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a b s t r a c t 

Alzheimer’s Disease (AD) is a chronic neurodegenerative disorder characterized by the accumulation of toxic 
amyloid-beta (A 𝛽) plaques and neurofibrillary tangles (NFTs) of tau protein in the brain. Microglia, key immune 
cells of the central nervous system, play an important role in AD development and progression, primarily through 
their responses to A 𝛽 and NFTs. Initially, microglia can clear A 𝛽, but in AD, chronic activation overwhelms protec- 
tive mechanisms, leading to sustained neuroinflammation that enhances plaque toxicity, setting off a damaging 
cycle that affects neurons, astrocytes, cerebral vasculature, and other microglia. Current AD treatments have 
been largely ineffective, though emerging immunotherapies focusing on plaque removal show promise, but often 
overlook the role of neuroinflammation. Activated microglia display a complex range of phenotypes that can 
be broadly broken into pro- or anti-inflammatory states, although this dichotomy does not describe the signifi- 
cant overlap between states. A 𝛽 can strongly induce inflammatory activity, triggering the production of reactive 
oxygen species, inflammatory cytokines (e.g., TNF- 𝛼, IL-1 𝛽, IL-6), synapse engulfment, blood-brain barrier com- 
promise, and impaired A 𝛽 clearance. These processes contribute to neural tissue loss, manifesting as cognitive 
decline such as impaired executive function and memory. Conversely, anti-inflammatory activation exerts neu- 
roprotective effects by suppressing inflammatory pathways and releasing neurotrophic factors that aid neuron 
repair and protection. Induction of anti-inflammatory states may offer a dual therapeutic approach to address 
both neuroinflammation and plaque accumulation in AD. This approach suggests potential strategies to mod- 
ulate microglial phenotypes, aiming to restore neuroprotective functions and mitigate disease progression by 
simultaneously targeting inflammation and plaque pathology. 
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. Introduction 

Medical research and advancements in treatments and care have in-
reased life expectancy worldwide, with people living longer and surviv-
ng previously deadly illnesses. As a result, age-related illnesses like de-
entia are becoming more prevalent [ 1 ]. The Global Burden of Disease

tudy estimated that in 2019, approximately 57.4 million people world-
ide were living with dementia, and projected to rise to 152.8 million
y 2050 [ 2 ]. Evidently, there is a significant need for continued research
nto the etiology, treatment, and prevention of neurodegenerative dis-
ases. Comprising 60-80 % of dementia cases, Alzheimer’s Disease (AD)
s the most common form of dementia, making it a critical target for
esearch [ 3 ]. The primary pathophysiological characteristics of AD are
he aggregation of amyloid- 𝛽 (A 𝛽) plaques and neurofibrillary tangles
NFTs) of Tau protein [ 4 ]. These plaques aggregate when clearance of
he aberrant proteins is inhibited, leading to gross accumulation both
xtra- and intracellularly [ 5–7 ]. Importantly, these plaques can function
s seeding-points for further protein aggregation, further exacerbating
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he condition [ 4 ]. Additionally, they are neurotoxic, leading to neuronal
eath, synaptic dysfunction, and the characteristic chronic neuroinflam-
ation seen in AD [ 4 ]. This progressive loss of healthy neural tissue

auses common symptoms of dementia such as short- and long-term
otentiation dysfunction, lowered inhibition, depression, and inhibited
xecutive function [ 8 ]. Despite decades of research, much about the
athogenesis and effective treatment of AD remains unknown. 

Microglia have emerged as central players in the neuroinflamma-
ory cascade of AD pathology. As the primary immune cells within
he central nervous system (CNS), these sentinels have a wide variety
f roles in neuroinflammation, debris clearance, synaptic maintenance,
nd communicative roles amongst themselves, neurons, and astrocytes
 9 , 10 ]. Microglia demonstrate similarities to peripheral macrophages
n the form of activation states. Activation states can be broadly catego-
ized as homeostatic: at rest, surveillant, examining their surroundings
 11 ], or reactive: engaged, alert, ready to respond [ 12 ]. Furthermore,
eactive microglia exhibit a fluid-like nature in their roles as inflamma-
ory mediators, having a range of pathways involved in conversion to
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ro-inflammatory and anti-inflammatory phenotypes and can be sim-
lified to the classical M1 and M2 respectively. It is worth noting that
hile the use of the M1 and M2 dichotomy will be used in this review

or the sake of broad discussion of activation pathways, microglial re-
ponses and signals in AD, and possible therapeutics, the true nature
f microglial activation is far more complex and inter-woven than this
omenclature allows, and a more comprehensive exploration of the in-
ermediate and disease-associated microglia (DAM) [ 13 ] states is crucial
n further investigations. In the early stages of AD, reactive microglia
an effectively intervene in A 𝛽 deposition through phagocytosis, bar-
ier formation around plaques, and enzymatic degradation of A 𝛽 [ 14 ],
hen ultimately return to their resting state. However, overactivation
f inflammatory processes and inhibition of anti-inflammatory signal-
ng triggers a decrease in the phagocytic and degradative capacity of
icroglia [ 12 ]. This results in a positive feedback loop that continu-

lly triggers microglial activation, exacerbating neuronal damage and
laque deposition [ 12 ]. Herein, we present the latest insights into mi-
roglia’s involvement in A 𝛽-related pathologies. We discuss their acti-
ation states, their role in clearing A 𝛽, their interactions with other cells
uring disease progression, and potential strategies to shift their pheno-
ype for therapeutic purposes. 

. Pathogenesis of AD 

While the direct causes of AD are still unknown, the presence of
 𝛽 and NFT plaques are the primary pathophysiological hallmarks,
ith several documented effects against neuronal survival. This toxi-

ity arises from a number of mechanisms, including cell membrane dis-
uption [ 15 ], synaptic loss [ 16 ], oxidative stress [ 17 , 18 ], and immune-
ediated inflammation [ 7 , 9 , 12 ]. This damage leads to increased plaque

uildup and inflammation, resulting in a positive feedback loop, with no
ffective interventions currently available. These roles in the AD disease
tate highlight A 𝛽 plaques and NFTs as key targets for ongoing research
nd treatment development. 

.1. Formation of A 𝛽

A 𝛽 is an insoluble 36-43 amino acid peptide that is generated
hrough a cascade of enzymatic cleavage. Amyloid precursor protein
APP) is a membrane-bound protein first cleaved by the beta-site amy-
oid precursor protein cleaving enzyme 1 (BACE1) [ 19 ] leading to the
eneration of soluble amyloid precursor protein 𝛽 (sAPP 𝛽) and the inte-
ral fragment C99 [ 20 ]. C99 is then cleaved by 𝛾-secretase, generating
myloid precursor protein intracellular domain (AICD) and free A 𝛽 pep-
ide [ 21 ] ( Fig. 1 ). A 𝛽 fibrils and oligomers can also seed the formation
f further plaques through several mechanisms like the apolipoprotein
-epsilon 4 isotype (APOE- 𝜀 4), advanced glycation end-product (AGEs)
odification, as well as dysfunctional microglial clearance [ 22–24 ]. No-

ably, while genetic driven A 𝛽 generation is typically followed by NFT
ggregation [ 25 , 26 ], tauopathies may not trigger A 𝛽 formation [ 4 ]. 

.2. Tau phosphorylation 

NFTs are large aggregates of hyperphosphorylated microtubule as-
ociated protein Tau (Tau) that have disengaged from neuronal micro-
ubules and formed large, disordered structures. The phosphorylation of
au can occur at a possible 85 known sites, 28 exclusively in AD brains
 27 ], and directly reduces its affinity for tubulin and microtubule poly-
erization [ 28 ]. However, this plays a major role in healthy axonal

argo transport [ 29 , 30 ], with recent evidence suggesting that nuclear
ocalized phosphorylated Tau compacts chromatin for DNA and RNA
rotection [ 31 ]. Hyperphosphorylation is characterized by a 3- to 4-fold
ncrease in phosphorylated sites compared to controls [ 32 ], causing ax-
nal collapse due to loss of microtubule stability ( Fig. 1 ) [ 29 ]. 
2

.3. The dual plaque hypothesis 

AD is an incredibly complex disease with several areas of CNS dys-
unction and damage. Historically, efforts have focused on the Amyloid-
ypothesis – the epicenter of AD development and progression is the for-
ation of A 𝛽 plaques – with much evidence pointing in this direction.
owever, discontent with ineffective anti-A 𝛽 therapies has driven at-

ention away from A 𝛽 and towards NFTs, having better correlation with
ementia symptoms and severity than A 𝛽 [ 33–35 ]. A more synergistic
elationship between A 𝛽 and NFTs may better describe AD pathology,
ith toxicity and signaling between the two triggering inflammation
nd further deposition of each other [ 36 , 37 ]. This interplay has led to
 deeper understanding of the role of these plaques in AD progression.
espite their neurotoxic effects, there is evidence for both proteins hav-

ng physiologically healthy roles in very low concentrations. Studies in
ice have shown A 𝛽 has an array of protective functions, including anti-
icrobial, anti-tumor, micro-hemorrhage sealing, and traumatic brain

njury repair properties [ 38 ]. Additionally, A 𝛽 may also enhance hip-
ocampal synaptic plasticity, short-term, and long-term potentiation at
ow picomolar concentrations [ 39 , 40 ]. 

