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REVIEW ARTICLE

Prionoids in amyotrophic lateral sclerosis
Philippe Gosset,1 William Camu,1,2 Cedric Raoul1,3 and Alexandre Mezghrani1

Amyotrophic lateral sclerosis (ALS) is the third most frequent neurodegenerative disease after Alzheimer’s and Parkinson’s disease.
ALS is characterized by the selective and progressive loss of motoneurons in the spinal cord, brainstem and cerebral cortex.
Clinical manifestations typically occur in midlife and start with focal muscle weakness, followed by the rapid and progressive wasting
of muscles and subsequent paralysis. As with other neurodegenerative diseases, the condition typically begins at an initial point and
then spreads along neuroanatomical tracts. This feature of disease progression suggests the spreading of prion-like proteins called
prionoids in the affected tissues, which is similar to the spread of prion observed in Creutzfeldt-Jakob disease. Intensive research
over the last decade has proposed the ALS-causing gene products Cu/Zn superoxide dismutase 1, TAR DNA-binding protein of
43 kDa, and fused in sarcoma as very plausible prionoids contributing to the spread of the pathology. In this review, we will discuss
the molecular and cellular mechanisms leading to the propagation of these prionoids in ALS.
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Graphical Abstract

Introduction
A common feature of neurodegenerative diseases is a scen-
ario of events that leads to specific neuronal dysfunctions
in a defined neuroanatomical region of the brain. The pro-
gressive failure of proteostasis in the CNS leads to the accu-
mulation, aggregation and propagation of a subset of
pathogenic proteins.1,2 These diseases commonly progress
from focal sites and spread to neighbouring regions, as
well as to the functionally connected, more distant areas of
the CNS. The different stages of disease progression have
been well described for Alzheimer’s disease, Parkinson’s dis-
ease and amyotrophic lateral sclerosis (ALS).3,4 In infectious
prion diseases, the progression of neuronal degeneration in
the CNS correlates with the spreading of a prion protein
(PrP), and similar mechanisms of toxic protein propagation
have been proposed for other neurodegenerative diseases,
such as Alzheimer’s disease, Parkinson’s disease and
ALS.1,5 The molecular basis of this proteotoxic spreading
is the capacity of the deleterious scrapie PrP to pass its pecu-
liar conformation onto other PrP species.6 Accumulating evi-
dence indicates that α-synuclein, tau and Aβ peptides in
Parkinson’s disease and Alzheimer’s disease have similar
PrP properties and can seed and propagate within the
CNS.7,8 For instance, prion-like proteins are found in

insoluble deposits, referred to as amyloid fibrillary struc-
tures, such as α-synuclein in Lewy bodies in Parkinson’s dis-
ease and amyloid plaques in Alzheimer’s disease.9,10 The
term prion-like proteins or prionoids is used because the as-
sociated neurodegenerative diseases are not likely to be infec-
tious, as prion diseases are.7–9 In ALS, several proteins,
including Cu/Zn superoxide dismutase 1 (SOD1), TAR
DNA-binding protein of 43 kDa (TDP-43), and fused in sar-
coma (FUS), harbour some features of prionoids.10–12 In this
review, wewill discuss recent findings on the spread of prion-
like proteins in ALS and the current debates that highlight
that theremay also be a differential vulnerability of function-
ally interconnected neurons to neurotoxic prionoids, illus-
trating the complexity of pathogenic mechanisms.

SOD1, TDP-43 and FUS
proteinopathies in ALS
ALS is characterized by the selective loss of both upper and
lower motoneurons that irremediably leads to progressive
paralysis. This evolves rapidly into generalized wasting
that irrevocably causes death by respiratory failure. The me-
dian survival time from the clinical onset is about 3 years.
Approximately 90% of ALS cases are sporadic with largely
unknown aetiology, but an increasing number of genes
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have been linked to the 10% of cases that show a familial in-
heritance of the disease.13,14 Some of these genes are alsomu-
tated in frontotemporal dementia (FTD), suggesting that
these two diseases have overlapping physiopathological me-
chanisms.15 Both sporadic (sALS) and familial (fALS) forms
of the disease are histologically characterized by the presence
of multiple types of protein deposits in the CNS, which de-
fines ALS as a proteinopathy. Currently, mutations in genes
coding for C9ORF72, SOD1, TDP-43 and FUS are the most
frequently found mutations in fALS.13,14 Whereas many
genes (more than 30) are linked to fALS, only relatively
few proteins (TDP-43, SOD1, FUS, C9ORF72 dipeptides,
optineurin, ubiquitin and p62) are present in diverse types
of inclusions in the spinal cords and brains of patients with
ALS.14,16 Together, TDP-43 and FUS intracellular protein
inclusions can be found in more than 90% of post-mortem
tissues from patients with ALS and in more than 50% of tis-
sues from patients with FTD, reflecting the pathological
overlap that exists between these two disorders.17 SOD1 in-
clusions are predominantly found in patients with pure ALS
with SOD1 mutations. Although mutant forms of TDP-43,
FUS and SOD1 can be associated with distinct clinical man-
ifestations,18 they share common pathogenic features that
lead to ALS. The presence of these proteins in intracellular
protein inclusions and aggregates in ALS might be explained
by their low magnitude of solubility, which leads to an in-
creased susceptibility to becoming insoluble when a slight
cellular proteostasis disturbance occurs.19,20 Furthermore,
TDP-43 proteinopathies are observed in other neurodegen-
erative diseases, such as Alzheimer’s disease and
Parkinson’s disease.21–23 Structurally, although the inclu-
sions are less well characterized in ALS than those found in
Alzheimer’s disease or Parkinson’s disease, they are classified
as non-amyloid or amyloid-like, as they do not fulfil the cri-
teria of the highly ordered amyloid fibrils of proteins typical-
ly found in other neurodegenerative diseases, such as PrP, Aβ
peptide, tau and α-synuclein.9

