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Abstract

An active role of neuroinflammation and the NLRP3 inflammasome in Alzheimer's
disease and related tauopathies is increasingly identified, supporting NLRP3 as an
interesting therapeutic target. However, its effect on tau-associated neu-
rodegeneration, a key-process in tauopathies, remains unknown. While tau pathology
and neurodegeneration are closely correlated, different tau forms may act as culprits
in both characteristics and NLRP3-dependent microglial processes may differently
affect both processes, indicating the need to study the role of NLRP3 in both pro-
cesses concomitantly. To study the role of NLRP3 on tau pathology, prion-like propa-
gation and tau-associated neurodegeneration we generated crosses of NLRP3
deficient mice with tauP301S (PS19) transgenic mice. In this model we studied non-
seeded tau pathology and hippocampal atrophy, reminiscent characteristics of
tauopathies. Tau pathology in hippocampus and cortex was significantly decreased in
tau.NLRP3—/— versus tau.NLRP3+/+ mice. Importantly, tau.NLRP3—/— mice also
displayed significantly decreased hippocampal atrophy, indicating a role of NLRP3 in
neurodegeneration. We furthermore assessed the effect of NLRP3 deficiency on tau
propagation and associated hippocampal atrophy. NLRP3 deficiency significantly
decreased prion-like seeding and propagation of tau pathology, reflected in
decreased tau pathology in ipsi- and contralateral hippocampus and cortex in tau.
NLRP3—/— following tau seeding. Most importantly, hippocampal atrophy was sig-
nificantly less in tau-seeded tau.NLRP3—/— mice at 8 months. We here demonstrate
for the first time that NLRP3 activation affects tau-associated neurodegeneration
and seeded and non-seeded tau pathology, hence affecting key molecular processes
in tauopathies. Our data thereby provide key-information in the validation of NLRP3

inflammasome as therapeutic target for AD and related tauopathies.
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1 | INTRODUCTION

Tauopathies are a family of neurodegenerative diseases characterized
by the presence of tau-aggregates (Dugger & Dickson, 2017), with
Alzheimer's disease (AD) as the most prevalent one. Brains of AD
patients are characterized by the presence of amyloid plaques, neurofi-
brillary tangles and neurodegeneration (Serrano-Pozo et al., 2011),
referred to as A/T/N pathology (Jack Jr. et al, 2016; Jack Jr.
et al.,, 2018). AD patient brains are furthermore characterized by the
presence of neuroinflammation (Serrano-Pozo et al., 2011), including
microgliosis, increasingly recognized as an active contributor to the dis-
ease process (Ransohoff, 2016). In AD, microgliosis is associated with
both amyloid and tau pathology. An active modulatory role of microglia
and the nucleotide-binding oligomerization domain leucine-rich repeat
and pyrin domain containing receptor 3 (NLRP3) inflammasome on
amyloid pathology was previously demonstrated, indicating NLRP3 as
an interesting therapeutic target (Halle et al, 2008; Heneka
et al,, 2013; Venegas et al., 2017). However, microgliosis is also invari-
ably detected in tauopathies, as demonstrated in postmortem tissue
and in vivo imaging studies, indicating its association and potential role
in tau pathology and tau-induced neurodegeneration per se, indepen-
dent of amyloid pathology (Bellucci et al., 2011; Gerhard et al., 2004;
Gerhard et al., 2006; Ishizawa & Dickson, 2001).

An active modulatory role of microglia on tau-pathology has also
become increasingly evident over the last years. Microglia were found
to contribute to tau pathology in in vivo tauopathy models (Gratuze
et al., 2020; Ising et al., 2019; Mancuso et al., 2019; Maphis et al., 2015;
Shi et al, 2017; Shi et al, 2019; Stancu et al., 2019; Yoshiyama
et al., 2007) and following tau seeding resulting in prion-like seeding and
propagation of tau pathology (Asai et al., 2015; Brelstaff et al., 2018;
Gratuze et al., 2020; Ising et al., 2019; Kunkle et al., 2019; Mancuso
et al,, 2019; Shi et al,, 2017; St George-Hyslop & Morris, 2008; Stancu
et al, 2019). Crucial roles for ApoE in microglia-dependent and
astrocyte-dependent modulation of tau pathology and tau-induced neu-
rodegeneration, were recently demonstrated (Shi et al, 2017; Shi
et al,, 2019; Wang et al., 2021). A critical role of microglia in tau pathol-
ogy and tau-induced neurodegeneration is further underscored by the
observation that microglial elimination using colony stimulating factor
1 receptor inhibition in a tauopathy model decreased tau-pathology and
tau-induced neurodegeneration (Mancuso et al., 2019). We and others
have previously demonstrated that the NLRP3-ASC (Apoptosis-
associated speck-like protein containing a C-terminal caspase recruit-
ment domain—ASC) inflammasome is activated by tau and tau-
aggregates and contributes to tau pathology in non-seeded as well as in
tau-seeded conditions (Ising et al., 2019; Stancu et al., 2019), further
strengthening the potential of NLRP3 as therapeutic target in AD and
tauopathies. However, the role of the NLRP3-ASC inflammasome on

neurodegeneration downstream of tau pathology remains unknown,
while absolutely crucial to evaluate its therapeutic potential.

