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Abstract

Endoplasmic reticulum (ER) stress and mitochondrial dysfunction, which are key events in the initiation and/or progression
of several diseases, are correlated with alterations at ER-mitochondria contact sites, the so-called "Mitochondria-Associated
Membranes" (MAMs). These intracellular structures are also implicated in NLRP3 inflammasome activation which is an
important driver of sterile inflammation, however, the underlying molecular basis remains unclear. This work aimed to
investigate the role of ER-mitochondria communication during ER stress-induced NLRP3 inflammasome activation in both
peripheral and central innate immune systems, by using THP-1 human monocytes and BV2 microglia cells, respectively,
as in vitro models. Markers of ER stress, mitochondrial dynamics and mass, as well as NLRP3 inflammasome activation
were evaluated by Western Blot, IL-1p secretion was measured by ELISA, and ER-mitochondria contacts were quantified by
transmission electron microscopy. Mitochondrial Ca>* uptake and polarization were analyzed with fluorescent probes, and
measurement of aconitase and SOD?2 activities monitored mitochondrial ROS accumulation. ER stress was demonstrated
to activate the NLRP3 inflammasome in both peripheral and central immune cells. Studies in monocytes indicate that ER
stress-induced NLRP3 inflammasome activation occurs by a Ca’*-dependent and ROS-independent mechanism, which is
coupled with upregulation of MAMs-resident chaperones, closer ER-mitochondria contacts, as well as mitochondrial depo-
larization and impaired dynamics. Moreover, enhanced ER stress-induced NLRP3 inflammasome activation in the immune
system was found associated with pathological conditions since it was observed in monocytes derived from bipolar disorder
(BD) patients, supporting a pro-inflammatory status in BD. In conclusion, by demonstrating that ER-mitochondria com-
munication plays a key role in the response of the innate immune cells to ER stress, this work contributes to elucidate the
molecular mechanisms underlying NLRP3 inflammasome activation under stress conditions, and to disclose novel potential
therapeutic targets for diseases associated with sterile inflammation.
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Abbreviations

ATF6 Activating transcription factor 6

ASC Apoptosis associated speck-like protein
containing a C-terminal caspase-activation-
and-recruitment (CARD) domain

BCA Bicinchoninic acid

BD Bipolar disorder

BFA Brefeldin A

Ca*t Calcium

CNS Central nervous system

CHUC Coimbra University’s Hospitals

ER Endoplasmic reticulum

ECF Enhanced chemifluorescence

ERAD ER-associated degradation

FBS Fetal bovine serum

IMM Inner membrane of mitochondrion

IREla Inositol-requiring enzyme 1 o

IP;R Inositol trisphosphate Receptor

IL-1p Interleukin-1 beta

IL-18 Interleukin-18

LPS Lipopolysaccharide

MAMs Mitochondria-associated membranes

MCU Mitochondrial Ca** uniporter protein

mtDNA Mitochondrial DNA

mPTP Mitochondrial permeability transition pore

Mftn2 Mitofusin 2

MEFs Mouse embryonic fibroblasts

NCLX Na*/Ca*" exchanger

NLRP3 NOD-like receptor family pyrin domain-
containing 3

OMM Outer mitochondrial membrane

PRR Pattern-recognition receptor

PBMCs Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PVDF Polyvinylidene difluoride

pro-IL-1p Pro-interleukin-1 beta

PERK Protein kinase R-like endoplasmic reticu-
lum kinase

ROS Reactive oxygen species

Rhod-2 AM Rhodamine-2 acetoxymethyl ester

RT Room temperature

SEM Standard error of the mean

Sigma-1R Sigma-1 receptor

SDS-PAGE  Sodium dodecyl sulphate—polyacrylamide
gels

SOD Superoxide dismutase

TEM Transmission electron microscopy

TMRE Tetramethyl-rhodamine ethyl ester

TLR Toll-like receptor

TBS Tris-buffered saline

™ Tunicamycin

UPR Unfolded protein response

VDAC Voltage-dependent anion channel
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Xest C Xestospongin C
WB Western Blot
Introduction

The endoplasmic reticulum (ER) is a multifunctional orga-
nelle involved in a wide variety of key cellular events,
namely the synthesis, folding and maturation of secreted
and transmembrane proteins. In addition to its role in pro-
teostasis, ER also ensures the synthesis of phospholipids and
steroids, and the storage of Ca*t ions [1, 2]. The aberrant
accumulation of unfolded and/or misfolded proteins in the
lumen of this organelle induces ER stress.

Under ER stress conditions, an extremely conserved
signaling cascade termed the unfolded protein response
(UPR), which involves three specialized ER stress-sensing
proteins namely protein kinase R-like endoplasmic reticu-
lum kinase (PERK), inositol-requiring enzyme 1o (IRE1ar)
and the activating transcription factor 6 (ATF6), is induced
to rescue cells from stress and restore ER homeostasis [3].
Once activated, the UPR triggers a set of transcriptional and
translational events that decrease de novo protein synthesis,
activate an antioxidant response, and increase the expression
of genes encoding mediators of ER-associated degradation
(ERAD) and autophagy, as well as ER-resident chaperones
such as GRP78 [4, 5]. However, cell fate under stress condi-
tions is determined by the extent and duration of ER stress
[6]. Cells are able to cope with acute/mild-moderate ER
stress and reestablish homeostasis by inducing pro-survival
signaling pathways. Conversely, under chronic/severe ER
stress, this adaptive response fails and a terminal UPR pro-
gram commits cells to apoptosis [7]. Under irremediable
ER stress, an inflammatory response can be also triggered
involving the activation of the NLRP3 inflammasome [8].

The peculiar ER architecture, a cisternae-like structure
extending from the nuclear envelope to the cell membrane,
allows the establishment of inter-organelle communication
networks that play a key role in preserving cell homeostasis.
Accordingly, ER has been pointed out as a sensor for cell
stress, since its connection with other organelles is promoted
under stressful conditions to trigger a fast and effective
response [9]. This can be illustrated by the stress-induced
contact between ER and mitochondria, which promotes
inter-organelle Ca®* transfer thus preserving cell metabolism
and ATP production [10]. In close contacts between these
organelles, Ca?* is released from ER-localized inositol tri-
sphosphate receptor (IP;R) and transferred to mitochondria
through the voltage-dependent anion channel (VDAC) in
the outer mitochondrial membrane (OMM), subsequently
entering into the mitochondrial matrix by the mitochondrial
Ca”* uniporter protein (MCU), which is located in the inner
membrane of the mitochondrion (IMM) [11].
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The tight association between ER and mitochondria
originates dynamic platforms, the so-called mitochondria-
associated membranes (MAMs), which allow the physical
and biochemical communication between the two organelles,
ensuring an efficient inter-organelle exchange of Ca®* ions
and lipids, thus controlling mitochondrial bioenergetics
and pro-survival/pro-death pathways [12—-15]. Therefore, a
proper distance between these organelles, which can range
between 10 and 80-100 nanometers (nm), is crucial to the
normal ER-mitochondria crosstalk. Alterations in proper
distance between these organelles, by excess or lack of ER-
mitochondria communication at MAMs, have been inti-
mately associated with pathological conditions [16].

Although the molecular identity of MAM’s resident pro-
teins is still incomplete, it is known that ER-mitochondria
juxtaposition is mediated by tethering proteins namely Mito-
fusin 2 (Mfn2), which can bind these organelles based on
its strategic location on both OMM and the ER surface [1].
MAM’s composition and abundance are highly dynamic
being modulated by metabolic demands and cellular insults
to promote cell adaptation according to cellular needs. These
lipid raft-like ER subdomains also regulate mitochondrial
dynamics, proteostasis, redox status, as well as inflamma-
some signaling [12-15].

Inflammasomes are cytosolic multiprotein complexes
activated to initiate and sustain innate immune responses to
harmful stimuli [17, 18]. They are typically constituted by a
cytosolic pattern-recognition receptor (PRR), caspase-1, and
the adaptor protein apoptosis-associated speck-like protein
containing a C-terminal caspase-activation-and-recruitment
(CARD) domain (ASC). When assembled, inflammasome
activation is induced by the autocatalytic cleavage of cas-
pase-1, which in turn leads to the release of mature inter-
leukin-1 beta (IL-1p) and interleukin-18 (IL-18). These two
pro-inflammatory cytokines have been strongly implicated
in neuroimmunomodulation, neuroinflammation, and neuro-
degeneration [17-20]. Nowadays, NOD-like receptor family
pyrin domain-containing 3 (NLRP3) inflammasome is the
most relevant and studied inflammasome because its PRR,
the NLRP3, responds to multiple activators [18, 20, 21].

The canonical inflammasome activation pathway is a
two-signal model [17-20]. The first signal (priming step),
triggered by toll-like receptor (TLR) ligands or endogenous
molecules, upregulates the NLRP3 inflammasome-related
components [22-24]. The second signal (activation step)
induces the assembly of the above components and is pro-
vided by diverse stimuli such as ATP, pore-forming toxins,
or particulate matter, among others [20]. Indeed, the fact
that NLRP3 inflammasome may be activated by different
stimuli suggests that it works as a general sensor of cellular
damage and/or stress. Nowadays, the K* efflux is pointed out
as the most consensual trigger for NLRP3 inflammasome
activation [18, 20]. However, other physiological events

including mitochondrial dysfunction and subsequent gen-
eration of mitochondrial reactive oxygen species (mtROS),
release of mitochondrial DNA (mtDNA) or cardiolipin, the
release of cathepsins into the cytosol after lysosomal desta-
bilization, and ionic flux such as Ca2* mobilization have also
been pointed out as NLRP3 activating stimuli. Given that
these events are not always implicated in NLRP3 inflam-
masome activation, the underlying mechanisms are still not
fully understood, and more fine-tuned studies are required
to decipher the molecular basis of NLRP3 inflammasome
activation under specific stressful conditions [25].

In recent years, the relevance of MAMs in innate immu-
nity has been risen, with MAMs being currently recognized
as a signaling hub that regulates NLRP3 inflammasome-
mediated inflammation [13, 15]. The main evidence of
the close association between MAMs and NLRP3 inflam-
masome in immune cells is the subcellular localization
of NLRP3 inflammasome-related components under pro-
inflammatory conditions. In its inactive state, NLRP3 is
localized in the ER membrane and cytosol, however, in the
presence of NLRP3 inflammasome activators, both NLRP3
and ASC are translocated to MAMs platform [26]. Since
major NLRP3 activators are mitochondria-derived molecular
signals such as mtDNA and mtROS, it is hypothesized that
the NLRP3 inflammasome is translocated to MAM:s to sense
damaging signals released from or residing in mitochondria
[27]. In addition to mitochondria, ER also plays a key role
in NLRP3 inflammasome activation. For instance, excessive
ER Ca?* release leads to mitochondrial Ca%* overload, trig-
gering NLRP3 inflammasome activation. The UPR pathway
has also been implicated in NLRP3 activation, with IREla
and PERK inducing the expression of IL-1f and NLRP3 via
NF-«B pathway [28]. Recently, De 1a Roche and colleagues
found that the trafficking of cholesterol to the ER is required
for activation of the NLRP3 inflammasome [29].

