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Abstract: Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease
characterized by the loss of motor neurons, leading to escalating muscle weakness, atrophy,
and eventually paralysis. While neurons are the most visibly affected, emerging data high-
light microglia—the brain’s resident immune cells—as key contributors to disease onset
and progression. Rather than existing in a simple beneficial or harmful duality, microglia
can adopt multiple functional states shaped by internal and external factors, including those
in ALS. Collectively, these disease-specific forms are called disease-associated microglia
(DAM). Research using rodent models, patient-derived cells, and human postmortem tissue
shows that microglia can transition into DAM phenotypes, driving inflammation and neu-
ronal injury. However, these cells can also fulfill protective roles under certain conditions,
revealing their adaptable nature. This review explores recent discoveries regarding the
multifaceted behavior of microglia in ALS, highlights important findings that link these
immune cells to motor neuron deterioration, and discusses emerging therapies—some
already used in clinical trials—that aim to recalibrate microglial functions and potentially
slow disease progression.
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1. Introduction
Amyotrophic lateral sclerosis (ALS), also known as “Lou Gehrig’s disease”, is a

progressive and fatal neurodegenerative disorder that affects motor neurons in the brain
and spinal cord, leading to muscle weakness, atrophy, and eventually paralysis [1]. Despite
being the most common form of adult-onset motor neuron degeneration, ALS is considered
a rare disease, with an incidence of approximately 4 per 100,000 people in the United
States [2,3]. However, higher prevalence rates are observed in certain regions, with some
areas reporting up to 7 per 100,000 [2]. The disease usually manifests in individuals between
40 and 65 years of age [1]. ALS is typically characterized by a focal onset which arises
as unilateral distal muscle weakness and atrophy in upper or lower limb muscles (spinal
ALS) or in bulbar muscles (bulbar ALS) that progressively spreads to the degeneration of
all motor neurons, including those responsible for regulating functions dependent on the
autonomic nervous system, such as respiration [4]. Among these subtypes, bulbar onset
primarily affects speech and swallowing, while spinal onset predominantly impairs limb
function. Progression states in ALS vary widely among patients and are influenced by
factors such as disease subtype, genetic predisposition, and environmental exposure [4].
Some individuals experience a rapid decline, with motor neuron degeneration quickly
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leading to loss of function in multiple regions, while others exhibit a slower disease course
with more gradual symptom onset and progression [1]. This variability can be observed
in both bulbar and spinal ALS, where differences in the speed and pattern of motor
neuron involvement significantly impact clinical outcomes and quality of life. Additionally,
progression states often correlate with the burden of autonomic dysfunction, respiratory
decline, and nutritional challenges, further complicating disease management. Some
individuals experience a rapid decline, with motor neuron degeneration quickly leading to
loss of function in multiple regions, while others exhibit a slower disease course with more
gradual symptom onset and progression [1–3].

The evolving nature of ALS makes it fatal in 100% of cases over a period usually
ranging between 2 and 5 years after diagnosis [1–3]. While ALS ultimately leads to the
same outcome for all affected patients, it is becoming increasingly clear that the disease
can be triggered by diverse factors and presents with a wide range of clinical symptoms.
Currently, approximately 90% of ALS cases are sporadic (sALS), with risk factors including
smoking, alcohol consumption, exposure to air pollutants, chemical agents, pesticides,
certain types of trauma, and genetic mutations [4]. The remaining 10% are familial (fALS),
although both forms are phenotypically indistinguishable [3].

Over 25 key genes have been implicated in ALS pathophysiology, including Superox-
ide Dismutase 1 (SOD1) [5,6], C9ORF72 [7], and p65 NF-κB [7]. Mutations in these genes
can lead to excitotoxicity [8–10], oxidative stress, neuroinflammation, and other pathogenic
processes. Additionally, specific mutations in the TDP-43 [11] and FUS [12] genes can cause
the mislocalization and toxic aggregation of their protein products, which are observed
in the motor neurons of nearly all ALS patients. These genetic factors contribute signif-
icantly to both sporadic and familial forms of ALS, underscoring the complexity of its
pathogenesis [13].

Moreover, these mutations lead to RNA metabolism disruption and impairments in
axonal transport, leading to significant dysfunction in highly susceptible motor neurons.
While the involvement of genes and environmental factors in motor neuron impairment
and death is well established, the roles of other cell types, such as microglia, astrocytes,
and oligodendrocytes are becoming increasingly evident. Microglia, as part of the neu-
roglial group, serve as the resident macrophages of the nervous system, acting as primary
mediators of the innate immune response [14].