While tau aggregation is strongly associated with neu-
rodegeneration and symptom progression in tauopathies, it is important
to emphasize existing differences in the underlying processes and tau
forms considered as culprits. In inducible preclinical models, a dissocia-
tion between fully mature tau aggregates and neurodegeneration has
been demonstrated (Green et al., 2019; Van der Jeugd et al., 2012). In
these models, tau pathology continued to accumulate or remain pre-
sent while a neurodegenerative phenotype was reversed after
switching off transgene expression. Furthermore, some models of tau-
seeded tau pathology display a strong correlation with neu-
rodegeneration while others do not (Clavaguera et al., 2009; Iba
et al., 2015; Lodder et al., 2021; Peeraer et al., 2015), indicating that
different tau forms than fully mature tau aggregates may account for
the induced neurodegeneration, as well as the overall concentrations of
pathological tau (Lasagna-Reeves et al., 2012; Lasagna-Reeves, Castillo-
Carranza, Jackson, & Kayed, 2011; Lasagna-Reeves, Castillo-Carranza,
Sengupta, et al., 2011). Along the same line some studies have indicated
that neuronal populations with tau aggregates display neuronal dys-
function, while other studies indicated that neurons with tau aggre-
gates only display minor or no changes (Kopeikina et al., 2012;
Kuchibhotla et al., 2014; Marinkovic et al., 2019; Stancu et al., 2015).
These data support the general concept that tau-aggregation leading to
neurofibrillary tangles and tau-associated neurodegeneration/neuronal
dysfunction may be caused by different entities of tau. In this respect
oligomeric tau forms and smaller soluble tau forms are regarded as
important culprits (Kopeikina et al., 2012; Lasagna-Reeves et al., 2012;
Lasagna-Reeves, Castillo-Carranza, Jackson, & Kayed, 2011; Lasagna-
Reeves, Castillo-Carranza, Sengupta, et al., 2011). The mechanism of
tau-induced neurodegeneration remains however to be unequivocally
identified. Tau-induced neurodegeneration may be dependent on cell-
autonomous processes ranging from synaptic dysfunction, axonal trans-
port dysfunction, oxidative stress, mitochondrial dysfunction, calcium
(Gendron &
Petrucelli, 2009)]. While also non-cell autonomous processes, and par-

dysregulation and excitotoxicity [reviewed in
ticularly microglia-dependent processes have been identified to contrib-
ute to tau-induced neurodegeneration, supported by the identification
of microglial roles in neurodegeneration in tauopathy models (Bellucci
et al.,, 2011; Brown & Neher, 2014; Gratuze et al, 2020; Lodder
et al, 2021; Mancuso et al., 2019; Pampuscenko et al., 2020; Shi
et al., 2017; Shi et al., 2019; Yoshiyama et al., 2007). Indeed, microglial
elimination affects not only tau pathology but also tau-induced neu-
rodegeneration in models of tauopathy (Bellucci et al., 2011; Brown &
Neher, 2014; Gratuze et al., 2020; Lodder et al., 2021; Mancuso
et al.,, 2019; Pampuscenko et al., 2020; Shi et al., 2017; Shi et al., 2019;

Yoshiyama et al., 2007). Furthermore, microglia were demonstrated to
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respond to eat-me signals induced by tau pathology bearing neurons,
induced by phosphatidyl serine (Benetatos et al., 2020; Brelstaff
et al., 2018). And, microglia may contribute to neuronal death by cyto-
kine production and by increasing oxidative stress (Heneka et al., 2015;
Ransohoff, 2016). In view of the important role of microglia in modulat-
ing tau and tau pathology as well as in processes involved in neu-
rodegeneration, analyzing the role of NLRP3 in tau-associated
neurodegeneration is absolutely required, to evaluate its potential as
therapeutic target.

Here, we aimed to extend our previous work (Stancu et al., 2019)
using genetically modified mice, to analyze the effects of NLRP3 defi-
ciency on tau-induced neurodegeneration in tauP301S mice (Stancu
et al., 2015; Yoshiyama et al., 2007), as a critical remaining question
for NLRP3 targeting. We here demonstrate that NLRP3 modulates
(i) tau pathology and (ii) prion-like seeding and propagation of tau
pathology upstream of ASC, using a genetic approach, that is, NLRP3
knockout mice. Most importantly, we here demonstrate for the first
time that (iii) NLRP3 also modulates neurodegeneration downstream
of tau pathology, both in the context of exogenously seeded tau
pathology and in non-exogenously seeded tau pathology. We believe
these data are important for evaluating the potential of NLRP3 as
therapeutic target for tauopathies, demonstrating that the NLRP3
inflammasome not only contributes to tau pathology and propagation
of tau-pathology but also to tau-induced neurodegeneration.

2 | MATERIALS AND METHODS

21 | Animals

For this study, we have crossed the well-characterized hemizygous
tauP301S mice (PS19; B6;C3-Tg[Prnp-MAPT*P301S]PS19Vle/J; The
Jackson Laboratory, stock no 021302), expressing human tauP301S
(IN4R) driven by the mouse prion protein promoter (tau; T+) and
homozygous NLR family, pyrin domain containing 3 (NLRP3) deficient
mice (NLRP3—/—; B6.129S6-NIrp3tm1Bhk/J; The Jackson Laboratory,
stock no 021302) to generate mice hemizygous for tauP301S and
homozygous for NLRP3—/— (tau.NLRP3—/—; T+.N—/—) or NLRP3++/+
(tau.NLRP3+/+; T+.N+/+). Mice were genotyped by polymerase chain
reaction (PCR) on the genomic DNA isolated from tail clips using the
conditions indicated by The Jackson Laboratory (Bar Harbor, ME). Ani-
mals were maintained under standard animal housing conditions in a
temperature-controlled room (20 + 3°C) on a 12-h dark-light cycle with
free access to food and water. All experiments were performed in com-
pliance with the European Directive 2010/63/EU and were approved
by the Ethics Committee for Animal Welfare of Hasselt University.