. Risk factors for AD 

There are a wide range of potential risk factors for AD, both ge-
etic and environmental. Lifestyle factors such as smoking, sedentary
ehavior, drug and alcohol use, along with comorbid disease such as
iabetes, obesity and infection also play significant roles in increasing
he risk [ 41 , 42 ]. Different levels of risk across racial and ethnic groups
ay also be observed, where Black people (including residents of the
nited States, the Caribbean islands, and people across Africa) were
t greater risk of AD when compared with Asian, Hispanic, and White
eople [ 2 , 43–45 ], however, the underrepresentation of minority groups
cross research studies means more data is required for comprehensive
nalysis of these differences. A growing area of research also focuses on
he impact of gastrointestinal health and the body’s microbiome, with
vidence suggesting CNS inflammation may be reduced by diets rich in
ber, which boost the production of anti-inflammatory short-chain fatty
cids [ 46–50 ]. Peripheral inflammation and immunosenescence can also
rigger inflammatory responses and reduced hippocampal plasticity in
ged mice [ 51–54 ]. There are also specific genetic factors that increase
he risk of AD manifestation. The most observed genetic factors for AD-
nset are the APOE- 𝜀 4 isotype, and mutations in the triggering receptor
xpressed on myeloid cells 2 (TREM2), APP, presenilin-1 (PSEN1) and
resenilin-2 (PSEN2) genes [ 55–57 ]. 

.1. APOE- 𝜀 4 

The APOE- 𝜀 4 genotype is a strong risk factor for AD [ 23 , 58–60 ].
POE is a significant regulator of lipid metabolism within the brain,
nd is primarily expressed by astrocytes, though highly expressed by
icroglia in AD [ 61 ]. APOE is typically processed by the ATP-binding

assette transporter ABCA1 (ABCA1), though the lipid-poor APOE- 𝜀 4
ore readily forms aggregations extra- and intracellularly, particularly

n acidic endosomes [ 62 ]. This inhibits its lipidation and processing by
BCA1 [ 60 ]. APOE has been found to have isoform-dependent effects,
ith APOE- 𝜀 3 being typical, APOE- 𝜀 2 having some protective effects
gainst AD [ 63 ], and APOE- 𝜀 4 causing greater risk of AD. Additionally,
he 𝜀 4 genotype may be expressed in varying proportions amongst differ-
nt racial and ethnic groups, where Black people more commonly have
t least one 𝜀 4 allele, and Hispanic people have a greater proportion of
omozygous and heterozygous 𝜀 2 alleles compared with other groups
 43–45 ]. A major component of this increased risk is the effect of APOE-
 4 on the proteolytic degradation of A 𝛽, both soluble and oligomeric.
POE is essential for efficient intracellular degradation of soluble A 𝛽

sA 𝛽) by microglia, with APOE-/- microglia almost completely impaired,
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Fig. 1. A. Formation of A 𝛽, BACE-1 cleaves APP generating sAPP 𝛽 and C99, then cleaved by 𝛾-secretase to generate free A 𝛽 and AICD. B. Microtubule destabilization 
NFT formation collapses microtubules in neurons inhibiting cargo transport and destroying cellular structure. C. The effects of specific gene mutations in AD have 
significant effects on A 𝛽 processing. Mutated APP and mutated PSEN cause greatly increased A 𝛽 formation. Mutations in TREM2 significantly inhibit microglial 
binding to A 𝛽, leaving aggregates in the extracellular space. The APOE- 𝜀 4 isoform inhibits lipid processing by ABCA1 and the activity of IDE, one of the primary 
enzymes used for A 𝛽 degradation. 
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nd the poorly lipidated APOE- 𝜀 4 having limited capacity to degrade
 𝛽 [ 64 ]. In addition, hypo-lipidated APOE inhibits insulin degrading en-
yme’s (IDE) ability to degrade A 𝛽 [ 64 ] and a recent report highlighted
he upregulation of the acyl-CoA synthetase long-chain family member
 (ACSL1) lipid-processing enzyme in APOE- 𝜀 4/ 𝜀 4 microglia. ACSL1 is a
ey part of lipid droplet formation – lipid storage organelles involved in
nti-microbial defense and lipid metabolism [ 65 ] – and may be a source
f overabundant lipids found in microglia and neurons in AD [ 66 ]. Fur-
hermore, a study comparing brain tissue from homozygous APOE- 𝜀 4
nd - 𝜀 3 patients observed altered expression in genes associated with
icroglial activation (e.g., SALL1, FSCN1, DNMT1 ) in 𝜀 4/ 𝜀 4 that results

n a slower and weaker response to A 𝛽 [ 67 ]. Another study examined the
ffects of APOE- 𝜀 3 and - 𝜀 4 expression in APP / Trem2-/- transgenic mice
nd observed several changes. Firstly, deletion of Trem2 was correlated
ith increased plaque growth. Secondly, deletion of Trem2 reduced the

xpression of Apoe mRNA in the - 𝜀 4 mice, but not in the - 𝜀 3 mice [ 68 ].
nother mechanism of APOE- 𝜀 4’s influence on A 𝛽 deposition is through

nteractions with the blood brain barrier (BBB). Studies in mice models
f AD demonstrated that the - 𝜀 4 isoform significantly increased levels of
 𝛽 within cerebral arterioles compared with - 𝜀 3 [ 69 ], and a greater vol-
me of APOE- 𝜀 4 present in these vascular plaques compared to the brain
arenchyma [ 70 , 71 ]. In addition to these effects on A 𝛽 transport and
ggregation, post mortem studies using brain tissue of patients with AD
evealed significantly increased rate of pericyte and perivascular break-
own in APOE- 𝜀 4 samples when compared with - 𝜀 3 and non-AD control
3

amples, accompanied by increases in the inflammatory cytokine CypA
nd the matrix metalloprotease-9 (MMP-9) [ 72 ]. These results all show
trong isoform-dependent effects on microglial responses to A 𝛽 pathol-
gy and contribute to the key role of APOE- 𝜀 4 in the propagation of
 𝛽. 

.2. ABCA1 

ABCA1 is a key transporter molecule within the CNS that facilitates
he transport of intracellular cholesterol from endosomes into APOE to
orm APOE-HDL [ 73 ]. This process involves recycling of ABCA1 be-
ween endosomal compartments and the plasma membrane and is fa-
ilitated by the ADP-ribosylation factor 6 (ARF6). Significantly upreg-
lated in the hippocampus of AD brains [ 74 ], increased ARF6 activity
esults in lower movement to the cellular membrane and greater lyso-
omal degradation of ABCA1 [ 75 ]. Following this, APOE lipidation is
ignificantly reduced, leading to a direct increase in A 𝛽 formation and
eposition [ 76 , 77 ]. 

.3. TREM2 

TREM2 is a transmembrane protein capable of binding both glyco-
roteins and lipids [ 78 ]. Mutations leading to deficiency or altered pro-
ein reduce the A 𝛽 phagocytic capability of affected microglia and more
ide-spread and less compact plaques [ 79 , 80 ]. Microglia in AD brains
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xpress TREM2 in greater numbers, with strong affinity for oligomeric
 𝛽 [ 13 , 56 ]. Additionally, TREM2 is a crucial part of microgliosis – the
ecruitment and proliferation of microglia – in the presence of A 𝛽, via
ts strong binding affinity for lipids on the surfaces of neurons and other
lial cells damaged by A 𝛽 [ 81 ]. The R47H variant is a TREM2 muta-
ion that is strongly associated with increased risk of AD. R47H muta-
ions are unable to effectively bind with phospholipid ligands [ 82 ]. One
tudy indicated that this mutation causes conformational changes in the
hospholipid binding site [ 83 ]. This dysfunction results in significantly
mpeded barrier formation by microglia around plaques, enhancing the
pread and toxicity of A 𝛽 [ 84 ]. In addition to its membrane bound form,
oluble TREM2 (sTREM2) is found within the cerebrospinal fluid, with
ncreasing levels of sTREM2 present in AD [ 9 ]. sTREM2 demonstrates
igh affinity for A 𝛽 oligomers and APOE, acting as a putative marker
or microglial intervention [ 6 , 84 ]. 

.4. APP 

APP is a regulator of synaptic formation and plasticity [ 85 , 86 ],
ntimicrobial activity [ 87 ] and iron transport [ 88 ]. Mutations in the
mino- and/or carboxy-terminal points of the A 𝛽 sequence (e.g. APP 692,
PP 717) cause an increase in cleavage of APP by 𝛽- and 𝛾-secretase
 89 ]. Interestingly, APP has other products with neurodegenerative ef-
ects independent of A 𝛽. APP is a substrate of caspases-3, -6, -8 and -9,
ith cleavage by caspase-8 and -9 resulting in toxic fragments C31 and

casp [ 90 , 91 ]. The apoptotic effects of C31 and A 𝛽 are dependent on
he presence of suitable cleavage site on APP [ 92 ]. 

.5. PSEN 

PSEN1 and PSEN2 are protein subunits of the 𝛾-secretase complex
ith approximately 200 pathogenic mutations that contribute to AD
athology [ 93 ]. These mutations generate instability in the substrate-
rotease complex, leading to greater production of the more toxic and
ggregate prone A 𝛽42 [ 94 ]. There is also evidence suggesting PSEN mu-
ations could generate pathological conditions and changes in mitochon-
rial function, leading to the characteristic oxidative stress and inflam-
ation of AD [ 95 ]. 

