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Abstract

Amyotrophic lateral sclerosis (ALS) is characterized by the degeneration of motor neurons in
the motor cortex, brainstem and spinal cord. Although ALS is considered a motor neuron
disorder, neuroinflammation also plays an important role. Recent evidence in ALS disease
models indicates activation of the inflammasome and subsequent initiation of pyroptosis, an
inflammatory type of cell death. In this study, we determined the expression and distribution of
the inflammasome and pyroptosis effector proteins in post-mortem brain and spinal cord from
ALS patients (n = 25) and controls (n = 19), as well as in symptomatic and asymptomatic TDP-
43315T transgenic and wild-type mice. Further, we evaluated its correlation with the presence
of TDP-43 pathological proteins and neuronal loss. Expression of the NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3) inflammasome, pyroptosis effector protein cleaved
Gasdermin D (GSDMD), and IL-18 was detected in microglia in human ALS motor cortex and
spinal cord, indicative of canonical inflammasome-triggered pyroptosis activation. The number
of cleaved GSDMD-positive precentral white matter microglia was increased compared to
controls and correlated with a decreased neuronal density in human ALS motor cortex. Neither
of this was observed in the spinal cord. Similar results were obtained in TDP-43"31°T mice,
where microglial pyroptosis activation was significantly increased in the motor cortex upon
symptom onset, and correlated with neuronal loss. There was no significant correlation with the
presence of TDP-43 pathological proteins both in human and mouse tissue. Our findings
emphasize the importance of microglial NLRP3 inflammasome-mediated pyroptosis activation

for neuronal degeneration in ALS and pave the way for new therapeutic strategies counteracting
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motor neuron degeneration in ALS by inhibiting microglial inflammasome/pyroptosis

activation.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by
progressive muscular paralysis resulting from degeneration of both the upper motor neurons
situated in the primary motor cortex, and the lower motor neurons situated in the brainstem and
spinal cord [17]. This rare disease affects 1-3 individuals per 100 000 per year [37, 41]. ALS
patients usually die due to respiratory failure within 2-5 years following disease onset [49]. In
approximately 10% of ALS cases there is a family history of the disease (familial ALS),
whereas for most of the sporadic ALS cases the cause is unknown [36]. The main pathological
characteristic of 97% of ALS patients is the cytoplasmic mislocalization and aggregation of
transactive response DNA-binding protein 43kD (TDP-43) in affected central nervous system
(CNS) regions [33]. TDP-43 inclusions are also found in about 50% of patients with
frontotemporal lobar degeneration (FTLD), referred to as FTLD-TDP [13]. It has become clear
that ALS and FTLD belong to a disease spectrum as up to 50% of ALS patients show some
features of FTLD and hexanucleotide repeat expansions in the C9orf72 gene are the most
common genetic cause of ALS and FTLD [40]. Although ALS is considered a motor neuron
disorder, non-cell autonomous mechanisms, such as neuroinflammation, are believed to
significantly contribute to ALS pathogenesis. This suggests that glial cells also contribute to

motor neuron degeneration observed in the ALS CNS [27, 34].

Inflammasomes were shown to play an important role in neuroinflammation and
neurodegeneration. These are multiprotein complexes mainly located in immune cells, neurons,
microglia and astrocytes in the CNS [15]. They function as cytosolic scaffolds assembled by
pattern recognition receptors (PRRs) and are responsible for detecting and eliminating
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs). The sensors of the inflammasome can be classified into three types, including

nucleotide-binding domain and leucine-rich repeat-containing receptors (NLRs), absent in
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melanoma-like receptors (ALRs) and pyrin. The adaptor protein apoptosis-associated speck-
like protein containing a CARD (ASC) links the pyrin domain (PYD) of these sensors to the
caspase recruitment domain (CARD) of pro-caspase-1. However, some inflammasomes can
directly recruit pro-caspase-1, without the adaptor protein ASC [46]. The assembly and
activation of the inflammasome is cell-type and stimulus specific. The most investigated sensor
protein is NLRP3, which is thought to be the main sensor for sterile inflammatory stimuli, while

for example NLRC4 mainly acts as a sensor of bacterial infection [9, 15, 50].

The activation of the inflammasome through the canonical signaling pathway causes cleavage
of pro-caspase-1 into active caspase-1 fragments (caspase-1 p20). Subsequently, caspase-1
cleaves biologically inactive pro-IL-1p and pro-IL-18 into the mature inflammatory cytokines
IL-1B and IL-18. In addition, caspase-1 cleaves and activates Gasdermin D (GSDMD) leading
to the release of an N-terminal region (GSDMD-NT), which oligomerizes and binds to acidic
phospholipids, such as phosphoinositides on the inner part of the plasma membrane, to form
death-inducing pores. This causes cell swelling, rupture of the plasma membrane and the release
of IL-1B and IL-18 to the extracellular space, inducing the pro-inflammatory type of regulated
cell death known as pyroptosis. It is thought that cleaved GSDMD, which functions as the
effector of pyroptosis, might target and perforate multiple organelles, in addition to the plasma
membrane [12, 15]. Extracellular IL-18 and IL-1p can also recruit and activate other immune
cells, expanding the local inflammatory response. In the CNS, microglia, astrocytes and neurons
can all undergo pyroptosis and express its related downstream molecules and receptors, taking

part in the local inflammatory reaction [50].

The NLRP3 inflammasome has been implicated in several neurodegenerative disorders, as it
was shown that the inflammasome could be activated by abnormal protein aggregation,
including for example amyloid-p in Alzheimer’s disease [19] and a-synuclein in Parkinson’s

disease [47]. For ALS, most research related to the inflammasome and pyroptotic cell death has

9
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been conducted in mutant superoxide dismutase-1 (SOD1) animal models. Multiple studies
showed an upregulation of the expression of several NLRP3 inflammasome components, as
well as the cytokines IL-18 and IL-1p, in the CNS of SOD1 mice and rats compared to controls
[2, 8, 16, 22]. Moreover, it was demonstrated that mutant SOD1 could activate microglia,
leading to caspase-1 activation and consequent cleavage of IL-1pB. This was not the case when
microglia were deficient for NLRP3, suggesting that NLRP3 is the key inflammasome in
mediating SOD1-induced microglial pyroptosis activation [10, 29]. For TDP-43, there is
evidence that mutant and aggregated forms of TDP-43 can trigger NLRP3 inflammasome-
dependent IL-1p and IL-18 secretion in vitro in microglia, which was toxic to motor neurons
[25, 53]. In the absence of microglia, TDP-43 was not toxic to motor neurons [53]. Whether
this NLRP3 inflammasome-related microglia activation as observed in mouse models and in
vitro aggregation models plays a role in sporadic ALS patients, and whether this is related to

TDP-43 pathology and neuronal degeneration, remains unclear.

10
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Materials and Methods

Human autopsy cases

Brain and spinal cord tissue was collected in accordance with the applicable laws in Belgium
(UZ Leuven) and Germany (UIm). The recruitment protocols for collecting the brains were
approved by the ethical committees of the University of Ulm (Germany) and UZ Leuven
(Belgium). This study was approved by the UZ Leuven ethical committee (Belgium). Tissues
were collected with an average post-mortem interval of 44 h. After autopsy, the right
hemisphere was dissected in coronal planes and frozen at -80°C. The left hemisphere was fixed
in 4% phosphate-buffered formaldehyde. 25 ALS cases (15 sporadic and 10 C9orf72) and 19
non-neurodegenerative controls were included in this study (Suppl. Table 1, online resource).
The diagnosis of ALS or FTD was based on clinical assessment according to the consensus
criteria for ALS [4-6] and FTD [14, 35]. The post-mortem diagnosis of ALS and FTLD-TDP
was pathologically confirmed by assessment of the pTDP-43 pathology. Braak NFT stage [3],
ABMTL phase [42], and the Consortium to Establish a Registry for Alzheimer’s disease
(CERAD) score [31] were determined based on immunohistochemical stainings with antibodies
against AP and abnormally phosphorylated tau protein (p-tau) (Suppl. Table 2, online

resource).

C90rf72 repeat expansion determination

DNA was extracted from peripheral blood and/or cerebellum according to standard protocols.
Analysis of the hexanucleotide repeat length in intron 1 of C9orf72 was performed by fragment
length analysis by PCR and repeat-primed PCR (RP-PCR) as previously described [7]. In
addition, the presence of poly(GA) pathology was immunohistochemically assessed in the

frontal cortex. The C9orf72 mutation status is shown in Suppl. Table 1 (online resource).

11
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Transgenic mice

Heterozygous mice overexpressing a TDP-43 construct containing the A315T mutation driven
by the mouse prion protein (Prp) promotor (Prp-nTDP-4331°T) were used in this study [48].
Transgenic mice were bred by continuous backcrossing of heterozygous males with wild-type
females on a C57BL/6 background. Due to intestinal obstruction problems in this model, the
animals were given gel food from the age of two months onwards (DietGel®31M, ClearH20,
Portland, ME, US), which is known to overcome this problem [20]. Five groups of mice (total
n = 28) were used: (1) wild-type non-transgenic mice at six months of age (n = 3), (2) Prp-
hTDP-43*%15T mice at six months of age (n = 4), (3) non-transgenic mice at 16 months of age
(n = 4), (4) Prp-hTDP-43"315T mice at 16 months of age (n = 7), and (5) symptomatic Prp-
hTDP-43*%15T mice (n = 5; 6-14 months of age, mean age of 9 months). In group 5, mice were
sacrificed 1-3 days following symptom onset, i.e., detection of impaired and reduced movement
in the cage. Mouse brains and spinal cords were harvested after death and fixed in 4%
paraformaldehyde for three to five days. After paraffin embedding, sections of 5 um were cut
with a microtome and used for immunohistochemistry. All animal care and experiments were
approved by the KU Leuven Ethical Committee and were carried out according to the Belgian

law.
Immunohistochemistry

Human samples

Five um thick sections were cut from formalin-fixed, paraffin-embedded tissue of motor cortex
and spinal cord. Sections were stained with antibodies against pTDP-43, AB, p-tau, cleaved
GSDMD, caspase-1, IL-18, ASC and NLRP3 (Suppl. Table 2, online resource). Stainings were
performed with the BOND-MAX automated IHC/ISH Stainer (Leica Biosystems, Wetzlar,

Germany) using the Bond Polymer Refine Detection kit (DS9800, Leica Biosystems). Briefly,
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slides were deparaffinized and epitopes were retrieved with low or high pH buffer. After
incubation with Envision Flex Peroxidase-Blocking Reagent (Dako, Glostrup, Denmark), slides
were incubated with primary antibodies for 30 min, followed by secondary antibody incubation.
DAB was used for visualization. Counterstaining with hematoxylin was carried out, followed
by dehydration and mounting in an automated cover-slipper (Leica Biosystems). Images were
acquired using the Leica DM2000 LED microscope coupled to a Leica DFC 7000 T camera.