2.2 | Tauseeding and stereotactic surgery

Tau seeds were generated as described previously (Lodder
et al.,, 2021; Stancu et al., 2015; Stancu et al., 2019). Briefly, truncated
human 4R tau containing the four-repeat domain with the P301L

mutation [K18; Q244-E373], N-terminally Myc tagged were produced
in Escherichia coli. Tau-seeds were obtained by incubation of mono-
meric K18 tau (66.7 uM) with low-molecular weight heparin
(MP Biomedicals, Santa Ana, CA, USA) in a ratio 1:2, for 5 days at
37°C. Following centrifugation (100,000 g, 1 h, 4°C) the pellet was
resuspended in 100 MM ammonium acetate buffer (pH 7.0) without
heparin, to a final concentration of 333 uM, aliquoted and stored at
—80°C. Tau fibrilization was confirmed by Thioflavin T assay (Sigma-
Aldrich, St. Louis, MO, USA) and immunoblotting. For all experiments,
tau seeds were sonicated (eight pulses of 30% amplitude) before use.
Mice were deeply anesthetized with an intraperitoneal injection
of a mixture (2.5:4:12.5) of ketamine 10% wt/vol (Anesketin, Dechra),
xylazine 2% wt/vol (Rompun, Bayer) and phosphate-buffered saline
(PBS), and placed in a stereotaxic frame (Kopf Instruments). Stereotac-
tic injections of sonicated pre-aggregated tau-PFFs (5 pl; 333 uM)
were performed unilaterally (right hemisphere) in the hippocampal
CA1 region (A/P — 20 mm; L + 1.4 mm; D/V — 1.4 mm, relative to
(A/P+ 20mm; L+ 1.4mm;
D/V — 1.0 mm, relative to bregma) of the 3.5 months old mice, using

bregma) and frontal cortex
a 10 pl Hamilton syringe at a rate of 1 pl/min. The needle was kept in
place for an additional 5 min after injection and withdrawn slowly.
Following surgery, the animals were monitored until they recovered

from the anesthesia and were housed individually for 48 h.

2.3 | Immunohistological analysis

At 4.5 months after injection, the mice were transcardially perfused
with ice cold PBS for 2 min. The brains were dissected and immersion
fixed in 4% paraformaldehyde in PBS for 24 h at 4°C for histological
analyses. Sagittal sections of 40 um were cut on a vibrating HM650V
microtome (Thermo Fisher Scientific, Waltham, MA, USA). Subse-
quent brain sections were selected based on the stereotaxic mouse
brain atlas (Paxinos and Franklin's the Mouse Brain in Stereotaxic
Coordinates, 2012) for the various immunohistochemical staining
starting from bregma lateral 0.84 mm. Immunohistochemistry was
performed as described previously (Stancu et al., 2015, 2019). Briefly,
the 40 um free-floating sections were blocked with 5% skim milk
(Merk-Millipore, Burlington, MA, USA) in PBS-TritonX 0.05% (PBS-T)
for 1 h at RT followed by incubation with anti-tau P-5202/T205 (ATS;
1:200; Thermo Fisher Scientific), anti-tau P-T212/5214 (AT100;
1:800; Thermo Fisher Scientific) and anti-neuronal nuclei (NeuN;
1:200; Merck-Millipore) primary antibodies over night at 4°C or for
2 h at RT. Subsequently, after washes with PBS-T, the brain slices
were incubated with the appropriate AlexaFluor-coupled secondary
antibodies (1:500; Invitrogen) in 5% milk PBS-T for 1 h at RT. Brain
slices were mounted on glass slides using Fluoromount aqueous
mounting medium (Sigma-Aldrich) and cover slipped.

