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Mitochondria, a highly metabohcally active organelle, have been shown to play an
essential role in regulating innate immune function. Mitochondrial Ca** uptake via the
mitochondrial Ca2+ umporter (MCU) is an essential process regulating mitochondrial
metabolism by targeting key enzymes involved in the tricarboxylic ac1d cycle (TCA).

Accumulative evidence suggests MCU-dependent mitochondrial Ca** signaling may
bridge the metabolic reprogramming and regulation of immune cell function. However,
the mechanism by which MCU regulates inflammation and its related disease remains
elusive. Here we report a critical role of MCU in promoting phagocytosis-dependent
activation of NLRP3 (nucleotide-binding domain, leucine-rich repeat containing fam-
ily, pyrin domain-containing 3) inflammasome by inhibiting phagolysosomal mem-
brane repair. Myeloid deletion of MCU (Mcu"'™") resulted in an attenuated
phagolysosomal rupture, leading to decreased caspase-1 cleavage and interleukin (IL)-

1P release, in response to silica or alum challenge. In contrast, other inflammasome ago-
nists such as adenosine trlphosphate (ATP), nigericin, poly(dA:dT), and flagellin
induced normal IL-1p release in Mcu™" macrophages Mechanistically, we demon-
strated that decreased NLRP3 inflammasome activation in Mcu" macrophages was
caused by improved phagolysosomal membrane repair mediated by ESCRT (endosomal
sorting complex required for transport) 11T complex Furthermore, Mcu™* mice
showed a pronounced decrease in immune cell recruitment and IL-1f production in
alum-induced peritonitis, a typical IL-1-dependent inflammation model. In sum, our
results identify a function of MCU in promoting phagocytosis-dependent NLRP3
inflammatory response via an ESCRT-mediated phagolysosomal membrane repair
mechanism.

inflammasome | phagosome | MCU | ESCRT

The NLRP3 (nucleotide-binding domain, leucine-rich repeat—containing family, pyrin
domain—containing 3) inflammasome is a multiprotein cytosolic complex consisting of
the NLRP3, the adaptor ASC, and the effector molecule caspase-1 (1, 2). Activation of
the NLRP3 inflammasome leads to the induction of caspase-1 activity, which subse-
quently mediates the maturation and secretion of inflammatory cytokines IL-1f and
IL-18, as well as gasdermin-dependent pyroptosis (3, 4). A diverse series of exogenous
and endogenous agonists can activate the NLRP3 inflammasome via either phagosome-
dependent or -independent pathways (5, 6). It is generally realized that the activating
effects of various NLRP3 stimuli converge on the loss of cellular ion homeostasis, lead-
ing to the assembly of multiprotein complex and activation of the NLRP3 inflamma-
some. For example, numerous studies have revealed potassium efflux as an essential
step for activation of the NLRP3 inflammasome in response to various stimuli (6, 7).
In addition, several studies reported that cytosolic influx of Ca** from either extracellu-
lar space (8-10) or endoplasmic reticulum (ER) (11) was required for NLRP3 inflam-
masome activation.

Mitochondrial Ca** signaling is a fundamental mechanism regulating mitochondrial
metabolism by targetmg key enzymes involved in the tricarboxylic acid (TCA) cycle
(12). Mitochondrial Ca** uniporter (MCU) is a hlghly selectlve calcium channel,
which is required for mitochondrial uptake of cytosolic Ca®* after the influx of extra-
cellular Ca*" or the release of the ER Ca?* pool (13-16). In addition to regulating
1ntram1tochondrlal metabolic processes, MCU also contributes to buffering cytosolic

peaks (17), thus potentlally affecting extramitochondrial signaling cascades This
is partlcularly relevant to immune cell functions due to an essential role of Ca®* signal-
ing regulating numerous immune signaling pathways through a variety of molecular
mechanisms. Our recent study using Mcu gene-deletion (Mcu") macrophages dem-
onstrated that MCU-mediated acetyl-CoA metabolism modulated bactericidal response
by targeting LC3-associated phagocytosis (LAP), an uncanonical autophagic process
characterized by LC3-decorated single-membrane vacuoles (18). Other studies revealed
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Mitochondrial Ca®* uniporter
(MCU) has been recently reported
to be involved in activation of the
NLRP3 inflammasome due to
mitochondrial damage. However,
whether MCU is a general
regulator of NLRP3 inflammasome
and the overall effect of MCU on
inflammation remain elusive.
Here, we show that deletion of
MCU causes no general defect in
NLRP3 inflammasome activation.
Instead, MCU is uniquely required
for phagocytosis-triggered
activation of NLRP3
inflammasome by counteracting
ERCRT complex-mediated
phagolysosomal membrane
repair. Our data also suggest a
proinflammatory effect of
myeloid-derived MCU in an alum-
induced peritonitis model.
Therefore, our study provides
genetic evidence to clarify the
innate immune function of MCU.
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MCU as a positive regulator of the NLRP3 inflammasome in
response to the challenge with bacteria (19, 20) or complement
membrane attack complex (21). However, whether MCU is a
general regulator of the NLRP3 inflammasome and the under-
lying mechanism remains unclear.

Recent studies have identified the endosomal sorting com-
plex required for transport (ESCRT) protein complex essential
for phagolysosomal membrane repair when damaged by various
stimuli (22, 23). The first step of ESCRT-mediated membrane
repair is cytosolic Ca®*-trigged recruitment of ESCRT proteins
to the damaged membrane site, which depends on the Ca**
binding protein, apoptosis-linked gene (ALG)-2 and ALG-2-
interacting protein X (ALIX, also known as programmed cell
death 6 interacting protein, PDCDG6IP) (24, 25). The second
step is the pinching out of damaged membrane controlled by
ESCRT complex subunits such as charged multivesicular body
protein 4B (CHMP4B) and others (22, 24, 26, 27). The
importance of ESCRT-mediated membrane repair in preven-
tion of inflammation has been reported (27, 28).

