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Abstract
Background  Specific genetic variants in the ATP-binding cassette transporter A7 locus (ABCA7) are associated with 
an increased risk of Alzheimer’s disease (AD). ABCA7 transports lipids from/across cell membranes, regulates Aβ 
peptide processing and clearance, and modulates microglial and T-cell functions to maintain immune homeostasis in 
the brain. During AD pathogenesis, neuroinflammation is one of the key mechanisms involved. Therefore, we wanted 
to investigate the specific role of ABCA7 in microglial activation via the NLRP3 inflammasome.

Methods  We developed the first humanized, Cre-inducible ABCA7flx knock-in mouse model, crossbred it with the 
APPPS1-21 β-amyloidosis model, and generated constitutive ABCA7ko and microglia Cx3cr1-specific conditional 
ABCA7ko AD mice. The role of ABCA7 was analyzed using histological, biochemical, molecular and mass spectrometry 
methods.

Results  Constitutive knockout of the Abca7 gene in APPPS1 mice increased the levels of Aβ42 and the number of 
IBA1+ (microglia) and GFAP+ (astrocytes) cells. Changes in the levels of astrocytes and microglia are associated with 
the activation of the NLRP3 inflammasome and increased levels of proinflammatory cytokines, such as IL1β and TNFα. 
Interestingly, microglia-specific ABCA7ko restored Aβ42 peptide levels and IBA1+ and GFAP+ and NLRP3-related gene 
expression to the original APPPS1 mouse levels. In primary glial cell cultures of APPPS1-hA7ko microglia and APPPS1 
astrocytes from newborn pups, we observed that conditioned media from LPS-stimulated microglia was able to 
induce NLRP3 inflammasome expression and proinflammatory cytokine release in astrocytes.

Conclusions  Our data suggest that ABCA7 transporters regulate the communication between microglia and 
astrocytes through the NLRP3 inflammasome and the release of proinflammatory cytokines. This regulation implicates 
ABCA7 as a key driver ultimately involved in the persistence of the inflammatory response observed in AD.
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Introduction
Alzheimer’s disease (AD) is the most common, age-
related neurodegenerative disorder, accounting for 
60–80% of all dementias and affecting approximately 
47  million people worldwide [1]. The majority of AD 
patients have a sporadic form of the disease (late-onset 
AD, LOAD), while almost 1% have a familial early-onset 
form (FAD) with Mendelian inheritance (< 60 years). 
However, both forms of AD are characterized by the 
accumulation of amyloid-β (Aβ) peptides and hyperphos-
phorylated tau protein, both of which cause neuronal 
loss, mainly in the hippocampus and cortex, leading to 
cognitive decline with memory loss and behavioral prob-
lems [2].

In 2011, a genome-wide association study (GWAS) 
identified ABCA7 as a genetic risk factor locus for spo-
radic LOAD, which is now regarded as the second most 
important risk locus [3]. The ABCA7 gene encodes the 
ATP-binding cassette (ABC) transporter A7, which is 
involved in the transport of lipids across cell membranes, 
including cholesterol and phospholipids [4], and the 
regulation of amyloid precursor protein (APP) process-
ing to produce Aβ peptides [5]. Patients with ABCA7 
single nucleotide polymorphisms (SNPs) are more likely 
to develop AD, suggesting that a functional ABCA7 
transporter is crucial for protecting against AD onset, 
possibly through its interaction with cell membrane lip-
ids and mediation of cholesterol transport [6]. Notably, 
accumulating evidence suggests that ABCA7 also plays a 
critical role in regulating immune responses [7]. ABCA7 
deficiency reduces the phagocytic clearance of Aβ in 
macrophages and microglia [8–10] and impairs cytokine 
responses in natural killer T cells [11].

Within the central nervous system (CNS), microglia 
and astrocytes are vital components of the nervous sys-
tem. The bidirectional communication between neuroin-
flammation, a well-characterized pathological hallmark 
of AD pathogenesis, plays a critical role [12]. Microg-
lia, which act as the primary immune sentinels, initiate 
the inflammatory response by releasing proinflamma-
tory mediators, which activate astrocytes [13]. Recipro-
cally, astrocytes regulate microglial activity through the 
secretion of molecules such as GM-CSF, GDNF or TGF-
β, thereby influencing their gene expression and overall 
response [14]. Additionally, astrocytes provide crucial 
feedback on the extent of neuronal damage and the effi-
cacy of the ongoing immune response, ultimately con-
tributing to the fine-tuning of microglial activity [15]. 
This intricate interplay between microglia and astrocytes 
is essential for maintaining a balanced neuroinflamma-
tory response within the CNS [16, 17] and involves sev-
eral other cell types and ABC transporters (reviewed in 
[18]).

One of the mechanisms involved in microglial activa-
tion by chronic fibrillary Aβ deposition is the priming 
and activation of the NLRP3 inflammasome. The NLRP3 
inflammasome is a multiprotein complex that plays a 
critical role in the innate immune response, particularly 
in the regulation of neuroinflammation [19]. The inflam-
masome negatively affects the clearance of microglia [10, 
20–22] through processes involving phagocytosis, lyso-
somal damage and cathepsin B release [23]. The sensor 
protein is the NLRP3 domain, and the adaptor protein is 
the apoptosis-associated speck-like protein (ASC) con-
taining a CARD domain [24]. Activation and consequent 
assembly of NLRP3 leads to proximity-induced auto-
catalysis of pro-caspase-1 to produce mature caspase-1, 
which then cleaves the inactive proinflammatory cyto-
kines pro-IL1β and pro-IL18 in their secreted forms, 
IL1β and IL18, respectively [19, 25]. This may contrib-
ute to the progression of AD, as has been demonstrated 
in the murine APPPS1 model [26]. These proinflam-
matory cytokines bind to specific receptors (TNFR1/2, 
IL1R1/3, TLR or P2X7R) on astrocyte surfaces, leading 
to increased production of inflammatory mediators and 
potentially neurotoxic levels of glutamate [27]. Interest-
ingly, IL1β and TNFα can work together to achieve more 
robust activation, highlighting the intricate interplay 
between these molecules in regulating astrocyte func-
tion [28]. Understanding this communication pathway 
is crucial because it holds promise for developing ther-
apies that can modulate astrocyte activity to manage 
neuroinflammation.

Additionally, it is not yet known whether ABCA7 
influences this process and how it might be regulated. 
Therefore, our group developed the first humanized, 
Cre-inducible ABCA7flx mouse model, which was used 
to generate a conditional microglia-specific ABCA7ko 
(Cx3cr1-hA7ko) line. This line was crossbred to the well-
established APPPS1-21 β-amyloidosis model to dissect 
the role of microglial ABCA7 in AD progression and 
unravel its function in neuroinflammation.

Here, we show that the complete absence of the ABCA7 
transporter leads to an increase in soluble and insoluble 
Aβ levels as well as increased astrogliosis and microglio-
sis (GFAP+ and IBA1+), respectively, in a sex-dependent 
manner, which is positively correlated with the activation 
of the NLRP3 inflammasome and the release of differ-
ent proinflammatory cytokines. However, the equivalent 
levels of Aβ and NLRP3 activation in APPPS1 mice and 
in a microglia-specific model (APPPS1-Cx3cr1-hA7ko) 
both in vivo and in vitro indicate that not only microg-
lia but also astrocytes may be involved in the activation 
and maintenance of the inflammatory response in our 
AD mouse model. Taken together, our results highlight 
an interplay between microglia and astrocytes, possibly 
mediated by the release of proinflammatory cytokines, 
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that regulates neuroinflammation in AD through ABCA7 
function.

