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Frontotemporal dementia and amyotrophic lateral sclerosis are neurodegenerative diseases with considerable clinical, genetic and 
pathological overlap. The most common cause of both diseases is a hexanucleotide repeat expansion in C9orf72. The expansion is 
translated to produce five toxic dipeptides, which aggregate in patient brain. Neuroinflammation is a feature of frontotemporal de
mentia and amyotrophic lateral sclerosis; however, its causes are unknown. The nod-like receptor family, pyrin domain-containing 3 
inflammasome is implicated in several other neurodegenerative diseases as a driver of damaging inflammation. The inflammasome is a 
multi-protein complex which forms in immune cells in response to tissue damage, pathogens or aggregating proteins. Inflammasome 
activation is observed in models of other neurodegenerative diseases such as Alzheimer’s disease, and inflammasome inhibition rescues 
cognitive decline in rodent models of Alzheimer’s disease. Here, we show that a dipeptide arising from the C9orf72 expansion, poly- 
glycine–arginine, activated the inflammasome in microglia and macrophages, leading to secretion of the pro-inflammatory cytokine, 
interleukin-1β. Poly-glycine–arginine also activated the inflammasome in organotypic hippocampal slice cultures, and immunofluor
escence imaging demonstrated formation of inflammasome specks in response to poly-glycine–arginine. Several clinically available 
anti-inflammatory drugs rescued poly-glycine–arginine-induced inflammasome activation. These data suggest that C9orf72 dipep
tides contribute to the neuroinflammation observed in patients, and highlight the inflammasome as a potential therapeutic target 
for frontotemporal dementia and amyotrophic lateral sclerosis.
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Graphical Abstract

Introduction
Frontotemporal dementia (FTD) is the second most common 
cause of young-onset dementia, typically affecting people in 
their mid to late 50s. Symptoms include language difficulties, 
personality changes, disinhibition and behavioural changes. 
Approximately 15% of FTD patients also develop amyo
trophic lateral sclerosis (ALS), a devastating neurodegenera
tive disease causing progressive paralysis and which is almost 
invariably fatal within 2–5 years of symptomatic onset. 
There are no effective treatments currently available for ei
ther disease. The most common cause of both FTD and 
ALS is a hexanucleotide repeat expansion in C9orf721,2

(C9FTD/ALS). The expansion is unconventionally trans
lated via repeat-associated non-ATG translation to produce 
five dipeptide repeat proteins (DPRs): glycine–alanine (GA), 
glycine–arginine (GR), proline–arginine (PR), alanine– 
proline (AP) and glycine–proline (GP). These DPRs form in
soluble intracellular inclusions in patient brain.3,4 DPRs are 
highly toxic in multiple animal and cell culture models, with 
GR widely considered as the most severely toxic DPR5-10

However, the mechanisms underlying DPR toxicity remain 
unclear.

Neuroinflammation is a common hallmark of all 
neurodegenerative diseases, including FTD and ALS. 
Immunohistochemical analysis of FTD/ALS patient brain tis
sue and PET imaging of living patients show increased micro
glial activation in affected brain regions.11,12 Furthermore, 
elevated levels of pro-inflammatory cytokines are observed 
in FTD/ALS patient plasma and CSF.13-16 Emerging evi
dence from study of other neurodegenerative diseases sug
gests that inflammation is not simply a passive response 
to neuronal death, but that it directly contributes to disease 

pathogenesis. Excessive inflammation can damage the brain 
in several ways, for example, through production of react
ive oxygen and nitrogen species, which are toxic to neu
rons.17,18 Excessive microglial activation can also lead to 
aberrant phagocytosis of healthy neurons or synapses, 
which is linked to cognitive decline in mouse models of 
Alzheimer’s disease and aging.19,20 Despite the potential 
importance of neuroinflammation to disease pathogenesis, 
the causes of immune cell activation and inflammation in 
C9FTD/ALS are unknown.

One mechanism through which microglia and other im
mune cells can drive inflammation is via the NOD-LRR- 
and pyrin domain-containing 3 (NLRP3) inflammasome. 
The NLRP3 inflammasome is a multi-protein complex which 
forms in immune cells in response to stimuli such as patho
gens, damage-associated molecular patterns (DAMPs) and 
particulates such as aggregating proteins. The NLRP3 in
flammasome complex consists of three key components: 
NLRP3, which is the sensor molecule the inflammasome is 
named after, an adapter protein called ASC 
(apoptosis-associated speck-like protein containing a 
CARD), and pro-caspase-1, which mediates the downstream 
consequences of inflammasome activation. Assembly of the 
NLRP3 inflammasome complex triggers caspase-1-mediated 
cleavage of both pro-interleukin (IL)-1β and pro-IL-18 to 
produce the pro-inflammatory cytokines, IL-1β and IL-18, 
which are released from the cell. Inflammasome activation 
also leads to cell death via pyroptosis. IL-1β is often de
scribed as a ‘master’ pro-inflammatory cytokine, due to its 
wide range of functions in the innate immune system and 
ability to trigger a local inflammatory response.21,22