In this study, we report that MCU is not a general regulator
of the NLRP3 inflammasome, or the NLRC4 or absent in
melanoma (AIM2) inflammasome. Instead, MCU is uniquely
required for maximal activation of the NLRP3 inflammasome
via a phagocytosis route by inhibiting phagolysosomal membrane
repair. Mechanisticall, MCU-mediated mitochondrial Ca**
uptake attenuates ESCRT-mediated phagolysosomal membrane
repair by buffering the cytosolic Ca®" peak. Deletion of MCU
in myeloid cells resulted in an attenuated inflammatory response
in an alum-induced peritonitis model, therefore highlighting the
therapeutic potential of MCU in the treatment of inflammatory
diseases (20).

Results

MCU Specifically Promotes Phagocytosis-Triggered NLRP3
Inflammasome Activation. Previous studies suggest that inhibi-
tion of MCU results in decreased production of IL-1f and
IL-18 in human epithelial cells derived from patients with cys-
tic fibrosis in response to bacterial challenge (19, 20). It has
been well established that the processing and production of
IL-1p and IL-18 requires first, a priming step with a number of
stimuli, including the Toll-like receptor 4 (TLR4) agonist lipo-
polysaccharide (LPS), and second, a signal to activate the
inflammasome (1, 2). To determine which of the NLRP3,
NLRC4, and AIM2 inflammasomes is affected by MCU, we
challenged LPS-primed bone marrow-derived macrophages
(BMMs) generated from Mer®™° mice or wild-type (WT) con-
trol Mcu/ mice (18) with stimulating agonists for individual
inflammasomes. Dosage-dependent production of IL-1f and
cytotoxicity, as assayed by lactate dehydrogenase (LDH) release,
were detected in Mcu/”/l BMMs when challenged with silica
(Fig. 14 and SI Appendix, Fig. S1 A and () or alum (Fig. 1B
and SI Appendix, Fig. S1 B and D), two widely used NLRP3
inflammasome agonists through the phagocytosis route. How-
ever, significantly less IL-1p production and cytotoxicity were
observed in similarly treated Mecu""” BMMs, indicating an
impaired NLRP3 inflammasome activation. Surprisingly, stim-
ulation with adenosine triphosphate (ATP) (Fig. 10) or nigeri-
cin (Fig. 1D), two phagocytosis-independent agonists for the
NLRP3 inflammasome, revealed normal IL-1p production and
cytotoxicity in Meu""* BMMs, suggesting that MCU is not a
general mediator of the NLRP3 inflammasome. Production of
inflammasome-independent cytokine IL-6 was normal in
M BMMs, indicating an intact priming of the NLRP3
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inflammasome by LPS (Fig. 1E and S/ Appendix, Fig. S1 E
and F). Moreover, Mcu"™ BMMs produced comparable
amounts of transcripts of cytokine genes (//1a, I[1b, 116, /124,
1112b, Tufa, Cxcll, Cxcl2, and 1[10) (SI Appendix, Fig. S1G)
and IL-6 and TNF-a protein (SI Appendix, Fig. S1H) in
response to LPS or another two TLR agonists Pam3Cys
(TLR2) and CpG (TLR9) (87 Appendix, Fig. S11) compared to
Me™” BMMs. Moreover, activation of innate immune signal-
ing such as the NF-xB and MAPK pathways was similarly
induced by LPS between MCU-sufficient and -deficient BMMs
(ST Appendix, Fig. S1)). In sum, deletion of MCU causes
impaired activation of the NLRP3 inflammasome specifically in
response to phagocytosis-dependent stimuli.

We further examined whether MCU is important for activa-
tion of the AIM2 and NLRC4 inflammasome. Poly(dA:dT) and
flagellin are commonly used agonists that activate the AIM2 and
NLRCH4 inflammasome, respectively (1, 2). M7 BMMs pro-
duced comparable amounts of IL-1p and IL-6 when transfected
with poly(dA:dT) (Fig. 15 and flagellin (Fig. 1G) compared
with similarly treated Me™ cells. Therefore, MCU is
dispensable for AIM2 and NLRC4 inflammasome activation.
We next evaluated inflammasome activation by examining the
cleavage of procaspase-1 and pro-IL-1p and the formation of
ASC specks, two hallmarks of inflammasome activation. Stimu-
lation with silica induced the cleavage of procaspase-1 and
pro—IL-1p in LPS-primed Me/” BMMs. However, these effects
were severely attenuated in Mer™ BMMs (Fig. 1H). Mean-
while, Mcu” BMM:ss exhibited normal cleavage of procaspase-1
and pro-IL-1p when stimulated with ATP (Fig. 1)), nigericin
(Fig. 1)), poly(dA:dT) (Fig. 1K), or flagellin (Fig. 1). Immunos-
taining for ASC revealed a significantly lower percentage of
Mei"™* BMMs containing ASC specks following the challenge
with silica for 4 or 8 h compared with Me/” BMMs (Fig. 1M
and 87 Appendix, Fig. S1K). In contrast, stimulation with nigeri-
cin, poly(dA:dT), or flagellin induced ASC speck formation at
similar levels between Me/™ and Meu””* BMMs (Fig. 1M).
Collectively, these results indicate that MCU is uniquely required
for phagocytosis-triggered activation of the NLRP3 inflamma-
some, but not required for phagocytosis-independent NLRP3
inflammasome activation or activation of the AIM2 and NLRC4
inflammasome.

