA

i = µB
i is verified, so that

xAi γAi = xBi γ
B
i (2)

The formation of a new phase can occur instantaneously by
spinodal decomposition, or via the energy-activated process
of nucleation. In the latter case, thermal and compositional
fluctuations result in the generation of embryos of phase B
with non-zero surface free energy in the phase boundary. The
thermodynamically unstable embryos tend to disintegrate back to
phase A, unless they are larger than the critical size of the primary
nucleus (Vekilov, 2010; Falahati and Haji-Akbari, 2019). Once

this free energy barrier is overcome, phase transition will proceed
at a faster rate if catalyzed by the secondary steps of growth (or
elongation) and templated nucleation (or secondary nucleation)
(Padrick and Miranker, 2002; Crespo et al., 2012; Meisl et al.,
2016; Chatani and Yamamoto, 2018). Alternatively, the initially
homogeneous phase A can be further destabilized by increasing
xi and/or by decreasing T to a point of spinodal decomposition
where phase separation occurs by spontaneous amplification of
infinitesimal phase fluctuations (Falahati and Haji-Akbari, 2019).
The absence of a visible lag phase in aggregation progress curves
does not necessarily mean that the critical nucleus has reached the
minimum size of 1 molecule required for spinodal decomposition
(Vekilov, 2010). Instead, it may happen that the presence of a
nucleation barrier is concealed by (comparatively) fast elongation
and secondary nucleation steps, thus originating the hyperbolic
curves typical of downhill polymerization (Hurshman et al., 2004;
Crespo et al., 2012).

As discussed above, the occurrence of kinetically trapped
species is one of the obstacles for reproducible reporting of
aggregation experiments. While corresponding to an unstable,
high-energy state, the short-lived nucleation embryos are not
included in the catalog of such intermediates. Primary nuclei,
on the contrary, may have a fixed, well-ordered structure at
the moment of their formation, or pass through local spatial
ordering and structural annealing until a free energy minimum
is eventually reached (Murray et al., 2017; Boeynaems et al.,
2018). The sizes of primary and secondary nuclei can be estimated
from the concentration dependences of kinetic parameters such
as the duration of the lag phase and the limit aggregation
rates (Cohen et al., 2013; Dovidchenko et al., 2014; Silva et al.,
2018), but also through direct measurements using dynamic
light scattering (Walters and Murphy, 2011; Silva et al., 2017)
and small-angle X-ray scattering techniques (Vestergaard et al.,
2007). In the hierarchy of amyloid fibril assembly, protofilaments
are the primordial insoluble species and the fibrillar subunit of
the β-sheet stacking (Teplow, 1998; Rochet and Lansbury, 2000;
Khurana et al., 2003; Makin and Serpell, 2005). Protofilaments
intertwine to form small and flexible protofibrils, which are
classified as worm-like, rod-like or fuzzy, according to the
morphological features displayed in, e.g., EM micrographs (Gosal
et al., 2005; Gade Malmos et al., 2017). The elongation and
intertwining of protofibrils give rise to typically straight and
SDS-resistant mature fibrils with length often exceeding 1 µm
and diameter around 10–20 nm (Rochet and Lansbury, 2000;
Eisenberg and Sawaya, 2017; Gade Malmos et al., 2017). Instead
of mature fibrils, the end product of amyloid assembly may
consist of protofibrils, as in the cases of the L55P mutant of
transthyretin at physiological (instead of acidic) pH (Lashuel
et al., 1999), and of ataxin-3 containing a non-expanded (fewer
than ca. 30 glutamine residues) polyglutamine tract (Carvalho
et al., 2018). Equally, dense liquid droplets nucleated after local
enrichment of aggregation-prone proteins can either mediate
new disorder-to-order transitions during crystallization and
amyloid fibril formation (Vorontsova et al., 2015; Aguzzi and
Altmeyer, 2016), or develop into gel-like states with reduced
fluidity and protein movement (Aguzzi and Altmeyer, 2016;
Banani et al., 2017; Boeynaems et al., 2018). Pathway 1 in
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FIGURE 2 | Ontological map of protein aggregation. Phase equilibria (solid outlines) are established between the liquid phase (green circle), the dense liquid phase
(orange circle) and the solid phase (blue circles). The different species (represented as in Figure 1D) may undergo structural transitions (dashed lines) that originate
distinct species within the same stable phase (different shades of color). Visual examples of aggregation pathways are provided, comprising many (arrow 1), some
(arrow 2) and no (arrow 3) intermediate states. Off-pathway aggregation occurring in parallel with amyloid fibrillation is represented by a bifurcation (arrow 2′). The
outcome of phase separation (black dots) is contingent on concentration, temperature, pH, ionic strength, amino acid sequence, etc., but also on the initial state of
the protein, as it determines the point in the green region from where the experiments depart (white dots).

Figure 2 illustrates the formation of mature fibrils preceded
by the occurrence of several intermediate states, including
liquid droplets, gels, and protofibrils. Pathways 2 and 2′ show
the possible coexistence of kinetically arrested states that, in
this illustrative example, correspond to protofibrils and liquid
droplets, respectively. Pathway 3 corresponds to the direct
formation of protein crystals from globular protein.

Protein unfolding and oligomerization (represented in
Figure 2 by green dashed lines) involve the interconversion
between native, partially unfolded, denatured and oligomeric
states of the protein. The equilibrium composition of these
structurally distinct entities results, as in phase separation,
from the balance of chemical potentials; however, each state
of the protein is now characterized by different values of the
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TABLE 1 | Glossary of terms used in protein aggregation phenomena.

Amyloid fibril Insoluble, protease resistant aggregate with characteristic (i) fibrillar electron microscopic appearance, (ii) X-ray fiber diffraction pattern and (iii)
histological staining reactions, including Th-T fluorescence and green birefringence in the presence of Congo red.

Amyloidosis Any disease associated with the formation of amyloid deposits, i.e., deposits that have amyloid fibrils as main constituent.

Condensate The denser phase formed upon phase separation.

Embryo A metastable cluster formed as the result of random molecular collisions; embryos will tend to disintegrate if smaller than the critical nucleus
size.

Liquid demixing Separation of a solution into two coexisting liquid phases (compare with phase separation); also known as “liquid-liquid demixing.”

Mature amyloid fibril A long, fully stable amyloid fibril consisting of intertwined protofilament units producing a wound structure that is resistant to 2% (w/v) sodium
dodecyl sulfate (SDS) treatment.

Nucleation The stochastic process by which nuclei are formed; primary nucleation occurs in the homogeneous bulk solution; secondary nucleation occurs
on the surface of an already existing aggregate; heterogeneous nucleation occurs on the surface of a foreign substance.

Nucleus A cluster formed as the result of random molecular collisions and with the ability to elongate into a fibril (compare with embryo).

Off-pathway oligomer Stable oligomer that coexists with amyloid fibrils but is not an amyloid percursor; off-pathway oligomerization and amyloid fibrillation are
competitive processes.

Oligomer Multimeric species lacking the morphology and properties of amyloid fibrils.

On-pathway oligomer A precursor of amyloid fibrils; the addition of pre-formed on-pathway oligomers accelerates the formation of amyloid fibrils without affecting the
total amyloid conversion.

Phase separation The formation of a new region with uniform density and composition; it can occur instantaneously by spinodal decomposition, or via the
energy-activated process of nucleation.

Protofibril Beaded chain with ∼5 nm diameter and <150 nm length that matures into amyloid fibrils.

Protofilament Subunit of amyloid fibrils; smaller protofilaments with ∼1 nm diameter entwine to form larger protofilament units with 2.5–3.5 nm diameter.

Seed Preformed amyloid particle able to accelerate the assembly of amyloid fibrils.

standard chemical potential µ0
i (Eq. 1) (Tanford, 1970). Although

occurring within the same liquid phase, structural transitions
might trigger subsequent phase separations as in the general
case of protein misfolding diseases in which pathologic protein
aggregation arises from the failure of a specific protein or peptide
to adopt its native conformation (Chiti and Dobson, 2006). Also,
insulin amyloid fibril formation is preceded by the aggregation
of a precursor helical oligomer that later becomes the repeating
unit of mature fibrils (Vestergaard et al., 2007), whereas several
of the key proteins present in membraneless organelles have
oligomerization domains that drive liquid demixing through
multiplicative sticky interactions (Boeynaems et al., 2018). In a
different example, amyloid fibrillation of non-expanded ataxin-3
decreases the concentration of soluble monomers, thus causing
the dissociation of off-pathway oligomers to monomeric species
(Silva et al., 2017). Because the different states of protein
aggregation are in dynamic equilibrium, a possible rescue
mechanism includes the sequestration of harmful species into
less toxic aggregates or in phase separated compartments of the
cell (Gosal et al., 2005; Haass and Selkoe, 2007; Boeynaems et al.,
2018). Illustrating this protection mechanism, amyloid plaques
isolated from AD cortex do not elicit toxic effects in rodent
hippocampus unless they are solubilized to release toxic Aβ

dimers (Shankar et al., 2008).
Systematizing protein folding intermediates and oligomeric

species into organized categories is a challenging task due to the
heterogeneity and elusive nature of both populations. Moreover,
many proteins naturally occur as an ensemble of more than
one polypeptide chain folded into a characteristic oligomeric
conformation (Doyle et al., 2013), while others, known as
intrinsically disordered proteins, can sample a continuum of
conformations (Jarosz and Khurana, 2017; Darling et al., 2018).

Folding intermediates have been detected for a limited number
of proteins by measuring the exchange rates of hydrogen atoms
between the main-chain amides and water (Englander et al.,
2016), or by combining 1H liquid-state NMR and multivariate
analysis (Malmendal et al., 2010). Figure 2 necessarily simplifies
the folding landscape that is associated with pathogenic protein
aggregation as different protein-protein interactions are required
to maintain proteostasis in living cells. For example, the correct
folding of prion protein (PrP) is assured by chaperones of the
endoplasmic reticulum such as calnexin (Wang et al., 2010)
and the proline cis/trans isomerase cyclophilin B (Ben-Gedalya
et al., 2015). Conformational variations between the normal
(PrPC) and the infectious (PrPSC) isoforms are responsible for
the recruitment of PrPC by PrPSC during amyloid polymerization
(Prusiner, 2001). The self-templating properties of PrPSC are the
basis for ultrasensitive tests for prion infections in biological
fluids and tissues (Saborio et al., 2001; Orru et al., 2012).
Likewise, the amplification of seeding-competent aggregates
of Aβ peptide (Salvadores et al., 2014), α-synuclein (Fairfoul
et al., 2016) and tau (Saijo et al., 2017) is a promising
technological principle for the diagnosis of AD, PD, and
tauopathies, respectively (Soto and Pritzkow, 2018). Amyloid
seeding capacity can be used to evaluate whether a given
intermediate is on-pathway or off-pathway to form amyloid
fibrils. The maximal seeding potency is achieved upon the
addition of pre-formed, sonicated fibrils. Conversely, off-pathway
oligomers (Farmer et al., 2017; Hasecke et al., 2018), fibril
polymorphs (Kodali and Wetzel, 2007; Falcon et al., 2015; Cao
et al., 2019), and seeds pre-treated with aggregation inhibitors
(Arimon et al., 2008; Oskarsson et al., 2018; Saelices et al., 2018)
are expected to have lower seeding potencies. Amyloid fibrils
produced from distinct proteins can be tested for conformational
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complementarity in cross-seeding experiments, also known as
heterologous or heterogeneous seeding (Harper and Peterand
Lansbury, 1997; O’Nuallain et al., 2004; Soto and Pritzkow,
2018).

