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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease where both upper and lower
motoneurons are damaged. Even though the pathogenesis of ALS is unclear, the TDP-43 aggregations and
non-nuclear localization may be crucial to understanding this process. Despite intensive research on ALS
therapies, only two lifespan-prolonging medications have been approved: Riluzole and Edaravone. Unrav-
elling the TDP-43 pathology could help develop new ALS therapies using mechanisms such as inhibition of
nuclear export, autophagy, chaperones, or antisense oligonucleotides. Selective inhibitors of nuclear export
(SINEs) are drugs that block Exportin 1 (XPO1) and cause the accumulation of not exported molecules inside
the nucleus. SINEs that target XPO1 are shown to slightly extend the survival of neurons and soften motor
symptoms. Dysfunctional proteins, including TDP-43, can be eliminated through autophagocytosis, which is
regulated by the mTOR kinase. Stimulating the elimination of protein deposits may be an effective ALS thera-
py. Antisense oligonucleotides (ASO) are single-stranded, synthetic oligonucleotides that can bind and mod-
ulate specific RNA: via ribonuclease H, inducing their degradation or inducing alternative splicing via blocking
primary RNA transcripts. Current ASOs therapies used in ALS focus on SOD1, C90RF72, FUS, and ATXN2, and
they may be used to slow the ALS progression. Reversing the aggregation is a promising therapeutic strate-
gy. Chaperones control other proteins' quality and protect them against stress factors. Due to the irreversible
character of ALS, it is essential to understand its complicated pathology better and to seek new therapies.
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Introduction

Amyotrophic lateral sclerosis (ALS), also known
as Lou Gehring's disease, or Charcot's disease, is
a progressive neurodegenerative disorder lead-
ing to the loss of motor neurons. Limb and bul-
bar onset are ALS's most common clinical phe-
notypes, responsible for 70% and 25% of all cas-
es. Signs of upper and lower motor neuron (UMN
and LMN) damage are required to confirm the
diagnosis of ALS. UMN disruptions are present-
ed with spasticity and weakness, in contrast to
LMN malfunctions manifested by fasciculations,
muscle wasting, and weakness. Dysarthria and
dysphagia are bulbar signs of ALS [1]. The pro-
gressive character of ALS leads to malnutrition
and respiratory failure. In Europe, the incidence
of ALS varies between 2.1 and 3.8 per 100,000
person-years (2019, review) [2]. The median age
of ALS diagnosis is between 54 to 69, and the
median time from first symptoms to diagnosis
ranges between 9 and 24 months [2]. The median
survival time from the first symptoms to death or
invasive respiratory ranges between 24 and 50
months [2]. However, 5-10% of patients live lon-
ger than 10 years. Older age, bulbar onset, malnu-
trition, psychological distress, lower forced vital
capacity (FVC), and the short time delay between
onset and diagnosis are related to worse clinical
outcomes. [3] 30—50% of ALS patients show cog-
nitive function deficits, and 15% meet the criteria
for frontotemporal dementia (FTD) [4]. In addi-
tion, ALS and FTD share a common neurologi-
cal hallmark: up to 97% of ALS and 45% of FTD
patients' nervous systems have TDP-43 positive
neuronal aggregates [5]. These findings support
the hypothesis that ALS and FTD are two mani-
festations on an ALS-FTD spectrum.

The direct cause of ALS is unknown, but
10-15% of patients have a positive family record.
More than 30 genes have been identified as risk
factors for ALS development. Almost 70% of
familial ALS (fALS) cases are associated with
the mutations in superoxide dismutase 1 (SODT),
fused in sarcoma (FUS), chromosome 9 open
reading frame 72 (C90RF72), TAR DNA-binding
protein 43 (TARDBP) [6, 7]. Environmental fac-
tors may relate to the more frequent onset of the
sporadic form of ALS. Exposure to pesticides or
low-frequency electromagnetic fields induces
cellular oxidative stress, which could contribute to
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the pathogenesis of many degenerative diseases
[8]. Exposure to heavy metals like lead, head trau-
ma, professional sports, intensive physical activ-
ity, and lower body mass index are all associated
with a higher probability of developing ALS [8, 9].
However, the research presenting this relation-
ship shows that the estimated probability was
low. Additionally, the number of studies on envi-
ronmental factors is relatively modest. Conse-
quently, these factors are poorly established.

