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Background: IL-1β is a highly potent pro-inflammatory cytokine and its secretion is

tightly regulated. Inactive pro-IL-1β is transcribed in response to innate immune receptors

activating NFκB. If tissue damage occurs, danger signals released from necrotic cells,

such as ATP, can activate NLRP3-inflammasomes (multiprotein complexes consisting

of NLRP3, ASC, and active caspase-1) which cleaves and activates pro-IL-1β. NLRP3

activation also depends on NEK7 and mitochondrial ROS-production. Thus, IL-1β

secretion may be regulated at the level of each involved component. We have previously

shown that NLRP3-dependent IL-1β release can be induced in cardiac fibroblasts

by pro-inflammatory stimuli. However, anti-inflammatory mechanisms targeting IL-1β

release in cardiac cells have not been investigated. mTOR is a key regulator of protein

metabolism, including autophagy and proteasome activity. In this study we explored

whether autophagy or proteasomal degradation are regulators of NLRP3 inflammasome

activation and IL-1β release from cardiac fibroblasts.

Methods and Results: Serum starvation selectively reduced LPS/ATP-induced IL-1β

secretion from cardiac fibroblasts. However, no other inflammasome components, nor

mitochondrial mass, were affected. The mTOR inhibitor rapamycin restored pro-IL-1β

protein levels as well as LPS/ATP-induced IL-1β release from serum starved cells.

However, neither serum starvation nor rapamycin induced autophagy in cardiac

fibroblasts. Conversely, chloroquine and bafilomycin A (inhibitors of autophagy) and

betulinic acid (a proteasome activator) effectively reduced LPS-induced pro-IL-1β protein

levels. Key findings were reinvestigated in human monocyte-derived macrophages.

Conclusion: In cardiac fibroblasts, mTOR inhibition selectively favors pro-IL-1β

synthesis while proteasomal degradation and not autophagy is the major catabolic

anti-inflammatory mechanism for degradation of this cytokine.
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INTRODUCTION

Interleukin-1β (IL-1β) is a highly potent inflammatory cytokine
critical for host defense against infections, but could also promote
harmful effects on the host if the response is overwhelming
or too long. Its secretion is therefore tightly regulated through
inflammasome-mediated post-translational activation. During
sterile inflammatory responses, this most commonly involves
the NLRP3 (i.e., Nod-like receptor with a PYD-domain 3)
inflammasome. Inactive pro-IL-1β is transcribed and translated
in response to innate immune receptors and cytokine receptors
activating the transcription factor Nuclear Factor κB (NFκB)
(signal 1). For activating pro-IL-1β, a second signal is needed
consisting of a wide range of chemically different danger signals
such as extracellular ATP and urate crystals that activate NLRP3
(signal 2). Signal pathways activating NLRP3 all seem to converge
at a state of reduced cytosolic potassium concentration and
mitochondrial reactive oxygen species (ROS) formation (1).
Recently, NIMA-related kinase 7 (NEK7) was reported to be the
long sought endogenous ligand of NLRP3 by three independent
research groups (2–4). NLRP3 activation leads to formation of
the multiprotein complexes termed inflammasomes, consisting
of NLRP3, ASC and caspase-1. Pro-IL-1β is the main substrate
of caspase-1, and IL-1β secretion is the gold standard readout of
NLRP3 inflammasome activity.

IL-1β is highly expressed in cardiac tissue after acute
myocardial infarction (MI) (5), even measurable in patient’s
plasma the first 5 h post-MI (6). Experimental mouse models
have shown that IL-1β is of major importance for recruiting
leukocytes, especially neutrophils andmonocytes, to the infarcted
area post-MI (5, 7). Moreover, blockade of IL-1 signaling has
been reported to attenuate post-MI heart failure in both mice
and men (7, 8). We have previously shown that functional
NLRP3 inflammasomes can be induced in cardiac fibroblasts
by inflammatory stimuli. Furthermore, NLRP3 deficient hearts
were protected against ischemia-reperfusion mediated tissue
damage in an ex vivo Langendorff model (9). Thus, IL-
1β and the NLRP3 inflammasome are thought to contribute
to post-MI tissue damage and adverse remodeling. Catabolic
removal of inflammasome proteins, as well as mitochondria
and the substrate pro-IL-1β may serve as anti-inflammatory
mechanism. Indeed, removal of pro-IL-1β and mitochondria
by autophagy has been reported to attenuate IL-1β release
from macrophages in vitro (10, 11). The key regulator of
anabolism vs. catabolism, including autophagy and proteasomal
degradation, is mammalian target of rapamycin (mTOR)
(12–15). However, anti-inflammatory catabolism targeting the
NLRP3-dependent IL-1β release has not been explored in
cardiac cells.

In this study we explored the role of NLRP3 inflammasome
protein catabolism in primary cardiac fibroblasts as a possible
anti-inflammatory mechanism. We found that pro-IL-1β is
the main and only target of starvation-induced catabolism.
Surprisingly, mTOR inhibition with rapamycin, a known inducer
of autophagy, did not affect autophagy in cardiac fibroblasts, and
favored pro-IL-1β synthesis. However, the autophagy inhibitor
chloroquine effectively degraded pro-IL-1β in both cardiac

fibroblasts and human macrophages, potentially also involving
enhanced proteasomal activity.