Images were processed using ImageJ and combined into figures using Inkscape.

For immunofluorescence double labeling using primary antibodies from different species
(Suppl. Table 2, online resource), an antibody cocktail of the respective primary antibodies was
applied, followed by a cocktail of species-specific Cy2/3-conjugated secondary antibodies
(Jackson ImmunoResearch, Ltd, West Grove, PA, USA). For double labeling with primary
antibodies raised in the same species (Suppl. Table 2, online resource), a sequential staining
was performed using a rabbit-on-rabbit staining protocol as previously described [45]. Briefly,
a coupling method was used to avoid cross-reactivity of secondary antibodies. The first rabbit
primary antibody was used as described above, followed by a Cy2-labelled donkey anti-rabbit
secondary antibody. The second rabbit primary antibody was coupled to a donkey anti-rabbit
Fab fragment conjugated to a Cy3 dye for 20 min (2 g Fab fragment per 1 pug primary antibody)
prior to its incubation with the sample. Next, normal rabbit serum (Jackson ImmunoResearch)
was added for another 10 min to capture the unbound Fab fragments (10 pl serum per 1 pg Fab
fragment). Then, the mix was applied to the slides to visualize the second primary antibody.
TrueBlack Lipofuscin Autofluorescence Quencher (Biotum, CA, USA) was applied for 30s to
reduce autofluorescence. Fluorescent-labelled slides were mounted using ProLong Gold
Antifade Mountant containing DAPI (Thermo Fisher Scientific, Rockford, IL, USA) for
counterstaining of the nuclei. Images were acquired with a Leica SP8x confocal microscope

(Leica Microsystems, Wetzlar, Germany) at a magnification of 63x using type F immersion oil
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(Leica Microsystems). Images were processed using ImageJ and combined into figures using

Inkscape.

Mouse samples

Mouse brain sections were stained with antibodies against TDP-43, ubiquitin, GSDMD,
caspase-1 and Ibal (Suppl. Table 2, online resource). Stainings were performed manually,
similar to immunohistochemistry and immunofluorescence of the human slides. An extra mouse
IgG blocking step was performed to prevent unspecific signal. For GSDMD, proteinase K

treatment was additionally applied for 1 min.

pTDP-43 pathology and TDP-43 nuclear clearance quantification in human samples

pTDP-43 pathology was assessed in the motor cortex and the anterior horn of the lumbosacral
spinal cord of human cases. The amount of pathological inclusions in a 20x microscopic field
with most abundant pathology, considered as the “hotspot area”, was quantified. The abundance
of pathology was expressed as a percentage of neurons affected by pTDP-43 pathology. For
quantification of the percentage of neurons with TDP-43 cleared form the nucleus in layer V of
the motor cortex, two images (0.632 x 0.474 mm) of anti-TDP-43 (C-terminal) stained sections
were taken using a 20x objective. Image J was used for quantifications. The percentage of
neurons without TDP-43 in the nucleus was calculated in relation to all neurons present in the

respective region of interest.

TDP-43 nuclear clearance quantification in mouse samples

For guantification of the percentage of neurons with TDP-43 cleared from the nucleus in the
motor cortex and anterior horn of the spinal cord of all mice, two images (0.632 x 0.474 mm)
of anti-TDP-43 (C-terminal) stained sections were taken with the Leica DM2000 LED

microscope using a 20x objective. Image analysis was performed using ImageJ. The percentage
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of neurons without TDP-43 in the nucleus was calculated in relation to all neurons present in

the respective region of interest.

Quantification of number of cleaved GSDMD- and caspase-1-positive glia / neurons

Human samples

For quantification of the number of cleaved GSDMD- and caspase-1-positive microglial cells
and neurons in the precentral white matter and in layer V of the motor cortex, three consecutive
images (0.632 x 0.474 mm) of anti-cleaved GSDMD- and anti-caspase-1-stained sections were
taken with the Leica DM2000 LED microscope using a 20x objective. For the lumbar spinal
cord ventral pyramidal tracts, one 20x image was acquired, while for the lateral pyramidal tracts
two 20x images were used. For the lumbar spinal cord anterior horn, two 10x images (1.264 x
0.948 mm) were used. Microglial cells were identified by their shape and nuclear morphology.

Image analysis was performed using ImageJ.

Mouse samples

For quantification of the number of microglial cells positive for GSDMD and caspase-1 per
mm?2 in the motor cortex (gray and white matter) and spinal cord (anterior horn and pyramidal
tracts) of all mice, four images (0.632 x 0.474 mm) of anti-GSDMD- and anti-caspase-1-stained
sections were taken with the Leica DM2000 LED microscope using a 20x objective. Microglial
cells were identified by their shape and nuclear morphology. Image analysis was performed

using ImageJ.

Quantification of neuronal density in the motor cortex and spinal cord

Human samples

For quantification of neuronal density in layer V of the motor cortex, three consecutive images

(0.632 x 0.474 mm) of a representative area of anti-cleaved GSDMD-stained sections were

15
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taken with the Leica DM2000 LED microscope using a 20x objective [24]. For quantification
of neuronal density in the anterior horn of the lumbosacral spinal cord, two images (1.264 x
0.948 mm) of a representative area of anti-cleaved GSDMD-stained sections were taken using
a 10x objective. Criteria regarding morphological conditions of neurons to be included were
determined before quantification. Neurons were identified based on their nuclear pattern in the

hematoxylin staining. Image analysis was performed using ImageJ.

Mouse samples

For quantification of neuronal density in layer V of the motor cortex and in the anterior horn of
the spinal cord, two images (0.632 x 0.474 mm) of anti-TDP-43-stained sections were taken
with the Leica DM2000 LED microscope using a 20x objective. Criteria regarding
morphological conditions of neurons to be included were determined before quantification,

similar as for the human samples. Image analysis was performed using ImageJ.
Protein extraction

For biochemistry, the spinal cord was taken and the right brain hemisphere was cut in approx.
1 cm thick slabs and frozen at -80°C. Fifty mg of brain or spinal cord tissue was weighed and
mechanically homogenized in 0.5 ml 2% SDS in TBS (Tris-buffered saline) with Nuclease
(Pierce™ Universal Nuclease, Thermo Fisher Scientific) and a cocktail of protease/phosphatase
inhibitors (Halt, Thermo Fisher Scientific) using a micropestle. Samples were sonicated,
followed by a centrifugation at 14 000 g for 30 min. The resulting supernatant was used. Protein
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher

Scientific).
Western blotting

For western blotting, 10 pg of protein was loaded on a Bis-Tris 4-12% gradient SDS-PAGE

(Invitrogen, Thermo Fisher Scientific) in MOPS/MES-SDS running buffer (Alfa Aesar,
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Haverhill, MA, USA), electrophoresed at 150V for 60 min, and transferred to a nitrocellulose
membrane (Semidry transfer, Biorad, Hercules, CA, USA). Membranes were blocked with 5%
non-fat dried milk (AppliChem, Darmstadt, Germany) in PBS 0.1% Tween-20 (PBST). Primary
antibodies and the corresponding dilutions are listed in Suppl. Table 2 (online resource).
Secondary antibodies were goat anti-rabbit IgG-HRP or goat anti-mouse 1gG-HRP (1:10 000,
polyclonal, Dako). Blots were developed with SuperSignal West Pico or Dura plus ECL reagent
(Thermo Fisher Scientific). Digital images were acquired using the Amersham Imager 600 (GE
Healthcare, Chicago, IL, USA). All blots were stripped (Restore Western Blot Stripping Buffer,
Thermo Fisher Scientific) of bound antibodies and reprobed with GAPDH to control for equal

protein loading. Band intensities were measured using ImageJ and were normalized to GAPDH.

Statistical analysis

Statistical analyses were performed using IBM SPSS and Graphpad Prism software. Binary
logistic regression controlled for age and sex, or a t-test or Mann-Whitney test were used to
determine the significant difference between two groups. To examine the different mouse
groups, a one-way ANOVA or Kruskal-Wallis test was used followed by a post-hoc test to
correct for multiple testing. To examine correlations between motor cortex layer VV neuronal
density or anterior horn spinal cord neuronal density and several parameters, partial Pearson’s
correlation analysis (controlled for age and sex for the human cohort) was performed. To
estimate the effect of explanatory variables on human motor cortex layer V neuronal density,
we conducted linear regression analyses. Data are presented as mean + SEM. * p < 0.05; ** p

<0.01; *** p < 0.001; **** p < 0.0001.
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Results

The canonical NLRP3 inflammasome as well as pyroptosis effector-related proteins are

expressed in microglial cells in the ALS motor cortex

To investigate the expression of NLRP3 inflammasome components in the ALS brain, we
performed a pathological analysis on human post-mortem brain tissue from ALS (n = 24) and
control (n = 12) cases (Suppl. Table 1, online resource). For this, we used motor cortex, as this
is the main affected brain region in ALS. Immunohistochemical staining showed positive
immunoreactivity for NLRP3 (Fig. 1a), ASC (Fig. 1f) and caspase-1 (Fig. 1k) in microglial
cells in the ALS motor cortex and its adjacent white matter. This was also observed in some
control cases for ASC and caspase-1, and to a lesser extent for NLRP3 (Suppl. Fig. 1a-c, online
resource). To further confirm that the inflammasome was expressed in microglia, we performed
immunofluorescence co-staining with an antibody against Ibal for microglia. This ensured the
expression of NLRP3 (Fig. 1b-e), ASC (Fig. 1g-j) and caspase-1 (Fig. 11-0) in microglial cells

in the ALS motor cortex white and gray matter.