. Microglia activation states 

The complex and inter-connected pathways of microglial activation
nd signaling gives rise to a unique and dynamic cell capable of quickly
esponding to a stimulus, then returning to rest. The idea of a pro- and
nti-inflammatory dichotomy is outdated and does not adequately con-
ey the true nuances of microglial activation, with in vivo studies typi-
ally yielding results both within and outside of these states. However,
hese classifications still hold merit as a broad descriptor of functions
nd responses, and will be used here to simplify the pathways and re-
ationships between microglia, their stimuli, and their neighboring cells
 14 ]. For more comprehensive analysis of intermediary and overlapping
tates, we recommend these papers by Keren-Shaul et al. [ 13 ] and Ger-
its et al. [ 14 ]. 

.1. Pro-inflammatory Microglia/M1 

Pro-inflammatory microglia typically arise from interaction with
nterferon-gamma (IFN- 𝛾) and lipopolysaccharide (LPS) [ 12 ]. After in-
uction, M1 microglia initiate the release of inflammatory cytokines and
hemokines including tumor necrosis factor-alpha (TNF- 𝛼), interleukin
IL)-1 𝛽, -6, -12, and CC chemokine ligand (CCL) 2 [ 96 ]. Furthermore,
1 microglia express major histocompatibility complex-II (MHC-II), in-

egrins CD11b and CD11c, CD36, 45, 47, and Fc receptors (FcR) [ 96 ].
1 microglia also express nicotinamide adenine dinucleotide phosphate

NADPH) oxidase and inducible nitric oxide synthase (iNOS), which pro-
uce reactive oxygen species (ROS) and nitric oxide (NO) [ 12 ]. These
4

actors contribute to an inflammatory response capable of moving to
ites of infection or disease, binding to and degrading pathogens. Im-
ortantly, these functions are necessary for homeostatic maintenance
nd are effective when used in a controlled manner. However, in the
hronic neuroinflammation of AD, continuous expression of these sig-
als and the resulting phenotypic changes result in loss of phagocytic
unction and damage to the surrounding environment, including neu-
ons, astrocytes and cerebral capillaries, triggering oxidative stress, in-
ammatory cascades, and apoptosis [ 97 , 98 ]. Additionally, chronically
ctivated pro-inflammatory microglia demonstrate significantly reduced
 𝛽 uptake and degradation, further contributing to the inflammation
tate [ 64 ]. 

.2. Anti-inflammatory Microglia/M2 

Anti-inflammatory microglia engage in neuroprotective and con-
rolled responses which aim to repair the local environment in the CNS.
he M2 state is induced by anti-inflammatory cytokines like IL-4, -10,
nd -13 [ 99 ], and leads to release of anti-inflammatory cytokines such
s transforming growth factor-beta (TGF- 𝛽), IL-10, insulin-like growth
actor-1, fibroblast growth factor, colony stimulating factor-1 (CSF-1),
ro-survival factor progranulin and the mannose receptor (CD206) [ 96 ],
nd promotes expression of the M1 inhibitor CD200 in other cells. In
arly stages of AD, M2 microglia are present and can uptake and de-
rade A 𝛽 [ 100 ]. While M2 microglia can limit A 𝛽 deposition and prevent
oxicity, they are eventually overwhelmed and are unable to reduce the
rowing plaque volume [ 101–103 ]. A 𝛽 aggregation and chronic inflam-
atory signaling induces internalized aggregation and external toxicity

f plaques, resulting in the chronic inflammation loop seen in AD, ex-
cerbated by a loss of M2 signals like CD200/CD200R interactions, and
nti-inflammatory cytokines from neurons and astrocytes [ 99 , 104 , 105 ].
rotective pathways like PPAR 𝛾, STAT6, and AMPK/PGC-1 𝛼 rely on
nti-inflammatory signaling but are overpowered by factors such as ag-
ng [ 24 ], genetic mutations or pathogenic isoforms of genes ( APOE- 𝜀 4,

REM2, APP, PSEN ) [ 55 ], oxidative stress and injury from local cells
i.e., IFN- 𝛾, TNF- 𝛼, IL-1 𝛽) [ 99 ], and inhibition of key signals and tran-
cription factors [ 96 , 99 ]. Ultimately, M1 overactivation leads to condi-
ions that strongly inhibit M2 signaling, resulting in a loss of phagocytic
nd degradative capacity, functional communication between cells, and
nrestrained inflammation [ 99 ]. 

.3. Disease-associated microglia 

Though useful in broadly describing the induction and activity of
icroglia, the M1/M2 dichotomy fails to adequately describe the true

omplexity of microglial activity. Newer research supports a more
uid state, with many different phenotypes present, as well as ever-
hanging activation state due to local conditions. Within AD, a unique
ub-group of microglia known as disease-associated microglia (DAMs)
ave been described and observed congregating around and phagocy-
osing A 𝛽 plaques [ 13 ]. The conversion of homeostatic microglia to a
AM phenotype was shown to be a two-stage process. First, a TREM2-

ndependent process results in upregulation of genes associated with AD
rogression ( APOE, 𝛽2m ), and TYRO protein tyrosine kinase-binding
rotein (TYROBP), an adapter protein that forms a signaling complex
ith TREM2. In addition, genes associated with microglial homeosta-

is ( CX3CR1, P2RY12/P2RY13 ) [ 57 ] were downregulated. The second
tep of differentiation only occurred in TREM2+ microglia, and signifi-
antly upregulated TREM2 expression, as well as genes associated with
ipid metabolism ( LPL ), proliferation ( CSF1 ) and phagocytosis ( CD68 )
 13 ]. Further, studies identified novel sub-groups of microglia present
n AD pathology in mice [ 14 ]. These groups, termed AD1 and AD2,
emonstrated distinct phenotypes, with AD1 bearing many similarities
o DAMs, with significant upregulation of genes involved in migration
nd phagocytosis [ 14 ]. This corroborates earlier findings that demon-
trated specific AD-risk genes influence microglial responses to A 𝛽, but
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Fig. 2. Important pathways in Microglial M1/M2 activation Inflammatory signals like insoluble A 𝛽 associate with TLR4 and MYD88, triggering autophosphorylation 
of IRAK, triggering TRAF6. TRAF6 activates TAK1, triggering AP-1 via MAPK, and NF- 𝜅B by activating IKKs. Inflammatory cytokines trigger JAK/STAT pathways, 
with STAT1/3 activating inflammatory gene transcription and SOCS activation, and STAT6 activating anti-inflammatory transcription. RTK/GPCR and JAK activation 
triggers PI3K activation, which then phosphorylates AKT triggering NF- 𝜅B pathways and inhibits AMPK activation. CaMKK 𝛽 and LKB1 activation phosphorylates 
AMPK, triggering Sirt1 increase, and both can activate PGC-1 𝛼. PGC-1 𝛼 inhibits JAK, NF- 𝜅B and AP-1 activation. PGC-1 𝛼 and IL-4 activate PPAR 𝛾, increasing 
anti-inflammatory products. PPAR 𝛾 inhibits BACE-1 and increases ABCA1/APOE, reducing A 𝛽 generation and increasing its uptake and degradation. 
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ot Tau pathologies [ 18 ]. Interestingly, microglia were converted to the
D1 phenotype in the presence of only A 𝛽, with the presence of Tau gen-
rating both AD1 and AD2 populations [ 14 ]. Furthermore, there was no
dentified conversion between the two. Recently, two reports investi-
ated the role of APOE- 𝜀 4 as a modifier of DAM responses in AD and
urther highlighted the damaging effects of the isoform [ 106 , 107 ]. Yin
t al., investigated the function and responses of APOE- 𝜀 4+ DAMs, and
pregulation of Integrin beta-8 ( ITGB8 ), an upstream regulator of TGF 𝛽
ignaling in the brains of heterozygous 𝜀 3/ 𝜀 4 male AD patients. Inter-
stingly, upregulation of other risk genes associated with AD was ob-
erved in female patients, including APP, CD33, Interferon-alpha/beta
eceptor alpha chain ( IFNAR1), and ABCA7 [ 106 ] . Additionally, high
xpression of the homeostatic transcription factor PU.1 was observed
n APOE-𝜀 4 + microglia, and was associated with increased SMAD3, a
ownstream adaptor of TGF 𝛽 in the brains of female AD patients het-
rozygous for APOE- 𝜀 3 and - 𝜀 4. These findings show interesting sex-
ased differences in the effects of APOE- 𝜀 4 on microglial function and
esponses, and demonstrate a unique pathway for - 𝜀 4 driven progres-
ion of AD by reducing microglial protective function and enhancing
laque toxicity [ 106 , 107 ]. Deeper investigation of DAMs could help
dentify common genes amongst individuals with AD and build a more
omplete understanding of pathways, responses to stimuli and associ-
ted activities like lipid metabolism and inflammation [ 108 ], as well
s possible areas for controlling over-zealous inflammatory activation
 12 , 96 , 99 , 109 ]. 
5

.4. M1 to M2 pathways 

With DAMs expressing many similarities to M1 activated microglia,
n understanding of the complex and overlapping signals that trigger
henotypic switching may aid in the development and refinement of
icroglia-targeted treatments for AD. This section will briefly describe

ome key pathways involved in M1 → M2 switching and their relation
o AD ( Fig. 2 ) , with interventions covered in a later section. The full
cope of M1/M2 pathways is too complex for this review, so we recom-
end these reviews by Guo et al. [ 99 ] and Darwish et al. [ 96 ] for more

nformation. 

