Experimental Eye Research 209 (2021) 108687

Contents lists available at ScienceDirect

Experimental Eye Research

EXPERIMENTAL
EYE RESEARCH

journal homepage: www.elsevier.com/locate/yexer

ELSEVIER

t.)

Check for

Antimycin A-induced mitochondrial dysfunction regulates inflammasome = [%&s
signaling in human retinal pigment epithelial cells

%" Maria Hytti“, Niina Piippo °, Kai Kaarniranta ““, Anu Kauppinen® "

Eveliina Korhonen
@ Immuno-Ophthalmology, School of Pharmacy, Faculty of Health Sciences, University of Eastern Finland, P.0.Box 1627, FI-70211, Kuopio, Finland
b Department of Clinical Chemistry, University of Helsinki and Helsinki University Hospital, P.0.Box 720, FI-00029, Helsinki, Finland

¢ Department of Ophthalmology, Institute of Clinical Medicine, University of Eastern Finland, P.O.Box 1627, FI-70211, Kuopio, Finland

4 Department of Ophthalmology, Kuopio University Hospital, P.O.Box 100, FI-70029, Kuopio, Finland

ARTICLE INFO ABSTRACT

Keywords:
Age-related macular degeneration
Retinal pigment epithelium

Age-related macular degeneration (AMD) is a severe retinal eye disease where dysfunctional mitochondria and
damaged mitochondrial DNA in retinal pigment epithelium (RPE) have been demonstrated to underlie the
pathogenesis of this devastating disease. In the present study, we aimed to examine whether damaged mito-

ﬁg\gi 3 chondria induce inflammasome activation in human RPE cells. Therefore, ARPE-19 cells were primed with IL-1a
Inflammasome and exposed to the mitochondrial electron transport chain complex III inhibitor, antimycin A. We found that

antimycin A-induced mitochondrial dysfunction caused caspase-1-dependent inflammasome activation and
subsequent production of mature IL-1p and IL-18 in human RPE cells. AIM2 and NLRP3 appeared to be the
responsible inflammasome receptors upon antimycin A-induced mitochondrial damage. We aimed at verifying
our findings using hESC-RPE cells but antimycin A was absorbed by melanin. Therefore, results were repeated on
D407 RPE cell cultures. Antimycin A-induced mitochondrial and NADPH oxidase-dependent ROS production
occurred upstream of inflammasome activation, whereas K* efflux was not required for inflammasome activation
in antimycin A-treated human RPE cells. Collectively, our data emphasize that dysfunctional mitochondria
regulate the assembly of inflammasome multiprotein complexes in the human RPE cells. The present study as-

Interleukin-1beta
Mitochondrial damage

sociates AIM2 with the pathogenesis of AMD.

1. Introduction

Age-related macular degeneration (AMD) is the most common cause
of blindness among aged people living in the developed countries, and
the prevalence is increasing due to the aging of populations (Wong et al.,
2014; Li et al., 2019). Currently, almost 80% of AMD patients have the
dry form of the disease (Velez-Montoya et al., 2014). While there is an
effective intravitreal treatment available for slowing down wet AMD,
dry AMD is still lacking of any form of therapy (Handa et al., 2019;
Velez-Montoya et al., 2014). Finding a suitable treatment is challenging
due to our incomplete understanding of the precise mechanisms and
timing of cellular events to this multifactorial disease (Handa et al.,
2019).

Mitochondrial dysfunctionality and damaged mitochondrial DNA
(mtDNA) in the retinal pigment epithelium (RPE) are early hallmarks of

AMD (Kaarniranta et al., 2020). Although normal aging elicits mtDNA
damage in the RPE (Barreau et al., 1996; Wang et al., 2008), AMD do-
nors have significantly increased levels of mtDNA damage in their RPE
cells in comparison to age-matched controls (Karunadharma et al., 2010;
Terluk et al., 2015). Mitochondrial DNA damage has been localized to
the genes that encode the subunits of the mitochondrial electron trans-
port chain (ETC), which together with ATP synthase, are responsible for
most of the cellular energy production (Terluk et al., 2015). In line with
that proposal, reduced ATP generation has been found in RPE cells of
AMD donors when compared to controls with no AMD (Ferrington et al.,
2017; Golestaneh et al., 2017). Due to the high metabolic demand and
the constant production of reactive oxidative species (ROS), the outer
retina is highly susceptible to oxidative stress (Lefevere et al., 2017).
Elevated oxidative stress can damage not only proteins and lipids but
also mitochondrial DNA (Fisher and Ferrington, 2018). Oxidative stress
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can also cause mitochondrial dysfunction and a subsequent impairment
of normal cell homeostasis, which further exacerbates the levels of
cellular ROS (Lefevere et al., 2017; Terluk et al., 2019).

Inflammasomes are intracellular multiprotein complexes, which
become assembled upon exposure to conserved pattern-associated mo-
lecular patterns (PAMPs) from infectious agents or damage-associated
molecular patterns (DAMPs) that are alarming signals of cellular
distress (Zheng et al., 2020). Depending on the inflammasome, recog-
nition of PAMPs and DAMPs can evoke either direct ligand-binding or
act through an indirect mechanism to trigger changes in cellular ho-
meostasis (Christgen et al., 2020). The inflammasome complex typically
consists of a receptor, an adaptor protein apoptosis-associated speck-like
protein containing a caspase-activation and recruitment domain (ASC),
and pro-caspase-1 proteins (Christgen et al., 2020; Malik and Kanne-
ganti, 2017). The formation of the inflammasome complex results in the
cleavage of pro-caspase-1, which thereafter proteolytically cleaves
immature forms of IL-1p and IL-18 into their biologically active forms
(Malik and Kanneganti, 2017). Additionally, caspase-1 activation leads
to the cleavage and the oligomerization of gasdermin D, which subse-
quently forms plasma membrane pores to permit the secretion of IL-1p
and IL-18 (Orning et al., 2019).

Thus far, NLRP3 has been the best-characterized inflammasome and
its activation has also been implicated in the pathogenesis of AMD
(Kauppinen et al., 2016). Previous studies have shown that mitochon-
drial ROS (Zhou et al., 2010b; Heid et al., 2013; Nakahira et al., 2011)
and cytosolic oxidized mtDNA (Shimada et al., 2012) are able to induce
NLRP3 inflammasome activation in bone marrow-derived macrophages
(BMDMSs) (Heid et al., 2013; Shimada et al., 2012; Zhou et al., 2010b;
Nakahira et al., 2011) and a human THP-1 macrophage cell line (Zhou
et al., 2010b). Absent in melanoma 2 (AIM2) is an inflammasome re-
ceptor specialized in recognizing cytosolic DNA fragments (Hornung
et al., 2009; Fernandes-Alnemri et al., 2009). Mitochondrial DNA has
been shown to induce the activation of the AIM2 inflammasome in
BMDMs (Bae et al., 2019; Shimada et al., 2012) and in human kerati-
nocytes (Dombrowski et al., 2012). It has also been shown to induce
cyclic GMP-AMP synthase (cGAS)-dependent interferon signaling,
which resulted in non-canonical inflammasome activation and secretion
of IL-18 in Alu RNA-driven retinal degeneration in mice (Kerur et al.,
2018). In another study, transfected mtDNA weakly activated caspase-1
and IL-1p in ARPE-19 cells (Dib et al., 2015), suggesting that cytosolic
mtDNA may play a role in inflammasome activation in human RPE cells.
In order to clarify the complex mechanisms behind the pathobiology of
AMD, we investigated whether the inhibition of the mitochondrial ETC
complex III by antimycin A would affect the activation of inflamma-
somes in human RPE cells.