SOD1 is a cytosolic metalloenzyme of 154 amino acids
(aas) involved in cell detoxification by catalyzing the conver-
sion of the superoxide radical into oxygen and hydrogen per-
oxide.24 SOD1was the first gene found to be linked to fALS,
and mutations in this gene are found in �20% of cases.25

There are several lines of evidence indicating that the pri-
mary pathogenic mechanism of the disease is a toxic gain
of function of SOD1 mutants. Although Sod1 null mice
showed age-associated muscle denervation and increased
susceptibility to oxidative stress, the loss of SOD1 function
did not lead to typical ALS.26,27 In addition, ablation or
overexpression of wildtype SOD1 does not affect SOD1
mutant-mediated motoneuron disease in mice.28 The con-
centration and enzymatic activity of SOD1mutants observed
in patients with fALS does not correlate with the age of onset
or disease severity.29,30 The toxic gain of function seen with
SOD1mutants is associatedwith a higher propensity of these
mutants to form aggregates when cellular quality control
and protein catabolism decline.28 Several studies have shown
an increase in misfolded wildtype SOD1, not necessarily in

an aggregated state, in the spinal cord tissues of sALS and
fALS patients.31–35 Misfolded SOD1 is present in upper
and lower motoneurons and glia cells in sALS, supporting
the fact that a global decline in protein homeostasis is a gen-
eral feature in ALS. However, the contribution of misfolded
wildtype SOD1 to pathology in sALS is still a matter of
debate.32,36

TDP-43 is an RNA-binding protein (RBP), member of the
heterogeneous nuclear ribonucleoprotein family, and is in-
volved in several functions related to the regulation of
RNAs, such as pre-mRNA splicing, mRNA stability and
transport and translation.23,37 TDP-43 is a nuclear protein
but may actively shuttle into the cytoplasm when associated
with RNAs export complex.37 Several mutations in the
TARDBP gene are linked with dominant fALS-FTD (4%
of cases) and with,1% of fFTD cases.38 These TDP-43 mu-
tants mislocalize in the cytoplasm, where they form aggre-
gates.39 Both loss of function, due to TDP-43 nuclear
depletion, and toxic gain of function, owing to proteostasis
failure, contribute to the disease.40,41 In both sporadic ALS
and FTD, wildtype TDP-43 is largely found in cytoplasmic
inclusions that are mainly composed of post-translational
modified TDP-43, including truncated, phosphorylated and
ubiquitinated forms.42–44

FUS, like TDP-43, is an RBP involved in DNA repair,
RNA splicing and RNA regulation, and is mainly localized
in the nucleus.35 Mutations in FUS account for about 4–
5% of fALS cases and occur very rarely in fFTD.16,45

Cytoplasmic aggregates of FUS are observed in the CNS of
patients harbouring FUS mutations,46,47 but recently it has
been shown that mislocalization and not necessarily aggre-
gates of wildtype FUS might be present in sALS.48

Basic cellular events of prion-like
protein propagation
The cellular pathways implicated in the propagation of
prion-like proteins can be schematically divided into three
steps: the release of prion-like proteins from cells, uptake
by neighbouring cells and seeding and nucleation in recipient
cells (Fig. 1). Although it is well documented that the spread
of prion-like proteins in different neurodegenerative diseases
involves interconnected neurons, it is, however, not always
clear if the anatomical pattern of cellular alterations reflects
the real spread of a toxic protein or if it is also due to a dif-
ferential vulnerability of a neuronal population.2 The contri-
bution of glial cells as an intermediary between populations
of neurons is also to be considered in the dissemination of
prion-like proteins.50–52 The mechanism of propagation of
prion-like proteins in different neurodegenerative diseases
may implicate different processes: proteotoxicity takes place
extracellularly for Aβ and PrP and intracellularly for tau,
α-synuclein and ALS-linked prion-like proteins (SOD1,
TDP-43 and FUS).53 Eukaryotic cells have developed ma-
chineries based on chaperon-mediated quality control,
proteasomal and autophagosomal protein degradation
systems that prevent intracellular aberrant protein
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accumulation.54,55 However, the primary molecular events
leading to deployment of misfolded harmful proteins in a
subset of cells are still poorly understood, especially for spor-
adic neurodegenerative diseases. The progressive deterior-
ation of proteostasis associated with ageing56 and poorly
characterized environmental cellular stressors might favour
intracellular seeding and nucleation of prion-like proteins,
especially for those whose solubility threshold is already ele-
vated in a defined cell.9,19,55,57 Abnormal andmisfolded pro-
teins, comprising different structural entities (monomers,
oligomers and aggregates), can thus be removed by several
mechanisms, such as via intercellular bridges and by active
release or secretion via non-vesicular and vesicular trans-
ports (Fig. 1).58–60 Seminal works in Caenorhabditis elegans
suggest that unconventional secretion induced by cellular
stress of aberrant protein aggregates prevents cellular protein
overload and furthermore promotes extracellular proteolysis
of proteins that are usually not secreted.61,62 More specific-
ally in neurodegenerative diseases, prionoids such as mispro-
cessed Aβ forms and mutant PrP escape endoplasmic
reticulum (ER) quality control and are exported via the ves-
icular conventional secretory pathway, whereas α-synuclein,
tau, TDP-43, FUS and SOD1 are cytoplasmic or nuclear
leaderless proteins, and their extracellular release involves
what is called unconventional secretory pathways.63–65