Taken together, the ER-mitochondria proximity at
MAMs platforms allows the physical interaction between
the NLRP3 inflammasome and its ligands released from or
residing in mitochondria, as well as the detection of signals
that originated due to the failure of the ER adaptive capacity
under chronic/severe ER stress [28]. The emerging role of
MAMs as a modulator of innate immunity is further sup-
ported by evidence implicating abnormalities on ER-mito-
chondria axis in the onset and progression of several human
pathological conditions strongly associated with inflamma-
tion, including cancer, diabetes, obesity, neurodegenerative
and psychiatric disorders [1, 13, 30-32].

This study was aimed to investigate the effect of ER stress
in peripheral and central innate immune system focusing on
NLRP3 inflammasome activation, as well as to evaluate ER-
mitochondria contact sites as the link between these events.
Furthermore, we intend to disclose whether the ER stress-
NLRP3 inflammasome axis is involved in a pathological
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context, specifically on bipolar disorder (BD), a psychiatric
illness that often leads to functional impairment and reduced
quality of life, a burden that extends to family members [33].

Materials and methods
Materials

The THP-1 human monocytic cell line (ATCC TIB-202)
was bought to InvivoGen, (Toulouse, France). The murine
BV?2 microglia cell line was bought to Biological and Cell
Banking Factory, Centro di Risorse Biologiche (Genova,
Italy). RPMI 1640 medium, penicillin, streptomycin, tunica-
mycin, brefeldin A, thapsigargin, bicinchoninic acid (BCA)
protein assay kit, superoxide dismutase (SOD) activity Kkit,
N-acetylcysteine (NAC), Xestospongin C (Xest C) and tetra-
methyl-rhodamine ethyl ester (TMRE) probe were obtained
from Sigma Chemical Co. (St. Louis, MO, USA). The fluo-
rescence probes Hoechst 33342 and Rhodamine-2 acetoxy-
methyl ester (Rhod-2 AM) were obtained from Invitrogen
(Eugene, OR, USA). Ru360 and potassium cyanide (KCN)
were obtained from Merck (Kenilworth, NJ, USA). Fetal
bovine serum (FBS) and all reagents for primary monocytes
culture including RPMI 1640 medium HEPES no glutamine,
penicillin, streptomycin, sodium pyruvate, glutamax, non-
essential amino acids and heat-inactivated fetal bovine serum
(FBS) were obtained from Gibco, Thermo Fisher Scientific
(Waltham, MA, USA). The human monocytes isolation kit
II was obtained from Miltenyi Biotec (Bergisch, Gladbach,
Germany). Both legend MAX Human IL-1 ELISA kit with
precoated plates and MAX Deluxe set Human IL-1p without
precoated plates were obtained from Biolegend (San Diego,
CA, USA). The protease and phosphatase inhibitor cocktails
were obtained from Roche (Mannheim, Germany), and NZY
colour protein marker II was from NZYTech (Lisbon, Por-
tugal). The ficoll-paque plus, alkaline phosphatase-linked
secondary antibodies and the enhanced chemifluorescence
(ECF) reagent were obtained from GE Healthcare (Chalfont
St. Giles, UK), and the polyvinylidene difluoride membranes
were from Millipore Corporation (Bedford, MA, USA).
Antibodies against phospho-elF2a, elF2a, ATF4, CHOP,
IREla, Sigma-1R, phospho-DRP1, PDI, NLRP3 and ASC
were from Cell Signaling Technology (Danvers, MA, USA).
The anti-XBP1s and DRP1 antibodies were from Bioleg-
end (San Diego, CA, USA). Anti-Mitofusin 2, IL-1p, ND1,
TFAM, TOM20 and EROla antibodies were from Santa
Cruz Biotechnology (Dallas, TX, USA), anti-GRP78 was
from BD Biosciences (San Jose, CA, USA) and anti-MTCO1
was from Abcam (Cambridge, MA, USA). Epoxy resin was
obtained from Fluka Analytical, (Germany). All other rea-
gents were from Sigma Chemical Co. (St. Louis, MO, USA).
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Methods
Cell lines culture

The THP-1 human monocytic cell line was cultured and
maintained in 75 cm? flasks at a cell density between
0.5-1.0 x 10° cells/mL in RPMI 1640 medium supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS), 25 mM glucose, 10 mM Hepes, 1 mM sodium pyru-
vate, 100 U/mL penicillin and 100 pg/mL streptomycin.
Cells were maintained at 37 °C in a humidified incubator
under an atmosphere containing 5% CO,. Cells were sub-
cultured every 2—3 days and kept in culture for a maximum
of 2 months.

The murine BV2 microglia cell line was cultured and
maintained at a density of 1x 10° cells/cm? in RPMI 1640
medium supplemented with 23.8 mM sodium bicarbo-
nate10% (v/v) heat-inactivated FBS, 100 U/mL penicillin
and 100 pg/mL streptomycin. Cells were maintained at 37
°C in a humidified incubator under an atmosphere contain-
ing 5% CO,.

Isolation and culture of primary human monocytes

Participants of the disease group were selected among
18-35 years-old patients with BDI in early phases—BD
stage 2 [34] followed at the Psychiatry Department from
Coimbra University’s Hospitals (CHUC), Coimbra, Portu-
gal, and were assessed regarding a DSM-5 [35] BD diag-
nosis through a validated diagnostic interview [34, 36].
Matched unaffected controls were selected among students
and health professionals from Coimbra University. Human
peripheral blood was collected by vein puncture from male
BD patients and healthy gender- and age-matched controls,
upon written informed consent and approval of the study by
the Ethical Committee from the same institution (150/CES,
July 3rd). Hematological and biochemical parameters were
analyzed in approximately 2—-3 mL of collected blood at the
CHUC's Clinical Pathology service and the remaining vol-
ume (~20 mL) was used for isolation of monocytes. Primary
human monocytes were isolated and cultured as previously
described [37].

Protein analysis by immunoblot

Total cell lysates for Western Blot (WB) analysis were
prepared from THP-1 cells plated in 6-well plate at a den-
sity of 2.4 10° cells/well and treated with 5 or 10 pg/mL
tunicamycin (TM) for the indicated time periods (1-24 h).
Primary monocytes isolated from BD patients and controls
were plated in 12-well plates at a density of 1.2 x 10° cells/
well and then treated with TM 5 or 10 pg/mL for 8 h. BV2
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cells were plated at a density of 1 x 10° cells/cm? and treated
with brefeldin A (BFA, 2 or 10 pM) for 6 h.

After incubation with ER stressors, cells were washed
with cold PBS, pH 7.4 and lysed on ice with an ice-cold lysis
RIPA buffer [SO mM Tris—HCI (pH 8.0), 1% (v/v) Nonidet
P-40, 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 0.1%
(w/v) SDS, 2 mM EDTA, and 1 mM DTT] freshly supple-
mented with a protease and phosphatase inhibitor cocktail.
Nuclei and insoluble cell debris were removed by centrifu-
gation at 12000g for 10 min at 4 °C and the supernatant
was collected and stored at —80 °C until further use. The
total protein amount was quantified using the bicinchoninic
acid (BCA) method. Then, proteins present in cell lysates
were denatured in sample buffer [5% (w/v) SDS, 0.125 M
Tris—HCI pH 6.8, 20% (v/v) glycerol, 10% (v/v) 2-mercap-
toethanol and bromophenol blue] and heated for 5 min at
95 °C.

Briefly, proteins (40 pg in THP-1 and BV2 cell lines,
or 30 pg in primary monocytes) were separated by elec-
trophoresis on a 10% (v/v) sodium dodecyl sulphate—poly-
acrylamide gels (SDS-PAGE) at 130 V for 60-75 min and
then transferred from the gel to a methanol-activated poly-
vinylidene difluoride (PVDF) membrane by electroblot-
ting using a Trans-Blot Cell wet transfer system (Bio-Rad,
USA), at 400 mA, during 3 h, at 4 °C. After blocking with
5% (w/v) nonfat dry milk in Tris-buffered saline [(TBS):
150 mM NaCl, 25 mM Tris—HCI pH 7.6] containing 0.1%
(v/v) Tween 20 (TBS-T) for 1 h, at RT, membranes were
further incubated with the primary antibodies prepared
in TBS-T with 1% (w/v) milk, overnight, at 4 °C. After-
wards, membranes were washed with TBS-T and incubated
at RT, during 1 h, with alkaline phosphatase-conjugated
secondary anti-rabbit (1:20,000), anti-mouse (1:20,000) or
anti-goat (1:20,000) antibodies, depending on the source
of each primary antibody. The immune complexes were
detected with the enhanced chemifluorescence (ECF)
reagent using the imaging system Typhoon FLA 9000
(GE Healthcare, UK), following a new washing step with
TBS-T. Total Lab TL 120 software was used to quantify
the optical density of the bands. Results obtained were
normalized to pB-tubulin I or actin, which were used as a
protein loading control in the assays with THP-1 and BV2
cells, respectively. In the end, results were normalized to
untreated cells (control condition).

Transmission electron microscopy (TEM)

Cells were plated in 6-well plates at a density of 2.4 x 10°
cells/well and were then treated with 5 or 10 pg/mL TM
for 8 h. After treatment, cells were collected and centri-
fuged at 1008 g, for 5 min. The supernatant was discarded
and the pellets were fixed with 2.5% (w/v) glutaraldehyde

in 0.1 M sodium cacodylate buffer (pH 7.2) for 2 h. Cells
were rinsed in the same buffer and post-fixation was per-
formed using 1% (w/v) osmium tetroxide for 1 h. After
rinsing in buffer, buffer and distilled water and a final rins-
ing step in distilled water, 1% (w/v) aqueous uranyl acetate
was added to the cells for 1 h, for contrast enhancement.
After rising in water, cells pellets were embedded in 2%
(w/v) molten agar, and dehydrated in ethanol (30-100%).
Then, cells were impregnated and included in Epoxy resin.
After polymerization, ultrathin sections were mounted
on copper grids and observations were carried out on a
FEI-Tecnai G Spirit Bio Twin electron microscope at
100 kV (FEI, USA). Image J (Fiji) was the software used
to measure the ER width, as well as the distance between
ER and mitochondria in control and TM-treated cells.
Results express the number of ER-mitochondria contacts
(<100 nm) and, in particular, the number of close ER-
Mitochondria contacts (<15 nm), both calculated rela-
tively to mitochondria number.

