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NLRP3 inflammasome inhibition
protects against intracranial
aneurysm rupture and alters the
phenotype of infiltrating
macrophages

William S. Dodd?, Devan Patel?, Kartik Motwani?,
Brandon Lucke-Wold!, Koji Hosaka® and Brian L. Hoh'*

tDepartment of Neurosurgery, College of Medicine, University of Florida, Gainesville, FL, United States,
2Department of Neurosurgery, Jacobs School of Medicine and Biomedical Sciences, University of
Buffalo, Buffalo, NY, United States

Background: Aneurysmal subarachnoid hemorrhage is a devastating
cerebrovascular disease associated with high morbidity and mortality.
Macrophage-mediated mural inflammation is a key pathogenic component
contributing to aneurysm rupture.

Objective: To investigate the effect of pharmacological inhibition of the NLRP3
inflammasome on aneurysm rupture.

Methods: Cerebral aneurysms were induced in C57BL/6 mice with a combination
of hypertension and an intracranial dose of elastase. Mice were treated with either
40 mg/kg of MCC950 or saline via intraperitoneal injections. Vascular tissue at
the circle of Willis was harvested for analysis via immunofluorescent microscopy
or gPCR.

Results: NLRP3T cells are more common in the aneurysm tissue compared
to the normal cerebral vasculature. The mRNA expression of the downstream
NLRP3 pathway components caspase-1, IL-18, and GSDMD is also increased
in the aneurysm tissue compared to healthy vessels. There was no difference
in the aneurysm formation rate between MCC950- and vehicle-treated mice;
however, MCC950 treatment significantly reduced aneurysm rupture rate. There
was no difference in systemic blood pressure between both groups. MCC950
treatment also extended the symptom-free survival of mice after aneurysm
induction. Mechanistically, NLRP3 inhibition decreased the phenotype polarization
of infiltrating macrophages without affecting the total number of macrophages in
the vessel wall.

Conclusions: Our results indicate that the NLRP3 inflammasome contributes to
aneurysm rupture and macrophage polarization within the vessel wall. The NLRP3
pathway is a promising therapeutic target for the development of therapeutics to
prevent aneurysmal hemorrhagic stroke.
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1. Introduction

Cerebral aneurysms affect 3-5% of the population worldwide,
and aneurysm rupture is the leading cause of non-traumatic
subarachnoid hemorrhage (SAH) (Wardlaw and White, 2000).
SAH is associated with high rates of mortality and long-
term morbidity (Hop et al, 1997; Wardlaw and White, 2000;
Janjua and Mayer, 2003; Brown and Broderick, 2014), thus an
intervention prior to aneurysm rupture is ideal. Unfortunately,
current standards of care, endovascular coiling, or microsurgical
clipping also present their own risks, including nosocomial
aneurysm rupture (Etminan and Rinkel, 2016). Accordingly,
the pathophysiology of aneurysm rupture has been a field of
intense investigation to develop non-surgical therapeutics to
prevent aneurysm rupture and to reduce the disease burden of
hemorrhagic stroke.

One central theme of such research is the pathogenic role
of macrophages in the progression and rupture of aneurysms
(Shimizu et al., 2019). Cells that are CD68%, a marker for
macrophages and monocytes, are found in both human and
rodent aneurysm tissue, and their abundance correlates with
pathogenic wall remodeling (Kataoka et al., 1999; Tulamo et al,,
2010). Further, macrophage depletion (Kanematsu et al., 2011)
and deletion of macrophage-inducing chemokines (Aoki et al.,
2009a) have been shown to suppress aneurysmal change in animal
models. Disruption of NF-kB signaling in macrophages also
prevents the formation of aneurysms (Aoki et al., 2017), further
solidifying the notion that macrophage-mediated inflammation
is deleterious in aneurysmal cerebral vessels. More recent work
from our laboratory and others has shown that pro-inflammatory,
MI-type macrophages are highly associated with aneurysm
progression, and inhibiting specific inflammatory pathways can
decrease macrophage burden and alter macrophage polarization
in favor of an M2, anti-inflammatory phenotype (Shao et al,
2017; Nowicki et al., 2018; Wajima et al., 2019). Taken together,
these findings suggest anti-inflammatory therapeutics that affect
macrophage phenotype and function are promising targets for
further research.