MATERIALS AND METHODS

Reagents
Ultra-pure lipopolysaccharide (LPS, 0111:B4) from Escherichia
coli, rapamycin, chloroquine, MG-132, and bafilomycin A1
were purchased from Invivogen (Carlsbad, CA). ATP, betulinic
acid, and staurosporine were purchased from Sigma-Aldrich
(St. Louis, MO). MitoTracker Deep Red FM was purchased
from Thermo Fisher Scientific (Massachusetts, United States).
Antibodies are listed in Table 1.

Isolation and Culture of Mouse Cardiac
Fibroblasts
Mice were anesthetized by intraperitoneal (i.p.) injection of
sodium pentobarbital (50 mg/kg) and heparinized (500 IU,
Leo Pharma A/S, Denmark) before they were euthanized by
cervical dislocation.

Hearts were retrogradely perfused with perfusion buffer
containing (in mM): NaCl: 120.4; KCl: 14.7; KH2PO4: 0.6;
Na2PO4: 0.6; MgSO4: 1.2; Na-HEPES liquid: 10.0; Glucose:
5.5; NaHCO3: 4.6; Taurine: 30.0; BDM (2,3-Butanedione
monoxime): 10. Heart perfusion was initially with perfusion
buffer alone, then with addition of 1.3 mg/mL Collagenase type
2 (#4177, batch 45D15719, activity 355 U/mg, Worthington
Biochemical, Lakewood, NJ, USA). After collagenase inhibition
with HyClone R© Bovine Calf Serum (FBS, #SH30073.03, GE

TABLE 1 | Antibodies used.

Antibody Source/company Application

Anti-NEK7 (Ab133514) Abcam Western blot

Anti-NEK7 (bs7758R-A488) Bioss Confocal microscopy

Anti-NLRP3 (D2P5E) Cell signaling Western blot

Anti-ASC (D2W8U) Cell signaling Western blot

Anti-ASC (bs6741R-A647) Bioss Confocal microscopy

Anti-procaspase-1 (Ab1872) Abcam Western blot

Anti-pro-IL-1β (AF-401-NA) R&D Western blot

Anti-SDHA (complex II) (Ab14715) Abcam Western blot

Anti mTOR (7C10) Cell signaling Western blot

Anti phospho-mTOR (Ser2448)

(D9C2)

Cell signaling Western blot

Anti p70 S6 kinase (#9202) Cell signaling Western blot

Anti phospho-p70 S6 kinase

(Thr389) (#9205)

Cell signaling Western blot

Anti ubiquitin (P4D1) Cell signaling Western blot

Anti LC3B (D11) (#3868) Cell Signaling Immune fluorescence

microscopy

Anti-rabbit IgG HRP (7074S) Cell signaling Western blot

Anti-mouse IgG HRP (7076S) Cell signaling Western blot

Anti-goat IgG HRP (sc-2020) Santa cruz Western blot

Anti-cleaved Caspase-8

(Asp387)(#9429)

Cell signaling Western blot
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Healthcare Life Sciences, Marlborough, MA, USA) diluted in
perfusion buffer, cells were separated by gently pipetting and
centrifugation at 20 × g for 2min to separate cardiomyocytes
from non-cardiomyocytes. The non-cardiomyocyte suspension
was further centrifuged twice at 800 × g for 3min, before
culturing in uncoated T75 flasks with fibroblast medium
(DMEM, low glucose, pyruvate (#31885, Gibco, Thermo Fisher
Scientific, Massachusetts, United States) supplemented with
10% FBS (Biowest #S1181.B, Nuaillé, France), and 100 U/mL
penicillin-streptomycin, and incubated at 37◦C and 5 % CO2.
Medium was changed every 3–4 days and the cardiac fibroblasts
were grown to confluency before collected and utilized in
experiments at first passage. The day before the experiments,
the cells were seeded into Nunclon Delta Surface wells (Thermo
Scientific, Denmark) (for western blot analysis: 6-well plates,
120,000 cells/well in 2mL medium; for mRNA quantification
and ELISA: 12-well plates, 47,000 cells/well in 1mL medium.
Unless other is specified in the figure legends, the following
concentrations of reagents were used in the experiments: LPS:
10 ng/mL; rapamycin 500 nM; chloroquine: 20µM; ATP: 3mM.
Time is specified in figure legends.

Isolation of Human Monocytes and
Macrophage Differentiation
Monocytes were isolated from whole blood from healthy
donors by Lymphoprep (Axis-Shield, Oslo, Norway) and plastic
adherence. Monocytes were cultured in RPMI 1640 (PAA
Laboratories, Pasching, Austria) containing 10% FCS, 5U
penicillin/ml and 50µg/ml streptomycin (P/S) (Sigma-Aldrich).
For macrophage differentiation, monocytes were incubated with
20 ng/mL human M-CSF (R&D Systems Minneapolis, MN) for
7 days in RPMI 1,640 with 10% FCS. Medium was replaced day
3 and 6.

Culture of HL-1 Cells
HL-1 cells were purchased from Sigma-Aldrich and cultured in
Claycomb medium (Sigma-Aldrich) with 10% FCS.

Quantification of mRNA Levels
Total RNA was isolated from cultured cells with the RNeasy Mini
Kit (Qiagen, Hilden, Germany) and quantified with ND-1000
Spectrophotometer (NanoDrop, Thermo Fisher Scientific,
Rockford, IL). cDNA was made using qScriptTM cDNA
SuperMix (Quanta Biosciences, Beverly, MA). Quantification of
gene expression was performed using the Stratagene MX3005P
(Agilent Technologies, Cedar Creek, TX), PerfeCTa SYBRGreen
FastMix Low Rox (Quanta Biosciences), and sequence-specific
PCR primers designed using the Primer Express software, version
3.0 (Applied Biosystems, Foster City, CA). Gene expression of
the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as reference for relative quantifications. Target gene
expressions in controls were defined as one, and normalization
performed accordingly. Primer sequences are listed
in Table 2.