Images were acquired with a Leica DM400 B LED fluorescence
microscope (Leica, Wetzlar, DE) equipped with a DFC450C camera.
All images were analyzed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA) blinded to the genotype of the mice.
All acquired images were subjected to the same computer subroutines
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to minimize investigator bias. For quantification of AT8- and AT100- Quantitative analysis of tau pathology was performed by measuring
positive area, automatic thresholding methods were applied through- the stained area relative to the total image area of the brain regions of
out analysis, either using Triangle or MaxEntropy algorithms. interest, using Image J software.
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FIGURE 1 Decreased tau pathology in NLRP3-deficient tau mice. Representative images of AT8 (anti-tau P-S202/T205) (a) and AT100 (anti-
tau P-T212/5214) (b) immunostaining of the hippocampal CA1 region of tau.NLRP3—/— (T+.N—/—, lower panels) and tau.NLRP3-+/4 (T+.N
+/+, upper panels) mice. Higher magnifications of selected areas (white squared boxes) are shown on the right. (c) Quantitative analysis of
immunostaining showed significantly decreased levels of tau phosphorylation in the CA1 region of the hippocampus of 10-month-old T+.N—/—
(lower panels) versus T+.N+/+ (upper panels) mice. (d) Biochemical analysis of tau aggregation, by homogeneous time resolved fluorescence
(HTRF) assay (left side), showed significantly decreased levels of tau aggregates in the NLRP3-deficient tau (T+.N—/—) compared to wild-type
NLRP3 tau (T+.N+/+) mice (right side). Data are shown as mean + SEM (T4+.N+/+: N = 7; T+.N—/—: n = 6; *p < .05, **p < .01; unpaired
Welch's t-test; AT8, bar = 250 pm; AT100, bar = 100 pm)
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FIGURE 2 Hippocampal atrophy and neurodegeneration in tau.NLRP3 mice. (a) Representative images of NeuN (neuronal nuclear antigen)
staining of the hippocampus in well-defined brain slices of 10-month-old tauNLRP3—/— (T+.N—/—, lower panels) and tauNLRP3+/+ (T+.N
+/+, upper panels), used for measuring the hippocampal area. (b) Quantitative analysis showed significantly decreased total hippocampal area in
T+.N+/+ compared to T+.N—/— mice. (c) Representative images of NeuN immunostaining of the hippocampal CA1 region of T+.N—/— (lower
panels) and T+.N+/+ (upper panels) mice. Higher magnifications of selected areas (white squared boxes) are shown on the right. (d) Quantitative
analysis showed significantly decreased width of the NeuN positive (NeuN+) neuronal layers in the CA1 region (left side) and decreased NeuN-+
CA1 area (right side). Data are shown as mean = SEM (T+.N+/+:n=7; T+.N—/—:n = 6; *p < .05, **p < .01; unpaired Welch's t-test;
hippocampus, bar = 250 pm; CA1 region, bar = 100 pm)

24 | Hippocampal measurements 1.32 mm lateral from bregma. The contour of the hippocampus was
done manually, blinded to the genotype of the mice, and the results
Hippocampal area measurement was performed on full hippocampus were expressed as the percent of the area occupied by the hippocam-

images, stained with NeuN, of well-defined sagittal sections at pus relative to the total image area, using Image J software.
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The area and width of the NeuN stained neuronal layers of hippo-
campal CA1 region were measured on the NeuN stained brain sec-
tions, detailed above, using higher magnification images (x10). In the
Image J program, the images were calibrated using the scale bar, the
contour of the NeuN positive CA1 region was drawn manually,
blinded to the genotype of the mice, and the area was calculated in
mm?2. Using the same settings, the width of the NeuN positive CA1
neuronal layers was measured at five different locations along the
CA1 region (at a distance of approximatively 150-200 um between
them) and the average width was calculated and used for statistical

analysis.

25 |
analysis

Brain homogenization and biochemical

The hippocampi of the T+.N+/+4 and T+.N—/— mice were homoge-
nized with a potter-type mechanical homogenizer (VOS 14540, rate:
750 rpm; VWR International bv, Leuven, Belgium) in 10 weight-
volumes of ice-cold Tris-proteinase-phosphatase-inhibitor buffer
(TPPI-buffer), containing 25 mM Tris-HCI (pH 8.1), 150 mM sodium
chloride (Sigma-Aldrich), 1 mM ethylene diamine tetra-acetic acid
(Merck), 1 mM ethylene glycol tetra-acetic acid (Sigma-Aldrich), 5 mM
sodium pyrophosphate (Sigma-Aldrich), 5 mM sodium fluoride (Sigma-
Aldrich), 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), 1 mM
sodium vanadate (Sigma-Aldrich), and a cocktail of proteinase inhibi-
tors and phosphatase inhibitors (Roche, Sigma-Aldrich). The hippo-
campal total homogenates were aliquoted and stored at —32°C until
further used.

The levels of tau aggregates from the hippocampal total homoge-
nates were measured using the homogeneous time resolved fluores-
cence (HTRF) tau aggregation kit (6FTAUPEG; Cisbio, Perkin-Elmer,
FR) following the manufacturer protocol. Briefly, for each sample,
10 pL of the hippocampal total homogenates was diluted 1/4 and 1/8,
and added on a 384-well plate (Cisbio). Subsequently, 5 pl of anti-tau-
d2 antibody and 5 pl of anti-tau-tb antibody were mixed and added to
each well. Positive control (synthetic aggregated human tau) and neg-
ative (tb) control were provided by the manufacturer (Cisbio). After
incubation overnight at room temperature the HTRF signals were
measured with a TECAN Safire 2 microplate reader (Tecan Group Ltd.,
CH). The levels of aggregated tau (Delta F%) were calculated using
the ratios of the two emission signals (620 and 665 nm), according to

the manufacturer formula.

2.6 | Statistical analysis

Statistical analysis was performed in GraphPad Prism v9.2.0 (GraphPad
Software, Inc, San Diego, USA). Data were analyzed with using
unpaired Welch's t-test. Results were presented as mean +* standard
error of the mean (SEM). Statistical significance was considered for
p value <.05 (*p < .05, **p < .01, ***p < .001, ****p < .0001).