The NLRP3 inflammasome is one such target that we aimed
to evaluate for its role in aneurysm rupture. In 2015, Zhang
et al. (2015) conducted an ex vivo study of human aneurysms
and found that the expression of NLRP3 and other inflammasome
components correlated with aneurysm progression. NLRP3 is
an intracellular innate immune receptor that complexes with
ASC/PYCARD and caspase-1 in response to various inflammatory
stimuli to form the so-called “inflammasome” (Lamkanfi and Dixit,
2014; Zhou et al., 2018). Once activated, the inflammasome is
responsible for the post-transcriptional maturation of IL-1f and
IL-18 (Martinon et al., 2002) as well as the pyroptosis effector
protein gasdermin D (Shi et al., 2015). Zhang et al. also reported
that NLRP3 co-localized with the macrophage marker CD68
within the wall of unruptured and ruptured aneurysms. While
these findings are only correlative, they suggest that the NLRP3
inflammasome could be a favorable target for aneurysm research
for several reasons. First, as an innate immune receptor and
mediator, the inflammasome is canonically regulated by damage-
associated molecular patterns (DAMPs) and other stimuli that
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are characteristic of aneurysmal change (Hernandez-Cuellar et al.,
2012; Usui et al.,, 2015; Hoseini et al., 2018; Song and Li, 2018).
Second, NLRP3 inhibition has already been shown to protect
against other vascular diseases (Marchetti et al., 2014; van der
Heijden et al., 2017). Third, the inflammasome is the primary
regulator of mature IL-18 production, and IL-1f has well-
documented contributions to aneurysm progression (Moriwaki
et al., 2006; Aoki et al., 2009b). Fourth, a highly specific small
molecule inhibitor of NLRP3, MCC950, is pharmacodynamically
profiled and commercially available (Coll et al.,, 2015). Finally,
NLRP3-NF-kB interactions are well documented, supporting the
idea that NLRP3 inhibition could suppress the pro-inflammatory
MIl-type phenotype polarization of macrophages observed in
aneurysms (Maruyama et al., 2019; Zhang et al., 2019).

In this study, we tested the effect of NLRP3 inhibition via
MCC950 treatment on a mouse model of cerebral aneurysm
rupture. We then analyzed the aneurysm tissue for macrophage
infiltration, phenotype polarization, and mRNA expression of
NLRP3 pathway components. We hypothesized that NLRP3
inhibition via MCC950 would protect against aneurysm rupture,
decrease the M1/M2 macrophage ratio, and reduce the IL-1f8
expression in the vessel walls.

2. Materials and methods
2.1. Animals

All animal experiments were performed in accordance with
our Institutional Animal Care and Use Committee (IACUC) and
Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines. All animals were 12-15-week-old female C57BL/6 mice
(Charles River Laboratories, Wilmington, MA) and were housed in
pathogen-free housing with ad libitum access to food and water and
under a 12-h light/dark cycle. All animals underwent twice daily
monitoring from institutional animal care services staff and/or
investigators. Mice were randomized to MCC950 or vehicle groups
prior to the first surgery.

2.2. Murine cerebral aneurysm model

Cerebral aneurysms were induced as previously described
(Hosaka et al., 2014; Hoh et al, 2018). Briefly, mice were
anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg)
before the left common carotid artery and the right renal artery
were ligated with 7-0 silk suture (Ethicon Inc., Somerville, NJ).
Carotid and renal artery ligations are hereafter referred to as
ligations surgery. One week after ligations surgery, mice were
anesthetized and 10 pL of 1.0 U/mL porcine pancreatic elastase
solution (Worthington Biochemical Corp, Lakewood, NJ) diluted
in phosphate buffered saline (PBS, Invitrogen, Carlsbad, CA) was
stereotactically injected into the right basal cistern at 1.2 mm rostral
of bregma, 0.7 mm lateral of midline, and 5.3 mm deep to the
surface of the brain. A subcutaneous osmotic pump (Model 2004,
Alzet, Cupertino, CA) was placed in the right flank immediately
after elastase injection and continually infused with angiotensin II
(Bachem, Torrence, California) at a dose of 1,000 ng/kg/min for
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up to 3 weeks. Elastase injection and osmotic pump placement are
hereafter referred to as aneurysm induction. Following recovery
from aneurysm induction surgery, mice were fed a diet of 8% NaCl
with 0.12% beta-aminopropionitrile (BAPN; Harlan Laboratories,
Indianapolis, IN).

Three weeks post-aneurysm induction, mice were deeply
anesthetized with ketamine/xylazine. A bilateral anterolateral
thoracotomy with transverse sternotomy was made to expose the
heart and great vessels. The right atrium was punctured with the
tip of a 23-g needle as an outlet before the left ventricle was
sequentially perfused with normal saline, 4% paraformaldehyde,
and Coomassie Brilliant Blue dye in a 20% gelatin solution. Brains
were carefully removed from the skull and inspected under a
dissection microscope for the presence of aneurysms as evidenced
by an outpouching of cerebral arteries in or connected to the
circle of Willis. Aneurysm rupture was identified by the presence
of extravasated blood near an identified aneurysm. Any mouse
exhibiting stroke-like neurological symptoms (inactivity, circling
paresis, or >15% weight loss) <3 weeks post-aneurysm induction
was immediately euthanized, and the brains were inspected for
evidence of hemorrhage or aneurysm rupture. Mice that died
suddenly prior to the 3 weeks post-aneurysm induction were
inspected for evidence of intracranial hemorrhage and aneurysm
rupture but were not included in histological studies. Mice were
randomly allocated to either MCC950 or vehicle (saline) treatment
groups, with a total of 25 mice in each group. The total mortality
rate due to surgical procedures was 9/out of 50 (18%). Two mice
(4%) were also excluded from the analysis due to significant
tissue destruction prior to carcass discovery and examination that
prevented the classification of the cerebrovascular tissues.

2.3. Pharmaceutics and dosing

MCC950 was obtained from Selleckchem (Catalog No.S7809,
Houston, TX) and diluted in 0.9% NaCl in water. Then, 0.9%
saline was used as the vehicle control for all experiments. MCC950
(40 mg/kg) or an equivalent volume of vehicle was administered
daily via an intraperitoneal injection beginning 2 days before the
elastase injection.

