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Abstract

Triple-negative breast cancer

Inflammasomes, primarily responsible for the activation of IL-1(3, have emerged as critical regulators of the tumor
microenvironment. By using in vivo and in vitro brain metastasis models, as well as human samples to study the role
of the NLRP3 inflammasome in triple-negative breast cancer (TNBC) brain metastases, we found NLRP3 inflam-
masome components and IL-1 to be highly and specifically expressed in peritumoral astrocytes. Soluble factors
from TNBC cells induced upregulation and activation of NLRP3 and IL-1f3 in astrocytes, while astrocyte-derived media-
tors augmented the proliferation of metastatic cells. In addition, inhibition of NLRP3 inflammasome activity using
MCC950 or dampening the downstream effect of IL-13 prevented the proliferation increase in cancer cells. In vivo,
MCC950 reduced IL-1( expression in peritumoral astrocytes, as well as the levels of inflammasome components

and active IL-1B. Most importantly, significantly retarded growth of brain metastatic tumors was observed in mice
treated with MCC950. Overall, astrocytes contribute to TNBC progression in the brain through activation of the NLRP3
inflammasome and consequent IL-1( release. We conclude that pharmacological targeting of inflammasomes may
become a novel strategy in controlling brain metastatic diseases.
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Introduction

Triple-negative breast cancer (TNBC) is one of the most
common causes of brain metastases in women [27]. Due
to the lack of effective treatment options, these tumors
have one of the most dismal prognoses [31]. There-
fore, the identification of therapeutic targets—either on
tumor cells or on elements of the microenvironment—is
urgently needed. As a key regulator of tumor progres-
sion, the microenvironment represents a promising site
in this respect [45].

The brain metastatic environment consists of vascular
cells (endothelial cells and pericytes), glial cells, neurons,
and tumor-infiltrating immune cells [29, 48]. In addition,
the vascular basement membrane—secreted in a fairly
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large part by pericytes [36, 50]—provides essential sur-
vival clues for metastatic cells [5, 52].

Among the cellular elements of the tumor environment
in the brain, endothelial cells provide chemoprotection
to breast cancer cells [19], pericytes increase their pro-
liferation [36], and astrocytes have a Janus-faced attitude
toward them [56]. By secreting plasminogen activators,
astroglia activate plasmin, which cleaves both Fas-ligand
to destroy cancer cells and L1 cell adhesion molecule
(L1-CAM) to block adhesion of the tumor cells to the
vessel walls [52]. On the other hand, astrocytes estab-
lish direct contacts with metastatic cells to upregulate
survival genes in them and to provide them with chem-
oresistant features [6, 23]. In addition, astrocytes release
protumoral factors, including exosomes, proteases and
proinflammatory cytokines [6, 53, 62].

The inflammatory environment—provided by astro-
cytes, microglia and infiltrating immune cells—has been
shown to facilitate metastatic growth [10]. Among pro-
inflammatory cytokines, interleukin-1p (IL-1f) is one of
the most potent and has opposing effects on the devel-
opment of tumors and metastases, either promoting
or inhibiting them [2, 51]. IL-1B is mainly secreted in
an inflammasome-dependent manner. Among differ-
ent types of inflammasomes, the nucleotide-binding and
oligomerization domain, leucine rich repeat and pyrin
domain-containing protein 3 (NLRP3) inflammasome
is one of the best characterized, gaining functionality
in two steps, priming and activation [49]. Priming (i.e.,
increased transcription and translation, as well as post-
transcriptional modifications) of inflammasome com-
ponents may be induced by either microorganisms or
damage-associated molecular patterns, such as cytokines
[33]. The activation itself means assembly of the func-
tional inflammasome comprised of the NLRP3 protein,
the apoptosis-associated speck-like protein containing a
caspase activation and recruitment domain (ASC) adap-
tor protein and pro-caspase-1. Oligomerization of ASC
into a macromolecular aggregate called the ASC speck
recruits pro-caspase-1 and activates it, which in turn
cleaves pro-IL-1f into active IL-1f [3].

In the central nervous system (CNS), the NLRP3
inflammasome is activated in aging [58] and in several
pathological conditions [34], including stroke [61], trau-
matic brain injury [40] and neurodegenerative disorders,
such as Alzheimer’s disease [20], multiple sclerosis [16]
and Parkinson’s disease [41] but also in injuries of periph-
eral nerves [37]. The NLRP3 inflammasome may become
activated in different cells of the CNS, including vascular
cells [24], neurons [37], oligodendrocytes [63] or ependy-
mal cells [64], but the main cell types involved are micro-
glia and astrocytes [26].
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In the present study, we aimed to understand whether
activation of the NLRP3 inflammasome is involved in
the pathogenesis of brain metastasis formation. In addi-
tion, we wanted to determine the cell type responsible for
possible IL-1f release and its effects on metastatic breast
cancer cells at the early stage of brain colonization.

Materials and methods

Cell culture

Culture of human astrocytes

Human astrocytes (HAs, ScienCell Research Laborato-
ries, Carlsbad, CA, USA) were cultured on poly-L-lysine-
coated dishes in astrocyte medium supplemented with
5% fetal bovine serum (FBS), astrocyte growth supple-
ments and penicillin/streptomycin (all from ScienCell
Research Laboratories) and were used between passages
2 and 5.

Isolation and culture of mouse astrocytes

Primary mouse astrocytes (MAs) were isolated from
the brains of 1- to 2-day-old BALB/c mouse pups. After
removal of the meninges, brains were mechanically tritu-
rated in low-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA),
and the suspension was filtered through a 40 um pore
size cell strainer (Thermo Fisher Scientific). Astrocytes
were seeded onto poly-L-lysine-coated dishes and were
grown in DMEM supplemented with 10% FBS (Thermo
Fisher Scientific). After reaching confluence, cells were
used as primary cells (passage number 0) or at passage
number 1.

Culture of tumor cells

The human TNBC cells—the parental cell line MDA-
MB-231-TGL (MDA-231-HSV1-TK/GFP/Fluc,
MDA-TGL for short; RRID:CVCL_VR35) and the brain-
seeking MDA-MB-231-BrM2 (abbreviated as MDA-
BrM2; RRID:CVCL_VR36) cells—were obtained from
Dr. Joan Massagué at Memorial Sloan Kettering Can-
cer Center (New York, NY, USA). The cells were kept
in DMEM supplemented with 10% FBS (Thermo Fisher
Scientific). The cells were authenticated by analysis of
highly variable short tandem repeat (STR) markers using
Applied Biosystems' GeneMapper'~ Software 6 (Thermo
Fisher Scientific).

The mouse tdTomato-expressing TNBC cells
(4T1-tdTomato, 4T1-tdT)—described elsewhere [17],
originating from 4T1 cells (RRID:CVCL_0125) after
transfection with the pcDNA3.1(+)/Luc2=tdT plas-
mid—were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 5% FBS and
G418 (all from Thermo Fisher Scientific). 4T1-tdT cells
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were authenticated by Microsynth (Balgach, Switzerland)
using analysis of highly polymorphic STR loci.

All cell types were regularly tested for mycoplasma
infection with a MycoAlert Mycoplasma Detection Kit
(Lonza, Basel, Switzerland) and were maintained at 37 °C
in a humid incubator with 5% CO, in air.

Preparation of conditioned media
To obtain HA-conditioned medium (HA-CM), we cul-
tured HAs in poly-L-lysine-coated 6-well plates until 90%
confluence. Cells received fresh HA medium for 2 days,
and then HA-CM was collected.

MAs were cultured in the same way as HAs until con-
fluence. MA culture medium was changed to a 1:1 mix-
ture of serum-free RPMI and MA complete medium.
MA-conditioned medium (MA-CM) was collected after
48 h.

MDA-TGL or MDA-BrM2 cells (5x10°) were plated
into 6 cm dishes in their own medium. The next day, the
culture medium was changed to HA complete medium.
MDA-TGL CM or MDA-BrM2 CM were collected after
48 h.

4T1-tdT cells were plated as described above. After 24
h, the culture medium was replaced with a 1:1 mixture
of serum-free RPMI and MA complete medium. 4T1-tdT
CM was collected after 48 h.

HAs were plated into poly-L-lysine-coated 6-well plates
in their own culture medium. At 90% confluence, the cul-
ture medium was replaced with a 1:1 mixture of fresh HA
complete medium and MDA-TGL CM or MDA-BrM2
CM. Activated HA-conditioned media (act. HA-CM)
were collected after 48 h.

MAs were cultured in poly-L-lysine-coated 6-well
plates. After reaching confluence, cells received a mixture
of 1/4 serum free-RPMI, 1/4 MA complete medium and
1/2 4T1-tdT CM. Activated MA-conditioned medium
(act. MA-CM) was collected after 48 h.

Nonconditioned medium was used as a negative con-
trol. After collection, all conditioned media were filtered
through 0.2 um pore size syringe filters to remove cellular
debris.

Where indicated, conditioned media were collected
from HAs or MAs treated with 1 pM MCC950 (Invivo-
Gen, San Diego, CA, USA) for 2 days. Dimethyl sulfoxide
(DMSO; Merck-Sigma, St. Louis, MO, USA) was used as
a vehicle control.

