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Abstract: The inflammatory response that marks Alzheimer’s disease (neuroinflammation) is consid-
ered a double-edged sword. Microglia have been shown to play a protective role at the beginning
of the disease. Still, persistent harmful stimuli further activate microglia, inducing an exacerbating
inflammatory process which impairs β-amyloid peptide clearance capability and leads to neurotoxi-
city and neurodegeneration. Moreover, microglia also appear to be closely involved in the spread
of tau pathology. Soluble TREM2 also represents a crucial player in the neuroinflammatory pro-
cesses. Elevated levels of TREM2 in cerebrospinal fluid have been associated with increased amyloid
plaque burden, neurodegeneration, and cognitive decline in individuals with Alzheimer’s disease.
Understanding the intricate relationship between innate immunity and Alzheimer’s disease will
be a promising strategy for future advancements in diagnosis and new therapeutic interventions
targeting innate immunity, by modulating its activity. Still, additional and more robust studies are
needed to translate these findings into effective treatments. In this review, we focus on the role of
cells (microglia, astrocytes, and oligodendrocytes) and molecules (TREM2, tau, and β-amyloid) of the
innate immune system in the pathogenesis of Alzheimer’s disease and their possible exploitation as
disease biomarkers and targets of therapeutical approaches.

Keywords: microglia; Alzheimer’s disease; neuroinflammation

1. Introduction

Neurodegenerative Alzheimer’s disease (AD) is the most common type of dementia,
accounting for around 60–80% of all dementia cases [1]. The prevalence of AD rises with
age and affects approximately 10 to 30 people over the age of 65 years [2]. This disease has
many risk factors, including age, gender, cardiovascular diseases (CVD), cerebrovascular
diseases, and metabolic diseases [3]. The pathological features of AD are characterized
by the presence of plaques of β-amyloid (βA) peptide and neurofibrillary tangles (NFTs)
of the phosphorylated protein tau, leading to progressive memory and cognitive impair-
ment [4]. Recent developments indicate that systemic inflammation affects the central
nervous system (CNS) to cause neurodegeneration and cognitive decline, highlighting
the close relationship between the immune system and the CNS. In the CNS, the most
important immune cells are the microglia, which on one side can switch towards an acti-
vated state to remove βA through phagocytosis but which on the other can cause neuronal
damage due to the release of proinflammatory molecules [5]. In Alzheimer’s disease, this
inflammatory reaction, known as neuroinflammation, represents, therefore, a double-edged
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sword. Recent evidence suggests an important role of inflammation in the pathophysiology
of AD as demonstrated by the identification of the pro-inflammatory cytokines IL-1α,
IL-1β, IL-6, TNF-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), and
IFN-α in the AD brain produced by neurons or microglia, refs. [6–10] endothelial cells and
inflammatory cells recruited from the circulation, and by the blood–brain barrier (BBB)
when biochemical or mechanical damage occurs [11,12].

Other proinflammatory elements are represented by the complement system, acute
phase proteins, and immune cell subsets [13,14].

Several clinical and preclinical studies were performed to understand the key role
in AD of neuroinflammation, as well as histopathological and neuroimaging analyses or
proteomic analysis and other biomarker signatures in cerebrospinal fluid (CSF) and in
blood. Microglial activation has been observed at the pre-plaque stage in animal models of
AD [15] and in a study of human neuroimaging where increased microglial activation in
people with mild cognitive impairment (MCI) in the absence of amyloid tracer uptake was
observed [16–21].

In addition to innate immunity and inflammation, the adaptive immune system may
also play a role as suggested by the detection of B and T lymphocytes in the post-mortem
AD brain and CSF of MCI and AD patients [22], as well as by the increased frequency of T
helper subsets in the pathogenesis of AD [23–30].

Furthermore, the contribution of B cells to AD pathogenesis is still unclear and con-
troversial, even if memory B cells have been found to increase in the CSF of MCI patients
and correlate positively with βA deposition in the brain [27]. In conclusion, many types of
innate and adaptive immune cells may contribute to the pathogenesis of AD [31–35].

In conclusion, many types of immune cells, involving both innate and adaptive
immune systems may contribute to the pathogenesis of AD [17–21]. Here, we describe the
role of resident innate immune cells such as microglia, astrocytes, and oligodendrocytes,
while the role of the other cells is described elsewhere.

This review aims to dissect the contribution of the cells mentioned above and molecules
(tau, βA, and TREM-2) of the innate immune compartment to the pathogenesis and pro-
gression of AD and their potential as disease biomarkers, and the design of tools toward
these targets.

2. The Role of Microglia in Alzheimer’s Disease

Several complicated alterations in innate and adaptive immunity occur in neurode-
generative disorders [36]. The main innate immune cells in the brain that are involved in
inflammatory responses are microglia and astrocytes [37], which are strongly implicated in
alterations of molecular pathways in AD. Microglial cells represent approximately 10% of
brain tissue and play an active role in complex neurodevelopment such as neurogenesis
and synaptic pruning [38]. This cellular population interacts with and responds to immuno-
logical or neuronal stimuli in the microenvironment, displaying a key role in homeostasis
and immune surveillance of the brain. Microglial cells sense changes in the microenviron-
ment, removing pathological agents [37,39,40], producing cytokines and chemokines, and
recruiting other immunocompetent cells to protect against noxious stimuli.

In AD, the loss of homeostasis due to tissue injury induces various microglial changes,
including changes in surface phenotype or cell morphology and proliferative responses,
ref. [41] highlighting the complex role that this cellular subset displays in regulating the
right balance of its beneficial or detrimental role.

Microglial cells express molecules belonging to the innate compartment named pattern
recognition receptors (PRRs) that can recognize several pathogen-associated molecular
patterns (PAMPs) or damage-associate molecular patterns (DAMPs). Various species of βA,
including the neurotoxic oligomer βA, bind PRR expressed on microglial cells. Still, the sub-
sequent accumulation of βA determines their activation and causes the neuroinflammation
observed in AD [42,43].



Int. J. Mol. Sci. 2023, 24, 11922 3 of 22

Microglial cells are both beneficial and detrimental in Alzheimer’s disease [44]. At
early stages of the disease, microglial activation has been linked to neuroprotective ef-
fects by suppressing harmful stimuli represented by βA hyperproduction, on releasing
neurotrophic factors and clearing and phagocyting debris or dead cells [45]. However,
persistent harmful stimuli across the disease continuum, such as DAMPs, further induce
the microglial activation by initiating an auto-perpetual pro-inflammatory process that
leads to βA clearance ability [39,46]. This determines a chronic activation with subsequent
release of inflammatory cytokines, which leads to neurodegeneration and neurotoxicity.

Recent research has emphasized the critical role of microglia in the pathogenesis of AD,
especially the processing and dissemination of tau protein, a defining feature of the illness.
Extracellular tau clumps can be engulfed and degraded by microglia. These cells engage
through phagocytosis to engulf aberrant proteins or cellular debris that they find using
their surveillance capabilities. Following phagocytosis, the engulfed material is destroyed
with the aid of lysosomes, which include enzymes for dissolving proteins. This process
might aid in halting the development of tau disease. When tau is ingested by microglia,
they occasionally bundle it into tiny vesicles called exosomes, and release it back into the
extracellular space. When nearby neurons pick up these tau-containing exosomes, tau
pathology spreads across the entire brain [44,47].

Before microglia cells can respond to a stimulus, they must first be attracted to the
stimulus site, which is commonly mediated by the interaction of chemokines and cytokines
with their receptors, both of which are expressed by microglial cells. The formation of βA
plaques in the brain is one of the hallmarks of AD disease. These plaques are composed of
misfolded and aggregated βA peptides that are thought to cause neuronal damage and
cognitive impairment. Microglial cells play an essential role in the phagocytosis of βA
plaques, and misfolded βA peptides can attract them. Indeed, the abundance of chemokine
receptors expressed by microglia and chemokines generated by βA-stimulated cells are
suggestive of their essential role in microglia accumulation in AD. In this context, in vitro
studies show that βA-activated microglia can secrete various chemokines, including CCL4,
CXCL2, CCL3, CXCL8, and CCL5 [48].

In AD, neuroinflammation is a prominent feature and is believed to contribute to
disease progression [49,50]. Several inflammatory proteins and genetic factors associated
with innate immunity in AD, including Apolipoprotein E (APOE) and Triggering Receptor
Expressed On Myeloid Cells 2 (TREM2), as well as Macrophage Migration Inhibitory
Factor (MIF), soluble forms of TREM1, and TREM2 [51–53]. These proteins exhibit distinct
expression profiles at different stages of AD, suggesting their potential as biomarkers for
disease progression.

Among these proteins, MIF is increased in both MCI and AD stages [54]. Studies
have shown that MIF levels correlate with amyloid plaques in the frontal cortex, indicating
its involvement in βA pathology [53,55]. Interestingly, MIF has also been proposed as a
neuroprotectant, preventing microglia-mediated neuronal loss induced by βA. The release
of MIF by microglia and neurons under various stressors suggests its role as an alarmin,
recruiting and activating microglia to respond to pathological insults.

In the last decades, the need to deeply analyze in vivo the role of innate immunity
cell populations and pathogenic mechanisms involved in the onset and progression of
AD made it necessary to adopt animal models. The most common are mouse models
which have some limitations [56]. The mouse brain cannot naturally develop amyloid
plaques. Consequently, transgenic animal models expressing human mutations linked
to precocious-onset AD are helpful in investigating AD-like pathology [57]. In many of
these transgenic AD models, a combination of human genes carrying the Swedish double
mutation (KM670/671NL) for amyloid precursor protein (APP) and mutations of the
Presenilin 1 (PSEN1) gene, such as the APPPS1 mouse strain, is used.

This mouse model displays in aging the formation of βA plaques which are sur-
rounded by activated microglia [58] in a closely similar way to that commonly observed in
humans [59,60].
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The microglia, which cluster around amyloid deposits, display dysfunctional behavior
and cannot effectively clear amyloid plaques [61]. The lowering in βA clearance might be
attributed to gene expression changes. Interestingly, the researchers observed a significant
decrease in the surface expression of microglial receptors binding βA, such as the CD36
molecule, a scavenger receptor A (SRA), and the receptor for advanced-glycation end
products (RAGE). Concurrently, the microglia showed a marked increase in the expression
of the pro-inflammatory cytokines IL1-β and TNF-α [61].

The study findings indicate that in the APPswe/PSEN1dE9 mouse model of AD,
microglia exhibit impaired amyloid plaque clearance, likely attributed to alterations in gene
expression, accompanied by a shift towards a pro-inflammatory cytokine profile.

In the transgenic experimental mouse model expressing five familial mutations ob-
served in early-onset AD families (5×FAD), the human IgG1 monoclonal antibody
aducanumab-targeting fibril and oligomer of βA, administered by focused ultrasound
(FUS), triggered the activation of phagocytic microglia and increased the number of astro-
cytes associated with amyloid plaques in the hippocampus of these mice [62].

Moreover, applying combined treatment to 5×FAD mice resulted in notable changes
in the hippocampus, as revealed by RNA sequencing. Specifically, the enrichment of four
canonical pathways was observed: phagosome formation, neuroinflammation signaling,
CREB signaling, and reelin signaling. These alterations in pathways seem to play a crucial
role in the treatment’s effectiveness.

Notably, the combined treatment reduced amyloid deposits, addressing a key hallmark
of AD [62].

An elegant study carried out on a novel APP knock-in mouse model (AppSAA) of AD
with three mutations (Austrian, Swedish, and Arctic) in the mouse APP gene, showed
significant alterations regarding lipid metabolism and disease-associated transcriptomic
signature in the microglia containing a high amount of intracellular βA, consisting of
vascular amyloid deposits, an accumulation of parenchymal amyloid plaques, alteration of
astroglial and microglial functions, and an increase in CSF markers of neurodegeneration.
The fibrillar βA content in microglia is associated with foam cell phenotypes, lysosomal
dysfunction, and lipid dysregulation [63].