Improved Phagolysosome Integrity in Mcu?™* Macrophages
after Silica Stimulation. We next sought to determine the
mechanism by which MCU promotes phagocytosis-triggered
NLRP3 inflammasome activation. Our recent study suggests
enhanced assembly and function of LAP in Mcu"™"* macro-
phages, which contributes to an improved bactericidal effect.
We therefore employed a genetic strategy to examine whether
the impaired NLRP3 inflammasome activation in response to
silica challenge involved altered LAP function in McuAd7¢ mac-
rophages. However, deletion of neither Rubicon (encoded by
the Rubcn gene) (SI Appendix, Fig. S2A) nor NOX2 (encoded
by the Cybb gene) (SI Appendix, Fig. S2B), two critical mole-
cules for LAP assembly, was able to rescue impaired IL-1f pro-
duction in LPS-primed Mcu"" macrophages following silica
challenge. These results clearly indicated that LAP was not
responsible for attenuated phagocytosis-dependent activation of
the NLRP3 inflammasome in Mcu"” macrophages. Since
LAP formation requires the engagement of TLR signaling
inside phagosomes (29), we reasoned that phagocytosis of silica
might not induce the assembly of LAP in macrophages primed
with extracellular LPS. Indeed, LPS-primed BMMs generated
from GFP-LC3 transgenic mice failed to exhibit LC3 puncta
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Fig. 1.

MCU is uniquely required for phagocytosis-triggered activation of the NLRP3 inflammasome. (4-G) Mcu™" or Mcu®™¢ BMMs were primed with LPS

(200 ng/mL) for 3 h, followed by the stimulation of the NLRP3 inflammasome: silica (4, £) and alum (B, E) for 4 h and ATP (C, E) and nigericin (D, E) for 40 min;
AIM2 inflammasome: transfected poly (dA:dT) (F) for 4 h, or NLRC4 inflammasome: transfected flagellin (G) for 4 h. IL-1p and IL-6 in supernatants were mea-
sured by ELISA. Cell death was measured by LDH release assay. (H-L) Resting or LPS-primed Mcu™ or Mcu”™¢ BMMs were stimulated with a series of ago-
nists at indicated dosages, including silica (H), ATP (/), nigericin (J), transfected poly (dA:dT) (K), and transfected flagellin (L). Inmunoblotting was performed to
measure the protein levels of indicated molecules in cell lysates (Lys) and supernatants (Sup). Quantitation (Right) of expression of active protein versus inac-

tive forms for caspase-1 and IL-1B. (M)

Microscopy analysis (Left) and quantitation (Right) of ASC speck formation in LPS-primed Mc//' or Mcu™¢ BMMs

stimulated with indicated agonists. Values are expressed as mean + SEM, and the results are representative of three independent experiments. (Scale bar,
2 pm.) Statistical analysis was determined by ¢ test; *P < 0.05, **P < 0.01, ***P < 0.001.
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following silica challenge, indicating no efficient LAP forma-
tion. As a positive control, phagocytosis of zymosan, a particle
structure containing agonists for TLR2 and dectin-1, induced
strong LAP formation (SI Appendix, Fig. S2C) (29). Therefore,
MCU promotes phagocytosis-triggered NLRP3 inflammasome
activation via a LAP-independent manner, presumably due to
the lack of LAP induction during silica challenge.

It has been well documented that phagolysosomal rupture follow-
ing phagocytosis of undegradable crystalline materials leads to activa-
tion of the NLRP3 inflammasome (5). We therefore examined
phagolysosome integrity in silica-challenged Me/"”” macrophages.
DQ-ovalbumin (OVA) is a phagolysosome-localized fluorescent dye
with a localized small vesicle pattern in untreated macrophages (5).
As expected, challenge with silica induced the conversion of
DQ-OVA fluorescence from a small vesicle pattern to a spread cyto-
solic pattern in Mc/”! BMMs, indicating the leak of phagolyso-
somes (Fig, 24). However, a significantly higher number of Meu"
macrophages still maintained a small vesicle pattern of DQ-OVA
fluorescence, suggesting an improved phagolysosome integrity. We
further quantified the degree of phagolysosomal rupture by staining
cells with acridine orange, a fluorescent dye that stains acidic lyso-
somes (5). The amount of red fluorescence of acridine orange
directly correlates with the amount of intact acidic lysosomes in mac-
rophages. We found that Me/"" macrophages were signifi-
cantly protected from silica-induced loss of acridine orange staining
as assayed by both flow cytometry analysis (Fig. 2B) and confocal
microscopic assay (Fig. 2C). Therefore, these results suggest an
improved phagolysosome integrity in Meu"”” macrophages upon
silica challenge.

It has been known that in addition to regulating intramitochon-
drial signaling, MCU also contributes to buffering cytosolic Ca®*
peaks (17). While mitochondrial Ca®* uptake following silica expo-
sure was completely abolished in the absence of MCU (Fig. 2D), as
expected, we detected a slightly increased cytosolic Ca?* concentra-
tion ([Ca2+]cy[) in McuA¢ BMMs compared with Mcu/” BMMs
(Fig. 2E). It is worth noting that this slight increase in [C;12+]Cyt in
Meue BMMs was unlikely evenly distributed across the cytosolic
compartment, since Ca®* peaks much higher in the area close to the
mitochondria compared to that in the rest of the cytosol, namely
Ca*" hot spots (17). To determine whether increased [Ca2+]cyt con-
tributes to improved phagolysosome integrity in silica-challenged
Mei"™ BMMs, we treated macrophages with the cell-permeable
Ca™* chelator Glycine, N,N'-[1,2-ethanediylbis(oxy-2, 1-phenylene)]-
bis[N-[2-[(acetyloxy)methoxy]-2-oxoethyl]]-,  bis[(acetyloxy)methyl]
ester (BAPTA-AM) (8, 27, 30). BAPTA-AM weatment completely
abolished the increased number of Mei"™”* BMMs with the small
vesicle pattern of DQ-OVA fluorescence (Fig. 2/ and reversed the
decreased number of M BMM: losing acridine orange staining
upon silica challenge (Fig. 2G). These results indicate that loss of
MCU buffering of cytosolic Ca** peaks results in a less severe phag-
olysosomal leak via an elevated [Ca2+]cyt. Moreover, we found that
BAPTA-AM treatment markedly eliminated IL-1p production in
both Mei'™ and Mer/” BMMs following silica exposure (Fig.
2H). This was consistent with a previous study showing an essential
role of cytosolic Ca®* directly controlling activation of the NLRP3
inflammasome (8). In sum, the findings reveal an impaired
phagocytosis-triggered activation of the NLRP3 inflammasome in
the absence of MCU, which correlates with improved phagolyso-
some integity.