TABLE 2 | Primer sequences.

Target Species Sequence (5′ 3′) Acc.nr

IL-1β Mouse (+)-GCCACCTTTTGACAGTGATGAG NM_008361

(–)-GTTTGGAAGCAGCCCTTCATC

IL-1β Human (+)-CCCTAAACAGATGAAGTGCTCCTT NM_000576

(–)-GGTGGTCGGAGATTCGTAGCT

TNF Mouse (+)-AGACCCTCACACTCAGATCATCTTC NM_013693

(–)-CCACTTGGTGGTTTGCTACGA

TNF Human (+)-CCAGGCAGTCAGATCATCTTCTC NM_000594

(–)-GGAGCTGCCCCTCAGCTT

GAPDH Mouse/rat/

human

(+)-CCAAGGTCATCCATGACAACTT

(–)-AGGGGCCATCCACAGTCTT

NM_008084

IL-1β, interleukin 1β; TNF, Tumor necrosis factor; GAPDH, Glyceraldehyde 3-phosphate

dehydrogenase.

Quantification of Cytokines With Multiplex
Analysis and ELISA
Mouse IL-1β, and tumor necrosis factor (TNF), macrophage
inflammatory protein (MIP)-2 and interleukin (IL)-6 were
quantified with duoset ELISA (R&D Systems, Minneapolis, MN).

Immune Fluorescence Microscopy and
LC3B Puncta Quantification
To evaluate the LC3B dots in cardiac fibroblasts, 15,000 cells were
cultured in Lab-Tek II eight well glass chamber slides (Thermo
Fisher Scientific Inc.,). After experimental interventions, the
cells were fixed with 2% paraformaldehyde in PBS on ice for
15min before permabilization and blocking in 0.2% saponin/5%
BSA/PBS in room temperature for 20min. Cells were then
incubated over night at+4◦C in 5µg/mL LC3B antibody diluted
in 0.2% saponin/5% BSA/PBS. 5µg/mL anti-rabbit Alexa488
secondary antibody (Thermo Fisher Scientific Inc.,) and 3.2µM
Hoechst 33258 (Thermo Fisher Scientific Inc.,) were added
and incubated for 1 h at room temperature. Gelatine-glycerol
mounting medium, pre-heated to 55◦C was added to the
slide, which were sealed with a cover glass. The slides were
analyzed with Zeiss high-throughput microscope (Carl Zeiss AG,
Oberkochen, Germany) at 20×magnification. Forty-nine images
were automatically captured per well and number of nuclei and
number of LC3B dots were analyzed with Cell profilerTM cell
image analysis software (16).

Confocal Imaging
For confocal imaging, 12,000 cells were seeded in 100µLmedium
on the glass area of 35mm glass-bottom gamma-irradiated dishes
(MatTek Corporation, Ashland, MA), after 1 h 1mL medium
was added. Cell confluences were 80–90% at the time the
experiments started. For intracellular imaging, cells were fixed
with 3% paraformaldehyde/PBS on ice for 15min, washed once
with 1% FCS/PBS, permeabilized with 0.1% saponin/5% bovine
serum albumin (BSA)/PBS at room temperature for 20min,
then incubated with the appropriate antibodies (5µg/ml in 0.1%
saponin/1% BSA/PBS) for 45min at room temperature. The cells
were then washed three times with 0.1% saponin/1% BSA/PBS
before incubation with 2ml PBS. Images were captured with a
Zeiss Elyra-S microscope with a 63 x objective.
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Flow Cytometry
For flow cytometry analysis of MitoTracker staining, 120,000
cardiac fibroblasts were seeded per well in 6 well plates and
incubated with 10% FCS/DMEM for 24 h. The cells were then
incubated with 10 ng/mL LPS with or without 10% FCS in low
glucose DMEM (Gibco, Thermo Fisher Scientific) for 20 h, then
incubated with 500 nM MitoTracker Deep Red FM (Thermo
Fisher Scientific) in DMEM without serum for 45min. The
cells were washed with PBS, detached with trypsin/EDTA and
trypsin subsequently inactivated with 10% FCS in DMEM. The
cells were washed once with ice cold PBS and kept on ice
until analysis with a MACSQuant Analyzer 10 (Miltenyi Biotec,
Bergisch Gladbach, Germany).

Western Blot and Protein Quantification
Cells were lysed in M-PERTM Mammalian Protein Extraction
Reagent (78501; Thermo Scientific) supplemented with protease
inhibitors (Complete Protease Inhibitor Cocktail, Roche Applied
Science, Mannheim Germany). Protein homogenates were
separated under denaturing conditions on Any-KD or 10%
SDS-polyacrylamide gels (Mini-PROTEAN Precast gels; Bio-
Rad, Hercules, CA) and electro-blotted on to PVDF membranes.
For pro-IL-1β detection, the membranes were blocked in
Superblock T20 (Thermo Fisher Scientific) and incubated
with 0.1µg/ml goat anti-mouse IL-1β antibody (AF-401-NA;
R&D Systems) diluted in 20% Superblock T20/TBST, and
subsequently a horseradish peroxidase-conjugated donkey anti-
goat antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
Other membranes were blocked with 5% dry milk/TBST
and proteins were incubated with 5% dry milk/TBST or
5% BSA/TBST according to manufacturer’s protocol. Protein
expression was detected by chemiluminescence (SuperSignal
West Pico; Thermo Fisher Scientific). Protein quantifications
were done with the ImageJ software.