Materials & methods
Animal models and breeding scheme
The Abca7tm1.1(ABCA7)Pahnk allele (MGI: 6258226) was bred 
in homozygosity on the C57BL/6 background (B6J.Cg-
Abca7tm1.1(ABCA7)Pahnk). The constitutive knockouts were 
generated by crossing this line with the Cre-expressing 
line B6.C-TgCMV−cre1Cgn/J (JAX, strain 006054). The 
resulting heterozygous knockouts were bred back to 
homozygosity by negatively selecting the TgCMV−cre1Cgn 
allele until extinction. The floxed-allele and the knockout-
bearing lines were independently crossed to the APPPS1-
21 line (B6.Cg-TgThy1−APPSw, Thy1−PSEN1*L166P/21JkcrPahnk). 
In both cases, the Abca7 allele (either floxed or 
knocked out, named APPPS1-hA7flx and APPPS1-
hA7ko, respectively) was further bred back to 
homozygosity, whereas the APPPS1 transgene 
(TgThy1−APPSw, Thy1−PSEN1*L166P/21Jckr) was maintained at 
hemizygosity (+/Tg). APPPS1-21 (named APPPS1) mice 
have combined APP (Swedish mutation) and PS1 (L166P 
mutation) transgenes under the control of the Thy1 pro-
moter, leading primarily to pathological Aβ production in 
fronto-cortical neurons and the first cortical Aβ plaques 
at 45–50 days of age [29]. The constitutive knockouts 
were generated by crossing individuals with the APPPS1 
transgene and the floxed Abca7tm1.1(ABCA7)Pahnk allele 
(hA7) to the B6.129P2(C)-Cx3cr1tm2.1(creERT2)Jung/J line 
(JAX, strain 020940) (named APPPS1-Cx3cr1-hA7ko). 
Once more, the floxed Abca7tm1.1(ABCA7)Pahnk allele was 
bred back to homozygosity. In experimental animals 
treated with tamoxifen, the Cx3cr1creERT2 targeted muta-
tion (Cx3cr1tm2.1(cre/ERT2)Jung) was present in heterozygos-
ity (+/tm). As breeders, the sires were always selected to 
carry the APPPS1 transgene, whereas the Cx3cr1creERT2 
mutation may be inherited from either the sires or the 
dams.

The animals were housed at the Department of Com-
parative Medicine (section Radium Hospital) at the 
Oslo University Hospital (Norway) at a temperature of 
22 ± 1  °C, relative humidity of 62 ± 5%, 15 air changes 
per hour, and light cycles of 12  h dark/light (strength: 
1  lx - night, 70  lx - day, 400  lx - working illumination) 
in Eurostandard type III cages (Makrolon®) filled with 
aspen wood (Populus tremula, Tapvei®, Estonia) as bed-
ding substrate and provided with additional enrichment 
material (tissue paper, tunnel rods and occasionally 
gnawing sticks). The animals were grouped into cohorts 
of up to 8 individuals per cage. Mice were fed ad libitum 
(maintenance expanded pellets from SDS, Estonia) and 
offered water acidified to pH 3. Health monitoring was 
performed three times per year according to the FELASA 
guidelines, and opportunists were included in one of 

the tests. All experiments were conducted following the 
guidelines for animal experimentation of the European 
Union and Norwegian national laws.

Genotyping of mouse Abca7 and human ABCA7
To genotype the new ABCA7 locus, we designed prim-
ers for the identification of the recombinant, wild-type 
and knockout sequences (Table S1). PCR cycling was 
performed as follows: 5  min at 95  °C; 35 cycles of 45  s 
– 95  °C, 60  s – 62  °C, and 90  s – 72  °C; 5 min of elon-
gation of the final products at 72 °C; and cooling at 4 °C 
until further use. The genotyping PCR showed a clear 
differentiation between all possible genotypes: homozy-
gous ABCA7 recombinant (tm/tm), heterozygous Abca7/
ABCA7 recombinant (+/tm), constitutive Abca7 knock-
out (−/−, ko), Abca7 haplodeficient (+/−), and wild-type 
(+/+) animals (Figure S1).

Tamoxifen treatment
The tamoxifen induction technique involves the use of a 
microglia-specific Cre recombinase (Cx3cr1-CreERT2), 
which can be activated by tamoxifen through the known 
Cre/loxP site-specific recombination system and the 
generation of a specific microglial ABCA7 transporter. 
Tamoxifen was applied twice within 48 h at the age of 4 
weeks. Hereby, an emulsion of 4 mg of tamoxifen (origi-
nator AstraZeneca, purchased at Merck KGa, Darm-
stadt, Germany) in 200 µL of corn oil (Merck KGaA) was 
injected subcutaneously in four 50 µL depots. The injec-
tion was carried out under general anesthesia (sevoflu-
rane 3.5% in an oxygen/nitrogen mixture).

Tissue collection and processing
Mice were euthanized by a ketamine/xylazine overdose 
of 400  mg/kg ketamine (VetViva Richter GmbH, Wels, 
Austria) and 40  mg/kg xylazine (Bayer, Barmen, Ger-
many) at 100 and 200 days of age. After intracardial per-
fusion with ice-cold PBS, the brains were removed and 
separated into two hemispheres. One hemisphere was 
kept in paraformaldehyde (PFA 4% in PBS for immuno-
histology), and the other hemisphere was snap frozen in 
liquid nitrogen and later transferred to − 80 °C (for pro-
tein and RNA extraction).

Proteomics analyses using LC-MS/MS
Brain tissue samples from APPPS1 and APPPS1-hA7ko 
mice (n = 14 / 15) mice were used as biological repli-
cates for proteomics analyses. For each replicate equal 
amounts of brain homogenate (appr. 20  µg of protein) 
were precipitated on amine beads as previously described 
[30]. The precipitated proteins on beads were dissolved in 
50 mM ammonium bicarbonate, reduced, alkylated and 
digested with trypsin (1:50 enzyme: protein ratio; Pro-
mega, USA) at 37  °C overnight. Digested peptides were 
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acidified and desalted on EVOTIPs using a standard pro-
tocol from EVOSEP (EVOSEP Biosystems, Denmark). 
Liquid chromatography with tandem mass spectrometry 
(LC-MS/MS) analysis was carried out using an EVOSEP 
one LC system coupled to a timsTOF pro2™ mass spec-
trometer, using a CaptiveSpray nanoelectrospray ion 
source (Bruker Daltonic GmbH, Bremen, Germany). 
200 ng of digested peptides were loaded onto a capil-
lary C18 column.15  cm length, 150  μm inner diam-
eter, 1.5  μm particle size, EVOSEP, Odense Denmark).). 
Peptides were separated at 50  °C using the standard 30 
sample/day method from EVOSEP. The timsTOF pro2™ 
mass spectrometer was operated in data-dependent 
Parallel Accumulation-Serial Fragmentation (PASEF®) 
mode [31]. Mass spectra for MS and MS/MS scans were 
recorded between m/z 100 and 1700. Ion mobility reso-
lution was set to 0.85–1.40 V·s/cm over a ramp time of 
100 ms. Data-dependent acquisition was performed 
using four PASEF MS/MS scans per cycle with a near 
100% duty cycle. A polygon filter was applied in the 
m/z and ion mobility space to exclude low m/z, singly 
charged ions from PASEF precursor selection. An active 
exclusion time of 0.4 min was applied to precursors that 
reached 20,000 intensity units. Collisional energy was 
ramped stepwise as a function of ion mobility. Raw data 
files from LC-MS/MS analyses were submitted to Max-
Quant software (version 2.4.3.0, Max-Planck-Institute of 
Biochemistry, Martinsried, Germany) for protein iden-
tification and quantification [32]. The UniProt mouse 
database (UniProt Consortium, European Bioinformat-
ics Institute, EMBL-EBI, UK) was used. Trypsin without 
proline restriction enzyme option was used, with two 
allowed miscleavage sites. Carbamidomethyl was set as 
a fixed modification and acetyl (protein N-term), car-
bamyl (N-term) and oxidation (M) were set as variable 
modifications. First search peptide tolerance of 20 ppm 
and main search error 4.5 ppm were used. The allowed 
FDR was 0.01 (1%) for peptide and protein identification. 
Label-free quantitation (LFQ) was employed with default 
settings.

Isolation of CD11b+ microglial cells
Microglia were isolated from 100-day-old APPPS1 and 
APPPS1-hA7ko mice. Briefly, brains were homogenized 
in a glass potter with dissection buffer (1x HBSS, 45% 
glucose, 1  M HEPES). After centrifugation, the pel-
let was resuspended in 70% Percoll, which was covered 
with a layer of 30% Percoll. The gradient was centrifuged 
(45  min, 800 × g, 4  °C), and myelin debris in the inter-
phase between 25% Percoll (Cytiva Freiburg, Germany) 
and PBS was removed. The collected cells were resus-
pended in PB buffer (1x PBS, 0.5% BSA) and centrifuged 
again (10 min, 300 × g, 4 °C). Once the supernatant was 
discarded, the pellet was resuspended in PB buffer, and 

CD11b microbeads (Miltenyi Biotec Norden AB, Lund, 
Sweden) were added. After 15  min of incubation in the 
dark and under cold conditions, CD11b+ microglia were 
separated using a DynaMag-2 magnetic separator (Invit-
rogen, Waltham, MA, USA).