METHODS TO EXPERIMENTALLY
EVALUATE GENERAL AGGREGATION
AND AMYLOID FORMATION

Significant experimental evidence must be gathered by
complementary biophysical methods to determine if a protein
or peptide does aggregate and if it is specifically able to form
amyloid assemblies. Several computational approaches have been
developed to predict aggregation-prone regions in (poly)peptide
sequences (Belli et al., 2011; Pallarès and Ventura, 2019),
but often experimental validation of aggregation propensity
represents a considerable bottleneck (Grishin et al., 2020).
Protein self-assembly is a complex process that might result in
the formation of amorphous aggregates, different oligomers or
amyloid fibrils, heterogeneous species that often coexist during
the aggregation process. In this section, the methodological
approaches required to identify general protein aggregation
(see section “Monitoring the Presence of Protein Aggregates”)
and to distinguish amyloid fibril formation specifically (see
sections “Methods to Monitor the Conformational Properties
of Amyloid Aggregates,” “Morphology of Amyloid Fibrils,”
and “Fluorescence Techniques and Tinctorial Properties of
Amyloids”) are summarized. In particular, we focus on the study
of amyloid fibril formation, which can be addressed from the
structural (see section “Morphology of Amyloid Fibrils”) and
the kinetic point of view (see section “Fluorescence Techniques
and Tinctorial Properties of Amyloids”). A minimum set of
experiments is suggested to satisfy the criteria that generally
define amyloid aggregates according to their conformational,
morphological and tinctorial properties.

Monitoring the Presence of Protein
Aggregates
The formation of protein aggregates can be detected by a
collection of orthogonal methods that report on different
properties of these macromolecular assemblies.

Light Scattering and Turbidimetry
The aggregated states of proteins or peptides scatter the light
passing through the aggregate solution proportionally to the
size of aggregated particles. Therefore, the course of aggregation
can be monitored by the measurement of an attenuation of
incident light beam (turbidimetry) or by integration of an
angle-specific scattering [static light scattering, SLS (Zhao et al.,
2016)]. Turbidimetry is often taken as a linear descriptor of the
kinetics of aggregation reactions; however, caution should be
taken when comparing different proteins or conditions, since
light is scattered as a function of both aggregate size and shape.
SLS is able to determine the relative size of an aggregate by
measuring the time-averaged intensity of scattered light, usually
employing the same wavelength for excitation and detection at an

angle of 90◦. It reports on the molar mass (weight-average) and
concentration of the aggregate.

Dynamic Light Scattering
Dynamic light scattering (DLS), also known as photon
correlation spectroscopy or quasi-elastic light scattering, is
a spectroscopy technique that measures the fluctuation of
intensity of scattered light with time and is routinely applied
to detect protein aggregates, as well as other nanoparticles
(Zaccai et al., 2017).

Dynamic light scattering allows to derive two basic
characteristics from a protein population. First, the mean
hydrodynamic size, assuming a spherical geometry of the
particle, and second, the polydispersity index of the solution.
DLS is highly sensitive to the presence of aggregates because
light scattering intensity scales with the second power of the
mass of the light scattering particle. Therefore, low amounts
of protein aggregates can be detected when the hydrodynamic
radii are large enough. When the sample contains both
monomeric and aggregated species, the monomer can only
be adequately detected when the polydispersity index is low
and the protein concentration is high. In this case, the particle
size distribution plot shows multiple peaks indicative of a
multimodal distribution.

Size Exclusion Chromatography
Size-exclusion chromatography (SEC) offers the possibility to
identify, collect and determine the relative molecular weight of
the different assemblies in an aggregated sample (Striegel et al.,
2009; Burgess, 2018). Extra care must be exerted when dealing
with labile oligomers. These can be potentially disrupted during
the fractionation process, shifting the equilibrium between
species as a function of the protein concentration. Moreover,
large insoluble aggregates should be filtered out before analysis
to prevent column clogging.

Size-exclusion chromatography becomes a versatile technique
when coupled to multiangle light scattering (MALS) and
differential refractive index (dRI) detectors, which allow to
determine protein concentration, molecular weight (MW), size
and conformation (Folta-Stogniew, 2006). The SEC-MALS
instrument is calibrated independently of the column and
does not depend on commercial reference standards, becoming
the default method for the estimation of native MW on
heterogeneous samples (Sahin and Roberts, 2012).

Intrinsic Fluorescence Spectroscopy
The sensitivity of the intrinsic fluorescence signal of tyrosine
and tryptophan residues to their local environment has
been extensively used to study protein conformation by
fluorescence spectroscopy. A steady-state fluorescence spectrum
is obtained by recording the emission fluorescence intensity of
a sample excited at a fixed wavelength. In proteins, tryptophan
fluorescence is owed to the side-chain indole group, displaying
an absorption maximum at 280 nm and a fluorescence peak
that is solvatochromic, ranging from 300 to 350 nm. Depending
on the polarity of the local environment, the fluorescence
emission maximum ranges from ∼308 nm for a tryptophan
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fully embedded in a hydrophobic pocket to ∼348–352 nm for
a tryptophan fully exposed to solvent (Ghisaidoobe and Chung,
2014). Thus, the fluorescence of tryptophan in monomeric and
aggregated states of proteins is significantly different (Bobone
and van de Weert, 2014). The fluorescence of tyrosine is due
to its side-chain phenolic ring, with excitation and emission
maxima at 260 nm and 305 nm, respectively. When compared
to tryptophan, the fluorescence signal of tyrosine is less sensitive
to environmental changes, as a consequence of the lack of
dipole reorientation in the excited phenol. Still, since tyrosine
is on average three times more abundant than tryptophan in
polypeptides, its signal also differs significantly between the
aggregated and soluble states of proteins.

Methods to Monitor the Conformational
Properties of Amyloid Aggregates
Although the nature and self-assembly mechanisms of
protein amyloids differ, most of them share a final fibrillar
morphology highly enriched in intermolecular cross-β
structure, whose presence can be confirmed by different
biophysical methods.

Circular Dichroism Spectroscopy
Circular dichroism (CD) relies on the differential absorption
of left and right circularly polarized light. Optically active
chiral molecules and chemical groups absorb preferentially
in one direction of the light. Thus, peptide bonds, aromatic
amino acid side chains and disulfide bonds in proteins act
as conformation reporters, providing information about the
secondary structure composition (α-helix, β-sheet, disorder). In
the far UV region of the spectrum (190–260 nm) a maximum
at 196 nm and a single minimum at 218 nm is attributed to
a β-sheet conformation; meanwhile, a maximum at 192 nm
and two minima at 208 nm and 222 nm are indicative of α-
helical content, whereas a minimum at 198 nm correlates with
the presence of disordered regions (Cristovao et al., 2019). The
shift from an initial native conformation to an amyloid β-sheet
structure often exacerbates the minimum at 218 nm (Kelly et al.,
2005; Vadukul et al., 2019). The presence of additional molecules
in the sample, such as reducing agents, organic molecules
and excipients, should be taken into account since they might
interfere with the measurement, precluding detection of the
expected transition.

The far UV spectra of aggregated samples are usually complex
and require the use of deconvolution algorithms (SELCON,
VARSLC, CDSSTR, K2d2, K2d3, BeStSel, DICHROWEB server)
(Provencher and Glockner, 1981; Manavalan and JohnsonJr.,
1987; Andrade et al., 1993; Sreerama and Woody, 2000;
Whitmore and Wallace, 2004; Micsonai et al., 2015) to quantify
the contribution of the different secondary structure elements to
the signal. However, care should be taken with these estimates,
even in the analysis of the variation of secondary structure
content, which should be favored over absolute determinations.
The presence of aggregates often leads to distortions in the
CD spectra (differential absorption flattening) that might lead
to errors in the estimation of secondary structure content, as
most algorithms are optimized for soluble proteins. Of note, one

algorithm – BeStSel – is especially suited for secondary structure
determination of proteins with high β-sheet content, such as
those found in amyloid protein aggregates (Micsonai et al., 2015).

The CD spectrum in the near UV region (260–320 nm) arises
from the contribution from aromatic amino acids and provides
information on the tertiary structure, complementary to that
gathered from intrinsic fluorescence measurements.

Fourier-Transform Infrared Spectroscopy
Fourier transform infrared (FTIR) spectroscopy is especially
suitable to determine the existence of β-sheet secondary
structures in aggregated samples. The presence of a band
at 1620–1640 cm−1 in the amide I region of the infrared
spectrum is a signature of β-strands. Intramolecular (native
β-sheet) signals fall typically in the 1630–1640 cm−1 range,
whereas the intermolecular β-sheets characteristic of aggregates
usually peak at 1620–1630 cm−1 or even lower wavenumbers
(Hiramatsu and Kitagawa, 2005).

The FTIR spectrum is particularly sensitive to the presence
of additives in the sample, such as TFA, DMSO and reducing
agents; therefore, the signal of the buffer should be subtracted
from that of the sample. Because the vibration signal of water
maps in the amide I region (1630 cm−1), the FTIR spectrum must
be obtained by drying out the sample to an hydrated protein film
when using Attenuated Total Reflection sampling devices or by
exchanging H2O with D2O for transmission experiments when
using DTGS (deuterated triglycine sulfate) and MCT (mercuric
cadmium telluride) detectors (Cristovao et al., 2019).

The peaks in the FTIR spectrum are identified by curve
fitting using Fourier self-deconvolution, or/and by analysis of
the inflection points in the second derivative of the spectrum
curve. Fitting of the FTIR spectrum does not provide a unique
solution and thus the fitting parameters become critical: a
minimum number of peaks should be used, the maxima of the
curve-fitted peaks should correspond to the evident maxima in
the raw data, and, generally, curve-fitted peaks should present
similar full-width and half-height values. This technique can
be used to study and compare protein aggregates obtained
in vivo and in vitro (Shivu et al., 2013). Traditional FTIR
analysis only reports on bulk composition and even FTIR
microspectrometers, despite their extensive applications [e.g., in
cell biology (Bouyanfif et al., 2018)], only provide resolution
down to 2–5 µm, which is insufficient for the analysis of
individual fibrils. However, by combining IR with atomic force
microscopy in Infrared Nanospectroscopy it is possible to
acquire both morphological, nanomechanical and nanoscale-
level (10–20 nm) chemical IR absorption spectra and maps
from protein aggregates, single cells and liquid-liquid phase
condensates (Ruggeri et al., 2020). This approach is particularly
useful in analyzing complex mixtures with co-existing amyloid,
amorphous aggregates and pre-fibrillar aggregates with different
secondary structure (Ruggeri et al., 2015, 2016; Galante et al.,
2016; Waeytens et al., 2020).