Ethics
The part of the study that included human monocytes was
approved by the local ethical committee (Regional ethics
committee of Helse Sør-Øst; Permit number S-05172) and
conducted according to the ethical guidelines outlined in
the Declaration of Helsinki for use of human tissue and
subjects. Animal experiments (isolation of primary mouse
cardiac fibroblasts) were approved by the Norwegian Animal
Research Authority 80 project license no FOTS id 7,333 and
13,643. The isolations of primary animal cells were performed
in accordance with the European Directive 2010/63/EU and The
Guide for the Care and Use of Laboratory Animals, 8th edition
(NRC 2011, National Academic Press). In line with the ethics
of the Norwegian Animal Research Authority, the number of
biological repeats were kept as small as possible in order to
minimize the number of sacrificed animals.

Statistics
For comparisons of two groups, the paired student t-test were
performed. Probabilities are two-sided and considered to be
significant when p < 0.05.

RESULTS

IL-1β Release From Cardiac Fibroblasts
Depends on Mitochondrial ROS and Is
Attenuated by Serum Starvation
We hypothesized that NLRP3-dependent IL-1β secretion can
be negatively regulated by autophagic degradation of the
inflammasome proteins in cardiac fibroblasts. The classical
NLRP3 inflammasome components are NLRP3, ASC and
caspase-1. Furthermore, NEK7 was recently reported to be an
endogenous NLRP3 agonist in mouse bone marrow derived
macrophages by three independent research groups (2–4).
In accordance with this, confocal microscopy showed NEK7
co-localizing with ASC in cardiac fibroblasts primed with
LPS and activated with ATP (Supplementary Figure 1A).
Thus, we also considered NEK7 as a potential target for
NLRP3 inflammasome regulation. Finally, several studies
have supported that mitochondrial ROS is essential for
NLRP3 activation in macrophages (17–19). Indeed, the
mitochondrial targeted ROS scavenger MitoTempo completely
inhibited IL-1β release from cardiac fibroblasts while TNF
secretion was not affected (Supplementary Figure 1B),
suggesting mitophagy as a possible regulatory mechanism
for IL-1β release.

Serum starvation can be a powerful inducer of autophagy
(20). In accordance with our hypothesis, we observed that serum
starvation of cardiac fibroblasts was a potent inhibitor of IL-
1β release, while secretion of the inflammasome-independent
cytokines TNF, MIP-2, and IL-6 was not attenuated (Figure 1A).
Furthermore, LPS-induced pro-IL-1β mRNA was not affected
by serum starvation (Figure 1B). LC3B is a well-established
early marker of autophagy (21), typically featuring significant
changes after 2–4 h of serum starvation (22). To investigate
whether serum starvation induced autophagy in LPS-treated
cardiac fibroblasts, the cells were incubated with 10% FCS
or starved for 4 h with or without 10 ng/mL LPS before the
amount of LC3B puncta were objectively quantified with high-
throughput immune fluorescence microscopy (Figures 1C,D).
In accordance with previous findings in macrophages (23),
LPS alone was a significant inducer of autophagy in cardiac
fibroblasts. However, no increase in autophagic activity could
be observed after serum starvation, even in LPS-treated
cells (Figure 1D).

Serum Starvation Induces pro-IL-1β

Degradation
Whereas, LPS-induced pro-IL-1β mRNA was not affected
by serum starvation (Figure 1B), serum starvation strongly
downregulated the LPS-induced pro-IL-1β protein levels after
20 h of starvation (Figures 2A,B). We then quantified all known
components of the NLRP3 inflammasome (NEK7, NLRP3,
ASC, procaspase-1, and pro-IL-1β), as well as mitochondrial
mass (complex II), in cardiac fibroblasts after 20 h of serum
starvation (Figures 2C,D). Pro-IL-1β was downregulated while
the expression of the other inflammasome proteins, as well as
mitochondrial mass, was unaffected. Incidentally, ASC initially
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FIGURE 1 | Lack of serum selectively attenuates IL-1β release from cardiac fibroblasts with no induction of autophagy. (A) Cardiac fibroblasts were incubated with

10 ng/mL LPS for 20 h with or without 10% heat inactivated fetal calf serum, then incubated with or without 3mM ATP for 60min. Cytokines were quantified in

conditioned media (n = 5). (B) In the same experiment as (A), pro-IL-1β mRNA were quantified with PCR. Data are normalized to control = 1. (C) Cardiac fibroblasts

primed with LPS (10 ng/mL) were incubated with 10% FCS (control) or no serum for 4 h. Cells were labeled with anti-LC3B and Hoechst and whole slides scanned

with an automated immunofluorescence microscope. (D) LC3B puncta in all cells were automatically counted and the ratio to the number of Hoechst-labeled kernels

calculated. Paired data were normalized to control = 1 (n = 5). All columns are mean with SEM. *p < 0.05 (paired student t-test).

appeared to be downregulated. However, as opposed to pro-
IL-1β, this finding was not reproduced in subsequent studies
and pooled data are presented. Finally, we also investigated
the effect of 20 h serum starvation on the mitochondrial
mass by quantifying MitoTracker Deep Red fluorescence
intensity in cardiac fibroblasts (Figures 2E,F). Serum starved
cells featured significantly increased MitoTracker signaling.
Together with western blot analysis of complex II, as well as
indifferent LC3B puncta quantification, this strongly suggest
that no mitophagy was induced by serum starvation in
cardiac fibroblasts.