In a mouse model of C57BL/6 humanized APP mutant knock-in homozygote
(AppNL-G-F) treated with Adeno-associated virus expressing P301L tau mutant, it was
assessed that the expression of tau mutant in the medial entorhinal cortex (MEC) deter-
mined tau propagation to the granule cell layer of the hippocampal dentate gyrus; this
process was exacerbated in AppNL-G-F mice in comparison with WT control mice. This
result suggests that neurodegenerative microglia (MGnD) hypersecrete p-tau+ extracellular
vesicles (EVs) despite compacting βA plaques and clearing NP tau; this result correlates
with the plaque deposition and exacerbation of tau propagation in AppNL-G-F mice [64]. The
administration of PLX5622, a highly selective brain penetrant colony-stimulating factor 1
receptor (CSF1R) inhibitor, eliminate almost all microglia in mouse brains and significantly
reduced propagation of p-tau in both WT and AppNL-G-F mice. However, it increased
plaque burden and plaque-associated p-tau+ dystrophic neurites.

To study the microglial role in tau fibril pathologies, other mouse models have been de-
veloped, such as the htauP301S and the PS19, both with the human microtubule-associated
protein tau (MAPT) gene mutated and inducing frontotemporal dementia. In these models,
microglia are significantly activated and clustered, surrounding tau-positive neurons [65].
In PS19 mice, the microglial activation was observed before the formation of a tangle [66],
similar to what was observed in AD patients, where altered microglial function preceded
the formation of tauopathy [67].

Some mouse strains, such as 3xTg-AD, try to replicate βA and tau diseases. This strain
bears the human transgenes for APP, PS1, and tau with pathogenic mutations.

In this model, the βA plaques and NFT formation are related to the increased number
of F4/80 microglia/macrophages found in the entorhinal cortex starting from 6 months of
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age [68], and by the number of Iba1-positive microglia increasing later in the hippocampus
region [69].

Another mouse AD model able to develop βA and tau pathology is the APPsweDI/
NOS2−/−, previously designed to explore the role of nitric oxide (NO) [70].

This mouse bears the APP Iowa, Dutch, and Swedish mutations and is knock-out
for the nitric oxide synthase (NOS)2 gene encoding the inducible (i) NOS enzyme, which
is closely associated with oxidative stress and neuroinflammation. These mice exhibit
elevated levels of tau hyperphosphorylation and aggregation, accompanied by an increase
in microglial activation, an important memory impairment after the neuronal loss. Interest-
ingly, it is worth noting that after few months of life, these mice develop tau pathology even
in the absence of the human tau transgene, indicating a significant correlation between
inflammation and the formation of tau tangles [70].

Finally, another mouse model of β-amyloidosis shows increased C1q levels and en-
hanced synaptic localization of C1q even before plaques have developed [5]. It is well
known that C1q binding to βA determines the classical complement cascade activation.
This finding has been observed in human AD brain tissue using the immunohistochemistry
technique. In fact, complement proteins (C1q, C3, and C4) have been found, especially in
plaques and, to a lesser extent, in neurofibrillary tangles and dystrophic neurites (C5b–C9).
The adult brain expresses C1q, and as people age, their protein levels sharply increase,
particularly in the hippocampus [44,71].

Neutralizing antibodies against C1q or genetic C1q knockouts prevents the synapse
loss seen in amyloid-bearing mice or brought on by βA injections [5].

Thus, identifying the role of disease-specific microglial phenotypes and functions
in the progression of AD may be relevant in preclinical mouse models to the design of
immunotherapy that stimulates or alleviates inflammation as the disease progresses.

3. The Role of Astrocytes in Alzheimer’s Disease

In the damaged CNS, astrocytes are thought to be critical regulators of innate and
adaptive immune responses [72,73]. Astrocytes, once considered as mere supportive cells,
are now recognized as critical players in the pathogenesis of AD, due to their proinflamma-
tory effects [74], since, similar to microglia, they release proinflammatory cytokines such
as IL-1β, TNF-α, and IL-6 [75]. An increased amount of proinflammatory cytokines has
been detected in the BBB of AD patients compared to healthy subjects, indicating chronic
neuroinflammation that can contribute directly to the neurotoxicity observed in AD. More-
over, astrocytes trigger the microglial activation [76] and participate in the clearance of βA
plaques through phagocytosis. However, in AD, astrocytes become less efficient in clearing
βA, leading to its accumulation. This impaired clearance is partly attributed to the down-
regulation of crucial βA transporters, such as Low-density lipoprotein receptor-related
protein 1 (LRP1), in astrocytes.

In addition to βA plaques, neurofibrillary tangles—a hyperphosphorylated tau
protein—are typically of AD [77,78]. Emerging evidence suggests that astrocytes actively
participate to the propagation of tau pathology. Astrocytes take up and spread patholog-
ical tau through tunneling nanotubes, contributing to the propagation of tau aggregates
throughout the brain [79,80]. Astrocytes also disrupt tight junction proteins and release
matrix metalloproteinases (MMPs) to facilitate inflammatory cells infiltration and disrup-
tion of the BBB integrity [81]. Astrocyte involvement in neuroinflammation, synaptic
dysfunction, tau pathology, and BBB integrity dysfunction highlights their complex role in
disease progression and as innate immunity regulators. Targeting these cells holds promise
as a therapeutic strategy. Modulating astrocyte-mediated neuroinflammation, enhancing
βA clearance, and promoting synaptic function are potential intervention strategies. Ad-
ditionally, strategies aimed at improving astrocytic energy metabolism and reducing tau
propagation could be explored.

Ugolini et al. found that reactive astrocyte numbers increased in AD mouse models,
notably those surrounding βA plaques, and that the size and number of main astrocyte
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branches decreased. They contended that various brain regions may exhibit diverse astro-
cyte responses to the same stimuli, leading to differential neuronal survival status. This
may help to explain why astrocyte atrophy and astrogliosis do not manifest in all areas of
the brain simultaneously in AD [82].

Reactive astrogliosis is known to increase with age in the cerebral cortex of 5×FAD
mice compared to WT mice. On the other hand, the transcription factor E2F4 can prevent
or delays the cognitive impairment observed in 5×FAD mice [83,84]. A mouse model
of 5×FAD with a supplemental mutation that silences the neural expression of the gene
coding for E2F4 and expresses enhanced green fluorescent protein (EGFP) as a marker of
astrocyte activation showed the role of activated astrocytes in 1-year-old mice which were
more significant in mice with a silent E24F gene compared to control mice [85].

In a recent study, Muraleedharan et al., utilizing the 5×FAD mouse model of AD,
uncovered the significant involvement of PKC-eta (PKCη), an astrocyte-specific stress-
activated and anti-apoptotic kinase, in reactive astrocytes. They illustrated the pronounced
enrichment of PKCη staining within cortical astrocytes, particularly in proximity to βA
peptide plaques, in a disease-dependent manner [86].

They demonstrated that inhibiting the kinase activity of PKCη in 5×FAD astrocyte
cultures leads to a marked increase in the levels of secreted IL-6. Intriguingly, a simi-
lar phenomenon is observed in wild-type astrocytes when stimulated by inflammatory
cytokines [86].

Another recent research has highlighted that some astrocytes exhibit aberrant and
abundant production of the inhibitory gliotransmitter GABA, achieved through monoamine
oxidase-B (Maob) activity. Additionally, these astrocytes release GABA abnormally via the
bestrophin 1 channel [87].

In mouse models of AD, this released GABA has a detrimental effect on granule cells
in the dentate gyrus. It significantly reduces the spike probability of these cells by acting on
presynaptic GABA receptors, thereby impacting synaptic plasticity and impairing learning
and memory.

When GABA production or release from reactive astrocytes is suppressed, a complete
restoration of impaired spike probability, synaptic plasticity, and learning and memory is
observed in the mice.

Moreover, a significant upregulation of astrocytic GABA and MAOB in the post-
mortem brains of individuals with AD is observed, further reinforcing the relevance of this
study [87].

4. The Role of Oligodendrocytes in Alzheimer’s Disease

Oligodendrocytes are a type of glial cell found in the CNS that play a crucial role in the
formation and maintenance of myelin. This fatty substance wraps around nerve fibers and
provides insulation. Myelin is essential for the proper functioning of the nervous system,
including efficient transmission of electrical signals between neurons [88].

In AD, several pathological changes occur in the brain. While the primary hallmark of
AD is the accumulation of βA plaques and tau tangles, recent research has also implicated
the involvement of oligodendrocytes in the disease process, because myelin disruption can
lead to the degeneration and death of neurons, impairing their ability to transmit signals
effectively. This can result in cognitive impairment, memory loss, and other neurological
deficits associated with AD [89,90].

Several human and animal studies have investigated oligodendrocyte changes in AD;
these abnormalities include decreased numbers of oligodendrocytes and alterations in
the structure and function of myelin. The loss and dysfunction of oligodendrocytes can
disrupt the integrity of myelin and lead to impaired communication between neurons. A
noteworthy phenomenon was observed among 6–8-month-old APPPS1 mice.

The findings revealed a marked increase in the population of OPCs (oligodendrocyte
precursor cells) within this specific group. However, a contrasting trend emerged when
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examining postmortem tissues of individuals affected by AD. The number of Olig2+ cells, a
marker for mature oligodendrocytes, was significantly decreased in these AD patients [91].

An additional study revealed an increased abundance of remyelinating oligodendro-
cytes expressing MAP-2 in the regions neighboring periventricular white matter lesions.
Furthermore, it observed a greater presence of OPCs expressing PDGFR-α within the white
matter lesions [92].

A PS1 knock-in mouse model has shown that oligodendrocytes are highly susceptible
to glutamate and βA-induced damage, leading to increased vulnerability and eventual cell
death. Furthermore, these cells exhibit a notable impairment in their ability to regulate
calcium levels, exacerbating their susceptibility to neurotoxic insults [89].

Another study has revealed findings regarding myelin basic protein (MBP) and the
population of myelinating oligodendrocytes in 6-month-old triple transgenic mice (3xTg-AD).

The researchers observed a decrease in the number of myelinating oligodendrocytes
and in MBP levels. Surprisingly, they observed the same number of immature oligoden-
drocytes, with an increase in mature non-myelinating cells, suggesting that myelinating
oligodendrocytes are particularly vulnerable to oxidative stress. This vulnerability stems
from their higher metabolic demand and their increased iron and lipid content. This sen-
sitivity to oxidative stress could potentially be contributing to the observed reduction in
MBP and myelinating oligodendrocytes in triple transgenic mice [93].

A cell culture study conducted on rat oligodendrocytes proved that oxidative stress
induced by βA can lead to the death and dysfunction of these cells. The study further
revealed that βA toxicity for oligodendrocytes may involve mitochondrial DNA damage
and subsequent activation of NF-kB and AP-1 as alternative mechanisms [94].

Furthermore, research suggests that the interaction between oligodendrocytes and
other pathological features of AD, such as βA plaques and tau tangles, may contribute to
disease progression.

5. Tau and βA Proteins

The typical profile that emerges in people with dementia mainly concerns abnor-
malities in the activation of tau, βA and microglia (Figure 1). Intraneuronal hyperphos-
phorylated tau aggregation results in a variety of neurodegenerative conditions known
as tauopathies, of which AD, which appears to be the leading cause of dementia, is a
secondary tauopathy.

