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ABSTRACT: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that has a complex genetic 

basis. Through advancements in genetic screening, researchers have identified more than 40 mutant genes 

associated with ALS, some of which impact immune function. Neuroinflammation, with abnormal activation of 

immune cells and excessive production of inflammatory cytokines in the central nervous system, significantly 

contributes to the pathophysiology of ALS. In this review, we examine recent evidence on the involvement of 

ALS-associated mutant genes in immune dysregulation, with a specific focus on the cyclic GMP-AMP synthase 

(cGAS)-stimulator of interferon genes (STING) signaling pathway and N6-methyladenosine (m6A)-mediated 

immune regulation in the context of neurodegeneration. We also discuss the perturbation of immune cell 

homeostasis in both the central nervous system and peripheral tissues in ALS. Furthermore, we explore the 

advancements made in the emerging genetic and cell-based therapies for ALS. This review underscores the 

complex relationship between ALS and neuroinflammation, highlighting the potential to identify modifiable 

factors for therapeutic intervention. A deeper understanding of the connection between neuroinflammation and 

the risk of ALS is crucial for advancing effective treatments for this debilitating disorder. 
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1. Introduction 

 

Amyotrophic Lateral Sclerosis (ALS) is a severe and fatal 

neurodegenerative disorder affecting the central nervous 

system (CNS), with a lifetime risk estimated at 1 in 350 

individuals [1, 2]. The devastating disease is characterized 

by progressive neuronal degeneration, primarily 

impacting both upper and lower motor systems [3–5]. As 

the disease advances, patients experience a range of 

symptoms, including varying degrees of voluntary 

skeletal muscle weakness and atrophy, which result in 

impairments in limb movement, speech (dysarthria), 

swallowing (dysphagia), and eventually respiratory 

function [2, 6]. Despite the variable rate of disease 

progression, the majority of patients succumb to 

respiratory failure within approximately three years of 

symptom onset [7]. Additionally, a significant proportion 

of patients exhibit non-motor manifestations, such as 

cognitive impairment and behavioral changes [8], 

underscoring the multisystemic nature of ALS. 

The genetic underpinnings of ALS are intricate, 

involving a combination of monogenic and oligogenic 

risks associated with pathogenic rare variants that exhibit 

substantial effect sizes [9]. To date, more than 40 genes 

have been implicated in ALS, with the most frequently 

mutated genes including chromosome 9 open reading 

frame 72 (C9orf72), superoxide dismutase 1 (SOD1), 

TAR DNA binding protein 43 (TARDBP) and fused in 

sarcoma (FUS) [9, 10]. Mounting evidence suggests that 

inflammatory mechanisms play a crucial role in the 
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pathogenesis of ALS, particularly in the context of these 

highly penetrant genetic mutations. These mechanisms 

manifest as aberrant activation of immune cells, excessive 

production of inflammatory cytokines, and alterations in 

specific cellular populations [11, 12]. For instance, in 

Sod1G93A mice, infiltration of CD8+ T cells into the CNS 

selectively triggers motor neuron loss by upregulating 

interferon (IFN)-γ production [13]. Therefore, the 

neuroinflammatory processes observed in ALS patients 

and disease models have gained recognition as a pivotal 

component of ALS pathophysiology. 

The convergence of ALS-associated genes and 

aberrant inflammatory responses provides compelling 

evidence supporting the role of neuroinflammation as a 

significant contributor to the pathogenesis of the disease. 

However, the pathological evidence linking ALS and 

immune dysregulation suggests that neuroinflammation is 

an independent factor that promotes the development of 

the disease, extending beyond specific genetic causes. 

Traditionally, the activation of microglia and astrocytes is 

assessed through Iba1/CD86 and glial fibrillary acidic 

protein (GFAP) immunostaining, respectively, 

consistently showing a positive correlation with the rate 

of disease progression in ALS patients [14]. Histological 

observations have revealed morphological alterations in 

microglia, such as enlarged ramifications resembling 

tissue injury, in the motor cortex of individuals with 

sporadic ALS  [12]. Additionally, prominent infiltration 

of peripheral immune cell populations has been observed 

in the parenchymal milieu of ALS patients and mice, 

indicating compromised blood-brain barrier (BBB) 

integrity [15]. Early immunohistochemical analysis of 

autopsy tissues has demonstrated a significantly higher 

presence of T cell infiltrates in ALS brain and spinal cord 

tissues compared to control specimens [16, 17]. 

Accordantly, increased expression of dendritic and 

monocytic transcripts has been observed in ALS spinal 

cords, which has been associated with more rapid disease 

progression [18].  

In addition to changes in immune cell populations, 

altered cytokine production profiles have been observed 

even in apparently sporadic cases without identifiable 

mutations. The activation of proinflammatory 

monocytes/macrophages and a reduction in the levels of 

anti-inflammatory regulatory T (Treg) cells in peripheral 

blood have been directly correlated with disease 

progression [19, 20]. These correlations likely arise from 

significant alterations in circulating inflammatory 

cytokine levels, such as tumor necrosis factor (TNF)-α, 

interferon (IFN)γ, and interleukin (IL)-6 in ALS patients 

[21, 22]. Supporting this notion, RNA sequencing 

analysis of isolated ALS monocytes has revealed a 

distinct gene expression profile associated with 

inflammation, including IL-1B, IL-8, FOSB, and C-X-C 

Motif Chemokine Ligands (CXCLs) [23]. Furthermore, in 

vitro experiments using lipopolysaccharide (LPS)-

stimulated dendritic cells derived from peripheral blood 

of ALS patients demonstrated significantly elevated 

levels of IL-8 and C-C Motif Chemokine Ligand 2 

(CCL2) production [24]. Taken together, the current 

evidence suggests that a combination of motoneuron 

autonomous and immune-mediated non-cell autonomous 

mechanisms contribute to ALS neurodegeneration. 

