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Abstract

Mitochondrial DNA (mtDNA) leakage into the cytoplasm can occur
when cells are exposed to noxious stimuli. Specific sensors recog-
nize cytoplasmic mtDNA to promote cytokine production. Cyto-
plasmic mtDNA can also be secreted extracellularly, leading to
sterile inflammation. However, the mode of secretion of mtDNA
out of cells upon noxious stimuli and its relevance to human dis-
ease remain unclear. Here, we show that pyroptotic cells secrete
mtDNA encapsulated within exosomes. Activation of caspase-1
leads to mtDNA leakage from the mitochondria into the cytoplasm
via gasdermin-D. Caspase-1 also induces intraluminal membrane
vesicle formation, allowing for cellular mtDNA to be taken up and
secreted as exosomes. Encapsulation of mtDNA within exosomes
promotes a strong inflammatory response that is ameliorated
upon exosome biosynthesis inhibition in vivo. We further show
that monocytes derived from patients with Behçet’s syndrome
(BS), a chronic systemic inflammatory disorder, show enhanced
caspase-1 activation, leading to exosome-mediated mtDNA secre-
tion and similar inflammation pathology as seen in BS patients.
Collectively, our findings support that mtDNA-containing exosomes
promote inflammation, providing new insights into the propaga-
tion and exacerbation of inflammation in human inflammatory
diseases.
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Introduction

When cells receive noxious stimuli, inflammasome complex forma-

tion is induced to activate the inflammatory caspase, caspase-1.

Subsequently, active caspase-1 cleaves pro-interleukin (IL)-1b and

IL-18 and gasdermin-D to form a plasma membrane pore, resulting

in the secretion of mature IL-1b and IL-18, and pyroptosis, a form of

cytolytic inflammatogenic cell death (Broz & Dixit, 2016). Pyroptosis

is a fundamental defense mechanism that deprives invading patho-

gens of their essential survival niche and induces a robust inflam-

matory response (Miao et al, 2010; Jorgensen et al, 2017). However,

even if the inflammasome is activated, cells do not necessarily

undergo pyroptosis; there is an activated state in which cells secrete

IL-1b without cell death and a homeostatic state in which cells adapt

to survival by inducing autophagy (Evavold & Kagan, 2019). Thus,

there may be other modes of secretion of pathogen- and damage-
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associated molecular patterns (PAMPs/DAMPs) between the acti-

vated state of secreting IL-1b and the fate of cells that end up in

pyroptosis.

Mitochondria serve as a platform that connects cell death and

inflammation (Bock & Tait, 2020). PAMPs/DAMPs stimuli induce

mitochondrial outer membrane permeabilization (MOMP) and cyto-

chrome c secretion from the mitochondria, leading to the activation

of apoptotic caspases. PAMPs/DAMPs also produce mitochondrial

reactive oxygen species (mROS) and activate caspase-1 by inducing

inflammasome formation, leading to the induction of pyroptosis by

cleaving gasdermin-D, whose amino-terminal fragment (Gsdmd-NT)

forms pores in the cell membrane (Kayagaki et al, 2015; Shi

et al, 2015; Ding et al, 2016; Liu et al, 2016). Additionally, increased

MOMP triggered by PAMP/DAMP stimulation allows mitochondrial

DNA (mtDNA) leakage into the cytoplasm, causing a strong inflam-

mation by inducing the production of various cytokines, including

type I interferon recognized via cyclic GMP-AMP synthase (Rong-

vaux et al, 2014; White et al, 2014), proinflammatory cytokines via

toll-like receptor (TLR) 9 (Zhang et al, 2010; Oka et al, 2012), and

IL-1b and IL-18 via NLR family pyrin domain containing 3 (NLRP3)

inflammasome activation (Broz & Dixit, 2016). Moreover, extracel-

lular mitochondria-derived DAMPs, including mtDNA, can drive

severe inflammation when leaked during large-scale cell destruction

(Zhang et al, 2010; Galluzzi et al, 2012). Additionally, leaked

mtDNA has been reported to be involved in several human diseases,

including trauma-related acute respiratory disease syndrome, heart

failure, and systemic lupus erythematosus (SLE) (Zhang et al, 2010;

Oka et al, 2012; Lood et al, 2016; Melki et al, 2021). However, the

mode of secretion of mtDNA outside the cells during the inflamma-

some activation through the cell death process remains to be

elucidated.

Extracellular membrane vesicles (EVs) of different sizes and ori-

gins are released from a variety of cells, including cancer, inflamma-

tory, and dying cells (van Niel et al, 2018). Apoptotic cells release

EVs (ApoEVs) with a diameter of 0.4–5 lm by shedding the plasma

membrane. ApoEVs are usually endocytosed by phagocytic cells

and degraded to maintain immunological silence (Doran

et al, 2020). Exosomes are 40–150 nm EVs derived from intralum-

inal vesicles (ILVs) produced by the inward budding of the endo-

some membrane to form multivesicular bodies (MVBs) (Colombo

et al, 2014). In the steady-state, MVBs fuse with lysosomes, and

their content is thereby degraded, whereas, under cellular stress

conditions, MVBs fuse with the plasma membrane, resulting in the

extracellular release of ILVs as exosomes. EVs contain different

types of proteins, mRNAs, miRNAs, DNAs, and lipids (Valadi

et al, 2007; Okoye et al, 2014; Jeppesen et al, 2019) and transfer

their content to the acceptor cells through endocytosis or plasma

membrane fusion, thus affecting the immune response (Buzas

et al, 2014; Okoye et al, 2014; Kalluri & LeBleu, 2020). However,

whether EVs contribute to the release of mtDNA and the relevance

of mtDNA-containing EVs to human autoimmune diseases remain

to be fully elucidated.

Behçet’s syndrome (BS) is a chronic systemic inflammatory dis-

order with transient, periodic, and recurrent symptoms, including

ocular signs, oral and genital ulcers, and skin lesions (Sakane

et al, 1999; Suzuki Kurokawa & Suzuki, 2004), and has been recog-

nized as a disease at the crossroads between autoimmune and auto-

inflammatory syndromes (Masters et al, 2009). Cumulative

evidence has associated BS pathogenesis with aberrant adaptive

immunity, including the involvement of a certain class I human leu-

kocyte antigens (Ohno et al, 1982), autoreactive lymphocytes such

as type 1 T helper (Th1) and Th17 cells (Frassanito et al, 1999; Chi

et al, 2008), cross-reactivity between human and bacterial heat

shock proteins 60/65 (Pervin et al, 1993; Hu et al, 1998), and the

IL12/IL23RB gene polymorphism observed in a genome-wide associ-

ation study (Mizuki et al, 2010). BS is also genetically associated

with polymorphisms in TLRs and inflammasome-related genes, such

as IL-1 and the familial Mediterranean fever gene (MEFV) (Kirino

et al, 2013; Takeuchi et al, 2017). Indeed, BS has been suggested to

have clinical similarities to familial Mediterranean fever, the most

prevalent monogenic autoinflammatory disease, in which missense

mutations in the MEFV gene result in the constant activation of the

pyrin inflammasome and the increased secretion of IL-1b. Addition-
ally, an aberrant response to PAMP/DAMP stimuli in the innate

immune system has been reported to trigger excessive inflammation

in BS. Some microorganisms have also been associated with the

development of BS (Mumcu et al, 2009; Mumcu & Direskeneli, 2019;

van der Houwen et al, 2020), as well as the infiltration of activated

neutrophils and macrophages, and the overactivation of TLRs and

inflammasome signaling (Liang et al, 2013; Nakano et al, 2018; Le

Joncour et al, 2019). However, the pathogenesis of BS caused by

innate immune disorders has not been determined.

Here, we showed that the activation of caspase-1 induced

mtDNA leakage from the mitochondria into the cytoplasm via

gasdermin-D and that active caspase-1 also induces the gasdermin-

D-independent formation of ILVs, allowing cytoplasmic mtDNA to

be taken up and secreted into the extracellular space as exosomes.

Additionally, mtDNA promoted a robust sterile inflammation

by being encapsulated in exosomes, and the inhibition of the forma-

tion of mtDNA-containing exosomes ameliorated inflammasome-

associated inflammation. Furthermore, caspase-1 was activated in

BS monocytes, resulting in increased secretion of mtDNA-containing

exosomes, and these mtDNA-rich BS exosomes promoted inflamma-

tion characteristics in BS manifestations.

Results

Mitochondrial DNA is released by pyroptotic cells via exosomes

We first determined the increased mtDNA levels in the culture

supernatant (CS) of lipopolysaccharide (LPS)-stimulated human

peripheral blood mononuclear cells (PBMCs) via quantitative PCR

(Fig EV1A). We subsequently investigated which leukocytes

released mtDNA by activating healthy donor neutrophils, CD14+

monocytes, and CD14� PBMCs (lymphocyte-rich population) with

various stimulators. mtDNA was extracellularly released upon cyto-

lytic stimulation, and mtDNA released from neutrophils or lympho-

cytes was digested with DNase I, whereas mtDNA released from

CD14+ monocytes was protected from DNase I digestion unless the

membranes were permeabilized with Triton-X100 (Fig 1A–C). We

then induced human monocytic THP-1 cells to undergo different

types of cell deaths, including necrosis, apoptosis, and pyroptosis,

to determine whether the mode of mtDNA release varied between

the death processes by characterizing the sensitivity of mtDNA to

DNase I and Triton-X100 digestion. Extracellular mtDNA released
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from THP-1 cells via necrosis or secondary necrosis was digested

with DNase I; conversely, mtDNA released via apoptosis or pyrop-

tosis could not be digested with DNase I unless the samples were

treated with Triton-X100 (Fig 1D). We previously showed that

dsDNA contained in ApoEVs is not digested by DNase I unless

treated with a detergent (Kato et al, 2018). Based on these, we

hypothesized that when monocytes undergo apoptosis or pyrop-

tosis, mtDNA is sequestered in EVs and released to the extracellu-

lar space. To investigate whether mtDNA sorting into EVs

differed between apoptosis and pyroptosis, we collected EVs via

centrifugation at 16,000 g to isolate ApoEVs (16K-EVs) and ultra-

centrifugation at 100,000 g to isolate exosomes (100K-EVs)

(Fig EV1B–E). 16K-EVs contained higher mtDNA levels upon apo-

ptosis induction, whereas mtDNA was only detected in 100K-EVs

from both THP-1 cells and human CD14+ monocytes upon pyrop-

tosis induction (Fig 1E and F). Higher mtDNA levels were

detected in 100K-EVs when pyroptosis was induced by LPS plus

ATP or intracellular LPS stimulation (Fig 1G and H). In addition,

dsDNA deposition was detected in the 100K-EVs from pyroptotic

THP-1 cells using immunoelectron microscopy (Fig 1I). Since the

100K-EVs may contain both mtDNA and nuclear DNA (nDNA),

we generated mtDNA-defective q0 THP-1 cells (Fig EV1F and G)

(Hashiguchi & Zhang-Akiyama, 2009) and compared the amount

of dsDNA in 100K-EVs between parental and q0 THP1 cells.

Although q0 THP1 cells secreted as much CD9-positive 100K-EVs

and produced TNF-a as the parental THP1 cells (Fig EV1H and

I), the 100K-EVs of q0 THP1 cells carried lower amounts of

dsDNA (Fig EV1J), suggesting that mtDNA is preferentially sorted

into the 100K-EVs. Taken together, these observations suggest

that mtDNA is released via 100K-EVs from monocytic cells when

pyroptosis is induced.

Caspase-1 and gasdermin-D are required for mtDNA secretion via
exosomes

Subsequently, we investigated mtDNA leakage during cell death and

confirmed that mtDNA could be visualized as PicoGreen-positive

dots in the cytoplasm (White et al, 2014) (Fig EV2A). PicoGreen-

positive dots were observed in the non-mitochondrial region of the

cytoplasm of pyroptotic cells, whereas very few PicoGreen-positive

dots were observed in the cytoplasm of apoptotic cells (Fig 2A).