2.4. Blood pressure measurements

Arterial blood pressure was measured using the non-invasive
CODA mouse tail-cuff blood pressure monitoring system (Kent
Scientific, Torrington, CT). Mice were anesthetized via isoflurane
inhalation for blood pressure recordings at days —1 (baseline),
5, 15, and 27 post-ligations. Mean arterial pressure (MAP) was
calculated as 1/3*systolic blood pressure + 2/3*diastolic blood
pressure. Each recorded MAP value was the average of three
consecutive readings per animal.

2.5. Immunofluorescence microscopy

Following perfusion-fixation and overnight post-fixation in
4% PFA, brain samples were embedded in paraffin wax and
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cut into 7um sections with a Leica RM2125 RTS microtome
(Leica Microsystems, Buffalo Grove, NY) and adhered to poly-
L-lysine-coated glass slides. Serial sections were deparaffinized,
rehydrated, and washed with 1x Tris-buffered saline with
0.05% Tween-20 (TBST) before being incubated overnight
with one or more of the following antibodies: rabbit anti-
NLRP3 (bs-10021R, Bioss Antibodies, Woburn, MA), rat anti-
F4/80 (MCA497R, BioRad, Hercules, CA), rabbit anti-iNOS,
and goat anti-Arginase I (ab15323 and ab60176 respectively,
Abcam, Cambridge, MA). Primary antibodies were detected using
donkey anti-rabbit IgG AlexaFluor594, donkey anti-rabbit I1gG
AlexaFluor488, donkey anti-rat IgG AlexaFluor594, or donkey
anti-goat IgG AlexaFluor488 (Cat #s: A32754, A32790, A48271, and
A32814, respectively, ThermoFisher, Waltham, MA). Slides were
mounted with DAPI-containing mounting medium (VectaShield,
Vector Labs, Burlingame, Ca.) and imaged using an Olympus
IX71 fluorescent microscope (Olympus America, Center Valley,
PA). All images were analyzed by two blinded observers. M1/M2
ratio was calculated as the average percentage of M1 macrophages
divided by the average percentage of M2 macrophages in
each sample.

2.6. mMRNA reverse transcription and
quantitative PCR

Ten mice were randomly assigned to either aneurysm induction
or sham surgery (no exposure to elastase), and mRNA was extracted
from the murine circle of Willis at 7 days post-aneurysm induction.
Murine cerebrovascular tissue from the circle of Willis was carefully
dissected away from the brain under a dissecting microscope before
being flash-frozen in liquid nitrogen and homogenized using a
Dounce homogenizer. The homogenized cerebrovascular tissue
was then used for mRNA extraction using a binding column-based
kit following the manufacturer’s recommended protocol (Cat. #:
74104, Qiagen, Hilden, Germany). and reverse transcription was
performed using a kit obtained from New England Biolabs (Cat.
#: E6560, Ipswich, MA). cDNA was amplified using a master mix
kit (Cat. #: 1725271, BioRad, Hercules, CA) and the following
primers: Hprtl F: 555”-CTGGTTAAGCAGTACAGCCCCAA-3
33/11, Hprtl R: 555"”"-CGAGAGGTCCTTTTCACCAGC-333/11,
Nlrp3 F: 555" -TCTGCACCCGGACTGTAAAC-333/"1, Nirp3 R:
555" -CATTGTTGCCCAGGTTCAGC-333/"11, Caspl F: 555" -TG
CCTGGTCTTGTGACTTGG-333/11, Caspl R: 555”-GTCACCC
TATCAGCAGTGGG-333/11, Il1b F: 555”-CCCAAAAGATGAA
GGGCTGC-333/11,111b R: 555" -TGATGTGCTGCTGCGAGATT
-333/'11, Gsdmd F: 555" -TGCGTGTGACTCAGAAGACC-333/11,
Gsdmd R: 555"”-CAAACAGGTCATCCCCACGA-333/"1r. Relative
cDNA abundance was calculated using the 2~42CT method.

2.7. Statistical analysis

Statistical significance was considered to be a p < 0.05. All
power calculations were completed with a f of 0.8 to detect a
minimum biological difference of 30%. A comparison of aneurysm
formation and rupture rates between groups were analyzed using
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FIGURE 1
Aneurysms have increased NLRP3(+) cells at 1-week post-aneurysm induction compared to the normal cerebral vasculature. (A) Representative
images of aneurysm (right) and normal vessel control (left) tissue probed for NLRP3. Arrowheads indicate NLRP3™ cells. Scale bar = 50 um. (B)
Image analysis of the number of NLRP3* cells per high-powered field (HPF) with a box plot indicating median 4 95% Cl, n = 4 each, “P < 0.05.
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FIGURE 2

Aneurysm induction upregulates mRNA expression of inflammasome pathway components. Nirp3, Caspl, ll1b, and Gsdmd were measured by
RT-gPCR in the murine cerebrovascular tissue after sham operation or aneurysm induction. Expression levels shown as fold change relative to the
sham group with box plots indicating median + 95% ClI, *p < 0.05, **p < 0.01.