Measurement of mitochondrial citrate synthase activity

To evaluate mitochondrial citrate synthase activity, THP-1
cells were plated in 6-well plate at a density of 2.4 x 10°
cells/well and treated with 5 or 10 pg/mL TM for 8 h. Then,
cells were washed with ice-cold PBS and then homogenized
in extraction buffer (0.25 M sucrose and 5 mM HEPES,
pH 7.4) and protein content was quantified using the BCA
method. In a 96 well-plate, 40 ug of the sample were added
to 200 mM Tris—HCI (pH 8.0) reaction buffer containing
10% (v/v) Triton X-100, 10 mM DTNB, 10 mM acetyl-CoA,
and the final volume per well was adjusted with water. Base-
line was measured at 412 nm for 3 min at 30 °C. The reac-
tion was started with 10 mM oxaloacetate and the reduction
of DTNB was followed spectrophotometrically in a Spec-
traMax Plus 384 microplate reader (Molecular Devices LLC,
California, USA) during 6 min. Results were expressed as
nmol/min/mg protein.

Measurement of aconitase activity

To determine aconitase activity, THP-1 cells were plated in
6-well plate at a density of 2.4 x 10° cells/well and treated
with 5 or 10 pg/mL TM for 8 h. Briefly, total cell extracts
were washed with ice-cold PBS and then homogenize in ice-
cold buffer (50 mM Tris—HCI, pH 7.4, and 0.6 mM MnCl,
and 0.5% Triton-X 100), undergoing three cycles of freez-
ing/thawing in liquid nitrogen and centrifuged at 10,000g
for 10 min at 4 °C. After protein quantification by the BCA
method, 40 pg of each sample were added to aconitase
activity buffer (50 mM Tris—HCl and 0.6 mM MnCl,, pH
7.4). The activity of cis-aconitase was monitored after the
addition of 20 mM isocitrate for 20 min at 25 °C, by using
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a SpectraMax Plus 384 microplate reader set to 240 nm
(Molecular Devices LLC, California, USA). Results were
expressed as U/mg protein/min.

Determination of superoxide dismutase (SOD) enzymatic
activity

An enzymatic SOD assay was used to quantify SOD1 and
SOD?2 activities in response to ER stress, according to the
manufacturer’s instructions. For this purpose, THP-1 cells
were plated in 6-well plate at a density of 2.4 x 10° cells/
well and treated with 5 or 10 pg/mL TM for 4 h. Total cell
lysates were obtained as previously described in the “Pro-
tein analysis by immunoblot” section, using RIPA buffer
without supplements. Cell lysates were plated in a 96-well
in duplicate and one well of each condition was incubated
with 2 mM KCN to selectively inhibit SOD1 activity. The
plate was then incubated at 37 °C for 20 min, and the
absorbance was read in a spectrophotometer Synergy HT
Multi Detection Microplate Reader (BioTek Instruments,
Winooski, USA) set to 450 nm. SOD1 activity was deter-
mined by subtracting SOD2 activity from the total SOD
activity. Values were normalized to the protein amount
determined by the BCA method in each condition. Results
were calculated relatively to untreated (control cells).

Determination of mitochondrial calcium uptake

Rhodamine-2 acetoxymethyl ester (Rhod-2/AM) fluores-
cent probe was used to evaluate Ca>* influx into mito-
chondria in TM-treated and untreated THP-1 monocytes.
For that purpose, cells were plated in 12-well plate at a
density of 1.2 x 10° cells/well and treated with 5 or 10 pg/
mL TM for 4 or 8 h.

After wash with a modified Krebs—Ringer buffer
[Buffer A: 135 mM NaCl, 5 mM KCI, 1 mM MgCl,,
20 mM HEPES, 1 mM MgSO,, 0.4 mM KH,PO,; pH 7.4,
complete before use by adding 1 mM CaCl, and 5.5 mM
glucose], cells were incubated with 10 pM Rhod-2/AM
prepared in buffer A for 45 min at 37 °C. Once washed
with a Ca’* -free modified Krebs—Ringer buffer [Buffer
B: 135 mM NaCl, 5 mM KCI, 1 mM MgCl,, 20 mM
Hepes, 1 mM MgS04, 0.4 mM KH,PO,, 0.5 mM EGTA;
pH 7.4, supplemented with 5.5 mM glucose before use],
cells were then resuspended in the same solution and the
basal fluorescence values were monitored for 90 s, every
30 s. After a pulse of thapsigargin (1 puM), which induces
ER Ca’* depletion, fluorescence values were recorded
for 700 s, every 10 s. SpectraMax Plus 384 microplate
reader (Molecular Devices LLC, California, USA) was
set to 552 nm excitation and 581 nm emission wave-
lengths. Results express the difference between the highest
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post-thapsigargin value and the mean of baseline levels,
and were calculated relatively to control cells.

Determination of mitochondrial membrane potential

Tetramethylrhodamine ethyl ester (TMRE) fluorescence
probe was used to evaluate alterations in mitochondrial
membrane potential upon ER stress. THP-1 monocytes
were plated in a 48-well plate at a density of 0.3 x 10°
cells/well and treated with 5 or 10 pg/mL TM for 4 or
8 h. After incubation with 1 pM TMRE in PBS containing
0.2% (w/v) BSA for 30 min at 37 °C, cells were resus-
pended in PBS containing 0.2% (w/v) BSA and the fluo-
rescence was monitored with a Synergy HT Multi Detec-
tion Microplate Reader (BioTek Instruments, Winooski,
USA) set to 549 nm excitation and 575 nm emission wave-
lengths. Results were normalized to cells in the absence of
TM exposure (control condition).

Measurement of secreted IL-1p levels

THP-1 cells were plated in 12-well plates at a density of
1.2x 10° cells/well and then incubated with 5 or 10 pg/mL
TM for 8 h upon priming with 1 pg/mL lipopolysaccharide
(LPS) for 24 h, or only with LPS. As a positive control,
THP-1 cells were exposed to 1 pg/mL LPS for 24 h plus
5 mM ATP for 30 min. When tested, the selective inhibitors
of the IP;R and of the MCU, Xestospongin C (Xest C, 1 pM)
and Ru360 (10 pM), respectively, as well as the antioxidant
N-acetylcysteine (NAC, 5 mM), were pre-incubated during
1 h. BV2 microglial cells were plated at a density of 1x 10°
cells/cm? and then treated with 2 or 10 pg/mL BFA during
6 h, upon priming with LPS (300 ng/ml) for 3 h. Primary
monocytes isolated from BD patients and matched controls
were plated in a 96-well plate at a density of 0.12x 10°
cells/well in a final volume of 0.15 mL and treated with TM
(10 pg/mL) for 32 h.

To quantify the secretion of IL-1p induced by ER stress
in THP-1 monocytes, BV2 microglial cells and primary
human monocytes, an ELISA kit was used according to the
manufacturer’s instructions. Briefly, cells were centrifuged
at 400 g for 5 min and the supernatants were collected and
stored at —80 °C for subsequent use. Absorbance values
were measured in a standard Synergy HT Multi Detection
Microplate Reader (BioTek Instruments, Winooski, USA)
set to 450 nm and 570 nm wavelengths. IL-1f secreted levels
were expressed as pg/mL. In the case of THP-1 monocytes,
results were calculated relatively to LPS-treated cells.
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Evaluation of cell viability

Susceptibility towards ER stress was evaluated in THP-1
human monocytes by the resazurin assay. THP-1 cells were
cultured in a 96-well plate at a density of 0.2 x 10° cells/well
and treated with 5 or 10 pg/mL TM for the indicated time
periods (4, 8 or 24 h). Cells were incubated with resazurin
solution (50 pM) 4 h before the end of treatment, at 37 °C.
In the case of TM treatment for 4 h, the ER stressor and
resazurin solution were added at the same time. Absorbance
values were measured at 570 and 600 nm in a Synergy HT
Multi Detection Microplate Reader (BioTek Instruments,
Winooski, USA), and the final values were obtained from
the subtraction of results determined at 600 nm from those
measured at 570 nm. Cell viability was determined as the
percentage (%) of controls, in the absence of TM.

Hematological and biochemical parameters from bipolar
disorder patients and healthy controls

Blood samples collected in K;EDTA tubes were evaluated
on the Sysmex XN automated hematology analyzer (Sys-
mex, Kobe, Japan). Briefly, white blood cells count was
performed using a semiconductor laser and flow cytometry,
platelet count was performed by impedance and/or flow
cytometry and the hemoglobin concentration was deter-
mined using sodium lauryl sulfate. Ferritin was determined
in serum samples by chemiluminescent microparticle immu-
noassay using the automated clinical chemistry analyzer
Alinity I (Abbott Laboratories, IL, US).

Statistical analysis

Results are expressed as mean =+ standard error of the mean
(SEM). Data were analyzed using Student’s unpaired ¢
test with one-tailed p value when comparing two groups.
One-way ANOVA with unpaired Dunnett’s post-hoc test
was used for multiple comparisons with one factor, and
two-way ANOVA with Sidak’s post-hoc test was used for
multiple comparisons with two factors. In all cases, a value
of p <0.05 was considered statistically significant. Statisti-
cal analysis was performed with the Prism 7.0 GraphPad
Software.

Results

ER stress-induced UPR in human THP-1 monocytes
Under ER stress conditions, the UPR signaling pathway is
activated to restore ER homeostasis, thus preserving cell

survival, however, apoptotic cell death can be triggered
by chronic stress [4, 5]. First, to characterize ER stress in

human THP-1 monocytes, protein levels of UPR markers
were analyzed in TM-treated cells by WB analysis, includ-
ing p-elF2a and ATF4 (mediators of the PERK UPR path-
way), IREla and XBP1s (mediators of the IREla UPR
pathway), GRP78 (the major ER-resident chaperone) and
CHOP (a key ER stress-induced pro-apoptotic transcrip-
tion factor). The levels of the above ER stress markers
were assessed in a time-dependent manner (1-24 h) using
5 or 10 pg/mL TM, a well-established ER stress inducer.
Protein levels of p-elF2a and ATF4, as well as of IREla
and XBPlIs, significantly increased in THP-1 cells upon
incubation with TM when compared with controls, indicat-
ing the activation of the PERK- and IRE1-mediated UPR
pathways, respectively (Fig. 1A-D). More specifically,
p-elF2a levels were significantly enhanced after 1 and 4 h
of TM treatment (Fig. 1A), which was followed by a sig-
nificant rise of ATF4 content at 4 and 8 h (Fig. 1B). The
upregulation of IREx was observed 8 and 24 h after TM
exposure, whereas the augment of XBP1s protein levels
was more evident at 4 and 8 h (Fig. 1C, 1D). In addition, a
time- and dose-dependent increase in the levels of the ER-
resident chaperone GRP78 occurred in TM-treated cells,
and reached statistical significance at later time points,
namely 8 and 24 h (Fig. 1E). Finally, levels of the pro-
apoptotic factor CHOP were upregulated after 4 h of ER
stress induction (Fig. 1F).