This review aims to provide comprehensive insights 

into the intricate interplay between ALS and 

neuroinflammation. It examines the most recent evidence 

regarding the involvement of ALS-associated mutant 

genes in immune dysregulation, focusing on the cyclic 

GMP-AMP synthase (cGAS)-stimulator of interferon 

genes (STING) signaling pathway and N6-

methyladenosine (m6A)-mediated immune regulation in 

the context of neurodegeneration. The review delves into 

the aberrant phenotypes of immune cells, encompassing 

resident CNS glial cell activation (microglia and 

astrocytes), infiltration of peripheral immune cells 

(monocytes and macrophages), and impaired Treg cell 

functions. Moreover, the potential of understanding the 

relationship between neuroinflammation and ALS risk to 

identify modifiable factors for therapeutic development is 

explored. In the final section of the review, the prospects 

of emerging genetic and cell-based therapies are 

evaluated. By shedding light on the complex nature of the 

association between ALS and neuroinflammation, this 

review aims to inspire future research endeavors aimed at 

developing effective treatments for this devastating 

disorder. 

 

2. Genetic connections between neuro-

inflammation and ALS 

 
2.1.  ALS-implicated genes and cGAS/STING 

pathway 

 

The use of genetic screening in ALS patients has resulted 

in the identification of numerous mutations, some of 

which affect immune gene function and contribute to 

neuroinflammation. Neuroinflammation in ALS is 

characterized by increased production of nuclear factor 

κB (NF-κB)-related cytokines [25] and activation of type 

I IFN signaling [26]. Under normal conditions, optineurin 

(OPTN) controls NF-κB activity, but its absence can lead 

to NF-κB translocation to the nucleus, triggering 

proinflammatory responses [27]. Similarly, angiogenin 

(ANG) can suppress TNF-α-induced inflammation by 

inhibiting TBK1-mediated NF-κB nuclear translocation 

[28]. Mutations in gene encoding sequestosome 1/p62 

(SQSTM1) and valosin containing protein (VCP) also 
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contribute to proteinopathies and immune dysregulation 

by impairing autophagy and the degradation of aggregated 

protein [29–31]. TANK-binding kinase 1 (TBK1) 

phosphorylates SQSTM1 and OPTN, and 

haploinsufficiency of TBK1 is associated with both ALS 

and frontotemporal dementia (FTD) [32]. 

Recent observations suggest that constitutive 

activation of STING pathways can cause neuro-

inflammation and degeneration of dopaminergic neuron 

[33]. Yu et al. demonstrated that TDP-43 induces 

mitochondrial toxicity, leading to the release of 

mitochondrial DNA (mtDNA) into the cytoplasm. This 

activates the cytosolic cGAS/STING pathway and 

downstream type I IFN signaling [34, 35]. Microglia 

phagocytose cytoplasmic aggregates of TDP-43, a 

pathological hallmark observed in nearly all ALS and 

FTD cases [36], via the triggering receptor expressed on 

myeloid cells 2 (TREM2) [37]. Under physiological 

condition, TDP-43 is predominantly found in the nucleus, 

where it regulates RNA metabolism, but mutations in 

TARDBP enhance the propensity for TDP-43 aggregation 

[38]. Using induced pluripotent stem cell (iPSC)-derived 

motor neurons and TDP-43 mutant mice, the authors 

observed that pharmacological inhibition and genetic 

deletion of STING can mitigate TDP-43-induced 

neurodegeneration by downregulating inflammatory NF-

kB and type I IFN gene expression [34]. 

 

 
 
Figure 1. cGAS-STING signaling pathway in amyotrophic lateral sclerosis (ALS). TDP-43 translocated into 

mitochondria induces the release of mitochondrial DNA, which is recognized by cGAS. The activation of cGAS enzymatic 

function leads to the synthesis of a potent ligand cGAMP, which further activates STING. This induces phosphorylation 

of STING and activation of downstream TBK1-IRF3 pathway. The cGAS-STING signaling pathway also promote NF-

κB signaling, leading to hyperactive type I IFN responses. Multiple ALS-implicated genes are involved in this complex 

signaling network. This figure was created with Figdraw (ID: RWORS44333).  

In addition to TARDBP, several ALS risk genes have 

been associated with proinflammatory activity mediated 

by cGAS/STING signaling. When cytoplasmic DNA 

binds to cGAS, it catalyzes the synthesis of cyclic GMP-

AMP (cGAMP), which activates the adaptor protein 

STING. This leads to the recruitment and activation of 

TBK1 for the phosphorylation of interferon regulatory 

factor 3 (IRF3) [39–41]. C9orf72 regulates the 

degradation of STING through autophagy and the 

lysosomal pathway, while complete knockout of C9orf72 

in mice sensitizes myeloid cells to STING and induces 

hyperactive type I IFN responses [42]. This finding was 



 He D., et al.                                                                                                                          Neuroinflammation in ALS

   

Aging and Disease • Volume 15, Number 1, February 2024                                                                              99 

 

further supported by analyzing peripheral blood and CNS 

tissue from patients with C9orf72 repeat expansions, 

which revealed an elevated type I IFN signature that could 

be suppressed by STING inhibition [42]. STING also 

interacts with heterogeneous nuclear ribonucleoprotein 

A2B1 (hnRNPA2B1), which translocates to the 

cytoplasm upon detection of pathogenic DNA [43]. In 

cytoplasm, hnRNPA2B1 colocalizes with TBK1 and 

activates TBK1-IRF3 pathway to mediate IFN production 

[43]. Collectively, the fact that multiple ALS mutant 

genes alter cGAS/STING-related signaling provides 

evidence for the importance of this pathway in ALS 

pathogenesis (Fig. 1). 

 

2.2. m6A-mediated regulation of inflammatory 

processes in ALS 

 

Compromised RNA metabolism is a significant 

pathological feature of ALS, as evidenced by mutations in 

genes such as C9orf72, TARDBP, and FUS. These RNA-

binding proteins (RBPs) have been found to be m6A-

specific binding proteins, which regulate mRNA stability, 

splicing, and translation by recognizing m6A 

modifications [44–47]. Recent studies have highlighted 

the enrichment of m6A quantitative trait loci (m6A-QTL) 

in ALS postmortem brain and identified TARDBP as a 

potential m6A reader [48]. It has also been observed that 

TDP-43 preferentially binds to m6A-modified RNA, and 

ALS spinal cords exhibit widespread mRNA 

hypermethylation [49]. Our unpublished data indicates 

that a similar hypermethylated state can be observed in the 

peripheral blood of ALS patients, and the differentially 

methylated genes primarily influence biological processes 

associated with immune cell migration. Single-cell 

profiling of the ALS primary motor cortex and weighted 

gene co-expression network analysis (WGCNA) have 

indicated that several hub genes of the ALS-specific 

modules are associated with m6A RNA metabolism [50]. 