The mTOR Inhibitor Rapamycin Rescues
Pro-IL-1β From Serum Starvation Induced
Degradation
Pro-IL-1β has previously been reported to be a target for

autophagy induced by rapamycin in macrophages (10). Hence,

we sought to investigate if autophagy could have a role

in pro-IL-1β degradation in cardiac fibroblasts by using

rapamycin as a substitute for serum starvation. Surprisingly,
rapamycin (500 nM) increased LPS-induced pro-IL-1β levels
both with and without serum in the incubation media
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FIGURE 2 | Serum starvation selectively induces pro-IL-1β degradation in cardiac fibroblasts. (A) Cells were incubated with 10 ng/mL LPS for 5 or 20 h with or

without 10% FCS and western blot analysis of pro-IL-1β and NLRP3 performed. Blots are representative of 3 independent experiments. (B) Protein bands were

(Continued)
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FIGURE 2 | quantified and the ratios to β-actin normalized to mean control = 1 (n = 3). (C,D) Cardiac fibroblasts were incubated with or without 10% FCS and

primed with LPS for 20 h. Western blot analysis of complex II (mitochondrial mass marker) and NLRP3- inflammasome protein components (NEK7, NLRP3, ASC,

pro-caspase-1, and pro-IL-1β) were performed. Bands were quantified and the ratios to β-actin normalized to mean control = 1 (n = 4, for ASC n = 10). (E,F) Cardiac

fibroblasts (120,000 cells per well seeded in 6 well plates) were incubated with 10 ng/mL LPS for 20 h, with or without 10% FCS, then stained with 500 nM

MitoTracker Deep Red for 45min before MitoTracker fluorescence intensity was quantified with flow cytometry analysis (633 nm laser). All cells were analyzed and all

gated cells included in the analysis. The presented dot plots (E) show the gate in red and are representative for 9 biological repeats. Median MitoTracker intensity with

and without 10% FCS are shown (F). All columns are mean with SEM. *p < 0.05,**p < 0.01 (paired student t-test).

(Figures 3A–D). Indeed, rapamycin also protected pro-IL-1β
from starvation-induced degradation and IL-1β secretion was
restored with no significant difference compared to non-starved
cells (Figures 3D–F). Furthermore, rapamycin significantly
increased pro-IL-1β mRNA levels (Figure 3H). In accordance
with previous publications (24–26), rapamycin significantly
decreased TNF release (Figure 3G). However, no significant
change in TNF mRNA was observed (Figure 3I), contradicting
a previous report of mRNA destabilization as the plausible
mechanism (25). Although rapamycin effectively inhibited
mTOR and its downstream p70 S6 kinase activity (Figures 3J–L),
it did not induce autophagy in LPS stimulated cardiac fibroblasts
as compared to LPS-treated control cells (Figures 3M,N).
In accordance with this, 3-methyladenine (3-MA), another
promoter of autophagy under non-starving conditions (27), had
no effect on IL-1β release from cardiac fibroblasts (Figure 3O).
Of note, rapamycin has previously been reported to promote
apoptosis in high doses (0.2–20µM) (28), in which case cleaved
caspase-8 could contribute to IL-1β release (29). However,
we observed no evidence of caspase-8 activation in cardiac
fibroblasts with western blot analysis (Supplementary Figure 2).

The Autophagy Inhibitors Chloroquine and
Bafilomycin A1 Induce Pro-IL-1β

Degradation
LPS-stimulation has been reported to increase baseline
autophagy in macrophages and even cardiomyocytes (23, 30),
suggesting that TLR4 signaling is a general autophagy inducer.
Indeed, this is in line with our current data showing LPS-induced
autophagy in cardiac fibroblasts (Figure 1D). Thus, given a role
of autophagy in pro-IL-1β degradation, inhibiting autophagy
pharmacologically could increase LPS-induced pro-IL-1β
protein levels. Chloroquine potently inhibits autophagy by
impairing autophagosome fusion with lysosomes (31). However,
chloroquine significantly reduced IL-1β release from ATP-
activated LPS-primed cardiac fibroblasts while LPS-induced
secretion of TNF, MIP-2, and IL-6 were not affected (Figure 4A).
Furthermore, chloroquine reduced LPS-induced pro-IL-1β
protein levels (Figures 4B,C) without affecting IL-1β mRNA
expression levels (Figure 4D). By inhibiting autophagy, however,
chloroquine has been reported to increase proteasomal activity
(32, 33). Indeed, both serum starvation and chloroquine
significantly increased total protein ubiquitination, indicating
increased proteasomal activity (Figures 4E,F). Furthermore,
bafilomycin A1, which also inhibits autophagy by preventing
fusion between autophagosomes and lysosomes (34), potently
reduced pro-IL-1β protein levels (Figures 4G,H). Finally, the

proteasome activator betulinic acid significantly reduced pro-
IL-1β levels and attenuated IL-1β release (Figures 4I,J). Thus,
our data suggest that chloroquine and bafilomycin A1 induce
pro-IL-1β protein degradation through proteasomal degradation.