Excessive IL-1β release is known to be neurotoxic and is 
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linked to a number of neurological diseases such as stroke 
and Alzheimer’s disease23-26

Recent work links the NLRP3 inflammasome to several 
neurodegenerative diseases including Alzheimer’s disease, 
Parkinson’s disease and ALS caused by SOD1 mutations27-30

Genetic or pharmacological inhibition of NLRP3 rescues 
cognitive impairments in different rodent models of 
Alzheimer’s disease,26,31 suggesting that the inflammasome 
can directly contribute to disease pathogenesis in dementia. 
Furthermore, a recent epidemiological study reported 
that long-term use of diclofenac, a non-steroidal anti- 
inflammatory drug which inhibits NLRP3 and is often pre
scribed for the treatment of conditions such as arthritis, is 
associated with reduced incidence of Alzheimer’s disease 
and slower cognitive decline.32 NLRP3 inhibiting drugs are 
therefore currently being investigated as a potential thera
peutic strategy in Alzheimer’s disease. Here, we investigated 
the impact of DPRs arising from the C9orf72 expansion on 
the NLRP3 inflammasome, to determine whether NLRP3 
may contribute to the neuroinflammation observed in 
C9FTD/ALS patients.

Materials and methods
Mice
In-house colonies of wild-type (WT) C57BL/6 at the 
University of Manchester were maintained to provide pri
mary cell cultures and ex vivo hippocampal slice cultures. 
Animals were allowed free access to food and water and 
maintained under light-, temperature- and humidity- 
controlled conditions. Both sexes of animals were used. All 
animal procedures adhered to the UK Animals (Scientific 
Procedures) Act (1986).

Primary peritoneal macrophage 
preparation and treatment
Primary peritoneal macrophages were isolated from male 
and female adult WT mice. The peritoneal cavity was la
vaged with RPMI 1640 media (Sigma) containing 5% v/v 
foetal bovine serum (FBS; Thermo), 25 mM 4-(2-hydro
xyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.3, 
2 mM glutamine (Thermo), 100 U ml−1 penicillin 
(Thermo) and 100 μg ml−1 streptomycin (Thermo). Media 
were pooled from the lavages of four to five mice and centri
fuged at 80×g for 10 min. Cell pellets were resuspended in 
Dulbecco’s modified Eagle media (DMEM; Sigma) contain
ing 10% (v/v) FBS (Thermo), 100 U ml−1 penicillin 
(Thermo) and 100 μg ml−1 streptomycin (Thermo), plated 
at a density of 1 × 106 cells ml−1 and incubated overnight 
at 37°C with 5% CO2. Macrophages were primed with 
1 µg ml−1 lipopolysaccharide (LPS) (Sigma) for 4 h and med
ia replaced with Opti-MEM (Sigma) prior to treatments. 
Cells were treated with 30 µM synthetic DPRs (GA15, 
GR15, PR15, AP15 or GP15 dissolved in sterile H2O; 

GenScript) and vehicle (H2O) and incubated for 24 h at 
37°C with 5% CO2. Nigericin treatments (10 µM; Sigma) 
were performed 1 h prior to harvest.

Primary bone marrow-derived 
macrophage preparation and 
treatment
Primary bone marrow-derived macrophages (BMDMs) were 
isolated from male and female adult WT mice. Bone marrow 
was extracted from femurs by centrifugation at 10 000×g for 
10 s, and red blood cells were lysed with ACK lysing buffer 
(Lonza). Cells were passed through a 70-µm pore strainer 
(Corning) and centrifuged at 1500×g for 5 min. The cell pel
let was resuspended in DMEM (Sigma) containing 10% (v/v) 
FBS (Thermo), 100 U ml−1 penicillin (Thermo), 100 μg ml−1 

streptomycin (Thermo) and 30% L929 mouse fibroblast- 
conditioned medium for 7 days at 37°C with 5% CO2. 
BMDMs were seeded overnight at a density of 1 × 106 

cells ml−1 before treatment. Cells were primed with 1 µg ml−1 

LPS (Sigma) for 4 h and media replaced with Opti-MEM 
(Sigma) prior to treatments. Cells were pre-treated with 
10 µM MCC950 (Sigma), 100 µM AC-YVAD-CMK 
(VWR), 100 nM bafilomycin A1 (Tocris), 100 µM mefe
namic acid (Sigma), 100 µM flufenamic acid (Sigma), 
125 µM dimethyl fumarate (Sigma), 10 µM NS3728 
(Sigma), 50 mM potassium gluconate (Sigma) or vehicle 
for 15 min, then treated with 30 µM synthetic GR15 

(GenScript) or vehicle (H2O) and incubated for 24 h at 
37°C. Nigericin treatments (10 µM; Sigma) were performed 
1 h prior to harvest.