3 | RESULTS

3.1 | NLRP3 modulates tau pathology and tau-
associated neurodegeneration in tauP301S mice, a
tauopathy model

To analyze the role of the NLRP3 inflammasome in tau pathology
and neurodegeneration, strongly correlating but not fully over-
lapping processes in tauopathies, we here generated crosses of
tauP301S mice (PS19) with NLRP3 deficient mice. Tau transgenic
mice develop tau pathology in the hippocampus, cortex and
brainstem, followed by neurodegeneration, reflected in hippocampal
atrophy at early stages at around 10-11 months of age and cortical
atrophy in later stages (Stancu et al., 2015; Yoshiyama et al., 2007).
Cross-breeding was performed to obtain tau.NLRP3+/+ and tau.
NLRP3—/— littermates as verified by PCR-based genotyping
(Figure S1). Tau pathology was assessed at 10 months of age, when
tau pathology and the neurodegenerative phenotype develop in this
model. We first assessed tau pathology by measuring phosphory-
lated tau (p-tau) in hippocampus using immunostaining with AT100
(p-tau Thr212/Ser214). This revealed significantly decreased hippo-
campal tau pathology in the absence of NLRP3 compared to the
presence of NLRP3 in tauP301S mice (Figure 1b,c). Next, we
assessed tau-pathology using AT8 immunostaining (p-tau Ser202/
Thr205) demonstrating significantly decreased tau pathology in hip-
pocampus in tau.NLRP3—/— mice compared to tau.NLRP3+/+ mice
(Figure 1a,c). To further analyze whether NLRP3 modulates tau
pathology in different brain regions, we measured AT100 stained tau
pathology in frontal cortex (Figure S2a) and brainstem (Figure S2b),
demonstrating significantly decreased tau pathology in the absence
of NLRP3 (Figure S2c), albeit less strongly reduced compared to hip-
pocampus. The latter may reflect regional or stage-dependent differ-
ences in neuroinflammation and its effects on tau pathology, while
tau pathology assessed by AT100 demonstrated significant

FIGURE 3 Decreased tau-seeded tau pathology in absence of NLRP3 in tau mice. (a) Schematic representation of the in vivo tau seeding
protocol. Tau seeds were injected unilaterally in the CA1 region of the hippocampus and frontal cortex of tauNLRP3—/— (T+.N—/—) and tau.
NLRP3+/+ (T+.N+/+) mice at 3.5 months of age and were sacrificed at 8 months of age (4.5 months post-injection). (b) Representative images
of AT8 (anti-tau P-5202/T205, left panels) and AT100 (anti-tau P-T212/S214, right panels) immunolabeling of the ipsilateral hippocampus
showing significantly decreased levels of tau phosphorylation in the CA1 region of tau-seeded T+.N—/— (lower panels) versus tau-seeded T-+.N
+/+ (upper panels) mice. (c) Higher magnification of the CA1 region (corresponding to the white squared boxes in b) are shown. (d) Quantitative
analysis showed significantly decreased AT8- and AT100-stained area in tau-seeded T+.N—/— versus tau-seeded T+.N+/+ mice. Data are
shown as mean + SEM (T+.N+/+:n=7; T+.N—/—:n = 9; **p < .01, ***p < .001; unpaired Welch's t-test: AT8, bar = 250 pm; AT100,

bar = 100 pm)
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differences in the absence of NLRP3 in all brain regions (Figure 1c,
Figure S2c).

To further assess tau alterations, we used a biochemical assay
measuring aggregated tau, using a HTRF based assay, in hippocam-

pal extracts. In this assay, tau aggregates are measured using a

sandwich immunoassay with an anti-tau monoclonal antibody as
donor and acceptor. When donor and acceptor are in close proxim-
ity, the excitation of the HTRF donor will lead to an energy trans-
fer (FRET) to the HTRF acceptor, generating a specific HTRF signal
proportional to the amount of tau aggregates (Figure 1d). We have
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FIGURE 4 Decreased tau pathology in frontal cortex of tau-seeded NLRP3-deficient tau mice. (a) Representative images of AT8 (anti-tau P-
$202/T205, left panels) and AT100 (anti-tau P-T212/5214, right panels) immunolabeling of the ipsilateral frontal cortex of tau.NLRP3—/— (T+.
N—/-) and tau.NLRP3+/+ (T+.N+/+), showing decreased levels of tau phosphorylation in tau-seeded T+.N—/— (lower panels) versus tau-
seeded T+.N+/+ (upper panels) mice. (b) Higher magnification of the ipsilateral frontal cortex region (corresponding to the white squared boxes
in a) are shown. (c) Quantitative analysis showed significantly decreased AT8- and AT100-positive area in the ipsilateral frontal cortex of tau-
seeded T+.N—/— versus tau-seeded T+.N+/+ mice. Data are shown as mean + SEM (T+.N+/+:n=7; T+.N—/—:n = 9; *p < .05; unpaired

Welch's t-test; AT8, bar = 250 pm; AT100, bar = 100 pm)
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**p < .01, ***p < .001; unpaired Welch's t-test; bar = 250 pm)

previously validated this technique in our cohort demonstrating a
strong correlation between tau aggregation assessed with immuno-
fluorescence based and HTRF based assays. Aggregated tau mea-
sured by HTRF was significantly decreased in hippocampal extracts
of tau.NLRP3—/— compared to tau.NLRP3+/+ mice, confirming

with a biochemical assay a role of NLRP3 in tau aggregation
(Figure 1d).

