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A B S T R A C T

Alzheimer’s disease (AD), the most prevalent human dementia, is driven by accruals of extracellular Aβ42 senile 
patches and intracellular neurofibrillary tangles of hyperphosphorylated Tau (p-Tau) proteins. AD’s concurrent 
neuroinflammation is prompted by innate immunity-related cytosolic protein oligomers named inflammasomes. 
Upon proper “first” (priming) and “second” (activating) signals, inflammasomes overproduce proinflammatory 
Interleukin (IL)-1β, and IL-18 while cleaving pyroptosis-promoting Gasdermin D’s N-terminal fragments. Our 
earlier studies highlighted that in pure monocultures, exogenous Aβ25-35-treated nonproliferating human cortical 
astrocytes (HCAs) made and released surpluses of endogenous Aβ42-oligomers (− os) and p-Tau-os, just as alike- 
treated human cortical neurons did. Aβ25-35-exposed HCAs also over-released NO, VEGFA, and IL-6. Aβ•CaSR 
(Aβ⋅Calcium-Sensing Receptor) complexes generated intracellular signals mediating all such neurotoxic effects 
since CaSR’s negative allosteric modulators (aka NAMs or calcilytics, e.g., NPS2143) fully suppressed them. 
However, it had hitherto remained unexplored whether signals from Aβ⋅CaSR complexes also induced the early 
expression and/or activation of NOD-like 2 (NLRP2) and 3 (NLRP3) and of PYHIN absent in melanoma 2 (AIM2) 
inflammasomes in monocultured HCAs. To clarify this topic, we used in-situ-Proximity Ligation, qRT-PCR, double 
antibody arrays, immunoblots, and Caspase 1/4 enzymatic assays. Aβ⋅CaSR complexes quickly assembled on 
HCAs surface and issued intracellular signals activating Akt and JAK/STAT axes. In turn, the latter upregulated 
NLRP2 and NLRP3 PRRs (pattern recognition receptors) yet downregulated AIM2. These effects were specific, 
being significantly hindered by NPS2143 and inhibitors of PI3K (LY294002), AMPKα (Dorsomorphin), mTOR 
(Torin1), and JAK/TYK (Brepoticinib). A wide-spectrum inhibitor, Bay11-7082, intensified the Aβ⋅CaSR/Akt/ 
JAK/STAT axis-driven opposite control of NLRP3’s and AIM2’s PRR proteins without affecting NLRP2 PRR 
upregulation. However, the said effects on the PRRs proteins vanished within 24-h. Moreover, Aβ⋅CaSR signals 
neither concurrently changed ASC, pro-IL-1β, and Gasdermin-D (holo- and fragments) protein levels and 
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Caspases 1 and 4 enzymatic activities nor induced pyroptosis. Therefore, Aβ⋅CaSR cues acted as “first (priming) 
signals” temporarily increasing NLRP2 and NLRP3 PRRs expression without activating the corresponding 
inflammasomes. The neatly divergent modulation of NLRP3’s vs. AIM2’s PRR proteins by Aβ⋅CaSR cues and by 
Bay11-7082 suggests that, when bacterial or viral DNA fragments are absent, AIM2 might play “anti-inflam
masomal” or other roles in HCAs. However, Bay11-7082’s no effect on NLRP2 PRR overexpression also reveals 
that CaSR’s downstream mechanisms controlling inflammasomes’ sensors are quite complex in HCAs, and hence, 
given AD’s impact on human health, well worth further studies.

1. Introduction

Alzheimer’s disease (AD), the most prevalent human dementia, oc
curs mostly as a multifactorial late-onset or sporadic ailment in which 
genes (e.g., APOEε4, TREM2, and others) play only predisposing roles. 
Conversely, specific genetic mutations cause the rare (1–3 %) early- 
onset familial AD (Alzheimer’s disease facts and figures, 2024). 
Asymptomatic AD’s course lasts from 20 to 40 years, but symptoms 
(amnesias, cognitive loss, inability to cope) manifest only in the last 
stage. Unluckily, no AD-modifying therapy is yet available. Concerning 
AD’s pathogenesis, the “amyloid cascade” hypothesis (Haass and Selkoe, 
2007; Selkoe and Hardy, 2016) posits that Amyloid-β42 (Aβ42) oligomer 
surpluses are its prime drivers. Healthy neurons produce and release 
from their axon terminals pM amounts of Aβ42 monomers (Cirrito et al., 
2005), which function as neurotrophic factors safeguarding viability, 
synaptic’ plasticity, and memory storing (Giuffrida et al., 2009; Plant 
et al., 2003; Puzzo et al., 2008). Age-related failure of various (micro
glial, vascular, glymphatic) disposal mechanisms and overproduction by 
neurons and astrocytes cause Aβ42 monomers to accrue and congregate 
first into neurotoxic soluble oligomers (Aβ42-os), next into insoluble fi
brils, and finally into extracellular senile plaques (Deane et al., 2009; 
Mawuenyega et al., 2010; Zlokovic et al., 2010). Although senile pla
ques, which can also release harmful Aβ42-os (Bigi et al., 2022), and 
intracellular Tau protein NFTs (neurofibrillary tangles) are the “core 
biomarkers” of AD’s neuropathology, a concurring third main driver, i. 
e., neuroinflammation, is needed to bring about dementia (Iwata et al., 
2005; Masters and Selkoe, 2012). Notably, various cytosolic innate 
immunity-related protein oligomers, the inflammasomes, singled out by 
their specific pattern recognition receptors (PRRs) or sensors, help drive 
neuroinflammation. In turn, PRRs bind (“sense”) three types of molec
ular patterns (MPs), two of which are endogenous, i.e., damage- 
associated MPs (DAMPs) and homeostasis-altering MPs (HAMPs), and 
one is exogenous, i.e., pathogen-associated MPs (PAMPs). The resulting 
MP⋅PRR complexes trigger an inflammasome-activating two-signal 
process. The first signal primes the de novo expression of PRRs and of 
cytokine precursors, i.e., pro-IL-1β and pro-IL-18 (McKee & Coll, 2020; 
Chen et al., 2021). The second signal (of variable nature) drives the 
inflammasomes’ oligomeric assembly—which includes specific PRRs, 
ASC (or apoptosis-associated speck-like protein having a Caspase 
recruitment domain [CARD]) adaptor proteins, and pro-Caspase 1 
(inactive cysteine endoprotease)—and canonical activation. Next, self- 
activated Caspase 1 couples cleave pro-IL-1β and pro-IL-18 into 
mature IL-1β and IL-18, the extracellular release of which promotes 
neuroinflammation. From Gasdermin D (GSDMD) holoprotein active 
Caspase 1 also cleaves N-terminal fragments, which form membrane 
pores releasing K+ ions. The resulting ion imbalance promotes the in
flammatory death (or pyroptosis) of neural cells. Once evoked by 
secreted IL-1β and IL-18 and various other factors, a too-intense and/or 
long-lasting neuroinflammation becomes a dangerously harmful path
ological process (Chiarini et al., 2020a).

Astrocytes are the most abundant human brain cell type (Araque and 
Navarrete, 2010). Astrocytes’ physiologically upkeep brain homeostasis, 
as they form gap-junction-interconnected networks, team up with 
neuron groups, support crucial metabolic exchanges with their neuron 
team-mates, wrap up and insulate tripartite synapses, and help keep 
blood–brain barrier working integrity (Giaume et al., 2010; Halassa and 

Haydon, 2010). Traditional views held that astrocytes did not make any 
Aβ peptides (Aβs) but swept up and degraded those let off from adjacent 
live or dead neurons (Nielsen et al., 2009). However, once exposed to 
exogenous fibrillar (f) or soluble (s) Aβ25-35 in separate in vitro mono
cultures, which acted as AD’s early-stage preclinical models (“in a Petri 
dish”), nontumorigenic human cortical astrocytes (HCAs) made and 
secreted surpluses of endogenous Aβ42/Aβ42-os. This was the result of 
APP (amyloid precursor protein)’s neurotoxic amyloidogenic pathway 
activation at the expense of APP’s neurotrophic and neuroprotective 
nonamyloidogenic pathway (Armato et al., 2013; Chiarini et al., 2017a). 
Moreover, exogenous Aβ25-35-treated HCAs concurrently made surpluses 
of AD-like hyperphosphorylated Tau-oligomers (p-Tau-os) and extra
cellularly released them inside exosomes (Chiarini et al., 2017b). Hence, 
just like neurons, HCAs can make both Aβ42-os and p-Tau-os. In parallel, 
Aβ-exposed HCAs produced and secreted surfeits of nitric oxide (NO), 
vascular endothelial growth factor A (VEGFA), IL-6, and various other 
cytokines/chemokines revealing their gaining of a senescence associated 
secretory phenotype (SASP) (Armato et al., 2013; Dal Prà et al., 2014a; 
Chiarini et al., 2020b). Stressful stimuli and other factors can induce 
cellular senescence in HCAs. Senescent HCAs occur in aging brains 
(Salminen et al., 2011) and in AD and other neurodegenerative diseases 
brains (Bhat et al., 2012) and support neuroinflammation and cognitive 
decline (Salas-Venegas et al., 2023).

Our interest in harmful mechanisms evoked by exogenous Aβs led us 
to investigate Aβ’s interaction with the CaSR, a highly conserved and 
ubiquitously expressed Family C member of G-protein-coupled receptors 
(GPCRs) (Brown et al., 1995). CaSR’s structure entails a bilobed N-ter
minal domain, named Venus’s flytrap (VFT), jutting out from the cells’ 
plasma membrane (Silve et al., 2005); an intercalated cysteine-rich 
domain (CRD); and a heptahelical transmembrane stretch (the 7TM) 
that is linked to the C-terminal intracellular domain (ICD). VFT-binding 
cationic ligands (or agonists) include, besides Ca2+, various mono-, di-, 
and trivalent inorganic ions; amino acids (e.g., phenylalanine; trypto
phan); organic polycations (aminoglycoside antibiotics, polyamines) 
(Bai, 2004); and Aβs (Dal Prà et al., 2014b). Agonist⋅VFT complexes 
variously change CaSR’s conformation engendering signals that, 
through CRD and 7TM, reach the ICD, which then binds heterotrimeric 
Gi/o, Gq/11, G12/13, or Gs proteins (Breitwieser, 2013). This activates 
further downstream signaling cascades, including (i) protein kinases 
(Akt, AMPKα, JAK1/2, PKCs, MAPKs); (ii) transcription factors (NF-κB, 
STATs); (iii); phospholipases (A2, C, and D); (iv) channel-mediated Ca2+

influxes, while inhibiting adenylyl cyclase-mediated cyclic AMP syn
thesis from ATP (Chakravarty et al., 2012). Most important, positive 
allosteric modulators (PAMs or calcimimetics) and negative allosteric 
modulators (NAMs or calcilytics) bind 7TM’s specific yet partially 
superimposed pockets and critically intensify or hinder, respectively, the 
effects evoked by signals from agonist⋅VFT complexes (Leach et al., 
2016; Nemeth, 2002).

In healthy conditions, CaSR works as a calciostat safeguarding sys
temic extracellular Ca2+ ([Ca2+]e). As to the brain, CaSR’s ubiquitous 
expression (Bandyopadhyay et al., 2010) is highest in hippocampal 
neurons, astrocytes, microglia, and ependymal cells (Yano et al., 2004). 
Prenatally, CaSR controls neural cells’ mitotic activity, differentiation, 
and migration. Postnatally, CaSR tunes synaptic plasticity, neurotrans
mitters release, L-amino acid sensing, and K+ fluxes (Chattopadhyay 
et al., 1999; Riccardi and Kemp, 2012). But CaSR also plays distinct, 
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even opposite roles in pathological conditions, such as hypoxia/stroke, 
tumors, and neurodegeneration (Ward et al., 2012).

About AD, in earlier works, we showed that CaSR signals do mediate 
all the just-mentioned AD-advancing effects elicited by the exposure to 
exogenous Aβs. Most importantly, short pretreatments of cortical HCAs 
in pure monocultures with a CaSR’s NAM, e.g., NPS2143 or NPS 89636, 
prior to Aβ25-35 addition suppressed all the latter’s just-mentioned 
neurotoxic effects (Armato et al. 2013; Chiarini et al., 2017a, 2017b, 
2020b; Dal Prà et al., 2014a).

