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Abstract
Alzheimer's disease (AD) is associated with the cerebral deposition of Amyloid-β (Aβ) 
peptide, which leads to NLRP3 inflammasome activation and subsequent release of 
interleukin-1β (IL-1β) and interleukin-18 (IL-18). NLRP3 reduction has been found to in-
crease microglial clearance, protect from synapse loss, and suppress both the changes 
to synaptic plasticity and spatial memory dysfunction observed in murine AD mod-
els. Here, we test whether NLRP3-directed antisense oligonucleotides (ASOs) can be 
harnessed as immune modulators in primary murine microglia and human THP-1 cells. 
NLRP3 mRNA degradation was achieved at 72 h of ASO treatment in primary mu-
rine microglia. Consequently, NLRP3-directed ASOs significantly reduced the levels 
of cleaved caspase-1 and mature IL-1β when microglia were either activated by LPS 
and nigericin or LPS and Aβ. In human THP-1 cells NLRP3-targeted ASOs also sig-
nificantly reduced the LPS plus nigericin- or LPS plus Aβ-induced release of mature 
IL-1β. Together, NLRP3-directed ASOs can suppress NLRP3 inflammasome activity 
and subsequent release of IL-1β in primary murine microglia and THP-1 cells. ASOs 
may represent a new and alternative approach to modulate NLRP3 inflammasome ac-
tivation in neurodegenerative diseases, in addition to attempts to inhibit the complex 
pharmacologically.
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1  |  INTRODUC TION

Alzheimer's disease (AD) is the most common neurodegenera-
tive disorder and cause of dementia, clinically characterized by the 
progressive loss of cognitive function and by behavioral changes 
(Reitz & Mayeux,  2014). It currently affects about 55 million indi-
viduals worldwide, likely increasing to 78 million by 2030 (Gauthier 
et al., 2021). The histopathological hallmarks of AD include the extra-
cellular deposition of amyloid-β (Aβ) peptides, the intraneuronal for-
mation of neurofibrillary tangles, and a concomitant innate immune 
activation. Aβ is cleavaged from amyloid precursor protein (APP) by 
two proteases, γ-secretase and β-secretase (Heneka et al., 2014). Aβ 
can be removed from the brain via export into the cerebrospinal fluid 
(CSF), known as glymphatic drainage, and is degraded by microg-
lia (Heneka, Golenbock, & Latz, 2015) the major component of the 
brain's innate immune defense. Impaired clearance of Aβ can contrib-
ute to the development of sporadic AD (Mawuenyega et al., 2010).

Aβ is a danger-associated molecular pattern (DAMP), trigger-
ing neuroinflammation through the activation of pattern recogni-
tion receptors (PRRs) on microglia (Venegas et al., 2017; Weiner & 
Frenkel, 2006), which are heterogenous and may react in different 
ways to this challenge (Paolicelli et al.,  2022). Mostly, however, 
the binding of a DAMP to a PRR activates the myeloid differen-
tiation primary response protein MyD88 (MYD88)–nuclear fac-
tor-κB (NF-κB) pathway. As a result, the expression of the NOD-, 
LRR-, and pyrin domain-containing protein 3 (NLRP3) and the 
pro-form of the inflammatory cytokine interleukin-1β (pro-IL-1β) 
are upregulated (Halle et al., 2008; Heneka et al., 2018). A sec-
ond signal is required to fully activate the NLRP3 inflammasome, 
where it undergoes a conformational change allowing the heli-
cal fibrillar assembly of an adaptor protein called apoptosis-
associated speck-like protein containing a CARD (ASC) (Andreeva 
et al., 2021; Heneka et al., 2018; Hochheiser et al., 2022). Fibrillar 
ASC recruits caspase-1, which is then activated by autocataly-
sis and, in turn, cleaves and activates the pro-forms of IL-1β, IL-
18, and gasdermin D (Boucher et al.,  2018). Cleaved gasdermin 
D forms a pore in the outer cellular membrane, allowing move-
ment of mature or active IL-1β and IL-18 to the extracellular space 
(Rathinam et al., 2019).

Protofibrils, oligomeric, and fibrillar Aβ all trigger NLRP3 inflam-
masome activation leading to significant release of mature IL-1β into 
the supernatant of primary murine microglia (Lučiūnaitė et al., 2020). 
In contrast, cells deficienct for NLRP3 (Halle et al., 2008) or use of 
the NLRP3-specific inhibitor CRID3 (Lučiūnaitė et al., 2020) protects 
microglia from the Aβ-induced production of cleaved caspase-1 and 
release of mature IL-1β. In vivo, NLRP3 knockout mice carrying APP/
PS1 mutations were largely protected from Aβ deposition, immune 
activation of microglia, reduction in synaptic spines, and conse-
quently spatial memory dysfunction (Heneka et al., 2013). The levels 
of cleaved caspase-1 and total IL-1β were significantly reduced in 
the brains of APP/PS1.NLRP3−/− mice in comparison with APP/PS1 
mice and were instead on a par with age-matched wild-type controls 
(Heneka et al., 2013; Jankowsky et al., 2001).

As a result of these in vitro and in vivo findings, NLRP3 in-
flammasome inhibition is a promising therapeutic target for AD 
(Heneka et al.,  2013). Indeed, a number of NLRP3 inhibitors are 
currently undergoing clinical trials for individuals with cryopyrin-
associated autoinflammatory syndrome (CAPS), who have an over-
active NLRP3 inflammasome. The results of these investigations 
will be relevant for all conditions where there is a NLRP3 inflam-
masome involvement, including AD. To date, IL-1β-pathway inhibi-
tors such as anakinra or canakinumab are approved for therapeutic 
use (Dinarello et al., 2012), although their use in AD patients is not 
yet examined.

In contrast to pharmacological inhibition, protein expression can 
be modulated by antisense oligonucleotides (ASO). ASOs are short, 
synthetic, and single-stranded oligodeoxynucleotides that bind via 
complementary base pairing to their target mRNA. These RNA–
DNA hybrids become substrates for RNase H, resulting in rapid 
mRNA degradation (Rinaldi & Wood, 2018).

Therapies with ASOs have been approved for neurological dis-
eases including spinal muscular atrophy and Duchenne muscular 
dystrophy (Bennett et al., 2021). Indeed, there are a growing num-
ber of clinical trials examining the protectiveness of ASOs across 
a range of neurological diseases from amyotrophic lateral scle-
rosis, Huntington's disease, Parkinson's disease, and Angelman 
syndrome (Bennett et al.,  2021; Scharner & Aznarez,  2021). In 
AD, ASOs that influence tauopathies by either blocking the syn-
thesis of tau, or introducing alternative splicing to produce a less 
pathogenic tau protein are being investigated (DeVos et al., 2017; 
Schoch et al.,  2016; Sud et al.,  2014). Indeed, an ASO causing 
a RNaseH-mediated reduction in tau synthesis is already in a 
phase I/II clinical trial for patients with early-onset AD (Bennett 
et al., 2021).