Proliferation assays

To test the effect of IL-1 on the proliferation of breast
cancer cells, 10* MDA-TGL, MDA-BrM2 or 4T1-tdT
cells were plated into 6-well plates in the presence or
absence of 10 ng/ml recombinant IL-1p (ImmunoTools
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GmbH, Friesoythe, Germany). Medium and IL-1f treat-
ment were refreshed after 2 days.

To understand the impact of astrocyte-secreted factors
on the proliferation of breast cancer cells, 10* MDA-TGL
or MDA-BrM2 cells were cultured in 6-well plates in
HA-CM or act. HA-CM for 4 days. Nonconditioned HA
medium was used as a control. The medium was changed
to freshly collected CM after 48 h. The same setup was
established by using 4T1-tdT cells and MA-CM or act.
MA-CM. The proliferative behavior of MDA-BrM2 cells
and 4T1-tdT cells was also assessed in CM collected from
HAs or MAs, respectively, which were incubated for 48 h
with MCC950 to inhibit the NLRP3 inflammasome.

Moreover, after collection of HA-/MA-CM or act.
HA-/MA-CM, where indicated, 2 pg of human or mouse
IL-1p neutralizing antibodies were added to 1500 ul of
medium to block cognate ligand-receptor interactions.
As a negative control, normal goat IgG was added to the
medium at the same concentration as the neutralizing
antibodies. Media were incubated with the antibodies for
30 min at room temperature before being used for the
experiment.

Phase contrast images of the tumor cells were acquired
with a Nikon Eclipse TE2000-U inverted microscope
(Nikon, Tokyo, Japan) connected to a digital camera
(ORCA-Fusion CMOS camera, Hamamatsu Photon-
ics, Hamamatsu, Japan). Quantification of cells was per-
formed manually using the Cell Counter plugin of FIJI
(Fiji is just Image], Max Planck Institute of Molecular
Cell Biology and Genetics, Dresden, Germany) [43].

Experimental animal surgery and treatments

Experiments were carried out on vyoung adult
(8—12 weeks old, 20+ 3 g) female BALB/c mice (Charles
River Laboratories, Wilmington, MA, USA) or FVB/
Ant:TgCAG-yfp_sb #27 mice (Venus mice, for short).
Venus mice were kindly gifted by the Institute of Experi-
mental Medicine, Budapest, Hungary. All mice were
housed under standard conditions (12-h light/dark cycle,
23+2 °C) with ad libitum access to regular chow and
water.

For ex vivo experiments, brain metastases were gener-
ated as reported previously [36]. Briefly, once anesthe-
tized with isoflurane (4% induction, 2% maintenance),
BALB/c mice were inoculated with 10° 4T1-tdT cells in
100 pl sterile Krebs—Ringer solution into the right com-
mon carotid artery, with the right external carotid artery
transiently ligated. Upon completion of the injection,
mice were divided into survival groups at 2, 5 and 7 days.
These time points were chosen based on the onset before,
during and after extravasation of breast cancer cells into
the brain [17].
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For determination of tumor size and microgliosis,
Venus mice received 2x 10° 4T1-tdT cells/200 pl intra-
cardially, according to a method previously described [4].
Mice were sacrificed after 7 days.

Where indicated, animals in the 7-day postinjection
group were administered an intraperitoneal injection of
10 mg/kg body weight MCC950 (InvivoGen) every day
from day 4 to day 6 after cancer cell injection, i.e., starting
from the day when diapedesis of brain metastatic breast
cancer cells usually occurs in mouse models [17, 22, 30].
As a vehicle control for MCC950, another group of mice
received DMSO in phosphate buffered saline (PBS) intra-
peritoneally. On the indicated days, mice were eutha-
nized, and brains were harvested for further processing.

After surgery, animals were kept individually under the
conditions described above. The survival status and body
weight of tumor-bearing animals were monitored daily.
The survival rate was 97-98%, and a maximum 5% weight
loss was observed by the end of the postoperative period.
The animals did not develop infection, wound dehiscence
or internal bleeding and did not show chronic signs of
pain. All experimental animals were randomly allocated
by a blinded investigator to the particular treatment
groups. During the experiments, no confounders were
identified.

Tissue fixation and sectioning
Human TNBC brain metastasis and control brain sam-
ples were obtained from the Department of Pathology,
University of Szeged, Szeged, Hungary. The two brain
metastasis samples were received from the neurosurgi-
cal resection of an occipital tumor of a 41 year-old, and
a frontal tumor of a 39 year-old female patient. Primary
tumors or extracranial metastases were not evaluated.
Paraffin-embedded blocks of tissue specimens were
cut into 5 pm thick sections for immunofluorescence
staining.

4T1-tdT-bearing mice were transcardially perfused
with PBS (0.1 M, pH="7.4) and subsequently fixed with
4% paraformaldehyde (PFA) in PBS. Following post-
fixation and cryoprotection, 20 pm thick coronal brain
sections were cut using a freezing microtome (Reichert-
Jung, Leica Biosystems, Wetzlar, Germany). Free-floating
sections were stored in 10 mM PBS with 0.02% sodium-
azide (Merck-Sigma) until further processing.

Immunofluorescence staining, microscopy

and quantification of the signals

Immunofiuorescence staining

HAs grown in 12-well glass-bottomed microscope cham-
bers were fixed with 4% PFA in PBS for 10 min. After
three washing steps in PBS, the cells were blocked with
3% bovine serum albumin (BSA; VWR International,
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Radnor, PA, USA) in PBS containing 0.2% Triton X-100
(Merck-Sigma) for 1 h. Primary antibodies (Additional
file 1: Table S1) were diluted in the same blocking solu-
tion and applied to the wells overnight at 4 °C. Following
incubation, the cells were washed three times in PBS and
then incubated with appropriate secondary antibodies
(Additional file 1: Table S1) diluted in PBS for 1 h. Sam-
ples were washed in PBS, counterstained with 1 pg/ml
Hoechst 33342 (Merck-Sigma) and mounted in Fluoro-
Mount-G media (Thermo Fisher Scientific).

Human brain sections were first deparaffinized and
then subjected to heat-induced epitope retrieval in
sodium citrate (10 mM, pH=6.0; Merck-Sigma) for 15
min. Mouse brain sections were permeabilized with PBS
containing 0.5% Triton X-100 (PBS-T) for 20 min. Both
types of sections were blocked with 3% BSA in PBS-T for
1 h. Next, sections were incubated with primary antibod-
ies (Additional file 1: Table S1) diluted in blocking solu-
tion overnight at 4 °C under slow nutation. After washing
the sections three times in PBS, they were incubated
with appropriate secondary antibodies (Additional file 1:
Table S1) in PBS-T for 1 h at room temperature in the
dark. After three further washing steps, samples were
coverslipped with FluoroMount-G mounting media.
Nuclear counterstaining with Hoechst 33342 was per-
formed on human samples for 5 min and on mouse sam-
ples for 10 min during the second washing step.

Fluorescence microscopy

Samples were examined using a Leica TCS SP5 laser
scanning microscope (Leica Biosystems) with an HCX PL
APO lambda blue 63X /1.4 oil immersion objective or a
VisiScope CSU-W1 spinning disk confocal microscope
(Visitron Systems GmbH, Pulcheim, Germany) with
a PlanApo N 60x/1.42 oil immersion objective (both
microscopes belonging to the Cellular Imaging Labora-
tory of the Biological Research Centre, Szeged, Hungary).
Certain confocal and superresolution images were cap-
tured with a STEDYCON (Abberior Instruments, Got-
tingen, Germany) STED (stimulated emission depletion)
superresolution system attached to an Axio Observer Z1
inverted epifluorescence microscope (Zeiss, Oberkochen,
Germany) equipped with an alpha Plan-Apochromat
100 /1.46 oil immersion objective. Multiple images were
taken from approx. 5 pm depth of field in case of human
cells and sections or 20 pm in case of mouse sections.
These images were then merged into z-projections in
FIJI. In some cases, the percentage of colocalization was
provided to simplify the visualization of certain staining.

Quantification of astroglial localization of IL-1f3
Mouse brain sections were stained for glial fibrillary
acidic protein (GFAP) and IL-1p. Z-stack images (x: 222
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pum; y: 222 pm; z: 20 um; with 1 um increments) were
acquired with a VisiScope CSU-W1 confocal microscope
at 60X magnification. Images were then processed with
FIJT using a standardized protocol. Quantification was
carried out on vehicle-treated and MCC950-treated ani-
mals 7 days after the injection of 4T1-tdT cells or sterile
Krebs—Ringer solution. Pixel counts were determined for
GFAPD, IL-1p and IL-1B-GFAP colocalization and aver-
aged over groups. Data were normalized to total pixel
counts.

Determination of tumor size upon inflammasome inhibition
To assess the effect of inflammasome inhibition on the
size of metastatic mammary tumors in the brain, intra-
cardiac inoculation, a commonly used experimental
model of brain metastasis, was adopted [35]. Two groups
were created: the vehicle control and the MCC950-
treated group. They received a single dose of intraperi-
toneal treatment daily between days 4 and 6 after tumor
cell injection. After perfusion on day 7 postinjection,
brains were prepared for sectioning. Coronal sections (30
pum thick) were used to measure the size of metastatic
lesions in the neocortex.

