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Interferon-inducible protein (IFI204) (p204, the murineomolog of human IFI16) is known
as a cytosolic DNA sensor to recognize DNA viruses and intratlular bacteria. However,
little is known about its role during extracellular bacteal infection. Here we show that
IF1204 is required for host defense against the infection d&taphylococcus aureus an

extracellular bacterial pathogen. IF1204 de ciency restd in decreased survival, increased
bacterial loads, severe organs damage, and decreased recitment of neutrophils and
macrophages. Production of several in ammatory cytokine&hemokines including IFNb

and KC is markedly decreased, as well as the related STING-F3 and NFkB pathways

are impaired. However, exogenous administration of recomhbant KC or IFNb is unable

to rescue the susceptibility of IFI204-de cient mice, suggsting that other mechanisms
rather than KC and IFNb account for IFI204-mediated host defense. IFI204 de cieng

leads to a defect in extracellular bacterial killing in magphages and neutrophils, although
bacterial engulf, and intracellular killing activity areonmal. Moreover, the defect of
bactericidal activity is mediated by decreased extracellar trap formation in the absence
of IFI1204. Adoptively transferred WT bone marrow cells sigonantly protect WT and

IF1204-de cient recipients againstStaphylococcus infection compared with transferred
IF1204-de cient bone marrow cells. Hence, this study suggsts that IFI1204 is essential
for the host defense againstStaphylococcus infection.

Keywords: Staphylococcus aureus (MRSA), IFI204, DNA sensor, STING, IFI16, innate immune, phag ocytosis,
extracellular trap

INTRODUCTION

The pathogenStaphylococcus aurepsrsistently colonizes a large proportion of the human
population and is a frequent cause of skin and soft tissue filafies, pneumonia, and sepsis. Despite
intense research in understanding the pathogenesis aneidaibbgen interaction, the mechanisms
by which Staphylococcus cleared from the host are largely unclari ed, thereby imipedthe
development of novel strategies for control of this infeatio
The innate immune system plays a key role in the early recagniand elimination of invading

pathogens. Sensing bacteria through pattern recognitioepters (PRRs) enables innate immune
cells to categorize microbial invaders and to initiate appiaigr signaling cascades that mobilize
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defense mechanismsl)( Characterized as a DNA sensor, 100 U/mL penicillin, and 100 U/mL streptomycin at 3Z in a
interferon-inducible protein 204 (IF1204) (its human ortloy  humidi ed atmosphere containing 5% COCells were harvested
IFI16) is one member of PRRs that detects cytosolic DNA fofor assays at day 7 of di erentiation. For isolation of ekdt
the type | IFN response?]. In response to cytosolic DNA peritoneal macrophages (PMs), age- and sex-matched WT and
stimulation or virus infection, IFI204/IFI16 interactsthiSTING  IFI1204-de cient mice were intraperitoneally (i.p.) injectevith
to induce TBK1-dependent IFN-production. Several studies 1.0 mL of 3% sterile thioglycollate broth (Sigma-AldricRpur
also reported that IFI204/IFI16 recognizes DNA viral genemedays after the injection, cells were harvested by i.p. lavéthe w
in the nucleus and activates the in ammasome pathway througlice-cold PBS and cultured in DMEM medium containing 10%
ASC and caspase-1, leading to l-&nd IL-18 production,4).  heat-inactivated FBS.

IFI1204/IF116 is also implicated in sensing intracellular
bacterial infection. Knockdown of IFI204/IFI16 by small Pulmonary and Systemic Infection
interfering RNA signi cantly inhibited IFNb release in response StaphylococcudSA300 strain was grown to exponential phase
to intracellular bacterial infections such &sancisella novicida in Tryptic Soy Broth (TSB) at 3T. Six to eight weeks old sex-
(5), Listeria monocytogenegs), Mycobacterium bovig(7). matched mice were intranasally or intravenously infectechwit
Previously, we also showed thasteria monocytogendsrived 1 1 or 2 1@ colony-forming unit (CFU)Staphylococcus
genomic DNA triggered programmed cell death in humanUSA300 diluted in PBS in a total volume of 20 or 200
trophoblasts via IFI16§). Obviously, cytosolic bacteria-derived mL. Bronchoalveolar lavage uid (BALF) was obtained by
dsDNA is the stimulating ligand for IF1204/IFI16-mediated lavaging the lung with 1 mL PBS containing I@8§mL soybean
immune responses. trypsin inhibitor.

