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Abstract: Fibrillar aggregates and soluble oligomers of both Amyloid-3 peptides (Afs) 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 Afs, 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 Af3-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 Ca?* and Afs and promotes the spread of both
Ca?* 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.

Keywords: Alzheimer’s disease; neuroinflammation; pattern recognition receptors; danger-sensing
receptors; inflammasomes; calcium signaling

1. Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is a devastating neurodegenerative illness that slowly yet diffusely kills
neurons in cognitively critical cerebral cortical areas, eventually inducing the world’s most prevalent
form of dementia. 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 about 35 million people, a figure likely to keep rising in the future. Hence, AD has become
and will continue being a growingly serious familial, healthcare, and societal burden until the discovery
of an effective therapy [1,2]. AD’s neuropathology leans on a triad of hallmarks: (i) extracellular
congophilic plaques of insoluble fibrillar amyloid-f3 peptides (fAfs); (ii) intracellular insoluble
aggregates (neurofibrillary tangles or NFTs) of hyperphosphorylated Tau proteins (p-Taues); and (iii)
a diffuse chronic neuroinflammation [3,4]. But other nearly undetectable factors asymptomatically
(for most of the time) yet relentlessly drive AD’s progression, such as soluble A3 oligomers (sA3-os) [5];
soluble p-Tau oligomers (p-Tau-os) [6]; reactive oxygen species (ROS) [7,8]; nitric oxide (NO) and its
peroxynitrite derivative (ONOO™) [9]; vascular endothelial growth factor-A (VEGF-A) [10]; and a
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set of proinflammatory cytokines, chemokines, and other toxic agents [11-13]. The joint actions of
such neurotoxins cause growing synaptic losses, neural circuits breakdowns, and human neurons and
oligodendrocytes deaths, all happening within 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 [14-18]. Attempts are under
course to identify according to scientific criteria specific markers that should determine the stages of
the disease [2]. 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 [19].

Advances in science and medical technology have led to an increased debate on the
pathophysiology of this type of dementia and to suggest several hypotheses about its pathogenesis
(see Table 1).

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

Year * Refs.
1976 Cholinergic hypothesis [20]
1991 Amyloid-p hypothesis [21,22]
1992 Calcium dyshomeostasis hypothesis [23]
1992 Inflammation hypothesis [24]
1994 Metal ions hypothesis [25]
1997 ApeCaSR activating Ca?* channels hypothesis [26]

20002004 Neurovascular hypothesis [27-29]
2004 Mitochondrial hypothesis [30]
2004 Glymphatic system hypothesis [31]
2009 Tau propagation hypothesis [32]

20132020  ApeCaSR driving AD progression hypothesis [33]
2018 Cellular senescence [34]
2020 Neuroimmunomodulation hypothesis [35]

* 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 complexity of human brains; (ii) the lack of specific
diagnostic biomarkers useful for a for early diagnosis; and (iii) the interplay among several potential
risk factors (Table 2).

The first research endeavors on AD focused on the pathogenetic roles played by Ap peptides
(ABs) or p-Tau-es, the alternatively primary AD drivers [17,18]. 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 [49]. Structural
chromatin modifications, irreversible mitotic cell cycle arrest, downregulated expression of lamin Bl
and 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 [50]). However,
yet no agreed firm 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 [48]. At any rate, it is remarkable that, whatever the
pathogenetic hypothesis be, AD always entails a chronic neuroinflammation. This fact has engendered
the “Neuroimmunomodulation Hypothesis of AD”, implicating neuroinflammatory phenomena as
primary causes of AD [35]. Consequently, the mechanisms underlying AD’s neuroinflammation have
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been attracting an increasing attention [3,4]. 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 [51].

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

Family history [36]
Apolipoprotein-e4 genotype [37]
Metabolic syndrome
Midlife obesity
Hypercholesterolemia [38-42]
Hyperhomocysteinemia

Type 2 Diabetes
Oxidative stress [42]
Midlife hypertension [43]
Sleep disorders [44]
Oral infections [45]
Gut microbiome dysbiosis [46]
Human immunodeficiency virus (HIV) [47]
Herpes simplex virus type 1 (HSV-1) [48]

2. Glia Roles in AD

According to the “Amyloid Hypothesis of AD”, the neuropathology starts within the layer II
of the temporal lobe lateral entorhinal allocortex and thence via its neuritic projections spreads out
towards cognitively crucial upper neocortical areas [52]. The slowly growing load of sAf34;-0s and
of insoluble A4 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 carrying out the “immune surveillance”. In a “resting” or
anti-inflammatory phenotype they keep brain homeostasis by secreting anti-inflammatory cytokines,
such as TGF-$ and IL-10, and neurotrophic factors such as BDNF and GDNEF. 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 [53,54].
Conversely, several stimuli, such as 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-«, IL-6, and IL-13,
and of cytotoxic factors such NO and ROS. The role microglia play in AD is quite complex and
heavily debated, with conflicting reports regarding their harmful or shielding impact onto the disease;
the most commonly held view being that microglia undergoes a potentially beneficial activation in
early disease stages and a detrimental activation in later stages [55]. At the early stage, as shown in
transgenic AD-model mice, activated microglia can in part exert beneficial effects on AD pathogenesis,
clearing the A-os through phagocytosis [56]. On the contrary, at a later stage the accrual of activated
microglia mostly around A plaques, as seen in tissue samples from AD human brains and AD-model
animals, alongside with an increased production of proinflammatory factors, is ultimately noxious to
surrounding neurons, thereby advancing disease progression [57].

Astrocytes are the most abundant CNS cell type, from 1.7-fold to 10-fold the neurons’ numbers [58]
and are the key cell type helping keep CNS homeostasis. Some authors posit that the Af-elicited
reactive astrogliosis is the leading driver of AD’s neuroinflammation [59]. Notably, the proinflammatory
activity of the Af3-driven astrocytes outlasts that of the less plentiful microglia [60,61]. It is important to
realize that, once A-activated, astrocytes and microglia reciprocally interact, which further increases
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the release of a complex set of proinflammatory cytokines, chemokines, and other neurotoxic factors
from either cell type [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 Af4; fibrils becoming overloaded with the latter in the
process [63-65]. However, cortical nontumorigenic adult human astrocytes (NAHAs) exposed in vitro
to fibrillary or soluble Af95_35, an A4, proxy, de novo produce, accumulate, and release surpluses
of APyp-0s just like neurons do, while simultaneously decreasing their release of neurotrophic
and neuroprotective soluble amyloid precursor protein-o (sAPP-x). Therefore, given their high
numbers, the astrocytes can directly contribute to the amyloid brain overload proper of AD [33,66].
In addition, each astrocyte envelops with its mobile processes the so-called tripartite synapses of
several neurons [67,68]. In addition, 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 [69]. 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 [70] and via Ca?* releases and uptakes
during their Ca?* waves [69]. 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 [70]. An age-related acute or chronic local perfusion deficit and consequent brain
tissue hypoxia can cause the accumulation and release of newly produced neurotoxic sA (3-os from both
neurons and astrocytes [71]. This engenders vicious feed-forward cycles that stimulate the de novo
surplus production and release of further amounts of sA3-os, p-Tau-os, NO, VEGEF-A, proinflammatory
cytokines and chemokines, and other neurotoxic agents (Figure 1) [13,15,33,66].

7
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»
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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 into the nervous tissue. Senile plaques, ## Afs. Most of the
abbreviations 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.
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But how can sA-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 sAf3-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 neuroinflammation, particularly involving activated
microglia and astrocytes [72] and the other CNS cell types too. Therefore, this review will focus on the
receptorial interactions of Afs 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 [73], and the calcium-sensing receptor (CaSR) [74]. 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 PAMPePRR or DAMPePRR 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-1 and
pro-IL-18), thereby inducing septic or aseptic inflammatory responses. The latter enhance PAMPs
or DAMPs phagocytosis, eliciting synaptic apoptosis (synaptosis), and a caspase-1-dependent
inflammatory cell death or pyroptosis [75], and sometimes also promoting 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 [76,77]. However, when dysregulated
and/or persistent the same DAMPsePRRs or PAMPsePRRs interactions can unphysiologically promote
chronic inflammatory responses that cause the development and/or advance the progression of several
human inflammatory diseases [76,78-82].

In the following paragraphs we shall review the PRRs families known to be involved in
experimental or clinical AD.

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, adhesion, and intracellular signaling, which lead to the elimination of the
degraded or harmful PAMPs or DAMPs. SRs mediate the uptake of fAf3s in vitro [83]. SRs are widely
distributed in Nature; their nomenclature and classifications have been revised several times [84].
The present discussion only refers to mammalian SRs.