Quantification of microgliosis

For the determination of peritumoral microgliosis with a
quantitative approach, ionized calcium-binding adapter
molecule 1 (Ibal)-stained coronal brain sections were
used. The same tissue processing and microscopy pro-
tocol was employed for the determination of tumor size.
We compared the average of Ibal-positive pixels and nor-
malized Ibal-positive pixel counts to total pixel counts.

RNA isolation and quantitative polymerase chain reaction
(qPCR)

PCR experiments were carried out in cell cultures and
tissue samples. In the in vitro setup, we cultured HAs
in poly-L-lysine-coated 6-well plates. At a confluence of
approximately 90%, HAs were treated with MDA-TGL
CM or MDA-BrM2 CM in the presence or absence of 1
pM MCC950 for 24 h. Nontreated cells served as con-
trols. Cells were collected in TRI Reagent (Thermo Fisher
Scientific) for further processing. For ex vivo experi-
ments, BALB/c mice were inoculated with 4T1-tdT
cells and received treatments as described above. After 7
days, animals were transcardially perfused with PBS, and
brains were dissected in a mouse brain matrix soaked in
cold PBS. Olfactory bulbs and cerebella were cut off, and
then cerebra were carefully halved along the longitudinal
fissure; thus, we could separate the tumor-bearing side
from the contralateral, control side. The hemispheres
were separately homogenized in a Potter—Elvehjem
homogenizer with a polytetrafluoroethylene pestle in
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1 ml TRI Reagent. To avoid contamination, the homog-
enizer was thoroughly washed several times with distilled
water between the samples.

Total RNA was isolated from TRI Reagent samples by
using the Direct-zol RNA Miniprep Plus Kit (Zymed Lab-
oratories, Irvine, CA, USA). To transcribe RNA to cDNA,
a Maxima First Strand ¢cDNA Synthesis Kit (Thermo
Fisher Scientific) was used according to the manufac-
turer’s instructions. Amplification was performed using
Luminaris HiGreen Master mix (Thermo Fisher Scien-
tific) on a Bio-Rad CFX96 Real-Time thermocycler (Bio-
Rad, Hercules, CA, USA) under the following conditions:
40 cycles of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30
s, using the primers detailed in Additional file 1: Table S2.

Protein extraction and western blot

Seven days after tumor cell injection, the brains of
BALB/c mice from both the MCC950-treated and vehi-
cle groups were processed similarly for RNA isolation
but in 1 ml of cold homogenization buffer containing 10
mM PBS, SigmaFast protease inhibitor cocktail (Merck-
Sigma) and 1% Triton X-100. Samples were then centri-
fuged (13 000xg, 20 min, 4 °C) to settle tissue debris, and
the supernatant was used for further processing.

After measurement of protein concentration with the
bicinchoninic acid assay (Thermo Fisher Scientific), we
proceeded with protein precipitation using the meth-
anol-chloroform method, as follows: (1) phase separa-
tion with equal part of 100% ice-cold methanol and 1/4
part of chloroform added to the homogenized samples
and vortexing; (2) centrifugation (13 000Xg, 5 min, 4 °C);
(3) removal of aqueous phase, washing of the protein
pellet with methanol and vortexing; (4) centrifugation
(13 000xg, 5 min, 4 °C); and (5) removal of supernatant
and drying of the pellet. Pellets were reconstituted in
2 x Laemmli buffer and heated to 95 °C for 5 min.

Equal amounts of proteins were resolved with stand-
ard denaturing sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to polyvinylidene
difluoride membranes (0.2 um pore size; Bio-Rad). After
blocking with 3% BSA in Tris-buffered saline contain-
ing 0.1% Tween-20 (TBS-T), membranes were incubated
with primary antibodies (Additional file 1: Table S1) in
TBS-T overnight at 4 °C. Blots were washed in TBS-T
three times for 10 min and incubated for 1 h with appro-
priate horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Additional file 1: Table S1). Proteins
were visualized by chemiluminescence with the Clarity
Chemiluminescence Substrate (Bio-Rad) in a ChemiDoc
MP System (Bio-Rad). Band densities were quantified
with Image Lab Software (version 5.2; Bio-Rad), and data
were normalized to B-actin.
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Statistical analysis

All statistical tests were performed with GraphPad Prism
(version 8.0.1.244; GraphPad Software, San Diego, CA,
USA). A P value of less than0.05 was considered signifi-
cant. To determine the number of animals needed, power
analysis was carried out with G* Power [14]. All experi-
ments were performed in a blinded manner.

Results

NLRP3 inflammasome components are expressed

in peritumoral astrocytes in TNBC brain metastases

To understand whether inflammasomes are primed and
activated in brain metastases and to identify the cell
type in which these phenomena arise, we first tested
the expression of NLRP3 and ASC in human TNBC
brain metastatic lesions. These inflammasome-asso-
ciated proteins were highly and specifically expressed
in peritumoral astrocytes, as shown by colocalization
of NLRP3- and ASC-positive pixels with GFAP in the
immunofluorescence images (Fig. 1la). As additional

a
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proof of inflammasome priming in astrocytes, human
brain samples with breast cancer metastases were immu-
nostained for IL-1P, which was also found to colocal-
ize with GFAP and NLRP3 in the peritumoral regions
(Fig. 1b). Inflammasome-related proteins could be
detected neither in tumor cells nor in other stromal cells.
In addition, astrocytes of control, healthy human brains
were also devoid of detectable inflammasome-related sig-
nals (Additional file 1: Fig. S1).

As an experimental approach for understanding pos-
sible inflammasome activation in brain metastases, we
injected 4T1-tdT cells into the right common carotid
artery of mice. Two days after the inoculation of the
tumor cells, no IL-1p was observed in the frontal, tem-
poral and parietal cortical regions of the mice. At this
stage, the majority of cancer cells are still stuck in the
lumen of brain vessels [17]. After migration through the
BBB (blood-brain barrier), on day 5, IL-1f could already
be seen in peritumoral astrocytes, while on day 7, the
expression of IL-1B was even higher in GFAP-positive

Fig. 1 Expression of inflammasome components in peritumoral astrocytes in human TNBC brain metastases. a Representative
immunofluorescence micrographs (maximum intensity projections of z-stacks) showing colocalization of NLRP3 and ASC with GFAP in advanced
human TNBC brain metastases. A total of 95.3% of NLRP3-positive pixels and 98.8% of ASC-positive pixels colocalized with GFAP. b Representative
immunofluorescence micrographs showing the colocalization of NLRP3 and IL-1{3 with GFAP in human TNBC brain metastases. Seventy-six percent
of NLRP3-positive pixels and 74% of IL-1(3-positive pixels colocalized with GFAP. Blue: nuclei (Hoechst 33342 staining) in all figures



Mészaros et al. Acta Neuropathologica Communications (2023) 11:155 Page 7 of 17

cells in the neighborhood of metastatic lesions (Fig. 2a).  areas and more intense in the vicinity of large tumors
Peritumoral astrocyte reactivity also increased with time. in comparison to smaller ones (Additional file 1: Fig.
The expression level of IL-1p correlated with the size of ~ S2). In parallel, NLRP3 was also upregulated in astro-
the metastatic lesion, being absent in tumor-free brain  glia surrounding the tumors (Fig. 2b), similar to what we

a

NLRP3

Fig. 2 Upregulation of inflammasome components in peritumoral astrocytes in mouse TNBC brain metastases. a Representative
immunofluorescence micrographs (maximum intensity projections of z-stacks) showing time-dependent upregulation of IL-1(3 expression

and astrocyte reactivity in mouse TNBC brain metastases. At 5 and 7 days, 77% and 79% of cytoplasmic IL-1B-positive pixels colocalized with GFAP,
respectively. At 5 and 7 days, 7% and 28% of GFAP-positive pixels were IL-13-positive. b Representative maximum intensity projections of z-stacks
showing expression of NLRP3 in peritumoral astrocytes 7 days after inoculation of the tumor cells. Ninety-five percent of NLRP3-positive pixels
colocalized with GFAP. Red: 4T1-tdT, in all figures
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observed in the human triple-negative brain metastatic
samples.

To decipher the mechanisms, we performed in vitro
experiments. First, we tested the priming of inflam-
masome components in astrocytes treated with breast
cancer cell-secreted factors. Expression of NLRP3 and
CASPI1 genes showed a significant, more than twofold
increase in human astrocytes exposed to culture media
conditioned on parental (MDA-TGL) or brain meta-
static (MDA-BrM2) TNBC cells compared to the control,
nontreated astrocytes. Growth in the expression of IL1B
was even more pronounced, being elevated almost ten-
fold in astrocytes exposed to the conditioned medium of
parental breast cancer cells and approximately 30-fold in
astrocytes cultured in the presence of factors secreted
by brain metastatic cells (Fig. 3a). Second, we analyzed
changes in inflammasome components at the protein
level. Increased expression of NLRP3 protein was mainly
detected in the nuclei of astrocytes treated with breast
cancer cell-conditioned media (Fig. 3b). Nuclear locali-
zation is compatible with inflammasome activation [54];
however, as more direct proof of inflammasome assem-
bly, NLRP3- and ASC-positive perinuclear speck-like
structures were also observed (Fig. 3c, d). Using super-
resolution imaging, we observed that ASC formed the
outer ring, whereas NLRP3 constituted the core of these
structures (Fig. 3d), as suggested by previous studies [32].