Quantification of Aβ42
The frozen hemispheres were thawed on ice in 500 µL of 
RNAlater® (Merck KGaA, Darmstadt, Germany) for one 
hour and homogenized for 60 s with four 2.8 mm ceramic 
beads (OMNI International, Kennesaw, GA, USA) using 
a SpeedMill PLUS (Analytik Jena GmbH, Jena, Ger-
many). A total of 20 mg of homogenate was mixed with 
10 µl of ice-cold Tris-buffered saline [TBS, pH 7.5, con-
taining protease inhibitor (Roche, Mannheim, Germany)] 
per 1 mg of brain tissue. The samples were homogenized 
with 2.8 mm ceramic beads (SpeedMill PLUS, 30 s) and 
centrifuged (16,000  g, 4  °C, 20  min) to separate soluble 
and aggregated Aβ. The resulting supernatant (TBS frac-
tion containing soluble Aβ) was collected and stored at 
− 20 °C until further use. The pellet was mixed with 8 µl 
of cold 5  M guanidine-HCl buffer (pH 8.0) per 1  mg of 
brain homogenate and homogenized (SpeedMill PLUS, 
30 s). The samples were incubated at room temperature 
for 3  h under constant shaking (1,500  rpm) before cen-
trifugation (16,000 × g, 4  °C, 20  min). The supernatant 
(the GuHCl fraction containing aggregated Aβ) was col-
lected and stored at − 20 °C until further use. To quantify 
Aβ42 in TBS/GuHCl fractions and CD11b+ cells (diluted 
in GuHCl buffer), we performed electrochemilumines-
cence immunoassays using the V-PLEX Plus Aβ42 Peptide 
(4G8) Kit (detection limit above 516 fg/ml) and a MESO 
QuickPlex SQ120 machine according to the manufac-
turer’s recommendations (Meso Scale Diagnostics LLC, 
Rockville, MD, USA) [33–36]. The results were normal-
ized to the sample weight. The brain Aβ42 concentration 
was calculated as pg/mg brain.

Immunohistochemistry and morphological quantification
Formalin-fixed hemispheres were embedded in paraffin 
and cut into 4-µm-thick coronal sections using a rota-
tion microtome (HM355S, Leica Biosystems GmbH, 
Nussloch, Germany). Sections at bregma + 0.8  mm and 
− 1.8 mm were stained for Aβ (anti-human Aβ clone 4G8; 
1:4000, BioLegend, USA), microglia (anti-IBA1, 1:1,000, 
FUJIFILM Wako Chemicals Europe GmbH, Germany, 
019-19741) and astrocytes (anti-GFAP, 1:500, Agilent, 
USA, Z033401-2) using a BOND-III® automated immu-
nostaining system (Leica Biosystems GmbH, Nussloch, 
Germany) with a hematoxylin counterstain (provided 
with the staining kit, Bond Polymer Refine Detection, 
DS9800) [37, 38]. After staining, tissue sections were dig-
itized at 230 nm resolution per pixel using a Pannoramic 
MIDI II slide scanner (3DHISTECH Ltd., Budapest, 
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Hungary) [39]. Quantitative analysis was performed 
automatically using deep learning algorithms gener-
ated with DeePathology™ STUDIO (DeePathology Ltd., 
Ra’anana, Israel) using algorithms previously established 
by the laboratory [40, 41]. The cell/plaques density (num-
ber per ROI), relative area coverage (% cell area per total 
ROI), and cell size were determined for each animal.

Real-time RT‒qPCR analysis
Total RNA was extracted from primary cell culture pel-
lets or brain tissue homogenates using an RNeasy Mini 
Kit and QIAzol as a lysis reagent (Qiagen, Hilden, Ger-
many). The total amount of RNA extracted was quanti-
fied with a NanoDrop 1000 (Thermo Fisher, Waltham, 
MA, USA) by absorbance at 260 nm, and its purity was 
calculated as the ratio between the absorbance values 
at 260/280 nm and 230/260 nm. cDNA was synthesized 
from 1  µg of total RNA using the commercial RNeasy 
Mini QuantiTect Reverse Transcription Kit (Qiagen, 
Hilden, Germany). Quantitative real-time PCR assays 
were performed using TaqMan Gene Expression Assays 
(Applied Biosystems, Foster City, CA, USA) to quantify 
the mRNA levels of Nlrp3 (Mm00840904_m1), Pycard 
(Mm00445747_g1), Casp1 (Mm00438023_m1), Tlr4 
(Mm00445273_m1), Cd36 (Mm00432403_m1), Nfkb1 
(Mm00476361_m1), P2rx7 (Mm01199500_m1), Ctsb 
(Mm01310506_m1), and Gapdh (Mm99999915_g1) as 
endogenous controls for normalization. Quantitative 
PCR was performed using the StepOne Plus Real Time 
PCR System (Applied Biosystems, Foster City, CA, USA), 
and the threshold cycle (Ct) was calculated by the instru-
ment’s software (v2.4, Sequence Detection, Applied Bio-
systems, Foster City, CA, USA). The expression levels 
were calculated using the 2−ΔΔCt method.

Western blot analyses
For protein extraction, 30 mg of brain homogenate tissue 
was lysed in ice-cold RIPA buffer (50 mM Tris-HCl, pH 8; 
150 mM sodium chloride; 1 mM EDTA; 1% Triton X-100; 
0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate) 
supplemented with complete protease inhibitor cocktail 
(Roche, Mannheim, Germany). The final protein concen-
tration in the supernatants was determined using a Pierce 
BCA assay kit (Thermo Fisher, Waltham, MA, USA), and 
a total of 25 µg of protein was subjected to 4 − 15% Mini-
PROTEAN polyacrylamide gel electrophoresis (Bio-Rad 
Laboratories, Hercules, CA, USA) and transferred onto 
a polyvinylidene difluoride (PVDF) membrane (Bio-Rad 
Laboratories) using a mini Trans-Blot Electrophoretic 
Transfer Cell (Bio-Rad Laboratories). The membranes 
were then blocked for 1 h at room temperature with Tris-
buffered saline containing 5% nonfat dry milk and 0.1% 
Tween-20 and incubated with anti-caspase1 (1:1,000; 
clone EPR16883, Abcam, Cambridge, UK, ab179515) 

and anti-beta-tubulin (1:2,500; clone AA2, MerckMilli-
pore, Burglinton, MA, USA, T5076) antibodies overnight 
at 4  °C. The membranes were finally incubated with an 
enhanced chemiluminescence (ECL) horseradish per-
oxidase-conjugated secondary antibody (1:5,000, Bethyl 
Laboratories, Montgomery, TX, USA, A90-216P) for 1 h 
at room temperature. Images were obtained by using the 
Octoplus QPLEX imaging system after the membranes 
were incubated with Clarity Max ECL substrate reagent 
(Bio-Rad Laboratories).

Quantification of cytokines
Brain homogenates were extracted using lysis buffer 
(phosphate-buffered saline + 1% Triton X-100 + phos-
phatase inhibitor + protease inhibitor) at 2 µL/mg brain 
homogenate. The samples were homogenized for 30  s 
(SpeedMill PLUS, Analytic Jena GmbH, Jena, Germany) 
and centrifuged at 16,000 × g for 40 min at 4 °C. Super-
natants were diluted 4-fold (for brain tissue samples) or 
2-fold (for cell culture medium) using a working solution 
(Meso Scale Diagnostics LLC, Rockville, MD, USA), and 
immunoassays were performed using the V-PLEX Pro-
inflammatory Panel 1 (mouse) Kit (detection limit above 
40 fg/ml) and a MESO QuickPlex SQ120 machine follow-
ing the manufacturer’s instructions.