In contrast to the extensive studies of IFI204/IF116-méelia )
response to viral and intracellular bacterial infectionsotigh Bacterial Burden and
gene knockdownin vitro, there is little knowledge regarding Cytokine Measurements
the role of IFI204/IFI16 in response to extracellular baeteri Aseptically excised tissues were homogenized. Seriaibaituof
infection. Here, using IFI204-de cient mice we explored thetissue homogenates were plated on agar plates and bactedal lo
action of IFI204 in host defense agaigaphylococcpughich is  (CFU/g) were determined by colony counting after overnight
generally spoken as an extracellular bacteria. incubation. The tissues were homogenized mechanically in

We nd that IFI204 protects the host againStaphylococcus cold PBS (at a ratio of 6mL per gram tissue) containing
infection. IFI204-de cient mice exhibit higher mortalityates, complete protease inhibitor cocktail and 1% Triton X-100.
more bacterial loads, and severer organs damage compared witissue homogenates were then centrifuged at 12,000 rpm for
control mice. Although IFI204 de ciency results in a defeft 20 min. The supernatants were collected. Concentrations of
IFN-b and KC production through impairing STING-IRF3 and various cytokines/chemokines in BALF, tissue homogenates
NF-kB signaling, neither IFNs nor KC accounts for IFI204- cell culture supernatants were determined by ELISA using
mediated host defense. IFI204 de ciency inhibits extiat@l  antibody pairs from R&D according to manufacturer's manual.
bacterial killing rather than engulf and intracellular kilg
activities. Interestingly, we nd that the defect of badtetal Tissue Histology and Immunostaining
activity in the absence of IFI204 is mediated by decreasefissue samples oflung and kidney were xed in bu ered formalin
extracellular trap formation. Collectively, our resultsggest solution (4%) and embedded in para n. Tissue sectionsr{f)
that IFI204 is essential for the host defense against esdtidar ~ were depara nized, rehydrated, and stained with hematonxyli

bacterial infection through enhancing bactericidal aityiv eosin. For immunohistochemistry, sections were subjected t
an antigen retrieval step, followed by blocking for 1 h at room

MATERIALS AND METHODS temperature, then stained with IFI204 (Lifespan), Ly-6GfAgy-
(BioLegend), and F4/80 (BioLegend) antibodies. Subséiyuen

Mice and Cells speci ¢ staining was detected using the UltraSensitive S-P

IFI204-de cient mice were purchased from Nanjing BiomedicaKit and DAB Detection Kit (Maixin-Bio) according to the
Research Institute of Nanjing University (Nanjing, China)dan manufacturer's directions. For immuno uorescence, celksrev
were subsequently backcrossed onto the C57BL/6J backgjroustained with phospho-IRF3 (Santa Cruz), IFI204 (Lifespan),
for another eight generations. Heterozygous breeding peéi®  STING (Proteintech) primary antibodies, and Alexa Flfor
used to generate wild-type (WT) mice. Bone marrow-derivedt88-conjugated secondary antibodies (Invitrogen). Kidell
macrophages (BMDMs) were isolated from mouse femurs of 8apoptosis was analyzed by TUNEL staining using a commercial
10 week old mice and cultured in RPMI1640 medium containingkit (KeyGEN Biotech). DAPI (ing/mL) was used to stain nuclei.
10% heat-inactivated FBS, 25% L929 cell-conditioned mediu

Quantitative PCR

Abbreviations:IFI204, interferon-inducible protein 204; IFI16, interferomgma ~ RNA was isolated using TRI reagent (Sigma-Aldrich) and
inducible protein 16 StaphylococcuStaphylococcus aure®dOl, multiplicity of converted into cDNA. Subsequently, Real-Time PCR assays

infection; BMDM, bone marrow-derived macrophage; PMA, phorbol 12istgte . .
13-acetate; PRR, pattern recognition receptor; TLR, toll-like rece®oING, were performed using SYBR Green (ROChe) on ABI Prism

stimulator of interferon genes; CFU, colony-forming unit; H&E, hemeylin and 7500 sequence detection system (Applied Biosystems). Gene
eosin; rIFNb, recombinant IFNb; rKC, recombinant KC. expression levels were calculated using the% method. The
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following primers were used: IFK-sense $ACT GCC TTT incubated withStaphylococc Ol D 5) for 1 h, and then non-
GCC ATC CAA GA-3 antisense 5BCAC TGT CTG CTG GTG engulfed bacteria were killed with 16@/mL gentamicin for 1 h.
GAG TT-2 KC sense 8BACC CTG AAG CTC CCT TGG TT- The cells were lysed with 0.1% Triton X-100 and intracellular
3% KC antisense BAGA AGC CAG CGT TCA CCA GA-8  bacterial were enumerated by serial dilution and plating GBT
IFI204 sense®CAG GGA AAA TGG AAG TGG TG-8 IFI204  agar plates. To determine whether IFI204 impact the extraeellu
antisense 5CAG AGA GGT TCT CCC GAC TG83 GAPDH  bacterial kiling capacity of macrophages or neutrophils, WT
sense $CAC CCC AGC AAG GAC ACT GAG CAA G3B and IFI204= BMDM or neutrophil were incubated with
antisense GGG GGT CTG GGA TGG AAATTG TGA G3 Staphylococc MOl D 5) for 6 h, the supernatant was collected
and centrifuged at 600 g for 5min. The pelleted bacteria were
Western Blotting resuspended in PBS and plated on TSB agar plates to enumerate
The cells or tissues were homogenized in lysis bu er solugidn  the extracellular bacteria.
Triton X-100, 50 mM Tris-HCI, 150 mM NacCl, 0.1 mM N&¥O4)
supplemented with complete protease inhibitor cocktail (Sigma .
Aldrich). The lysates were separated by SDS-PAGE, arfdTS Formation Assays
transferred onto PVDF membrane. The membranes were blotteBone marrow macrophages or neutrophils were isolated from
with antibodies against IFI204 (Lifespan), phospho-IRF3 ($antVT or IFI204 = mice. The cells were seeded on 12-mm
Cruz), phospho4Ba (Cell Signaling Technology)kBa (Cell 0.01% poly-I-lysine—coated coverslips in 24 well-plates ane wer
Signaling), phospho-NkB P65 (Cell Signaling), IRF3 (Abcam), challenged with bacteria (MOD 50). Cells were xed with
IF1204 (Lifespan), STING (Proteintech), GAPDH (Proteirtigc 4% paraformaldehyde and then stained with SYTOX Orange