Tau is a protein expressed predominantly in the brain and is associated with micro-
tubules. Its weight is equal to 55kDa and in the human brain it is present in six isoforms
encoded by a single gene called MAPT located on chromosome 17q21 by alternative mRNA
splicing. Tau promotes neuronal microtubule assembly by binding to tubulin via repeats
on its binding domain. However, tau can dissociate from microtubules in people with AD,
aggravating the disease [95]. The diminished propensity of tau to bind to microtubules
due to its aberrant hyperphosphorylation is the main cause of microtubule instability in
various tauopathies [96]. Tau is also involved in axonal development, elongation, transport,
regulating iron homeostasis, myelination, nuclear architecture, and neurogenesis [97,98].
All processes involving tau protein in neurodegeneration concern its phosphorylation,
particularly in the proline-rich site located in the C-terminal region. This post-translational
modification is widespread in tau. It is favored by various kinases, in particular by proline-
directed kinases such as glycogen synthase kinase β (GSK3β), cyclin-dependent kinase 5
(CDK5) and microtubule affinity-regulating kinase (MARK) [97,99]. Hyperphosphorylated
tau protein is also the major constituent of abnormal neurofilament tau (NFT), which in
various neurodegenerative stages can twist around each other, creating a coupled heli-
cal filament (PHF). This PHF can accumulate in the neural perikarial cytoplasm, axons,
and dendrites, causing deregulation and loss of cytoskeletal microtubules and tubulin-
associated proteins [100]. Tau that has been inappropriately phosphorylated builds up
and loses its affinity for microtubules, leading to axonal transport dysfunction and overall
neurotransmission problems. Due to increased oxidative stress, tau and βA continue to
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accumulate at synapse sites, resulting in the loss of dendritic spines, presynaptic termi-
nals, and axonal dystrophy [99,101]. The prevention of tau aggregation can be an exciting
strategy to slow AD progression. Small compounds and other disease-modifying therapies
(DMT) can be utilized to prevent the first stage of tau aggregation, hence reducing the
accumulation of the protein [100]; specifically, several studies have focused on preventing
tau hyperphosphorylation and buildup by inhibiting particular kinases such as GSK3 with
drugs such as tideglusib and saracatinib. The latter is still in phase II trials and has shown
remarkable results in enhancing memory in transgenic mice [102]. AD has been associated
with many tau-related biomarkers [103]; for example, exosomes containing phosphorylated
tau have been found in the cerebrospinal fluid (CSF) of early AD patients and the amount
of tau protein in CSF can be correlated with the severity of cognitive impairment [104,105].
This finding makes the CSF levels of released tau and βA [1–42] promising biomarkers for
early AD detection [106].
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For instance, CSF p-tau 217 (tau phosphorylated at threonine 217) is specific for AD
and can be used to aid in the differential diagnosis of other illnesses. Dramatically increased
CSF levels of p-tau 217 are helpful in both the early and late stages of AD diagnosis [97,107].
According to a recent study, the cellular absorption of tau, which occurs in distinct phases,
is necessary to spread tauopathies [108]. Starting with the dimerization of two modified
tau monomers, intermediate soluble oligomers with different higher order conformations
and phosphorylation levels are created. Toxic tau oligomers serve as “tau seeds” that
attract common monomers to create new aggregates, resulting in fresh neuro fibrillary
tangles (NFTs) that impair cognitive performance. Currently accepted theory predicts
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that these tau seeds subsequently go to the neuronal somatodendritic compartment and
form NFTs, resulting in cognitive impairment. Although there is evidence that tau trimers
are the minimal unit of spontaneous cellular uptake and intracellular fibrillary structure
development in vivo, the folding potency of monomers may be far more critical in starting
the early nucleation process of tau aggregation [108,109].

Chronic neuroinflammation forces microglial transformation into disease-associated
microglia (DAM). According to Keren-Shaulet et al., DAM is characterized by overexpres-
sion of specific genes such as TREM2, TYRO, APOE, and protein tyrosine kinase binding
protein (TYROBP), and downregulation of genes involved in homeostasis [110]. Addition-
ally, microglia are essential for avoiding amyloid plaque burden and assisting in defense
against AD pathogenesis [111]. They encapsulate the βA plaques to form a barrier that
stops their spread and lowers βA’s capacity to harm neurons by phagocytosis. The tran-
scription factor IRF8 is required for the paradoxical ability of microglia to disseminate βA
across the brain, as demonstrated by a recent study [112]. The transcription factor IRF8
promotes microglial migration to the tissue damage site and enhances the spread of βA
plaques by microglia. Microglial cells surround and engulf existing βA plaques to avoid the
spread of βA plaques; on the other hand, they support the formation of new βA plaques
through the transport and release of ingested βA seeds into different brain regions [113].
The buildup of βA-peptide in synapses activates microglia, causing them to release TNF-α,
IL-1, IL-6, reactive oxygen species (ROS), nitric oxide (NO), and other immunomodulatory
compounds into the extracellular environment, accelerating neurodegeneration. Tau, in
addition to βA, boosts the inflammatory response in microglia by activation of the inflam-
masome (NLRP3), IL-1, and NF-κB dependent pathways. NLRP3 activation, induced by
both βA and tau, initiates the assembly of its components, increasing caspase-1 cleavage
and furthering the release of IL-1 and IL-18, which causes cell death through the process
of “pyroptosis” [9,114]. Thus, microglial cells and the various immune system activation
stages are closely related. A key to prevent or at least reduce neuronal dysfunction may lie
in a better knowledge of the processes governing these interactions and, most importantly,
the extracellular levels of tau.

6. TREM1 and TREM2

TREM2 is a protein expressed on the surface of microglia and other immune cells that
plays a role in innate immunity in the brain. Recent studies have implicated TREM2 in AD
pathogenesis (Figure 2). TREMs are transmembrane glycoproteins associated with DAP12
for signaling and function [115,116], an expanding family of receptors including the acti-
vating and inhibitory isoforms encoded by MHC-associated clusters. The TREM1 isoform
is involved in inflammation, while the other isoform, TREM2, regulates the functions and
development of osteoclasts and microglia.

The importance of TREM2 is related also to the context of non-immune cells because
the presence of genetic defects in its expression results in brain and bone diseases. Several
in vivo studies have confirmed the role of TREM1 as an amplifier of inflammation [117,118]:
it is expressed by neutrophils and monocytes [115] and TREM1 expression amplifies TLR-
initiated inflammatory responses to microbial challenges by inducing production of IL-8,
myeloperoxidase, TNF and IL-1β [115,117,119]. Recent data are consistent with the theory
that TREM1 promotes monocyte chemokine production (IL-8, CCL2, and CCL3) that attract
effector Th1 cells to the site of inflammation [120].

TREM2 is expressed by DCs generated from immature monocytes and primarily
regulates the function of other myeloid cells, such as phagocytosis, cytokine release, and
modulation of microglial morphology, in contrast to TREM1, which primarily regulates
granulocyte and monocyte/macrophage responses [116]. Dysregulation of TREM2 signal-
ing has been associated with impaired microglial response and compromised clearance
of toxic protein aggregates in AD. The brain and microglia both express TREM2 and
DAP12 [121,122].
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Figure 2. Microglial functions in Alzheimer’s disease (AD): (A) TREM2 and APOE work together in
βA-bearing disease to reduce neuronal damage by driving microglial clustering. DAM is defective
in the absence of TREM2 or APOE, and filamentous plaques have numerous amyloid plaques and
dystrophic neurites. (B) In tauopathy TREM2 or APOE deficiency controls microgliosis and prevents
neuronal loss. A green arrows mean upregulation; a red arrow means downregulation; the dotted
line separates activation of microglial cells from non-activation status.
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There is growing evidence that TREM2 is a crucial regulator that enables the transition
of microglia from a homeostatic to a disease-associated state [110,123] and several studies
on mouse models have already demonstrated its role [122,124,125]. However, whether
TREM2, or his surrogates, could be used as a possible non-invasive biomarker of AD,
remains elusive.

The impact of soluble TREM2 (sTREM2), the endogenous function of sTREM2 itself,
and the downstream TREM2 receptor signaling, are not entirely clarified; in particular, the
role of sTREM2, once released from the membrane, is not well understood. After shedding,
sTREM2 could play an agonistic function by binding a particular TREM2 ligand on different
cells, or it could have a role as a decoy molecule competing with the transmembrane ligand
binding TREM2 receptor.

What is clear is that under circumstances of enhanced microglial activation, the in-
creased TREM2 protein expression and sTREM2 levels in CSF are higher [126,127], such as
in inflammatory neurologic conditions. sTREM2 levels have been extensively evaluated in
the CSF and blood in the context of several neurological disorders. Still, these observations
did not demonstrate any connection with the levels of sTREM2 in peripheral blood or with
markers of BBB integrity, suggesting its intrathecal generation [126,128].

Another study in a cohort of 127 subjects with autosomal dominant AD found that CSF
sTREM2 levels were abnormally raised 5 years before the predicted start of symptoms and
rose with disease progression in AD, with the highest levels occurring in the early stages of
symptoms and indicating changes in microglial activation status in response to neuronal
loss [129]. After initial alterations in βA and tau biomarkers, changes in sTREM2 occurred,
indicating that microglial activation is a byproduct of these pathogenic occurrences [129].
Another study examined two cohorts (AD/MCI/control cohort and an AD/control cohort)
evaluating the use of CSF sTREM2 as a biomarker in AD. In this study, sTREM2 levels in
CSF correlated with aging in controls, and with the neurodegenerative markers CSF T-tau
and P-tau, but not with Aβ42 [130].

The link between sTREM2 levels in the CSF and other AD biomarkers is the subject
of another investigation in which CSF sTREM2 levels were strongly correlated with CSF
T-tau and P-tau but not with βA42 in 101 individuals with either amyloid-positive or
amyloid-negative status.

A recent study investigated the potential link between baseline levels of CSF sTREM2
and the rate of clinical deterioration and cognitive decline in AD [52]. They examined CSF
samples from 385 elderly individuals, including cognitively normal controls, those with
mild cognitive impairment (MCI), and subjects diagnosed with AD dementia.

The study findings revealed an intriguing association: higher concentrations of
sTREM2 in CSF at baseline were linked to a more gradual decline in memory and cognition
among subjects with AD, as identified by evidence of CSF Aβ42.

Regarding clinical progression, in participants who were positive for CSF Aβ42 and
CSF p-tau181, a larger ratio of CSF sTREM2 to CSF p-tau181 concentrations indicated a slower
transition from cognitively normal to symptomatic phases or from MCI to AD dementia,
suggesting that sTREM2 is related to attenuated cognitive and clinical deterioration.

Moreover, in a mouse model of tau pathology, an insightful study by Katsumoto
et al. [131] revealed that a mutation with loss of function in TREM2 intensifies chronic
inflammation, thereby promoting neurodegeneration in the damaged brain of hTau mice.

Notably, the presence of abnormal BBB leakage in the white matter underscores
the indispensable role of TREM2-positive cells in safeguarding against the infiltration of
peripheral macrophages.

TREM2 represents a crucial player in the neuroinflammatory processes underlying
AD. Its involvement in microglial function, βA metabolism, tau pathology, and genetic
interactions highlight the multifaceted role of TREM2 in AD pathogenesis. Understanding
the intricate mechanisms of TREM2 signaling and its crosstalk with other pathways may
open novel therapeutic approaches or biomarkers targeting neuroinflammation in AD.
Elevated levels of sTREM2 in CSF have been associated with increased amyloid plaque
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burden, neurodegeneration, and cognitive decline in individuals with AD. sTREM2 levels
in CSF have shown correlations with other established biomarkers for AD, such as tau and
βA. In summary, sTREM2 has shown promise as a biomarker for AD and its measurement
in CSF has provided valuable insights into the inflammatory processes associated with AD.

However, it is important to note that sTREM2 levels alone may not be sufficient for
an accurate diagnosis of AD. They are typically used with other clinical assessments and
biomarkers to increase diagnostic accuracy. Further research is needed to fully understand
the role of sTREM2 and establish its clinical utility as a standalone biomarker for AD.

7. Illuminating the Immune Landscape of Alzheimer’s Disease: Insights from Bulk
and Single-Cell RNA Sequencing

Combining bulk and Single-cell RNA sequencing (scRNA-seq) could shed light on the
immunological environment of AD.

Researchers could have access to the molecular alterations occurring in certain brain
regions that impact the pathophysiology of AD by studying gene expression patterns
through bulk RNA sequencing.

According to their bulk RNA sequencing study, Guennewig et al. have evaluated
differential gene expression into two different areas of the post-mortem brains from AD
patients: the mildly affected primary visual cortex (VIC) and the moderately affected
precuneus (PREC). The authors found that the two regions had similar transcriptomic
signatures even if the precuneus showed significant abnormal expression of tau load.
Both regions were characterized by upregulation of immune-related genes such as those
encoding TREM 2 and MS46A and milder changes in insulin/IGF1 signaling [132].