Although the pathomechanism of ALS is
unclear, the impaired TDP-43 protein plays a cru-
cial role in the pathogenesis of the disease. TDP-
43 is a highly conserved protein belonging to the
family of DNA/RNA binding ribonucleoproteins.
It is mainly located in the cell nucleus [10]. In
most ALS cases, TDP-43 is mislocalized from the
nucleus to the cytoplasm, simultaneously form-
ing ubiquitinated cytosolic aggregates [10, 11].
Due to ALS's progressive and irreversible charac-
ter, it is essential to seek new therapies to improve
patients' prognoses. Nevertheless, only two dis-
ease-modifying medications have been approved:
Riluzole (possibly inhibiting glutamatergic trans-
mission) and Edaravone (free radical scavenger;
cleared by FDA but withdrawn by EMA) [12].

In this article, we present the role of impaired
TDP-43 protein in the pathology of ALS and dis-
cuss current (riluzole and edavarone) and emerg-
ing ALS therapies using such methods as inhibi-
tion of nuclear export, autophagy enhancement,
chaperones, antisense oligonucleotides, and
inhibition of poly (ADP-ribose) polymerase.

Methodology

Papers published between 1995 and June 2022
were identified by PubMed literature searches
using the terms: “amyotrophic lateral sclerosis”;
"ALS"; "TDP-43 proteinopathy”; "antisense oligo-
nucleotides”; "autophagy enhancers"; “chaper-
ones"; "SINE"; “edavarone”; "riluzole”. Additional
publications were selected through the Internet
from the references of those papers. Only articles
in English were considered.

TDP-43 protein biology

TDP-43 is a nuclear protein encoded by the TAR-
DBP gene located on chromosome 1. It was first
recognized as a protein that binds to the trans-



activation response (TAR) element of the human
immunodeficiency virus (HIV) and thus was
named TAR DNA-binding protein-43 kDa [10].
TDP-43 is mainly concentrated in the nucleus but
may perform some of its functions in the cyto-
plasm [13]. The primary function of the TDP-43 is
RNA metabolism which includes its transcription,
translation, messenger RNA (mRNA) transport
and stabilization, microRNA (miRNA), and long
non-coding RNA (IncRNA) processing [14].

TDP-43 is involved in forming and regulat-
ing the cytoplasmic RNA granules, termed stress
granules (SGs), that appear after exposure to envi-
ronmental factors, including oxidative or osmot-
ic stressors, heat shock, or viral infections [15].
These membrane-less organelles are thought to
enhance cell survival through by storing mRNAs,
translation factors, and RNA-binding proteins fol-
lowing stress exposure. Additionally, TDP-43 res-
idues may be significant in SGs formation in the
liquid-liquid separation process [16]. Liquid-liquid
phase separation of RNA-binding proteins, such
as TDP-43, is a process in which membrane-less
organelles are formed in cells. The abnormal
phase transition of these proteins leads to the
formation of insoluble protein aggregates [17].
TDP-43 proteinopathy identified as a factor in the
pathogenesis of ALS and other neurodegenera-
tive diseases develops through the depletion of
the TDP-43 protein in the nucleus with its mis-
localization and aggregation in the cytoplasm.
[18, 19]. The surge in the cytoplasmic TDP-43
concentration leads to cytoplasmic aggregation
formation observed in ALS [20]. Studies suggest
that the cytoplasmic mislocalization of TDP-43
induces toxicity through both the loss and gain of
functions [10].

The protein consists of 414 amino acid resi-
dues composing four domains: N-terminal (NTD),
two highly conserved RNA-binding domains
(RRM) as well as an unstructured Carboxyl-ter-
minal fragment (CTF) [18]. TDP-43 RRM domains
bind with related RNA/DNA molecules and are
involved in RNA metabolic processes [19]. Stud-
ies suggest that the RNA binding ability may be
a toxic and protective mechanism of TDP-43 pro-
tein during its aggregation [19, 21]. Several muta-
tions in the RRMs were shown to disrupt the RNA
binding capability while not significantly inter-
fering with RNA recognition [22]. NTD is respon-
sible for the interactions of partner proteins and

the target RNAs and may protect against cyto-
plasmic TDP-43 aggregation [23,24]. Deletions or
mutations in the nuclear localization signal (NLS)
sequence of the NTD may cause the mislocation
of TDP-43 in the cytoplasm [25].