.4.1. TLR4 

Toll-like receptor 4 (TLR4) is a member of the pattern recognition re-
eptor (PRR) family and is associated with inflammatory responses and
trongly implicated in microglial responses to A 𝛽 [ 110 ]. A 𝛽-activated
LR4 associates with myeloid differentiation factor 88 (MyD88), which
riggers autophosphorylation of interleukin-1 receptor-associated kinase
IRAK) -1 and -4. IRAK-1/-4 then interact with tumor necrosis factor
eceptor associated factor-6 (TRAF6) to activate transforming growth
actor- 𝛽-activated kinase 1 (TAK1) [ 98 ]. This triggers nuclear factor
appa-B (NF- 𝜅B) and mitogen-activated protein kinase (MAPK) pathway
ctivation inducing transcription of pro-inflammatory genes [ 98 , 111 ].
his activation by A 𝛽 starts a cascade of signals that triggers inflam-
atory pathways to quickly respond to and clear plaques. Importantly,
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LR4 works with the coreceptor CD14 to uptake degradation resistant
brillar A 𝛽 (fA 𝛽) [ 112 ], leaving plaques intact intra- and extracellularly
nd reactivating TLR4 and internal signaling. Additionally, TLR4, TLR2
nd CD14 are required for downstream p38 MAPK activation, microglia
eficient in these receptors showing reduced p38 activation [ 110 ]. 

.4.2. NF- 𝜅B 

NF- 𝜅B is a crucial transcription factor for M1 activation, with inhibi-
ion of its p65/p50 subunits promoting M2 activation [ 113 ]. Constantly
resent within the cytoplasm, NF- 𝜅B inhibitors (I 𝜅B) work to prevent
ctivation [ 111 ]. I 𝜅B are phosphorylated and degraded by the TAK1 ac-
ivated I 𝜅B kinase (IKK), allowing p50/p65 ingress to the nucleus and
riggering inflammatory gene transcription [ 97 ]. 

.4.3. MAPK 

MAPK activation by TAK1 induces the phosphorylation and activa-
ion of the transcription factor activator protein-1 (AP-1) [ 111 ]. MAPK
tself is composed of several signal molecules with further downstream
athways, including the c-Jun NH2-terminal kinases (JNKs), p38 MAPK
nd the p42/p44 extracellular signal-regulated kinase (ERK), with inhi-
ition of this pathway subduing M1 activation [ 114 ]. Specific inhibition
f p38 directly reduces fA 𝛽-induced ROS production and phagocytosis
f fA 𝛽, thereby reducing inflammatory activation [ 110 ]. 

.4.4. AMP-activated protein kinase 

Adenosine monophosphate-activated protein kinase (AMPK) is an
nzyme involved in energy maintenance [ 115 ] and is phosphorylated by
he calcium/calmodulin-dependent protein kinase kinase- 𝛽 (CaMKK 𝛽)
fter Ca2 + influx during neuroinflammation [ 116 , 117 ]. Activated AMPK
an stimulate the peroxisome proliferator-activated receptor 𝛾 coacti-
ator 1 𝛼 (PGC-1 𝛼), a key regulator in mitochondrial biogenesis and
etabolism [ 118 ]. In addition, AMPK increases NAD+ volumes, increas-

ng Sirtuin 1 (Sirt1) activation, which deacetylates and activates PGC-1 𝛼
 118 ]. PGC-1 𝛼 also stimulates the peroxisome proliferator-activated re-
eptor 𝛾 (PPAR 𝛾), an important mediator of M2 signaling [ 119 , 120 ].
ctivation of AMPK/CaMKK 𝛽 follows microglial activation and works

o control the subsequent immune response. These pathways are indi-
ectly inhibited by PI3K/AKT signaling within DAMs [ 13 , 121 ], showing
 link between A 𝛽 as a trigger for inflammation and suppressor of anti-
nflammatory responses. 

.4.5. PPAR 𝛾

PPAR 𝛾 is nuclear receptor suite of ligand-inducible transcription fac-
ors and triggers M2 expression after stimulation with IL-4 [ 99 ]. Further-
ore, PPAR 𝛾 has protective effects, able to antagonize inflammatory

actors AP-1, NF- 𝜅B, and the signal transducer and activator of tran-
criptional signals 1 (STAT1) [ 122 ]. Further, studies in APP/PS1 mice
emonstrated significantly reduced A 𝛽 volume and improved cognitive
unction, following treatment with PPAR 𝛾 agonists pioglitazone [ 123 ]
nd rosiglitazone [ 124 ] by increasing ABCA1 and APOE expression. Ad-
itionally, the BACE-1 gene contains a PPAR 𝛾 specific promoter region
hat suppresses BACE-1 expression and results in lowered A 𝛽 formation
nd deposition [ 125 ]. 

.4.6. Janus Kinase/STAT 

Janus Kinase (JAK) and STAT signaling are a combined pathway of
ranscription regulators. JAK activation phosphorylates STATs, causing
heir translocation to the nucleus and transcription of relevant genes,
ncluding the negative feedback regulator suppressors of cytokine sig-
aling (SOCS). SOCS proteins inhibit JAK activation, controlling STAT
amily activation and subsequently gene transcription [ 126 ]. STAT1 and
TAT3 induce pro-inflammatory cytokine and chemokine production,
hile STAT 6 may promote M2 activation [ 99 ]. Additionally, phospho-

ylated JAK is necessary for the activation of the PI3K/AKT signal path-
ay [ 127 ]. While JAK/STAT signaling can shift microglia to M1 or M2,
6

hronic inflammation signals in AD like IFN- 𝛾 and IL-6 continuously ac-
ivate STAT1/STAT3 pathways leading to increases of inflammatory cy-
okines like IFN- 𝛾, IL-1 𝛽, and IL-6 increasing NF- 𝜅B, p38 and JAK/STAT
ctivation [ 128 , 129 ]. 

.4.7. PI3K/AKT 

Receptor tyrosine kinases (RTK) like Lyn and Syk, and GPCR acti-
ation cause the activation of phosphoinositide 3-kinase (PI3K), which
hen phosphorylates AKT/Protein kinase B (PKB). NF- 𝜅B is a down-
tream factor of PI3K/AKT signaling, and indirectly prevents AMPK ac-
ivation by phosphorylating AMPK, inhibiting the activity of another
MPK activator, liver kinase B1 (LKB1) [ 99 ]. This results in significant

nhibition of regulatory pathways that control inflammatory responses
uch as PGC-1 𝛼 and Sirt1 activation, decreasing PPAR 𝛾 activity. Im-
ortantly, both RTK and GPCR activation can occur from interactions
ith A 𝛽, and damage-associated molecule patterns (DAMPs) released
y other cells during inflammation [ 130 ]. The wide variety of path-
ays that can trigger M1 → M2 switching highlights a potential area

or pharmacologic intervention. Chronic stimulation from A 𝛽 and loss
f degradative function play a crucial role in starting this cycle, so in-
erventions that can rescue microglia from a chronically inflamed state
y inducing anti-inflammatory responses may be able to elicit neuro-
rotective effects and stimulate A 𝛽 clearance. 

. Microglia and A 𝜷

.1. Receptor mediated interaction with A 𝛽

As specialized macrophages, microglia can internalize A 𝛽 through
 suite of PRRs like TREM2, TLRs 2, 4, 6 & 9, CD14 and 36, scavenger
eceptors, receptor for advanced glycation end-products (RAGEs), Fc re-
eptors, and complement receptors ( Fig. 3 ) . In addition to A 𝛽, receptor
nteraction with damage-associated molecular patterns (DAMPs) is one
f the key drivers of inflammation. DAMPs are signals and molecules
eleased by damaged or apoptotic cells such as A 𝛽, high mobility group
ox 1 protein (HMGB1), cytochrome c, Ca2 + ions, and mitochondrial
NA (mtDNA). These DAMPs play a significant role in the activation of
icroglia and are abundant in the chronically damaged and inflamed

tate seen in AD. 

.1.1. Toll-like receptors 

TLRs are a family of membrane proteins highly expressed on immune
ells for recognition of exogenous and endogenous pathogens. Microglia
xpress TLR1-9 [ 131 ], with high levels of mRNA expression for TLR2, 4,
, 7 and 9 shown in APP23 transgenic mice [ 132 ]. The roles of TLR2 and
LR4 in the uptake of A 𝛽 are well established, having key roles in the
roduction of inflammatory cytokines after interaction with A 𝛽 fibrils
 5 , 110 ]. Activity of TLR4 in response to fA 𝛽 requires co-stimulation with
D14 and myeloid differentiation protein 2 (MD-2), with in vitro stud-

es showing significantly increased secretion of inflammatory molecules
uch as TNF- 𝛼, IL-6 and NO, and uptake of A 𝛽 [ 133 ]. The inhibition of
LR4 is possible, though may cause inhibition of A 𝛽 uptake, despite low-
ring inflammatory responses. A study of the TLR4 antagonist IAXO-101
emonstrated cognitive improvement, reduced A 𝛽 volume, and lowered
nflammatory responses in human APOE- 𝜀 4+ female mice, though min-
mal effect in male mice [ 134 ], with sex-based differences possibly a
esult of estrogen responses. 