Next, we assessed the expression of pyroptosis effector-related proteins in the ALS motor
cortex. Both cleaved GSDMD (Fig. 1p) and I1L-18 (Fig. 1u) were present in ALS microglial
cells, as shown by DAB immunohistochemistry. Control cases showed a few microglial cells
positive for cleaved GSDMD and IL-18, but these seemed scarcer compared to ALS cases
(Suppl. Fig. 1d-e, online resource). Immunofluorescence co-staining confirmed that these
effector proteins were present in Ibal-positive microglial cells (Fig. 1 g-t and v-y), but not in
astrocytes and oligodendrocytes, as shown by GFAP and Olig2 antibody staining respectively
(Suppl. Fig. 2, online resource). Of note, antibodies against cleaved GSDMD, NLRP3 and IL-
18 also faintly stained few neurons. No positive neurons were observed for ASC and caspase-

1 (Table 1). Astrocytes were rarely positive for NLRP3, caspase-1 and cleaved GSDMD, and
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negative for ASC and IL-18. Oligodendrocytes were negative for all inflammasome and

pyroptosis effector protein markers (Table 1).

Increased presence of cleaved GSDMD-positive microglial cells in ALS precentral white

matter correlates with neuronal loss

To determine whether the expression of pyroptosis-related proteins is relevant for ALS, we
quantified the amount of microglia in the motor cortex positive for caspase-1 (inflammasome
component) and cleaved GSDMD (pyroptosis effector). Caspase-1 was selected as
inflammasome marker as this protease is responsible for the cleavage and consequent activation
of downstream pyroptosis targets (i.e. GSDMD, IL-18 and IL-1p), while cleaved GSDMD was
used as a marker for pyroptosis activation, as it is considered the final executor of pyroptotic
cell death. In layer V of the motor cortex, we detected a decrease in the number of caspase-1-
positive microglia in ALS cases compared to controls (Fig. 2a; Suppl. Table 3, online resource;
p =0.031; OR =0.975; 95% CI = 0.954-0.998; binary logistic regression corrected for age and
sex). We did not observe any differences between ALS and control cases regarding cleaved
GSDMD-positive microglia (Fig. 2b; Suppl. Table 3, online resource; p = 0.345; OR =1.138;
95% CI = 0.870-1.488; binary logistic regression corrected for age and sex). There was also no
difference in the number of neurons in layer V of the motor cortex gray matter positive for
cleaved GSDMD (Suppl. Fig 3; Suppl. Table 3, online resource; p = 0.527; OR = 0.988; 95%
Cl =0.952-1.025; binary logistic regression corrected for age and sex). In the precentral white
matter, there was no difference in the number of caspase-1-positive microglia between ALS and
control cases (Fig. 2c; Suppl. Table 3, online resource; p = 0.4; OR = 1.006; 95% CI = 0.992-
1.020; binary logistic regression corrected for age and sex). Interestingly, ALS cases showed a
higher abundance of microglia positive for cleaved GSDMD compared to control cases in the
precentral white matter (Fig. 2d; Suppl. Table 3, online resource; p = 0.034; OR = 1.155; 95%

Cl1=1.011-1.319; binary logistic regression corrected for age and sex).
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To examine whether the expression of pyroptosis-related proteins correlates with neuronal loss
in ALS, we quantified neuronal densities in layer V of the motor cortex of ALS and control
cases. Binary logistic regression corrected for age and sex showed a decrease in motor cortex
layer V neuronal density in ALS compared to control cases (Fig. 3a; Suppl. Table 3, online
resource; p = 0.023; OR = 0.880; 95% CI = 0.788-0.982). Additionally, we detected a
significantly higher percentage of neurons affected by pTDP-43 pathology in ALS compared to
control motor cortex (Fig. 3b; p = 0.007; Mann-Whitney test), and a significantly higher
percentage of neurons with TDP-43 cleared from the nucleus in layer V of the motor cortex
(Fig. 3c; Suppl. Table 3, online resource; p =0.022; OR = 1.179; 95% CI = 1.023-1.358; binary
logistic regression corrected for age and sex). A Pearson’s partial correlation analysis corrected
for age and sex revealed a significant correlation between the percentage of pTDP-43 affected
neurons and a decreased motor cortex layer V neuronal density (Table 2; r =-0.504; p = 0.007).
Interestingly, a decreased motor cortex layer V neuronal density correlated with a higher
abundance of white matter microglia positive for cleaved GSDMD (Table 2; r = -0.431; p =
0.025). In contrast, layer V neuronal density did not significantly correlate with the number of
white matter microglia positive for caspase-1 (Table 2; r = -0.343; p = 0.080). There was also
no correlation between cleaved GSDMD- and caspase-1-positive white matter microglia (Table
2; r =0.020; p = 0.921). The amount of cleaved GSDMD-positive white matter microglia did
not correlate with the percentage of pTDP-43 affected neurons (Table 2; r = -0.010; p = 0.960),
nor with the percentage of neurons with TDP-43 nuclear clearance (Table 2; r = 0.116; p =
0.572). In separate linear regression models with motor cortex layer V neuronal density as
dependent variable, and including age and sex as extra independent variables, the percentage of
neurons affected by pTDP-43 pathology (B = -0.435; p = 0.01) and the number of cleaved
GSDMD-positive white matter microglia (B = -0.455; p = 0.021) were good predictors of

neuronal density, whereas the number of caspase-1-positive white matter microglia was not (B
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=-0.244; p =0.179) (Suppl. Table 4, part 1, online resource). When combining the percentage
of pTDP-43 affected neurons and cleaved GSDMD-positive white matter microglia in the same
model, both showed to be equally potent predictors of motor cortex layer V neuronal density
(Suppl. Table 4, part 2, online resource; percentage of pTDP-43 affected neurons: = -0.486;
p = 0.004; cleaved GSDMD-positive white matter microglia: p =-0.464; p = 0.007), indicating

that they independently contribute to neuronal loss.

Elevated expression of pyroptosis-related proteins in ALS motor cortex

To further investigate the expression of pyroptosis-related proteins in ALS versus control motor
cortex, we performed western blots on SDS-soluble motor cortex extracts. ALS cases showed
an increased expression of the inflammasome component full length caspase-1 (Fig. 4a,b;
Suppl. Fig. 4a, online resource; p < 0.0001; unpaired t-test) as well as the active cleaved p20
fragment (Fig. 4a,c; Suppl. Fig. 4a, online resource; p = 0.0001; unpaired t-test). Expression of
cleaved GSDMD, which represents the active cleaved fragment of GSDMD, was numerically
increased in ALS cases, however not significant (Fig. 4a,d; Suppl. Fig. 4b, online resource; p =
0.2568; unpaired t-test). Finally, the expression of the cleaved and active form of IL-18 was
significantly increased in the motor cortex of ALS compared to control cases (Fig. 4a,e; Suppl.

Fig. 4c, online resource; p < 0.0001; unpaired t-test).

Presence of NLRP3 inflammasome and pyroptosis-related proteins in the ALS spinal cord

does not associate with neuronal loss

Next, we assessed the presence of the inflammasome component caspase-1 and the pyroptosis
effector cleaved GSDMD in the ALS spinal cord. We analyzed the amount of microglia positive
for caspase-1 and cleaved GSDMD in the ventral and lateral white matter pyramidal tracts.
There was no obvious difference between ALS and control cases in the number of caspase-1-

positive microglia in the ventral pyramidal tracts (Fig. 5a; Suppl. Table 3, online resource; p =
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0.270; OR =0.947; 95% CI = 0.860-1.043; binary logistic regression corrected for age and sex)
and in the lateral pyramidal tracts (Fig. 5¢; Suppl. Table 3, online resource; p = 0.606; OR =
1.002; 95% CI1 =0.994-1.010; binary logistic regression corrected for age and sex). The number
of cleaved GSDMD-positive microglia was numerically slightly higher in ALS compared to
control cases for the ventral pyramidal tracts (Fig. 5b; Suppl. Table 3, online resource; p =
0.216; OR =1.285; 95% CI = 0.864-1.912; binary logistic regression corrected for age and sex),
and for the lateral pyramidal tracts (Fig. 5d; Suppl. Table 3, online resource; p = 0.172; OR =

1.086; 95% CI = 0.965-1.224; binary logistic regression corrected for age and sex).

We also quantified the anterior horn neuronal density and the percentage of neurons affected
by pTDP-43 pathology in the spinal cord of ALS and control cases. As expected, the anterior
horn neuronal density was significantly lower in ALS compared to control cases (Suppl. Fig.
5a; Suppl. Table 3, online resource; p = 0.017; OR = 0.912; 95% CI = 0.846-0.984; binary
logistic regression corrected for age and sex), while the percentage of pTDP-43 affected neurons
was increased (Suppl. Fig. 5b, online resource, p < 0.0001; Mann-Whitney test). A Pearson’s
partial correlation corrected for age and sex did not indicate any correlation between the number
of cleaved GSDMD-positive microglia in the lateral pyramidal tracts and the anterior horn
neuronal density (Suppl. Table 5, online resource; r = 0.045; p = 0.832), nor with the percentage
of pTDP-43 affected neurons (Suppl. Table 4, online resource; r = 0.208; p = 0.318). However,
the anterior horn neuronal density correlated with the percentage of neurons affected by pTDP-
43 pathology, similar to our observations in the motor cortex (Suppl. Table 5, online resource;

r =-0.544: p = 0.004).

Finally, we biochemically assessed the expression of pyroptosis-related proteins in the spinal
cord of ALS and control cases. ALS SDS-soluble spinal cord extracts displayed an increased
expression of full-length caspase-1 (Fig. 6a,b; Suppl. Fig. 6a, online resource; p = 0.0134;

unpaired t-test), as well as the cleaved and active p20 fragment (Fig. 6a,c; Suppl. Fig. 6a, online
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resource; p = 0.0002; unpaired t-test). Additionally, we detected an increased expression of
pyroptosis effector proteins cleaved GSDMD (Fig. 6a,d; Suppl. Fig. 6b, online resource; p =
0.0003; unpaired t-test) and 1L-18 (Fig. 6a,e; Suppl. Fig. 6¢, online resource; p = 0.0022; Mann-

Whitney test).