3.1.1. Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) and 1 (TREM1)

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 [85,86]. Itis 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) [87]. 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) [88,89].
TREM?2 serves as an anti-inflammatory receptor, negatively regulating the innate immune response via
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PI3K/NF-kB signaling [89]. Several studies have shown that TREM2 function is crucial for microglial
adhesion to and phagocytosis of Afs, and for neuroinflammation control [90-94]. Experimentally
exploiting TREM?2 knockout mice disclosed that the direct targets of TREM2 signaling are IL-1f3,
TNF-«, secreted phosphoprotein-1, and C-C Motif Chemokine Ligand 2 (CCL2); and transcriptome
analysis uncovered that TREM2 plays relevant roles in microglia chemotaxis, mobility, migration,
and proliferation [95]. Moreover, TREM2 knockout deeply affected microglia’s metabolism via the
mammalian target of rapamycin (mTOR) pathway causing ATP depletion, cell stress, and cell death.
Thus, TREM2 may crucially modulate transitions between microglial pro-inflammatory (M1) and
anti-inflammatory or homeostatic (M2) phenotypes [96]. Regarding brain neurodegenerative diseases,
AD included, abundant evidences show that TREM?2 knockout or hemizygous TREM?2 or deficient
DAP12/TYROBP significantly alters microglia’s behavior, intensifying its proinflammatory cytokines
production, neuroinflammatory responses, and neuronal debris clearing activity [90,97,98]. Importantly,
TREM? haploinsufficiency or TREM?2 knockout strongly reduces or no longer allows, respectively,
microglial proliferation and microgliosis to occur around brain A plaques; contrariwise, it lessens
or prevents microglial activation and induces microglial apoptosis in APPsye/PS1-21 and 5XFAD
AD-model mice [90,99]. Consequently, TREM2 knockout microglia does not enfold and compact A3
plaques and does not form an isolating barrier preventing the plaques branching diffusion, the A3
subspecies plaque content alteration, and the A(-related damage to dystrophic axons and dendrites,
synaptic connections, and neurons in AD’s early stages [95,99]. Moreover, TREM2 function may be
even more complex. In fact, in young AD model mice TREM2 knockout beneficially affected CD45Msh
myeloid cells; but later, once these CD45high cells had died, TREM?2 knockout became harmful by
altering the proliferation, functions, and phenotypes of CD45'°" myeloid cells [100]. Conversely, TREM2
overexpression curtailed the levels of proinflammatory cytokines and the activity of the two main Tau
protein kinases, i.e., glycogen synthase kinase-33 (GSK-3f3) and cyclin-dependent kinase-5 (CDK-5),
thereby lowering neurotoxic p-Tau levels and neuronal deaths in P301S Tau-transgenic mice [93,101].
However, TREM2 overexpression did not improve the neuropathology and cognitive impairment
in aging APPswe/PS1dE9 AD-model mice [102]. Interestingly, apolipoprotein E (APOE)eTREM?2
complexes promoted A s uptake by microglia [103] and caused microglial to shift from homeostatic
(M1) to neurodegenerative (M2) phenotype [104]. Blocking APOEeTREM2 signaling rescued microglia’s
homeostatic phenotype including its tolerogenic function in AD-model mice [103,104]. In addition,
Keren-Shaul et al. [105] reported a new microglia type linked to neurodegeneration (disease-associated
microglia or DAM) and endowed with intracellular/phagocytic Af particles found in both mice
and human AD brain slices. The transition from homeostatic microglia expressing Cx3cr1, P2ry12,
and Tmem119 genes to DAM occurred in two steps. The TREM2-independent first DAM activation
involved the downregulation of checkpoints. Next, a TREM2-dependent program followed including
the upregulation of both TREM2 and lipoprotein lipase paralleled by increases in phagocytic activity
and lipid metabolism, respectively. In fact, TREM2 perceives a spectrum of anionic and zwitterionic
lipid ligands binding fA 3s on the surface membranes of damaged neurons [90]. The precise mechanism
operated by APOEeTREM? signaling is unclear, but its importance is stressed by the fact that this
unique microglia-type might hinder neurodegeneration.

Interestingly, y-secretase-dependent intramembranous proteolytic cleavage can shed the soluble
(s)TREM2 extracellular domain [106]. sSTREM2 may also result from alternative splicing [107].
The cerebrospinal fluid (CSF)’s sSTREM2 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 AP,y [108,109]. Moreover, sSTREM2 boosted PI3K/Akt-dependently microglial survival and
NF-kB-dependently kindled proinflammatory cytokines production. Importantly, in both wild-type
and TREM2 knockout mice hippocampal delivery of sSTREM2 upregulated microglia’s proinflammatory
cytokines expression while changing the morphology and promoting the survival of the microglia [110].
These observations supported the hypothesis that CSF’'s sSTREM2 might be a marker of Tau dysfunction
and of neuroinflammation.
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Furthermore, little is known about TREM2 impact on intracellular Tau pathology. TREM2 knockout
heightened neuronal Tau pathology and widely activated stress kinases, e.g., ERK1/2 and JNK, in a
tauopathy-model mouse [111]. In addition, cerebrospinal fluid (CSF) analysis revealed that a rare
TREM2 p.R47H, rs75932628 variant associates with an increased risk of AD in people of European
descent [112]. European AD patients carrying such a risk allele exhibited elevated levels of total Tau,
but unchanged levels of AB42, in their CSF [113]. Notably, the R47H, rs75932628 variant hampers
TREM2 sensing of lipid ligands [90]. However, the TREM2 p.R47H rs75932628 variant is absent from
Korean and Chinese people [114].

Finally, a few heterozygous TREM2 variants are associated with other neurodegenerative diseases
including late-onset AD [115,116].

Monocytes and microglia also express the triggering receptor on myeloid cells 1 (TREM1)
that affects ABs phagocytosis by signaling through TYRO protein tyrosine kinase binding protein.
Jiang et al. [117] showed that TREM1 knockout in microglia evoked increases in Af31.4p and total Aps
load in the brains of APP/PSEN1 AD-model mice. Conversely, triggering TREM1 signaling via an
agonist antibody or overexpressing TREM1 in mouse microglia improved Af neuropathology and
AD-related spatial cognitive deficits. Interestingly, an intensified A3 neuropathology occurred in
elderly humans carrying the TREM1 intronic variant rs6910730G. Moreover, the rs6910730G variant
hampered AP phagocytosis by reducing TREM1 expression in human monocytes. These results
supported a role for TREM1 in Af3 clearance by microglia worth further investigations.

3.1.2. Receptor for Advanced Glycation Endproducts (RAGE)

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 [118]. 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 [119].

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 [120,121]. 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. Recently Ibrahim et al. [122] put forward the view that RAGE is one of the PRR (see also
below) interacting in this role with members of the Toll-like receptors (TLRs) family.

The RAGE’s cytoplasmic domain interacts with the formin homology 1 (FH1) domain of
Diaphanous 1 (DIAPH1), a formin acting as the crucial point of ligandeRAGE-stimulated signal
transduction [123]. On the opposite side, RAGE extracellular domain binds several AGEs, including
Aps, S100p proteins, high-mobility group box B1 (HMGBL1) protein, heat shock (HS) proteins, and
other endogenous danger-associated molecular patterns (DAMPs) that damaged or dying cells release
in non-infectious conditions [124,125] (Figure 2).
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Figure 2. A schematic representation of some of the main PRRs and their signaling pathways involved in
AD’s neuroinflammation. The cell represented could belong to any neural cell type. Afs, soluble and/or
fibrillar amyloid-p peptides; FPR2, formyl peptide receptor 2; IP3, inositol triphosphate; LT, lethal
toxin; T, upregulation; |, downregulation. For further details and abbreviations see the text.

The expression of these various DAMPs increases in course of chronic inflammatory ailments [126].
Serum levels of the soluble forms of both RAGE and HMGBI are higher than normal in AD
patients and correlate with their respective brain amyloid loads [127]. Unsurprisingly, some authors
proposed to target the blockage of RAGE as an anti-AD therapeutic intervention [128-130]. As an
example, metformin, an activator of AMP-activated protein kinase (AMPK), protects against diabetic
AGE-induced harm in human neural stem cells (hNSCs). In fact, ANSCs exposed to AGEs exhibited an
elevated expression of quite several proinflammatory cytokines, such as IL-1e, IL-1f3, IL-2, IL-6, IL-12,
and TNF-«, and concurrently a remarkable reduction in cell viability. Co-treatment with metformin,
a first-line oral antidiabetic drug, abrogated the AGE-mediated noxious effects on hNSCs. In addition,
metformin rescued the transcript and protein expression levels of acetyl-CoA carboxylase (ACC) and of
inhibitory kappa B kinase (IKK) in AGE-treated hNSCs. Thus, metformin prevented the AGE-mediated
proinflammatory increases in NF-kB mRNA and protein levels in hNSCs [131]. Therefore, the thus
proven RAGE/NF-«B axis role in neuroinflammation has supported the “Nonenzymatic Glycosylation
Theory of Aging”, suggesting both an AGEs key role in ageing-induced cognitive decline and a
potential benefit of nutraceuticals in preventing neuroinflammation and AD [132].

Interestingly, while increasingly forming AGEeRAGE complexes upregulate RAGE expression.
Therefore, the intensity of RAGE signals progressively increases as AGEs keep accumulating [133].
As just mentioned, the AGEeRAGE complexes mainly activate the NF-«B intracellular signaling
pathway (Figure 2). NF-«B next enters the nucleus and turns on its target genes, including those
encoding for several cytokines involved in adaptive or in innate immunity [134,135]. NF-«B targets
and downregulates the expression of anti-apoptotic genes, such as those encoding BCL proteins,
thereby working against cell survival [136]. Moreover, NF-«B binds glyoxalase (Glo)-1 and curbs
its activity inhibiting AGEs production [137]. NF-«B also increases the expression and release of
various proinflammatory cytokines, e.g., IL-1f3, IL-6, IL-18, and TNF-o 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 [138-140].
In addition, RAGE stimulation increases the activities of MAPKSs, such as ERK, p38, and JNK,
which induce cells to proliferate [141]. As an example of the complexities of RAGE-mediated signaling,
let us briefly consider the effects of 510038 RAGE complexes. They did activate three distinct pathways
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in astrocytes. i.e., the RAGE/Rac-1/Cdc42, the RAGE/ERK/Akt; and/or the RAGE/NF-kB 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-13
(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 S1003eRAGE complexes concurrently turn on
several RAGE-dependent signaling pathways that profoundly change the astrocytes’ physiological
phenotype into a proinflammatory and proneurodegenerative one [142]. 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 [143,144].