In this current study, we investigate the effects of multiple 
self-designed NLRP3-directed ASOs in models of brain inflam-
mation using primary murine microglia and human THP-1 cells. 
In both murine and human cells, we found that NLRP3-targeted 
ASOs successfully reduced the protein levels of NLRP3, thereby 
suppressing NLRP3 inflammasome activation and consequently IL-
1β generation. Given the protective effect of silencing NLRP3 in 
models of AD (Heneka et al., 2013), together these findings high-
light NLRP3-directed ASOs as a novel approach to reduce NLRP3 
inflammasome signaling and prevent neuroinflammation in AD.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

All animals used for microglial cell isolation were treated ac-
cording to the legal and ethical requirements of the University 
of Bonn—Medical Center (Germany). Mouse breeding and hus-
bandry were approved by the veterinary office (Bonn, Germany) 
according to the German Animal Welfare Act. Adult mice were 
mated and pups of either sex were used for primary microglial 
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cell preparation. No ethics approval number was required or as-
signed by the institutional board for this kind of lethal experi-
ments. Mice were housed at 22°C and with a 12 h light/dark 
cycle with free access to food and water. The procedures com-
plied with the guidelines of animal welfare as laid down by the 
German Research Council (DFG). For this study, the brains of 
287 P0 P0–P2, mixed-sex C57BL/6 N wild-type mice were used. 
The pups were sacrificed by decapitation.

2.2  |  Oligonucleotide design, synthesis, and 
preparation

Folding of the homo sapiens and mus musculus NLRP3 mRNA into 
secondary or tertiary structures was analyzed by minimum free en-
ergy prediction using a tool of the ViennaRNA Web Services (http://
rna.tbi.univie.ac.at/). Subsequently, a number of possible target sites 
were chosen that were predicted to be open and accessible for ASO 
binding (Table 1). The specific ASOs were analyzed for CpG motifs, 
secondary structure, and oligonucleotide dimer formation with the 
sequence calculator called OligoEvaluator™ provided by Sigma-
Aldrich (http://oligo​evalu​ator.com). Furthermore, all ASOs were 
checked for off-target hybridization by BLAST analysis. All ASOs 
were synthesized by Sigma-Aldrich. The ASOs used in this study 
were between 18 and 21 nucleotides in length, which are linked 
through a phosphorothioate (PS) backbone. The 5′- and 3′ ends con-
sist of five 2′-O-(2-methoxy)ethyl-modified nucleotides. To elimi-
nate ASO-specific effects scrambled (Scr. Con.) and mismatched 
(MM Con.), ASOs were used as controls. Oligonucleotide sequences 
were as follows. Underlined parts correspond to 2′-O-(2-methoxy)
ethyl modifications.

2.3  |  Study design

No randomization procedures were applied to this study. No pre-
liminary sample calculation was performed. The sample size was 
estimated based on similar studies previously carried out in the 
laboratory (Lučiūnaitė et al., 2020). There were no pre-determined 
exclusion criteria. No blinding was applied in the cell culture treat-
ment, or to the analysis.

2.4  |  Cell culture

2.4.1  |  Primary murine microglia

For this experiment, mice were housed for primary microglia cell 
preparation only which did not require further approval. Primary 
murine microglia were prepared from P0–P2, mixed-gender 
mouse pups. After removing the meninges, cells were separated 
with 0.25% trypsin and by mechanical shearing. Afterward, pooled 
cells were transferred into T75 culture flasks coated with Poly-l-
Lysine (PLL). Primary murine microglia cells were cultured under 
standard conditions at 37°C and 5% CO2 (1–2 brains per flask) in 
Dulbecco's modified Eagle's medium (DMEM, GIBCO) contain-
ing 10% heat-inactivated Fetal Bovine Serum (iFBS, GIBCO), 1% 
Penicillin/Streptomycin (P/S, GIBCO), and 1  mL of filtered L929 
cell supernatant as a source for growth factors. After 24 h, flasks 
were washed three times with Dulbecco's Phosphate Buffered 
Saline (DPBS, GIBCO) and cultured for additional 7–10 days. When 
confluent, microglia were shaken off from the astrocyte mon-
olayer. This was followed by two more shake cycles every second 
to third day.

2.4.2  |  THP-1 cells

4 × 106 cells were cultured in Roswell Park Memorial Institute (RPMI) 
1640 medium (GIBCO) containing 10% iFBS and 1% P/S at 37°C and 
5% CO2 atmosphere. THP-1 cells were passaged every 3–4 days, and 
4 × 106 cells were cultured again. Passages ranged from p7 to p23.

2.5  |  Cell transfection

For transfection, appropriate ASO concentrations from 1 to 
300 nM were prepared. The ASOs (at various concentrations) or 
Dextran-488 (Invitrogen, 0.1  mg/mL final concentration) were 
mixed with lipofectamine RNAiMax (Invitrogen, final concentra-
tion, 0.3  μL/mL) and incubated at room temperature for 20 min. 
Subsequently, serum-free DMEM or RPMI medium was added to 
achieve the correct final concentration and volume. The ASOs were 
then added to the cells.

TA B L E  1  Sequence of human and mouse ASOs.

Oligo name ASO sequence (5′-3′)

human ASO 1 GAUGC​CA​TCT​TGA​CCCAU

human ASO 2 GCUCC​GG​TGC​TCC​TT​GAUGA

human ASO 3 CCCAG​GC​TCC​TCT​GU​GUCA

human Scr. Con. 2 GUCUA​TC​TCA​GGT​GG​UCGCC

human MM Con. 2 GCUCC​GG​TAT​GAA​TT​GAUGA

mouse ASO 1 ACUCU​GG​CTG​GTC​CT​UCUUA

mouse ASO 2 AUCCA​CT​CTT​CTT​CA​AGGC

mouse ASO 3 UCCCA​GT​GCC​CAG​TC​CAAC

mouse ASO 4 UCACU​TC​AAT​CCA​CUUCA

mouse Scr. Con. 3 AGCUC​CG​CGA​CTC​CU​ACCA

mouse MM Con. 3 UCCCA​GT​ATA​TCG​TC​CAAC

mouse Scr. Con. 4 ACCUC​CA​CTA​TAC​UUCAU

mouse MM Con. 4 UCACU​TC​CGA​TAA​CUUCA

NT Con. CCUCU​TA​CCT​CAG​TTA​CAA​TUUAUA
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2.6  |  Flow cytometry

Primary murine microglia or THP-1 cells were plated at 5 × 105 cells/
well in a 12-well plate, in DMEM containing 1% P/S, 1% N-2 supplement 
(GIBCO) or in RPMI-1640 containing 1% P/S and 50 nM PMA, respec-
tively. After 4–6 h the dextran/lipofectamine complexes were added 
to reach a final concentration of 0.1 mg/mL. Cells were incubated at 
37°C for 3 h. The cells were gently scraped and incubated with LIVE/
DEAD Aqua (Invitrogen). Fluorescence minus one served as controls. 
Flow cytometric analysis was performed on a BD FACSCanto II, and 
the data were acquired using Diva software (BD Biosciences). The flow 
cytometry results were analyzed using FlowJo software (TreeStar).