2. Materials and methods
2.1. Cell stimulations

The human retinal pigment epithelial cell line ARPE-19 was pur-
chased from the American Type Culture Collection (ATCC). Cells were
cultured in complete DMEM/F12 (1:1) growth medium (Life Technol-
ogies, Paisley, UK) containing 10% inactivated fetal bovine serum (FBS;
Hyclone, Logan, UT, USA), 2 mM L-glutamine (Lonza, Walkersville,
USA), 100 U/ml penicillin (Lonza), and 100 pg/ml streptomycin (Lonza)
at +37 °C in humidified conditions with 5% CO,. Passages 26-36 were
used in this study. In the experiments, ARPE-19 cells were seeded onto
12-well plates at a density of 2 x 10° cells per well in the complete
growth medium.

Differentiated ARPE-19 cells were cultured on Matrigel-coated
(Corning, Corning, NY, USA) 24-well hanging cell culture inserts (Mil-
lipore, Burlington, MA, USA) in complete DMEM/F12 growth medium.
0.75 x 10° cells were seeded onto the inserts and maintained for 4 weeks
with medium changes every other day.

The human retinal pigment epithelial cells, D407, were maintained
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in DMEM growth medium (Life Technologies) containing 5% inacti-
vated fetal bovine serum (Hyclone), 2 mM L-glutamine (Lonza), 100 U/
ml penicillin (Lonza), and 100 pg/ml streptomycin (Lonza) at +37 °C in
humidified conditions with 5% CO,. Passages 47-49 were used in this
study. Cells were routinely passaged twice per week. For experiments,
D407 cells were seeded onto 24-well plates at a density of 2 x 10° cells
per well in the complete growth medium.

Human embryonal stem cell (hESC)-derived RPE cells were gener-
ated as previously described at BioMediTech, Tampere University
(Vaajasaari et al., 2011). The use of human embryos for research pur-
poses at BioMediTech has been approved by the National Authority for
Medicolegal Affairs Finland (Dnro 1426,/32/300/05). The institute also
has supportive statements from the Ethical Committee of the Pirkanmaa
Hospital District to derive, culture, and differentiate hESC lines (Skott-
man/R05116). No new cell lines were derived for this study. For ex-
periments hESC-RPE cells were plated on Matrigel-coated (Corning,
Corning, NY, USA) 24-well hanging cell culture inserts (Millipore, Bur-
lington, MA, USA) at a density of 7.5 x 10 cells per insert. Cells were
maintained in KO-DMEM medium (Life Technologies), supplemented
with 15% KO-Serum Replacement (Life Technologies), 1% GlutaMAX
(Life Technologies), 1% non-essential amino acids (Lonza), 50 U/ml
penicillin (Life Technologies), and 50 pg/ml streptomycin (Life Tech-
nologies), as well as 100 pM 2-mercaptoethanol (Life Technologies).
Medium above and below the inserts was exchanged every two to three
days and cells were maintained in culture for at least 8 weeks prior to
experiments until they had formed a dense, highly-pigmented
monolayer.

Confluent ARPE-19 and D407 cell layers and differentiated ARPE-19
cells were washed and replaced with serum-free medium containing 2
mM L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin.
ARPE-19 cells were treated with recombinant human interleukin 1o (IL-
la, 4 ng/ml; R&D Systems, Minneapolis, MN, USA) for 48 h with or
without potassium chloride (KCl, 50 mM, Merck, Damstadt, Germany)
whereas D407 cells were only treated with IL-1a (4 ng/ml) for 24 h at
+37 °C in humidified conditions with 5% CO,. Thereafter, antimycin A
(12.5 pM-50 pM; Sigma, batch no 096M4022V) was added to wells, and
the cells were incubated for 1-24 h at +37 °C in humidified conditions
with 5% CO». Instead, hESC-RPE monolayers were washed with com-
plete culture medium, before being stimulated with 4 ng/ml IL-1a (R&D
Systems) in complete culture medium added to both the apical and basal
side. After an incubation for 48 h, cells were exposed to antimycin A
(100-400 pM, Sigma) from both the apical and basal side.

ARPE-19 cells were additionally treated with caspase-1 inhibitor
(Ac-YVAD-CMK, 50 pM; Calbiochem, Millipore, Billerica, MA, USA),
ammonium pyrrolidinedithiocarbamate (APDC, 50 pM; Sigma), mito-
TEMPO (50 pM; Enzo, Farmingdale, NY, USA), diphenyleneiodonium
chloride (DPI, 10-30 pM; Sigma), glyburide (50-200 pM; Sigma), or
MCC950 (50 pM; Cayman Chemicals) for 1 h or alternatively with
bafilomycin A (50 nM; Sigma) for 24 h prior to antimycin A treatment.
All the cell culture medium samples and cell lysates were collected 1-24
h following the antimycin A treatment as previously described (Korho-
nen et al., 2019). Protein concentrations from cell lysates were measured
using the Bradford method (Bradford, 1976). Additionally, medium
samples from the apical and basal side of the hESC-RPE cells were
collected separately, centrifuged at 380 x g for 10 min, and the super-
natants were used for further analysis.

In the present study, MG-132 + bafilomycin A and Poly(dA:dT)-
treated ARPE-19 cells served as positive controls for NLRP3 and AIM2
inflammasome activations, respectively (Piippo et al., 2014; Hornung
et al., 2009). For NLRP3 activation, ARPE-19 cells were primed with
IL-1a for 24 h and then exposed to MG-132 (5 pM; Calbiochem, San
Diego, CA, USA) for the next 24 h and to bafilomycin A (50 nM) for
additional 24 h before the sample collection, which has been described
previously (Korhonen et al., 2019). For AIM2 activation, Poly(dA:dT)
(0.5 pg/ml; Merck) transfections were performed 48 h after the IL-1a
treatment using Lipofectamine 2000 (Thermo) transfection reagent in
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Opti-MEM medium (Gibco) according to the manufacturers’ in-
structions. Thereafter, ARPE-19 cells were incubated for 24 h. Where
applicable, ARPE-19 cells were treated with the specific NLRP3 inhibitor
MCC950 (50 pM) either concurrently with MG-132 or 1 h prior to the
poly(dA:dT) treatment.

2.2. Engyme-linked immunosorbent assay (ELISA)

Human IL-1p (BD Bioscience, San Diego, CA, USA), IL-18 (eBio-
science, San Diego, CA, USA), and NLRP3 (Cusabio, Wuhan, China) were
measured from cell culture medium samples using the ELISA method
according to the manufacturer’s instructions. Additionally, pro-IL-1p
was detected from cell culture medium samples and cell lysates
following the manufacturer’s instructions (R&D, Minneapolis, MN,
USA). Equal amounts of protein from each cell lysate sample were used
in the assay of pro-IL-1p. Absorbance values from all ELISA assays were
measured using a spectrophotometer (Biorad, Model 550, Hercules, CA,
USA) at the wavelength of 450 nm with the reference wavelength of 655
nm.

2.3. Lactate dehydrogenase (LDH) assay

LDH was measured from cell culture medium samples using the
commercial CytoTox96® Non-Radioactive Cytotoxicity assay (Promega,
Madison, WI, USA) according to the manufacturer’s protocol. Absor-
bances after the colorimetric reaction were measured using a spectro-
photometer (Cytation 3, Biotek Instruments, Inc. Winooski, VT, USA) at
the wavelength of 490 nm.