Given that transcripts encoding type I IFNs are heavily 

methylated and type I IFN-mediated inflammatory 

response plays a role in ALS neuroinflammation [51], it 

is likely that impaired mRNA metabolism and immune 

dysregulation converge in ALS pathophysiology. 

The post-transcriptionally installed m6A 

modification is the most prevalent eukaryotic mRNA 

modification, which affects diverse biological processes 

via regulating mRNA splicing [52], export [53, 54], 

translation [55, 56], and degradation [57–59]. The 

functional consequences of RNA methylation are 

mediated by the coordinated action of m6A writers 

(methyltransferases), erasers (demethylases), and readers 

(m6A-specific binding proteins) [60–62]. For example, 

the ALS-implicated hnRNPA2B1 enhances TBK1-IRF3 

signaling by blocking the recruitment of FTO and m6A 

removal from cGAS and STING transcripts, leading to 

enhanced production of IFNs [43]. RNA modifications 

also play critical roles in regulating immune cell biology 

[63]. Recent studies have demonstrated that m6A 

modification is involved in macrophage polarization, 

promoting proinflammatory M1 macrophages through 

pathways such as NF-κB and suppressor of cytokine 

signaling (SOCS) [64]. Deficiency of the 

methyltransferase METTL3 in macrophages reduces NF-

κB pathway activity and TNF-α production, indicating a 

positive influence of RNA hypermethylation on M1 

polarization [65, 66]. Other m6A regulators such as 

METTL14, ALKBH5, YTHDF1 and YTHDF2 have also 

been implicated in modulating type I IFN response [51, 

67–69]. These findings suggest that m6A modification 

acts as a critical regulator of innate immunity potentially 

linked to ALS.  

The adaptive immunity associated with ALS 

pathophysiology is also regulated by m6A modification. 

Conditional deletion of Mettl3 or Mettl14 in murine CD4+ 

T cells impairs T cell differentiation and homeostasis [70, 

71], while mice lacking Mettl3 or Mettl14 specifically in 

Treg cells displayed severe autoimmunity despite normal 

numbers of Foxp3+ Treg cells [72, 73]. The SOCS family 

genes, which negatively regulate inflammatory cytokine 

signaling by inhibiting IL-7 mediated STAT5 activation, 

are m6A-modified and exhibit slower mRNA degradation 

in T cells lacking Mettl3 expression [71]. Because these 

SOCS genes are characterized by short half-life, m6A 

modification likely regulate adaptive immune response 

via affecting mRNA stability [74]. On the other hand, 

deficiency of the m6A eraser ALKBH5 results in 

attenuated CD4+ T cell responses to repress autoimmunity 

due to increased m6A modification on IFNγ and CXCL2 

mRNA [75]. These findings indicate that m6A 

modification participates in multiple biological processes 

of immune cells, modulating inflammatory responses that 

may be relevant to ALS pathogenesis. Therefore, the 

mechanisms by which m6A regulates innate and adaptive 

immunity in ALS represent an emerging field for future 

investigation (Fig. 2). 

 

2.3. C9orf72 

 

The hexanucleotide repeat (G4C2) expansions in the 

noncoding region of C9orf72 are the most common 

genetic cause of ALS [9, 76]. C9orf72 is highly expressed 

in myeloid cell lines, indicating its involvement in 

immune responses [77–79]. Loss-of-function (LoF) 

mutations in C9orf72 leads to severe autoimmunity and 

premature mortality in mouse models [80]. Mutant 

C9orf72 has differential pathogenic effects on neuronal 

and non-neuronal cells. In C9orf72 -/- mice, impaired 

autophagy function leads to a proinflammatory state in 
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microglia with enhanced expression of IL-6 and IL-1β 

[81], although no motor neuron defects were observed 

[82]. Besides the LoF mechanism, evidence for a toxic 

gain-of-function (GoF) has also been observed in ALS 

patients with C9orf72 mutations. C9orf72 repeat 

expansions impair RNA metabolism by sequestering 

RNA binding proteins (RBPs) [83], while the dipeptide 

repeat proteins (DRPs) poly-GR and poly-GA generated 

by the expansions disrupt protein homeostasis and induce 

TDP-43 aggregation through TBK1 phosphorylation [84–

86]. Additionally, poly-GA can activate the microglial 

inflammasome, leading to the production of IL-1β, which 

in turn induces TREM2 cleavage and inhibits 

phagocytosis of poly-GA aggregates [87]. These studies 

collectively suggest that altered functions of C9orf72 can 

directly influence myeloid cell immunity, which plays a 

critical role in ALS pathogenesis. 

 

 
 
Figure 2. Molecular consequences of m6A modification in amyotrophic lateral sclerosis (ALS). m6A is post-

transcriptionally installed by the writer complex consisting of METTL3, METTL14 and other accessory proteins. m6A can 

be removed by the m6A demethylases such as FTO, which can be blocked by the m6A reader hnRNPA2B1. TDP-43 

preferentially binds to m6A-modified mRNA, while reduction of the m6A reader YTHDF2 mitigates TDP43-mediated. 

toxicity. m6A modification of mRNA transcripts leads to enhanced type I IFN-mediated inflammatory response and is 

involved in regulating Treg cell homeostasis. This figure was created with Figdraw (ID: AOUAR54dee).  