or b-Tubulin (Sungene Biotech). (5mM) and Hochest 33342 (@M). ETs were visualized on a
uorescence microscope and images were taken. Macrophages

Administration of Recombinant KC were stimulated with bacteria (MAD 50) and PMA (100 nM).

and IEN-b SYTOX Orange was added after 6h and uorescence was

IFI204 = mice were i.p. injected recombinant KC or IFN- measured by spectro uorometry.

b (MBL International) at a dose of 1.0ng per mouse in
100mL PBS on Day 1 and Day 0. The mice were infected
intranasally with 1 18 CFU of Staphylococcusn Day O.
Aseptically excised tissues were homogenized at 24 hpil Se
dilutions of tissue homogenates were plated on agar plates a
bacterial loads (CFU/g) were determined by colony countin
after overnight incubation.

Adoptive Transfer of Bone Marrow Cells
I%’{x-eight week old mice were lethally irradiated with 10 Ggo

diation at a rate of 1.5 Gy/min in &’Cs irradiator. Within

h of irradiation, mice received an intravenous injection8

1P bone marrow cells harvested from the femurs and tibias of
WT or IFI204 = mice. Mice were allowed to recover at least 7
weeks before being used for experiments. E cient reconsiitut
by donor bone marrow cells was con rmed by PCR for the IFI204
gene in splenocyte§igure 8G).

In vivo Neutralization of IFNAR1

Mice were i.p. inoculated with 2.5mg anti-mouse IFNAR1
neutralizing mAb (clone MAR1-5A3, BioXcell) or 2.5mg IgG
isotype control (Clone MOPC-21, BioXcell). Twenty-four heur
later, the mice were anesthetized with pentobarbital sodiund MPO A

. ; . sSsa
i.v. challenged with 2 10° CFU of Staphylococcissispended in y

i i i 0,
200 PBS. Mortality was monitored. Lung tissues were homogenized in 0.5%

cetyltrimethylammonium chloride (4 mL/mg lung). The
cleared supernatant was used for MPO assay to determine the

‘ ) o i in Itration of neutrophils. Briey, samples in duplicate (75
To determine whether IFI204 impact the bacterial internatian mL) were mixed with equal volumes of the substrate (B3

of Staphylococcug.5 10° CFU/mL live or heat-killed bacteria tetramethyl-benzidine dihydrochloride, 3 mmol/L; resoral,
were incubated with 0.15 mg/mL uorescein isothiocyanate| o ymol/L: and H,0,, 2.2 mmol/L) for 2min. The reaction

(FITC) in the dark for 30 min at RT. The bacteria were washed, 55 stopped by adding 15fL of 2 mol/L H,SQy. The OD was
3 times with PBS to remove unbound FITC. WT or IFI264  oasured at 450 nm.

BMDM were treated with FITC-labeled live or killed bacteria

(MOI D 5) for indicating times. The extracellular uorescence

was quenched using 0.2% trypan blue. The mean uorescenestatistical Analysis

intensity (MF_I) of the FITC-positive cells were determined bypaie are represented as mean SEM. Di erences between

ow cytometric analyses. mean values of normally distributed data were assessed with
one-way ANOVA (Dunnett'st-test) and two-tailed Studentts

Intracellular and Extracellular test. Log-rank test was used for statistical analysis of ahim

Killing Assays mortality. p < 0.05; p < 0.01 compared with control

To determine whether IFI204 impact the intracellular baciéri group. Statistical analysis was performed using Prism (GraphPad

killing capacity of macrophages, WT or IFI202 BMDM were  Software, La Jolla, CA).