Inflammasome activation in astrocytes augments

the proliferation of breast cancer cells in vitro

We hypothesized that inflammasome activation-induced
IL-1p release in astrocytes might contribute to tumor cell
proliferation. Indeed, administration of IL-1f to the cell
cultures was able to promote proliferation of both human
and mouse breast cancer cells. In both models, the num-
ber of breast cancer cells rose sharply from the third day
on and reached a twofold difference in the case of the
human cells and a threefold increase in mouse cells com-
pared to the nontreated controls by the fourth day (Addi-
tional file 1: Fig. S3a, b).

Similarly, conditioned media collected from astrocytes
fostered the replication of parental and brain metastatic
MDA cells, as well as that of mouse 4T1 cells (Additional
file 1: Figs. S4a, b, S5a, b). Especially in mouse cells, this
was even stronger when conditioned media was collected
from activated astrocytes, which had previously come in
contact with tumor cell-derived factors. Here, the differ-
ence between the effect of naive and activated astrocytes
was approximately 1.75-fold (Additional file 1: Fig. S5b).

To prove that astrocyte-conditioned media increased
the proliferation of breast cancer cells through inflam-
masome activation and IL-1f secretion, we treated astro-
cytes with MCC950, a specific NLRP3 inhibitor [9]. In

Page 8 of 17

addition, we neutralized secreted IL-1p in the astrocyte-
conditioned media before adding it to breast cancer cells.
First, we observed that MCC950 reversed breast cancer-
induced increased expression of NLRP3 inflammasome-
associated genes in astrocytes (Additional file 1: Fig. S6),
probably through inhibition of IL-1p and a subsequent
feedback effect on priming. More importantly, both
MCC950 and neutralization of IL-1p prevented astro-
cyte-conditioned media-induced augmentation of breast
cancer cell proliferation in vitro, both in the human and
mouse models (Fig. 4a, b). The number of tumor cells
cultured in the medium of naive or activated astrocytes
treated with MCC950 was highly similar to the number
of control cells. Similarly, neutralization of IL-1 almost
completely prevented increased proliferation of breast
cancer cells coming in contact with the culture media of
astrocytes.

These results clearly prove that inflammasome activa-
tion in astrocytes induces IL-1p secretion, which in turn
facilitates the proliferation of breast cancer cells.

Inhibition of the NLRP3 inflammasome arrests metastatic
growth in the brain

As a next step, we aimed to understand the effects of
NLRP3 activation and its pharmacological inhibition in
our in vivo brain metastasis model. Animals were admin-
istered MCC950, which is able to effectively cross the
BBB [37], during and after the assumed extravasation
of the tumor cells into the brain (Additional file 1: Fig.
S7a). As expected from the immunofluorescence stud-
ies, breast cancer brain metastases were associated with
the upregulation of Nirp3 and 1/1b gene expression in the
hemisphere comprising the metastatic cells compared
to the contralateral side, serving as an internal control.
However, MCC950 significantly reversed the tumor-
induced upregulation of Nirp3 and I/1b gene expression
(Fig. 5a).

Since the precursor and active forms of IL-1p cannot
be distinguished by immunofluorescence, we performed
western blot studies, where the mature cytokine can
be recognized by its molecular weight (17 kDa). In the
tumor-containing hemispheres, we detected high levels
of active IL-1 as a readout for inflammasome activation.
The NLRP3 inhibitor reduced the amount of active IL-13
to that observed in the control (tumor-free) side (Fig. 5b,
).

Next, we assessed the effect of MCC950 on astro-
cytic IL-1p expression. The colocalization of GFAP- and
IL-1B-positive signals was high in the tumor-bearing
animals, while no detectable IL-1p was observed in the
control mice. In addition, NLRP3 inhibition proved to
be protective against IL-1p upregulation in peritumoral
astrocytes in the mouse breast cancer brain metastasis
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Fig. 3 Priming and activation of the NLRP3 inflammasome in astrocytes exposed to breast cancer cell-secreted factors. a Upregulation of NLRP3,
CASP1 and IL1B gene expression in human astrocytes cultured for 24 h in human TNBC cell-conditioned medium. Graphs represent the fold

change (normalized to GAPDH), average + SEM (N =3 independent experiments, each performed in triplicate). **P<0.01, ****P <0.0001 compared
to control (HA), ##P<0.,0001 compared to HA+MDA-TGL CM (ANOVA and Fisher's LSD post hoc test). b Representative immunofluorescence
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metastatic human TNBC cell-conditioned medium. d Magnification of the speck from image ¢ ASC: STED image

model, resulting in an approximately 75% decrease in the ~ was significant in response to MCC950 in mice bearing
percentage of IL-1B3- and GFAP-double-positive pixels breast cancer metastases in their brains (Additional file 1:
(Fig. 6a, b). The reduction in astrocyte reactivity was mild ~ Fig. S7c and d).

(Additional file 1: Fig. S7b), while reversal of microgliosis
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Most importantly, systemic administration of MCC950
retarded the perivascular growth of breast tumors in the
brains of the mice. Tumor-covered pixels were reduced to
less than 50% in mice receiving MCC950 in comparison
to those treated with vehicle (Fig. 7a, b).

These data suggest that inhibition of the NLRP3
inflammasome decreases not only inflammasome-asso-
ciated gene expression but also the level of active IL-1f3

originating from peritumoral astrocytes and, most
importantly, tumor growth.

Discussion

Overcoming the BBB, the tightest endothelial barrier in
the organism [57], is only the first stage of brain metas-
tasis development. After crossing the vessel wall, as a
second phase, tumor cells have to survive in the brain
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environment, and both steps may be facilitated by proin-
flammatory cytokines and chemokines [13].

Following migration through the cerebral endothelium
[18], cancer cells pass through the glia limitans perivas-
cularis formed by astrocytic endfeet; however, later,
astrocytes are expelled onto the surface of the growing
tumor [17]. Metastatic cells proliferate in the perivascu-
lar niche and coopt the vessels of the brain, yet interac-
tion with astrocytes remains crucial in determining the
fate of the tumors. Since astrocytes may be both “friends

or foes” of invading cells, these latter must first defeat
the antitumor mechanisms initiated by astroglia to take
advantage of their prometastatic features [56]. Inflamma-
tion may also have both pro- and antitumoral effects [65].
Although glia-tumor interactions have been rather well
characterized, the role of astrocytes in the formation of
an inflammatory metastatic environment remains largely
elusive [10]. In an in vitro model, astrocytes were shown
to secrete inflammatory cytokines (IL-6, tumor necro-
sis factor-a (TNF-a) and IL-1P) in the presence of lung
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cancer cells, resulting in increased proliferation of the
tumor cells [46]. In vivo, the release of interferon-oa (IFN-
a) and TNF-a has been shown in astrocytes forming gap
junctions with lung and breast carcinoma cells, support-
ing tumor growth [6]. Nevertheless, to our knowledge,

the role of inflammasomes in brain metastasis forma-
tion has remained completely unknown thus far. By
using in vitro and in vivo models, as well as human brain
metastatic tissue, we show that through NLRP3 inflam-
masome activation, astroglia are the main players in the
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Fig. 7 Retarded growth of metastatic tumors in the brains of mice
treated with MCC950. a Representative confocal micrographs
(maximum intensity projections of z-stacks) showing 4T1-tdT tumors
in mice treated with vehicle (DMSO in PBS) or 10 mg/kg MCC950

7 days after the injection of the tumor cells. b Quantitative analysis
of tumor-covered pixels compared to all pixels. Graphs represent
the average + SEM (N =3 independent experiments, n=5 sections/
animal, 16 ROIs/5 sections). *** P<0.001 (unpaired Student’s t test)

formation of an inflammatory environment in TNBC
brain metastases. We observed that the NLRP3 inflam-
masome is primed and activated in peritumoral astro-
cytes. As a consequence, IL-1p is secreted in the tumor
environment, which in turn enhances the proliferation of
metastatic cells.