As to neuroinflammation, CaSR also functions as an avant-garde 
DAMP-sensing PRR, whose signaling is triggered by surges in extracel
lular ions released from injured or dead cells. This activated the NOD 
(nucleotide oligomerization domain)-like receptor protein 3 (NLRP3) 
inflammasome in mature monocytes and/or macrophages (Rossol et al., 
2012; Zhang et al., 2019; Jäger et al., 2020), and in microglia of AD- 
model animals (see for details Chiarini et al., 2023). Notably, HCAs 
express various other PRRs besides the CaSR. Among them, NLPR2 
predominates, followed in decreasing order by NLRP3, NLRP4, and 
PYHIN AIM2 (absent in melanoma 2) (Minkiewicz et al., 2013; Walsh 
et al., 2014). Therefore, in this study, we explored whether an exposure 
of monocultured senescent HCAs to exogenous Aβ25-35 affected the early 
transcriptional and translational modulation of three distinct PRR/ 
inflammasomes, namely NLRP2, NLRP3, and AIM2, and of their acces
sory components PYCARD/ASC, Caspases 1, Caspase 4, IL-1β, and 
GSDMD. To confirm the specific involvement of CaSR signals from 
Aβ⋅CaSR complexes, before adding Aβ25-35 we briefly treated other HCAs 
cultures with CaSR NAM NPS2143. We also researched whether 
signaling axes placed closely downstream from the CaSR, i.e., PI3K/Akt, 
and JAK/STAT, might mediate the Aβ⋅CaSR signaling-elicited effects on 
PRR/inflammasomes in HCAs.

Altogether, our results highlight for the first time that in senescent 
HCAs Aβ⋅CaSR signals quickly upregulated the mRNA and protein 
expression of NLRP2 and NLRP3 PRRs yet also quickly downregulated 
AIM2 PRR. Moreover, Aβ⋅CaSR signals increased the phospho-active 
levels of closely downstream components of Akt and JAK/STAT axes 
(Tfelt-Hansen et al. 2004; Chakravarty et al., 2012; Rybchyn et al. 
2019), which in turn mediated the divergent changes in NLRP2 and 
NLRP3 PRRs vs. AIM2 PRR. Again, the specificity of Akt and JAK/STAT 
axes effects was proven by their total or significant suppression by pre- 
treatments with NPS2143 or with specific inhibitors of such signaling 
cascades. Hence, in HCAs, the three PRRs we investigated belong to two 
distinct groups, NLRP2 and NLRP3 vs. AIM2, whose functions, whether 
diverse or opposite, need further clarification. Moreover, our results 
showed that the early Aβ⋅CaSR cues functioned only as inflammasomes’ 
“first or priming signals” in HCAs monocultures.

2. Materials and Methods

2.1. Bioethics

The present project was approved (Prog. No. CE118CESC) by the 
Ethical Committee of Verona’s University-Hospital Integrated Company. 
All the HCAs used in the present experiments were bought from an 
established commercial source. All experiments were conducted ac
cording to the guidelines and regulations of Verona’s University- 
Hospital Integrated Company (Verona, Venetia, Italy).

2.2. Culture of HCAs

Frozen HCAs from a commercial source (Cat. No. 1800–5, CoA No. 
0002941, ScienCell Research Laboratories, Carlsbad, CA) upon receipt 
were quickly thawed, cultured, and propagated in ScienCell medium 
supplemented with FBS (10 %v/v) and Astrocyte Growth Supplement (all 
from ScienCell). HCAs stopped growing upon reaching confluence or 
after incubation in high-calcium (1.8 mM) DMEM fortified with 10 %v/v 

heat-inactivated FBS (Gibco, Thermo Fisher Scientific, Monza, Italy). 

Under both proliferating and nonproliferating conditions, the HCAs 
steadily expressed their characteristic markers—i.e., GFAP and gluta
mine synthase—being phenotypically “locked-in”. HCAs were experi
mentally used only when proliferatively quiescent and not releasing any 
nitric oxide (NO). HCAs kept expressing the CaSR both when they 
proliferated and 1.6-fold more intensely (p < 0.002) when they became 
mitotically quiescent in 1.8 mM Ca2+ DMEM. However, the actual levels 
of extracellular Ca2+ did not affect HCAs’ CaSR expression levels (Dal 
Pra et al., 2005). The fraction of HCAs with senescence-associated 
β-galactosidase (SA-β-gal) activity used in this work was about 33 % ±
6 % (mean ± SD; n = 4) (Supplementary Fig. 1). Supplementary Table 1
summarizes various biological features that characterize HCAs’ SASP.

2.3. Aβ peptides

Aβ25-35 (or GSNKGAIIGLM; Cat. n. 4030205; Bachem AG, Bubendorf, 
Switzerland), an established Aβ1-42 proxy (Pike et al., 1995), was 
resuspended in PBS (final concentration 1.5 mM) to form fibrils. Before 
experimental use, Aβ25-35 fibrillogenesis was checked via thioflavin-T 
tests. The reversemer peptide Aβ35-25 (Cat. n. 4030076, Bachem) was 
dissolved in the same way as Aβ25–35, yet it did not form fibrils and, 
when given to the HCAs cultures, was ineffective (not shown). Bio
tinylated Aβ25–35 (Cat. no. AS-62451, AnaSpec Inc., Fremont, CA) was 
used in immunofluorescence experiments and was resuspended in PBS 
(final concentration 1.5 mM) to form fibrils (Bigi et al., 2022). For in-situ 
Proximity, Ligation Assay (PLA), soluble biotinylated Aβ25–35 (AnaSpec 
Inc.) was dissolved in DMSO (final concentration 1.5 mM). According to 
substantial body of evidence Aβ25–35 shares alike neurotoxic properties 
with Aβ1-42, both in vitro and in vivo (reviewed in Canet et al., 2023). Of 
note, at variance with human healthy brains, human AD brains do 
produce endogenous Aβ25–35 (Kubo et al., 2002, 2003; Gruden et al., 
2007).

2.4. Experimental protocol

Just as in earlier works (Armato et al. 2013; Chiarini et al., 2017a, 
2017b, 2020b; Dal Prà et al., 2014a), we used pure cultures of confluent, 
nonproliferating senescent HCAs to investigate the neurotoxic effects of 
exposure to Aβ25− 35. At “0-h”, a first group of the culture flasks (cell 
culture density: 4x104 HCAs per square cm) functioned as untreated 
controls (Ctr) and received a change of fresh medium, while a second 
group received fresh medium with added soluble (5 μM; Anaspec) or 
fibrillar (f)Aβ25− 35 (20 µM; Bachem). This dose is close to that believed 
to be in contact with the neural cells’ plasma membranes of AD patients 
(Roberts et al., 2017). Exposure of HCAs to Aβ25− 35 lasted for the whole 
duration of the experiments (from 1-h to 72-h). Moreover, this dose of 
fAβ25− 35 evokes the most intense and reproducible effects in HCAs 
(Armato et al. 2013; Chiarini et al., 2017b; Dal Prà et al., 2014a) and 
other in vitro models (Canet et al., 2023). A third group of flasks was 
pretreated at “-0.5-h” time with NPS2143 HCl (CAS No. 324523–20-8; 
Cat. no. HY-10171; from MedChemExpress EU, Sollentuna, Sweden). 
NPS2143 is a well-established, highly selective, and specific NAM of the 
CaSR or calcilytic (Riccardi and Kemp, 2012). NPS2143 was dissolved in 
DMSO and next diluted with the growth medium at a final concentration 
of 100 nM. At “0-h” experimental time, the NPS2143-added medium 
was removed, and fresh medium or the Aβ25− 35-containing medium was 
added to the flasks. A fourth group of flasks was pretreated for 30-min 
with inhibitors of signaling molecules placed just downstream from 
and activated by the CaSR (Tfelt-Hansen et al. 2004; Chakravarty et al., 
2012; Rybchyn et al. 2019), used singly (all from MedChemExpress; 
listed in Table 1), followed by fAβ25− 35 administration to assess their 
effects on the promotion of inflammasomal PRRs expression. At the end 
of the treatments, cultured HCAs’ RNAs, proteins, and growth media 
were sampled and stored at − 80 ◦C for later analyses or immediate 
processing.
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2.5. Imaging of plasma membrane Aβ25-35⋅CaSR complexes via in-situ 
proximity Ligation assay (isPLA)

The in-situ proximity ligation assay (isPLA) method, developed by 
Söderberg et al. (2006), was employed to assess the potential in
teractions between Aβ25-35 and CaSR. The Aβ25-35⋅CaSR complexes were 
revealed by using the Duolink™ isPLA kit (Cat. No. DUO92101, Merck, 
Italy) and visualized using 3D digital renderings. After a brief exposure 
from 5 to 30 min at 37 ◦C to soluble biotinylated Aβ25-35 (5.0 μM; 
Anaspec) HCAs were next fixed in 4 %v/v PFA but not permeabilized. 
After three 5-min washes with PBS, the samples were incubated with the 
DuolinkTM blocking solution (Merck) for 30-min at 37 ◦C in a preheated 
humidity chamber. Mouse monoclonal anti-CaSR antibody (RRID: 
AB_1078365; 2.5 μg mL− 1, clone HL1499; Cat. No. C0493; Merck) and 
rabbit polyclonal anti-biotin antibody (RRID: AB_67327; 5.0 μg mL− 1; 
Cat. No. A150-109A; Bethyl Laboratories, Montgomery, Texas, USA) 
diluted in DuolinkTM antibody diluent were used as primary antibodies 
and reacted overnight at 4 ◦C with gentle shaking. The samples were 
then rinsed with TBS (Tris base 0.01 M, NaCl 0.15 M, pH 7.4) with no 
detergents to avoid any plasma membrane permeabilization. The isPLA 
samples plus and minus secondary probes (Merck) for rabbit and mouse 
immunoglobulins, at 1:5 in DuolinkTM Antibody Diluent, were next 
added and incubated for one hour at 37 ◦C. After the exposure to anti
bodies and isPLA probes, the samples were incubated sequentially with 
DuolinkTM Hybridization Solution, Ligation Mix, and Amplification Mix 
(all from Merck). The single-stranded rolling circle amplification prod
ucts were hybridized to oligonucleotide probes labeled with the red 
fluorophore Tye624 (λex = 594 nm and λem = 624 nm) by further in
cubation with DuolinkTM Detection Reagents (Merck). The nuclear DNA 
was next stained with 30 nM 4’,6-diamidino-2-phenylindole dihydro
chloride (DAPI, Merck). The isPLA signals appeared as red fluorescent 
spots. Laser confocal microscopy acquisition and image deconvolution 
were performed as previously described (Pacchiana et al., 2014). 
Optimal acquisition conditions were zoom, 3.00; format, 1024 x 1024; 
pixel size, 0.90 µm x 0.90 µm; Z-stack, 0.210 µm; and pinhole set at 1.0 
Airy unit. Deconvolution of 3-D stack pictures was conducted using 
Huygens Professional software package (version 4.1, Scientific Volume 
Imaging B.V.; Netherlands). The Image Pro Plus 3D Viewer package 
(Image-Pro Plus TM, version 7.0, Media Cybernetics, Bethesda, MD) 
allowed to gain various projections of 3D Maximum Intensity Projection 
(MIP) renderings of the original isPLA pictures.

2.6. Immunofluorescence (IF) detection of endogenous Aβ42

HCAs were treated with 20 μM of fAβ25-35 biotinylated at C-terminus 
(Cat. no. AS-6245; AnaSpec) for 72 h. Immunofluorescence analysis was 
carried out as previously described (Armato et al. 2013). HCAs were 
fixed in paraformaldehyde (PFA) 4 %v/v for 30-min at room temperature 
and incubated overnight at 4 ◦C with primary mouse monoclonal anti
body against endogenous Aβ42 (at 1.0 μg mL− 1; RRID: AB_972814; clone 
8G7, Cat. no. AM00003PU-N, OriGene Technologies GmbH, Herford, 
Germany;). After three 5-min-PBS washes, the cells were probed with 
highly cross-adsorbed Alexa FluorTM 488–labeled (donkey anti-mouse, 
at 5 μg mL− 1; RRID: AB-141607; Cat.no. A-21202) and Alexa FluorTM 

633–labeled (streptavidin, at 2.5 μg mL1; RRID: AB-2313500; Cat.no. S- 

21375) secondary antibodies (both from Thermo Fisher Scientific) for 
60 min at room temperature. The incubation with secondary antibodies 
was followed by a 10-min incubation with 30 nM DAPI (Merck) to stain 
DNA. Coverslips were mounted in anti-bleaching medium (Dabco, 
Merck). After a final wash, the specimens were examined and photo
graphed under a Leica TCS-SP5 AOBS laser confocal microscope (Leica- 
Microsystem, Wezlar, Germany), equipped with violet (405 nm laser 
diode), blue (argon. 488 nm), orange (543 nm), and red (633 nm, HeNe 
laser) excitation laser lines, using a 40x/1.25NA oil-immersion micro
scope objective (HCX PL APO 40x 1.25 OIL UV, Leica-Microsystem). 
Pictures were analyzed with Leica proprietary software. Proper con
trols with no addition of primary or secondary antibodies were run in 
parallel.

