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Fibrillar aggregates and soluble oligomers of both Amyloid-β peptides (Aβs) and hyperphosphorylated Tau proteins (p-

Tau-es), as well as a chronic neuroinflammation are the main drivers causing progressive neuronal losses and dementia

in Alzheimer's disease (AD). However, the underlying pathogenetic mechanisms are still much disputed. Several

endogenous neurotoxic ligands, including Aβs, and/or p-Tau-es activate innate immunity-related danger-sensing/pattern

recognition receptors (PPRs) thereby advancing AD's neuroinflammation and progression. The major PRR families

involved include scavenger, Toll-like, NOD-like, AIM2-like, RIG-like, and CLEC-2 receptors, plus the calcium-sensing

receptor (CaSR). This quite intricate picture stresses the need to identify the pathogenetically topmost Aβ-activated PRR,

whose signaling would trigger AD's three main drivers and their intra-brain spread. In theory, the candidate might belong

to any PRR family. However, results of preclinical studies using in vitro nontumorigenic human cortical neurons and

astrocytes and in vivo AD-model animals have started converging on the CaSR as the pathogenetically upmost PRR

candidate. In fact, the CaSR binds both Ca2+ and Aβs and promotes the spread of both  Ca2+ dyshomeostasis and AD's

three main drivers, causing a progressive neurons' death. Since CaSR's negative allosteric modulators block all these

effects, CaSR's candidacy for topmost pathogenetic PRR has assumed a growing therapeutic potential worth clinical

testing.
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1. Introduction 

Alzheimer's disease (AD) is the world's most prevalent human dementia. AD is a devastating neurodegenerative illness

that slowly yet diffusely kills neurons in cognitively critical areas of the cerebral cortex. Medical advances have both

increased the aging fraction of the human population and raised AD's prevalence. Nowadays, AD, particularly in its

sporadic (SAD) or late-onset (LOAD) form, affects 35 or more million people, a figure likely to keep rising in next future.

Hence, AD has become and will continue being a growingly serious familial, healthcare, and societal burden until the

discovery of an effective therapy . AD's neuropathology leans on a triad of hallmarks: (i) extracellular congophilic

plaques of insoluble fibrillar amyloid-β peptides (fAβs); (ii) intracellular insoluble aggregates (neurofibrillary tangles or

NFTs) of hyperphosphorylated Tau proteins (p-Taues); and (iii) a diffuse chronic neuroinflammation . But in AD's

presymptomatic stage lasting two-to-four decades, other less obvious factors relentlessly drive AD's progression, such as

soluble Aβ oligomers (sAβ-os) ; soluble p-Tau oligomers (p-Tau-os) ; reactive oxygen species (ROS) ; nitric oxide

(NO) and its peroxynitrite derivative (ONOO ) ; vascular endothelial growth factor-A (VEGF-A) ; and a set of

proinflammatory cytokines, chemokines, and other neurotoxic agents . All such neurotoxins cooperatively cause

growing synaptic losses, neural circuits breakdowns, and human neurons and oligodendrocytes deaths, all happening

along with a chronically spreading neuroinflammation. The AD neuropathology's clinical counterparts are steadily

aggravating losses of memories and cognitive faculties that inexorably lead to patients' dementia and ultimate demise 

. Attempts are under course to identify specific AD's markers that should define the stages of the disease

according to scientific criteria . Hitherto, no therapeutic agents, including FDA-approved donepezil, a cholinesterase

inhibitor, and memantine, an NMDA receptor antagonist, given singly or in combination, could alter AD's inexorable

progression .

Continuous advances in medical science and technology have led to an increased debate on the pathophysiology of AD's

dementia and to suggest several hypotheses about its pathogenesis (see Table 1).

Table 1. Time-line hypotheses of the causes of SAD/LOAD.

Year *   Refs.

[1][2]

[3][4]

[5] [6] [7][8]

− [9] [10]

[11][12][13]

[14]

[15][16][17][18]

[2]

[19]



1976 Cholinergic hypothesis

1991 Amyloid-β hypothesis

1992 Calcium dyshomeostasis hypothesis

1992 Inflammation hypothesis

1994 Metal ions hypothesis

1997 Aβ·CaSR activating Ca  channels hypothesis

2000–2004 Neurovascular hypothesis

2004 Mitochondrial hypothesis

2004 Glymphatic system hypothesis

2009 Tau propagation hypothesis

2013–2020 Aβ·CaSR driving AD progression hypothesis

2016 Altered gut microbiome hypothesis

2018 Cellular senescence hypothesis

2020 Neuroimmunomodulation hypothesis

* The year refers to the first offering of the hypothesis; SAD, sporadic Alzheimer's disease; LOAD, late-onset Alzheimer's

disease; CaSR, calcium sensing receptor.

So far, the detailed pathogenesis of SAD/LOAD, which develops into a clinical disease over the course of decades, is still

debated due to (i) the structural and functional complexity of human brains; (ii) the lack of specific diagnostic biomarkers

useful for an early diagnosis; and (iii) the interplay among several potential risk factors (Table 2).

Table 2. Main factors increasing the risk of SAD/LOAD.