In this work, we were particularly interested in the effect of
NLRP3 deficiency on hippocampal atrophy and neurodegeneration,
which is consistently detected in tauP301S mice (Stancu et al., 2014;
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Stancu et al., 2015; Yoshiyama et al., 2007). Previous studies have
demonstrated that tauP301S mice develop a neurodegenerative phe-
notype starting at 10-11 months of age. This phenotype includes hip-
pocampal atrophy and is followed by cortical atrophy in the final
stages of a neurodegenerative phenotype (Stancu et al., 2014; Stancu

et al.,, 2015; Yoshiyama et al., 2007). We measured total hippocampal

area, the widths of NeuN positive CA1 neuronal layers and the
NeuN positive CA1l area in well-defined sagittal sections of tau.
NLRP3+/+ compared to tau.NLRP3—/— mice. We found significantly
decreased hippocampal atrophy assessed by quantitative analysis of
hippocampal area, following NeuN staining, in tau.NLRP3—/— mice

(Figure 2a,b). Moreover, we found significantly decreased NeuN
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positive CA1 neuronal layers widths and NeuN positive CA1 area in
tau.NLRP3+/+ mice (Figure 2c,d). Taken together our data indicate
that NLRP3 modulated tau pathology and tau-induced hippocampal

atrophy and neurodegeneration in tauP301S mice.

3.2 | NLRP3 modulates exogenously seeded tau
pathology and prion-like propagation in a tauopathy
model

Prion-like propagation of tau pathology has been unequivocally dem-
onstrated in a variety of in vitro and in vivo models and is considered
a compelling mechanism underlying characteristic spatio-temporal
progression of tau pathology in AD and related tauopathies
(Clavaguera et al., 2009; Goedert, 2015, 2020; Guo et al., 2016;
Guo & Lee, 2011; Jucker & Walker, 2018; Mudher et al., 2017;
Walker & Jucker, 2015). We here assessed the effect of genetic defi-
ciency of NLRP3 on tau-seeded and prion-like propagation of tau
pathology in tauP301S transgenic mice, using a well-characterized tau
seeding model (Guo et al., 2016; Guo & Lee, 2011; Peeraer
et al., 2015; Stancu et al., 2015). We performed tau seeding in tau.
NLRP3—/— and tau.NLRP3+/+ mice at 3.5 months of age and ana-
lyzed their phenotype 4.5 months later, at 8 months of age
(Figure 3a). Tau seeding was performed using intracerebral injection
of pre-aggregated tau seeds in hippocampus and cortex as previously
published (Guo et al., 2016; Guo & Lee, 2011; Lodder et al., 2021;
Peeraer et al., 2015; Stancu et al., 2015). In the current paradigm we
used a tau seeding period of 4.5 months and dissection at 8 months,
to obtain a strong induction of tau pathology and associated neu-
rodegeneration (Figure 3a). This resulted in strong tau pathology and
hippocampal atrophy before the development of hippocampal atrophy
in the parental strains at 10-11 months of age.

We first assessed tau-seeded tau pathology using immuno-
staining with AT100 (p-tau Thr212/Ser214), at the ipsilateral site
followed by quantitative analysis. Tau seeding induced a strong tau
pathology in the ipsilateral hippocampus in tau.NLRP3+-/+, similar as
previously demonstrated (Figure 3b,c). Quantitative analysis demon-
strated significantly less AT100 staining in the hippocampus of tau.
NLRP3—/— compared to tau.NLRP3+/+ mice following tau seeding
at the ipsilateral side (Figure 3d). Assessment of tau pathology by AT8
(p-tau Ser202/Thr205) staining revealed significantly less tau pathol-
ogy in the absence of NLRP3, in the ipsilateral hippocampal region
(Figure 3b-d). Similarly, tau pathology following tau seeding in the

frontal cortex was significantly less in tauNLRP3—/— compared to
tau.NLRP3+/+ mice at the ipsilateral side when assessed by AT100
or AT8 staining (Figure 4a-c). However, it must be noted that the
effect of NLRP3 deficiency in cortex, similar to non-exogenously
seeded tau pathology, seemed less strong compared to hippocampus,
indicating that neuroinflammatory processes in hippocampus and cor-
tex may be differentially affected. Different microglia-dependent and
NLRP3-dependent processes may contribute together to modulate
tau pathology and may be differently regulated depending on the
brain region, the inflammatory status, the region-specific tau alter-
ations, the microglial populations present and their activation state,
resulting in regional differences of the NLRP3-dependent effects.
Next, NLRP3-dependent effects on spreading of tau pathology
were analyzed by measuring tau pathology (AT8 and AT100) in the
hippocampus at the contralateral side (Figure 5a,b). Tau pathology
in the contralateral hippocampus was significantly less in tau.
NLRP3—/— mice compared to tau.NLRP3-+/+ mice (Figure 5c). Fur-
thermore, spreading of tau pathology to the contralateral side was
significantly decreased in cortex assessed by AT8 and AT100
staining (Figure 6a-c). Staining for pathological tau using AT100
demonstrated significant decrease in NLRP3 deficient compared to
wild type tauP301S mice in brainstem, reflecting effects on spread-
ing to brain stem from the injection side (Figure S3). Taken
together, our combined data indicate that propagation of tau-
seeded tau-pathology was significantly decreased in the absence of
NLRP3.
Finally, NLRP3 modulated tau-