2.7  |  Immunostaining and confocal microscopy

Primary microglia were plated onto PLL-coated coverslips at 3 × 105 
cells/well and allowed to adhere overnight. The dextran/lipofectamine 
complexes were prepared as described above and added to the cells 
at a final concentration of 0.1 mg/mL. After 3 h, the cells were washed 
three times with PBS and then were fixed with 4% paraformaldehyde 
(PFA) in PBS for 15 min at room temperature. The cells were then 
washed again with PBS followed by nuclear counter-staining using 
Hoescht 33 342 (1:1000) in PBS + 0.1% Triton X100 for 15 min at room 
temperature. The coverslips containing the cells were washed with 
deionized water and were mounted onto glass slides using ProLong 
Gold Antifade reagent. Samples were dried in a cool dark place over-
night. All the images were taken using 20X (air) objectives with the 
Zeiss LSM800 confocal microscope. Briefly, three regions of interest 
(ROIs) were imaged as a Z-stack per group. For the quantification and 
analysis, the maximum intensity Z-projections were used, all of which 
had undergone uniform brightness and contrast adjustments.

2.8  |  Protein determination

To determine protein concentrations of cell lysates, a bicinchoninic 
acid (BCA) assay was performed using Pierce™ BCA Protein Assay Kit 
(Thermo Fischer Scientific) according to the manufacturer's protocol.

2.9  |  Quantitative RT-PCR

Primary murine microglia were seeded at a density of 3 × 105 cells/
well DMEM containing 1% P/S, 1% N-2 supplement in a 24-well 
plate. After 4–6 h the ASO/lipofectamine complexes were added to 
reach a final concentration between 1 and 300 nM. Cells were incu-
bated at 37°C for 72 h with the ASOs.

THP-1 cells were seeded at a density of 6 × 105 cells/well in RPMI-
1640 containing 1% P/S and 50 nM PMA in a 24-well plate, which was 
coated with Poly-l-Lysine (PLL). Again, after 4–6 h, the ASO/lipofect-
amine complexes were added to reach a final concentration between 
1 and 300 nM. Cells were incubated at 37°C for 48 h with the ASOs.

RNA was extracted from the cells using miRNeasy Micro Kit fol-
lowing the manufacturers protocol (Qiagen). Total RNA was quantified 
spectrophotometrically, and 500 ng was reverse transcribed into com-
plementary DNA using the High-Capacity RNA-to-cDNA™ Kit (Applied 
Biosystems™) according to the manufacturer's instructions. Real-time 
quantitative PCR was performed using the StepOnePlus Real-Time 
PCR System (Applied Biosystems). The TaqMan gene expression assay 
and TaqMan Universal PCR Master Mix (Applied Biosystems) were 
used for PCR amplification and real-time detection of PCR products. 
PCRs were performed in 20 μL with 2 μL of cDNA, 1 μL of each taqman 
probe, 10 μL of the master mix, and 6 μL of nuclease-free H20 with the 
following temperature profile: 95°C for 10 min and 40 cycles of 95°C 
for 15 s and 60°C for 30 s. mRNA expression values were normalized 
to the internal level of 18S expression.

The following probes from LifeTechnologies were used: NLRP3 
(Mm00840904_m1, Hs00918082_m1), PYCARD (Mm00445747_g1, 
Hs01547324_gH), Caspase-1 (Mm00438023_m1, Hs00354836_m1), 
IL-1β (Mm00434228_m1, Hs01555410_m1), TNFα (Mm00443258_
m1, Hs00174128_m1), CD36 (Mm00432403_m1, Hs00354519_m1), 
CD68 (Mm03047343_m1, Hs00154355_m1), TLR2 (Mm00442346_
m1, Hs00610101_m1), TLR4 (Mm00445273_m1, Hs00152939_
m1), NOS-2 (Mm00440485_m1, Hs01075529_m1), Arginase-1 
(Mm00475988_m1, Hs00163660_m1), IL-4 (Mm00445259_m1, 
Hs00174122_m1), IL-12 (Mm00434169_m1, Hs01073447_m1) and 
Gasdermin D (Mm00509957_m1, Hs00986748_g1).

Analysis of the expression of the genes was performed using 
StepOne 2.2 software provided by Applied Biosystems.

2.10  |  Measurement of cytokine secretion

For cytokine secretion experiments, primary murine microglia were 
seeded at a density of 5 × 104 cells/well in DMEM containing 1% P/S, 
1% N-2 supplement in a 96-well plate. After 4–6 h, the ASO/lipo-
fectamine complexes were added to reach a final concentration of 
30 nM. Cells were incubated at 37°C for 72 h with the ASOs.

THP-1 cells were seeded at a density of 8 × 104 cells/well in RPMI-
1640 containing 1% P/S and 50 nM PMA in a 96-well plate, which 
was coated with PLL. Again, after 4–6  h the ASO/lipofectamine 
complexes were added to reach a final concentration of 30 nM. Cells 
were incubated at 37°C for 48 h with the ASOs.

After incubation with the ASOs, cells were primed with 100 ng/
mL lipopolysaccharide (LPS) (InvivoGen) for 3 h. Subsequently, they 
were treated with either 10  μM nigericin (InvivoGen) for 45 min 
or 5  μM Aβ1-42 (Bachem) or its buffer controls (DMSO) for 24 h. 
Afterward, IL-1β and TNF-α secretion was measured in cell super-
natants using the mouse and human IL-1β/IL-1F2 and TNF-α DuoSet 
ELISA (R&D Systems) according to the manufacturer's protocols. 
The reaction was terminated by adding 2 N H2SO4, and the optical 
density was measured at 450 nm with a microplate reader (Infinite 
M200; Tecan). To determine cytokine concentrations, values were 
interpolated into the standard curve by linear regression using 
GraphPad Prism 9 (GraphPad Software).
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2.11  |  Cytotoxicity and cell viability assays

For cytotoxicity experiments, primary microglia and THP-1 cells were 
treated as described above. LDH release was measured in 50 μL su-
pernatant using a cytotoxicity detection kit (Roche) according to the 
manufacturer's protocol. The reaction was stopped with 1  N HCl 
and absorbance was measured at 490 and 680 nm using a microplate 
reader (Infinite M200; Tecan).

2.12  |  Immunoblotting

Primary murine microglia were seeded at a density of 1 × 106 cells/
well in serum-free DMEM in a 6-well plate. After 4–6 h, the ASO/
lipofectamine complexes at 30 nM were added. Cells were incubated 
at 37°C for 72 h with the ASOs.

THP-1 cells were seeded at a density of 2 × 106 cells/well in 
serum-free RPMI-1640 containing 50 nM PMA in a 6-well plate, 
which was coated with PLL. Again, after 4–6 h, the ASO/lipofect-
amine complexes at 30 nM 10X were added. Cells were incubated at 
37°C for 48 h with the ASOs.