Primary microglia preparation and 
treatment
Primary microglia were isolated from male and female adult 
WT mice. Mice were perfused with ice-cold Hank’s balanced 
salts solution (HBSS) and brains dissected out and stored in 
cold HBSS. The cerebellum and meningeal layers were re
moved before dicing the brain and centrifuging at 300×g 
for 2 min at 4°C. A MACS Neural Tissue Dissociation Kit 
(Miltenyi Biotec) was used according to manufacturer’s in
structions to enzymatically process brain tissue, before hom
ogenization with a Dounce homogenizer and centrifuging for 
5 min at 400×g and 4°C. Cell pellets were resuspended in 
30% v/v Percoll (supplier) in HBSS and centrifuged for 
10 min at 700×g and 4°C with the brake set to the lowest set
ting to separate myelin, which was removed by aspiration. 
Microglia were isolated using magnetic CD11b + beads 
(Miltenyi Biotec) and seeded on plates coated with 
poly-L-lysine (supplier) at a density of 1.7 × 105 cells ml−1 

in DMEM (Sigma) containing 10% (v/v) FBS (Thermo), 
100 U ml−1 penicillin (Thermo) and 100 μg ml−1 streptomy
cin (Thermo), supplemented with 10 ng ml−1 of recombinant 
mouse M-CSF (R&D Systems, Abingdon, UK), and 
50 ng ml−1 of recombinant human TGF-β. Cells were 
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cultured for 7 days at 37°C with 5% CO2, with a media 
change after 3 days. After 7 days, cells were primed with 
1 µg ml−1 LPS (Sigma) for 4 h and media replaced with 
Opti-MEM (Sigma) prior to treatments. Cells were treated 
with 30 µM synthetic DPRs (GA15, GR15, PR15, AP15 or 
GP15; GenScript), vehicle (H2O) or 5 mM adenosine tri
phosphate (ATP; Sigma) as a positive control and incubated 
for 24 h at 37°C.

Hippocampal slice culture 
preparation and treatment
WT mouse pups of either sex aged 7 days were killed by cer
vical dislocation, and the brains were collected in phosphate- 
buffered saline (PBS) containing 5 mg ml−1 glucose. The 
hippocampi were dissected, and 400-μm slices were prepared 
using a McIlwain tissue chopper (Brinkman Instruments). 
Hippocampal slices were collected and placed on 0.4-μm 
Millicell culture inserts (Merck Millipore), as described pre
viously.33 Slices were cultured in 1 ml MEM (Gibco) con
taining 20% (v/v) horse serum (Sigma), HEPES (30 mM; 
Fisher) and insulin (0.1 mg ml−1; pH 7.2–7.3; Gibco) and in
cubated at 37°C with 5% CO2. The culture media were 
changed every 2 days and slices were used at day 
7. Hippocampal slices were primed with LPS (1 µg ml−1) 
for 3 h. The culture media were replaced with serum-free 
MEM with or without MCC950 (10 µM, 15 min). Vehicle 
(saline), GR (300 µM) or AP (300 µM) was then added to 
the culture media for 24 h, with media sampled at 4 h.

Detection of cytokines
Culture media from cells and hippocampal slices were har
vested on ice and IL-1β detected by ELISA and western blot
ting. For ELISA, the mouse IL-1β DuoSet kit (R&D Systems) 
was used according to manufacturer’s instructions. For west
ern blotting, culture media were mixed with Laemmli buffer 
and proteins separated by electrophoresis on 4–15% poly
acrylamide gels (BioRad) and then transferred to nitrocellulose 
membrane (Whatman) at 15 V for 1 h. Membranes were 
blocked with 5% w/v bovine serum albumin (BSA; Roche) 
in Tris-buffered saline with 0.1% v/v Tween-20 (TBS-T) for 
1 h at room temperature before incubation overnight at 4°C 
in 250 ng ml−1 goat anti-mouse IL-1β primary antibody 
(R&D Systems, AF-401-NA) or 1.7 µg ml−1 rabbit anti-mouse 
caspase-1 primary antibody (Abcam, ab179515) in 5% w/v 
BSA in TBS-T. Membranes were washed and incubated with 
rabbit anti-goat IgG secondary antibody (500 ng ml−1 in 5% 
w/v milk in TBS-T; Agilent, P044901-2) for 1 h at room tem
perature. Proteins were visualized using Amersham ECL 
Western Blotting Detection Reagent (GE Healthcare) and a 
G:Box imager and GeneSys software (SynGene).