From this comparison, the greater tau load in the AD-PREC is related to a more remark-
able gene expression profile change than that displayed in the AD-VIC. scRNA-seq plays an
essential role in understanding AD by providing a high-resolution view of AD pathology
with transcriptional alterations associated with the cellular level. scRNA-seq allows the
identification of disease-associated cellular subpopulations within a heterogeneous cell
population. By analyzing individual cells, specific subpopulations that contribute to AD
pathology can be identified, providing a deeper understanding of the disease mechanisms
and potential therapeutic targets [133,134].

Recent studies have shed light on the transcriptional heterogeneity of microglia in
the human brain. The different microglial polarization status types has been defined as
classical activation (M1), alternative activation (M2a), type II alternative activation (M2b),
and acquired deactivation (M2c) [135]. In RNA samples extracted from AD brains, the
different M1, M2a, M2b, and M2c phenotypes have been detected by co-expression of
surface markers in samples [136,137].

The study conducted by Young et al. provides a comprehensive transcriptional map
of human microglia at a population scale and elucidates on the decisive role of these cells
in CNS development and disease [138]. The study identified distinct subpopulations of
microglia and revealed the transcriptional profiles associated with different microglial states.
This study did not specifically focus on the different microglial phenotypes, but there has
been some debate about how microglial polarization could be related to neurodegenerative
conditions such as AD [139].

Studies suggest that microglia can transition between different activation states and
exhibit a continuum of intermediate phenotypes between M1 and M2. In neurodegenerative
diseases, including AD, microglia-mediated neuroinflammation plays a complex role, with
harmful and helpful effects. Balancing the M1/M2 polarization of microglia has shown
promise as a therapeutic approach for neurodegenerative diseases, including AD [139].

While more specific research may be needed to identify the distinct microglia subsets
in the context of AD through single-cell sequencing, the concept of microglial polarization
and its modulation as a potential treatment avenue remains an area of active investigation.

Another innate resident immune cell in the CNS, the astrocyte, plays essential roles in
maintaining brain homeostasis and supporting neuronal function. Astrocytes can undergo
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phenotypic changes in response to various pathological conditions, including AD. The
categorization of astrocyte phenotypes into A1 and A2 states has been proposed to describe
their reactive responses in neurodegenerative diseases. Although the specific classification
of astrocyte proliferation into A1 and A2 states in AD is not well studied, the concept
of astrocyte heterogeneity and its role in AD pathology has been discussed by Monterey
et al. as the potential basis for the effectiveness of scRNA-seq technologies in identifying
specific biomarkers associated with reactive astrocytes, which provides valuable insights
into astrocyte contributions and their phenotypic changes in the disease [140].

A recent study using scRNA-seq identified both shared and distinct gene programs
induced in astrocytes in AD, suggesting their involvement in the disease pathogenesis [141].

These findings highlight the importance of astrocytes in AD and suggest that their
dysfunction may contribute to the pathophysiology of the disease. Further research is
needed to fully understand the specific roles of astrocytes and the molecular mechanisms
underlying their involvement in AD.

In summary, integrating bulk and scRNA-seq techniques could shed light on the
immune landscape of AD. These novel approaches have revealed early changes in disease
pathology, identified key molecular players such as βA and tau, and provided insights into
the immune response and DNA damage response associated with AD.

These findings contribute to our understanding of the disease and may pave the way
for the development of targeted therapies and personalized treatment strategies.

8. Possible Treatment Strategies

Research studies have investigated microglia and the progression of AD. One thera-
peutic approach is microglial depletion, even if the consequences could be critical in the
maintenance of brain health, highlighting the need for further investigation [139,142,143].

An intriguing approach as a therapeutic strategy is to target the pro-inflammatory
pathways, rather than depleting the microglia.

The inflammasome plays a pivotal role in microglial activation through the induction
of the release of pro-inflammatory cytokines, representing an encouraging target for a
treatment strategy for AD [144,145]. Some targets of the inflammasome pathway, such as
purinergic receptors in NLRP3 and Caspase-1, are promising [146].

Inhibition of purinergic receptors, especially the P2 × 7R subtype found on microglia,
in both in vivo and in vitro studies, has been involved in the development neurodegen-
erative disorders. The use of an antagonist of this receptor offers a therapeutic benefit
to understand better its role in neuroinflammation and other neurodegenerative condi-
tions [147–151].

Several molecules have displayed the potential capability to modulate the NLRP3/
caspase-1 inflammasome pathway in AD. Several compounds have been found to inhibit
the activation of the inflammasome and the production of proinflammatory mediators in
the BV2 microglial cell line [152,153] or in experimental mouse models [154–156].

Caspase-1 is another target molecule in AD; in fact, caspase-1 inhibition has a neuro-
protective effect, further highlighting a potential target molecule as a therapeutic strategy
for AD [157]. A natural compound, Bacopa, displays inhibitory effects on several en-
zymes such as MMP-3, caspase-1, and caspase-3, which are involved in neuroinflammation
and neurodegeneration [158], suggesting its potential as a therapeutic agent for AD. In
AD mouse models, VX-765, a selective caspase-1 inhibitor molecule, also has promising
effects [159].

Another molecule involved in AD progression is TREM2.
The cumulative evidence suggests that TREM2 plays a beneficial role in the CNS, which

could be enhanced to prevent or slow down the progression of sporadic AD [160–163].
Currently, some promising strategies for modulating TREM2 activity have emerged.

Two monoclonal antibodies that enhance TREM2 signaling through crosslinking have been
discovered [160,161,163,164].
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According to this antibody-enhancing strategy, in an experimental mouse model
(5×FAD), the development of monoclonal antibody Ab-T1, which is reactive against the
extracellular domain of TREM2, attenuated neuroinflammation and improved cognitive
function. This monoclonal antibody targets membrane-bound and soluble TREM2, induc-
ing microglial activation. It has also revealed high cross-reactivity with human TREM2.
Ab-T1 binds and activates TREM2, enhancing the uptake of labeled βA by macrophages
and microglia and promoting TNF-α production. Of note, Ab-T1 enhances the ability
of microglia to phagocytose labeled apoptotic neurons, considered as cell debris present
around the βA plaque environment [165].

Among the monoclonal antibodies activating TREM2, several studies in transgenic
AD mouse models such as 5×FAD mice have evaluated the biological role of AL002a/c.
This humanized monoclonal IgG1 antibody binds to TREM2 and activates its signaling
pathway [161,162]. The antibody AL002c did not enhance the clustering of microglia
around amyloid plaques, while AL002a did. Moreover, AL002a significantly reduced the
total βA plaque amount and decreased fibrillar βA within the hippocampus. Furthermore,
both AL002a and AL002c reduced the plasma concentration of the neurofilament light
chain, which is a neurodegeneration marker [163].

The third approach is focused on preventing the shedding of the TREM2 extracellular
domain by ADAM family proteases [162,166].

In this approach, the selective inhibition of TREM2 shedding is preferred over the
inhibition of ADAM10, due to the cleavage of another split break of substrates in the
brain [162,167].

The monoclonal antibody 4D9 holds promise, as it targets an epitope situated 12 amino
acids N-terminal to the TREM2 protein. This strategic binding effectively prevents the
shedding of soluble TREM2, making it a highly therapeutic candidate.

In conducted in vitro biochemical assays, 4D9 has displayed its remarkable ability to
inhibit the split break of the TREM2 stalk peptide. Consequently, this inhibition leads to the
activation of the essential DAP12/phosphorylation/Syk signaling pathway, which plays a
pivotal role in mediating downstream signaling events crucial for the functioning of TREM2.
These findings suggest that 4D9 holds the key to modulating TREM2-related pathways
and provides a valuable avenue for therapeutic interventions in conditions associated with
dysregulated TREM2 signaling [160,161,163].

An exciting field of study concerns Nanoparticle-based (NPs) anti-aging treatments
that could ameliorate AD more significantly by playing a role as anti-inflammatory tools.
Lipid-based nanoparticles (NPs) possess favorable characteristics such as low toxicity and
immunogenicity. However, when it comes to delivering drugs across the BBB and target-
ing specific areas related to AD, liposomes face challenges in facilitating direct transport
via passive means [168]. In another study conducted by Meng et al., an approach was
undertaken to enhance brain-targeted delivery of curcumin. The researchers developed
a novel nanostructured lipid carrier (NLC) known as Cur-loaded Lf-mNLC, which incor-
porated lactoferrin (Lf) as a modification. The results of this study exhibited remarkable
advancements in mitigating pathological neuronal damage in rats [169]. Nanogels (NGs)
represent an advanced category of nano-sized three-dimensional polymers that offer great
temperature and optical controllability. These polymeric structures were achieved through
various chemical and/or physical crosslinking techniques, resulting in enhanced drug
release capabilities [170]. Extensive research findings continue to support the crucial role
of insulin in protection from AD [171]. In light of this, a groundbreaking advancement
has emerged in the form of an NGs system that enables targeted insulin delivery to the
brain [172].

9. Conclusions

Chronic and self-maintaining inflammation is the main driving force that characterizes
the pathogenesis of AD. Acute inflammation, as previously stated, is a critical characteristic
of innate immunity that initiates clearance and repair in infected or damaged tissues.
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In the neuroinflammatory response, microglia and astrocytes play a crucial role at
different stages of brain disease. Given the emerging role of innate immunity in AD, there
is growing interest in the development of new therapies that target the innate immune
compartment. Various approaches are being explored to modulate microglial function and
neuroinflammation. Preclinical studies and phase I/II clinical trials aimed at targeting
TREM2 [161] and NLRP3 [173] have displayed promising results. Therapeutic interventions
also targeting innate immunity hold promise for slowing disease progression, but additional
research is needed to translate these findings into effective treatments. Understanding
the intricate interplay between innate immunity and AD will pave the way for future
advancements in diagnosis and therapy.

However, though encouraging, these therapeutic studies are still preliminary and
need further improvements to have a deeper comprehension of the close relationship of the
above-described cells and molecules and their contributions to the onset and progression
of AD.
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55. Oikonomidi, A.; Tautvydaitė, D.; Gholamrezaee, M.M.; Henry, H.; Bacher, M.; Popp, J. Macrophage Migration Inhibitory Factor is
Associated with Biomarkers of Alzheimer’s Disease Pathology and Predicts Cognitive Decline in Mild Cognitive Impairment and
Mild Dementia. J. Alzheimer’s Dis. 2017, 60, 273–281. [CrossRef]

56. Franco Bocanegra, D.K.; Nicoll, J.A.R.; Boche, D. Innate immunity in Alzheimer’s disease: The relevance of animal models? J.
Neural Transm. 2018, 125, 827–846. [CrossRef]

57. Karran, E.; Mercken, M.; Strooper, B.D. The amyloid cascade hypothesis for Alzheimer’s disease: An appraisal for the development
of therapeutics. Nat. Rev. Drug Discov. 2011, 10, 698–712. [CrossRef] [PubMed]

58. Hefendehl, J.K.; Wegenast-Braun, B.M.; Liebig, C.; Eicke, D.; Milford, D.; Calhoun, M.E.; Kohsaka, S.; Eichner, M.; Jucker, M.
Long-term in vivo imaging of β-amyloid plaque appearance and growth in a mouse model of cerebral β-amyloidosis. J. Neurosci.
Off. J. Soc. Neurosci. 2011, 31, 624–629. [CrossRef]

59. Zotova, E.; Bharambe, V.; Cheaveau, M.; Morgan, W.; Holmes, C.; Harris, S.; Neal, J.W.; Love, S.; Nicoll, J.A.R.; Boche, D.
Inflammatory components in human Alzheimer’s disease and after active amyloid-β42 immunization. Brain 2013, 136, 2677–2696.
[CrossRef] [PubMed]