TLR2 is also strongly implicated in the progression of AD, with mi-
roglial cells isolated from TLR2 knockdown mice showing reduced ex-
ression of proinflammatory cytokines (IL-1 𝛽, IL-6, TNF- 𝛼), iNOS, as
ell as CD11b, CD11c and CD68 [ 135 ]. Inhibition of TLR2 in early stage
PP/PS1 mice demonstrated reduced plaque volume and cognitive im-
rovement after 7 months of anti-TLR2 antibody treatment [ 136 ]. Over-
ll, TLR2/4 present unique possibilities in the treatment of AD by di-
ectly affecting the clearance of A 𝛽 and subsequent signal cascades. A
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Fig. 3. Overview of significant receptor interactions and pathways between microglia and A 𝛽 TLR4 with CD14 is triggered by A 𝛽 and DAMPs, causing downstream 

NF- 𝜅B and MAPK activation and CME of A 𝛽. RAGE associated with TLR4 is activated by A 𝛽 and triggers MAPK, JAK, and NADPH oxidase. CR3 triggered by DAMPs 
activates MAPK. GPCR activation causes PI3K/AKT and inhibits AMPK. JAK activation triggers STAT, SOCS and PI3K/AKT. CD36/SR complexes trigger RTK induced 
PI3K/AKT, NADPH oxidase and uptake of A 𝛽/DAMPs. FcR binding triggers RTK induced PI3K/AKT and uptake of A 𝛽. Ca2 + and ATP influx trigger CaMKK 𝛽 and 
LKB1 which activates AMPK. AMPK activates Sirt1 and PGC-1 𝛼 which activates PPAR 𝛾 and inhibits JAK. PPAR 𝛾 inhibits p50/p65 and AP-1 activity, increases PPAR 𝛾
and decreases BACE-1 expression. IL-4 increases PPAR 𝛾 expression and activity. MHC-II expression is increased in DAMs. NLRP3 expression triggers inflammasome 
formation, causing IL-1 𝛽 and IL-18 secretion 
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indow of treatment has been proposed in which inflammatory signal-
ng may be controlled, preventing the switch of therapeutic activation
o degeneration and AD progression [ 137 ]. 

.1.2. Estrogen 

Estrogen interacts with estrogen receptors present on microglia trig-
ering a range of anti-inflammatory responses, with ovariectomized
ice showed reduced A 𝛽-induced neuroinflammation following 𝛽-
stradiol treatment [ 97 , 138 ]. AD is often associated with reduced es-
rogen production due to ageing. Lower estrogen levels in females and
onsistently low levels in males during this period, suggest a potential
venue for treatment. Studies in male rat models of AD treated with es-
rogen showed reduced oxidative damage and improved learning and
emory function compared to untreated controls [ 139 ]. Another study
emonstrated that estrogen positively regulates activity of ADAM10 –
 member of the 𝛼-secretase family of enzymes – and encouraged pro-
essing of APP by ADAM10 instead of BACE-1, producing less-aggregate
rone and more easily degraded soluble forms of A 𝛽 in vitro and in vivo

 140 ]. 

.1.3. CD14 

CD14 is a PRR present on microglia and other macrophages and is
ypically involved in the uptake of LPS by TLR4, via clathrin-mediated
7

ndocytosis (CME) [ 141 ]. However, CD14+ microglia have demon-
trated significant involvement in the clearance of A 𝛽 [ 142 ], with knock-
own of CD14 and TLR4 in MG6 microglia significantly reducing CME
f fA 𝛽 [ 112 ]. There is also an age-dependent increase of CD14+ mi-
roglia in APdE9 mice, with the increased expression occurring around
 𝛽 plaques and associated with increased uptake of A 𝛽 [ 112 ]. An analy-
is of two cardiovascular studies, also concluded that higher levels of sol-
ble CD14 greatly increased risk of incident dementia, and were strongly
ssociated with accelerated brain aging, cognitive decline and neural at-
ophy [ 143 ]. 

.1.4. Scavenger receptors 

Scavenger receptors (SR) are a large and structurally diverse group
f cell surface receptors involved in cell adhesion and uptake of a wide
rray of ligands including lipoproteins, apoptotic cells, phospholipids,
arbohydrates and proteoglycans [ 144 , 145 ]. Members of the SR family
hat are expressed on microglia and have interactions with A 𝛽 include
R-A1 [ 146 ], SR-B2 (CD36) [ 147 ], SR-L1 (LRP1/low-density lipoprotein
eceptor-related protein 1) [ 148 ] and SR-L2 (LRP2/Megalin) [ 149 ]. SR-
1 deficiency is observed to directly increase A 𝛽 aggregation in vivo , sig-
ificantly increasing neurodegeneration and mortality [ 146 ], suggesting
nduction of SR-A1 expression may be useful as a treatment. LRP1 and
 are used in the transport or A 𝛽 across the BBB and out of the CNS
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 150 ]. A recent study examined the effects of LPS and all-trans retinoic
cid (ATRA) on LRP2 expression in BV-2 microglia and observed signifi-
ant increases in LRP2 expression and uptake of A 𝛽 after treatment with
oth [ 149 ]. Additionally, ATRA may have anti-inflammatory properties
y down-regulating BACE-1 expression and avoiding NO production and
F- 𝜅B activation [ 149 , 151 ]. 

.1.5. CD36 

CD36 is a scavenger receptor involved in the uptake of long chain
atty acids (LCFA) and oxidized low-density lipoproteins (oxLDL), bac-
erial antigens [ 152 ], parasites [ 153 ] hydrophobic peptides [ 154 ] and
poptotic cell fragments [ 155 ]. Its role across these domains places it
rmly in the realm of innate immunity, with downstream activation of
ro-inflammatory responses well documented [ 156 , 157 ]. Microglia are
nown to express CD36 in the human CNS [ 158 ], and can effectively
ind to and uptake A 𝛽 fibrils as part of a receptor complex of CD36,
D47, SR-1A and integrin 𝛼6 𝛽1 [ 158 , 159 ]. This binding contributes
o the characteristic swarming seen around plaques. Furthermore, this
omplex promotes phagocytosis, increased expression of lysosomal acid
ipase (LAL), and the production of ROS like H2 O2 [ 158 , 160 ] via stim-
lation of the RTKs Lyn and Syk. A 𝛽 activates Lyn and Syk through this
omplex, where they then phosphorylate Vav-GEF which activates Rac1
TPase. Activated Rac1 can then stimulate p47PHOX and p67PHOX , trig-
ering NADPH oxidase activity and ROS production [ 130 ]. Induction
f phagocytosis and increased expression of LAL aligns with functional
learance of A 𝛽 in the early stages of AD, with dysfunctional clearance
eading to chronic inflammation from ROS [ 98 ]. 

.1.6. RAGE 

RAGE is a member of the immunoglobulin (Ig) family of receptors,
apable of binding a wide variety of ligands, including A 𝛽 peptides, S100
roteins, HMGB1, as well as glycoproteins [ 101 , 145 , 161–163 ]. The ac-
ivity of RAGE is multifaceted, having roles in ligand transport across
he blood brain barrier (BBB) as well as signal transduction in microglia.
mportantly, RAGE on microglia can activate multiple inflammatory
ascades including ROS production via NADPH oxidase [ 164 ], AP-1,
TAT3, and NF- 𝜅B [ 165 ]. RAGE signaling, ROS presence and NF- 𝜅B
rigger a positive feedback loop that further activates the inflammatory
tate [ 166–169 ]. Additionally, there is significant evidence demonstrat-
ng strong crosstalk between RAGE and TLR signals due to shared lig-
nds, transcription factors and cascade end-products [ 170 ]. There may
e therapeutic potential in the inhibition of RAGE activity. Genetic de-
letion of RAGE in mAPP mice demonstrated decreased A 𝛽 load as well
s reduced APP-A 𝛽 metabolism via reduced 𝛽- and 𝛾-secretase activity
 171 ]. 

.1.7. Fc receptors 

Fc receptors (FcRs) are a family of surface receptors that bind the
onstant (Fc) region of Igs, with specific FcRs existing for each sub-group
f Ig and mediate the response of immune effector cells to antibody com-
lexes. Microglia express Fc receptors and can bind to anti-A 𝛽 antibod-
es, triggering an increase in their phagocytic activity [ 172 , 173 ]. How-
ver, this treatment pathway may induce a shift in microglial response
owards an inflammatory state that eventually inhibits the clearance of
 𝛽 [ 174 ]. Interestingly, anti-A 𝛽 antibodies may promote clearance of
 𝛽 in the CNS through “peripheral sink ” activity, where antibody bind-

ng and ultimate degradation of A 𝛽 may induce an equilibrium shift of
A 𝛽 between the CNS and periphery [ 175 , 176 ]. However, this theory
s controversial, with other studies showing clearance of peripheral A 𝛽

as no effect on CNS A 𝛽 volume [ 177 , 178 ]. Additionally, anti-A 𝛽 anti-
odies can cross the BBB in effective volumes to directly interact with
icroglia and CNS A 𝛽 [ 179 ]. There is evidence showing peripheral sink

ctivity however, as younger transgenic mice showed decreased cere-
ral A 𝛽 and cognitive deficit than untreated counterparts [ 180–182 ],
uggested to be the result of established insoluble A 𝛽 plaques being un-
ble to cross the BBB in the aged mice [ 173 , 175 ]. Regardless, clinical
8

rials of anti-A 𝛽 have consistently shown increased removal of plaques
n treated patients, demonstrating a potential role for FcRs and antibod-
es in AD [ 183–185 ]. 