Increased GSDMD reactivity in symptomatic TDP-432315T transgenic mice is associated

with a decreased neuronal density in the brain

To explore whether the pyroptosis pathway was also activated in animal models of ALS, we
investigated the presence of the inflammasome component caspase-1 and the pyroptosis
effector protein GSDMD in the brain and spinal cord of TDP-433!°T transgenic mice. We
detected microglia positive for caspase-1 (Fig. 7a; Suppl. Fig. 7a-d, online resource) and
GSDMD (Fig. 7b; Suppl. Fig. 7e-h, online resource) in the gray and white matter of the motor
cortex and spinal cord of symptomatic TDP-43*315T transgenic mice. We quantified the number
of caspase-1- and GSDMD-positive microglia per mm? in the motor cortex and in the spinal
cord (gray + white matter) in five different mouse groups: (1) 6 months old wild-type mice, (2)
16 months old wild-type mice, (3) 6 months old TDP-43*315T transgenic mice, (4) 16 months
old TDP-43"315T transgenic mice, and (5) symptomatic TDP-4331°T transgenic mice (6-14
months old, mean age of 9 months old). In the motor cortex, the number of caspase-1-positive
microglia was significantly increased in 16 months old wild-type and 16 months old TDP-
43”315T transgenic mice compared to their 6 months old counterparts (Fig. 7¢; wild-type: p =
0.0289; TDP-43"3%°T transgenic: p = 0.0149; one-way ANOVA followed by Tukey’s multiple
comparisons). The number of caspase-1-positive microglia was not increased in the brain of
symptomatic TDP-43"3%°T transgenic mice. In contrast, the amount of GSDMD-positive
microglia was significantly increased in symptomatic TDP-43"3!°T transgenic compared to 6
months old wild-type mice (Fig. 7d; p = 0.0014; one-way ANOVA followed by Tukey’s

multiple comparisons), 16 months old wild-type mice (p = 0.0039); 6 months old TDP-434315T
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transgenic mice (p = 0.0006) and 16 months old TDP-43*315T transgenic mice (p = 0.0041). In
the spinal cord, a similar increase in caspase-1-positive microglia was detected as in the brain
in 16 months old wild-type and TDP-43%%15T transgenic mice, although not significant (Fig. 7e).
Symptomatic TDP-43"315T transgenic mice showed similar levels of caspase-1-positive
microglia in the spinal cord compared to the 16 months old groups. Finally, we analyzed the
amount of GSDMD-positive microglia in the spinal cord. Similar to as was observed in the
brain, this was significantly increased in symptomatic TDP-43"315T transgenic mice compared
to 6 months old wild-type mice (Fig. 7f; p = 0.0267; Kruskal-Wallis test followed by Dunn’s
multiple comparisons), 16 months old wild-type mice (p = 0.0133), and 16 months old TDP-

43”315T transgenic mice (p = 0.0038).

Next, we focused on TDP-43, as this protein is mutated in the mouse model. No typical
cytoplasmic TDP-43-positive inclusions were observed, although symptomatic TDP-43A315T
transgenic mice occasionally displayed dense aggregated material around the nucleus positive
for TDP-43 (Suppl. Fig. 8a, online resource; arrow), while the nucleus was not stained. Nuclear
clearance of physiological TDP-43 was a prominent phenotype, which we quantified for the
different mouse groups. In the motor cortex, TDP-43 nuclear clearance was significantly
increased in symptomatic TDP-43*315T transgenic mice compared to 16 months old wild-type
mice (Suppl. Fig. 8a,c, online resource; p = 0.006; Kruskal-Wallis test followed by Dunn’s
multiple comparisons). We also noticed a numerical but non-significant increase in the 16
months old TDP-43*%5T transgenic group. In the spinal cord anterior horn, no differences in
TDP-43 nuclear clearance could be detected among the groups (Suppl. Fig. 8b,d, online

resource).

We further analyzed the different mouse groups immunohistochemically using an antibody
against ubiquitin, as it was previously shown that ubiquitin-positive but TDP-43-negative

material could be detected in this model [48]. We observed diffuse cytoplasmic ubiquitin-
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positive staining in neurons both in the motor cortex (Suppl. Fig. 9a, online resource) and in the
spinal cord (Suppl. Fig. 9b, online resource) of the majority of symptomatic TDP-43A31°T
transgenic mice. This ubiquitin-positive neuronal staining was also observed in one 6-months-
old and two 16-months-old TDP-43"315T transgenic asymptomatic mice. An antibody against
SQSTM1/p62 displayed a similar neuronal staining pattern, for the first time indicating that
affected neurons in symptomatic TDP-43"315T transgenic mice are positive for SQSTM1/p62
(Suppl. Fig. 9c,d, online resource). Finally, we assessed the neuronal density in layer V of the
motor cortex and the anterior horn of the spinal cord of the different mouse groups to evaluate
whether neuronal loss was present in the model. Neuronal density was significantly decreased
in the motor cortex of symptomatic TDP-433'°T transgenic mice compared to 6 months old
wild-type mice (Suppl. Fig. 10a, online resource; p = 0.0307; Kruskal-Wallis test followed by
Dunn’s multiple comparisons). In the spinal cord, a slight but non-significant decrease was

observed in the symptomatic TDP-43*315T transgenic mice (Suppl. Fig. 10b, online resource).

Using Pearson’s partial correlation analysis, we found that the number of GSDMD-positive
microglia in the brain significantly correlated with a decrease in motor cortex layer V neuronal
density (Table 3; r =-0.478; p = 0.021). This was not the case for caspase-1-positive microglia
(Table 3; r=-0.378; p = 0.075). The percentage of TDP-43 nuclear clearance highly correlated
with layer V neuronal density (Table 3; r =-0.692; p < 0.0001). There was also a trend towards
a correlation between the amount of GSDMD-positive microglia and the percentage of TDP-43
nuclear clearance, although not significant (Table 3; r = 0.408; p = 0.053). A similar analysis
for the spinal cord did not show any significant correlations for the abovementioned parameters

(Suppl. Table 6, online resource).
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Discussion

Here, we described the expression of the NLRP3 inflammasome complex comprising of
NLPR3, ASC and caspase-1, as well as pyroptosis effector-related proteins cleaved GSDMD
and IL-18 in microglial cells in the ALS motor cortex and spinal cord. The microglial expression
of cleaved GSDMD in the precentral white matter correlated with neuronal loss in layer V of
the motor cortex, but not with the amount of pTDP-43 pathology. In the spinal cord, no increase
in microglial cleaved GSDMD was detected, although elevated expression of pyroptosis-related
proteins was detected biochemically both in the motor cortex and in the spinal cord (Table 4).
Importantly, we observed increased GSDMD expression in microglia in the brain and spinal
cord of symptomatic TDP-43*315T transgenic mice, which also correlated with neuronal loss in
layer V of the motor cortex, similar to our observations in human tissue. To our knowledge, this
is the first time that expression of the full NLRP3 inflammasome and, importantly, the
pyroptosis effector-related proteins cleaved GSDMD and IL-18 was observed in ALS
microglial cells and was linked to neuronal degeneration, both in human post-mortem tissue and

TDP-43 transgenic mice.

In human ALS brain, we observed a correlation of the abundance of pTDP-43 pathology with
neuronal loss, but not with cleaved GSDMD-positive white matter microglia although the latter
lesions are also associated with motor cortex neuron loss. This suggests that the presence of
pTDP-43 aggregates does not directly influence the activation of pyroptosis in white matter
microglia. However, this is an end-point observation, and it is possible that during the course
of the disease, pathological pTDP-43, soluble or aggregated, does serve as a trigger for
inflammasome and pyroptosis activation. Evidence supports the activation of the NLRP3
inflammasome by abnormal protein aggregates in neurodegenerative diseases [19, 52]. This
activation requires a two-step process. First, the NFkB pathway is activated through stimulation

of toll-like receptors (TLRs), leading to upregulation of the expression of NLRP3, pro-caspase-
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1 and pro-interleukins. Secondly, the NLRP3 inflammasome can be assembled and activated
by a variety of stimuli, such as reactive oxygen species (ROS), extracellular ATP, lysosomal
rupture, low intracellular K*, and aggregated or misfolded proteins [15, 39, 54]. Regarding
ALS, in vitro studies showed that pathological TDP-43 could induce an NLRP3-dependent
secretion of active IL-1pB and IL-18 in microglia [10, 25, 53]. This pro-inflammatory cascade
was shown to be toxic to motor neurons, while in the absence of microglia, pathological TDP-
43 was not detrimental to motor neurons [53]. Similar results were obtained with mutant SOD1,
which was shown to trigger the NLRP3-dependent cleavage of caspase-1 and IL-1p in primary
mouse microglia [10]. These results support the hypothesis that pathological ALS proteins can
induce pyroptosis activation in microglia. In recent years, several groups also demonstrated an
upregulation of NLRP3, ASC, caspase-1, IL-1p and IL-18 in SOD1%%*A mice and rats [2, 8, 10,
16, 22, 29], which are the most commonly used animal models for ALS, although SOD1
mutations only explain 2% of ALS cases [43]. Deora and colleagues also showed increased
expression of the NLRP3 inflammasome in TDP®*31K mutant mice [10]. Furthermore, TDP-43
was shown to interact with NF«xB and to function as a suppressor of the NFkB pathway, with a
loss of TDP-43 leading to increased activation of the NFkB pathway [55]. This suggests that a
loss of nuclear TDP-43, as observed in ALS, could make cells more susceptible for pyroptosis
activation through a reduced inhibition of the NFkB pathway. Although the above data indicate
the importance of pathological TDP-43 and SODL in eliciting pyroptosis activation, it is likely
that other pathological conditions often observed in ALS (e.g. ROS, extracellular ATP), which
could be downstream of SOD1 and TDP-43 mutations, are responsible for NLRP3

inflammasome activation.

In human ALS cases, the abundance of cleaved GSDMD-positive microglia in the precentral
white matter correlated with a decreased neuronal density in layer V of the motor cortex.