The above results demonstrate that TM-induced ER
stress activates the UPR in human monocytes, namely
the PERK and IREla signaling pathways, leading to the
upregulation of pro-survival chaperones as well as pro-
apoptotic factors.

ER stress response mechanisms in human THP-1
monocytes

Several proteins, such as PDI, EROla and Sigma-1 receptor
(Sigma-1R), contribute to preserve ER function by regu-
lating redox and Ca?* homeostasis, however, ERO1a can
potentiate apoptotic cell death during chronic ER stress
[38—42]. Therefore, protein levels of PDI, EROla and
Sigma-1R were evaluated by WB in THP-1 monocytes upon
TM-induced ER stress (Fig. 2). A significant upregulation
of the oxidoreductase EROla was observed at 8 h of treat-
ment (Fig. 2B), in the absence of PDI alterations (Fig. 2A).
A slight time-dependent increase of Sigma-1R protein lev-
els, which was more pronounced after 4 and 8 h, was also
detected under these conditions (Fig. 2C).

These results suggest that immune cells trigger adaptive
responses to ER stress to preserve redox and Ca®* homeo-
stasis and thus cell survival, but that these adaptations occur
concomitantly with activation of pro-apoptotic mechanisms
that can involve upregulation of proteins, such as EROla,
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Fig.1 ER stress-induced UPR in tunicamycin-treated human THP-1
monocytes. Protein levels of markers of ER stress-induced UPR,
namely p-elF2a (A), ATF4 (B), IREla (C), XBPls (D), GRP78
(E) and CHOP (F) were quantified by WB in total cellular extracts
obtained from human THP-1 monocytes treated with 5 or 10 pg/
mL tunicamycin (TM) during the indicated time periods (1-24 h).
B-Tubulin I was used to control protein loading and to normalize

that translocate to MAMSs upon chronic stress and can pro-
mote excessive ER-mitochondria Ca?* transfer.
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the levels of the protein of interest. For p-eIF2a quantification, total
elF2o was used as a protein loading control. Results were calcu-
lated relatively to control values and represent the mean +SEM of at
least three independent experiments. Statistical significance between
control (untreated cells) and TM-treated cells was determined using
the one-way ANOVA test, followed by the Dunnett’s post hoc test:
*p<0.05; **p <0.01; ***p <0.001, ****p <0.0001

ER morphology and ER-mitochondria contacts
under stress conditions in human THP-1 monocytes

TM-treated monocytes were analyzed by transmission elec-
tron microscopy (TEM) and compared with control cells to
unveil the alterations caused by ER stress in the morphol-
ogy of this organelle with a special focus on its dilation,
as well as on the number of ER-mitochondria contact sites
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Fig.2 Stress response mediators under ER stress conditions in human
THP-1 monocytes. Protein levels of PDI (A), EROla (B) and sigma-
IR (C) were quantified by WB in total cellular extracts obtained after
treatment of THP-1 cells with 5 or 10 pg/mL tunicamycin (TM), dur-
ing the indicated time periods (1-24 h). pf-Tubulin I was used as a
control for protein loading and to normalize the levels of the protein

(Fig. 3). THP-1 monocytes exposed to TM exhibited an
enhanced width of the ER relative to control cells (Fig. 3A,
B). Concomitantly, TM-induced ER stress increased the
number of ER-mitochondria contacts per mitochondria,
both contacts <100 nm (Fig. 3C, D), as well as close ER-
mitochondria contacts <15 nm that are classified as MAMs
(Fig. 3C, E).

These findings indicate that the response to stress trig-
gered by TM in human monocytes modulates the coupling
between ER and mitochondria, as demonstrated by increased
ER-mitochondria contacts sites at MAM:s.

of interest. Results were calculated relatively to control values and
represent the mean+ SEM of at least three independent experiments.
Statistical significance between control and TM-treated cells was
determined using the one-way ANOVA test, followed by Dunnett’s
post hoc test: *p <0.05, **p <0.01

Mitochondrial mass and number in human THP-1
monocytes upon ER stress

To evaluate the role of ER stress on mitochondria content,
the protein levels of several mitochondrial mass markers
were evaluated by WB in stressed THP-1 cells, namely
NDI1, MTCO1 and TOM?20, and the activity of citrate
synthase was analyzed. ND1 and MTCO1 are subunits of
the complex I and IV of the mitochondrial electron respir-
atory chain, respectively [43], and TOM20 is a subunit of
the mitochondrial import receptor TOM, which is located
in the outer mitochondria membrane and plays an essen-
tial role in the specificity of protein import into mitochon-
dria [44]. Citrate synthase is the enzyme that catalyzes
the first reaction of the Krebs cycle [45]. Additionally,
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protein levels of TFAM, a mitochondrial transcription
factor that plays an important role in the transcription
and replication of mtDNA, were analyzed as a marker of

mitochondrial biogenesis [46].
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No significant differences in the protein levels of
TOM20 (Fig. 4A), MTCO1 (Fig. 4B), ND1 (Fig. 4C)
and TFAM (Fig. 4D), as well as in the activity of citrate
synthase (Fig. 4E) were observed between untreated and
treated cells, suggesting preservation of mitochondria
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«Fig.3 ER morphology and ER-mitochondria contacts under ER
stress conditions in human THP-1 monocytes. Alterations in width
of ER and in the number of ER-mitochondria contacts due to ER
stress were monitored by TEM in human THP-1 monocytes treated
with 5 or 10 pg/mL TM for 8 h and compared with untreated cells.
(A) Representative images of dilated ER (arrowhead); (B) ER width
expressed in nm; (C) Representative images of ER-mitochondria con-
tacts (arrow); (D) Number of ER-mitochondria contacts (<100 nm)
normalized to mitochondria number; (E) Number of close ER-mito-
chondria contacts (<15 nm) normalized to mitochondria number.
Results represent the mean+SEM of 4-5 images per cell obtained
from 5 cells analyzed per condition. Statistical significance between
control (untreated cells) and TM-treated cells was determined using
the one-way ANOVA test, followed by the Dunnett’s post hoc test:
*p<0.05, #p<0.01, *** p<0.001

mass/number in stressed THP-1 cells. These observations
were further supported by data from TEM (Fig. 3) report-
ing no alterations in the number of mitochondria between
stressed and non-stressed THP-1 cells (Fig. 4F).

Taken together, our results suggest that ER stress does
not affect mitochondrial mass and number in human
THP-1 monocytes.

Mitochondrial dynamics in human THP-1 monocytes
upon ER stress

The transfer of stress signals between ER and mitochon-
dria at the MAM’s interface affects mitochondrial mor-
phology [47]. To assess the impact of ER stress on mito-
chondrial dynamics, the levels of Mfn2, a protein that
modulates mitochondria fusion [48] and is also responsi-
ble for ER-mitochondria tethering [49], were evaluated by
WB in stressed THP-1 cells. A significant upregulation of
Mfn2 was observed in response to ER stress, particularly
after 4 and 8 h of TM treatment (Fig. 5A). In addition, the
levels of the phosphorylated form of DRP1, which is a
regulator of mitochondrial fission, were also investigated
and a time-dependent decline in p-DRP1 levels occurred
in TM-treated cells in comparison with controls (Fig. 5B).
These results suggest an imbalance on mitochondrial
dynamics towards mitochondrial fusion in monocytes in
response to stress.

Mitochondrial redox status under stress conditions
in human THP-1 monocytes

Prolonged ER stress has been related to oxidative stress,
which is the imbalance between the production of ROS and
antioxidant defenses, and can ultimately lead to cell death
[50]. To investigate the effect of ER stress on mitochon-
drial redox status, the activity of aconitase, an enzyme from
the tricarboxylic acid cycle that is sensitive to ROS, and
of the mitochondrial antioxidant enzyme superoxide dis-
mutase 2 (SOD2), were measured in both TM-treated THP-1

monocytes and control cells. Aconitase activity was not dif-
ferent between untreated and treated cells (Fig. 6A). On the
other hand, increased activity of SOD2 (mitochondrial SOD
isoform), concomitantly with a decrease in the activity of
SOD1 (cytosolic SOD isoform), were observed in THP-1
cells upon 4 h of ER stress induction (Fig. 6B).

The above findings support that activation of the mito-
chondrial antioxidant SOD2 enzyme might represent an
adaptive strategy to cope with ER stress and avoid the accu-
mulation of deleterious ROS in the mitochondria to preserve
cell survival.

Mitochondrial calcium uptake and mitochondrial
membrane potential during ER stress in human
THP-1 monocytes

In response to mild/early ER stress, mitochondrial Ca®*
uptake can be stimulated to preserve cell metabolism and
provide energetic substrates to sustain an adaptive cellular
response. However, under severe/prolonged ER stress con-
ditions, excessive Ca?* influx into mitochondria might col-
lapse mitochondrial metabolism, promoting mitochondrial
membrane depolarization and activation of deleterious sign-
aling pathways [51].

Because of technical limitations, analysis of Ca’" trans-
fer at MAMs to evaluate functional ER-mitochondria cou-
pling was not possible in THP-1 monocytes, but informa-
tion on mitochondrial Ca®* uptake was provided by using
the Rhod-2AM fluorescent probe. Fluorescence values
were determined in both basal and stimulation conditions
using thapsigargin to induce ER Ca** depletion. Thapsi-
gargin is a SERCA Ca’*-ATPase inhibitor, resulting in
Ca®* depletion from internal stores due to stimulation of
ER Ca®* release [52]. Our data, which represents the dif-
ference between the highest post-thapsigargin fluorescence
value and the mean of resting fluorescence levels, indicate
that in response to TM-induced ER stress, mitochondrial
Ca?* content was significantly increased at 4 h and then
decreased at 8 h (Fig. 7A). This decrease in mitochon-
drial Ca?* uptake at 8 h can arise from the depolarization
of mitochondrial membrane that was triggered 4 h after
stress induction in human monocytes (Fig. 7B), which in
turn might arise from the accumulation of Ca** within the
mitochondrial lumen.