2.4. 2,7-dichlorodihydrofluorescein diacetate (H,DCFDA) assay

ARPE-19 cells were seeded onto 96-well plates at a density of 1.5 x
10* cells per well in the complete growth medium, which was replaced
by serum-free medium at the beginning of exposures. Confluent cell
cultures were treated with IL-1a (4 ng/ml) as described above. In the
measurement of intracellular ROS, cells were treated with APDC
(50-100 pM) for 1 h prior to the addition of cell permeable HoDCFDA (5
pM; Invitrogen, Eugene, OR, USA) and antimycin A (25 pM). Thereafter,
the cells were incubated for 1 h at +37 °C in humidified conditions with
5% CO; and washed twice with 1 x phosphate buffered saline (PBS). The
fluorescence signal was immediately detected using a fluorometer
(Cytation 3, Biotek Instruments, Inc. Winooski, VT, USA) at the excita-
tion and emission wavelengths of 488 nm and 528 nm, respectively.
Cells without the HoDCFDA probe were used as negative controls with
their values being subtracted from the results of cells exposed to
H>DCFDA.

2.5. ROS-Glo assay

The production of H,O was measured using the commercial Ros-Glo
assay (Promega, Madison, W1, USA). In the analysis, ARPE-19 cells were
seeded onto 96-well plates with white walls and clear bottoms (Greiner)
at the density of 2 x 10* cells and incubated for 48 h at +37 °C in hu-
midified conditions with 5% CO». Cells were primed with IL-1a (4 ng/
ml) as described above. The ROS-Glo assay substrate (25 pM) was added
along with antimycin A (25 pM). After a 1 h incubation, detection so-
lution was added and the plates were incubated at room temperature
(RT) for 20 min. Thereafter, the luminescent signal was detected using a
luminometer (Cytation 3). HyOo-treated (1 mM; Sigma) ARPE-19 cells
served as the positive control.

2.6. NLRP3 and AIM2 knockdown
For the siRNA experiments ARPE-19 cells were seeded onto 12-well

plates at a density of 1.5 x 10° cells per well whereas D407 cells were
seeded onto 48-well plates at a density of 8 x 10* cells per well. Sub-
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confluent (60-80%) cell cultures were washed and replaced with fresh
medium without antibiotics, and the cells were further treated with the
Silencer Select NLRP3 siRNA (ID: s41556; Ambion by Life Technologies)
or Silencer Select AIM2 siRNAs (IDs: s18092 and s18094; Ambion) with
Lipofectamine® RNAiMAX Reagent (Invitrogen, Van Allen Way Carls-
bad, CA, USA) according to the manufacturer’s instructions and our
previous studies (Piippo et al., 2014; Korhonen et al., 2020). Mixtures of
siRNAs with the transporter were prepared in the Opti-MEM medium
(Gibco, Grand Island, NY, USA). ARPE-19 and D407 cells were incubated
for 24 h at +37 °C in humidified conditions with 5% CO, and fresh
serum-free medium was changed along with the addition of the priming
factor IL-1a. Thereafter, cell cultures were incubated for another 24 h at
+37 °C in humidified conditions with 5% CO,. Antimycin A exposure
was performed as described above. Silencer select Negative control
siRNA (Ambion) was used as a negative control.

2.7. Immunofluorescence staining

ARPE-19 cells were cultured on coverslips in 24-well plates (Costar)
atadensity of 1 x 105 cells per well in the complete growth medium and
incubated for 48 h at +37 °C in humidified conditions with 5% CO,. IL-
la (4 ng/ml) and antimycin A (25 pM) treatments were performed as
described above. After 6 h of antimycin A exposure, ARPE-19 cells were
washed twice with PBS and fixed by 4% paraformaldehyde (PFA) for 15
min at RT. Thereafter, the cells were washed three times in PBS and
permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 15 min at RT
following the blocking with 3% BSA in PBS for 1h at RT. p22-phox was
detected using mouse monoclonal p22-phox antibody (cas. nro. sc-271
262; 1:500 in 3% BSA in PBS; Santa Cruz) overnight at +4 °C. This
antibody has previously been used with ARPE-19 cells (Qiu et al., 2015).
Thereafter, the cells on the coverslips were washed three times for 5 min
with 1 x PBS followed by a 2 h incubation at RT with goat anti-rabbit
IgG secondary Alexa Fluor 594 antibody (1:1000; in 3% BSA in PBS;
ThermoFischer). After washing three times for 5 min in 1 x PBS, the
samples were counterstained with 4’, 6-diamidino-2-phenylindole
dihydrochloride (DAPIL 1:10 000 in PBS; Sigma) prior to mounting of
the cells on coverslips with Mowiol (Sigma). Images were viewed under
an immunofluorescence microscope (Zeiss) and analyzed using the
ImageJ program. Background fluorescence was subtracted using the
following formula: corrected total cell fluorescence (CTCF) = integrated
density — (area of selected cell x mean fluorescence of background).

2.8. FLICA staining

ARPE-19 cells were seeded onto 8-well chamber slides with remov-
able wells (Nunc Lab-Tek II Chamber Slide) at a density of 4 x 10* cells
per well in a complete growth medium and incubated for 48 h at +37 °C
in humidified conditions with 5% CO,. Moreover, D407 cells were
seeded onto 8-well chamber slides with removable wells (Nunc Lab-Tek
II Chamber Slide) at a density of 1 x 10° cells per well in complete
growth medium and incubated for 72 h at +37 °C in humidified con-
ditions with 5% CO,. Thereafter, ARPE-19 and D407 cells were washed
once and medium was replaced with serum-free medium containing IL-
la (4 ng/ml) and incubated for 48 h and 24 h prior to antimycin A
exposure, respectively. FLICA reagent, FAM-YVAD-FMK (1:300, Immu-
noChemistry Technologies, Bloomington, MN, USA) was loaded onto the
cells at 5 h after the addition of antimycin A and the cells were incubated
for an additional 1 h at +37 °C in humidified conditions with 5% COs.
Thereafter, cells were washed three times with a commercial washing
buffer provided by the manufacturer prior to counterstaining with
Hoechst33342 (Invivogen) for 15 min at +37 °C. Stained cells were fixed
by 4% PFA for 15 min at RT. Thereafter, cells were washed with 1 x
DPBS. Polystyrene media chambers were removed from the glass slide
and the mounting medium was used to immobilize coverslip over the
specimen. Samples were observed under the fluorescence microscope
(Zeiss) using excitation and emission wavelengths of 492 nm and 520
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nm for FLICA and excitation and emission wavelengths of 360 nm and
460 nm for Hoechst33342, respectively.

2.9. Microscale thermophoresis

Microscale thermophoresis (MST) was used to determine antimycin
A binding to melanin as described earlier (Hellinen et al., 2020). Soluble
melanin microparticles were prepared from synthetic melanin (Sigma)
as previously described (Hellinen et al., 2020). The solution of 10 mg/ml
melanin microparticles (in PBS) was mixed with the solution of 200 pM
antimycin A (in PBS containing 4% ethanol and 16% DMSO) or with
solvent only and incubated for 1 h at room temperature, protected from
light. Low-binding pipette tips (Corning Incorporated, Salt Lake City,
USA) and tubes (Alpha Laboratories, Hampshire, UK) were used for all
handling steps. After 1 h, the melanin-antimycin A complexes (final
concentration 200 pM antimycin A, 5 mg/ml melanin) were mixed
gently before being loaded into capillaries (NanoTemper Technologies
GmbH, Germany). The samples were analyzed with a Monolith NT.115
pico device using MO.Control Software (both from NanoTemper Tech-
nologies GmbH) using nano-blue excitation, LED light adjusted to 80%
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excitation power, and infrared laser power set to high.
2.10. Statistical analysis

Statistical analysis was performed using the GraphPad Prism soft-
ware (GraphPad Software, San Diego, CA, USA version 8.1.2). Pairwise
comparisons were performed using the Mann-Whitney U test. P-values
of 0.05 or less were considered as statistically significant.