associated neurodegeneration, by measuring hippocampal atrophy,

we assessed whether

the widths of the NeuN positive CA1 neuronal layers and the
NeuN positive CA1 area in tau-seeded tau.NLRP3+/+ and tau.
NLRP3—/— mice. Hippocampal area was measured following NeuN
staining of the ipsilateral site (Figure 7a,c). This demonstrated a
significantly increased in total hippocampal area in the absence of
NLRP3 in tau-seeded tauP301S mice at 8 months of age,
4.5 months post tau seeding (Figure 7c). Moreover, we found sig-
nificantly decreased NeuN positive CA1 neuronal layers widths
and decreased NeuN positive CA1 area in tau.NLRP3+/+ mice
(Figure 7e,f). To assess whether NLRP3 deficiency affected hippo-
campal atrophy and neurodegeneration following propagation of
tau pathology, we next measured total hippocampal area following
NeuN staining at the contralateral side (Figure 7b,d). This demon-
strated a significantly increased area of the contralateral hippo-
campus in the tau-seeded tau.NLRP3—/— compared to tau.

FIGURE 7 Hippocampal atrophy and neurodegeneration in tau-seeded NLRP3-deficient tau mice. (a, b) Representative images of NeuN
(neuronal nuclear antigen) staining of the ipsi- (a) and contra- (b) lateral hippocampus in well-defined brain slices of exogenously seeded tau in tau.
NLRP3+/+ (T+.N+/+, upper panels) and tauNLRP3—/— (T+.N—/—, lower panels) mice, used for measuring the total hippocampal area. (c, d)
Quantitative analysis showed significantly decreased total hippocampal area, in both ipsi- (c) and contra- (d) lateral sides, in tau-seeded T+.N+/+
versus T+.N—/— mice. (e) Representative images of NeuN immunostaining of the ipsilateral hippocampal CA1 region of T+.N-+/+ (upper panels)
and T-+.N—/— (lower panels) mice. Higher magnifications of selected areas (white squared boxes) are shown on the right. (f) Quantitative analysis
showed significantly decreased width of the NeuN positive (NeuN+) neuronal layers in the CA1 region (left side) and decreased NeuN-+CA1 area
(right side) in the ipsilateral side in exogenously seeded tau T+.N+/+ versus T+.N—/— mice . Data are shown as mean + SEM (T+.N+/+:n=7;
T+N—/—:n=9;*p < .01, ***p < .001; unpaired Welch's t-test; hippocampus, bar = 250 pm; CA1 region, bar = 100 pm)
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NLRP3+/+ mice (Figure 7d). Similarly, we found significantly
increased NeuN positive CA1 neuronal layers widths and increased
NeuN positive CA1 area in the contralateral hippocampus in tau-
tau.NLRP3—/— tau.NLRP3+/+ mice
(Figure S4a,b). No significant atrophy was detected in cortical or

seeded compared to
other brain regions following tau-seeding in presence or absence
of NLRP3, precluding analysis of the modulatory effect of NLRP3
on neurodegeneration in these regions. Taken together our data
indicate a modulatory role for NLRP3 in seeded tau pathology and
its propagation. Furthermore, we here found that NLRP3 modu-
lates early-stage hippocampal atrophy following seeding and prop-
agation of tau pathology in hippocampus.

4 | DISCUSSION

The contributory role of neuroinflammation in neurodegenerative dis-
eases and in tauopathies specifically is increasingly demonstrated
(Gerhard et al., 2004, 2006; Gratuze et al., 2020; Heneka et al., 2015;
Ising et al., 2019; Leyns et al., 2019; Lodder et al., 2021; Mancuso
et al, 2019; Pampuscenko et al, 2020; Ransohoff, 2016; Shi
et al., 2017; Shi et al., 2019; Stancu et al., 2019; Venegas et al., 2017,
Yoshiyama et al., 2007). Furthermore, NLRP3 presents as an interest-
ing target for AD, as it modulates amyloid pathology (Halle
et al., 2008; Heneka et al., 2013; Venegas et al., 2017). And a role of
the NLRP3 inflammasome in tau pathology was previously identified
(Ising et al., 2019; Stancu et al., 2019), further strengthening its role as
therapeutic target in AD and related tauopathies. However, the mod-
ulatory role of NLRP3 on tau-induced neurodegeneration remained
unknown. Here we demonstrate that NLRP3 modulates non-seeded
and tau seeded tau pathology and its propagation, using NLRP3
knockout mice and we demonstrate for the first time that NLRP3
modulates tau induced neurodegeneration.

We and others have previously demonstrated that tau and pre-
aggregated tau activates the NLRP3- ASC inflammasome (Ising
et al.,, 2019; Jiang et al., 2021; Stancu et al., 2019). We previously
demonstrated a modulatory role of the NLRP3-ASC inflammasome on
seeded and non-seeded tau pathology using ASC knockout and phar-
macological NLRP3 inhibition in mice (Stancu et al., 2019). Indepen-
dent demonstration of a modulatory role of the NLRP3 inflammasome
on non-seeded tau pathology was demonstrated by Ising and col-
leagues (Ising et al., 2019). Here, we aimed to (i) confirm the role of
NLRP3 in tau pathology and (i) in prion-like seeding and propagation
of tau pathology using NLRP3 deficient mice and - most importantly-
(iii) to assess the modulatory role of NLRP3 inflammasome activation
on tau-induced neurodegeneration in a model of tauopathy. We
found that NLRP3 deficiency decreased tau pathology in hippocam-
pus assessed by using AT8 and AT100. Our data thereby highlight a
role of NLRP3 upstream of ASC, in line with previous data (Ising
et al., 2019; Stancu et al., 2019). We next assessed the role of NLRP3
in a well-characterized model of seeded tau pathology (Stancu
et al.,, 2015, 2019). We found decreased tau-seeded and propagated
tau pathology in NLRP3 deficient tauP301S mice. This confirmed our