Proteinase K and Mixture of Proteases Digestion
Complementary to the techniques mentioned above, the relative
resistance of amyloid fibrils to proteinase K digestion is
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commonly used for their characterization, especially in the case
of prionic proteins. Proteinase K is a serine protease that cleaves
peptide bonds on the carboxy-terminal side of aromatic and
aliphatic amino acids. Despite the high processivity of proteinase
K in disordered and regular secondary structures, its proteolytic
activity is rather limited in cross-β-sheet structures, which are
characteristic of amyloid fibrils (Kushnirov et al., 2020). The
identification of proteinase K-resistant amyloid cores can be
achieved by two main approaches: adding different proteinase
K concentrations at the end-times of aggregation reactions or
following the time-course of the digestion at a given proteinase
K concentration. The results of the digestion experiments can
be monitored with several techniques, such as SDS-PAGE
and protein immunoblotting, mass spectrometry, or electron
microscopy. In some cases, a mixture of proteases can be used
instead of proteinase K to identify the core of amyloid fibrils
(Selivanova et al., 2016; Surin et al., 2020).

X-Ray Diffraction and Scattering Techniques
X-ray diffraction and small-angle scattering techniques,
including small-angle X-ray scattering (SAXS) and small-
angle neutron scattering (SANS) are considered gold standard
techniques for the analysis of the structural properties of
amyloid fibrils.

The X-ray fiber diffraction pattern of partially aligned amyloid
fibrils displays a characteristic arrangement with a meridional
reflection (vertical axis) at 4.7–4.8 Å and an equatorial reflection
(horizontal axis) at 10–12 Å (Figure 1B), which report on the
distances between β-strands that are associated via hydrogen-
bonding perpendicular to the fibril axis and between the adjacent
β-sheets running parallel to the axis, respectively. The meridional
signal is generally very sharp and intense due to the repeating
nature of the β-strands along the fiber axis. The equatorial
signal is generally weaker and more diffuse and its position can
vary depending on the amino acid composition of a constituent
peptide (e.g., large aromatic side chains will result in a larger sheet
spacing). This is the reason why the common amyloid fold is
known as cross-β (Morris and Serpell, 2012). Low angle signals
are often also observed, which arise from chain length and/or
protofilament packing.

Small-angle scattering techniques are one of the best-suited
biophysical approaches to study the conformational properties of
the different oligomeric forms appearing along an amyloidogenic
process and how they evolve into mature fibrils. In theory,
one can decompose the time-resolved SAXS and SANS data
into the scattering intensity profiles of the individual forms
(structural information), along with their relative populations
(kinetic information), without the need to isolate the transient or
co-existing species (Langkilde et al., 2015). Nonetheless, the use
of this technique is limited to specific cases because it requires
highly concentrated and stable samples, containing only a few
oligomeric species simultaneously.

Sedimentation Techniques: Separation and Size
Distribution
While complex mixtures of aggregated protein can be imaged
by a variety of different techniques (see section “Morphology

of Amyloid Fibrils”), separation of insoluble species is not
straightforward. An increase in particle mass during protein
aggregation can be exploited for detection, isolation and
characterization of both high-molecular weight intermediates
and final filaments. Several ultracentrifugation protocols have
been adopted for analyzing protein aggregates in cellular and
animal models of various human proteinopathies including prion
protein amyloidosis (Vey et al., 1996), a familiar tauopathy
(Berger et al., 2007) or sporadic AD (Skrabana et al., 2017).
The ability to differentially isolate protein conformers with
distinct physical properties by sedimentation at high speed can
be used also in in vitro experiments of protein aggregation.
Insoluble fibrils and larger aggregates pellet quickly around
14,000–16,000 × g in aqueous buffers, but smaller species
such as oligomers or shorter fibril fragments sediment more
slowly even under high-speed centrifugation above 50,000 × g
(Mok and Howlett, 2006). It is sometimes possible to separate
different fibrils based on their morphology. Straight fibrils of
human apolipoprotein ApoC-II, which dominate in the presence
of phospholipid micelles, sediment more rapidly than flexible
ribbons formed in the absence of lipids, making it possible to
pellet the two populations at 14,500 × g and 350,000 × g,
respectively (Mok et al., 2015). Similar approaches have separated
linear versus closed-loop fibrils of ApoC-II (Yang et al., 2012),
while complex mixtures of huntingtin aggregates have more
simply been fractionated by pelleting a mixture of inclusions,
soluble but large oligomers and cell debris from lysed cells
(14,000 × g for 10 min) followed by centrifugation of the
resuspended pellet through a desalting column, which allows
separating the soluble oligomers from the insoluble material
(Ormsby et al., 2013). Just as importantly, if the relationship
between the molecular weight of fibrillar species and their
diffusion coefficient is known (MacRaild et al., 2003), it is possible
to estimate the size distribution of fibrils using sedimentation
velocity analysis (Yang et al., 2012), which measures how quickly
fibrils move through a centrifugal field. It is even possible to
selectively monitor fibril sizes in the presence of non-fibrillar
components (e.g., chaperones) using fluorescence detection and
fluorophore-labeled fibrils; this allows to assess changes in the
size distribution and lateral association of a given protein (Binger
et al., 2013). As an alternative approach, OptiPrep gradients
have been used to isolate and characterize protein aggregates
associating with membrane-like domains (Vey et al., 1996).

Morphology of Amyloid Fibrils
Once the β-sheet content has been confirmed by the methods
above, the morphology of the amyloid fibrils should be examined
by imaging techniques.

Transmission Electron Microscopy
The visualization of transmission electron microscope (TEM)
images at high resolution provides information on the
morphology, homogeneity and size of the amyloid fibrils.
In order to obtain high-quality TEM data, samples deposited on
carbon-coated copper grids should be negatively stained with a
heavy metal solution [typically 2% (w/v) uranyl acetate solution
in water] to increase contrast. It should, however, be taken into
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account that TEM images may display structural artifacts due to
dehydration and staining during the sample preparation process
(Gras et al., 2011).

Atomic Force Microscopy
Atomic force microscopy (AFM) allows direct visualization of
amyloid fibrils in aqueous solutions, providing information about
their structural and mechanical properties under physiological-
like conditions (Ruggeri et al., 2019). AFM images have
nanometer-resolution, allowing to assess the fibril contour
length, width, height and periodicity or the high-order assembly
of single protofilaments into mature fibrils (Adamcik et al.,
2012). These properties can be measured at final time-
points or directly during the assembly reaction. Besides, it
is possible to define the packing scheme and polymorphic
state of the amyloid fibrils (e.g., twisted, helical ribbon) by
measuring the height profile of fibrils along their contour
length and the shape of height profile. An advantage of
AFM, when compared to TEM, is that it allows measuring
forces and elastic properties of amyloid assemblies with
piconewton resolution.

Several additional methods, such as solid-state NMR and
cryo-EM, provide valuable information about the morphology
and structural features of amyloid fibrils at high resolution.
These methods and their applications to uncover the atomic
structures of amyloid fibrils have been extensively covered in
recent reviews (Iadanza et al., 2018a; Fitzpatrick and Saibil,
2019). Although key to explore correlations between structure
and toxicity, they need advanced equipment and go beyond
a minimum requirement for determining that a polypeptide
assembles into amyloid fibrils.

Fluorescence Techniques and Tinctorial
Properties of Amyloids
It is well established that regular fibrillar structures have the
ability to bind small molecules at their surfaces and cavities with
a concomitant alteration of the optical properties of the binding
compounds. Th-T and CR are two of these molecules, and have
been extensively used for the detection of amyloid structure in
fibrils and deposits.

Thioflavines
The Th-T assay measures the increase in emission fluorescence
signal of Th-T as amyloid fibrils grow. The enhanced fluorescence
can be detected by spectroscopy or visualized by epifluorescence
or confocal microscopy. In all techniques, the molecule is
excited at 445 nm and emission fluorescence is recorded in the
470–500 nm range, usually with a maximum around 482 nm
(Biancalana and Koide, 2010).

Th-T fluorescence enhancement is not a quantitative
parameter since it is strongly dependent on the fibril morphology.
In some cases, amyloid fibrils may be present, but do not display
fluorescence because the rotation movement of the Th-T
molecule is not sufficiently impeded. On these occasions, Th-T
fluorescence anisotropy provides an alternative technique for
the study of amyloid aggregation (Sabate and Saupe, 2007).
Also, the maximum excitation and emission wavelengths may

change slightly depending on each particular amyloid structure
(Sabate et al., 2013).

Th-S is a mixture of compounds that results from the
methylation of dehydrothiotoluidine with sulfonic acid. As
such, its molar concentration cannot be accurately calculated,
which in addition to its high fluorescence background make
this dye sub-optimal for spectroscopic measurements in vitro
(Espargaro et al., 2012). However, Th-S presents the advantage
of being able to permeate through cell membranes, thus
allowing to detect intracellular amyloid aggregates, even in
living cells. Accordingly, it has been vastly used in the
histological staining of amyloids and to image purified amyloid
material (Figure 1C).

Congo Red
The CR dye has been broadly used to detect amyloid aggregates
in tissues and in vitro. The absorption spectra of CR alone and
in the presence of amyloids are recorded in the visible region of
the light spectrum (300–700 nm) and compared (Yakupova et al.,
2019). The binding of CR to amyloids induces a spectral red shift,
with maximum absorbance change occurring around 540 nm. As
in the case of Th-T assays, the CR spectrophotometric assay is
not quantitative.

Birefringence originates from the decomposition of a ray of
light into two rays when it passes through certain anisotropic
materials, such as crystals. The fixation of CR molecules
along the axis of the amyloid fibrils usually causes apple-
green birefringence when viewed through cross-polarized light,
providing an assessment of the amyloid nature of protein
aggregates complementary to CR absorbance measurements.

Other Amyloid-Staining Molecules
The use of Th-T and CR for amyloid detection has limitations.
Many non-amyloid molecules can also exhibit birefringence
under cross-polarized light in the presence of CR, such as
phosphate salts, urea, and other types of fibers like hair.
Moreover, CR is a pH indicator and, accordingly, its absorbance
spectrum is strongly dependent on the solution pH, being useless
under acidic conditions. The absorption and emission spectra
of some molecules, such as flavins and reduced NAD(P)H
overlap with that of Th-T. Also, some polyphenolic anti-
aggregational compounds, such as curcumin or epigallocatechin,
exhibit fluorescent properties similar to those of Th-T (Hudson
et al., 2009). In a similar way, the auto-fluorescence generated by
some aldehyde compounds used as tissue fixatives significantly
interferes with the histological detection of amyloids using
this dye. In light of these problems (Viegas et al., 2007),
novel fluorescent dyes with improved sensitivity and specificity
properties have been developed.

As Th-T, the ProteoStat dye is a rotor molecule that
intercalates into the cross-β structure, leading to a strong red
fluorescence with excitation and emission maxima at 500 nm
and 600 nm, respectively (Shen et al., 2011; Navarro and
Ventura, 2014). Compared to Th-T, ProteoStat staining produces
a stronger fluorescent signal with a wider linear dynamic range
in a broad range of pH values (4–10) and avoids spectral
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TABLE 2 | Experimental details that should be reported for protein aggregation assays.