Special attention has been paid in recent years to the rules
of different types of secreted vesicles (lysosomes, endosomes,
exosomes, extracellular vesicles and exophers)66 in prionoid
propagation, and there is somemolecular evidence that cyto-
plasmic misfolded proteins are mistargeted to these different
vesicles.67,68 Subsequently, absorption of prionoids by

neighbouring or contacting cells allows their propagation
in the CNS, an event that is called cross-seeding (Fig. 1).
The cellular pathways involved in the internalization of
ALS prion-like proteins in a recipient cell are still poorly
characterized, but some specific receptors have been identi-
fied (Fig. 1). After cellular entry, prion-like proteins reach
the cytosol by a still unknown mechanism and initiate a
new cycle of seeding/nucleation (Fig. 1). The molecular me-
chanisms of the cross-seeding and nucleation of SOD1,
TDP-43 and FUS are not yet fully characterized, as they do
not behave like classical amyloids. Finally, infected cells
will de novo transfer prion-like proteins to other ‘naïve’ cells.
The key steps of prion-like protein propagation will be de-
scribed in more detail for SOD1, TDP-43 and FUS.

Cellular and molecular mechanisms
potentially involved in ALS prionoid
propagation
Secretion pathways of SOD1, TDP-43 and FUS
A large proportion of the prion-like proteins associated with
various neurodegenerative diseases are leaderless proteins:
α-synuclein, tau and huntingtin, as well as SOD1, TDP-43
and FUS. The secretion of proteins that do not bear a signal
peptide has received particular attention for decades but re-
main poorly understood.63,69 Complex and diverse path-
ways of unconventional secretion, which are not linked to
the canonical ER–Golgi secretory pathways, have
emerged.63,70 The type of unconventional secretion varies
depending on the target protein, and different pathways

Figure 1 Cellular events involved in the generation and spread of prionoids. Seeding/nucleation: intracellular accumulation of
cytoplasmic misfolded proteins induces prionoid seeding and nucleation in non-amyloid or amyloid-like structures termed ‘aggregates’. Oligomers
are presumably intermediate structural protein species in the nucleation process. Propagation: mechanisms of cellular extrusion of misfolded
proteins, comprising intercellular bridges like tubular nanotubes and unconventional secretion of proteins in a soluble state or contained in various
secreted vesicles (lysosomes, endosomes, exosomes, extracellular vesicles, exophers).49 Cellular uptake: uptake of prionoids by
macropinocytosis. This process seems to be regulated by several receptors that recognize extracellular protein aggregates.
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have been described for ALS-linked leaderless proteins
(Fig. 2).

Before the discovery of fALS-linked mutations in the
SOD1 gene, studies in mouse bone marrow cell cultures
had revealed regulated secretion of wildtype SOD1.74,75

Several studies have demonstrated the secretion of wildtype
SOD1 by various cell types.74,76–78 SOD1 export is increased
by membrane depolarization in excitable neuroendocrine
cells,74 occurs through an ATP-dependent mechanism in
neuroblastoma cells,79 and could be related to secretory au-
tophagy in yeast.77 Indeed, during nutrient starvation of
yeast, SOD1 is targeted to a specific cellular location called
the compartment for unconventional protein secretion
(CUPS), which is similar to the pre-autophagic compartment
omegasome in mammalian cells.77,80 This CUPS-associated
export of SOD1 is also dependent on some components of
the endosomal sorting complexes required for transport. A
diacidic motif, D76-E77, in SOD1 is required for this uncon-
ventional secretion, and interestingly, mutations (D77V,
D77Y) in this motif are found in fALS.77,81,82 However,
the SOD1G93A mutation also leads to a decreased secretion
compared with wildtype SOD1 that is greater than when
the mutation impacts the diacidic motif itself.77

Other studies have also described unconventional secre-
tion of wildtype and mutant SOD1 via exosomes

(Fig. 2).83–85 The contribution of wildtype SOD1 secretion
to cell survival and response to oxidative stress still needs
to be clarified.86,87 Interestingly, SOD1G93A mutant expres-
sion in astrocytes induces a global decrease in secreted pro-
teins but an increase in protein content in the exosomal
fraction compared with wildtype SOD1.84 This observation
could be a result of an increased unfolded protein re-
sponse.86,88 The abundance of SOD1G93A in comparison to
wildtype SOD1 appears to paradoxically decrease in exo-
somes but increase in the non-exosomal fraction.84 The exo-
somes from SOD1G93A mouse astrocytes are toxic to
motoneurons, but it is not knownwhether this toxicity is dir-
ectly due to exosomal SOD1G93A.84 Secretion of SOD1 mu-
tants can also occur through a more ‘conventional’ secretory
pathway.72,89–91 Identified as a specific interaction partner of
SOD1 mutants, the neuroendrocrine secretory protein chro-
mogranin A recognizes only mutant SOD1 in motoneurons
and targets it to exocytosis vesicles.72 How chromogranin
transfers mutant SOD1 in exocytotic vesicles is still un-
known but seems to be dependent on interactions with the
Golgi apparatus. Furthermore, SOD1 import into the ER
has been shown to be a post-translational and signal
recognition particle-independent mechanism.89 Although
post-translational ER targeting of proteins appears to be
more frequent than expected, there are few examples of

Figure 2 Unconventional secretion pathways of SOD1, TDP-43 and FUS. The cytoplasmic cargos SOD1, FUS and TDP-43, are
represented by red, orange and purple circles, respectively. SOD1 is released either by a specific secretory pathway for cytoplasmic ubiquitinated
misfolded proteins called MAPS65 or by an autophagic-like secretory pathway involving a specialized organelle called CUPS.71 SOD1 mutants are
also secreted via exocytosis from motoneurons.72 The MAPS pathway seems also to promote wildtype TDP-43 secretion. FUS has, for instance,
only been detected in extracellular vesicles from LC3+ autophagosomes.73 MAPS involves the targeting of cargos in Rab9+ (green circles) late
endosomes allowing protein secretion in a vesicles-free form.65 This process depends on the binding of HSPA8 (marine blue triangle) and the
deubiquitinase USP19 (brown stick) to polyubiquitinated (black circle) proteins. The CUPS-dependent pathway involves the Golgi
reassembly-stacking protein (GRASP55) that appears to shuttle between the Golgi and CUPS.71