2.7. Human JAK/STAT and AKT pathways phosphorylation arrays

The Human JAK/STAT Pathway Phosphorylation Array (Cat. no. 
AAH-JAKSTAT-1, RayBiotech Life Inc., Peachtree Corners, GA) and the 
Human/Mouse AKT Pathway Phosphorylation Array C1 (Cat. no. AAH- 
AKT-1, RayBiotech Life Inc.) were used to examine the respective pro
tein activating phosphorylation profiles in HCAs cell lysates. HCAs were 
treated with fAβ25-35 (20 µM) ± NPS2143 (100 nM) for 1 h. Protein 
extracts were prepared from three experimental groups (i.e., Ctr, Aβ25- 

35, and NPS2143 + Aβ25-35) following the manufacturer’s protocols. The 
protein contents of the samples were quantified by using the Bio-Rad 
Protein Assay (Cat. No. 500–0006, Bio-Rad). Briefly, equal amounts 
(100 µg) of protein extracts were then incubated with the antibody array 
membranes previously treated with InterceptTM TBS blocking buffer 
(Cat. No. 927–60001, LI-COR GmbH, Bad Homburg, Germany) for 1-h. 
After overnight incubation at 4 ◦C, the array membranes were washed 
and incubated for 2 h with the RayBioTM Detection Antibody Cocktail. 
Thereafter, the membranes were washed again and incubated at room 
temperature for 1-h with 2.0 mL of IRDyeTM800CW-conjugated goat 
anti-rabbit, diluted in InterceptTM TBS blocking buffer (1:3000; Cat.no. 
926–32211, LI-COR; RRID: AB-621843). The detectable phosphorylated 
proteins’ positive signals were acquired using an OdisseyTM (LI-COR) 
scanner and quantified using Image StudioTM (version 5.2) software. The 
positive signal intensities from each array were normalized by 
comparing them to corresponding positive controls (see Supplemental 
Fig. 2, showing typically developed double antibody arrays, maps, and 
membranes).

2.8. Western immunoblotting

First, 1.0 × 106 HCAs were seeded in 25 cm2 flasks and cultured with 
4.0 mL of medium. Duplicated flasks were used for each experimental 
time point in 3 distinct experiments. At selected time points, both un
treated and treated HCAs were scraped into cold PBS, sedimented at 200 
g for 10 min, and the pellets homogenized in T-PERTM tissue protein 
extraction reagent (Cat. No. 78519, Thermo Fisher Scientific) added 
with a complete EDTA-free protease and phosphatase inhibitor cocktail 
(Cat. No. 78441, Thermo Fisher Scientific). The protein contents of the 
samples were assessed by the Bio-Rad Protein Assay (Cat. No. 500–0006, 
Bio-Rad). Briefly, equal amounts (10–20 µg) of protein from the lysates 
were heat-denatured for 10-min at 70 ◦C in a proper volume of 1 ×

Table 1 
Inhibitors used in the fourth experimental group before adding fAβ25− 35.

Chemical compound Target CAS No. Final concentration MedChemExpress Cat. No.

BAY 11–7082 (BAY) NLRP3 (ATPase region); 
IκB kinase β; 
ubiquitin-specific proteases USP7 and USP21

19542–67-7 5 μM HY-134532

Brepocitinib P-Tosylate (BPC) JAK1/JAK2/TYK2 2140301–96-6 400 nM HY-112708A
Dorsomorphin (DOR) AMPK 866405–64-3 400 nM HY-13418A
LY294002 (LY) PI3K 154447–36-6 8 μM HY-10108
Torin 1 (TOR) mTOR 1222998–36-8 32 nM HY-13003
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NuPAGETM LDS Sample Buffer (Cat. No. NP0007) supplemented with 1 
× NuPAGETM Reducing Agent (Cat. No. NP0004). Next, the lysates were 
loaded on a NuPAGETM 4–12 % (Cat. No. NP0321BOX) or 10 % Bis-Tris 
polyacrylamide gel (Cat. No. NP0301BOX) (all from Thermo Fisher 
Scientific). After electrophoresis in NuPAGETM MES SDS Running Buffer 
(Cat. No. NP0002) using the XCell SureLockTM Mini-Cell, proteins were 
blotted onto nitrocellulose membranes using the iBlotTM Dry Blotting 
System (all from Thermo Fisher Scientific) and blocked with InterceptTM 

TBS blocking buffer (Cat. No. 927–60001, LI-COR) for 1 h at room 
temperature. Then, the membranes were probed overnight at 4 ◦C with 
the primary antibodies listed in Table 2. Next incubation steps of the 
secondary antibodies (see Table 2) were performed for 1-h at room 
temperature. InterceptTM TBS blocking buffer-0.02 %v/v Tween 20 (LI- 
COR) was used as the diluent for every incubation with primary or 
secondary antibodies.

The infrared fluorescence signal was detected using the Odyssey™ 
Infrared Imaging System (LI-COR). The Image Studio™ software 
(version 5.2, LI-COR) was employed for fluorescence signal analysis and 
the quantification of specific protein bands in the immunoblots. This 
enabled to assess the values of their integrated intensity—i.e., the sum of 
the individual pixel intensity values for a band, minus the product of the 
average intensity values of the pixels in the background and the total 
number of pixels enclosed by the area of the band. The data were always 
normalized to the corresponding loading control (LC; β-actin) to analyze 

differences among various samples. The integrated intensities of the 
bands were then divided by that of the Ctr, which was normalized to the 
value of 1.0 (i.e., 100 %), which enabled to express the data as fold 
changes vs. Ctr.

2.9. Assay of Caspase 1 and Caspase 4 enzymatic activities

Caspase 1 and Caspase 4 enzymatic activities were measured in HCAs 
protein lysates (50–100 μg) by using the specific 7-amido-4-methyl- 
coumarin (AMC)-conjugated fluorometric substrate acetyl-Tyr-Glu-Val- 
Asp-AMC (Ac-YEVD-AMC; Cat. No. sc-300160; Lot. No. 2222, Santa 
Cruz Biotechnology), and 7-amido-4-trifluoro-methyl-coumarin (AFC)- 
conjugated fluorometric substrate acetyl-Leu-Glu-Val-Asp-AFC (Ac- 
LEVD-AFC; Cat. No. A2099; Lot. No. 071 K2013, Merck), respectively. 
The reaction buffer consisted of 20 mM HEPES, 5 mM EDTA, 0.2 %v/v 

bovine serum albumin, 10 %v/v glycerol, and 10 mM DTT, pH 7.4. Each 
substrate had a final concentration of 50 μM. After a 2-h incubation at 
37 ◦C the enzymatic activities were fluorometrically measured at exci
tation λ380 nm and emission λ460 nm for Caspase 1 and at excitation λ400 
nm and emission λ505 nm for Caspase 4. The results were expressed in 
arbitrary units calculated as fluorescence values for μg− 1 protein.

2.10. Quantitative real-time polymerase chain reaction (qRT-PCR)

The expression analysis of AIM2, NLRP2, NLPR3, PYCARD, CASP1, 
CASP4, IL1B, IL18, GSDMD genes was conducted via qRT-PCR. Total 
RNA was isolated from HCAs treated with fAβ25-35 (20 µM) ± NPS2143 
(100 nM) for 1-h, using PureLink™ RNA Mini Kit (Thermo Fisher Sci
entific) and next reverse transcribed using High-Capacity cDNA Reverse 
Transcription kit (Thermo Fisher Scientific) according to the manufac
turer’s instructions. cDNA (5.0 ng) samples from three distinct experi
ments (in triplicate) were amplified in a reaction volume of 10.0 μL 
containing the following reagents: 5.0 μL of TaqManTM Fast Advanced 
Master Mix (Thermo Fisher Scientific), and 0.5 μL of TaqManTM Gene 
expression assay (20x) specific for each gene (Thermo Fisher Scientific) 
(for details refer to the ID of TaqManTM Gene expression assay listed in 
Supplementary Table 2). qRT-PCR was conducted using the 7500 Fast 
Real-Time PCR System (Thermo Fisher Scientific), with a pre-PCR step 
of 20 s at 95 ◦C, followed by 40 cycles of 1 s at 95 ◦C and 20 s at 60 ◦C. 
Samples were amplified with specific primers and probes for each target, 
and a no template control (NTC) sample was run in parallel for all tar
gets. Raw data (Ct, cycle threshold) were analyzed using Biogazelle 
qbase PlusTM qRT-PCR data analysis software (Biogazelle, Zwijnaarde, 
Belgium). Fold changes were expressed as calibrated normalized relative 
quantities (CNRQ) with standard errors (SE). The geometric mean of 
TBP-HPRT reference genes values was used for data normalization. The 
entire process (extraction, retrotranscription, gene expression, and data 
analysis) was performed by the qPCR-Service at Cogentech S.r.l., Milan, 
Italy.

2.11. Statistical analysis

Statistical analysis of the data and the graphs drawing were carried 
out using Graphpad Prism ver. 10.2.0 (335) (Graphpad Software LLC, 
Boston, MA) and Sigmastat 3.5TM software package (Systat Software, 
Inc., Richmond, CA). The power calculation was performed with the α 
set at 0.05, and the obtained values were ≥ 0.8 in all the analyses. The 
normal distribution of data was assessed using the Shapiro–Wilk test, 
according to Royston (1995). Next, data were analyzed by one-way 
ANOVA followed by Dunnett’s post hoc test. Null hypotheses were 
rejected when p < 0.05. Values are presented as mean ± standard de
viation of mean (SD) or ± SE. At least three separate experiments were 
performed in each instance.

Table 2 
Antibodies used in WB.

Primary 
Antibody

Host RRID1

Accession 
number

Final 
Dilution

Cat. No. & 
Supplier

anti-AIM2 
(D5X7K)

rabbit AB_2798067 1:500 # 12948, Cell 
Signaling 
Technology, 
Danvers, MA

anti-ASC rabbit AB_2887938 1:500 # GTX55818, 
GeneTex Inc., 
Alton Pkwy 
Irvine, CA

anti-Caspase 1 
(N1N3)

rabbit AB_10618781 1:500 # GTX101322, 
GeneTex Inc.

anti- Caspase 4 rabbit AB_10643965 1.0 µg 
mL− 1

# SAB3500401, 
Merck

anti- Gasdermin 
D (1D11)

rabbit AB_3096199 1:5000 # ZRB1274, 
Merck

anti-NLRP2 rabbit AB_3096197 1:5000 # ab137569; 
Abcam, 
Cambridge, UK

anti-NLRP3 rabbit AB_3096198 1:1000 # ABF23, Merck
anti- β actin (C4) mouse AB_626632 1.0 µg 

mL− 1
# sc-47778, 
Santa Cruz 
Biotechnology, 
Germany

anti-IL-1β (B122) Armenian 
hamster

AB_627791 1:2000 # sc-12742, 
Santa Cruz 
Biotechnology

Secondary Antibody
IRDyeTM800CW- 

conjugated 
anti-rabbit

goat AB_621843 1:5000 # 926–32211, 
LI-COR

IRDyeTM680CW- 
conjugated 
anti-mouse

goat AB_10956588 1:3000 # 926–68070, 
LI-COR

Biotin- 
conjugated 
anti-Armenian 
hamster

mouse AB_628480 1:2000 # sc-2791, Santa 
Cruz 
Biotechnology

DyLight800- 
conjugated 
streptavidin

​ ​ 1:7500 # SAB3500401, 
LGC Clinical 
Diagnostics’ 
KPL, USA

1 Research Resource Identifier.
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3. Results

3.1. Aβ⋅CaSR complexes quickly assemble at the outer surface of HCAs 
plasma membranes

We used confluent, nonproliferating senescent HCAs (see Figure S1
and Table S1) in pure cultures to investigate the formation of Aβ⋅CaSR 
complexes. The isPLA procedure revealed that from 5 to 15 min 
following the administration of biotinylated soluble Aβ25-35 (5.0 μM) 
specific Aβ25-35⋅CaSR complexes assembled at the outer surface of HCAs’ 
nonpermeabilized plasma membranes (Fig. 1A, e, f, and Fig. 1B). Such 
complexes, initially appearing as tiny puncta, increased in number, and 
coalesced into patches up to 15 min (Fig. 1A, e, f, and Fig. 1B). Next, 
their numbers declined due to an active endocytosis (not shown).