Family history

Apolipoprotein-ε4 genotype

Metabolic syndrome

Midlife obesity

Hypercholesterolemia

Hyperhomocysteinemia

Type 2 Diabetes

Oxidative stress
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Midlife hypertension

Sleep disorders

Oral infections

Gut microbiome dysbiosis

Human immunodeficiency virus (HIV)

Herpes simplex virus type 1 (HSV-1)

The first research endeavors on AD focused on the pathogenetic roles played by Aβ peptides (Aβs) or p-Tau-es, the

alternatively primary AD drivers . Among a deluge of other hypotheses (Table 1), it was recently set forth that cells of

all types in the senescing central nervous system (CNS) might convert the normal ageing process into a

neurodegenerative illness . Structural chromatin modifications, irreversible mitotic cell cycle arrest, downregulated

expression of lamin B1 and of neurotrophic factors, overexpression and overrelease of proinflammatory agents (e.g., IL-6,

etc.) are held to characterize the senescent astrocytes (for further details and references see ). However, yet no firmly

agreed definition exists about cellular senescence and its triggering mechanisms under the diverse neuropathological

conditions. Therefore, it still unclear whether cellular senescence is the cause or outcome of neurodegenerative

processes . At any rate, it is remarkable that, whatever be the pathogenetic hypothesis, AD always entails a chronic

neuroinflammation. This fact has engendered the "Neuroimmunomodulation Hypothesis of AD", implicating

neuroinflammatory phenomena as AD's primary etiological factors . Consequently, the mechanisms underlying AD's

neuroinflammation have been attracting an increasing attention . Clearly, the clarification of such neuroinflammatory

mechanisms and the all-important approaches to counter or mitigate them might hopefully lead to novel and effective

treatments of human AD .

2. Glia Roles in AD

According to the "Amyloid Hypothesis of AD", the neuropathology starts within the layer II neuronal nests of the temporal

lobe lateral entorhinal allocortex and thence via its neuritic projections spreads out toward cognitively crucial upper

neocortical areas . The slowly growing load of sAβ -os and of insoluble Aβ  fibrils drives the activation of astrocytes

and microglia in the brain areas affected. Macroglia (astrocytes and oligodendrocytes) and microglia partake in the innate

immune system of the CNS. Microglia are the resident cells responsible for the "immune surveillance". In a "resting" or

anti-inflammatory phenotype they upkeep brain homeostasis by secreting anti-inflammatory cytokines, such as TGF-β and

IL-10, and neurotrophic factors such as BDNF and GDNF. Thus, homeostatic microglia promote differentiation and

survival of neurons, favor learning-dependent synapse formation and plasticity, scavenge neuronal debris, and remove

defective neurons by inducing their death . Conversely, several noxious stimuli, such as neural tissue damage,

exogenous pathogens or endogenous protein aggregates turn on the microglia's activated or proinflammatory phenotype,

which gets rid of them through phagocytosis, and secretion of proinflammatory cytokines, such as TNF-α, IL-6, and IL-1β,

and of cytotoxic factors such NO and ROS. The roles microglia play in AD are quite complex and heavily debated, with

conflicting reports regarding their harmful or shielding impact onto the disease . As shown in transgenic AD-model

mice, activated microglia can initially exert beneficial effects on AD pathogenesis by clearing the Aβ-os through

phagocytosis . At a later stage, as seen in tissue samples from AD human brains and AD-model animals, the accrual of

activated microglia mostly around Aβ plaques, alongside with an increased production of proinflammatory factors, is

ultimately noxious to surrounding neurons, thereby advancing disease progression .

Astrocytes are the most abundant CNS cell type, from 1.7-fold to 10-fold the neurons' numbers  and are the key cell

type helping keep CNS homeostasis. Some authors posit that the Aβ-elicited reactive astrogliosis is the leading driver of

AD's neuroinflammation . Notably, the proinflammatory activity of the Aβ-driven astrocytes outlasts that of the less

plentiful microglia . It is important to realize that, once Aβ-activated, astrocytes and microglia reciprocally interact,

which further increases the release of a complex set of proinflammatory cytokines, chemokines, and other neurotoxic

factors from either cell type .

[44]

[45]

[46]

[34]

[47]

[48]

[17][18]

[49]

[50]

[48]

[36]

[3][4]

[51]

[52]
42 42

[53][54]

[55]

[56]

[57]

[58]

[59]

[60][61]

[62][63]



A still largely held view posits that in human AD the astrocytes behave as competent phagocytes tasked with cleaning up

cellular debris and Aβ   fibrils becoming overloaded with the latter in the process . However, cortical

nontumorigenic adult human astrocytes (NAHAs) exposed in vitro to fibrillary or soluble Aβ , an Aβ  proxy, de novo

produce, accumulate, and release surpluses of Aβ -os just like neurons do, while simultaneously decreasing their release

of neurotrophic and neuroprotective soluble amyloid precursor protein-α (sAPP-α). Therefore, given their high numbers,

the astrocytes can directly contribute to the amyloid brain overload proper of AD . In addition, each astrocyte

envelops with its mobile processes the so-called tripartite synapses of several neurons . Moreover, distinct

astrocytes envelop with their processes the synapses of a single neuron. In this way, extended groups of neurons are

functionally joined to regulatory astrocytes, while the latter are reciprocally interconnected via gap junctions that allow for