Primary glial cell cultures
Pure astrocyte or microglial cell cultures were obtained 
from APPPS1 and APPPS1-hA7ko pups (P0-P5), respec-
tively, using the protocol previously published by Güler 
et al. [42] with some modifications (Figure S4A). In 
brief, brains were collected in 1× HBSS buffer (Gibco, 
Grand Island, NY, USA) and homogenized with DNase I 
(Merck KGaA, Darmstadt, Germany) and 0.05% trypsin-
EDTA (Thermo Fisher Scientific - Gibco, Grand Island, 
NY, USA) after meningeal removal. After centrifugation 
(10 min, 150 × g), the pellet was resuspended in DMEM 
(for astrocytes) or DMEM/F12 (for microglia) (Gibco, 
Grand Island, NY, USA) supplemented with 10% FBS 
(Cytiva, Freiburg, Germany) and 2% penicillin/strepto-
mycin (Gibco, Grand Island, NY, USA) and transferred 
to a T-25 flask that was incubated in a humidified atmo-
sphere of 5% CO2 at 37  °C. When the cultures reached 
confluence (7 − 10 days), the OLs were removed by flask 
tapping, and the remaining cells were removed from 
the flask using 0.05% trypsin-EDTA. After centrifuga-
tion (10  min, 150  ×  g), the pellet containing a mixture 
of microglia and astrocytes was resuspended in com-
plete DMEM or DMEM/F12, and the cells were sepa-
rated following consecutive incubation steps on sterile 
bacterial-grade plates. When the derived APPPS1-hA7ko 
microglial cultures reached confluence (≈ 2 × 106 cells), 
they were incubated in DMEM/F12 supplemented with 
1% FBS. Three hours later, the cells were treated with 100 
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ng/ml LPS (from E. coli 055:B5, Merck KGaA - Sigma‒
Aldrich, San Louis, MS, USA) for 24 h. Then, the media 
was removed to be added to the APPPS1 astrocyte cul-
tures (≈ 2 × 106 cells) to induce an inflammatory reaction 
via the conditioned media. Twenty hours after the addi-
tion of conditioned media stimulated with LPS, astro-
cyte and microglia pellets and medium were collected for 
qPCR and cytokine ELISA, respectively.

Statistical analysis
All the statistical analyses were performed using Graph-
Pad Prism software (v9, Dotmatics, Boston, MA, USA). 
We verified that the data had a normal Gaussian dis-
tribution by using the Shapiro‒Wilk normality test. 
If all groups were normally distributed (p > 0.05), we 
performed one-way ANOVA with Tukey’s correction 
for multiple comparisons. Student’s t test was also per-
formed to determine the significant differences between 
the two experimental groups. The data are presented as 
the means ± standard deviations (SD). Differences were 
considered statistically significant when p < 0.05. The 
number of animals used in each experiment is reported 
in the figure legends. LFQ proteomic data were ana-
lyzed using Perseus (v2.0.11, ​h​t​t​​p​s​:​/​​/​c​o​​x​-​​l​a​b​​s​.​g​i​​t​h​u​​b​.​​i​o​/​c​
o​x​d​o​c​s​/​p​e​r​s​e​u​s​_​i​n​s​t​r​u​c​t​i​o​n​s​.​h​t​m​l​​​​​) [43] and VolcaNoseR 
(https:/​/github​.com/Jo​achi​mGoedhart/VolcaNoseR) [44], 
which plot the fold change (log2 transformation) versus 

the p value (− log10 transformation) for all the quantified 
proteins. This generates a so-called volcano plot, which 
shows a measure of effect size versus a measure of sig-
nificance. The data points with the largest effect size and 
a statistical significance threshold > 1.3 (corresponding 
to p < 0.05) were considered hits. These protein hits are 
annotated in the plot with an abbreviated name (mouse 
nomenclature).

Results
Generation of a mouse line with humanized, floxed ABCA7 
expression (ABCA7flx/flx)
The design and generation of the new humanized ABCA7 
mouse line were performed in close collaboration with 
genOway SA (Lyon, France). Humanization of the 
murine Abca7 gene locus was accomplished by inserting 
human type I ABCA7 cDNA starting from human exon 2 
into the 5’ end of mouse Abca7 exon 4 (Table S2). Thus, 
we avoided deregulation of neighboring genes while 
disrupting the Abca7 murine gene locus. Additionally, 
two loxP sites were inserted upstream of Abca7 exon 1 
and downstream of the ABCA7 cDNA. The insertion of 
these sites enables the targeted deletion of ABCA7 cDNA 
using a Cre recombinase, generating conditional or con-
stitutive knockout models (Fig. 1). The vector was puri-
fied and inserted into C57BL/6  N embryonic stem (ES) 
cells by electroporation. The allele was registered as 

Fig. 1  Generation of a humanized ABCA7 mouse strain (ABCA7flx/flx). In-frame insertion of human type I ABCA7 cDNA starting from exon 2 at the 5’ end 
of mouse Abca7 exon 4. An exogenous polyadenylation sequence (human growth hormone polyA) was inserted downstream of the human ABCA7 stop 
codon. This produces a mouse/human chimeric ABCA7 protein with an N-terminal portion encoded by mouse Abca7 exons 2 and 3, while the remaining 
C-terminal sequence is encoded by the inserted human ABCA7 cDNA. This approach avoids putative deregulation of the neighboring Cnn2 gene and 
results in disruption of the mouse gene. In addition, loxP sites are inserted upstream of Abca7 exon 1 and downstream of the humanized ABCA7 cDNA 
cassette, allowing conditional deletion of the human gene

 

https://cox-labs.github.io/coxdocs/perseus_instructions.html
https://cox-labs.github.io/coxdocs/perseus_instructions.html
https://github.com/JoachimGoedhart/VolcaNoseR
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Abca7tm1.1(ABCA7)Pahnk in the Mouse Genome Informatics 
database (MGI:6258226).

ES cell clones were selected and assessed for correct 
homologous recombination and insertion of the ABCA7 
cDNA. To validate the insertion of ABCA7 cDNA in the 
targeted Abca7 locus at exon 4 and assess the deletion 
of the ABCA7 insert in Cre-recombined knockout mice 
(quality control test), Southern blot analyses for homolog 
and induced recombination were performed with tissue 
samples from Abca7 wild-type controls, ABCA7flx/flx, and 
ABCA7ko mice (Fig. 2).

Effects of ABCA7 knockout on amyloid-β burden and 
neuroinflammation
To investigate the impact of the deletion of the human-
ized ABCA7 transporter in our AD model, we analyzed 
the brain proteome of chimeric APPPS1-hA7ko (n = 8 
males, 7 females) and APPPS1 mice carrying the wild-
type mouse Abca7 gene (n = 7 males, 7 females) from 
50 to 200 days of age by LC‒MS/MS (DDA). Principal 
component analysis (PCA), which defines the variation 
within experimental groups, revealed that 29.3% of the 
variability between APPPS1-hA7ko and APPPS1 was due 
to the lack of the ABCA7 transporter, separating the mice 
into two distinct clusters (Fig. 3A). Based on the volcano 
plot data, we found a total of 166 differentially expressed 
proteins in APPPS1-hA7ko mice compared to controls, 
with log2-fold change values between ± 1.5 and signifi-
cance values (− log10) greater than 1.3 (corresponding to 
p = 0.05). Among all hits, 84 proteins were upregulated 
and 82 proteins were downregulated in the absence of the 
humanized ABCA7 transporter (Fig. 3B).

Proteomic hits were classified according to path-
way involvement using the KEGG 2021 Human data-
base embedded in the Enrichr bioinformatics resource 

[45–47]. We found that hABCA7ko induced the upregu-
lation of several proteins involved in NFκB signaling, 
one of the canonical pathways involved in the control 
of inflammation, among other processes. Dysregulation 
of ubiquitin-related proteolysis and the TGFβ signaling 
pathway was also found, which might be closely related 
to the toxic aggregation of Aβ and the consequent apop-
totic process (Fig. 3C).

Next, we performed unbiased functional enrich-
ment analysis (Gene Ontology, GO) of the differentially 
expressed proteins found in the volcano plot using the 
Enrichr database. In this case, the absence of the ABCA7 
transporter in the APPPS1 mouse model was associated 
with changes in biological processes related to inflam-
mation control and regulation. Positive regulation of cel-
lular senescence (GO: 2000774; p value = 0.00029) was 
the most enriched biological process. The inflammatory 
response is one of the hallmarks of cellular senescence, 
and it serves to both propagate the senescence process 
and facilitate its clearance [48, 49]. A fairly recent pub-
lication identified the expression of senescence-related 
genes specifically in TREM2+ microglia in the 5xFAD 
β-amyloidosis model, highlighting the link between these 
two degenerative processes [50]. Other biological pro-
cesses enriched and directly related to the modulation of 
the immune response in the CNS were the IL1-mediated 
signaling pathway (GO: 0070498; p value = 0.00105) and 
the positive regulation of T-cell cytokine production 
(GO: 0002726; p value = 0.00128). The enrichment of 
these biological processes could be related to increased 
cytokine release, which also affects other cellular func-
tions. One example is the negative regulation of mTOR 
signaling (GO: 0032007; p value = 0.00100), which is 
involved in the control of other key cellular mechanisms 

Fig. 2  Southern blot analysis of heterozygous, neo-excised, humanized ABCA7 mice. Schematic representation of the expected alleles for Southern blot 
and genotyping analyses: Abca7 wild-type (10.6 kb), recombinant (15.4 kb) and Flp-mediated, neo-excised (13.9 kb) humanized ABCA7 and Cre-excised 
ABCA7/Abca7 knockout (A). The genomic DNA of the tested heterozygous, neo-excised, humanized ABCA7 animals (n = 3) showed the expected 13.9 kb 
band, and wild-type C57BL/6J DNA showed only the 10.6 kb band (B)
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that are altered in AD, such as autophagy or reactive oxy-
gen species (ROS) generation (Table 1).