Spreading of prion-like proteins in ALS BRAIN COMMUNICATIONS 2022: Page 5 of 16 | 5

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/4/3/fcac145/6604768 by guest on 24 June 2022



leaderless small proteins being targeted in this way, with the
exception of proteins smaller than 50 aas.92,93 Another un-
conventional secretion pathway specifically for misfolded
proteins, called misfolding-associated protein secretion
(MAPS), is involved in wildtype SOD1 release.94 MAPS in-
volves the ER-resident ubiquitin-specific protease 19
(USP19) deubiquitinase that redirects proteins destined for
the proteasomal pathway to secretory endosomes
(Fig. 2).94,95 Many cytosolic misfolded proteins, including
mutant SOD1, might follow this unconventional secretion
pathway. The USP19-dependent pathway involves the
HSPA8 heat shock protein that targets misfolded proteins
to USP19 (Fig. 2).94,95

The functional implications of these different unconven-
tional secretions have been poorly exploited in
SOD1-linked ALS mouse models, but some pioneering
works have explored the secretion and intercellular transfer
of SOD1 in vivo.96 In chimeric transgenic mice, transfer of
both humanmutant SOD1 and wildtype SOD1 betweenmo-
toneurons and oligodendrocytes has been observed.96 It ap-
pears that transferred mutant SOD1 is not aggregated and
does not co-aggregate with differently tagged human
SOD1 in acceptor cells. This cell-to-cell protein transfer
does not seem to be specific for mutant SOD1, as transfer
of overexpressed wildtype human SOD1 and GFP between
motoneurons and oligodendrocytes also occurs.96 Cellular
mechanisms of SOD1 transfer in vivo are still unknown,
but interestingly, motoneuron-specific deletion of autophagy
related 7 (Atg7) in SOD1G93A mice has peculiar effects on
ALS pathogenesis.97 ATG7 is well known to be involved in
secretory autophagy, an unconventional secretory pathway
that facilitates the export of leaderless proteins.98

Aggregation of the autophagy receptor p62 into skein-like
inclusions is first observed in spinal motoneurons and then
in interneurons in SOD1-mutant mice. Inhibition of autop-
hagy in motoneurons delays the formation of p62 inclusions
and accumulation of misfolded SOD1 in interneurons.
Aggregation of p62 in interneurons occurs concomitantly
with astrogliosis and microgliosis. These results highlight
the non-cell-autonomous effect of motoneuron autophagy
on interneurons and glial cells, maintaining the possibility
that direct spreading of misfolded SOD1 from motoneurons
to interneurons occurs.97 It will be of interest to explore
whether this phenotype is linked to a decrease in human
SOD1 propagation, as has been observed for Aβ peptides
in Alzheimer mouse models crossed with ATG7 knockout
mice.99

The transfer of TDP-43 oligomers from cell to cell has
been shown in primary neurons using protein complementa-
tion assays.100,101 This unconventional secretion of TDP-43
is induced by oxidative stress and mediated by exosomes
(Fig. 2).102,103 Moreover, secretion of wildtype and mutant
TDP-43 in exosomes is also observed in basal conditions in
transformed cells and might be promoted by secretory au-
tophagy (Fig. 2).102 Mutated TDP-43 has also been found
in exosomal fractions purified from the brains of patients
with ALS and the spinal cords of TDP-43A315T transgenic

mice.102 It is noteworthy that the inhibition of exosome bio-
genesis by GW4869, an inhibitor of sphingomyelinase, or
the inhibition of exosome release by Rab27 silencing in neu-
ro2a cells increases cytoplasmic and nuclear aggregation of
phosphorylated TDP-43. This suggests that release and bio-
genesis can be coupled events.100,101 However, inhibition of
exosome release with GW4869 has minor effects on the
phenotypic behaviour of TDP-43A315T transgenic mice.102

Wildtype TDP-43 can also be unconventionally secreted by
MAPS in an exosome-independent manner in vitro
(Fig. 2).94 The interconnection between the MAPS pathway
and secretory autophagy remains unknown.

Although FUS (as well as SOD1 and TDP-43) has been
found in plasma microvesicles and exosomes from patients
with ALS, the mechanism of unconventional FUS secretion
remains poorly documented.104 Recently, proteome charac-
terization of extracellular vesicles, which depend on
microtubule-associated protein 1A/1B-light chain 3 (LC3)
and ATG8 proteins for their secretion, has notably revealed
a strong enrichment in RBP proteins, including FUS
(Fig. 2).73 In basal conditions, RBPs associated with
mRNAs account for a large proportion of secreted pro-
teins.73 Whether this pathway implicating components of
the autophagy machinery is increased in response to cellular
stress remains an open question, but it provides a molecular
basis for the unconventional secretion of FUS and other
ALS-related RBPs.105(p3)