2.4 SOD1 

 

Since its identification as a major ALS gene with a GoF 

mechanism [88], transgenic mice overexpressing human 

mutant SOD1 (mSOD1) have been extensively used for 

studying disease pathogenesis. Early investigations 

demonstrated that the neurotoxicity of mSOD1 is not cell 

autonomous to motor neurons [89], but rather depends on 

its expression in microglia [90]. This was further 

supported by experiments using chimeric mice, where 

wildtype motor neurons displayed ALS pathological 

features when surrounded by mSOD1-expressing glial 

cells, whereas wildtype glial cells significantly prolonged 

the survival of mSOD1-expressing neurons [91]. 

Mechanistically, the cytoplasmic aggregation of mSOD1 

in microglia activates caspase-1 and IL-1β pathways, and 

inhibiting these pathways effectively attenuates 

inflammation and extends survival [92]. Microglia 

expressing mSOD1 also secrete higher levels of 

proinflammatory factors such as TNF-α, superoxide, and 

nitric oxide (NO) in response to LPS stimulation 

compared to wildtype microglia [93, 94], while selective 
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inhibition of NF-κB in microglia rescues motor neurons 

from microglia-induced death [95]. In SOD1G93A mouse 

models, it has also been observed that loss of TBK1 kinase 

activity reduces the IFN response while aggravating 

SOD1 aggregation in motor neurons due to impaired 

autophagy function [96]. Based on current evidence, there 

is a strong correlation between the immune-driven 

mechanism and the neurotoxicity of mSOD1 in ALS, 

confirming the pivotal role of neuroinflammation in the 

pathogenesis of the disease.  
 

3. Glial activation and immune cell infiltration 
 

ALS is traditionally considered a disease primarily 

affecting motor neurons. However, recent evidence has 

highlighted the crucial roles of CNS immune cells in both 

the onset and progression of the disease. Microgliosis and 

astrogliosis, characterized by the activation and 

proliferation of microglia and astrocytes, have been 

observed in the motor cortex of ALS patients and mice 

with TDP-43 pathology [97]. Transcriptomic analysis of 

postmortem ALS spinal cords has also demonstrated a 

significant increase in gene expression related to 

microglia and astrocytes, accompanied by a decrease in 

genes associated with oligodendrocytes and neurons, 

further highlighting the involvement of these CNS cell 

types in ALS-related neuroinflammation [98]. In the 

following sections, we will provide an overview of the 

key CNS cell types that contribute to neuroinflammation 

in ALS (Fig. 3).  

 

 
 

Figure 3. Central and peripheral immune cells in amyotrophic lateral sclerosis (ALS). Protein aggregates from motor 

neurons induce reactive microglia, which further activate astrocytes to produce proinflammatory cytokines that have 

cytotoxic effects. Upregulated expression of CCL2 by microglia and neurons promote peripheral immune cell infiltration, 

which aggravates neuroinflammation. Additionally, various circulating peripheral immune cells traffic to the central 

nervous system following endothelial damage in patients with ALS. 

This figure was created with Figdraw (ID: IAUOIc7855).  

3.1 Microglia 

 

Microglia, which compromise approximately 5% of the 

glial cell population in the CNS, function as resident 

macrophages in the CNS [99, 100]. These cells constantly 

monitor their microenvironment and have the capacity to 

rapidly alter their morphology and gene expression profile 

in response to any perturbation in CNS homeostasis [100, 

101]. Postmortem examinations have confirmed 

widespread microglial activation in ALS [102], and PET 
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imaging has shown a correlation between microglial 

activation and disease progression [103, 104]. However, 

the conventional classification of microglial activation 

into two distinct phenotypes, namely the neurotoxic M1 

phenotype and the neuroprotective M2 phenotype, is now 

considered overly simplistic [105]. Evidence suggests that 

the anti-inflammatory and pro-inflammatory responses 

exhibited by microglia should be viewed as a continuum 

between these polarized states, as demonstrated by the 

temporal shift from predominant expression of M2-

associated markers at disease onset to M1-associated 

markers at end-stage disease [106]. 

During pre-symptomatic stages of ALS in a mutant 

SOD1 mouse model, microglia have shown an 

upregulated expression of the anti-inflammatory cytokine 

IL-10, and blockade of IL-10 has been found to 

significantly accelerate the clinical onset of the disease 

[107]. Additionally, studies have demonstrated that 

reactive microglia can selectively eliminate TDP-43 

aggregates and promote motor function recovery in 

mouse models with reversibly induced neuronal TDP-43 

aggregation [108]. Under normal physiological 

conditions, microglia typically eliminate TDP-43 via 

phagocytosis, whereas in its absence, a distinctive 

sequence of events that involves TDP-43 

nucleocytoplasmic redistribution and neurodegeneration 

occurs, as observed in vivo using zebrafish spinal cord 

imaging [109].  

As ALS progresses, degenerated neurons release 

proinflammatory substances that induce microglial 

activation, resulting in the expression of genes specific to 

neurodegeneration [110]. For example, exposure to 

exogenous mutant SOD1 recombinant protein has been 

shown to increase the release of free radicals and 

proinflammatory cytokines, mediated through toll-like 

receptor (TLR) 2, TLR4 and CD14 [111]. Both mutant 

SOD1 and TDP-43 can trigger microglial inflammasomes 

in a NLRP3-dependent manner, leading to caspase-1 

activation and upregulation of IL-1β [112]. 

Overexpression of Poly(GA) in C9orf72 mouse models 

can induce significant activation of microglial IFN 

responses, as well as selective neuron loss [113].  

Taken together, current evidence suggests that 

microglia activation is critically involved in ALS-

associated neuroinflammation. However, the extent to 

which microglial activation acts as a causative factor in 

accelerating neuronal loss or serves as a compensatory 

response to neurodegeneration remains incompletely 

understood [114, 115]. Further investigations are 

necessary to elucidate the dual functions of microglia at 

distinct stages of disease progression. Such studies would 

contribute our understanding of the pathogenic mutations 

responsible for ALS, including SOD1, TDP-43 and 

C9orf72.  