Cytotoxicity assays
Lactate dehydrogenase levels in culture media were quanti
fied as a measure of cell death using the CytoTox 96 

Non-Radioactive Cytotoxicity Assay kit (Promega) accord
ing to manufacturer’s instructions.

Immunofluorescence imaging of 
hippocampal slices
Hippocampal slices were washed once with cold PBS and 
fixed in 4% PFA for 1 h at 4°C. Slices were then washed 
twice in cold PBS and then incubated with rabbit anti-mouse 
ASC (202 ng ml−1; CST) primary antibody overnight at 4°C. 
Hippocampal slices were washed and incubated with Alexa 
Fluor™ 488 donkey anti-rabbit IgG (2 µg ml−1; Invitrogen) 
secondary antibody for 2 h at room temperature. All anti
body incubations were performed using PBS 0.3% Triton 
X-100. Wash steps were performed using PBS 0.1% Tween 
unless stated otherwise. Slices were washed and then incu
bated in 4′,6-diamidino-2-phenylindole (DAPI) (0.5 µg 
ml−1, 15 min; Sigma) at room temperature before final 
washing in distilled H2O and mounting using ProLong™ 

gold antifade mountant (Thermo) prior to imaging using 
widefield microscopy. Images were collected on a Zeiss 
Axioimager.M2 upright microscope using a 5× or 20× 
Plan Apochromat objective and captured using a 
Coolsnap HQ2 camera (Photometrics) through 
Micromanager software (v1.4.23). Specific band-pass filter 
sets for DAPI and FITC were used to prevent bleed-through 
from one channel to the next. Analysis was performed using 
FIJI (ImageJ) on images acquired from three regions of up to 
three separate hippocampal slices (from the same insert) per 
treatment, and these values were averaged for each biological 
repeat. ASC speck formation was quantified on 20× wide
field microscopy images by subtracting background, manu
ally setting thresholds and analysing particles with the 
following parameters: size 1–10 μm2 and circularity 0.9–1.0.

Statistical analysis
All data were analysed using GraphPad Prism version 9.1.2 
using appropriate statistical tests such as one-way ANOVA 
with post hoc tests for multiple comparisons such as 
Tukey’s and Dunnett’s tests. Equal variance and normality 
were assessed with the Levene’s test and the Shapiro–Wilk 
test, respectively, and appropriate transformations were ap
plied when necessary. Primary cell preparations from differ
ent mice or hippocampal slices cultured from different litters 
were considered independent replicates, with all experiments 
performed in triplicate as minimum (n numbers for each ex
periment detailed in figure legends).

Results
To determine whether DPRs arising from the C9orf72 ex
pansion activate the NLRP3 inflammasome, LPS-primed pri
mary peritoneal macrophages isolated from WT mice were 
treated with synthetic DPRs. Nigericin, a known NLRP3 ac
tivator, was used as a positive control. Release of IL-1β into 
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the culture media was quantified by ELISA after a 24-h treat
ment (Fig. 1A). Four of the five DPRs, GA, PR, AP and GP, 
did not affect IL-1β secretion. However, the final DPR, GR, 
caused a significant increase in IL-1β secretion compared to 
vehicle-treated control. To confirm that this was not a cell- 
specific artefact, we next treated a different type of 

macrophage cell, primary mouse BMDMs, with GR and 
quantified IL-1β release after 24 h. GR caused significant 
IL-1β release, which was inhibited by pre-treatment with 
MCC950, a well-characterized NLRP3 selective inhibitor,34

confirming the response was mediated via the NLRP3 in
flammasome (Fig. 1B). Western blotting of the culture media 