For inflammasome activation, cells were treated with LPS and ni-
gericin or Aβ as described above. Subsequently, supernatants were 
collected for protein precipitation. Therefore, 500 μL methanol and 
125 μL chloroform were added to 500 μL supernatant and vortexed 
briefly. After 5  min centrifugation at 15 000  g, the upper aqueous 
phase was removed and 500 μL methanol was added to the remainder. 
Again, samples were vortexed briefly and centrifuged at 15 000 g for 
5 min. Supernatants were removed and pellets were dried for 20 min 
at room temperature. The pellets were then resuspended in 20 μL 2X 
loading buffer (106 mM Tris–HCL, 141 mM Tris base, 2% LDS, 10% 
glycerol, 0.51 mM EDTA (pH 8.5), 360 mM 1,4-Dithiothreit (DTT), and 
5 mg/mL Orange G) and denatured at 95°C for 5 min in a thermocycler.

For lysate collection, cells were washed with PBS and 150 μL 1X 
ristocetin-induced platelet agglutination (RIPA) buffer (25 mM Tris–HCl 
(pH 7.5), 150 mM NaCl, 0.5% sodium desoxycholate, 1% NP-40, and 0.1% 
SDS) supplemented with 1X Protease/Phosphatase Inhibitor Cocktail 
(Cell Signaling Technology) were added for 20 min. Cells were then 
scraped of the well plate and centrifuged at 21 000 g at 4°C for 15 min. 
Cell lysates were also denatured at 95°C for 5 min in a thermocycler.

Samples were separated on a NuPAGE 4%–12% Bis-Tris Gel 
(Invitrogen) in NuPAGE MES or MOPS SDS Running Buffer (NP0002). 
The Trans-Blot Turbo™ Transfer System (Bio-Rad Laboratories) was 
used to blot the proteins on a 0.2 mm nitrocellulose membrane 
(Trans-Blot Turbo™ Transfer Pack, Bio-Rad Laboratories). Thereafter, 
membranes were blocked with 3% fatty acid-free bovine serum al-
bumin (BSA) (Millipore) in Tris-buffered saline supplemented with 
Tween-20 (TBST) (10 mM Tris–HCl, 150 mM NaCl, 0.05% Tween-20, 
pH 8.0) for 30 min at RT.

NLRP3 was detected using antibody anti-NLRP3/NALP3 
Cryo-2 (AdipoGen, RRID:AB_2490202), ASC using Anti-Asc AL177 
(AdipoGen, RRID:AB_2490440), caspase-1 using antibodies Casp1 
clone 4B4.2.1 (Genentech, gift from Genentech), and anti-caspase-1 

(human) Bally-1 (AdipoGen, RRID:AB_2490257), IL-1β using GTX74034 
(Genentech, RRID:AB_378141), Human IL-1 beta /IL-1F2 Antibody AF-
201-NA (R&D Systems, RRID:AB_354387), and Mouse IL-1β/IL-1F2 
AF-401-NA (R&D Systems, RRID:AB_416684), NOS-2 using antibody 
610 329 (BD Transduction Laboratories, RRID:AB_397719) and α-
Tubulin using antibody 62 204 (Invitrogen, RRID:AB_1965960). All pri-
mary antibodies were used at a dilution of 1:1000 in 3% BSA in TBST. 
Primary antibody signal was detected by secondary IRDye IgG (H + L) 
antibodies (1:10000, LI-COR Biotechnology, RRID:AB_2687553, 
RRID:AB_2651127, RRID:AB_2687825, RRID:AB_2651128, 
RRID:AB_2650427, RRID:AB_2814913). Proteins were then visualized 
with the Odyssey CLx Imaging System (LI-COR Biosciences) and quan-
tified using Image Studio (LI-COR Biosciences).

2.13  |  Phagocytosis of amyloid-β

For phagocytosis assay, THP-1 cells were seeded and treated with the 
ASOs in a black 96-well plate as described above. After 48 h of ASO 
treatment, fresh medium was added to the cells containing 0.25 μM 
TAMRA-Aβ (Eurogentec). After 4  h, medium was removed and ab-
sorbance was measured at 540 nm excitation and 585 nm emission 
using a microplate reader (Infinite M200; Tecan). Subsequently, 
Trypan blue 0.2% was added to extinguish any extracellular TAMRA 
signal and absorbance was again measured at 540 nm and 585 nm. 
Finally, nuclear stain was performed using H33342 and absorbance 
was measured at 360 nm excitation and 418 nm emission.

2.14  |  Statistics

Data evaluation was performed using Graph Pad Prism 9 (GraphPad 
Software). Data are presented as Mean ± SEM. in all displayed dia-
grams. All data points refer to independent experiments where n 
indicates an independent cell culture preparation. For grouped data-
sets, one-way ANOVA was performed followed by a post hoc Tukey 
test. When only two groups were statistically analyzed, a two-tailed 
t-test was performed. Kolmogorov–Smirnov normality test was car-
ried out to test whether the values come from a Gaussian distri-
bution. In addition, Grubbs' test (alpha of 0.05) was performed to 
remove any significant outliers. Levels of significance are indicated 
as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Full statistical 
reports are provided in Supporting Information (Table S1).

3  |  RESULTS

3.1  |  ASOs reduce expression of NLRP3 by murine 
microglia

To determine the effects of targeted ASOs on the expression of 
NLRP3, we set out to design NLRP3-targeted ASOs that were likely 
to bind to NLRP3 mRNA. First, we examined the regions of NLRP3 
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3472  |    BRAATZ et al.

that were predicted to be in an open, as opposed to folded, confor-
mation based on their minimum free energy prediction (Figure 1a). 
Focusing on the open regions, we designed four NLRP3-targeting 
ASOs complementary to different regions of NLRP3 mRNA 
(Table 1). Native oligonucleotides are very susceptible to degrada-
tion by endo- and exonucleases, but various chemical modifications 
to the backbone can substantially improve oligonucleotide stabil-
ity (Bennett & Swayze, 2010; Crooke et al., 2017; Patil et al., 2005; 
Rinaldi & Wood, 2018). To enhance our ASO stability, we used phos-
phorothioate (PS) modified antisense oligonucleotides containing 
five 2′-O-(2-methoxy)ethyl-modified nucleotides on the 5′- and 3′ 
ends. Murine microglia were transfected with one of four different 
ASOs in lipofectamine RNAiMax at concentrations ranging from 0 to 
300 nM for 72 h (Figure 1a,b).

ASO 1 and ASO 2 did not significantly affect the levels of NLRP3 
mRNA in microglial cells (Figure  1c,d). In contrast, compared with 
untreated cells, ASO 3 and ASO 4 reduced mRNA levels in a dose-
dependent manner, starting at concentrations of 30 nM (Figure 1e,f). 
Indeed when treated with ASO 3, NLRP3 mRNA expression was re-
duced by up to 50% (Figure 1e). At a protein level, ASO 3 reduced the 
amount of NLRP3 by over 60% (Figure 1g,h). To determine the mi-
croglial transfection efficiency, we used labeled dextran as a control, 
similar to that described before (Raes et al., 2021) (Figure S1a–e). We 

combined the dextran-488 with lipofectamine and treated the cells 
with these complexes for 3  h. Interestingly, 50–82% of microglial 
cells had taken up the labeled liposomes, as detected by flow cytom-
etry (Figure S1a,b) or by immunocytochemistry (Figure S1e).