Deriving from yolk sac progenitors during early embryonic development, microglia
migrate to the central nervous system (CNS) before the blood–brain barrier’s formation,
where they proliferate and differentiate into mature cells. Under physiological conditions,
microglia exist in a so-called “resting state”, characterized by small cell bodies and multiple
processes, which allows them to continuously survey the surrounding environment for
potential signals of infection, damage, or other homeostatic changes [14,15]. As potentially
harmful or abnormal conditions are detected, microglia transition into to their “activated
state”, the features of which depend on the specific stimuli inducing the response (Figure 1).
Via their reversion to an ameboid morphology, they are able to travel throughout the
nervous system and reach the designated site [16]. By virtue of their versatility, microglial
cells cover a plethora of functions besides the surveillance role typical of the “resting state”,
including innate immune defense response by engulfing debris and pathogens and by
regulating inflammation [17], as well as synaptic pruning [18,19], neurogenesis support,
and response to injury, where they serve as key supporters. However, microglial cells can
be hijacked or destabilized under certain conditions. Particularly, malfunctioning microglia
have been described as secreting chronically high levels of pro-inflammatory cytokines
such as TNF-α, IL-1β, and IL-6 [20], thereby potentially contributing to the development
of both psychiatric and neurodegenerative disorders including depression, Alzheimer’s,
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Parkinson’s, and ALS [21]. Furthermore, they may release persistently high levels of ROSs
and NO or fail to clear out debris and pathogens, further promoting neuronal damage and
disease progression [19,21].
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Figure 1. Roles of DAM in ALS: neuroprotective and neurotoxic. Under homeostatic conditions
(yellow, center), microglia support neuronal health by clearing protein aggregates, releasing neu-
rotrophic and anti-inflammatory factors, and providing immune surveillance. In ALS, however,
these cells increasingly assume DAM phenotypes that can be both protective and harmful (right
panel). On one hand, DAM help remove toxic aggregates and maintain synaptic integrity; on the
other, they can release superoxide radicals and pro-inflammatory cytokines (e.g., TNF-α, IL-1β) and
secrete factors that convert astrocytes to a neurotoxic reactive state. This triggers excessive synaptic
pruning, inflames tissue, and accelerates motor neuron loss. Thus, the dynamic balance between
DAM-mediated neuroprotection and neurotoxicity is pivotal in determining ALS progression. This
Figure was created with biorender.com.

One notable discovery in the context of neurodegeneration is the disease-associated
microglia (DAM) phenotype, first characterized in Alzheimer’s disease (AD) [22,23] using
methods like MARS-seq, smFISH, and iChiP. DAM emerge through a two-step activation
process: an initial TREM2-independent phase involving the downregulation of homeo-
static genes such as Cx3cr1, P2ry12, and P2ry13 and the upregulation of intermediate-
state markers including B2m, ApoE, and Tyrobp, followed by a TREM2-dependent phase
marked by the elevated expression of phagocytic and lipid metabolism genes like Lpl,
Cst7, and CD9 [22,23]. DAM signatures, including markers such as Clec7a, CD9, Itgax,
and CD63, have been identified in ALS and other neurodegenerative diseases, where
they are associated with pathways linked to phagocytosis, lysosomal function, and lipid
metabolism [23–25]. The transition to the DAM state is predominantly protective, as evi-
denced by findings that TREM2, a microglia-specific receptor, is critical in this shift. In ALS
models, TREM2 deficiency exacerbates pathological TDP-43 inclusions, motor dysfunction,
and neurodegeneration [26,27]. Similarly, the knockout of TREM2 in chronic demyelina-



Cells 2025, 14, 421 4 of 19

tion models impairs myelin clearance and leads to lipid accumulation. Moreover, SYK, a
downstream effector of TREM2 signaling, is essential in DAM activation, with its deletion
worsening neuropathology in AD and multiple sclerosis models [28]. Collectively, these
findings underscore the critical role of DAM in neurodegenerative diseases, including ALS,
where they appear to mediate neuroprotection by facilitating the clearance of pathological
aggregates and debris, making DAM a promising target for therapeutic strategies.

2. The Central Role of DAM Phenotypes
In recent decades, outdated binary frameworks for microglia classification have been

found to no longer reflect the complexity of microglial states, as revealed by recent advances
in molecular and transcriptomic technologies [22]. These tools have uncovered a more
nuanced, broad, and dynamic spectrum of microglial activation, influenced by context,
environment, and disease progression [22].

In neurodegenerative diseases, such as AD [23], these observations have revealed the
existence of specific activation patterns in different disease stages and regions. Subsequently
described in other pathologies such as ALS, these findings have driven the field to adopt
the concept of DAM to provide a more accurate and detailed characterization of microglial
states [22–24]. DAM phenotypes are defined by unique molecular markers and functional
profiles that directly reflect the demands of disease-specific environments (Figure 2).
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Figure 2. DAM activation mechanisms. In the DAM model, microglia transition from homeostatic to
stage 1 (Trem2-independent) and stage 2 (Trem2-dependent), each one with their own molecular and
transcriptional signature. Arrows indicate genes that are up- or downregulated at each stage [25].

In ALS, the emergence of DAM-like phenotypes is becoming increasingly evident.
Studies of spinal cord tissue from ALS patients have identified the upregulation of genes
such as TREM2, TYROBP, APOE, CD33, and MS4A, while markers like TMEM119 remain
unchanged [24]. These findings point to the existence of ALS-specific DAM phenotypes
that play critical roles in disease progression. This recognition challenges the reliance
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on outdated classifications and highlights the need for a more refined understanding of
microglial dynamics in ALS [22,24–27].

The shift toward DAM phenotypes represents a transformative development in neu-
rodegeneration research. Unlike previous oversimplified models, the DAM framework
captures the diversity and specificity of microglial activation across diseases [22,23]. In
ALS, this approach provides insights into the unique molecular and functional character-
istics of microglia at different stages of the disease, enabling researchers to identify new
therapeutic targets.

Prioritizing the study of DAM phenotypes offers the potential to redefine therapeutic
strategies. By focusing on the disease-specific roles of microglia, researchers can design
targeted interventions that modulate microglial activity in a precise and effective man-
ner. This transition marks a significant advancement in ALS research, providing a more
comprehensive understanding of disease mechanisms and paving the way for innovative
treatments [26]. Embracing DAM phenotypes as the central framework for studying mi-
croglia is not only necessary but also transformative, promising to reshape the field and
improve patient outcomes. Multiple approaches are currently under exploration.