the quick diffusion of Ca  waves . Regulatory astrocytes also promote the formation and stabilization of their neurons'

synapses by mopping up released K  ions and glutamate. They modulate the neuronal release of neurotransmitters by

secreting their own gliotransmitters   and via Ca  releases and uptakes during their Ca  waves . Importantly,

astrocytes' processes also envelope cerebral microvessels and affect the local blood flow and oxygen supply to support

the functions of their metabolically dependent neurons . An age-related acute or chronic local perfusion deficit and

consequent brain tissue hypoxia can cause the accumulation and release of newly produced neurotoxic sAβ-os from both

neurons and astrocytes . This engenders vicious feed-forward cycles that stimulate the de novo surplus production and

release of further amounts of sAβ-os, p-Tau-os, NO, VEGF-A, proinflammatory cytokines and chemokines, and other

neurotoxic agents (Figure 1) .

Figure 1. Top: A summary representation of the main cell types and proinflammatory factors each of them releases into

the extracellular matrix in the course of AD. Neurons, blue. Astrocytes, green. Oligodendrocytes, yellow. Microglia, black.

Endothelial cells (ECs), red. Monocytes, colorless. A black arrow indicates the migration of a monocyte from a capillary

lumen into the nervous tissue. Senile plaques, ## Aβs. Most of the abbreviations are as in the text. CHM, chemokines.

PICs, proinflammatory cytokines. CaSR, calcium-sensing receptor.  Bottom: Schematic diagram of the reciprocal

interactions between the three main neural cell types involved in Alzheimer-related neuroinflammation. The bidirectional

interaction with amyloid senile plaques is also indicated.

But how can sAβ-os bring about such self-propagating tissue damage? And how might all the involved harming

mechanisms be effectively neutralized?

3. Danger-Sensing/Pattern Recognition Receptors (PRRs)

The concept generally accepted in recent years is that the interactions between sAβ-os and a number of multiligand

cellular receptors grouped under the denomination of "Pattern Recognition Receptors" (PRRs) may mediate via their

intracellular signaling pathways all the noxious effects proper of AD's neuropathology, including the associated
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neuroinflammation, particularly involving activated microglia and astrocytes   and the other CNS cell types too.

Therefore, this review will focus on the receptorial interactions of Aβs that feasibly advance AD's progression, particularly

about microglia and astrocytes, without neglecting wherever opportune the other CNS cell types.

The evolutionarily highly conserved PRRs are integral parts of the innate immune system. The major PRRs families

incorporate scavenger receptors (SRs; e.g., RAGE), Toll-like receptors (TLRs), NOD-like receptors (NLRs), AIM2-like

receptors (ALRs), RIG-like receptors (RLRs), CLEC-2 receptors , and the calcium-sensing receptor (CaSR) . The

sensors of each PRR family pick out a heterogeneous set of specific exogenous pathogen-associated or endogenous

damage-associated molecular patterns (PAMPs or DAMPs, respectively) belonging to complex products released from

microorganisms or from the different compartments of injured cells or accumulating in the extracellular matrix (ECM).

These PAMP•PRR or DAMP•PRR interactions drive the formation of several multicomponent protein signaling platforms,

the inflammasomes, evoking the activation of caspase-1 and hence the maturation of proinflammatory cytokines

precursors (pro-IL-1β and pro-IL-18), whose release evokes septic or aseptic inflammatory responses. The upshots are

PAMPs or DAMPs phagocytosis, synaptic apoptosis (synaptosis), and a caspase-1-dependent inflammatory cell death or

pyroptosis , and sometimes also the resolution of inflammation. DAMPs contribute to the host's defense by interacting

with PRRs, such as RAGE, TLRs, and inflammasomes, and activating the innate immune system . However, when

dysregulated and/or persistent the same DAMPs•PRRs or PAMPs•PRRs interactions can unphysiologically promote

chronic inflammatory responses that cause the development and/or advance the progression of several human

inflammatory diseases .

3.1. Scavenger Receptors (SRs)

SRs are cell surface receptors that typically bind multiple ligands and promote the removal of non-self (PAMPs) or altered

self (DAMPs) targets. SRs function through mechanisms including endocytosis, phagocytosis, cell adhesion, and

intracellular signaling, which lead to the elimination of the degraded or harmful PAMPs or DAMPs. SRs mediate the

uptake of fAβs in vitro . SRs are widely distributed in Nature; their nomenclature and classifications have been revised

several times . Mammalian SRs include Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) and 1 (TREM1),

and Receptor for Advanced Glycation Endproducts (RAGE).

TREM2 is a type I transmembrane cell surface receptor expressed by cells of the myeloid lineage, i.e., monocytes,

macrophages, osteoclasts, CNS microglia, and dendritic cells . It is a glycoprotein with an immunoglobulin (Ig)-like

extracellular domain, a transmembrane domain, and a small cytoplasmic tail. In neural cells, TREM2 has no intracellular

signaling system; hence it signals through its transmembrane binding partner, the 12 kDa DNAX activating protein

(DAP12 aka TYROBP) that is endowed with an immunoreceptor tyrosine-based activation motif (ITAM) . TREM2′s

ligands are multiple, both exogenous PAMPs (from Gram-negative and Gram-positive bacteria, yeasts, and viruses) and

endogenous DAMPs (usually polyanionic ligands and phospholipids) . TREM2 serves as an anti-inflammatory

receptor, negatively regulating the innate immune response via PI3K/NF-κB signaling . Several studies have shown

that TREM2 function is crucial for microglial adhesion to and phagocytosis of Aβs, and for neuroinflammation control 

. Interestingly, γ-secretase-dependent intramembranous proteolytic cleavage can shed the soluble (s)TREM2

extracellular domain . sTREM2 may also result from alternative splicing . The cerebrospinal fluid (CSF)'s sTREM2

levels raise with ageing and become further heightened in AD patients, correlating with the CSF levels of total Tau and p-

Tau proteins, but not with CSF levels of Aβ  .