In order to account for off-target effects triggered by the ASOs, 
we designed scrambled (Scr. Con.) and mismatched (MM Con.) se-
quences of ASO 3 (Gagnon & Corey, 2019). These controls have the 
same nucleotide composition, but critically, the order of the nucleo-
tides differs. Again, the ASOs were administered at 30 nM for a pe-
riod of 72 h. Compared with the scrambled and mismatched controls, 
the NLRP3-targeted ASO 3 significantly reduced the protein levels 
of NLRP3 in microglia (Figure 1g,h). Together, the data suggest that 
ASO 3 functions to inhibit the mRNA levels of NLRP3 in a sequence-
specific manner. For all subsequent studies in murine cells, ASO 3 
was used at a concentration of 30 nM.

3.2  |  NLRP3-directed ASOs successfully 
reduce the cleavage of both caspase-1 and IL-1β  in 
primary murine microglia

We next asked whether the ASO-induced downregulation of NLRP3 
persists when assembly of the inflammasome is triggered. To this 

F I G U R E  1  Development and characterization of murine NLRP3-targeted ASOs. (a) Minimum free energy prediction for mus musculus 
NLRP3 mRNA secondary structure colored by base-pairing probabilities. (b) Schematic of experimental setup. Microglia were treated with 
targeted or control ASOs for 72 h and subsequently harvested to detect the levels of NLRP3 mRNA and protein. (c–f) Transcription levels 
of NLRP3 in primary murine microglia treated with targeted ASOs for 72 h (n = 6 independent biological replicates, Mean ± SEM). (g and 
h) Western blot detection and quantification of NLRP3 in cell lysates of primary murine microglia treated with mouse ASO 3 and matching 
scrambled and mismatched controls at 30 nM for 72 h (n = 6 independent biological replicates, Mean ± SEM, one-way ANOVA, Tukey's post 
hoc test, ***p < 0.001, ****p < 0.0001). (Scr. Con. 3, scrambled control 3; MM Con. 3, mismatched control 3).
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end, primary murine microglia cells were primed with lipopolysac-
charide (LPS) and subsequently treated with nigericin (Figure  2a), 
which is an ionophore that permeabilizes the cell membrane to po-
tassium and a well-known NLRP3-inflammasome activator (Mangan 
et al., 2018). Once the NLRP3 inflammasome is assembled, caspase-
1 is recruited and undergoes autocatalysis, thus allowing it to cleave 
pro-IL-1β into active IL-1β (Heneka et al.,  2018; Latz et al.,  2013; 
Martinon et al., 2002). As expected, treatment with LPS and nigericin 
increased the expression of NLRP3 and pro-IL-1β in the cell lysates 
compared with an untreated control (Con) (Figure 2b,c, S2d), while 
the levels of pro-caspase-1 and ASC remained unchanged (Figure 2b, 
Figures  S2a,c). Interestingly, prior treatment with NLRP3-targeted 
ASO 3, for 72 h, reduced the protein levels of NLRP3 and thus pre-
vented inflammasome assembly (Figure  2b,c). In comparison, cells 
treated with the scrambled or mismatched ASO control maintained 
high levels of NLRP3 (Figure 2b–d, Figure S2b).

To determine the extent of inflammasome components released 
into the extracellular space, the cell supernatants were collected 
for ELISA and western blot analysis. As expected, all downstream 
NLRP3 inflammasome components including cleaved-IL-1β, cleaved 
caspase-1, and ASC were increased in the supernatant after stim-
ulation with LPS and nigericin (Figure  2e–h, Figure  S2e–g). Levels 
of pro-caspase-1 and pro-IL-1β released into the supernatant were 
reduced in tendency when compared to scrambled and mismatched 
controls. This phenomenon did not reach the level of statistical 
significance across all experiments, but nevertheless may indicate 
that because of the inhibition of the NLRP3 inflammasome, less 
microglial pyroptosis caused those reduced levels in the superna-
tant. (Figure  2e, Figure  S2f,g). In contrast, NLRP3-directed ASO 3 
significantly reduced the release of ASC, cleaved caspase-1, and 
mature IL-1β in comparison with cells that received the scrambled 
control (Figure 2e–h). ASO 3 also reduced the production of IL-1β in 
a concentration-dependent manner (Figure S1h). Compared with a 
matching scrambled control, 100 nM of targeted ASO treatment de-
creased extracellular IL-1β by 62%, whereas 30 nM still led to a sig-
nificant reduction by 43% (Figure S1h). Indeed, the pro-inflammatory 
cytokine TNF-α remained unaffected by ASO treatment, confirming 
that identified changes were NLRP3-pathway specific (Figure S1i). 
To analyze the effects of ASOs on the viability of primary murine 
microglia, the release of lactate dehydrogenase (LDH) was mea-
sured as an indicator of cell death (Giordano et al., 2011). Compared 
with the scrambled control, there was no significant difference with 
ASO treatment, indicating that ASOs are not affecting cell viability 
(Figure S2j).

3.3  |  NLRP3 expression is reduced after 48 h of 
NLRP3-targeted ASO treatment in THP-1 cells

To investigate the effects of targeted ASOs in human immune cells, 
we designed three ASOs complementary to different, open re-
gions of human NLRP3 mRNA (Table 1, Figure 3a). The ASOs were 
tested in THP-1 cells, a human monocyte cell line, to model a human 

system in vitro. To create an experimental setup more similar to 
human microglia, the THP-1 cells were differentiated with phor-
bol 12-myristate 13-acetate (PMA) into macrophage cells (Balon & 
Wiatrak,  2021). The human NLRP3-targeted ASOs contained the 
same chemical modifications to the backbone as the murine-specific 
ASOs mentioned above in order to provide nuclease resistance. 
Again, to determine the extent of NLRP3 mRNA degradation, ASOs 
were administered at multiple concentrations ranging from 0 to 
300 nM for 48 h (Figure 3b).

Similar to that observed in microglia, THP-1 cells rapidly took 
up the liposomes and approximately 50% of cells were transfected 
after just 3 h (Figure S1c,d). Treatment with all three ASOs led to 
a concentration-dependent reduction in NLRP3 mRNA expression 
at 48 h, compared with untreated cells (Figure 3c–e). However, this 
effect was not observed in ELISAs for the release of IL-1β. Compared 
with the non-targeted control (NT Con.), which was not specific for 
any of the three ASOs, only ASO 2 at 100 and 30 nM significantly 
reduced the IL-1β release that was triggered on exposure to LPS 
and nigericin (Figure S3a–d). This effect was concentration depen-
dent, as 1 nM of ASO 2 did not affect cytokine release (Figure S3d). 
Therefore, as in primary microglia, a concentration of 30 nM was 
used for all subsequent studies. To confirm the effect of ASO 2 
on NLRP3 expression, scrambled and mismatched sequences of 
ASO 2 were designed and used as controls. In comparison with the 
scrambled control, the NLRP3-targeted ASO 2 significantly reduced 
NLRP3 levels in cell lysates (Figure 3f,g).