TDP-43 aggregates in patients include its
full-length form and the 35- and 25-kDa CTF, the
prion-like structure of the CTF that is most impor-
tant for TDP-43 neurodegenerative properties, as
CTF is the dominant ALS-associated TARDBP
mutation site [26—28]. Prions are self-replicating
proteins that undergo conformational changes
to form aggregates causing neurological infec-
tious diseases in mammals [29]. While ALS is
not an infectious disease, the misfolded struc-
ture of TDP-43 and its ability to aggregate give it
prion-like properties. Moreover, there is evidence
that TDP-43 aggregations can self-propagate
within neuronal cells and transmit to adjacent
cells. This mechanism, similar to prion replica-
tion, may be a foundation for the pathology of
ALS [30].

The hyperphosphorylated and ubiquitinat-
ed CTF aggregations are found in the brain of
patients with ALS. However, CTFs are rarely
observed in the spinal cord of ALS patients, even
the ones with remarkable degeneration of spinal
motor neurons. The above suggests that TDP-
43 CTFs accumulate due to additional factors
influenced by regional heterogeneity in the cen-
tral nervous system [29]. TDP-43 accumulation
and propagation in vulnerable brain regions and
the spinal cord contribute to a significant loss
of motor neurons and, thus, clinical syndromes
of the neurodegenerative disorder [32]. The wide
range of TDP-43 protein cell functions and its
post-translational modifications that include
ubiquitination, phosphorylation, and acetyla-
tion indicate the diversity of biochemical mecha-
nisms in the pathogenesis of ALS itself. (TDP-43
biology is illustrated in Figure 1).

Riluzole

Riluzole is the only medication approved for ALS
treatment in Europe [33]. Although initial clinical
trials showed that riluzole treatment increases
a patient's lifespan by 2—3 months, a retrospec-
tive meta-analysis revealed that survival time
could be extended by 6 to even 19 months [34].
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Figure 1. TDP-43 hiology in ALS TDP-43 protein is composed of four domains: N-terminal (NTD), two highly conserved RNA-binding
domains (RRM), and a Carboxyl-terminal fragment (CTF). Deletions or mutations in the nuclear localization signal (NLS) sequence of
the NTD may cause the TDP-43 mislocation and increased cytosol concentration. Mutations in the RRM domains result in disrupted
RNA binding capability. Self-propagation of TDP-43 is mainly the result of the prion properties of CTF. Accumulation of hyperphos-
phorylated and ubiquitinated CTF-rich aggregations, TDP-43 cytoplasmic mislocation, and increased concentration under stress

exposure leads to stress granule formation

Riluzole moderately impacts bulbar and limb
function while not influencing muscle strength
[35]. Glutamate excitotoxicity is another pro-
posed mechanism that might explain complex
ALS pathology; increased glutamate levels in
the cerebrospinal fluid of ALS patients support
this theory [36]. It was established that riluzole
could modulate glutamatergic signaling. Howev-
er, a direct connection with glutamate receptors
has never been shown [36]. Excitatory amino acid
transporter-2 (EAAT2) is a transporter respon-
sible for glutamate reuptake, and it is expressed
in glial cells. EAAT2 mRNA transcript levels are
significantly lower in TDP-43 proteinopathy lead-
ing to the accumulation of glutamate [36]. It was
suggested that riluzole could inhibit the cata-
lytic activity of protein kinase CK1d, preventing
the formation of hyperphosphorylated TDP-43
aggregation and cytoplasmatic mislocalization
[36]. The preservation of TDP-43 homeostasis
mediated by riluzole enables the correct matu-
ration of mMRNA transcripts and, as a result, the
typical expression of the EAAT2 transporter. This
phenomenon shows a connection between ALS
hallmarks: glutamate excitotoxicity and TDP-43
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aggregations [37]. Furthermore, riluzole can mod-
ulate TDP-43 self-interaction without changing
TDP-43 expression; it may result from riluzole's
antioxidative character [33]. Although most ALS
patients receive riluzole after diagnosis, a recent
study performed on a murine model showed that
riluzole administration does not alter total levels
of TDP-43 and does not affect the accumula-
tion of TDP-43 aggregations [38]. However, little
research shows that riluzole reduces TDP43 pro-
tein aggregation. Therefore,inhibition of CK1d
kinase may be a successful approach to reduce
TDP-43 aggregation.