Based on the proteome findings, we investigated 
whether ABCA7 is a key player in neuroinflammation 
control in AD. To this end, we measured Aβ42 levels in 
CD11b+ microglia isolated from the brains of 100-day-
old APPPS1 expressing the wild-type ABCA7 protein and 
chimeric APPPS1-hA7ko mice. While the absence of the 
transporter in female mice leads to a significant decrease 
in Aβ42 levels, in APPPS1-hA7ko males, the levels of Aβ42 
were increased compared to those in APPPS1 control 
mice (Figure S2). This data show how ABCA7 excerts 
sex-specific roles in microglial Aβ clearance. Whereas 

in males its absence seems to be protective by increasing 
the uptake of the toxic peptide, in females there is a loss 
of the transporter’s protective role when it is functional.

To further investigate the link between microglia and 
the ABCA7 transporter, we developed a conditional 
knockout model of the ABCA7 transporter in Cx3cr1+ 
microglia, inducible by tamoxifen treatment, cross-
bred with the APPPS1 model. From these breedings, we 
finally got APPPS1-hA7flx as the control group, the chi-
meric APPPS1-hA7ko mice and the conditional APPPS1-
Cx3cr1-hA7ko mice. First, we checked the status of 
β-amyloidosis by measuring Aβ42 levels. Human Aβ42 is 
preferentially generated over Aβ40 in our AD mice model 
[29]. By immunoassay, we observed that soluble Aβ42 
increased in APPPS1-hA7ko mice at 100 days of age com-
pared to that in age-matched APPPS1-hA7flx controls, 
but in the conditional Cx3cr1-hA7ko group peptide levels 
returned to control APPPS1-hA7flx levels in both males 
and females (Fig. 4A-B). This indicate that selective loss of 
the ABCA7 transporter in microglia does not affect total 
soluble Aβ42 levels, even when microglial Aβ clearance it 
is affected, as has been described before (Figure S2). Sex 
differences are also evident in insoluble peptide levels. 
In females, aggregated Aβ42 increased in APPPS1-hA7ko 
mice and returned to control levels in APPPS1-Cx3cr1-
hA7ko mice, whereas in males, there were no significant 
differences between the experimental groups (Fig. 4A-B). 

Table 1  Enriched biological processes (Gene Ontology terms) in 
APPPS1-hA7ko mice
GO term Biological process Ad-

justed 
p value

2000774 positive regulation of cellular senescence 0.00029
1901184 regulation of ERBB signaling pathway 0.00049
0032801 receptor catabolic process 0.00066
0032007 negative regulation of mTOR signaling 0.00100
0016180 snRNA processing 0.00105
0070498 interleukin-1 (IL1)-mediated signaling pathway 0.00105
0002726 positive regulation of T-cell cytokine production 0.00128
0034260 negative regulation of GTPase activity 0.00128

Fig. 3  Proteome analysis of brain tissue samples from APPPS1-hA7koand APPPS1 mice. PCA plot showing the percentage of variability between samples 
due to the genotype effect (A). LFQ-based volcano plot showing the changes in protein expression in brain tissue between APPPS1-hA7ko (n = 15) and 
APPPS1 (n = 14) mice. The horizontal dotted line represents a significance level of p = 0.05 (–log10 = 1.3), and the vertical dotted lines represent a fold 
change ± 1.5 (log2)(B). KEGG pathway analysis (KEGG human 2021) was conducted to detect pathways differentially regulated among protein hits de-
tected in LFQ-volcano plot data. Red bars represent the most upregulated pathways, while blue bars represent the most downregulated ones. (C)
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Fig. 4  Effect of ABCA7ko versus conditional Cx3cr1-ABCA7ko on Aβ load and deposition in APPPS1 mice during disease progression. Quantitation of soluble 
and insoluble Aβ42 levels in females and males at 100 (A, B) or 200 days of age (C, D). Representative images of Aβ immunostaining on brain sections from 
100-day-old male mice (E). Plaque coverage and number of amyloid plaques were determined in both females (F) and males (G). The data are presented 
as the means ± SDs (n = 9–10/experimental group); significance was determined using one-way ANOVA followed by Tukey’s post hoc test (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001 vs. APPPS1-hA7flx; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 vs. APPPS1-hA7ko)
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Analysing highly aggregated Aβ in plaques, the num-
ber and coverage is significantly different in male mice 
(Fig.  4G). The complete absence of the ABCA7 trans-
porter didn’t change Aβ plaque coverage and number in 
comparision to APPPS1-hA7flx control mice, whereas 
conditional knockout on Cx3CR1 microglia cells showed 
a significant reduction in both parameters demonstrating 
the functional role that microglial ABCA7 may exert for 
Aβ load and the formation of Aβ plaques (Fig. 4F-G). It is 
noteworthy that the decrease on insoluble Aβ42 quantify 
on conditional Cx3cr1-hA7ko mice by immunoassay also 
correlates to the number and to the density of the plaques 
observed by IHC (Fig.  4E). At 200 days of age, when 
β-amyloidosis is widespread throughout the brain (the 
total amount of insoluble Aβ42 detected is approximately 
4-fold greater than that detected at 100 days), immuno-
assay measurements showed that complete ABCA7ko 
protects against soluble Aβ42 burden but not conditional 
knockout in microglia in females (Fig.  4C). Concerning 
insoluble Aβ, which at this stage is more toxic and physi-
cally associated with the microglia that surround the 
plaques, APPPS1-Cx3cr1-hA7ko was again able to control 
the levels of these peptides in both male and female mice 
(Fig. 4C-D).

The status of microglia and astrocytes in the brain 
was examined by IHC at 100 days of age, at which point 
the changes in β-amyloidosis status were pronounced 
and physiologically translated to the onset and develop-
ment of the disease in AD patients. Regarding microglial 
IBA1+ cells, we observed that IBA1 coverage and cell size 
in APPPS1-hA7ko female mice were the same as those 
in APPPS1-hA7flx control mice, whereas ABCA7 trans-
porter knockout in CX3CR1+ cells reduced microglial 
cell coverage and their possible activation state (Fig. 5B). 
In males, the complete absence of the ABCA7 trans-
porter leads to a large increase in IBA1+ cell coverage and 
soma size, which could be related to the development of 
a neuroinflammatory phenotype. This effect was restored 
to control levels when the knockout was restricted to 
microglial CX3CR1+ cells in the conditional model in 
both males and females (Fig.  5A-C). We also checked 
whether there was a link between microgliosis in male 
mice and β-amyloidosis. A clear positive correlation 
existed between soluble Aβ42 (not an aggregated pep-
tide), IBA1 coverage and the size of microglia (Fig. 5D), 
revealing how the microglial phenotype could change 
in response to increased amyloid production. Higher 
levels of Aβ42 in APPPS1-hA7ko male mice are associ-
ated with the presence of brain microgliosis, whereas 
lower levels of Aβ42 are associated with reduced microg-
lial coverage and soma size in the APPPS1-hA7flx and 
APPPS1-Cx3cr1-hA7ko groups. This positive correlation 
was also detected in males (but not in females) because 
higher levels of soluble Aβ42 peptide are associated with 

pronounced astrogliosis, which was more evident in the 
APPPS1-hA7ko group (Fig. 6D).