Consistent with earlier works (Armato et al. 2013; Chiarini et al., 
2017a, 2017b, 2020b; Dal Prà et al., 2014a), the nontumorigenic (aka 
untransformed) untreated (Ctr) HCAs of the present study did not pro
duce detectable amounts of endogenous Aβ42-os (Fig. 1C). But, again in 
keeping with earlier observations (Armato et al. 2013; Chiarini et al., 
2017a, 2017b, 2020b; Dal Prà et al., 2014a), once exposed to exogenous 
fAβ25-35 (20 μM) or sAβ25-35 (5.0 μM) HCAs produced, accumulated, and 
secreted surpluses of endogenous Aβ42-os (Fig. 1C).

3.2. At 1-h Aβ⋅CaSR signals drive the activation of Akt/mTOR/AMPKα 
and TYK2/JAK/STATs axes in HCAs

Ligand⋅CaSR complexes issue signals that activate various down
stream signaling axes (Chakravarty et al., 2012). Thus, to reveal any 
activation of the Akt/mTOR/AMPKα and TYK2/JAK1-2/STATs axes, 
which are quite closely placed downstream from the CaSR, we chal
lenged specific antibody arrays with protein extracts from HCAs exposed 
for 1-h to Aβ25-35 ± NPS2143 and from parallel untreated (Ctr) HCAs.

3.2.1. Akt/mTOR/AMPKα axis
Our results showed that Akt, mTOR, and AMPKα were among the 

proteins that untreated HCAs most intensely expressed. They also 
showed that 1-h exposure to exogenous Aβ25-35 alone significantly 
increased over respective controls the activating phosphorylation levels 
of AktS473 (+35.5 %, p < 0.05), mTORS2448 (+15.2 %, p < 0.05), and 
AMPKαT172 (+49.7 %, p < 0.001) (Fig. 2A).

Conversely, a 30-min pretreatment with CaSR NAM (calcilytic) 
NPS2143 followed by 1-h exposure to Aβ25-35 (henceforth altogether 
indicated as the Double Treatment) kept at controls’ values the phos
phorylation levels of AktS473, and mTORS2448, while partially yet 
significantly stunted the phospho-AMPKαT172 increase (+29.7 %, p <
0.01 vs. Ctr) (Fig. 2A). Thus, these findings showed that signals from 
Aβ⋅CaSR complexes did drive an early (by 1-h) phospho-activation of the 
Akt/mTOR/AMPKα axis in Aβ25-35-exposed HCAs, since the Double 
Treatment fully suppressed it for AktS473 and mTORS2448 yet partially 
reduced it for AMPKαT172.

3.2.2. JAK1-2/TYK2/STATs axis
Untreated HCAs expressed JAK1 and TYK2 kinases more intensely 

than JAK2. The activating phosphorylation levels of these enzymes 
increased vs. corresponding Ctr after 1-h exposure to exogenous Aβ25-35 
(20 μM) alone i.e., JAK1Tyr1022 (+21,4%, p < 0.05), JAK2Tyr1007/1008 

(+31.3 %, p < 0.05), and TYK2Tyr1054 (+32.5 %, p < 0.01), (Fig. 2B). 
Concurrently, Aβ⋅CaSR signals increased the activating phosphorylation 
of the transcription factors STAT3Tyr705 (+25.0 %, p < 0.01), STAT5
Tyr694 (+26.3 %, p < 0.05), and STAT6Tyr641 (+34.2 %, p < 0.05) 
(Fig. 2B). Conversely, in Double Treatment-exposed HCAs the activating 
phosphorylations of JAK1, JAK2, and TYK2 stayed close to their 
respective Ctr levels (p > 0.05 in all instances) (Fig. 2B). Remarkably, 
the Double Treatment also kept at basal values the activating phosphor
ylation levels of STAT3Tyr705, STAT5Tyr694, and STAT6Tyr641 (Fig. 2B).

Altogether, these findings showed that Aβ⋅CaSR signals drove the 

precocious phospho-activation of the JAK1-2/TYK2/STAT3/5/6 axis in 
HCAs. By suppressing these effects, the Double Treatment proved that 
they were driven by Aβ⋅CaSR signals.

3.3. Aβ⋅CaSR signals swiftly (1-h) upregulate NLRP2 and NLRP3 PRRs 
in HCAs

3.3.1. NLRP2 PRR
Untreated (Ctr) HCAs set into pure in vitro cultures most intensely 

expressed NLRP2 mRNA, which was already detectable after 27 Ct. A 1-h 
exposure to exogenous Aβ25-35 (20 μM) by itself significantly increased 
(+31.3 %; p < 0.05) NLRP2′s mRNA expression levels vs. Ctr (Fig. 3A). 
Conversely, the Double Treatment totally suppressed the otherwise 
Aβ⋅CaSR signal-evoked surge and kept NLRP2 PRR’s mRNA levels at Ctr 
levels (Fig. 3A). These results consisted with a fast stimulation of NLRP2 
gene expression triggered by signals from Aβ⋅CaSR complexes.

NLRP2 was also the most intensely PRR protein untreated HCAs 
expressed. After 1-h exposure to exogenous Aβ25-35 (20 μM) NLRP2 PRR 
protein levels remarkably peaked, increasing by 14.9-fold (p < 0.01) 
over Ctr. But after 4-h they had declined to 9.1-fold (p < 0.01) over Ctr 
(Fig. 3B), to reach near basal levels by 18-h and next not changing up to 
the 48-h (not shown). The Double Treatment reduced the 1-h NLRP2 PRR 
protein’s peak overexpression to 10.7-fold (p < 0.01) over Ctr and to 
− 28.2 % (p < 0.05) vs. Aβ25-35 alone. Thereafter, the Double Treatment 
did not affect the slowly falling NLRP2 PRR protein levels (Fig. 3B), 
which like the Aβ25-35 alone-treated ones, reached near basal levels by 
48-h (not shown).

These findings showed a fully Aβ⋅CaSR-driven rapid increase in 
NLRP2 PRR mRNA expression while other (yet to be figured out) signals, 
factors, and mechanisms besides Aβ⋅CaSR signals teamed up to increase 
the early synthesis and later slow the fall of the NLRP2 PRR protein 
toward basal levels.

3.3.2. NLRP3 PRR
Untreated HCAs expressed lower NLRP3 PRR’s mRNA basal levels as 

they needed for detection 35 Ct (cycle threshold) vs. NLRP2′s 27 cycles 
(Fig. 4A). However, a 1-h of exposure to exogenous Aβ25-35 by itself 
remarkably increased NLRP3 PRR mRNA levels over Ctr (+76.7 %; p <
0.0001) (Fig. 4A). In contrast, the Double Treatment kept NLRP3 PRR 
mRNA at Ctr levels (Fig. 4A). These results consisted with a fast stimu
lation of NLRP3 gene expression driven by signals from Aβ⋅CaSR 
complexes.

Untreated HCAs also expressed basal levels of NLRP3 PRR’s protein 
(Fig. 4B). After 1-h of exposure to exogenous Aβ25-35 (20 μM) alone 
NLRP3 PRR protein levels had briskly increased by 14.2-fold vs. Ctr (p <
0.01) to decline to 4.7-fold (p < 0.01) by 4-h (Fig. 4B), subsequently 
reaching near basal values by 18-h and thereafter staying unchanged 
from 18-h to 48-h (not shown). However, the Double Treatment halved 
NLRP3 PRR protein’s 1-h peak to 7.3-fold the Ctr levels (p < 0.01 vs. Ctr; 
− 48.6 %, p < 0.01 vs. Aβ25-35 by itself), which from the 2nd hour on
wards started falling just like in the Aβ25-35 alone-treated samples 
(Fig. 4B) reaching about Ctr levels by 48-h (not shown). These results 
showed that besides a fast Aβ⋅CaSR-driven increase in NLRP3 gene 
expression, other (yet to be figured out) signals, factors, and mecha
nisms cooperated first to briskly increase and next to slow the fall of 
NLRP3 PRR protein levels.

3.4. Aβ⋅CaSR signals drive the early downregulation of AIM2 PRR mRNA 
and protein in HCAs

In vitro untreated HCAs also expressed discrete AIM2 mRNA amounts 
(Fig. 5A). Remarkably, 1-h after adding exogenous Aβ25-35 (20 μM) AIM2 
mRNA fell to 0.01 % of the Ctr levels (p < 0.001). Yet, the Double 
Treatment kept AIM2 mRNA expression levels at 64.0 % of the Ctr value 
(p < 0.01 vs. Ctr and p < 0.001 vs. Aβ alone-treated specimens) (Fig. 5A). 
These results consisted of the fast silencing of AIM2 gene expression and 
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downregulation of its preexisting mRNAs driven by signals from 
Aβ⋅CaSR complexes, an effect partially yet significantly prevented by 
NPS2143 pretreatment.

Untreated HCAs also expressed discrete amounts of AIM2 PRR pro
tein (Fig. 5B). Exposing HCAs to exogenous Aβ25-35 by itself drove a slow 
decline of AIM2 PRR protein levels (by 1-h, − 20 %, p < 0.05 vs. Ctr; from 
3-h-to-6-h, − 42 % p < 0.001 vs. Ctr). Conversely, the Double Treatment 
kept AIM2 PRR protein levels at or close to or over basal values. Thus, 
the Double Treatment suppressed Aβ⋅CaSR signals-evoked down
regulatory effects on AIM2 PRR protein (by 3-h, p < 0.01 and by 6-h, p <
0.001 vs. Aβ alone corresponding values) (Fig. 5B).

These findings revealed that negatively modulating via NPS2143 the 
otherwise activated Aβ⋅CaSR signaling could directly rescue a relevant 
part (about 2/3) of AIM2 mRNA levels and keep AIM2 PRR protein at or 
slightly above Ctr levels.

Overall, these results showed that two oppositely Aβ⋅CaSR- 
controlled PRR groups exist in HCAs, i.e. NLRP2 and NLRP3 on one side 
and AIM2 on the other side.

3.5. Aβ⋅CaSR signals oppositely control NLRP2′s and NLRP3′s PRRs vs. 
AIM2′s PRR via two distinct signaling axes in HCAs

We used a set of specific inhibitors of components of the PI3K/Akt/ 
mTOR/AMPKα and TYK2/JAK1-2/STATs axes and a broad-spectrum 
putatively anti-inflammatory inhibitor to assess whether their activa
tion by Aβ⋅CaSR signals effectively changed the early (by 1-hr) expres
sion of NLRP2, NLRP3, and AIM2 PRR proteins. Each of these inhibitors 
was administered for 30-min prior to adding Aβ25-35 (20 μM) to HCAs. 
Untreated (Ctr) and Aβ25-35 alone-treated HCAs were run in parallel. 
One hour later, we sampled the protein extracts from each experimental 
group to analyze the expression levels of the three PRR proteins under 
each condition via immunoblotting.

3.5.1. Effects of inhibitor pretreatments on NLRP2 PRR protein expression 
levels (Fig. 6A)

In keeping with the above findings, exposure to exogenous Aβ25-35 by 
itself increased within 1-h NLRP2 PRR protein levels by 14.9-fold vs. Ctr. 
Short (30 min.) pretreatments with singly given specific inhibitors 
lessened by alike degrees the Aβ-driven NLRP2 PRR protein 1-h 
expression levels, i.e., LY294002 (LY; 8.0 μM), an established PI3K in
hibitor (Gharbi et al., 2007), to 8.1-fold over Ctr and by − 45.6 % vs. 
Aβ25-35 alone; Dorsomorphin (DOR; 400 nM), an AMPKα’s inhibitor (Hu 
et al., 2023), to 7.1-fold over Ctr and by − 52.3 % vs. Aβ25-35 alone; Torin 
1 (TOR; 32 nM), an mTOR and mTORC1/mTORC2 complexes inhibitor 
(Thoreen, et al., 2009), to 9-fold over Ctr and by − 39.6 % vs. Aβ25-35 
alone; and the JAK1/JAK2/TYK2-specific inhibitor Brepocitinib (BPC; 
400 nM) (Pippis and Yacyshyn, 2021) to 8.1-fold over Ctr and by − 45.6 
% vs. Aβ25-35 by itself (Fig. 6A). Surprisingly, BAY 11–7082 (BAY; 5.0 
μM), a broad-spectrum putatively anti-inflammatory inhibitor (Lee 
et al., 2012), increased further the Aβ25-35-evoked NLRP2 PRR protein 
overexpression over Ctr in HCAs (Fig. 6A).