previous findings using pharmacological inhibition of NLRP3, using
chronic intracerebral delivery of MCC950, in a model of seeded tau
pathology (Stancu et al., 2019), here using NLRP3 knockout in mice. It
must be noted that although NLRP3 deficiency affected tau pathology
in all brain regions examined, this was most profoundly the case in the
hippocampus, highlighting brain region-dependent processes. It must
be considered that different microglia-dependent processes—in addi-
tion to neuronal characteristics—may contribute to modulation of tau
pathology. NLRP3 inflammasome activation may contribute to tau
pathology by (i) secretion of cytokines (including IL1B) which may
affect tau phosphorylation (Bhaskar et al., 2010; Ghosh et al., 2013; Li
et al., 2003; Maphis et al., 2015), by (ii) inducing ASC speck formation
(Venegas et al., 2017), (iii) by phagocytosing tau (Ising et al., 2019;
Jiang et al., 2021; Stancu et al., 2019) and by (iv) modifying prolifera-
tion/cell death/differentiation of microglial populations which can dif-
ferentially contribute to tau pathology. The overall modulation of
NLRP3 on tau pathology will be defined by the resultant effects of
these different microglia-dependent processes, which are modulated
by NLRP3. This overall effect of these microglia-dependent processes
may be defined by the brain region, the stage of inflammation, the
type and concentration of tau seeds, the alterations of acceptor tau
and the microglial populations present. The pleiotropic effects of
microglia and the diverse microglial populations present in different
brain regions and at different stages of pathology, add a layer of com-
plexity to their study. A detailed study of their function is therefore of
utmost importance to understand their role at different stages of
pathology. Our data indicate the potential of NLRP3 as target for
tauopathies in modulating tau pathology, and seeding and propagation
of tau pathology.

Importantly, we here demonstrate for the first time a role of
NLRP3 in
rodegeneration. This extends our findings to tau-associated neu-

tau-associated hippocampal atrophy and neu-
rodegeneration, an important and relevant finding in the context of
tauopathies, as halting of tau-induced neurodegeneration presents a
key target. Although the NLRP3 inflammasome was previously shown
to affect tau pathology and tau aggregation (Ising et al., 2019; Stancu
et al, 2019), it is important to assess its role in tau-induced neu-
rodegeneration. Different processes, including cell-autonomous and
non-cell autonomous processes may contribute to tau associated neu-
rodegeneration and add fuel to what constitutes neuronal vulnerabil-
ity. Furthermore, different tau species may contribute to tau
pathology and tau-induced neurodegeneration, hence a dissociation
between both processes may exist. Previously the role of microglia in
tau associated neurodegeneration has been identified (Bellucci
et al., 2011; Brown & Neher, 2014; Gratuze et al., 2020; Lodder
et al., 2021; Mancuso et al.,, 2019; Pampuscenko et al., 2020; Shi
et al., 2017; Shi et al., 2019; Yoshiyama et al., 2007). NLRP3 may
affect tau-associated neurodegeneration by modulating concentra-
tions of tau forms intra- and extracellularly. Tau can be phagocytosed
by microglia (Ising et al., 2019; Jiang et al., 2021; Stancu et al., 2019),
but alternatively ASC specks similar as for AB may facilitate tau aggre-
gation (Jiang et al., 2021; Venegas et al., 2017), and cytokines may

increase phosphorylated tau forms intracellularly increasing toxic tau
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species (Bhaskar et al., 2010; Ghosh et al., 2013; Li et al., 2003;
Maphis et al., 2015). Furthermore, microglial proliferation, differentia-
tion and death can be modulated by NLRP3 activation induced by tau
(Heneka et al., 2018), thereby shifting microglial functions and poten-
tially their role in neurodegeneration. Our data indicate that NLRP3
dependent pathways are promising targets, meriting further analysis
and validation for their therapeutic potential in tauopathies.

Taken together, the NLRP3 inflammasome is increasingly identi-
fied as therapeutic target in neurodegenerative diseases. We here
demonstrate that the NLRP3 inflammasome modulates non-seeded
and tau-seeded tau pathology and its propagation, using NLRP3 defi-
cient mice. Most importantly, we demonstrate here for the first time
that NLRP3 modulates tau-induced neurodegeneration. This is a cru-
cial finding in view of the fact that different tau forms and different
microglial processes are involved in tau pathology, its propagation and
tau-induced neurodegeneration, and hence may be differently
affected by NLRP3. These processes, and particularly neu-
rodegeneration, present key-targets for tauopathy therapies, indicat-
ing the necessity to analyze the role of NLRP3 in all these pathogenic
processes. Our findings provide important missing information indi-
cating that the NLRP3 inflammasome contributes to tau pathology, to
prion-like spreading of tau pathology but also to neurodegeneration
downstream of tau pathology. Our work thereby contributes to crucial
insights in the potential of targeting NLRP3-dependent pathways as
therapeutic targets in tauopathies.
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