Reported parameter Information that should be reported

Sample stock Sample source and storage
conditions

Description of protein source – commercial (supplier and reference), recombinant (including
expression and purification), or other (e.g., extracted from tissue); description of how the protein or
peptide stock was preserved (lyophilized or stored in solution); if stored in solution indicate storage
buffer, sample concentration, storage temperature, freezing/thawing conditions, as well as material
and supplier of vials used for sample storage.

Sample purity and
concentration

Indicate the methods (SDS-PAGE, HPLC, etc.) used to determine sample purity, as well as those
used to determine the exact concentration of the stock sample in the assay. The purity of the
sample stock as evaluated by SDS-PAGE should be indicated and higher than 95%. Indicate
whether the sample was tested for the presence of “invisible” components such as nucleic acids.

Sample concentration Indicate the final concentration of the sample in the assay.

Sample preparation prior to
assay

Mention if the protein/peptide stocks were pre-treated, filtered or centrifuged; these procedures are
recommended to remove pre-aggregated forms.

Assay buffer Indicate the composition, concentrations and pH value of the buffer or solvent stock.

Assay volume The final volume of the sample, as well as the volume of the tube/well in which the aggregation
assay is performed should be reported since interfaces (liquid-solid and liquid-air) influence protein
aggregation. The method used to prevent sample evaporation should also be mentioned when
using small sample volumes.

Additives List ALL components that could be found in the aggregation assay (even those that may exist in
minute amounts). For example, if an aggregation modulator is dissolved in DMSO, it is important
that all samples (including control) contain the same final concentration of DMSO.

Experimental procedures,
type of equipment used and
system-dependent parameters

Plate or vial Report the type of material and geometry of the vial or microplate well (binding versus non-binding
surface, bottom versus top-reading, square versus round bottom, etc.) used in the assay. Include
information on the microplate/vial material, including supplier and reference code.

Temperature Report the assay temperature. In particular, mention if samples/buffer are preincubated at the assay
temperature: fluorescence drifts may be observed at the beginning of the experiment resulting from
temperature shifts.

Agitation Indicate whether an orbital shaker, a thermomixer or magnetic stirring was used (describing shape,
size and material of stirrers), the type of shaking (orbital, linear, etc.) and speed. If applicable,
indicate if beads were included (material, size, number of beads). Measurement cycles and the
pre-shaking agitation procedures should be clearly specified.

Time The total duration of the aggregation reaction should be reported.

Equipment for measuring
aggregation kinetics and its
settings

Indicate the device make and model, control software, and general settings used (e.g., filter
bandpass and bandwidth/monochromator settings).

Reporters Provide the exact amount of reporter (if used) employed for measurement and any pre-treatment of
the sample.

Data analysis and raw data
that should be preserved
for publication

Indicate the software (including version) used for image and data analysis and specify the equation
applied for fitting kinetic data obtained from aggregation assays.

overlap with the autofluorescence signal of membranes and co-
factors. ProteoStat is particularly indicated if working in the
presence of RNA, when the use of Th-T is unsuited, because it
produces huge distortions of the baseline (Sugimoto et al., 2015;
Liu et al., 2017).

Heptamer-formyl thiophene acetic acid (hFTAA) is yet
another amyloid detection dye. hFTAA exhibits distinct shifts
in its emission spectra when bound to different amyloid species
and polymorphs, finding application in the differentiation of
amyloid (sub)types in vivo and in monitoring changes of amyloid
structure and composition over time (Klingstedt et al., 2011,
2013; Sjolander et al., 2016).

Molecules such as 1-anilinonaphthalene-8-sulfonate (ANS)
and its dimeric analog 4,4′-bis-1-anilinonaphthalene-8-sulfonate
(Bis-ANS) are barely fluorescent in polar solvent, but become
highly fluorescent in an apolar environment. In the presence
of aggregates a blue shift and an increase of their emission

maxima occur, due to their binding to the hydrophobic
clusters exposed in such assemblies. ANS and bis-ANS are
particularly useful in the detection of the low concentrations of
protein aggregates populating the early stages of the reaction
(de Groot et al., 2007).

A Th-T derivative, called Pittsburgh compound B (PiB) is
able to enter the brain and is used as a radioactive tracer
for in vivo PET imaging of amyloid beta pathology in AD
(Klunk et al., 2004).

GUIDELINES FOR REPORTING PROTEIN
AGGREGATION EXPERIMENTS: THE
MIRRAGGE TABLE

Given the diversity of oligomeric species and folding states,
the choice of protein purification and handling procedures
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FIGURE 3 | Aggregation of human ataxin-3 (UniProt accession code: P54252-2). (A) Schematic representation of the structural organization of ataxin-3, with the
N-terminal globular Josephin domain (JD) and the flexible C-terminal tail encompassing the ubiquitin-interacting motifs (UIMs) and the polyQ tract containing 13
glutamine residues (13Q); (B) Representative graph of human ataxin-3 aggregation at 37◦C monitored by Th-T fluorescence. (C) TEM image of ataxin-3 protofibrils
at the end of the aggregation assay (∼60 h).

plays a crucial role in determining where in the aggregation
map (Figure 2) are the departing and arrival points located,
and by what pathways are they connected. Therefore, we
propose a set of guidelines for presentation and publication
of data related to polypeptide aggregation that ensure an
adequate and accurate description of the experimental results.
The relevant information that we propose to be reported
is divided into two parts: sample preparation and quality
and incubation conditions. Ideally, the methods section
of each publication should contain the information briefly
described in Table 2.

A pre-filled MIRRAGGE table using the aggregation of
the protein ataxin-3 (Figure 3) (Gales et al., 2005; Almeida
et al., 2015) and of a peptide from the Mot3 yeast prion
(Sant’Anna et al., 2016; Fernandez et al., 2017) as examples
is provided as Supplementary Information (Supplementary
File MIRRAGGE_template.xls) illustrating the minimum
information that we suggest should be included to ensure
reproducible (poly)peptide aggregation experiments. A large
part of the minimum information required in the MIRRAGGE
table concerns the sample preparation steps that precede
the aggregation assay itself. Starting by the unambiguous
identification of the protein molecule, it is particularly
important for curators of public databases that the UniProt
accession number, the species of origin and, if applicable, the
presence of affinity tags are provided for the molecules under
investigation (Orchard et al., 2007; Trewhella et al., 2017).
For synthetic peptides, the chemical nature of the N and C
termini (whether capped or uncapped) should be made clear
as well as the buffering salt (e.g., TFA). Besides the essential
information about the sample source, namely the protein
expression system, the purification and polishing protocols,
or, in the case of samples obtained from commercial sources,
the catalog number and the name and location of the supplier,
the MIRRAGGE table can also encompass any additional

information or experimental detail found to be important for
the outcome of aggregation. This is acchieved by including a
flexible field of “additional key information” at the end of the
tabular descriptions of the purification protocol and of the
aggregation assay, wherein relevant remarks concerning the
aggregation state of the protein, sample collection procedures in
gel filtration chromatography, the occurrence of contaminants
or co-solvents, the procedure adopted for removal of air bubbles,
a critical sequence of reagent addition, etc., can be emphasized.
A comprehensive characterization of the aggregation assay
in terms of the total volume of reaction, plate/cuvette/vial
geometry and material, method of evaporation control, size
and material of beads (if present), and type of agitation is
required on account of the effects of interfaces and shear
flow on protein aggregation (Giehm and Otzen, 2010; Bekard
et al., 2011; Yoshimura et al., 2012; Ferreira et al., 2016; Koepf
et al., 2018). As a major determinant of phase separation,
protein concentration is discriminated (i) before storage of
the purified protein, (ii) immediately before aggregation, e.g.,
after the final filtration step, and (iii) during aggregation. The
concentration of protein or peptide is provided, together with
the information about MW, extinction coefficient and the
quantification method adopted. Freeze-thawing stress can lead
to the cold denaturation of the protein, its adsorption at the
ice-liquid interface with subsequent partial denaturation and
aggregation, or to drastic pH changes in buffers like sodium
phosphate or succinate (Hawe et al., 2009). It is recommended
to control the quality of thawed samples to judge whether
additional polishing steps are required before the aggregation
assay. Cohen et al. (2013) reported two rounds of gel filtration
post-thawing on purified Aβ42 peptide to ensure pure monomer
at the beginning of the kinetic assay. In the case of ataxin-3,
increased reproducibility is achieved by adding a re-polishing
step immediately before the aggregation assay, separating
the predominant monomer from contaminant oligomeric
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species putatively formed during the freezing-thawing process
(Silva et al., 2017).

In conclusion, this review aims to provide an overview
of the biophysical principles underlying protein self-assembly
in its multiple shapes, and compiles detailed information
on the experimental validation of polypeptide aggregation,
with a focus on amyloid fibril formation. It results from
several discussions on this topic in the context of the COST
action BM1405 [Non-globular proteins – from sequence
to structure, to applications in molecular physiopathology
(NGP-net)]. We aim to endow both experienced researchers
and newcomers to the field with a set of guidelines
to enhance reproducibility in (poly)peptide aggregation
experiments. The MIRRAGGE table template compiles a
recommended reporting framework that is expected to provide
a minimum set of information required for replicating
protein aggregation experiments and swiftly discriminate
protein assembly into amyloid fibrils from amorphous
protein aggregation.
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Transthyretin (TTR) amyloidoses are systemic diseases associated with TTR aggregation

and extracellular deposition in tissues as amyloid. The most frequent and severe forms of

the disease are hereditary and associated with amino acid substitutions in the protein due

to single point mutations in the TTR gene (ATTRv amyloidosis). However, the wild type

TTR (TTRwt) has an intrinsic amyloidogenic potential that, in particular altered physiologic

conditions and aging, leads to TTR aggregation in people over 80 years old being

responsible for the non-hereditary ATTRwt amyloidosis. In normal physiologic conditions

TTR wt occurs as a tetramer of identical subunits forming a central hydrophobic channel

where small molecules can bind as is the case of the natural ligand thyroxine (T4).

However, the TTR amyloidogenic variants present decreased stability, and in particular

conditions, dissociate into partially misfolded monomers that aggregate and polymerize

as amyloid fibrils. Therefore, therapeutic strategies for these amyloidoses may target

different steps in the disease process such as decrease of variant TTR (TTRv) in plasma,

stabilization of TTR, inhibition of TTR aggregation and polymerization or disruption of the

preformed fibrils. While strategies aiming decrease of the mutated TTR involve mainly

genetic approaches, either by liver transplant or the more recent technologies using

specific oligonucleotides or silencing RNA, the other steps of the amyloidogenic cascade

might be impaired by pharmacologic compounds, namely, TTR stabilizers, inhibitors

of aggregation and amyloid disruptors. Modulation of different steps involved in the

mechanism of ATTR amyloidosis and compounds proposed as pharmacologic agents

to treat TTR amyloidosis will be reviewed and discussed.