3. Microglia Alterations in Human Postmortem Tissue
Research on postmortem human ALS tissue has established a link between microglia

activation and ALS, though there remains some debate regarding whether microglial acti-
vation, characterized by a morphological shift from ramified or stellate forms to amoeboid
shapes, increased proliferation, or the upregulation of inflammatory pathways, is consis-
tently observed in ALS tissue. Some studies indicate that microglial proliferation is present
only in select ALS cases [28,29], while others report activation in both the motor cortex [30]
and spinal cord [31,32] of sporadic ALS patients. This controversy may mainly arise due to
heterogeneity among ALS genetic subtypes or potential artifacts related to immunolabelling
technique variability in tissue fixation and processing or tissue degradation. Additionally,
normal brain aging causes substantial gene expression changes, which may influence/bias
the conclusions drawn based on patients’ ages in these studies.

However, in-depth examinations of microglia in postmortem tissue are inherently lim-
ited as they provide only a snapshot of pathology at the disease’s terminal stage and may be
affected by factors such as variable agonal respiration states and postmortem delays. Some
of these limitations have been partially addressed through monitoring neuroinflammation
in living patients. Recent innovations in PET imaging have shed light on the longitudinal
dynamics of neuroinflammation in ALS patients, revealing increased inflammation in the
primary motor, supplementary motor, and temporal cortices using various ligands that bind
to the immune marker translocator protein 18 (TSPO) [33–35]. However, because TSPO
also labels astrocytes and other immune cells, it is challenging to isolate microglia-specific
effects. Other histology markers, such as morphological alterations and the increased ex-
pression of gliosis markers such as IBA1 and CD68, suggested a consistent hyperactivation
of microglia observed in postmortem brain tissue from C9ORF72 ALS patients [32,36].
Furthermore, recent findings indicated a DAM-mediated inflammatory response in the
postmortem spinal cord of TDP-43 ALS patients, as evidenced by elevated TREM2, MS4A,
CD33, APOE, and TYROBP expression [22]. Similarly, sALS patients exhibited increased
TMEM119-positive microglia in the motor cortex and white matter, highlighting microglial
activation as a key feature in ALS [37].

Recent single-cell studies have transformed our understanding of human microglial
heterogeneity, revealing diverse microglial subtypes and their roles in health and disease.
A comprehensive analysis of 215,658 postmortem human microglia across various CNS
regions and conditions identified distinct microglial subpopulations, suggesting divergent
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differentiation pathways with unique functional and metabolic shifts [38]. Certain subtypes
were enriched for genes linked to neuropsychiatric disease susceptibility, while others,
such as the CXCR4-enriched cluster, were associated with neuroinflammatory conditions
rather than neurodegenerative diseases like ALS or FTD. These findings highlight the
complexity of microglial diversity and suggest that microglia may play a limited primary
role in the pathogenesis of ALS and other diseases, potentially due to less extensive GWAS
annotations or disease-specific mechanisms. Other transcriptomic studies also show that
microglia exhibit significant transcriptional changes in ALS, particularly in the primary
motor cortex, where differentially expressed genes linked to energy metabolism and ox-
idative phosphorylation have been identified. Upregulated genes such as SOD1, CALM1,
and COX6C, alongside downregulated genes like HSPA1A, highlight potential biomarkers
associated with ALS pathogenesis. Reduced microglial interactions with astrocytes and
other cells under high oxidative phosphorylation states suggest a critical role for disrupted
energy metabolism in disease progression [39].

Current research in humans highlights that while microglia are implicated in ALS
pathology, there remains substantial uncertainty due to methodological limitations and
patient heterogeneity. Although postmortem analyses provide valuable insights, they
are constrained by their static nature and potential artifacts. In vivo imaging using PET
offers some advantages in studying disease progression in humans but lacks the cellular
specificity needed to isolate microglial contributions. Therefore, mouse models of ALS are
crucial model systems for dissecting the contribution of microglia in ALS pathogenesis.

4. Insights from Mouse Models
Early studies suggested that ALS developed in a non-cell-autonomous fashion [40–44].

Indeed, the implementation of chimeric mice showed that healthy motor neurons develop
ALS-like symptoms when surrounded by mutant SOD1 microglia (mSOD1), reinforcing
the concept that alteration of microglial features and activation states contributes to motor
neuron injury and degeneration. The initial identification of the neurotoxic nature of
mSOD1 microglia in vitro was subsequently updated by the finding, through in vivo
studies, of additional unexpected neuroprotective features of ALS microglia, especially in
the early stages of the disease [41,43,45].

Among animal models for ALS, those based on mutations in the SOD1 gene are partic-
ularly informative, as SOD1 mutations account for approximately 20% of fALS cases. An
overview of the main mouse models used to study microglia in ALS is provided in Table 1.
Key SOD1 models include the slow-progressing SOD1G37R [42] and the fast-progressing
SOD1G93A models [46], which have been extensively used to study ALS pathology. The
SOD1G93A transgenic model, expressing a mutant form of Cu2+/Zn2+ human SOD1, mirrors
several pathological features of ALS, including progressive motor neuron degeneration,
muscle atrophy, and a reduced lifespan [46,47]. Notably, studies using this model re-
port early microglial activation well before clinical symptoms appear, suggesting that
microglia may initially respond to subtle motor neuron dysfunction signals—such as pro-
tein misfolding, oxidative stress, or mitochondrial abnormalities—rather than triggering
the disease [41,48,49].
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Table 1. An overview of the main mouse models used to study microglia in ALS.