Chloroquine Induces Pro-IL-1β

Degradation in Human Macrophages and
Attenuates IL-1β Release
To investigate whether autophagy-independent pro-IL-1β
degradation could be a general mechanism for regulating IL-1β
signaling, we sought to reproduce key findings in primary
human macrophages (Figure 5). Interestingly and as opposed
to cardiac fibroblasts, the macrophages spontaneously started to
degrade the LPS-induced pro-IL-1β if the cells were incubated
with LPS for more than 5 h (Figures 5A,B). Both rapamycin
and chloroquine significantly reduced pro-IL-1β protein levels
while ASC was not affected (Figures 5C,D). However, only
for chloroquine did this translate to reduced IL-1β secretion
after activation of the NLRP3 inflammasome with ATP
(Figures 5F,G). Again, pro-IL-1β and TNF mRNA levels were
not affected by these interventions (Figures 5H,I).

DISCUSSION

In this study we hypothesized that autophagy could serve as an
anti-inflammatory regulatory mechanism of NLRP3-dependent
IL-1β-release in cardiac fibroblasts. Serum starvation selectively
decreased pro-IL-1β protein expression and attenuated IL-
1β secretion. Although LPS increased baseline autophagy in
accordance with previous reports, we were unable to induce
autophagy with serum starvation or rapamycin in cardiac
fibroblasts. Furthermore, LPS-induced pro-IL-1β and subsequent
ATP-induced IL-1β-release were rescued by the mTOR inhibitor
rapamycin in serum starved cells without affecting autophagy.
Finally, autophagy inhibition with chloroquine reproduced pro-
IL-1β degradation and attenuated IL-1β release from cardiac
fibroblasts. Hence, our data indicated that IL-1βmay be removed
by proteasomal degradation. This hypothesis is further supported
by our observations that: (1) chloroquine increases total protein
ubiquitination; (2) the effect of chloroquine can be reproduced
by bafilomycin A1, a pharmacodynamical similar autophagy
inhibitor; (3) the proteasome activator betulinic acid induces pro-
IL-1β degradation. Our findings thus that suggest mTOR and
proteasome activation, not autophagy, attenuate pro-IL-1β levels
and IL-1β secretion from cardiac fibroblasts.
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FIGURE 3 | Rapamycin increases pro-IL-1β protein levels, rescues serum starvation-induced pro-IL-1β degradation, inhibits mTOR but induces no autophagy in

LPS-stimulated cardiac fibroblasts. (A) IL-1β release was quantified in conditioned media from cardiac fibroblasts primed with 10 ng/mL LPS for 20 h with or without

500 nM rapamycin, as indicated, prior to activation with 3mM ATP for 60min. (B,C) Fibroblasts were primed with 10 ng/mL LPS for 20 h with or without 500 nM

rapamycin and pro-IL-1β western blot performed (n = 3). (D,E) Control cells were incubated with 10% FCS, while serum deprived cells were incubated with or without

500 nM Rapamycin. Protein expressions were quantified with western blot (n = 4) (F,G). IL-1β and TNF-α were quantified in conditioned media from cardiac fibroblasts

(Continued)
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FIGURE 3 | incubated with or without 10% FCS and 500 nM rapamycin and stimulated with LPS 10 ng/mL for 20 h prior to activation with 3mM ATP for 60min as

indicated (n = 6) (H,I) IL-1β and TNF mRNA were quantified with PCR. (J–L) Cardiac fibroblasts were incubated with 10% FCS with or without 10 ng/mL LPS and/or

500 nM rapamycin for 20 h and mTOR (K) and p70 S6 kinase (L) activity were quantified with western blot (n = 5). (M,N) Cardiac fibroblasts primed with LPS

(10 ng/mL) were incubated with 10% FCS (control) or no serum for 4 h. Cells were labeled with anti-LC3B and Hoechst and whole slides scanned with an automated

immunofluorescence microscope. LC3B puncta in all cells in were automatically counted and ratio to number of Hoechst-labeled kernels calculated. Columns are

mean with SEM of paired data normalized to control = 1 (n = 5). (O) Cardiac fibroblasts were incubated with 10% FCS, 10 ng/mL LPS, and/or 5mM 3-methyladenine

(3-MA) for 18 h and/or ATP 3mM for 60min as indicated (n = 3). Rapa: rapamycin. 3-MA: 3-methyladenine, ns: not significant, *p < 0.05, **p < 0.01, ****p < 0.0001

(paired student t-test).

If cardiac fibroblasts only receives signal 1, pro-IL-1β, as
well as inflammasome components, are synthesized but no IL-
1β is released (9). In human macrophages in vitro, pro-IL-
1β is degraded if the second signal is not given within about
10 h (Figures 5A,B). In cardiac fibroblasts, however, pro-IL-
1β persists, as shown in this study and previously (9). In
relation to the myocardium, signal 1 may be delivered due to
a leaky gut barrier (35) or chronic inflammation originating
elsewhere in the organism (36). In that case, inducing pro-IL-1β
degradation in cardiac cells may limit subsequent inflammatory
responses to cardiac tissue damage and hence serve as a cardio
protective prophylactic intervention in patients with ischemic
heart disease or heart failure. Interestingly, Liu et al. recently
published a meta-analysis suggesting that chloroquine reduces
the risk of cardiovascular disease in patients with rheumatic
disease (37). Moreover, in a prospective placebo controlled trial,
Hartman et al. will investigate if chloroquine can prevent new
cardiovascular events in patients who have already suffered a
myocardial infarction (38). Our current study suggest that IL-1β
may be implicated in any cardioprotective feature of chloroquine.
To address such protective mechanisms of chloroquine on infarct
size in vivo, however, a cardiac ischemia-reperfusion model of
mice pre-treated with chloroquine may be the next logic step.