The ESCRT Complex Attenuates Phagocytosis-Triggered NLRP3
Inflammasome Activation in Mcu?™* Macrophages. Recent
studies have identified the ESCRT complex as an essential
mediator of phagolysosomal membrane repair (22, 23). ESCRT
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proteins such as ALIX and CHMP4B localize to the damaged
phagolysosome during membrane repair to form a punctate
pattern (23). Importantly, the ESCRT-mediated membrane
repair mechanism requires an elevated [CaH]C},t (27, 31, 32).
Since we detected improved ;)hagolysosomal integrity, which
correlated with elevated [Ca +]cyt in silica-exposed M
BMMs, we hypothesized that ESCRT-mediated phagolysoso-
mal membrane repair was responsible for impaired NLRP3
inflammasome activation. To this end, we first investigated
silica-induced phagolysosomal recruitment of ESCRT compo-
nents ALIX and CHMP4B. The immunostaining assay
revealed increased colocalization of ALIX puncta (Fig. 3A4) or
CHMP4B puncta (Fig. 3B) with lysosomal-associated mem-
brane protein 1 (LAMPI), a late phagosomal and lysosomal
marker, in silica-challenged Mcu”"* BMMs compared to simi-
larly treated Mei/”" BMMs. Therefore, deletion of MCU leads
to enhanced phagolysosomal recruitment of ESCRT proteins
upon silica challenge.

We next sought to determine whether deletion of ESCRT
components can restore phagolysosomal rupture and NLRP3
inflammasome activation in silica-challenged Mcu”""”* BMMs.
Immortalized BMMs (imBMMs) (5) generated from Meu™*
mice exhibited a similar phenotype of impaired silica-triggered
NLRP3 inflammasome activation, as evidenced by significantly
less IL-1f production and cytotoxicity (SI Appendix, Fig. S3.A4)
and attenuated cleavage of procaspase-1 and pro-IL-1§ (87
Appendix, Fig. S3B), compared to Mci™ imBMMs. Stimula-
tion with ATP or nigericin (S/ Appendix, Fig. S3C) induced
normal IL-1p production in McuA” imBMMs, as similarly
observed in primary BMMs. IL-6 production was also compa-
rable between Mc™ and Meu””* imBMMs (ST Appendix,
Fig. S3D). We further reconstituted Mer™ imBMMs with
GFP-tagged MCU through a lentivector-based strategy (33)
and examined silica-induced NLRP3 inflammasome activation
(SI Appendix, Fig. S3E). Reconstitution with MCU-GFP
reversed IL-1f production and cytotoxicity in Meu"™"
imBMMs without affecting IL-6 production, while reconstitut-
ing with empty vector did not (S/ Appendix, Fig. S3 Fand G).
Therefore, defective NLRP3 activation in response to phago-
some rupture in Meu” macrophages is indeed due to the loss
of MCU. Previous studies have demonstrated that CHMP4B
and CHMP3 are two essential components of ESCRT-III com-
plex that are required for ESCRT-mediated membrane repair
(24, 26, 27). We therefore deleted either the Chmp4b gene
(Chmp4b™"") or Chmp3 gene (Chmp3 ™) in Meu™* and
Mcufl imBMMs using a CRIPSR-Cas9-based genomic target-
ing strategy (18). CHMP4B deletion (Fig. 3 Cand D) resulted
in a complete abolishment of improved phagolysosomal integ-
rity in silica-challenged M imBMMs (Fig. 3E). Impor-
tantly, CHMP4B deletion also restored attenuated IL-1p
production in Mew™ imBMMs upon silica exposure without
affecting IL-6 production (Fig. 3F). Deletion of CHMP3
in Mci™° imBMMs (Fig. 3G) caused similar effects as
CHMP4B deletion, including reversed phagolysosomal integ-
rity (Fig. 3H) and restored IL-1P production (Fig. 3J) upon sil-
ica exposure. Taken together, these findings indicate that MCU
promotes phagocytosis-triggered NLRP3 inflammasome activa-
tion by limiting ESCRT-dependent membrane repair of dam-
aged phagolysosomes (SI Appendix, Fig. $4).