3. Results

3.1. Antimycin A-induced mitochondrial damage results in the production
of mature IL-15

To investigate whether mitochondrial damage induces inflamma-
some activation in ARPE-19 cells, the cells were first primed with IL-1a.
A priming signal is required to induce the expression of inflammasome
components pro-IL-1f and NLRP3 in RPE cells (Korhonen et al., 2020;
Piippo et al., 2018b). Thereafter, ARPE-19 cells were exposed to the
mitochondrial electron transport chain (ETC) complex III inhibitor,
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Fig. 1. Antimycin A induces the secretion of IL-18 as well as time and dose-dependent production of mature IL-1f in human RPE cells. ARPE-19 cells were
primed with IL-1a (4 ng/ml) for 48 h and exposed to antimycin A. IL-1p was measured using the ELISA method from cell culture medium samples 24 h after addition
of antimycin A (25-50 uM) (A). Alternatively, extracellular IL-18 was measured after ARPE-19 cells were exposed to antimycin A (25 pM) for 24 h (B). IL-1p secretion
was also detected at 1 h, 6 h, and 16 h after the antimycin A (25 pM) exposure (C). Pro-IL-1$ was measured using the ELISA from cell culture medium and cell lysate
samples after ARPE-19 cells were exposed to antimycin A (25 pM) for 24 h (D). Similar settings were also used when IL-1p was determined from cell culture medium
samples collected from apical and basolateral sides of differentiated ARPE-19 cells (E). The data on undifferentiated ARPE-19 cells were combined from three in-
dependent experiments with 3-4 parallel samples in each group, except the data on IL-18, which was combined from four independent experiments using four
parallel samples in each group. The data on differentiated ARPE-19 cells were combined from four independent experiments with 2-3 parallels in each group. All data
(A-E) are presented as mean + SEM and analyzed using Mann-Whitney U test. *) p < 0.05, **) p < 0.01, ***) p < 0.001, ™ not significant. AMA = antimycin A.
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antimycin A (25-50 pM). The secretion of IL-1p was dose-dependently
increased 24 h after the antimycin A treatment in IL-la-primed
ARPE-19 cells (Fig. 1 A; mean + SEM for IL-1a: 0.48 + 0.09 pg/ml, IL-1a
+ 25 pM antimycin A: 1.44 + 0.08 pg/ml, IL-1a + 30 pM antimycin A:
2.73 +0.16 pg/ml, and IL-1a + 50 pM antimycin A: 4.04 + 0.23 pg/ml;
all p < 0.001). Since 25 pM of antimycin A was sufficient to induce a
significant production of IL-1p in ARPE-19 cells, this concentration was
used in subsequent experiments. In line with the secretion of IL-1f,
antimycin A (25 pM) was found to induce the secretion of IL-18 in
IL-1a-primed ARPE-19 cells when IL-18 was measured 24 h after anti-
mycin A exposure (Fig. 1 B; mean + SEM for IL-1a: 0 pg/ml and IL-1a +
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antimycin A: 3.44 £+ 1.69 pg/ml; p < 0.01). Antimycin A (25 pM) did not
induce the production of IL-1p 1 h after the exposure but IL-1p levels
were statistically significantly increased at the 6 h time point (Fig. 1 C;
mean + SEM for IL-1a: 0.24 + 0.04 pg/ml and IL-1a + antimycin A: 1.20
+ 0.13 pg/ml; p < 0.001), and further elevated time-dependently by the
16 h time point (Fig. 1 C; mean + SEM for IL-1o: 0.27 + 0.03 pg/ml and
IL-1o + antimycin A: 2.01 £ 0.13 pg/ml; p < 0.001).

Next, we verified that antimycin A-induced IL-1p was the mature
cytokine instead of passively leaked pro-IL-1p. As expected, priming
with IL-1a induced the production of intracellular pro-IL-1p (Fig. 1 D;
mean + SEM for untreated control: 0 pg/ml; IL-1a: 12.84 + 4.08 pg/ml).
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Fig. 2. Antimycin A induces the activation of caspase-1 in ARPE-19 cells. ARPE-19 cells were primed with IL-1a (4 ng/ml) for 24 h and exposed to antimycin A
(25 pM) for the subsequent 24 h. Caspase-1 inhibitor (50 pM) was added 1 h prior to the antimycin A exposure. IL-1p was measured using the ELISA method (A) and
LDH leakage using a commercial cytotoxicity assay (B). Data from IL-1p measurements were combined from four independent experiments with 6 parallels of
untreated control and IL-1a-treated cells and 6 or 12 parallels of IL-1a + antimycin A and IL-1a + caspase-1 inhibitor + antimycin A-treated cells. Data from LDH
experiments were combined from three independent experiments with 6 parallel samples in each group. Activation of caspase-1 was detected using the FLICA probe
FAM-YVAD-FMK under the fluorescence microscope 6 h after the antimycin A treatment (C). Panels from left to right are showing nucleus (blue), activated caspase-1
(green), and merged image (C). The FLICA assay was repeated three times and different treatment groups were photographed using the identical microscope settings
with 10-fold objective (scale bar, 100 pm). Data (A-B) are presented as mean + SEM and analyzed using Mann-Whitney U test. ***) p < 0.001, ™ not significant.

casp. 1. inh = caspase-1 inhibitor, AMA = antimycin A.
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Intracellular pro-IL-1p levels were 3.4-times lower in antimycin A-
treated ARPE-19 cells than in primed cells without antimycin A expo-
sure, suggesting that pro-IL-1f had been matured by antimycin A (Fig. 1
D; mean + SEM for IL-1a: 12.84 + 4.08 pg/ml and IL-1a + antimycin A:
3.78 + 1.19 pg/ml). Additionally, pro-IL-1p was absent from antimycin
A-treated cell culture medium samples confirming that antimycin A did
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not cause a leakage of pro-IL-1p from the cell (Fig. 1 D).