Mouse Model Genetic Modification Key Findings

SOD1G93A transgenic
mouse [40,43]

Mouse expresses mutant human SOD1
with G93A mutation

- Early activation of microglia before clinical symptoms
- Microglia shift from neuroprotective to neurotoxic
phenotype as disease progresses
- Upregulation of pro-inflammatory cytokines (TNF-α,
IL-1β)
- Impaired phagocytic capacity of microglia
- Distinct proteomic signatures on chronically activated
microglia
- Depletion or resting of microglia delays disease onset and
extends lifespan
- Loss of perineuronal nets (PNNs)

SOD1G37R mouse [42]
Mouse expresses mutant human SOD1
with G37R mutation

- Slow-progressing model of ALS
- Used to study disease progression and microglial
contributions over time

TDP-43Q331K

mouse [50]
Mouse expresses mutant TDP-43 with
Q331K mutation

- Loss of perineuronal nets (PNNs) exacerbates α-motor
neuron degeneration and ALS symptoms
- Highlights the role of extracellular matrix in
neuronal protection

SOD1G93A; IKKβf/wt;
CSF1R-Cre+ mice [49]

Mice express SOD1G93A mutation with
conditional NF-κB inhibition in microglia

- Reduced expression of inflammatory markers (CD68,
CD86, iNOS)
- Demonstrates that pro-inflammatory microglia contribute
to motor neuron death
- NF-κB inhibition in microglia delays disease progression

CSF1R-Cre mice [51]
Mice express Cre recombinase under the
CSF1R promoter for microglia-specific
gene manipulation

- Show reduced microglial activation and astrogliosis
compared to controls
- NF-κB inhibition in astrocytes does not improve
ALS symptoms and may be detrimental
- Suggests distinct roles of microglia and astrocytes in
ALS progression

C9ORF72 mouse
models (e.g.,
C9-500) [52,53]

Mice with hexanucleotide G4C2 repeat
expansions in the C9ORF72 gene

- Microglia exhibit abnormal activation with increased
pro-inflammatory cytokines
- Impaired phagocytic function and autophagy
- Accumulation of toxic protein aggregates
- Contributes to motor neuron degeneration and disease
progression
- Indicates both gain-of-function toxicity and
loss-of-function effects from C9ORF72 mutations

CX3CR1-deficient
SOD1G93A mice
[54,55]

Mice express SOD1G93A mutation with
CX3CR1 receptor deficiency in microglia

- CX3CR1 deficiency exacerbates motor neuron loss
- Accelerated disease progression
- Highlights the importance of neuron–microglia
communication via fractalkine–CX3CR1 signaling
in neuroprotection

These early changes indicate that microglia might have a protective role at initial
disease stages by clearing damaged cells and maintaining CNS homeostasis [49,56]. How-
ever, as ALS progresses, reactive microglia increasingly adopt a pro-inflammatory and
neurotoxic phenotype, exacerbating motor neuron loss [57]. This shifting balance between
neuroprotection and neurotoxicity suggests that microglial contributions in ALS are linked
to disease progression rather than initiation [49]. In SOD1G93A mice, DAM have been iden-
tified in the spinal cord and brainstem, emerging after motor neuron loss and displaying
enhanced phagocytic activity. These microglia exhibited distinct transcriptional changes,
including the upregulation of genes such as Cst7 and Itgax, and their activation appears to
be triggered by danger signals from degenerating motor neurons [58].
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Transcriptomic and proteomic analyses of microglia from SOD1G93A mice further
reveal the marked upregulation of genes related to inflammation, phagocytosis, lipid
metabolism, and cell survival. For instance, pro-inflammatory cytokine genes such as
TNF-α and IL-1β are highly expressed, underscoring the active role of microglia in pro-
moting neuroinflammation within mSOD1 ALS models [59,60]. The chronic activation of
microglia in the SOD1G93A mouse model leads to a progressive loss of immune identity
and functional efficiency. This is demonstrated by distinct proteomic signatures, a dimin-
ished phagocytic capacity, and reduced responses to immune challenges [61]. Notably,
advanced disease stages are characterized by a shift toward RNA metabolism rather than
immune-related functions.

Additionally, microglia in these models display impaired phagocytic capacity, poten-
tially leading to the accumulation of apoptotic cells and toxic protein aggregates that could
further harm neurons.

Experiments using selective microglial depletion or modulation of microglial states
in SOD1G93A mice have demonstrated delays in disease onset and lifespan extension,
reinforcing the view that microglia—while initially protective—become deleterious as ALS
advances [41,62,63]. Successfully characterizing the nuances of microglial activation in
ALS is therefore essential in understanding disease progression and may hold therapeutic
potential in modulating microglial activity to alleviate ALS symptoms.