Regarding the effects on microglia, the persisting overrelease of proinflammatory cytokines partly
prompted by AGEeRAGE 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 a 3/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
C1g/C3 complement components [144]. Moreover, AGEeRAGE signaling also undermined microglia’s
Af-clearing activity. Such microglia dysfunctions can advance brain Afs load and neuroinflammation.

Remarkably, the neurons of aged 3xTg-AD model mice exhibited an increased RAGE-positive
immunoreactivity, whereas glial cells were much less immunoreactive, save for the RAGE-expressing
astrocytes in the hippocampal CA1 area. In addition, RAGE-positive immunoreactivity co-localized
with intracellular but not with extracellular APP/Af complexes. In histological sections of human
AD brains, most astrocytes possessed both AGE-positive and RAGE-positive cytoplasmic granules,
whose distribution was superimposable. The Af-positive granules were less frequent but colocalized
with AGE-positive and RAGE-positive granules in discrete cytoplasmic districts of each astrocyte [145].
Notably, A3 plaques form only after the overproduction of ROS in vivo. In neurons cultured in vitro,
ApPeRAGE signaling increased ROS generation from NADPH oxidase, triggered the downstream
phosphorylation of ERK-1/2 and p38 MAPK and of cytosolic phospholipase A, (cPLA;), while inhibited
long-term potentiation (LTP) in entorhinal cortex slices [146]. In turn, the accumulating ROS increased
the synthesis of Af3s, of DAMPs such as HMGB1, and of 5100 proteins, which are all RAGE ligands,
thus bringing about an additional ROS overproduction further advancing AD’s neuropathology [147].
Interestingly, also the expression of human Tau co-localized with RAGE immunoreactivity in the
hippocampal CA1 area of aged 3xTg-AD model mice [148]. By activating GSK-3(3 and p38 MAPK the
AGEeRAGE-dependent signaling at least in part upregulated APP’s cleavage by BACE1/3-secretase
and by y-secretase leading to the generation of ABs [149]. According to Batkulwar et al. [150] the
AGEeRAGE signaling stimulated Af31.4p and p-Tau synthesis via increases in expression and activity
of cathepsin B and asparagine endopeptidase (AEP), respectively. In human AD brains, the increases
of AGEs concurred with heightened levels RAGE, Af1.4, p-Tau, and cathepsin B, thus linking AGEs to
AD neuropathology. Of note, repeated injections of anti-RAGE antibody into the hippocampus reduced
local ABs and p-Tau>*"~292 accumulation, Akt/mTOR signaling, Ca?*-binding adapter molecule-1, and
GFAP expression, and concurrently rescued behavioral deficits associated with cognitive decline [129].

Moreover, in brain/cerebral endothelial cells (BECs/CECs) RAGE neutralization via a specific
antibody effectively blocked the AB-induced activation of ERK and JNK signaling that otherwise led
to an increased matrix metalloproteinase-2 (MMP-2) expression exacerbating vascular inflammatory
stress in both cerebral amyloid angiopathy (CAA) and AD [151]. A4, competed with the Ab(RAGE)
(or anti-RAGE antibody) for RAGE binding on BECs/CECs and primary astrocytes plasma membranes.
In both these cell types, Ab(RAGE) did abrogate the AB4p-evoked ROS overproduction and the
activating co-localization of the NADPH oxidase cytosolic (p47-phox) subunits and the membrane
(gp91-phox) subunits. Moreover, agents like an Ab(RAGE) or an NADPH oxidase inhibitor or a ROS
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scavenger hampered the Ap4;-induced ERK1/2 and cytosolic PLA; phosphorylation in BECs/CECs.
At the same time, only Ab(RAGE) but neither an NADPH oxidase inhibitor nor a ROS scavenger
inhibited the ERK1/2 pathway and cPLA; phosphorylation in primary astrocytes. Finally, the infusion
of a dominant-negative soluble RAGE form into the same animals decreased the brain’s Afs load
while improving synaptic transmission and hence learning and memory faculties [152,153].

3.1.3. CD36 Superfamily SRs

CD36 superfamily SRs are PRRs distinguished between class A (i.e., SR-A, CD204, and MARCO
[macrophage receptor with collagenous structure]) and class B (i.e., SR-B1, SR-B2/CD36, LIMP-2
[lysosomal integral membrane protein 2]/LGP85).

SR-As (aka macrophage scavenger receptors and cluster of differentiation 204 [CD204]) include
five members, i.e., SR-Al-5. They are type II transmembrane proteins located at the cell surface.
Functional SR-As have a homotrimeric structure consisting in two C-terminally different subunits that
contain six functional domains [154]. SR-As can form complexes with at least 26 distinct classes of
compounds including DAMPs like AGEs, apoptotic cells, ApoAl and ApoE, acetyl LDL, oxidized
LDL (oxLDL), fAs, etc.; and PAMPs such as human cytomegalovirus, crocidoiloite asbestos, silica,
and more (see for further details and references, [155]). In mammalians, the most studied variant
is SR-A1. Notably, SR-A3 is not inserted into the plasma membrane and hence does not partake
in lipoprotein binding and uptake; yet it may act as a dominant negative controller of SR-A1 and
SR-A2 (or MARCO) [156]. At variance with the other members, SR-A3 and SR-A4 are devoid of the
highly conserved C-terminal cysteine-rich (CR) domain proper of the innate immune system and
hence do not bind some DAMPs like ferritin [157]. SR-As roles are many and various, being involved
in lipid metabolism and atherogenesis, but importantly also in innate immunity, host defense,
inflammation, cardiac and cerebral ischemic injury, sepsis, and AD, playing sometimes a benign
host-protective role, such as when binding components of Gram-positive or Gram-negative bacterial
cell wall, but sometimes a noxious role, and sometimes a controversial role. Concerning AD, SR-As
of astrocytes and microglia (i) bind fA{3s and sAf3-os; (ii) induce Af3s phagocytosis; and (iii) activate
intracellular MAPK signaling cascades, thus helping curtail the brain Afs load and decreasing the
release of proinflammatory cytokines [158,159]. In late-stage AD-model mice, SR-As levels diminished
whereas those of inflammatory cytokines raised, thereby advancing AD progression [160]. Brain tissues
from human AD patients exhibited a heightened SR-As expression in senile plaques and activated
microglia [161].

SR-A2/MARCO is expressed in macrophages. It binds, and internalizes both DAMPs,
like polyanions and ox-LDL, and apoptotic cells remnants. It also drives innate immune responses
protecting against PAMPS including a wide variety of bacteria, e.g., Neisseria meningitidis, and of fungal
pathogens, e.g., Cryptococcus neoformans. The induction of inflammation strictly requires that DAMPs
or PAMPs are ligands of both SR-A2/MARCO and TLR-9 to allow NF-kB activation, the synthesis and
release of proinflammatory cytokines, and the clearing of infectious agents. Like SR-A1, SR-A2/MARCO
binds and endocytoses Afs and may promote the progression of AD [162-166].

Multiligand SR-B1 acts physiologically as a specific receptor for high-density lipoprotein (HDL)
and permits the selective nonendocytic influx of HDL-linked cholesteryl esters (CE) into cells by
forming a hydrophobic transmembrane channel leaving the HDL on the outside [167]. SR-B1 function
is important for steroidogenesis in the adrenals and ovary, which intensely express it. SR-B1 also
mediates cholesterol efflux for the reverse cholesterol transport (RCT) from peripheral tissues to
the liver via circulating HDL-CEs to be used for biliary acid synthesis and biliary cholesterol
excretion [168,169]. By controlling cholesterol metabolism SR-B1 protects against atherosclerosis,
myocardial infarction, and stroke [170,171]. Notably, SR-Bl-mediated RCT is hindered by accumulating
AGEs [172]. Macrophages bearing the HDLeSR-B1 complexes shift toward the antinflammatory
(M2) phenotype via Akt activation; release increased amounts of anti-inflammatory cytokines IL-10
and transforming growth factor-beta (TGF-3); cut NF-kB activation down; and also mediate the
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removal of apoptotic cells (efferocytosis) via the Src/PI3K/Akt/Racl signaling pathway [173]. Being a
multiligand receptor, SR-B1 also binds and internalizes several other unmodified and pathologically
modified ligands, including liposoluble vitamins, carbohydrates, phospholipids, proteoglycans, ferritin,
and pathogens e.g., hepatitis C virus, by cooperating with tetraspanin CD81, and the tight junction
(T7) protein claudin-1 (CLDN1) [168,174]. Recently Iram et al. [175] demonstrated that a link exists
between SR-B1 and complement component 1q (C1q) in astrocytes isolated and cultured from aged
5xFAD model mice characterized by (i) a higher GFAP expression than the wild-type mice astrocytes;
(ii) an impaired ability to uptake fAfs; and (iii) a reduced SR-B1 expression correlated with an
impaired Af uptake. Preincubating exogenous Clq dose-dependently with Af4, and then adding
Clq plus A4, to old 5xFAD astrocyte cultures rescued the impaired Afs uptake and clearance by the
astrocytes. These results revealed that C1q works as an extracellular chaperone that cooperates with
SR-B1 to recover astrocytes’ ability to uptake and clear Afs. The perivascular macrophages associated
with senile plaques also express the SR-B1 receptor. In J20 transgenic AD-model mice, SR-B1 acts
as a go-between in perivascular macrophages responses to fABs thus regulating both Af-related
neuropathology and CAA. In comparison with wild-type J20 animals, a single SR-B1 allele inactivation
in J20/SR-B1*/~ mice increased brain fAps accumulation and CAA intensity thereby worsening deficits
in memory and learning. Therefore, a reduced SR-B1 expression hampered the reaction to fAf3s on the
part of perivascular macrophages while aggravating the Af-related neuropathology and CAA in J20
AD-model mice [176].