Following pyroptosis activation, GSDMD-NT oligomerizes and associates with the plasma
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membrane to form micropores, resulting in potassium efflux, intracellular and extracellular ion
imbalance, cell swelling and rupture of the plasma membrane [39]. This causes massive leakage
of pro-inflammatory cytokines, such as IL-1p and IL-18, as well as other cytosolic components
[15, 50]. In turn, IL-1B and IL-18 bind their respective receptors on glial cells and neurons,
initiating a complex spectrum of signaling pathways, further enhancing inflammatory responses
and resulting in neuronal injury and death [39]. Therefore, it is likely that the observed
activation of the pyroptosis pathway in ALS white matter microglia contributes to neuronal
degeneration in the motor cortex, possibly by affecting axonal health. However, it remains
unclear whether this is the primary insult in neurodegeneration, or just one contributing factor
enhancing neuronal toxicity among others. Importantly, the number of microglia in the human
white matter is significantly higher compared to gray matter [26]. Furthermore, a clear
difference in the immune regulatory profile was identified between white and gray matter
microglia, with white matter microglia displaying an increased expression of genes involved in
the NFxB pathway [44]. This could make white matter microglia more susceptible for
pyroptosis activation as activation of the NFkB pathway induces elevated expression of
pyroptosis-related genes, possibly explaining the increased abundance of cleaved GSDMD-

positive microglia specifically in the ALS precentral white matter.

We did not observe obvious TDP-43 pathological aggregates in the brain and spinal cord of
symptomatic TDP-43”315T mice, although a few ubiquitin-positive neurons were detected in
symptomatic TDP-43"31°T mice, and to a lesser extent in 6 and 16 months old TDP-43431°T
mice. This is in line with previous reports [18, 20, 48]. In the motor cortex of symptomatic
TDP-43"T mice, we detected an increased TDP-43 nuclear clearance. This did not
significantly correlate with the amount of GSDMD-positive microglia, similar to our
observations in the human brain. Importantly, a decrease in neuronal density in layer V of the

motor cortex correlated with an increased presence of GSDMD-positive microglia, mirroring
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our human data. Others also detected a decreased number of neurons in layer V of the motor
cortex [48, 51]. In the spinal cord, results are more contradictory with some groups reporting
up to 20% loss of spinal motor neurons [11, 48], while we and others could not confirm this
[20]. This could be due to the small number of mice from which we could obtain spinal cord

tissue, which is one of the limitations of this study.

In human cases, we detected an average of 32.8% neurons cleared of nuclear TDP-43 in ALS
cases using an antibody directed against the C-terminal part of TDP-43, with control cases
showing an average of 13.18% neurons negative for nuclear TDP-43. Our human control cohort
showed relatively high basal levels of TDP-43 nuclear depletion, especially when compared to
6 and 16 months old wild-type mice. Since previous studies [28, 33] described this phenomenon
but, to our knowledge, did not provide quantitative data, it is unclear whether the detection of
TDP-43 nuclear clearance in control cases is a physiological finding, or whether it is due to
technical reasons (antibody sensitivity in formalin-fixed tissue) or autolysis during the post-
mortem interval. Importantly, it was shown that cellular stress can induce the depletion of TDP-
43 from the nucleus [38], which also occurs in normal aging and during the agonal phase before
death, possibly explaining the relatively high baseline levels of TDP-43 nuclear clearance in
the human control cohort. In contrast, mice were euthanized under anesthesia and brains were
immediately harvested, resulting in less cellular stress and therefore possibly lower levels of
baseline TDP-43 nuclear clearance. More studies on TDP-43 nuclear clearance including other

TDP-43 antibodies will be needed to clarify its biology.

Contrary to cleaved GSDMD, we did not observe an increase of caspase-1-positive microglia
in ALS versus control precentral gray and white matter using immunohistochemical methods
(Table 4). It is likely that mainly physiological inactive pro-caspase-1 is detected by
immunohistochemistry, which might mask the detection of increased levels of the active p20

fragment as observed by western blot (Table 4). It seems that full length pro-caspase-1 is
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endogenously present in microglia, as control cases also show basal caspase-1 levels.
Furthermore, the abundance of caspase-1-positive microglia is five-fold higher compared to
cleaved GSDMD-positive microglia in human cases, indicating a physiological expression of
pro-caspase-1 in microglia. Using biochemical methods, we however observed an increased
expression of both pro-caspase-1 as well as the p20 active fragment in human ALS brain and
spinal cord (Table 4), probably reflecting a higher cellular expression without an increase in the
number of caspase-1 expressing microglial cells. Therefore, it is likely that in ALS microglia
upscale their expression of pro-caspase-1, and that following NLRP3 inflammasome activation
the p20 fragment is produced, as reflected by our western blot data (Table 4). We detected
similar results in mice, as symptomatic TDP-43315T did not show an increase in caspase-1-
positive microglia. However, an age-dependent effect was noted as 16 months old wild-type
and TDP-43"315T transgenic mice presented with a higher abundance of caspase-1-positive glia
compared to their 6 months old counterparts. This age-dependent increase of caspase-1
expression was recently described in mice and humans and referred to as ‘inflammaging’,
reflecting the increased expression of inflammatory proteins during the aging process [30].
Additionally, the post-mortem interval and other comorbid neurological and agonal conditions
may influence the inflammatory status in the human brain and spinal cord, likely explaining the
higher baseline levels of caspase-1 and cleaved GSDMD-positive microglia in human post-
mortem tissue compared to wild-type and TDP-43"3%T transgenic mice, where these parameters
are better controlled. A limitation of this study is that we could not assess caspase-1 full length
and p20 fragment levels biochemically by western blot in mouse brain and spinal cord due to

unavailability of frozen tissue.

Our biochemical analysis in CNS lysates showed an increased expression of active IL-18 in
ALS motor cortex and spinal cord compared to control cases, indicative of an activated

pyroptosis pathway. Elevated serum IL-18 levels have previously also been demonstrated in
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sporadic ALS patients [21]. Other groups reported elevated caspase-1, NLRP3 and IL-18 levels
in ALS brain tissue [22, 23], which is in line with our results for caspase-1, p20 and IL-18 in
the motor cortex and spinal cord. Increased NLRP3 mRNA levels were also detected in blood
and in post-mortem tissue of ALS patients [1, 32]. Unfortunately, antibodies against NLRP3
and IL-1p could not detect the respective proteins in post-mortem brain and spinal cord lysates
by western blot in our hands, which is a limitation of this study. Regarding the active fragment
of GSDMD, we showed for the first time an increased expression of cleaved GSDMD in ALS
versus control cases, which was significant in the spinal cord. It is possible that in the motor
cortex, baseline expression of cleaved GSDMD in neurons in both control and ALS cases, as
observed by IHC, masks the increased cleaved GSDMD expression in microglial cells on

western blot.

In the CNS, PRRs are thought to mainly be expressed on microglia and astrocytes [50]. Both
cell types also are assumed to be able to express NLRP3, however, for neurons this is still
debated [39]. In this study, we observed expression of the full NLRP3 inflammasome (i.e.
NLRP3, ASC and caspase-1) as well as the pyroptosis effector-related proteins cleaved
GSDMD and IL-18 in microglia. NLRP3 and cleaved GSDMD expression were additionally
detected in neurons and astrocytes, although to a lesser extent. ASC was exclusively detected
in microglia, while caspase-1 was also occasionally faintly stained in astrocytes. 1L-18 was
absent in astrocytes, with some neurons faintly positive. Oligodendrocytes were negative for all
abovementioned markers. Our results underline the importance of microglia in inflammasome-
mediated pyroptosis in ALS, and are in line with several in vitro studies, showing that microglia
express the full NLRP3 inflammasome and produce active IL-1p and IL-18 [10, 25, 53].
Bellezza and colleagues also demonstrated expression of the NLRP3 inflammasome in
SOD1%%A mouse microglial cells [2], although others found increased microglial caspase-1 and

ASC expression in the same mouse model, but not NLRP3 [29]. In contrast, another group
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postulated mainly astrocytes, but also neurons to express ASC and NLRP3, with microglia only
positive for ASC in SOD1°%** mice [8, 22]. A recent study, however, detected NLRP3
expression both in microglia and astrocytes of SOD1%%A mice [10], similar to our results.
Overall, evidence points towards microglia as the main cell type responsible for pyroptosis
activation in ALS, although we cannot fully exclude that astrocytes and possibly neurons also

contribute to NLRP3 inflammasome-mediated cytotoxicity.

In conclusion, our findings point towards microglial NLRP3 inflammasome-mediated
pyroptosis as an important player in ALS pathophysiology and neurodegeneration, with cleaved
GSDMD as a useful marker for pyroptosis activation in the ALS precentral white matter.
Investigation of the pathological triggers and the effects of inhibition of this pathway in vitro
and in vivo will aid in the development of novel therapeutic strategies counteracting motor

neuron degeneration in ALS.

32



730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

Van Schoor et al. 2022

Author contributions

EVS: study design and coordination, immunohistochemistry, immunofluorescence, protein
extraction, western blotting, microscopic assessments, neuropathology, statistical analysis,
manuscript drafting and preparation. SO: mouse immunohistochemistry, immunofluorescence,
critical review of the manuscript. SM: immunohistochemistry, western blotting, critical review
of the manuscript. ST: design of mouse study, mouse genotyping, critical review of the
manuscript. AR: design of mouse study, mouse breeding, mouse sacrificing and tissue
collection, critical review of the manuscript. OO: human immunohistochemistry, western
blotting, critical review of the manuscript. JW and ACL.: clinical neurology, critical review of
the manuscript. PVD: clinical neurology, study design, critical review of the manuscript.
LVDB: study design, critical review of the manuscript. DRT: study design and supervision,
neuropathology and manuscript preparation. All authors read and approved the final

manuscript.

Disclosures/Conflicts of Interest

ACL serves on the Advisory Board of Roche Pharma (Basel, Switserland) and Biogen
(Cambridge, MA, US), and on the data and safety monitoring board of Zeneus pharma (Bray,
UK). ACL received consulting fees from AB Science (Paris, France), Desitin
(Buckinghamshire, UK), Novartis (Basel, Switserland) and Teva (Jerusalum, Israel). PVD
participated in advisory board meetings of Biogen (Cambridge, MA, US), Cytokinetics (San
Francisco, CA, US), Ferrer (Barcelona, Spain), UCB (Brussels, Belgium), Argenx (Ghent,
Belgium), Muna Therapeutics (Copenhagen, Denmark), Alector (San Francisco, CA, US),
Augustine Therapeutics (Leuven, Belgium), Alexion Therapeutics (Boston, MA, US) and
QurAlis (Cambridge, MA, US). LVDB received speaker honorary from UCB (Brussels,
Belgium) and Griinenthal (Aachen, Germany), and is head of the Scientific Advisory Board of

Augustine Therapeutics (Leuven, Belgium) and is part of the Investment Advisory Board of

33



755

756

757

758

759

760

761

762

763

764

Van Schoor et al. 2022

Droia Ventures (Meise, Belgium). DRT received speaker honorary or travel reimbursement
from Novartis Pharma AG (Basel, Switzerland), UCB (Brussels, Belgium) and GE Healthcare
(Amersham, UK), and collaborated with Novartis Pharma AG (Basel, Switzerland), Probiodrug
(Halle (Saale), Germany), GE Healthcare (Amersham, UK), and Janssen Pharmaceutical
Companies (Beerse, Belgium). The funders had no role in the design of the study; in the
collection, analyses or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results. DRT serves in the editorial board of Acta Neuropathologica but was not

involved in the handling of this manuscript at any stage.