In addition to experiments with undifferentiated ARPE-19 cells, the
antimycin A-induced production of IL-1f was measured from both apical
and basolateral sides of differentiated ARPE-19 cells. Antimycin A (25
uM) significantly increased the production of mature IL-1f on both sides
when compared to cells not exposed to antimycin A (Fig. 1 E; mean +
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Fig. 3. Antimycin A induces mitochondrial and NADPH oxidase-dependent ROS production, which results in IL-1§ secretion in ARPE-19 cells. ARPE-19
cells were primed with IL-1a (4 ng/ml) and exposed to antimycin A (25 pM) for 24 h. Intracellular ROS was measured using H,DCFDA assay 1 h after the antimycin A
exposure (A). APDC (50-100 pM) was added 1 h prior to the antimycin A exposure where applicable. Data from H,DCFDA assay were combined from three in-
dependent experiments with six parallel samples in each group. The production of H,O, was measured 1 h after the antimycin A exposure using the ROS-Glo assay
(B). Data from the ROS-Glo assay were combined from three independent experiments with four parallel samples in each group. The production of IL-1p was
measured 24 h after the antimycin A exposure using the ELISA method from cell culture medium samples (C). Moreover, LDH leakage was detected using a com-
mercial cytotoxicity assay (D). MitoTEMPO (50 uM) or APDC (50 pM) were added 1 h prior to the antimycin A exposure where applicable (C-D). Data of IL-1p and
LDH were combined from three independent experiments with six parallel samples in each group. Inmunofluorescence staining of p22phox was performed 6 h after
the antimycin A exposure (E-F). Immunofluorescence stainings were repeated three times and different treatment groups were photographed with similar settings
using a 40-fold objective (scale bar, 20 pm). Representative images from left to right panels are presenting p22phox (red), nucleus (blue), and merged image (E).
Fluorescence images were quantified counting 50 cells (F). All data (A-E) are presented as mean + SEM and analyzed using Mann-Whitney U test. *) p < 0.05, **) p <
0.01, ***) p < 0.001, ") not significant. mitoT = mitoTempo, AMA = antimycin A, RFU = relative fluorescent unit, CTCF = corrected total cell fluorescence.
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SEM in apical side for IL-1a: 22.97 + 6.12 pg/ml and IL-1a + antimycin
A:49.05 £+ 13.95 pg/ml, p < 0.05; mean + SEM in basolateral side for IL-
lo: 0.71 £+ 0.17 pg/ml and IL-1a + antimycin A: 4.28 +1.15 pg/ml, p <
0.01). Thereafter, antimycin A-induced production of IL-1p and IL-18
were confirmed using another RPE cell line, D407. We found that anti-
mycin A dose-dependently increased the secretion of IL-1f (Suppl. Fig. 1
A: mean =+ SEM for IL-1a: 2.1 £ 0.09 pg/ml, IL-1a + 12.5 pM antimycin
A:8.7 £0.22 pg/ml, IL-1a 4 25 pM antimycin A: 10.5 + 0.33 pg/ml, and
IL-1a + 50 pM antimycin A: 18.7 £ 0.66 pg/ml; all p < 0.001) and IL-18
(Suppl. Fig. 1 B: mean + SEM for IL-1a: 12.0 + 0.75 pg/ml, IL-1a + 12.5
pM antimycin A: 61.4 £ 4.1 pg/ml, IL-1a + 25 pM antimycin A: 104.8 +
5.4 pg/ml, and IL-1a + 50 pM antimycin A: 278.9 + 11.46 pg/ml; all p <
0.001) in IL-1a-primed D407 cells. These results together confirm that
antimycin A-induced mitochondrial damage results in the activation of
IL-1B and IL-18 in human RPE cells. All subsequent experiments have
been performed using non-pigmented ARPE-19 and D407 cells since we
found that antimycin A binds to melanin (Suppl. Fig. 1 C, p < 0.0001).
Despite high antimycin A concentrations (100-400 pM), LDH leakage
(Suppl. Fig. 1 D) and the secretion of IL-1f (Suppl. Fig. 1 E) from highly-
pigmented hESC-RPE cells remained low.

3.2. Antimycin A-induced production of IL-1f is dependent on caspase-1
activation

In order to study whether IL-18 release was regulated by the
inflammasome, we added an irreversible inhibitor of caspase-1 to the
cell cultures prior to the inflammasome activation. As shown in Fig. 2A,
antimycin A-induced production of IL-1f was significantly reduced by
the caspase-1 inhibitor (mean + SEM for IL-1a + antimycin A: 1.26 +
0.10 pg/ml and IL-1a + caspase-1 inhibitor + antimycin A: 0.83 + 0.09
pg/ml; p < 0.001). The unchanged levels of LDH indicate that the
reduced IL-1p levels did not result from the cytotoxicity of the inhibitor
(Fig. 2 B; p > 0.05). The regulation of the inflammasome activation by
caspase-1 was confirmed using the FLICA assay, which displayed an
increased fluorescence of the caspase-1-targeted probe in the antimycin
A-treated ARPE-19 cells (Fig. 2 C) and D407 cells (Suppl. Fig. 2) when
compared to cells without antimycin A. Our results demonstrated that
mitochondrial damage leads to inflammasome activation, which is
dependent on caspase-1 activation in RPE cells.

3.3. Antimycin A-induced secretion of IL-1p is dependent on
mitochondrial and NADPH oxidase-mediated ROS production

It has been proposed that ROS production is one major mechanism of
NLRP3 inflammasome activation (Zhou et al., 2010a). Therefore, we
investigated whether the inhibition of mitochondrial electron transport
chain complex III by antimycin A could induce the production of ROS
upstream of the inflammasome activation in ARPE-19 cells. First,
intracellular levels of ROS were detected using the HoDCFDA assay. Data
showed that mitochondrial damage significantly increased the levels of
intracellular ROS in ARPE-19 cells already at 1 h after the antimycin A
treatment (Fig. 3 A; p < 0.001). Antimycin A significantly increased also
the production of H20, (Fig. 3 B; p < 0.05). The ROS scavenger APDC
reduced the ROS levels (Fig. 3 A; p < 0.001) and the production of IL-1f
(Fig. 3 C; mean + SEM for IL-1a + antimycin A: 1.47 £+ 0.07 pg/ml and
IL-1a + APDC + antimycin A: 0.78 + 0.08 pg/ml; p < 0.001) in anti-
mycin A-treated ARPE-19 cells when compared to cells without APDC.
In line with that, the mitochondrial ROS scavenger mito-TEMPO
reduced antimycin A-induced secretion of IL-1f (Fig. 3 C; mean +
SEM for IL-1a + antimycin A: 1.47 + 0.07 pg/ml and IL-1a + mito--
TEMPO + antimycin A: 0.91 + 0.06 pg/ml; p < 0.001). Mito-TEMPO
was not cytotoxic, and APDC even diminished the release of LDH from
antimycin A-treated ARPE-19 cells (Fig. 3 D). Additionally, DPI, a well
characterized NADPH oxidase inhibitor (Augsburger et al., 2019),
reduced the production of IL-1f (Suppl. Fig. 3 A; mean + SEM for IL-1a
+ antimycin A: 2.20 + 0.28 pg/ml, IL-1a + DPI 10 pM + antimycin A:
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1.63 + 0.27 pg/ml, IL-1a + DPI 20 uM + antimycin A: 0.94 + 0.08
pg/ml, and IL-1a + DPI 30 pM + antimycin A: 0.95 + 0.05 pg/ml; all p
< 0.001). However, DPI appeared mildly cytotoxic in ARPE-19 cells
(Suppl. Fig. 3 B). The role of NADPH oxidase in antimycin A-exposed
ARPE-19 cells was confirmed by the immunofluorescence staining of
NADPH oxidase regulator, p22phox. The expression of p22phox was
significantly and 1.9-times higher 6 h after the antimycin A treatment
when compared to cells without antimycin A (Fig. 3 E-F; p < 0.001). In
summary, these results demonstrate that antimycin A-induced mito-
chondrial damage causes mitochondrial and NADPH oxidase-dependent
ROS production upstream of the inflammasome activation in ARPE-19
cells.

3.4. Potassium efflux is not involved in the antimycin A-induced
inflammasome activation

In addition to the ROS production, K efflux is another major
mechanism of NLRP3 inflammasome activation (Pétrilli et al., 2007;
Munoz-Planillo et al., 2013). In order to block the potassium efflux,
ARPE-19 cells were exposed to excessive concentrations of extracellular
potassium chloride (KCl; 50 mM) prior to the antimycin A stimulation,
as previously described (Piippo et al., 2018a; Korhonen et al., 2020).
Surprisingly, excessive extracellular KCl preferably increased rather
than decreased the production of IL-1p in ARPE-19 cells upon the anti-
mycin A treatment (Fig. 4 A; mean + SEM for IL-1a + antimycin A: 1.20
+ 0.15 pg/ml and IL-1a + KCl + antimycin A: 1.55 + 0.12 pg/ml; p <
0.001). The result was verified by treating ARPE-19 cells with the po-
tassium channel inhibitor, glyburide. Similarly to the excessive potas-
sium, glyburide significantly increased the secretion of IL-1p (Fig. 4 B;
mean + SEM for IL-1a + antimycin A: 1.58 + 0.08 pg/ml and IL-1a +
glyburide 50 uM + antimycin A: 1.88 + 0.08 pg/ml; p < 0.05). The
glyburide-induced production of IL-1f in antimycin A-exposed ARPE-19
cells was dose-dependent (Suppl. Fig. 4).

