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Oxidized mitochondrial nucleoids released by neutrophils
drive type I interferon production in human lupus
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Autoantibodies against nucleic acids and excessive type | interferon (IFN) are hallmarks of human systemic lupus erythemato-
sus (SLE). We previously reported that SLE neutrophils exposed to TLR7 agonist autoantibodies release interferogenic DNA,
which we now demonstrate to be of mitochondrial origin. We further show that healthy human neutrophils do not complete
mitophagy upon induction of mitochondrial damage. Rather, they extrude mitochondrial components, including DNA (mtDNA),
devoid of oxidized (Ox) residues. When mtDNA undergoes oxidation, it is directly routed to lysosomes for degradation. This
rerouting requires dissociation from the transcription factor A mitochondria (TFAM), a dual high-mobility group (HMG) pro-
tein involved in maintenance and compaction of the mitochondrial genome into nucleoids. Exposure of SLE neutrophils, or
healthy IFN-primed neutrophils, to antiribonucleotide protein autoantibodies blocks TFAM phosphorylation, a necessary step
for nucleoid dissociation. Consequently, Ox nucleoids accumulate within mitochondria and are eventually extruded as potent
interferogenic complexes. In support of the in vivo relevance of this phenomenon, mitochondrial retention of Ox nucleoids is
a feature of SLE blood neutrophils, and autoantibodies against Ox mtDNA are present in a fraction of patients. This pathway
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represents a novel therapeutic target in human SLE.

Over the last 15 yr, genomic studies have highlighted the role
of innate immunity in human SLE pathogenesis (Pascual et
al., 2006). This was further supported by the demonstration
that systemic lupus erythematosus (SLE) serum induces DC
maturation in an IFN-dependent way (Blanco et al., 2001).
Expression of IFN- and neutrophil-related transcripts cor-
relates with disease activity, and common allelic gene variants
within these pathways confer disease susceptibility (Bennett
et al., 2003; Moser et al., 2009; Bentham et al., 2015). More
recently, the identification of monogenic SLE caused by mu-
tations in genes involved in intracellular and extracellular
DNA degradation (Al-Mayouf et al., 2011; Crow, 2011) sup-
ports the hypothesis that improper disposal of nucleic acids
might be an upstream event in human SLE.

SLE patients develop autoantibodies against double-
stranded DNA (dsDNA) and RNA—protein complexes. In-
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ternalization of SLE immune complexes (ICs) containing
nucleic acids by plasmacytoid DCs (pDCs) induces endoso-
mal TLR activation and type I IFN production (Means et
al., 2005). This takes place upon convergence of the phago-
cytic and autophagic pathways in a process called LC3-
associated phagocytosis (Henault et al., 2012). SLE neutro-
phils also contribute to IFN production.Thus, their activation
with anti-RPN/Sm (Garcia-Romo et al., 2011) or antimi-
crobial peptide (Lande et al., 2011) autoantibodies leads to
extrusion of interferogenic DNA.

The nature of the DNA that initiates and perpetuates
an immune response in SLE remains unknown, though ge-
nomic DNA (gDNA) released from dead cells is the most
accepted candidate. Mitochondrial DNA (mtDNA), unlike
gDNA, contains hypomethylated CpG motifs similar to bac-
terial DNA and might be highly inflammatory in vivo (Col-
lins et al., 2004). mtDNA activates neutrophils through TLR9
engagement (Zhang et al., 2010) and, upon cytoplasmic leak-
age, leads to cell autonomous NLRP3 and TLRY activation
(Nakahira et al., 2011; Oka et al., 2012).
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Alike-No Mirror Sites license for the first six months after the publication date (see http://www.rupress.org
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We have now characterized the interferogenic DNA
released by SLE neutrophils in response to TLR7-agonistic
autoantibodies. We show that this form of neutrophil activa-
tion interferes with the disassembly of mtDNA—transcription
factor A mitochondria (TFAM) complexes, which is required
to export oxidized (Ox) mtDNA into lysosomes for degra-
dation, resulting in their retention within mitochondria and
eventual extrusion. Ox mtDNA displays an exceptional ca-
pacity to activate pDCs. Furthermore, autoantibodies against
this form of modified DNA are detected in SLE sera. Thus,
lack of proper intra- or extracellular degradation of neutro-
phil Ox mtDNA might be central to SLE pathogenesis.

RESULTS

Live neutrophils spontaneously extrude

mtDNA-protein complexes

Short-term cell-free supernatants from healthy neutrophil cul-
tures contain DNA—protein complexes in the absence of activa-
tion. Upon digestion with proteinase K, these complexes yield
a 16-kb DNA band, the size of mtDNA (Fig. 1 A).This origin
was confirmed by selective amplification of the mitochondri-
al-encoded gene ND1 (Fig. 1 B) and coimmunoprecipitation
of DNA and the mitochondrial transcription factor TFAM, but
not the chromatin protein Histone 3 (H3; Fig. 1 C).

Absence of gDNA (Fig. 1 D) and lactate dehydroge-
nase (LDH) activity (Fig. 1 E) in neutrophil supernatants sup-
ports the observation that mtDNA extrusion is not linked
to the cell membrane disruption that characterizes necrosis
or NETosis. Furthermore, in contrast to chromatin extrusion
during NETosis (Brinkmann et al., 2004), steady-state ex-
trusion of mtDNA is ROS independent, as neither DPI nor
MitoTempo (MT) block it (Fig. 1 F). Addition of GM-CSE
a neutrophil prosurvival factor (Klein et al., 2000), does not
affect the amount of extruded mtDNA (Fig. 1 G), supporting
the belief that constitutive apoptosis does not drive this pro-
cess. As opposed to neutrophils, monocytes extrude negligi-
ble amounts of mtDNA even though these cells have higher
mtDNA content per cell (Fig. 1 H).

Western blot analysis of cell-free supernatants from
healthy neutrophils reveals the presence of mitochondrial ma-
trix proteins (TFAM and manganese superoxide dismutase
[MnSOD]) but not of outer mitochondrial membrane pro-
teins such as TOMMZ20 (Fig. 1 I), suggesting that neutrophils
do not extrude full mitochondria. Although the mechanism
underlying this process remains to be elucidated, we observed
translocation of TOMM?20, but not of different organelle
markers, such as LAMP1 and Rab7, on the plasma membrane
(Fig. 1 L). MtDNA extrusion is amplified by addition of TLR7
but not TLRY (Fig. 1 M) or TLR4 (not depicted) agonists.
Accordingly, activation with the TLR7 agonist R837 increases
TOMM20 translocation to the cell membrane (Fig. 1 N).

Thus, neutrophils spontaneously release mtDNA-
protein complexes (mtCs) in the absence of overt cell
death and membrane disruption, and this process is en-
hanced by TLR7 engagement.
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Extrusion of mtDNA-protein complexes as a neutrophil
alternative to mitophagy

Neutrophil mtC extrusion could be the result of improper dis-
posal of damaged mitochondria.To address this, we amplified
mitochondrial damage in both neutrophils and monocytes by
increasing either baseline depolarization with carbonyl cy-
anide m-chlorophenyl hydrazone (CCCP) or mtROS with
Rotenone (Fig. 2 A). CCCP, but not Rotenone, increased
mtDNA extrusion in neutrophils (Fig. 2 B). As expected, we
observed the concomitant reduction of TFAM intracellular
levels in these cells (Fig. 2 C).