Fisher’s exact test. Survival data were analyzed using a Mantel-Cox ~ Whitney U test and presented as median (95% confidence interval).
log-rank test. Continuous variables compared between two groups  All data analysis was performed using Prism data analysis software
(Figures 1, 2, 4) were analyzed using the non-parametric Mann-  (GraphPad Software, San Diego, CA).
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FIGURE 3
MCC950 treatment reduces the aneurysm rupture rate and extends symptom-free survival. (A) Aneurysm formation rates, (B) Aneurysm rupture rate,
*p < 0.05 by Fisher's exact test. (C) Cumulative symptom-free survival, and (D) Mean arterial pressure, p = n.s. at all-time points.

3. Results

3.1. The NLRP3 inflammasome is expressed
in the cerebral aneurysm tissue

First, we investigated the expression of the NLRP3 pathway
in aneurysm tissue vs. healthy cerebral vessels. Our aim for
this experiment was to confirm NLRP3 expression in murine
aneurysm tissue, as it has previously only been documented
in human aneurysm tissue (Zhang et al., 2015). We analyzed
vessels at seven days post-aneurysm induction, as this is when
the rupture rate is highest based on our previous findings
(Hosaka et al., 2014; Hoh et al., 2018; Nowicki et al., 2018).
The aneurysm tissue had 14.1 (95% CIL: 7.6-25.4) NLRP3*
cells per high-powered field compared to just 0.5 (95% CI:
—0.7-1.7) cells/HPF in the healthy cerebral vessel control
tissue (p = 0.01, n 3-4 each) (Figurel). On the mRNA
level, aneurysm induction also stimulated the expression of
inflammasome components Caspase-1 [sham: 1.0 (95% CI: 0.9-
1.1) vs. aneurysm: 1.4 (95% CIL: 1.0-2.8) relative expression
units, p 0.002, n = 5-6 each], IL-18 [sham: 0.9 (95%
CL: 0.5-1.5) vs. aneurysm: 6.8 (95% CI: 0.1-23.3) relative
expression units, p 0.02, n = 5-6 each], and Gasdermin
D [sham: 1.0 (95% CI: 0.9-1.1) vs. aneurysm: 1.4 (95% CI:
0.7-2.9) relative expression units, p = 0.02, n = 5-6 each]
(Figure 2).
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3.2. NLRP3 inflammasome inhibition
reduces aneurysm rupture but does not
affect aneurysm formation or systemic
blood pressure

To further study the relationship between NLRP3 and
aneurysm rupture, we used our established murine model of
cerebral aneurysm rupture. We allocated 10-12-week-old C57BL/6
mice to either MCC950 or saline treatment and induced aneurysms
with a combination of hypertension and a single intracranial dose
of elastase. MCC950 treatment did not affect aneurysm formation
(65.2% in vehicle-treated group vs. 62.5% in MCC950-treated
group, p = 1.00) (Figure 3A) but did significantly decrease the
incidence of aneurysm rupture (86.7% in vehicle-treated group vs.
40.0% in MCC950-treated group, p = 0.04) (Figure 3B). NLRP3
inhibition also increased symptom-free survival compared to saline
treatment (p = 0.039) (Figure 3C). Further, since hemodynamics
and systemic blood pressure are central to aneurysm progression
(Diagbouga et al., 2018), we wanted to rule out decreased systemic
blood pressure as an indirect way that NLRP3 inhibition affects
aneurysm rupture. We found that MCC950 treatment under our
dosing regimen had no effect on mean arterial pressure before or
after aneurysm induction. Mean arterial pressure in the vehicle-
treated group was 76.6 = 2.0 mmHg at baseline (1 day before
ligations surgery), 87.3 & 2.8 mmHg at 5 days post-ligations, 123.5
=+ 5.6 mmHg at 15 days post-ligations, and 113.2 £ 2.7 mmHg at
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FIGURE 4
MCC950 treatment alters macrophage phenotype ratio in cerebral vasculature after aneurysm induction. (A) Representative images of M1-type (top)
and M2-type (bottom) macrophages in saline-treated (left) and MCC950-treated (right) mice, scale bar = 50 um. (B) Ratio of M1:M2 macrophage
phenotypes in the vessel wall, *p < 0.05, n = 5 each. (C) Total number of F4/80* cell per high-powered field, n = 5 each. All plots presented as
median + 95% Cl

27 days post-ligations vs. 77.1 £ 1.6, 86.2 & 2.9, 127.9 £ 3.9, and
111.6 & 1.7 mmHg at the same time points in the MCC950-treated
group (p = 1.00 at all-time points, Figure 3D). These results showed
that NLRP3 specifically contributes to aneurysm rupture through
mechanisms other than decreased blood pressure.