3.5. AIM2 and NLRP3 inflammasomes are involved in antimycin A-
induced production of IL-1$ in human RPE cells

Finally, we evaluated the responsible inflammasome receptor in
antimycin A-induced IL-1p maturation. Surprisingly, it was found that
NLRP3 knockdown preferentially increased rather than decreased the
production of IL-1p when compared to the non-specific siRNA in ARPE-
19 cells (Fig. 5 A; mean + SEM for non-specific siRNA + IL-1o + anti-
mycin A: 6.66 + 0.18 pg/ml and NLRP3 siRNA + IL-1a + antimycin A:
9.09 + 0.40 pg/ml, p < 0.01). Correspondingly, NLRP3 knockdown
mildly increased the secretion of IL-18 when compared to non-specific
siRNA -transfected ARPE-19 cells, but the difference was not statisti-
cally significant (Suppl. Fig. 5 A; mean + SEM for non-specific siRNA +
IL-1a + antimycin A: 18.30 £ 3.55 pg/ml and NLRP3 siRNA + IL-1a +
antimycin A 19.78 £ 4.53 pg/ml; p > 0.05). As NLRP3 has previously
been shown to be either secreted out from the cell or degraded by
autophagy after the inflammasome activation (Piippo et al., 2018b), the
extracellular level of NLRP3 was measured. Antimycin A slightly
reduced the extracellular NLRP3 (Fig. 5 B; mean + SEM for IL-la:
1035.67 £+ 48.09 ng/ml and IL-la + antimycin A: 836.58 + 41.84
ng/ml; p < 0.01). Additionally, the levels of extracellular NLRP3 were
measured upon blocking the autophagy by bafilomycin A. This treat-
ment had no effect on the secretion of NLRP3 (Fig. 5 B; mean + SEM for
IL-1a + antimycin A: 836.58 + 41.84 ng/ml and IL-1a+ bafilomycin A
+ antimycin A: 917.53 £+ 51.43 ng/ml, p > 0.05). The potential role of
NLRP3 was further studied by the selective NLRP3 inhibitor MCC950,
which statistically significantly reduced the production of IL-1f in
antimycin A-exposed ARPE-19 cells when compared to cells without the
inhibitor (Fig. 5 C; mean £+ SEM for IL-1a + antimycin A: 1.19 + 0.09
pg/ml and IL-1a + MCC950 + antimycin A: 0.82 + 0.08 pg/ml; p <
0.05). MCC950 also diminished the production of IL-1p when autophagy
and proteasomes were blocked with bafilomycin A and MG-132,



E. Korhonen et al.

A IL-1pB B
2.5 Hohk 2.57
2.0- 2.0
1.5 1.5
k= E
2 2
1.04 1.0-
0.54 0.5-
0.0- 0.0-
IL-1o. - + + IL-1oc -
KCI - - + Glyburide -
AMA - 1t + AMA .

respectively (Fig. 5 C; mean + SEM for IL-1a + MG-132 + bafilomycin A:
3.71 + 0.13 pg/ml and IL-1a + MCC950 + MG-132 + bafilomycin A:
2.98 + 0.15 pg/ml; p < 0.01) but it had no alleviating effect on the
production of IL-1 when ARPE-19 cells were exposed to poly(dA:dT)
(Fig. 5 C; mean + SEM for IL-1a + poly(dA:dT): 2.26 + 0.07 pg/ml and
IL-1a + MCC950 + poly(dA:dT): 3.11 + 0.16 pg/ml; p < 0.001). The
concentration of MCC950 used in this study was not cytotoxic in
ARPE-19 cells (Suppl. Fig. 5 B).

In contrast to the NLRP3 siRNA, knockdown of AIM2 significantly
reduced the antimycin A-induced production of IL-1p when compared to
the non-specific siRNA (Fig. 5 D; mean + SEM for non-specific siRNA +
IL-1a + antimycin A: 3.55 + 0.19 pg/ml, AIM2 siRNA s18092 + IL-1a +
antimycin A: 0.66 + 0.05 pg/ml, and AIM2 siRNA s18094 + IL-la +
antimycin A: 2.33 + 0.08 pg/ml, both p < 0.001). Reduced IL-1p levels
were detected using two different AIM2 siRNA constructs and both
diminished the production IL-1p in antimycin A-exposed ARPE-19 cells
(Fig. 5 D). In line with that, the knockdown of AIM2 reduced the
secretion of IL-18, but the difference was not statistically significant
(Suppl. Fig. 5 C; mean + SEM for non-specific siRNA + IL-1a + anti-
mycin A: 1.89 + 0.51 pg/ml and AIM2 siRNA s18092 + IL-1a + anti-
mycin A: 1.31 + 0.47 pg/ml; p > 0.05). Additionally, LDH was measured
24 h after the AIM2 siRNA knockdown and there were no signs of cell
death due to transfections (Suppl. Fig. 5 D).

Lastly, NLRP3 and AIM2 knockdown experiments were repeated on
D407 cells, and both NLRP3 siRNA and AIM2 siRNAs reduced the pro-
duction of IL-1p (Fig. 5 E; mean + SEM for non-specific siRNA + IL-1a +
antimycin A: 12.3 + 0.65 pg/ml, AIM2 siRNA s18092 + IL-1a + anti-
mycin A: 3.3 £ 0.23 pg/ml, and NLRP3 siRNA + IL-1a + antimycin A:
5.9 + 0.60 pg/ml). The reduction of IL-1p did not result from cell death
(Suppl. Fig. 5 E). Additionally, AIM2 knockdown decreased the pro-
duction of IL-18 whereas NLRP3 knockdown increased it in D407 cells
(Suppl. Fig. 5 F; mean + SEM for non-specific siRNA + IL-1a + anti-
mycin A: 49.9 + 3.15 pg/ml, AIM2 siRNA 518092 + IL-1a + antimycin
A: 21.0 + 3.3 pg/ml, and NLRP3 siRNA + IL-1a + antimycin A: 84.2 +
8.0 pg/ml). Collectively, these results suggest that AIM2 and NLRP3 are
both involved in the production of IL-1f in situations of mitochondrial
damage induced by antimycin A in human RPE cells. Instead of NLRP3,
AIM2 regulates the production of IL-18 in antimycin A-induced RPE
cells. As knockdown of AIM2 efficiently blocked the production of IL-1p
and IL-18 in both RPE cell lines, these data emphasize the novel role of
AIM2 as a crucial inflammasome receptor in human RPE cells upon
mitochondrial damage.

Experimental Eye Research 209 (2021) 108687

Fig. 4. KCl and glyburide increase antimycin A-
induced production of IL-1f in ARPE-19 cells.
ARPE-19 cells were primed with IL-1a (4 ng/ml)
for 24 h and exposed to antimycin A (25 pM) for
the subsequent 24 h. KCl (50 mM) was added along
with IL-1a (A) and glyburide (50 uM) 1 h prior to
antimycin A exposure (B). IL-18 production was
measured by an ELISA method (A-B). Data from
KCI experiments were combined from two inde-
pendent experiments with 5-6 parallel samples of
untreated control and IL-la-treated cells and 5-12
parallel samples of IL-1a + antimycin A and IL-1a
+ KCI + antimycin A-treated cells. Data from gly-
buride experiments were combined from two in-
dependent experiments with 4-6 parallel samples
in each group. All data (A-B) are presented as
mean + SEM and analyzed using Mann-Whitney U
test. ® p < 0.05, ***) p < 0.001. AMA = antimycin
A.