Internalization Assay
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RESULTS Our results showed that IFI204 staining was mainly detected

. . in the recruited in ammatory cells of the infected lungs
IFI204 De ciency Attenuates Bacterial (Figure 3A). Next, we asked if IFI204 regulated host defense

Clearance Following  Staphylococcus againstStaphylococcusystemic infection. WT and IFI204
Pulmonary Infection mice were i.v. infected with 1 10° CFU of Staphylococcus
Using Staphylococcuisng infection model, we initially explored Animal mortality was then monitored for 10 d. IFI204 mice
the possible involvement of IFI204 in the host responselemonstrated a signi cantly lower survival rate than theirfw
to Staphylococcumfection. WT (wild-type) and IFI1204~ counterparts Figure 3B). Kidney injury was more severe in
(IF1204-de cient) mice were intranasally infected with 1108 IFI204 = mice compared with WT mice as determined by H&E
CFU (colony-forming units) ofStaphylococcuBacterial burdens and TUNEL histology Figures 3C,D). To determine whether a
were assessed in BALF (bronchoalveolar lavage uid), bloodefect in bacterial clearance contribute to the death oR0@-
and various tissues at 16 hpi by CFU counting. Signi cantlyde cient mice, bacterial numbers in blood, spleen, kidneyd a
more bacteria were detected in the lungs, BALF and blood diver were enumerated at 24 hpi. As compared with WT mice,
IFI204 = mice compared with WT miceHigures 1A-H. Inline  IFI204-de cient mice had higher bacterial burdens in blood
with this, histopathological examination of lung tissueswgter and kidney Figures 3E-H, indicating that IFI204 de ciency
Staphylococcushallenge showed that there were more severtacilitates bacterial growth and dissemination.

injury in IFI204 = mice (Figure 1G. To further characterize

the role of IFI204 in host defense agairgtaphylococcuWT  |F1204 Promotes Cytokines/Chemokines
and IFI204 = mice were intranasally infected with 2 1 Production in Macrophages

CFU ofStaphylococcasd animal mortality was then monitored. Next, we set out to characterize the in ammatory response i W

IF1204 _ mice demonstrateq a sllght_lower surv_|val rateandIFI204-de cient macrophagé@svitro. Bone marrow-derived
than their V_VT_counter_parts within ;18 hplk,] but the di erence macrophages (BMDM) derived from WT mice were infected
m?j IEloztojligsmir?\?gltve?%zrﬁj;?.de-gerl::('e ; Zsig;ad a;al suggGStwith Staphylococcue a multiplicity of infection (MOI) of 1:50.

. . 9 PRYIOCOCEUS 21204 mRNA and protein levels were signi cantly up-regulated
pulmonary infection. by bacteria challengeFigures 4A,B. We further examined
. IF1204 expression by immuno uorescence. IFI204 was detecte
IFI204 De C!ency Decreased In ammatory in the nuclear of WT cells and absent from IFI204-de cientise
Cells Recruitment and (Figure 40). We next asked if IFI204 de ciency impair cytokines
Cytokines/Chemokines Production production in macrophageStaphylococcasamatically induced
To identify the potential mechanisms that contribute tolFN-b and KC mRNA and protein expression in WT cells
higher bacterial loads in IFI204& mice, we examined lung (Figures 4D—G. However, the levels of IFK-and KC were
recruitment of neutrophil and macrophage because thessigni cantly reduced in IFI204-de cient macrophages. IBRis
cells are critical for the clearance of bacteria. Histalabji characterized as a DNA sensor. A similar e ect of IFI204 on
study showed less neutrophils and macrophages accumulatitfC and IFN-b production triggered byStaphylococciderived
in the airways of IFI204= mice at 24 hpi compared genomic DNA was found Kigures 4H,l). Collectively, these
with WT mice (Figures 2A,B. In mice receiving the sham- results providedn vitro evidence that IFI204 mediates cytokine
operation, no signi cant cellular in ux was observed in the secretion, which was consistent with timevivo data.
lung of both genotype mice. To determine if the decreased
in ammatory cells in ux is dependent on inferior production |F|204 De ciency Suppresses STING-IRF3
of cytokines/chemokines followin§taphylococcusfection, we _ : :
measured the expression of cytokines (IL-6, k,-And IFN- and NF- kB Slgna“ng
b) and chemokines (KC/CXCL1, CXCL2, and CXCL10) in
lung homogenates, BALF or blood at 24 h afftaphylococcus
challenge Figures 2C—N. Bacterial challenge dramatically
induced the release of these cytokines/chemokines from W
mice. However, the production of these cytokines/chemaokine
in IFI204 = mice were attenuated compared with WT mice.
Thus, IFI204 de ciency results in impaired immune responges t
Staphylococcymilmonary infection.