Edavarone — free radical scavenger

Since 2001 edavarone has been used in the
therapy of acute ischemic attack, and the FDA
approved it in 2017 for ALS treatment [39]. Eda-
varone — a free radical scavenger, reduces oxida-
tive stress, a mechanism linked to the pathology
of many neurodegenerative diseases that also
quickens neuron degeneration [40]. Due to the low
number of studies, the direct connection between



edaravone and TDP-43 alterations needs to be
clarified. Nonetheless, the antioxidative character
of edavarone might impact the TDP-43 aggrega-
tion. 3-nitrotyrosine, a specific marker for oxida-
tive stress connected with neuronal degenera-
tion, was significantly reduced after edavarone
treatment in the ALS model [41]. It has been dem-
onstrated that reactive nitrogen species can pro-
mote TDP-43 aggregation through S-nitrosyla-
tion, leading to the formation of disulfide bonds.
Additionally, enhanced nitric oxide generation
and protein misfolding are caused by increased
TDP-43 expression. This positive feedback loop
increases nitrosative stress and protein aggrega-
tion [42]. A study conducted by Ohta et al. revealed
that edavarone could modulate antioxidant cell
response mediated by nuclear factor erythroid
2-related factor-2 (Nrf2) in ALS murine model [43].
Nrf2 controls cell antioxidative response. TDP-43
model demonstrated that in response to oxidative
stress, the Nrf2 protein level and the expression
of antioxidant genes are increased. However, the
levels of glutathione (an essential antioxidant)
are reduced [44]. In addition, TDP-43 alters the
expression of the RNA-binding protein hnRNP
K, resulting in a toxic gain of function. Aberrant
hnRNP k binds to antioxidant gene transcripts
affecting their translation and leading to insuffi-
cient antioxidant cell response [44]. ALS patients
may find edavarone treatment beneficial by delay-
ing the loss of physical function [45].

Selective inhibitors of
nuclear export

Exportin 1 (XPOT) is involved in mediating the
export of many types of proteins and RNAs out
of the cell nucleus, particularly cargos with leu-
cine-rich nuclear export signals (NES) [46, 47].
Selective inhibitors of nuclear export (SINEs) are
drugs that block XPO1 and cause the accumula-
tion of not exported molecules inside the nucle-
us. SINEs are shown to be helpful in patients
with tumours like glioblastoma [48] and multiple
myeloma, for which it is approved by the Food
and Drug Administration (FDA) to be used as
a 5th line of therapy [49]. Using SINEs enhanced
autophagy and lysosomal regulation through
Helix Loop Helix-30 (HLH-30) nuclear enrichment
inSOD-1 based model of AIS in flies and nama-

todes, thus prolonged their lifespan and prevent-
ed neurodegeneration. HLH-30 is an ortholog of
human Transcription factor EB(TFEB), a protein
responsible for the modulation of autophagy
[50]. Therefore, similar effects in ALS-affected
patients might be achieved in the future.. Some
ALS models revealed that SINEs that target XPO1
slightly extend the cellular survival of neurons
and soften motor symptoms. However, there
was no evidence that one specific inhibitor could
influence TDP-43 cytoplasmic levels. To prevent
this, several overlapping mechanisms with multi-
ple transporters like XPO7 or Nuclear RNA Factor
1 (NXF 1) have to target the nuclear export. [51].
Some studies show that TDP-43 does not con-
tain XPO-1-dependent NES. Therefore, the nucle-
ar egress of TDP-43 is believed to be indepen-
dent of XPO-1. The TDP-43 protein is suggested
to be predominantly size-dependent and driven
by passive diffusion [52].