Quantitatively, the level of mtDNA in the mitochondria-removed

cytoplasmic fraction was higher in pyroptotic cells than in apoptotic

cells, as evaluated by qPCR (Fig 2B), suggesting that mtDNA prefer-

entially leaked from the mitochondria into the cytosol during pyrop-

tosis. Since pyroptosis is mediated by mROS and the activation of

caspase-1 and subsequent gasdermin-D activation (Kayagaki et al,

2015; Shi et al, 2015; Liu et al, 2016), we examined the involvement

of these molecules in the secretion of mtDNA-containing exosomes

by generating caspase-1-knockout (Casp1-KO) and gasdermin-D-

knockout (Gsdmd-KO) THP-1 cells (Fig EV2B and C). These cells

showed comparable levels and distribution patterns of mtDNA at

the steady-state and decreased IL-1b and lactate dehydrogenase

(LDH) release compared to parental wild-type (WT) THP-1 cells

(Fig EV2D–G). We then stimulated WT, Casp1-KO, or Gsdmd-KO-

THP-1 cells with LPS and ATP and evaluated mtDNA leakage by

confocal microscopy and qPCR after the removal of the mitochon-

dria fraction (Fig EV2H). WT THP-1 cells, but not Casp1-KO or

Gsdmd-KO-THP-1 cells, exhibited mtDNA leakage from the mito-

chondria into the cytoplasm (Fig 2C and D). Notably, the N-terminal

region of gasdermin-D (NT-Gsdmd) was detected in the mitochon-

dria fraction upon LPS + ATP stimulation (Fig 2E). Additionally,

mtDNA extracellular secretion mediated by 100K-EVs was reduced

in Casp1-KO and Gsdmd-KO THP1 cells (Fig 2F). Consistently,

mtDNA leakage into the extracellular space via 100K-EVs was

reduced when the cells were treated with the Mito-TEMPO, an

mROS chelator, or Ac-YVAD-cmk, a caspase-1 inhibitor, upon

pyroptosis induction (Fig 2G). We subsequently conducted gain-of-

function experiments by restoring full-length caspase-1 to Casp1-KO

(FL-Casp1-Casp1-KO) THP-1 cells and transducing an active form of

caspase-1 (aCasp1) (p10/p20) or NT-Gsdmd into WT THP-1 cells

(Fig EV2I–K). Release of extracellular mtDNA via 100K-EVs was res-

cued in FL-Casp1-Casp1-KO-THP-1 cells (Fig 2H) and was increased

in WT cells transfected with aCasp1 or NT-Gsdmd (Fig 2I). On the

other hand, mtDNA is recognized by cGAS, but cGAS–STING is not

involved in 100K-EV-mediated mtDNA secretion or IL-1b production

during pyroptosis induction (Fig EV2L). These results suggested that

mtDNA leakage into the cytoplasm and its subsequent extracellular

◀ Figure 1. Extracellular secretion of mtDNA encapsulated within EVs by pyroptotic cells.

A–C mtDNA levels in the CS of HC-derived leukocytes following PAMP/DAMP stimulation, with or without DNase I treatment. CD14+ monocytes (A), neutrophils (B), and
lymphocytes (C) isolated from the peripheral blood of HCs were PAMP/DAMP stimulated utilizing: AL (ATP and LPS), NIG (nigericin and LPS), LPS, PMA, fMLP, CpG
(ODN2006), cGAMP, or IM (ionomycin). The COXIII levels in purified DNA in CS were measured using qPCR after removing cell debris and DNase I treatment or mock
digestion.

D mtDNA levels in the CS of THP-1 cells induced to undergo primary necrosis (1st Nec), secondary necrosis (2nd Nec), apoptosis (Apo), or pyroptosis (Pyro). After
removal of cell debris, the supernatant was untreated (left, middle) or treated with Triton-X100 (right), then undigested (left) or digested (middle, right) with DNase
I. mtDNA levels were measured in purified DNA.

E, F mtDNA levels in 16K- (E) and 100K-EV (F) fractions in the CS of THP-1 cells and CD14+ monocytes induced to undergo 1st Nec, 2nd Nec, Apo, or Pyro. 16K-EVs and
100K-EVs were separated using centrifugation at 16,000 g and 100,000 g, respectively. mtDNA levels in these EVs were measured by qPCR.

G, H Secretion of mtDNA in 100K-EVs by pyroptotic stimulation. THP1 cells were stimulated with LPS alone or LPS + ATP (G). HC–derived CD14+ monocytes were intra-
cellularly stimulated with LPS enclosed in liposomes utilizing Avalanche-Omni (H). mtDNA levels in 100K-EVs were measured after 100K-EVs were isolated from
CS.

I Deposition of dsDNA in 100K-EVs. 100K-EVs isolated from the CS of THP-1 cells after LPS/ATP stimulation were fixed and stained with an anti-dsDNA antibody, and
then visualized with a secondary antibody conjugated to 10-nm gold particles. Images were obtained using transmission immunoelectron microscopy. Black dots
(white arrows) indicate the dsDNA deposition. Scale bar, 100 nm.

Data information: Statistical analyses were performed using an ANOVA with Tukey’s post-hoc test (D–G) (mean � SD; **P < 0.01; NS, not statistically significant) and a
Student’s t-test (H) (mean � SD; **P < 0.01). For panel A-C (mean � SD). The data are representative of three independent experiments.
Source data are available online for this figure.
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secretion require the activation of the mROS–caspase-1–gasdermin-

D pathway.

Involvement of caspase-1 in ILV formation

We next observed the formation of ILVs by transducing mCherry-

tagged Tsg101, a component of the endosomal sorting complex

required for transport (ESCRT)-I and a representative ILV marker

(Banfer et al, 2018), into THP-1 cells. The formation of Tsg101

puncta was observed in pyroptotic THP-1 cells but less in apoptotic

ones (Fig 3A). In addition, co-localization of Tsg101 puncta and

mtDNA was observed approximately 20 min after LPS and nigericin

stimulation (Fig 3B). Consistently, transmission immunoelectron

microscopy revealed dsDNA deposition in the MVBs of pyroptotic

THP-1 cells but not in those of apoptotic THP-1 cells (Fig 3C). In

particular, deposition of mROS-induced 8-OHdG-modified DNA was

◀ Figure 2. Leaked cytosolic mtDNA is taken up by ILVs.

A Leakage of mtDNA from the mitochondria into the cytosol. THP-1 cells under normal, apoptotic, or pyroptotic conditions were stained with the PicoGreen (green)
and MitoTracker-Deep Red (red) dyes and visualized using confocal microscopy. Scale bar, 5 lm (left). Quantification of the number of PicoGreen-positive dots in
the cytosol (right).

B Leaked cytosolic mtDNA levels following cell death induction. After removing the nuclei, the mitochondrial and cytosolic fractions from THP-1 cells were isolated
under normal, apoptotic, or pyroptotic conditions. DNA was purified from the cytosolic fraction, and the mtDNA levels were measured.

C, D Cytosolic mtDNA levels in Casp1-KO or Gsdmd-KO cells undergoing pyroptosis. mtDNA and mitochondria in WT, Casp1-KO, and Gsdmd-KO-THP-1 cells
induced to undergo pyroptosis were stained with the PicoGreen (green) and MitoTracker-Deep Red (red) dyes and visualized using confocal microscopy. Scale
bar, 5 lm (left). Quantification of the number of PicoGreen-positive dots in the cytosol (right) (C). mtDNA level in the cytosolic fraction was measured by
qPCR (D).

E Mitochondria localization of NT-gasdermin-D. Ten minutes after THP1 cells were induced pyroptosis, mitochondria fraction was isolated and Western blotting was
performed using anti-gasdermin-D antibody.

F mtDNA level in 100K-EVs. 100K-EVs were isolated from CS of WT, Casp1-KO, Gsdmd-KO THP1 cells induced to undergo pyroptosis, and mtDNA level in 100K-EVs
was measured.

G mtDNA levels in 100K-EVs from pyroptotic cells with inhibited caspase-1 or mROS. CD14+ monocytes were pre-treated with Mito-TEMPO or Ac-YVAD-cmk and then
stimulated with LPS and ATP. The levels of mtDNA in 100K-EVs in CS were measured.

H mtDNA levels in 100K-EVs from caspase-1-restored Casp1-KO-THP-1 cells. The levels of mtDNA were measured in 100K-EVs secreted by pyroptotic WT, Casp1-KO,
and FL-Casp1-Casp1-KO-THP-1 cells.

I mtDNA levels in 100K-EVs from cells overexpressing aCasp1 or NT-Gsdmd. aCasp1-p10/p20 or NT-Gsdmd were introduced into WT THP-1 cells, and the extracellu-
lar mtDNA levels within 100K-Evs were measured.

Data information: Statistical analyses were performed using a Steel–Dwass test (A, C) (median; 25th and 75th percentiles; minimum and maximum value of a population;
**P < 0.01), and an ANOVA with Tukey’s post-hoc test (B, D, F–I) (mean � SD; *P < 0.05, **P < 0.01; NS, not statistically significant). The data are representative of two
(E) and three (A–D, F–I) independent experiments.
Source data are available online for this figure.

▸Figure 3. Involvement of caspase-1 in ILV formation.

A, B Formation of Tsg101 puncta and co-localization with mtDNA. THP-1 cells transduced with Tsg101-mCherry (red) were stained with PicoGreen (green) and induced
to undergo cell death (no death, pyroptosis, or apoptosis). Co-localization of mtDNA with Tsg101 was visualized using confocal microscopy (left). The number of
cells expressing Tsg101 puncta (upper) and the number of cells mtDNA and Tsg101 co-localized cells (lower) in around 20 randomly observed fields are shown on
the right. Scale bar, 5 lm (A). The cells were imaged over a time course of pyroptosis induction. White arrows indicate the Tsg101-mcherry positive ILVs. Scale bar,
2.5 lm (B).

C Deposition of dsDNA in multivesicular endosomes following cell death induction. After induction of pyroptosis and apoptosis, transmission immunoelectron
microscopy was performed using an anti-dsDNA antibody and a secondary antibody conjugated to 10-nm gold particles. Black dots (white arrow) indicate dsDNA
deposition; scale bar, 1 lm.

D 8-OHdG-positive deposition in MVBs of pyroptotic cells. After induction of pyroptosis using LPS and ATP, transmission immunoelectron microscopy was performed
using an anti-8-OHdG antibody and a secondary antibody conjugated to 10-nm gold particles. Black dots (white arrows) indicate 8-OHdG-positive depositions.
Scale bar, 2 lm.

E TFAM and Tim23 in 100K-EVs. 100K-EVs were isolated from CS of WT THP1 cells induced to undergo pyroptosis; western blotting was performed using the indicat-
ing antibodies.

F, G Induction of ILV formation in pyroptotic cells. Tsg101-mCherry-transduced WT, Casp1-KO, and Gsdmd-KO-THP-1 cells (F) were stimulated with LPS and ATP. The
co-localization of mtDNA (green) and Tsg101 (red) was visualized using confocal microscopy. Scale bar, 5 lm (left). The number of cells expressing Tsg101 puncta
(upper) and the number of cells mtDNA and Tsg101 co-localized cells (lower) in around 20 randomly observed fields are shown on the right (G).

H Levels of 100K-EVs secreted from caspase-1-restored Casp1-KO-THP-1 cells. The levels of CD63- and CD9-expressing 100K-EVs from pyroptosis-induced FL-Casp1-
Casp1-KO-THP-1 cells were assessed using western blotting (upper). Quantitative data of CD9 (left) and CD63 (right) are shown at the lower.

I, J Inhibition of ILV formation by DMA. THP-1 cells were treated with DMA (1.5 lM) for 12 h and subsequently stimulated with LPS and ATP. The formation of Tsg101
puncta (red) was visualized using confocal microscopy. Scale bar, 5 lm (I). 100K-EVs were isolated from the CS, and their CD9 and CD63 expression levels were
determined using western blotting (upper). Quantitative data are shown on the lower (J).