In most cells, damaged mitochondria are removed by
mitophagy. This process requires autophagy activation, se-
questration of damaged mitochondria into autophagosomes,
and fusion of autophagosomes with lysosomes (Ashrafi and
Schwarz, 2013). Upon exposure to CCCP, autophagy activa-
tion (detected by increased LC3B punctae staining) and cargo
sequestration (detected by TOMMZ20-LC3B co-localization)
were similar in neutrophils and monocytes (not depicted and
Fig. 2 D). However, autophagosome—lysosome fusion (assessed
by TOMM20-LAMP1 co-localization) was considerably im-
paired in neutrophils (Fig. 2 E). Autophagy arrest with Bafi-
lomycin A1 (BafA1l) reproduced this phenotype in monocytes
(Fig. 2 F). Amplification of mitochondrial depolarization with
oligomycin/antimycin (O+A) yielded results similar to those
obtained with CCCP (Fig. 2 G). Notably, the mitochondrial
protein content did not decrease in CCCP-treated mono-
cytes (Fig. 2 C), which undergo complete mitophagy, because
CCCP blocks lysosomal function (Padman et al., 2013).

Gene expression profiling revealed that in response to
CCCP monocytes, but not neutrophils, up-regulated tran-
scripts related to autophagy activation (ULK2), autopha-
gosome trafficking (Rab27a and Rab4a), and fusion (INSF,
NAPA, SNAP23, SNAP29, STX2, and LAMP?2), as well as
lysosome activation (Presenilin-1). TOM1, which participates
in autophagosome maturation (Tumbarello et al., 2012), was
significantly down-regulated in neutrophils (Fig. 2 H).

Thus, extrusion of mtCs by neutrophils might result
from a constitutive inability to complete mitophagy.

Extruded neutrophil mtCs activate pDCs only

when enriched in Ox mtDNA

SLE neutrophils activated with anti-Sm/ribonucleotide pro-
tein (RNP) antibodies extrude interferogenic DNA (Gar-
cia-Romo et al., 2011), whereas healthy neutrophils require
IFN-a priming to recapitulate this effect (Fig. 3 A, top).Yet, we
now show that all neutrophils extrude mtCs in the steady state
(Fig. 1 A). Exposure to IFN-a and anti-Sm/RNP antibodies
might alter the quality of mtC, as similar amounts of mtDNA
and TFAM are found in neutrophil supernatants regardless of
activation (Fig. 3 A, bottom). mtDNA is highly susceptible to
oxidation (Yakes and Van Houten, 1997), a proinflammatory
modification (Shimada et al., 2012). Indeed, high levels of 8-
hydroxydeoxyguanosine (SOHAG), a marker of DNA ox-
idation (Kasai and Nishimura, 1984), were detected only
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Figure 1. Live neutrophils extrude mtDNA-protein complexes. (A) Neutrophil supernatants from three healthy donors (HD) were run on agarose
gels. High molecular weight complexes (mtC) yield a single DNA band of ~16 Kb upon digestion with proteinase K (PK). (B) Amplification of the mito-
chondrial gene ND7, but not the nuclear gene GAPDH, from DNA isolated from live neutrophil supernatants. Total neutrophil DNA was used as control.
(C) Neutrophil supernatant (Orig Sup) was immunoprecipitated with anti-dsDNA antibody. The beads (IP Beads) and the resulting supernatants (IP Sup)
were analyzed by agarose gel (left) or by Western blot with anti-TFAM or anti-H3 antibodies (right). (D) Abundance of mitochondrial and genomic DNA
was assessed on 5 ng of isolated DNA from live, NETotic, or necrotic neutrophil supernatants by Real-Time PCR (mtDNA Copy Number; top) or by con-
ventional PCR (bottom). (E) LDH activity was measured in cell-free supernatants from live, NETotic, or necrotic neutrophil cultures. (F) Quantification
of extruded mtDNA by Real-Time PCR in the presence of DPI (NADPH Inhibitor) or MT (mtROS scavenger). (G, left) Apoptosis progression in untreated
or GM-CSF-treated neutrophils was assessed by TUNEL assay. The percentage of TUNEL" cells is shown. (right) The amount of extruded mtDNA was
assessed by Real-Time PCR (mtDNA Copy Number). (H, left) Extruded mtDNA was quantified by Picogreen. (right) mtDNA Copy Number in total cell DNA
was quantified by Real-Time PCR. () The presence of TFAM, MnSOD, and TOMM20 was assessed in concentrated cell-free supernatants from live or ne-
crotic neutrophils by Western blot. Coomassie staining of the BSA band was used as loading control. * indicates nonspecific band. (J) Surface expression
of TOMM?20, LAMP1, or Rab7 was assessed by flow cytometry on permeabilized (Total) or nonpermeabilized (Surface) neutrophils. Open gray histograms
represent the isotype control. A MFI (Mean Fluorescence Intensity) = MFl antibody - MFl isotype control. (K-L) Extruded mtDNA (K) and TOMM20 plasma
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in mtDNA extruded by IFN/oaRNP-treated neutrophils
(Fig. 3 B). The role of oxidation is further supported by the
loss of interferogenicity of extruded DNA upon reduction of
8OHAG levels with the mitochondrial-targeted antioxidant
MT (Fig. 3 C). Neutrophils require TLR7 engagement to re-
lease interferogenic mtDNA (Garcia-Romo et al.,2011). Con-
sequently, the TLR 7-specific antagonist IRS661, but not the
TLRS antagonists DVX42, reduced both the oxidation status
and the interferogenicity of extruded mtDINA in response to
IFN/aR NP antibodies (not depicted and Fig. 3 D).

To further establish that Ox mtDNA is a powerful pDC
activator, Ox and Non Ox mtDNA fragments were gener-
ated using rt-PCR. Addition of the cationic peptide LL-37
to facilitate their uptake (Lande et al., 2007) resulted in a 10-
fold increase in IFN-a levels in the presence of Ox mtDNA
(Fig. 3 E). As we previously reported (Garcia-Romo et al.,
2011), IFN production by pDCs under these activation con-
ditions is TLRY dependent (Fig. 3 F).

Although activated neutrophils secrete LL37 and
HMGB1 (Garcia-Romo et al., 2011), neither protein is
an integral part of the interferogenic mtC, as they do not
co-immunoprecipitate with mtDNA. Furthermore, the
HMGB1 antagonist BoxA does not block pDC activation
(Fig. 3 G). In contrast, TFAM neutralization with either
anti-TFAM antibodies or soluble RAGE-Fc chimera ab-
rogates the interferogenicity of extruded mtC (Fig. 3 H),
confirming that TFAM is the carrier responsible for neu-
trophil-derived mtDNA internalization (Julian et al., 2012).

As opposed to IFN/aRNP antibodies, exposure of
neutrophils to synthetic TLR7 ligands amplifies mitochon-
drial depolarization and extrusion of mtDNA that is NonOx
(Fig. 3 I). This different outcome might be caused by differ-
ential compartmentalization of TLR7 ligands in neutrophils,
as previously reported for CpGA- versus anti-dsDNA IC-
activation of TLRY in pDCs (Henault et al., 2012).