4.1. Morphological Changes in Microglia in Mice

Microglia exhibit distinct morphological adaptations during the progression of ALS.
In the surveillance state (S), microglia display a highly ramified morphology, which is
markedly different from the less ramified forms of reactive microglia subtypes R1 and R2.
In SOD1G93A transgenic mice, R1 microglia comprise approximately 85% of the microglial
population in the spinal cord during the early stages of ALS symptoms, whereas R2
microglia become predominant at later stages of the disease [59]. These observations
suggest that the transition from S to R1 and R2 morphologies is associated with distinct
phases of ALS pathology. However, as morphology is not always a reliable indicator of
function, it is imperative that we validate these morphological differences through detailed
functional analyses, particularly given the minimal visual distinctions between R1 and R2
microglia.

4.2. CX3CR1 Signaling and Microglia–Neuron Crosstalk

It is now well established that communication between neurons and microglia is es-
sential in maintaining CNS homeostasis and mounting responses to injury. A key pathway
mediating this interaction is the fractalkine–CX3CR1 signaling pathway, where CX3CR1—a
receptor primarily found on microglia—responds to fractalkine, a chemokine produced by
neurons [54,64]. This pathway plays a critical role in regulating microglial activity, both
under normal physiological conditions and in neurodegenerative disease contexts [65].

In ALS, disruptions in fractalkine–CX3CR1 signaling have been shown to increase
microglial activation and neurotoxicity. Studies in SOD1G93A ALS mouse models indicate
that CX3CR1 deficiency accelerates motor neuron loss and worsens disease progression,
highlighting the pathway’s role in neuroprotection [54]. Conversely, restoring fractalkine–
CX3CR1 signaling in these models reduces microglial activation and slows motor neuron
degeneration [55].

Given its influence on microglial behavior, the fractalkine–CX3CR1 pathway rep-
resents a promising therapeutic target for modulating neuroinflammation in ALS [65].
Although targeting this pathway alone may not be sufficient to cure ALS, re-establishing
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effective neuron–microglia communication through CX3CR1 signaling could reduce neu-
roinflammation and help protect motor neurons, potentially mitigating disease progression.

4.3. NF-κB Pathway and Microglial Activation in ALS Progression

Seminal research by Swarup et al. [11] first implicated the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) pathway as a crucial factor in the pathogenesis
of ALS, directly linking it to TDP-43 pathology. The study reported a fourfold increase in
NF-κB levels within the spinal cords of ALS patients and demonstrated that the overex-
pression of TDP-43 induces the nuclear translocation of the NF-κB subunit p65. Notably,
this translocation requires an additional inflammatory stimulus or “second hit”, such as
lipopolysaccharide (LPS), tumor necrosis factor-alpha (TNF-α), or interleukin-1 beta (IL-1β).
The pharmacological inhibition of NF-κB activity significantly reduced the vulnerability of
neurons overexpressing TDP-43 to toxicity induced by microglia and glutamate, identifying
NF-κB as a potential therapeutic target for ALS.

Building upon these findings, subsequent studies have explored the role of NF-κB in
ALS linked to mutant superoxide dismutase 1 (SOD1). In SOD1G93A mice, the microglial
inhibition of NF-κB substantially delayed disease progression and extended survival by
approximately 20 days [66]. Furthermore, the partial, myeloid-specific inhibition of NF-κB
in mice delayed disease progression by 47%, while the complete inhibition of NF-κB in vitro
restored MN survival, underscoring the essential role of NF-κB-dependent microglial
activity in motor neuron death [63]. Intriguingly, NF-κB inhibition in astrocytes did not
confer protective benefits and, in some cases, appeared detrimental [51], suggesting that
microglia and astrocytes may influence ALS progression through distinct mechanisms.

ALS-associated microglia exhibit a distinctive pro-inflammatory activation profile. In
the SOD1G93A IKKβ-f/wt CSF-1R-cre+ mouse model, NF-κB inhibition led to a significant
reduction in inflammatory markers—including CD68, CD86, and inducible nitric oxide
synthase (iNOS)—compared to Cre-negative controls [44,49,67]. The 20-day extension in
the median life span of SOD1G93A mice upon NF-κB inhibition emphasizes the central
role of pro-inflammatory microglia in motor neuron death in ALS [62]. Additionally, the
constitutive activation of NF-κB in wild-type microglia decreased motor neuron survival by
50%, independent of SOD1 mutations, and promoted muscle atrophy, further highlighting
the pivotal role of NF-κB in ALS pathogenesis [66]. Moreover, in studies utilizing CSF1R-
Cre mice, researchers observed astrogliosis in addition to reduced microglial activation
compared to Cre-negative control littermates, further suggesting the role of NF-κB in
promoting disease progression. Interestingly, the inhibition of NF-κB in astrocytes did not
benefit ALS mice; subsequent studies reported that this inhibition could, in fact, have a
detrimental effect [51].

The upregulation of NF-κB activation has also been observed in tissue cultures derived
from sporadic ALS (sALS) patients [7]. Other ALS-linked proteins, such as TDP-43 and
fused in sarcoma (FUS), are known to interact with the NF-κB pathway, and the inhibition
of NF-κB in transgenic models overexpressing these genes ameliorated ALS-related patho-
logical features [11,68]. These findings position NF-κB as a promising therapeutic target in
both sporadic and familial forms of ALS. However, the multifunctional nature of NF-κB
across different cell types poses challenges for therapeutic development. This underscores
the need for more detailed mechanistic studies to elucidate the pathways by which NF-κB
activation leads to motor neuron degeneration [66].