Keywords: transthyretin, amyloidosis, mechanism of disease, therapy, amyloid inhibitors

INTRODUCTION

Amyloidosis comprises a group of diseases which are characterized by extracellular deposition
of protein aggregates, with a structure mainly composed of cross β-sheets, insoluble and toxic,
in a range of tissues leading to the dysfunction of normal surrounding tissue (Galant et al.,
2017). This review summarizes the current knowledge concerning TTR amyloidosis (ATTR
amyloidosis) modulation aiming therapy and discusses the influence of other processes and factors
such proteolysis and extracellular chaperones, respectively, on TTR amyloidogenesis in order to
contribute for better understanding the disease pathophysiology and for the development of new
therapeutic approaches.
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TRANSTHYRETIN (TTR) STRUCTURE AND
FUNCTION

Transthyretin (TTR) is a 55 kDa homotetrameric globular
protein constituted by four monomers of 127 amino acid
residues (Kanda et al., 1974). It is mainly produced by the
liver and choroid plexus of the brain, being then secreted into
the blood and cerebrospinal fluid (CSF), respectively. However,
TTR synthesis has also been described in other tissues, such as
the retinal pigment epithelia (RPE), a monolayer of cells acting
as a blood barrier for the retina, which in turn secretes TTR
to the vitreous humor (Richardson, 2009). Low levels of TTR
expression were also found in Schwann cells of the sciatic nerve,
as described by Murakami et al. (2010).

TTR structure was firstly determined in the seventies by Blake
and collaborators (Blake et al., 1978), who described that each
TTR monomer is organized into two four-stranded anti-parallel
β-sheets (A through H) and a short β-helix located on β-strand
E (Blake et al., 1978); two monomers are connected through
hydrogen bonds between the two H strands of neighboring
monomers resulting in a very stable dimer. The association of
two dimers, mainly through hydrophobic interactions between
residues of the AB to GH loops results in the formation of the
TTR tetramer (Blake et al., 1978; Yokoyama et al., 2012).

TTR mainly functions as a carrier protein (Buxbaum and
Reixach, 2009; Vieira and Saraiva, 2014). The homotetrameric
structure of native TTR forms a central hydrophobic channel
that harbors two thyroxine (T4) binding sites at the dimer-dimer
interface (Blake et al., 1974) (Figure 1). However, due to negative
cooperativity, only one molecule of T4 is transported by TTR
(Andrea et al., 1980). In humans, around 15% of plasma T4 is
transported by TTR, whereas in rodents this percentage increases
to 50% (Vieira and Saraiva, 2014). In the CSF, TTR is the major
carrier of T4, transporting around 80% of the hormone in both
humans and rodents (Hu et al., 2006), being recently described as
essential for the retention of T4 in the CSF (Chen et al., 2016).

The TTR tetramer has four additional binding sites at the
protein’s surface for retinol-binding protein (RBP), two in each
dimer. Due to steric hindrance, only two RBP molecules may
effectively bind to TTR but, since the RBP levels in plasma are
lower than TTR, only one RBP molecule is effectively bound to
the TTR tetramer (Folli et al., 2010). The assembly of this TTR-
RBP complex is essential for the transport of retinol (or vitamin
A), allowing its delivery to the cells (Raghu and Sivakumar, 2004).
Indeed, studies in TTR knockout mice revealed a decrease in
both retinol and RBP levels in plasma (van Bennekum et al.,
2001), as well as an accumulation of hepatic RBP (Wei et al.,
1995), comparatively to wild-type mice. Altogether these results
suggest the pivotal role of TTR as a carrier of the retinol-
RBP complex preventing its glomerular filtration by the kidney
(Wei et al., 1995; van Bennekum et al., 2001; Gaetani et al.,
2002).

Besides its functions as carrier protein, a proteolytic activity
has been attributed to TTR. A small fraction of plasma TTR
(1–2%) was found associated with high density lipoproteins
(HDL) via apolipoprotein AI (apoA-I) (Sousa et al., 2000) and,

FIGURE 1 | Human transthyretin (TTR) tetramer structure in complex with two

thyroxine molecules (stick models) bound in the central hydrophobic channel,

from PDB 2ROX (Wojtczak et al., 1996). TTR subunits are colored differently

(blue, green, brown and yellow). Figure made with PyMOL (DeLano, 2005).

later, the capacity of TTR to cleave apoA-I carboxyl terminal
domain in vitro was also demonstrated (Liz et al., 2004). In
addition to apoA-I, TTR is also involved on the cleavage of both
neuropeptide Y (NPY) (Liz et al., 2009) and Aβ peptide (Costa
et al., 2008), suggesting an important role of TTR-mediated
proteolysis either in physiologic or pathologic conditions, with
major impacts on the biology of nervous system and Alzheimer’s
disease, respectively (Liz et al., 2010).

A neuroprotective role of TTR has also been described
under conditions of cerebral ischemia in mice deficient for
heat shock transcription factor 1 (HSF1), an activator of
heat-shock proteins. Under conditions of compromised heat-
shock response, TTR from CSF contributes to control neuronal
cell death, edema and inflammation, thereby influencing the
survival of endangered neurons in cerebral ischemia (Santos
et al., 2010). More recent work, indicates that TTR acts
as neurotrophic factor, through interaction with megalin,
stimulating neurite outgrowth and promoting neuroprotection
in ischemic conditions (Gomes et al., 2016, 2019).
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TRANSTHYRETIN-RELATED
AMYLOIDOSIS

Transthyretin amyloidosis (ATTR amyloidosis) is a group of
diseases in which TTR variants (ATTRv) or even the wild-
type protein (ATTRwt) aggregate and form amyloid fibrils
that deposit extracellularly in tissues (Sipe et al., 2016). These
are, respectively, hereditary and non-hereditary forms of the
disease. The non-hereditary form is related to alterations of
environmental conditions and aging leading to the aggregation
and fibril formation of wild type TTR, ATTRwt (Sipe et al.,
2016). Thus, ATTRwt amyloidosis is mainly an age-related
disorder, affecting 12–25% of the population over 80 years-
old and is characterized by ATTRwt deposition, particularly
in the heart, affecting cardiac functions (Westermark et al.,
2003). In contrast, the hereditary forms of the disease, ATTRv
amyloidosis result from single point mutations in the coding
region of the TTR gene, mainly producing less stable variant
proteins with an altered amino acid in the polypeptide chain,
ATTRv (Saraiva, 1995). Accordingly, to date, more than 140
mutations on the TTR gene have been described (http://
amyloidosismutations.com/mut-attr.php) (Connors et al., 2003).
Among these, only about 15 TTR variants are reported as non-
amyloidogenic, while most TTR point mutations induce systemic
amyloidosis with predominant neuropathic (Plante-Bordeneuve
and Said, 2011), or cardiac phenotypes (Rapezzi et al., 2010).
However, most of the variants have been associated with a mixed
phenotype, characterized by varying degrees of neurological and
cardiac involvement (Conceicao et al., 2019). Less frequently,
manifestations of ATTR amyloidosis include vitreous opacities
(Ando et al., 1997) and, in rare cases, leptomeningeal amyloidosis
(Maia et al., 2015).

The substitution of valine for methionine at position 30
(V30M) in the TTR polypeptide chain was the first mutation
to be identified and, is the most common mutation associated
with ATTR polyneuropathy (ATTR-PN) (previously designated
familial amyloid polyneuropathy—FAP) (Saraiva et al., 1984).
This life-threatening disease, first described by Corino de
Andrade (Andrade, 1952) mainly affects both peripheral and
autonomic nervous system, being sensorimotor polyneuropathy,
autonomic dysfunction and gastrointestinal tract disturbances
the major clinical manifestations which may lead to death within
10 years after disease onset if not treated (Ando et al., 2005;
Conceicao et al., 2016).

The prevalence of ATTR V30M amyloidosis is estimated to
be 0.87–1.1 per 1 000 000 individuals (Adams et al., 2014)
and the disease has been considered endemic in the north of
Portugal (Sousa et al., 1995), Japan (Kato-Motozaki et al., 2008),
and Sweden (Sousa et al., 1993). Individuals from Portugal
and some provinces in Japan typically manifest early-onset and
high-penetrance phenotype, whereas people in Sweden and, also
in other Japanese regions usually present late-onset and low-
penetrance disease (Plante-Bordeneuve and Said, 2011).

Besides peripheral neuropathy, cardiomyopathy is also one of
the major clinical manifestations of ATTR amyloidosis (ATTR-
CM) (Suhr et al., 2003). In addition to ATTRwt, which is the

main cause of ATTR-CM, as mentioned above, some non-V30M
mutations on TTR gene also lead to the development of cardiac
symptoms (Westermark et al., 1990). In particular, TTR V122I
is the most common variant responsible for ATTR-CM being
almost exclusively found in 3–4% of African-Americans and,
the predominant phenotype associated with this mutation is
severe restrictive cardiomyopathy with late-onset, i.e., occurs
mainly after the age of 60, without neurological symptoms
(Jacobson et al., 1997; Quarta et al., 2015; Buxbaum and
Ruberg, 2017). There are also other TTR variants responsible
for the development of cardiac amyloidosis, such as T49A,
S50I, T60A, I68L, and L111M (Rapezzi et al., 2015; Sekijima,
2015).

In patients with ATTR-CM, amyloid fibrils can infiltrate
any or all cardiovascular structures including conduction
system, the atrial and ventricular myocardium, valvular tissue
and, the coronary and large arteries (Falk and Dubrey,
2010). Myocardial infiltration results in progressive increase
in the thickness of left and right ventricular walls and of
the interatrial septum, ultimately leading to heart failure
(Rapezzi et al., 2010).

The diagnosis of ATTR-CM firstly includes echocardiogram
and electrocardiogram (Donnelly and Hanna, 2017). However,
myocardial scintigraphy using bone avid tracers, in particular,
technetium-based isotypes, such as 99mtechnetium 3,3-
diphosphono-1,2-propanodicarboxylic acid, pyrophosphate
and hydroxymethylene diphosphonate revealed high
sensitivity and specificity to cardiac ATTR amyloid deposits.
In fact, these agents allow to identify deposits before
increasing myocardial wall thickness, contributing to early
diagnosis of ATTR-CM (Maurer et al., 2019). In addition,
alterations in the values of cardiac biomarkers have also
been increasingly helpful on the management of ATTR-
CM. Indeed, clinical data from Patel and Hawkins indicate
that substantial ATTR amyloid deposits accumulating
in the cardiac tissue are accompanied by a moderate
increase in serum levels of NT-proBNP concentration
(Patel and Hawkins, 2015).

Approximately, one-fourth of the amyloidogenic TTR
mutations originates vitreous amyloid, namely F33I, R34G,
L35T, I84S, and T114C (Sekijima, 2015). It has been postulated
that vitreous amyloid is the result of local TTR synthesis in the
RPE cells in the eye (Ando et al., 1997). Similarly to vitreous,
also leptomeningeal amyloidosis may be related to local TTR
synthesis, in this case by choroid plexus and, amyloid deposition
mainly occurs in the media and adventitia of medium-sized
and small arteries, arterioles and veins of the cortex and
leptomeninges. These amyloid infiltrations induce cerebral
infarction, cerebral hemorrhage, subarachnoid hemorrhage and
hydrocephalus, ultimately leading to serious central nervous
dysfunctions, namely ataxia and dementia (Maia et al., 2015;
Sekijima, 2015). Till now, leptomeningeal amyloidosis is mainly
associated with D18G, A25T, and T114C TTR mutations
(Sekijima, 2015). However, in some cases, leptomeningeal
amyloidosis may also develop in patients with V30M mutation
(Maia et al., 2015).
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TTR AMYLOID FORMATION

The hallmark of ATTR amyloidosis is the extracellular deposition
of aggregated TTR or TTR fibrils in tissues. The process of TTR
aggregation and fibril formation is not completely elucidated
however biochemical and biophysical evidences indicate that
the tetrameric form of TTR becomes unstable and the protein
dissociates into dimers and monomers presenting a partially
unfolded conformation which self-assemble into toxic non-
fibrillar aggregates and, later into amyloid fibrils that accumulate
as amyloid deposits throughout the body (Quintas et al., 2001;
Cardoso et al., 2002).