Collectively, these data indicate that oxidation is essen-
tial for self-mtDINA to become a potent pDC activator.

Ox mtDNA is exported in steady-state neutrophils from
mitochondria to lysosomes within cytosolic vesicles
To address why neutrophils only extrude Ox mtDNA upon ex-
posure to IFN/aR NP, we stained healthy neutrophils and mono-
cytes with anti-8OHdAG antibodies in the steady state. Cytosolic
8OHAG(+) DNA was detected only in neutrophils (Fig. 4 A).
Two recent studies showed that damaged gDNA frag-
ments are constitutively exported to lysosomes for degradation
(Ivanov et al., 2013; Lan et al., 2014). Lack of co-localization of
cytosolic SOHdG(+) DNA and damaged (y.H2A.X) or frag-
mented (TUNEL) gDNA markers rules out its nuclear origin
(Fig. 4 B). In support of the mitochondrial origin of cytosolic

8OHAG(+) DNA, addition of Rotenone increases and MT
decreases both cytosolic mtDNA copy number (Fig. 4 C) and
the amount of SOHAG cytosolic staining per cell (Fig. 4 D).

Sorting of Ox cargo to lysosomes through mitochondria-
derived vesicles (MDVs) has been described in Hela cells as a
mechanism whereby partially damaged mitochondria remove
Ox components without engaging mitophagy (Soubannier
et al., 2012a). Accordingly, cytosolic SOHdG(+) DNA accu-
mulates and merges with the LAMP1(+) compartment in the
presence of BafA1l (Fig. 4 E).

To analyze the composition of SOHAG(+) vesicles, we
performed a mitochondrial cell-free budding assay (Sou-
bannier et al., 2012b). Similar to lysosome-targeting MDVs
(Soubannier et al., 2012a;b), we found that SOHAG(+) ves-
icles selectively incorporate IMM proteins, the matrix en-
zyme pyruvate dehydrogenase (PDH), and mtDNA (Fig. 4 F).
TFAM, however, is excluded (Fig. 4 F), suggesting that Ox
mtDNA dissociates from this transcription factor before being
exported into lysosomes.

Collectively, these data reveal that Ox mtDNA is steadily
removed from neutrophil mitochondria and routed to lyso-
somes upon dissociating from TFAM.

IFN/xRNP block the routing of

neutrophil Ox mtDNA to lysosomes

Our studies show that the IFN/aRINP combination induces
neutrophils to extrude Ox mtDNA, which in the steady
state 1s diverted into lysosomes. This form of activation
also increases the total amount of intracellular Ox mtDNA
(Fig. 5 A) and leads to its accumulation inside mitochondria
(Fig. 5, B and C). Although a similar phenotype is observed
upon exposure to Rotenone (Fig. 4 D), IFN/aRNP does
not increase neutrophil ROS production (Fig. 5 D).

Ox mtDNA is never associated with TFAM in the cyto-
plasm of unstimulated neutrophils. Intracellular Ox mtDNA—
TFAM complexes can be easily detected, however, upon
activation with IFN/aRNP (Fig. 6 A). This activation also
increases intracellular TFAM levels (Fig. 6 B), which reflects
decreased TFAM degradation rather than increased biosyn-
thesis, as supported by lack of up-regulation of the TFAM
master regulator PGCla (Hock and Kralli, 2009) and by in-
creased mitogenesis (Fig. 6, C and D).

We confirmed that, as previously reported (Lu et al.,
2013), TFAM turnover requires dissociation from mtDNA
and degradation by the Lon Protease in the steady state (un-
published data). The dissociation step requires TFAM phos-
phorylation by the matrix resident protein kinase A (PKA)
(Lu et al., 2013). IFN/aRNP significantly reduces TFAM
phosphorylation (Fig. 6 E) without directly inhibiting PKA,
as its agonist 8Br-cyclic-AMP (cAMP) decreases the oxida-

membrane expression (L) were measured in neutrophils treated with R837 (TLR7 agonist) in the presence or absence of IRS661 (TLR7 inhibitor) or with
ODN2216 (TLR9 agonist). Data in B, C, and | are representative of three independent experiments with n = 3. Bars represent mean + SD from at least
three independent experiments, with n = 3-8.* P < 0.05; *, P < 0.01; ™, P < 0.001.
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Figure 2. Neutrophils fail to complete mitophagy in response to mitochondrial depolarization. (A) Mitochondrial depolarization was measured in
neutrophils (top) and monocytes (bottom) in the presence of the protonophore CCCP or the complex | inhibitor Rotenone. (B, top) Neutrophils were treated
with CCCP or Rotenone and extruded mtDNA was quantified by Real-Time PCR (mtDNA copy number) or conventional PCR. (bottom) Neutrophils or mono-
cytes were treated with CCCP or Rotenone and extruded mtDNA was quantified by Picogreen. (C) Neutrophils or monocytes were treated with media or
CCCP in the presence of 50 UM of the protein synthesis inhibitor cycloheximide. Total cell lysates were then analyzed by Western blot. TFAM/GAPDH ratio is
shown on the right. (D) Neutrophils and monocytes were treated with CCCP for 60 min and immunostained with anti-TOMM20 and anti-LC3B antibodies or
(E) with anti-LAMP1 and anti-TOMM20 antibodies. Bars, 10 um. (F) Monocytes were treated with CCCP for 60 min in the presence of the lysosomal inhibitor
Bafilomycin A1 (BafA1) and immunostained with anti-TOMM20 and anti-LAMP1 antibodies. Bars, 10 um. (G) Mitochondria depolarization and extruded
mtDNA levels (top) and quantification of autophagosome/lysosome fusion (bottom) in neutrophils treated with the combination Oligomycin (10 uM) and
Antimycin (1 uM; O+A). Bars, 5 um. (H) Fold up- (red) or down-regulation (green) of mitophagy-related transcripts in monocytes and neutrophils upon CCCP
treatment. Transcript expression ratio in monocytes over neutrophils is shown on the left. Data were normalized to media-treated cells. Bars represent mean
+ SD from at least three independent experiments with n = 3-6.*, P < 0.01; **, P < 0.001.

tion status as well as the interferogenic capacity of extruded
mtDNA (Fig. 6 F). PKA is activated by cAMP, levels of which
are modulated by adenylyl cyclase and phosphodiesterases
(PDEs). Both enzymes are present in the mitochondrial ma-

JEM Vol. 213, No. 5

trix (Acin-Perez et al., 2009). Indeed, IFIN/aRINP exposure
reduces mitochondrial cAMP levels (Fig. 6 G). Conse-
quently, the pan-PDE inhibitor IBMX decreases the oxida-
tion status and the interferogenicity of extruded mtDNA
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(Fig. 6 F). Whether this is a result of adenylyl cyclase inhibi-
tion, PDE activation, or mitochondrial ATP level reduction
remains to be addressed.