PRR SR-B2, aka CD36, is a type II transmembrane glycoprotein. Like SR-B1, the SR-B2/CD36
receptor is ubiquitously expressed. It binds and endocytoses numerous ligands, including fAfs,
long-chain fatty acids, oxidized low-density lipoproteins (oxLDLs), oxidized phospholipids (oxPLs),
hexarelin, and thrombospondin-1. Besides, SR-B2/CD36 receptor also binds and internalizes PAMPs
like apoptotic bodies, Staphylococcus and Mycobacterium cell wall components, and Plasmodium
falciparum-infested erythrocytes [177]. Vascular macrophages’ SR-B2/CD36s bind and internalize
oxLDLs, which by a feed-forward mechanism further intensify SR-B2/CD36 expression and oxLDLs
uptake, resulting in the overproduction of ROS and proinflammatory chemokines that promote vascular
inflammation and atherosclerosis [178]. Both microglia and BECs/CECs of AD patients express the
SR-B2/CD36 receptor. The binding of fA 3s to microglia-expressed SR-B2/CD36 receptors mediates HyOp
overproduction in human AD brains [179]. Moreover, SR-B2/CD36 binds soluble A f3s in vitro [160] and
mediates microglial and macrophage responses to Afs in mice [158]. Most important, the SR-B2/CD36
receptor is the primary regulator of NOD-like receptor (NLR) protein inflammasome 3 (NLRP3)
signaling activation (see Figure 2 and further on) in AD, atherosclerosis, and type-2 diabetes. In fact,
SR-B2/CD36 promotes the accrual and intra-lysosomal conversion of soluble monomeric A (s to soluble
Ap-os/fibrillar Af3s and the consequent activation of the NLRP3 inflammasome signaling leading to
IL-1p oversecretion [180]. Upon binding to Af3s, microglia’s SR-B2/CD36 receptors can form complexes
with other cell surface receptors, i.e., CD47, o4 [31-intergrin, TLR-4 and TLR-6. Such complexes further
stimulate microglia’s production of proinflammatory mediators [181].

Microglia of normal adult human brain express neither SR-A nor SR-B receptors, while astrocytes
express only SR-B1. However, astrocytes express both SR-B1 and SR-A and microglia SR-A receptors
in Alzheimer’s brains. Astrocytes and microglia accumulate around senile plaques, and adhere
to and engulf fAps, while microglia also release ROS [182,183]. Neonatal rat microglia express
immunodetectable SR-A1, SR-A2/MARCO, SR-B1, and RAGE. On the other hand, neonatal rat
astrocytes express SR-B1 and SR-A2/MARCO. An adhesion assay revealed that astrocytes and microglia
from neonatal rats adhered in a concentration-dependent way to surfaces overlaid with fAfs or
nonfibrillar Afs. Polyinosinic:polycytidylic acid (poly[l:C]) and fucoidan, known SR-A receptors
ligands, inhibited the adhesion of microglia and astrocytes to fA3s and also hindered fA3s phagocytosis.
In contrast, HDL, a SR-B receptors ligand, did not hamper glial cells” adhesion to fAf3s. Therefore,
both microglia and astrocytes adhere to fAfs and nonfibrillar Aps via a fucoidan-sensitive SR-A
receptor that could be SR-A2/MARCO [184]. In cultured human astrocytes isolated from non-demented
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subjects and exposed to fAfs, the induced upregulation of neprilysin and SR-B1 gene expression
was severely restricted by the presence of AB-associated proteins, chiefly APOE. In contrast, such
neprilysin and SR-B1 changes no longer occurred in the astrocytes derived from long-standing AD
patients due to a defective regulation of AfB-clearing genes that could advance the progression of AD
neuropathology. Under such circumstances the astrocytes became overburdened with As and unable
to support neurons’ metabolism and neurotransmitters recycling [185,186].

AD’s neuropathology also involves vascular amyloidosis and cerebral amyloid angiopathy CAA;
both conditions cause local tissue hypoperfusion, hypoxia, and acidosis. Rodent glial cells exposed
for 24-48 h to an acidified culture medium (pH 6.5-t0—6.9) exhibited a reduced Af{s phagocytosis by
astrocytes and a temporarily decreased one by microglia. In the astrocytes cultured at pH 6.5 SR-B1’s
expression increased whereas SR-A2/MARCO expression decreased. Conversely, both SR-B1’s and
SR-A2/MARCO’s expression surged while that of SR-B2/CD36 fell in microglia exposed to pH 6.5.
In conclusion, the acidic environment can distinctively change scavenger receptors’ expression in
astrocytes and microglia but enduringly decreased only the astrocytes” Afs clearing activity [187].

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 repeat (LRR) domains, which are involved in TLR dimerization [188-190].
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-kB-dependent genes,
such as TNF-«, IL-1, IL-6, and IL-8. In AD neuropathology, TLRs are implicated in sensing and
responding to the presence of different A 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 [190-193]. 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 fAfs induces the production of proinflammatory mediators, such as inducible NOS-2,
TNF-«, IL-1$, and IL-6 (Figure 2) [194]. Of note, TLR-2 knockout in APPgy/PS1dE9 mice decreases
senile plaques load and mitigates neuronal damage [191,195]. Similarly, TLR-4, when stimulated by
fABs or sAp-os, induces a strong release of the proinflammatory cytokines IL-1f3, IL-6, TNF-o, CCL5,
MIP-1«, and MCP-1 [196]. In response to Afs TLR-2 and TLR-4 might also form complexes with other
TLRs (e.g., TLR-46TLR-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 fAfs and sAfs. Sheedy et al. [180] showed that the
TLR-4eTLR-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-26TLR-4 forms a critical complex that activates microglia and promotes its ability
to bind and phagocytose fAfs. Furthermore, the activation of TLR-9 in mice resulted in an increased
Aps uptake and clearance by microglia [197] and in a reactive astrogliosis [198].

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 are
the nucleotide binding oligomerization domain receptors 1 and 2 (aka NOD1 and NOD2) [199]
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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 [200-203]. 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 [204]. In humans,
NLRPs comprise 14 members, i.e., NLRP1, NLRP2, NLRP3, and so on. The PYRIN/DAPIN domain
crucially determines inflammasome’s complex assembly and signal transduction [205]. The ligand
specificity of each NLR receptors depends upon their leucine-rich repeats. 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 [206-208]. After interacting with PAMPs or DAMPs, PYRIN-PYRIN domains interactions
elicit NLRs oligomerization and ASC recruitment [209]. Thereafter, CARD-CARD domains interactions
lead to procaspase-1 binding to ASC activate the inflammasome [204]. 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-13 and IL-18
maturation [209-211] (Figure 2). 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 [212,213]. Human neurons, astrocytes,
and microglia all display robust NRLP3 inflammasome-associated responses [212]. No investigation
concerned inflammasome activation and pyroptosis in human oligodendrocytes until recently when
McKenzie etal. [214] 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 [215], while astrocytes also possess the NLRC4 and NLRP2 ones [210,216] (Table 3).

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 [220,221]. 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 [221-223]. 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.

3.3.1. NLRP1 Inflammasome

The NLRP1 (aka NALP1) inflammasome was the first to be identified after spinal cord
and brain ischemic injuries [224]. It comprises both an N-terminal PYRIN/DAPIN domain
allowing the PYRIN-PYRIN-mediated NLR-nucleated oligomerization and the gathering of the
PYRIN-CARD-endowed ASC adaptor proteins. A CARD-CARD interaction permits the binding
of (pro)caspase-1 and the activation of inflammasome’s signaling. [204,209]. As a unique feature,
the NLRP1 inflammasome also has a C-terminal CARD domain that can bind the (pro)caspase-1
CARD-domain independently of the ASC protein [207]. Another peculiar NLRP1’s feature is the
FIIND (Function to Find) domain at its C-terminus, which must undergo autolytic cleavage at
Ser!?!3 to allow NLRP1 activation [225]. Upon sensing proper stimuli, like muramyl dipeptide
(MDP) and Bacillus anthracis lethal toxin (LT) [226], NLRP1’s oligomerization induces the aggregation
of ASC adaptor proteins first into filaments and next into macromolecular specks promoting the
CARD-CARD binding and autocatalytic activation of (pro)caspase-1. This leads to the de novo synthesis
of IL-1p and IL-18, neuroinflammation, and neurons’ death by pyroptosis [213]. NLRP1 can assemble
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in neurons and glial cells (macroglia, and microglia/macrophages). Injecting a NLRP1-neutralizing
antibody into postischemic mice hampered NLRP1 inflammasome activation, lowered proinflammatory
cytokines levels, and safeguarded neurons viability. These findings proved NLRP1’s crucial role in
neuroinflammation [220,227,228].