3.2 Astrocyte 

 

Astrocytes, which constitute approximately 20% of glial 

cells in the CNS [99], play a vital role in maintaining the 

CNS microenvironment by providing trophic support to 

neurons, modulating synaptic activity, and facilitating 

repair processes [114, 116]. Similar to microglia, 

disruptions in CNS homeostasis can trigger astrocytic 

polarization towards the neurotoxic A1-like reactive 

phenotype [117]. However, current evidence does not 

support a neuroprotective role for astrocytes during the 

early stages of the disease. Instead, intracellular 

communication between astrocytes and other CNS cells 

often leads to astrocytic polarization towards the 

neurotoxic A1 phenotype. Notably, activated microglia 

release proinflammatory cytokines that promote the 

neurotoxic reactive state in astrocytes [118]. Deleting 

genes responsible for producing IL-1α, TNFα, and 

complement component C1q can alleviate this 

phenomenon, resulting in prolonged survival in the 

SOD1G93A mouse model [119]. Furthermore, selective 

expression of mutant SOD1G86R in astrocytes results in 

normal morphology of motor neurons and microglia, 

despite evident signs of astrocytosis  [120]. Co-culturing 

astrocytes overexpressing mutant TDP-43 with neurons 

expressing wild-type or mutant TDP-43 does not affect 

neuronal survival [121].  

In contrast, reducing the expression of mutant SOD1 

in astrocytes has been shown to mitigate neurotoxicity 

mediated by patient-derived astrocytes in vitro [122]. This 

finding is further supported by studies demonstrating 

significantly delayed microglial activation and disease 

progression in mouse models [123, 124]. Transplanting 

wild-type astrocyte precursors has been found to 

ameliorate microgliosis and extend survival in SOD1G93A 

mice [125], whereas transplanting mutant SOD1G93A 

astrocyte precursors into wild-type mice leads to motor 

neuron degeneration [126]. The neurotoxicity of 

astrocytes likely depends on the release of astrocyte-

derived soluble factors, such as transforming growth 

factor-β1 (TGF-β1), which interferes with the 

neuroprotective effects of microglia and T cells [127, 

128]. Additionally, defects in energy metabolism 

(adenosine, fructose and glycogen) and disruptions in 

mitochondrial transport contribute to the neurotoxic 

properties exhibited by C9orf72-induced astrocytes [129, 

130]. Moreover, astrocytes with restricted TDP-43 

expression demonstrate downregulated expression of 

neurotrophic genes [131]. In transgenic mice with 

astrocyte-restricted expression of mutant TDP-43, motor 

neuron loss is accompanied by a progressive deficiency in 

the expression of glutamate transporter genes and 

induction of the neurotoxic lipocalin 2 (LCN2) in 

astrocytes  [132]. Furthermore, iPSC-derived C9orf72 
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mutant astrocytes exhibit decreased secretion of 

antioxidant proteins and increased release of soluble 

factors associated with oxidative stress [133]. 

In summary, the pathogenic role of astrocytes in ALS 

primarily stems from their enhanced secretion of 

neurotoxic factors and reduced production of 

neurotrophic factors. Unlike microglia, astrocytes are not 

known to adopt a neuroprotective phenotype during the 

early stages of the disease. Instead, the activation of 

proinflammatory astrocytes depends on reciprocal 

communication with other CNS cells, particularly 

microglia, through the secretion of inflammatory 

mediators. 

 

3.3 Immune cell infiltration 

 

Recent research has revealed that during the development 

of ALS, various immune cells typically associated with 

the periphery infiltrate the CNS and join the resident glial 

cells [134]. Under normal circumstances, the influx of 

immune cells from the peripheral system into the CNS 

parenchyma is tightly regulated by specialized structures 

such as BBB. However, mutant SOD1-mediated 

endothelial damage occurs before the neurovascular 

inflammatory response and motor neuron death, 

suggesting that compromised BBB function contributes to 

the initiation of ALS-related neuroinflammation [135, 

136]. Postmortem analyses of ALS tissues have 

confirmed widespread disruptions of vascular integrity in 

the choroid plexus epithelial layer and loss of pericytes 

around blood vessels [137]. Notably, heightened 

transcriptional activity of perivascular fibroblasts has 

been observed during the pre-symptomatic stage prior to 

microglial response in both ALS patients and mouse 

models, and the accumulation of the vascular cell marker 

protein SPP1 has shown a positive correlation with 

disease progression [138]. These findings underscore the 

potential therapeutic significance of targeting vascular 

dysfunction in ALS, as it may deter or even prevent the 

initiation of neuroinflammation and associated motor 

neuron death. 

Apart from compromised BBB function, the entry of 

peripheral immune cells can also be mediated by 

increased expression of chemotactic proteins produced by 

resident CNS cells. For instance, elevated levels of CCL2 

(also known as monocyte chemoattractant protein 1, 

MCP1) have been associated with the infiltration of 

macrophages in ALS spinal cord and cerebrospinal fluid 

(CSF) [18]. In ALS mouse models, splenic monocytes 

exhibit a polarized M1 signature with enhanced 

expression of the chemokine C–C motif receptor 2 

(CCR2), while microglia show increased levels of CCL2 

as the disease progresses, resulting in monocyte 

recruitment into the CNS [139, 140]. Furthermore, the 

infiltration of CCR2+ monocytes into the ALS motor 

cortex has been shown to occur through their interaction 

with the CCL2-expressing Betz cells, which typically do 

not express CCL2 [97].  

However, there is contradictory evidence regarding 

the recruitment of peripheral myeloid cells into the CNS 

during disease development. While some studies have 

reported significant infiltration of peripheral myeloid cells 

into the CNS, others have demonstrated limited 

infiltration when an alternative method such as 

chemotherapy-induced myeloablation was used [141]. 

The discrepancy in these findings may be attributed to the 

possibility of artificial cell infiltration caused by 

irradiation-based myeloablation. Consequently, there are 

conflicting conclusions regarding whether the infiltration 

of peripheral myeloid cells in ALS is neurotoxic or 

neurotrophic [139, 142]. Therefore, further studies are 

needed to elucidate the effects of peripheral immune cell 

infiltration mediated by compromised BBB and CNS 

resident cells in ALS. 