A B C

D E F

G H I

Figure 1 GR activates the NLRP3 inflammasome in macrophages and microglia. (A) LPS-primed primary peritoneal macrophages 
from male and female WT mice were treated with 30 μM DPRs or controls for 24 h (n = 4). IL-1β was measured in the media by ELISA. (B) GR 
increased IL-1β release in LPS-primed BMDMs (n = 4) and was prevented by MCC950. (C) Western blot of culture media from GR-treated bone 
marrow-derived macrophages (BMDMs) showing pro-IL-1β cleavage to produce an active fragment (∼17 kDa). Nigericin was used as a positive 
control (n = 3). (D) Western blot of culture media from GR-treated bone marrow-derived macrophages (BMDMs) showing pro-caspase-1 
cleavage to produce an active fragment (∼10 kDa). Nigericin was used as a positive control (n = 3). (E) GR-induced IL-1β secretion from 
LPS-primed BMDMs was prevented by AC-YVAD-CMK pre-treatment (n = 4). (F) Quantification of cell death in GR-treated BMDMs by LDH 
assay, 24 h post-treatment. (G) Dose–response curve of IL-1β detected in BMDM culture media 24 h after treatment with increasing 
concentrations of GR. (H) Dose–response curve of BMDM cell death measured by LDH assay, 24 h after treatment with increasing 
concentrations of GR. (I) IL-1β levels in culture media of LPS-primed primary WT mouse microglia 24 h post-treatment with 30 μM DPRs or 5 mM 
ATP (n = 3). All data analysed by one-way ANOVA with post hoc Dunnett’s or Tukey’s tests for multiple comparisons. **** indicates P < 0.0001, 
*** indicates P < 0.001, and ** indicates P 0.01. All values are mean ±  SEM. Individual mice were considered the experimental unit. See 
Supplementary Fig. 1 for uncropped blots.
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confirmed the presence of both mature IL-1β with a band at 
∼17 kDa and mature caspase-1 with a band at ∼10 kDa fol
lowing GR treatment, which were not present if cells were 
pre-treated with MCC950 (Fig. 1C-D; uncropped blot 
images in Supplemental Fig. 1A and B). Furthermore, 
GR-induced IL-1β release was prevented by pre-treatment 
with AC-YVAD-CMK, a caspase-1 selective inhibitor 
(Fig. 1E). Cell death was also quantified as lactate dehydro
genase (LDH) release (Fig. 1F). GR significantly increased 
LDH release from BMDMs and was not inhibited by 
MCC950, suggesting that GR is toxic to macrophages inde
pendently of NLRP3 activation.

Next, we investigated whether there was a dose–response 
relationship between GR concentration and NLRP3 inflam
masome activation. Primary BMDMs were treated with in
creasing doses of GR peptide for 24 h, and IL-1β secretion 
was quantified by ELISA. Cell death was also measured by 
LDH assay. A clear dose–response relationship was observed 
for GR-induced IL-1β release for the lower concentrations of 
GR tested; however, the response peaked at 30 µM GR treat
ment, after which IL-1β release began to decrease with in
creasing GR concentration (Fig. 1G). Interestingly, the 
severity of cell death continued to increase with increasing 
GR concentration even beyond the point at which IL-1β se
cretion began to decline (Fig. 1H). This confirms our findings 
in Fig. 1F that GR is toxic to macrophages independently of 
NLRP3, and suggests that at higher concentrations GR may 
kill cells too quickly for NLRP3 activation to occur, explain
ing the decline in IL-1β release above 30 µM GR treatment. 
Nevertheless, GR triggered IL-1β from macrophages in a 
dose-dependent manner at lower treatment concentrations, 
before this toxicity threshold was reached.

Taken together, these data demonstrate that GR activates 
the NLRP3 inflammasome. In order to establish the relevance 
of our findings to FTD/ALS, we next investigated whether 
DPRs also activate NLRP3 in microglia, the main immune cells 
found in the central nervous system. Primary microglia were 
isolated from adult WT mice and treated with GR, GA, PR, 
AP or GP for 24 h, and IL-1β secretion quantified by ELISA 
(Fig. 1I). As observed in macrophages, GR, but not the other 
DPRs, significantly increased IL-1β release from microglia. 
This highlights the relevance of our findings to the brain and 
suggests that C9orf72 DPRs could directly contribute to the 
neuroinflammation observed in FTD/ALS patients.

Since the data described above were obtained using mono
cultures of specific cell types, we next investigated whether 
GR would activate the inflammasome in a more complex sys
tem containing multiple brain cell types. To achieve this, we 
used ex vivo hippocampal slice cultures from WT mice, 
which retain some 3D neuronal architecture and contain 
microglia, astrocytes and other brain cell types.35 Cultured 
brain slices were treated with GR or vehicle for 4 or 24 h 
and IL-1β secretion measured by ELISA of the culture media. 
A different DPR, AP, was used as an additional control to 
confirm that any changes observed were not generic effects 
of any foreign peptide applied to the slices. GR significantly 
increased IL-1β concentration in the culture media after 4 h 

(Fig. 2A), with a further increase after 24 h (Fig. 2B). 
Pre-treatment with MCC950 prevented IL-1β secretion at 
both timepoints, confirming that this release was NLRP3- 
dependent. GR also caused cause cell death in hippocampal 
slices at both 4 h (Fig. 2C) and 24 h (Fig. 2D) post-treatment. 
As with BMDM cultures, cell death was not reduced by 
MCC950 treatment. AP treatment did not impact IL-1β se
cretion at either timepoint, confirming the response was 
GR-specific. Furthermore, AP did not cause significant cell 
death compared to vehicle.