.1.8. Complement 

The complement system is a complex chain of membrane-associated
nd soluble proteins interacting with the primary goal of pathogen
psonization – painting targets for phagocytic cells to recognize. The
1q dependent classical complement pathway (CCP) is a known tool
f microglia and astrocytes for synaptic pruning and maintenance in
he developing CNS, with C1q expression upregulated in AD pathology
 186 , 187 ]. C1q can bind to A 𝛽, with binding efficacy most effective
ith A 𝛽42 and reduced in shorter peptides [ 188 ]. As C1q is elevated in
D pathologies and microglial activation is in overdrive, overzealous
ynaptic engulfment is common. A recent study demonstrated deletion
f C1q has a protective effect, reducing synaptic loss [ 189 ]. CR3 is ex-
ressed in microglia and comprised of the subunits CD11b and CD18
nd is involved in phagocytosis of synapses, A 𝛽, and inflammation via
OS activation [ 190 ]. 

.2. Superoxide production 

In microglia, ROS production is mediated by the NADPH oxidase
ubunits p47PHOX and p67PHOX , with inflammatory signals activating
ranslocation of these units to the cellular membrane [ 191 , 192 ]. The
ecretion of ROS has significant effects on local microglia, astrocytes,
eurons, and cells of the BBB. A 𝛽 stimulates the activation of NADPH
xidase and release of ROS through inflammatory signaling like ERK1/2
nd p38 MAPK, RTK, and RAGE ligand binding [ 130 , 170 ]. This sig-
als other microglia through direct interaction with ROS and DAMPs
eleased from local cells, enabling positive regulation of inflammatory
ctivation and further ROS release [ 109 , 191 ]. 

.3. Swarming and physical barriers 

Microglia are motile cells, capable of detecting pathogens or dam-
ge signals, then translocating to the site of injury/damage [ 193 ]. One
f the simplest ways microglia can engage with A 𝛽 plaques is migrat-
ng to affected areas and forming a tight physical barrier to prevent
urther aggregation [ 6 ]. These DAMs then phagocytose plaques, though
egradation is commonly ineffective [ 13 , 109 ]. Inhibited breakdown of
laques contributes to inflammatory signaling that – while recruiting
ore microglia to the area – also further inhibits clearance and diges-

ion of plaques, while also irritating surrounding neurons and astrocytes
 194 , 195 ]. 

.4. Proteolytic degradation 

Microglia are capable of degrading soluble A 𝛽 by secreting proteases
ike matrix MMP-9, IDE, and neprilysin [ 196 , 197 ]. This degradation
unctions in a dose-dependent manner, with lower volumes resulting
n reduced peptide clearance [ 197–199 ]. Additionally, PRRs present on
icroglia – most notably TREM2 and CD36 – are known to directly

nfluence phagocytosis of A 𝛽 and A 𝛽-lipoprotein complexes and their
ubsequent lysosomal degradation [ 56 , 81 , 158 , 159 ]. 

.5. Microglia as antigen-presenting cells 

Microglia, as the resident macrophages in the brain, have the ca-
ability to endocytose, process, and present antigens on their surface as
ntigen-presenting cells (APCs) using MHC-II and co-stimulatory (CD33,
40, -80, -86) receptors. MHC-II is expressed in activated microglia,
ith low levels in the inactive M0 state [ 200 ]. In AD, there is conflict-

ng evidence regarding MHC-II expression. One study noted that mi-
roglial MHC-II expression was significantly inhibited in the presence
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Fig. 4. Dysfunctional interactions between activated microglia and local cells of the CNS in AD Activated microglia release inflammatory cytokines and ROS that 
trigger inflammation and damage in other cells. These signals trigger a chain reaction in local microglia, causing greater inflammation and diminished A 𝛽 clearance. 
Microglia are unable to communicate with astrocytes via CD200/CD200R, causing unrestrained activation. Inflamed astrocytes are unable to release cholesterol to 
microglia, lowering microglial survival and lysosomal function. Damaged neurons experience excitotoxicity, releasing large amounts of ATP that trigger microglial 
activation. This activation further causes ROS production and complement signals trigger A 𝛽-synapse engulfment. Phagocytic microglia perforate the BBB by engulfing 
surrounding astrocyte end feet and damaging vascular cells, allowing A 𝛽 efflux and influx of white blood cells, pathogens, and macromolecules. 
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f oligomeric A 𝛽, impairing their antigen-presenting function in APP-
S1 AD mice [ 201 ]. These findings contrasted with an earlier study
hat showing that A 𝛽-specific Th1 cell treatment enhanced MHC-II ex-
ression in microglia and boosted their clearance activity against A 𝛽

n the 5XFAD AD mouse model [ 202 ]. In another, it was suggested
hat repeated antigen-specific stimulation could lead to dysfunction in
ntigen-presentation, as well as increased iNOS and inflammatory sig-
aling [ 203 ], potentially contributing to contradictory findings. 

. Interactions between microglia and other cells in AD pathology

In neurodegenerative conditions, microglia play a critical role within
he CNS, yet they are just one component. In the healthy CNS, mi-
roglia communicate with other cell types to maintain CNS balance.
heir surveillant behavior, facilitated by their motility, extension of pro-
esses, along with a diverse array of surface receptors, allows microglia
o continuously monitor their local environment. They gather informa-
ion on synaptic health, astrocyte and neuron function, local inflamma-
ory signals, anti-inflammatory cues, and metabolic function [ 61 ]. How-
ver, in AD, this communication is disrupted ( Fig. 4 ) . The typically dor-
ant microglia convert to pro-inflammatory phenotypes and are unable

o effectively send or receive the suppressive, anti-inflammatory signals
hat control their responses. Additionally, this lack of suppressive signal-
ng encourages inflammatory hyperactivity, causing significant damage
9

o themselves and other microglia, astrocytes, neurons, and local vas-
ulature. Another facet of AD to consider is the role of the peripheral
mmune system. Circulating monocytes have demonstrated greater effi-
acy at clearing A 𝛽 than microglia, and studies have shown this occurs
ithin the cerebral vasculature [ 204 ]. Inhibition of infiltrated mast cells

n APP/PS1 AD mice improved cognitive function and synaptic health,
ithout affecting A 𝛽 volume or neuroinflammation [ 205 ]. A wider dis-

ussion of the peripheral system on CNS and microglia function is be-
ond the scope of this review, so we recommend this review by Berriat,
t al. [ 206 ] for in-depth discussion. 

.1. Microglia-microglia 

Accurate and functional microglia-microglia communication is an
mportant aspect of maintaining CNS homeostasis, with dysfunctional
ommunication leading to ineffective or overactive immune responses.
he initial inflammatory signals upon detection of A 𝛽 serve to recruit
ther microglia in the area to the site of the plaque to either uptake
nd degrade it, or to swarm around it preventing its spread. However,
he constant stream of inflammatory cytokines and chemokines [ 12 ],
ysfunctional A 𝛽 clearance [ 64 ], Ca2 + influx [ 116 ], complement signals
 207 ], and internal signals like NF- 𝜅B [ 208 ] only trigger the further
ecretion of these factors. 
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.2. Astrocytes 

Communication between microglia and astrocytes is crucial in con-
rolling the induction and reduction of immune responses within the
NS. One of the primary methods of communication between microglia
nd other cells of the CNS is surface-surface binding of CD200. In a
hysiological state, CD200 is expressed most cells of the brain, with
ts receptor CD200R only found on microglia and other macrophages
 209 ]. CD200-CD200R binding is a critical mediator of microglial acti-
ation. When bound, microglia are observed in a resting and surveillant
tate [ 209 ]. Importantly, expression of CD200 and CD200R are signif-
cantly reduced in areas of the brain affected by AD [ 104 , 210 ]. This
ould suggest a loss of anti-inflammatory signaling between microglia
nd astrocytes that leads to the chronic reactive state observed in AD. 

Cholesterol is another mechanism of communication between mi-
roglia and astrocytes. In the CNS, astrocytes have a significant role in
holesterol synthesis, a crucial molecule in microglial survival [ 211 ]. In
ultures derived from AD brains expressing APOE- 𝜀 4, astrocytes demon-
trated marked abnormal cholesterol production, increased stored lyso-
omal cholesterol, a significant reduction of cholesterol released to mi-
roglia, as well as significantly higher inflammatory cytokine expression
 195 ]. Crucially, cholesterol was found to aggregate intra- and extra-
ellularly in microglia, and can significantly inhibit its phagocytic and
egradative abilities against A 𝛽 [ 11 ]. Conversely, anti-inflammatory
ignals like IL-10 released from M2-like microglia can generate anti-
nflammatory responses in astrocytes, triggering the secretion of TGF-
, thus reducing microglial activation [ 105 ]. Cytokine and chemokine
ignaling are crucial parts of microglia-astrocyte communication. Acti-
ation of microglia or astrocytes generates a signaling loop that results
n the release of IL-1 𝛽 and TNF 𝛼, which can further recruit microglia
nd astrocytes [ 212 ]. In addition, activated cells can release CCL2-5,
hich then bind to microglia and initiate chemotaxis, but not astrocytes
 213 , 214 ]. 