60. Serrano-Pozo, A.; Muzikansky, A.; Gómez-Isla, T.; Growdon, J.H.; Betensky, R.A.; Frosch, M.P.; Hyman, B.T. Differential
relationships of reactive astrocytes and microglia to fibrillar amyloid deposits in Alzheimer disease. J. Neuropathol. Exp. Neurol.
2013, 72, 462–471. [CrossRef]

61. Hickman, S.E.; Allison, E.K.; El Khoury, J. Microglial dysfunction and defective β-amyloid clearance pathways in aging
Alzheimer’s disease mice. J. Neurosci. 2008, 28, 8354–8360. [CrossRef] [PubMed]

62. Kong, C.; Yang, E.-J.; Shin, J.; Park, J.; Kim, S.-H.; Park, S.-W.; Chang, W.S.; Lee, C.-H.; Kim, H.; Kim, H.-S. Enhanced delivery of a
low dose of aducanumab via FUS in 5× FAD mice, an AD model. Transl. Neurodegener. 2022, 11, 57. [CrossRef]

63. Xia, D.; Lianoglou, S.; Sandmann, T.; Calvert, M.; Suh, J.H.; Thomsen, E.; Dugas, J.; Pizzo, M.E.; DeVos, S.L.; Earr, T.K. Novel App
knock-in mouse model shows key features of amyloid pathology and reveals profound metabolic dysregulation of microglia.
Mol. Neurodegener. 2022, 17, 41. [CrossRef] [PubMed]

64. Clayton, K.; Delpech, J.C.; Herron, S.; Iwahara, N.; Ericsson, M.; Saito, T.; Saido, T.C.; Ikezu, S.; Ikezu, T. Plaque associated
microglia hyper-secrete extracellular vesicles and accelerate tau propagation in a humanized APP mouse model. Mol. Neurodegener.
2021, 16, 18. [CrossRef]

65. Sastre, M.; Klockgether, T.; Heneka, M.T. Contribution of inflammatory processes to Alzheimer’s disease: Molecular mechanisms.
Int. J. Dev. Neurosci. 2006, 24, 167–176. [CrossRef]

66. Yoshiyama, Y.; Higuchi, M.; Zhang, B.; Huang, S.-M.; Iwata, N.; Saido, T.C.; Maeda, J.; Suhara, T.; Trojanowski, J.Q.; Lee, V.M.Y.
Synapse loss and microglial activation precede tangles in a P301S tauopathy mouse model. Neuron 2007, 53, 337–351. [CrossRef]

67. Streit, W.J.; Braak, H.; Xue, Q.S. Bechmann, I2737117: Dystrophic (senescent) rather than activated microglial cells are associated
with tau pathology and likely precede neurodegeneration in Alzheimer’s disease. Acta Neuropathol. 2009, 118, 475–485. [CrossRef]
[PubMed]

https://doi.org/10.1523/JNEUROSCI.1698-16.2016
https://doi.org/10.1083/jcb.201709069
https://www.ncbi.nlm.nih.gov/pubmed/29196460
https://doi.org/10.1016/j.neuroscience.2018.01.059
https://doi.org/10.1101/cshperspect.a020560
https://doi.org/10.3390/biom10101439
https://www.ncbi.nlm.nih.gov/pubmed/33066368
https://doi.org/10.1084/jem.20021546
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1016/j.neures.2013.10.004
https://doi.org/10.1073/pnas.90.5.1977
https://www.ncbi.nlm.nih.gov/pubmed/8446617
https://doi.org/10.1126/scitranslmed.aav6221
https://www.ncbi.nlm.nih.gov/pubmed/31462511
https://doi.org/10.1186/s10020-020-00163-5
https://doi.org/10.1016/j.jpsychires.2008.10.006
https://www.ncbi.nlm.nih.gov/pubmed/19038405
https://doi.org/10.3233/JAD-170335
https://doi.org/10.1007/s00702-017-1729-4
https://doi.org/10.1038/nrd3505
https://www.ncbi.nlm.nih.gov/pubmed/21852788
https://doi.org/10.1523/JNEUROSCI.5147-10.2011
https://doi.org/10.1093/brain/awt210
https://www.ncbi.nlm.nih.gov/pubmed/23943781
https://doi.org/10.1097/NEN.0b013e3182933788
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://www.ncbi.nlm.nih.gov/pubmed/18701698
https://doi.org/10.1186/s40035-022-00333-x
https://doi.org/10.1186/s13024-022-00547-7
https://www.ncbi.nlm.nih.gov/pubmed/35690868
https://doi.org/10.1186/s13024-021-00440-9
https://doi.org/10.1016/j.ijdevneu.2005.11.014
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1007/s00401-009-0556-6
https://www.ncbi.nlm.nih.gov/pubmed/19513731


Int. J. Mol. Sci. 2023, 24, 11922 18 of 22

68. Janelsins, M.C.; Mastrangelo, M.A.; Oddo, S.; LaFerla, F.M.; Federoff, H.J.; Bowers, W.J. Early correlation of microglial activation
with enhanced tumor necrosis factor-alpha and monocyte chemoattractant protein-1 expression specifically within the entorhinal
cortex of triple transgenic Alzheimer’s disease mice. J. Neuroinflamm. 2005, 2, 23. [CrossRef]

69. Caruso, D.; Barron, A.M.; Brown, M.A.; Abbiati, F.; Carrero, P.; Pike, C.J.; Garcia-Segura, L.M.; Melcangi, R.C. Age-related changes
in neuroactive steroid levels in 3xTg-AD mice. Neurobiol. Aging 2013, 34, 1080–1089. [CrossRef]

70. Colton, C.A.; Wilcock, D.M.; Wink, D.A.; Davis, J.; Van Nostrand, W.E.; Vitek, M.P. The effects of NOS2 gene deletion on mice
expressing mutated human AβPP. J. Alzheimer’s Dis. 2008, 15, 571–587. [CrossRef] [PubMed]

71. Stephan, A.H.; Madison, D.V.; Mateos, J.M.; Fraser, D.A.; Lovelett, E.A.; Coutellier, L.; Kim, L.; Tsai, H.-H.; Huang, E.J.; Rowitch,
D.H. A dramatic increase of C1q protein in the CNS during normal aging. J. Neurosci. 2013, 33, 13460–13474. [CrossRef]

72. Buffo, A.; Rolando, C.; Ceruti, S. Astrocytes in the damaged brain: Molecular and cellular insights into their reactive response
and healing potential. Biochem. Pharmacol. 2010, 79, 77–89. [CrossRef] [PubMed]

73. Colombo, E.; Farina, C. Astrocytes: Key Regulators of Neuroinflammation. Trends Immunol. 2016, 37, 608–620. [CrossRef]
74. González-Reyes, R.E.; Nava-Mesa, M.O.; Vargas-Sánchez, K.; Ariza-Salamanca, D.; Mora-Muñoz, L. Involvement of Astrocytes in

Alzheimer’s Disease from a Neuroinflammatory and Oxidative Stress Perspective. Front. Mol. Neurosci. 2017, 10, 427.
75. Maccioni, R.B.; Rojo, L.E.; Fernández, J.A.; Kuljis, R.O. The Role of Neuroimmunomodulation in Alzheimer’s Disease. Ann. N. Y.

Acad. Sci. 2009, 1153, 240–246. [CrossRef]
76. Cortés, N.; Andrade, V.; Guzmán-Martínez, L.; Estrella, M.; Maccioni, R.B. Neuroimmune Tau Mechanisms: Their Role in the

Progression of Neuronal Degeneration. Int. J. Mol. Sci. 2018, 19, 956. [CrossRef] [PubMed]
77. Tapiola, T.; Alafuzoff, I.; Herukka, S.-K.; Parkkinen, L.; Hartikainen, P.; Soininen, H.; Pirttilä, T. Cerebrospinal Fluid β-Amyloid 42

and Tau Proteins as Biomarkers of Alzheimer-Type Pathologic Changes in the Brain. Arch. Neurol. 2009, 66, 382–389. [CrossRef]
78. Sunderland, T.; Linker, G.; Mirza, N.; Putnam, K.T.; Friedman, D.L.; Kimmel, L.H.; Bergeson, J.; Manetti, G.J.; Zimmermann, M.;

Tang, B.; et al. Decreased β-Amyloid1-42 and Increased Tau Levels in Cerebrospinal Fluid of Patients with Alzheimer Disease.
JAMA 2003, 289, 2094–2103. [CrossRef] [PubMed]

79. De Calignon, A.; Polydoro, M.; Suárez-Calvet, M.; William, C.; Adamowicz, D.H.; Kopeikina, K.J.; Pitstick, R.; Sahara, N.; Ashe,
K.H.; Carlson, G.A.; et al. Propagation of Tau Pathology in a Model of Early Alzheimer’s Disease. Neuron 2012, 73, 685–697.
[CrossRef] [PubMed]

80. Wang, P.; Ye, Y. Filamentous recombinant human Tau activates primary astrocytes via an integrin receptor complex. Nat. Commun.
2021, 12, 95. [CrossRef] [PubMed]

81. Yue, Q.; Hoi, M.P.M. Emerging roles of astrocytes in blood-brain barrier disruption upon amyloid-beta insults in Alzheimer’s
disease. Neural Regen. Res. 2023, 18, 1890. [PubMed]

82. Ugolini, F.; Lana, D.; Nardiello, P.; Nosi, D.; Pantano, D.; Casamenti, F.; Giovannini, M.G. Different patterns of neurodegeneration
and glia activation in CA1 and CA3 hippocampal regions of TgCRND8 mice. Front. Aging Neurosci. 2018, 10, 372. [CrossRef]
[PubMed]

83. López-Sánchez, N.; Garrido-García, A.; Ramón-Landreau, M.; Cano-Daganzo, V.; Frade, J.M. E2F4-based gene therapy mitigates
the phenotype of the Alzheimer’s disease mouse model 5xFAD. Neurotherapeutics 2021, 18, 2484–2503. [CrossRef]

84. López-Sánchez, N.; Ramón-Landreau, M.; Trujillo, C.; Garrido-García, A.; Frade, J.M. A mutant variant of E2F4 triggers
multifactorial therapeutic effects in 5xFAD mice. Mol. Neurobiol. 2022, 59, 3016–3039. [CrossRef] [PubMed]

85. Ramón-Landreau, M.; Sánchez-Puelles, C.; López-Sánchez, N.; Lozano-Ureña, A.; Llabrés-Mas, A.M.; Frade, J.M. E2F4DN
transgenic mice: A tool for the evaluation of E2F4 as a therapeutic target in neuropathology and brain aging. Int. J. Mol. Sci. 2022,
23, 12093. [CrossRef] [PubMed]

86. Muraleedharan, A.; Rotem-Dai, N.; Strominger, I.; Anto, N.P.; Isakov, N.; Monsonego, A.; Livneh, E. Protein kinase C eta is
activated in reactive astrocytes of an Alzheimer’s disease mouse model: Evidence for its immunoregulatory function in primary
astrocytes. Glia 2021, 69, 697–714. [CrossRef]

87. Jo, S.; Yarishkin, O.; Hwang, Y.J.; Chun, Y.E.; Park, M.; Woo, D.H.; Bae, J.Y.; Kim, T.; Lee, J.; Chun, H.; et al. GABA from reactive
astrocytes impairs memory in mouse models of Alzheimer’s disease. Nat. Med. 2014, 20, 886–896. [CrossRef] [PubMed]

88. Baumann, N.; Pham-Dinh, D. Biology of Oligodendrocyte and Myelin in the Mammalian Central Nervous System. Physiol. Rev.
2001, 81, 871–927. [CrossRef]

89. Pak, K.; Chan, S.L.; Mattson, M.P. Presenilin-1 mutation sensitizes oligodendrocytes to glutamate and amyloid toxicities, and
exacerbates white matter damage and memory impairment in mice. NeuroMolecular Med. 2003, 3, 53–64. [CrossRef]