3.3. NLRP3 inhibition alters the phenotype
polarization of infiltrating macrophages
after aneurysm induction

To elucidate the possible mechanisms by which MCC950
reduces aneurysm rupture, we next studied the cerebrovascular
tissue of the mice collected at the end of the aneurysm induction
protocol. We probed for M1- and M2-type macrophages using
well-established markers, iNOS and Argl, respectively (Wang
et al., 2014). F4/80 was used to visualize all macrophages. Mice
in the vehicle-treated control group had robust M1 macrophage
infiltration (Figure 4A) compared to mice treated with MCC950,
which had relatively more M2 macrophages (Figure 4A). Image
analysis revealed that mice in the MCC950 group had a significantly
lower ratio of M1- to M2-type macrophages in the aneurysm wall
(1.4 (95% CI: 0.2-3.4) in MCC950-treated animals vs. 7.4 (95%
CIL: 1.6-13.2) in vehicle-treated animals, p = 0.03, n = 5 each)
(Figure 4B). Next, we counted the total number of F4/807 cells in
the vessel wall of all samples to determine the effect of MCC950
treatment on the total macrophage burden. We found that there
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was no significant difference in macrophage infiltration between
vehicle-treated and MCC950-treated samples [21.8 (95% CI: 2.3-
40.9)] in vehicle-treated animals vs. 13.2 (95% CI: 8.7-25.8) in
MCC950-treated animals, p = 0.51, n = 5 each) (Figure 4C).

4. Discussion

This study explored NLRP3 as a mediator of aneurysm
pathology by testing the ability of the NLRP3 inhibitor MCC950 to
prevent aneurysm rupture. We found that NLRP3™ cells are more
abundant in murine aneurysm tissue than in the healthy cerebral
vasculature (Figure 1), which supported the idea that NLRP3 was
associated with aneurysm pathology. Further, aneurysm tissue
also demonstrated higher mRNA expression levels of the NLRP3
pathway components caspase-1, IL-18, and GSDMD (Figure 2). We
hypothesized that NLRP3 inhibition via MCC950 treatment would
impede aneurysm progression and rupture. Indeed, treatment
with MCC950 reduced the rate of aneurysm rupture compared
to vehicle control (Figure 3B). Analysis of the cerebral vessels
of treated mice revealed that MCC950 altered the composition
of macrophage phenotypes within the vessel wall in favor of a
decreased M1/M2 ratio (Figure 4B). M1 polarization is consistent
with inflammatory pathway activation (Wang et al., 2014) and
has been shown to be associated with rupture in both human
and murine aneurysms (Hasan et al., 2012; Nowicki et al., 2018).
Thus, we considered a lower M1/M2 ratio to be favorable in the
context of aneurysmal disease. As with all immunofluorescence
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microscopy experiments, the effect of the disease processes on the
accumulation of autofluorescent materials (e.g., heme derivatives
and lipofuscin) must be taken into account as well. Overall, these
results support our hypothesis that NLRP3 inhibition prevents
aneurysm rupture and suppresses pro-inflammatory macrophage
phenotype polarization.

Our study has some technical limitations that confine the
interpretation of our results. Conceptually, our data indicates
that the pathology of aneurysm progression is associated with
NLRP3 pathway regulation (Figure 2); however, we did not directly
measure the effect of MCC950 treatment on this pathway. We
used only female mice in these experiments, leaving open the
possibility that MCC950 affects aneurysm rupture in a sex-
dependent manner. Our results should also be considered in
the context of statistical power limited by sample size and
procedural limitations. The difference in the rupture rate between
the MCC950- and vehicle-treated groups (Figure 3B) carries a
fragility index of 1, suggesting that these experiments would benefit
from replication, and further testing before our conclusions are
considered beyond reasonable doubt. Further, although previous
studies have demonstrated MCC950 to be a specific inhibitor of
the NLRP3 inflammasome, we did not conduct any experiments
to exclude off-target effects of MCC950 treatment. Future studies
should utilize global and cell-specific knockouts of NLRP3 and
other inflammasome components to clearly delineate the role of the
inflammasome in aneurysmal disease.

It is well documented that circulating monocytes are attracted
to the sites of vessel injury in response to signals from the
endothelium and smooth muscle cells (Aoki et al., 2016; Shimizu
et al, 2019). Once extravasated, the circulating monocytes
differentiate into tissue macrophages, which can adopt a variety of
phenotypes and contribute to inflammation and repair in different
ways. Macrophage phenotypes are heterogeneous and dynamic but
can be analyzed in the M1-M2 paradigm based on the nitrogen
metabolism pathways (Wang et al., 2014). Pro-inflammatory
MI1 macrophages express higher levels of inducible nitric oxide
synthase, shuttling arginine toward cytotoxic NO production,
while M2 macrophages express higher levels of Arginase I,
promoting ornithine production, decreased NO synthesis, and
tissue repair. Our results were consistent with a conceptual
model that monocyte/macrophage NLRP3 inhibition directly alters
their activation in a manner that hinders M1 polarization. This
hypothesis is strengthened by an in vitro study on macrophage cells
demonstrating that compounds that inhibit macrophage NLRP3
directly alter the expression of canonical M1 and M2 markers in
favor of a decreased M1/M2 ratio (Zhang et al., 2018).