4.4. The C9ORF72 Mouse Model

The hexanucleotide G4C2 repeat expansion (HRE) within the first intronic region of the
C9ORF72 gene represents the most common genetic cause of familial fALS in humans [3].
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This expansion, which extends from physiological levels of approximately 20 repeats to
pathological levels of hundreds or thousands, leads to the production of toxic dipeptide
repeat proteins and RNA foci, contributing to neurodegeneration. Mouse models express-
ing pathological G4C2 expansions (C9-500) in a full-length human C9ORF72 gene have
been established to elucidate ALS pathogenesis mechanisms, particularly in relation to
microglial function [7,50,66–68]. In neurons, the C9ORF72 HRE promotes the accumulation
of RNA foci and toxic protein aggregates, which accelerates motor neuron degeneration.
Interestingly, such pathological features are less evident in glial cells, even though microglia
exhibit the highest levels of C9ORF72 expression in the CNS [68,69].

Studies in C9orf72-deficient mice have demonstrated that microglia show abnor-
mal activation, marked by increased pro-inflammatory cytokine production and reduced
phagocytic capacity [54]. While the molecular details of these mechanisms remain largely
unknown, it has been proposed that they result from an aberrant trafficking of CD80 to the
cell membrane with consequent antigen-independent T-cell activation and a concomitant
disruption in IL-17A-dependent inflammation [70].

Additionally, the loss of C9ORF72 directly altered the expression of activated response
microglia (ARM) and interferon response microglia (IRM), which added to the notion that
C9ORF72 is required for correct microglial function. Moreover, such alteration resulted
in a decrease in synaptic pruning in both co-cultures and in vivo mouse models [71].
Mutations in C9ORF72 have also been linked to impaired autophagy, a critical process
for the microglial-mediated clearance of cellular debris and CNS homeostasis [52,72].
Collectively, these observations imply that microglial phenotypic changes play a significant
role in the progression of C9ORF72-related ALS.

Furthermore, novel insights additionally revealed that many of the genes that are
shown to be functionally impaired in C9orf72−/− mice are involved in late endosomal
trafficking and lysosome function, including Tbk1, Tmem106b, Pgrn, and Optn, which are
expressed in both neurons and microglia. This notion further reinforces the existence of
a dual-effect mechanism in the development of ALS and raises important considerations
related to the consequences of C9ORF72 loss in therapeutic contexts [68].

4.5. TREM2 Signaling in ALS

Triggering receptor expressed on myeloid cells 2 (TREM2) is a receptor expressed
predominantly on microglial cells that plays a crucial role in regulating microglial function,
particularly in response to injury and neurodegeneration [73,74]. Specifically, TREM2
signaling is involved in processes such as phagocytosis, lipid metabolism, and inflammatory
responses. The dysregulation of TREM2 has been implicated in several neurodegenerative
diseases, including ALS [74,75]. Specifically, TREM2 has been linked to disease-associated
microglia (DAM), where it is essential in detecting and responding to pathological cues.
DAM, conserved in both mice and humans, are characterized by a specific gene expression
pattern, as described above, which offers a promising avenue for microglia-mediated ALS
treatment [40].

In mouse models of ALS, particularly SOD1G93A mice, TREM2 expression is upreg-
ulated in microglia during disease progression [60]. Studies have shown that TREM2-
deficient mice exhibit increased motor neuron degeneration, heightened neuroinflamma-
tion, and enhanced microglial activation, suggesting that TREM2 may play a protective
role in ALS [76]. Strikingly, the overexpression of TREM2 has been demonstrated to miti-
gate microglia-mediated inflammation and enhance the clearance of misfolded proteins,
reinforcing the hypothesis of its neuroprotective role and indicating potential therapeutic
applications in ALS [76]. Specifically, the protective effects of TREM2 are thought to be
mediated by its ability to promote a shift in microglial phenotype toward a neuroprotec-
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tive, anti-inflammatory state [76,77]. Therefore, targeting TREM2 signaling may represent
a promising therapeutic strategy for modulating microglial activity in ALS, warranting
further investigation in future studies and clinical trials.

4.6. Role of TREM2 and CD14 in TDP-43-Driven ALS

Recent studies have established a critical link between TDP-43 and the microglial
receptors TREM2 and CD14 in the pathological progression of TDP-43-driven ALS [72,78].
TREM2 regulates microglial responses—particularly the phagocytic clearance of patho-
logical TDP-43—through confirmed interactions in silico, in vitro, and in vivo. TREM2
deficiency diminishes microglial activation in response to TDP-43 accumulation, mirroring
findings observed with amyloid-beta (Aβ) [79]. Notably, the overexpression of TDP-43
enhances neuron–microglia interactions, suggesting a “find-me” signaling mechanism
mediated by TREM2. Impaired or downregulated TREM2 exacerbates ALS pathology
due to reduced microglial phagocytic activity. Additionally, increasing soluble TDP-43
levels improves microglial phagocytosis, highlighting TREM2’s therapeutic potential in
TDP-43-mediated neurodegeneration [79].

Parallel research identifies CD14 as another receptor through which TDP-43 activates
microglia, initiating a pro-inflammatory cascade via the NF-κB pathway [80]. The selective
blockade of microglial CD14 activity suppresses pro-inflammatory cytokine production in
response to pathological TDP-43, reinforcing its connection to ALS pathogenesis, similarly
to TREM2. While TDP-43 loss of function is associated with the accumulation of double-
stranded RNAs (dsRNAs) in mouse spinal cords and in the brains of patients with C9ORF72
HRE, a direct causal link to disease progression remains elusive.