In addition to quantifying IL-1β release, immunofluores
cence imaging was also performed on GR-treated hippocam
pal slices using an antibody against ASC (Fig. 2E). The 
number of small, punctate points of intense ASC staining 
(ASC specks) observed per field of vision was significantly in
creased in GR-treated slice tissue compared to control (quan
tification in Fig. 2F), indicating the formation of ASC specks 
in response to GR. Specks were not formed in AP-treated 
slices. Treatment with MCC950 reduced the number of 
specks induced by GR, confirming that the speck formation 
was NLRP3-dependent.

The NLRP3 inflammasome is activated by multiple path
ways. Canonical, non-canonical and alternative pathways of 
inflammasome activation have all been described.36,37 As 
such, we next sought to further characterize GR-induced in
flammasome activation. Firstly, we aimed to determine 
whether the process is dependent on K+ or Cl− movement 
across the cell membrane, as has been demonstrated in cases 
of canonical NLRP3 activation.38,39 Prior to GR treatment, 
BMDMs were pre-treated with either a Cl− channel inhibi
tor, NS3728, or high concentration potassium gluconate to 
prevent K+ efflux from the cell. Both NS3728 and potassium 
gluconate treatment reduced IL-1β secretion in response to 
GR (Fig. 3A). Western blotting confirmed a reduction in 
IL-1β cleavage in media from cells pre-treated with either 
NS3728 or potassium gluconate compared to GR alone 
(Fig. 3B; uncropped blot image in Supplemental Fig. 2A). 
Therefore, GR-induced NLRP3 activation is sensitive to 
both K+ and Cl− movement. We also pre-treated BMDMs 
with bafilomycin A1, a vacuolar H+ ATPase inhibitor which 
prevents autophagy.40 Bafilomycin A1 is known to modulate 
the alternative pathway of NLRP3 inflammasome activation 
in monocytes.41 However, no difference was observed in 
IL-1β release from BMDMs in response to GR with or with
out bafilomycin A1 pre-treatment (Fig. 3C), suggesting that 
GR activated NLRP3 via the canonical route.

Finally, we investigated whether several existing drugs 
which are already licenced for clinical use, and which are 
known to inhibit NLRP3,31,42 could prevent GR-induced 
NLRP3 inflammasome activation. LPS-primed BMDMs 
were pre-treated with either mefenamic acid, flufenamic acid 
or dimethyl fumarate prior to a 24-h treatment with GR. 
Mefenamic acid and flufenamic acid are non-steroidal anti- 
inflammatory drugs currently used to treat pain and inflam
mation in conditions such as rheumatoid arthritis and osteo
arthritis.43 Dimethyl fumarate is a drug used to treat 
multiple sclerosis.44,45 All three drugs have previously been 
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shown to also inhibit the NLRP3 inflammasome.31,42 None of 
the drugs prevented GR toxicity; however, all three treatments 
inhibited GR-induced inflammasome activation, as measured 
by IL-1β ELISA and western blotting of the culture media 
(Fig. 3D-F; uncropped blot image in Supplemental Fig. 2B). 
Therefore, there are several drugs already clinically approved 
for other conditions which could potentially be repurposed to 
target NLRP3-dependent inflammation in FTD/ALS.

Discussion
The data presented here suggest that GR, one of the five DPRs 
arising from unconventional translation of the C9orf72 

expansion, is an NLRP3 inflammasome activator. 
GR-induced NLRP3 activation caused release of the 
pro-inflammatory cytokine, IL-1β, from macrophages and 
microglia. This could at least partially explain the neuroin
flammation observed in patients with the C9orf72 expansion 
and highlights NLRP3 as a potential therapeutic target for 
C9FTD/ALS. We also demonstrate that GR-induced NLRP3 
inflammasome activation is sensitive to both potassium and 
chloride current inhibitors and leads to formation of ASC 
specks, suggesting a canonical mechanism of activation.