K Reduced secretion of mtDNA in 100K-EVs by DMA. THP-1 cells were treated with DMA (1.5 lM) for 12 h and subsequently stimulated with LPS and ATP. After the
isolation of 100K-EVs from the CS, the mtDNA levels were measured.

Data information: Statistical analyses were performed using a Mann–Whitney U test (A) (median; 25th and 75th percentiles; minimum and maximum value of a
population; *P < 0.05, **P < 0.01; NS, not statistically significant), a Steel–Dwass test (G) (median; 25th and 75th percentiles; minimum and maximum value of a
population; *P < 0.05, **P < 0.01), and an ANOVA with Tukey’s post-hoc test (H, J, K) (mean � SD; *P < 0.05, **P < 0.01). The data are representative of two (C–F) and
three (A, B, G–K) independent experiments.
Source data are available online for this figure.
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observed in the MVBs of pyroptotic THP-1 cells (Fig 3D), It has been

reported that mtDNA is packed with TFAM (Alam et al, 2003) and

released out of mitochondria by herniation of the mitochondrial

membrane via BAK/BIX-macropore (McArthur et al, 2018). It has

also been shown that mitochondrial proteins including TFAM are

detected in 100K-EVs isolated from T cell culture supernatants

(Torralba et al, 2018). Therefore, we examined whether mitochon-

drial proteins such as Tim23 and TFAM could be detected in puri-

fied 100K-EVs. However, these proteins were not detected

(Fig 3E). However, it could not be completely determined whether

mitochondrial proteins are present in 100K-EVs from pyroptotic

cells; since there is a possibility that mtDNA is trapped in 100K-

EVs that do not contain mitochondrial proteins, or that mtDNA

and mitochondrial proteins are trapped simultaneously in 100K-

EVs but mitochondrial proteins are not detected, perhaps due to

insufficient antibody affinity. However, the present study indicate

that mtDNA leaking into the cytoplasm was taken up by ILVs

and subsequently released into the extracellular space within

exosomes. We further investigated the involvement of caspase-1

and gasdermin-D in ILV formation by transducing Tsg101-mCherry

into Casp1-KO and Gsdmd-KO-THP-1 cells (Fig 3F). Formation of

Tsg101 puncta upon LPS and ATP stimulation was not observed

in Casp1-KO-THP-1 cells, but it was detected in Gsdmd-KO-THP-1

cells (Fig 3G). Additionally, the secretion of 100K-EVs expressing

CD9/CD63 upon LPS and ATP stimulation was consistently dimin-

ished in Casp1-KO-THP-1 cells, and it was ameliorated by the res-

toration of full-length caspase-1 (Fig 3H). Moreover, we

investigated whether the inhibition of exosome biosynthesis

suppressed mtDNA secretion. To this end, THP-1 cells undergoing

pyroptosis were treated with dimethyl amiloride (DMA), a

sodium/potassium exchanger inhibitor (Savina et al, 2003). DMA

inhibited the induction of the formation of Tsg101 puncta and the

production of CD9/CD63-expressing 100K-EVs (Fig 3I and J) and

suppressed the secretion of 100K-EVs containing mtDNA as with

Ac-YVAD-cmk (Fig 3K). These results indicated that caspase-1, but

not gasdermin-D, played an essential role in ILV formation and

that exosome biosynthesis was important for extracellular mtDNA

secretion during pyroptosis.

Encapsulation of mtDNA within exosomes promoted strong
inflammation

Since mtDNA is known to be a strong proinflammatory factor, we

further investigated the effect of mtDNA-encapsulated exosomes on

the promotion of inflammation. First, 100K-EVs isolated from

WT and mtDNA-defective q0 THP-1 cells were injected into the peri-

toneum or ankle of C57BL6/J mice. 100K-EVs derived from WT

THP-1 cells, but not those from q0 THP-1 cells, promoted the infil-

tration of neutrophils (CD11b+Ly6C+Ly6G+) and monocytes

(CD11b+Ly6C+Ly6G�) in the peritoneal cavity and induced ankle

swelling (Fig 4A and B). Next, to confirm the contribution of

mtDNA to 100K-EVs-induced inflammation, NLRP3-deficient THP1

cells (NLRP3-KO) and TLR9-expressing THP1 cells (TLR9-Ex) were

generated (Fig EV3A and B), as the parental THP1 cells are not

responsive to TLR ligands (Kato et al, 2018). The liposome-

encapsulated dsDNA purified from 100K-EVs of WT THP1 cells, but

not from q0 THP1 cells, induced the secretion of large amounts of

IL-1b and IL-23 via NLRP3 and TLR9, respectively. On the other

hand, dsDNA from q0 THP1 cells induced the secretion of small

amounts of IL-1b in an NLRP3-independent manner, suggesting that

nDNA may induce IL-1b via NLRP3-independent mechanisms such

as that through AIM2 and IFI16 (Fig 4C and D). Regarding the

involvement of the cGAS–STING pathway in 100K-EVs-containing

dsDNA recognition, STING-KO THP1 cells showed reduced type I

IFN (IFN-I) production upon WT 100K-EVs stimulation, but compa-

rable IL-1b and IL-23 production (Fig EV3C). These results indicated

that exosome-encapsulated dsDNA promoted sterile inflammation

and that mtDNA is a major factor for 100K-EV-induced inflamma-

tion. Subsequently, we purified liposome-encapsulated mtDNA from

the mitochondria to compare the cytokine production levels and

degree of ankle inflammation between liposome-encapsulated and

non-encapsulated mtDNA, and we observed that liposome-

encapsulated mtDNA resulted in greater IL-1b and IL-23 production

by PBMCs and ankle swelling than non-encapsulated mtDNA

(Fig 4E and F). Furthermore, to investigate the significance of

mtDNA encapsulation in exosomes with regard to the induction of

in vivo inflammation, we inhibited the in vivo production of

▸Figure 4. Encapsulation of mtDNA in membrane vesicles induces strong inflammation.

A Leukocyte mobilization by 100K-EVs. 100K-EVs isolated from the CS of pyroptotic WT or q0 THP-1 cells were adoptively injected into the peritoneal cavity of WT
mice. Four hours later, cells in the peritoneal cavity were isolated and stained for CD11b, Ly6C, and Ly6G. CD11b+Ly6G+ neutrophils and CD11b+Ly6C+ monocytes
were counted using FACS. Population (left) and absolute number (right) of cells are shown.

B 100K-EV-induced ankle swelling. 100K-EVs isolated from the CS of pyroptotic WT or q0 THP-1 cells were adoptively injected into the ankle of WT mice. The ankle
thickness was measured 24 h later. Histological imaging, scale bar, 1 mm (upper), swollen ankle thickness (lower).

C, D Encapsulation of dsDNA by liposomes induces cytokine production via NLRP3 and TLR9. dsDNA isolated from CS of WT or q0 THP1 cells were encapsulated into
liposomes using Avalanche-Omni and added to WT, NLRP3-KO, Casp-1-KO, parental TLR9-null, or TLR9-Ex THP-1 cells. The levels of IL-1b (C) and IL-23 (D) in the CS
were measured.

E, F Encapsulation of mtDNA by liposomes induces strong inflammation. mtDNA was encapsulated or non-encapsulated into liposomes using Avalanche-Omni and
added to WT THP1 cells (E), and injected into the ankle of mice (F). The levels of IL-1b (upper) and IL-23 (lower) in the CS were measured. The thickness of the swol-
len ankles was evaluated after 24 h. Histological imaging, scale bar, 1 mm (left) and ankle thickness (right) (F).

G MSU-induced arthritis under DMA treatment. The ankles of mice were pre-treated with DMA or Ac-YVAD-cmk for 2 h, and then MSU was injected. After 24 h, ankle
thickness was measured. Swollen ankle thickness, scale bar, 1 mm (left) and histological imaging (right).

H Effect of DMA on IL-1b production. THP-1 cells were treated with DMA (top) for 12 h or Ac-YVAD-cmk (bottom) for 2 h and subsequently stimulated with LPS and
ATP. The levels of IL-1b were measured.

Data information: Statistical analyses were performed using a Mann–Whitney U test (A) (mean � SD; *P < 0.05), a Steel–Dwass test (B, E–G) (median; 25th and 75th

percentiles; minimum and maximum value of a population; *P < 0.05), and an ANOVA with Tukey’s post-hoc test (C, D, H) (mean � SD; *P < 0.05, **P < 0.01; NS, not sta-
tistically significant). The data are representative of two (B, F, G) and three (A, C–E, H) independent experiments.
Source data are available online for this figure.
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exosomes via DMA. DMA was administered to the ankle of the

mice, where it was injected with sodium urate (MSU) crystals, an

inflammasome activator. Treatment with DMA reduced MSU-

induced ankle swelling by suppressing leukocyte infiltration to

similar levels to those following treatment with Ac-YVAD-cmk,

and administration of WT 100K-EVs restored the ankle inflamma-

tion in DMA-treated mice (Fig 4G). Of note, in contrast to Ac-

YVAD-cmk, DMA did not suppress IL-1b production following

LPS and ATP stimulation (Fig 4H), suggesting that DMA inhibited

the production of exosomes but not the activation of the inflam-

masome. Furthermore, 100K-EVs isolated from Casp1-KO THP1

cells, which contained fewer mtDNA and CD9-positive exosomes

(Fig EV3D), failed to induce ankle arthritis and IL-1b production

(Fig EV3E and F). These results indicated that mtDNA promoted

a stronger sterile inflammation in vivo when encapsulated within

exosomes.

Patients with BS presented increased mtDNA in blood circulation

We further investigated the clinical significance of exosome-

encapsulated mtDNA using human blood samples. Since inflam-

masomes and pyroptosis have been implicated in the etiology of

autoinflammatory diseases, special attention was paid to BS,

which exhibits autoinflammatory disease-like clinical symptoms.

To this end, we conducted a retrospective study that included

various collagen diseases and measured the mtDNA levels after

purification of DNA from the serum of patients with BS, n = 59;

rheumatoid arthritis (RA), n = 12; SLE, n = 22; Sjögren syndrome

(SjS), n = 10; ANCA-associated vasculitis (AAV), n = 14; poly-

myositis/dermatomyositis (PM/DM), n = 10; systemic sclerosis

(SSc), n = 9; and healthy volunteer donors (HCs), n = 15; the

characteristics of the patients and HCs are provided in Appendix

Table S1. The levels of mtDNA were elevated in BS compared to

the other collagen diseases (Fig 5A), although the serum IL-1b
levels were comparable between BS, RA, and SjS (Fig EV4A).

Additionally, serum mtDNA levels were higher in patients show-

ing BS symptoms, including cutaneous signs, uveitis, genital

ulcers, arthralgias, and intestinal lesions, than in asymptomatic

patients (Figs 5B and EV4B–G). Notably, longitudinal evaluation

of these patients showed that serum mtDNA levels were higher

during symptomatic than during asymptomatic periods (Fig 5C).

Additionally, the levels of 8-OHdG-modified DNA were elevated

in BS sera compared to HC sera (Fig 5D). Since the mtDNA

spiked into the human serum was completely digested by DNase

I treatment (Fig EV4H), the serum was subsequently treated with

DNase I and Triton-X100 to confirm the encapsulation of mtDNA

into EVs. We observed that the mtDNA was not digested by

DNase I if the serum was not pre-treated with Triton-X100

(Fig 5E). We further isolated 16K-EVs and 100K-EVs (Fig EV4I–L)

from the DNase I-treated serum from BS, SLE, and HC individuals

and measured the mtDNA levels in each EV type. The mtDNA

levels in 16K-EVs were high in SLE patients, while the BS and

HC individuals had comparable mtDNA levels in 16K-EVs. How-

ever, the mtDNA levels in 100K-EVs were significantly higher in

BS than in HC and SLE patients (Fig 5F and G). Additionally,

transmission immunoelectron microscopy revealed dsDNA deposi-

tion in the 100K-EVs purified from the serum of BS patients

(Fig 5H), even when they were isolated from plasma; and 100K-

EVs from BS patients contained more mtDNA than those from

HCs (Fig EV4M). CD63-positive 100K-EVs were slightly increased

in BS serum, but the amount of mtDNA showed a more signifi-

cant increase compared to the increase in the 100K-EVs them-

selves (Fig 5I and J). Consistently, the mtDNA levels in 100K-EVs

were higher in patients with BS symptoms (Fig 5K). These results

indicated that BS exhibited increased extracellular exosome-

encapsulated mtDNA.