We have investigated the effect of serum starvation on the
expression of all proteins known to be directly involved in
NLRP3-dependent IL-1β-release in general (NEK7, NLRP3,
ASC, procaspase-1, and pro-IL-1β), excluding proteins only
relevant to specific danger signal pathways. We also quantified
mitochondrial mass by the expression of complex II and
MitoTracker. However, only pro-IL-1β protein levels were
significantly and consistently reduced in all subsequent
experiments including serum starvation. Thus, our findings
suggest that the effect of serum starvation on IL-1β release seems
to reflect a selective effect on pro-IL-1β degradation and no other
inflammasome proteins.

Several studies suggest a role for autophagy in regulating
IL-1β release from innate immune cells. Data supporting
this hypothesis have been obtained from experiments with
pharmacological inhibitors and inducers of autophagy (10, 39),
as well as with cells carrying genetic loss of autophagic function
(40). Autophagy can also be induced by amino-acid deprivation
or growth factor withdrawal (20, 41). However, herein we showed
that serum starvation reduced pro-IL-1β protein levels while
no increase in autophagy could be observed. mTOR is a key
regulator of autophagy, and to further investigate our original
hypothesis we then sought to use a pharmacological inducer
of autophagy, the mTOR inhibitor rapamycin. In 2011, Harris
et al. showed that rapamycin induced autophagy in mouse

bone marrow-derived macrophages, resulting in significantly
reduced pro-IL-1β levels and IL-1β secretion (10). However,
relatively high doses of rapamycin were used in that study
(12.5–50µg/mL = 13.1–54.7µM). On the other hand, in 2016
Sotthibundhu et al. observed that 200 nM was an optimal dose
for induction of autophagy in induced pluripotent stem cells (42),
300 nM was less efficient. In our study, 500 nM of rapamycin
effectively inhibited mTOR activity but induced no increase
in autophagy in LPS-stimulated cardiac fibroblasts compared
to LPS-stimulated control cells. Surprisingly, rapamycin had
a profound effect of increasing pro-IL-1β mRNA and protein
levels, even rescuing IL-1β secretion from serum starved cells.
Thus, mTOR inhibition favors LPS-induced pro-IL-1β but not
TNF synthesis in cardiac fibroblasts. Our findings thus suggest
that mTOR could be of importance for downregulating pro-IL-1β
levels and secretion in cardiac fibroblast during serum starvation.
In contrast, we observed that rapamycin decreased pro-IL-
1β protein levels in monocyte-derived human macrophages,
which is in line with the findings of Harris et al. (10). Thus,
our data do not support an overall pro-inflammatory effect of
rapamycin in vivo, merely that mTOR is implicated in pro-
IL-1β catabolism in cardiac fibroblasts. Finally, we have not
investigated the effect of increased mTOR activation, such as
through mTOR overexpression, on pro-IL-1β expression in
cardiac fibroblasts. This may weaken our findings. Interestingly,
rapamycin has been shown to be a proteasome inhibitor,
inhibiting PA28 mRNA and protein expression (43) at 50 nM, as
well as allosterically inhibiting the proteolytic activity of the 20S
proteasome, Osmulski et al. (44) and it is tempting to hypothesize
that the enhancing effect of mTOR inhibition on pro-IL-1β levels
could also reflect proteasome inhibition, and thereby attenuated
pro-IL-1β degradation.

Since TLR4 signaling has been reported to increase baseline
autophagy (23, 30), IL-1β secretion could potentially be
increased by inhibiting autophagy, given that pro-IL-1β indeed
is an autophagy target, specifically or in general. The cardiac
fibroblasts were incubated with LPS (signal 1) for 18-20 h
prior to ATP activation (signal 2), leaving plenty of time for
pro-IL-1β removal. However, increasing the pro-IL-1β pool,
as well as IL-1β secretion, with chloroquine failed completely.
Chloroquine and bafilomycin A1 both inhibit autophagy by
impairing autophagosome fusion with lysosomes (31). This then,
increases proteasome activity (32, 33). Proteasome inhibitors,
such as MG-132, could counter the effect of chloroquine
and bafilomycin A1 on pro-IL-1β protein levels. The lack of
such data weakens our findings. However, we do show that
a proteasome activator, betulinic acid, is sufficient to decrease
pro-IL-1β levels and IL-1β release. Interestingly, in 2015, Bourke
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FIGURE 4 | Pro-IL-1β degradation is induced by the autophagy inhibitors chloroquine and bafilomycin A, and by the proteasome activator betulinic acid. (A)

Chloroquine selectively attenuates IL-1β release from cardiac fibroblasts. The cells were incubated with LPS and/or 20µM chloroquine phosphate as indicated for

18 h, then activated with 3mM ATP for 60min. IL-1β, TNF, MIP-2, and IL-6 were quantified in the conditioned media (n = 3). (B,C) Cardiac fibroblasts were incubated

with LPS for 18 h with or without 20µM chloroquine phosphate and pro-IL-1β quantified with western blot (n = 3). (D) Pro-IL-1β mRNA expression was quantified with

qPCR (n = 3). (E,F) Cardiac fibroblasts were incubated with LPS for 20 h with or without 10% FCS or 20µM chloroquine phosphate as indicated. The amount of total

ubiquitinated protein was quantified with western blot (n = 4). (G,H) Cardiac fibroblasts were incubated with 10% FCS with or without 10 ng/mL LPS and/or 100 nM

bafilomycin A1 for 20 h. Pro-IL-1β was quantified with western blot. (I,J) Cardiac fibroblasts were incubated with 10% FCS with or without 10 ng/mL LPS and/or