Inhibition of poly (ADP-ribose)
polymerase (PARP)

Poly (ADP-ribose) polymerase (PARP) is respon-
sible for protein modification and DNA repair
[53]. PARP-1 levels are increasing under oxida-
tive stress conditions. The occurrence leads to
an accumulation of ADP-ribose polymers, which
eventually may lead to cell death. This phenome-
non plays a vital role in developing ALS and other
neurodegenerative diseases [54, 55]. Heteroge-
neous ribonucleoprotein A1 (hnRNP A1) is another
RNA-binding protein that also plays a role in the
pathogenesis of ALS [56]. Exaggerated response
to a stressor such as a reactive oxygen species
leads to the recruitment of both hnRNP Al and
TDP-43. Conversely, the decreased Poli ADP-ri-
bosylation (PARylation) suppresses the forma-
tion of these stress granules in motor neuron-like
cell lines. Therefore using PARP inhibitors, such
as a drug like Olaparib used in the treatment of
ovarian and breast cancer, may be a candidate for
further investigation in ALS treatment [55].

Autophagy induction

Autophagocytosis is a multi-step process
responsible for eliminating dysfunctional organ-
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elles and proteins, including TDP-43, FUS, TAF
15, and EWSR1. Research indicates that impaired
autophagy takes part in the formation of pro-
tein aggregations in eukaryotic cells such as
motoneurons [57]. It may also play a role in the
pathogenesis of neurodegenerative diseases.
Numerous autophagosomes were found in the
motoneurons of patients with both ALS forms,
indicating disrupted autophagocytosis [58].The
autophagy pathway is regulated by mTOR kinase,
which inhibits the entire process. The use of
mTOR inhibitors, and hence the promotion of the
elimination of protein deposits, could be crucial
for future ALS therapy [59]. Rapamycin (Siroli-
mus) is a well-known and widely used immuno-
suppressive drug that stimulates autophagocy-
tosis as an mTOR inhibitor. Ongoing clinical tri-
als indicate controversial effects of Sirolimus
in various genetic animal models. Additional
improvement in the function of locomotor cells
with TDP-43 deposits has d Rapamycin's pro-
tective effect [60]. Trehalose is a natural disac-
charide that stimulates rapamycin-dependent
autophagy and thus lowers the concentration
of TDP-43 in spinal cord cells and motoneurons
[61, 62]. It also stimulates the nuclear transloca-
tion of TFEB (transcription factor EB), which reg-
ulates the genes depending on the autophagy
pathway. Trehalose treatment also induces rapid
and transient lysosomal enlargement and mem-
brane permeabilization [62]. Lithium is another
element that enhances autophagocytosis, and
is commonly used in treating mental diseases.
Lithium also has a therapeutic effect depending
on the patient's genotype. ALS patients with the
UNC13A mutation benefit most from blocking the
mTOR kinase pathway [63].

Antisense oligonucleotides
therapies

Almost 10% of ALS cases are familial (famil-
ial amyotrophic lateral sclerosis, fALS). 70% of
fALS could be explained by known mutations, the
essential being: SOD1, C90RF72, FUS, and TAR-
DP [64]. The link between known mutations and
ALS opens possibilities for personalized medi-
cine, such as using antisense oligonucleotides
(AS0). ASOs are single-stranded, synthetic oligo-
nucleotides that can bind RNA with high speci-
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ficity and could modulate gene expression in two
different ways. The first mechanism involves the
degradation of targeted RNA mediated by ribonu-
clease H, which lowers the level of the targeted
protein. ASOs may also affect alternative splicing
by acting as splice-switching oligonucleotides.
Exon skipping and exon inclusions are two forms
of splicing modification [64, 65].