In addition, we found that GR was toxic to both microglia 
and macrophages and that this was not dependent on NLRP3 
inflammasome activation. This is unsurprising, since GR 
has previously been found to be toxic in multiple other cells 

A

E F

B C D

Figure 2 GR activates the NLRP3 inflammasome in hippocampal slice cultures. Mouse hippocampal slice cultures (from male and 
female mice) were LPS-primed and treated with GR ± MCC950 for 24 h (n = 3). AP treatment was also performed (n = 2). IL-1β concentrations in 
media collected from hippocampal slices 4 h (A) and 24 h (B) post-treatment. Cell death measured by LDH assay of media collected from 
hippocampal slices 4 h (C) and 24 h (D) post-treatment. (E) Immunofluorescence imaging of ASC in hippocampal slices. ASC specks are visible as 
intense puncta in the cytosol of cells in GR-treated hippocampal slices (top right). (F) Quantification of total ASC specks per field of vision. All 
values are mean ± SEM. Data were analysed by one-way ANOVA with post hoc Dunnett’s or Tukey’s tests for multiple comparisons. The scale bars 
represent 50 µm. Individual mice were considered the experimental unit.
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types, and is known to cause multiple phenotypes such as im
paired nucleocytoplasmic transport, ribosomal inhibition, 
nucleolar stress and altered stress granule dynamics5,7-9,46

However, the mechanisms through which GR kills microglia 

and macrophages remain unknown. Since GR toxicity was 
not NLRP3-dependent, there are two possible explanations: 
GR may disrupt microglial cellular function in such a way 
that triggers inflammasome activation shortly before killing 

A

B

C

E

F

D

Figure 3 Characterization of GR-induced NLRP3 inflammasome activation. (A), (B) LPS-primed primary mouse BMDMs (from male 
and female mice) were pre-treated for 15 min with a chloride channel inhibitor, NS3728, or potassium gluconate (K+ Glu) prior to a 24-h 
treatment with GR. IL-1β concentrations in the culture media were measured by ELISA (n = 4) (A) and cleavage of pro-IL-1β assessed by WB of 
the media (n = 3) (B). C LPS-primed BMDMs were pre-treated for 15 min with bafilomycin A1 or vehicle prior to a 24-h treatment with GR, and 
IL-1β secretion quantified by ELISA (n = 4). (D)–(F) LPS-primed mouse primary BMDMs were pre-treated for 15 min with one of three clinically 
approved drugs which are known NLRP3 inhibitors: mefenamic acid, flufenamic acid, and dimethyl fumarate (DMF), before a 24-h treatment with 
GR. (D) Mean IL-1β concentrations in the culture media as detected by ELISA (n = 3). (E) Quantification of cell death in BMDMs assessed by LDH 
assay (n = 3). (F) Western blotting of the culture media showing cleavage of pro-IL-1β to produce mature IL-1β (17 kDa) (n = 3). All data were 
analysed by one-way ANOVA with post hoc Dunnett’s or Tukey’s tests for multiple comparisons. The error bars indicate SEM. Individual mice 
were considered the experimental unit. See Supplementary Fig. 2 for uncropped blots.
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the cell, or GR may be toxic to microglia in a way that does 
not directly activate the inflammasome, but that the 
DAMPs released following cell death go on to trigger inflam
masome activation in neighbouring microglia. Further inves
tigation to fully understand the mechanisms through which 
GR activates the NLRP3 inflammasome will be useful and 
may aid future drug discovery for FTD/ALS.

Regardless of the mechanisms underlying GR-induced in
flammasome activation, the data presented here support a 
role of NLRP3 in C9FTD/ALS. Our findings are corrobo
rated by recent clinical studies which found elevated levels 
of both IL-1β14 and IL-1847 in the CSF of patients with 
C9ALS compared to healthy controls. A meta-analysis of 
25 studies including 812 ALS patients and 639 control sub
jects found that IL-1β levels are also increased in blood plas
ma in ALS.13 Interestingly, a negative correlation has also 
been observed between plasma IL-1β levels and survival 
time in C9ALS patients, suggesting that IL-1β may exacer
bate disease.48 In addition, mice expressing GR exhibit mi
crogliosis, indicating that GR is sufficient to cause 
inflammation in vivo in the absence of other pathological 
features of C9FTD/ALS.8 Of note, microgliosis occurred 
early in the disease process in GR mice, prior to the develop
ment of cognitive and motor deficits. This implies that neu
roinflammation is an early feature of FTD/ALS, and 
therefore could contribute to disease pathogenesis.