3.4  |  Targeted ASOs affect downstream 
activation of the NLRP3 inflammasome in human 
THP-1 cells after stimulation with LPS and Nigericin

To further assess the effects of NLRP3-directed ASOs in THP-1 
cells, the NLRP3 inflammasome was primed and activated by incu-
bating the cells with LPS and nigericin (Figure 4a). Treatment with 
a NLRP3-targeted ASO for 48 h prior to the immune stimulus sig-
nificantly reduced NLRP3 inflammasome expression and subse-
quent caspase-1 cleavage in cell lysates compared with scrambled 
and mismatched ASO controls (Figure 4b–d). In contrast, levels of 
pro-caspase-1, ASC, pro-IL-1β, and IL-1β in the lysate remained unaf-
fected (Figure 4b, S3e–h).

Stimulation with LPS and nigericin led to a significant release 
of all downstream inflammasome components, that is, active IL-1β, 
cleaved caspase-1, and ASC, into the extracellular space when com-
pared to untreated controls (Figure 4e–h, Figure S3i,k). Interestingly, 
compared with matching scrambled and mismatched ASO controls, 
48 h of targeted ASO treatment prior to inflammasome activation 
attenuated the release of NLRP3, cleaved caspase-1, and mature 
IL-1β to the supernatant (Figure  4e–h). In contrast, the amount of 
pro-caspase-1, pro-IL-1β, and ASC in the supernatant remained un-
changed (Figure 4e, Figure S3i,k). These data indicate that NLRP3 
mRNA degradation by targeted ASOs also decreases NLRP3-
dependent recruitment and activation of caspase-1 in THP-1 cells, 
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and consequently less IL-1β is released. This finding was further con-
firmed by ELISA, where the targeted ASO treatment reduced the 
extracellular levels of IL-1β compared with the matching scrambled 
control at all concentrations examined (Figure S3l). Indeed, 100 nM 
or 30 nM of NLRP3-targeted ASO 2 treatment significantly de-
creased extracellular IL-1β by 69% and 64% respectively (Figure S3l). 
TNF-α was undetectable in cell supernatants, which confirms 
NLRP3-dependency (Figure S3m). However, based on LDH release, 
targeted ASO treatment significantly reduced the LPS plus nigericin-
induced cell toxicity (Figure S3n).

3.5  |  ASO treatment significantly reduces IL-1β 
release in models of Aβ-induced inflammasome 
stimulation

To further study the protective effect of ASOs in the context of AD, 
we set up experimental paradigms using Aβ for inflammasome ac-
tivation. Primary murine microglia and PMA-differentiated THP-1 
cells received either murine- or human-specific NLRP3-directed 
ASOs and respective controls for up to 72 h. Subsequently, cells 
were primed with LPS for 3  h and inflammasome activation was 

F I G U R E  2  NLRP3-targeted ASOs protect against inflammasome activation and downstream release of cleaved caspase-1 and IL-1β 
in murine microglia. (a) Schematic of experimental setup. Microglia were treated with targeted or control ASOs for 72 h. Following this, 
the cells were incubated with LPS (100 ng/mL for 3 h) and then nigercin (10 μM for 45 min) and harvested to detect the levels of NLRP3 
inflammasome-related components. (b–d) Western blot detection and quantification of NLRP3, caspase-1, ASC, and IL-1β in cell lysates of 
primary murine microglia that were treated with mouse ASO 3 and matching scrambled and mismatched controls at 30 nM for 72 h before 
stimulation with LPS and nigericin (n = 5 independent biological replicates, Mean ± SEM, one-way ANOVA, Tukey's post hoc test, *p < 0.05, 
**p < 0.01). (e–h) Western blot detection and quantification of NLRP3, caspase-1, ASC, and IL-1β in cell supernatants of primary murine 
microglia treated with mouse ASO 3 and matching scrambled and mismatched controls at 30 nM for 72 h before stimulation with LPS and 
nigericin (n = 6 independent biological replicates, Mean ± SEM, one-way ANOVA, Tukey's post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). (LPS, lipopolysaccharide; Nig., nigericin; Scr. Con. 3, scrambled control 3; MM Con. 3, mismatched control 3).
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triggered by 24 h of Aβ exposure (Figure 5a). In primary murine mi-
croglia, Aβ increased IL-1β release compared with the DMSO control, 
which was used as a solvent (Figure 5b). This phenomenon was pre-
vented by targeted ASO treatment and reduced IL-1β release from 
primary murine microglia by 68% (Figure 5b). TNF-α and LDH levels 
remained unaffected (Figure  S4a,b). In our human model, NLRP3-
targeted ASO 2 was similarly able to attenuate the Aβ-induced IL-1β 
release in THP-1 cells (Figure 5c). ASO 2 did not affect TNF-α and 
LDH release from these cells (Figure S4c,d). To further investigate 
the Aβ-induced recruitment and extracellular release of inflamma-
some components in primary murine microglia, immunoblot detec-
tion was performed. Treatment with a NLRP3-targeted ASO for 72 h 
decreased NLRP3 levels in cell lysates compared with the scrambled 
and mismatched control ASOs (Figure 5d,e). In contrast, the expres-
sion levels of ASC, pro-caspase-1, and pro-IL-1β remained unchanged 
(Figure 5d, Figure S4e–g). Additionally, immunoblot detection of cell 
supernatants revealed a significant reduction in cleaved caspase-1 
and mature IL-1β in response to targeted ASO treatment (Figure 5f–
i), while the release of NLRP3, ASC, pro-caspase-1, and pro-IL-1β 
were not affected (Figure 5f,g, Figure S4h–j).

3.6  |  ASO treatment shifts murine microglia and 
human THP-1 cells toward an anti-inflammatory state

Microglial activation by pro-inflammatory stimuli causes a wide range 
of phenotypic changes that include increased expression of the in-
ducible nitric oxide synthase 2 (NOS2). NOS2 is a hallmark of the 
classically activated pro-inflammatory phenotype, where it has pre-
viously been documented in the context of AD and linked to accel-
erated Aβ aggregation (Kummer et al., 2011). In contrast, arginase-1 
represents a marker of an anti-inflammatory microglial phenotype 
(Heneka et al., 2013). Based on these markers, it has been shown that 
NLRP3-deficiency in APP/PS1 mice results in a phenotype shift to-
ward an anti-inflammatory state (Heneka et al., 2013). In the present 
experiments, 72 h of NLRP3-targeted ASO treatment significantly 
down-regulated NOS2 mRNA levels in murine microglia, whereas 
arginase-1 mRNA was upregulated compared with untreated controls 
(Figure  6b,c). A trend toward increased arginase-1 expression was 
also observed in ASO 3 treated cells, in comparison with scrambled 
and mismatched ASOs (Figure 6d,e). Similarly, NOS2 mRNA was de-
creased by NLRP3-targeted ASO treatment in PMA-differentiated 