NLRP1 inflammasome signalling is involved in AD-related neuroinflammation. de Rivero
Vaccari et al. [221] showed that once exposed to AB-os cultured neurons lost K* ions via channel efflux.
The consequently reduced intracellular [K*]; powerfully activated the NLRP1 inflammasome signaling
and caspase-1 and thelatter cleaved the IL-13 and IL-18 precursors into their mature forms. In AD-model
mice, Afs activate the NLRP1 inflammasome in pyramidal neurons and oligodendrocytes through a yet
not understood mechanism, eliciting the caspase-1-mediated IL-1f3 and IL-18 maturation and neurons’
death by pyroptosis, thus advancing cognitive decline. Similarly, serum-deprived (i.e., stressed)
human neurons activated the NLRP1 (but not the NLRP3) inflammasome/caspase-1/caspase-6 pathway,
which increased the Af4,/AB49 ratio value and triggered neurons’ death and axonal degeneration.
Remarkably, the NLRP1 inflammasome-expressing neurons were 25-to-30-fold more numerous
in human AD brains than in non-AD brains [215,217]. Tan et al. [229] showed the upregulation
of brain NLRP1 levels in B6C3-Tg (APPsy/PS1dE9) AD-model mice. An in vivo knockdown of
NLRP1 or (pro)caspase-1 in B6C3-Tg mouse brains significantly decreased neurons’ pyroptosis and
mitigated cognitive impairment. The same authors demonstrated that Af3s administration increased
the NLRP1-mediated caspase-1-dependent pyroptosis of cultured cortical neurons. Conversely, NLRP1
inflammasome expression levels remained unchanged in an experimental AD-like model induced via
streptozotocin (STZ) injections in male Wistar rats [230]. Such discrepant results suggest that variations
among distinct species and experimental stimuli do impact on the activation of specific inflammasomes
in neuroinflammation during CNS injury and repair [231].

3.3.2. NLRP2 Inflammasome

The multiprotein aggregate forming the brain NLRP2 inflammasome comprises NLRP2,
the adaptor protein ASC, and (pro)caspase-1. In addition, NLRP2 inflammasome can team up with the
P2X7 purinergic receptor and Pannexin 1 (Panx-1), a gap-junction channel releasing ATP. Humans
express four isoforms of NLRP2 [232]. Interestingly, cultured human primary astrocytes exposed to
exogenous ATP expressed an actively signaling NLRP2 inflammasome platform. Yet, untreated human
astrocytes in vitro also released low amounts of IL-1f3 produced via the signaling of a preassembled
NLRP2 inflammasome [210]. The administration of Probenecid, a blocker of Panx-1 gap junction
channels, or of Brilliant Blue G (BBG), an inhibitor of the ATP-gated P2X7 purinergic receptor ion
channel, and a siRNA-induced NLRP2 knockdown all decreased NLRP2 inflammasome activation and
caspase-1 maturation/activation in ATP-treated human cortical astrocytes [210]. However, the function
of NLRP2 in human astrocytes or in the brain in general is still mostly unknown. Interestingly,
a misregulation of the NLRP2 gene at an early stage of human fetal brain development may have
resulted in a bipolar disorder [233].

Notably, in mice the NLRP2 gene-encoded mRNA and NLRP2, its translated protein, are essential
for the early embryonic development [234]. A study from Sun et al. [235] reported that in the brain
of wild-type C57BL/6] male mice NLRP2 protein had a low constitutive expression, which mostly
took place in the astrocytes. Interestingly, NLRP2 expression significantly increased after an ischemic
stroke in the brains of the same mice or in oxygen-glucose deprivation-exposed mouse astrocytes
cultured in vitro. The authors suggested that NLRP2 may play an adverse, i.e., proapoptotic, role in
the pathophysiology of brain stroke through mechanisms that remained undetermined. Furthermore,
Kynurenine, a tryptophan metabolite, promoted NLRP2 expression and signaling in hippocampal
astrocytes and did the same also in chronic mild stress (CMS)-induced depressive mice via an
NF-«B-dependent regulation at the level of the NLRP2 gene promoter [236].

As a further demonstration of the importance of the cell type or model used in relation to
the function of specific inflammasomes, the results of NRLP2 knockout in THP-1 cells or of NRLP2
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hyperexpression in HEK293T cells led Bruey et al. [237] to suggest that NLRP2 inhibits NF-kB activation
by various stimuli at the IKK complex level and blocks the expression of ICAM-1, an NF-kB target gene.

3.3.3. NLRP3 Inflammasome

The NLRP3 inflammasome (aka NLRP3-ASC or NOD-like receptor protein 3 [NACHT, LRR,
and PYD domains-containing protein 3]), is involved in inflammatory and degenerative diseases typical
of ageing that is in ailments characterized by the intra-tissue hoarding of peptides or crystals such
as AD (Aps), atherosclerosis (cholesterol), and gout (monosodium urate); in fibrotic diseases; and in
metabolically stressful conditions, such as nonalcoholic hepatic steatosis, and type-2 diabetes [238].
Therefore, it is not surprising that NLRP3 is the most intensely studied inflammasome [239]. Typically,
two initiating signals, one from a Toll-like receptor (TLR) agonist (“priming”) and another from a
NOD-like receptor (NLR) agonist (previously endocytosed PAMPs or DAMPs), activate the NLRP3
inflammasome. Alternatively, exogenous ATP let out from dead cells; destabilized lysosomal releasing
cathepsin B; phagocytosed protein polymers; reactive oxygen species (ROS); cardiolipin; oxidized DNA
from damaged mitochondria [240-242]; K* efflux or Ca?* influx, independently of each other [243,244];
and reduced cAMP levels can all operate as NLRP3 activators [245,246] (Figure 2). Increases in
cytosolic Ca?* levels might be the upstream signal shared by all stimuli activating the NLRP3
inflammasome [74,247,248]. All stimuli activating the NLRP3 inflammasome converge toward the
NF-kB pathway-mediated genetic transcription of NLRP3, pro-IL-13 and pro-IL-18; the latter once
transformed by caspase-1 into mature IL-1f and IL-18 induce the neuroinflammation and cause
neuronal death by pyroptosis [244]. The inactive NLRP3 moieties are restricted to the endoplasmic
reticulum (ER) membranes, from which upon activation they migrate together the adaptor ASC protein
to the perinuclear ER membranes and associated mitochondrial aggregates [240]. The dispersion
of the trans-Golgi network (TGN) musters NLRP3 and ASC proteins together via an interaction
with phosphatidylinositol-4-phosphate (PtdIns4P) [249]. NLRP3 gene knockout or pharmacological
blockage of NLRP3 activation have powerfully benefited several inflammatory diseases modeled in
rodents [238]. A phosphodiesterase (PDE) inhibitor blocking cAMP catabolism or an adenylate cyclase
activator (e.g., PGE2) or a modified (e.g., dibutyryl-) cAMP, all heightening the intracellular cAMP
levels, can hamper the NLRP3 inflammasome activation and its noxious upshots [74,250].

The NLRP3 inflammasome plays a crucial role in AD-related neuroinflammation. Under normal
conditions, the cytosolic NLRP3 inflammasome is inactive in both microglia and astrocytes.
An exposure to fA31_4 followed by its phagocytosis with consequent lysosomal damage releasing
cathepsin B induces the oligomerization and activation of the NLRP3 inflammasome resulting in
the maturation of IL-1p [251]. On its own part, an activated NLRP3 inflammasome intensifies AD
neuropathology in vivo [252]. Immunohistochemical studies showed that an increased expression of
the NLRP3 inflammasome constituents, of (pro)caspase-1, and of the inflammasome activation
products IL-1p and IL-18 colocalized with glia maturation factor (GMF), APOEe4, autophagic
SQSTM1/p62- and LC3-positive vesicles, and the lysosomal marker LAMP1 in tissue samples from
the temporal cerebral cortex of AD brains. The reactive astrocytes surrounding amyloid plaques
overexpressed GMF, a highly conserved pro-inflammatory protein activating glial cells, thus advancing
neuroinflammatory and neurodegenerative processes. By contrast, suppressing GMF expression
alleviated the neurodegeneration. The results suggested that GM, intensified the NLRP3-driven
neuroinflammation, thus hampering the autophagosomal pathway-mediated clearing of pathological
Aps aggregates [253-255]. Interestingly, these results implied that GMF might play a role not only in
AD but also in other neurodegenerative diseases [256].

As previously mentioned, ASC is an adaptor and stabilizer of the NLRP3-ASC complex and a
pivotal protein forits activation. That A 3s do activate astrocytes’ inflammasome(s) was shown by studies
using ASC*/~ or ASC™/~ mouse models. ASC partial knockout downregulated the NLRP3 inflammasome
activity; concurrently, an upregulated CCL3 chemokine release increased Afs phagocytosis by
lipopolysaccharide (LPS)-primed primary astrocytes from 5xFAD newborn mice. Moreover, the ASC
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partial knockout reduced the brain amyloid load in 7-8-month-old mice, which correlated with an
increased CCL3 gene expression and an improvement of spatial reference memory [257].

Ap fibrils too can specifically activate the NLRP3 inflammasomes in the microglia of APP/PS1
AD-model mice. An experimentally induced NLRP3 inflammasome downregulation in the same mice
shifted microglia polarization toward a beneficial M2 (or arginase-1-positive or homeostatic) phenotype,
and concurrently depleted the brain amyloid load. Moreover, an intensely active IL-13-producing
caspase-1 was detected in human mild cognitive impairment (MCI) brains and in frankly symptomatic
AD brains. Hence, NLRP3 inflammasome signaling activation appears to play a specific role in
the microglia-mediated persistent neuroinflammation of AD [251,252]. Moreover, a study from
Saresella et al. [258] proved the activation of NLRP1 and NLRP3 inflammasomes in both mild cognitive
impairment (MCI) and late-stage AD patients. However, functional inflammasomes were not yet
working in the MCI patients. But the concurrent activation of NLRP1 and NLRP3 inflammasomes
would intensify the neuroinflammation in late-stage AD patients. Drugs such as Dihydromyricetin [259]
or MCC950 [260] blocking NLRP3 inflammasome signaling promoted the clearance of A3, decreased
the fraction of M1 activated microglia in the hippocampus and cerebral cortex, and ameliorated memory
and cognitive deficits in APP/PS1 AD-model mice. Moreover, the endogenous protease inhibitor
al-antitrypsin (A1AT) reduced the A{31_4p-elicited NLRP3 inflammasome activation in primary cortical
astrocytes from BALB/c mice [261].