Cellular uptake of extracellular prionoids
Uptake of extracellular SOD1 aggregates has been extensive-
ly studied in cultures of neuronal and non-neuronal cells ex-
pressing different ALS-related mutant SOD1.106 Studies
revealed that extracellular mutant SOD1 aggregates can en-
ter cells and nucleate endogenous mutant but not wildtype
SOD1.106,107 It was subsequently suggested that SOD1 ag-
gregates enter acceptor cells by macropinocytosis in order
to reach the cytosol.106 Macropinocytosis is a form of non-
selective endocytosis generally induced by growth factors
and used by cells to internalize large numbers of soluble
macromolecules or particles too large for other forms of
endocytosis.108,109 Because macropinosomes are character-
ized by the absence of a coat structure to guide their forma-
tion and by their heterogeneous size and shape, they give
non-phagocytic cells the ability to take up large particles in
response to an external stimulus.109 Subsequent work has re-
vealed that SOD1 aggregates stimulate this mechanism to en-
ter the cells.110 However, how SOD1 aggregates stimulate
macropinocytosis remains unclear.110 It has been shown
that the Rho-ROCK1-LIMK1 signalling pathway regulates
extracellular SOD1 macropinocytosis via cofilin activa-
tion.111 In addition, by displaying heparan sulfate proteogly-
cans, receptor for advanced glycation end-products, CD36,
integrins and receptor tyrosine kinases, neurons can trigger
macropinocytosis following the binding of extracellular pro-
tein aggregates (Fig. 1).112 Inmicroglial cells, the binding and
internalization of extracellular SOD1 aggregates involve li-
pid raft formation, scavenger receptors and CD14.113,114
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Seeding and nucleation of SOD1, TDP-43 and FUS
Self-perpetuation of SOD1 aggregation. Once ALS prionoids

enter the cell and reach the cytoplasmic compartment, they
must escape cellular quality control and degradation to
co-aggregate with their wildtype or mutant counterpart
(Fig. 1). The seeding and nucleation mechanisms of ALS
prion-like proteins are still not known, but there are striking
fundamental structural differences between SOD1 and the
two RBPs, TDP-43 and FUS. Whereas folded wildtype
SOD1 is stable, TDP-43 and FUS contain intrinsic disorder
domains (IDRs) that promote their self-assembly and lead
to a phase transition.115 Thus, in contrast with SOD1,
TDP-43 and FUS oscillate easily between different oligo-
meric structural states that can make them more prone to
aggregation.115,116

The first studies to suggest a prion-like activity of SOD1 in
vivo showed that the expression of human wildtype SOD1
aggravates the phenotype of mice expressing ALS-linkedmu-
tant SOD1.117–119 In addition, the co-expression of a trun-
cated form of mutant SOD1 with wildtype SOD1 in mice
triggered the induction of wildtype SOD1 aggregation by
mutant SOD1.120 Soluble heterodimers or oligomers of wild-
type and mutant SOD1 can also be detected in cell cul-
ture.121,122 In vitro, several studies have shown the seeding
and nucleation of wildtype SOD1 in the presence of mutant
SOD1.123–129 The nucleation conditions of SOD1 in vitro
necessitate reducing and denaturing agents to favour metal-
deficient apoSOD1 and formation of amyloid-like fibrils.
This suggests that newly synthetized and unfolded SOD1 is
the species that is most likely to form amyloid-like fibrils in
the presence of misfolded SOD1. The folding of SOD1 as a
fully mature homodimeric metalloenzyme has been well
studied in vitro and appears to be a slow process.130–134

Indeed, SOD1 in an unfolded state has a longer lifetime
than most other proteins in a test tube, therefore increasing
the probability of it forming aberrant oligomeric structures
during folding.131,132,135 SOD1 bears several peptide se-
quences at both N- and C-terminus that have been impli-
cated in fibril formation.136 Furthermore, mutations in
these peptide segments found in fALS often enhance the ag-
gregation propensity of SOD1.136 One particular sequence
(aas 28–38) adopts a peculiar corkscrew-like structure that
is indispensable for the formation of soluble toxic oligomers
and likely leads to seeding of unfolded SOD1.137,138 In add-
ition, nucleation of wildtype SOD1 can induce the formation
of intermolecular disulfide bonds in the highly reducing en-
vironment of the cytoplasm.106,129,135,139 However, inter-
molecular disulfide bonds are not necessary for the
initiation of seeding but could be involved in the sequestra-
tion of potentially toxic oligomeric SOD1.140Other evidence
suggests that the formation of these hyperoxidized SOD1 ag-
gregates takes place in the ER, which provides a more suit-
able environment for disulfide bond formation.91

The cell-to-cell transmission of misfolded mutant SOD1
was evidenced in studies in which preformed SOD1
aggregates were added to cell cultures.106,129 While the

extracellular aggregates applied were readily proteolyzable,
the intracellularly induced aggregates appeared to be persist-
ent and transferred from cell to cell.106 This transmission is
more likely due to endogenous cycles of secretion, internal-
ization and nucleation of wildtype SOD1 than to the persist-
ence during successive cell divisions of the SOD1 aggregates
that were initially added to the cultures. This suggests that
self-amplification either during cell division or/and passage
through the extracellularmedium is a prerequisite for the cel-
lular spreading of SOD1.106,107,129 Furthermore, in cell cul-
ture, expression of other pathogenic proteins such as FUS
and TDP-43 induces wildtype SOD1 misfolding that can
be transmitted to naïve cells in a prion-like fashion.85,141

Self-perpetuation of mutant TDP-43 and FUS aggregation. At its
N-terminus, TDP-43 is composed of a dimerization domain
(N-terminal domain), a nuclear-localized sequence and two
RNA recognition motifs (RRMs).110,141,142 The C-terminal
part has two IDRs and a glycine-rich domain involved in
multivalent weak intermolecular interactions.115 Like other
proteins containing IDRs, also called prion-like domains,
TDP-43 is well known to self-assemble and creates a separate
phase in membrane-less compartments like stress granules
(Fig. 3).143,144 The two domains RRM1 and RRM2 of
TDP-43 recognize GU-rich RNA sequences on several
pre-mRNAs.142,144 mRNA concentrations seem to be key
regulators of TDP-43 amyloid-like structures. Indeed,
TDP-43 aggregates are formed when cytoplasmic mRNA le-
vels decrease.145,146 This property explains why TDP-43 and
FUS form aggregates predominantly in the cytoplasm rather
than in the nucleus.145 ALS-causing mutations in TDP-43
have been shown to increase the susceptibility of TDP-43
to forming cytoplasmic insoluble oligomers (Fig. 3).147,148