According to our observations, IL-1pB expression was
restricted to peritumoral astrocytes, while in gliomas,
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both the host cells and the tumor cells were shown
to take part in inflammasome signaling. Particularly,
high-grade glioma-associated microglia were observed
to secrete IL-1B via the NLRP1 inflammasome, pro-
moting tumor progression [28]. In addition, in glioma
cells, overexpression of NLRP12 and NLRC4 inflam-
masome-associated genes and proteins contributed to
malignancy and poor prognosis [42]. In a lung brain
metastasis xenograft model, Nirp3 and 1/1b transcripts
were upregulated in tumor-associated macrophages,
suggesting possible inflammasome activation [44].
Previously, brain metastatic breast cancer cells were
shown to secrete IL-1f in vitro, which activated Notch
and transforming growth factor-B, (TGF-f,) signaling
in astrocytes [15, 59]. Moreover, inflammasome activa-
tion in breast cancer cells was found to promote their
invasiveness and metastasis formation [55]. However,
in our animal model and in human brain metastatic tis-
sue, no IL-1f expression was detected in tumor cells.
IL-1B was almost undetectable in the neocortex
until the tumor cells migrated through the BBB, while
its expression increased in peritumoral astrocytes in a
time- and tumor size-dependent manner. As another
proof of bidirectional communication between astro-
cytes and tumor cells, in the in vitro mouse model,
the culture media collected from astrocytes previously
coming in contact with the soluble factors released by
breast cancer cells induced a more intense prolifera-
tion of the tumor cells than media of naive astrocytes.
Although cancer cell-derived factors leading to astro-
cytic NLRP3 inflammasome activation have not been
identified, several molecules might be responsible for
this phenomenon, including released TGEF-p, soluble
CD44, extracellular mitochondrial DNA or ATP from
dying tumor cells [21]. In primary breast tumors, both
in mouse and human carcinomas, NLRP3 activation
was primarily observed in host cells, specifically in can-
cer-associated fibroblasts (CAFs). Activation of NLRP3
signaling in CAFs facilitated tumor growth and metas-
tasis by modulating immune and endothelial cells [12].
In our study, astrocyte-secreted IL-1p increased the
proliferation of breast cancer cells both in vitro and
in vivo, while inhibition of NLRP3 activation in astro-
cytes or neutralization of secreted IL-1p prevented
astrocyte-induced increased proliferation of TNBC
cells in both mouse and human models. Although
IL-1pB might also be secreted in an inflammasome-inde-
pendent manner [39], the comparable effect of NLRP3
inflammasome inhibition using MCC950 and IL-1p
neutralization using specific antibodies suggests the
involvement of inflammasomes in this process. Since
MCC950, a specific NLRP3 inflammasome inhibitor,
reduced astrocyte-enhanced tumor cell proliferation to
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the control level, the role of other inflammasome types
can also be excluded.

Most importantly, by administration of MCC950, we
reduced the growth of TNBC metastases in the brains of
the mice. MCC950 was the first small molecule to block
the NLRP3 inflammasome very potently and selectively
[9] by directly targeting the ATP-hydrolysis motif of
NLRP3 [8]. Since NLRP3 inflammasome activation has
been linked to a series of diseases in the CNS and the
periphery, several NLRP3 inhibitors have been developed
in the last few years, some of them advancing to clinical
trials [7]. Inflammasome inhibitors are considered prom-
ising therapeutic agents against different types of can-
cer as well [60]. Although potential liver toxicity issues
hindered MCC950 from continuing to phase 2 [38],
the ability of this and similar small molecules to readily
cross the BBB is of great advantage since the BBB is the
most important obstacle in front of the brain uptake of
most pharmaceuticals [25]. Currently, several companies
are designing and testing novel NLRP3 inhibitors, both
MCC950 analogs and structurally unrelated compounds,
to find potent, selective and safe drugs for the treatment
of inflammatory diseases [11].

Using an NLRP3 inhibitor with low translational
potential is only one limitation of our study. The single
mouse TNBC cell line and the two, MDA-derived human
cell lines represent models void of the heterogeneity
of patient-derived xenografts. However, both 4T1 and
MDA-BrM2 are very well-characterized brain metastatic
cells [1, 47].

Conclusions

Taken together, to our knowledge, we are the first to
show that peritumoral reactive astrocytes promote the
proliferation of TNBC cells in the brain through NLRP3
inflammasome-dependent secretion of IL-1fB. Brain
metastases are among the most aggressive and the least
curable malignant tumors; therefore, we need novel ther-
apies targeting mechanisms that contribute to the pro-
liferation of metastatic cells in the brain. Based on our
results, the inflammatory brain metastatic environment,
especially peritumoral reactive astrocytes, could be the
focus of future therapies. We suggest that inflammasome
inhibition might become a therapeutic option in this cur-
rently incurable disease.

Abbreviations

4T1dT 4T1-tdTomato cell line

act. HA-CM Activated human astrocyte-conditioned medium

act. MA-CM Activated mouse astrocyte-conditioned medium

ASC Apoptosis-associated speck-like protein containing a caspase
activation and recruitment domain
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IL-1B Interleukin-103

L1-CAM L1 cell adhesion molecule

MA-CM Mouse astrocyte-conditioned medium

MAs Mouse astrocytes

MDA-BrM2 MDA-MB-231-BrM2 (brain metastatic) cell line

MDA-TGL MDA-231-HSV1-TK/GFP/Fluc (parental) cell line

NLRP3 Nucleotide-binding and oligomerization domain, leucine rich
repeat and pyrin domain-containing protein 3
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agPCR Quantitative polymerase chain reaction

RPMI Roswell Park Memorial Institute

STED Stimulated emission depletion
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TGF-B, Transforming growth factor-3,
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TNF-a Tumor necrosis factor-a
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#27, YFP-expressing transgenic
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Additional file 1: Table S1. Antibodies used in the experiments.

Table S2. Primers used for PCR. Fig. S1. Absence of detectable NLRP3 and
IL-18 expression in astrocytes of the healthy human brain. Representative
immunofluorescence micrographs (maximum intensity projections of
z-stacks) showing the absence of NLRP3 and IL-1( staining in GFAP-pos-
itive cells in healthy human brain sections. Fig. S2. Upregulation of IL-13
in association with TNBC metastases in the mouse brain. Representative
immunofluorescence micrographs (maximum intensity projections of
z-stacks) showing tumor size-dependent upregulation of IL-13 expression
in mouse TNBC brain metastases 7 days after inoculation of the tumor
cells. Fig. S3. Proliferation of breast cancer cells in response to IL-13. a
Proliferation of human breast cancer cells in response to 10 ng/ml IL-10.
Graphs represent the average + SEM (N =3 independent experiments,
each performed in duplicate, 5 different fields of view photographed from
each well). *P<0.05, **P < 0.01, ****P <0.0001 compared to control (VDA-
TGL or MDA-BrM2, respectively) (ANOVA and Fisher’s LSD post hoc test).

b Proliferation of mouse breast cancer cells in response to 10 ng/ml IL-14.
Graphs represent the average + SEM (N =3 independent experiments,
each performed in duplicate, 5 different fields of view photographed
from each well). **P <0.01, ****P <0.0001 compared to control (4T1-tdT)
(ANOVA and Fisher’s LSD post hoc test). Fig. S4. Proliferation of breast
cancer cells in response to astrocyte-conditioned media. a Representative
phase contrast images showing the proliferation of human breast cancer
cells cultured in human astrocyte-conditioned media. b Representative
phase contrast images showing the proliferation of mouse breast cancer
cells cultured in mouse astrocyte-conditioned media. Quantitative analy-
ses are shown in Additional file 1: Fig. S5. Fig. S5. Proliferation of breast
cancer cells in response to astrocyte-secreted factors (quantitative data).
a Proliferation of human breast cancer cells cultured in human astrocyte-
conditioned media. Graphs represent the average = SEM (N =3 independ-
ent experiments, each performed in duplicate, 5 different fields of view
photographed from each well). **P <0.01, ****P<0.0001 compared to
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the same day’s control (MDA-TGL or MDA-BrM2, respectively) (ANOVA and
Fisher's LSD post hoc test). b Proliferation of mouse breast cancer cells
cultured in mouse astrocyte-conditioned media. Graphs represent the
average + SEM (N =3 independent experiments, each performed in dupli-
cate, 5 different fields of view photographed from each well). *P <0.05,
**P<0.01, **P<0.001, ****P <0.0001 compared to the same day’s control
(4T1-dT), #¥P<0.0001 compared to the same day’s “4T1-tdT +act.
MA-CM”(ANOVA and Fisher’s LSD post hoc test). Fig. S6. NLRP3 inhibition-
induced changes in the expression of NLRP3 inflammasome-associated
genes in astrocytes. Expression of NLRP3 and IL1B genes in human astro-
cytes cultured for 24 h in human TNBC cell-conditioned medium in the
presence or absence of 1 uM MCC950. Graphs represent the fold change
(normalized to GAPDH), average = SEM (N =3 independent experiments,
each performed in triplicate). **P<0.01, **P <0.001, ****P <0.0001 com-
pared to control (HA), *P <0.05, **P <0.0001 compared to HA + MDA-TGL
CM or HA+BrM2 CM, respectively (ANOVA and Fisher’s LSD post hoc test).
Fig. S7. NLRP3 inhibition-induced reduction in gliosis associated with
brain metastasis. a Schematic representation of the in vivo model (details
presented in the "Materials and methods” section). b Percentage of GFAP-
positive pixels compared to all pixels in brain sections of mice inoculated
with 4T1-tdT TNBC cells (tumor-injected) or Krebs-Ringer solution (con-
trol) and treated with vehicle (DMSO in PBS) or 10 mg/kg MCC950 7 days
after the injection of the tumor cells. Graphs represent the average + SEM
(N=3 independent experiments, n=8 sections/animal). **P <0.01 com-
pared to “control, vehicle” (ANOVA and Fisher’s LSD post hoc test). ¢ Repre-
sentative immunofluorescence micrographs (maximum intensity projec-
tions of z-stacks) showing a reduction in peritumoral Iba1 expression in
response to systemic MCC950 treatment in mouse TNBC brain metastases
7 days after inoculation of the tumor cells. d Ratio of Iba1-positive pixels
in MCC950-treated animals compared to all pixels. Graphs represent the
average £+ SEM (N =3 independent experiments, n =6 sections/animal, 8
ROIs/6 sections). **P<0.01 (unpaired Student’s t test).