Mcu?™® Mice Are Protected from Experimental Peritonitis.
We next investigated the in vivo effect of MCU-mediated
phagocytosis-triggered NLRP3 inflammasome activation by uti-
lizing an alum-induced peritonitis model in our mice. Previous
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Fig. 2. MCU-dependent buffering of cytosolic Ca%* promotes phagolysosomal leak. (A) Confocal imaging analysis (Left) and quantification (Right) of Mcu™ or
Mcu?™¢ BMMs incubated with DQ ovalbumin (10 mg/mL) alone or together with silica. (B) Flow cytometry of Mcu™" or Mcu®™¢ BMMs stained with acridine
orange and then treated with silica. Numbers (Top) and quantification (Bottom) indicate cells with lacking lysosomal staining of acridine orange. (C) Confocal imag-
ing analysis (Left) and quantification (Right) of Mcu™ or Mcu“™¢ BMMs incubated with acridine orange and then treated with silica. (D and E) Mcv™ or Mcu*™e
BMMs were incubated with Rhod-2 (C) or Fluo-4 (D) followed by silica stimulation. Fluorescence signal was read using a microplate reader. (F) Confocal imaging
analysis (Left) and quantification (Right) of Mci™" or Mcu?™* BMMs incubated with DQ ovalbumin, followed by treatment with BAPTA-AM (40 pM) for 15 min and
then stimulated with silica. (G) Flow cytometry of Mcu™" or Mcu™¢ BMMs stained with acridine orange and then treated with BAPTA-AM and silica. Numbers
(Left) and quantification (Right) indicate cells lacking lysosomal staining of acridine orange. (H) Mct™" or Mcu“™¢ BMMs were incubated with BAPTA-AM and then
stimulated with silica for 4 h; IL-1B (Top) and IL-6 (Bottom) in supernatants were measured by ELISA. Values are expressed as mean + SEM, and the results are
representative of three independent experiments. (Scale bar, 2 pm.) Statistical analysis was determined by t test; *P < 0.05, **P < 0.01.

PNAS 2022 Vol.119 No.26 2123247119 https://doi.org/10.1073/pnas.2123247119 5 0of 9



—_ " McuAmre
Egeo
Ba 60
L 40
25
X £ 20
ESE
B 1E LAMP1 DAPI Merge
2 * Meu™
2 & 1007 Me™
8% 80 ks
S
8= 60
o3 40
o< 20
£3 0
(&)
C D E Mculmre Chmp4b™ Moud™eChmp4b™
i I/l Amye ] * Mol
< =1.5 Mc Mcu' i o = McuAm™re
zZ g — — M c @ Chm) PWJ'
nEf R Scrambled gRNA 4 - e e Untreated- b2 % 257" Meu'™® Chmpdb™
. o
=3 ChmpdbgRNA -  + -  + (2”3':) : 8 2 2
2505 v . 3 €5 15 i
£2 e e Compa [ - 22 g2 10
g F5 e - 4
=28 Silica g5 ol
0“ P -39 g Silica (ug/ml)
-y Dot :
\N’ e
Acridine orange fluorescence
* Meu™ g
= Mo m™e
F + Chmp4b™
47 Mcu ™ Chmp4b™ 8
E = s
B £ 61 at i I
— =]
=4
= @
i 42
oLlE | } !
o] 125 250 500 0 125 250 500
Silica (ug/ml) Silica (ug/mil)
Mcu™ Meume Chmp3”  Mcu®™eChmp3™
G e H 03 : Mcf
S - 0.31 . MoyAmre
% 1.0 Untreated. £ ] C,:rnpj"“
oD 2 £ 30, Mew'™° Chmpa”
[~ 20
£3505 =X
58 2% .
£ %3
o Slllca 810
\1\"“3\0\3 “ﬁ\" ‘@‘? %g glza
= 0 250
- Q
\"°° L .| St .o & Siica (gimi)
e i
o Mo Acridine orange fluorescence
= Meu'mye
| + Chmp3™

3, * Mcu™eChmp3*

s 8
3 T olf
£ E 6
R TR
e *kR E4
= 1 ke ©
= nﬂ =2

(-, . 0

0 125 250 500 0 125 250 500
Silica (ng/ml) Silica (ug/ml)

Fig. 3. The ESCRT complex attenuates phagocytosis-triggered NLRP3 inflammasome activation in Mcu®™* macrophages. (A and B) Confocal imaging analy-
sis (Left) and quantification (Right) of colocalization between ALIX or CHMP4B and phagosome. Cells were costained with anti-ALIX or anti-CHMP4B and
anti-LAMP1 antibodies. Transcript (C) and protein level (D) of CHMP4B in CHMP4B knockout cells were measured by RT-PCR and immunoblotting, respec-
tively. (F) Flow cytometry of Mct/™, Mcu?™¢, Chmp4b~'~, or Mcu®™* Chmp4b~~ BMMs stained with acridine orange and then treated with silica. Numbers
(Left) and quantification (Right) indicate cells lacking lysosomal staining of acridine orange. (F) Mct™, Mcu“™¢, Chmp4b~=, or Mcu™¢ Chmp4b~~ BMMs
were stimulated with silica, and IL-1p and IL-6 production was measured by ELISA. Transcript (G) of CHMP3 in CHMP3 knockout cells was measured by
RT-PCR. (H) Flow cytometry of Mcu/", Mcu™¢, Chmp3~"~, or Mcu®™¢ Chmp3~'~ BMMs stained W|th acridine orange and then treated with silica. Numbers
(Left) and quantification (Right) indicate cells with lacking lysosomal staining of acridine orange. (/) Mct/”, Mcu“™¢, Chmp3~~, or Mcu®™¢ Chmp3~'~ BMMs
were stimulated with silica; and IL-1p and IL-6 production was measured by ELISA. Values are expressed as mean + SEM, and the results are representative
of three independent experiments. (Scale bar, 2 pm.) Statistical analysis was determined by t test; **P < 0.01, ***P < 0.001.
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Fig. 4. Mcu?™¢ mice are protected from alum-induced peritonitis. Mcu™"
and Mcu“™* mice were intraperitoneally injected with alum (400 pg per
mouse) diluted in sterile PBS. Peritoneal lavage was performed 16 h later.
Absolute number of peritoneal exudate cells (PEC) (A), CD11b*Ly-6G*
neutrophils (B), and CD11b*Ly-6C* cell inflammatory monocytes (C) were
evaluated by flow cytometry analysis. (D) Mcv™ and Mcu“™¢ mice were
intraperitoneally injected with alum (600 pg per mouse). Four hours after
alum injection, peritoneal lavage was performed and IL-1p was measured
by ELISA. Values are expressed as mean + SEM, and the results are repre-
sentative of three independent experiments. Statistical analysis was deter-
mined by t test; ***P < 0.001.