RAGE belongs to the Immunoglobulin Superfamily and is found on the surface of various immune cells; most of its ligands

are mainly secreted by immune cells, including macrophages and dendritic cells; therefore, the major roles played by

RAGE relate to inflammation . Neurons, astrocytes, microglia, and vascular cells (pericytes, smooth muscle cells, and

endothelial cells) express RAGE in the CNS. Nucleic acids, lipids, and proteins undergo glycations intracellularly within

cellular organelles and the cytosol, and within the extracellular matrix (ECM) thus becoming RAGE ligands (AGEs). The

expression of both RAGE and its ligands is intense during the embryonic development when they favor the survival of

neurons; thereafter, their expression is downregulated and remains at low levels up to old age .

Under physiological conditions, anti-glycation defenses efficiently clean off glycated lipids and proteins, while excision

repair cuts off glycated nucleotides. AGEs accumulate in aging people and in the course of chronic diseases—such as

AD, diabetes, atherosclerosis, arthritis, infections, cancers, and cardiovascular ailments—that are due to various known

causes, such as UV light exposure, oxidative stress, malnutrition, epigenetic factors, and to as yet undefined agents.

Under such conditions, RAGE and its ligands can be abnormally upregulated in both the CNS and peripheral tissues 

. Accumulating AGEs of various kinds damage cell membranes, cross-link proteins, hamper the function of biological

pathways, promote DNA mutations, and curtail mitochondrial ATP production. the intensity of RAGE signals progressively

increases as AGEs keep accumulating . As just mentioned, the AGE•RAGE complexes mainly activate the NF-κB
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intracellular signaling pathway. NF-κB next enters the nucleus and turns on its target genes, including those encoding for

several cytokines involved in adaptive or in innate immunity . NF-κB targets and downregulates the expression of

anti-apoptotic genes, such as those encoding BCL proteins, thereby working against cell survival . Moreover, NF-κB

binds glyoxalase (Glo)-1 and curbs its activity inhibiting AGEs production . NF-κB also increases the expression and

release of various proinflammatory cytokines, e.g., IL-1β, IL-6, IL-18, and TNF-α from cultured rodent astrocytes. By

acting together with NO surpluses, the latter cytokines transform normal astrocytes into reactive astrocytes that promote

the onset and/or progression of neurodegenerative disorders . In addition, RAGE stimulation increases the

activities of MAPKs, such as ERK, p38, and JNK, which induce cells to proliferate . As an example of the complexities

of RAGE-mediated signaling, let us briefly consider the effects of S100β•RAGE complexes. They did activate three

distinct pathways in astrocytes. i.e., the RAGE/Rac-1/Cdc42, the RAGE/ERK/Akt; and/or the RAGE/NF-κB one. The latter

next brought about several features proper of reactive astrogliosis, such as hypertrophy, proliferation, and migration. The

same astrocytes also acquired a proinflammatory phenotype by expressing IL-1β (the result of inflammasome signaling

activation), NO synthase (NOS)-2, and Toll-like receptor (TLR)-2. Finally, the astrocytes also induced an oxygen-glucose

deprivation that furthered neurons' death. Altogether, these findings demonstrated that S100β•RAGE complexes

concurrently turn on several RAGE-dependent signaling pathways that profoundly change the astrocytes' physiological

phenotype into a proinflammatory and proneurodegenerative one . These dysfunctional reactive astrocytes keep

oversecreting surpluses of cytokines/chemokines and other proinflammatory mediators, which hinder neuronal glutamate

uptake, promote synapses apoptosis (or synaptosis), and advance AD's neuropathology spread, neurons' death, and

progressive cognitive deficits . Regarding the effects on microglia, the persisting overrelease of proinflammatory

cytokines partly prompted by AGE•RAGE signaling hampered microglia's ability to clear the foci of synaptic apoptosis (or

synaptosis) occurring without any neuronal death. Synaptosis pruning is mediated on one side by neuronal integrin

α β /Tyro3, Axl, and Mer (TAM) receptors plus bridging molecules and on the other side by the microglial PRR C3

receptor. Both these receptor types are necessary for the recognition of focal compartments of synaptic apoptosis

exposing phosphatidylserine (PS) and tagged by C1q/C3 complement components . Moreover, AGE•RAGE signaling

also undermined microglia's Aβ-clearing activity. Such microglia dysfunctions can advance brain Aβs load and

neuroinflammation.

3.2. Toll-Like Receptors (TLRs)

TLRs belong to the PRRs superfamily. Humans have at least ten TLRs, whose expression occurs widely in the brain.