Moreover, an emerging body of evidence highlights the critical role of activated mi-
croglia in modulating perineuronal nets (PNNs) in ALS, particularly in TDP-43-driven
models. Studies report that increased microgliosis and matrix metalloproteinase-9 (MMP-9)
secretion correlates with the loss of PNNs, extracellular matrix structures surrounding mo-
tor neurons, which may exacerbate alpha-motor neuron degeneration and ALS symptoms
in the TDP-43Q331K mouse model [49]. This highlights the significant contribution of mi-
croglial activity and extracellular matrix disruption in TDP-43-mediated neurodegeneration.
Insights from other ALS models, such as SOD1G93A, also point to PNN disruptions linked
to microglial activity, suggesting a conserved mechanism [46]. Comparatively, findings in
Alzheimer’s disease (AD) provide additional context, where microglia actively associate
with and engulf damaged PNNs [80], with the pharmacological depletion of microglia
preventing PNN loss in 5xFAD models [81]. Furthermore, it has been shown that TDP-43
mutations in microglia significantly influence miRNA release on a sex-dependent basis,
with female-derived homozygous mutant microglia displaying altered miRNA profiles,
including the downregulated release of miR-16-5p and miR-99a-5p, which are implicated in
ALS pathogenesis. These findings suggest that microglia-derived miRNAs may act as regu-
lators of gene expression in other cell types, opening up new avenues for understanding
the role of microglia in neurodegeneration [81].

Interestingly, in the TDP-43 mouse model, rod-shaped microglia, a subtype of DAM,
emerged in the motor cortex in response to neuronal hyperactivity, aligning with pyrami-
dal dendrites and pruning excitatory synapses. These microglia, marked by genes such
as TREM2 and galectin-3, played a neuroprotective role, as their absence exacerbated
hyperactivity and motor dysfunction and reduced survival [82].

These observations collectively emphasize the central role of microglial receptors and
extracellular matrix components in neurodegeneration, with TDP-43-driven ALS serving
as a key model to explore these interactions.



Cells 2025, 14, 421 12 of 19

5. Role of Microglia in Human iPSC in Vitro Systems
Rodent models have been instrumental in elucidating the roles of microglia in ALS

pathogenesis; however, they come with notable limitations, primarily due to cross-species
differences in microglial biology, which can reduce the translational relevance of these
findings [83,84]. Moreover, while most ALS microglial studies rely on genetic rodent
models, most ALS cases occur sporadically, highlighting a gap in model relevance. To
bridge this gap, human-induced pluripotent stem cell (iPSC)-derived microglia from ALS
patients offer a valuable complementary approach to studying microglial pathology in a
more human-relevant system [85].

Advances in protocols for generating microglia from human iPSCs [86,87] have en-
abled researchers to explore the role of human microglia in neurodegenerative contexts
with new depth. Although the application of iPSC-derived microglia in ALS research is
still emerging, early investigations have focused on C9ORF72 mutation effects in these
cells [88–90]. Findings indicate that C9ORF72 mutant microglia alone do not significantly
harm healthy motor neurons [89]. However, when primed with lipopolysaccharide (LPS),
these mutant microglia exhibit a heightened pro-inflammatory response and reduce motor
neuron survival, while unprimed mutant microglia remain largely non-toxic [88,89]. Im-
portantly, no significant alteration was found in microglia-enriched genes when C9ORF72
microglia was grown in monocultures in the absence of surrounding CNS cell types. This
neurotoxic effect is partially mediated by the increased release of MMP9 from LPS-primed
C9ORF72 mutant microglia [90].

Impaired autophagy has emerged as a hallmark of C9ORF72 mutant and knockout
iPSC-derived microglia, a dysfunction that aligns with the increased vulnerability of
C9ORF72 mutant iPSC-derived motor neurons to excitotoxic damage [90]. Similarly, recent
studies have demonstrated deficient autophagy in C9ORF72 mutant microglia, contributing
to decreased motor neuron survival in co-culture through the hyperactivation of the NF-kB
and NLRP3 axis. Together, these findings support the hypothesis of a dual mechanism
involving both gain-of-function and haploinsufficiency effects of the hexanucleotide repeat
expansion in microglia [90].

Homozygous FUS P525L mutations in human iPSC-derived microglia have been
shown to disrupt transcriptome profiles and alter chemoreceptor signaling, with the up-
regulation of genes such as P2RY6 and GPR183. These findings are particularly significant
as mutations in the FUS gene are a known cause of ALS, contributing to its pathogenesis
through both cell-autonomous and non-cell-autonomous mechanisms. The upregulated
chemoreceptors, which are activated by signals from cellular damage and cholesterol
metabolites, may initially facilitate protective processes such as phagocytosis and remyeli-
nation. However, their prolonged activation could lead to chronic neuroinflammation and
exacerbate disease progression [91].

Other genetic causes of ALS, such as mutations in VCP and PFN1, have also been stud-
ied using iPSC-derived microglia. iPSC-derived VCP mutant microglia exhibit immune and
lysosomal dysfunction, undergo reactive transformation, and elicit non-cell-autonomous
effects on motor neurons and astrocytes through JAK-STAT signaling, partially mirroring
microglial phenotypes observed in other ALS models and postmortem tissues [92]. On
the other hand, iPSC-derived microglia-like cells with ALS-linked PFN1 mutations exhibit
lipid dysmetabolism, autophagy dysregulation, and impaired phagocytosis, implicating a
toxic gain of function for mutant PFN1 in autophagic and endo-lysosomal pathways, with
rapamycin shown to rescue phagocytic dysfunction [93].