Besides A, p-Tau protein is the other main driver of AD. The causal relationship (if any)
between p-Taues and inflammasome activation remained unknown until Stancu et al. [262] showed
that following microglial uptake and lysosomal sorting, prion-like Tau seeds activated the NLRP3
inflammasome signaling. Moreover, the chronic intraventricular administration of the NLRP3 inhibitor
MCC950 significantly thwarted the neuropathology elicited by exogenous Tau seeds. Concurrently,
the suppression of NLRP3 inflammasome function diminished p-Tau levels and aggregation by
restraining the activity of Tau kinases while increasing that of p-Tau phosphatases [263]. Thus,
a therapeutic approach targeting the NLRP3 inflammasome might affect the three main drivers of AD.

Moreover, Murphy et al. [264] showed that A(3-treated primary rat glial cultures increased their
cytosolic cathepsin activity, assembled the NLRP3 inflammasome, activated caspase-1, and released
mature IL-13.

Finally, using wild-type and double-stranded RNA-activated protein kinase (PKR) knockout
mouse macrophages Lu etal. [265] showed that PKR was required for the direct physical interaction with
and activation not only of the NLRP3, but also of NLRC4 and AIM-2 inflammasomes and consequently
increased IL-1f production. However, using LPS-treated PKR knockout bone marrow-derived
macrophages from different mouse strains He et al. [266] reported that PKR was critical for nitric oxide
synthase-2 (NOS-2) induction but dispensable for the caspase-1 activation, cleavage of pro-IL-1f3 and
pro-IL-18, and IL-1§3 release elicited by stimuli activating NLRP3, NLRC4 and AIM2. Altogether these
divergent data indicate that the results reported about inflammasomes’ activation could be heavily
conditioned by the animal species or strain investigated [231].

3.3.4. AIM2-Like Receptors

AIM2 (absent in melanoma 2) protein is one of the most well-characterized AIM2-like receptors,
also called PYHIN proteins, first characterized as a family of IFN-inducible proteins. Itisa DNA-binding
sensor located in the cytosol [267]. AIM2 forms filamentous signaling inflammasome complexes
including ASC and caspase-1. Cytoplasmic long dsDNAs released from either infecting bacterial or
viral pathogens or from damaged nuclear and/or mitochondrial DNA induce the assembly of the
AIM2-ASC inflammasomes [268]. AIM2 is by far the dominant PRR sensor expressed in healthy mouse
brains. However, in AD-model mice its role is still controversial. Wu et al. [269] reported that Af3s
deposition and microglial cells activation in the cerebral cortex and hippocampus were less intense in
AIM2 knockout 5XFAD mice than were in wild-type mice. Notably, via unknown mechanisms AIM2
deletion upregulated IL-6 and IL-18 expression, but neither changed IL-1 expression nor improved



Int. J. Mol. Sci. 2020, 21, 9036 17 of 42

cognition in 5XFAD-model mice. These results also implied that different inflammasomes would play
distinct roles in divers physiological and/or pathological circumstances or animal models.

3.3.5. NLRC4 Inflammasome

NLRC4 is an evolutionarily conserved inflammasomal component of the innate immune system
uniquely lacking the PYRIN domain. NAIPs (neuronal apoptosis inhibitor proteins) are a family
of sensors binding PAMPs (e.g., flagellin) from several pathogenic bacteria to modulate the NLRC4
inflammasome activation [270]. The latter entails NLRC4 oligomerization and CARD-CARD interaction
with Caspase-1 to induce pyroptosis in macrophages [75,205,271]. On the other hand, the association
between NLRC4 and ASC leads to increases in cytokine production [272]. Phosphorylation by an
unidentified protein kinase C (PKC) isoform is crucial for NLRC4 inflammasome activation [273].

Humans only have a single NAIP gene. Interestingly, Christie et al. [274] showed that NAIP-1
protein levels had decreased in the brains of fully developed AD cases as compared to those proper of
the brains of MCI and control cases. In parallel, the levels of paired helical filament-1 (PHF-1) protein,
a marker of Tau protein NFTs, were heightened in the same AD cases. The authors suggested that these
changes increased the neurons’ risk to develop NFTs and die by apoptosis. Conversely, Lesné et al. [275]
reported that neurotrophin-3 (NT-3) up-regulated the expression of NAIP-1, which inhibited AB-driven
apoptosis in primary cultures of cortical neurons by restraining the activation of caspase-3, caspase-8,
and caspase-9. Moreover, These NAIP-1’s protective effects required the activation of Akt and PI3K.

Notably, Down’s syndrome (DS) entails an early AD-like neurodegeneration sustained by
an intensified neuronal apoptosis which causes the typical mental deficits. By using Western
immunoblotting Seidl et al. [276] demonstrated that as compared to control subjects the levels
of NAIP-like immunoreactivity are significantly lower in the parietal and occipital cerebral cortex in
DS and in the frontal and occipital cortex in AD. Therefore, decreased levels of the neuroprotective
NAIP may underlie the neurodegeneration occurring in both DS and AD.

Yet, the story may be even more complex than expected. Saadi et al. [230] used streptozotocin
(STZ) injected male Wistar rats as experimental AD-like models and determined the expression of
genes implicated in the inflammasome complex, such as NLRP1, NLRP3, NLRC4, AIM2, ASC or
PYCARD, IL-1B, IL-18, and CASPASE-1. The authors detected in the STZ-treated animals significant
surges only in NLRC4, ASC, and IL-1§3 expression levels with respect to the controls. In addition,
the number of cells expressing caspase-1, IL-13, and p-Tau proteins remarkably increased in the
hippocampus of STZ-treated rats. The authors suggested the pathogenetic involvement of NLRC4
in AD and its potential therapeutic targeting. Freeman et al. [216] reached similar conclusions by
using lysophosphatidylcholine (LPC), an agent linked to neurodegeneration and demyelination,
which activated NLRP3 and NLRC4 inflammasomes in astrocytes and microglia. Therefore, NLRP3
and NLRC4 inflammasomes should act as important inducers of neuroinflammatory astrogliosis and
microgliosis in AD, and in multiple sclerosis and stroke too.

3.3.6. IPAF Inflammasome

For the sake of completeness, one must mention here the IPAF aka ICE protease-activating
factor-apoptosis-associated speck-like protein containing a caspase activation and recruitment domains
(CARD) (ASC) inflammasome. Liu and Chan [277] showed that palmitic acid activates the IPAF
inflammasome in primary astrocytes causing the production of mature IL-1f3. In addition, IPAF silencing
suppressed the release of IL-1§3 from astrocytes, which reduced A 34, production on the part of primary
neurons. Of note, Liu and Chan [277] also showed the overexpression of IPAF and ASC in the brain
tissue of a subgroup of sporadic AD patients, which indicated the IPAF-ASC involvement in AD-related
neuroinflammation and the potential usefulness of their therapeutic targeting in AD.

A later study revealed that the ER stress-associated transcription factor, C/EBP homologous protein
(CHOP), played a critical role along a CHOP/NF-«B signaling pathway mediating the palmitate-elicited
up-regulation of BACE1/[3-secretase expression and of AB4; synthesis in astrocytes [278].
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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 +1 + + [212,215,217]
Astrocytes + + + + [210,212,216]
Microglia + + [212]

Oligo-dendrocytes + + [214]
Pericytes + + + + + + [218]
Endothelial cells + + + + + [219]
Postmortem
AD human brain + + + + [215,226,256,272,274,275]
AD animal models + 4 + + + + [227-229,249,250,255,257-262,

267,273,278]

# Refs., reference numbers. + ¥, reported inflammasome in relation to AD neuroinflammation.
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3.3.7. NOD Inflammasomes

Chen and coworkers. [279] reported that intracellular NOD2 receptor cooperates with TLR-2 to
increase the expression of formyl peptide receptor 2 (FPR2), which binds A4 and signals via G
proteins, in mouse microglial cells. These data indicate that TLR-2 and NOD2 may play a relevant role
in neuroinflammation and AD. On the other hand, the intraperitoneal administration (10 mg Kg~!
once or twice weekly) for three or six months of muramyl dipeptide (MDP), a NOD2 receptor ligand,
to 3-month-old APPg,/PS1 transgenic male mice and, as controls, to age-matched C57BL/6] mice was
beneficial under several respects with no concurrent microglial activation in both earlier and later
phases of the neuropathology in AD-model mice [280].

Brain pericytes are cells enclosed within the basement membranes of capillaries that help
regulate blood flow, blood-brain barrier (BBB) permeability, and angiogenesis. Under basal (untreated)
conditions pericytes express the mRNAs of a complex set of PRRs, including NOD1, NOD2, NLRCS5,
NLRP1-3, NLRP5, NLRP9, NLRP10/PYNOD, and NLRX. Exposure to PAMPs or DAMPs increased
the levels of NOD2 and elicited the expression of NLRA and NLRC4 too. TLR-2 and TLR-9 were
also affected as well as inflammasome-forming caspases and inflammasome-cleaved interleukins.
Therefore, it is likely that pericytes play a relevant controlling role in neuroinflammation [218].

Human brain endothelial cells also express a complex set of PRRs, including NOD1, NOD2,
NLRC4, NLRC5, NLRP1, NLRP3, NLRP5, NLRP9, NLRP10/PYNOD, NLRP12, NLRA, and NLRX,
whose expression can be significantly affected by PAMPs or DAMPs, leading to the activation
of inflammasomes and the subsequent caspase-1-cleaved interleukins IL-13 and IL-33 maturation.
Therefore, cerebral endothelial cells might crucially partake in neuroimmune and neuroinflammatory
processes at the BBB level [219].