It remains possible, however, that the pharmacologic inhibition
of NLRP3 with MCC950 causes decreased aneurysm rupture by
acting on cell types other than monocyte/macrophages. NLRP3
activation in endothelial cells and vascular smooth muscle cells
(VSMCs) is becoming increasingly acknowledged as an important
mediator of inflammatory disease pathology (Ren et al., 2018;
Wu et al, 2018). Our observations that MCC950 treatment
affects M1/M2 phenotype polarization could be an indirect effect
that works through suppressing endothelial- and VSMC-mediated
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inflammation. However, our finding that the total number of
macrophages infiltrated into the vessel wall is unaffected by
MCC950 treatment supports the idea that NLRP3 inhibition does
not change the recruitment of monocytes to the site of vessel injury
(Figure 4C).

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by University of
Florida Institutional Animal Use and Care Committee.

Author contributions

WD, DP, KH, and BH conceived and designed experiments.
WD, DP, KM, BL-W, and KH collected data. WD, DP, KM, BL-W,
KH, and BH performed data analysis. WD, KH, and BH interpreted
the results. WD drafted the manuscript. All authors critically
revised the manuscript and approved the final manuscript.

Funding

This work was supported by the National Institutes of Health
(ROINS110710 and ROINS124620 to BH), the Brain Aneurysm
Foundation, the James and Brigitte Marino Family Professorship
Endowment, the Eblen Research Endowment, the Christine
Desmond Fund, and the St. George Family Fund.

Conflict of interest

WD, BH, and BL-W declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fstro.2023.1202137
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Dodd et al.

References

Aoki, T. Frésen, ], Fukuda, M., Bando, K., Shioi, G. Tsuji, K, et al
(2017). Prostaglandin E , -EP2-NF-kB signaling in macrophages as a potential
therapeutic target for intracranial aneurysms. Sci. Signal. 10, eaah6037.
doi: 10.1126/scisignal.aah6037

Aoki, T., Kataoka, H., Ishibashi, R., Nozaki, K., Egashira, K., Hashimoto, N.,
et al. (2009a). Impact of monocyte chemoattractant protein-1 deficiency on cerebral
aneurysm formation. Stroke. 40, 942-951. doi: 10.1161/STROKEAHA.108.532556

Aoki, T., Kataoka, H., Ishibashi, R., Nozaki, K., Morishita, R., Hashimoto, N.,
et al. (2009b). Reduced collagen biosynthesis is the hallmark of cerebral aneurysm.
Arterioscler. Thromb. Vasc. Biol. 29, 1080-1086. doi: 10.1161/ATVBAHA.108.180760

Aoki, T., Yamamoto, K., Fukuda, M., Shimogonya, Y., Fukuda, S., Narumiya,
S., et al. (2016). Sustained expression of MCP-1 by low wall shear stress loading
concomitant with turbulent flow on endothelial cells of intracranial aneurysm. Acta
Neuropathol Commun. 4, 48. doi: 10.1186/s40478-016-0318-3

Brown, R. D., and Broderick, J. P. (2014). Unruptured intracranial aneurysms:
epidemiology, natural history, management options, and familial screening. Lancet
Neurol. 13, 393-404. doi: 10.1016/S1474-4422(14)70015-8

Coll, R. C, Robertson, A. A. B., Chae, J. ], Higgins, S. C., Munoz-Planillo,
R., Inserra, M. C., et al. (2015). A small-molecule inhibitor of the NLRP3
inflammasome for the treatment of inflammatory diseases. Nat. Med. 21, 248-257.
doi: 10.1038/nm.3806

Diagbouga, M. R,, Morel, S., Bijlenga, P., and Kwak, B. R. (2018). Role of
hemodynamics in initiation/growth of intracranial aneurysms. Eur. J. Clin. Invest. 48,
€12992. doi: 10.1111/eci.12992

Etminan, N., and Rinkel, G. J. (2016). Unruptured intracranial aneurysms:
development, rupture and preventive management. Nat. Rev. Neurol. 12, 699.—713.
doi: 10.1038/nrneurol.2016.150

Hasan, D., Chalouhi, N., Jabbour, P., and Hashimoto, T. (2012). Macrophage
imbalance (M1 vs. M2) and upregulation of mast cells in wall of ruptured
human cerebral aneurysms: preliminary results. J. Neuroinflammation. 9, 708.
doi: 10.1186/1742-2094-9-222

Hernandez-Cuellar, E., Tsuchiya, K., Hara, H., Fang, R., Sakai, S., Kawamura, L, et al.
(2012). Cutting edge: nitric oxide inhibits the NLRP3 inflammasome. J Immunol. 189,
5113-5117. doi: 10.4049/jimmunol.1202479

Hoh, B. L., Rojas, K., Lin, L., Fazal, H. Z., Hourani, S., Nowicki, K. W., et al. (2018).
Estrogen deficiency promotes cerebral aneurysm rupture by upregulation of Th17 cells
and interleukin-17A which downregulates E-cadherin. ] Am. Heart Assoc. 7, e008863.
doi: 10.1161/JAHA.118.008863

Hop, J. W, Rinkel, G. J. E., Algra, A., and van Gijn, J. (1997). Case-fatality
rates and functional outcome after subarachnoid hemorrhage. Stroke. 28, 660-664.
doi: 10.1161/01.STR.28.3.660

Hosaka, K., Downes, D. P., Nowicki, K. W., and Hoh, B. L. (2014). Modified
murine intracranial aneurysm model: aneurysm formation and rupture by elastase and
hypertension. ] Neurointerv. Surg. 6, 474-479. doi: 10.1136/neurintsurg-2013-010788

Hoseini, Z., Sepahvand, F., Rashidi, B., Sahebkar, A., Masoudifar, A., Mirzaei, H.,
etal. (2018). NLRP3 inflammasome: its regulation and involvement in atherosclerosis.
J. Cell. Physiol. 233, 2116-2132. doi: 10.1002/jcp.25930

Janjua, N., and Mayer, S. A. (2003).
subarachnoid ~ hemorrhage. ~ Curr  Opin.  Crit.
doi: 10.1097/00075198-200304000-00006

Cerebral  vasospasm  after
Care. 9, 113-119.