90. Gagyi, E.; Kormos, B.; Castellanos, K.J.; Valyi-Nagy, K.; Korneff, D.; LoPresti, P.; Woltjer, R.; Valyi-Nagy, T. Decreased Oligo-
dendrocyte Nuclear Diameter in Alzheimer’s Disease and Lewy Body Dementia. Brain Pathol. 2012, 22, 803–810. [CrossRef]
[PubMed]

91. Behrendt, G.; Baer, K.; Buffo, A.; Curtis, M.A.; Faull, R.L.; Rees, M.I.; Götz, M.; Dimou, L.J.G. Dynamic changes in myelin
aberrations and oligodendrocyte generation in chronic amyloidosis in mice and men. Glia 2013, 61, 273–286. [CrossRef]

92. Simpson, J.E.; Fernando, M.S.; Clark, L.; Ince, P.G.; Matthews, F.; Forster, G.; O’Brien, J.T.; Barber, R.; Kalaria, R.N.; Brayne, C.; et al.
White matter lesions in an unselected cohort of the elderly: Astrocytic, microglial and oligodendrocyte precursor cell responses.
Neuropathol. Appl. Neurobiol. 2007, 33, 410–419. [CrossRef]

93. Desai, M.K.; Mastrangelo, M.A.; Ryan, D.A.; Sudol, K.L.; Narrow, W.C.; Bowers, W.J. Early Oligodendrocyte/Myelin Pathology in
Alzheimer’s Disease Mice Constitutes a Novel Therapeutic Target. Am. J. Pathol. 2010, 177, 1422–1435. [CrossRef] [PubMed]

https://doi.org/10.1186/1742-2094-2-23
https://doi.org/10.1016/j.neurobiolaging.2012.10.007
https://doi.org/10.3233/JAD-2008-15405
https://www.ncbi.nlm.nih.gov/pubmed/19096157
https://doi.org/10.1523/JNEUROSCI.1333-13.2013
https://doi.org/10.1016/j.bcp.2009.09.014
https://www.ncbi.nlm.nih.gov/pubmed/19765548
https://doi.org/10.1016/j.it.2016.06.006
https://doi.org/10.1111/j.1749-6632.2008.03972.x
https://doi.org/10.3390/ijms19040956
https://www.ncbi.nlm.nih.gov/pubmed/29570615
https://doi.org/10.1001/archneurol.2008.596
https://doi.org/10.1001/jama.289.16.2094
https://www.ncbi.nlm.nih.gov/pubmed/12709467
https://doi.org/10.1016/j.neuron.2011.11.033
https://www.ncbi.nlm.nih.gov/pubmed/22365544
https://doi.org/10.1038/s41467-020-20322-w
https://www.ncbi.nlm.nih.gov/pubmed/33398028
https://www.ncbi.nlm.nih.gov/pubmed/36926705
https://doi.org/10.3389/fnagi.2018.00372
https://www.ncbi.nlm.nih.gov/pubmed/30483118
https://doi.org/10.1007/s13311-021-01151-1
https://doi.org/10.1007/s12035-022-02764-z
https://www.ncbi.nlm.nih.gov/pubmed/35254651
https://doi.org/10.3390/ijms232012093
https://www.ncbi.nlm.nih.gov/pubmed/36292945
https://doi.org/10.1002/glia.23921
https://doi.org/10.1038/nm.3639
https://www.ncbi.nlm.nih.gov/pubmed/24973918
https://doi.org/10.1152/physrev.2001.81.2.871
https://doi.org/10.1385/NMM:3:1:53
https://doi.org/10.1111/j.1750-3639.2012.00595.x
https://www.ncbi.nlm.nih.gov/pubmed/22429607
https://doi.org/10.1002/glia.22432
https://doi.org/10.1111/j.1365-2990.2007.00828.x
https://doi.org/10.2353/ajpath.2010.100087
https://www.ncbi.nlm.nih.gov/pubmed/20696774


Int. J. Mol. Sci. 2023, 24, 11922 19 of 22

94. Xu, J.; Chen, S.; Ahmed, S.H.; Chen, H.; Ku, G.; Goldberg, M.P.; Hsu, C.Y. Amyloid-β Peptides Are Cytotoxic to Oligodendrocytes.
J. Neurosci. 2001, 21, RC118. [CrossRef]

95. Morishima-Kawashima, M.; Ihara, Y. Alzheimer’s disease: β-Amyloid protein and tau. J. Neurosci. Res. 2002, 70, 392–401.
[CrossRef] [PubMed]

96. Wang, Y.; Mandelkow, E. Tau in physiology and pathology. Nat. Rev. Neurosci. 2016, 17, 22–35. [CrossRef]
97. Ayyubova, G. Dysfunctional microglia and tau pathology in Alzheimer’s disease. Rev. Neurosci. 2023, 34, 443–458. [CrossRef]

[PubMed]
98. Kent, S.A.; Spires-Jones, T.L.; Durrant, C.S. The physiological roles of tau and Aβ: Implications for Alzheimer’s disease pathology

and therapeutics. Acta Neuropathol. 2020, 140, 417–447. [CrossRef]
99. Xia, Y.; Prokop, S.; Gorion, K.-M.M.; Kim, J.D.; Sorrentino, Z.A.; Bell, B.M.; Manaois, A.N.; Chakrabarty, P.; Davies, P.; Giasson,

B.I. Tau Ser208 phosphorylation promotes aggregation and reveals neuropathologic diversity in Alzheimer’s disease and other
tauopathies. Acta Neuropathol. Commun. 2020, 8, 88. [CrossRef]

100. Breijyeh, Z.; Karaman, R. Comprehensive Review on Alzheimer’s Disease: Causes and Treatment. Molecules 2020, 25, 5789.
[CrossRef]

101. Overk, C.R.; Masliah, E. Pathogenesis of synaptic degeneration in Alzheimer’s disease and Lewy body disease. Biochem. Pharmacol.
2014, 88, 508–516. [CrossRef]

102. Galimberti, D.; Scarpini, E. Disease-modifying treatments for Alzheimer’s disease. Ther. Adv. Neurol. Disord. 2011, 4, 203–216.
[CrossRef]

103. Coughlin, D.G.; Litvan, I. Progressive supranuclear palsy: Advances in diagnosis and management. Park. Relat. Disord. 2020, 73,
105–116. [CrossRef]

104. Pernègre, C.; Duquette, A.; Leclerc, N. Tau Secretion: Good and Bad for Neurons. Front. Neurosci. 2019, 13, 649. [CrossRef]
105. Han, P.; Serrano, G.; Beach, T.G.; Caselli, R.J.; Yin, J.; Zhuang, N.; Shi, J. A Quantitative Analysis of Brain Soluble Tau and the Tau

Secretion Factor. J. Neuropathol. Exp. Neurol. 2017, 76, 44–51. [CrossRef]
106. Blennow, K.; Hampel, H. CSF markers for incipient Alzheimer’s disease. Lancet Neurol. 2003, 2, 605–613. [CrossRef] [PubMed]
107. Barthélemy, N.R.; Bateman, R.J.; Hirtz, C.; Marin, P.; Becher, F.; Sato, C.; Gabelle, A.; Lehmann, S. Cerebrospinal fluid phospho-tau

T217 outperforms T181 as a biomarker for the differential diagnosis of Alzheimer’s disease and PET amyloid-positive patient
identification. Alzheimer’s Res. Ther. 2020, 12, 26. [CrossRef] [PubMed]

108. Song, L.; Wells, E.A.; Robinson, A.S. Critical Molecular and Cellular Contributors to Tau Pathology. Biomedicines 2021, 9, 190.
[CrossRef] [PubMed]

109. Mirbaha, H.; Holmes, B.B.; Sanders, D.W.; Bieschke, J.; Diamond, M.I. Tau Trimers Are the Minimal Propagation Unit Sponta-
neously Internalized to Seed Intracellular Aggregation. J. Biol. Chem. 2015, 290, 14893–14903. [CrossRef]

110. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276–1290.e17. [CrossRef]

111. Long, J.M.; Holtzman, D.M. Alzheimer Disease: An Update on Pathobiology and Treatment Strategies. Cell 2019, 179, 312–339.
[CrossRef]

112. D‘Errico, P.; Meyer-Luehmann, M. Mechanisms of Pathogenic Tau and Aβ Protein Spreading in Alzheimer’s Disease. Front.
Aging Neurosci. 2020, 12, 265. [CrossRef] [PubMed]

113. Chen, Y.; Colonna, M. Two-faced behavior of microglia in Alzheimer’s disease. Nat. Neurosci. 2022, 25, 3–4. [CrossRef] [PubMed]
114. Heneka, M.T.; Kummer, M.P.; Stutz, A.; Delekate, A.; Schwartz, S.; Vieira-Saecker, A.; Griep, A.; Axt, D.; Remus, A.; Tzeng, T.-C.;

et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. Nature 2013, 493, 674–678.
[CrossRef] [PubMed]

115. Bouchon, A.; Dietrich, J.; Colonna, M. Cutting Edge: Inflammatory Responses Can Be Triggered by TREM-1, a Novel Receptor
Expressed on Neutrophils and Monocytes1. J. Immunol. 2000, 164, 4991–4995. [CrossRef] [PubMed]

116. Bouchon, A.; Hernández-Munain, C.; Cella, M.; Colonna, M. A Dap12-Mediated Pathway Regulates Expression of Cc Chemokine
Receptor 7 and Maturation of Human Dendritic Cells. J. Exp. Med. 2001, 194, 1111–1122. [CrossRef]

117. Bouchon, A.; Facchetti, F.; Weigand, M.A.; Colonna, M. TREM-1 amplifies inflammation and is a crucial mediator of septic shock.
Nature 2001, 410, 1103–1107. [CrossRef]

118. Lucas, M.; Daniel, L.; Tomasello, E.; Guia, S.; Horschowski, N.; Aoki, N.; Figarella-Branger, D.; Gomez, S.; Vivier, E. Massive
inflammatory syndrome and lymphocytic immunodeficiency in KARAP/DAP12-transgenic mice. Eur. J. Immunol. 2002, 32,
2653–2663. [CrossRef]

119. Bernhagen, J.; Calandra, T.; Mitchell, R.A.; Martin, S.B.; Tracey, K.J.; Voelter, W.; Manogue, K.R.; Cerami, A.; Bucala, R. MIF is a
pituitary-derived cytokine that potentiates lethal endotoxaemia. Nature 1993, 365, 756–759. [CrossRef] [PubMed]

120. Bleharski, J.R.; Kiessler, V.; Buonsanti, C.; Sieling, P.A.; Stenger, S.; Colonna, M.; Modlin, R.L. A Role for Triggering Receptor
Expressed on Myeloid Cells-1 in Host Defense During the Early-Induced and Adaptive Phases of the Immune Response1. J.
Immunol. 2003, 170, 3812–3818. [CrossRef] [PubMed]

121. Paloneva, J.; Manninen, T.; Christman, G.; Hovanes, K.; Mandelin, J.; Adolfsson, R.; Bianchin, M.; Bird, T.; Miranda, R.; Salmaggi,
A.; et al. Mutations in Two Genes Encoding Different Subunits of a Receptor Signaling Complex Result in an Identical Disease
Phenotype. Am. J. Hum. Genet. 2002, 71, 656–662. [CrossRef]

https://doi.org/10.1523/JNEUROSCI.21-01-j0001.2001
https://doi.org/10.1002/jnr.10355
https://www.ncbi.nlm.nih.gov/pubmed/12391602
https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.1515/revneuro-2022-0087
https://www.ncbi.nlm.nih.gov/pubmed/36302379
https://doi.org/10.1007/s00401-020-02196-w
https://doi.org/10.1186/s40478-020-00967-w
https://doi.org/10.3390/molecules25245789
https://doi.org/10.1016/j.bcp.2014.01.015
https://doi.org/10.1177/1756285611404470
https://doi.org/10.1016/j.parkreldis.2020.04.014
https://doi.org/10.3389/fnins.2019.00649
https://doi.org/10.1093/jnen/nlw105
https://doi.org/10.1016/S1474-4422(03)00530-1
https://www.ncbi.nlm.nih.gov/pubmed/14505582
https://doi.org/10.1186/s13195-020-00596-4
https://www.ncbi.nlm.nih.gov/pubmed/32183883
https://doi.org/10.3390/biomedicines9020190
https://www.ncbi.nlm.nih.gov/pubmed/33672982
https://doi.org/10.1074/jbc.M115.652693
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2019.09.001
https://doi.org/10.3389/fnagi.2020.00265
https://www.ncbi.nlm.nih.gov/pubmed/33061903
https://doi.org/10.1038/s41593-021-00963-w
https://www.ncbi.nlm.nih.gov/pubmed/34815557
https://doi.org/10.1038/nature11729
https://www.ncbi.nlm.nih.gov/pubmed/23254930
https://doi.org/10.4049/jimmunol.164.10.4991
https://www.ncbi.nlm.nih.gov/pubmed/10799849
https://doi.org/10.1084/jem.194.8.1111
https://doi.org/10.1038/35074114
https://doi.org/10.1002/1521-4141(200209)32:9&lt;2653::AID-IMMU2653&gt;3.0.CO;2-V
https://doi.org/10.1038/365756a0
https://www.ncbi.nlm.nih.gov/pubmed/8413654
https://doi.org/10.4049/jimmunol.170.7.3812
https://www.ncbi.nlm.nih.gov/pubmed/12646648
https://doi.org/10.1086/342259