20µM betulinic acid as indicated for 20 h. Pro-IL-1β was quantified with western blot. All columns are mean with SEM. *p < 0.05, **p < 0.01 (paired student t-test).
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FIGURE 5 | Chloroquine but not rapamycin attenuates IL-1β release from monocyte-derived M-CSF-differentiated human macrophages. (A,B) Macrophages were

stimulated with 10 ng/mL LPS for times as indicated and pro-IL-1β was quantified with western blot. (C–E) Macrophages were incubated with 10 ng/mL LPS for 5 h

with or without 500 nM rapamycin or 20µM chloroquine and pro-IL-β and ASC quantified with western blot (n = 3). Columns are mean with SEM. (F,G) Macrophages

were incubated with 10 ng/mL LPS for 5 h with or without 500 nM rapamycin or 20µM chloroquine phosphate, then 3mM ATP for 30min. IL-1β and TNF release were

quantified in conditioned medium with ELISA and percent change in output calculated. Data are normalized to control = 100%. (H,I) Macrophages were incubated

with 10 ng/mL LPS for 5 h with or without 500 nM rapamycin or 20µM chloroquine phosphate. IL-1β and TNF mRNA was quantified with PCR. All columns are mean

with SEM (n = 3–6). *p < 0.05, **p < 0.01 as compared to control or as indicated (paired student t-test).

et al. showed that pretreatment of rats with chloroquine for
3 days significantly reduced myocardial infarct size after 1 h
ischemia followed by a 24 h reperfusion period (45). IL-1
signaling was not addressed, however. More recently, Chen
et al. reported that chloroquine reduced NLRP3-dependent IL-
1β release from mouse bone marrow derived macrophages (46).
However, their main mechanistic finding was that chloroquine
inhibited LPS-induced NF-κB activation (signal 1), leading to
reduced pro-IL-1β and NLRP3 mRNA synthesis. In contrast, our

current data shows that chloroquine induced pro-IL-1β protein
degradation without affecting pro-IL-1β mRNA. Furthermore,
we repeated our experiments addressing the effects of rapamycin
and chloroquine on NLRP3-dependent IL-1β secretion on
primary human monocyte-derived macrophages. Again, we
found that chloroquine reduced pro-IL-1β protein levels and
attenuated IL-1β release, while TNF release, IL-1β mRNA, and
TNF mRNA were not affected. Hence, our data do not support
any interference of chloroquine with signal 1, but strongly
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FIGURE 6 | Summary of the effects of serum starvation, rapamycin, chloroquine, bafilomycin A1 and betulinic acid on pro-IL-1β expression in cardiac fibroblasts.

(A) Serum starvation (right side) increases proteasome activity and pro-IL-1β protein degradation. mTOR inhibition with rapamycin favors LPS-induced pro-IL-1β

synthesis, reflected by increased pro-IL-1β mRNA and protein levels. Moreover, rapamycin has been reported to inhibit proteasome activity by inhibiting PA28 mRNA

and protein expression (43), as well as allosterically inhibiting the proteolytic activity of the 20S proteasome (44), which may further contribute to increased pro-IL-1β

protein levels. Rapamycin thus restores LPS-induced pro-IL-1β levels in serum-starved cells. (B) Chloroquine and bafilomycin A1 inhibits autophagy by preventing the

fusion of lysosomes with autophagosomes (which then accumulates in the cell). Lack of autophagy increases proteasomal activity, leading to degradation of pro-IL-1β

protein (33). Direct activation of the proteasome with betulinic acid also results in pro-IL-1β protein degradation.

suggest that chloroquine induces proteasomal degradation of
pro-IL-1β protein.

Figure 6 summarizes our interpretation of the data presented
in this study. Our data imply that mTOR is a negative regulator
of pro-IL-1β synthesis in cardiac fibroblasts, while proteasomal
degradation of pro-IL-1β, and not autophagy, is the major
catabolic anti-inflammatory mechanism regulating this cytokine.
We propose that proteasomal degradation of pro-IL-1β may
contribute to the anti-inflammatory effects of chloroquine as well
as caloric restriction.
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Supplementary Figure 1 | A role for NEK7 and mitochondrial ROS in

NLRP3-mediated IL-1β release in mouse cardiac fibroblasts. (A) NEK7

co-localizes with ASC after NLRP3-dependent inflammasome formation. Cardiac

fibroblasts were primed with 10 ng/mL LPS for 18 h, then activated with 3mM ATP

for 60min. The cells were fixed and labeled with anti-ASC Alexa 633 and

anti-NEK7 Alexa488. (B) The mitochondria specific ROS scavenger MitoTempo

inhibits IL-1β release, while TNF-α is not affected. Cardiac fibroblasts were

incubated in medium only or 10 ng/ml LPS for 20 h, then mtROS scavenger

MitoTempo (100 uM) for 60min prior to ATP (3mM) for 60min. Columns are mean

with SEM (n = 3).

Supplementary Figure 2 | No role for caspase-8 in IL-1β release from serum

starved cardiac fibroblasts treated with LPS and rapamycin. Cardiac fibroblasts

were incubated with or without 10% FCS and primed with 10 ng/mL LPS with or

without rapamycin (500 nM) for 20 h prior to activation with ATP for 60min.

Western blot analysis of cleaved caspase-8 were performed. HL-1 cells treated

with 10µM staurosporine for 3 h followed by 22 h incubation in staurosproine-free

medium served as positive control. Blot is representative for six independent

biological repeats.
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