3.3.8. NLRP10/PYNOD Inflammasome

Following either in-vitro or in-vivo A 3s exposure, the levels of NLRP10/PYNOD, another NOD-like
protein, declined significantly being broken down by the activated cathepsins. Adding recombinant
NLRP10/PYNOD to AB-exposed glial cultures scaled down caspase 1 activation and IL-1f3 release
indicating that cytosolic cathepsin cleavage of NLRP10 is a prerequisite for the formation of NLRP3
inflammasome [264].

In sharp contrast, in an acute ischemic stroke/reperfusion model, NLRP10/PYNOD was
overexpressed in the penumbra zone of wild-type animals, whereas in NLRP10/PYNOD knockout
mice after ischemic stroke/reperfusion the neuronal apoptosis, the activation of glial cells, and the
proinflammatory agents’ levels were reduced, and the TLR-4/NF-kB signaling pathways markedly
suppressed in the hippocampus. Moreover, in cultured LPS-treated NLRP10/PYNOD knockout mouse
astrocytes the NLRP12/ASC/Caspase-1 and TLR-4/NF-«B pathways were hampered being rescued by
an overexpressed NLRP10/PYNOD [281].

A recent study from Zeng et al. [282] revealed the antinflammatory and antineurotoxic effects of
NLRP10/PYNOD, a NOD (NLR)-like receptor protein, in the LPS-induced murine microglial BV-2 cells
transfected with pEGFP-C2-PYNOD. Overexpressed NLRP10/PYNOD dose-dependently (i) hampered
NOS-2 protein induction and thus prevented the cytotoxic effects of NO overrelease; (ii) cut down
caspase-1 activation and hence IL-1 synthesis and secretion; (iii) blocked the nuclear translocation of
NF-«B p65; and (iv) mitigated the growth-hindering and apoptosis-advancing effects of BV-2 cells on
SK-N-SH cells. Whether PYNOD inflammasome has any role in human AD-related neuroinflammation
will be determined by further studies.

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, comprising
of seven receptors including MICL, CLEC-2, CLEC-12B, CLEC-9A, MelLec, Dectin-1 and LOX-1.
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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 [283]. Dectin-1 activated
the NLRP3 inflammasome for anti-fungal defense and increased IL-1f synthesis via a non-canonical
caspase-8 inflammasome [208,284]. After ischemic stroke or spinal cord injury an upregulated Dectin-1
drove through the Syk signaling pathway activation microglia, neuroinflammation, demyelination,
and axons damage [285,286]. Conversely, the Dectin-1/Syk pathway inhibition mitigated microglial
activation, the brain infarct volume, neurological damage, proinflammatory cytokines production,
TNF-«, and NOS-2 expression. Conversely, (-glucan/Dectin-1 signaling induced a beneficial
neuroinflammation promoting the regeneration of traumatically severed retinal ganglion cell axons in
mice [287]. Dectin-1 is upregulated in human AD tissues [288,289] and AD mouse models [290,291].
In the amyloidogenic 5XFAD transgenic mouse model Dectinl helped preserve microglia in a
homeostatic state because it can induce intracellular signals like those of TREM2 [95].

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 [292].

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 [293,294].

RIG-I expression becomes more intense in the course of a bacterial or viral infection in 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 [295,296]. Studies on the recognition of Japanese encephalitis virus (JEV) RNA have revealed
that via RIG-I neurons are one of the sources of several proinflammatory agents, such as IL-6, IL-12, p70,
MCP-1, IP-10, and TNF-«, in JEV-infected brain. Conversely, animals with RIG-I knockout neurons
had an increased viral load and released lesser amounts of cytokines/chemokines [297]. Interestingly,
CoClp-induced chemical hypoxia increased RIG-I expression and the production of proinflammatory
IL-1B, IL-6, and TNF-« via the interaction of Interferon-B Promoter Stimulator-1 (IPS-1) and TNF
receptor-associated factor 6 (TRAF6) and the NF-«kB pathway in in-vitro human astrocytes [298].
Finally, a study exploring innate immune proteins expression levels in human temporal and occipital
cortices proved that RIG-1 expression is significantly heightened in the temporal 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 Afs in primary human astrocytes. These results have revealed a
potential implication of RIG-1 in the MCI phase of AD development [294].

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 [74,248,299]. 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%*]e) [300]. It is located at the plasmalemma and can signal both thence and, after endocytosis,
intracellularly [301]. Besides Ca®*, its hugely bilobed extracellular domain, named Venus flytrap,
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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 Aps pathological aggregates [13,66,299] (Figure 2). 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 a signal that crosses the 7TM domain to reach the ICD and induce its
binding to G-proteins such heterotrimeric Gjjo, Gg/11, G12/13, and Gs, and low molecular weight Arf6,
RhoA, Ras, Rabl and Rab1lla. 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) [302-304]. 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 make use of (i) transcription factors (IFs); (ii) protein kinases (AKT,
PKCs, MAPKSs); (iii); phospholipases (Ap, C, and D); (iv) second messenger up- or downregulation
(e.g., cAMP); and (v) Ca?* influxes via TRPC6-encoded receptor-operated ion channels [305-307].
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 Ca2* absorption,
skeletal Ca?* storage, and kidney Ca?* resorption [306,307].

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 [308];
allergen-sensitized airways of mice and of human asthmatic patients [309]; hypertension-induced
rat aorta dysfunctional remodeling [310]; LPS-treated rodent lungs [311]; rheumatoid arthritis
monocytes [312]; and a variety of diseases of the adipose tissue [313]; kidneys [314]; colon-rectum [315];
and prostate [316]. Of note, CaSR NAM NPS 2143 elicited an effective anti-inflammatory action in
asthma [309] and in LPS-evoked pneumonia [311].

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?*].
signaling aids by increasing the cells’ CaSR expression in a series of positive feed-back cycles [317].
Notably, IL-1§3 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 [318]. Besides, CaSR’s

injury sites, a process the chemokine MCP-1/CCR2

activation drives Ca%* release from the ER [319].

Therefore, a heightened [Ca%*]. works as a DAMP that activates the NLRP3 inflammasome via G
protein coupled CaSR signaling [320] 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 [74,248]. In monocytes of rheumatoid
arthritis and of hypertension-evoked aortic remodeling patients [310] [Ca%*]e
NLRP3 inflammasome signaling via CaSR activation [312] (Figure 2). Moreover, in macrophages and
monocytes [Ca?*]e increases also activate the macropinocytosis process and the uptake of MDP (a NOD2
ligand) via CaSR-mediated Ga-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 CaZ* [312,321].

As in the other organs, CaSR’s expression is ubiquitous in the brain [322], being most intense in
hippocampal neurons, astrocytes, microglia, and ependymal cells [323]. Moreover, in the CNS the
CaSR crucially modulates nerve cells mitotic activity, prenatal migration, and differentiation; postnatal
neurotransmitters release from synapses [322-326]; K* fluxes [327,328]; and L-amino acid sensing [329].

Importantly, CaSR’s expression increases and its function evokes harmful effects in conditions of

increases also trigger the

acute CNS damage entailing a subsequent 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
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by a 22-h-long reperfusion, the activation of the JNK/P38 MAPK signaling pathway increased CaSR
expression and neurons’ apoptosis, both of which were further boosted by administering Gadolinium
trichloride (GdCls), a CaSR PAM [330]. In a mouse model of subarachnoid hemorrhage, GdCls
worsened the brain edema, the extent of neurodegeneration, and the intensity of neurological deficits,
whereas the administration of NPS 2143, a CaSR NAM, remarkably reduced all such injuries and
deficits. Moreover, NPS 2143 countered the GdCl3-evoked increases in NLRP3 inflammasome signaling,
caspase-1 activity, IL-13 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 [331]. Furthermore, traumatic
brain injuries too entailed a CaSR’s heightened expression and signaling activity that hampered
GABAGgR’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 [332]. 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/B-secretase activity,
which resulted in the toxic overproduction of Af34s. Again, intraventricularly administered CaSR
NAM Calhex 231 mitigated such detrimental effects of hypoxia [333].

Studies employing preclinical models of AD in vitro (“in a Petri dish”) made of either NAHASs or
postnatal HCN-1A neurons isolated from human cerebral cortex fragments showed that exogenous
fABs or sAfs form ABeCaSR complexes that are rapidly endocytosed [11,14,33,301]. The thus induced
ApeCaSR signaling drove (i) a transient CaSR overexpression in vitro [33], which however escalated
with time in the hippocampal neurons and astrocytes of 3xTg [334] and of B6C3-Tg (APPswe/PSEN1dE9)
AD-model mice [335]; (ii) a decreased proteasome’s function promoting the intracellular accumulation
of toxic ABs in human neurons and astrocytes [33]; (iii) a shift of human APP’s metabolism along the
amyloidogenic processing (AP) leading to the synthesis and release of neurotoxic A p4;-0s surpluses
which deeply downregulated the extracellular shedding of neurotrophic and neuroprotective soluble
(S)APP-o [67]; (iv) the hyperphosphorylation of Tau proteins (p-Taues) by raising the glycogen
synthase kinase (GSK)-3f activity [302]; (v) the induction and activation of NOS-2 producing toxic
NO surpluses [336]; (vi) the overproduction and instant release of vascular endothelial growth factor
(VEGF)-A1¢9 from NAHAs, which would cause BBB’s dysfunction in vivo [337]; (vii) an upregulated
NAHASs’ synthesis and release/shedding of proinflammatory IL-6 (Figure 2); 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 the A{3eCaSR-elicited oversecretion of IL-6
and partially yet significantly that of ICAM-1, RANTES, and MCP-2, proving that human astrocytes
ApBeCaSR signaling could directly advance AD’s neuroinflammation [13]; (viii) the slow yet progressive
death of the human cortical neurons, which was fully prevented by CaSR NAM NPS 2143; conversely,
the NAHAs survived and kept producing and releasing all the above-mentioned detrimental factors [33].
It is also worth mentioning here that the CaSR PAM (calcimimetic) NPS R-568 administration intensified
the release of Af4;-0s from the NAHAs further confirming the noxious role of A{3eCaSR signaling in
AD amyloidosis [33].