To illustrate the signaling mechanism that results in cyteki
decrease upoBtaphylococcusfection in the absence of IFI1204,
IRF3 activation was assessed by Western blotting. The data
owed that IRF3 was hypophosphorylated in IFI204-de cient
MDMs and peritoneal macophages compared with the control
cells Figure 5A). To further dissect the pathway, we analyzed
STING, which plays a pivotal role in DNA-triggered induction
of IFN-b (9). A signi cant decreased induction of STING
was seen in IFI204-de cient macrophagesigure 54). The

. . defect activation of STING and IRF3 were conrmed by
IFI204 De ciency Attenuates Bacterial immuno uorescence assayFigure 5B). IFI204 de ciency also

Clearance Following Staphylococcus inhibited bacterial genomic DNA-triggered STING and IRF3
Systemic Infection activation Figure 50). Moreover, NFkB signaling was largely
To further characterize the role of IFI204 in pulmonary defen impaired in the absence of IFI204, showed by the reduced
against Staphylococcughe expression of IFI204 in the lung phosphorylation levels of p65 and&Ba in the treated IFI1204-
sections was investigated by immunohistochemical stginin de cient macrophagesHigure 5D). Consistently, the lung tissues
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FIGURE 1 | Interferon-inducible protein 204 (IFI204)-de cient mice disiy increased susceptibility toStaphylococcus pulmonary infection.(A—F) Age- and
sex-matched WT (1D 8) and IFI204 = (n D 10) mice were infected intranasally with 1 108 CFU of Staphylococcus. Homogenized tissues, BALF and blood were
subjected to plating serial dilution for bacterial loads at6 hpi. All data are shown as mean SEM. Student's t-test was performed. *p < 0.05. (G) Hematoxylin-eosin
staining of lung tissues collected from WT and IFI204~ (n D 5 each group) mice at 48 hpi. Magni cation 40 or 200 . (H) WT and IFI204 = mice were
inoculated intranasally with 2 108 CFU of Staphylococcus (n D 15) or PBS @ D 13). The animals were monitored every 6 h up to 48 h for surviva
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FIGURE 2 | IFI204 is required for elevated in ammatory cells recruitmerdnd cytokines/chemokines production afterStaphylococcus pulmonary infection. WT and
= mice (n each group) were infected intranasally witl of Staphylococcus for . Representative immunohistochemical staining
IF1204 D 10 each fected Il h 1 108 CFU of Staphy! for 24h. R h h | Gy
r-1 (a neutrophil marker) an a macrophagocyte marker) were performed in the lung sgions. (C-N) Levels o , , IL-6, IL-b, ,an
Gr-1 hil ki B) F4/80 h k fi din the | i C-N) Levels of KC, CXCL2, IL-6, IL-b, CXCL10, and
in lung, or blood were determined. ata are shown as gan . Students t-test was performed. * < 0.05; **p < 0.01.
IFN-bin | BALF or blood d ined. All d h SEM. Student's rf d 0.05; * 0.01

of IFI204-de cient mice challenged with bacteria showed &hese results suggested that up&iaphylococcushallenge,
similar trend in signi cantly reduced STING-IRF3 and NEB  IFI204 de ciency impaired the Sting-IRF3 and N¥B pathways
activation compared with the control$-igure 58. Collectively, in vitro andin vivo.

Frontiers in Immunology | www.frontiersin.org 6 March 2019 | Volume 10 | Article 474


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Chen et al. IFI204 InhibitsStaphylococcus Infection

FIGURE 3 | IFI204-de cient mice displayed increased susceptibility t@Staphylococcus systemic infection.(A) Lung sections were stained with anti-IFI204(B)

WT (D 15) and IFI204 = (n D 13) mice were infectedi.v with 1 108 CFU of Staphylococcus. The animals were monitored daily up to 10 days for survivalhe
Kaplan-Meier and log-rank methods were used to analyze suival rates.(C,D) Kidney tissues were collected from WT and IFI204= mice at 48 hpi ( D 5 each
group). Kidney injury was assessed by hematoxylin-eosin aining (C) and terminal deoxynucleotidyl transferase dUTP nick end ieling (TUNEL) histologyD).
Representative results are depicted(E—H) Bacterial loads in kidney, liver, spleen, and blood of Wh({D 8) and IFI204 = (n D 10) at 20 hpi were determined. All data
are shown as mean SEM. Student's t-test was performed. *p < 0.01.

Neither KC Nor IFN- b Contributes to anti-IFNAR1 MADb signi cantly decreased the mortality indute
IFI204-Mediated Host Defense by Staphylococcsystemic infectionKigure 6D). Therefore, KC
Because cytokines generation and related proin ammator@nd IFN-b was not necessary for the protective e ects of IFI204
signaling activation markedly attenuated in the absence diuring bacterialinfection.