Adding further complexity, monocyte-derived microglia from sporadic ALS patients
exhibit pathological TDP-43 inclusions, a diminished phagocytic capacity, and an am-
plified pro-inflammatory response to lipopolysaccharides (LPSs) compared to healthy
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controls [94,95]. Collectively, these findings underscore the critical role of in vitro and iPSC-
derived and patient-specific models in advancing our understanding of ALS pathogenesis,
offering a closer approximation of human disease mechanisms.

6. Therapeutic Targeting of Microglia in ALS
Given the central role of microglia in ALS pathogenesis, modulating microglial activity

has emerged as a promising therapeutic strategy. Multiple approaches are currently under
exploration, including anti-inflammatory treatments, gene therapy, and the enhancement
of phagocytosis [13]. Since excessive inflammatory responses are a major contributor to
microglia-driven motor neuron degeneration, reducing microglia-driven inflammation
is a primary focus in ALS research. For instance, nonsteroidal anti-inflammatory drugs
(NSAIDs), such as celecoxib in combination with ciprofloxacin [95], and selective inhibitors
of pro-inflammatory cytokines (e.g., IL-1β and TNF-α inhibitors) [96] are being investigated
for their potential to slow disease progression, carefully considering correct administration
timing and the potential risk of excessive inflammation suppression.

However, these treatments primarily target symptomatic aspects of ALS, while under-
lying causes may continue to drive disease progression. Thus, while symptom management
is essential, addressing the root causes of ALS will be necessary for more effective long-
term therapies [13]. In this regard, gene therapy offers promising potential, enabled by
advances in AAV-mediated gene delivery [97] and precise gene-editing technologies like
CRISPR/Cas9 [98,99]. These technologies provide new avenues to target specific microglial
pathways more deeply. For example, enhancing TREM2 or CX3CR1 signaling, or modulat-
ing microglial activation via galectins [61,100], may help shift ALS-associated microglia
toward a neuroprotective phenotype while reducing their neurotoxic tendencies. For
example, CD109 intervention in vitro has demonstrated the ability to partially attenuate
the inflammatory response and suppress TGFβ/SMAD pathway activation in both LPS-
stimulated BV2 microglia and primary SOD1G93A microglia, offering further insights into
strategies for modulating microglial behavior in ALS [101].

Building on these insights, the therapeutic modulation of microglial phenotypes is
emerging as a compelling avenue. Interventions aimed at preventing or reversing the
shift from a neuroprotective to a neurotoxic state are being developed. Compounds that
inhibit pro-inflammatory pathways, such as NF-κB and JAK/STAT [102], may also support
microglial homeostasis and mitigate neurotoxicity.

Another promising approach involves enhancing microglial phagocytic activity. In-
creasing the microglial clearance of misfolded proteins and apoptotic cells could offer
neuroprotective effects. To this end, small molecules designed to boost microglial phago-
cytic function are currently under investigation [103].

Recent studies have also highlighted microRNAs (miRNAs), particularly miR-
124 [104,105], as potent regulators of microglial activity, promoting an anti-inflammatory
phenotype and offering neuroprotection through mechanisms such as the C/EBP-α path-
way [106]. Non-cell-free therapies, including small extracellular vesicles (sEVs) and cell
secretomes, have emerged as promising platforms for delivering miRNAs in ALS. For
example, mesenchymal stem cell-derived sEVs enriched with miRNAs have demonstrated
the ability to modulate microglial activation and mitigate neuroinflammation in neurode-
generative models [106]. Furthermore, secretomes from motor neurons enriched with
miR-124 have been shown to influence microglial states and reduce neuroinflammatory
responses, highlighting their therapeutic relevance in ALS [85]. These findings highlight
the potential of miRNA-based therapies delivered via sEVs or secretomes as innovative
strategies to counteract microglia-driven neuroinflammation and slow disease progression
in ALS.
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Although these therapeutic strategies are still in the experimental phase, they hold
substantial potential to modify ALS progression by addressing the mechanisms behind
microglial pathological activation. Clinical trials are underway, though their scope remains
limited due to high costs and procedural complexity. Nonetheless, these approaches
represent significant steps toward developing targeted ALS therapies.

7. Conclusions
Emerging research in mouse models and human-derived iPSC systems has highlighted

the pivotal role of microglia in ALS pathogenesis, revealing their dual contributions to
neuroprotection and neurodegeneration. The dysregulation of critical signaling pathways,
such as TREM2 and CX3CR1, has been closely linked to ALS progression, and studies
in C9ORF72 models have further illuminated the complex phenotypes of microglia in
the context of this disease. The growing focus on DAM-like phenotypes in ALS research
represents a significant advancement, offering a precise and disease-relevant framework for
understanding microglial dynamics. These phenotypes, characterized by unique molecular
markers and functional properties, provide crucial insights into the roles of microglia in
ALS pathology and highlight novel therapeutic targets.

Future therapeutic strategies must incorporate these emerging insights, focusing
on modulating microglial activity to promote beneficial phenotypes while mitigating
neurotoxic inflammation. By targeting DAM-associated pathways and building on the
evolving understanding of microglial phenotypes, it may be possible to develop treatments
that slow or halt disease progression. This approach represents a promising direction
for addressing the challenges of ALS, a condition that remains incurable despite decades
of research.
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