The above results demonstrate that ER stress induc-
tion enhances Ca>* influx into mitochondria and leads to
mitochondrial membrane depolarization, suggesting that
ER stress triggers mitochondrial dysfunction in innate
immune cells.
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Fig.4 Mitochondrial mass and number in human THP-1 monocytes
upon ER stress. Protein levels of TOM20 (A), MTCO1 (B), ND1
(C) and TFAM (D) were quantified by WB in total cellular extracts
obtained after incubation of THP-1 cells with 5 or 10 pg/mL TM,
during the indicated time periods (1-24 h). f-Tubulin I was used as a
control for protein loading and to normalize the levels of the protein
of interest. Results were calculated relatively to control values and
represent the mean+ SEM of at least three independent experiments.
Mitochondrial citrate synthase activity (E) was evaluated in total cell
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lysates obtained after incubation of THP-1 cells with 5 or 10 pg/mL
TM for 8 h. Results were expressed in nmol/mg/min and represent the
mean+SEM of at least three independent experiments. The number
of mitochondria (F) was also determined in human THP-1 monocytes
treated with 5 or 10 pg/mL TM for 8 h and compared to untreated
cells, by analyzing TEM images (Fig. 3). Statistical significance
between control and TM-treated cells was determined using the one-
way ANOVA test, followed by Dunnett’s post hoc test
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Fig.5 Mitochondrial dynamics in human THP-1 monocytes upon ER
stress. Protein levels of Mfn2 (A) and p-DRP1 (B) were quantified by
WB in total cellular extracts obtained after incubation of THP-1 cells
with 5 or 10 pg/mL TM, during the indicated time periods (1-24 h).
B-Tubulin I was used as a control for protein loading and to normalize
the levels of the protein of interest. Total DRP1 was used to normal-
ize p-DRPI levels. The membrane incubated with Sigma-1R anti-
body was re-probed with Mfn2 antibody and finally, re-probed with
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Fig.6 Redox status under stress conditions in human THP-1 mono-
cytes. Activity of the ROS-sensitive aconitase (A) was evaluated in
total cell lysates obtained after incubation of THP-1 cells with 5 or
10 pg/mL TM for 8 h. Results were expressed as U/mg/min and rep-
resented as mean+ SEM of three independent experiments. Statisti-
cal significance of differences between control and treated cells was
determined using the one-way ANOVA test, followed by Dunnett’s
post hoc test. The activity of cytosolic SOD1 and mitochondrial

NLRP3 inflammasome activation in THP-1
monocytes exposed to ER stress

After demonstrating that ER stress modulates MAM’s
structure and function in peripheral human monocytes,
we further investigated its role in NLRP3 inflammasome
activation, which is described as a two-step process that
requires two signals [20]. First, protein levels of NLRP3,
pro-IL-1p and ASC were evaluated by WB in LPS-primed
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the anti-p-Tubulin I antibody. The membrane incubated with p-DRP1
antibody was then re-probed with total DRP1 antibody. Results were
calculated relatively to control values and represent the mean +SEM
of at least three independent experiments. Statistical significance
between control and TM-treated cells was determined using the one-
way ANOVA test, followed by Dunnett’s post hoc test: *p <0.05,
**p<0.01
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SOD2 (B) was analyzed by using a commercial kit in total lysates
obtained from cells treated with 5 or 10 pg/mL TM for 4 h. Results
were normalized to untreated cells and represented as mean + SEM of
three independent experiments. Statistical differences between con-
trol and TM-treated cells were obtained with the two-way ANOVA
test, followed by Sidak’s post hoc test: SOD1 (*p <0.05) and SOD2
(*p <0.05) activities

monocytes in the presence or absence of 10 pg/mL TM
for 8 h and compared to control cells. An increase in the
protein levels of NLRP3 and pro-IL-1p (Fig. 8A, B), in the
absence of changes in ASC content (Fig. 8C), was detected
in cells treated with LPS or LPS plus TM, suggesting that
TM-induced ER stress doesn’t act as a first (priming)
signal for NLRP3 activation in human monocytes. Then,
IL-1f secretion was quantified as a readout of NLRP3
inflammasome activation. It was observed that ER stress
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Fig.7 Mitochondrial calcium uptake and mitochondrial membrane
potential under ER stress conditions in human THP-1 monocytes.
Ca?* influx into mitochondria was measured in THP-1 cells treated
with 5 or 10 pg/mL TM for 4 or 8 h with the fluorescent probe
Rhod-2/AM, before and after thapsigargin-induced ER Ca®* deple-
tion. Results were expressed by the difference between the highest
post-thapsigargin value and the mean of baseline levels (A). Altera-

per se was not able to activate the NLRP3 inflammasome
in human monocytes since the levels of IL-1f secreted
by TM-treated cells were undetectable. Therefore, THP-1
monocytes were primed with LPS before ER stress induc-
tion for 8 h. As a positive control, the canonical NLRP3
activators LPS plus ATP were used [53] (Fig. 8D). IL-1§
release increased by about 100-fold relatively to control in
cells treated with LPS alone and an additional increase of
about 100-fold was observed in cells primed with LPS and
then treated with TM, demonstrating that ER stress acti-
vates the NLRP3 inflammasome in human primed THP-1
monocytes.

These findings strongly suggest that although ER stress
doesn’t work as a signal 1 (priming step), it can efficiently
act as a second signal (activation step) to trigger NLRP3
inflammasome activation, and subsequent IL-1p release in
human innate immune cells.

Role of Ca®* on ER stress-induced NLRP3 activation
in human THP-1 monocytes

After demonstrating that ER stress activates the NLRP3
inflammasome in human monocytes, the next step was to
disclose the molecular mechanisms underlying its activation.
Since ER stress was shown to increase ER-mitochondria
contacts and promote early Ca>" influx into mitochondria,
it was tested the hypothesis that Ca2* can play a role in ER
stress-induced NLRP3 activation in innate immune cells.
For that purpose, IL-1p levels secreted by primed THP-1
monocytes treated with TM for 8 h were measured in the
presence or absence of Ru360, an inhibitor of the mitochon-
drial calcium uniporter (MCU), or xestospongin C (Xest C),
a selective inhibitor of ER IP;R-associated Ca®* channels.
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tions in mitochondrial membrane potential (B) were measured using
the TMRE fluorescent probe in THP-1 monocytes treated with 5 or
10 pg/mL TM for 4 or 8 h. Results were calculated relatively to con-
trol values and represent the mean + SEM of three independent exper-
iments. Statistical differences between control and TM-treated cells
were obtained with the one-way ANOVA test, followed by the Dun-
nett’s post hoc test: *p <0.05; **p <0.01

A significant decrease of IL-1p levels was observed in LPS-
primed THP-1 cells treated with 10 ug/mL TM either in the
presence of Ru360 or Xest C (Fig. 9A, B). Additionally,
to further evaluate the role of ROS on ER stress-induced
NLRP3 activation in human THP-1 monocytes, we also
tested the effect of the antioxidant NAC on IL-1p secretion
in TM-treated monocytes (Fig. 9C) and it was ineffective
showing that ROS are not implicated in NLRP3 activation on
these cells. The susceptibility of THP-1 human monocytes
towards ER stress was assessed using the viability resazurin
assay in cells treated with 5 or 10 pg/mL TM during 4, 8
and 24 h. It was shown that both TM doses slightly affected
cell viability after 8 h of exposure, which was decreased by
approximately 30% at 24 h (Fig. 9C).

These results suggest that ER stress-induced NLRP3
inflammasome activation in peripheral immune cells occurs
in a Ca®*-dependent, and ROS-independent manner, and
involves both ER Ca** release through the IP;R and early
Ca”" influx into mitochondria by the MCU, later compro-
mising cell survival.

NLRP3 inflammasome activation in BV2 microglia
cells exposed to ER stress

After disclosing ER stress as an activator of the NLRP3
inflammasome in the peripheral innate immune system, we
further addressed whether a similar event also occurs in
innate immune cells from the central nervous system (CNS).
For that, the role of ER stress on NLRP3 inflammasome
activation was evaluated in BV2 microglial cells exposed
to the ER stress inducer brefeldin A (BFA). UPR induc-
tion was evaluated by determining the protein levels of the
ER-resident GRP78 chaperone, and NLRP3 inflammasome



ER-mitochondria communication is involved in NLRP3 inflammasome activation under stress... Page 150f27 213

7/ TM 10 pg/mL

D S D2
T A 55 kDa

* %%k

A B
NLRP3 ™ mmw == ;. Pro-IL-18
B-Tubulin "—— S e 55 kDa B-Tubulin
69 2.5+
cF E 5
£3 = 20
29 4+ .g
g'u 7/ 1.5+
= / s
8 G_U / ~ 1.0'
€ E 27 -
z 8 / S
£ / 5 0.5+
o= & 0.0-
Ctl -TM TM
LPS
C  asc D G SN -
B-Tubulin “==——— . 55 kDa D
250+
2.0+ ‘g
- - 200-
= o
£O 1.57 S
38 T c 150+
S3 - S
= - [
é E 1.0 % § 100~
3 [}
9 E / b
< g 0.54 / < 504
g  :
7, 0-

e
(=]
1

Ctl -TM TM

LPS

Fig.8 NLRP3 inflammasome activation in human monocytes
exposed to ER stress. Protein levels of NLRP3 (A), pro-IL-1f (B) and
ASC (C) were quantified by WB in total extracts from THP-1 mono-
cytes incubated in the presence or absence of 10 pg/mL TM for 8 h,
upon priming with LPS (1 pg/mL) during 24 h. f-Tubulin I was used
as a loading control to normalize the levels of the protein of inter-
est. Results were calculated relatively to control values, with excep-
tion of pro-IL-1p, and represent the mean+SEM of at least three
independent experiments. Statistical significance between control and
TM-treated cells was determined using the one-way ANOVA test, fol-
lowed by Dunnett’s post hoc test: ****p <0.0001. Levels of secreted
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IL-1P were quantified by an ELISA assay in supernatants of THP-1
cells treated with 1 pg/mL LPS alone (24 h), or with LPS (24 h) and
then with 10 pg/mL TM for the last 8 h. Cells primed with 1 pg/mL
LPS for 24 h and then exposed to 5 pM ATP for 30 min were used as
a positive control for NLRP3 activation. Results were calculated rela-
tively to LPS-treated cells and represent the mean+SEM of at least
three independent experiments. Statistical significance between LPS
and control conditions (Ctrl), in the absence of treatments, was deter-
mined by student’s #-test (***p <0.0001), and between LPS, LPS plus
ATP and LPS plus TM was determined using the one-way ANOVA
test, followed by Dunnett’s post hoc test: *p <0.05
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Fig.9 Role of Ca®* on ER stress-induced NLRP3 activation in
THP-1 monocytes and susceptibility towards ER stress. By using an
ELISA assay, IL-1p secretion was analyzed in supernatants obtained
from THP-1 cells primed with 1 pg/mL LPS during 24 h and then
treated with 10 pg/mL TM for 8 h in the presence or absence of
10 pM Ru360 (A), or 1 pM Xest C (B), or 5 mM NAC (C) which
were pre-incubated during 1 h. Results were calculated relatively
to LPS-treated cells and represent the mean+SEM of at least three
independent experiments. Statistical analysis: #-test was used for
comparisons between Ctrl and LPS (**p <0.001), LPS plus TM and

activation was analyzed by measuring the protein levels
of NLRP3 and pro-IL-1p, as well as IL-1f secretion. BFA
upregulated GRP78 levels when compared to the control
condition, which reached statistical significance in micro-
glia cells treated with 10 uM BFA (Fig. 10A). Besides that,
treated BV2 microglia cells exhibited higher protein levels
of NLRP3 (Fig. 10B) and pro-IL-1p (Fig. 10C), as well as a
significant increase of secreted IL-1f levels upon LPS prim-
ing in comparison with control cells (Fig. 10D). Indeed, an
increase in IL-1p secretion of about 250-fold was found in
BV2 cells treated with 10 uM BFA when compared with
LPS-treated cells. Furthermore, levels of IL-1p secreted
by primed cells treated with 2 pM BFA showed a slight
increase, although the augment did not reach statistical
significance.