IFI204, we next examine whether exogenous administration o ) )

recombinant cytokines is able to rescue the susceptibity tIFI204 De ciency Results in the Defect of

infection in IFI204-de cient mice. IFI204-de cient mice eve  Extracellular Trap-Mediated

treated prophylactically- (day 1 aqd day 0 of infection) with  Bgcteria Killing

rKC or IFN-b and then infected wittStaphylococcusiowever,  ppagocytosis is a critical host defense mechanism used by
bacterial burdens in the lung tissue at 6 hpi were not inhithite macrophages. IFI204-de cient mice have elevated numbers
by both recombinant proteinsfigure 6A). We further examined of bacteria present in infected tissue, suggesting that
the e ect of recombinant proteins at 24 hpi. A similar result these phagocytes are unable to e ectively control bacterial
was got Figures 6B,Q. Indeed, blockade of IFN signaling using multiplication in the absence of IFI204. We further evaluhate
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FIGURE 4 | IFI204 is upregulated and promotes proin ammatory cytokines ppduction in BMDM followingStaphyloccoccus challenge. WT and IFI204= BMDM
were untreated or exposed toStaphylococcus at a MOI of 1:50 for indicated time.(A) IFI204 mRNA levels were measured by qRT-PCR. IFI204 protein inlteat 24
hpi was measured by Western blotting(B) and immuno uorescence microscopy (C). Shown are representative images from two independent expéments.

(D-G) Protein and/or mRNA levels of IFNs and KC in BMDM were examined at the indicated time after inféon. (H,1) WT and IFI204 = BMDM were transfected
with Staphylococcus-derived genomic DNA using Lipofectamine 2000 or DOTAP. KCral IFN-b levels were quanti ed by ELISA or gRT-PCR. Data shown is
representative of at least three independent experimentsAll data are shown as mean SEM. Student's t-test was performed. *p < 0.05; **p < 0.01.

the bacterial killing capacity of IFI204-de cient macroplesg supernatants at 6 hpi. The results showed that IFI204 de gienc
in vitro. Our results showed that IFI204-de cient macrophagesnhibited the extracellular killing capacity of macrophage
internalized similar numbers of FITC-labeled live or hédted  (Figure 7D). Extracellular trap (ET) provides an extracellular
bacteria compared with WT macrophagerigures 7A,B.  site for microbial killing in the innate immune defense. To
Moreover, the gentamicin protection assay showed that thavestigate the e ect of IFI204 de ciency on ET formation, we
number of recovered viable bacteria was comparable istained macrophages with SYTOX Orange, a non-permeable
macrophages from both genotypes, indicating IFI204 has ndye that stains nucleic acid, a primary component of ET.
e ect on intracellular bacterial killing Kigure 70). Generally Interestingly, MET formation was markedly decreased in
speaking, Staphylococcuare extracellular bacteria that are IFI204-de cient macrophage vs. WT macrophag€gy(re 7B.
eventually killed by phagocytes via multiple mechanismsdessi To quantify MET formation, we analyzed extracellular DNA
phagocytosis. We further examined whether IFI204 de ciencygontent in the supernatants. A reduction of extracellular DNA
impair extracellular killing capacity by enumerating ba@en  was seen in IFI2014-de cient macrophages compared with WT
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FIGURE 5 | IFI1204 de ciency suppressesStaphylococcus-induced activation of STING-IRF3 and NFB signaling.(A) WT and IFI204-de cient BMDM and peritoneal
macrophages were untreated (NT) or exposed t&taphylococcus for the indicated times. The cell lysates were examined forression levels of STING and
phospho-IRF3 by Western blotting. The GAPDH served as a loaatj control. (B) WT and IFI204-de cient BMDM were exposed toStaphylococcus for 1 h. STING and
phospho-IRF3 were analyzed by immuno uorescence(C) WT and IFI204-de cient BMDM were incubated with USA300 DNA wittor without Lipofectamine 2000 for
1h. STING and phospho-IRF3 were examined by Western blottindD) WT and IFI204-de cient BMDM were exposed toStaphylococcus for the indicated times.
Phospho-kBa, IkBa, phospho-P65, P65, and GAPDH were examined by Western bloitng. (E) WT and IFI204 = mice were infected intranasally with 1 108 CFU
of Staphylococcus. Lung tissues were collected and homogenized at 24 h postimction, and then immunoblotting for Sting and phospho-IRF3|RF3, GAPDH, P65,
and STING.

cells Figure 7H. Moreover, IFI204 de ciency impaired PMA- further examined if there is a defect of ET formation in IF20
induced extracellular DNA release. Because an initialrgfg&m  de cient neutrophils. A similar defect of NET formation was
of ET appeared in neutrophil, another type of phagocyte thabbserved in bacteria-infected IFI204-de cient neutroghis.
play important roles in hosts defense against infection, w&VT neutrophils Figure 7G). Correspondingly, IFI204-de cient
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FIGURE 6 | IFN-b and KC are dispensable for IFI204-mediated host defense. IFI204 mice were i.p. injected recombinant KC or IFNs (n D 10 each group) at a
dose of 1.0 mg per mouse in 100mL PBS on Day 1 and Day 0. The mice were infected intranasally with 1 108 CFU of Staphylococcus on Day 0.