 

4 Peripheral immune cell regulation of CNS cells 

 

Microglia are the primary resident immune cells of the 

CNS under normal conditions. However, it is important to 

note that the lymphatic system of the brain and CSF also 

harbor other types of immune cells that are distinct from 

those found in the circulating blood [143]. Postmortem 

analyses of ALS tissues have indicated the infiltration of 

macrophages/monocytes [18], CD4+/CD8+ T cells [17], 

and NK cells [144]. However, the role of peripheral 

immunity and its interaction with the CNS immune 

system in neurodegeneration is not as well understood as 

that of the residential glial cells within the CNS. In the 

subsequent sections, we will examine the existing 

evidence concerning the potential involvement of 

peripheral immune cells in ALS pathogenesis. 

 

4.1 Macrophage/monocyte 

 

ALS patients exhibit a proinflammatory transcriptomic 

profile in circulating monocytes, particularly in those with 

rapid disease progression [23]. Specifically, monocytes 

derived from ALS patients show a higher tendency to 

differentiate into a pro-inflammatory M1 phenotype, 

characterized by increased expression of IL-6 and TNF-α, 

compared to healthy controls [145]. The loss of C9orf72 

in myeloid cells hinders STING protein degradation via 

the autolysosomal pathway, leading to hyperactive type I 

IFN responses and autoimmunity [42]. In vitro studies 

indicate that IFNγ-stimulated macrophages secrete 

inflammatory mediators that further stimulate microglia 

to produce TNF and NO [146]. In addition, conditioned 

medium from M1 macrophages induces a reactive gene 
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expression in astrocytes [147]. Collectively, these 

findings suggest that peripheral myeloid cells carrying 

ALS-implicated mutations can influence microglial 

functions during motor neuron degeneration, providing a 

proof-of-concept. 

Research has also shown potential benefits of 

periphery-derived myeloid cells. Activated macrophages 

have been observed to infiltrate the peripheral nervous 

system (PNS) of mutant SOD1 mice, constituting a 

distinct population from resident microglia in the spinal 

cord [148]. The infiltration of monocytes into the CNS has 

been positively associated with delayed disease onset and 

improved motor neuron survival in vivo, suggesting a 

protective role for peripheral monocyte infiltration during 

the early stages of the disease [142]. It has been proposed 

that infiltrating macrophages may act as regulatory 

agents, suppressing microglia-mediated neuro-

inflammation [149]. Furthermore, damaged motor 

neurons actively recruit peripheral macrophages and 

CD8+ T cells by upregulating their expression of CCL2, 

major histocompatibility complex class I (MHCI), and 

C3, which, in turn, delays muscle denervation in SOD1 

mice with slow disease progression [150]. These findings 

indicate the potential neuroprotective effects of periphery-

derived myeloid cells in the context of ALS pathology. 

In a recent study by Chiot et al., the roles of peripheral 

macrophages were investigated by replacing mutant 

macrophages with genetically modified macrophages that 

exhibit reduced neurotoxic reactive oxygen species (ROS) 

responses. The authors observed a significant suppression 

of microglial activation, leading to attenuation of the 

symptomatic phase and extended survival of SOD1G93A 

mice [141]. Notably, given their limited infiltration into 

the CNS, it is intriguing that peripheral macrophages have 

such a profound impact on CNS microglia activation. To 

gain further insight into the functional role of peripheral 

macrophages and monocytes on CNS cells, multicellular 

co-cultures of iPSC-derived cells could be a valuable tool 

as they simulate the complex interactions occurring 

between peripheral and CNS cells in vivo.  

 

4.2 T cell 

 

In addition to myeloid cells, early changes in CD4+ T cells 

isolated from peripheral blood samples of ALS patients 

have been found to be significantly correlated with 

disease progression, as measured by the decline in revised 

ALS functional rating scale (ALSFRS-R) [151]. 

Infiltrated CD4+ T cells have been shown to provide 

neuroprotection and prolong the survival of mutant SOD1 

mice by modulating glial cell phenotypes [152, 153]. 

Specifically, Treg cells are increased in number during the 

early stages, inducing neuroprotective M2 microglia and 

suppressing effector T cells by enhancing the expression 

of IL-4, IL-10, and TGF-β [154]. However, as disease 

progression rapidly accelerates, pro-inflammatory Th1 

cells and M1 microglia become dominant due to depleted 

or dysfunctional Treg cells [155]. The numbers of Treg 

cells and FoxP3 protein expression have been found to be 

inversely correlated with disease progression in ALS 

patients [20, 155–157] A preliminary phase I trial also 

observed a significant correlation between increased Treg 

suppressive function and slower disease progression 

[158]. 

In contrast to the neuroprotective CD4+T cells, 

studies have demonstrated that self-reactive CD8+ T cells, 

upon infiltration into the CNS, can accelerate 

neurodegeneration and decrease overall survival in 

SOD1G93A mutant mice, the cytotoxic effects of which 

require an MHCI-dependent interaction between motor 

neurons and CD8+ T cells [13]. The concept of a "dying 

backward" process has been proposed in ALS 

pathophysiology, where neurodegeneration initiates as 

distal axonopathy and progresses retrogradely, as the 

distal axons and neuromuscular junction are constantly 

exposed to circulating immune cells [159]. Research has 

also shown that the absence of microglial MHCI and 

CD8+ T cells in the PNS can have adverse effects on axon 

stability and hasten disease onset, as they actively 

participate in removing axon debris and enhancing axonal 

regrowth [160]. These dual roles of peripheral immunity 

in neurodegeneration offer a possible explanation for the 

lack of success of systemic immunoregulatory 

medications in treating ALS. 

 

4.3 NK cell 

 

An increase in NK cell number has been observed in the 

peripheral blood of ALS patients, and has been negatively 

associated with the risk of death in longitudinal cohort 

studies [151, 161]. Alterations in NK cell surface markers 

related to trafficking and cytotoxicity have been found to 

be associated with changes in the ALSFRS-R in a sex- and 

age-dependent manner, while depletion of NK cells has 

been shown to extend survival in female ALS mice [162]. 