GFAP changes are restricted to males; in females, we 
did not observe any significant differences. This could be 
related to the general increase in all parameters evalu-
ated in the female APPPS1-hA7flx control group com-
pared to the male group (Fig.  6B). Both APPPS1-hA7ko 
and APPPS1-Cx3cr1-hA7ko males showed a greater 
percentage of astrocytic brain coverage and a greater 
total number of GFAP+ astrocytes than did the APPPS1-
hA7flx controls (Fig. 6C). These parameters are the main 
hallmarks of astrogliosis in vivo and could be caused by 
morphological changes such as hypertrophy of the main 
cellular processes or loss of the filamentous shape of the 
cell, among others. The IHC results suggest that neuro-
inflammation observed in the APPPS1 model could be 
driven, at least in part, by the ABCA7 transporter, which 
is expressed not only in astrocytes but also in microglia. 
ABCA7-related communication could be essential for the 
modulation of this pathogenic mechanism.

Evaluation of NLRP3 inflammasome status and cytokine 
profiles in vivo and in vitro
One of the most studied mechanisms of inflammatory 
signaling in glial cells is the NLR-based inflammasome, 
whose main cellular response is the release of proinflam-
matory cytokines and pyroptosis [51]. We used qRT‒PCR 
to determine the mRNA expression levels of the different 
players involved in the sequential steps required for the 
triggering of this complex, including activation, prim-
ing, and oligomerization genes, in brain tissue samples 
from 100-day-old mice. As we have previously observed 
in the IHC results, most mRNA changes occur in male 
mice. In females, we did not detect differences between 
the experimental groups (Fig. 7A, C, E). In contrast, there 
was a clear increase in the expression of the P2rx7, Cd36 
and Nfkb1 genes in APPPS1-hA7ko male mice compared 
to APPPS1-hA7flx controls. However, conditional knock-
out of the ABCA7 transporter in CX3CR1+ microglia 
restored the mRNA expression of all these markers to the 
APPPS1-hA7flx control group levels (Fig.  7B-D) which 
indicates that selective loss of the ABCA7 transporter in 
microglia does not affect NLRP3 activation and priming, 
while complete loss of ABCA7 does.

According to the literature, Aβ can trigger the activa-
tion of CD36 and P2X7 receptors [19]. We verified that 
in male mice, we found a significant positive correla-
tion between soluble Aβ42 levels quantified by immu-
noassay and the mRNA expression levels of these genes 
(Figure S4A-B). This is an indirect way of showing how 
the β-amyloidosis deposition process might influence 
the neuroinflammatory process in the APPPS1 model. 
Regarding the genes directly involved in the assembly 
of the inflammasome complex, we detected increased 
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Fig. 5  Morphological changes in microglia induced by ABCA7koor conditional Cx3cr1-ABCA7ko in 100-day-old APPPS1 mice. Representative images of 
IBA1 immunostaining in brain sections from 100-day-old male mice (A). Microglial activation was determined by the density of IBA1+ cells, the number of 
IBA1+ cells, and the soma size of IBA1+ cells in females (B) and males (C). Correlations between soluble Aβ42 levels (TBS fraction) and Iba1 cell coverage or 
IBA1+ cell soma size in males (D). The data are presented as the means ± SDs (n = 6 per experimental group); significance was determined using one-way 
ANOVA followed by Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01 vs. APPPS1-hA7flx; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 vs. APPPS1-hA7ko). Scale bars indicate 
1,000 μm (overviews) or 100 μm (details)
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Fig. 6  Morphological changes in astrocytes induced by ABCA7ko or conditional Cx3cr1-ABCA7ko in 100-day-old APPPS1 mice. Representative images 
of GFAP immunostaining of brain sections from 100-day-old male mice (A). Astrocyte activation was determined using the density of GFAP+ cells, the 
number of GFAP+ cells and the soma size of GFAP+ cells in females (B) and males (C). Correlations between soluble Aβ42 levels (TBS fraction) and GFAP cell 
coverage or GFAP+ cells in males (D). The data are presented as the means ± SDs (n = 6/experimental group); significance was determined using one-way 
ANOVA followed by Tukey’s post hoc test (**p ≤ 0.01; ***p ≤ 0,001 vs. APPPS1-hA7flx; # p ≤ 0.05 vs. APPPS1-hA7ko). Scale bars indicate 1000 μm (overviews) 
or 100 μm (details)
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mRNA expression of Nlrp3 and Pycard, but not of Casp1, 
in APPPS1-hA7ko male mice, which was reversed to con-
trol levels in the absence of the transporter on microglia 
(Fig.  7F). One of the signals that initiates the assembly 
of NLRP3 into the ASC protein is the activation of the 
NFκB pathway. There was a positive correlation between 

the mRNA expression levels of Nfkb1 and Nlrp3 in both 
males and females, with the highest levels in APPPS1-
Cx3cr1-h7ko mice (Figure S4C-D).

Even if the expression of the Casp1 gene was not 
altered, we wanted to determine whether the levels of the 
functional protein responsible for converting pro-IL1β 

Fig. 7  Changes in the NLRP3 inflammasome induced by ABCA7ko versus conditional Cx3cr1-ABCA7ko in 100-day-old APPPS1 mice. mRNA expression 
levels quantified by qPCR of genes involved in the activation (A, B), priming (C, D), and oligomerization (E, F) of the NLRP3 inflammasome system in both 
males and females. Western blot analysis of caspase-1 protein levels in females (G) and males (H). The data are presented as the means ± SDs (n = 5 − 6/
experimental group); significance was determined using one-way ANOVA followed by Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 vs. APPPS1-
hA7flx; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 vs. APPPS1-hA7ko)
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to the active form of this cytokine were dysregulated. In 
females, we did not observe any change in the qPCR data 
(Fig. 7G), but in males, we noticed the same trend as in 
the qPCR results: an increase in caspase-1 protein in the 
APPPS1-hA7ko group, which returned to control levels 
in the APPPS1-Cx3cr1-hA7ko mice. (Fig.  7H) We also 
detected NLRP3 inflammasome activation at 200 days of 
age, but in this case, we did not observe any differences 
(Figure S3). These results are consistent with our previ-
ous findings and suggest that ABCA7 functionality may 
be essential for regulating the inflammatory state in the 
brain via modulation of the NLRP3 inflammasome com-
plex at early stages of the disease.

To gain a complete overview of the inflammasome 
complex and its activation, we also measured the protein 
levels of selected cytokines in brain tissue samples using 
immunoassays. At 100 days of age, we did not observe 
any marked changes in females, except for an increase 
in IL12p70 (Fig. 8A). In males, the results are consistent 
with the qRT‒PCR data. We detected a decrease in the 
levels of IL1β and TNFα in the APPPS1-Cx3cr1-hA7ko 
mice, which was consistent with the decrease in caspase-1 
protein levels and the expression of NLRP3-related genes 
(Fig. 8B). No changes in the levels of anti-inflammatory 
cytokines were detected at this age (Fig.  8C-D). At 200 
days, when the system collapsed due to the burden and 
deposition of Aβ, changes in cytokine levels became 
more evident. In females, there was an increase in the 
anti-inflammatory cytokines IL-4, IL-5 and IL-10 in the 
APPPS1-hA7ko group, which was restored to control lev-
els by the absence of the transporter only in microglia 
(Fig. 8G>). This increase in anti-inflammatory cytokines 
may be related to the greater ability of female mice to 
counteract neuroinflammation than male mice, in whom 
ABCA7 deficiency appears to have a detrimental effect. 
Concerning proinflammatory cytokines, we quantified a 
decrease in the levels of IL1β and TNFα in both male and 
female APPPS1-Cx3cr1-hA7ko mice (Fig. 8E-F).

We were also interested in how microglia lacking the 
functional ABCA7 transporter were able to induce 
changes in astrocytes exposed to the expression of the 
APP transgene under the control of the Thy1 promoter. 
For this purpose, we performed an in vitro conditioned 
culture assay on postnatal pups (P0-P5) in which we 
treated APPPS1 astrocytes with conditioned media from 
APPPS1-hA7ko microglia to assess the communication 
between these two cell types. First, we verified the purity 
of both primary cell cultures by qPCR for Gfap (enriched 
in astrocytes) and Cx3cr1 (enriched in microglia) mark-
ers, which were within the expected levels (Figure S5B).