.3. Neurons 

In physiological conditions, microglia contribute to neuronal and
ynaptic care, with functions such as neurogenesis and clearance of
poptotic neural stem cells in the developing CNS [ 215–218 ], synaptic
runing & clearance of aberrant dendritic spines via complement cas-
ades [ 187 , 219 ], and regulation of synaptic plasticity through cytokine
athways [ 220 ]. The close connection between microglia and neurons
esults in significant effects to neuron health in AD. Firstly, inhibited
roteolysis of A 𝛽 results in its accumulation intra- and extracellular.
TP stimulation of microglia triggers the release of internalized, intact
 𝛽 [ 10 ]. Additionally, the detection of A 𝛽 by microglial C3b induces

nflammatory cytokine, ROS, and NO release via C5a and CD88 [ 190 ],
nducing neuron membrane permeabilization, allowing influx of inflam-
atory signals and toxic plaques into the neuron and nucleus, causing
NA damage. Furthermore, the activity of NFTs within the neuron up-

egulates the expression of the GPCR adenosine A2A receptor (A2A R),
riggering the C1q complement cascade and engulfing synapses [ 221 ].
nterestingly, APOE has demonstrated high binding affinity for C1q as an
nhibitor of the classical complement cascade and can be found within
 𝛽 plaques. However, the APOE- 𝜀 4 genotype suppressed this inhibition
 207 ]. 

The presence of plaques and ROS also activates the NLRP3 inflamma-
ome in microglia, triggering lysosomal injury, the secretion of cathep-
in B, IL-1 𝛽, IL-18, as well as K+ efflux and Ca2 + influx [ 194 ]. Impor-
antly, K+ release further induces NLRP3 activation in a positive feed-
ack loop similar to other inflammatory aspects of AD. This overactiva-
ion continues to secrete inflammatory factors like ROS and cytokines,
rritating and damaging neurons and synapses, releasing further signals
f damage, again triggering NLRP3 activation. Another factor affecting
LRP3 activation is inhibited autophagy within microglia, where im-
airment of this process upregulates NLRP3 expression [ 222 ]. This may
10
lso be exacerbated in patients with APOE- 𝜀 4 due to inhibition of lyso-
omal function [ 195 ]. 

.4. The blood brain barrier 

The BBB plays a crucial role in protecting the CNS by tightly reg-
lating the movement of molecules into and out of the brain [ 223 ].
he BBB is comprised of astrocytes, pericytes, microglia, endothelial
ells (ECs) and tight junctions, and a basement membrane, forming a
ightly controlled barrier that regulates transport of molecules and cells
etween peripheral circulation and the brain. In AD, compromised BBB
ntegrity significantly impairs its protective function. In AD, factors such
s increased cytokines, and microglial phagocytosis of BBB-associated
ells contribute to BBB damage. In vitro studies in mice have shown that
icroglia respond to EC-produced CCL-5 during inflammation, initially
igrating toward cerebral vasculature to form tight junctions with ECs,
hich helps maintain BBB integrity [ 224 ]. However, these microglia

an transition into CD68+ phagocytic types over time, engulfing astro-
yte end-feet during chronic inflammation, further compromising BBB
ntegrity [ 224 ]. Mitochondrial dysfunction and oxidative stress also con-
ribute to BBB damage. Overproduction of ROS by microglia triggers in-
ammatory signaling and transcription factors in BBB cells, such as NF-
B and MAPK, significantly damaging mitochondrial function and respi-
ation, especially in the mitochondria-rich ECs [ 223 , 224 ]. Perforation of
he BBB allows for the efflux of A 𝛽 into circulation and the cerebrospinal
uid, as well as influx of circulating macromolecules, pathogens, and
hite blood cells, leading to significant damage and inflammation. Ad-
itionally, BBB leakage allows for increased flow of water and Beta-like
ubulins ( 𝛽LTs) into the brain, leading to swelling and increased cranial
ressure [ 225 ]. 

. Therapeutic strategies targeting microglia in AD 

As key instigators of the immune response in AD, immunotherapies
argeting the brain inherently impact microglia. For example, mono-
lonal antibodies (mAbs) bind to A 𝛽 plaques, and Fc receptors on mi-
roglia recognize these antibodies leading to the engulfment of the
 𝛽/mAb complex. However, modifying the activation state of microglia

n AD could directly alleviate chronic neuroinflammation and neurotox-
city. 

.1. Immunotherapies for AD 

The use of immunotherapies employs two possible approaches: ac-
ive or passive. Active immunotherapies encompass the use of vaccines,
ither whole or fragmented pathogens that are rendered inert and ad-
inistered to the patient, typically alongside an adjuvant which acti-

ates antigen presenting cells at exposure site, generating an adaptive
mmune response and long-term protection. Passive immunotherapies
mploy synthetic peptides or mAbs that are able to bind to the target
athogen for effects such as structural change and opsonization and ac-
ivating immune effector cells. The lack of effective disease-modifying
reatments for AD has caused a surge in research for immunotherapeu-
ic approaches over the last 20 years, with microglia being an attractive
arget for intervention. 

.1.1. Passive immunotherapies for AD 

Recently, the US Food & Drug Administration (FDA) approved three
nti-A 𝛽 mAbs for the treatment of early AD: Aducanumab, Donanemab,
nd Lecanemab. The approval of Aducanumab was controversial due
o ambiguous efficacy, high cost, and high adverse event incidence
 183 ], with manufacturer Biogen discontinuing the product in 2024.
hese three treatments have demonstrated A 𝛽 reduction and some ef-
ect on cognitive decline, though were associated with higher adverse
vents than placebo groups [ 184 , 226 , 227 ]. Administration of these
reatments allows for microglial FcR binding with mAb/A 𝛽 complexes,



Z. Valiukas, K. Tangalakis, V. Apostolopoulos et al. The Journal of Prevention of Alzheimer’s Disease 12 (2025) 100013

Table 1 

Compounds that have anti-inflammatory effects in microglia, their pathways, and effects on signaling 
and activation. 

Compound Pathway Effect Reference 

Acetylcholine 𝛼7 nAChR IL-1 𝛽, IL-6 ↓ JAK2/STAT3 ↑ [ 246 ] 
Anisalcohol NF- 𝜅B, JNK CD16/32 ↓ CD206 ↑ [ 251 ] 
Astaxanthin NF- 𝜅B, JNK TNF- 𝛼, IL-1 𝛽 ↓ CD86 ↓ [ 252 ] 
ATRA NF- 𝜅B NF- 𝜅B ↓, BACE-1 ↓ [ 151 ] 
Betulinic Acid CaMKK 𝛽/AMPK AMPK ↑ [ 253 ] 
Candesartan TLR4, NF- 𝜅B NF- 𝜅B ↓ [ 208 ] 
Curcumin TLR4, NF- 𝜅B, PPAR 𝛾 NF- 𝜅B ↓, TREM2 ↓, CaMKK 𝛽/AMPK ↑ , PPAR 𝛾 ↑ [ 247 , 254 ] 
Estrogen NF- 𝜅B NF- 𝜅B ↓, BACE-1 ↓, ADAM10 ↑ , NEP ↑ [ 97 , 138–140 ] 
Metformin AMPK, NF- 𝜅B AMPK ↑ , NF- 𝜅B ↓ [ 255 ] 
Pioglitazone PPAR 𝛾 ABCA1 ↑ , APOE ↑ , IL-1 𝛽 ↓, TNF- 𝛼 ↓ [ 120 , 123 ] 
Resveratrol TLR4, NF- 𝜅B, NLRP3 TLR4 ↓, NF- 𝜅B ↓, NLRP3 ↓, IL-4 ↑ [ 256–258 ] 
Rosiglitazone PPAR 𝛾 JNK ↓, STAT3 ↓, PPAR 𝛾 ↑ [ 125 , 259 ] 
Rosmarinic Acid PDPK1, AKT, mTOR NF- 𝜅B ↓, HIF ↓, PDK3 ↓, AMPK ↑ [ 248 ] 
Telmisartan AMPK AMPK ↑ [ 116 ] 
Vitamin D SOCS3/IL-10 IL-6 ↓, IL-12 ↓, TNF- 𝛼 ↓, IFN- 𝛾 ↓, IL-10 ↑ [ 249 , 250 ] 
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riggering isolation and phagocytosis of plaques, soluble oligomers and
rotofibrils [ 228 , 229 ]. Bapineuzumab, Solanezumab, Gantenerumab,
nd Crenezumab are single chain fragment variables (scFvs) that are
imilar to Aducanumab, Donanemab and Lecanemab, and underwent
linical trials, though were halted after displaying minimal effect on
alting cognitive decline and A 𝛽 deposition [ 185 ]. 