Acknowledgements
Not applicable.

Author contributions

AM, KM, CF, BN and AL performed the research; AM, KM, IAK and IW designed
the study and analyzed the data; LT and AEF contributed essential mate-

rial and tools; IAK and IW supervised the research; IW drafted the paper; all
authors read and approved the final version.

Funding

Open access funding provided by ELKH Biological Research Center. This
research was funded by the National Research, Development and Innovation
Office (NKFIH, Hungary), Grant Numbers: K135475, K135425, FK132638 and
TKP2021-EGA-09. The research has also received funding from the Hungar-

ian Academy of Sciences (Grant Number: NAP2022-1-6), the E6tvos Lordnd
Research Network (ELKH, Hungary; Project Number: SA-73/2021) and the
Executive Agency for Higher Education, Research, Development and Innova-
tion (UEFISCDI, Romania; Project Code: PN-III-P4-ID-PCE-2020-1529). CF has
been supported by the Janos Bolyai Research Fellowship of the Hungarian
Academy of Sciences (BO/00213/19/8). Work of AL has been supported by
the National Academy of Scientist Education under the sponsorship of the
Hungarian Ministry of Culture and Innovation (VI/1697-4/2022/FAFIN). TD is
the recipient of the Gedeon Richter Excellence PhD Scholarship of the Gedeon
Richter Talentum Foundation. The funding bodies had no role in the design of
the study, in the collection, analysis and interpretation of the data or in writing
the manuscript.

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding authors upon reasonable request.

(2023) 11:155

Page 150f 17

Declarations

Ethics approval and consent to participate

Treatment of mice conformed fully to ARRIVE 2.0 Guidelines and Hungarian
governmental laws for the protection of animals used for scientific purposes.
All experimental procedures performed in this study were approved by the
Regional Animal Health and Food Control Station of Csongrad-Csanad County
(License Number: XVI./764/2018, issued on May 4, 2018). Details on the
ARRIVE Essential 10 items are included in “Experimental animal surgery and
treatments” section and in the figure legends. Human samples were collected
in accordance with the approval of the Human Investigation Review Board,
University of Szeged (License Numbers: EMLOSEBOO1, issued on January 31,
2017 and 172/2022-SZTE RKEB, issued on November 22, 2021), as well as in
compliance with the Ethical Principles for Medical Research Involving Human
Subjects (World Medical Association Declaration of Helsinki). Patients involved
in the study provided informed consent for the use of their material.

Competing interests
The authors declare that they have no competing interests.

Received: 6 July 2023 Accepted: 27 August 2023
Published online: 25 September 2023

References

1. Bos PD, Zhang XH, Nadal C, Shu W, Gomis RR, Nguyen DX, Minn AJ, van
de Vijver MJ, Gerald WL, Foekens JA et al (2009) Genes that mediate
breast cancer metastasis to the brain. Nature 459:1005-1009. https://doi.
org/10.1038/nature08021

2. Briukhovetska D, Dorr J, Endres S, Libby P, Dinarello CA, Kobold S
(2021) Interleukins in cancer: from biology to therapy. Nat Rev Cancer
21:481-499. https://doi.org/10.1038/541568-021-00363-z

3. Broz B, Dixit VM (2016) Inflammasomes: mechanism of assembly, regula-
tion and signalling. Nat Rev Immunol 16:407-420. https://doi.org/10.
1038/nri.2016.58

4. Campbell JP, Merkel AR, Masood-Campbell SK, Elefteriou F, Sterling JA
(2012) Models of bone metastasis. J Vis Exp. https://doi.org/10.3791/4260

5. Carbonell WS, Ansorge O, Sibson N, Muschel R (2009) The vascular base-
ment membrane as “soil”in brain metastasis. PLoS ONE 4:e5857. https://
doi.org/10.1371/journal.pone.0005857

6. Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto A, Jacob L, Patwa R,
Shah H, Xu K et al (2016) Carcinoma-astrocyte gap junctions promote
brain metastasis by cGAMP transfer. Nature 533:493-498. https://doi.org/
10.1038/nature18268

7. ChenQL, Yin HR, He QY,Wang Y (2021) Targeting the NLRP3 inflammas-
ome as new therapeutic avenue for inflammatory bowel disease. Biomed
Pharmacother 138:111442. https://doi.org/10.1016/j.biopha.2021.111442

8. Coll RC, Hill JR, Day CJ, Zamoshnikova A, Boucher D, Massey NL, Chitty
JL, Fraser JA, Jennings MP, Robertson AAB et al (2019) MCC950 directly
targets the NLRP3 ATP-hydrolysis motif for inflammasome inhibition. Nat
Chem Biol 15:556-559. https://doi.org/10.1038/541589-019-0277-7

9. Coll RC, Robertson AA, Chae JJ, Higgins SC, Munoz-Planillo R, Inserra
MC, Vetter |, Dungan LS, Monks BG, Stutz A et al (2015) A small-molecule
inhibitor of the NLRP3 inflammasome for the treatment of inflammatory
diseases. Nat Med 21:248-255. https://doi.org/10.1038/nm.3806

10. Doron H, Pukrop T, Erez N (2019) A blazing landscape: neuroinflammation
shapes brain metastasis. Cancer Res 79:423-436. https://doi.org/10.1158/
0008-5472.CAN-18-1805

11. El-Sharkawy LY, Brough D, Freeman S (2020) Inhibiting the NLRP3 inflam-
masome. Molecules. https://doi.org/10.3390/molecules25235533

12. Ershaid N, SharonY, Doron H, Raz Y, Shani O, Cohen N, Monteran L,
Leider-Trejo L, Ben-Shmuel A, Yassin M et al (2019) NLRP3 inflammasome
in fibroblasts links tissue damage with inflammation in breast cancer
progression and metastasis. Nat Commun 10:4375. https://doi.org/10.
1038/541467-019-12370-8

13. Fares J, Cordero A, Kanojia D, Lesniak MS (2021) The network of cytokines
in brain metastases. Cancers. https://doi.org/10.3390/cancers13010142


https://doi.org/10.1038/nature08021
https://doi.org/10.1038/nature08021
https://doi.org/10.1038/s41568-021-00363-z
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.3791/4260
https://doi.org/10.1371/journal.pone.0005857
https://doi.org/10.1371/journal.pone.0005857
https://doi.org/10.1038/nature18268
https://doi.org/10.1038/nature18268
https://doi.org/10.1016/j.biopha.2021.111442
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1038/nm.3806
https://doi.org/10.1158/0008-5472.CAN-18-1805
https://doi.org/10.1158/0008-5472.CAN-18-1805
https://doi.org/10.3390/molecules25235533
https://doi.org/10.1038/s41467-019-12370-8
https://doi.org/10.1038/s41467-019-12370-8
https://doi.org/10.3390/cancers13010142

Mészaros et al. Acta Neuropathologica Communications

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

Faul F, Erdfelder E, Buchner A, Lang AG (2009) Statistical power analyses
using G*Power 3.1: tests for correlation and regression analyses. Behav
Res Methods 41:1149-1160. https://doi.org/10.3758/BRM.41.4.1149
Gong X, Hou Z, Endsley MP, Gronseth El, Rarick KR, Jorns JM, Yang Q, Du
Z,Yan K, Bordas ML et al (2019) Interaction of tumor cells and astrocytes
promotes breast cancer brain metastases through TGF-beta2/ANGPTL4
axes. NPJ Precis Oncol 3:24. https://doi.org/10.1038/541698-019-0094-1
Govindarajan V, de Rivero Vaccari JP, Keane RW (2020) Role of inflam-
masomes in multiple sclerosis and their potential as therapeutic targets. J
Neuroinflamm 17:260. https://doi.org/10.1186/512974-020-01944-9
Hasko J, Fazakas C, Molnar K, Meszaros A, Patai R, Szabo G, Erdelyi F, Nyul-
Toth A, Gyori F, Kozma M et al (2019) Response of the neurovascular unit
to brain metastatic breast cancer cells. Acta Neuropathol Commun 7:133.
https://doi.org/10.1186/540478-019-0788-1

Herman H, Fazakas C, Hasko J, Molnar K, Meszaros A, Nyul-Toth A, Szabo
G, Erdelyi F, Ardelean A, Hermenean A et al (2019) Paracellular and trans-
cellular migration of metastatic cells through the cerebral endothelium. J
Cell Mol Med 23:2619-2631. https://doi.org/10.1111/jcmm.14156
Wilhelm IAK (2015) Functional characteristics of brain tumor vasculariza-
tion. In: Toga AW (ed) Brain mapping. Academic Press, pp 1075-1079
Ising C, Venegas C, Zhang S, Scheiblich H, Schmidt SV, Vieira-Saecker A,
Schwartz S, Albasset S, McManus RM, Tejera D et al (2019) NLRP3 inflam-
masome activation drives tau pathology. Nature 575:669-673. https://doi.
0rg/10.1038/s41586-019-1769-z