F I G U R E  3  Characterization of human NLRP3-targeted ASOs. (a) Minimum free energy prediction for homo sapiens NLRP3 mRNA 
secondary structure colored by base-pairing probabilities. (b) Schematic of experimental setup. PMA-differentiated THP-1 cells were treated 
with targeted or control ASOs for 48 h and subsequently harvested to detect the levels of NLRP3 mRNA and protein. (c–e) Transcription 
levels of NLRP3 in THP-1 cells treated with targeted ASOs for 48 h (n = 6 independent biological replicates, Mean ± SEM one-way ANOVA, 
Tukey's post hoc test). (f and g) Western blot detection and quantification of NLRP3 in cell lysates of THP-1 cells treated with human ASO 2 
and matching scrambled and mismatched controls at 30 nM for 48 h (n = 4 independent biological replicates, Mean ± SEM, one-way ANOVA, 
Tukey's post hoc test, **p < 0.01). (Scr. Con. 2, scrambled control 2; MM Con. 2, mismatched control 2).
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THP-1 cells, whereas arginase-1 levels were elevated although not 
significantly (Figure 6g,h). These experiments suggest that NLRP3 in-
flammasome activation and subsequent release of IL-1β act upstream 
of NOS2 expression. Consequently, mRNA degradation by NLRP3-
directed ASOs reduces the expression of this pro-inflammatory en-
zyme. We next asked whether the suggested phenotype shift by 
NLRP3-directed ASOs also modifies microglial clearance capacity. 
The mRNA levels of CD68, which plays a key role in Aβ phagocyto-
sis, were measured (Daria et al., 2017; Yamanaka et al., 2012). In both 
models, NLRP3-targeted ASO treatment significantly increased the 

amount of CD68 mRNA (Figure 6a,f). This was mirrored by a mod-
est, but significant, increase in phagocytosis of TAMRA-labeled Aβ by 
ASO 2-treated THP-1 cells (Figure 6i,j).

4  |  DISCUSSION

Aβ-triggered activation of the microglial NLRP3 inflammasome is a 
key driver of AD pathogenesis, where NLRP3 deficiency in APP/PS1 
mice almost completely prevented the development of spatial memory 

F I G U R E  4  NLRP3-targeted ASOs prevent the LPS and nigericin-induced inflammasome activation in human cells. (a) Schematic of 
experimental setup. PMA-differentiated THP-1 cells were treated with targeted or control ASOs for 48 h. Following this, the cells were 
incubated with LPS (100 ng/mL for 3 h) and then nigercin (10 μM for 45 min) and harvested to detect the levels of NLRP3 inflammasome-
related components. (b–d), Western blot detection and quantification of NLRP3, caspase-1, ASC, and IL-1β in cell lysates of THP-1 cells 
that were treated with human ASO 2 and matching scrambled and mismatched controls at 30 nM for 48 h before stimulation with LPS and 
nigericin (n = 5 independent biological replicates, Mean ± SEM, one-way ANOVA, Tukey's post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001). 
(e–h) Western blot detection and quantification of NLRP3, caspase-1, ASC, and IL-1β in cell supernatants of THP-1 cells treated with human 
ASO 2 and matching scrambled and mismatched controls at 30 nM for 48 h before stimulation with LPS and nigericin (n = 6 independent 
biological replicates, Mean ± SEM, one-way ANOVA, Tukey's post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (LPS, 
lipopolysaccharide; Nig., nigericin; Scr. Con. 2, scrambled control 2; MM Con. 2, mismatched control 2).
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deficits (Heneka et al., 2013). Here, using primary murine microglia cells 
and human THP-1 cells, we tested whether ASOs would be able to di-
rectly target this inflammatory pathway in vitro under different proto-
cols of NLRP3 inflammasome stimulation. After 72 h of targeted ASO 
treatment, NLRP3 mRNA degradation was successfully observed in 
primary murine microglia, and this downregulation persisted even when 
assembly of the inflammasome was triggered with LPS and nigericin 
(Pétrilli et al., 2007). Treatment with NLRP3-targeted ASOs resulted in 
a significant reduction in caspas-1 cleavage and IL-1β maturation, and 
prevented subsequent extracellular release of IL-1β compared with con-
trols. Together, these data suggest that NLRP3-targeted ASOs in vitro 
can mimic the overall effects of a genetic NLRP3 knockout.

To further confirm the effects of NLRP3-targeted ASOs in the 
context of AD, we subsequently tested them using in vitro models 
of Aβ-induced inflammasome stimulation (Schnaars et al., 2013). In 
primary murine microglia, the Aβ-induced NLRP3 inflammasome ac-
tivation and subsequent release of cleaved caspase-1 and mature IL-
1β were prevented by targeted ASO treatment. In the human THP-1 

cell model, reduced release of mature IL-1β was also observed with 
NLRP3-ASOs. Together, these data indicate that NLRP3 mRNA deg-
radation by targeted ASO treatment reduces microglial inflammation 
in in vitro models.

As the progression of AD is not only based on Aβ pathology, the 
ASO-mediated effects might be because of other mechanisms not 
described here. Inflammasome-dependent formation and extracel-
lular release of ASC specks also results in spreading of Aβ pathology 
in APP/PS1 mice (Venegas et al., 2017). In our in vitro murine model, 
NLRP3-targeted ASO treatment was shown to suppress the extracel-
lular release of ASC specks (Figure 2f), which may also reduce or even 
prevent the subsequent ASC-dependent progression of Aβ plaque 
formation. Furthermore, deficiency of NLRP3 in Tau22 mice reduces 
tau hyperphosphorylation and aggregation by regulating tau kinases 
and phosphatases (Ising et al., 2019). Therefore, tau pathology could 
also potentially benefit from a NLRP3-targeted ASO therapy.

Previous studies have shown that NLRP3-deficiency in mice re-
sults in a microglial phenotype shift toward an anti-inflammatory 

F I G U R E  5  NLRP3-targeted ASOs attenuate Aβ-induced inflammasome activation, reducing IL-1β release. (a) Schematic of experimental setup. 
Microglia or THP-1 cells were treated with targeted or control ASOs for 72 or 48 h, respectively. Following this, the cells were incubated with LPS 
(100 ng/mL for 3 h) and then Amyloid-β (Aβ, 5 μM for 24 h). Following this, the cells were harvested to detect the levels of NLRP3 inflammasome-
related components. (b) ELISA detection of IL-1β in cell supernatants of primary murine microglia that were treated with mouse ASO 3 and 
matching scrambled and mismatched controls at 30 nM for 72 h and then stimulated with LPS and Aβ (n = 4 independent biological replicates, 
Mean ± SEM, one-way ANOVA, Tukey's post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001). (c) ELISA detection of IL-1β in cell supernatants of THP-
1 cells treated with human ASO 2 and matching scrambled and mismatched controls at 30 nM for 48 h before stimulation with LPS and Aβ (n = 4 
independent biological replicates, Mean ± SEM, one-way ANOVA, Tukey's post hoc test, *p < 0.05, **p < 0.01). (d–e), Western blot detection and 
quantification of NLRP3, pro-caspase-1, ASC, and pro-IL-1β in cell lysates of primary murine microglia treated with mouse ASO 3 and matching 
scrambled and mismatched controls at 30 nM for 72 h and then stimulated with LPS and Aβ (n = 4 independent biological replicates, Mean ± SEM, 
one-way ANOVA, Tukey's post hoc test, *p < 0.05, **p < 0.01). (f–i) Western blot detection and quantification of NLRP3, caspase-1, ASC, and IL-1β 
in cell supernatants of primary murine microglia treated with mouse ASO3 and matching scrambled and mismatched controls at 30 nM for 72 h 
and then stimulated with LPS and Aβ (n = 4 independent biological replicates, Mean ± SEM, one-way ANOVA, Tukey's post hoc test, *p < 0.05, 
**p < 0.01). (Aβ, amyloid-β; LPS, lipopolysaccharide; DMSO, dimethyl sulfoxide; Scr. Con. 3, scrambled control 3; MM Con. 3, mismatched control 
3; Scr. Con. 2, scrambled control 2; MM Con. 2, mismatched control 2).
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state (Heneka et al.,  2013). Microglial immune activation is asso-
ciated with an increased release of pro-inflammatory cytokines 
including TNF-α, IL-1β, IL-6, IL-12, and IL-18. In contrast, the anti-
inflammatory phenotypes of microglia are associated with the re-
lease of IL-4, IL-10, IL-13, and TGF-β, and an increased phagocytic 
capacity (Heneka, Carson, et al., 2015; Mantovani et al., 2004). Our 
work reveals that NLRP3-targeted ASO treatment in primary murine 
microglia and human THP-1 cells can shift the cellular phenotypes 
toward a more anti-inflammatory state, as reflected by a downregu-
lation of NOS2 and upregulation of arginase-1 mRNA levels.