▸Figure 5. Increased mtDNA in exosomes in BS blood circulation.

A Serum mtDNA levels in patients with various autoimmune diseases. After the purification of DNA from the serum, the mtDNA levels were determined using qPCR
targeting COXIII, which is encoded by mtDNA. Subjects: HCs (n = 15), and patients with BS (n = 59), RA (n = 12), SLE (n = 22), SjS (n = 10), AAV (n = 14), PM/DM
(n = 10), or SSc (n = 9).

B Relationship between the mtDNA levels and the presence of BS symptoms. Serum mtDNA levels were compared between BS patients with any symptoms (oral
ulcer, uveitis, skin lesion, genital ulcer, arthralgia, or intestinal lesion) (n = 99) and asymptomatic (n = 83) patients.

C Time-series study of the serum mtDNA levels in a BS patient. Serum mtDNA levels were compared between two visits (n = 32): Just before the onset of symptoms
(Visit A) and when the patient had already presented overt symptoms (Visit B).

D Levels of 8-OHdG-modified DNA in serum. After the purification of DNA from HC (n = 16) or BS (n = 57) serum, the levels of 8-OHdG-modified DNA were evaluated
using ELISA.

E mtDNA in BS serum could only be digested by DNase I when the sample had been treated with Triton X-100. After the purification of DNA from the serum, the
mtDNA levels were measured (n = 10).

F, G mtDNA levels in 100K-Evs and 16K-Evs. 100K-Evs (F) and 16K-Evs (G) were isolated from the serum of the same HC (n = 4), BS (n = 5), or SLE (n = 5) patients, then
DNA was subsequently purified from each of them, and the mtDNA levels were measured.

H Deposition of dsDNA in 100K-Evs from BS serum. 100K-Evs isolated from BS serum after DNase I treatment were fixed and stained with an anti-dsDNA antibody,
then visualized with a secondary antibody conjugated to 10-nm gold particles. Images were obtained using transmission immunoelectron microscopy. Black dots
(white arrows) indicate dsDNA deposition. Scale bar, 100 nm.

I CD63 level in HC and BS serum. The levels of CD63 in HC (n = 15) and BS (n = 18) serum were evaluated by CD63-specific ELISA.
J Serum mtDNA level vs. serum CD63 level. Scatter plots of serum mtDNA level measured by qPCR (Y-axis) and serum CD63 level determined by ELISA (X-axis) in HC

(blue circle) (n = 15) and BS (red circle) (n = 18).
K mtDNA levels in 100K-EVs depending on the presence or absence of BS symptoms. mtDNA levels in 100K-EVs from symptomatic (n = 6) and asymptomatic (n = 5)

BS patients were compared.

Data information: Statistical analyses were performed using a Steel–Dwass test (A, E–G) or a Mann–Whitney U test (B, D, I, K) (median; 25th and 75th percentiles;
minimum and maximum value excluding outliers; *P < 0.05, **P < 0.01; NS: not statistically significant), a Wilcoxon signed-rank test (C) (**P < 0.01), or a non-
parametric Spearman’s rank test (J).
Source data are available online for this figure.
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Mitochondrial damage due to caspase-1 overactivation in
BS monocytes

We then investigated the activation state of the inflammasome in

BS-derived CD14+ monocytes. BS monocytes secreted more IL-1b
and LDH and exhibited higher levels of active caspase-1 (p10)

and IL-1b (p17) (Fig 6A–C), as well as increased mROS levels and

a greater reduction in MMP upon LPS and ATP stimulation com-

pared to HC monocytes (Fig EV5A and B). BS monocytes, but not

neutrophils, secreted more mtDNA-containing exosomes (Fig 6D),

and the increased secretion of mtDNA in 100K-EVs and reduced

MMP induced by LPS and ATP stimulation was abrogated by the

Ac-YVAD-cmk (Figs 6E and EV5C). Furthermore, transmission

immunoelectron microscopic imaging showed deposition of

dsDNA and 8-OHdG-positive DNA in the ILVs of MVBs of LPS-

and ATP-stimulated cells (Fig 6F). Furthermore, we investigated

whether an NLRP3 mutant (V200M-NLRP3) observed in familial

BS caused increased exosome-mediated mtDNA secretion via

V200M-NLRP3 and WT-NLRP3 reconstitution into NLRP3-KO-THP-

1 cells (Yuksel et al, 2014) (Fig 6G). Following LPS and ATP stim-

ulation, V200M-NLRP3 reconstituted NLRP3-KO-THP-1 cells

secreted more mtDNA in 100K-EVs and IL-1b than WT-NLRP3

reconstituted NLRP3-KO-THP-1 cells (Fig 6H and I). These results

indicated that BS monocytes exhibited inflammasome overactiva-

tion and mitochondrial damage, leading to increased exosome-

mediated mtDNA secretion.

mtDNA in BS exosomes induced the production of
proinflammatory cytokines via NLRP3 and TLR9

We next investigated whether exosomes isolated from BS serum

induced inflammation after confirming the absence of the TLR2, 3,

4, 7, and 8 ligands using TLR ligand-reporter cells (Appendix

Fig S1A–F). BS 100K-EVs induced the production of cytokines,

including IL-1b, IL-23, and TNF-a in healthy PBMCs, while BS 16K-

EVs induced cytokine production similar to that of HC 16K-EVs

(Fig 7A and B). Additionally, when HC and BS 100K-EVs were

injected into the peritoneum of C57BL6/J mice, BS 100K-EVs

induced significantly greater production of proinflammatory

cytokines, such as IL-1b, IL-23, and IL-17, in ascites compared to

that induced by HC 100K-EVs (Fig 7C). These results suggested that

BS exosomes had the potential to induce proinflammatory cytokine

production. We subsequently investigated whether mtDNA could be

the leading cause of BS exosome-induced inflammation by adding

HC or BS 100K-EVs to NLRP3-KO, Casp1-KO, and TLR9-Ex THP-1

cells. BS 100K-EVs induced IL-1b and IL-23 production in WT THP-1

cells, but IL-1b production was completely abolished in NLRP3-KO,

almost to the same extent as that in Casp1-KO THP1 cells, and IL-23

production was abolished in TLR9-null THP-1 cells (Fig 7D and E).

Furthermore, we purified dsDNA from HC and BS 100K-EVs, encap-

sulated them within liposomes, and added them to WT, NLRP3-KO,

Casp1-KO, and TLR9-Ex THP-1 cells. Liposomes containing BS

100K-EV-derived dsDNA induced IL-1b and IL-23 production via

NLRP3 and TLR9, respectively (Fig 7F and G). Consistently, higher

levels of liposomal mtDNA purified from BS 100K-EVs resulted in a

greater production of IL-1b and IL-23 in THP-1 cells (Fig 7H and I).

These results indicated that mtDNA was the primary proinflamma-

tory component of BS exosomes.

BS exosomes induced pathological inflammation resembling that
of BS

We finally investigated whether BS-derived exosomes could induce

the inflammation characteristics of BS symptoms by injecting

100K-EVs into the peritoneum or ankle of C57BL6/J mice. 100K-EVs

isolated from BS serum, but not those isolated from HC serum, pro-

moted the infiltration of neutrophils (CD11b+Ly6C+Ly6G+) and

monocytes (CD11b+Ly6C+Ly6G�) and ankle swelling with increased

infiltration of immune cells (Fig 8A and B). Additionally, since uve-

itis is an important complication of BS in which IL-17-

producing cells are reportedly involved (Chi et al, 2008; Letko

et al, 2015), we developed an experimental autoimmune uve-

itis (EAU) model by immunizing C57BL/6J mice with an

IRBP1-20 peptide and complete Freund adjuvant (Agarwal

et al, 2012), followed by intravenous administration of 100K-

EVs to the immunized mice. We performed a histological anal-

ysis of the retina on day 18, and observed that the disease

score of mice treated with BS 100K-EVs was worse than that of

▸Figure 6. Increased secretion of mtDNA via exosomes due to overactivation of caspase-1 in BS monocytes.

A–C Increased inflammasome activation and pyroptosis in BS monocytes. HC (n = 4)- and BS (n = 6) -derived CD14+ monocytes were stimulated with LPS or ATP. The
bioactivity of IL-1b (Α) and the levels of LDH (B) in CS were measured. The levels of active caspase-1 (p10) and mature IL-1b (p17) in CS of HC (n = 6)- and BS
(n = 6)-CD14+ monocytes were evaluated through western blotting using anti-Casp1 (p10) and anti–IL-1b (p17) antibodies (left), respectively. The concentrations of
caspase-1 (p10) and IL-1b (p17) in gel bands were determined using the ImageJ software, and statistical analyses were performed (right) (C).

D Secretion levels of mtDNA via 100K-EVs in BS monocytes. Neutrophils and CD14+ monocytes isolated from the peripheral blood of HC or BS patients were stimu-
lated with nigericin or LPS. After DNA was purified from 100K-EVs in the CS, the mtDNA levels were measured using qPCR.

E Caspase-1-dependent over-secretion of mtDNA in BS monocytes. HC and BS monocytes were pre-treated with or without Ac-YVAD-cmk, and the cells were stimu-
lated with LPS or ATP. The levels of mtDNA in 100K-EVs in the CS were measured using qPCR.

F Deposition of dsDNA and 8-OHdG in MVBs of BS monocytes. After inducing pyroptosis via LPS and ATP, transmission immunoelectron microscopy was performed
using an anti-dsDNA (upper) antibody and an anti-8-OHdG (lower) antibody and a secondary antibody conjugated to 10-nm gold particles. Black dots (white
arrows) indicate dsDNA- (left) or 8-OHdG- (right) positive depositions. Scale bar, 1 lm.

G–I Increased secretion of mtDNA in 100K-EVs by an NLRP3-mutant derivative. Full-length NLRP3 (WT-NLRP3) and an NLRP3 mutant (V200M-NLRP3) were restored
into NLRP3-KO (FL-NLRP3-NLRP3-KO and V200M-NLRP3-NLRP3-KO) THP-1 cells (G). The cells were subsequently stimulated with LPS and ATP. The levels of mtDNA
in 100K-EVs (H) and IL-1b in the CS (I) were measured.

Data information: Statistical analyses were performed using an ANOVA with Tukey’s post-hoc test (A, C–E, H, I) (mean � SD; *P < 0.05, **P < 0.01; NS, not statistically
significant) and a Mann–Whitney U test (B) (median; 25th and 75th percentile; minimum and maximum value of a population; **P < 0.01). The data are representative of
two (A–F) and three (G–I) independent experiments.
Source data are available online for this figure.
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mice treated with HC 100K-EVs (Fig 8C). BS 100K-EVs

increased IL-17 production in PBMCs, which was reduced with

a combination treatment including an IL-1b antagonist and

an IL-23 neutralizing antibody (Fig 8D) (Sutton et al, 2009;

El-Behi et al, 2011), suggesting that BS exosomes promoted

IL-1b and IL-23 production, thus facilitating the production

of IL-17, which exacerbated uveitis. Taken together, BS

exosomes exacerbated and propagated the pathological

inflammation characteristics of BS by promoting cytokine

production and leukocyte mobilization.