Therefore, PI3K/Akt/mTOR/AMPKα and JAK1-2/TYK2/STATs axes, 

which are placed just downstream from the CaSR, partly yet signifi
cantly partook to the early (1-h) upregulation of NLRP2 PRR protein 
expression by Aβ⋅CaSR signals. Comparatively, these inhibitors were by 
about 50 % more effective than NPS2143 was (cf. Fig. 3B) indicating 
that under the conditions examined, besides Aβ⋅CaSR signals, other (yet 
to be established) factors cross-talked to these two axes to increase or 
slow the fall of NLRP2 PRR protein levels in Aβ-exposed HCAs (cf. 
Fig. 3B). Conversely, the broad-spectrum inhibitor BAY did not affect the 
Aβ-driven early NLRP2 PRR protein overexpression.

3.5.2. Effects of inhibitor pretreatments on NLRP3 PRR protein expression 
levels (Fig. 6B)

Compared to controls, Aβ25-35 by itself increased by 1-h the NLRP3 
PRR protein levels by 14.2-fold in HCAs. Just as for NLRP2 PRR protein, 
LY lessened the Aβ⋅CaSR-driven upregulation NLRP3 PRR’s protein to 
9.8-fold vs. Ctr and by − 31.0 % vs. Aβ25-35 alone (Fig. 6B). Also, the 
pretreatment with BPC or DOR or TOR significantly reduced the early 
NLRP3 PRR protein upregulation occurring in Aβ25-35-treated HCAs to 
7.5-fold, 6.6-fold, and 8.4-fold, respectively, vs. Ctr and by − 47.2 %, 
− 53.5 %, and − 41.0 %, respectively, vs. Aβ alone (Fig. 6B). By sharp 
contrast, BAY increased to 22.2-fold vs. Ctr and by + 56.3 % vs. Aβ alone 
the Aβ25-35-driven NLRP3 PRR protein expression level in HCAs 
(Fig. 6B). Hence, the Akt/mTOR/AMPKα axis and the JAK1-2/TYK2/ 
STAT axis played a partial yet relevant role in the Aβ⋅CaSR-driven 
upregulation of NLRP3 PRR protein. Comparatively, the tested in
hibitors hindered NLRP3 PRR protein expression as effectively as 
NPS2143 did (cf. Fig. 4B). This showed that under the conditions 
examined, Aβ⋅CaSR signals directly regulated NLRP3 PRR protein 
overexpression through these two axes. Unexpectedly, the anti- 
inflammatory BAY remarkably intensified by one or more mechanisms 
(to be assessed) the Aβ⋅CaSR signals elicited NLRP3 PRR protein over
expression in HCAs.

3.5.3. Effects of inhibitor pretreatments on AIM2 PRR protein expression 
levels (Fig. 6C)

With respect to controls, Aβ⋅CaSR signals within 1-h reduced by − 20 
% vs. controls AIM2 PRR protein levels in HCAs (Fig. 6C). Administering 
BPC, DOR, or TOR left AIM2 PRR protein at the Ctr levels while 
increasing it (+21 %) vs. Aβ alone. Instead, LY exposure increased AIM2 
PRR protein levels by + 19 % vs. Ctr and by + 49 % vs. Aβ25-35 given by 
itself (Fig. 6C). Conversely, BAY dramatically cut down AIM2 PRR 
protein levels, i.e., − 70 % vs. Ctr and − 64.7 % vs. Aβ (Fig. 6C).

Therefore, the inhibitors of the Akt/mTOR/AMPKα axis and the 
JAK1-2/TYK2/STAT reversed just like NPS2143 did (cf. Fig. 5B), the 
downregulation AIM2 PRR protein expression otherwise induced by 
Aβ⋅CaSR signals, bringing it up to basal levels. Notably, inhibiting the 
more upstream-placed PI3K elicited a stronger upregulation of AIM2 
PRR vs. both Ctr and Aβ alone. However, the deep reduction of AIM2 
protein levels brought about after 1-h via yet undetermined mechanisms 
by the broad-spectrum BAY is further evidence that AIM2 PRR’s regu
lation (and role) neatly diverges from those of NLRP2 and NLRP3 PRRs 
in HCAs.

Fig. 1. Exogenous soluble or fibrillar Aβ25-35 forms complexes with the ECDs (aka Venus’s flytraps) of HCAs’ CaSRs, whose intracellular signals induce, besides other 
effects (see Fig. 10 for details), the de novo synthesis and intracellular accumulation of endogenous Aβ42-os. A. The isPLA analysis did not reveal any spots in un
treated (Ctr) HCAs (a-c). In contrast, the analysis revealed specific Aβ25-35⋅CaSR complexes formed at the plasma membranes of cultured nonpermeabilized Aβ25-35- 
treated HCAs (d-f). In a and d, separated pictures of DAPI-stained nuclei are shown, while in b and e, separate pictures of the plasmalemma outer surface are 
visualized. In b, no spot is visible, while, in e, the Aβ25-35⋅CaSR complexes appear as red dots of varying sizes (from puncta to patches). In c, the merged a and b IF 
pictures of Ctr show nuclei in cyan and the absence of any red dots. In f, the merged d and e IF pictures of soluble Aβ25-35-treated HCAs show Aβ25-35⋅CaSR complexes 
in red and nuclei in cyan. B. Left panel: isPLA picture of a single nonpermeabilized HCA at a higher magnification. The isPLA signals (red) reveal that after 15-min 
exposure to 5.0 µM exogenous soluble biotinylated Aβ25-35, Aβ25-35⋅CaSR complexes have formed as puncta and patches of varied sizes at the outer surface of the 
plasma membrane. Nuclear DNA, cyan. Right panel: The 3D MIP-rendering of the same nonpermeabilized HCA as in the left panel seen in an oblique lateral projection. 
The location of the Aβ25-35⋅CaSR complexes (red color) at the plasmalemma outer surface is clearly visible. C. Left Panel: Untreated HCAs (Ctr) do not produce any 
amounts of Aβ42 detectable by standard IF. Right panel. HCAs treated with exogenous fibrillar Aβ25-35 (fuchsia) show fine aggregates of endogenous Aβ42-os (green) in 
their cytosol. Nuclei were stained with DAPI (blue). For technical details, please refer to Materials and Methods and to Pacchiana et al. (2014). These pictures are 
representative of ten distinct experiments. fAβ25-35, fibrillar Aβ25-35; Aβ42-os, Aβ42-oligomers.
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Fig. 2. The signals from Aβ⋅CaSR complexes drive the early (at 1-h) phospho-activation of components of Akt/mTOR/AMPKα axis (A) and TYK2/JAK/STAT axis (B) 
in HCAs. Signaling pathway-specific membrane-based double-antibody arrays (details in Materials and Methods) were challenged with equal amounts of total protein 
lysates from Ctr, Aβ- or Aβ + NPS2143-treated HCAs to assess any difference in specific activating phosphorylation sites of different proteins. A 30-min pretreatment 
with calcilytic NPS2143 effectively blocked these enzymatic phospho-activations by Aβ⋅CaSR signals. The integrated intensity values for each couple of specific 
protein spots and their levels of statistical significance are mean values ± standard deviations (SDs) of 3 distinct experiments. The superimposed “k” shows that 
actual values are in thousands (= k). The statistical analysis was conducted using one-way ANOVA followed by Dunnett’s post-hoc test: *, p < 0.05; **, p < 0.01; ***, 
p < 0.001.
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3.6. Aβ⋅CaSR signals marginally affect other inflammasome components 
in HCAs

Notably, besides PRRs, untreated HCAs expressed basal levels of all 
the other inflammasome components except IL-18.

3.6.1. PYCARD mRNA and ASC protein levels
Aβ⋅CaSR signals slightly yet insignificantly decreased at 1-h the basal 

PYCARD mRNA expression levels proper of untreated (Ctr) HCAs 
(Fig. 7A). Conversely, after 1-h the Double Treatment reduced (− 28.6 %: 
p < 0.01, vs. Ctr) PYCARD mRNA expression levels (Fig. 7A). 

Fig. 3. The signals from HCAs’ Aβ⋅CaSR complexes drive the early NLRP2 mRNA and NLRP2 PRR protein overexpression but do not affect the latter’s next slow 
decline. A. NLRP2 transcript levels assessed by RT-qPCR in untreated controls (Ctr) and after 1-h-exposure to Aβ25–35 ± NPS2143. The data are means ± SE of CNRQ 
values from 3 distinct experiments with Ctr values normalized to 1.0. B. Top panel: Typical immunoblot showing the NLRP2 PRR protein expression changes vs. 
untreated Ctr according to the experimental treatments. LC, loading control (i.e., β-actin). Bottom panel: Densitometric assessments of NLRP2 PRR protein bands in 
the immunoblots for each time point and experimental treatment, expressed as integral intensity values. The data are means ± SD of 3 distinct experiments with Ctr 
values normalized to 1.0. Statistical analysis was conducted using one-way ANOVA followed by Dunnett’s post-hoc test. Pair-wise comparisons were made between 
the corresponding Aβ25–35 ± NPS2143 treatments at each time point: *, p < 0.05. Comparisons of each treated group vs. 0-h Ctr: #, p < 0.01 at least.
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Consistently, Aβ⋅CaSR signals did not significantly change basal ASC 
protein levels (Fig. 7B). On the other hand, only by 6-h the Double 
Treatment decreased the levels of ASC protein vs. both Ctr (− 34.3 %, p <
0.05) and Aβ-treated samples (–32.4 %, p < 0.05) (Fig. 7B).

3.6.2. Caspase 1 and Caspase 4 mRNAs, proteins, and enzymatic activity 
levels

Caspase 1. Untreated (Ctr) HCAs expressed basal CASP1 mRNA levels 
that, after 1-h, Aβ⋅CaSR signals slightly lessened (− 19 %: p < 0.05). 
Moreover, compared to controls the Double Treatment even further 
lowered (− 43.8 %: p < 0.001) CASP1 mRNAs levels in HCAs (Fig. 8A).

Despite the early mRNA decreases, Aβ⋅CaSR signals did not 

Fig. 4. The signals from HCAs’ Aβ⋅CaSR complexes drive the early NLRP3 mRNA and NLRP3 PRR protein overexpression, yet they do not affect the latter’s later slow 
decline. A. Top panel: NLRP3 transcript levels figured out by RT-qPCR detected in controls (Ctr) and after 1 h-exposure to Aβ25–35 ± NPS2143. The data are means ±
SE of CNRQ values from 3 distinct experiments with Ctr values normalized to 1.0. B. Top panel: Changes in NLRP3 PRR protein expression occurred in the treated 
samples compared to untreated controls (Ctr), as shown in a typical immunoblot. LC, Loading control, i.e., β-actin. Bottom panel: The graph displays the densitometric 
evaluations of NLRP3 PRR protein bands in the immunoblots for each time point and experimental treatment, expressed as integral intensity values. Data are means 
± SD of 3 distinct experiments with Ctr values normalized to 1.0; they were statistically analyzed using one-way ANOVA followed by Dunnett’s post-hoc test: pair- 
wise comparisons between corresponding Aβ25–35 ± NPS2143 treatments at each time point: **, p < 0.01; ****, p < 0.0001; comparisons of each treated group versus 
0-h Ctr: #, p < 0.01 at least.
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significantly increase vs. controls’ inactive pro-Caspase 1 holoprotein 
(50 KDa or p50) levels (by 4-h, +23.1 %; and by 8-h, +15.7 %; p > 0.05 
in both instances). The Double Treatment had no effect except by 8-h 
when the Caspase 1 p50 level fell (− 28.1 %, p < 0.01 vs. Aβ alone) 
(Fig. 8B, 8D). Conversely, the active Caspase 1 fragment (20 kDa or p20) 
levels decreased marginally and similarly (p > 0.05) in the Double 
Treatment-exposed HCAs (Fig. 8C, 8D). Consistently, the biochemically 
assessed levels of Caspase 1 enzymatic activity did not change (p > 0.05) 
between 0-h (Ctr) and 24-h in the Double Treatment-subjected HCAs 

(Fig. 8E).
Altogether, these findings showed that Aβ⋅CaSR signals neither 

increased CASP1 mRNA expression nor enhanced Caspase 1 p20 enzy
matic activity. Therefore, despite the transient surges in NLRP2 and 
NLRP3 PRRs expression levels, these results suggest that no significant 
inflammasome activation was driven by Aβ⋅CaSR signals in HCAs.