In the brain, microglial cells play a major role in the detection, 
internalization, and degradation of Aβ (Lee & Landreth,  2010). 
This process is mediated by cell-surface receptors including CD36, 
CD14, α6β1 integrin, CD47, scavenger, and toll-like receptors 
(TLRs) (Bamberger et al.,  2003; Heneka, Carson, et al.,  2015; Liu 
et al., 2005; Paresce et al., 1996). However, binding of Aβ to CD36, 
TLR4, and TLR6 activates microglia, leading to the release of pro-
inflammatory cytokines (El Khoury et al., 2003; Stewart et al., 2010). 
A co-culturing model of brain slices from APP/PS1 and wild-type 

mice has highlighted the role of CD68-positive microglial cells that 
clustered around amyloid plaques, and reduced the amyloid burden 
by phagocytosis of fibrillar Aβ deposits (Daria et al., 2017). Indeed, 
we were able to show that NLRP3-targeted ASO treatment in-
creased the phagocytic profile of murine microglia or differentiated 
THP-1 cells, which was investigated using the mRNA levels of CD68 
as a cellular marker. In both models, NLRP3-targeted ASO treatment 
significantly increased CD68 mRNA (Figure 6a,f). In the THP-1 cells, 
these mRNA changes were paralleled by a modest, but consistent, 
increase in Aβ phagocytosis (Figure 6j).

If the ASO-induced NLRP3 reduction can maintain increased 
Aβ clearance over longer periods of time, this may be harnessed 
to limit Aβ pathology in vivo. ASO-based approaches have already 
been approved for clinical use by both the European Medicines 
Agency (EMA) and the US Food and Drug Administration (FDA) for 
two drugs—nusinersen and inotersen—to treat the neurodegener-
ative diseases spinal muscular atrophy (SMA) and familial amyloid 
polyneuropathy and cardiomyopathy. These two ASOs contain the 
same chemical backbone modifications as used in our current study, 

F I G U R E  6  Transcriptional levels of anti-inflammatory and phagocytic genes increase after exposure to NLRP3-targeted ASOs. (a–
c) Transcription levels of CD68, NOS2, and Arg-1 in primary murine microglia after 72 h of targeted ASO treatment at 30 nM (n = 6 
independent biological replicates, Mean ± SEM, unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (d and e) Western blot 
detection and quantification of arginase-1 in cell lysates of primary murine microglia that were treated with mouse ASO 3 and matching 
scrambled and mismatched controls at 30 nM for 72 h (n = 6 independent biological replicates, Mean ± SEM). (f–h) Transcription levels of 
CD68, NOS2, and Arg-1 in THP-1 cells after 48 h of targeted ASO treatment at 30 nM (n = 6 independent biological replicates, Mean ± SEM, 
unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (i) Experimental setup phagocytosis assay. (j) Phagocytosis of TAMRA-
labeled Amyloid-β (Aβ) by THP-1 cells that were treated with human ASO2 or a matching scrambled control at 30 nM for 48 h (n = 7 
independent biological replicates, Mean ± SEM, unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (NOS2, nitric oxide 
synthase 2; Arg-1, arginase-1; Scr. Con. 3, scrambled control 3; MM Con. 3, mismatched control 3; Scr. Con. 2, scrambled control 2).
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so the safety of such ‘gapmer’ oligonucleotides in patients is al-
ready well established (Bennett et al., 2021; Rinaldi & Wood, 2018). 
Nevertheless, there is still potential to improve the efficacy of the 
ASOs used in the present experiments. Key factors affecting ASO 
efficiency include degradation by nucleases, poor cellular uptake, 
and mRNA binding affinity (Shen & Corey, 2018). To improve these, 
other chemical modifications of the backbone may be required, such 
as phosphorodiamidate morpholino oligomers (PMO), which are re-
sistant to nuclease and protease degradation (Bennett et al., 2021; 
Rinaldi & Wood, 2018). ASOs can also be designed to have an in-
trinsic enzymatic activity and directly cleave the target RNA after 
hybridization or they can prevent mRNA translation by altering ri-
bosome recruitment (Rinaldi & Wood,  2018). In addition to these, 
passing the blood–brain barrier remains a major challenge of many 
therapies for neurodegenerative diseases (Mangan et al., 2018), but 
as shown for nusinersen, intrathecal injection of ASOs is a promising 
and effective route of administration (Haché et al., 2016).

The NLRP3 inflammasome acts as a key driver of chronic inflammatory 
conditions in a variety of diseases besides AD. These can be classified in 
four broad categories: first, genetic NLRP3-dependent autoinflammatory 
diseases; second, diseases driven by metabolic dysfunction; third, those 
driven by formation of crystals or aggregates; and fourth, fibrosis follow-
ing either acute tissue injury or chronic inflammation (Mangan et al., 2018). 
These diseases include atherosclerosis, non-alcoholic fatty liver disease 
and non-alcoholic steatohepatitis (NASH), type 1 diabetes, myocardial 
infarction, and stroke (Duewell et al., 2010; Ito et al., 2015; Sandanger 
et al., 2013; Wree et al., 2014), and are among the top 10 causes of death 
worldwide (WHO, 2020). For all these conditions, it has been shown that 
NLRP3 deficiency or inhibition leads to an improvement in the respective 
pathology (Hu et al., 2015; Mridha et al., 2017; van der Heijden et al., 2017; 
van Hout et al., 2017; Yang et al., 2014). Together, our data shows that 
NLRP3-directed ASOs successfully suppresses the mRNA and protein 
levels of NLRP3, thus preventing assembly of the NLRP3 inflammasome 
and subsequent pro-inflammatory reactions. ASOs thus represent a fun-
damentally novel therapeutic strategy, not only for AD, but for multiple 
diseases associated with the NLRP3 inflammasome.
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