Jang JH, Kim DH, Surh YJ (2021) Dynamic roles of inflammasomes in
inflammatory tumor microenvironment. NPJ Precis Oncol 5:18. https://
doi.org/10.1038/541698-021-00154-7

Kienast Y, von Baumgarten L, Fuhrmann M, Klinkert WE, Goldbrunner R,
Herms J, Winkler F (2010) Real-time imaging reveals the single steps of
brain metastasis formation. Nat Med 16:116-122. https://doi.org/10.1038/
nm.2072

Kim SJ, Kim JS, Park ES, Lee JS, Lin Q, Langley RR, Maya M, He J, Kim SW,
Weihua Z et al (2011) Astrocytes upregulate survival genes in tumor

cells and induce protection from chemotherapy. Neoplasia 13:286-298.
https://doi.org/10.1593/ne0.11112

Kozma M, Meszaros A, Nyul-Toth A, Molnar K, Costea L, Hernadi Z, Fazakas
C, Farkas AE, Wilhelm |, Krizbai IA (2021) Cerebral pericytes and endothe-
lial cells communicate through inflammasome-dependent signals. Int J
Mol Sci. https://doi.org/10.3390/ijms22116122

Krizbai IA, Nyul-Toth A, Bauer HC, Farkas AE, Traweger A, Hasko J, Bauer H,
Wilhelm | (2016) Pharmaceutical targeting of the brain. Curr Pharm Des
22:5442-5462. https://doi.org/10.2174/1381612822666160726144203
Lenart N, Brough D, Denes A (2016) Inflammasomes link vascular disease
with neuroinflammation and brain disorders. J Cereb Blood Flow Metab
36:1668-1685. https://doi.org/10.1177/0271678X16662043

Leone JP, Leone BA (2015) Breast cancer brain metastases: the last fron-
tier. Exp Hematol Oncol 4:33. https://doi.org/10.1186/540164-015-0028-8
LiuH, SunY, Zhang Q, Jin W, Gordon RE, Zhang Y, Wang J, Sun C, Wang ZJ,
Qi X et al (2021) Pro-inflammatory and proliferative microglia drive pro-
gression of glioblastoma. Cell Rep 36:109718. https://doi.org/10.1016/j.
celrep.2021.109718

Lorger M (2012) Tumor microenvironment in the brain. Cancers
4:218-243. https://doi.org/10.3390/cancers4010218

Lorger M, Felding-Habermann B (2010) Capturing changes in the brain
microenvironment during initial steps of breast cancer brain metastasis.
Am J Pathol 176:2958-2971. https://doi.org/10.2353/ajpath.2010.090838
LvY,Ma X, DuY, Feng J (2021) Understanding patterns of brain metastasis
in triple-negative breast cancer and exploring potential therapeutic tar-
gets. Onco Targets Ther 14:589-607. https://doi.org/10.2147/0TT.5293685
Man SM, Hopkins LJ, Nugent E, Cox S, Gluck IM, Tourlomousis P, Wright JA,
Cicuta P, Monie TP, Bryant CE (2014) Inflammasome activation causes dual
recruitment of NLRC4 and NLRP3 to the same macromolecular complex.
Proc Natl Acad Sci U S A 111:7403-7408. https://doi.org/10.1073/pnas.
1402911111

McKee CM, Coll RC (2020) NLRP3 inflammasome priming: a riddle
wrapped in a mystery inside an enigma. J Leukoc Biol 108:937-952.
https://doi.org/10.1002/JLB.3MR0720-513R

Meszaros A, Molnar K, Nogradi B, Hernadi Z, Nyul-Toth A, Wilhelm I,
Krizbai IA (2020) Neurovascular inflammaging in health and disease. Cells.
https://doi.org/10.3390/cells9071614

(2023) 11:155

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Page 16 of 17

Miarka L, Valiente M (2021) Animal models of brain metastasis. Neuroon-
col Adv 3:v144-v156. https://doi.org/10.1093/noajnl/vdab115

Molnar K, Meszaros A, Fazakas C, Kozma M, Gyori F, Reisz Z, Tiszlavicz L,
Farkas AE, Nyul-Toth A, Hasko J et al (2020) Pericyte-secreted IGF2 pro-
motes breast cancer brain metastasis formation. Mol Oncol 14:2040-
2057. https://doi.org/10.1002/1878-0261.12752

Molnar K, Nogradi B, Kristof R, Meszaros A, Pajer K, Siklos L, Nogradi A,
Wilhelm |, Krizbai IA (2022) Motoneuronal inflammasome activation
triggers excessive neuroinflammation and impedes regeneration after
sciatic nerve injury. J Neuroinflamm 19:68. https://doi.org/10.1186/
§12974-022-02427-9

Mullard A (2019) NLRP3 inhibitors stoke anti-inflammatory ambi-

tions. Nat Rev Drug Discov 18:405-407. https://doi.org/10.1038/
d41573-019-00086-9

Netea MG, van de Veerdonk FL, van der Meer JW, Dinarello CA, Joosten
LA (2015) Inflammasome-independent regulation of IL-1-family
cytokines. Annu Rev Immunol 33:49-77. https://doi.org/10.1146/annur
ev-immunol-032414-112306

O'Brien WT, Pham L, Symons GF, Monif M, Shultz SR, McDonald SJ (2020)
The NLRP3 inflammasome in traumatic brain injury: potential as a bio-
marker and therapeutic target. J Neuroinflamm 17:104. https://doi.org/
10.1186/512974-020-01778-5

Pike AF, Szabo |, Veerhuis R, Bubacco L (2022) The potential convergence
of NLRP3 inflammasome, potassium, and dopamine mechanisms in
Parkinson’s disease. NPJ Parkinsons Dis 8:32. https://doi.org/10.1038/
$41531-022-00293-z

Rolim GB, Dantas Lima AJP, Dos Santos Cardoso VI, de Fatima Machado
Soares E, Nunes DN, Barros HCS, Leite AB, Alexandre-Moreira MS, Duarte
AWEF, de Sales Marques C et al (2022) Can inflammasomes promote the
pathophysiology of glioblastoma multiforme? A view about the potential
of the anti-inflammasome therapy as pharmacological target. Crit Rev
Oncol Hematol 172:103641. https://doi.org/10.1016/j.critrevonc.2022.
103641

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B et al (2012) Fiji: an open-
source platform for biological-image analysis. Nat Methods 9:676-682.
https://doi.org/10.1038/nmeth.2019

Schulz M, Michels B, Niesel K, Stein S, Farin H, Rodel F, Sevenich L (2020)
Cellular and molecular changes of brain metastases-associated myeloid
cells during disease progression and therapeutic response. iScience
23:101178. https://doi.org/10.1016/}.i5¢i.2020.101178

Schulz M, Salamero-Boix A, Niesel K, Alekseeva T, Sevenich L (2019)
Microenvironmental regulation of tumor progression and therapeutic
response in brain metastasis. Front Immunol 10:1713. https://doi.org/10.
3389/fimmu.2019.01713

Seike T, Fujita K, Yamakawa Y, Kido MA, Takiguchi S, Teramoto N, Iguchi

H, Noda M (2011) Interaction between lung cancer cells and astrocytes
via specific inflammatory cytokines in the microenvironment of brain
metastasis. Clin Exp Metastasis 28:13-25. https://doi.org/10.1007/
$10585-010-9354-8

Sereno M, Hasko J, Molnar K, Medina SJ, Reisz Z, Malho R, Videira M,
Tiszlavicz L, Booth SA, Wilhelm I et al (2020) Downregulation of circulat-
ing MiR 802-5p and miR 194-5p and upregulation of brain MEF2C along
breast cancer brain metastasization. Mol Oncol 14:520-538. https://doi.
org/10.1002/1878-0261.12632

Srinivasan ES, Deshpande K, Neman J, Winkler F, Khasraw M (2021) The
microenvironment of brain metastases from solid tumors. Neurooncol
Adv 3:v121-v132. https://doi.org/10.1093/noajnl/vdab121

Swanson KV, Deng M, Ting JP (2019) The NLRP3 inflammasome:
molecular activation and regulation to therapeutics. Nat Rev Immunol
19:477-489. https://doi.org/10.1038/541577-019-0165-0