Neurons and microglia predominantly express TLRs as compared to astrocytes and oligodendrocytes. TLRs respond to

pathogens and cellular stressors (PAMPs) and to DAMPS. In general, TLRs response to pathogens has been more

intensely investigated than that to DAMPs. However, regarding the progressive AD-related neuroinflammation the

response of TLRs to DAMPs is more relevant. The TLRs ligand-binding extracellular domain is endowed with a variable

number of N-terminal leucine-rich repeats (LRRs), which are involved in TLR dimerization . The signaling of

these receptors occurs through their carboxy-terminal intracellular tail that contains a Toll/IL-1 receptor (TIR) homology

domain resulting in the recruitment of the cytoplasmic adaptor proteins MyD88 and TOLLIP (Toll interacting protein) and

the activation of NF-κB-dependent genes, such as TNF-α, IL-1, IL-6, and IL-8. TLRs are implicated in AD neuropathology

by sensing and responding to the presence of different Aβ species. Several studies of postmortem brain tissues from AD

patients and transgenic AD-model mice have found augmented expression levels of TLR-2, TLR-4, TLR-5, TLR-7 and

TLR-9 as well as of the TLR co-receptor CD14, in microglia localized around senile plaques . The

detrimental impact of TLR-2 signaling in AD pathogenesis is due to the polarization of microglia toward a neatly

proinflammatory profile (M1). In microglial cells the activation of TLR-2 by fAβs induces the production of proinflammatory

mediators, such as NO from inducible NOS-2, TNF-α, IL-1β, and IL-6 . Of note, TLR-2 knockout in APP /PS1dE9

mice decreases senile plaques load and mitigates neuronal damage . Similarly, TLR-4, when stimulated by fAβs or

sAβ-os, induces a strong release of the proinflammatory cytokines IL-1β, IL-6, TNF-α, CCL5, MIP-1α, and MCP-1 . In

response to Aβs TLR-2 and TLR-4 might also form complexes with other TLRs (e.g., TLR-4•TLR-6) and with cell surface

receptors, e.g., CD14 and SR-B2/CD36, the latter acting as a co-receptor involved in the recognition of fAβs and sAβs.

Sheedy et al.  showed that the TLR-4•TLR-6 complex and SR-B2/CD36 can harmfully cooperate and direct the

activation of the NLRP3 inflammasome signaling pathway in AD-related neuroinflammation. Similarly, the CD14

association with the dimer TLR-2•TLR-4 forms a critical complex that activates microglia and promotes its ability to bind

and phagocytose fAβs. Furthermore, the activation of TLR-9 in mice resulted in an increased Aβs uptake and clearance

by microglia  and in a reactive astrogliosis .
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3.3. NOD (Nucleotide-Binding Oligomerization Domain) Receptors and (NOD)-Like Leucine-Rich
Repeat Receptors (NLRs) Inflammasomes

Inflammasomes are crucial cytoplasmic multimeric protein complexes or platforms that critically regulate the inflammatory

responses of innate immunity. Among the most studied ones are the nucleotide binding oligomerization domain receptors

1 and 2 (aka NOD1 and NOD2)  and the NLRs (aka nucleotide-binding oligomerization domain [NOD]-like leucine-rich

repeat) receptors, which belong to a family of intracellular PRRs initially denoted as cytoplasmic sensors of microbes.

Inflammasomes are endowed with intracellular PRR receptors (or sensors) that recognize cell stress-linked DAMPs or

pathogen-derived PAMPs. Every type of inflammasome has its own distinct receptors . According to their

N-terminus features, NLRs are classified into four subfamilies, i.e., NLRA, NLRB, NLRC, and NLRP. The NLRP family

(NLRPs) interacts with the ASC (apoptosis-associated speck-like protein containing a CARD) adaptor protein endowed

with an N-terminus PYRIN (aka DAPIN)-CARD domain activating pro-Caspase-1 . In humans, NLRPs comprise 14

members, i.e., NLRP1, NLRP2, NLRP3, and so on. The PYRIN/DAPIN domain crucially controls inflammasome's complex

assembly and signal transduction . The ligand specificity of each NLR receptors depends upon their LLRs. Their

variable N-terminus domains include caspase-1-binding CARD domain-endowed 4; absent in melanoma 2 (AIM2) protein;

and IPAF (ICE protease-activating factor) that effect the activation of distinct biological pathways . After

interacting with PAMPs or DAMPs, PYRIN-PYRIN domains interactions elicit NLRs oligomerization and ASC recruitment

. Thereafter, CARD-CARD domains interactions lead to procaspase-1 binding to ASC activate the inflammasome .

The formation of complexes between PRR receptors and DAMPs or PAMPs induces the assembly and activates the

inflammasomes' signaling that triggers the NF-kB pathway, Caspase-1 activation, and cytokines IL-1β and IL-18

maturation . Inflammasome activation can induce pyroptosis—an inflammatory form of caspase-1-mediated

regulated cell death entailing an initial release through plasmalemmal breaks of the intracellular contents—in various CNS

cell types . Human neurons, astrocytes, and microglia all display robust NRLP3 inflammasome-associated

responses .  No investigation concerned inflammasome activation and pyroptosis in human oligodendrocytes until

recently when McKenzie et al.  observed it in vitro following an exposure to inflammatory stimuli, thus identifying a new

mechanism of inflammatory demyelination. Neurons also express the NLRP1 and AIM2 inflammasomes , while

astrocytes also possess the NLRC4 and NLRP2 ones  (Table 3).