Discussion

In this study, we revealed that pyroptotic cells secrete mtDNA encap-

sulated within exosomes, which promotes a strong inflammation in

vivo. Mechanistically, the activation of caspase-1 and gasdermin-D

promotes mtDNA leakage from the mitochondria into the cytoplasm;

furthermore, caspase-1 induces ILV formation, capturing cytoplas-

mic mtDNA and releasing it out of the cell as exosomes. Addition-

ally, we found that the overactivation of caspase-1 in monocytes of

BS leads to an increase in mtDNA-containing exosomes in serum and

causes pathological inflammation in BS (Fig 8E).

Cell death is a defense mechanism that deprives invading patho-

gens of their survival niche, but severe cell death causes serious

damage to both neighboring cells and the host. In addition, the

effects of cytokines are limited, as they only act on the cells expres-

sing their receptors; however, exosomes can communicate between

cells by transmitting their content without specific receptors (van

Niel et al, 2018), and thus releasing exosomes containing mtDNA

would have the advantage of quickly transmitting information to

the neighboring cells and throughout the body. We showed that the

specific inhibition of exosome biosynthesis via DMA ameliorated

inflammation by suppressing the release of mtDNA-containing

exosomes without affecting the production of IL-1b, indicating that

mtDNA-rich exosomes can promote inflammation on their own in

vivo. Additionally, encapsulation of mtDNA in exosomes caused a

stronger inflammatory response, probably due to mtDNA potentially

gaining access to cytoplasmic mtDNA sensors. Monocytes and their

derivatives are specific pathogen detectors that express pattern rec-

ognition receptors (Kawai & Akira, 2011; Okude et al, 2021). Thus,

it seems reasonable that this exosome-mediated mechanism of

◀ Figure 7. BS exosomes promote cytokine production via NLRP3 and TLR9.

A, B Cytokine production by EVs. 100K-EVs (A) or 16K-EVs (B) isolated from HC or BS serum were added to human PBMCs. Cytokines from these PBMCs were evaluated
via reporter cells for IL-1b, IL-23, and TNF-a.

C Cytokine levels in ascites via intraperitoneal injection of 100K-EVs. After injection of 100K-EVs isolated from HC and BS serum, the ascites levels of IL-1b and IL-23
at 24 h, and of IL-17 at 72 h, were determined using reporter cells.

D–G mtDNA in BS 100K-EVs induce cytokine production through NLRP3 and TLR9. 100K-EVs isolated from HC or BS serum were added to WT, NLRP3-KO, and Casp1-
KO-THP-1 cells (D) or WT (TLR9-null) and TLR9-Ex THP-1 cells (E). DNA purified from HC or BS 100K-EVs was re-enclosed in liposomes using Avalanche-Omni and
added to WT, NLRP3-KO, and Casp1-KO-THP-1 cells (F) or WT (TLR9-null) and TLR9-Ex THP-1 cells (G). After 24 h, the levels of IL-1b (D, F) and IL-23 (E, G) were
measured using reporter cells.

H, I Correlation between cytokine production and mtDNA levels in 100K-EVs. Levels of mtDNA in 100K-EVs and IL-1b (H) and IL-23 (I) production in THP-1 cells upon
liposome-enclosed mtDNA stimulation.

Data information: Statistical analyses were performed using a Mann–Whitney U test (A–C) or a Steel–Dwass test (D–G) (median; 25th and 75th percentile; minimum and
maximum value excluding population outliers; *P < 0.05, **P < 0.01; NS, not statistically significant) or a non-parametric Spearman’s rank test (H, I). Correlation coeffi-
cient (R), *P < 0.05. The data are representative of two (A–C, H, I) and three (D–G) independent experiments.
Source data are available online for this figure.

▸Figure 8. BS exosomes drive pathogenic inflammation.

A In vivo leukocyte mobilization by 100K-EVs. 100K-EVs isolated from HC (n = 7) or BS (n = 8) serum were adoptively injected into the peritoneal cavity of WT mice.
Cells in the peritoneal cavity at 4 h were stained for CD11b, Ly6C, and Ly6G, and CD11b+Ly6G+ neutrophils and CD11b+Ly6C+ monocytes were counted using FACS.
Population (left) and absolute number of cells (right) are shown.

B BS-100K-induced ankle swelling. 100K-EVs isolated from HC (n = 6) or BS (n = 7) serum were adoptively injected into the ankle of WT mice. After 24 h, ankle thick-
ness was measured. Swollen ankle and histological imaging (left) and ankle thickness (right) Scale bar, 1 mm.

C Effect of 100K-EVs on experimental EAU. WT mice were immunized with IRBP1-20 peptide and complete Freund adjuvant at day 0, and then injected intravenously
with 100K-EVs isolated from HC (n = 5) or BS (n = 5) serum (days 0, 1, 2, and 7). On day 18, a histological analysis of the eyes was performed (left), and the EAU dis-
ease score was evaluated (right) Scale bar, 200 lm.

D IL-17 production by 100K-EVs via IL-1b and IL-23. 100K-EVs isolated from HC (n = 12) and BS (n = 12) serum were added to human PBMCs in the presence or
absence of an IL-1b antagonist and an IL-23 antibody. IL-17 production was evaluated using IL-17 reporter cells.

E Schematic summary of this study. Inflammasome activation and subsequent induction of pyroptosis increase the release of mtDNA-containing exosomes to facilitate
inflammation (left). When caspase-1 is activated by noxious stimuli, gasdermin-D is cleaved, and the localization of NT-gasdermin-D to mitochondria results in
mtDNA leakage from the mitochondria. Then, the cytosolic mtDNA is taken up by ILVs and released into the extracellular space as exosomes; Caspase-1 is also
involved in this process. Exosomes encapsulating mtDNA promote excessive inflammation via NLRP3 and TLR9. BS monocytes exhibit hyperactivation of Caspase-1 for
an undetermined reason, increasing extracellular mtDNA release via exosomes (right). The mtDNA-rich exosomes facilitate, propagate, and exacerbate inflammation,
increasing leukocyte mobilization and promoting the production of cytokines such as IL-1b and IL-23, which leads to IL-17 production. As a result, neutrophils are
activated, causing the characteristic symptoms of BS.

Data information: Statistical analyses were performed using a Mann–Whitney U test (A–C) or a Steel–Dwass test (D) (median; 25th and 75th percentile; minimum and
maximum value excluding population outliers; *P < 0.05, **P < 0.01; NS, not statistically significant). The data are representative of two (B, C) and three (A) independent
experiments.
Source data are available online for this figure.
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mtDNA secretion is built into these cells to “raise the alarm” and

promptly transmit the danger to the adjacent cells, promoting an

inflammatory response.

We extracted 100K-EVs via a standard ultracentrifugation

method, as described in the Materials and Methods section.

According to the MISEV 2018 international guidelines for EV extrac-

tion and evaluation (Th�ery et al, 2018), our extracted 100K-EVs can

be considered functional exosomes based on the following observa-

tions: (i) the 100K-EVs were 40–150 nm in diameter and expressed

markers in the 1a (CD63), 1b (CD9), and 2a (Flotillin) categories;

(ii) dsDNA deposition was observed in ILVs in MVBs using trans-

mission electron microscopy; (iii) Tsg101-positive ILVs took up

cytosolic mtDNA; and (iv) mtDNA secretion decreased upon DMA

inhibition of exosome biosynthesis. It is possible that nDNA and

mtDNA are present in the 100K-EVs, and that microvesicles and

exosomes might also be present in 100K-EVs. To evaluate this possi-

bility, cytokine productions by WT 100K-EVs (with both mtDNA

and nDNA present) and q0 100K-EVs (with only nDNA present)

were compared using WT, NLRP3-KO, Casp1-KO, TLR9-expressing,

and STING-KO THP1 cells since mtDNA is known to be recognized

by NLRP3, AIM2, TLR9, and cGAS. WT 100K-EVs, but not q0 100K-

EVs, induced IL-1b and IL-23 via NLRP3 and TLR9, respectively,

and IFN-I via cGAS–STING dependent pathway and both WT and

q0 100K-EVs induced IL-1b production in an NLRP3 independent

mechanism probably via AIM2. In addition, nDNA isolated from q0
THP1 cells and 100K-EV purified from Casp1-KO THP1 cells, which

contain few exosomes, induced lower cytokine secretion. These

results suggest that the inflammation caused by nDNA and microve-

sicles is not so significant, even if the 100K-EVs are somewhat con-

taminated with nDNA and microvesicles. Taken together, we

concluded that the 100K-EVs we isolated were exosomes with the

potential to facilitate, propagate, and exacerbate inflammation by

encapsulating mtDNA.

Cytoplasmic mtDNA leakage occurs in apoptotic and pyroptotic

cells through BAX/BAK-dependent MOMP and the voltage-

dependent anion channel protein, which forms a permeability tran-

sition pore in the mitochondrial outer membrane (Zhou et al, 2011;

Bock & Tait, 2020). We showed that the activation of caspase-1 and

gasdermin-D plays a role in the extracellular release of mtDNA via

exosomes. Gsdmd-NT forms pores in the plasma membrane by

binding to the membrane-forming lipids phosphatidylserine and

cardiolipin (Shi et al, 2015; Liu et al, 2016). Stress-exposed mito-

chondria present flipped-out phosphatidylserines, co-localization of

cardiolipin with permeability transition pores in the mitochondrial

outer membrane (Dudek, 2017), and mtDNA leakage into the cyto-

plasm via Gsdmd-NT-forming pores in the mitochondrial membrane

(Rogers et al, 2019; Huang et al, 2020). We observed reduced cyto-

plasmic mtDNA leakage in Gsdmd-KO-THP-1 cells and the localiza-

tion of Gsdmd-NT at mitochondria upon inflammasome activation,

suggesting that gasdermin-D possibly forms pores in the mitochon-

drial membrane and promotes mtDNA leakage. Since pyroptosis is

also induced by intracellular LPS through caspases 4, 5, and 11 (Kaya-

gaki et al, 2015; Shi et al, 2015; Liu et al, 2016), we confirmed that

intracellular LPS could promote the secretion of mtDNA-containing

exosomes, but we could not examine the involvement of non-canonical

pyroptosis in depth as the cells were too fragile to be evaluated.

ILVs are thought to be produced by the clustering of lipids and

membrane-related cargo proteins in the microdomains of the MVBs,

where adapter molecules such as ESCRT are sequentially mobilized

to bud into the lumen, thus resulting in the uptake of cargo proteins

and cytoplasmic molecules (van Niel et al, 2018). Additionally,

MVBs are decomposed by lysosomes at the steady state and secreted

by fusion with the plasma membrane under certain conditions to

eliminate waste products (Hessvik & Llorente, 2018). We demon-

strated that caspase-1 plays an essential role in the ILV-mediated

uptake of leaked cytoplasmic mtDNA by showing impaired Tsg101

puncta formation and CD9-positive exosome secretion in Casp1-KO

cells. Therefore, caspase-1 may be involved in the initiation of ILV

formation; however, we have not been able to determine its sub-

strates so far. Therefore, future studies are expected to elucidate the

mechanisms of exosome biosynthesis and spatiotemporal regula-

tion, especially those mediated by caspase-1. It would also be

required to elucidate the qualitative differences in mtDNA since

nucleic acid sequences and modifications can reportedly affect pref-

erential sorting into ILVs (Villarroya-Beltri et al, 2013).

mtDNA, inflammasomes, and pyroptosis are reportedly involved

in various human diseases, including infection (Kuriakose & Kanne-

ganti, 2019), cancer (Xia et al, 2019), vascular diseases (Zhaolin

et al, 2019), and autoinflammatory diseases (Xue et al, 2019), in

which DAMPs and cytokines such as IL-1b are thought to play cru-

cial roles. However, the clinical significance of inflammation medi-

ated by mtDNA-containing exosomes in human diseases has not

been determined. Here, we showed that BS monocytes present

caspase-1 overactivation, leading to increased secretion of exosome-

encapsulated mtDNA and that mtDNA-rich exosomes promote the

sterile inflammation characteristics of BS manifestations. The

involvement of extracellular mtDNA in human autoimmune diseases

has been reported (West & Shadel, 2017): extracellular mtDNA is

released via neutrophil extracellular traps during cell death

(NETosis), and mtDNA from platelets is also released via FccRIIA in

SLE pathophysiology (Lood et al, 2016; Melki et al, 2021). We

observed that mtDNA was preferentially included in 100K-EVs in BS

sera, whereas it was present in 16K-EVs in SLE sera. Therefore, the

mtDNA release mode seems to differ between these diseases. We

also observed that mtDNA-containing 100K-EVs induced IFN-I pro-

duction by in vitro experiments. IFN-I is thought to be involved in

SLE pathogenesis (Kato et al, 2018; Morand et al, 2020), while the

inflammasome is thought to be involved in BS pathogenesis (Emmi

et al, 2016; Yazici et al, 2021). Therefore, the cGAS–STING pathway

is more likely to be activated in SLE because IFN-I induces cGAS and

STING, whereas NLRP3 may be easily activated by inflammasome

activation in BS. Furthermore, activation of caspase-1 has been

reported to suppress cGAS–STING signaling by cleaving cGAS (Wang

et al, 2017; Evavold et al, 2018). Hence, the role of mtDNA in pro-

ducing cytokines may vary from disease to disease.