TeglasiV, Csury DT, Dezso K, Bugyik E, Szabo V, Szallasi Z, Paku S, Reiniger L
(2019) Origin and distribution of connective tissue and pericytes impact-
ing vascularization in brain metastases with different growth patterns. J
Neuropathol Exp Neurol 78:326-339. https://doi.org/10.1093/jnen/nlz007
Tulotta C, Lefley DV, Moore CK, Amariutei AE, Spicer-Hadlington AR,
Quayle LA, Hughes RO, Ahmed K, Cookson'V, Evans CA et al (2021) IL-1B
drives opposing responses in primary tumours and bone metastases;
harnessing combination therapies to improve outcome in breast cancer.
NPJ Breast Cancer 7:95. https://doi.org/10.1038/s41523-021-00305-w


https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.1038/s41698-019-0094-1
https://doi.org/10.1186/s12974-020-01944-9
https://doi.org/10.1186/s40478-019-0788-1
https://doi.org/10.1111/jcmm.14156
https://doi.org/10.1038/s41586-019-1769-z
https://doi.org/10.1038/s41586-019-1769-z
https://doi.org/10.1038/s41698-021-00154-7
https://doi.org/10.1038/s41698-021-00154-7
https://doi.org/10.1038/nm.2072
https://doi.org/10.1038/nm.2072
https://doi.org/10.1593/neo.11112
https://doi.org/10.3390/ijms22116122
https://doi.org/10.2174/1381612822666160726144203
https://doi.org/10.1177/0271678X16662043
https://doi.org/10.1186/s40164-015-0028-8
https://doi.org/10.1016/j.celrep.2021.109718
https://doi.org/10.1016/j.celrep.2021.109718
https://doi.org/10.3390/cancers4010218
https://doi.org/10.2353/ajpath.2010.090838
https://doi.org/10.2147/OTT.S293685
https://doi.org/10.1073/pnas.1402911111
https://doi.org/10.1073/pnas.1402911111
https://doi.org/10.1002/JLB.3MR0720-513R
https://doi.org/10.3390/cells9071614
https://doi.org/10.1093/noajnl/vdab115
https://doi.org/10.1002/1878-0261.12752
https://doi.org/10.1186/s12974-022-02427-9
https://doi.org/10.1186/s12974-022-02427-9
https://doi.org/10.1038/d41573-019-00086-9
https://doi.org/10.1038/d41573-019-00086-9
https://doi.org/10.1146/annurev-immunol-032414-112306
https://doi.org/10.1146/annurev-immunol-032414-112306
https://doi.org/10.1186/s12974-020-01778-5
https://doi.org/10.1186/s12974-020-01778-5
https://doi.org/10.1038/s41531-022-00293-z
https://doi.org/10.1038/s41531-022-00293-z
https://doi.org/10.1016/j.critrevonc.2022.103641
https://doi.org/10.1016/j.critrevonc.2022.103641
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.isci.2020.101178
https://doi.org/10.3389/fimmu.2019.01713
https://doi.org/10.3389/fimmu.2019.01713
https://doi.org/10.1007/s10585-010-9354-8
https://doi.org/10.1007/s10585-010-9354-8
https://doi.org/10.1002/1878-0261.12632
https://doi.org/10.1002/1878-0261.12632
https://doi.org/10.1093/noajnl/vdab121
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1093/jnen/nlz007
https://doi.org/10.1038/s41523-021-00305-w

Mészaros et al. Acta Neuropathologica Communications

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

(2023) 11:155

Valiente M, Obenauf AC, Jin X, Chen Q, Zhang XH, Lee DJ, Chaft JE, Kris
MG, Huse JT, Brogi E et al (2014) Serpins promote cancer cell survival and
vascular co-option in brain metastasis. Cell 156:1002-1016. https://doi.
0rg/10.1016/j.cell.2014.01.040

Wang L, Cossette SM, Rarick KR, Gershan J, Dwinell MB, Harder DR, Ram-
chandran R (2013) Astrocytes directly influence tumor cell invasion and
metastasis in vivo. PLoS ONE 8:e80933. https://doi.org/10.1371/journal.
pone.0080933

Wang L, Fu H, Nanayakkara G, Li Y, Shao Y, Johnson C, Cheng J, Yang WY,
Yang F, Lavallee M et al (2016) Novel extracellular and nuclear caspase-1
and inflammasomes propagate inflammation and regulate gene expres-
sion: a comprehensive database mining study. J Hematol Oncol 9:122.
https://doi.org/10.1186/513045-016-0351-5

Wang Y, Zhang H, Xu'Y, Peng T, Meng X, Zou F (2021) NLRP3 induces the
autocrine secretion of IL-1beta to promote epithelial-mesenchymal tran-
sition and metastasis in breast cancer. Biochem Biophys Res Commun
560:72-79. https://doi.org/10.1016/j.bbrc.2021.04.122

Wilhelm |, Fazakas C, Molnar K, Vegh AG, Hasko J, Krizbai IA (2018) Foe or
friend? Janus-faces of the neurovascular unit in the formation of brain
metastases. J Cereb Blood Flow Metab 38:563-587. https://doi.org/10.
1177/0271678X17732025

Wilhelm |, Molnar J, Fazakas C, Hasko J, Krizbai IA (2013) Role of the
blood-brain barrier in the formation of brain metastases. Int J Mol Sci
14:1383-1411. https://doi.org/10.3390/ijms14011383

Wilhelm I, Nyul-Toth A, Kozma M, Farkas AE, Krizbai IA (2017) Role of
pattern recognition receptors of the neurovascular unit in inflamm-aging.
Am J Physiol Heart Circ Physiol 313:H1000-H1012. https://doi.org/10.
1152/ajpheart.00106.2017

Xing F, Kobayashi A, Okuda H, Watabe M, Pai SK, Pandey PR, Hirota S,
Wilber A, Mo YY, Moore BE et al (2013) Reactive astrocytes promote the
metastatic growth of breast cancer stem-like cells by activating Notch
signalling in brain. EMBO Mol Med 5:384-396. https://doi.org/10.1002/
emmm.201201623

Xu'S, Li X, LiuY, Xia Y, Chang R, Zhang C (2019) Inflammasome inhibitors:
promising therapeutic approaches against cancer. J Hematol Oncol
12:64. https://doi.org/10.1186/513045-019-0755-0

Yang F, Wang Z, Wei X, Han H, Meng X, Zhang Y, Shi W, Li F, Xin T, Pang

Q et al (2014) NLRP3 deficiency ameliorates neurovascular damage in
experimental ischemic stroke. J Cereb Blood Flow Metab 34:660-667.
https://doi.org/10.1038/jcbfm.2013.242

Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q, Huang WG, Li P, Li M, Wang
X, Zhang C et al (2015) Microenvironment-induced PTEN loss by exoso-
mal microRNA primes brain metastasis outgrowth. Nature 527:100-104.
https://doi.org/10.1038/nature 15376

Zhang X, Wang R, Hu D, Sun X, Fujioka H, Lundberg K, Chan ER, Wang Q,
Xu R, Flanagan ME et al (2020) Oligodendroglial glycolytic stress triggers
inflammasome activation and neuropathology in Alzheimer’s disease. Sci
Adv. https://doi.org/10.1126/sciadv.abb8680

Zhang Z,Tan Q, Guo P, Huang S, Jia Z, Liu X, Feng H, Chen Y (2022) NLRP3
inflammasome-mediated choroid plexus hypersecretion contributes

to hydrocephalus after intraventricular hemorrhage via phosphoryl-
ated NKCC1 channels. J Neuroinflamm 19:163. https://doi.org/10.1186/
$12974-022-02530-x

Zhao H,Wu L, Yan G, ChenY, Zhou M, Wu Y, Li Y (2021) Inflammation and
tumor progression: signaling pathways and targeted intervention. Signal
Transduct Target Ther 6:263. https://doi.org/10.1038/541392-021-00658-5

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.cell.2014.01.040
https://doi.org/10.1016/j.cell.2014.01.040
https://doi.org/10.1371/journal.pone.0080933
https://doi.org/10.1371/journal.pone.0080933
https://doi.org/10.1186/s13045-016-0351-5
https://doi.org/10.1016/j.bbrc.2021.04.122
https://doi.org/10.1177/0271678X17732025
https://doi.org/10.1177/0271678X17732025
https://doi.org/10.3390/ijms14011383
https://doi.org/10.1152/ajpheart.00106.2017
https://doi.org/10.1152/ajpheart.00106.2017
https://doi.org/10.1002/emmm.201201623
https://doi.org/10.1002/emmm.201201623
https://doi.org/10.1186/s13045-019-0755-0
https://doi.org/10.1038/jcbfm.2013.242
https://doi.org/10.1038/nature15376
https://doi.org/10.1126/sciadv.abb8680
https://doi.org/10.1186/s12974-022-02530-x
https://doi.org/10.1186/s12974-022-02530-x
https://doi.org/10.1038/s41392-021-00658-5

	Inflammasome activation in peritumoral astrocytes is a key player in breast cancer brain metastasis development
	Abstract 
	Introduction
	Materials and methods
	Cell culture
	Culture of human astrocytes
	Isolation and culture of mouse astrocytes
	Culture of tumor cells
	Preparation of conditioned media
	Proliferation assays

	Experimental animal surgery and treatments
	Tissue fixation and sectioning
	Immunofluorescence staining, microscopy and quantification of the signals
	Immunofluorescence staining
	Fluorescence microscopy
	Quantification of astroglial localization of IL-1β
	Determination of tumor size upon inflammasome inhibition
	Quantification of microgliosis

	RNA isolation and quantitative polymerase chain reaction (qPCR)
	Protein extraction and western blot
	Statistical analysis

	Results
	NLRP3 inflammasome components are expressed in peritumoral astrocytes in TNBC brain metastases
	Inflammasome activation in astrocytes augments the proliferation of breast cancer cells in vitro
	Inhibition of the NLRP3 inflammasome arrests metastatic growth in the brain

	Discussion
	Conclusions
	Anchor 28
	Acknowledgements
	References