In vivo the amyloid deposits are composed also by other
proteins such as serum amyloid P component (SAP) and
proteoglycans (Benson et al., 2018a). In the case of ATTR
amyloidosis, TTR in the amyloid deposits might be in its intact
form meaning as full-length protein and as TTR fragments
suggesting that proteolysis might contribute as a mechanism of
amyloid formation.

Knowledge of the mechanisms involved in TTR amyloid
formation allows establishing therapeutic targets to avoid and/or
halt the progression of disease. In this sense several therapeutic
strategies have been pursued targeting different stages of the
process of amyloid formation or clearance of pre-formed fibrils.
The main targets have been lowering or silencing TTR, TTR
stabilization, inhibition of TTR fibril formation and fibril
disruption that will be discussed below.

ATTR AMYLOIDOSIS THERAPIES
TARGETING TTR SYNTHESIS

TTR variants are the main component of amyloid deposits in
ATTRv amyloidosis, therefore abolishment of TTR synthesis
was one of the first proposed therapeutic approaches in these
diseases. Since the liver is the main organ producing and
secreting TTR into blood, liver transplant emerged as a possible
therapeutic strategy for ATTR amyloidosis (Lewis et al., 1994).
Indeed, orthotopic liver transplant (OLT) was shown to arrest
disease progression through suppression of mutant TTR from
circulation and has been the most effective treatment for ATTR
amyloidosis (Benson, 2013; Ericzon et al., 2015). Despite the
favorable prognosis observed in transplanted patients, there
are still some concerns and long-term complications since the
previously existing hereditary amyloid deposits may recruit
newly circulating TTR wt promoting amyloid growth and,
ultimately resulting in disease progression (Maurer et al., 2016;
Saelices et al., 2018). Additionally, there are reports of continuous
amyloid deposition even after liver transplantation, mainly in
cardiac tissue of transplanted TTR V30M carriers (Okamoto
et al., 2011), as well as in the vitreous humor (Munar-Ques et al.,
2000; Ando et al., 2001) and leptomeninges (Sekijima et al., 2016).
This may be due to the recruitment of newly circulating TTR
wt by the previously existing amyloid deposits, mainly in the
heart or due to the local TTR synthesis in the eye and choroid
plexus of the brain, in either case this might result in amyloid

growth and disease progression (Maurer et al., 2016; Saelices
et al., 2018). On the other hand, in the case of domino liver
transplant (DLT), in which the liver excised from ATTRv patient
is transplanted to patients with severe liver disease, the recipients
developed symptoms related to ATTR amyloidosis (Stangou
et al., 2005; Goto et al., 2006; Barreiros et al., 2010). In addition,
post-mortem analysis indicated that systemic amyloid deposition
occurred before the appearance of the symptoms (Koike et al.,
2011). Interestingly, the clinical manifestations of acquired ATTR
amyloidosis after DLT are predominantly related to sensory
deficits contrary to the predominant autonomic symptoms in the
donors (Stangou et al., 2005; Goto et al., 2006; Barreiros et al.,
2010).

The previous findings of continuous amyloid deposition, even
after OLT, as well as the knowledge that TTR wt may also
aggregate into amyloid fibrils (Westermark et al., 2003), led to
an increasing interest in less invasive treatments aiming also to
arrest TTR synthesis through gene silencing as a new strategy
for the treatment of ATTR amyloidosis. Two different gene-
silencing approaches have been developed. One is based on
antisense nucleotides (ASOs) and the other on small-interfering
RNA (siRNA) (Gertz et al., 2019).

TTR specific siRNAs were firstly tested in mouse models
of ATTR amyloidosis and a reduction on amyloid deposition
was observed, inducing ATTR amyloid regression (Butler et al.,
2016). Different siRNAs with similar mechanism of action were
further assessed, in particular patisiran and revusiran, being
patisiran the one selected for phase III clinical trials (Coelho
et al., 2013). Prolonged administration of patisiran in an open-
label study for an extended period of 29 months demonstrated
a consistent lowering of plasma TTR levels resulting in
disease stabilization and absence of major safety concerns,
confirming its indication for ATTR amyloidosis therapy
(Adams et al., 2018).

More recently, a novel liver-directed siRNA conjugate,
vutrisiran, has been formulated. Vutrisiran is a GalNAc-
siRNA conjugate presenting improved pharmacokinetic and
pharmacodynamic properties allowing potent and sustained TTR
reduction and an acceptable safety profile with mild treatment-
related adverse effects as found in a phase I clinical trial enrolling
healthy individuals (Habtemariam et al., 2020). These improved
characteristics suggest vutrisiran as a novel promising therapy for
the treatment of ATTR amyloidosis.

Furthermore, a second-generation ASOs (e.g., IONIS-TTRRx
or Inotersen) was reported to be effective by decreasing TTR
plasma levels in both monkeys and ATTR I84S transgenic mice.
Experiments in healthy humans also revealed a decrease in
TTR wt plasma concentrations in a dose-dependent manner
(Ackermann et al., 2016). More recent results from phase 3
clinical trial studies with these two gene silencers, patisiran
and inotersen, reveal that both are able to efficiently reduce
TTR synthesis and arrest disease progression though with
some differences in the form and frequency of the therapeutic
administration and safety monitoring (Adams et al., 2018;
Benson et al., 2018b; Gertz et al., 2019; Koike and Katsuno,
2020).
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ATTR AMYLOIDOSIS THERAPIES
TARGETING AMYLOID FORMATION

Several compounds have been suggested for the treatment of
ATTR amyloidosis by targeting different steps of the amyloid
formation. The main steps include TTR stabilization, inhibition
of oligomerization and fibril disruption. The most relevant
compounds are listed in Table 1 and will be discussed in the
following sections. In the recent years, computational studies,
such as molecular dynamics (MD) simulations, molecular
docking and quantitative structural-activity relationships (SAR)
have been used as complement of experimental approaches
to better understand TTR monomer misfolding mechanisms-
driving TTR amyloidogenesis (Zhou et al., 2019), as well as the
binding of small molecules to TTR (Dessi et al., 2020). Indeed,
these in silico experiments have been essential to obtain a more
detailed information about structural changes in biomolecules
and, have been used to determine the structural dynamics of TTR
(Ortore and Martinelli, 2012; Zhao and Lei, 2014), which in turn
will be particularly relevant to the development of more targeted
and effective therapies for the treatment of ATTR amyloidosis.

TTR Stabilization
TTR tetramer stability is a determinant factor conditioning
tetramer disassembly, the rate-limiting step for aggregation and
amyloid fibrils formation (McCutchen et al., 1993; Quintas et al.,
1999). Accordingly, the development of small molecules able
to stabilize the TTR tetramer, preventing its dissociation into
monomers, has been recognized as a great therapeutic strategy
for the treatment of ATTR amyloidosis. The design of these
molecules was based on the affinity of T4 to bind to the
central pocket of the TTR tetramer inhibiting its dissociation
(Miroy et al., 1996). Based on the capacity of the nonsteroidal
anti-inflammatory drugs (NSAIDs), to bind to the T4-binding
channel in TTR (Baures et al., 1999; Miller et al., 2004), the
first drug to be tested was diflunisal, which was reported as
an effective stabilizer of the TTR tetramer in plasmas from
ATTR-PN patients (Tojo et al., 2006). Then, ATTRv patients
were randomly assigned to receive diflunisal for 2 years and,
in fact, the use of diflunisal reduced the rate of progression
in neurologic impairment and preserved the quality of life of
patients comparatively to placebo group (Berk et al., 2013)
and ameliorated the autonomic symptoms in ATTRv patients
(Takahashi et al., 2014). However, diflunisal administration to
these patients induced long-term side effects, namely impaired
renal function and thrombocytopenia (Sekijima et al., 2015),
which may compromise its clinical value.

Following, other pharmacologic molecules, such as tafamidis
(a benzoaxazole derivative) (Vyndaqel R©) have been proposed
through a structure–based drug design approach to select
compounds to occupy these T4-binding sites, kinetically
stabilizing the TTR tetramer, and ultimately resulting in a
decrease in the rate of amyloid fibril formation in vitro (Bulawa
et al., 2012). One of the major concerns about the use of
tafamidis in ATTRv patients is related to potential metabolic
side effects, since it could interfere with T4 delivery throughout
the body. However, clinical trials have found minimal evidences

about this concern because thyroxine binding globulin (TBG),
rather than TTR, transports the majority of the circulating T4

(∼75%) (Refetoff, 2000; Coelho et al., 2012). Tafamidis has
gained approval for the treatment of ATTRv amyloidosis in
several countries, including in the European Union, Mexico,
Argentina, Japan and more recently also in the USA for the
treatment of ATTR-CM (Coelho et al., 2016). Moreover, an
open-label extension study for 6 years also revealed the slowing
of neuropathy progression without unexpected adverse effects
(Barroso et al., 2017). Recently, the effects of tafamidis on ATTR-
CM were also evaluated in both ATTRv and ATTRwt patients
in a phase III clinical trial significantly reducing mortality and
cardiovascular-related hospitalizations (Maurer et al., 2018).

Most studies for the development of efficient TTR stabilizers
were based on rational ligand design and, thus most of the
stabilizers are, in general, halogenated biaryl analogs of T4,
many resembling NSAIDs. However, these molecules act as
cyclooxygenase (COX) inhibitors increasing the risk of severe
cardiovascular events therefore being contraindicated in patients
with ATTR-CM (Mukherjee et al., 2001). Moreover, high-
throughput screening studies pointed out a new compound,
AG10, as an effective and selective stabilizer of the cardiac TTRwt
and TTR V122I protecting human cardiomyocytes from TTR
amyloid toxicity (Alhamadsheh et al., 2011; Penchala et al., 2013).
Interestingly, structural studies revealed that AG10 is unique in
its capacity to form hydrogen bonds with the same serine residues
at position 117 that stabilize the non-amyloidogenic TTR T119M
variant (Miller et al., 2018). Recent results from phase II clinical
trials revealed that AG10 has the potential to be safe and effective
for the treatment of ATTR-CM patients either carrying mutant
or TTR wt. Phase III clinical trials with AG10 are ongoing (Judge
et al., 2019).