More than 90% of the patients with BS were outpatients, while

almost all collagen disease patients, including patients with RA,

SLE, and SjS, were active patients who required hospitalization and

had serum samples taken prior to treatment, in which serum IL-1b
levels were similar. Nevertheless, serum mtDNA levels in BS were

significantly higher than in RA, SLE, and SjS, although inflamma-

some activation is reportedly involved in the pathogenesis of RA

and SjS. Hence, increased mtDNA in exosomes could be a pathologi-

cal feature of BS.

Typical BS symptoms appear at the host–microorganism inter-

faces, such as the oral cavity, skin, and intestines, suggesting the
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involvement of aberrant inflammasome responses against the invad-

ing microorganisms. Indeed, it has been suggested that the micro-

bial colonization in the skin, oral cavity, and intestines of BS

patients is different from that of healthy subjects (The Behçet’s Dis-

ease Research Committee of Japan, 1989; Nian et al, 2012;

Yuksel et al, 2014; Nakano et al, 2018). Recent genome-wide associ-

ation studies on BS have shown polymorphisms in TLRs and

inflammasome-related genes (Kirino et al, 2013; Takeuchi et al,

2017). Additionally, we showed that THP-1 cells reconstituted with

a disease-related NLRP3 mutant (V200M), which has been reported

in the BS family (Yuksel et al, 2014), secreted more

mtDNA-containing exosomes than WT-NLRP3-reconstituted cells.

Thus, the genetic and environmental features of BS seem responsi-

ble for the characteristic phenotype of the disease. However, pyrop-

tosis has been suggested in relation to monogenic autoinflammatory

diseases, including familial Mediterranean fever and cryopyrin-

associated periodic syndrome, caused by a missense mutation in the

MEFV gene and a gain-of-function mutation in the NLRP3 gene,

respectively (Xue et al, 2019). BS clinical manifestations are similar

to those of autoinflammatory diseases, suggesting that the etiology

caused by mtDNA-rich exosome-mediated inflammation may be

shared with these diseases. Future studies are needed to clarify the

involvement of mtDNA-rich exosomes in these autoinflammatory

diseases.

Collectively, we revealed that exosome-mediated mtDNA secre-

tion is another alarm transduction pathway that can promote a

strong inflammatory response in adjacent cells and that the exces-

sive secretion of mtDNA-rich exosomes causes the pathogenesis of

BS. Therefore, the secretion of mtDNA via exosomes may be a via-

ble therapeutic target for inflammasome-related inflammation.

Materials and Methods

Reagents and Tools table

Name Vender Catalog number Clone

Antibodies for western blotting

ASC (B-3) Santa Cruz sc-514414 G0716

Anti-TLR9 (26C593) Santa Cruz sc-52966 E0818

Rb mAb to ProCaspase1 + p10 + p12 Abcam ab179515 GR3232708-
2

Rb mAb to Gasdermin D Abcam ab210070

Anti-cleaved N-terminal GSDMD Antibody Abcam ab215203

Anti-TSG101 Ms mAb Abcam ab83 4A10

Anti-Calnexin (C5C9) Rabbit mAb Cell Signaling 2679S

Anti-Lamp1 Rabbit mAb Abcam ab24170

Anti-bactin Rabbit mAb (HRP Conjugate) Cell Signaling #5125S

Anti-p38 MAPK Rabbit Ab Cell Signaling #9212S

Anti-pp38 MAPK Rabbit Ab Cell Signaling #9211S

Anti-p42/44 MAPK (Erk1/2) Rabbit Ab Cell Signaling 137F5

Anti-pp42/44 MAPK (Erk1/2) Rabbit Ab Cell Signaling T202/Y204

VADC Rabbit Ab Cell Signaling #4866S

Purified Mouse Anti-Tom20 BD BioScience 612278

Purified Mouse Anti-Tim23 BD BioScience 611222

Purified Mouse Anti-Flotillin-1 BD BioScience 610821

mAb anti-FLAG M2-Peroxidase (HRP) antibody Sigma A8592-1MG 046K6075

Monoclonal Anti-acetylated Tubllin antibody produced in mouse Sigma 109M4831V

pAb anti-NLRP3/NALP3 NOVUS NBP2-12446 B-3

Anti-hIL-1b Affinity Purified Goat IgG RSD AF-201-NA QM1018101

Ms mAb Anti-Hu CD9 Invivogen AHS0902

Anti-CD63 (LAMP3) mAb MBL MEX002-3

Cleaved Caspase-8 Rabbit mAb Cell Signaling Technology #9496

TFAM antibody Cell Signaling Technology #7495

Anti-Sodium Potassium ATPase antibody Abcam ab76020

Apolipoprotein A1 antibody GeneTex GTX112692

18 of 27 The EMBO Journal 42: e112573 | 2023 � 2023 The Authors

The EMBO Journal Hachiro Konaka et al



Reagents and Tools table (continued)

Name Vender Catalog number Clone

Antibodies for flow cytometry and confocal microscopy

Mito Tracker Green InvitroGen M7514

Mito Tracker DeepRed InvitroGen M22426

MitoSox Red Mitochondrial Superoxide Indicator InvitroGen M36008 2127454

Quanti-iT PicoGreen dsDNA regent InvitroGen 1094619

Anti-CD11b PE (clone M1/70) BD BioScience 553311 64266

Anti-Ly6G APC-Cy7 (clone 1A8) Bio Legend 128031 B250488

Anti-Ly6C Briliant Violet (clone HK1.4) Sirigen 127623 B238261

Antibodies for Immune electron microscopy

Anti-8-hydroxy-deoxyguanosine monoclonal antibody JaLCA MOG-020P

Anti-dsDNA antibody Abcam ab27156

Anti-mouse IgG (H + L) 10 nm Gold BBI Solutions EM.GMHL10

Nanogold®-Fab’ Goat anti-Mouse IgG (H + L) Nanoprobes #2002

Beads for AutoMACS

Human CD14 microbeads Miltenyi Biotec 130-050-201

Reagents

Adenosine5-triphosphate (ATP) disodium salt hydrate Sigma A1852

Nigericin sodium salt Ready Made Solution (NIG) Sigma SML1779

Lipopolysaccharides from Escherichia coli O111:B4 (LPS) Sigma L3024

Phorbol 12-myristate 13-acetate (PMA) Sigma P1585-1MG

N-Formyl-Met-Leu-Phe Sigma F3506-5MG

DNase1 Amplification Grade Sigma AMPD1-1KT

IL-1R antagonist Sigma 407616-25MGCN

ODN2006 InvivoGen tlr-2006

2,3-cGAMP InvivoGen tlrl-cga23

Ac-YVAD-cmk InvivoGen 178603-78-6

Monosodium urate crystals InvivoGen tlrl-msu-25

Recombinant human IL-12/p70 PeproTech 200-12

Recombinant human IL-17 PeproTech 200-17

Recombinant human TNFa PeproTech 300-01A

Recombinant human IL1beta/IL1F2 R&D 201-LB-025

Recombinant human IL-23 R&D 1290-IL-010

Recombinant human IL-18/IL-1F4 R&D 9124-IL-010

IL-23R blocking peptide BD BioScience MBS9222188

Purified Anti-human CD28 (clone CD28.2) BD BioScience 14-0289-82 E025695

Purified Anti-human CD3 (clone OKT3) BD BioScience 16-0037-85 E019164

Staurosporine KOM AG-CN-0022-C100

5-(N.N-dimethyl)-Amirolide (DMA) CAY 19100

Mito-TEMPO ENZO ALX-430-150-M005

Pertussis toxin (PTx) List Biological
Laboratories

LBL-0901-80

Ionomycin Ca2+ salt Abcam ab120116

Complete Freunds Adjuvant (CFA) Chondrex #7023

IRBP peptide (1-20) human ANASPEC AS-62297

Triton (R)X-100 Nacalai 35501-02

Q-Vai-Asp-Oph R&D OPH001-01M
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Reagents and Tools table (continued)

Name Vender Catalog number Clone

Birinapant CAY 19699

Amicon Ultra-15 Millipore UFC901024 R9CA90257

ELISA

Human exosome CD63 ELISA kit CosmoBio HAK-HEL6363-1

Highly Sensitive ELISA kit for 8-OHdG JaICA KOG-HS10/E

LDH Cytotoxicity assay

CytoSelect LDH Cytotoxicity Assay kit CosmoBio CBA-241

immune cells isolation

Ficoll-Paque plus Cytiva (GE) 17144003

Polymorphprep CosmoBio 1114683

DNA isolation

MagNA Pure Compact Roche Life Science

DNA Extractor SP Kit WAKO 296-60501

DNA Extractor WB kit WAKO 291-50502

Quant-iTTM dsDNA Assay Kits, high sensitivity (HS) and broad range
(BR)

InvitroGen Q33120

RNA isolation

Rneasy Mini kit (250) QIAGEN 74106

QIA shredder (250) QIAGEN 79656

Real-Time PCR

TB Green Fast qPCR Mix TaKaRa RR430A

mtDNA primer for Real-Time PCR

Human cytochrome C oxidase subunit III (CoxIII) Fw 50-ATGACCCACCAATCACATGC-30

Rv 50-ATCACATGGCTAGGCCGGAG-30

Human NADH dehydrogenase (NADH) Fw 50-ATACCCATGGCCAACCTCCT-30

Rv 50-GGGCCTTTGCGTAGTTGTAT-30

Primers and vector for gene cloning

Human TLR9 cloning primer (infusion) Fw 50-GTGACAGATCCAAGGTGAAGT-30

Rv 50-CTTCCTCTACAAATGCATCACT-30

3*FLAG Oligo promer Fw 50-GACTACAAAGACCATGACGGTGATTAT
AAAGATCATGACATCGACTACAAGGATGA
CGATGACAAGTAGTGA-30

Rv 50-
TCACTACTTGTCATCGTCATCCTTGTAG
TCGATGTCATGATCTTTATAATCACCG
TCATGGTCTTTGTAGTC-30

Human caspase1 + 3*FLAG cloning primer (infusion) Fw (lenti-Casp) 50-AATTCTGCAGCGGCCGCGCCACCATG
GCCGACAAG-30

Rv (Casp-FLAG) 50-CCGTCATGGTCTTTGTAGTCATGTCC
TGGGAAGAGGTAGA-30

Rv (FLAG-Lenti) 50-GGAGAGGGGCGGATCCCTACCAAGA
AGGCTCAAAG-30

Human NLRP3 + 3*FLAG cloning primer (infusion) Fw (Lenti-NLRP3) 50-AATTCTGCAGCGGCCGCGCCACCAT
GAAGATGGCAAGCACCCG-30