Kanematsu, Y., Kanematsu, M., Kurihara, C., Tada, Y., Tsou, T-L., van Rooijen, N.,
et al. (2011). Critical roles of macrophages in the formation of intracranial aneurysm.
Stroke. 42, 173-178. doi: 10.1161/STROKEAHA.110.590976

Kataoka, K., Taneda, M., Asai, T., Kinoshita, A., Ito, M., Kuroda, R., et al. (1999).
Structural fragility and inflammatory response of ruptured cerebral aneurysms: a
comparative study between ruptured and unruptured cerebral aneurysms. Stroke. 30,
1396-1401. doi: 10.1161/01.STR.30.7.1396

Lamkanfi, M., and Dixit, V. M. (2014). Mechanisms and functions of
inflammasomes. Cell. 157, 1013-1022. doi: 10.1016/j.cell.2014.04.007

Marchetti, C., Chojnacki, J., Toldo, S., Mezzaroma, E., Tranchida, N., Rose, S. W,
et al. (2014). A novel pharmacologic inhibitor of the NLRP3 inflammasome limits
myocardial injury after ischemia-reperfusion in the mouse. J Cardiovasc. Pharmacol.
63, 316.—322. doi: 10.1097/FJC.0000000000000053

Frontiersin Stroke

10.3389/fstro.2023.1202137

Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: a molecular
platform triggering activation of inflammatory caspases and processing of proIL-beta.
Mol. Cell. 10, 417-426. doi: 10.1016/S1097-2765(02)00599-3

Maruyama, K., Nemoto, E., and Yamada, S. (2019). Mechanical regulation
of macrophage function - cyclic tensile force inhibits NLRP3 inflammasome-
dependent IL-1B secretion in murine macrophages. Inflamm Regen. 39, 3.
doi: 10.1186/s41232-019-0092-2

Moriwaki, T., Takagi, Y., Sadamasa, N., Aoki, T., Nozaki, K., Hashimoto, N., et al.
(2006). Impaired progression of cerebral aneurysms in interleukin-1p-deficient mice.
Stroke. 37, 900-905. doi: 10.1161/01.STR.0000204028.39783.d9

Nowicki, K. W., Hosaka, K., Walch, F. J., Scott, E. W., and Hoh, B. L. (2018). M1
macrophages are required for murine cerebral aneurysm formation. J. Neurointerv.
Surg. 10, 93-97. doi: 10.1136/neurintsurg-2016-012911

Ren, X-S., Tong, Y., Ling, L., Chen, D., Sun, H-J., Zhou, H,, et al. (2018). NLRP3
gene deletion attenuates angiotensin II-induced phenotypic transformation of vascular
smooth muscle cells and vascular remodeling. Cell Physiol. Biochem. 44, 2269-2280.
doi: 10.1159/000486061

Shao, L, Qin, X,, Liu, J., Jian, Z., Xiong, X,, Liu, R,, et al. (2017). Macrophage
polarization in cerebral aneurysm: perspectives and potential targets. J. Immunol. Res.
2017, 1.—7. doi: 10.1155/2017/8160589

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H,, et al. (2015). Cleavage
of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature. 526,
660-665. doi: 10.1038/naturel5514

Shimizu, K., Kushamae, M., Mizutani, T., and Aoki, T. (2019). Intracranial
aneurysm as a macrophage-mediated inflammatory disease. Neurol. Med. Chir (Tokyo).
59, 126-132. doi: 10.2176/nmc.st.2018-0326

Song, N., and Li, T. (2018). Regulation of NLRP3 Inflammasome by
phosphorylation. Front Immunol. 9, 2305. doi: 10.3389/fimmu.2018.02305

Tulamo, R., Frosen, J., Hernesniemi, J., and Niemela, M. (2010). Inflammatory
changes in the aneurysm wall: a review. J. Neurointerv Surg. 2, 120-130.
doi: 10.1136/jnis.2009.002055

Usui, F., Shirasuna, K., Kimura, H., Tatsumi, K., Kawashima, A., Karasawa, T., et al.
(2015). Inflammasome activation by mitochondrial oxidative stress in macrophages
leads to the development of angiotensin II-induced aortic aneurysm. Arterioscler
Thromb. Vasc. Biol. 35, 127.—136. doi: 10.1161/ATVBAHA.114.303763

van der Heijden, T., Kritikou, E., Venema, W., van Duijn, J., van Santbrink, P.
J., Sliitter, B, et al. (2017). NLRP3 inflammasome inhibition by mcc950 reduces
atherosclerotic lesion development in apolipoprotein e-deficient mice—brief report.
Arterioscler. Thromb. Vas. Biol. 37, 1457-1461. doi: 10.1161/ATVBAHA.117.309575