Superoxide dismutase is an enzyme encoded
by the SOD1 gene. Mutations in SOD1 are 10%
fALS and 2% sALS (sporadic amyotrophic lateral
sclerosis) cases [66]. However, The connection
between the mutation in the SOD1 and the TDP-
43 protein is unclear. Some authors suggest no
TDP-43 aggregations in SOD1-fALS [67]. Nev-
ertheless, others report that a high concentra-
tion of SOD1 protein may affect TDP-43 through
phosphorylation and fragmentation, as a result of
which SOD1 promotes nuclear-cytoplasmic mis-
localization and accumulation of TDP-43 in the
cytoplasm [68,69]. Tofersen is the ASO therapy for
SOD1-fALS currently in the clinical trial (BIIBO67).
It is an ASO that binds directly to SOD1 mRNA,
stimulating its degradation via RNAse H, which
prevents the toxic accumulation of SOD1 [70].
Phase 1 and 2 studies have shown that tofersen
in a dose of 100 mg reduces the concentration
of SOD1 in cerebrospinal fluid by 36% compared
to placebo [65]. Additionally, it may slow disease
progression, but this requires further studies [71].

Fused in sarcoma (FUS), like TDP-43, belongs
to the family of RNA binding proteins (RBP). RBPs
are located mainly in the nucleus and are involved
in RNA metabolism [672]. The leading cause of
early-onset ALS is FUS mutations [73] which are
responsible for 4% of fALS and 2% of sALS cases
[74]. No TDP-43 deposits were found in FUS-fALS
[67]. ION363 is an ASO designed against the 6th
intron of the FUS transcript [74]. The first-in-hu-
man study showed that repeated administra-
tion of ION363 to a FUS-ALS patient reduced of
FUS aggregates characteristic for FUS-fALS. The
above study, combined with studies performed
on murine models [74], suggests that ION363
silences the mutant FUS transcript and results
in a reduction of pathological FUS aggregates
and a slowing down of motor neuron degenera-
tion [74]. However, a single-patient study cannot
determine whether ION363 modifies the course
of the disease. The ongoing study NCT04768972



[75] could answer the whether patients with
FUS-ALS will benefit from ION363.

The increased number of the G4C2 repeats in
the uncoded C90RF72 region is the leading cause
of fALS, responsible for 40% of fALS and 5-10% of
SALS [76] The expansion of G4C2 repeats in the
C90RF72 leads to specific processes such as hap-
loinsufficiency, formation of RNA foci, and forma-
tion of dipeptide repeat proteins (DPR) [77]. Those
changes are present many years ahead of the for-
mation of TDP-43 aggregates in motor neurons,
probably favouring the deposition of TDP-43 [78].
Researchers observed that DPR (polyGR) acceler-
ates the formation of TDP-43 aggregation [77]. ASO
designed selectively against V1 and V3 transcripts
of C90RF72 may lead to RNA foci and DPR reduc-
tion [78,79]. Administration of ASO on the C9ALS
animal model showed a decrease of poly-GP and
V3 transcript in cerebrospinal fluid [78,79]. Brown
et al. were the first to apply ASO in treating C9ALS
patients. The patients tolerated the therapy well,
and polyGP reduction was observed [78].

The ATXN2 gene is mainly associated with spi-
nocerebellar ataxia type 2 (SCA2), but an increased
number of CUG (glutamine-encoding) repeats in
ATXN2 was associated with a higher incidence of
ALS [80, 81]. In addition, 4.7% of ALS patients have
intermediate-length polyglutamine (polyQ) expan-
sions in ataxin 2 [80]. Ataxin 2 is a protein involved
in RNA metabolism, including stress granule
assembly [82]. Intermediate-length PolyQ expan-
sions stimulate the formation of TDP-43 aggre-
gates in motoneurons [83]. It has been observed
that lowering the concentration of ataxin 2 reduc-
es the TDP-43 aggregation and improves surviv-
al and locomotor function in transgenic TDP-43
mice [82]. The therapy proposed by the authors
is the first ASO therapy designed against a gene
that is not the direct cause of neurodegenerative
disease [82]. Due to crucial, physiological TDP-
43 cellular functions, it is not feasible to develop
an ASO therapy that directly modifies TDP-43.
Therefore the primary group of ALS patients could
benefit from ASO targeting ATXN2 [82, 84].