studies have documented that intraperitoneal injection of alum
induces IL-1 signaling—dependent inflammatory cell recruit-
ment (34, 35). As expected, we observed increased cell numbers
(Fig. 4A) in peritoneal cavities of WT mice following a single
intraperitoneal injection of alum, including Ly—6G+ neutrophils
(Fig. 4B) and Ly-6C" inflammatory monocytes (Fig. 4C).
However, Meu™ mice showed significantly less recruitment
of immune cells, supporting a critical proinflammatory role of
MCU in myeloid cell-mediated peritonitis. Furthermore,
Meu™™* mice generated significantly less IL-1p in the perito-
neal cavity 4 h after alum intraperitoneal injection (Fig. 4D).
Overall, this study suggests that MCU in myeloid cells is
important for inflammasome-mediated cytokine responses both
in vitro and in vivo.

Discussion

In this study, we demonstrated that following phagocytosis of
crystalline materials, deletion of MCU promotes Ca”*-dependent
recruitment of ESCRT proteins to damaged the phagolysoso-
mal membrane and enhances membrane repair. This improved
phagolysosome integrity results in attenuated activation of the
downstream NLRP3 inflammasome in Mex"" macrophages,
consistent with previous studies showing an essential role of
phagolysosome rupture promoting NLRP3 inflammasome acti-
vation (5, 36). Recent studies have revealed an intimate
mitochondria—phagolysosome interaction during phagocytosis
(37, 38). It has been suggested that mitochondria-derived sig-
naling molecules such as metabolites and ions contribute to the
functionality of phagolysosomes in a compartmentalized man-
ner (17, 39). Phagolysosomes in macrophages contain much
higher [Ca®H] compared to the cytosolic compartment (40).
When phagolysosomes are damaged due to the engulfment of
undegradable particles, a rapid and transient Ca?* flux from
phagolysosomes to cytosol occurs, which is further buffered by
MCU-mediated mitochondrial Ca** uptake (11). It has been

PNAS 2022 Vol. 119 No.26 2123247119

well known that the elevation in [Cal2+]cyt is required for
ESCRT-dependent membrane repair (27, 31, 32). Therefore, it
is expected that ESCRT-dependent phagolysosomal membrane
repair is influenced by local Ca™ levels in mitochondria—
phagolysosome interaction sites. We indeed discovered that
MCU-mediated cytosolic Ca*" buffering antagonizes phagolyso-
somal recruitment of ESCRT proteins, exacerbates phagolysoso-
mal rupture, and allows maximal activation of the downstream
NLRP3 inflaimmasome. Importanty, we also found that
phagocytosis-triggered activation of the NLRP3 inflammasome in
the presence of MCU contributes to a proinflammartory effect in
the alum-induced peritonitis model. Therefore, this study signifi-
cantly expands our current understanding of the interaction
between mitochondrial Ca®* signaling and innate immune
signaling.

In addition to the repair of leaky phagolysosomes, ESCRT
machinery is also required for plasma membrane repair in a
Ca’*-dependent manner (26, 32). ESCRT-mediated plasma
membrane repair counteracts activation of the NLRP3 inflam-
masome induced by ATP or nigericin, two phagocytosis-
independent NLRP3 agonists (27). Our results suggest that
MCU is uniquely required for phagocytosis-triggered, but
not ATP- or nigericin-induced, activation of the NLRP3
inflamamsome, despite the fact that MCU-mediated mitochon-
drial Ca*" uptake occurs in response to all of these stimuli
(Fig. 2D and ref. 18). We reason that due to the close
mitochondria—phagolysosomal interaction during phagocytosis,
abolishment of MCU-mediated cytosolic Ca** buffering may
enhance the formation of Ca®* hot spots with high local
[Ca®*] around those interaction sites, which can efficiently
stimulate the recruitment of the ESCRT complex to damaged
phagolysosome for membrane repair. In contrast, upon plasma
membrane damage, MCU-mediated cytosolic Ca** buffering is
not able to efficiently counteract elevated local [Ca®*] around
damage sites due to minimal interactions between mitochon-
dria and the plasma membrane. Indeed, our recent study
detected comparable cytosolic [Ca®*] between WT and MCU-
deficient cells in response to agents causing plasma membrane
damage (18). Therefore, spatial buffering of cytosolic Ca** by
MCU upon phagolysosomal rupture provides a reasonable
explanation of the unique role of MCU in phagocytosis-
triggered activation of the NLRP3 inflammasome.

Mitochondria have recently emerged at the forefront of the
host innate immune response in inflammatory diseases (41).
One important mechanism of mitochondria contributing to
innate immune activation is the release of mitochondria-derived
danger-associated molecular patterns (DAMPs) such as mito-
chondrial DNA and cardiolipin, which have been reported to
promote NLRP3 inflammasome activation (42—45). Mitochon-
drial Ca®* overload has been considered as a common mecha-
nism to trigger mitochondrial damage, followed by cytosolic
release of sequestered DAMPs (46). For example, MCU-
dependent mitochondrial Ca** overload has been implicated in
promoting mitochondrial damage and cardiomyocyte cell death
in an experimental ischemia—reperfusion injury model (47, 48).
Furthermore, mitochondrial Ca** uptake also contributes to
abnormal dynamics and depolarization of mitochondria upon
the challenge with intracellular bacteria (49). Therefore, it is
possible that besides ESCRT-mediated phagolysosomal mem-
brane repair, the release of mitochondrial DAMPs following
MCU-dependent mitochondrial damage may initiate an addi-
tional innate immune signaling cascade(s) other than inflamma-
some. Due to the diversity of stimuli that can cause dysregulated
intracellular Ca?* mobilization, understanding the function of
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MCU-controlled intra- and extramitochondrial signaling will
likely provide scientific insights into the pathogenesis of many
inflammatory diseases.