Table 3. The main inflammasomes expressed in human CNS cell types, in human AD brains and in AD-model animal

brains.

  NLRP1 NLRP2 NLRP3
NAIP/
NLRC4

AIM2 IPAF NOD1 NOD2
NLRP10/
PYNOD

Refs. 

Neurons +    +   +        

Astrocytes   + + +   +      

Microglia +   +            

Oligodendro-
cytes

+   +            

Pericytes + + + +     + +  

Endothelial
cells

+   + +     + +  

Postmortem
AD human
brain

+   + +   +      
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AD animal
models

+ + + + +       +

Refs., reference numbers. +, reported inflammasome in relation to AD neuroinflammation.

The general view holds that PAMPs or DAMPs act as primers inducing the expression and maturation of both the NLR

receptors precursors and of Caspase-1. However, it is noteworthy that in the brain inflammasomes preexist as already

assembled complexes that do not need the priming step thus giving out faster signals upon activation . Therefore,

inflammasomes assembly mechanisms may differ from one to another cell type. In response to harmful stimuli neurons,

macroglia, and microglia increase the expression of inflammasome proteins, which are key modulators of the innate

immune response triggered in AD . The present understanding of the intricate transactions among so many

inflammasomes and their regulatory mechanisms in different pathological conditions is limited: they will need further

studies to be clarified.

3.4. C-Type Lectin (Dectin-1, CLEC-2) Receptors (CLRs)

CLRs have diverse functions ranging from embryonic development to immune function. One subgroup of CLRs is the

Dendritic cell (DC)-associated C-type lectin-1 (Dectin-1) cluster, comprised of seven receptors including MICL, CLEC-2,

CLEC-12B, CLEC-9A, MelLec, Dectin-1 and LOX-1.

The Dectin-1 cluster of receptors has a broad range of ligands and functions. Dectin-1 is an immune-receptor tyrosine-

based activation motif (ITAM)-coupled CLR. It senses several DAMPs, recruits the spleen tyrosine kinase (Syk) and lets

out proinflammatory signals . Dectin-1 activated the NLRP3 inflammasome for anti-fungal defense and increased IL-

1β synthesis via a non-canonical caspase-8 inflammasome . After ischemic stroke or spinal cord injury an

upregulated Dectin-1 drove neuroinflammation, demyelination, and axons damage through the Syk signaling pathway

activation of microglia . Conversely, the Dectin-1/Syk pathway inhibition mitigated microglial activation, the brain

infarct volume, neurological damage, proinflammatory cytokines production, TNF-α, and NOS-2 expression. Conversely,

β-glucan/Dectin-1 signaling induced a beneficial neuroinflammation promoting the regeneration of traumatically severed

retinal ganglion cell axons in mice . Dectin-1 is upregulated in human AD tissues  and AD mouse models 

. In the amyloidogenic 5XFAD transgenic mouse model Dectin1 helped preserve microglia in a homeostatic state

because it can evoke TREM2-like intracellular signals .

Recent data have led some authors to propose that changes in the gut microbiota and an increased intestinal permeability

might be instrumental in AD pathogenesis. Zonulin is a key modulator that regulates intestinal barrier function. Moreover,

the activation of C-type lectin-like immune receptor 2 (CLEC-2), a platelet surface receptor may occur in AD. Significant

increases in CLEC-2 and Zonulin levels, as assessed via ELISA assays, occurred in 110 MCI and 110 AD patients vs. 110

controls with no dementia. Furthermore, MCI patients had lower CLEC-2 and Zonulin levels than frank AD patients.

Further studies will clarify the potential import of these findings in AD .

3.5. RIG-I (Retinoid Acid-Inducible Gene-I)-Like Receptors

Human and murine neurons, astrocytes, and microglia constitutively express the retinoic acid-inducible gene I (RIG-I),

which is a key cytosolic immune PRR. As a sensor, RIG-I detects 5'-PPP double-stranded RNAs produced by a variety of

viruses and intracellular bacteria. Therefore, RIG-I is responsible for mounting a response against infectious agents

besides partaking in neuroinflammatory processes linked with neurodegenerative diseases .

In the course of a bacterial or viral infection, RIG-I expression becomes more intense according to a pathogen and cell

type-specific manner. For example, both surface and cytosolic PRR ligands, like bacterial and viral RNA and DNA,

effectively increase RIG-I expression, RIG-I-dependent Interferon Regulatory Factor 3 (IRF3) phosphorylation, and

subsequent type I Interferon (IFN) production in human microglia . Studies on the recognition of Japanese

encephalitis virus (JEV) RNA revealed that in JEV-infected brains neurons act via RIG-I as one of the sources of several

proinflammatory agents, such as IL-6, IL-12, p70, MCP-1, IP-10, and TNF-α. Conversely, animals with RIG-I knockout

neurons had an increased viral load and released lesser amounts of cytokines/chemokines .  Interestingly, CoCl -

induced chemical hypoxia increased RIG-I expression and the production of proinflammatory IL-1β, IL-6, and TNF-α via

the interaction of Interferon-Β Promoter Stimulator-1 (IPS-1) with TNF receptor-associated factor 6 (TRAF6) and NF-κB

pathway activation in cultured human astrocytes . Finally, a study exploring the expression levels of innate immune

proteins in human temporal and occipital cortices proved that RIG-1 expression is significantly heightened in the temporal
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cortex and plasma of patients with mild cognitive impairment (MCI). Moreover, an exposure to the RIG-1 ligand 5'ppp RNA

increased the expression of APP and Aβs in primary human astrocytes. These results have revealed a potential

implication of RIG-1 in the MCI phase of AD development .