Thus, our results link neutrophil activation with IFN/
oRNP to decreased mitochondrial cAMP levels, impaired
PKA activation, and lack of mtDNA-TFAM disassembly.
This reduces the mitochondrial removal of Ox mtDNA and
promotes 1its extrusion.
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x Figure 3.  MtDNA oxidation is required for
pDC activation. (A, top) pDCs were incubated
with supernatants from neutrophils treated
with or without IFN + aRNP. IFN-o levels were
quantified after 18 h culture. (bottom) Ex-
truded mtDNA or TFAM quantification (mtDNA
copy number) in the supernatants from neu-
trophils treated with or without IFN + oRNP.
(B) Dot blot analysis, using anti-80HdG or anti-
dsDNA (loading control) antibodies, of the
DNA isolated from the supernatants of neutro-
phils treated with or without IFN + aRNP. Bars
represent the quantification of 80HdG inten-
sity. (C) Neutrophils were stimulated with IFN/
aRNP in the absence or in the presence of the
mtROS scavenger MitoTempo (MT). Extruded
mtDNA was assessed for its interferogenic ef-
fect on pDCs (top) and for its oxidation status
(bottom). (D, top) Neutrophils were treated
with IFN/aRNP in the presence of IRS661 (TLR7
inhibitor) or DVX42 (TLR8 inhibitor) and the
corresponding supernatants were assessed for

H their interferogenic effect on pDCs. (bottom)
£ 5000 The oxidation status of extruded mtDNA was
2 ‘;888 assessed by dot blot. (E) IFN-a production by
u2§. fggg pDCs stimulated with LL-37 added to genomic

DNA, Non-0x, or Ox mtDNA, or with super-
natants from IFN/aRNP-treated neutrophils.
(F) IFN-a production by pDCs stimulated with

IFN/aRNP  IFN/aRNP
+ Isotype + oTFAM

= 80007 [ Ox mtDNA with our without the TLR9 inhibitor
2 60001 ODN-TTAGGG. (G, top) DNA from IFN/aRNP
3 :ggg: activated neutrophil supernatants were im-
= munoprecipitated with anti-dsDNA antibody.

IFN/aRNP IFN/aRNP  The |P was analyzed by Western blot with an-

*RAGEFC 4 1137 or anti-HMGB1 antibodies. (bottom)

R, IFN-oe production by pDCs stimulated with

ns. interferogenic neutrophil supernatants in the
~ presence or absence of the HMGB1 inhibitor

BoxA. (H) IFN-a production was assessed after
pDC incubation with interferogenic neutrophil
supernatants in the presence or absence of
anti-TFAM antibodies or recombinant RAGE-Fc
chimera. (I) Neutrophils were treated as shown
and mitochondrial depolarization was as-
sessed with MitoTracker DeepRed; the amount
of extruded mtDNA was assessed by Real-Time
PCR and its oxidation status by 80HdG dot
blot. Bars represent mean + SD from at least
three independent experiments with n = 3-8.
* P<0.05;™ P<0.01; ™, P<0.001.

SLE patients retain Ox mtDNA within their neutrophil
mitochondria and develop anti—-Ox mtDNA autoantibodies
Development of TLR7 agonist autoantibodies and over-
expression of IFN-inducible transcripts are hallmarks of
human SLE. We therefore analyzed whether patient blood
neutrophils would recapitulate the mitochondrial alterations
induced by IFN/aRNP in vitro. IF analysis reveals signifi-
cant intramitochondrial retention of Ox mtDNA in blood
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Figure 5. IFN/aRNP activation of neutrophils induces intramitochondrial retention of Ox mtDNA. (A) Cytoplasmic 80HdG(+) staining in
neutrophils treated with or without IFN + aRNP. 80HdG quantification is also shown. Bars, 10 um. (B) Neutrophils were treated with or without IFN
+ «RNP and co-stained with anti-80HdG and anti-TOMM20 antibodies. Bars, 10 um. (C) Alternatively, mtDNA was extracted and analyzed by dot blot
with anti-80HdG and anti-dsDNA antibodies. TOMM20 was used as loading control. (D) Neutrophils were treated with or without IFN + «aRNP, and the
production of mtROS or total cellular ROS was quantified by MitoSox or CellRox, respectively. Bars represent mean + SD from at least three independent
experiments, with n = 3-6. ™, P < 0.01; ™, P < 0.001.

neutrophils from 50% SLE patients, but not in neutrophils  patient cells in culture, to activate pDCs (Fig. 7 B). Finally,

from healthy controls or juvenile dermatomyositis (JDM) pa- anti-Ox mtDINA autoantibodies are detected in a fraction
tients (Fig. 7 A). Furthermore, the presence of SOHdG(+) of SLE sera (Fig. 7 C).

aggregates within ex vivo SLE neutrophils correlates with the Thus, in addition to inducing pDC activation and IFN
ability of the supernatants, recovered from the corresponding  production, Ox mtDNA is an SLE autoantigen.
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Figure 6. IFN/aRNP inhibit the dissociation of Ox mtDNA and TFAM. (A) Neutrophils were treated as shown and co-stained with anti-80HdG and
anti-TFAM antibodies. Bars, 10 um. Alternatively, cell lysates were subjected to IP with anti-TFAM antibody and the immunoprecipitates were analyzed
by dot blot. (B-D) Neutrophils were treated as shown and cell lysates were analyzed by Western blot with antibodies against TFAM (B), PGC1a (C), Mi-
tofilin or TOMM20 (D), and GAPDH as control. Total mitochondrial mass was assessed by MitoTracker Green (D). (E) Neutrophils were treated as shown
and cell lysates were subjected to IP with anti-TFAM antibody. The immunoprecipitates were then blotted with antibodies against PKA-phosphorylated
peptides (a-PKA sub) or TFAM (loading control). The PKA inhibitor H89 was used as a control. (F) Neutrophils were treated with «RNP + IFN in the
presence or absence of the cAMP analogue 8Br-cAMP or the PDE inhibition IBMX. Extruded mtDNA was analyzed by dot blot (left) and supernatants
were assessed for their interferogenic capacity on pDCs (right). (G) Neutrophils were treated as shown and cAMP levels were measured in the enriched
mitochondrial fraction. cAMP levels were normalized to the total protein content and expressed in arbitrary units (AU). Bars represent mean + SD from
at least three independent experiments, with n = 3-5.% P < 0.05; ™, P < 0.01.

DISCUSSION with IFN-a. Although we previously reported that release
SLE neutrophils extrude interferogenic DNA when acti- of interferogenic DINA from lupus neutrophils correlated
vated with anti-Sm/RNP antibodies in an FcyR, TLR7, and with NETosis (Garcia-Romo et al., 2011), subsequent anal-
ROS-dependent manner (Garcia-Romo et al., 2011). This  yses have led us to uncover that this process does not re-
effect is recapitulated by healthy neutrophils upon priming quire neutrophil death. Furthermore, interferogenic DNA
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Figure 7. Intramitochondrial Ox mtDNA is a feature of SLE blood neutrophils. (A) Freshly isolated neutrophils from, healthy, JDM, or SLE blood were
co-stained with anti-80HdG and anti-TOMM20 antibodies. Bars, 10 um. Quantification of 80HdG staining in neutrophils from healthy donors (n = 6), JDM
(n=6), and SLE (n = 14) patients is also shown. (B) Correlation between Ox mtDNA levels in SLE neutrophils and IFN-a production by pDCs upon activation
with corresponding SLE neutrophil supernatants. (n = 15). (C) Healthy (n = 6), JDM (n = 6), or SLE (n = 15) sera were assessed for the presence of anti-Ox
mtDNA autoantibodies. Anti-80HdG antibody was used as a control. *, P < 0.05; *, P < 0.01.

has a mitochondrial origin and requires oxidation to become
a potent pDC activator.