We established two experimental groups of APPPS1-
hA7ko mice to mimic in vitro the same inflammatory con-
ditions observed in vivo: (a) untreated microglia or (b) 
microglia stimulated with 100 ng/mL LPS for 24 h. LPS 

stimulation led to increased expression of NLRP3 inflam-
masome assembly genes (Figure S5C) as well as a signifi-
cant increase in proinflammatory cytokine release (IL1β, 
TNFα, IL-6 and IL12p70) in APPPS1-hA7ko microglia 
(Figure S5D). Conditioned media from both groups of 
microglia was used to stimulate APPPS1 astrocytes for 
another 24  h. qRT‒PCR measurements showed that 
APPPS1-treated astrocytes incubated in the presence 
of LPS(+)-conditioned media (named APPPS1 (+ LPS)) 
expressed higher levels of Nlrp3, Casp1 and Nfkb1 than 
control DMEM-treated astrocytes or astrocytes incu-
bated with conditioned media from nontreated microglia 
(named APPPS1 (− LPS)). In this case, there was a trend 
that did not reach statistical significance. (Fig. 9A). These 
results were consistent with the cytokine measurements. 
APPPS1 astrocytes (+ LPS) release increased levels of 
the proinflammatory cytokines IL1β, TNFα, IL12p70 
and IL-6 as well as some anti-inflammatory cytokines, 
such as IL-4, IL-5 and IL10, into the media. The incuba-
tion of astrocytes with untreated microglial cell media 
significantly increased the levels of some of these cyto-
kines (Fig.  9B), indicating that LPS is required in these 
early developmental conditions to induce the inflamma-
tory conditions observed in adult mice. The in vitro data 
mimic the results obtained in vivo and support the exis-
tence of an interplay between microglia and astrocytes 
in the absence of the ABCA7 transporter, which may be 
involved in modulating the neuroinflammatory response.

Discussion
Compared with traditional transgenic mice, human-
ized mice are becoming an increasingly valuable tool in 
AD research due to their ability to better mimic human 
conditions [52, 53]. This advantage stems from two key 
features. First, humanized mice can be engineered to 
express genes associated with human AD, such as the 
Aβ protein. This allows the effects of these human pro-
teins to be studied directly in living organisms, bridging 
the gap between genetic mutations and their effects on 
the brain [54]. Second, humanized mice can be bred to 
represent the genetic diversity observed in human popu-
lations [53], which is particularly relevant to LOAD, the 
most common form of the disease. Indeed, in 2011, the 
ABCA7 transporter locus was identified as the second 
most important genetic risk factor after APOE4 for spo-
radic LOAD [3], underlying the importance of this pro-
tein in the onset and development of the disease. Our 
laboratory has previous experience in the development 
of humanized models based on ABC transporters with 
knockout capabilities, such as ABCB1 [55] or ABCC1 
[56]. We decided to further develop the first humanized, 
floxed ABCA7 knock-in mouse crossbred with the amy-
loidogenic model APPPS1-21 to investigate how changes 
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Fig. 8  Changes in cytokine release induced by ABCA7ko versus conditional Cx3cr1-ABCA7ko in APPPS1 mice during disease progression. Levels of the 
proinflammatory cytokines IL1β, TNFα and IL12p70 quantified by ELISA in females and males at 100 (A, B) and 200 days of age (E, F). Levels of the anti-
inflammatory cytokines IL-4, IL-5 and IL-10 quantified by ELISA in females and males at 100 (C, D) and 200 days of age (G, H). The data are presented as the 
means ± SDs (n = 5–6 per experimental group); significance was determined using one-way ANOVA followed by Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01 
vs. APPPS1-hA7flx; #p ≤ 0.05, ## p ≤ 0.01 vs. APPPS1-hA7ko)
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Fig. 9  APPPS1-hA7ko microglia induce NLRP3 inflammasome expression in APPPS1 astrocytes in vitro. mRNA expression levels quantified by qPCR of 
genes involved in the priming and oligomerization of the NLRP3 inflammasome in APPPS1 + astrocytes treated with conditioned medium from APPPS1-
hA7ko mice for 24 h (A). Levels of selected proinflammatory/anti-inflammatory cytokines quantified by ELISA in APPPS1 astrocytes treated with con-
ditioned medium from APPPS1-hA7ko mice for 24 h (B). The data are presented as the means ± SDs (n = 3–5 independent cultures per experimental 
condition); significance was determined using one-way ANOVA followed by Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 vs. conditioned me-
dium (+), LPS (+) group; #p ≤ 0.05 vs. conditioned medium (+), LPS (−) group)
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in this ABC transporter might affect Aβ metabolism and 
contribute to neuroinflammation in AD.

Interestingly, the ABCA7 transporter has dual func-
tions against the toxic effects of Aβ. It acts as a cellular 
guardian, shuttling Aβ out of brain cells and preventing 
its accumulation. However, the influence of ABCA7 may 
also extend upstream, potentially regulating the process-
ing pathway that generates Aβ [57]. This dual functional-
ity positions ABCA7 as a promising target for therapeutic 
strategies aimed at combating AD by enhancing ABCA7 
efflux activity or modulating its ability to regulate APP 
processing [5]. Previous studies have shown that in vitro 
knockout of ABCA7 induces a decrease in Aβ efflux 
across the blood‒brain barrier, reducing the clearance of 
this peptide and facilitating its accumulation in the CNS 
[58]. In the J20 AD mouse model, knockout of ABCA7 
doubled insoluble Aβ levels and thioflavin S-positive 
plaques in the brain [59]. Our results are in line with 
these previous findings and confirm the neuroprotective 
function of ABCA7 in APP processing. Here, we show 
that complete absence of the ABCA7 transporter in the 
β-amyloidosis mouse model APPPS1 induces an increase 
in fibrillar and insoluble Aβ42 levels in both males and 
females at 100 and 200 days of age. The molecular results 
also correlate with the extent and number of insoluble Aβ 
plaques found in the APPPS1-hA7ko group at 100 days. 
This modulation of APP processing is related not only 
to ABCA7 but also to other ABC transporters, such as 
ABCC1. ABCC1 deficiency in the APPPS1 mouse model 
promotes Aβ deposition and accumulation in the walls of 
brain microvessels. In contrast, activation of ABCC1 by 
the agonist thiethylperazine significantly reduced the Aβ 
load in APPPS1 mice expressing ABCC1 but not in those 
lacking the ABCC1 transporter [60].

In addition to its role in modulating APP process-
ing, the ABCA7 transporter is increasingly recognized 
as a potential modulator of neuroinflammation. Previ-
ous studies have shown that impaired ABCA7 function 
in microglia results in reduced cholesterol clearance, 
which may contribute to the accumulation of Aβ peptides 
observed in AD [10, 61]. In addition, ABCA7 expression 
appears to influence the activation state of microglia, as 
lower ABCA7 levels have been observed to correlate with 
a more proinflammatory phenotype by impairing CD14 
expression [10]. These findings suggest a multifaceted 
role for ABCA7 in microglial function, potentially influ-
encing both Aβ deposition and inflammatory responses 
in the brain. To investigate this link, we generated a 
tamoxifen-induced, conditional knockout of ABCA7 in 
microglia (Cx3cr1-hA7ko) (the main results and proposed 
mechanism are summarized in Fig. 10). We observed that 
the absence of this transporter in microglia returned to 
control APPPS1-hA7flx levels of soluble and insoluble 
Aβ42 peptide in both males and females, demonstrating 