34



765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

Van Schoor et al. 2022

Figures and Tables

Figure 1. Expression of inflammasome components and pyroptosis effector-related
proteins in ALS precentral white matter microglia. Immunohistochemical and
immunofluorescence detection of inflammasome components NLRP3 (a-e), ASC (f-j) and
caspase-1 (k-0), as well as pyroptosis effector-related proteins cleaved GSDMD (p-t) and IL-
18 (u-y) in representative ALS precentral white matter. Arrowheads indicate microglial cells

positive for the respective markers. Scale bars represent 50 um.

Figure 2. Increased expression of cleaved GSDMD in ALS microglial cells in the
precentral white matter. (a, b) Graphs representing the number of microglia per mm?2 positive
for caspase-1 (a) and cleaved GSDMD (b) in layer V of the motor cortex of control and ALS
cases. (c, d) Graphs representing the number of microglia per mm?2 positive for caspase-1 (c)
and cleaved GSDMD (d) in the precentral white matter of control and ALS cases. Binary

logistic regression corrected for age and sex was used for statistical analysis. * p < 0.05.

Figure 3. Motor cortex layer V neuronal density and pTDP-43 pathology. (a) Graph
representing the neuronal density per mmz2 in layer V of the motor cortex of control and ALS
cases. (b) Graph representing the percentage of pTDP-43 affected neurons in the motor cortex
of control and ALS cases. (c¢) Graph representing the percentage of neurons with TDP-43
cleared from the nucleus in layer V of the motor cortex. Binary logistic regression corrected for

age and sex or a Mann-Whitney test was used for statistical analysis. * p < 0.05.

Figure 4. Biochemical characterization of pyroptosis proteins in the ALS motor cortex.
(a) Motor cortex tissue lysates from control (n = 7) and ALS (n = 8) on western blots probed
with antibodies for caspase-1, cleaved GSDMD and IL-18, with GAPDH as loading control.
(b-e) Quantifications of pyroptosis-related proteins relative to GAPDH. Statistical analyses

were preformed using unpaired t-test or Mann-Whitney test. *** p < 0.001; **** p < 0.0001.
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Figure 5. Expression of caspase-1 and cleaved GSDMD in ALS and control spinal cord
pyramidal tract microglia. (a, b) Graphs representing the number of microglia per mm2
positive for caspase-1 (a) and cleaved GSDMD (b) in the ventral pyramidal tracts of control
and ALS spinal cord. (c, d) Graphs representing the number of microglia per mm2 positive for
caspase-1 (c) and cleaved GSDMD (d) in the lateral pyramidal tracts of control and ALS spinal

cord. Binary logistic regression corrected for age and sex was used for statistical analysis.

Figure 6. Biochemical characterization of pyroptosis proteins in the ALS spinal cord. (a)
Spinal cord tissue lysates from control (n = 8) and ALS (n = 7) on western blots probed with
antibodies for caspase-1, cleaved GSDMD and IL-18, with GAPDH as loading control. For IL-
18, the lower band is the correct molecular weight, as the upper band represents pro-IL-18. (b-
e) Quantifications of pyroptosis-related proteins relative to GAPDH. Statistical analyses were

preformed using unpaired t-test or Mann-Whitney test. * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 7. Increased expression of GSDMD in motor cortex and spinal cord of symptomatic
TDP-43"315T transgenic mice. (a) Immunohistochemical representative image of caspase-1-
positive microglia (arrowheads) in the motor cortex of TDP-43%315T transgenic mice. (b)
Immunohistochemical representative image of GSDMD-positive microglia (arrowheads) in the
motor cortex of TDP-43"315T transgenic mice. Scale bars represent 50 pum. (c,d) Graphs
representing the number of caspase-1 (c) and GSDMD (d) positive microglia per mmz2 in the
motor cortex of the different mouse groups. (e,f) Graphs representing the number of caspase-1
(e) and GSDMD (f) positive microglia per mmz in the spinal cord of the different mouse groups.
WT 6m =6 months old wild-type mice; WT 16m = 16 months old wild-type mice; TDP Tg 6m
= 6 months old TDP-43"35T transgenic mice; TDP Tg 16m = 16 months old TDP-4331°T
transgenic mice; TDP symp = symptomatic TDP”3!®T transgenic mice. * p < 0.05; ** p < 0.01;

***p <0.001.
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814  Table 1. Overview of the expression of inflammasome components and pyroptosis effector-related proteins in different cell types. +++
815 abundant strongly positive cells; (+++) abundant faintly positive cells; ++ some strongly positive cells; (++) some faintly positive cells; + few

816  strongly positive cells; (+) few faintly positive cells.

Neurons Astrocytes Microglia Oligodendrocytes
NLRP3 (+) + +++ -
ASC - - +++ -
Caspase-1 - (+) +++ -
Cleaved
GSDMD (++) + +++ -
IL-18 (+) - +++ -
817
818
819
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Table 2. Correlation matrix for motor cortex layer V neuronal density and other parameters, corrected for age and sex. Matrix showing

Pearson's correlation values and p-values for the association between motor cortex layer V neuronal density and other variables, including the

number of caspase-1-positive microglia in the precentral white matter, the number of cleaved GSDMD-positive microglia in the precentral white

matter, the percentage of pTDP-43 affected neurons in the motor cortex, and the percentage of neurons with TDP-43 nuclear clearance in layer V

of the motor cortex. * p < 0.05; ** p < 0.01.

Caspase-1 positive Cl GSDMD-positive % pTDP-43 affected . % TDP-43
. . . . Neuronal density n

microglia microglia clearance
Caspase-1 positive microglia - 25
Cl GSDMD-postive microglia r=0.020; p=0.921 - 25
% pTDP-43 affected neurons r=0.083; p=0.682 r=-0.010; p = 0.960 25
Neuronaldensity | _ ;3,3 _ 0080 r=-0431;p=0025%  r=-0.504; p=0.007** - 25

motor cortex layer V

% TDP-43 clearance r=0.282;p=0.163 r=0.116; p =0.572 r=0.035; p =0.865 r=-0.313; p=0.119 - 24
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829  Table 3. Correlation matrix for mouse motor cortex neuronal density and other parameters. Matrix showing Pearson's correlation values and
830  p-values for the association between mouse motor cortex layer V neuronal density and other variables, including the number of caspase-1-positive

831  microglia, the number of GSDMD-positive microglia, and the percentage of TDP-43 nuclear clearance. * p < 0.05; ** p < 0.01.

Caspase-1-positive microglia  GSDMD-positive microglia % TDP-43 clearance  Layer V neuronal density n

Caspase-1-positive microglia - 23

GSDMD-positive microglia r=-0.075; p=0.733 - 23

% TDP-43 clearance r=-0.168; p = 0.442 r=0.408; p =0.053 - 23

Layer V neuronal density r=-0.378; p =0.075 r=-0.478; p =0.021* r=-0.692; p <0.001** - 23
832
833
834
835
836
837
838
839
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Table 4. Overview for the comparison of IHC versus WB results for caspase-1 and cleaved GSDMD in the human and mouse motor cortex
and spinal cord. In immunohistochemical stainings the number of cells expressing a given protein was assessed, whereas by western blot the

general expression levels were determined. GM = gray matter; WM = white matter; IHC = immunohistochemistry; WB = western blot; P =

significant increase; 2 = numerical trend towards increase; “=" = no noticeable difference; |, = significant decrease.

CASPASE-1
IHC WB
M WM = Pro-caspase-1
otor cortex GM | Caspase-1 p20
Human ALS
Spinal cord WM = Pro-caspase-1 T
pinal cor M= Caspase-1 p20
Mouse TDP-43 A315T | otor cortex =
Spinal cord =
CLEAVED GSDMD
IHC WB
wMm
Motor cortex GM = cl GSDMD #
Human ALS
Spinal cord WM A cl GSbmMD 1
Mouse TDP-43 A315T | otor cortex T
Spinal cord ™
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Figure 1. Expression of inflammasome components and
pyroptosis effector proteins in ALS precentral white matter
microglia
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Figure 2. Increased expression of cleaved GSDMD in ALS

microglia cells in the precentral white matter
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Figure 3. Motor cortex pTDP-43 pathology and layer V neuronal
density.
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Figure 4. Biochemical characterization of pyroptosis-proteins
in the ALS motor cortex.
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Figure 5. Expression of caspase-1 and cleaved GSDMD in ALS
and control spinal cord pyramidal tract microglia.
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Figure 6. Biochemical characterization of pyroptosis proteins
in the ALS spinal cord.
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Figure 7. Increased expression of GSDMD in motor cortex and

spinal cord of symptomatic TDP-43 A315T transgenic mice.
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Supplementary figures and tables