(A,B) Homogenized lung tissues were subjected to plating serialitlition for bacterial loads at 6 hpi or 24 hpi(C) Blood were subjected to plating serial dilution for
bacterial loads at 24 hpi. All data are shown as mean SEM. Students t-test was performed. (D) The mice were i.p. injected with 2.5 mg anti-mouse IFNAR1
neutralizing mAb or 2.5 mg 1gG isotype control{ D 8 each group), 24 h later, mice were i.v. challenged with 2 108 CFU of Staphylococcus. The animals were
monitored daily for survival. *1j < 0.005.

neutrophils were incapable of killing extracellular bacterisburdens in the lung and blood were determined. Similar to
compared with WT neutrophilsKigure 7H). Hence, these data WT recipient mice that received WT BM, IFI204-de cient
suggested that IF1204 de ciency leads to a defect in eXtrdae  recipient mice that received WT BM had less bacterial burden
bacterial killing by impairing ET formation in phagocytes. (Figures 8A,B. Conversely, WT recipient mice that received
IF1204-de cient BM had more bacterial burden in lung tissue
. identical to that observed in IFI204-de cien recipient mitet
Bone Marr_O\_N Tr_anSplantatlon _ReStO_re received IFI204-de cient BM. The similar patterﬁ was obsdrve
Bacteria Killing in IFI204-De cient Mice in the activity of MPO Figure 8C), one granule enzyme which
To further substantiate the pivotal role of IFI204 in plays an important role in neutrophil antimicrobial responses
enhancing extracellular bacteria killing, we further exaed if and is required for neutrophil extracellular trap formation
transplantation of WT bone marrow (BM) rescue bacterial kifi  (10). The proin ammatory cytokines (KC and ILY) in lung
defect in IFI204-de cient mice. WT or IFI204-de cient rqgent showed slight similar patterns Figures 8D—-F. Depletion
mice were lethally irradiated and injected with BM cellsfr®VT  of circulating cells and reconstitution with donor cells was
or IFI204-de cient donors. Eight weeks after transplantatio com rmed (Figure 8G). Together, the results indicate that
those mice were inoculated witBtaphylococcusind bacterial the protective e ect of IFI204 againStaphylococcusfection
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FIGURE 7 | IFI204 promotes extracellular trap-mediated bacteria kili§ in macrophages and neutrophils. Macrophages were treai with FITC-labeled live(A) or
killed bacteria(B). The mean uorescence intensity (MFI) of the FITC-positive delwere determined by ow cytometry. (C) Macrophages were infected with bacteria
(MOID 5) for 1 h. Non-engulfed bacteria were killed with gentamini The cells were lysed and intracellular bacterial were emerated by plating on agar plates.

(D) Extracellular bacterial killing capacity of macrophages ere determined by assessing extracellular CFU{E) Macrophages were challenged with bacteria (MOD
50) for 6 h. Representative microscopy pictures of NETs foration as indicated by SYTOX Orange(F) Macrophages were stimulated with bacteria (MOD 50) and
PMA (100 nM). SYTOX Orange was added after 6 h and uorescence & measured by spectro uorometry. (G) Neutrophils were challenged with bacteria (MOD 50)
for 6 h. Representative microscopy pictures of NETs formain as indicated by SYTOX Orange(H) Extracellular bacterial killing capacity of neutrophils eve
determined by assessing extracellular CFUs. All data are etwn as mean SEM. Student's t-test was performed. *p < 0.01.

is dependent on the ability of IFI204 enhancing phagocyt@ntibacterial defense. Recently, several studies indudurs
killing capacity. showed that murine IFI204 or human ortholog IFI16 detects
cytosolic bacterial DNA for the type | IFN response or cell
death in vitro (5-8). Hence, IFI204/IFI16 is implicated in
DISCUSSION sensing intracellular bacterial infection. Generally spagki
Staphylococcus extracellular bacteria. Using IFI204-de cient
Staphylococcus aureingections are usually persistent and hardmice, we demonstrate that IFI204 promotes host survival
to eradicate. Development of new therapeutic strategies t@nd bacterial clearance duringtaphylococcusulmonary and
combatStaphylococclisfections requires deeper understandingsystemic infection. Therefore, we de ning a novel role 61204
of molecular mechanisms underlying phagocyte functions irin host defense against extracellular bacterial infection.
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FIGURE 8 | Adoptive transfer of WT BM cells protects IFI204-de cient miceagainst Staphylococcus infection. Bone marrow cells isolated from WT or IFI204= mice
were adoptively transferred to irradiated IFI204~ or WT recipient mice. The recipient mice were then infectedasally with Staphylococcus (1 108 CFU,n D 4-6
each group) for 24 h.(A,B) Homogenized lung tissue and blood were subjected to platingerial dilution for bacterial loads(C) Neutrophil activity in lung was
determined by the amount of MPO.(D-F) The release of KC, IL-6, IL-b in lung were determined by ELISA(G) Ef cient reconstitution by donor bone marrow cells
was con rmed by PCR for the IFI204 gene in splenocytes. All datar@ shown as mean SEM. Student's t-test was performed. *p < 0.05; **p < 0.01.