that microglia are not the only cells directly involved 
in the toxic processing and deposition of Aβ42 in the 
APPPS1 AD model. Analysis of IBA1+ cells showed that 
complete knockout of the ABCA7 transporter in the 
APPPS1 model increased microglial brain coverage, cell 
number and soma size (only in males). The microgliosis 
observed in the APPPS1-hA7ko group may not only be 
related to chronic Aβ peptide exposure [62] but also to 
alterations in cholesterol efflux. The absence of ABCA7 
reduces high-density lipoprotein (HDL), which has been 
proposed to inhibit inflammatory signaling through 
TLR4 suppression in microglia and monocytes [63], sup-
porting the protective role of this transporter in the CNS. 
Moreover, conditional ABCA7 knockout (Cx3cr1-hA7ko) 
not only reverted all these morphological parameters to 
those of the APPPS1-hA7flx control group but also fur-
ther reduced them. As we observed on isolated APPPS1-
hA7ko microglia, the reuptake and clearance of Aβ was 
increased, which could be related to a protective microg-
lial phenotype consistent with the IBA1+ IHC data, as 
well as to the decreased levels of some pro-inflammatory 
cytokines (IL-1β and TNF-α). Moreover, a recent publica-
tion describes the generation of a microglial Abca7V1613M 
mutant crossed with a 5xFAD AD model, confirming 
the relevance of the ABCA7 transporter in microglial 
cells. This in vivo model showed a reduced response to 
inflammation, lipid metabolism, Aβ pathology and neu-
ronal damage, demonstrating that this microglial ABCA7 
variant may confer a gain of function and provide a pro-
tective effect against AD-related pathology [64]. Thus, 
astrocytes are suspected to be possible promoters of the 
neuroinflammatory process observed in the APPPS1 
model. Astrocytes respond to inflammatory signals and 
can promote inflammation by secreting cytokines and 
chemokines, thereby controlling immune cell activa-
tion and migration to sites of damage [65]. Therefore, it 
is not surprising that the communication between astro-
cytes and CNS-resident or CNS-infiltrating cells plays 
a central role in tissue pathology even when the mecha-
nisms involved are not completely understood [66]. Our 
IHC data show that removal of ABCA7 in the APPPS1 
mouse model leads to an increase in GFAP+ astrocyte 
brain coverage, cell number and soma size in males, all 
of which are hallmarks of astrogliosis [67], but not in 
females.The levels of these markers did not return to 
control levels in microglia with conditional knockout of 
ABCA7 (Cx3cr1-hA7ko), highlighting the role of ABCA7 
in astrocytes. The IHC data confirm that ABCA7 is regu-
lated in a cell-dependent manner, as previously suggested 
by other authors [68, 69], but the underlying mechanism 
about why GFAP is increased in conditional ABCA7 
knockout mice remain unclear. For example, the reac-
tive astrocyte phenotype A1 characterize by high levels 
of GFAP promotes inflammation via the NF-kB pathway 
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[70]. One of the genes involved in this signaling cascade, 
Nfkb1, is increased in APPPS1-hA7ko but not in condi-
tional ABCA7 knockout (Cx3cr1-hA7ko) mice. Further 
morphological studies as well as single cell RNA-seq and 
metablome analyses may help to decipher the precise 

nature of astrocytes in these circumstances. We can state 
from our available data that the interplay between astro-
cytes and microglia may play a pivotal role in neuroin-
flammation, as observed in our AD mouse model.

Fig. 10  Proposed role of the ABCA7 transporter as modulator of neuroinflammation via NLRP3 inflammasome in APPPS1 mice. Representation of NLRP3 
inflammasome system activation in astrocytes and microglia with (left panel) and without (right panel) functional ABCA7 transporters. Lines with arrows 
represent cytokine and mediator release to the extracellular space, and lines with dots indicate receptor activation. Bold lines represent increased cyto-
kine release/receptor activation, and dotted lines reflect basal or decreased cytokine release/receptor activation
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One molecular mechanism linking excess Aβ in the 
brain to the activation of neuroinflammation in AD 
is the NLRP3 inflammasome. In 2013, Heneka et al. 
described the activation of the NLRP3 inflammasome 
in the APPPS1 model through an increase in NLRP3 
and caspase-1 protein levels in microglia. It increases 
Aβ deposition by reducing their phagocytic capac-
ity and thus induces a self-perpetuating positive feed-
back loop. A deficiency of both proteins largely delays 
memory decline, improves the clearance of Aβ plaques 
and reduces the levels of IL1β [26, 71]. The absence of 
ABCA7 has the opposite effect: an increase in Aβ42 lev-
els in CD11b+ microglia is a result of an increase in 
their phagocytic capacity, suggesting that ABCA7 is 
required to modulate NLRP3 inflammasome activation. 
The underlying mechanisms are not fully understood, 
but some recent publications have suggested that Aβ 
may bind to the microglial TLR4/CD36 complex or the 
TREM2 receptor to trigger downstream signaling cas-
cades, leading to the translocation of the NFκB transcrip-
tion factor to the nucleus and the consequent release of 
proinflammatory cytokines such as IL1β, TNFα or IL-6 
[20, 21, 72]. Another protein suggested to be involved in 
the activation and priming of NLRP3 is the P2X7 recep-
tor, which is activated by changes in intracellular K+ and 
Ca2+ levels, ROS production and mitochondrial depolar-
ization and induces NFκB translocation to the nucleus 
to promote the transcription of the Nlrp3 gene [73]. In 
our APPPS1-hA7ko model, the quantified increase in sol-
uble and insoluble Aβ42 could be directly related to the 
increased mRNA expression of the main genes involved 
in the transcription and assembly of the inflammasome 
complex, such as Nfkb1, Nlrp3 or Pycard (genes encod-
ing the ASC protein). Other genes involved in the prim-
ing and activation of this protein complex, such as Tlr4, 
Cd36 and P2rx7, were also found to be upregulated in 
the absence of the ABCA7 transporter. These data show 
that ABCA7 is involved in the control of NLRP3 inflam-
masome induction and inflammation in the brain of male 
mice but not in that of female mice. Conditional knock-
out of ABCA7 in Cx3cr1+ microglia reverts the expres-
sion of all of these markers to control levels. This finding 
demonstrated that not only microglia are involved in the 
activation of the NLRP3 inflammasome system.

Crosstalk between astrocytes and microglia during 
inflammation is mainly mediated by the release of cyto-
kines and chemokines into the extracellular matrix that 
bind to specific receptors capable of perpetuating inflam-
matory signals through NFκB activation [27, 74]. A lack 
of the ABCA7 transporter in microglia in the APPPS1 
model induces changes in the Nfkb1 and Nlrp3 genes 
and in the caspase-1 protein, which is consistent with 
the changes in the levels of the cytokines IL1β and TNFα 
in the brain. To further investigate the communication 

loop between the two glial cell types, we performed an 
in vitro assay to evaluate how cytokines released by 
APPPS1-hA7ko microglia could induce activation of the 
NLRP3 inflammasome in APPPS1 astrocytes. Previous 
studies have shown that exposure of astrocytes to IL1β 
and TNFα, either directly or from conditioned microglial 
medium previously stimulated with LPS, activates NFκB. 
The transcription factor then binds to promoter regions 
and induces a positive autoregulatory feedback loop not 
only for IL1β and TNFα but also for other cytokines, such 
as GM-CSF, IL-6 or IL-8 [28, 75, 76]. In our study, LPS 
stimulation of APPPS1-hA7ko microglia led to upregu-
lation of the NLRP3 inflammasome and the release of 
proinflammatory cytokines. Increased levels of IL1β, 
TNFα and IL-6 were found in APPPS1 astrocyte media 
after 24 h of exposure to microglia-conditioned media, as 
well as increased mRNA expression of genes involved in 
their production, such as Nfkb1, Nlrp3 and Casp1. This 
mechanism has also recently been suggested in depres-
sion-like mice and multiple sclerosis models [74, 77], and 
communication between both cell types mediated by the 
ABCA7 transporter may be responsible for neuroinflam-
matory responses via NLPR3 inflammasome activation, 
as observed in vivo.

It is very important to note that sex differences are 
more than evident in all the results presented in this 
study. Therefore, the inclusion of both males and females 
in AD translational research is crucial (2–3:1 risk in 
women versus men) [78] but is especially important 
regarding ABCA7-related mechanisms. As we have men-
tioned several times before, ABCA7 is directly involved 
in cholesterol efflux and transport, and cholesterol is the 
main substrate for the synthesis of steroid hormones such 
as testosterone or estrogens [18, 79, 80]. Several stud-
ies have demonstrated that hormones can also interfere 
with neuroinflammatory responses induced by NFκB. 
The anti-inflammatory activity of estrogens is affected 
via the ER-α receptor, which has been shown to exert a 
transcriptional inhibitory effect on NFκB, resulting in 
decreased cytokine and chemokine production [81, 82]. 
Our results revealed that the ABCA7 transporter plays a 
key neuroprotective role in controlling not only the amy-
loidogenic process but also inflammation in males but 
not in females. The impact of the absence of the ABCA7 
transporter on steroid hormone synthesis, as well as its 
side effects, could be the cause of these differences, but 
more research is needed to strengthen this theory in 
the future. It is clear that by including both males and 
females in ABCA7 research, we can gain a more detailed 
understanding of how this gene contributes to AD risk 
and progression and open the way to developing more 
effective and personalized therapies.
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Conclusion
Taken together, the results of the present study dem-
onstrate that the ABCA7 transporter plays a key role 
in modulating both β-amyloidosis and inflammation 
induced by NLRP3 inflammasome in the APPPS1 mouse 
model of Alzheimer’s disease. The activation of this pro-
tein complex requires the close association of astrocytes 
and microglia and the release of cytokines, which are the 
main cellular messengers in the interplay between these 
two cell types, to mediate the inflammatory response.
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