Widely recognized to occur in ALS and FTD, wildtype
TDP-43 labile condensates can also be transformed into in-
soluble aggregates.146 The circumstances that promote wild-
type TDP-43 cytoplasmic aggregates, as well as their
pathological relevance, are a matter of intense debate.149,150

In non-pathological conditions, cytoplasmic inclusions of
TDP-43 amyloid-like structures called myo-granules have
been found to be essential for myotube formation in skeletal
muscle.151,152 Interestingly, myo-granules are mostly insol-
uble, contain sarcomere mRNAs and can seed monomeric
TDP-43 in vitro.152 This means than even cytoplasmic
TDP-43 amyloid-like oligomers can be formed and disas-
sembled in some cell types and that failure of disaggregation
might be the clue to cellular intoxication. Furthermore, an
elegant study using real-time microscopy revealed that
TDP-43 undergoes highly dynamic mixing and de-mixing
into droplets in the cell nucleus (Fig. 3).40 De-mixing is a
new term for the segregation and oligomerization of
TDP-43 that well defines this physicochemical reaction
that is based on weak protein–protein interactions.40 The
functional consequence of this condensation process driven
by the coordination of the two IDRs is to concentrate a sub-
set of pre-RNAs in the nucleus.143,144 However, when
TDP-43 de-mixing occurs in the cytoplasm, TDP-43 is
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depleted in the nucleus, leading to cell death.40

Mislocalization and aggregation of TDP-43 can be induced
independently of stress granule formation by nuclear import
disruption and by a broad range of cellular stresses, includ-
ing proteasomal inhibition, ER misfolding and reactive oxy-
gen species.40,153–155 Importantly, extracellular TDP-43
fibrils can induce irreversible cytoplasmic TDP-43 de-mixing
reminiscent of prion-like activity as it has been suggested
earlier.40,100,156 As exogenous FUS fibrils but not SOD1 fi-
brils also induce similar TDP-43 de-mixing, it is not clear if
TDP-43 and FUS fibrils directly nucleate endogenous
TDP-43.40 Interestingly, cytoplasmic TDP-43myo-granules,
similar to structures observed in injured neurons, are formed
in differentiated myotubes during muscle regeneration.152

However, TDP-43 in myo-granules does not seem to be post-
translationally modified as observed in cytoplasmic TDP-43
aggregates found in neuronal tissues from sALS.152 It is un-
known why cytoplasmic TDP-43 de-mixing in myotubes is
reversible and safe, whereas it induces cell death when in-
duced by RBP fibrils in neurons.152 Though the properties
of TDP-43 aggregation in cells are becoming better under-
stood, the structural and biophysical determinants involved
in the seeding and nucleation of TDP-43 remain largely un-
characterized (Fig. 3).

Similar to TDP-43, FUS has an IDR located at the
N-terminus that promotes liquid–solid phase transi-
tion.157–159 The prion-like IDR domain can self-oligomerize
and may promote amyloid-like structures of FUS in the nu-
cleus as well as in the cytoplasm.115,159–161 These structural

properties allow FUS to undergo liquid–solid phase transi-
tion in the event of increased FUS concentrations.158,161,162

fALS FUS mutations, mainly localized in the IDR, have the
tendency to increase the speed of the liquid–solid transi-
tion.159,160,163 However, it is not known if the amyloid-like
oligomer formation of FUS might be linked to the spread of
disease progression in fALS or sALS.

Physiopathological evidence of SOD1
and TDP-43 prion-like propagation in
mice
Initial evidence of prion-like propagation of human mutant
SOD1 was revealed in in vivo experiments in which protein
homogenates obtained from symptomatic SOD1G93A mice
were injected into the spinal cords of non-symptomatic
SOD1G85R-YFP mice (Fig. 4).164 Injected mice displayed
motor symptoms and reduced lifespan, but the observed
penetrance was about 60%. In a second passage, injection
of homogenates of the spinal cords of SOD1G85R-YFP mice
that had been inoculated previously and become paralyzed
produced the same symptoms in mice but with full pene-
trance.164 The same process of passages has been used with
different strains of SOD1, resulting in distinct pathologies.31

Another study showed that transgenic mice expressing dif-
ferent SOD1 mutants could produce distinct types of
SOD1 aggregate strains.165 Two of these SOD1 strains
(G85R and D90A) were then injected into the lumbar spinal

Figure 3 Pathological aggregations of SOD1, FUS and TDP-43. Schematic view of pathways leading to the aggregation of SOD1 and the
two RBPs, FUS and TDP-43. SOD1 aggregation results in the accumulation of misfolded oligomeric or monomeric species during the folding
process that can be due to intrinsically disordered structure (fALS mutations) and defects of the protein quality control and folding machineries.
Alternatively, the properly folded SOD1 dimer might be also destabilized due to deleterious physicochemical perturbations (e.g. reactive oxygen
species). FUS and TDP-43 aggregation might be the result of an imbalance in their oscillations between disordered monomers and highly ordered
oligomeric structures. These structural properties give rise to labile phase transitions from liquid to liquid (liquid droplets) or to liquid to solid
(hydrogel). ALS-causing mutations, cellular dysregulation (RNA metabolism, trafficking defects…) favour aberrant and irreversible phase
transitions (liquid/solid, solid/solid) producing fibrils (seeding). NTD (N-terminal domain), MBD (metal binding domain), RRM (RNA recognition
motif), ZnF (zing finger domain) and NLS (nuclear-localization sequence).
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cords of asymptomatic animals, resulting in SOD1 aggrega-
tion and rostral spreading of the pathology (Fig. 4).166 A ra-
pid induction of motor deficits and premature motoneuron
death were then observed.166 This work suggests the exist-
ence of multiple mutant SOD1 strains that are able to seed
and spread in mutant SOD1 transgenic mice. In another

study, protein homogenates from SOD1G127X patients
were injected into the spinal cords of SOD1G85R-expressing
mice.167 The animals then developed fatal ALS-like path-
ology and exhibited spreading of SOD1 aggregation.167