Our efforts to identify the nature of neutrophil-de-
rived interferogenic DNA have led us to discover that human
neutrophils display a constitutive defect in mitophagy that is
compensated by two complementary pathways: extrusion of
inner mitochondrial components, including two constituents
of mitochondrial nucleoids (TFAM and mtDNA), devoid of’
Ox residues; and exportation of Ox mtDNA, upon dissoci-
ation from TFAM, into lysosomes for degradation. Exposure
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to IFN/aR NP disrupts the intracellular disposal of Ox mito-
chondrial products and leads to intramitochondrial accumu-
lation and extracellular release of highly interferogenic Ox
mtDNA bound to TFAM (Fig. 8).

Extrusion of mtDNA by granulocytes has been reported
(Yousefi et al., 2008,2009), but the mechanism remains elusive.
Absence of extrusion of mitochondrial membrane-associated
proteins suggests that it differs from exophagy, whereby the
autophagosome content is released into the extracellular space
(Duran et al., 2010; Manjithaya et al., 2010). Our preliminary
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phils. In the steady state, mitochondria can
undergo oxidative damage and/or depolariza-
tion (JAW). While most cells remove damaged
mitochondria through mitophagy, this process
does not take place in neutrophils (1). Instead,
healthy neutrophils extrude matrix compo-
nents into the extracellular space (2). These
include mtDNA-TFAM complexes devoid of Ox
DNA. These complexes do not activate pDCs
(3). MtDNA undergoing oxidation is removed
through an alternative route. Thus, TFAM
dissociates from it upon phosphorylation by
the matrix-resident PKA (4). TFAM is then de-
graded and Ox mtDNA is sorted into vesicles
directed to lysosomes (5). (right) In SLE, neu-
trophil activation with TLR7-agonist autoanti-
bodies leads to decreased mitochondrial cAMP

observations show association between the lipidated form of
LC3 (LC3-1II) and neutrophil mitochondrial membranes, as
well as co-localization of LC3 and TOMM?20 on the plasma
membrane (not depicted). This is reminiscent of the direct
conjugation between LC3 and the phagosome membrane
during LC3-associated phagocytosis (Sanjuan et al., 2007;
Florey et al., 2011). Because of its highly fusogenic properties
(Yang et al., 2013), LC3 might favor the direct fusion of mito-
chondrial membranes with the plasmalemma. Further studies
are required, however, to confirm this hypothesis.

Extrusion of nucleoid components could be linked to
the inability of neutrophils to complete mitophagy. In par-
ticular, we report that autophagosome—lysosome fusion is
constitutively impaired in these cells. Autophagosome mat-
uration is regulated by different proteins, including Rab7
(Jager et al., 2004), presenilin-1 (Neely and Green, 2011),
and UVRAG (Liang et al., 2008). In addition, TOM1, a
constituent of the alternative endosomal sorting complex
required for transport (ESCRT)-class O, has been impli-
cated in autophagosome—lysosome fusion (Tumbarello et
al., 2012). Accordingly, we observe that neutrophils fail to
up-regulate the transcription of several of the molecules
involved in this process, including TOM1, upon chemical
induction of mitochondrial damage. Although genetic ma-
nipulation of these pathways would strengthen our obser-
vations, blood neutrophils are terminally differentiated cells
and therefore not amenable to these approaches.

Endosomal TLRs play a fundamental role in the IFN
production and downstream immune alterations that char-

JEM Vol. 213, No. 5

levels (6) and reduced matrix PKA activity. As
a result, TFAM is not efficiently disassembled
from Ox mtDNA. This leads to intramitochon-
drial retention and extrusion of Ox nucleoids.
Extracellular Ox nucleoids activate pDCs in a
TFAM/RAGE-dependent manner (7).

acterize SLE (Guiducci et al., 2010; Rowland et al., 2014,
Sisirak et al., 2014). The origin and nature of the NA ligands
that trigger TLR sensors in this disease remain unclear. Here,
we show that Ox mtDNA has a remarkable capacity to ac-
tivate pDCs in a TLR9-dependent manner. The mechanism
responsible for its increased interferogenicity compared with
¢DNA or NonOx mtDNA remains an open question. A
recent study demonstrated that cytosolic Ox gDNA is less
susceptible to TREX1-mediated degradation and contributes
to STING activation in a cell-intrinsic manner (Gehrke et
al., 2013). In our hands, Ox and Non Ox mtDNA display
similar susceptibility to degradation by extracellular deoxyri-
bonucleases (unpublished data). Likewise, we did not observe
differences in uptake, intracellular compartmentalization, or
stability of these two forms of mtDNA within pDCs (unpub-
lished data). Unique TLR 9-binding affinities and recruitment
of specific adaptors might explain these findings.
Mitochondria use MDVs to deliver Ox cargo to lyso-
somes for degradation. MDVs contain damaged respiratory
chain subunits, but were never found to incorporate mtDNA
(Soubannier et al., 2012a,b). Our data reveal, for the first
time, that neutrophil mitochondria remove Ox mtDNA in
the steady state into lysosomes through a pathway resembling
MDVs. This process seems to require nucleoid disassembly, as
TFAM is never found in complex with Ox mtDNA either
inside mitocondria or in the cytoplasm of healthy neutrophils.
The cationic protein TFAM binds RAGE on pDCs and
facilitates mtC internalization. Steady-state dissociation from
TFAM and exportation of Ox mtDNA into lysosomes might
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be in place to avoid that the highly interferogenic TFAM—-Ox
mtDNA complexes reach the extracellular space under con-
ditions that lead to plasma membrane rupture, such as necrosis
or NETosis. Nucleoid disassembly relies on TFAM phosphor-
ylation by protein kinase A (PKA; Lu et al., 2013). We show
that IFN/aRNP interfere with this step by decreasing the
availability of cAMP, which regulates PKA activity in the
mitochondrial matrix (Acin-Perez et al., 2009). This leads to
intramitochondrial localization of TFAM—-Ox mtDNA com-
plexes and, eventually, to their extrusion.

To address the in vivo relevance of our findings, we an-
alyzed neutrophils from SLE patient blood. In a large fraction
of patients, these cells recapitulate the mitochondrial alter-
ations observed in vitro, including aggregation and retention
of Ox mtDNA.These alterations are not found in neutrophils
from healthy children or JDM patients, who also overexpress
IFN-inducible transcripts but do not carry the same TLR7
agonist autospecificities (Robinson and Reed, 2011). Further-
more, Ox mtDNA elicits an immune response in SLE, as auto-
antibodies against this form of modified DNA are detected in
patient sera. Future studies will address whether neutrophil mi-
tochondrial changes and/or the presence of anti—-Ox mtDNA
autoantibodies can be used as biomarkers to stratify SLE pa-
tients with unique clinical phenotypes and/or disease course.