Int. J. Mol. Sci. 2023, 24, 11922 20 of 22

122. Schmid, C.D.; Sautkulis, L.N.; Danielson, P.E.; Cooper, J.; Hasel, K.W.; Hilbush, B.S.; Sutcliffe, J.G.; Carson, M.J. Heterogeneous
expression of the triggering receptor expressed on myeloid cells-2 on adult murine microglia. J. Neurochem. 2002, 83, 1309–1320.
[CrossRef] [PubMed]

123. Krasemann, S.; Madore, C.; Cialic, R.; Baufeld, C.; Calcagno, N.; El Fatimy, R.; Beckers, L.; O’Loughlin, E.; Xu, Y.; Fanek, Z.; et al.
The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases.
Immunity 2017, 47, 566–581.e9. [CrossRef] [PubMed]

124. Aoki, N.; Kimura, S.; Takiyama, Y.; Atsuta, Y.; Abe, A.; Sato, K.; Katagiri, M. The Role of the DAP12 Signal in Mouse Myeloid
Differentiation1. J. Immunol. 2000, 165, 3790–3796. [CrossRef]

125. Kaifu, T.; Nakahara, J.; Inui, M.; Mishima, K.; Momiyama, T.; Kaji, M.; Sugahara, A.; Koito, H.; Ujike-Asai, A.; Nakamura, A.;
et al. Osteopetrosis and thalamic hypomyelinosis with synaptic degeneration in DAP12-deficient mice. J. Clin. Investig. 2003, 111,
323–332. [CrossRef] [PubMed]

126. Piccio, L.; Buonsanti, C.; Cella, M.; Tassi, I.; Schmidt, R.E.; Fenoglio, C.; Rinker, J., II; Naismith, R.T.; Panina-Bordignon, P.;
Passini, N.; et al. Identification of soluble TREM-2 in the cerebrospinal fluid and its association with multiple sclerosis and CNS
inflammation. Brain 2008, 131, 3081–3091. [CrossRef] [PubMed]

127. Diaz-Lucena, D.; Kruse, N.; Thüne, K.; Schmitz, M.; Villar-Piqué, A.; da Cunha, J.E.G.; Hermann, P.; López-Pérez, Ó.; Andrés-
Benito, P.; Ladogana, A.; et al. TREM2 expression in the brain and biological fluids in prion diseases. Acta Neuropathol. 2021, 141,
841–859. [CrossRef] [PubMed]

128. Piccio, L.; Deming, Y.; Del-Águila, J.L.; Ghezzi, L.; Holtzman, D.M.; Fagan, A.M.; Fenoglio, C.; Galimberti, D.; Borroni, B.;
Cruchaga, C. Cerebrospinal fluid soluble TREM2 is higher in Alzheimer disease and associated with mutation status. Acta
Neuropathol. 2016, 131, 925–933. [CrossRef]

129. Suárez-Calvet, M.; Araque Caballero, M.Á.; Kleinberger, G.; Bateman, R.J.; Fagan, A.M.; Morris, J.C.; Levin, J.; Danek, A.; Ewers,
M.; Haass, C.; et al. Early changes in CSF sTREM2 in dominantly inherited Alzheimer’s disease occur after amyloid deposition
and neuronal injury. Sci. Transl. Med. 2016, 8, ra178–ra369. [CrossRef]

130. Henjum, K.; Almdahl, I.S.; Årskog, V.; Minthon, L.; Hansson, O.; Fladby, T.; Nilsson, L.N.G. Cerebrospinal fluid soluble TREM2 in
aging and Alzheimer’s disease. Alzheimer’s Res. Ther. 2016, 8, 17. [CrossRef]

131. Katsumoto, A.; Kokiko-Cochran, O.N.; Bemiller, S.M.; Xu, G.; Ransohoff, R.M.; Lamb, B.T. Triggering receptor expressed on
myeloid cells 2 deficiency exacerbates injury-induced inflammation in a mouse model of tauopathy. Front. Immunol. 2022, 13,
978423. [CrossRef] [PubMed]

132. Guennewig, B.; Lim, J.; Marshall, L.; McCorkindale, A.N.; Paasila, P.J.; Patrick, E.; Kril, J.J.; Halliday, G.M.; Cooper, A.A.;
Sutherland, G.T. Defining early changes in Alzheimer’s disease from RNA sequencing of brain regions differentially affected by
pathology. Sci. Rep. 2021, 11, 4865. [CrossRef]

133. Mathys, H.; Davila-Velderrain, J.; Peng, Z.; Gao, F.; Mohammadi, S.; Young, J.Z.; Menon, M.; He, L.; Abdurrob, F.; Jiang, X.; et al.
Single-cell transcriptomic analysis of Alzheimer’s disease. Nature 2019, 570, 332–337. [CrossRef]

134. Jiang, J.; Wang, C.; Qi, R.; Fu, H.; Ma, Q. scREAD: A Single-Cell RNA-Seq Database for Alzheimer’s Disease. iScience 2020, 23,
101769. [CrossRef]

135. Walker, D.G.; Lue, L.-F. Immune phenotypes of microglia in human neurodegenerative disease: Challenges to detecting microglial
polarization in human brains. Alzheimer’s Res. Ther. 2015, 7, 56. [CrossRef]

136. Wilcock, D.M. A changing perspective on the role of neuroinflammation in Alzheimer’s disease. Int. J. Alzheimer’s Dis. 2012, 2012,
495243. [CrossRef] [PubMed]

137. Sudduth, T.L.; Schmitt, F.A.; Nelson, P.T.; Wilcock, D.M. Neuroinflammatory phenotype in early Alzheimer’s disease. Neurobiol.
Aging 2013, 34, 1051–1059. [CrossRef] [PubMed]

138. Young, A.M.H.; Kumasaka, N.; Calvert, F.; Hammond, T.R.; Knights, A.; Panousis, N.; Park, J.S.; Schwartzentruber, J.; Liu, J.;
Kundu, K.; et al. A map of transcriptional heterogeneity and regulatory variation in human microglia. Nat. Genet. 2021, 53,
861–868. [CrossRef] [PubMed]

139. Guo, S.; Wang, H.; Yin, Y. Microglia Polarization from M1 to M2 in Neurodegenerative Diseases. Front. Aging Neurosci. 2022, 14,
815347. [CrossRef]

140. Monterey, M.D.; Wei, H.; Wu, X.; Wu, J.Q. The Many Faces of Astrocytes in Alzheimer’s Disease. Front. Neurol. 2021, 12, 619626.
[CrossRef]

141. Soreq, L.; Bird, H.; Mohamed, W.; Hardy, J. Single-cell RNA sequencing analysis of human Alzheimer’s disease brain samples
reveals neuronal and glial specific cells differential expression. PLoS ONE 2023, 18, e0277630. [CrossRef]

142. Casali, B.T.; MacPherson, K.P.; Reed-Geaghan, E.G.; Landreth, G.E. Microglia depletion rapidly and reversibly alters amyloid
pathology by modification of plaque compaction and morphologies. Neurobiol. Dis. 2020, 142, 104956. [CrossRef]

143. Oosterhof, N.; Chang, I.J.; Karimiani, E.G.; Kuil, L.E.; Jensen, D.M.; Daza, R.; Young, E.; Astle, L.; van der Linde, H.C.; Shivaram,
G.M. Homozygous mutations in CSF1R cause a pediatric-onset leukoencephalopathy and can result in congenital absence of
microglia. Am. J. Hum. Genet. 2019, 104, 936–947. [CrossRef]

144. Heneka, M.T.; McManus, R.M.; Latz, E. Inflammasome signalling in brain function and neurodegenerative disease. Nat. Rev.
Neurosci. 2018, 19, 610–621. [CrossRef]

145. Scheiblich, H.; Trombly, M.; Ramirez, A.; Heneka, M.T. Neuroimmune connections in aging and neurodegenerative diseases.
Trends Immunol. 2020, 41, 300–312. [CrossRef] [PubMed]

https://doi.org/10.1046/j.1471-4159.2002.01243.x
https://www.ncbi.nlm.nih.gov/pubmed/12472885
https://doi.org/10.1016/j.immuni.2017.08.008
https://www.ncbi.nlm.nih.gov/pubmed/28930663
https://doi.org/10.4049/jimmunol.165.7.3790
https://doi.org/10.1172/JCI16923
https://www.ncbi.nlm.nih.gov/pubmed/12569157
https://doi.org/10.1093/brain/awn217
https://www.ncbi.nlm.nih.gov/pubmed/18790823
https://doi.org/10.1007/s00401-021-02296-1
https://www.ncbi.nlm.nih.gov/pubmed/33881612
https://doi.org/10.1007/s00401-016-1533-5
https://doi.org/10.1126/scitranslmed.aag1767
https://doi.org/10.1186/s13195-016-0182-1
https://doi.org/10.3389/fimmu.2022.978423
https://www.ncbi.nlm.nih.gov/pubmed/36389767
https://doi.org/10.1038/s41598-021-83872-z
https://doi.org/10.1038/s41586-019-1195-2
https://doi.org/10.1016/j.isci.2020.101769
https://doi.org/10.1186/s13195-015-0139-9
https://doi.org/10.1155/2012/495243
https://www.ncbi.nlm.nih.gov/pubmed/22844636
https://doi.org/10.1016/j.neurobiolaging.2012.09.012
https://www.ncbi.nlm.nih.gov/pubmed/23062700
https://doi.org/10.1038/s41588-021-00875-2
https://www.ncbi.nlm.nih.gov/pubmed/34083789
https://doi.org/10.3389/fnagi.2022.815347
https://doi.org/10.3389/fneur.2021.619626
https://doi.org/10.1371/journal.pone.0277630
https://doi.org/10.1016/j.nbd.2020.104956
https://doi.org/10.1016/j.ajhg.2019.03.010
https://doi.org/10.1038/s41583-018-0055-7
https://doi.org/10.1016/j.it.2020.02.002
https://www.ncbi.nlm.nih.gov/pubmed/32147113


Int. J. Mol. Sci. 2023, 24, 11922 21 of 22

146. Thawkar, B.S.; Kaur, G. Inhibitors of NF-κB and P2X7/NLRP3/Caspase 1 pathway in microglia: Novel therapeutic opportunities
in neuroinflammation induced early-stage Alzheimer’s disease. J. Neuroimmunol. 2019, 326, 62–74. [CrossRef] [PubMed]

147. Sperlagh, B.; Illes, P. P2X7 receptor: An emerging target in central nervous system diseases. Trends Pharmacol. Sci. 2014, 35,
537–547. [CrossRef]

148. Bhattacharya, A.; Jones, D.N.C. Emerging role of the P2X7-NLRP3-IL1β pathway in mood disorders. Psychoneuroendocrinology
2018, 98, 95–100. [CrossRef] [PubMed]