Additionally, injection of mutant SOD1 seeds into the sciatic
nerve induced disease spread in the peripheral nervous

Figure 4 Experimental paradigms demonstrating the prion-like properties of SOD1 and TDP-43 in mice. This schema is a
compilation of several published results obtained by the administration of misfolded SOD1 and TDP-43 aggregates in different mouse models. The
nature of protein extracts (crude homogenates, purified proteins, recombinant proteins), the route of delivery and the genetic background of
injectedmice are indicated. For the observed physiopathological outcome, three criteria are mentioned: the levels of protein inclusions/aggregates
in the CNS, the motor symptoms evaluated by behaviour tests and the lifespan of injected mice.
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system as well as in the spinal cord.167 However, other types
of peripheral administrations (intraperitoneal and intramus-
cular) of highly potent SOD1 seeds do not seem to allow the
spread of ALS pathology in the CNS.168 In contrast with
other prion-like pathogenic proteins found in Alzheimer’s
disease or Parkinson’s disease, no evidence of an ALS path-
ology supported by wildtype human SOD1 spread have
been revealed.169 Indeed, recent work reveals that transgenic
mice overexpressing wildtype SOD1 appear to be resistant to
misfolded mutant SOD1 seeds.169 Together, these results
show that mutant SOD1 aggregates can transmit and propa-
gate ALS-like dysfunctions when they reach the CNS.

The potential transmissibility and spreading of TDP-43
proteinopathy has been revealed by a study in which insol-
uble protein extracts from the brains of patients with sporad-
ic FTD were injected into the CNS of mice (Fig. 4).170

Pathological TDP-43 spreading was progressively observed
in a spatio-temporal manner in different brain areas, sup-
porting cell-to-cell transmission throughout the CNS.170

The CSF as a route for spreading of pathology has been ex-
plored by a study in which the CSF of patients with sALS
was intracerebroventricularly injected into mice expressing
wildtype human TDP-43.171 Motor, cognitive and patho-
logical changes were observed in the transgenic mice that re-
ceived ALS CSF. These ALS-like alterations also suggest a
threshold effect for seeding of TDP-43. Indeed, the motor
phenotype in response to ALS CSF infusion was more pro-
nounced in mice expressing human TDP-43 than in wildtype
mice, and cytoplasmic aggregation of TDP-43 was observed
only in transgenic mice and not in wildtype mice. Until re-
cently, it was still unknown whether different strains of
TDP-43 might support multiple TDP-43 proteinopathies in
the CNS, but recent studies have provided new evidence
about the spreading of TDP-43 preformed fibrils in human
TDP-43 and inAtg5+/−mice. These studies observed spread-
ing all along the corticospinal tract in a time-dependent man-
ner, which supports Braak’s model.172–174 In the case of FUS,
although it can behave like a prionoid in vitro, no in vivo ex-
perimental evidence currently exists that demonstrates the
spread of FUS proteinopathy.

Limits and caveats of prion theory in
ALS
Despite the evidence presented above, some points continue
to cast doubt on the importance of prion-like mechanisms
for transmission and spreading in ALS. A fundamental dif-
ference between ALS prionoids and PrP or prionoids includ-
ing Aβ, α-synuclein and tau is that the latter can form
amyloid fibrils in humanCNS. Amyloid fibrils are extracellu-
lar deposits of a fibrillary protein with a β-sheet secondary
structure.175 Biochemical properties of amyloids such as
seeding and protease resistance obviously facilitate their dis-
semination. In addition, the natural secretion of PrP and Aβ
peptides that occurs facilitates their dissemination even fur-
ther. For now, no kind of disease transmission between indi-
viduals has been documented in the case of ALS, whereas an

observation of this kind has been reported for Alzheimer’s
disease.176 Furthermore, inoculation of brain homogenates
from patients with ALS into the brain of non-human
primates did not reveal any disease transmission.177 In this
large-scale study, similar conclusions were made for
other non-spongiform neurological diseases, including
Alzheimer’s disease and Parkinson’s disease. The phylogen-
etic distance between human and non-human primatesmight
explain the failure to transmit non-spongiform diseases.
Recently, inoculation of brain homogenates from patients
with Alzheimer’s disease into mouse lemurs led to the
spreading of Aβ and tau pathology in different brain regions
associated with cognitive defects.178 It should also be noted
that a more detailed histopathological study and follow-up
of the motor capacity of the primates could have helped to
reveal potential transmission. Another study reported that
intramuscular or intraperitoneal inoculation of spinal cord
homogenates from endstage SOD1G85R mice that contained
SOD1 aggregates did not transmit SOD1 aggregation to the
CNS or peripheral tissues of recipient mice.168 It is note-
worthy that the SOD1 aggregates were found to be highly
sensitive to protease degradation, which is not the case for
highly transmissible species, such as the scrapie isoform of
PrP. This observation could explain the reduced ability to
transmit the disease-associated aggregation from the per-
ipheral tissues to the CNS. Finally, a recent study showed
that genetic ablation of the SOD1G37R transgene in cortico-
fugal projection neurons, which prevent corticospinal neu-
ron degeneration, does not influence disease onset,
progression, life expectancy or spinal motoneuron survival.
Interestingly, the corticofugal projection neuron-selective
excision of mutant SOD1 did not influence the levels of
misfolded mutant SOD1 in the spinal cord.179 These results
led the authors to conclude that corticofugal disease propa-
gation is not mediated by a prion-like mechanism but ra-
ther by cortical hyperexcitability.179 Their findings do not
seem to be consistent with Braak’s staging scheme,174

where mutant SOD1 in corticofugal neurons may not be es-
sential for disease propagation, although a prion-like mech-
anism may still operate in the spinal cord.