Our data support that therapeutic efforts to increase extra-
cellular and/or intracellular pathways involved in Ox mtDNA
degradation should be explored in human SLE, a disease for
which only one new drug has been approved in the past 50 yr.

MATERIALS AND METHODS

Patient information. This study was approved by the Institu-
tional Review Boards of the University of Texas Southwest-
ern Medical Center, Texas Scottish Rite Hospital for
Children, and Baylor Scott & White Health Care Systems
(Dallas, Texas). Informed consent was obtained from all pa-
tients or their parent/guardians. Blood samples were ob-
tained from patients fulfilling the diagnosis of SLE according
to the criteria established by the American College of
Rheumatology and of JDM patients with biopsy-proven
disease. Healthy pediatric controls were children visiting the
clinic either for reasons not related to autoimmunity or for
surgery not associated with any inflammatory diseases.

Antibodies, recombinant proteins, and chemicals. MitoTracker
Green, MitoTracker DeepRed, MitoSox, and CellRox were
purchased from Molecular Probes. Proteinase K was purchased
from Roche. Recombinant human GM-CSF was purchased
from BD. Recombinant human LL-37, R837, ODN-TTA
GGG, and ODN-2216 were purchased from InvivoGen. FcR
Blocking Reagent was purchased from Miltenyi Biotec. Anti-
body against SOHdG (J-1; rabbit polyclonal IgG2b) and all
chemicals were purchased from Santa Cruz Biotechnology, Inc.
Antibodies against LL-37, TFAM (Clone 18G102B2E11), Mi-
tofilin (Clone 2E4ADS5), YH2A.X, TOMM20 (Clone 4F3),
Pyruvate Dehydrogenase E2/E3bp (PDH), VDAC/Porin,
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Glyceraldehyde 3-phosphate  dehydrogenase (GADPH),
dsDNA, LAMP1 (Clone H4A3), and Rab7 were purchased
from Abcam. Antibodies against MnSOD were purchased from
Millipore. Antibodies against HMGB1, PGCla, and Phos-
pho-(Ser/Thr) PKA Substrate were purchased from Cell Sig-
naling Technologies. Genomic DNA was obtained from
BioChain. IRS661 and DVX41 were a gift from Dynavax
Technologies Corporation. Specified neutrophils were cul-
tured in the presence of )RNP-IgG (50 pg/ml), recombinant
human GM-CSF (50 ng/ml), diphenylene iodonium (DPI;
10 uM), MT (10 uM), CCCP (25 uM), Rotenone (5 pM), Oli-
gomycin (10 pM) plus Antimycin (1 pM; O+A), IRS661
(TLR7 antagonist; 1 uM), DVX42 (TLRS8 antagonist; 1 uM),
Bafilomycin A1 (BafAl; 1 uM), 8Br-cAMP (100 uM), IBMX
(50 uM), or H89 (1 uM).

Anti-RNP/Sm autoantibodies («dRNP) isolation. Serum sam-
ples from SLE patients were filtered through a 0.45-pm
polyvinylidene fluoride syringe. Anti-RNP/Sm and anti-
dsDNA titers were measured using commercially available
ELISA kits (GenWay Biotech). Samples positive for anti-
RNP/Sm and negative for anti-dsDNA were selected and
the total IgG fraction was purified using HiTrap Protein G
HP column (GE Healthcare). Once purified, the total IgG
fraction (aRNP) was desalted, dialyzed against PBS (Phos-
phate-Buffered Saline, pH 7.4), and quantified.

Cell isolation and culture. Blood from healthy donors was
collected in ACD tubes (Vacutainer; BD). Neutrophils were
then immediately isolated as previously described (Garcia-
Romo et al.,2011).All neutrophil cultures were performed in
complete RPMI supplemented with 2% FBS at cell density
1.25 million cells/500 pl. For IFN priming, neutrophils were
preincubated with IFNa2f (2,000 U/ml; Schering Corp.) for
90 min at 37°C before stimulation.To study the effect of TLR
ligands on mtDNA extrusion, neutrophils were cultured with
R837 (TLR7 agonist; 1 pg/ml) alone or in combination with
IRS661 (TLR7 antagonist; 1 uM) or with ODN2216 (TLR9
agonist; 1 pg/ml). Neutrophils were made necrotic by cultur-
ing the cells for 48 h. Cells were made apoptotic by UV irra-
diation or were made NETotic by PMA treatment (25 nM).
Monocytes were obtained from healthy PBMCs after magnetic
enrichment using negative selection (Stem Cell Technology).
For pDC isolation, the total DC fraction was obtained from
healthy bufty coats by magnetic cell sorting with the pan-DC
Enrichment kit (Stem Cell Technology). Highly pure (>99%)
plasmacytoid DCs (Lin” HLADR™ CD11c¢™ CD123") were
then isolated from this fraction by FACS sorting as previously
described (Garcia-Romo et al., 2011). PDCs were cultured
(3 X 10 cells/100 ul) with 40% neutrophil supernatants. Al-
ternatively, 400 ng/ml of synthetic Ox or nonOx mtDNA
or genomic DNA, all preincubated with LL-37 (50 pg/ml),
were used to stimulate pDCs. After 18 h, IFN-a levels in the
corresponding supernatants were measured with the Human
IFN-a Flex Set kit (BD). For blocking experiments, pDCs
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were preincubated, for 30 min at 37°C, with anti-TFAM (7
pg/ml; Cell Signaling Technology) or the corresponding iso-
type control, Recombinant Human RAGE-Fc Chimera (10
pg/ml; R&D Systems), BoxA (10 pg/ml; HMGBiotech), or
the TLR9 inhibitor ODN-TTAGGG (5 pM).

Supernatant analysis. Cell supernatants were collected after
3 h of culture, centrifuged for 10 min at 1,400 g to remove
cellular debris, and stored at —80C. For agarose gel electro-
phoresis, crude supernatants where treated with proteinase K
(PK; 1 mg/ml) for 60 min at 60°C, and then 20 pl of the di-
gested supernatants was loaded on 1% agarose gel and DNA
was visualized with GelRed Nucleic Acid Stain (Phenix Re-
search Products). For Western blot analysis, crude superna-
tants were concentrated three times with Concentrators PES
Spin Columns (MWCO 3K; Thermo Fisher Scientific), and
then boiled in 5X Lane Marker Reducing Sample Buffer
(Thermo Fisher Scientific) for 5 min at 100°C before SDS-
PAGE/Western blot analysis. Coomassie staining of the BSA
band was used to assure that equal amounts of supernatants
were loaded in each well.