Materials and Methods

Mice. C57BL/6 mice, lysozyme M-Cre mice, and Cybb~'~ mice were obtained
from The Jackson Laboratory. GFP-LC3 transgenic mice (50), Mcu™ mice (18),
and Rubcn™"~ mice (51) have been previously described. Mcu”™® mice were
generated by crossing Mcu™ mice with lysozyme M-Cre mice (18).
Mcu™2Cybb~~ and Mcu“™°Rubcn™~ double knockout (DKO) mice were
further generated by crossing Mcu“™® mice with Cybb~"~ mice and Rubcn ™/~
mice, respectively. All mice were housed in specific pathogen-free facilities and
all in vivo experiments were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and the Institutional
Animal Care and Use Committee. The study was approved by the Ethics Commit-
tee of The Ohio State University and all procedures were conducted in accor-
dance with the experimental animal guidelines of The Ohio State University.

Reagents and Antibodies. Ultrapure LPS, flagellin, nigericin, CpG oligonucleo-
tide, and poly(dA:dT) were purchased from InvivoGen. Silica (MIN-U-SIL 15) was
obtained from US Silica. ATP was from Sigma-Aldrich. Pam3Cys was from EMC
Microcollections. X-tremeGENE HP DNA transfection reagent was from Roche.
Transfection reagent Profect P1 was from Targeting Systems. Acridine Orange
(L13159) was from Alfa Aesar. TRIzol reagent (15596018), BAPTA-AM (B1205),
and Alexa Fluor 594-labeled zymosan particles (Z23374) were from Thermo Fisher
Scientific. Antibodies for immunoblotting include anti-CHMP4B (13683-1-AP)
from Proteintech; anti-IKKoe (05-536) from Millipore; anti-Mcu (14997), anti-
phospho-IkBar (532), anti-phospho-IKKa/B (S176/180), anti-phospho-p65(S536),
anti-p65, anti-phospho-ERK1/2 (T202/Y204), anti-phospho-JNK (T183/Y185), and
anti-phospho-p38 (T180/Y182) from Cell Signaling Technology; anti-B-actin
(sc-1615) from Santa Cruz Biotechnology; anti-NLRP3 (Cryo-2), anti-Asc (AL177),
and anti-caspase-1  (AG-20B-0042) from Adipogen; and anti-IL-1B
(AF-401-NA) from R&D Systems. Antibodies for the flow cytometry assay include
anti-CD45-PE Cy7 (103114), anti-CD11b-FITC (101206), anti-Ly-6G-PB (127612),
and anti-Ly-6C-PE (128008) from BioLegend.

Cell Culture and Stimulation. BMMs were generated in the presence of
1-929 conditional medium. Immortalized BMMs were generated with J2 retrovi-
rus (carrying the v-myc and v-raf oncogenes), as previously described (5). Cells
were cultured in Dulbecco's Modified Eagle Medium complemented with 10%
fetal bovine serum, 1 mM sodium pyruvate, T mM nonessential amino acid,
100 IU/mL penicillin/streptomycin and 2 mM L-glutamine. After pretreatment
with ultrapure LPS (200 ng/mL) for 3 h, cells were stimulated with silica at indi-
cated concentrations for 4 to 16 h and transfected with poly(dA:dT) (1 pg/mL) or
flagellin (1 pg/mL) for 4 h. Poly(dA:dT) was transfected with X-tremeGENE at a
mass-to-volume ratio of 1:2. Flagellin was transfected with Profect P1 at a mass-
to-volume ratio of 1:5. For ATP or nigericin, cells were primed with LPS, followed
by ATP (2 mM) or nigericin (10 pM) stimulation for 40 min. BMMs were stimu-
lated with LPS (200 ng/mL), Pam3Cys (1 mg/mL), and CpG (2 mg/mL) for various
periods as indicated in the figure legends. Supematant and cell lysate were col-
lected for enzyme-linked immunosorbent assay (ELISA), LDH release assay, and
Western blot analysis, respectively. Cells were collected for RT-PCR analysis.

RT-PCR Analysis. Total RNA was extracted from in vitro cultured BMMs using
TRIzol. cDNA synthesis was performed with Moloney murine leukemia virus
reverse transcriptase (Invitrogen) at 38°C for 60 min. Real-time PCR was
performed using SYBR Green PCR Master Mix (Applied Biosystems) in a StepO-
nePlus detection system (Applied Biosystems). The fold difference in mRNA
expression between treatment groups was determined by a standard delta-delta
Ct method. B-Actin was analyzed as an interal control. The primer sequences of
individual genes are listed in S/ Appendix, Table S1.

Immunoblotting. Electrophoresis of proteins was performed by using the
NuPAGE system (Invitrogen) according to the manufacturer's protocol. Briefly,
cultured BMMs were collected and lysed with radioimmunoprecipitation assay
buffer. Proteins were separated on a NuPAGE gel and transferred onto nitrocellu-
lose membranes (Bio-Rad). Appropriate primary antibodies and HRP-conjugated
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secondary antibodies were used and proteins were detected using the Enhanced
Chemiluminescent (ECL) reagent (Thermo Scientific). Images were acquired with
the ChemiDoc MP System (Bio-Rad). The quantification of expression of active
protein versus inactive forms for caspase-1 and IL-1p was analyzed with ImageJ.