In addition, based in its molecular structure, tolcapone, an
FDA-approved drug for the treatment of Parkinson’s disease,
has been repurposed for the treatment of ATTR amyloidosis.
Tolcapone specifically binds to TTR in human plasma and,
stabilizes the native TTR tetramer in vivo in mice and humans.
Furthermore, it was also demonstrated that the binding of
tolcapone to the recombinants TTR wt and TTR V122I, at
the T4-binding channel is stronger comparatively to tafamidis
(Sant’Anna et al., 2016). These results pointed-out tolcapone as
a strong candidate for the treatment of ATTR polyneuropathy
and, in fact, it has gained clinical interest and it already passed
phase I/II clinical trials (Gamez et al., 2019). A very recent work
on the structural characterization of Tolcapone–TTR complexes
demonstrates high stabilization and binding affinity of Tolcapone
to TTR variants associated with leptomeningeal amyloidosis.
These characteristics in association with its ability to cross
the blood-brain barrier suggests its particular indication for
therapeutic intervention in this type of amyloidosis (Pinheiro
et al., 2020).

Contrarily to the above-mentioned compounds, palindromic
ligands, such as mds84, rapidly bind simultaneously to both T4-
binding sites in each tetrameric TTR molecule, which would
overcome the problems of negative cooperativity of the binding
of the existing drugs, such as tafamidis. Mds84 binds to
the native TTR wt in whole serum and, more effectively to
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the amyloidogenic TTR variants, promoting the stabilization
of the TTR tetramer (Kolstoe et al., 2010; Corazza et al.,
2019).

Some plant polyphenols which may be part of our diet have
also been reported as TTR tetrameric stabilizers. In particular,
epigallocatechin-3-gallate (EGCG) and curcumin, the major

TABLE 1 | Compounds proposed for the treatment of ATTR amyloidosis.

Compound/structure Activity References

DIFLUNISAL Binding at the thyroxine binding

sites/TTR stabilization

Tojo et al., 2006; Berk et al., 2013;

Takahashi et al., 2014

TAFAMIDIS Binding at the thyroxine binding

sites/TTR stabilization

Bulawa et al., 2012; Coelho et al.,

2016; Barroso et al., 2017; Maurer

et al., 2018

AG10 Binding at the thyroxine binding

sites/TTR stabilization

Alhamadsheh et al., 2011; Penchala

et al., 2013; Miller et al., 2018; Judge

et al., 2019

TOLCAPONE Binding at the thyroxine binding

sites/TTR stabilization

Sant’Anna et al., 2016; Gamez et al.,

2019; Pinheiro et al., 2020

mds84 Binding at the thyroxine binding

sites-bivalent ligand/TTR stabilization

Kolstoe et al., 2010; Corazza et al.,

2019

CURCUMIN Binding at the thyroxine binding

sites/TTR stabilization

Ferreira et al., 2011, 2013, 2016,

2019

(Continued)
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TABLE 1 | Continued

Compound/structure Activity References

EGCG TTR stabilization /inhibition of

aggregation

(oligomerization)/Disruption of

aggregates

Ferreira et al., 2009, 2011, 2012

Molecular tweezer CLR01 Inhibition of aggregation

(oligomerization)/Disruption of

aggregates

Sinha et al., 2011; Ferreira et al., 2014

DOXYCYCLINE Disruption of TTR aggregates Cardoso et al., 2003, 2008; Cardoso

and Saraiva, 2006

components of green tea and turmeric, respectively, were able
to effectively stabilize the TTR tetramer in human plasmas from
both V30M carriers and controls (Ferreira et al., 2011), as well
as in plasmas from transgenic mice carrying human TTR V30M
variant (HM30 mice) (Ferreira et al., 2012, 2013). It should be
noted that these compounds exhibit different ways of action.
Curcumin competes with T4 for the binding to TTR, meaning
that it binds at the T4 binding sites, whereas EGCG stabilizes TTR
through binding at the surface of the TTR molecule in particular
at two binding sites at the dimer-dimer interface exerting an effect
similar to a cross-linker. Low bioavailability and low specificity of
binding seem to be relevant conditioning factors of their effects in
vivo in humans (Kristen et al., 2012; aus dem Siepen et al., 2015;
Cappelli et al., 2018).

Inhibition of TTR Aggregation Into Amyloid
Fibril
TTR stabilizers, as the above-mentioned small molecule
compounds, including EGCG, curcumin, tolcapone and mds84

have also been reported as inhibitors of TTR amyloid formation
as consequence of their effect on the first step of TTR aggregation.

Ferreira et al. firstly described EGCG as a strong inhibitor of
TTR aggregation in vitro (Ferreira et al., 2009), by maintaining
most of the protein in a non-aggregated soluble form. EGCG
also suppressed the amyloid fibril formation pathway in a cell
culture system (Ferreira et al., 2009). Later, the role of EGCG on
the inhibition of amyloid fibril formation in vivo using a well-
characterized transgenic murine model of ATTR-PN was also
demonstrated. EGCG reduced, in about 50%, the deposition of
TTR toxic aggregates in the gastro-intestinal tract and peripheral
nervous system (PNS), with a concomitant decrease in the
expression of both non-fibrillar-related biomarkers and amyloid
deposition markers (Ferreira et al., 2012).

Similar studies using curcumin demonstrated suppression of
fibril formation in vitro through the generation of small “off-
pathway” oligomers (Ferreira et al., 2011) and inhibited this
process in transgenic mice carrying human TTR V30M variant.
In fact, immunohistochemical analysis of mice tissues revealed
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that dietary curcumin decreased TTR load in as much as 70%
and lowered the cytotoxicity associated with TTR aggregation
(Ferreira et al., 2013). Later, it has been shown that dietary
curcumin decreases TTR deposition and associated toxicity in the
dorsal root ganglia and stomach of aged mice carrying human
TTR V30M variant (Ferreira et al., 2016).

Furthermore, synthetic compounds such as tolcapone and
mds84 effectively inhibited the process of TTR fibril formation
in vitro (Kolstoe et al., 2010; Sant’Anna et al., 2016) and,
tolcapone was also able to suppress TTR toxicity in cellular
models (Sant’Anna et al., 2016).

However, some inhibitors of amyloid formation might act on
a different step of the cascade leading to fibril formation that
includes, for instance, the polymerization of the intermediate
species originating aggregates that evolve to amyloid fibrils. That
is the case of the molecular tweezer CLR01 (Sinha et al., 2011).
This is a synthetic compound that through binding to positively
charged amino acids, in particular lysine and arginine residues
in the terminal beta-strands of TTR, inhibit the tight alignment
of protofilaments characteristic of amyloid formation. Thus, the
molecular tweezer CLR01 inhibited TTR aggregation in vitro and
also in vivo as demonstrated in a study in which TTR V30M
mice treated with CLR01 presented decrease of TTR deposition
and of associated biomarkers (Ferreira et al., 2014). However,
this compound presents limitations related to the low binding
affinity to proteins and to its formulation needing improvement
of pharmacologic properties.

Disruption of Aggregates
The role of anthracyclines and, in particular of 4′-iodo-4′-
deoxydoxorubicin on the reabsorption of amyloid deposits was
related to the almost planar structure of these compounds and
the cross β-pleated structure characteristic of all amyloid fibrils
(Merlini et al., 1995). Furthermore, doxycycline, a member of
tetracycline antibiotics family, structurally homologous to the
anthracyclines, was found to be particularly effective on the
disruption of TTR amyloid fibrils in vitro (Cardoso et al., 2003).
In addition, in vivo studies on transgenic mice carrying human
TTR V30M variant supported the previous in vitro findings.
Doxycycline was administered to old transgenic mice and, tissue
analysis revealed Congo red positive staining only for the non-
treated animals from the control group. Additionally, a decrease
in several markers associated with TTR amyloid deposition was
also reported (Cardoso and Saraiva, 2006; Cardoso et al., 2008).
The recent development of doxycycline conjugates, namely
polyglutamate-doxycycline, demonstrated an enhanced effect
in the clearance of fibrils comparatively to non-conjugated
doxycycline only (Conejos-Sanchez et al., 2015).

Since doxycycline has effect only in advanced phases of the
amyloidogenic cascade it has been proposed that it could be
combined with another drug targeting an earlier phase of the
amyloid fibrils assembly (Cardoso et al., 2010). In this sense,
tauroursodeoxycholic acid (TUDCA), a hydrophilic biliary acid
derivative, gained particular clinical interest for the treatment
of ATTR amyloidosis since it has been previously referred to
cause a decrease in the deposition of toxic pre-fibrillar TTR
oligomers and to reduce the expression of several apoptotic and

oxidative biomarkers associated with ATTR amyloid deposition
in transgenic murine models treated with TUDCA (Macedo
et al., 2008; Cardoso et al., 2010). Clinical trials of combined
doxycycline and TUDCA are underway and preliminary results
indicate positive effects though more results are necessary to
evaluate the impact of this therapeutic approach in disease
progression (Obici and Merlini, 2014).

Moreover, some therapeutic compounds are classified as
multi-target disease agents, performing a role in different steps of
amyloid fibril formation. For instance, compounds such as EGCG
and curcumin besides its effects as inhibitors of aggregation act
also as disruptors of TTR amyloid deposits. In fact, both natural
polyphenols, EGCG and curcumin, efficiently disaggregated pre-
formed TTR amyloid fibrils (Ferreira et al., 2011) (Ferreira et al.,
2019). Recent studies using transgenic murine models pointed
out both curcumin and TUDCA as modulators of cellular
autophagy processes, which are involved in the clearance of large
protein aggregates (Teixeira et al., 2016).

Immunotherapy
Immunotherapy is another therapeutic strategy for the treatment
of ATTR amyloidosis, which still remains under investigation.
Specific antibodies targeting TTR monomers, oligomers or
amyloid aggregates may prevent TTR fibrillogenesis. As a first
approach, a structure-based strategy was used to develop a TTR
conformation-specific antibody targeting pre-fibrillar, misfolded
TTR intermediates without recognizing native tetrameric
TTR. This is achieved since the antibody (misTTR) targets
the residues 89–97 in the polypeptide chain, which are
buried in the TTR tetramer, but it is exposed in the
monomer, inhibiting fibrillogenesis of misfolded TTR under
micromolar concentrations (Galant et al., 2016). This antibody
has already entered into phase I clinical trials in ATTRv patients
(Macedo et al., 2020).

CONTRIBUTION OF TTR PROTEOLYSIS TO
AMYLOID FORMATION

Since a long time ago, TTR proteolysis has been suggested to
be involved in the mechanisms driving TTR-related amyloidosis
(Pitkanen et al., 1984). Therefore, by understanding in detail
the molecular mechanisms implicated in the pathophysiology of
ATTR amyloidosis, it would be possible to develop new targeted
therapies to improve the patients’ outcomes.

Several evidences suggest the existence of different types of
TTR amyloid fibrils in a range of tissues. In fact, amyloid deposits
might be composed by a mixture of both cleaved and full-length
TTR (type A) or full-length TTR only (type B). The resulting
amyloid deposits are different. Type A fibrils are shorter and
exhibit weaker affinity for Congo Red staining than type B fibrils,
which are longer, slender and strongly stain with Congo Red
(Bergstrom et al., 2005; Ihse et al., 2008, 2011).