Stimulation of protein
disaggregation

In ALS, both familial and sporadic, there are sev-
eral abnormalities in protein synthesis, especially

TDP-43. To begin with cytoplasmic mislocaliza-
tion, through the deposition of hyperphosphory-
lated protein in the form of aggregations, and to
end with cutting off C-terminal fragments, ulti-
mately leading to toxic protein aggregation in the
patient's brain and spinal cord. Reversing pro-
tein aggregation could be a promising therapeu-
tic strategy [85]. Thermal shock proteins (chap-
erones) control other proteins' quality and per-
form protective functions for proteins against
stress factors such as temperature, chemicals,
or oxidative stress. One of them, Hsp-104 iso-
lated from S. cerevisiae, exhibits disaggregation
abilities concerning toxic protein deposits. Stud-
ies report that genetically modified Hsp-104 can
dissolve TDP-43 aggregates but does not prevent
their formation [86]. Naturally occurring in the
human body Hsp-70 and Hsp-90 are stimulated
by a transcription factor HSF1. It was discovered
that a small molecule called acrimoclomol could
stimulate HSF1[87]. Activating the HSF1 pathway
reduces cell levels of TDP-43 deposits [88,89].
However, after promising results in preclinical tri-
als, phase lll tests questioned acrimoclomol effi-
ciency as a form of ALS treatment [90]. Hsp-90, in
cooperation with its co-protein Sti1 and possibly
Hsp-70, can alter TDP-43 misfolding and stabi-
lise the TDP-43 conformation, thereby reducing
TDP-43 toxicity [91]. Another function of Hsp-70
is to regulate autophagy by stimulating the bind-
ing of lysosomes to damaged proteins [92]. The
Hsp-110 collaborates with the Hsp-70 protein
family that functions as part of the disaggrega-
tion pathway. A study by Nagy et al. indicated
that Hsp-110 could increase the survival time in
the ALS murine model [93]. Serine-rich chaper-
one protein (SRCP-1), a novel chaperone protein
that prevents protein aggregation in the cell cul-
ture of Huntington's disease, has shown contro-
versial results in ALS models [88]. More studies
and optimization are needed to evaluate its effec-
tiveness [94]. HspAb5 is a chaperone protein that
binds directly to TDP-43. Recent studies indicate
that up-regulation of HspA5 in ALS may increase
motor neuron survival by inhibiting TDP-43 mis-
folding and subsequent toxicity. [90].

Single chain variable fragment (scFv) obtained
by molecular methods from monoclonal antibod-
ies could be a promising approach in the treat-
ment of neurodegenerative diseases like Hun-
tington's disease, Parkinson's disease, and ALS.
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Table 1. Summary of presented strategies and their research phase

Treatment strategy

Proposed mechanism of action in correlation with TDP-43

Clinical results

Riluzole

Riluzole inhibits the kinase CK16 and thus prevents the formation
of hyperphosphorylated TDP-43 aggregations.

Prolongs median survival time by 3
months, compared to placebo [91].

Edavarone

Edavarone modulates antioxidant cell response mediated by Nrf2
and thus reduces oxidative stress, leading to TDP-43
aggregations.

Slows disease progression by 33%
measured by ALSFRSR scale [91].

SINEs (Selective
inhibitors of nuclear
export)

SINEs are drugs that block XPO1 and cause the accumulation of
not exported molecules inside the nucleus, including theTDP-43
protein.

Strategy in the preclinical phase.

PARP inhibitors (PARPi)

Decreasing the Poli ADP-ribosylation PARPi suppresses the
formation of stress granules.

Strategy in the preclinical phase.

Rapamycin (mTOR Rapamycin inhibits mTOR kinase, enhances autophagocytosis, Currently in Il phase trial [92].
kinase inhibitor) and, as a result, promotes the elimination of TDP-43 deposits.
ASO targeting ATXN2 Antisense oligonucleotides modulate the expression of ATXN2, Strategy in the preclinical phase.
leading to ataxin 2 concentration lowering and, as a result,
a decrease in the TDP-43 aggregation.
Arimoclomol Acrimoclomol activates the HSF1 pathway, stimulates HSP-70 and  Acrimoclomol failed in the phase

HSP-90 to alter TDP-43 misfolding, and stabilises TDP-43

conformation.