Rv (NLRP3-FLAG) 50-CCGTCATGGTCTTTGTAGTCCCAAG
AAGGCTCAAAGACGA-30

Rv (FLAG-Lenti) 50-GGAGAGGGGCGGATCCCTACCAAG
AAGGCTCAAAG-30
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Reagents and Tools table (continued)

Name Vender Catalog number Clone

Human mutant NLRP3 (Val200Met) cloning primer Fw (Lenti-NLRP3) 50-AATTCTGCAGCGGCCGCGCCACCA
TGAAGATGGCAAGCACCCG-30

Rv1 (mutation sequence) 50-AATGGGACTCATGGGGCTCT-30

Fw2 (mutation sequence) 50-AGAGCCCCATGAGTCCCATT-30

Rv (FLAG-Lenti) 50-GGAGAGGGGCGGATCCCTACCAA
GAAGGCTCAAAG-30

Caspase1 p10 + 3*FLAG cloning primer (infusion) Fw 50-AATTCTGCAGCGGCCGCGCCACC
ATGGCTATTAAGA-30

Rv 50-CCGTCATGGTCTTTGTAGTCATG
TCCTGGGAAGAGGTAGA-30

Caspase1 p20 + 3*FLAG cloning primer (infusion) Fw 50-AATTCTGCAGCGGCCGCGCCACC
ATGAACCCAGCT-30

Rv 50-CCGTCATGGTCTTTGTAGTCATC
TTTAAACCACACCACAC-30

Gasmd-NT-3*FLAG Eurofins Genomics

TSG101-mCherry VectorBuilder pLV[Exp]-Puro-EF1A>mCherry/
hTSG101[NM_006292.4]

Target seqence for Generation of ko-cell-lines

Generation of KO-NLRP3 THP1 cell sgRNA sequence 50-CGAAGCAGCACTCATGCGAG-30

50-GTCTGATTCCGAAGTCACCG-30

50-ATTCTCCCCCACATAGAGTC-30

Generation of KO-Caspase1 THP1 cell sgRNA sequence 50-GACAGTATTCCTAGAAGAAC-30

50-TAATGAGAGCAAGACGTGTG-30

50-GCTCCCTAGAAGAAGCTCAA-30

Generation of KO-GasderminD THP1 cell sgRNA sequence 50-CGGCTCTCACCTGTCGCGGG-30

50-CTTGCTTTAGACGTGCAGCG-30

50-ACCTTCCAGCCACCCGCGAC-30

Reporter cells for measurement of cytokine bioactivity and TLR signaling

HEK-Blue IL-1b InvivoGen hkb-il1b

HEK-Blue IL-12 InvivoGen hkb-il12

HEK-Blue IL-17 InvivoGen hkb-il17

HEK-Blue IL-18 InvivoGen hkb-il18

HEK-Blue IL-23 InvivoGen hkb-il23

HEK-Blue TNFa InvivoGen hkb-tnfadmyd

HEK-Blue TLR2 InvivoGen hkb-htlr2

HEK-Blue TLR3 InvivoGen hkb-htlr3

HEK-Blue TLR4 InvivoGen hkb-htlr4

HEK-Blue TLR7 InvivoGen hkb-htlr7

HEK-Blue TLR8 InvivoGen hkb-htlr8

HEK-Blue TLR9 InvivoGen hkb-htlr9

Transfection Reagent

LentiGuide-Puro Addgene

Avalanche-Omni Transfection Reagent EZ biosystems EZT-OMNI-1-1.5

Gene Editing Reagent

In-Fusion HD cloning kit TaKaRa Z9649N

DNA Ligation Kit (Mighty Mix) TaKaRa 6023

PrimeSTAR GXL DNA polymerase TaKaRa R050A
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Reagents and Tools table (continued)

Name Vender Catalog number Clone

CUGA7 gRNA Synthesis kit Nippon Gene 314-08691

ISOSPIN PCR Product Nippon Gene 315-08001

Establishment of p0 cell Reagent

L-Glutamine (200 mM) Thermo Fisher A2916801

Sodium Pyruvate (100 mM) Thermo Fisher 11360070

Uridine > 99% Sigma U3750-1G

Ethidium bromide solition (EtBr) Sigma E1385-5ML

Isolation of Mitochondria

Mitochondria/Cytosol Fractionation Kit Bio Vision #K256-25

Methods and Protocols

Mice
C57BL6/J mice were obtained from SLC. Mice were maintained in a

specific pathogen-free environment and used at 6–8 weeks of age.

All animal experimental procedures were approved by Osaka Uni-

versity (28-008-034) and are consistent with the university’s institu-

tional guidelines.

Clinical samples
Subjects were Japanese patients who were admitted to the

Department of Clinical Immunology, Osaka University, from 2015

to 2020. Serum samples were collected from patients. BD was

diagnosed by the criteria established by the BD Research Com-

mittee in Japan (Suzuki Kurokawa & Suzuki, 2004); RA by the

Updated American College of Rheumatology revised criteria

(1987) (Arnett et al, 1988) and ACR/EULAR rheumatoid arthritis

classification criteria (2010) (Aletaha et al, 2010); SLE by the

New American College of Rheumatology criteria for SLE (1997)

(Hochberg, 1997); SjS by the Classification criteria for Sjögren’s

syndrome: a revised version of the European criteria proposed

by the American-European Consensus Group (2002) (Vitali et al,

2002); PM/DM by the criteria of the Research Committees of

Japanese Ministry of Health; and SSc by the Classification

criteria for systemic sclerosis: an ACR/EULAR collaborative initia-

tive (2013) (van den Hoogen et al, 2013). Patients with AAV

were diagnosed according to the criteria of the Research Com-

mittees of the Japanese Ministry of Health. Microscopic polyan-

giitis (MPA) and granulomatosis with polyangiitis (GPA) were

defined according to the 2012 Chapel Hill Consensus Conference

nomenclature and definitions (Jennette et al, 2013). Normal con-

trol samples were obtained from healthy volunteer donors. A

total of 59 BD patients, 12 RA patients, 22 SLE patients, 10 SjS

patients, 10 PM/DM patients, 9 SSc patients, 14 AAV patients,

and 15 healthy control volunteer donors were enrolled in this

study, which was approved by the institutional review boards of

Osaka University (11366, 11122, and 20019). We obtained

informed consent from all study subjects. Samples were collected

by blood sampling from the outpatients, regardless of treatment

procedure. To avoid the possibility of contamination from

bacteria-derived substances, we excluded patients who had mas-

sive infections. Medical records of patients were reviewed and

analyzed retrospectively.

Regents, antibodies, fluorescent dyes, and reporter cells
Reagents were obtained from the indicated suppliers: ultrapure LPS,

phorbol-12-myristate-13-acetate (PMA), ionomycin, f-Met-Leu-Phe

(fMLP), nigericin, ATP, and DNase I (Sigma-Aldrich); Triton X-100

(Nacalai Tesque); ODN2006, 2.3-cGAMP, MSU, and Ac-YVAD-cmk

(Invivogen); staurosporine (KOM); DMA (CAY); anti-CD11b (clone

M1/70) antibody (BD BioScience); anti-Ly6G (clone 1A8) antibody

(BioLegend); anti-Ly6C (clone HK1.4) antibody (Sirigen); Mito-

tracker Green and Mitotracker-Deep Red (ThermoFisher); MitoSox

red mitochondrial superoxide indicator and Quanti-iT PicoGreen

dsDNA regent (Invitrogen); and Mito-TEMPO (ENZO). Reporter cell

lines HEK-Blue-IL-1b, -IL-23 were purchased from InvivoGen.

Isolation of human leukocytes
Neutrophils and peripheral blood mononuclear cells (PBMCs) were

isolated using Polymorphprep (Axis-Shield). CD14-positive mono-

cytes were separated from PBMCs using human CD14 microbeads

and AutoMACS (Miltenyi Biotec), and the remaining CD14-negative

fraction was collected as the lymphocyte fraction.

DNA purification
DNA was purified from 200 ll serum using the MagNA Pure Com-

pact (Roche Life Science). For the purification of DNA from 16K-

and 100K-EVs, the DNA Extractor SP Kit (WAKO) was used. In

brief, EVs isolated from 100 ll serum or culture supernatants were

enzymatically digested at 56°C for 10 min and then treated with

sodium iodide to remove proteins. After purification and alcohol

precipitation, the DNA was resuspended in DNase-free water. If nec-

essary, the serum and culture supernatant were digested with

DNase I at 37°C for 30 min before DNA purification.

Measurement of mtDNA
We validated the measurement values of mtDNA by qPCR by mea-

suring two different mtDNA-encoded genes, human cytochrome C

oxidase subunit III (COXIII) and NADH dehydrogenase (NADH).

Primers were as follows: COXIII, forward 50-ATGACCCACCAATCA
CATGC-30 and reverse 5 0-ATCACATGGCTAGGCCGGAG-30; NADH,
forward 50-ATACCCATGGCCAACCTCCT-30 and reverse 50-GGGCC
TTTGCGTAGTTGTAT-30. Quantitative real-time PCR was performed

using TB Green Fast qPCR Mix (Takara Bio). Real-time standard

curves were generated using 5-fold serial dilutions of purified DNA

from human PBMC whole-cell lysate. Samples that produced no PC

R products after 40 cycles were considered ‘undetectable.’
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Establishment of mtDNA-defective q0 THP1
Clonal mtDNA-defective q0-THP1 cells were generated as described

elsewhere (Hashiguchi & Zhang-Akiyama, 2009). In brief, THP1

cells were cultured with RPMI medium containing uridine, pyru-

vate, and 50 ng ml�1 EtBr for 1 month after single cells were iso-

lated under a microscope. The absence of mtDNA was confirmed by

qPCR.

Separation of the cytosol and mitochondria fractions
The cytosol and mitochondria fractions were separated using the

Mitochondria/Cytosol fraction Kit (BioVision). Briefly, cells were

thoroughly washed by centrifugation at 600 g for 5 min at 4°C,

resuspended in cytosol extraction buffer mix containing DTT and

protease inhibitors, incubated on ice for 10 min, and homogenized.

After the homogenate was centrifuged at 700 g for 10 min at 4°C to

remove debris, the supernatant was centrifuged at 10,000 g for

30 min at 4°C to collect the supernatant as the cytosol fraction. After

washing with PBS, the pellets were collected as the mitochondria

fraction.

Purification of 16K- and 100K-EVs
For the purification of 16K- and 100K-EVs, EVs were separated by

centrifugation with a gradual increase in centrifugal force following

a modified version of a protocol described elsewhere (Th�ery

et al, 2018). In brief, cells were centrifuged twice at 600 g for

30 min each to remove whole cells and debris. After the supernatant

(4K supernatant) was treated with DNase I at 37°C for 30 min, it

was centrifuged at 16,000 g for 40 min at 4°C to obtain the 16K-EV

fraction. The 16K supernatant was filtered through a 0.22-lm filter,

and the resultant filtrate was ultra-centrifuged at 100,000 g for

70 min at 4°C. To eliminate contaminating proteins, the pellet was

resuspended in 2.2 ml PBS and centrifuged at 100,000 g for 70 min

at 4°C to obtain 100K-EVs; the 100K-EVs were suspended in PBS.

Western blotting
For evaluation of cell lysates, cells were harvested, lysed in lysis

buffer (50 mM Tris–HCl [pH 8.0], 250 mM NaCl, 5 mM EDTA, 1%

Nonidet P-40, 0.25% Na-deoxycholate, and 1 mM NaF), and centri-

fuged at 16,000 g for 20 min at 4°C. The supernatant was mixed

with 5× Laemmli sample buffer containing 2-mercaptoethanol and

denatured at 95°C for 5 min. The reduced samples were electrophor-

esed on 4–12% Bis-Tris gels (Life Technologies), transferred to

nitrocellulose membranes, and blotted with antibodies listed in

Appendix Table S2. To evaluate EV lysates (CD9 and CD63), EVs

isolated from serum, plasma, and culture supernatant were mixed

with 5× Laemmli sample buffer without 2-mercaptoethanol and

denatured at 70°C for 5 min. The reduced samples were electrophor-

esed on 12% Bis-Tris gels (Life Technologies), transferred to nitro-

cellulose membranes, and blotted with the antibodies listed in

Appendix Table S2. Protein bands in SDS-PAGE gels were quantified

using the ImageJ software and statistically analyzed using Student’s

t-test.