These results strongly suggest that ER stress not only
activates the NLRP3 inflammasome in peripheral innate
immune cells but also promotes its activation in CNS-resi-
dent microglia.
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LPS (**p<0.01 or ***p <0.001), LPS plus TM plus Xest C and LPS
plus TM (‘p <0.05), and LPS plus TM plus Ru360 and LPS plus TM
(‘p<0.05). Susceptibility of THP-1 cells to ER stress induced by TM
(5 or 10 pg/mL) exposure during 4, 8 or 24 h was assessed by the
resazurin assay (D). Results represent the mean+SEM of at least
three independent experiments and were calculated relatively to con-
trol values (untreated cells). Statistical significance between control
and treated cells was determined using the one-way ANOVA test, fol-
lowed by Dunnett’s post hoc test: **p <0.01; ***p <0.001

Pro-inflammatory status and NLRP3 inflammasome
activation under ER stress conditions in bipolar
disorder (BD) monocytes

After demonstrating that ER stress activates the NLRP3
inflammasome, promoting the release of pro-inflammatory
IL-1B, in both peripheral and central innate immune systems,
the modulation of NLRP3 inflammasome activation by ER
stress was also investigated in patients with BD diagnosis
versus healthy controls. Indeed, the pathophysiology of BD,
which is a chronic and cyclic mental illness characterized by
mood swings, has been associated with compromised ER
stress response, mitochondrial dysfunction and changes in
innate immunity [54-56]. This was a proof-of-concept study
with a reduced number of participants from each group. The
variability inter-donors, as well as the low yield of mono-
cytes isolation from peripheral blood represented major limi-
tations to the number of parameters analyzed.

First, several biochemical markers of inflammation were
monitored in the blood samples from BD patients and con-
trols after written informed consent. Although data from
Table 1 did not show statistical differences in inflammatory
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Fig. 10 NLRP3 inflammasome activation in microglia cells exposed
to ER stress. Protein levels of GRP78 (A) were quantified by WB in
total extracts obtained after treatment of BV2 cells with 2 or 10 pg/
mL brefeldin A (BFA) for 6 h. NLRP3 (B) and pro-IL-1f (C) content
was also quantified by WB in total extracts of BFA-treated BV2 cells
upon LPS priming (3 h). Actin was used as a protein loading control
to normalize the levels of the protein of interest. Results were calcu-
lated relatively to control values and represent the mean+ SEM of at
least three independent experiments. Statistical significance between
control and BFA-treated cells and between control and LPS plus BFA
cells was determined using the one-way ANOVA test, followed by the

markers between both groups of participants, a basal pro-
inflammatory status is suggested to occur in BD patients. In
comparison with controls, patients exhibited higher levels of
leukocytes namely neutrophils, as well as ferritin. Moreover,
an increase in the number of platelets was detected in BD
individuals compared to controls, as well as in the circula-
tory innate and adaptive immune cells such as monocytes
and lymphocytes, respectively. BD-associated inflammatory
status is further supported by the higher yield of monocytes

Dunnett’s post hoc test: *p <0.05, **p<0.01, ***p <0.001. Secreted
IL-1P levels (D) were measured using an ELISA assay in the super-
natants collected from BV2 microglia cells treated with 300 ng/mL
LPS alone (3 h), or primed with LPS and then incubated with BFA
2 or 10 pg/mL) for 6 h. Results represent the mean + SEM of at least
three independent experiments. Statistical significance between LPS
and control conditions (Ctrl), in the absence of treatments, was deter-
mined by student’s t-test (¥ <0.01), and between LPS and LPS plus
BFA cells was determined using the one-way ANOVA test, followed
by the Dunnett’s post hoc test: *p <0.05

(20%) isolated from PBMCs fraction from BD patients when
compared to controls.

Then, the activation of the NLRP3 inflammasome was
assessed in monocytes derived from BD patients and healthy
controls by analyzing the protein levels of NLRP3 and pro-
IL-1p and by quantifying the levels of IL-1p secreted after
treatment with the ER stress inducer TM for 32 h (Fig. 11).
Basal levels of NLRP3 (Fig. 11A) and pro-IL-1p (Fig. 11B)
were not different between BD and control monocytes. How-
ever, in response to ER stress, the protein levels of NLRP3
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Table 1 Clinical parameters on healthy individuals (controls) versus
BD patients

Clinical parameters Ctrl BD patients
Age (years) 28.20+2.48 27.80+2.20
Leukocytes (x 10°/L) 6.72+0.34 8.04+1.37
Neutrophils (x 10°/L) 3.88+0.35 4.92+1.05
Lymphocytes (x 10%/L) 1.94+0.36 2.28+0.31
Monocytes (x 10%/L) 0.52+0.05 0.68 £0.08
Ferritine (ng/mL) 171.40+61.64 215.60+55.44
Platelets (x 10°/L) 197+19.71 248.60+24.10
Protein C reactive (mg/dL) 0.20+0.12 0.22+0.12

were significantly higher in BD than in control monocytes
(Fig. 11C). Accordingly, under ER stress conditions, there
was a significant increase in IL-1f secretion by BD patients-
derived monocytes, which was not observed in control mono-
cytes (Fig. 11D).

Interestingly, these results demonstrate that although under
basal conditions the activity of NLRP3 inflammasome is not
different between BD patients and healthy controls, the sus-
ceptibility of the immune system towards ER stress is affected,
with a significant activation of this inflammasome observed in
BD patients-derived monocytes upon ER stress, which rein-
forces the presence of a pro-inflammatory status in BD.

Discussion

Over the past years, disturbances in innate immunity have
been implicated in several human pathological conditions
such as cancer, metabolic, neurodegenerative, as well as psy-
chiatric diseases [57]. A close interaction between immune
responses and ER stress has been reported, however, the
molecular basis of this relationship remains largely unex-
plored [58]. Concomitantly, the growing knowledge of close
ER-mitochondria junctions, the so-called MAMs, allowed to
disclose their structure including the identification of tether-
ing proteins, and function, namely their role as key media-
tors of ER stress and inflammatory responses [13, 15].

The present study was designed to investigate the ER
stress-MAMs-inflammation axis in peripheral and cen-
tral innate immune cells, as well as to address its role in
BD pathophysiology by using a patient-derived cell-based
model. The major findings obtained using THP-1 human
monocytes demonstrate that ER stress interferes with MAMs
composition and function, and activates the NLRP3 inflam-
masome culminating in the secretion of the pro-inflamma-
tory cytokine IL-1f, further supporting that this activation
involves the communication between the ER and mitochon-
dria. Similarly, ER stress-induced NLRP3 inflammasome
activation was also observed in BV2 microglia cells. Finally,
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BD patients-derived monocytes were found more susceptible
to ER stress-induced NLRP3 inflammasome activation in
comparison to healthy controls.

First, ER stress was shown to be induced by TM in human
THP-1 monocytic cell line, as demonstrated by the dose- and
time-dependent alteration of several markers of the UPR, a
conserved signaling pathway that restores ER homeostasis
or triggers apoptotic cell death in response to stress. These
findings are in accordance with results from previous stud-
ies demonstrating that TM is a pharmacological trigger of
ER stress-induced UPR in cells from the innate immune
system, such as macrophages [59]. The increase of p-e[F2a
and ATF4 protein levels supports the activation of the UPR
PERK branch in monocytes. ATF4 upregulation is a down-
stream event of e[F2a phosphorylation, which results from
the dimerization and autophosphorylation of PERK. There-
fore, eIF2a phosphorylation is an early event during ER
stress conditions, whereas ATF4 expression occurs at later
time points, after the decrease of global translation triggered
by PERK-mediated eIF2a phosphorylation and preferential
translation of some mRNAs [60]. Moreover, upregulation of
IRE1la and XBP1s supports the activation of the UPR IREla
branch in monocytes under stressful conditions. XBP1s is
cleaved and activated by the dimerized and auto-phosphoryl-
ated IREla to increase ER quality control processes, namely
the expression of chaperones such as GRP78 [61, 62]. In
TM-treated THP-1 monocytes, non-phosphorylated IRE1a
and GRP78 protein levels increased simultaneously. In fact,
IREla pathway stabilizes the non-phosphorylated IREla
through the formation of GRP78-IRE1a complex to promote
adaptation to stressful stimuli [63]. Upon ER stress, ATF4
activation is followed by an increased translation of CHOP
to reestablish protein synthesis, however, chronic CHOP
expression can sensitize cells towards apoptosis [64, 65].