149. Burnstock, G.; Knight, G.E. The potential of P2X7 receptors as a therapeutic target, including inflammation and tumour
progression. Purinergic Signal. 2018, 14, 1–18. [CrossRef]

150. Chen, S.; Zhu, Z.; Klebe, D.; Bian, H.; Krafft, P.R.; Tang, J.; Zhang, J.; Zhang, J.H. Role of P2X purinoceptor 7 in neurogenic
pulmonary edema after subarachnoid hemorrhage in rats. PLoS ONE 2014, 9, e89042. [CrossRef] [PubMed]

151. Ryu, J.K.; McLarnon, J.G. Thalidomide inhibition of perturbed vasculature and glial-derived tumor necrosis factor-α in an animal
model of inflamed Alzheimer’s disease brain. Neurobiol. Dis. 2008, 29, 254–266. [CrossRef] [PubMed]

152. Yu, J.-W.; Lee, M.-S. Mitochondria and the NLRP3 inflammasome: Physiological and pathological relevance. Arch. Pharmacal Res.
2016, 39, 1503–1518. [CrossRef]

153. Li, Q.; Yang, Y.; Reis, C.; Tao, T.; Li, W.; Li, X.; Zhang, J.H. Cerebral Small Vessel Disease. Cell Transplant. 2018, 27, 1711–1722.
[CrossRef]

154. Yin, J.; Zhao, F.; Chojnacki, J.E.; Fulp, J.; Klein, W.L.; Zhang, S.; Zhu, X. NLRP3 inflammasome inhibitor ameliorates amyloid
pathology in a mouse model of Alzheimer’s disease. Mol. Neurobiol. 2018, 55, 1977–1987. [CrossRef]

155. Shi, T.-Y.; Zhao, D.-Q.; Wang, H.-B.; Feng, S.; Liu, S.-B.; Xing, J.-H.; Qu, Y.; Gao, P.; Sun, X.-L.; Zhao, M.-G. A New Chiral Pyrrolyl
α-Nitronyl Nitroxide Radical Attenuates β-Amyloid Deposition and Rescues Memory Deficits in a Mouse Model of Alzheimer
Disease. Neurotherapeutics 2013, 10, 340–353. [CrossRef] [PubMed]

156. Feng, L.; Liao, Y.-T.; He, J.-C.; Xie, C.-L.; Chen, S.-Y.; Fan, H.-H.; Su, Z.-P.; Wang, Z. Plasma long non-coding RNA BACE1 as a
novel biomarker for diagnosis of Alzheimer disease. BMC Neurol. 2018, 18, 4. [CrossRef]

157. Kaushal, V.; Dye, R.; Pakavathkumar, P.; Foveau, B.; Flores, J.; Hyman, B.; Ghetti, B.; Koller, B.H.; LeBlanc, A.C. Neuronal
NLRP1 inflammasome activation of Caspase-1 coordinately regulates inflammatory interleukin-1-beta production and axonal
degeneration-associated Caspase-6 activation. Cell Death Differ. 2015, 22, 1676–1686. [CrossRef] [PubMed]

158. Nemetchek, M.D.; Stierle, A.A.; Stierle, D.B.; Lurie, D.I. The Ayurvedic plant Bacopa monnieri inhibits inflammatory pathways in
the brain. J. Ethnopharmacol. 2017, 197, 92–100. [CrossRef] [PubMed]

159. Flores, J.; Noël, A.; Foveau, B.; Lynham, J.; Lecrux, C.; LeBlanc, A.C. Caspase-1 inhibition alleviates cognitive impairment and
neuropathology in an Alzheimer’s disease mouse model. Nat. Commun. 2018, 9, 3916. [CrossRef]

160. Cignarella, F.; Filipello, F.; Bollman, B.; Cantoni, C.; Locca, A.; Mikesell, R.; Manis, M.; Ibrahim, A.; Deng, L.; Benitez, B.A. TREM2
activation on microglia promotes myelin debris clearance and remyelination in a model of multiple sclerosis. Acta Neuropathol.
2020, 140, 513–534. [CrossRef]

161. Price, B.R.; Sudduth, T.L.; Weekman, E.M.; Johnson, S.; Hawthorne, D.; Woolums, A.; Wilcock, D.M. Therapeutic Trem2 activation
ameliorates amyloid-beta deposition and improves cognition in the 5XFAD model of amyloid deposition. J. Neuroinflammation
2020, 17, 238. [CrossRef] [PubMed]

162. Schlepckow, K.; Monroe, K.M.; Kleinberger, G.; Cantuti-Castelvetri, L.; Parhizkar, S.; Xia, D.; Willem, M.; Werner, G.; Pettkus, N.;
Brunner, B. Enhancing protective microglial activities with a dual function TREM 2 antibody to the stalk region. EMBO Mol. Med.
2020, 12, e11227. [CrossRef] [PubMed]

163. Wang, S.; Mustafa, M.; Yuede, C.M.; Salazar, S.V.; Kong, P.; Long, H.; Ward, M.; Siddiqui, O.; Paul, R.; Gilfillan, S.; et al.
Anti-human TREM2 induces microglia proliferation and reduces pathology in an Alzheimer’s disease model. J. Exp. Med. 2020,
217, e20200785. [CrossRef] [PubMed]

164. Cheng, Q.; Danao, J.; Talreja, S.; Wen, P.; Yin, J.; Sun, N.; Li, C.-M.; Chui, D.; Tran, D.; Koirala, S. TREM2-activating antibodies
abrogate the negative pleiotropic effects of the Alzheimer’s disease variant Trem2R47H on murine myeloid cell function. J. Biol.
Chem. 2018, 293, 12620–12633. [CrossRef]

165. Fassler, M.; Rappaport, M.S.; Cuño, C.B.; George, J. Engagement of TREM2 by a novel monoclonal antibody induces activation of
microglia and improves cognitive function in Alzheimer’s disease models. J. Neuroinflamm. 2021, 18, 19. [CrossRef] [PubMed]

166. Wunderlich, P.; Glebov, K.; Kemmerling, N.; Tien, N.T.; Neumann, H.; Walter, J. Sequential proteolytic processing of the triggering
receptor expressed on myeloid cells-2 (TREM2) protein by ectodomain shedding and γ-secretase-dependent intramembranous
cleavage. J. Biol. Chem. 2013, 288, 33027–33036. [CrossRef] [PubMed]

167. Kuhn, P.-H.; Colombo, A.V.; Schusser, B.; Dreymueller, D.; Wetzel, S.; Schepers, U.; Herber, J.; Ludwig, A.; Kremmer, E.; Montag,
D. Systematic substrate identification indicates a central role for the metalloprotease ADAM10 in axon targeting and synapse
function. Elife 2016, 5, e12748. [CrossRef]

168. Bussian, T.J.; Aziz, A.; Meyer, C.F.; Swenson, B.L.; van Deursen, J.M.; Baker, D.J. Clearance of senescent glial cells prevents
tau-dependent pathology and cognitive decline. Nature 2018, 562, 578–582. [CrossRef] [PubMed]

169. Meng, F.; Asghar, S.; Gao, S.; Su, Z.; Song, J.; Huo, M.; Meng, W.; Ping, Q.; Xiao, Y. A novel LDL-mimic nanocarrier for the
targeted delivery of curcumin into the brain to treat Alzheimer’s disease. Colloids Surf. B Biointerfaces 2015, 134, 88–97. [CrossRef]

170. Li, W.; Guo, Q.; Zhao, H.; Zhang, L.; Li, J.; Gao, J.; Qian, W.; Li, B.; Chen, H.; Wang, H. Novel dual-control poly (N-
isopropylacrylamide-co-chlorophyllin) nanogels for improving drug release. Nanomedicine 2012, 7, 383–392. [CrossRef]

https://doi.org/10.1016/j.jneuroim.2018.11.010
https://www.ncbi.nlm.nih.gov/pubmed/30502599
https://doi.org/10.1016/j.tips.2014.08.002
https://doi.org/10.1016/j.psyneuen.2018.08.015
https://www.ncbi.nlm.nih.gov/pubmed/30121550
https://doi.org/10.1007/s11302-017-9593-0
https://doi.org/10.1371/journal.pone.0089042
https://www.ncbi.nlm.nih.gov/pubmed/24533168
https://doi.org/10.1016/j.nbd.2007.08.019
https://www.ncbi.nlm.nih.gov/pubmed/17964176
https://doi.org/10.1007/s12272-016-0827-4
https://doi.org/10.1177/0963689718795148
https://doi.org/10.1007/s12035-017-0467-9
https://doi.org/10.1007/s13311-012-0168-z
https://www.ncbi.nlm.nih.gov/pubmed/23212232
https://doi.org/10.1186/s12883-017-1008-x
https://doi.org/10.1038/cdd.2015.16
https://www.ncbi.nlm.nih.gov/pubmed/25744023
https://doi.org/10.1016/j.jep.2016.07.073
https://www.ncbi.nlm.nih.gov/pubmed/27473605
https://doi.org/10.1038/s41467-018-06449-x
https://doi.org/10.1007/s00401-020-02193-z
https://doi.org/10.1186/s12974-020-01915-0
https://www.ncbi.nlm.nih.gov/pubmed/32795308
https://doi.org/10.15252/emmm.201911227
https://www.ncbi.nlm.nih.gov/pubmed/32154671
https://doi.org/10.1084/jem.20200785
https://www.ncbi.nlm.nih.gov/pubmed/32579671
https://doi.org/10.1074/jbc.RA118.001848
https://doi.org/10.1186/s12974-020-01980-5
https://www.ncbi.nlm.nih.gov/pubmed/33422057
https://doi.org/10.1074/jbc.M113.517540
https://www.ncbi.nlm.nih.gov/pubmed/24078628
https://doi.org/10.7554/eLife.12748
https://doi.org/10.1038/s41586-018-0543-y
https://www.ncbi.nlm.nih.gov/pubmed/30232451
https://doi.org/10.1016/j.colsurfb.2015.06.025
https://doi.org/10.2217/nnm.11.100


Int. J. Mol. Sci. 2023, 24, 11922 22 of 22

171. Silveira, C.A.; Dias, P.J.; Santos, M.V.; Oliveira, F.P.; Alves, G.M.; Rato, L.; Silva, M.B. The Action of Polyphenols in Diabetes
Mellitus and Alzheimer’s Disease: A Common Agent for Overlapping Pathologies. Curr. Neuropharmacol. 2019, 17, 590–613.
[CrossRef]

172. Picone, P.; Ditta, L.A.; Sabatino, M.A.; Militello, V.; San Biagio, P.L.; Di Giacinto, M.L.; Cristaldi, L.; Nuzzo, D.; Dispenza, C.;
Giacomazza, D. Ionizing radiation-engineered nanogels as insulin nanocarriers for the development of a new strategy for the
treatment of Alzheimer’s disease. Biomaterials 2016, 80, 179–194. [CrossRef] [PubMed]

173. Coll, R.C.; Robertson, A.A.B.; Chae, J.J.; Higgins, S.C.; Muñoz-Planillo, R.; Inserra, M.C.; Vetter, I.; Dungan, L.S.; Monks, B.G.;
Stutz, A.; et al. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of inflammatory diseases. Nat. Med.
2015, 21, 248–255. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2174/1570159X16666180803162059
https://doi.org/10.1016/j.biomaterials.2015.11.057
https://www.ncbi.nlm.nih.gov/pubmed/26708643
https://doi.org/10.1038/nm.3806
https://www.ncbi.nlm.nih.gov/pubmed/25686105

	Introduction 
	The Role of Microglia in Alzheimer’s Disease 
	The Role of Astrocytes in Alzheimer’s Disease 
	The Role of Oligodendrocytes in Alzheimer’s Disease 
	Tau and A Proteins 
	TREM1 and TREM2 
	Illuminating the Immune Landscape of Alzheimer’s Disease: Insights from Bulk and Single-Cell RNA Sequencing 
	Possible Treatment Strategies 
	Conclusions 
	References