IL-1B

4. Discussion

The loss of mitochondrial membrane potential (MMP) results in a
failure of ATP production, a disruption of mitochondrial membrane
integrity, and causes the release of reactive oxidative species (ROS),
mitochondrial DNA (mtDNA), and other mitochondrial components into
the cytosol (Banoth and Cassel, 2018). Dysfunctional mitochondria and
damaged mtDNA are both closely associated with the pathogenesis of a
severe eye disease, age-related macular degeneration (AMD) (Kaarnir-
anta et al., 2020). We have recently shown that the mitochondrial
electron transport chain (ETC) complex III inhibitor, antimycin A, dys-
regulates mitochondrial function, causes a rapid MMP loss, and damages
oxidative phosphorylation in human retinal pigment epithelial (RPE)
cells (Hytti et al., 2019). In the present study, we demonstrated that
antimycin A-induced mitochondrial damage was able to evoke a
caspase-1-dependent inflammasome activation and the subsequent
secretion of IL-18 and IL-18 in ARPE-19 and D407 cells. In agreement
with our findings, a previous study has indicated that antimycin A in-
duces the activation of the inflammasome as well as the secretion of
IL-1p in macrophages (Zhou et al., 2010b).

All AMD-related studies this far have focused only on the role of the
NLRP3 inflammasome. Previously, NLRP3 has been found abundant in
the RPE of AMD patients when compared to age-matched controls
(Tarallo et al., 2012; Tseng et al., 2013). For example, the A2E compo-
nent of lipofuscin, Alu RNA, dysfunctional protein clearance, and
oxidative stress have been shown to activate NLRP3 inflammasome in
RPE cells (Anderson et al., 2013; Kauppinen et al., 2012; Piippo et al.,
2014; Tarallo et al., 2012). In the present study, we found that antimycin
A-induced mitochondrial damage triggers inflammasome activation,
which was dependent on both NLRP3 and AIM2 inflammasomes. Pre-
vious studies have shown that mtROS (Heid et al., 2013; Nakahira et al.,
2011; Zhou et al., 2010b) and cytosolic mtDNA (Shimada et al., 2012)
can activate the NLRP3 inflammasome in macrophages. Nakahira et al.
(2011) demonstrated that mtDNA release was critical for the assembly of
the NLRP3 inflammasome and it was dependent on mtROS generation
(Nakahira et al., 2011). Although the amount of mtDNA was not
measured in the present study, it has previously been shown that
mitochondrial damage leads to mtDNA release into cytosol (Nakahira
et al., 2011; Shimada et al., 2012) also in RPE cells (Kerur et al., 2018).
However, the role of NLRP3 detected in the present study is not sur-
prising considering its vast and numerous activators, e.g. ATP (Maria-
thasan et al., 2006), K efflux (Pétrilli et al., 2007), ROS production
(Zhou et al., 2010a), and lysosomal damage (Hornung et al., 2008).
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Fig. 5. Antimycin A induces NLRP3 and
AIM2 inflammasome activation in ARPE-
19 and D407 cells. Cells were transfected
with NLRP3 siRNA for 24 h and primed with
IL-1a (4 ng/ml) for the next 24 h. IL-18 was
measured from the cell culture medium
samples using the ELISA method 24 h after
3 the antimycin A (25 pM) exposure (A). IL-1p
data were combined from two independent
experiments with six parallel samples in
2 each group (A). Similarly, NLRP3 levels
were measured from cell culture medium
samples 24 h after the antimycin A exposure
using the ELISA method (B). Bafilomycin A
(50 nM) was added 1 h prior to the anti-

0- mycin A exposure where applicable (B).
ILfa - 4+ o+ NLRP3 ELISA data were combined from
three independent experiments with 3-4
parallel samples in each group (B). Alterna-
tively, ARPE-19 cells were treated with the
NLRP3 inhibitor MCC950 (50 pM) either 1 h
before the poly(dA:dT) or antimycin A or
along with the MG-132 (5 pM) exposure (C).
Bafilomycin A was added 24 h after the MG-
132 treatment where applicable (C). IL-1f
was measured from cell culture medium
samples 24 h after the addition of the last
activator (C). Data from these experiments
were combined from three independent ex-
periments with four parallel samples in each
group (C). Lastly, AIM2 knockdown with
two distinct AIM2 siRNAs, #1 (s18092) or
#2 (s18094), was performed 24 h prior to
the priming with IL-1a (4 ng/ml) for 24 h
followed by an exposure to antimycin A (25
pM) (D). IL-1p was measured from the cell
culture medium samples 24 h after the
antimycin A exposure using the ELISA
method and data were combined from three
independent experiment with four parallel
samples in each group (D). D407 cells were
transfected as mentioned above, and IL-1a
(4 ng/ml)-primed cells were exposed to
antimycin A (12.5 pM; E). IL-1p was
measured from cell culture medium samples
24 h after the antimycin A exposure using
the ELISA method and data were combined
from three independent experiment with
four parallel samples in each group (E). All
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data from all the experiments (A-E) were presented as mean + SEM and analyzed using Mann-Whitney U test. * p < 0.05, **) p < 0.01, ***) p < 0.001, ™ not
significant. siCtrl = non-specific siRNA, siAIM2 #1 = AIM2 siRNA 518092, siAIM2 #2 = AIM2 siRNA 518094, AMA = antimycin A, BafA = bafilomycin A.

Despite the characteristic complex activation mechanism of NLRP3, it
has been observed that the sensor protein of AIM2 directly recognizes
dsDNA via electrostatic interactions (Jin et al., 2012) and cytosolic
double-stranded DNA (dsDNA) fragments are well-known activators of
the AIM2 inflammasome (Sharma et al., 2019; Kumari et al., 2020). It
has previously been reported that endogenous mtDNA is capable of
triggering AIM2 inflammasome activation in human keratinocytes
(Dombrowski et al., 2012) as well as in activated BMDMs with an
excessively high cholesterol content (Dang et al., 2017). As several
previous studies have found that mtDNA activates either NLRP3 or
AIM2, Shimada et al. (2012) demonstrated that the responsible
inflammasome receptor is selected on whether mtDNA is oxidized.
Although the oxidized form of mtDNA is able to activate both of these
receptors, it seems that the oxidized form of mtDNA preferably activates
NLRP3 whereas the unoxidized form of mtDNA leads to AIM2 activation
(Shimada et al., 2012). In line with that proposal, 8-OH-dG has been
demonstrated to be an oxidized DNA molecule which is recognized by
NLRP3 (Zhong et al, 2018). On the other hand, responsible