Proteins involved in the cellular response to stress were
then evaluated in human monocytes, and it was found an
increase in the levels of ERO1la, which acts together with
PDI to regulate ER redox signaling, and also modulates
IP;R-mediated Ca>" release [40]. Under prolonged stress,
the EROla oxidoreductase is almost exclusively found at
MAMs [66], where it promotes excessive Ca®" flux towards
mitochondria [67], which was shown to be a pro-apoptotic
trigger under these conditions [68]. In macrophages exposed
to ER stress, EROla-IP;R pathway was shown to mediate
Ca**-dependent apoptosis induced by CHOP, which acts as
a transcriptional inducer of EROla [40]. Additionally, the
upregulation of Sigma-1R, a MAM’s resident chaperone,
may represent an attempt of THP-1 cells to preserve cell
survival in response to stress, as supported by previous stud-
ies showing that a rapid rise of Sigma-1R levels is triggered
to inhibit ER stress-induced cell death [69]. Under stressful
conditions, Sigma-1R is also able to interact with ER IP;R
receptors, stabilizing their structure and stimulating Ca*
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Fig. 11 NLRP3 inflammasome activation in BD-patient derived
monocytes. Protein levels of NLRP3 (A) and pro-IL-1f (B) were
quantified by WB in total extracts obtained from monocytes
derived from healthy controls or BD patients under basal condi-
tions. f-Tubulin I was used as a protein loading control to normalize
the levels of the protein of interest. Data represent the mean +SEM
of results obtained in samples from 3-5 participants. Statistical sig-
nificance between controls and BD patients was determined by Stu-
dent’s t-test. NLRP3 protein levels were also evaluated by WB in
TM-stressed monocytes derived from BD patients and healthy con-
trols (C). f-Tubulin I was used as a protein loading control to nor-
malize the levels of the protein of interest. Results were calculated

influx into mitochondria, which is required to maintain ATP
production through the electron transport chain [38, 42, 70].
Therefore, upregulation of the above MAM-resident chap-
erones indicates that ER stress modulates MAM’s compo-
sition in human monocytes, and suggest an enhanced ER-
mitochondria communication in response to stress, initially
to preserve ATP synthesis but leading to cell death at later
stages. This hypothesis was supported by results from TEM
analysis showing that ER stress induction in THP-1 cells
increases the number of ER-mitochondria contact sites per

relatively to respective basal levels and represent the mean+ SEM of
results obtained in samples from 3-5 participants. Statistical differ-
ences between basal and TM-treated cells within each experimental
group, and between the two groups were obtained using the two-
way ANOVA test, followed by the Tukey’s post hoc test: (*p <0.05)
and (**p<0.01). IL-1P levels (D) in supernatants from monocytes
derived from healthy controls and BD patients treated with 10 pg/mL
TM for 32 h, were quantified using an ELISA kit. Data represent the
mean + SEM of results obtained in samples from 5 participants. Sta-
tistical significance between controls and BD patients was determined
by Student’s t-test: *p <0.05

mitochondria, in particular, of close ER-mitochondria con-
tacts that are defined as equal to or less than 15 nm. The
increase of ER-mitochondria contacts in stressed THP-1
monocytes occurred in the absence of alterations of mito-
chondrial mass/number, as demonstrated by the absence
of differences in the protein levels of several markers of
mitochondrial mass such as MTCO1, ND1 and TOM?20, as
well as in the levels of TFAM, a biogenesis marker. The
evidence that ER stress does not affect mitochondrial mass/
number in these immune cells was further strengthened by
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the similar activity of citrate synthase and mitochondria
number between untreated and TM-treated monocytes. An
increased ER-mitochondria coupling during early phases of
ER stress has already been reported. Bravo and co-workers
found a rise in the number of ER-mitochondria contact sites
in HeLa cells treated with TM for 6 h, which stimulated
mitochondrial Ca?* uptake and metabolism. Additionally,
these authors showed that in the absence of Mfn2, ER-mito-
chondria contacts were abolished and both mitochondrial
Ca”" uptake and oxygen consumption were impaired, lead-
ing to cell death [71].

Mfn2 is described as an important ER-mitochondria teth-
ering protein that is located on both the surface of the OMM
and the ER, thus regulating the inter-organelle proximity,
as well as ER-mitochondria Ca®* transfer [49]. However,
how Mfn2 modulates ER-mitochondria juxtaposition is
still controversial. The role of Mfn2 as a tether protein was
purposed based on confocal microscopy data obtained in
Mfn2~~ mouse embryonic fibroblasts (MEFs) that exhib-
ited decreased ER-mitochondria colocalization and reduced
mitochondrial Ca®* uptake upon ER Ca®* depletion [72,
73]. Furthermore, in Mfn2~~ mouse cardiomyocytes, a
30% reduction in the length of the close contacts between
junctional sarcoplasmic reticulum and mitochondria was
also reported [74]. Schneeberger and colleagues demon-
strated the association between Mfn2 downregulation and
decreased ER-mitochondria contacts in hypothalamic neu-
rons from diet-induced obese mice [75]. The hypothesis that
Mfn2 positively modulates ER-mitochondria coupling was
also encouraged by findings showing that Mfn2 knockdown
in muscle cells reduces mitochondrial Ca** uptake and by
evidences that Mfn2-mediated mitochondrial Ca>* uptake
overcomes the low affinity of the mitochondrial Ca>* uptake
mediated by MCU [76]. By contrast, it was demonstrated in
other studies that Mfn2~~ MEFs cells doubled the number
of close contacts between the two organelles, which was
rescued through Mfn2 re-expression [77, 78]. This evidence
is in accordance with other studies showing that Mfn2 abla-
tion or silencing increased ER-mitochondria close contacts
and the efficiency of IP;R-mediated Ca* transfer to mito-
chondria. Based on these results, the authors proposed a
revised model for ER-mitochondria coupling in which Mfn2
works as a tethering antagonist, avoiding the excessive and
toxic inter-organelle crosstalk [79]. In THP-1 monocytes,
upregulation of Mfn2 upon ER stress is correlated with
an increased number of ER-mitochondria close contacts,
supporting that Mfn2 facilitates the tethering between ER
and mitochondria in innate immune cells. Mfn2 is also a
key mediator of mitochondrial fusion [80]. Accordingly,
increased levels of Mfn2 during stress conditions are known
to promote mitochondrial fusion in an attempt to compensate
mitochondrial alterations, namely membrane depolariza-
tion, and preserve the functioning of these organelles [48].

@ Springer

Based on this, Mfn2 upregulation observed in TM-treated
THP-1 monocytes could promote mitochondria fusion to
ensure ATP production. However, excessive mitochondrial
fusion can lead to the accumulation of damaged mitochon-
dria [81]. A decrease in the protein levels of the p-DRP1
mitochondrial fission marker was observed in TM-treated
THP-1 monocytes, supporting an unbalance between fusion/
fission events in stressed innate immune cells. Mitochondrial
fission is an event implicated in mitophagy that is required
to decrease the size of mitochondria facilitating its entrance
into autophagosomes and degradation in lysosomes [82].
Therefore, a decrease in fission events might anticipate the
following scenarios: (1) removal of damaged mitochondria
by mitophagy occurs through fission-independent mecha-
nisms; (2) mitophagy occurs at low rates and dysfunctional
mitochondria progressively accumulate in the cell, promot-
ing stress, release of inflammatory cytokines, cell damage
and death [48, 83].

MAMs function was also investigated in THP-1 mono-
cytes under stressful conditions by the analysis of parameters
such as mitochondrial redox status, membrane potential and
Ca”" signaling. Prolonged ER stress-induced UPR activa-
tion has been intimately associated with oxidative stress
due to increased ROS production [50]. Recently, Knupp
and colleagues have shown that ER stress triggers ROS
production within mitochondria, and also demonstrated
that ROS and cell death are increased by ER stress in cells
with silenced IRE1a [84]. This link was further elucidated
by previous studies showing that upregulation of ATF4 and
CHOP transcription factors by chronic ER stress enhances
protein synthesis and causes cell death due to ROS produc-
tion caused by ATP depletion [85]. In the present study, the
balance between ROS production and antioxidant defenses
were assessed in THP-1 cells by measuring the activity of
aconitase, a mitochondrial enzyme that is susceptible to the
presence of ROS and is thus an oxidative stress marker, and
also of the antioxidant SOD2 responsible for superoxide
dismutation within the mitochondria. The unaltered acon-
itase activity in TM-treated cells in comparison with control
cells indicates that under ER stress conditions the levels of
ROS are not enhanced in the mitochondria, which can be
justified by the activation of antioxidant defenses, namely
SOD2. Indeed, in response to stress, the UPR PERK path-
way promotes antioxidant responses mediated by ATF4 and
NRF2, through the induction of antioxidant stress response
genes such as those encoding SODs, heme oxygenase-1, glu-
tathione transferase, and uncoupling mitochondrial protein
2, to prevent excessive accumulation of ROS and preserve
normal mitochondria functioning [86].

Our findings showing upregulation of MAM-resident
chaperones and enhanced ER-mitochondria contact sites
suggest increased ER-mitochondria Ca®* transfer under
stress conditions in human monocytes, which would be in
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accordance with other studies reporting Ca®* transfer to
mitochondria at the MAMSs interface in response to chronic
ER stress [87, 88]. Although several approaches to evalu-
ate ER-mitochondria Ca®* fluxes have been tested in THP-1
monocytes, none was able to be implemented due to the
specific characteristics of this cell line. To overcome this
limitation, we measured mitochondrial Ca%* content in
untreated or TM-treated THP-1 monocytes upon thapsi-
gargin-induced ER Ca’* release. Under these conditions,
an increase in mitochondrial Ca®* uptake was detected in
THP-1 monocytes treated with TM for 4 h when compared
to control cells. This increment in mitochondrial Ca** can
be orchestrated by different cellular processes, such as bulk
cytosolic Ca*, as well as the expression of MCU or mito-
chondrial Na*/Ca®* exchanger (NCLX). Cytosolic Ca®*
rise is followed by MCU activation to promote mitochon-
drial Ca®* uptake to reestablish Ca?" homeostasis [89]. In
turn, Ca?* content in mitochondria is regulated by MCU
and NCLX. More specifically, MCU mediates the entry of
Ca*" into mitochondria, while NCLX controls mitochondrial
Ca’* extrusion. Thus, alterations in the expression of MCU/
NCLX can explain changes in mitochondrial Ca®* levels
[90]. The mitochondrial permeability transition pore (mPTP)
distinguishes between a permanent or a transient pore open-
ing. The permanent pore opening involves the release of
cytochrome ¢ and the loss of the mitochondrial membrane
potential, culminating in cell death. However, the opening
of the mPTP also helps to modulate excessive mitochondrial
Ca”* content during physiological oscillations of cytosolic
Ca’* levels [91]. In THP-1 human monocytes, stressful
conditions may compromise mPTP, leading to changes in
mitochondrial Ca®* content.

Interestingly, Carreras-Sureda and colleagues have
recently found that IREla accumulates in MAM frac-
tions in mouse embryonic fibroblasts (MEFs) under stress
conditions, and is able to physically interact with IP;Rs,
resulting in enhanced mitochondrial Ca®* uptake. These
findings are in line with our data obtained in human THP-1
monocytes showing that IREla upregulation correlates
with mitochondrial Ca2* rise upon ER stress. Moreover,
these authors also demonstrated that IREla regulates
the abundance of IP;Rs at MAMs, which are reduced in
MAMs fractions isolated from IRE1a-deficient MEFs. In
addition to confirm the occurrence of a transient rise of
ATP levels, an early event during ER stress, it was shown
that IRE1a is required to stimulate metabolism under these
conditions since ATP production was almost suppressed
in IREla-deficient cells [88].

The increase in mitochondrial Ca** content observed
in THP-1 cells 4 h after TM exposure can be responsible
for the loss of mitochondrial membrane potential. Indeed,
a significant and sustained depolarization of the mitochon-
drial membrane potential was detected in monocytes upon

TM-induced ER stress. Our data is corroborated by findings
showing that the excessive ER-mitochondria Ca?* transfer
under chronic stress conditions can lead to mitochondrial
Ca®" overload and subsequent loss of membrane potential
and activation of apoptotic cell death [92]. Curiously, at a
later time point, namely 8 h of TM-induced ER stress, mito-
chondrial Ca®* influx was significantly attenuated, which
can arise from mitochondrial membrane depolarization. A
recent study demonstrated that Ca®* influx only occurs in
mitochondria with preserved membrane potential [93], sug-
gesting that prolonged membrane depolarization avoids Ca**
uptake into mitochondria.