3.6. Calcium-Sensing Receptor (CaSR)

A component of Family C G-protein-coupled receptors (GPCRs), the CaSR is a ubiquitously expressed cationic

multiligand receptor and at the same time a DAMP-sensing receptor implicated in several inflammatory diseases 

. The first cloning of the highly conserved CaSR gene was from rat parotid glands. CaSR acts as a calciostat rapidly

sensing changes in systemic extracellular Ca  levels ([Ca ] ) . It is located at the plasmalemma and can signal both

thence and, after endocytosis, intracellularly . Besides Ca , its hugely bilobed extracellular domain, named Venus

flytrap, binds several other agonists such as mono-, di-, and trivalent ions; amino acids (e.g., phenylalanine; tryptophan);

and polycationic agonists such as polyamines; aminoglycoside antibiotics; and last but not least Aβs pathological

aggregates . A seven-pass transmembrane domain (the 7TM) joins the Venus flytrap to the intracellular domain

(ICD). Ligand binding at the CaSR's Venus flytrap engenders signals that cross the 7TM domain to reach the ICD and

induce its binding to G-proteins such heterotrimeric G , G , G , and G , and low molecular weight factors like Arf6,

RhoA, Ras, Rab1 and Rab11a. The intervening 7TM domain plays a critical role in the activation or suppression of

agonist-evoked CaSR signaling as it holds specific binding pockets for CaSR positive allosteric modulators (PAMs

or  calcimimetics) and for CaSR negative allosteric modulators (NAMs or  calcilytics) . The ligand CaSR/G-

protein mechanisms drive an intricate set of signaling pathways, conditioned by the nature of the ligand, the cell type

considered, and the specific G-protein involved. Such intracellular signals target (i) transcription factors (TFs); (ii) protein

kinases (AKT, PKCs, MAPKs); (iii); phospholipases (A , C, and D); (iv) second messenger up- or downregulation (e.g.,

cAMP); and (v) Ca  influxes via TRPC6-encoded receptor-operated ion channels . While functioning as a

calciostat the CaSR controls systemic Ca  homeostasis via the modulation of parathyroid hormone (PTH) and active

Vitamin D3 release, which regulate intestinal Ca  absorption, skeletal Ca  storage, and kidney Ca resorption .

Several earlier works reported that tissue inflammation can activate CaSR signaling and, on the other hand, that CaSR

signaling can activate tissue inflammation. This occurs in deep skin burn wounds ; allergen-sensitized airways of mice

and of human asthmatic patients ; hypertension-induced rat aorta dysfunctional remodeling ; LPS-treated rodent

lungs ; rheumatoid arthritis monocytes ; and a variety of diseases of the adipose tissue ; kidneys ; colon-

rectum ; and prostate . Of note, CaSR NAM NPS 2143 elicited an effective anti-inflammatory action in asthma 

and in LPS-evoked pneumonia .

Local gradients of [Ca ]  increases due to cation releases from cells undergoing necrosis following injury or infection

activate CaSR's signaling on mature monocytes and/or macrophages. This attracts the phagocytic cells toward the high

[Ca ]  injury sites, a process the chemokine MCP-1/CCR2 signaling aids by increasing the cells' CaSR expression in a

series of positive feed-back cycles . Notably, IL-1β and IL-6 too upregulate CaSR expression in parathyroid glands,

kidneys, and human astrocytes by acting upon specific response elements of the CASR gene promoters . Besides,

CaSR's activation drives Ca  release from the ER .

Therefore, a heightened [Ca ]  works as a DAMP that activates the NLRP3 inflammasome via G protein coupled CaSR

signaling   and via the phosphatidyl inositol/Ca  pathway in association with a concurrent fall in cAMP levels in

monocytes and macrophages. Thus, CaSR signaling does partake in the induction of inflammation in human cryopyrin-

associated periodic syndromes (CAPs) and in mouse models of carrageenan-evoked swelling of foot pads . In

monocytes of rheumatoid arthritis and of hypertension-evoked aortic remodeling patients   [Ca ]  increases also

trigger the NLRP3 inflammasome signaling via CaSR activation . Moreover, in macrophages and monocytes [Ca ]

surges also activate the macropinocytosis process and the uptake of MDP (a NOD2 ligand) via CaSR-mediated Gα-

protein signaling—both events being followed by phosphorylation of the NF-kB p65 subunit or otherwise blocked by the

CaSR NAM NPS 2143 or by removing the extracellular Ca  .

As in the other organs, CaSR's expression is ubiquitous in the brain , being most intense in hippocampal neurons,

astrocytes, microglia, and ependymal cells . Moreover, in the CNS the CaSR crucially modulates nerve cells mitotic

activity, prenatal migration, and differentiation; postnatal neurotransmitters release from synapses ; K

fluxes ; and L-amino acid sensing .