Caspase 4 (aka Caspase 11). Caspase 4/11 is involved in non- 
canonical inflammasome activation (Kayagaki et al. 2011). Also, in 
brain cells under proinflammatory conditions Caspase 4/11 activity 

Fig. 5. The Aβ⋅CaSR complexes’ signals rapidly suppress AIM2 mRNA and AIM2 PRR protein expression in HCAs. A. AIM2 transcript levels were assessed by RT-qPCR 
in controls (Ctr) and after 1-h exposure to Aβ25–35 ± NPS2143. The data are means ± SE of CNRQ values from 3 distinct experiments with Ctr values normalized to 
1.0. B. Top panel: Changes in AIM2 PRR protein expression based on the experimental treatments compared to untreated controls (Ctr) as seen in typical immu
noblots. LC, loading control, i.e., β-actin. The samples derived from the same experiment and the gels/blots were processed in parallel. Bottom panel: The graph 
displays the densitometric evaluations of AIM2 PRR protein bands in the immunoblots for each time point and experimental treatment, expressed as integral intensity 
values. The data are means ± SD of 3 distinct experiments with Ctr values normalized to 1.0; they were statistically analyzed using one-way ANOVA followed by 
Dunnett’s post-hoc test: pair-wise comparisons between corresponding Aβ25–35 ± NPS2143 treatments at each time point: **, p < 0.01; ****, p < 0.0001; comparisons 
of each treated group vs. 0-h Ctr: #, p < 0.05.
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Fig. 6. The divergent regulations of NLRP2 and NLRP3 PRR protein levels on the one hand and of AIM2 PRR protein on the other hand as driven by 1-h-exposure to 
Aβ25–35 by itself and by Aβ25-35 added after a short pretreatment (30 min) with specific inhibitors of components of the JAK1-2/TYK2/STATs axis and the PI3K/Akt/ 
mTOR/AMPKα axis. Left side: Typical immunoblots showing the changes of NLRP2 (A), NLRP3 (B), and AIM2 (C) PRR protein expressions vs. untreated Ctr according 
to the experimental treatments. LC, loading control (i.e., β-actin). Middle: The graphs show the densitometric assessments of NLRP2 (A), NLRP3 (B), and AIM2 (C) 
PRR protein bands in the immunoblots for each time point and experimental treatment, expressed as integral intensity values. The data are means ± SD of 3 distinct 
experiments with Ctr values normalized to 1.0. The results were statistically analyzed using one-way ANOVA followed by Dunnett’s post-hoc test. The various 
treatments and corresponding levels of significance vs. Ctr or vs. Aβ are reported in the tables on the right side. Abbreviations: BAY, BAY 11–7082 (inhibitor of 
NLRP3’s ATPase region, IκBα phosphorylation, NF-κB signaling, and ubiquitin-specific proteases USP7 and USP21); BPC, Brepoticinib P-Tosylate (TYK2, JAK1, and 
JAK2 inhibitor); DOR, Dorsomorphin (AMPKα inhibitor); TOR, Torin 1 (mTOR inhibitor); LY, LY294002 (PI3K inhibitor); ns, not significant.
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increased upstream from Caspase 1 (Kajiwara et al. 2016). Hence, we 
checked Caspase 4 expression and enzymatic activity levels. Untreated 
(control) HCAs expressed basal CASP4 mRNAs levels that increased after 
1-h of exposure to Aβ⋅CaSR signals (+23.5 %; p < 0.05 vs. Ctr). 
Conversely, the Double treatment decreased after 1-h CASP4 mRNA levels 
with respect Aβ-treated (− 36.3 %, p < 0.01) HCAs (Fig. 8F). Consis
tently, Aβ⋅CaSR signals transiently increased at 1-h pro-Caspase 4 (50 
kDa) holoprotein levels (+51 %, p < 0.01 vs. Ctr), which thereafter kept 
falling (by 6-h, − 26 %, p < 0.05 vs. Ctr) (Fig. 8G, 8H). But the Double 
Treatment decreased at 1-, 2-, and 6-h HCAs’ Caspase 4 holoprotein 
levels below both Ctr values (p < 0.05), and at 1-h and 2-h below Aβ 
alone-treated (p < 0.001) values (Fig. 8G, 8H). Despite such holoprotein 
changes, Caspase 4 enzymatic activity levels fell between 0-h and 2-h 
(− 30 %, p < 0.05 vs. Ctr’s basal values) in Aβ25–35 ± NPS2143-treated 
HCAs (Fig. 8I). Hence, the activity of Caspase 4 too first transiently 
decreased and later went back to Ctr levels in HCAs despite its Aβ⋅CaSR 
signals driven increased expression and its suppression by the Double 
Treatment.

3.6.3. IL1B and IL18 mRNA and precursor protein levels (Fig. 9A, 9B)
To further prove the lack of activation of HCAs’ inflammasomes, we 

assessed the actual levels of two known proinflammatory and pyropto
genic substrates of Caspase 1.

Untreated (Ctr) HCAs expressed basal levels of IL1B mRNA that 
marginally increased after 1-h exposure to Aβ⋅CaSR signals (+21.3 %; p 
< 0.05). Remarkably, 1-h after the onset of the Double Treatment IL1B 
mRNA levels had become undetectable by qRT-PCR (after 40 cycles, 
− 99.9 %; p < 0.0001 vs. both Ctr and Aβ-treated HCAs) (Fig. 9A).

However, as compared to Ctr group, the intracellular levels of the 
pro-IL-1β (37 kDa) protein did not significantly (p > 0.05) change during 
the 4 h following the onset of either kind of treatment (Fig. 9B). These 
results consisted with the lack of any increases in Caspase 1 and Caspase 
4 basal enzymatic activities (cf. Fig. 8C, 8G). They were congruous with 
our earlier observations that the amount of secreted mature IL-1β was 
very tiny and that the main proinflammatory cytokines secreted into the 
growth medium from Aβ-exposed HCAs were IL-6, RANTES, sICAM1, 
and nor IL-1β or IL-18 (Chiarini et al., 2020b).

On the other hand, IL18 mRNA and precursor protein were not 
detected in any of the experimental groups.

Fig. 7. PYCARD/ASC expression in untreated (Ctr) and Aβ25-35 ± NPS2143 exposed HCAs. A. Transcript levels of PYCARD gene figured out by RT-qPCR as detected 
after 1-h exposure to Aβ25–35 ± NPS2143. The data are means ± SE of CNRQ values from 3 distinct experiments with Ctr values normalized to 1.0. B. Typical 
immunoblots showing the changes of ASC protein expression vs. untreated controls according to the experimental treatments. LC, loading control (i.e., β-actin). The 
samples were derived from the same experiment, and the gels/blots were processed in parallel. The graph shows the densitometric assessments of ASC protein bands 
in the immunoblots for each time point and experimental treatment, expressed as integral intensity values. The data are means ± SD of 3 distinct experiments with 
Ctr values normalized to 1.0; they were statistically analyzed using one-way ANOVA followed by Dunnett’s post-hoc test. Pair-wise comparisons between the cor
responding Aβ25–35 ± NPS2143 treatments at each time point: *, p < 0.05; **, p < 0.01; comparisons of each treated group versus 0-h Ctr: #, p < 0.05.
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Fig. 8. Effects on Caspase 1 and Caspase 4 in HCAs exposed to Aβ25-35 ± NPS2143. CASP1 (A) and CASP4 (F) transcript levels as assessed by RT-qPCR after 1-h 
exposure to Aβ25–35 ± NPS2143. The data are means ± SE of CNRQ values from 3 distinct experiments with Ctr values normalized to 1.0. Densitometric evalua
tions of specific bands of Procaspase 1 (50 kDa) (B) and its P20 fragment (C), and of Procaspase 4 (G) in the immunoblots for each time point and experimental 
treatment, expressed as integral intensity values. The data are means ± SD of 3 distinct experiments with Ctr values normalized to 1.0. Typical immunoblot revealing 
Procaspase 1 (50 kDa) and its P20 fragment (D), and Procaspase 4 (H) expression according to experimental treatments vs. Ctr. LC, loading control (i.e., β-actin). Note 
that no specific Caspase 4 P20 fragment is visible. Caspase 1 (E) and Caspase 4 (I) enzymatic activities were assayed on whole HCAs protein extracts after exposure to 
Aβ25–35 ± NPS2143, as described in Materials and Methods. Points in the curves are means ± SD of 3 independent experiments, expressed as arbitrary units cor
responding to ΔF μg− 1 protein of each experimental group. Statistical analysis of the data was conducted using one-way ANOVA followed by Dunnett’s post-hoc test. 
Pair-wise comparisons between corresponding Aβ25–35 ± NPS2143 treatments at each time point: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; 
comparisons of each treated group versus 0-h CTR: #, p < 0.05.
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3.6.4. GSDMD mRNA and GSDMD protein expression (Fig. 9C, 9D)
We assayed GSDMD too, a well-known Caspase 1 substrate (Liu et al., 

2020). Untreated (Ctr) HCAs expressed basal levels of GSDMD mRNA 
that fell (− 25.1 %, p < 0.01) after 1-h exposure to Aβ⋅CaSR signals. The 
Double Treatment also elicited at 1-h a decrease in GSDMD mRNA (− 30.0 
%, p < 0.001 vs. Ctr) (Fig. 9C).

Moreover, the immunoblot analysis of protein extracts from un
treated HCAs showed a discrete expression of GSDMD holoprotein (53 
kDa). During 6-h after the onset of Aβ⋅CaSR signals GSDMD 

holoprotein’s levels slightly but insignificantly decreased (p > 0.05). 
The Double treatment elicited the same effects as Aβ25-35 by itself (p >
0.05 at all time points (Fig. 9D). No protein bands attributable to 
GSDMD N-terminal proteolytic fragments occurred in any of the three 
experimental groups. Finally, consistent with our earlier findings 
(Armato et al. 2013; Chiarini et al., 2017a, 2017b, 2020b; Dal Prà et al., 
2014a), neither pyroptosis nor any other kind of cell death occurred in 
HCAs exposed to Aβ25-35 alone (not shown). This further proved that 
under the experimental conditions tested, while downregulating AIM2 

Fig. 9. Effects of the signals from Aβ⋅CaSR complexes on IL1B and GSDMD mRNAs and corresponding protein levels in HCAs. (A): IL1B transcript levels detected by 
RT-qPCR after 1-h exposure to Aβ25–35 ± NPS2143. The data are means ± SE of CNRQ values from 3 distinct experiments with Ctr values normalized to 1.0. (B): 
Bottom panel: Typical immunoblots showing IL-1β precursor protein expression levels in Aβ25–35 ± NPS2143 treated vs. untreated controls (Ctr). LC, loading control 
(i.e., β-actin). Top panel: Densitometric assessments of IL-1β precursor protein bands in the immunoblots for each time point and experimental treatment, expressed as 
integral intensity values. (C): GSDMD transcript levels found by RT-qPCR detected in Ctr and Aβ25–35 ± NPS2143 treated samples. The data are means ± SE of CNRQ 
values from 3 distinct experiments with Ctr values normalized to 1.0. (D): Bottom panel: Typical immunoblots showing the levels of Gasdermin D holoprotein 
expression vs. untreated controls (Ctr) according to the experimental treatments expressed as integral intensity values. No bands of Gasdermin D N-terminal frag
ments are detectable. LC, loading control (i.e., β-actin). The samples were derived from the same experiment, and the gels/blots were processed in parallel. Top panel: 
Densitometric assessments of Gasdermin D precursor protein bands in the immunoblots for each time point and experimental treatment. The data are means ± SD of 
3 independent experiments, with 0-h values normalized as 1.0; they were statistically analyzed using one-way ANOVA followed by Dunnett’s post-hoc test. Significant 
differences between mRNA mean CNRQ values are pointed out with: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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mRNA, Aβ⋅CaSR signals only induced NLRP2 and NLRP3 PRRs’ over
expression, but neither the full activation of the corresponding inflam
masomes nor any overproduction of IL-1β and IL-18 nor the proteolysis 
of GSDMD in HCAs.