Suppl. Figure 1. Expression of inflammasome components and pyroptosis effector
proteins in control precentral white matter microglia. Immunohistochemical detection of
inflammasome components NLRP3 (a), ASC (b) and caspase-1 (c), as well as pyroptosis
effector-related proteins cleaved GSDMD (d) and IL-18 (e) in control precentral white matter.
Arrowheads indicate microglial cells positive for respective markers. Control cases positive for
the respective markers were selected. Scale bars represent 25 pm.
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Suppl. Figure 2. Expression of cleaved GSDMD in ALS motor cortex in relation to
astrocytes and oligodendrocytes. (a-h) Immunofluorescence detection of pyroptosis effector
protein cleaved GSDMD in relation to GFAP-positive astrocytes (a-d) and Olig2-positive
oligodendrocytes (e-h). Arrowheads indicate glial cells positive for cleaved GSDMD not
overlapping with GFAP-positive astrocytes and Olig2-positive oligodendrocytes. Scale bars
represent 50 pm.
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Suppl. Figure 3. Cleaved GSDMD expression in neurons in the ALS and control motor
cortex. Graph representing the number of neurons in layer V of the motor cortex positive for
cleaved GSDMD for control and ALS cases. Binary logistic regression corrected for age and
sex was used for statistical analysis.
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Suppl. Figure 4. Full western blots for the expression of pyroptosis proteins in the ALS
motor cortex. (a-c) Full western blots for motor cortex tissue lysates from control (n = 7) and
ALS (n = 8) probed with antibodies for caspase-1 (a), cleaved GSDMD (b) and IL-18 (c).
Arrows indicate the bands at the correct molecular weight of the proteins. The case n° for each
lane is indicated in a.
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Suppl. Figure 5. Spinal cord anterior horn neuronal density and pTDP-43 pathology. (a)
Graph representing the neuronal density per mm? in the anterior horn of the spinal cord of
control and ALS cases. (b) Graph representing the percentage of pTDP-43 affected neurons in
the spinal cord of control and ALS cases. Binary logistic regression corrected for age and sex
(a) and Mann-Whitney U test (b) were used for statistical analysis. * p < 0.05; **** p < 0.0001.
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Suppl. Figure 6. Full western blots for the expression of pyroptosis proteins in the ALS
spinal cord. (a-c) Full western blots for spinal cord tissue lysates from control (n = 8) and ALS
(n =7) probed with antibodies for caspase-1 (a), cleaved GSDMD (b) and IL-18 (c). Arrows
indicate the bands at the correct molecular weight of the proteins. The extra lane for IL-18 (c)
is a positive control (+). The case n° for each lane is indicated in a.
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Suppl. Figure 7. Caspase-1 and GSDMD are expressed in microglia in TDP-43A315T
transgenic mice. Immunofluorescence detection of caspase-1 (a-d) and GSDMD (e-h) in Iba-
1-positive microglia in the CNS of symptomatic TDP-4331°T transgenic mice. Merge of all
three channels is shown. Arrowheads indicate microglia positive for caspase-1 (a-d) and
GSDMD (e-h). Scale bars represent 25 pum.
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Suppl. Figure 8. Increased TDP-43 nuclear clearance in the motor cortex and spinal cord
of symptomatic TDP-43A315T transgenic mice. (a, b) Immunohistochemical representative
images of an antibody staining against TDP-43 in the brain (a) and spinal cord (b) of
symptomatic TDP-43"3%°T transgenic mice. Arrowheads indicate neuronal nuclei cleared of
TDP-43. Arrow indicates perinuclear dens aggregated TDP-43-positive material with the
nucleus devoid of TDP-43. Scale bars represent 50 um. (c, d) Graphs representing the
percentage of neurons cleared of nuclear TDP-43 in the brain (c) and spinal cord (d) for the
different groups of mice. WT 6m = 6 months old wild-type mice; WT 16m = 16 months old
wild-type mice; TDP Tg 6m = 6 months old TDP-43"31°T transgenic mice; TDP Tg 16m = 16
months old TDP-43"313T transgenic mice; TDP symp = symptomatic TDPA3!5T transgenic mice.
**p<0.01.
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Suppl. Figure 9. Ubiquitin and SQSTM1/p62 pathology in the motor cortex and spinal
cord of TDP-43"315T transgenic mice. (a, b) Immunohistochemical representative images of
ubiquitin-positive cytoplasmic staining in motor neurons in the motor cortex (a) and in the
anterior horn of the spinal cord (b) of symptomatic TDP-43"315T transgenic mice. Arrowheads
indicate neurons positive for ubiquitin. (c, d) Immunohistochemical representative images of
SQSTM1/p62-positive cytoplasmic staining in motor neurons in the motor cortex (c) and in the
anterior horn of the spinal cord (d) of symptomatic TDP-43*315T transgenic mice. Arrowheads
indicate neurons positive for SQSTM1/p62. Scale bars represent 25 um (a,b) and 50 pum (c,d).
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Suppl. Figure 10. Neuronal density in the motor cortex and spinal cord of TDP-4343%5
transgenic mice. Graphs representing the neuronal density per mm? for layer V of the motor
cortex in the brain (a) and for the anterior horn of the spinal cord (b) for the different groups of
mice. WT 6m = 6 months old wild-type mice; WT 16m = 16 months old wild-type mice; TDP
Tg 6m = 6 months old TDP-43"315T transgenic mice; TDP Tg 16m = 16 months old TDP-
43"315T transgenic mice; TDP symp = symptomatic TDPA3!°T transgenic mice. * p < 0.05.
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Suppl. Table 1. List of human cases. The table provides information regarding age (= age at
death), sex, diagnosis, the presence of the C9orf72 mutation, ABMTL phase, Braak NFT stage,
CERAD score, disease duration (months), PMI (hours) and application (western blot /
immunohistochemistry). Abbreviations: f = female; m = male; ALS = amyotrophic lateral
sclerosis; FTLD = frontotemporal lobar degeneration; control = non neurodegenerative disease
control; A = aneurysm; AGD = argyrophilic grain disease; ARTAG = aging-related tau
astrogliopathy; CM = carcinoma metastasis; GB = Guillian-Barre syndrome; | = infarction; Ml
= microinfarction; n.a. = not applicable; n.d. = not determined; PART = primary age-related
tauopathy; p-preAD = preclinical preAD; SVD = small vessel disease; SVE = subcortical

vascular encephalopathy; PMI = post-mortem interval, WB = western blot; IHC =
immunohistochemistry.
Casen® Age Sex Diagnosis C9 mutation ABMTL phase Braak NFT stage CERAD Disease duration PMI (hours) Application
1 58 f ALS, PART 0 0 2 0 18 months 24 WSB, IHC
62 f ALS 0 0 1 0 12 months 24 IHC
3 51 m ALS 0 0 1 0 8 months 24 IHC
4 49 m ALS, PART 0 0 1 0 45 months 24 WSB, IHC
5 46 m ALS 0 0 1 0 40 months 24 IHC
6 62 m ALS, MI, |, ARTAG, PART, AGD 0 0 1 0 154 months 12 IHC
7 53 m ALS 0 0 1 0 92 months 24 WB, IHC
8 74 m ALS 0 1 1 0 47 months 24 WSB, IHC
9 68 f ALS 0 0 1 0 n.d. 192 IHC
10 56 f ALS 0 1 1 0 48 months 72 IHC
11 57 f ALS, FTLD-TDP Type B 0 1 1 0 22 months 24 WB, IHC
12 61 m ALS, FTLD-TDP Type B 0 0 1 0 32 months 2 IHC
13 50 f ALS 0 0 1 0 18 months 24 WB, IHC
14 54 m ALS 0 0 1 0 88 months 6 WB, IHC
15 69 f ALS 0 1 1 0 6 months 24 WB
16 68 m ALS, SVD 1 2 1 0 n.d. 144 IHC
17 52 m ALS 1 0 0 0 15 months 6 WSB, IHC
18 57 m ALS, p-preAD 1 1 1 0 17 months n.d. WB, IHC
19 49 m ALS, PART 1 0 1 0 46 months 24 WSB, IHC
20 48 m ALS 1 0 1 0 18 months 24 IHC
21 57 m ALS 1 0 1 0 19 months 20 IHC
22 75 m ALS 1 0 2 0 n.d. 24 IHC
23 50 m ALS, Wernicke encephalopathy 1 0 1 0 n.d. 24 IHC
24 46 f ALS 1 0 1 0 20 months 120 IHC
25 55 m ALS, FTLD-TDP Type B 1 0 3 0 30 months 12 IHC
26 45 m Control, | n.d. 0 0 0 n.a. 24 WSB, IHC
27 46 m Control n.d. 0 1 0 n.a. 29 WSB, IHC
28 74 m Control, CM, |, MI n.d. 0 0 0 n.a. 72 IHC
29 61 m Control, SVD n.d. 0 0 0 n.a. 48 WSB, IHC
30 73 m Control, SVD, CM n.d. 0 2 0 n.a. 48 IHC
31 55 m Control, A, | n.d. 0 0 0 n.a. 96 WSB, IHC
32 74 f Control, AGD, SVE n.d. 0 1 0 n.a. 24 WSB, IHC
33 35 m Control, Limbic encephalatis n.d. 0 0 0 n.a. 72 IHC
34 54 m Control, GB n.d. 0 1 0 n.a. 24 IHC
35 63 f Control, Ml n.d. 0 1 0 n.a. 96 WSB, IHC
36 64 m Control n.d. 0 0 0 n.a. 96 WSB, IHC
37 35 m Control n.d. 0 1 0 n.a. 48 WSB, IHC
38 64 f Control, Ml n.d. 1 1 0 n.a. 48 WB
39 66 m Control n.d. 2 2 0 n.a. 6 wB
40 68 f Control, I, MI, SVD n.d. 3 1 0 n.a. 24 WwB
41 68 m Control n.d. 3 1 0 n.a. 48 WB
42 64 f Control, | n.d. 0 1 0 n.a. n.d. WB
43 67 f Control, ARTAG n.d. 3 2 0 n.a. n.d. WB
44 59 m Control, | n.d. 2 1 0 n.a. 72 WB
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Suppl. Table 2. List of antibodies used in the study. The table summarizes information about

host, clonality,

supplier and catalog number of the primary antibodies used for

immunohistochemistry (IHC), immunofluorescence (IF) and western blot (WB). Dilutions for
IHC (human and mouse tissue), IF (human and mouse tissue) and WB (human tissue) are given.