After demonstrating that ER stress modulates MAMs
structure and function in innate immune cells, it was shown
that it also induces NLRP3 inflammasome activation and
subsequent release of the pro-inflammatory cytokine IL-1p.
More detailed, it was found that although ER stress per se
does not act as a signal 1 (priming step) for NLRP3 inflam-
masome activation, it works as a second signal (activation
step), since TM treatment-induced IL-1f secretion in LPS-
primed THP-1 cells. These findings are corroborated by pre-
vious results obtained by Menu and collaborators in other
cells of the innate immune system, namely in LPS-primed
human macrophages treated with TM [59]. However, while
these authors demonstrated that ER stress-induced NLRP3
inflammasome activation is mediated by ROS production
in macrophages, our findings suggest that in human mono-
cytes it occurs in a ROS-independent manner. Indeed, the
activity of the ROS-sensitive aconitase was not affected
and the activity of the mitochondrial antioxidant superox-
ide dismutase (SOD2) was significantly stimulated in TM-
treated THP-1 cells, suggesting that ROS accumulation is
not induced by ER stress in human monocytes. Accordingly,
the addition of the non-enzymatic antioxidant NAC was not
able to prevent TM-induced NLRP3 inflammasome activa-
tion in LPS-primed THP-1 monocytes.

The assembly of the NLRP3 inflammasome at the MAMs
platform under stress conditions strongly suggests that sig-
nals from mitochondria are responsible for its activation
[94]. Based on that, we hypothesized that ER-mitochondria
contacts may link ER stress to NLRP3 inflammasome activa-
tion in innate immune cells. Our findings showed that TM-
induced IL-1p release in LPS-primed THP-1 monocytes
was attenuated in the presence of selective inhibitors of ER
IP;R-associated Ca** channels (XestC) and MCU (Ru360),
demonstrating that both ER and mitochondria are involved
in NLRP3 inflammasome activation in human monocytes
under stressful conditions. More specifically, our results
showed that NLRP3 inflammasome activation in these
conditions depends on mitochondrial Ca®* uptake and also
seems to be triggered by Ca’* release from the ER through
the IP;R. This data, together with our findings showing
enhanced ER-mitochondria contacts at MAMs and higher
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mitochondrial Ca?* uptake in TM-treated cells, suggest that
ER-mitochondria communication plays a role in ER stress-
induced activation of the NLRP3 inflammasome in THP-1
human monocytes. According to our results, NLRP3 inflam-
masome has been described as a general sensor for distur-
bances in cellular homeostasis, including for alterations in
intracellular Ca®* signaling [18]. Brough et al. implicated
Ca?* fluxes in NLRP3 inflammasome activation, demon-
strating that IL-1p secretion depends on the release of Ca>*
from intracellular ER stores in ATP-treated murine mac-
rophages [95]. More recently, Triantafilou and colleagues
found that increased mitochondrial Ca** uptake and loss
of mitochondrial membrane potential activate the NLRP3
inflammasome in human lung epithelial cells. These authors
showed that secretion of IL-1p was reverted upon block-
age of mitochondrial Ca>* accumulation by MCU inhibition
[96].

The above alterations induced by ER stress on THP-1
innate immune cells, namely, increased ER-mitochondria
contact sites, changes in Ca>* homeostasis, depolarization
of mitochondria membrane, impaired mitochondrial dynam-
ics and NLRP3 inflammasome activation, culminate in the
compromise of cell viability. Accordingly, a close intersec-
tion between cell death and inflammasome activation has
been described [97, 98]. Currently, pyroptosis is defined as
the type of cell death dependent on inflammasome activa-
tion [99].

Sterile inflammation mediated by NLRP3 inflammasome
activation is induced by multiple pathological conditions
both in the peripheral immune system and in the CNS. Neu-
roinflammation has been strongly implicated in the patho-
physiology of several CNS disorders, such as neurodegener-
ative and psychiatric diseases [100-102]. It is mainly caused
by the activation of microglia, the primary resident innate
immune cells in the CNS able to trigger an immunologic
response [18]. Over the last few years, several stimuli have
been described as activators of the NLRP3 inflammasome
in microglia. For instance, it was shown that IL-1p secre-
tion by microglia cells exposed to live S. aureus [103] or
ceramide [104] is mediated by NLRP3 inflammasome acti-
vation. Furthermore, NLRP3 inflammasome has also been
implicated in the innate immune response triggered by mis-
folded proteins such as the prion peptide PrP106-126 and
alpha-synuclein [105-107]. Fibrillar Ap and aggregated tau
were also shown to induce the assembly and activation of
NLRP3 inflammasome in mouse microglia [106, 108]. More
recently, Molagoda and colleagues revealed that in BV2
microglial cells the canonical activation of NLRP3 inflam-
masome induced by LPS and ATP is regulated by ER stress,
as supported by the increased expression of UPR markers
[109]. Here, we presented a direct cause-effect relationship
between ER stress and NLRP3 inflammasome activation in
BV2 microglial cells, by showing that the induction of ER
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stress promotes the release of pro-inflammatory IL-1f, as
well as the upregulation of pro-IL-1p and NLRP3.

Finally, NLRP3 inflammasome activation was further
assessed in monocytes obtained from patients with a diagno-
sis of BD, a pathological condition associated with inflam-
mation [110], as well as from matched healthy controls. It
was found that BD innate immune cells are more suscep-
tible to ER stress, as shown by increased NLRP3 protein
levels, as well as higher levels of secreted IL-1p, upon TM
exposure in BD patient-derived monocytes in comparison
with control cells. Our results emphasize the role of NLRP3
inflammasome in pro-inflammatory status associated with
BD, in accordance with previous studies [111, 112]. Kim
and colleagues proposed the involvement of NLRP3 inflam-
masome in BD pathophysiology based on their findings
obtained from the post-mortem analysis of frontal cortex
from BD patients showing high levels of IL-1f and cas-
pase-1, as well as upregulation of NLRP3 and ASC [112]. In
fact, several studies have consistently reported elevated lev-
els of pro-inflammatory cytokines in patients with BD [113].
For example, increased IL-1p levels were detected in the
cerebrospinal fluid of euthymic BD patients and an altered
brain cytokine profile was detected after manic/hypomanic
episodes [114]. Recently, Magioncalda et al. correlated BD-
associated immunological alterations with neuroanatomical
changes, namely white matter microstructural abnormalities
[115]. Furthermore, our results obtained from the analysis
of the biochemical markers of inflammation in the blood
samples derived from BD patients vs healthy controls, show-
ing an increase in the levels of ferritin and leukocytes on
subjects with BD diagnosis, and also a higher number of
circulating monocytes, neutrophils and lymphocytes, further
supported BD-associated inflammatory status these results
agree with previous studies reporting that BD patients have
altered numbers of these immune cells in peripheral blood
[116, 117]. Moreover, clinical evidence of immune dysregu-
lation in BD patients, including the development of autoim-
mune diseases such as rheumatoid arthritis and hyperthy-
roidism, as well as the high prevalence of chronic metabolic
diseases such as diabetes and obesity, also reinforces the role
of a sterile inflammatory phenotype in BD pathophysiology
[110, 118, 119].

Conclusion

Several cellular events have been implicated in the initiation
and/or progression of numerous human pathologies, such as
compromised ER stress response, mitochondrial dysfunc-
tion, ER-mitochondria miscommunication, as well as innate
immune disturbances, namely NLRP3 inflammasome activa-
tion. However, the mechanisms underlying activation of the
NLRP3 inflammasome are still not fully understood.
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Fig. 12 ER-mitochondria communication is implicated in ER stress-
induced NLRP3 inflammasome activation in the innate immune sys-
tem. ER stress modulates the structure of mitochondria-associated
membranes (MAMs) in human monocytes as demonstrated by the
upregulation of chaperones that reside or that are translocated to these
ER-mitochondria close contacts under severe/prolonged ER stress,
and by the increment of the Mfn2 ER-mitochondria tethering protein.
The proximity between both organelles occurs concomitantly with an
early Ca”* influx into mitochondria and depolarization of mitochon-

Overall, the major findings achieved in this study using
human THP-1 monocytes, a model of the peripheral innate
immune system, demonstrate that ER stress affects the con-
tent of MAM-resident chaperones and increases the num-
ber of close ER-mitochondria contacts. It was also found
that mitochondrial Ca** uptake under stress conditions is
associated with enhanced fusion and inhibited fission, which
might represent an attempt to preserve energy production.
However, the accumulation of depolarized mitochondria,
possibly due to impaired mitophagy, might compromise
cell viability. Under these conditions, NLRP3 inflamma-
some was shown to be activated, leading to IL-1p release,
by a ROS accumulation-independent mechanism, possibly
due to stimulation of antioxidant defenses, namely SOD2.
On the other hand, ER Ca* release, as well as mitochon-
drial Ca®* uptake, were found to be implicated in ER stress-
induced NLRP3 activation, further supporting the key role
of ER-mitochondria communication in sterile inflammation
induced by cellular stress. In summary, ER stress activates
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drial membrane, culminating in activation of the NLRP3 inflamma-
some and release of pro-inflammatory IL-1p that is also affected by
the release of Ca>* from the ER. Enhanced mitochondrial fusion to
stimulate energy production can lead to the accumulation of dys-
functional mitochondrial compromising cell viability. Activation of
antioxidant defenses within mitochondria to avoid ROS accumula-
tion might represent a protective strategy that is not able to counteract
chronic ER stress-induced sterile inflammation

adaptive strategies in human monocytes to restore homeosta-
sis. However, under chronic stress, pathological mechanisms
are triggered and become prevalent leading to a pro-inflam-
matory status that culminates in loss of cell survival. Impor-
tantly, it was demonstrated that ER stress-induced NLRP3
inflammasome activation also occurs in CNS innate immune
cells, namely in LPS-primed microglia. Finally, and as a
proof of concept study, we disclosed that this mechanism
occurs under pathological conditions as demonstrated by the
exacerbated NLRP3 inflammasome activation in response
to ER stress exhibited by monocytes obtained from BD
patients, at early disease stages, in comparison with healthy
controls, supporting that sterile inflammatory is implicated
in BD pathophysiology.

In conclusion, this study contributes to elucidate the
molecular mechanisms underlying NLRP3 inflammasome
activation upon ER stress in the innate immune system, sug-
gesting that ER-mitochondria communication plays a rel-
evant role (Fig. 12). These findings might help to identify
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novel therapeutic strategies and new diagnostic biomarkers
for diseases associated with sterile inflammation, namely
psychiatric illnesses such as BD.
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