4. Discussion

Astrocytes are the most conspicuous human brain’s resident cell type 
(Araque and Navarrete, 2010). Hence, their interplays with neurons, 
oligodendroglia, microglia, and cells of cerebral vessels are crucial for 
the upkeeping of brain’s physiological functions. Hence their roles in 
brain disease are quite relevant. Concerning AD, earlier studies revealed 
that the Aβ⋅CaSR signals drove the de novo synthesis, accumulation, and 
spread of Aβ-os, p-Taues, NO, VEGFA, and various proinflammatory 
cytokines in HCAs (Armato et al. 2013; Chiarini et al., 2017a, 2017b, 
2020b; Dal Prà et al., 2014a). Our present results extend earlier ones by 
showing that HCAs actively partake in AD’s onset and progression 
through the signals emitted by their Aβ⋅CaSR complexes. The latter 
divergently affect, at both transcriptional and translational levels, three 
distinct inflammasomal PRRs, namely NLRP2′s, NLRP3′s on one side, 
and AIM2′s on the other. Although under the present experimental 
conditions, a full assembly and activation of NLRP2 and NLRP3 
inflammasomes did not obtain, our results suggest that Aβ⋅CaSR signals 
may have acted as “first signals”. Yet, under the conditions of this study, 
the activating “second signals” were missing. But, since the HCAs we 
used showed SASP features, they are still a relevant model for preclinical 
AD pathophysiology studies (Lye et al., 2019; Ungerleider et al., 2021).

4.1. Aβ⋅CaSR interactions and signaling

Aβs are polycationic peptides reacting with various proteoglycans, 
lipids, and proteins. Thus, Aβs form complexes with integral membrane 
proteins, i.e., integrins (Bamberger et al., 2003), APP (amyloid precursor 
protein) (Shaked et al.,2006), PrPSc (prion protein) (Nygaard and 
Strittmatter, 2009), and transmembrane protein 97 (Colom-Cadena 
et al., 2024). Besides, Aβs bind cell membrane receptors (Rs), such as 
p75NTR (Chakravarthy et al., 2012), serpin complex-R (Boland et al., 
1996), insulin-R (Zhao et al., 2008), NMDA (N-methyl-D-aspartate)-R 
(Shankar et al., 2007), FPRL1 (formyl peptide R-like-1) (Le et al., 2001), 
acetylcholine-R (Jürgensen and Ferreira, 2010), RAGE (R for Advanced 
Glycosylation End products) (Du et al., 2012), and the CaSR (Dal Prà 
et al., 2014b). Hitherto, no hierarchy of pathophysiological relevance 
had been set among such integral proteins or Rs. Altogether, our earlier 
and present results point to the CaSR as one of the most crucial Aβ-Rs as 
far as AD’s pathophysiology is concerned. From a theoretical standpoint, 
Aβ⋅Rs complexes might trigger either harmful or protective responses 
(Ries and Sastre, 2016). However, our results consistently showed that 
Aβ⋅CaSR signals elicited a panoply of uniquely neurotoxic (i.e., AD- 
promoting) outcomes in HCAs, as well as in postnatal human cortical 
HCN-1A neurons (Armato et al. 2013; Chiarini et al., 2017a, 2017b, 
2020b; Dal Prà et al., 2014a).

4.2. Aβ⋅CaSR signals specifically activate PI3K/Akt/mTOR/AMPKα and 
TYK2/JAK/STATs axes in HCAs

Hitherto, the detailed mechanisms controlling PRRs/inflammasomes 
activation or deactivation in human AD, and the roles (if any) played in 
it by signals from Aβ⋅CaSR signals had not been clearly defined. 
Therefore, we investigated whether in pure cultures of senescent HCAs 
the early signals issued from exogenous Aβs⋅CaSR complexes affected 
the phospho-activation of the PI3K/Akt/mTOR/AMPKα and TYK2/JAK/ 
STATs axes, which are both placed closely downstream from the CaSR 
(Chakravarty et al., 2012; Rybchyn et al., 2019; Tfelt-Hansen et al., 
2004), thereby mediating or partaking in the transcription, translation, 
and function of three main PRR/inflammasomes, i.e., NLRP2, NLRP3, 
and AIM2. The observed effects were specific for Aβs⋅CaSR signals since 

a short pretreatment with CaSR NAM NPS2143 suppressed them. 
Indeed, our results showed that Aβ⋅CaSR complexes issued signals that 
within 1-h increased the phosphorylations of specific sites known to 
activate the PI3K/Akt/mTOR/AMPKα and TYK2/JAK/STATs axes. 
Although abundant Literature involves both the above two signaling 
axes in animal models of neuroinflammation (Ben Haim et al., 2015; 
Desale et al., 2021), this is the first observation that Aβ⋅CaSR signals 
quickly and specifically activated them both in senescent HCAs. 
Notably, this was also relevant to our intent to bring to light any con
nections mediated by the same two signaling axes between Aβs⋅CaSR 
signals and inflammasomes in HCAs.

The PI3K/Akt/mTOR/AMPKα axis crucially upholds cellular ho
meostasis and regulates the mitotic cell cycle, survival, metabolism, 
autophagy, senescence, inflammation, and apoptosis. As other cell- 
surface GPCRs do, CaSR regulates this axis primarily through the acti
vation of the PI3Kγ isoform besides stimulating the phospholipase C 
system to release intracellular Ca2+ via the accumulation of inositol 
triphosphate (IP3) (Canton et al., 2016; Orduña-Castillo et al., 2022). 
Disruption of this signaling axis promotes Aβs secretion, Tau hyper
phosphorylation, and synaptic failure in AD (Desale et al., 2021). On the 
other hand, the TYK2/JAK/STATs axis partakes in CASR gene upregu
lation (Canaff et al., 2008) and mediates astrocytes’ reactivity in aging 
and neurological disorders, including AD, Parkinson’s disease, stroke, 
multiple sclerosis, Huntington’s disease, and amyotrophic lateral scle
rosis (Ben Haim et al., 2015; Jain et al., 2021; Qin et al., 2016). The 
molecular mechanisms involved in the interplay between the CaSR, and 
TYK2/JAK/STATs are still undefined. GPCRs other than the CaSR acti
vate the JAK/STAT pathway via G proteins (i.e., Gαs) and small GTPases 
(i.e., Rho and Rac) (Liu et al., 2006; Pelletier et al., 2003). Activation of 
JAK1/2 signal transduction entails the phosphorylation of STAT tran
scription factors, which dimerize, translocate into the nucleus, bind 
specific DNA sites, and modulate gene transcription (Jain et al., 2021). 
Consistently, Aβ⋅CaSR signals specifically increased the activating 
phosphorylations of STAT3, STAT5, and STAT6, which may be involved 
in the presently seen transcriptional changes in inflammasome-related 
components.

4.3. Aβ⋅CaSR signals exert divergently affect the expression of NLRP2, 
NLRP3 PRRs vs. AIM2 PRR in HCAs

Here as a preliminary notation, it should be stressed that according to 
our findings, untreated (control) HCAs expressed at transcriptional 
(mRNAs) and translational (proteins) basal levels of all the components 
of inflammasomes, i.e. NLRP2, NLRP3, and AIM2 PRRs, ASC, pro- 
Caspase 1, pro-Caspase 4, and pro-IL-1β. However, since no mature IL- 
1β and IL-18 could be detected, the inflammasome components were in 
an inactive conformation. As this work explored whether Aβ⋅CaSR sig
nals evoked HCAs’ NLRP2, NLRP3, and AIM2 PRR/inflammasomal re
sponses, we looked at the early changes in mRNA and protein expression 
of their components. Our results showed for the first time that Aβ⋅CaSR 
signals quickly (at 1-h) and similarly upregulated vs. controls the mRNA 
expression levels of NLRP2 and NLRP3 genes, as well as of CASP4 and 
IL1B, while downregulating AIM2′s.

In relative terms, NLRP3′s mRNA increase was greater than NLRP2′s. 
However, in absolute terms, given its much higher basal levels, NLRP2′s 
mRNA expression was more intense than NLRP3′s. Most remarkably, 
increases in both such mRNAs strictly depended upon Aβ⋅CaSR signals as 
pretreatment with calcilytic NPS2143 fully prevented them. The 
transcription-enhancing effects of Aβ⋅CaSR signals on NLRP2, NLRP3, 
and CASP4 mRNAs concurred with early (at 1-h) and huge (vs. controls) 
increases in their corresponding proteins. However, the downregulation 
of the latter 1-h after the Double Treatment was significant yet incom
plete, at variance with the full suppression of their corresponding 
mRNAs. Therefore, besides Aβ⋅CaSR signals, other (to be defined) factors 
or signals affected the turnovers of NPLR2 and NLRP3 PRR and pro- 
Caspase 4 proteins. Thus, these observations do not support the 
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occurrence of any activation of the NLRP2 and NLRP3 inflammasomes 
under the present experimental conditions even though the cells had at 
their disposal all the necessary components (see also below about this 
topic).

Hitherto, only fragmentary evidence has been available about the 
NLRP2 inflammasome’s physiological and/or pathological role(s) in the 
human brain. Minkiewicz et al. (2013) exposed cultured human cortical 
astrocytes to exogenous ATP—a DAMP that harmed or dead cells let 
off—, which, via signals from the P2X7 purinergic receptor and the 
Probenecid-inhibitable Panx-1 channel, drove the NLRP2 inflamma
some’s assembly and the release of tiny amounts of mature IL-1β. 
However, untreated human astrocytes in parallel cultures also secreted 
alike tiny amounts of mature IL-1β. This suggested that preassembled 
and signaling NLRP2 inflammasomes be a constitutive feature of human 
astrocytes, promptly taking part in neuroinflammatory reactions, and 
hence being candidate therapeutic targets. However, up to now, no 
further evidence has been gained of an active NLRP2 inflammasome in 
human astrocytes. Only Zhang et al. (2022) reported that in an AD an
imal model, piriform cortex astrocytes expressed an Aβ42-activated 
NLRP2 inflammasome; conversely, in the same animal model, glucagon- 
like peptide-1 analogs suppressed NLRP2′s activation and attenuated 
neuroinflammation and cognitive impairment. On the other hand, 
NLRP2 PRR protein was the most intensely upregulated protein in 
neural stem cells and in mature neural cells from patients affected by 
bipolar disorder (Truvé et al., 2020; Vizlin-Hodzic et al., 2017). Ischemic 
stroke increased an otherwise low NLRP2 expression in C57BL/6J 
mouse brains and in oxygen-glucose-deprived mouse astrocytes cultured 
in vitro, suggesting a proapoptotic role for NLRP2 (Sun et al., 2016). The 
tryptophan metabolite Kynurenine drove NLRP2 expression and 
signaling in mouse hippocampal astrocytes and in chronic stress- 
exposed depressive mice (Zhang et al., 2020). Conversely, the results 
of NLRP2 gene over expression in HEK293T cells and of NLRP2 gene 
knockout in human monocytic THP-1 cells suggested that NLRP2 hin
ders the expression of NF-κB-dependent genes otherwise evoked by 
different stimuli (Bruey et al., 2004). However, NLRP2 gene and NF-κB 
p65 subunit expression could be reciprocally regulated (Fontalba et al., 
2007). Although by complexing with the TBK1 serine/threonine protein 
kinase NLRP2 tightly controls interferon regulatory factor 3 (IRF3), 
hindering the expression of interferon-inducible genes involved in the 
innate immunity antiviral response (Yang et al., 2018), it is unclear 
whether this pathway works in human neural cells. Known innate 
immunity-unrelated NLRP2 activities have been seen concerning CD34+

hemopoietic differentiation into granulocytes, induction of adipocytes 
from monocytes and mesenchymal stem cells, trophoblastic differenti
ation of IPSC human granulosa cells, embryo development, and graft-vs- 
host disease (Chuang et al., 2015; Kufer and Sansonetti, 2011). There
fore, NLRP2 role(s) depends on the cell type and context under study. 
Consequently, in HCAs, NLRP2 PRR might play a pro- 
neuroinflammatory role, as well as other relevant yet undefined 
physio-pathological roles.