.1.2. Active immunotherapies for AD 

While less common than passive approaches, active immunother-
pies are a strong contender for anti-A 𝛽 treatments. Vaccines induce
n adaptive immune response, with one of the primary end-goals be-
ng generation of antibodies that are specific to the target pathogen.
hese antibodies then function similarly to mAbs, circulating until they
ncounter their target and binding to it, causing structural changes
nd activating effector cells. One study in 5XFAD mice assessed a
yroglutamate-modified A 𝛽 species (pE3 A 𝛽) vaccine, AV-1986R/A, and
howed promise in rescuing cognitive function [ 230 ]. The pE3 A 𝛽 iso-
orm is highly toxic and has a much higher volume and propensity to
ggregation and seeding than other species [ 231 , 232 ], making it an at-
ractive target for intervention. The vaccine UB-311 underwent a phase
Ia trial in 2017 and demonstrated favorable safety, tolerance, and im-
unogenicity, but no significant effect on cognitive decline, though

ognitive testing scores were low at baseline, limiting measurable ef-
ects of the treatment [ 233 , 234 ]. Additionally, preclinical testing of UB-
11 in transgenic mice and cynomolgus macaques found no evidence of
icroglial activation and avoided inflammatory responses [ 235 ]. The
ovel vaccine CAD106 comprised of A 𝛽1-6 coupled to coat proteins of
acteriophage Q 𝛽, and demonstrated consistent increases in anti-A 𝛽 an-
ibodies in APOE- 𝜀 4 homozygous patients, and no increase in A 𝛽 depo-
ition over the study period, but was halted early due to unfavorable
esults from an associated trial [ 236 , 237 ]. ALZ-101 is a vaccine candi-
ate currently undergoing a phase I trial and is expected to complete
n 2025 [ 238 ]. ALZ-101 is composed of stabilized A 𝛽42 oligomers that
ave demonstrated safety and immunogenicity in zebrafish, and mAbs
erived from this vaccine – ALZ-201 – selectively target oligomeric A 𝛽

n human AD brain tissue [ 239 , 240 ]. The DNA vaccine AV-1959D has
hown immunogenicity and safety in mice models of AD [ 241 , 242 ] and
s undergoing a phase I trial [ 243 ]. 

.1.3. The limitations of immunotherapies 

The lack of significant effect on cognitive function in human trials
ay be due to the fact that neural tissue cannot be salvaged, repaired,

r generated with our current technology and treatments. By the time
ymptoms of AD have presented, significant tissue loss has already oc-
urred. Additionally, neural plasticity declines with age, significantly
nhibiting the brain’s ability to repair and alter pathways with remain-
ng healthy tissue [ 244 ]. These factors hamper accurate evaluation of
11
reatment candidates, leading to the possibility that effective treatments
ay currently exist, but are written-off for not affecting already dam-

ged cognitive function. One aspect of these treatments that cannot be
verlooked is the possibility of adverse events resulting from treatment.
N1792 was the first anti-A 𝛽 vaccine and underwent a phase IIa clinical

rial in 2002 [ 245 ]. While demonstrating reduction in A 𝛽 volume, the
tudy was halted early when approximately 6 % of participants devel-
ped meningoencephalitis following treatment. While the exact mecha-
ism of these events is unknown, the risk of severe adverse events and
eactions to treatments cannot be overlooked. Autoimmune responses,
yperactivity of effector cells, and unforeseen mechanisms are all pos-
ibilities that require thorough investigation and safety procedures. 

.2. Bioactive compounds that shift microglial phenotype 

Activation state modulation in AD involves treating microglia with
nti-inflammatory compounds that inhibit or trigger pro- and anti-
nflammatory pathways like NF- 𝜅B and PPAR 𝛾 ( Table 1 ). The constant
nflammatory signals expressed and received during AD keeps microglia
eadlocked in the inflammatory state [ 12 ], so providing a way out of
hese states could reset microglia to a more stable state, capable of
nitiating healthy function and plaque clearance again. Many bioac-
ive compounds exhibit anti-inflammatory effects in microglia [ 96 , 99 ].
cetylcholine is able to switch M1 microglia to M2 through 𝛼7 nico-

inic receptor (nAChR) activation [ 246 ]. Angiotensin II binding to the
ngiotensin II type I receptor (AT1) can trigger NADPH oxidase and the
1 phenotype. AT1 blockers like candesartan, by inhibiting TLR4/NF-
B pathways [ 208 ], and telmisartan, via PPAR 𝛾 and CAMKK 𝛽/AMPK
athways [ 116 ], can promote M2 polarization. Curcumin is a compound
ound in the turmeric plant, and exhibits anti-inflammatory effects in mi-
roglia by inhibiting TLR4/NF- 𝜅B signaling, suppressing TREM2 expres-
ion, activating CaMKK 𝛽/AMPK signaling [ 99 ]. Additionally, Liu et al.
ound that curcumin as a PPAR 𝛾 agonist directly inhibited M1 expres-
ion in APP/PS1 mouse models of AD, ameliorating cognitive deficit
nd neuroinflammation [ 247 ]. Rosmarinic acid (RA) is a polyphenol
ound in a large variety of herbs (i.e., rosemary, sage, mint and basil)
nd can shift microglia from M1 to M2 by reprogramming mitochon-
rial function [ 248 ]. Wei et al. found that RA could promote M2 polar-
zation by inhibiting the phosphoinositide-dependent protein kinase 1
PDPK1)/AKT/mTOR pathway – a downstream pathway of PI3K signal-
ng – a decrease in hypoxia inducible factors (HIF) and phosphorylated
yruvate dehydrogenase lipoamide kinase isozyme 3 (PDK3) occurred,
ignificantly increasing mitochondrial respiration and M2 expression
 248 ]. Studies have demonstrated strong anti-inflammatory effects of
itamin D on microglia. Experiments showed that microglia deficient in
itamin D experienced significant reductions in inflammatory cytokine
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elease (IL-6, IL-12, TNF- 𝛼, IFN- 𝛾) and increases in IL-10 secretion after
reatment [ 249 , 250 ]. 

.3. Two treatments, one goal 

Anti-inflammatory compounds alone cannot substantially modify
D. With this in mind, a two-pronged approach that utilizes anti-

nflammatory treatments in conjunction with established A 𝛽-clearing
mmunotherapies may provide the answer. While further investigation
s needed, inducing M2 expression may provide a “reset ” to microglial
ctivation and signaling that could enhance immunotherapy responses.
romoting the M2 state could reduce harmful effects like inflamma-
ory transcription factor activation, inflammatory cytokine signaling,
nd ROS/NO production and release could repair neurotrophic functions
ike microglial autophagy and phagocytic ability. While in vitro and in
ivo animal models have demonstrated positive anti-inflammatory ef-
ects with these treatments, there is only a small number of clinical
tudies on cognitive performance in AD for a small number of com-
ounds. Curcumin is the most extensively documented, with some stud-
es suggesting improvements in cognition [ 260 , 261 ], and others find-
ng no effect [ 262 , 263 ]. Curcumin is also hampered by poor water sol-
bility and low bioavailability – a challenge that is being addressed
hrough improvements in nanotechnology. Nano formulations of cur-
umin (nanocurcumin) have gained significant attention in recent years
nd have demonstrated positive effects on neuroinflammation and im-
unomodulation in clinical trials for Covid-19 [ 264 ], multiple sclero-

is [ 265 ], and Behcet’s disease [ 266 ], though some studies show non-
ignificant results [ 267 ]. These results suggest that nanocurcumin may
ave potential as a treatment, and investigations into its effects in AD
ay yield positive results. Resveratrol is an antioxidant typically found

n grapes, berries, and peanuts that regulates TLR4 and inflammatory
timulant activity and inhibits TLR expression and the NF- 𝜅B and NLRP3
nflammasome pathways [ 256 ]. A phase II trial investigating the effects
f resveratrol on neuroinflammation and adaptive immune function in
D found increases in IL-4, attenuated cognitive decline, and signifi-
antly lowered levels of CSF A 𝛽 [ 258 ]. However, a later study observed
o significant improvements to cognitive decline, contrasting with ear-
ier results [ 257 ]. The lack of clinical data for these compounds is a
ignificant challenge against their potential use, and continued investi-
ation is the best pathway forward but the available data highlights that
herapeutically relevant effects are present and are worth exploring. 

. Conclusion and future prospects 

AD is highly complex, with many aspects still unclear. However, the
ole of microglia as drivers of chronic inflammation and their inter-
ctions with A 𝛽 are increasingly recognized as crucial components of
he disease. The intricate network of signals influencing microglial ac-
ivation underscores the potential for therapies that modify their states.
raditional treatments have shown limited effectiveness, while newer

mmunotherapies hold promise but are still in research phases. Combin-
ng polarizing treatments with immunotherapy could potentially pre-
ent cognitive decline more effectively by targeting plaque removal and
riggering systemic repair functions. Myeloid-derived suppressor cells
MDSCs), known for suppressing immune responses, are implicated in
D and other diseases [ 268 ]. Future studies may explore how MDSCs

nteract with microglia, pivotal in neuroinflammation and neurodegen-
ration. By modulating microglial activation with anti-inflammatory cy-
okines, MDSCs might reduce neuroinflammation and enhance A 𝛽 clear-
nce. Animal models suggest increasing MDSC levels can improve cog-
itive function by modulating immunity. Elevated MDSC levels in AD
atients may reflect a compensatory response to neuroinflammation, of-
ering potential for therapies that modulate MDSC activity to slow dis-
ase progression. Additionally, strategies targeting microglial activation
tates, enhancing A 𝛽 clearance via phagocytosis, using CRISPR for gene
diting, stem cell therapies for microglial replacement, and precision
12
argeting of microglial receptors highlight promising avenues for man-
ging AD. Advanced technologies in bioinformatics and artificial intelli-
ence hold promise for identifying new therapeutic targets and tailoring
reatments for individual patients, potentially offering a comprehensive
pproach to AD management alongside existing therapies. 
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