Researchers have used mouse models and primary NK 

cells derived from human subjects to demonstrate that 

pharmaceutical inhibition of NK cell activation could 

potentially protect ALS neurons from NK cell-mediated 

cytotoxicity [163]. Mechanistically, under physiological 

conditions, the presentation of MHCI antigens on motor 

neurons prevents NK cells from engaging in signaling 

cascades that lead to lymphocytic toxicity [164]. 

However, astrocytes derived from ALS patients or mutant 

SOD1 mice have been found to decrease the expression of 

MHCI by motor neuron, which acts as a trigger for NK 

cells to produce effector molecules that induce 

neurotoxicity [165]. In SOD1 mouse models, the CCL2-
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dependent accumulation of NK cells in the motor cortex 

and spinal cord has been found to contribute to motor 

neuron degeneration by inducing M1 microglia 

polarization and impairing Treg cell recruitment [144]. 

Overall, the current evidence suggests a neurotoxic role 

for NK cells in ALS. However, further study is required 

to elucidate the specific mechanisms involved in NK cell-

mediated neurotoxicity in ALS. 

 

5 Therapeutic implication  

 

The treatment of ALS has been challenging, with 

currently approved drugs like riluzole and edaravone 

providing only modest therapeutic benefits in terms of 

patient survival and progression rates. However, 

significant progress has been made in understanding the 

pathophysiology of ALS in the past decade, leading to the 

development of over 50 drug development programs that 

are currently underway [166]. These programs focus on 

developing novel therapeutic agents or reformulating 

existing drugs to target various aspects of ALS pathology. 

Some clinical trials in ALS have targeted motor neuron-

intrinsic pathways that are implicated in the disease, such 

as impaired protein homeostasis, mitochondrial 

dysfunction, aberrant RNA metabolism, and dysregulated 

vesicle transport [4]. For example, the administration of 

Tofersen, which binds to the mRNA of mutant SOD1 and 

reduces the synthesis of the protein, has shown promise in 

slowing functional decline and achieving clinical 

stabilization in patients [167]. Another approach is the 

fixed-dose combination therapy of taurursodiol and 

sodium phenylbutyrate (AMX0035), which inhibits 

mitochondrial-associated apoptosis and histone 

deacetylase, and has demonstrated functional and survival 

benefits [168, 169]. Some latest reviews have provided 

comprehensive overviews of recent advances in ALS 

clinical trials and novel drug development [166, 170]. 

Since neuroinflammation is a prominent target category 

for ALS therapeutic strategies, in the following sections, 

the current landscape of ALS therapeutic approaches 

related to neuroinflammation will be described, 

highlighting the prospects and challenges of emerging 

genetic and cell-based therapies. 

 

5.1 Genetic therapies  

 

Genetic therapy in ALS can be categorized into three main 

approaches: silencing, editing and replacement [170]. 

Silencing methods, such as antisense oligonucleotides 

(ASOs) and RNA interference (RNAi), are used to silence 

genes with toxic GoF mutations; gene editing involves 

correcting genetic mutations using engineered nucleases 

like CRISPR– Cas9; gene replacement aims to deliver 

functional copies of LoF mutant genes [171]. For 

example, the intravenous infusion of an adeno-associated 

viral (AAV) vector containing full-length copies of 

survival motor neuron 1 (SMN1) has shown success in 

treating spinal muscular atrophy type 1 (SMA1), a disease 

characterized by motor neuron degeneration [171]. Given 

the similarities between SMA and ALS, the success of 

gene replacement strategies in SMA has inspired potential 

therapeutic options for ALS. Intracerebroventricular 

(ICV) injection of ASOs targeting GoF ALS mutants has 

already shown promise as a therapeutic strategy in genetic 

mouse models and ALS patients [167, 172–175].  

Targeting neuroinflammation in ALS show 

therapeutic potential, with several genetic candidates 

exhibiting promise in vitro and in vivo. One such 

candidate is TBK1, which plays a critical role in regulating 

type I IFN immunity and NF-κB signaling. 

Haploinsufficiency of TBK1 due to nonsense or 

frameshift mutations has been implicated in ALS 

pathology [176, 177]. Missense mutations in functional 

domains of TBK1 can disrupt autophagy function by 

impairing its ability to phosphorylate IRF3, OPTN and 

SQSTM1 [178, 179]. Studies have demonstrated that ICV 

delivery of AAV-mediated TBK1 gene replacement can 

significantly prolong survival and improve motor function 

in SOD1G93A mice [180]. Manipulation of endogenous 

OPTN expression, a negative regulator of NF-κB, through 

gene replacement therapy has shown potential benefits by 

increasing NF-κB activity and reducing neuronal death 

[181]. Similarly, gene replacement therapy targeting LoF 

mutations in ANG has also been suggested [182]. 

Therefore, genetic manipulation of genes implicated in 

neuroinflammation holds promise for providing 

beneficial effects in specific subsets of ALS patients.  

While genetic therapy holds great potential for 

treating ALS, there are several challenges that need to be 

addressed. One major obstacle is effectively delivering 

the therapeutic agent to both neuronal and glial cells in the 

CNS, as ALS affects both cell types. Additionally, the 

therapeutic agent must efficiently pass the BBB to reach 

the target cells. AAV9 has shown promise as a vector due 

to its ability to cross the BBB and distribute throughout 

the CNS [183]. Another consideration is the potential 

adverse effects of targeting a single gene, as both LoF and 

GoF mechanisms are often associated with ALS 

pathogenesis. Modulating the expression of a single gene 

may have unintended consequences, emphasizing the 

necessity for a more comprehensive understanding of 

disease mechanisms before developing targeted genetic 

therapies. Future research should focus on identifying 

specific genes and pathways involved in disease 

pathogenesis to refine genetic therapies, maximizing 

therapeutic benefits while minimizing risks. 

 

5.2 Cell-based therapies 
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Despite the growing body of evidence from both clinical 

and preclinical studies supporting the active role of 

neuroinflammation in ALS pathogenesis, immuno-

suppression interventions have shown limited efficacy in 

terms of disease progression and patient survival [184]. 