Importantly, CaSR's expression and its function increases evoking harmful effects under conditions of acute CNS damage

that entail a neuroinflammation, such as ischemia/hypoxia/stroke and subarachnoid hemorrhage (which also causes an

ischemia/hypoxia through local tissue compression). In adult Kunming mice subjected to a 2-h-long focal cerebral

ischemia via carotid ligation followed by a 22-h-long reperfusion, the activation of the JNK/P38 MAPK signaling pathway
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increased CaSR expression and neurons' apoptosis, both of which were further boosted by administering Gadolinium

trichloride (GdCl ), a CaSR PAM . In a mouse model of subarachnoid hemorrhage, GdCl worsened the brain edema,

the extent of neurodegeneration, and the intensity of neurological deficits, while the administration of NPS 2143, a CaSR

NAM, remarkably reduced all such injuries and deficits. Moreover, NPS 2143 countered the GdCl -evoked increases in

NLRP3 inflammasome signaling, caspase-1 activity, IL-1β synthesis, and CaMKII activity and rescued adenylyl cyclase

activity and cAMP normal levels. Of note, KN-93, a selective inhibitor of CaMKII, acted by itself as protectively as CaSR

NAM NPS 2143 did, indicating its connection with CaSR signaling . Furthermore, traumatic brain injuries too entailed a

CaSR's heightened expression and signaling activity that hampered GABA R‘s inhibitory signaling and hence intensified

a noxious hyper excitatory activity of the neurons. Mimicking the protective effects of hypothermia, giving CaSR NAM NPS

89,636 did remarkably reduce trauma-evoked brain tissue damage and motor function disability . However, the latter

authors did not assess inflammasome expression in their model. In all the acute conditions just mentioned, hypoxia raised

[Ca ]  and boosted CaSR expression thereby increasing BACE1/β-secretase activity, which resulted in the toxic

overproduction of Aβ s. Again, intraventricularly administered CaSR NAM Calhex 231 mitigated such detrimental effects

of hypoxia .

Studies employing preclinical models of AD in vitro ("in a Petri dish") made of either NAHAs or postnatal HCN-1A neurons

isolated from human cerebral cortex fragments showed that exogenous fAβs or sAβs form Aβ•CaSR complexes that are

rapidly endocytosed . The thus induced Aβ•CaSR signaling drove (i) a transient CaSR overexpression in vitro

, which however escalated with time in the hippocampal neurons and astrocytes of 3xTg   and of B6C3-Tg

(APP /PSEN1dE9) AD-model mice ; (ii) a decreased proteasome's function promoting the intracellular accumulation

of toxic Aβs in human neurons and astrocytes ; (iii) a shift of human APP's metabolism along the amyloidogenic

processing (AP) leading to the synthesis and release of neurotoxic Aβ -os surpluses, which deeply downregulated the

extracellular shedding of neurotrophic and neuroprotective soluble (s)APP-α ; (iv) the hyperphosphorylation of Tau

proteins (p-Taues) by raising the glycogen synthase kinase (GSK)-3β activity and their extracellular overrelease via

exosomes ; (v) the induction and activation of NOS-2 producing toxic NO surpluses ; (vi) the overproduction and

instant release of vascular endothelial growth factor (VEGF)-A  from NAHAs, which would cause BBB's dysfunction in

vivo ; (vii) an upregulated NAHAs' synthesis and release/shedding of proinflammatory IL-6; InterCellular Adhesion

Molecule-1 (ICAM-1; both its holoprotein and soluble fragment); Regulated upon Activation, normal T cell Expressed and

presumably Secreted (RANTES); and Monocyte Chemotactic Protein (MCP)-2. Importantly, CaSR NAM NPS 2143 totally
suppressed all the just mentioned effects evoked by Aβ•CaSR signaling in NAHAs and HCN-1A neurons including the

total quelling of IL-6 secretion surges, and the partial yet significant reduction of ICAM-1, RANTES, and MCP-2 releases

; (viii) the slow yet progressive death of the human cortical neurons, which was also fully prevented by CaSR NAM
NPS 2143; conversely, the NAHAs survived and kept producing and releasing all the above-mentioned detrimental factors

unless CaSR NAM NPS 2143 was also added . The beneficial effects of CaSR NAM 2143 and similar agents showed

that cortical human astrocytes and neurons Aβ•CaSR signaling could directly advance AD's neuroinflammation and AD's
progression, both of which could be effectively stopped by administering CaSR NAMs . It is also worth

mentioning here that the CaSR PAM (calcimimetic) NPS R-568 administration intensified the release of Aβ -os from the

NAHAs further confirming the noxious role of Aβ•CaSR signaling in AD amyloidosis .

Interestingly, Feng et al.  reported that CaSR NAM NPS 2143 prevented the loss of neuronal dendritic filopodia and

synaptic spines, the downregulation of the presynaptic marker synaptotagmine-1, and of the postsynaptic marker PDS 95,

and mitigated cognitive deficits induced by Aβ -os in B6C3-Tg (APP /PSEN1dE9) AD-model mice and in cultured

primary hippocampal neurons.
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