Immunofluorescence microscopy (IF). Neutrophils or mono-
cytes were settled on poly-L-lysine—coated glass coverslips
and cultured for 3 h, or for 60 min for CCCP and O+A ex-
periments. Cells where then rinsed with PBS and fixed with
4% paraformaldehyde for 20 min at room temperature. Cells
were permeabilized with 0.05% Triton X-100 in PBS for
5 min at room temperature, and then treated with Block-
ing Buffer (1% goat serum, 1% FcR Blocking Reagent and
1% BSA in PBS) for 30 min at room temperature. Primary
and secondary antibody stainings were performed in Stain-
ing Buffer (1% BSA in PBS). Isotype specific anti-mouse or
anti—rabbit Alexa Fluor 488 or Alexa Fluor 568 were used
as secondary antibodies. Counterstaining of cell nuclei was
performed with the Hoechst stain (Molecular Probes). Sam-
ples were embedded in ProLong Gold Antifade Reagent
(Molecular Probes) and examined with a TCS SP5 confo-
cal laser-scanning microscope equipped with a 63X/1.4 oil
objective (Leica). Image] software (Version 1.47t; National
Institutes of Health) was used for analysis. For the TUNEL
assay, the Click-iT TUNEL Imaging Assay kit (Molecular
Probes) was used according to the manufacturer’s instruc-
tions. The percentage of co-localization was calculated from
the Manders' Overlap Coeflicient using the Co-localization
analysis plugin (Image]).

Flow cytometry. For mitochondrial mass assessment, cells
were labeled with MitoTracker Green (25 nM) for 30 min at
37°C, and then analyzed immediately by flow cytometry.
Apoptosis progression was assessed with the APO-BrdU
TUNEL assay kit (Molecular Probes) following the manufac-
turer’s instructions. For TOMM20, LAMP1, or Rab7 surface
expression, cells were cultured for 3 h, washed with FACS
buffer (PBS + 1%FBS), and then stained with the corre-
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sponding antibodies or isotype controls. For total TOMM?20,
LAMP1, or Rab7 expression, cells were permeabilized with
Cytofix/Cytoperm (BD) before proceeding with antibody
staining. For mitochondria depolarization, cells were incu-
bated for 3 h at 37°C. MitoTracker DeepRed (25 nM) was
added the last 30 min of culture. Cells were then washed in
PBS and analyzed immediately by flow cytometry. For ROS
quantification, cells were loaded for 30 min at 37°C with
MitoSox (2.5 pM) or CellRox (2.5 uM). Cells were then
washed, cultured for 3 h as described, and then subjected to
flow cytometry analysis.

Assessment of cell lysis. The degree of cell lysis was as-
sessed by quantifying the activity of the cytosolic enzyme
LDH using the Lactate Dehydrogenase Activity Assay kit
(Sigma-Aldrich) according to the manufacturer’s instruc-
tions. Results were normalized to the enzyme activity in the
total cell lysate (Input).

SDS-PAGE and Western blot. Cultured cells were washed in
PBS, and then lysed in RIPA buffer in the presence of Halt
Protease and Phosphates Inhibitor Cocktail (Thermo Fisher
Scientific). Samples were incubated on ice for 30 min and
then centrifuged (13,000 g for 10 min at 4°C). The superna-
tants containing the protein fraction were collected and stored
at —80°C until further analysis. Protein concentration was
estimated using the BCA kit (Thermo Fisher Scientific) fol-
lowing the manufacturer’s instructions. 40 pg of proteins were
resuspended in 5X Lane Marker Reducing Sample Buffer
(Thermo Fisher Scientific), boiled for 5 min at 100°C, and
then subjected to electrophoresis with Mini-PROTEAN
TGX Precast Gel (Bio-Rad Laboratories). The proteins were
then transferred to nitrocellulose membranes, blocked for 1 h
in 5% nonfat dry milk in TBST (Tris Buffered Saline contain-
ing 0.1% Tween-20), and incubated overnight at 4°C with the
primary antibodies. After washing in TBST, the membranes
were incubated for 1 h at room temperature with Poly
HRP-conjugated anti—rabbit or anti-mouse IgG (Thermo
Fisher Scientific). ECL Plus reagents (GE Healthcare) were
used for detection. Digital images were acquired with Chemi-
Doc MP System (Bio-Rad Laboratories) and analyzed with
Image Lab Software (Bio-Rad Laboratories).

Immunoprecipitation (IP) and co-IP. For co-IP of mtDNA~
protein complexes, 1 ml crude neutrophil supernatants was
precleared with 20 pl protein A/G plus agarose (Santa Cruz
Biotechnology, Inc.) for 1 h at 4°C. IP was performed over-
night at 4°C with anti-dsDNA antibody (10 pg/ml), followed
by addition of 20 pl of protein A/G plus agarose for another
4 h. Immunoprecipitates (IP beads) were collected and
washed five times with PBS, resuspended in 5X Lane Marker
Reducing Sample Buffer, boiled for 5 min at 100°C, and then
subjected to SDS-PAGE/Western blot analysis. Alternatively,
washed IP beads were treated with PK (1 mg/ml) for 60 min
at 60°C.The digested material was then loaded on 1% agarose
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gel and DNA was visualized with GelR ed Nucleic Acid Stain.
For intracellular for TFAM—-8OHAdG complexes or phos-
pho-TFAM detection cells were gently lysed in ice-cold IP
Lysis/Wash Buffer (Thermo Fisher Scientific) supplemented
with Halt Protease and Phosphatase Inhibitor Cocktails
(Thermo Fisher Scientific). Cell lysate (75 pg proteins) was
incubated overnight with anti-TFAM antibody (10 pg/ml).
Subsequently, 20 pl of protein A/G plus agarose were added
for additional 6 h. The beads were then washed five times
with 10 mM Tris HCl/20 mM NaCl (for TFAM-8OHdG
complexes) or with PBS (for phospho-TFAM detection) and
the associated complexes/proteins were released from the
immunocomplexes by incubation for 5 min at 100°C with
2% SDS (for TFAM—-8OHAdG complexes) or with 5X Lane
Marker Reducing Sample Buffer (for phospho-TFAM de-
tection). The dissociated complexes/proteins were then col-
lected by centrifugation and dot blotted to a nitrocellulose
membrane (for TFAM—-8OHdG complexes) or subjected to
SDS-PAGE for Western blot analysis (for phospho-TFAM
detection). To avoid interference of heavy and light antibody
chains, HRP-conjugated Clean-Blot IP Detection Reagent
(Thermo Fisher Scientific) was used as a detection reagent.

Isolation of DNA from supernatants and analysis. Superna-
tants (500 pl) were digested with PK (1 mg/ml) for 60 min
at 60°C and then mixed with 1 vol UltraPure Phenol/Chlo-
roform/Isoamyl Alcohol (25:24:1 vol/vol/vol; Invitrogen).
DNA was precipitated from the aqueous phase with Am-
monium Acetate and 100% Ethanol. Glycogen (20 pg/ml)
was added as a carrier. The DNA pellet was washed twice
with 75% Ethanol, vacuum-dried, and then resuspended
in 40 pl TE Buffer, pH 8. DNA concentration was assessed
with Quant-iT Picogreen dsDNA Assay kit (Invitrogen).
PCR was performed with 5 ng of isolated DNA, AmpliTaq
Gold 360 (Invitrogen) and 0.5 pM of the following primers:
mtDNA encoded NADH dehydrogenase subunit 1 (ND1;
5'-GCATTCCTAATGCTTACCGAAC-3" and 5'-AAG
GGTGGAGAGGTTAAAGGAG-3'); genomic DNA en-
coded Glyceraldehyde 3-phosphate dehydrogenase (GAP
DH; 5'-AGGCAACTAGGATGGTGTGG-3" and 5'-TTG
ATTTTGGAGGGATCTCG-3').