To identify the potential mechanisms underlined IFI204- Consistent within vivo data, IFI204 de ciency not only impairs
mediated defense, we set out to characterize the in amnyatorcytokines production in macrophages, but also inhibits baater
response. IFI204 de ciency leads to an inferior productioninduced STING-IRF3 and NKkB activation. IFI204/IFI16 is
of cytokines/chemokines in the lung followin§taphylococcus extensively characterized as a DNA sensor, which detects
infection. Due to IFI204 mainly locating in the recruited cytosolic DNA derived from virus, bacteria, even host DNA
in ammatory cells, bone marrow-derived macrophages wergl11). In the presence of intracellular DNA, IFI204/IFI16 intetsic
used for determine IFI204-mediated in ammatory responsewith STING to induce TBK1-dependent IFN+esponses. Using
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Staphylococcigerived genome DNA, we also showed thatTLR9 @9), lectin receptors Mincle and CLEC58@32), Fc

cytosolic DNA activates the STING-IRF3 pathway, and promoteseceptors FaRl and FgRIllb (33 34) were implicated in

IFN-b and KC productions. Hence, it is quite possible that IFI204neutrophil extracellular trap formation. TLR2/4 was found

serve as DNA sensor to trigger in ammatory responses duringo modify NET formation in response toStaphylococcus

Staphylococcusfection. infection but not to PMA stimulation 23). Interestingly,
IFN-b is produced during viral infections and is responsiblewe observed that IFI204 impact both pathogen and PMA-

for defense against viruses. IFNalso induced bystaphylococcus induced extracellular DNA release. Several virulence factor

However, the role of IFNs during Staphylococcumfection of Staphylococcusvere reported to elicit ET formation,

varies. It can be both bene cial, 13) and detrimental {4-16) including leukotoxin @5, leukocidins 86), phenol-soluble

to the host, probably depending on the experimental design. Weodulin a (PSMa) (37), and protein A 38). Given the fact

hypothesized that the defect of IFbiproduction may leads to that IFI204 mediates PMA-induced extracellular DNA release,

susceptibility to infection in the absence of IFI204. Unexpdlit, we speculate that IFI204 probably promotes extracellular

administration of recombinant IFNs even promotes bacteria bactericidal activity independent of DNA recognition.

proliferation in IFI204-de cient mice. Moreover, blockadd o While understanding the underlying mechanism of IFI204

IFN signaling signi cantly decreased the mortality inddcby  regulating ET awaits further investigation, this studyesds our

Staphylococcusystemic infection. Hence, it suggests that IFN-understanding the biological function of IFI204 in host irtea

b was not only unnecessary for the protective e ects of IFI204immune response.

but also detrimental to the host durin§taphylococcusfection. In summary, our studies demonstrate 1FI204 is essential for

Our data also showed that KC production is attenuated in IBR20 host defense againstaphylococcumfection in vivo. IFI1204

de cient mice and macrophages. KC has been shown to havemomotes bacteria eradication and in ammation response.

critical role in protective responses &taphylococcusfection. However, in ammation response does not contribute to IFI204

However, administration of recombinant mouse KC is stilalmle  mediated protection. Moreover, we provide evidence that

to restrictStaphylococcumsultiplication in IFI204-de cient mice.  IFI204 plays a role in extracellular bactericidal activity of
Phagocytosis, a process by which myeloid cells sugthagocytes through enhancing extracellular trap formation.

as macrophages and neutrophils internalize and killThese observations document a novel and physiologically

microorganisms, is the critical host innate defense medran important role for IFI204 in host defense against extracetlula

Our results showed that [FI204-de cient macrophagesacterial infection.

internalized similar numbers of FITC-labeled live or heat-

killed bacteria compared with WT macrophages. Moreover, WIDATA AVAILABILITY

and IF1204-de cient macrophages exhibit a comparable capacit

for intracellular killing. Because bacterial phagocytosi&1204-  All datasets generated for this study are included in the

de cient macrophages was not impaired, it is possible that IEI20 manuscript and/or the supplementary les.

participates in the regulation of phagocytosis-independent

bacterial killing such as the process mediated by extrdaellu ETHICS STATEMENT

trap. Extracellular trap was rst described in neutrophilsthe

released of web-like structures after stimulation with @ra All animal studies were conducted according to experimental

positive or Gram-negative bacteria. Increased evidenamsesth practices and standards approved by the Animal Welfare and

that ET is not formed exclusively by neutrophils but also byResearch Ethics Committee at Jilin University (No. 20150601).

other innate myeloid cells including macrophade), basophils
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