Different amyloidogenic fragments may be found in different
tissues and could be associated either with ATTRwt or ATTRv
amyloidosis (Suhr et al., 2017). Vitreous TTR appeared to be
fragmented between the residues Lys48-Thr49, whereas cardiac
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TTR may be cleaved at multiple sites between the 46–52 amino
acid residues in polypeptide chain (Liepnieks et al., 2006).
However, peptide 49-127 C-terminal fragment is the main
component of ex vivo TTR amyloid fibrils in tissue biopsies of
cardiac deposits, which is further associated with poor clinical
prognosis, often with rapidly progressive cardiac involvement,
even after liver transplantation (Gustafsson et al., 2012; Ihse et al.,
2013).

The protease responsible for TTR cleavage has not yet been
identified. However, the highly specific fragmentation pattern
suggests that it could be a trypsin-like serine protease. The
three-dimensional structure of this protein region is solvent
exposed and potentially accessible for cleavage. In accordance,
all amyloidogenic TTR variants showed an increased main
chain solvent exposure comparatively to both native and
non-amyloidogenic variants, which may result in increased
susceptibility to proteolysis (Schormann et al., 1998).

Recent in vitro studies, using recombinant trypsin, revealed
that the proteolysis/fibrillogenesis pathway is common to several
amyloidogenic TTR variants and, the process of cleavage and
release of the 49–127 TTR fragment is faster for the highly
amyloidogenic variant, TTR S52P, than for the other TTR
variants analyzed (Mangione et al., 2014; Marcoux et al.,
2015). It requires the action of biomechanical forces provided
by sheer stress of physiological fluid flow and, importantly,
the non-amyloidogenic TTR T119M is neither cleaved nor
generates amyloid fibrils under these conditions. These studies
also demonstrated that the TTR stabilizers, mds84, tolcapone,
diflunisal and tafamidis, inhibited TTR proteolysis resulting
in the inhibition of aggregation. However, the maximum
inhibition is only achieved when both T4-binding sites in central
hydrophobic channel are simultaneously occupied by small
ligands (Mangione et al., 2014; Verona et al., 2017). In opposition,
natural TTR ligands, T4 and RBP, were not able to inhibit TTR
cleavage. Nevertheless, binding of RBP, but not T4, effectively
inhibited the subsequent formation of amyloid fibrils (Mangione
et al., 2014).

Due to the exclusive duodenal location of trypsin, it is unlikely
that it may contribute to the development of systemic TTR
amyloidosis in vivo. In silico studies recently pointed out plasmin
as a plausible pathophysiological candidate protease involved
in the process of TTR amyloid formation (Mangione et al.,
2018). Furthermore, the ubiquitous distribution of plasmin, its
structural similarities to trypsin (Mangione et al., 2018) and
the reported activation of plasminogen activation system (PAS)
in other amyloid-related disorders, such as Alzheimer’s disease
(Tucker et al., 2000) and immunoglobulin light chain (AL)
amyloidosis (Mumford et al., 2000; Bouma et al., 2007; Uchiba
et al., 2009) also indicate that this protease could perform a key
role in TTR amyloidogenesis.

Recent studies showed that amorphous protein aggregates are
degraded by plasmin, releasing smaller soluble protein fragments,
which are cytotoxic in vitro for both endothelial and microglial
cells (Constantinescu et al., 2017).

Plasmin, similarly to trypsin, selectively cleaves TTR S52P
variant, at Lys48-Thr49 peptide bond under physiological
conditions in vitro being, both the TTR fragments and

full-length protomers readily released from the homotetramer
and incorporated into amyloid fibrils, morphologically identical
to ex vivo TTR amyloid (Mangione et al., 2018). Concerning
these observations, a hypothetical model for the role of
plasmin-mediated proteolysis on TTR fibrillogenesis has been
proposed. In this model, circulating TTR can diffuse toward
the extracellular compartment, be entrapped in the fibrin clot
or escape from it. Upon plasminogen activation, TTR may be
cleaved and then dissociate into a mixture of both truncated and
full-length TTR, which ultimately assemble into amyloid fibrils
and deposit at the extracellular space (Mangione et al., 2018).

Altogether these evidences seem to point out the importance
of lysine (Lys) residues for the pathogenicity of ATTR
amyloidosis as it has been described for other amyloid disorders
(Sinha et al., 2011). By targeting the Lys residues using synthetic
Lys specific molecular tweezers (e.g., CLR01), the process of
TTR proteolysis could be effectively inhibited through its binding
to Lys48, which seem to be target of the protease responsible
for TTR cleavage. This could be particularly important for the
treatment of both ATTR-CM and vitreous amyloidosis, since the
49-127 TTR fragment has been frequently encountered in the
amyloid deposits in both cases.

Despite the increasing interest on TTR proteolysis as leading
mechanism-driving ATTR amyloidosis, some questions remain
to be answered. Though, it is still unknown whether TTR
fragmentation occurs prior or after aggregation and, where
it occurs, in circulation or at the site of deposition, an
increase of the proteolytic activity in plasmas from ATTR
patients comparatively to healthy controls, suggesting that
the process occurs in the bloodstream before fibril formation
(da Costa et al., 2015).

EXTRACELLULAR CHAPERONES AS
REGULATORS OF ATTR AMYLOIDOSIS

The disruption of the protein folding quality control mechanisms
is also an underlying cause of ATTR amyloidosis. Recently, some
studies revealed the existence of a growing family of extracellular
chaperones in body fluids, which selectively bind to exposed
hydrophobic residues in misfolded proteins in order to prevent
their toxicity upon aggregation into insoluble deposits (Wyatt
et al., 2013).

Among those extracellular chaperones, haptoglobin, alpha-2-
microglobulin (A2M) and clusterin were found to be increased
in plasmas from ATTR patients (da Costa et al., 2015). While
haptoglobin and A2M, were previously described as effective
in the inhibition of stress-induced aggregation of a number of
unrelated target proteins (Yerbury et al., 2005; French et al.,
2008), clusterin is an ubiquitous highly conserved secreted
protein (Wyatt et al., 2009), which inhibits protein aggregation
in an ATP-independent manner upon its binding to misfolded
proteins, such as α-synuclein and β-amyloid peptide, producing
soluble, high molecular complexes (Matsubara et al., 1996; Poon
et al., 2000; Yerbury et al., 2007).

The role of clusterin on the clearance of extracellular
aggregates has also been investigated in ATTR-PN (Lee et al.,
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2009; Magalhaes and Saraiva, 2011). In vitro studies using
neuroblastoma cells incubated with TTR oligomers revealed
intracellular clusterin overexpression and increased levels of
clusterin secreted to the culture medium. An overexpression
of clusterin in tissues with TTR deposition was found in mice
carrying human TTR V30M in HSF-1 null background, which
exhibit early and extensive non-fibrillar TTR deposition in
the gastrointestinal tract and in the peripheral and autonomic
nervous system. In addition, in human nerve, clusterin co-
localizes either with fibrillar or non-fibrillar TTR deposits as
detected by double immunostaining (Magalhaes and Saraiva,
2011).

Clusterin was also found in cardiac TTR amyloid deposits
from patients with ATTRwt and ATTRv (Greene et al., 2011)
and, later, experiments using circular dichroism spectroscopy
revealed that clusterin preferentially stabilizes monomeric TTR
leading to the appearance of increasingly stable conformations
under acid stress. Additionaly, clusterin interacts also with
high molecular weight TTR aggregated species and, these
interactions with both monomeric and oligomeric TTR proceed

in a cooperative manner in the presence of the TTR tetramer
stabilizer, diflunisal. Altogether these observations suggest a
novel synergistic treatment for ATTR amyloidosis using both
diflunisal and clusterin for the removal of misfolded and
aggregated TTR (Greene et al., 2015). Accordingly, preliminary
data revealed a temporal increase in serum clusterin levels in
patients treated with diflunisal at 1-year follow-up compared
to baseline. In opposition, patients who were not treated with
diflunisal demonstrated decreased clusterin levels at annual
evaluation. Interestingly, a positive correlation between clusterin
and TTR levels was found at baseline suggesting that soluble
tetrameric TTR decreases as more of the native protein
dissociates and forms species, overwhelming the protein folding
capacity of clusterin leading to a reduction in circulating
levels of this molecular chaperone and, the treatment of
the ATTR patients with diflunisal lead to a partial recovery
of serum clusterin levels (Torres-Arancivia and Connors,
2019). These results are in accordance with previous studies
reporting the beneficial effects of diflunisal for the treatment of
ATTRv amyloidosis.

FIGURE 2 | Mechanisms-driving TTR amyloidogenesis and different therapeutic targets for the treatment of ATTR amyloidosis. Tetramer destabilization is widely

accepted as a rate-limiting step for the development of amyloid fibrils. However, TTR proteolysis has been increasingly suggested as an alternative mechanism

contributing to amyloid formation. Several pharmacological agents have been implicated in the treatment of ATTR amyloidosis, from inhibitors of TTR synthesis,

tetramer stabilizers, inhibitors of amyloid formation and even disruptors of formed fibrils. The modulation of TTR proteolysis may also be helpful for the treatment of

ATTR amyloidosis. Despite the protease responsible for this process has not yet been identified, its specific cleavage patterns suggest that it could be a trypsin-like

serine protease. Accordingly, pharmacological molecules targeting lysine residues, as well as physiological serine protease inhibitors may be act as modulators of TTR

proteolysis, consequently inhibiting amyloid formation.
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CONCLUSION AND FUTURE
PERSPECTIVES

ATTR amyloidosis is an under-recognized disease which is
characterized by extracellular deposition of TTR aggregates
in several organs, being polyneuropathy and cardiomyopathy
the major clinical manifestations. The mechanism by which
the tetramer disassembles and aggregates into amyloid fibrils
has been considered the main driver of the disease. However,
TTR proteolysis, namely occurring in the cardiac tissue, as
well as its modulation have been increasingly documented
as fundamental for understanding the development and
progression of ATTR amyloidosis.

Many therapeutic approaches have been suggested for the
treatment of ATTR amyloidosis targeting different steps of
the pathology. Those therapies include interventions from the
synthesis of the TTR variants through liver transplant or
gene silencing therapies, to TTR stabilization, inhibition of
aggregation, disruption of amyloid fibrils and clearance of
amyloid deposits. The main targets for intervention on TTR
amyloid formation are summarized in Figure 2. Although some
the available therapies are more efficient than others, it becomes
increasingly evident that combination of different therapies may
improve the therapeutic outcome. In this sense, it would be
interesting to test TTR gene silencing therapies in combination
with protein stabilizers or disruptors of pre-existing amyloid

deposits. It is also important to obtain more efficient and
targeted therapies specific to organ and tissues with limited
drug access as is the case of the eye and brain, that are
particularly relevant in some forms of the disease. Moreover,
it is crucial to continue with studies that can contribute to a
better understanding of the mechanisms involved in the disease,
in particular, TTR proteolysis, which has been mainly valued
in the case of ATTR-CM and, also at the extracellular level
involving either interactions with components of the extracellular
matrix or with molecular and chemical chaperones acting as
disease modulators.

Overall, detailed knowledge of the mechanisms of amyloid
formation and the availability of different approaches allows
directed and personalized interventions aiming higher specificity
and efficacy of chosen therapeutic solutions.
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