The PCR conditions were as follows: 95°C for 10 min;
30 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 60 s
with a final extension of 72°C for 7 min. PCR products
were resolved on a 3% agarose gel. For dot blot assay, 5 ng of
DNA was blotted on a positively charged nylon membrane
using the Bio-Dot Microfiltration System (Bio-Rad Labo-
ratories), and then cross-linked by UV irradiation for 3 min.
The membranes were blocked with 5% nonfat dry milk in
TBST for 2 h at room temperature before overnight incu-
bation, at 4°C, with the primary antibodies (diluted 1:200
in TBST) or with patients’ sera (diluted 1:200 in 1% nonfat
dry milk in TBST). After washing in TBST, the membranes
were incubated for 1 h at room temperature with Poly HRP-
conjugated anti-rabbit, anti-mouse, or anti-human IgG.
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ECL Plus Western Blotting Detection Reagent (GE Health-
care) was used for detection.

Quantification of extruded mtDNA. 3 ng of DNA isolated
from cell-free supernatants were subjected to Real-Time
PCR with Power SYBR Green PCR Master Mix (Invit-
rogen) and 0.5 pM of the primers described above. Results
were expressed as mtDNA copy number (Venegas and Hal-
berg, 2012). When the DNA concentration was too low to
perform ethanol precipitation/Real-Time PCR, the amount
of extruded mtDNA was measured in the PK-digested super-
natants with Quant-1T Picogreen dsDNA Assay kit (Invitro-
gen) as previously described (Yousefi et al., 2009).

Quantification of mtDNA copy number in total cell extract.
Total DNA was extracted from neutrophils or monocytes
with the DNAzol Reagent (Invitrogen). The abundance of
genomic and mtDNA were assessed by Real-Time PCR and
the results were expressed as mtDNA copy number as de-
scribed in the previous section.

In vitro mtDNA generation and labeling. mtDNA was ampli-
fied using two overlapping fragments, each ~8.5 kb, with pre-
viously reported primers (Fendt et al., 2009). Amplification
reaction was performed against human genomic DNA using
elongase enzyme mix (Invitrogen). Ox mtDNA was gener-
ated by performing PCR reaction in presence of 200 pM
8-Ox0-2'-dGTP (TriLink). Amplicons were purified from
residual primers and dNTPs by MSB Spin PCRapace
(B-Bridge International).

Microarray analysis. Cells were cultured with medium
or CCCP (25 uM) for 60 min, and then lysed with RLT
Lysis Buffer (QIAGEN). Total RNA was isolated using the
RNeasy kit (QIAGEN), amplified, and then labeled with
Mlumina TotalPrep RNA amplification kit (Invitrogen).
Agilent 2100 Analyzer (Agilent Technologies) was used to
assess RINA integrity. Biotinylated complementary RINA
(cCRNA) was hybridized to Human-6 Beadchip Array ver-
sion 2 and scanned on Beadstation 500 (both from Illu-
mina). Fluorescent hybridization signals were assessed with
Beadstudio software (Illumina), and statistical analysis and
hierarchical clustering were performed with GeneSpring
7.3.1 software (Agilent Technologies). Function and inter-
actions of differentially expressed genes were inferred using
Ingenuity Pathways Analysis (IPA 8.5). Raw microarray
data were submitted to Gene Expression Omnibus under
accession no. GSE78243.

Mitochondria isolation and Western/dot blot assay. Mito-
chondria were isolated from 107 neutrophils using the Mito-
chondria Isolation kit (Thermo Fisher Scientific) following
the manufacturer’s instructions. For Western blot analysis, the
mitochondrial pellet was resuspended in 5X Lane Marker
Reducing Sample Buffer (Thermo Fisher Scientific), boiled
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GSE78243

for 10 min at 100°C, and then subjected to SDS-PAGE/
Western blotting as described in the SDS-Page and Western
blot section. For Ox DNA dot blot assay, mitochondrial pellet
was digested with PK (1 mg/ml) and 0.5% SDS for 60 min
at 60°C. MtDNA was then precipitated, quantified, and sub-
jected to dot blot assay as described before.

Reconstitution of MDV formation in vitro. Mitochondrial
budding assay was done as previously described (Souban-
nier et al.,2012b). In brief, purified mitochondria from 200
million neutrophils were incubated in 100 pl of an osmoti-
cally controlled, buffered environment, including an energy
regenerating system, where the final concentrations of the
reagents were: 50 pM antimycin, 220 mM mannitol, 68 mM
sucrose, 80 mM KCI, 0.5 mM EGTA, 2 mM magnesium
acetate, 20 mM Hepes, pH 7.4, 1 mM ATP, 5 mM succinate,
80 uM ADP, and 2 mM K,HPO,, pH 7.4. After 60 min
at 37°C, the intact mitochondria were removed from the
mixture by two sequential centrifugations at 7,400 g at 4°C.
For Western blot, the supernatants containing the MDVs
fraction were treated with 0.5 mg/ml trypsin for 10 min at
4°C. After trypsin treatment, loading buffer was added and
the samples were separated by SDS-PAGE, transferred to ni-
trocellulose membranes, and blotted. For mtDNA content,
the supernatants containing the MDVs fraction were incu-
bated 20 min at 4°C in the presence of 25 U/ml of DNase
I (Roche) to degrade unprotected mtDNA. Thereafter, the
supernatants were digested with 1 mg/ml PK and 0.5% SDS
for 60 min at 60°C. MtDNA was then precipitated and sub-
jected to agarose gel electrophoresis, as described in the Su-
permatant Analysis section.

Mitochondrial cAMP assay. Neutrophil-enriched mitochon-
drial fraction was obtained as previously described (Maianski
et al., 2004). cAMP levels were measured with the Cyclic
AMP XP Assay kit (Cell Signaling Technologies) after the
manufacturer’ instructions and results were then normalized
to the protein content.

Measurement of mtDNA in the cytosolic extracts. Cytoso-
lic extracts were generated largely as described previously
(Holden and Horton, 2009). In brief, 2 X 10" neutrophils
were resuspended in 700 pl buffer containing 150 mM NaCl,
50 mM Hepes, pH 7.4, and 25 pg/ml digitonin. The ho-
mogenates were incubated end over end for 10 min, to allow
selective plasma membrane permeabilization, and then cen-
trifuged at 1,400 g for 4 min two times to pellet intact cells.
The cytosolic supernatants were transferred to fresh tubes and
spun at 13,000 g for 8 min to pellet any remaining cellular
debris and organelles. Protein concentration and volume of
the cytosol extracts were normalized and DNA was isolated
from 500 pl of the extracts as described above in the Isola-
tion of DNA from supernatants and analysis section. mtDNA
copy number was measured by RT-PCR with the same vol-
ume of the DNA solution.

JEM Vol. 213, No. 5

Statistics. Results are shown as the mean * SD. Statistical
significance of differences was determined by Student’s t test
or analysis of variance (ANOVA; Tukey-Kramer’s post-hoc
test). P < 0.05 was considered significant. Correlation be-
tween variables was determined by using the Spearman test.
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