inflammasome receptor activated by cytosolic DNA may be dependent
on the cell type (Gaidt et al., 2017). Gaidt et al. found that cytosolic DNA
led to cGAS-STING-mediated NLRP3 inflammasome activation in human
primary monocytes, whereas the same inflammasome activator induced
the activation of AIM2 in THP-1 cells (Gaidt et al., 2017). Thirdly, it has
to be taken into consideration that both NLRP3 and AIM2 inflamma-
somes can be activated in a single cell after the one danger signal. Cunha
et al. showed that the assembly of AIM2 inflammasome through the
active but unprocessed caspase-1 triggered subsequent NLRP3 inflam-
masome activation in the same cell after BMDMs were exposed to
Legionella pneumophila (Cunha et al., 2017). A legionella pneumophila
infection resulted in the assembly of two distinct inflammasome com-
plexes in the same cell (Cunha et al., 2017), whereas Aspergillus fumi-
gatus infection formed a cytoplasmic inflammasome platform consisting
of both AIM2 and NLRP3 (Karki et al. 2015). Therefore, these previous
studies are in line with our present data, which show that mitochondrial
damage induces the activation of both NLRP3 and AIM2 in human RPE
cells.
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Although NLRP3 knockdown had a negligible effect on the antimycin
A-induced production of IL-1f in ARPE-19 cells, the association of
NLRP3 with the antimycin A-induced inflammasome activation was
confirmed by NLRP3 siRNA and NLRP3 inhibitor MCC950 on antimycin
A-exposed D407 and ARPE-19 cells, respectively. Our present data
showed that NLRP3 knockdown efficiently reduced the production of IL-
1p in antimycin A-induced D407 cells. In ARPE-19 cells, NLRP3
inflammasome activation was inhibited by MCC950, which is a widely
used indicator of NLRP3 activation that directly interacts with the
NACHT domain of NLRP3 (Coll et al., 2019). This interaction blocked
ATP hydrolysis and inhibited the assembly of NLRP3 inflammasome
multiprotein complex (Coll et al., 2019). Regardless of the involvement
of NLRP3 inflammasome activation in antimycin A-induced ARPE-19
and D407 cells, we also detected mildly reduced extracellular levels of
NLRP3 after antimycin A exposure. In agreement with that finding,
Jabaut and colleagues have earlier presented that antimycin A could
reduce the levels of inflammasome components in cell lysates of mac-
rophages from serum amyloid A-exposed mice (Jabaut et al., 2013).
However, the aforementioned treatment augmented the extracellular
levels of pro-IL-1p, NLRP3 and IL-1f (Jabaut et al., 2013). Another study
showed that antimycin A pre-treatment reduced NLRP3 and IL-1p gene
induction in LPS-treated BMDMs, and extracellular IL-1f production in
LPS and nigericin-treated BMDMs (Martinez-Garcia et al., 2019).
Moreover, antimycin A has reduced the production of extracellular IL-1f
in ATP-exposed BMDMs but not in nigericin or R837-exposed BMDMs
(Sadatomi et al., 2017). In contrast, Nomura and colleagues showed that
it is the diminished levels of intracellular ATP, which activate NLRP3
inflammasome in human and murine macrophages (Nomura et al.,
2015). In line with that result, antimycin A reduced intra- and extra-
cellular levels of ATP in serum amyloid A-treated mouse macrophages
(Jabaut et al., 2013). Interestingly, it is also known that ATP levels are
reduced in the RPE of AMD donors when compared to RPE cells of
healthy controls (Ferrington et al., 2017; Golestaneh et al., 2017).
Although some ATP can also be synthesized via glycolytic pathway
(Melkonian and Schury, 2020), it appears that inflammasome activation
is evidently dependent on the altered levels of ATP generated in mito-
chondria, and this may act as a basis for future studies investigating the
involvement of ATP-gated P2X7 receptors in human RPE cells and in the
pathogenesis of AMD. Recently, the activation of P2X7 receptor was
shown to induce mitochondrial depolarization, swelling, and ROS pro-
duction in resting monocytes and macrophages (Martinez-Garcia et al.,
2019).

Interestingly, we found in the present study that the production of IL-
18 was independent of NLRP3 but dependent on AIM2 in antimycin A-
induced RPE cells. We have recently shown that IL-18 secretion occurs
independently of NLRP3 in UVB-irradiated ARPE-19 cells (Korhonen
et al., 2020). In our previous study, IL-1f production was dependent on
K" efflux but independent of ROS production, whereas the IL-18 secre-
tion was dependent on ROS generation and independent of K* efflux
(Korhonen et al., 2020). When studying the mechanism of antimycin
A-induced inflammasome activation, we found that the secretion of
IL-1p is mediated by ROS production in antimycin A-exposed ARPE-19
cells. This result is in agreement with the previous work done with
macrophages (Zhou et al., 2010b). The ETC complex III is the main
location of ROS generation in mitochondria (Chen et al., 2003) and
blocking this site by antimycin A induces mtROS production (Chen et al.,
2003; Zhou et al., 2010b; Piskernik et al., 2008). According to our
present data, antimycin A treatment induced IL-1f production via both
mitochondrial and NADPH oxidase-mediated ROS generation in
ARPE-19 cells. The transmembrane subunit and NADPH oxidase regu-
lator, p22phox, was upregulated after exposure to antimycin A. An
increased expression of p22phox has recently been reported in the RPE
of AMD patients when compared to healthy controls (Terluk et al.,
2019). Additionally, mitochondrial oxidative stress has been shown to
cause RPE dysfunction in SOD2 knockout mice (Brown et al., 2019). As
mitochondria and NADPH oxidase are two major cellular ROS sources,
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they interact with each other and the activation of one pathway can
activate the other (Dikalov, 2011). For example, increased mtROS and
impaired levels of cytosolic Ca%* by dysfunctional mitochondria have
previously been shown to contribute to the activation of NADPH oxidase
in human lymphoblasts and whole blood (Dikalov et al., 2012).

Moreover, we showed here that while the antimycin-A-induced
inflammasome activation was dependent on the ROS production, it
was independent of K efflux. Although K™ efflux has been closely linked
to the activation of NLRP3 inflammasome (Pétrilli et al., 2007;
Munoz-Planillo et al., 2013), it is not obligatory for the assembly of the
inflammasome complex. Similarly to the present study, we have previ-
ously shown that the decline in intracellular clearance was able to
induce NLRP3 inflammasome activation in RPE cells and that this phe-
nomenon was mechanistically ROS-dependent and K* efflux indepen-
dent (Piippo et al., 2018a). In addition, two small-molecule ligands,
imiquimod and CL097, activated NLRP3 inflammasome and the subse-
quent secretion of IL-1p via K* efflux-independent but ROS-dependent
mechanism in murine bone-marrow derived dendritic cells (BMDCs)
and BMDMs (Grop et al., 2016). Imiquimod and CL097 target the
mitochondrial ETC complex I and reduce cellular ATP levels similarly to
the mitochondrial ETC complex I inhibitor, rotenone (Grof et al., 2016).
Additionally, exposure to another small molecule, GB111-NHy, induced
mitochondrial ROS-dependent and K™ efflux-independent mechanism of
NLRP3 activation in BMDMs (Sanman et al., 2016). Therefore, both the
K' efflux-independent and dependent activation of the NLRP3 inflam-
masome can be explained by a dispersed trans-Golgi network, which has
recently been shown to trigger the assembly of NLRP3 inflammasome
even in situations with no K" efflux (Chen and Chen, 2018).

In conclusion, the AIM2 inflammasome played a major role in the
production of IL-1p and IL-18 in antimycin A-induced mitochondrial
damage model of human RPE cells. Antimycin A activated inflamma-
somes in ROS-dependent but K* efflux independent mechanism. Both
mitochondria and NADPH oxidase were involved in the ROS-mediated
production of IL-1f. In comparison to AIM2, NLRP3 had a minor role
in the mitochondrial damage-induced IL-1p and negligible effect on IL-
18 production in these ARPE-19 and D407 cells. Although the melanin
binding of antimycin A limits the usage of antimycin A on highly pig-
mented primary RPE cells, this study points out a novel role of AIM2 in
the pathology of AMD and highlights the crucial role of mitochondria in
the regulation of inflammation. To our knowledge, this is the first study
showing the AIM2 inflammasome activation as a result from mito-
chondrial damage in human RPE cells.
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