ELISA. Cytokines in supematant from in vitro cultured cells or peritoneal lavage
from animal experiments were quantified using the ELISA set for mouse IL-18
(R&D Systems), IL-6, and TNF-o (BD Biosciences) according to the manufac-
turer's protocol.

LDH-Release Assay. BMMs were seeded on 96-well plates. After treatment
with indicated stimuli, supematants were collected and LDH activity was deter-
mined with the Cytotoxicity Detection Kit (LDH) (11644793001, Roche). Cells
left untreated or treated with 1% Triton X-100 were used as negative and posi-
tive controls, respectively.

Phagolysosome Integrity Assay. Two well-established strategies were uti-
lized, as previously described (5). For confocal microscopy assay, LPS-primed
macrophages were fed with DQ-OVA (D-12053, Thermo Fisher Scientific)
together with silica. Phagolysosomal leak was indicated by a spread cytosolic pat-
tem of fluorescent DQ-OVA, instead of a localized small vesicle pattern. To quan-
tify the degree of phagolysosomal rupture, macrophages were stained with
1 pg/mL acridine orange for 15 min, a fluorescent dye that stains acidic
lysosomes. Phagolysosomal leak was indicated by the loss of acridine orange
fluorescence by flow cytometry assay using a BD FACSCanto flow cytometer or
by a confocal fluorescence microscope (Olympus Fluoview FV3000).

Ca®* Measurement. BMMs grown on 96-well clear-bottom black plates were
incubated with 5 mM Fluo-4 AM (F10471; Thermo Fisher Scientific) (2 h) or
2 uM rhod-2/AM (R1244, Thermo Fisher Scientific) (1 h) in extracellular
medium. Then the cells were treated with the indicated triggering stimulus. The
fluorescence was read using a SpectraMax iD5 microplate reader at 494/516 nm
for Fluo-4, or at 552/581 nm for Rhod-2.

Confocal Microscopy. BMMs (1 x 10°) were seeded in eightwell chamber
slides (Thermo Fisher Scientific). After the treatment with different stimuli, cells
were fixed with 4% paraformaldehyde and then permeabilized with 0.5% Triton
X-100 for 15 min, followed by blocking with 1% bovine serum albumin and 0.1%
Triton X-100 in phosphate-buffered saline (PBS) at 37 °C for 1 h. The samples
were incubated with anti-ASC antibody (AL177, Adipogen), anti-ALIX antibody
(634501, Biolegend), anti-CHMP4B antibody (13683-1-AP, Proteintech), and anti-
LAMP1 antibody (1D4B, Developmental Studies Hybridoma Bank) in the blocking
buffer overnight at 4 °C, followed by the incubation with Alexa Fluor 647 goat
anti-rabbit antibody (A-21244, Thermo Fisher Scientific), Alexa Fluor 488 goat anti-
rabbit antibody (A-11008, Thermo Fisher Scientific), or Alexa Fluor 568 goat anti-
rat antibody (A-11077, Thermo Fisher Scientific) for 2 h at room temperature.
Nuclei were stained with DAPI (H-1200, Vector Laboratories). To evaluate LAP for-
mation, BMMs, generated from GFP-LC3 transgenic mice, were incubated with
zymosan at a ratio of 8:1 (particle/cell), then GFP-LC3 puncta were detected.
Images were acquired using a laser scanning confocal fluorescence microscope
with a 60x objective (Olympus Fluoview FV3000).

CRISPR-Cas9 Knockdown. Mouse Chmp3-targeted single gRNA sequence,
5'-GTGAAAGATGCAGCCAAGAA and Chmp4b-targeted single gRNA sequence,
5-AAGCCGCTGGATGGCCTCCT, were cloned into the lentiCRISPR v2 backbone
(Addgene #52961). Lentiviruses were packaged in 293T cells using the
envelope-vector pMDL and VSV-G packaging vector. Transduction of Mcu™ and
Mcu”™® imBMMs was performed in the presence of polybrene. Single cell colo-
nies were selected by unlimited dilution. Cells with effective Chmp3 and
Chmp4b deletion were used for further assays.

Plasmid and Molecular Cloning. To generate the lentivector expressing
MCU, the vector pDONR223-MCU was obtained from the human ORFeome
(http://horfdb.dfci.harvard.edu/) (accession no. BC034235). Full-length MCU was
subcloned into the pWPXLd lentivector (Addgene #12258). The primers were
listed as follows: forward 5'-AGCTTTGTTTAAACATGGCGGCCGCCGCAGGTA-3' and
reverse 5'-CGGGATCCCGATCTTTITCACCAATTTGTC-3'. To reconstitute  Mcu?™®
BMMs with MCU, cells were transduced with the lentivector encoding MCU.
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Alum-Induced Peritonitis. Mcu™" and Mcu™® mice were injected intraperi-
toneally with 400 pg of alum diluted in sterile PBS. Peritoneal lavage was per-
formed 16 h later. The peritoneal exudate cells were stained with cell surface
markers to count the neutrophil and inflammatory monocyte populations. The
CD11b*Ly-6G™ and CD11b™Ly-6C* cells were identified as neutrophils and
monocytes, respectively. Flow cytometry analysis was performed by a BD FACS-
Canto flow cytometer. Alternatively, mice were injected with 600 pg of alum.
Four hours after alum injection, peritoneal lavage was performed and IL-18 was
measured by ELISA.

Statistical Analysis. Statistical analysis was caried out with Prism 8 for Macin-
tosh. Results were presented as the mean + SEM, and unpaired Student's ¢ test
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