One possible explanation is that the administration of 

untargeted immunomodulatory drugs fails to effectively 

modulate the relative proportion of proinflammatory 

effector T cells and anti-inflammatory Treg cells. 

Consequently, cell-based strategies have emerged as a 

promising avenue for the development of more effective 

therapeutic interventions. The rationale behind cell-based 

therapies lies in their potential to modulate 

neuroinflammatory pathways or secrete neuroprotective 

factors by selectively targeting specific cell types.  

Studies assessing cell-based therapies have revealed 

promising therapeutic potential for ALS patients. For 

example, intravenous infusions of ex vivo expanded 

autologous Treg cells, accompanied by IL-2 injections 

during both early and later stages of the disease, have been 

deemed well-tolerated in patients and correlated with a 

slower decline in the ALSFRS-R [158]. Currently, the 

therapeutic effects of infusing autologous hybrid T cells 

are being evaluated in a larger ongoing phase 1/2 cohort 

study (NCT04220190). In addition, intrathecal injection 

of functional astrocytes (AstroRx®) in ALS patients has 

been established as safe and beneficial in an open-label, 

phase 1/2a clinical trial [185]. Transplantation of neural 

progenitor cells transduced with glial cell line-derived 

neurotrophic factor (GDNF) has also met the safety 

endpoint in a phase 3 clinical trial, where they 

differentiated into astrocytes and provided trophic support 

to spinal cord neurons [186]. Similarly, transplantation of 

autologous mesenchymal stem cells (MSCs) induced with 

neurotrophic factors (NurOwn) has also demonstrated 

promising therapeutic potential in a phase 2 randomized 

controlled trial [187]. Furthermore, a phase 3 clinical trial 

has supported the safety and efficacy of intrathecal 

administration of autologous MSC, showing a statistically 

significant reduction of neuroinflammation and 

neurodegeneration biomarkers in ALS CSF [188]. 

Ongoing studies are evaluating the long-term safety and 

efficacy of MSC injection in a double-blind randomized 

phase 3 clinical trial (NCT04745299). 

Additionally, drugs targeting immune cells or 

inflammatory pathways have demonstrated promising 

effects in the treatment of ALS. For example, in a phase 

2a randomized trial, low-dose recombinant human IL-2 

(Aldesleukin) significantly increased the percentage of 

Treg cells in CD4+ T cells of ALS patients [189]. RNS60 

has demonstrated therapeutic efficacy in SOD1G93A mice 

by elevating peripheral Treg cell numbers and activating 

pro-survival pathways in neurons [190]. Its beneficial 

effects on ALS patients have recently been confirmed in 

a phase 2 randomized trial [191]. Masitinib, a selective 

tyrosine kinase inhibitor, downregulates proinflammatory 

cytokines and modulate neuroinflammation by targeting 

macrophages, mast cells, and microglia [192]. Oral 

Masitinib significantly delays the decline of ALSFRS-R 

and prolongs survival in ALS patients [193, 194]. The 

safety and efficacy of Ibudilast, which inhibits 

neuroinflammation by attenuating macrophage migration 

and glial cell activation, are currently being assessed in an 

ongoing phase 2b/3 clinical trial [195]. Fasudil, a rho 

kinase inhibitor, has been shown to modulate microglia 

activation and prolong survival in SOD1G93A mice by 

reducing the release of proinflammatory cytokines and 

chemokines [196]. Its safety and efficacy are currently 

being evaluated in a phase 2 clinical trial 

(NCT05218668).  

 

6 Conclusions and outlook 

 

There is a growing body of evidence indicating the critical 

role of neuroinflammation in ALS pathogenesis, and 

recent years have seen notable progress in understanding 

the disease. Genetic investigations have identified several 

susceptibility genes associated with immune function in 

ALS, providing strong evidence for the involvement of 

inflammation in the disease process. However, the 

inflammatory response in ALS is complex and dynamic, 

encompassing various molecular and cellular pathways. 

The interplay between neuroinflammation and 

neurodegeneration establishes a detrimental cycle, where 

inflammation-induced neuronal damage further amplifies 

the inflammatory response. The roles of different immune 

cells, such as microglia, astrocytes, macrophages, T cells, 

and NK cells, in both the brain and peripheral tissues, 

have been well-established in the neuroinflammatory 

response in ALS, and extensive research has been 

conducted to understand their contributions to disease 

progression and pathology. Consequently, targeting 

inflammation in ALS holds considerable therapeutic 

potential, leading to the exploration of various 

approaches, including immune cell-specific interventions, 

modulation of neuroinflammatory signaling pathways, 

and genetic therapy. Some of these approaches have 

shown promising results in preclinical studies, and 

clinical trials are currently underway to evaluate their 

safety and efficacy. 

Despite the advances in understanding the role of 

neuroinflammation in ALS, there is still much to be 

investigated. The activation of glial cells has been viewed 

as either homeostatic at early disease stages or neurotoxic 

as the disease progresses, although the exact triggers for 

the phenotypic transition remain unclear. Unraveling the 

molecular changes in microglia and astrocytes at different 
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stages of the disease could help determine their 

contributions to ALS progression. Furthermore, 

understanding the interaction between genetic and 

environmental factors and their effect on the 

neuroinflammatory response in ALS requires further 

clarification. Novel technologies like single-cell RNA 

sequencing and multiomics platforms hold promise for 

better comprehending the molecular and cellular 

mechanisms of neuroinflammation in ALS. Ultimately, it 

is crucial to develop more effective therapeutic strategies 

that specifically target neuroinflammation in ALS. While 

some promising approaches have emerged and undergone 

testing, gaining a better understanding of ALS 

pathogenesis and identifying new therapeutic targets are 

still essential. A personalized approach to therapy, 

considering the patient's genetic and immune profile, may 

also prove beneficial. 

In conclusion, neuroinflammation is a critical factor 

in the pathogenesis of ALS, and further studies are needed 

to elucidate the underlying mechanisms and develop 

effective treatments. The development of targeted 

therapies that modulate the inflammatory response in 

ALS has the potential to slow or halt disease progression, 

thereby improving the quality of life for ALS patients. 
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