Evidence in the Scientific Literature shows that the NLRP3 inflam
masome can be activated in both astrocytes and microglia, although 
microglia’s NLRP3 has hitherto been playing the lion’s part (Chiarini 
et al., 2023). In contrast, Gustin et al. (2015) saw low levels of NLRP3, 
ASC, and IL-1β transcripts and proteins, consisting with the lack of a 
functional NLRP3 inflammasome in murine astrocytes despite the latter 
ones’ exposure to various agents, including Aβs, which by contrast 
robustly activated the NLRP3 inflammasome in microglia. On the other 
hand, postmortem studies showed that the presence of NLRP3, Caspase 
8, and cleaved GSDMD concurred with the absence of ASC, Caspase 1, 
and mature IL-18 in the astrocytes of the middle temporal lobe (Brod
mann’s area 36) and hippocampus CA1 subfield of AD brains. The au
thors concluded that in pre-AD and AD brains, astrocyte pyroptosis 
might be activated through a cell type-specific non-canonical pathway 
not involving NLRP3 (Moonen et al., 2023). These findings significantly 
increase our understanding of postmortem AD’s neuropathology. 

However, our present in vitro model aimed at investigating the very first 
HCAs reactions driven by an exposure to Aβ25-35 through the signaling of 
Aβ⋅CaSR complexes. This amply justifies the divergence of the reported 
results. At any rate, the inflammasomal regulation is a complex process 
influenced by a variety of factors that can either keep inflammasomes in 
a not-expressed or inhibited condition or activate their signals driving 
the de novo production of proinflammatory cytokines and pyroptosis- 
inducing GSDMD N-terminal fragments (for more details see Chiarini 
et al. 2023; McKee and Coll, 2020). Consistent with this are the findings 
of Mészáros et al. (2023), who investigated the NLRP3 inflammasome’s 
role in triple-negative breast cancer (TNBC) brain metastases. They 
found that healthy human astrocytes did express at detectable levels 
neither NLRP3 nor IL-1β. Yet, metastatic TNBC cells secreted soluble 
factors that did upregulate the NLRP3 inflammasome’s expression and, 
via its signals, activated IL-1β synthesis in the same human astrocytes. In 
keeping with Moonen et al. (2023), it is worth recalling here that 
inflammasome-controlling mechanisms are highly specific, as they 
significantly vary between humans and animal species and even among 
the different viscera or cells of the same organism (Chiarini et al., 2020a, 
2023, 2024).

Moreover, the present findings show, for the first time, that Aβ⋅CaSR 
signals quickly and deeply downregulated (vs. controls) AIM2′s mRNA 
expression levels in HCAs. Conversely, blocking Aβ⋅CaSR signals with an 
NPS2143 pretreatment proficiently though incompletely preserved 
AIM2′s mRNA levels and, particularly after 2-h, AIM2′s PRR protein 
levels. Hence Aβ⋅CaSR signals divergently regulate AIM2′s PRR from 
NLRP2′s and NLRP3′s ones. The actual role(s) of AIM2 PRR/inflamma
some in human astrocytes and the whole brain is still uncertain. In late- 
phase EAE (experimental autoimmune encephalomyelitis) astrocytes, 
AIM2 activation did not induce IL-1β-mediated neuroinflammation but 
promoted astrogliosis (Barclay et al., 2022). In EAE microglia, Ma et al. 
(2021) showed an inflammasome-independent function of AIM2 that 
restrained neuroinflammation by negatively regulating cyclic-GMP- 
AMP (cGAMP) synthase (cGAS) signaling via DNA-PK–AKT3 axis. Be
sides, in the absence of dsDNA fragments, AIM2 regulated neurons’ 
morphology and affected memory and anxiety in mice (Wu et al., 2016). 
As our results show that CaSR NAM NPS2143 hindered the down
regulation of AIM2 otherwise brought about by Aβ25-35, we cannot 
exclude an anti-inflammatory role for HCAs’ AIM2, which, however, 
requires further assessment.

4.4. Effects of specific inhibitors of signaling axes components on NLRP2, 
NLRP3, and AIM2 PRRs protein expression

We also assessed whether the PI3K/Akt/mTOR/AMPKα and TYK2/ 
JAK/STATs signaling axes mediated the Aβ⋅CaSR signals’ effects on the 
expression of NLRP2, NLRP3, and AIM2 PRR proteins. To this purpose 
we shortly (30-min) pretreated HCAs with specific inhibitors of mem
bers of the said axes prior to adding exogenous Aβ25-35. The results 
proved the tested inhibitors partially yet significantly suppressed the 
Aβ⋅CaSR signals-driven increases in NLRP2 and NLRP3 PRR proteins 
while fully hindering the fall of AIM2′s PRR protein. Since DOR, BPC, 
and CaSR NAM NPS2143 blocked NLRP3 PRR protein increases with 
alike intensities, it is likely that Aβ⋅CaSR signals tightly control NLRP3 
PRR protein expression via these two axes. Conversely, DM, BPC, LY, and 
TOR inhibited NLRP2 PRR protein expression more intensely than 
NPS2143 did. Hence, Aβ⋅CaSR signals by themselves may exert a weaker 
inducing effect on NLRP2 PRR protein, which would also be affected by 
other drivers—a topic requiring further studies. On the other hand, since 
BCP, DOR, TOR, and LY restored the basal or higher expression levels of 
AIM2 PRR protein, Aβ⋅CaSR signals lessened AIM2 PRR’s protein levels 
just via the enzymes such inhibitors blocked. In summary, our findings 
support the view that Aβ⋅CaSR signals via the PI3K/Akt/mTOR/AMPKα 
and TYK2/JAK/STATs axes partook in the upregulation of NLRP2′s and 
NLRP3′s PRRs and in the downregulation of AIM2′s PRR.

Finally, the BAY inhibitor provided a further proof that the 
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mechanisms controlling NLRP2 and NLRP3 proteins levels diverged 
from those regulating AIM2 PRR protein in HCAs. BAY significantly 
amplified Aβ⋅CaSR signals’ contrasting effects on both NLRP3 and AIM2 
PRRs while it did not modify NLRP2′s PRR protein level. Albeit BAY 
inhibits multiple targets, it has been held to act as an anti-inflammatory 
agent blocking IκB-α phosphorylation, hence NF-κB, and NLRP3 
signaling. Yet, BAY also inhibits the ubiquitin-specific proteases USP7 
and USP21 (Jiang et al., 2017; Ritorto et al., 2014). Deubiquitinating 
enzymes crucially control inflammasomes’ activation since their 
chemical inhibition can obstruct NLRP3 inflammasome’s oligomeriza
tion (Juliana et al., 2012). Moreover, inhibitors of ubiquitin-specific 
proteases also cause a transient accumulation of ubiquitylated inflam
masome components, including PRRs, leading to their degradation at 
different rates (Lopez-Castejon et al., 2013). Since early BAY’s effects in 
HCAs sharply differed from those it evoked in animal models (Jiang 
et al., 2017; Liang et al., 2022), they are worthy of further investigation.

4.5. Effects of CaSR NAM NPS2143 on other NLRP2, NLRP3, and AIM2 
inflammasome components or substrates

To assess whether Aβ⋅CaSR signals drove the assembly and activation 
of NLRP2 and NLRP3 inflammasomes, an assessment of their effects on 
other inflammasomal components was in order. Remarkably, our results 
showed that despite the decrease in PYCARD mRNA expression, ASC 
protein levels were not affected by Aβ⋅CaSR signals and were only 
marginally decreased at 3-h and 6-h by the Double Treatment. As the 
latter observation neither excluded nor supported inflammasomes’ 
activation, we assessed the effects of Aβ⋅CaSR signals on Caspase 1 and 
on Caspase 4, as the latter plays a crucial role in non-canonical 
inflammasome activation (Kayagaki et al., 2011). Notably, CASP1 
mRNA levels were decreased by both Aβ⋅CaSR signals and the Double 
Treatment; yet, despite this, the Caspase 1 protein levels and basal 
enzymatic activity did not change. Conversely, notwithstanding that 
Aβ⋅CaSR signals increased CASP4 mRNA and protein levels, Caspase 4 
basal enzymatic activity remained unchanged.

Although Aβ⋅CaSR signals modestly increased the expression of IL1B 
gene by 1-h, the Double Treatment very deeply suppressed it. Conversely, 
GSMD mRNA was curtailed by both treatments. However, the intracel
lular levels of IL-1β precursor protein and of GSMD holoprotein 
remained at control levels, and mature IL-1β, IL-18, and GSDMD N- 
terminal fragments could not be detected. These observations consisted 
with the lack of observed changes in Caspase 1 and Caspase 4 activity.

Therefore, under the conditions of the present study, the Aβ⋅CaSR 
signals did not prompt the oligomerization and activation of any of the 
studied inflammasomes. It follows that the early significant increases in 
NLRP2 and NLRP3, CASP4, and IL1B mRNA transcriptions brought 
about Aβ⋅CaSR signals stood for a “first (or priming) signal”. However, 
the “second signal” needed for inflammasomes’ oligomerization and 
activation from microglia and/or neurons (Jha et al., 2019; Smith et al., 
2022) was absent from the present in-vitro model.

From the above discussion, one could infer that the lack of inflam
masomes’ activation by Aβ⋅CaSR signals allowed HCAs to survive under 
the present short-term circumstances. But, given their multiple 
homeostasis-preserving roles, HCAs survival is a pressing necessity 
sustained by compensatory mechanisms that remain mostly to be 
investigated (Galea et al., 2022). Under long-term situations like AD, 
HCAs still survive longer than neurons, although they progressively lose 
functional capabilities while intensifying their neurotoxic roles 
(Liddelow et al., 2017; Beretta et al., 2020; Konstantinidis et al., 2023).

5. Conclusions and future perspectives

HCAs and neurons express at their plasma membranes the CaSR, a 
receptor binding multiple cationic ligands besides Ca2+ and functioning 
as a calciostat, a regulator of crucial cell processes, and a plasma 
membrane PRR for DAMPs like Aβs and brisk extracellular Ca2+ surges 

(Chiarini et al., 2016, 2020a). Our present results show that the CaSR 
and exogenous Aβs form complexes, which emit signals bringing about 
the phospho-activation of the PI3K/Akt/mTOR/AMPKα and TYK2/JAK/ 
STATs signaling axes. The latter partake in the upregulation of NLRP2 
and NLRP3 PRRs and in the downregulation of AIM2 PRR. Although not 
achieving full inflammasome assembly and activation, the same 
Aβ⋅CaSR signals drive manifold neurotoxic and also proinflammatory 
responses (for details, see Fig. 10 and cited references) from HCAs 
endowed with characteristics proper of the SASP (see Fig. S1 and 
Table S1) (Simmnacher et al., 2020; López-Teros et al., 2024). The 
consequently over secreted Aβ42-os and p-Taues and several proin
flammatory cytokines, including IL-6, could further advance AD’s 
spread via the self-sustaining assembly of novel Aβ⋅CaSR complexes in 
brain areas newly invaded by the progressive neuropathology (Armato 
et al., 2013; Chiarini et al., 2017a,b). In this context, the signals from 
Aβ⋅CaSR complexes play a significant role by strengthening many fea
tures proper of the SASP [i.e., overproduction of VEGFA, IL-6, RANTES, 
sICAM1, MCP-2, NOS-2/NO (Chiarini et al., 2020b; Dal Prà et al., 
2014a), and the phospho-activation of JAK2/STAT3 and mTOR (present 
work)]. Most remarkably, in a preclinical in vitro human AD model, all 
these neurotoxic effects elicited by Aβ⋅CaSR signals were fully or 

Fig. 10. Graphical summary of the manifold neurotoxic and pro-inflammatory 
effects driven by Aβ⋅CaSR signals in HCAs. Most importantly, calcilytic (or CaSR 
NAM) NPS2143 given as a short (30-min) pretreatment, totally prevented (or 
significantly mitigated in the case of RANTES, MCP2, and sICAM1 only) all the 
shown harmful effects brought about by Aβ⋅CaSR signals in HCAs while 
restoring the nonamyloidogenic metabolism of APP and the release of neuro
trophic and neuroprotective sAPPα. Thus, calcilytics would hinder the self- 
sustained spreading of the main drivers of AD’s neuropathology, neuro
inflammation, death of neurons and oligodendrocytes, and connectome dam
age. For further details, see the text and references (Armato et al., 2013; 
Chiarini et al., 2017a,b, 2020b, 2024; Dal Pra et al., 2005; Dal Prà et al., 2014a, 
b; Gardenal et al., 2017).
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significantly prevented by a CaSR NAM (e.g., NPS2143) (Fig. 10). 
Hence, our previous and present findings entail translational implica
tions by supporting CaSR NAMs as likely modifiers of AD’s inexorable 
course.
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