Measuring the amount of 100K-EVs
For the evaluation of 100K-EVs in CS, after purification of 100K-EVs

by ultracentrifugation, the level of 100K-EVs was evaluated by west-

ern blotting using anti-CD9 or -CD63 antibodies. Protein bands on

SDS-PAGE gels were quantified using ImageJ.

Nanoparticle tracking analysis (NTA)
Analyses of the size distribution and the number of EVs were car-

ried out on a NanoSight LM10HS with a blue laser system (Nano-

Sight, Amesbury, UK), as previously described. Briefly, nanoparticle

tracking analysis (NTA) was performed on isolated EVs diluted 20-

fold with PBS. All events were recorded in a 60-s video for further

analysis using the NTA software. The Brownian motion of each par-

ticle was tracked between frames to calculate its size using the

Stokes–Einstein equation.

Induction of cell death
To induce cell death, THP-1 cells were seeded at a concentration of

1 × 106 ml�1 in RPMI medium supplemented with exosome-free

FCS. To induce primary necrosis, cells were incubated at 56°C for

1 h after incubation at 37°C for 3 h. For apoptosis, cells were stimu-

lated with 1 lM staurosporine at 37°C for 4 h. To induce pyroptosis,

cells were stimulated with 10 mM ATP for 1 h after priming with

0.5 lg ml�1 LPS at 37°C for 3 h. To induce secondary necrosis, apo-

ptotic cells were incubated with 1 lM staurosporine at 37°C for

24 h after thorough washing. To induce necroptosis, cells were

stimulated with a combination of TNF-a, Smac, and Qvad for 24 h.

Unstimulated control samples were incubated at 37°C for 4 h. To

evaluate extracellular mtDNA release by pyroptosis, human primary

leukocytes were stimulated with ATP (5 mM), LPS (500 ng ml�1),

nigericin (10 ng ml�1), ODN2006 (250 nM), cGAMP (5 lg ml�1),

ionomycin (250 ng ml�1), and fMLP (1 nM) for 5 h. THP-1 was cul-

tured with PMA (50 nM) at 37°C for 3 days and stimulated with

ATP (5 mM), nigericin (10 ng ml �1), and LPS (500 ng ml�1) for

5 h.

Measurement of the released LDH
Lactate dehydrogenase (LDH) released from permeabilized cells was

measured using the CytoSelect LDH Cytotoxicity Assay Kit (CELL

BIOLABS). Briefly, the LDH assay reagent was mixed with culture

supernatant of cells induced to undergo cell death. Absorbance was

measured at 450 nm using a spectrophotometer. Culture superna-

tant of cells lysed with Triton X-100 was used as a positive control,

and the culture supernatant of unstimulated cells was used as a neg-

ative control.

Cell-based reporter assay
We used HEK-Blue IL-1b, IL-23 (reporter cells) to measure cyto-

kines. To determine the cytokine activities of serum or culture

supernatant, reporter cells were incubated for 24 h at 37°C with

medium containing 20% serum or 20% culture supernatant. To

determine the cytokine activity of mouse lavage fluid, peritoneal

fluid was concentrated using an Amicon Ultra-15 (Millipore).

Embryonic alkaline phosphatase (SEAP) secreted from the reporter

cells was detected with QUANTI-Blue (InvivoGen) and quantified by

measuring optical density at 620 nm.

Generation of KO-THP-1 using the CRISPR-Cas9 system
NLRP3-, Caspase-1–, and gasdermin-D–deficient THP-1 were gener-

ated by transducing Cas9-expressing THP-1 cells (THP-1-Cas9) with

cgRNA, as described elsewhere. Briefly, cgRNA was synthesized

using the CUGA7 cgRNA synthesis kit (Nippon Gene). THP-1-Cas9

cells (5 × 104 cells/well) were transduced with 20 ng synthetic

cgRNA using 0.14 ll Avalanche-Omni and cultured in 96-well plates
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for about 5 days. After single clones were picked under the micro-

scope, defects in target genes were confirmed by western blotting.

Target sequences were as follows: Caspase-1 knockout, 50-GAC
AGTATTCCTAGAAGAAC-30, 50-TAATGAGAGCAAGACGTGTG-30,
and 50-GCTCCCTAGAAGAAGCTCAA-30; and Gasdermin-D knock-

out, 50-CGGCTCTCACCTGTCGCGGG-30, 50-CTTGCTTTAGACGTGC
AGCG-30, and 50-ACCTTCCAGCCACCCGCGAC-30.

Expression vector cloning
cDNA encoding full-length Caspase-1, p10-Caspase-1, and p20-

Caspase-1 were fused at the C-terminus to a 3× FLAG tag and cloned

into the lentiviral vector CSII-EF-MCS-IRES2-Venus provided by Dr.

Hiroyuki Miyoshi, Keio University. The N-terminal sequence of

Gasdermin-D was synthesized by Eurofins genomics and cloned into

the NotI–BamHI site of vector CSII-EF-IRES2-Venus using the In-

Fusion HD Cloning kit. mCherry-tagged TSG-101 in a lentivirus

backbone vector was produced using Vector Builder.

Imaging by microscopy
For imaging mtDNA, PicoGreen, which intercalates dsDNA, was

used as described elsewhere (White et al, 2014). Briefly, PMA-

treated THP-1 was placed on 4-well chamber glass-bottom dishes

and incubated for 1 h at 37°C with 3 ll/ml PicoGreen dye (Invi-

voGen) and 250 nM Mitotracker-Deep Red dye (InvivoGen). For

imaging of ILVs, WT-, Casp1-KO-, and GsdmD-KO-THP-1 cells were

lentivirally transduced with TSG101-mCherry. To analyze the co-

localization of cytosolic leakage of mtDNA and TSG101, cells were

stimulated with 500 ng/ml LPS plus 10 mM ATP to induce pyrop-

tosis. After tight-washing by PBS, the distribution of PicoGreen was

visualized by confocal microscopy (Olympus, FV3000).

Imaging by transmission immunoelectron microscopy
THP1 cells were cultured overnight with PMA (100 nM) on Cell

Desk polystyrene coverslips (Sumitomo Bakelite). After fixation

with 4% PFA for 1 h, cells were permeabilized with 0.2% saponin

for 30 min and blocked with 10% BSA, 10% normal goat serum,

and 0.1% cold-water fish gelatin in sodium-phosphate buffer. Cells

were stained with anti-DNA antibody (Abcam) overnight at 4°C plus

1.4-nm gold-particle–conjugated anti-mouse IgG (Nanogold Fab’

fragment of goat anti-mouse IgG, Nanoprobes) for 2 h at room tem-

perature. Then, the cells were fixed with 1% glutaraldehyde

for 10 min and treated with a gold-enhancement mixture,

GoldEnhance-EM (Nanoprobes). For post-fixation, cells were treated

with 1% osmium tetroxide and 1.5% potassium ferrocyanide in

0.1 M sodium phosphate buffer (pH 7.4) for 1 h and dehydrated in

a graded series of ethanol. After being embedded in Epon812

(TAAB), ultra-thin (80-nm) sections of cells were stained with satu-

rated uranyl acetate and Reynolds lead citrate solution. Electron

micrographs were obtained with a JEM-1011 transmission electron

microscope (JEOL).

In vivo peritonitis model
Five hours after the administration of 100K-EVs into the peritoneal

cavity of mice, cells collected from lavage fluid in the peritoneal cav-

ity were stained with anti-CD11b-PE (BD Bioscience), anti-Ly6G-

APC-Cy7 (BioLegend), and anti-Ly6C-Brilliant Violet (Sirigen), and

then analyzed by flow cytometry (FACS Canto). Neutrophils were

defined as the CD11b+Ly6C+Ly6G+ population and monocytes as the

CD11b+Ly6C+Ly6G� population. The absolute number of cells in the

whole lavage was calculated as (total infiltrating cell number) × (%

of each population).

In vivo arthritis model
For the exosome-induced arthritis model, 100K-EVs or DNA purified

from 100K-EVs were administered to the ankle of C57BL6/J mice.

100K-EVs were collected from THP1 cells by ultracentrifugation.

DNA purified from 100K-EVs was enclosed in liposomes using

Avalanche-Omni. For the MSU-induced arthritis model, C57BL6/J

mice were pre-treated with 10 ll of DMSO or 0.25 mg of c-YVAD-

cmk- or DMA-dissolved DMSO via the ankle joint injection. Two

hours later, 10 ll of PBS or 0.25 mg of MSU crystal–dissolved PBS

was injected into each ankle using a 29-gauge needle. Twenty-four

hours later, the ankle thickness was measured with precision cali-

pers (Fisherbrand Traceable Digital Calipers; Fisher Scientific), and

the tissue of the ankle joint was analyzed histologically by

hematoxylin–eosin staining.

In vivo experimental autoimmune uveitis (EAU) model
C57BL6/J mice were immunized via s.c. injection with 200 ll of

emulsion containing 200 lg of IRBP1–20 in Complete Freund’s Adju-

vant (CFA), and 0.2 lg of pertussis toxin was added i.p. on the

same day. 100K-EVs were administrated via i.v. injection on days 0,

1, 2, and 7 and mice were sacrificed at day 18. After whole eyes

were removed and fixed in 4% paraformaldehyde (PFA), sections

were cut through the pupillary-optic nerve plane, and H&E staining

was performed. The severity of retinal inflammation was assessed

by experimenters who were not informed of the experimental condi-

tions and graded as follows: 0: no change; 0.5: mild inflammatory

cell infiltration and no tissue damage; 1: infiltration, retinal fold and

focal retinal detachment, few and small granulomas, and peri-

vasculitis; 2: moderate infiltration, retinal fold and detachment,

focal photoreceptor cell damage, small- to medium-size granulomas,

and vasculitis; 3: medium to heavy infiltration, severe retinal fold

with detachment, moderate photoreceptor cell damage, large granu-

lomas, and neovascularization; 4: heavy infiltration, diffuse retinal

detachment with bleeding, severe photoreceptor cell damage, large

granuloma lesions, and neovascularization.

Statistical analysis
Logarithmic transformation was performed to achieve a normal dis-

tribution. Normally distributed data are presented as means � SD

and were compared using two-way Student’s t-test or two-way

ANOVA followed by post-hoc multiple comparisons using the

Tukey–Kramer test. Non-normally distributed data are expressed as

medians, 25th and 75th percentiles, and minimum and maximum

values excluding outliers, and were compared using the two-way

Mann–Whitney U test. The two paired groups were analyzed by

Wilcoxon signed-rank test. Scatter plot data are expressed as Spear-

man’s correlation (r) and analyzed by Spearman’s correlation test.

A value of P < 0.05 was considered statistically significant.

Data availability

Source Image Data in this paper was deposited in the BioImage

Archive (Accession number: S-BIAD808; S-BIAD807; S-BIAD777)
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(https://www.ebi.ac.uk/biostudies/bioimages/studies/S-BIAD808?

key=5f96944a-1272-4094-8e44-0111da741fa1; https://www.ebi.ac.

uk/biostudies/bioimages/studies/S-BIAD807?key=c6869915-6a88-

49cf-b59b-497cf3004dd8; https://www.ebi.ac.uk/biostudies/bioimages/

studies/S-BIAD777?key=41c8e9a5-c75f-4413-95ce-d6145290cf6d). Cells

and other reagents that were used in this research will be available

upon reasonable request.

Expanded View for this article is available online.
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