Primary antibody Host Clonality Supplier Catalog number |Human IHC|Mouse IHC | Mouse IF|Human IF| Human WB

Cleaved GSDMD (Asp275)| Rabbit | Monoclonal Cell Signaling 36425 1:400 - - 1:200 -

GSDMD-NT| Rabbit Polyclonal Protein Tech 20770-1-AP - - - - 1:5000
Gasdermin D| Rabbit | Monoclonal Abcam ab219800 - 1:100 1:50 - -

Caspase-1| Mouse | Monoclonal Adipogen AG-20B-0048-C100 1:100 - - 1:50 1:1000
Caspase-1| Rabbit Polyclonal Abcam ab138483 - 1:400 1:300 - -

IL-18| Rabbit Polyclonal Protein Tech 10663-1-AP 1:50 - - 1:50 1:1000
ASC| Mouse [Monoclonal Santa Cruz sc-514414 1:250 - - 1:50 -
NLRP3| Rabbit Polyclonal ABIN ABIN1386361 1:200 - - 1:50 -
pTDP43 (S409/410-2)| Rabbit Polyclonal Cosmo Bio TIP-PTD-P02 1:5000 - - - -
pTDP43 (S409/410-1)| Mouse | Monoclonal Cosmo Bio TIP-PTD-MO1 1:5000 - - - -
TDP-43| Rabbit Polyclonal Protein Tech 12892-1-AP 1:1000 1:1000 - - -
Ubiquitin|  Rabbit Polyclonal Protein Tech 10201-2-AP - 1:10 000 - - -
lbal Goat Polyclonal Abcam ab5076 - - 1:200 1:200 -
GFAP| Guinea Pig | Polyclonal | Synaptic Systems 173 004 - - - 1:300 -
Olig2| Rabbit [ Monoclonal Abcam ab109186 - - - 1:100 -
B-Amyloid (clone 4G8)| Mouse | Monoclonal BioLegend SIG-39220 1:5000 - - - -
pTau (S202/T205) (clone AT8)| Mouse | Monoclonal| ThermoFisher MN1020 1:1000 - - - -

GAPDH (clone 6C5)| Mouse | Monoclonal| ThermoFisher AM4300 - - - - 1:10 000

SQSTM1/p62| Mouse [ Monoclonal | BD Transduction 610832 - 1:250 - - -
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Suppl. Table 3. Detailed information on binary logistic regression analyses.

(1) Binary logistic regression addressing the differences between control and ALS cases regarding
caspase-1-positive microglia in layer V of the motor cortex, when controlled for age and sex.

Sign. Odds 95% CIOR: 95%Cl

ratio lower OR: upper
Caspase-1-pos. microglia motor cortex layer V p=0.031* 0.975 0.954 0.998
Age at death p=0.727 0.986 0.912 1.066
Sex p=0.504 0.511 0.072 3.656

(2) Binary logistic regression addressing the differences between control and ALS cases regarding
cleaved GSDMD-positive microglia in layer V of the motor cortex, when controlled for age and sex.

Sien Odds 95% CIOR: 95%Cl

en. ratio lower OR: upper
Cl. GSDMD-pos. microglia motor cortex layer V p=0.345 1.138 0.870 1.488
Age at death p=0.343 0.961 0.886 1.043
Sex p=0.235 0.286 0.036 2.251

(3) Binary logistic regression addressing the differences between control and ALS cases regarding
cleaved GSDMD-positive neurons in layer V of the motor cortex, when controlled for age and sex.

Sien Odds 95% CIOR: 95%ClI

en. ratio lower OR: upper
Cl. GSDMD-pos. neurons motor cortex layer V p=0.527 0.988 0.952 1.025
Age at death p=0.805 0.991 0.921 1.066
Sex p=0.491 0.533 0.089 3.193

(4) Binary logistic regression addressing the differences between control and ALS cases regarding
caspase-1-positive microglia in the precentral white matter, when controlled for age and sex.

. Odds 95% CIOR: 95%ClI
Sign. .
ratio lower OR: upper
Caspase-1-pos. microglia precentral white matter p=0.400 1.006 0.992 1.020
Age at death p=0.711 0.987 0.919 1.060
Sex p=0.476 0.506 0.078 3.300

(5) Binary logistic regression addressing the differences between control and ALS cases regarding
cleaved GSDMD-positive microglia in the precentral white matter, when controlled for age and

Ssex.
Sien Odds 95%CI 95% Cl

en. ratio OR:lower OR: upper
Cl. GSDMD-pos. microglia precentral white matter p=0.034* 1.155 1.011 1.319
Age at death p=0.596 0.976 0.890 1.069
Sex p=0.089 0.143 0.015 1.349
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(6) Binary logistic regression addressing the differences between control and ALS cases regarding
motor cortex layer V neuronal density, when controlled for age and sex.

Sien Odds 95%ClI 95% Cl

en. ratio OR:lower OR: upper
Motor cortex layer V neuronal density p=0.023* 0.880 0.788 0.982
Age at death p=0.486 0.953 0.832 1.091
Sex p=0.710 2.002 0.052 77.547

(7) Binary logistic regression addressing the differences between control and ALS cases regarding
the percentage of neurons with TDP-43 cleared from the nucleus in layer V of the motor cortex,
when controlled for age and sex.

Sien Odds 95% CIOR: 95% Cl

en. ratio lower OR: upper
% of neurons with TDP-43 nuclear clearance p =0.022* 1.179 1.023 1.358
Age at death p =0.587 1.027 0.932 1.133
Sex p=0.517 2.488 0.158 39.212

(8) Binary logistic regression addressing the differences between control and ALS cases regarding
caspase-1-positive microglia in the ventral pyramidal tracts, when controlled for age and sex.

Sien Odds 95% CI 95% CI

en. ratio OR:lower OR: upper
Caspase-1-pos. microglia ventral pyr. tracts p=0.270 0.947 0.860 1.043
Age at death p=0.960 0.998 0.924 1.078
Sex p=0.450 0.467 0.065 3.370

(9) Binary logistic regression addressing the differences between control and ALS cases regarding
caspase-1-positive microglia in the lateral pyramidal tracts, when controlled for age and sex.

Sien Odds 95% Cl  95% ClI OR:
gn. ratio  OR:lower upper
Caspase-1-pos. microglia lateral pyr. tracts p =0.606 1.002 0.994 1.010
Age at death p =0.865 1.007 0.932 1.087
Sex p =0.680 0.668 0.098 4.538

(10) Binary logistic regression addressing the differences between control and ALS cases
regarding cleaved GSDMD-positive microglia in the ventral pyramidal tracts, when controlled for
age and sex.

. Odds 95% Cl  95% ClI OR:
Sign. .
ratio  OR: lower upper
Cl. GSDMD-pos. microglia ventral pyr. tracts p=0.216 1.285 0.864 1.912
Age at death p =0.875 1.006 0.934 1.084
Sex p =0.522 0.541 0.083 3.542
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(11) Binary logistic regression addressing the differences between control and ALS cases
regarding cleaved GSDMD-positive microglia in the lateral pyramidal tracts, when controlled for

age and sex.
Sien Odds 95% Cl  95% ClI OR:
gn. ratio OR:lower  upper
Cl. GSDMD-pos. microglia lateral pyr. tracts p=0.172 1.086 0.965 1.224
Age at death p =0.862 1.007 0.934 1.085
Sex p =0.500 0.508 0.071 3.624

(12) Binary logistic regression addressing the differences between control and ALS cases
regarding the anterior horn neuronal density, when controlled for age and sex.

Sien Odds 95% Cl  95% CI OR:
gn. ratio  OR:lower upper
Anterior horn neuronal density p=0.017* 0.912 0.846 0.984
Age at death p =0.627 0.982 0.911 1.058
Sex p=0.725 0.703 0.099 4,991
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Suppl. Table 4. Linear regression model for motor cortex neuronal density. Influence of
predictor variables, i.e. the number of cleaved GSDMD-positive microglia in the precentral
white matter, the number of caspase-1-positive microglia in the precentral white matter, and the
percentage of pTDP-43 affected neurons in the motor cortex on motor cortex layer V neuronal
density in different linear regression model terms as defined in parts 1 and 2. Age and sex were
included in the model as potential confounders but were not statistically significant. * p < 0.05;

**p <0.01.
Part 1
Predictor variable Coefficient |  p value
% pTDP-43 affected neurons -0.435 p = 0.010*
Age -0.252 p=0.124
Gender -0.003 p =0.983

Dependent variable: Motor cortex layer V neuronal density

Predictor variable Coefficient |  p value

Cl GSDMD-positive microglia -0.455 p = 0.021*
Age -0.190 p=0.315
Sex 0.195 p = 0.308

Dependent variable: Motor cortex layer V neuronal density

Predictor variable Coefficient B p value
Caspase-1-positive microglia -0.244 p=0.179
Age -0.220 p=0.217

Sex 0.035 p = 0.846

Dependent variable: Motor cortex layer V neuronal density

Part 2
Predictor variable Coefficient B p value
Cl GSDMD-positive microglia -0.464 p = 0.007**
% pTDP-43 affected neurons -0.486 p = 0.004**
Age -0.248 p=0.134
Sex 0.157 p =0.340

Dependent variable: Motor cortex layer V neuronal density
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Suppl. Table 5. Correlation matrix for spinal cord neuronal density and other parameters,
corrected for age and sex. Matrix showing Pearson's correlation values and p-values for the
association between spinal cord anterior horn neuronal density and other variables, including
the number of caspase-1-positive microglia in the spinal cord lateral white matter tracts, the
number of cleaved GSDMD-positive microglia in the spinal cord lateral white matter tracts,
and the percentage of pTDP-43 affected neurons in the spinal cord. ** p < 0.01.

Caspase-1 positive microglia
Cleaved GSDMD-positive microglia
% pTDP-43 affected neurons
Neuronal density anterior horn

r=-0.119; p=0.571
r=-0.162; p = 0.439
r=-0.200; p=0.337

r=0.208; p=0.318
r=0.045; p=0.832

r=-0.554; p = 0.004**

Caspase-1-positive microglia Cleaved GSDMD-positive microglia % pTDP-43 affected neurons Neuronal density

23
23
23
23

Suppl. Table 6. Correlation matrix for mouse spinal cord neuronal density and other
parameters. Matrix showing Pearson's correlation values and p-values for the association
between mouse spinal cord neuronal density and other variables, including the number of
caspase-1-positive microglia, the number of GSDMD-positive microglia, and the percentage of
TDP-43 nuclear clearance.

Caspase-1-positive microglia
GSDMD-positive microglia
% TDP clearance

Neuronal density

Caspase-1-positive microglia
r=0.201; p=0.410
r=-0.144; p = 0.556
r=-0.146; p = 0.556

GSDMD-positive microglia

r=0.058; p=0.815
r=-0.392; p=0.097

% TDP clearance

r=-0.174; p=0.476

Neuronal density

19
19
19
19
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