Wajima, D., Hourani, S., Dodd, W., Patel, D., Jones, C., Motwani, K., et al. (2019).
Interleukin-6 promotes murine estrogen deficiency-associated cerebral aneurysm
rupture. Neurosurgery. 0, 1-10. doi: 10.1093/neuros/nyz220

Wang, N., Liang, H., and Zen, K. (2014). Molecular mechanisms that
influence the macrophage M1-M2 polarization balance. Front Immunol. 5, 614.
doi: 10.3389/fimmu.2014.00614

Wardlaw, J. M., and White, P. M. (2000). The detection and management of
unruptured intracranial aneurysms. Brain. 123, 205-221. doi: 10.1093/brain/123.2.205

Wu, X, Zhang, H., Qi, W., Zhang, Y., Li, J., Li, Z., et al. (2018). Nicotine promotes
atherosclerosis via ROS-NLRP3-mediated endothelial cell pyroptosis. Cell Death Dis.
9, 3. doi: 10.1038/s41419-017-0257-3

Zhang, B. C,, Li, Z.,, Xu, W,, Xiang, C. H., and Ma, Y. F. (2018). Luteolin
alleviates NLRP3 inflammasome activation and directs macrophage polarization in
lipopolysaccharide-stimulated RAW264.7 cells. Am. J. Transl. Res. 10, 265-273.

Zhang, D., Yan, H., Hu, Y., Zhuang, Z., Yu, Z., Hang, C,, et al. (2015). Increased
expression of NLRP3 inflammasome in wall of ruptured and unruptured human
cerebral aneurysms: preliminary results. J. Stroke Cerebrovasc. Dis. 24, 972-979.
doi: 10.1016/j.jstrokecerebrovasdis.2014.12.019

Zhang, W. ], Fang, Z-, M., and Liu, W. Q. (2019). NLRP3 inflammasome activation
from Kupffer cells is involved in liver fibrosis of Schistosoma japonicum-infected mice
via NF-kB. Parasit. Vectors. 12, 29. doi: 10.1186/s13071-018-3223-8

Zhou, W., Chen, C., Chen, Z, Liu, L, Jiang, J, Wu, Z, et al. (2018).
NLRP3: a novel mediator in cardiovascular disease. J. Immunol. Res. 2018, 1-8.
doi: 10.1155/2018/5702103

frontiersin.org


https://doi.org/10.3389/fstro.2023.1202137
https://doi.org/10.1126/scisignal.aah6037
https://doi.org/10.1161/STROKEAHA.108.532556
https://doi.org/10.1161/ATVBAHA.108.180760
https://doi.org/10.1186/s40478-016-0318-3
https://doi.org/10.1016/S1474-4422(14)70015-8
https://doi.org/10.1038/nm.3806
https://doi.org/10.1111/eci.12992
https://doi.org/10.1038/nrneurol.2016.150
https://doi.org/10.1186/1742-2094-9-222
https://doi.org/10.4049/jimmunol.1202479
https://doi.org/10.1161/JAHA.118.008863
https://doi.org/10.1161/01.STR.28.3.660
https://doi.org/10.1136/neurintsurg-2013-010788
https://doi.org/10.1002/jcp.25930
https://doi.org/10.1097/00075198-200304000-00006
https://doi.org/10.1161/STROKEAHA.110.590976
https://doi.org/10.1161/01.STR.30.7.1396
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1097/FJC.0000000000000053
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1186/s41232-019-0092-2
https://doi.org/10.1161/01.STR.0000204028.39783.d9
https://doi.org/10.1136/neurintsurg-2016-012911
https://doi.org/10.1159/000486061
https://doi.org/10.1155/2017/8160589
https://doi.org/10.1038/nature15514
https://doi.org/10.2176/nmc.st.2018-0326
https://doi.org/10.3389/fimmu.2018.02305
https://doi.org/10.1136/jnis.2009.002055
https://doi.org/10.1161/ATVBAHA.114.303763
https://doi.org/10.1161/ATVBAHA.117.309575
https://doi.org/10.1093/neuros/nyz220
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1093/brain/123.2.205
https://doi.org/10.1038/s41419-017-0257-3
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.12.019
https://doi.org/10.1186/s13071-018-3223-8
https://doi.org/10.1155/2018/5702103
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

	NLRP3 inflammasome inhibition protects against intracranial aneurysm rupture and alters the phenotype of infiltrating macrophages
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Murine cerebral aneurysm model
	2.3. Pharmaceutics and dosing
	2.4. Blood pressure measurements
	2.5. Immunofluorescence microscopy
	2.6. mRNA reverse transcription and quantitative PCR
	2.7. Statistical analysis

	3. Results
	3.1. The NLRP3 inflammasome is expressed in the cerebral aneurysm tissue
	3.2. NLRP3 inflammasome inhibition reduces aneurysm rupture but does not affect aneurysm formation or systemic blood pressure
	3.3. NLRP3 inhibition alters the phenotype polarization of infiltrating macrophages after aneurysm induction

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