Clinical and therapeutic
considerations
The eventual progression of ALS from an initial site to dis-
tant regions in the CNS is well described. The disease starts
in one part of the body, in the vast majority of cases in one
hand, one foot or as a speech disturbance. Within months
or years, the disease spreads to other parts of the body and
gradually becomes more debilitating. It has been noted that
contiguous areas are more rapidly involved in the disease
process of ALS than non-contiguous areas.180 Importantly,
pathological studies in humans have confirmed this progres-
sive and stepwise spreading of ALS, following a model of
corticofugal spread.174 Although neuronal involvement pro-
gresses at different rates from one patient to another, it
nevertheless follows a similar sequence between patients.
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In animalmodels, and particularly inmutant SOD1mice, the
same phenomenon has been described and follows anatom-
ical pathways.181 To date, in clinical neurology, few other
potential explanations have been proposed to interpret the
progression of ALS. One interesting suggestion was that a
progressive and stepwise activation of microglia might also
occur, secondary to initial prionoid spreading.182 A study
evaluated this microglial hypothesis by use of selective Cre
recombinase-mediated SOD1 deletion in microglial cells
via targeting of the CD11b promoter. The impact on disease
progression was highly significant; the lifespan of the mice
improved by 75 days.182 In another study, the addition of
SOD1 aggregates to microglial cells in culture triggered their
activation.114 This study suggests that mutant SOD1 aggre-
gates can contribute to disease progression by promoting
microglial activation and subsequent release of toxic factors
to motoneurons.114 Targeting both extracellular and intra-
cellular misfolded SOD1, anti-misfolded SOD1 antibodies
have been successfully used as a potential immunotherapeu-
tic approach in mice.183,184 More recently, peripheral ad-
ministration of an antibody specifically recognizing
misfolded SOD1 delayed disease onset, improved the decline
of motor function, and increased the lifespan of SOD1G37R

and SOD1G93A mice.185 An alternative approach has been
the development of an ALS vaccine targeting a
conformation-specific epitope. This aimed to reduce the bur-
den of extracellular SOD1 and has provided therapeutic ben-
efits in ALSmice.186,187 From a therapeutic point of view, the
discovery of prionoid spreading in people with ALS opens
perspectives that cover a large number of pathways.
Proteostasis is a particularly important mechanism to con-
sider. It has been shown that riluzole, the only marketed
drug for ALS that has a positive effect on ALS patients’ sur-
vival, enhances the expression of cytosolic chaperons HSP70
andHSP90 by increasing the heat shock protein response.188

Clinical trials are underway to evaluate a series of drugs act-
ing on proteostasis, such as arimoclomol,189 fasudil190 and
memantine.191

Other promising approaches that tackle prionoid activity
at the root consist of silencing SOD1. The proof-of-principle
of SOD1 gene silencing in mice with virally delivered shRNA
has already been established192,193; more recently it was
shown that subpial delivery of adeno-associated adenovirus
serotype 9 prevented disease onset when injected before ALS
onset, and blocked disease progression when delivered after
onset.194 One promising therapeutic approach is genemodu-
lation by antisense oligonucleotides (ASOs). ASOs have been
given intrathecally to patients with ALS; treatment has been
shown to be well tolerated and result in significantly lowered
SOD1 levels in the CSF.195 A phase I/II trial with torfersen
ASO in 50 patients with SOD1 mutations not only revealed
a good tolerance profile, but also suggested that the clinical
impact of this therapy is worth exploring in a phase III
trial.196 In October 2021, results of the tofersen phase III
study (VALOR) were presented at the American
Neurological Association annual meeting (https://investors.
biogen.com/). Although the primary efficacy endpoint as

determined by the revised ALS functional rating scale was
not met, secondary measures, including SOD1CSF and plas-
ma neurofilament light chain (a neuronal degeneration
marker) levels, reached the goal of change from baseline.
Trends towards a benefit for respiratory function, muscle
strength and quality of life are further promising signs.
One of the possible directions that could lead to a better out-
come with this treatment is earlier and longer intervention,
and Biogen is currently running a phase III trial (ATLAS)
in presymptomatic SOD1 mutation carriers (https://
clinicaltrials.gov/ct2/show/NCT04856982).

Conclusion
Perhaps more so than in other neurodegenerative diseases,
the field of ALS research is incredibly dynamic, as function-
ally and structurally unrelated new genes involved in fALS
are being discovered each year and illuminating novel mo-
lecular and cellular fundamental mechanisms. A challenge
for the scientific community remains as to how all these di-
verse pathological genetic dysfunctions lead to a disease
that is quite homogenous. In this context, the study of the
spread of prionoids in ALS remains in its infancy and might
offer new therapeutic approaches. Preventing disease pro-
gression in ALS is an important therapeutic strategy that
will be boosted by our increased knowledge about the mo-
lecular and cellular mechanisms that lead to the dissemin-
ation of neurotoxic prionoids.
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