Interestingly, Feng et al. [335] 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 Af1.42-0s in B6C3-Tg (APPsye/PSEN1dE9) AD-model mice and in cultured primary
hippocampal neurons.

4. Concluding Remarks

Abundant evidences show that a trio of mutually interacting pathogenetic factors, i.e., oligomers
and polymers of Ap and p-Tau, and a concurrent chronic neuroinflammation drive the progressive
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development and spreading of human AD. Certainly, the several families of A(3-binding danger/damage
sensing receptors considered here (and other receptors reviewed elsewhere; see [12,299] bear witness
to the quite high complexity of the mechanisms underlying the development and progression of AD
neuropathology. The intricacy of the picture is further heightened by the different molecular aggregations
Aps and p-Taues can take, by key genetic mutations in early-onset/familial AD, by background
genetic predispositions in late-onset/sporadic AD, by age-related metabolic and vascular diseases,
and by striking morpho-functional differences, particularly at the cerebral cortical and subcortical
levels, distinguishing human neural cells and their connectome from their animal counterparts.
Moreover, the signaling pathways activated by the various plasma membrane and intracellular
danger-sensing/binding receptors might differ among living species and may mutually crosstalk in
several ways, resulting in dissimilar upshots. In addition, differences in cell types and models used for
experimental studies may elicit divergent outcomes and hence conclusions.

As the human brain is the most complex living structure in existence, it is no wonder that the
molecular mechanisms underlying its ailments feature extreme levels of intricacy and that the so-far
tested therapeutic agents have met with failures. Clinical trials attempting to modify PRRs activities in
AD patients are under course in relation to RAGE, TREM2, and NLRP3, whereas a trial about CD36
gave inconclusive results for lack of evidence (Table 4).

Table 4. Clinical trials targeting PPRs in the treatment of AD.

Target Treatment U.S. FDA Status: Study Status Refs.
Azeliragon/PF-04494700 .

RAGE (oral RAGE inhibitor) AD (Phase 2/3) Active [338]
AL002 .

TREM2 (anti-human TREM2) AD (Phase 1/2) Active [339]

Inzomelid
NLRP3 (oral, brain-penetrant inhibitor of AD (Phase 1) Completed in March 2020 [340]
inflammasomes containing NLRP3)
Pioglitazone
(thiazolidinedione Mild Cognitive Terminated

CD36 [341]

peroxisome-proliferator activated ~ Impairment (Phase 3) (Lack of efficacy of the drug)
receptor y [PPARy] agonist)

Not surprisingly, the recently increased availability of funds has induced a surge in the number of
novel pathogenetic theories about AD (Table 1). On the other hand, the innate immunity has a long
evolutionary history culminating in mammals, as through the PRRs it safeguards against harm from
quite high numbers of PAMPs and/or DAMPs. The key question one should ponder is whether there is
any so far hidden (to our eyes) hierarchical system according to predetermined rankings that might
regulate the apparent mess of PRRs and signaling mechanisms thereof that is crucial for AD onset and
progression. This question inevitably leads to the old controversy about which is the first driver or
primum movens of late-onset AD. The evidences gained from the experimental use of preclinical in-vitro
("in a Petri dish”) AD-models made of nontumorigenic human neurons and astrocytes indicate that the
first AD drivers are the soluble or fibrillar A (s, which, however, act alone for a very short time, as they
directly induce the production and release of additional amounts of As and concurrently of the other
two main AD drivers, i.e., p-Taues and neuroinflammation [13,33,299,302]. In the same preclinical
in-vitro AD-models a trio of proinflammatory cytokines—i.e., IL-13, TNF-«, and IFN-y—did not
increase the rate of de novo Afs synthesis but only expedited their release from the human neural
cells [33]. Moreover, AD is a progressively intra-brain spreading disease and the mechanism through
which it propagates must also be crucial (Figures 1 and 2). To achieve all this, it would suffice that
Afs interacted with some topmost ranking or hierarchically supreme PRR. The potential candidates
might belong to any of the main PRR families previously considered. However, the hypothesis that
a Ca”* dyshomeostasis promotes AD development has been circulating for years [342]. We believe
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that there is truth in it, though one should see it from a slightly shifted angle while taking into
account the multiligand (Afs included) and multisignaling CaSR. Based on the highly beneficial
effects of specific NAMs of the CaSR given to soluble or fibrillar A{3-exposed nontumorigenic human
cortical neurons and astrocytes in culture, it seems likely that the CaSR is endowed with all the
bona fide features proper of a hierarchically very highly placed if not supreme Aps-binding PRR.
However, it cannot be neglected that some coreceptor heterodimerizing with the CaSR or crosstalk of
the CaSR with other PRRs might also play noteworthy roles in the development and progression of
LOAD/SAD. Instead, in the early-onset/familial AD cases the mutated gene responsible for the A3
overproduction is the uncontested primum movens. Yet, even in this hereditary AD form the CaSR
interaction with the overproduced Afs is likely to significantly aggravate the brain amyloid burden
by further intensifying the overproduction of Afs and of all the other noxious agents its signaling
induces, thus detrimentally accelerating the clinical course. Future studies and clinical trials will test
the validity of this Af3seCaSR signalling-based hypothesis and the entailed therapeutic remedies for
hitherto unforgiving Alzheimer’s disease.
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Abbreviations

Aps Amyloid- peptides

Ab(RAGE) anti-RAGE antibody

AD Alzheimer’s disease

AGEs advanced glycation endproducts

AIM2 absent in melanoma 2 protein

APOE Apolipoprotein E

APP amyloid precursor protein

ASC apoptosis-associated speck-like adaptor protein containing a CARD
Afp-os Ap oligomers

BBB blood-brain barrier

BECs/CECs brain/cerebral endothelial cells

Clq complement component 1q

CAA cerebral amyloid angiopathy

cAMP 3’,5"-cyclic adenosine monophosphate
CARD caspase activation and recruitment domain
CaSR calcium-sensing receptor

CCL C-C Motif Chemokine Ligand

CLEC-2 C-type lectin-like immune receptor 2
CLRs C-type lectin receptors

CNS central nervous system

CSF cerebrospinal fluid

DAMPs damage-associated molecular patterns
DAP12/TYROBP DNAX activating protein

Dectin-1 Dendritic cell (DC)-associated C-type lectin-1 cluster
DS Down’s syndrome

ERK1/2 extracellular signal-regulated kinase 1/2
GdCl3 Gadolinium trichloride

GFAP glial fibrillar acidic protein

GMF glia maturation factor



Int. J. Mol. Sci. 2020, 21, 9036 25 of 42

GPCRs G-protein-coupled receptors

GSK-3p3 glycogen synthase kinase-33

HDL high-density lipoprotein

HMGBI1 high-mobility group box Bl

hNSCs human neural stem cells

ICAM-1 Intercellular Adhesion Molecule-1

IPAF ICE protease-activating factor

ITAM immune-receptor tyrosine-based activation motif

JEV Japanese encephalitis virus

JNK c-JUN terminal kinase

LPS lipopolysaccharide

MAPK mitogen activated protein kinase

MCI mild cognitive impairment

MCP Monocyte Chemotactic Protein

MDP muramyl dipeptide

mTOR mammalian target of rapamycin

NACHT NAIP plus CIITA (MHC class II transcription activator) plus HET-E (incompatibility locus
protein from Podospora anserina) and TP1 (telomerase-associated protein)

NAHAs nontumorigenic adult human astrocytes

NAIP neuronal apoptosis inhibitor protein

NAM negative allosteric modulator

NF-«xB nuclear factor-xB

NFT neurofibrillary tangle

NLR NOD-like receptor

NLRP Nucleotide-binding domain, leucine-rich repeat and PYRIN domain containing protein

NO nitric oxide

NOD nucleotide-binding oligomerization domain

NOS-2 nitric oxide synthase-2

oxLDLs oxidized low-density lipoproteins

p-Tau-es hyperphosphorylated Tau proteins

p-Tau-os p-Tau oligomers

PAMPs pathogen-associated molecular patterns

PAMs positive allosteric modulators

Panx-1 Pannexin 1 protein

PI3K Phosphoinositide 3-kinase

PICs proinflammatory cytokines

PKR double-stranded RNA-activated protein kinase

PPRs pattern recognition receptors

PYHIN N-terminal pyrin domain (PYD) plus hemopoietic inducible nuclear (HIN) proteins

PYRIN/DAPIN  Domain in Apoptosis and Interferon response

RAGE receptor for AGEs

RANTES Regulated upon Activation, normal T cell Expressed and presumably Secreted

RCT reverse cholesterol transport

RIG retinoic acid-inducible gene

ROS reactive oxygen species

SRs scavenger receptors

sTREM2 soluble TREM2

Syk spleen tyrosine kinase

TAM Tyro3, Axl, and Mer receptor

TLRs Toll-like receptors

Toll-like similar to Drosophila Toll gene

TREM triggering receptor expressed on myeloid cells

VEGF-A vascular endothelial growth factor-A
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