A study conducted by Tamaki et al. indicated that
scFv interacts with TDP-43 directly and hastens
the proteolytic degradation of its aggregations.
Moreover, refolding abilities of Hsp-70 enhance
the degradation of the scFv-TDP-43 complex
[95]. Specific scFv can also enhance the polyu-
biquitin chains bound to TDP-43 and stimulate
proteasomal and autophagy degradation path-
ways [95, 96].

Table 1 summarises presented ALS treatment
strategies.

Other ongoing trials

PB-TURSO combines two compounds: phenyl-
butyrate (PB) and taurursodiol (TURSO). Com-
pounds of PB-TURSO have moderating effects
on endoplasmic reticulum stress (PB) and mito-
chondrial dysfunction (TURSO), both mecha-
nisms known as potential pathogenic factors in
ALS. The CENTAUR trial showed that introducing
PB-TURSO therapy prolonged the patient's medi-
an survival by 6.5 months compared with the pla-
cebo [99].

Masitinib is a selective oral tyrosine kinase
inhibitor that targets the c-KIT receptor. Experi-
ments on the ALS model showed masitinib's
ability to regulate microgliosis and neuroinflam-
mation [100]. The study demonstrated that early
introduction (before functional impairment) of
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I1/111 trial (Clinicaltrials.gov
identifier NCT03491462) [84].

masitinib could prolong a patient's survival time
by 2 years compared with a placebo [101].

Reldesemtiv is a fast skeletal muscle troponin
activator (FSTA) that sensitizes the sarcomere to
calcium, enhancing muscular power. This phe-
nomenon may be helpful in ALS and other neu-
romuscular diseases leading to muscle weak-
ness and fatigue [102]. Reldesemtiv was tested
in a phase Il trial in patients with ALS. The ALS
Functional Rating Scale-Revised (ALSFRsR)
decrease noticed a statistically significant fall.
Reldesemtiv was most beneficial for patients with
faster disease progression [102]

Neurotrophic factor-secreting mesenchymal
stromal cells (MSC-NTF, NurOwn) are bone mar-
row-derived mesenchymal stem cells. They were
modified ex vivo to secrete neurotrophic factors
such as Glial Cell Line Derived Neurotrophic Fac-
tor (GDNF) and Vascular Endothelial Growth Fac-
tor (VEGF) [103]. Unfortyntely, phase 3 research
on the use of MSC-NTF for ALS treatment had
not reached a statistically significant response to
treatment or functional improvement compared
to placebo. Nevertheless, analysis of patients’
cerebrospinal fluid (CSF) revealed improvements
in CSF biomarkers related to neuroinflammation
and neurodegeneration after using MCS-NTF
whereas the placebo remained the same [104].

A platform trial is clinical research with a sin-
gle master protocol that evaluates numerous
therapies sequentially across one or more groups
of patients and permits potential inclusion or



exclusions of new therapies in the future. This
model allows for faster development by evaluat-
ing many therapies simultaneously [105]. HEA-
LEY ALS platform trial (NCT04297683) is the first
for ALS patients [105]. Currently, the research
includes five potential drugs: Zilucoplan, Ver-
diperstat, CNM-AUS8, Pridopidine, and SLS-005
Trehalose. The estimated study completion
date is on December 2023. This platform trial
will undoubtedly accelerate the development of
effective ALS therapy [Clinicaltrials.gov identifier
NCT04297683].

Conclusions

Amyotrophic lateral sclerosis is a progressive,
debilitating disorder that leads to a patient's
death. Despite much research, approved therapies
only slightly prolong patients' lives. Therefore,
it is essential to understand the pathogenesis of
ALS and use this knowledge to prepare new treat-
ments. This review aims to demonstrate a new
therapy approach and its possible correlation with
TDP-43 proteinopathy. It is too early to choose
the most promising strategy because most of the
presented therapies are in the preclinical phase.
It requires clinical phase trials to evaluate the
safety and effectiveness of those treatments reli-
ably. However, numerous clinical trials demon-
strated that the early introduction (before func-
tional impairment) of ALS therapies has the best
response to treatment. Hopefully, further therapy
development will enhance patients' prognoses.
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