A recent study reports that a different C9orf72 DPR, PR, 
can activate the NLRP3 inflammasome in HMC3 cells, an im
mortalized microglial line, resulting in IL-1β and IL-18 re
lease.49 This study did not report findings on GR or other 
DPRs. Conditioned media from PR-expressing microglia are 
also toxic when applied to cultured motor neurons, implicat
ing the PR-induced immune response in neurodegeneration.49

This is in contrast to our findings that PR did not activate the 
inflammasome in either microglia or macrophages. These con
flicting findings may be due to the longer repeat-length of PR 
(50 repeats) used by Fu et al. We have previously demonstrated 
that DPR repeat-length determines the toxicity in other cell 
types, with longer repeat DPRs causing more severe pheno
types.5,6 We also found GR to be the most toxic DPR in other 
models, with a shorter repeat-length required to cause various 
phenotypes. Therefore, it is possible that our negative data 
were due to the relatively short repeat-length of PR used and 
that PR can activate the inflammasome if expressed at longer 
lengths. Longer repeat-length mouse models expressing PR 
using adeno-associated virus (AAV) injections now exist and 
would be useful for future studies to corroborate that PR con
sistently activates the inflammasome at these lengths. A recent 
study using AAVs to express GA in mice reports increased 
NLRP3 and pro-IL-1β expression and caspase-1 cleavage in 
brain, suggesting that GA may also activate the NLRP3 inflam
masome.50 As with PR, the conflict with our finding that GA 
did not activate the inflammasome may be explained by differ
ing repeat-lengths. Deletion of the NLRP3 gene prevented mo
tor impairments caused by GA expression in mice, suggesting 
that the inflammasome may actively contribute to neuronal 
dysfunction or degeneration in FTD/ALS.50

NLRP3 is linked to other forms of FTD/ALS not caused by 
the C9orf72 expansion. This is most studied in models of 
ALS caused by SOD1 mutations. Treatment with mutant 
SOD1 peptide causes IL-1β secretion from WT but not 
NLRP3−/− primary mouse microglia.51 In addition, SOD1 
mutant mice exhibit elevated mRNA and protein expression 
levels of NLRP3, ASC and IL-1β in both brain52,53 and skel
etal muscle,30 along with microgliosis early in the disease 
process. Caspase-1 expression is also elevated in the spinal 
cord of SOD1 mutant mice.54 Similarly, protein expression 
of NLRP3, activated caspase-1, IL-18 and IL-1β are all in
creased in mutant SOD1 rats.55 Interestingly, NLRP3 activa
tion is also found to occur in astrocytes in SOD1 mice.53

Elevated expression of NLRP3 markers in astrocytes is also 
observed in brain tissue from sporadic ALS patients, and im
munohistochemical analysis shows co-localization between 
NLRP3 and the astrocytic marker, GFAP.53

Several recent studies suggest the NLRP3 inflammasome is 
also activated by TDP-43, an RNA-binding protein which 
forms pathological intraneuronal inclusions in the majority 
of cases of FTD/ALS.56 Upregulation of NLRP3, ASC and 
caspase-1 mRNA is observed in the spinal cord of mice expres
sing an ALS-linked TDP-43 mutation, and treatment with WT 
or mutant TDP-43 peptide causes IL-1β release in mouse pri
mary microglia. This was rescued by pre-treatment with 
MCC950.51 Furthermore, TDP-43 treatment is found to only 
be toxic to motor neurons in the presence of microglia, suggest
ing that TDP-43-induced NLRP3 activation may contribute to 
neurodegeneration in FTD/ALS.57 Finally, NLRP3 is also 
linked to FTD caused by tau mutations; phosphorylated tau 
peptide activates the NLRP3 inflammasome in cultured micro
glia58,59 and in mouse models expressing mutant tau.60

Importantly, these findings are validated by western blotting 
analysis of FTD-tau patient brain, which found elevated levels 
of ASC, IL-1β and cleaved caspase-1 in the cortex.60

Conclusion
Taken together, our findings combined with the published 
literature suggest that NLRP3 inflammasome activation is 
a common feature of multiple subtypes of FTD and ALS, 
with different aggregating proteins triggering the response 
in each case. This offers NLRP3 inhibition as a promising 
therapeutic strategy for multiple types of FTD/ALS. Several 
drugs which inhibit NLRP3 already exist and are clinically 
approved for use in other conditions.31,42 However, a gap 
in our knowledge remains regarding the contribution of 
NLRP3 to disease pathogenesis. Genetic or pharmacological 
inhibition of NLRP3 has recently been shown to rescue cog
nitive impairment in mouse models of FTD-tau, supporting 
the possibility of NLRP3 inhibition as a useful therapeutic 
strategy.60,61 NLRP3 is also linked to tau seeding and aggre
gation, with NLRP3 inhibition reducing pathological burden 
in tau transgenic mice.59,60 Further work is required to deter
mine the contribution of GR-induced NLRP3 activation to 
disease pathogenesis in C9FTD/ALS.
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