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The Extracellular IFI16 Protein Propagates In�ammation in Endothelial Cells Via p38 MAPK and

NF-κB p65 Activation

Mandar Bawadekar, Marco De Andrea, [...], and Marisa Gariglio

Abstract

The nuclear interferon-inducible-16 (IFI16) protein acts as DNA sensor in inflammasome signaling and as viral restriction factor. Following

Herpesvirus infection or UV-B treatment, IFI16 delocalizes from the nucleus to the cytoplasm and is eventually released into the extracellular

milieu. Recently, our group has demonstrated the occurrence of IFI16 in sera of systemic-autoimmune patients that hampers biological activity of

endothelia through high-affinity membrane binding. As a continuation, we studied the activity of endotoxin-free recombinant IFI16 (rIFI16)

protein on primary endothelial cells. rIFI16 caused dose/time-dependent upregulation of IL-6, IL-8, CCL2, CCL5, CCL20, ICAM1, VCAM1, and

TLR4, while secretion of IL-6 and IL-8 was amplified with lipopolysaccharide synergy. Overall, cytokine secretion was completely inhibited in

MyD88-silenced cells and partially by TLR4-neutralizing antibodies. By screening downstream signaling pathways, we found that IFI16

activates p38, p44/42 MAP kinases, and NF-kB. In particular, activation of p38 is an early event required for subsequent p44/42 MAP kinases

activity and cytokine induction indicating a key role of this kinase in IFI16 signaling. Altogether, our data conclude that extracellular IFI16

protein alone or by synergy with lipopolysaccharide acts like Damage-associated molecular patterns propagating “Danger Signal” through

MyD88-dependent TLR-pathway.

Introduction

“IFN ���������” �� � very common feature of different autoimmune diseases (Bennett and others 2003; Sozzani and others 2010; Higgs and

others 2011; Ronnblom and others 2011; Ruiz-Riol and others 2011; Bronson and others 2012; Forster 2012; Ronnblom and Eloranta 2013), as

these cytokines have been identified as major contributors in the initiation and progression of an autoimmune syndrome (Selmi and others 2006).

Among various interferon-inducible products are the PYHIN family proteins, which consists of a group of evolutionary related human and

mouse proteins that have an N-terminal PYD domain and 1 or 2 partially conserved 200 amino acid long C-terminal HIN domain. Two members

of the PYHIN family, namely AIM2 and interferon-inducible-16 (IFI16), have been shown to bind to and function as pattern recognition

receptors (PRR) of virus-derived intracellular DNA, acting as foreign DNA sensor (Alnemri 2010; Brennan and Bowie 2010; Cristea and others

2010; Unterholzner and others 2010; Kerur and others 2011; Schattgen and Fitzgerald 2011; Unterholzner and Bowie 2011; Cridland and others

2012; Gariano and others 2012; Ratsimandresy and others 2013). These proteins display multifaceted activity due to their ability to bind to

various target proteins (eg, transcription factors, signaling proteins, and tumor suppressor proteins) and modulate different cell functions.

Increasing evidence supports a role for these proteins as regulators of various cell functions, including proliferation, differentiation, apoptosis,

senescence, and inflammasome assembly (Xin and others 2003; Asefa and others 2004; Zhang and others 2007; Choubey and others 2008;

Gariglio and others 2011; Veeranki and Choubey 2012).

The IFI16 protein is more specifically a nuclear phosphoprotein that is limited to vascular endothelial cells, keratinocytes, and hematopoietic

cells (Gariglio and others 2002). IFI16 acts as an inducer of proinflammatory molecules (eg, ICAM-1, RANTES, and CCL20) and apoptosis

when overexpressed in endothelial cells, supporting its role in the initial steps of the inflammatory processes that precede the onset of

autoimmunity (Gugliesi and others 2005, 2010; Caposio and others 2007; Sponza and others 2009). In systemic autoimmune diseases, IFI16

protein is also a target for autoantibodies, as the presence of anti-IFI16 autoantibodies has been demonstrated in the sera of patients affected by

SLE, SSc, and SjS (Mondini and others 2006, 2007; Costa and others 2011b; Agmon-Levin and others 2012; Rekvig and others 2012). This

leads to an understanding that nuclear IFI16 can be mislocalized in the extracellular space inducing the production of specific autoantibodies.

Recently, it has been demonstrated in vitro that the IFI16 protein can be induced to appear in the cytoplasm under conditions of UV-B-induced

cell injury in normal keratinocytes and then released in the culture media (Costa and others 2011a).

In another scenario, IFI16, that acts as restriction factor against HCMV replication, has been found to be entrapped in egressing virions and exits

the infected cells (Dell'Oste and others 2014). Moreover, it has been demonstrated that IFI16 is also mislocalized in KSHV latently infected cells,

packaged in exosomes and released in the extracellular milieu (Singh and others 2013). However, since it was previously thought to be restricted

to the intracellular environment, and in particular to the nucleus, all the recognized biological activities of IFI16 have been studied within the

intracellular space (Schattgen and Fitzgerald 2011; Cridland and others 2012). In our previous studies, we have already shown that extracellular

IFI16 can impair endothelial cell biological functions such as angiogenesis and migration. Such detrimental effects could be inhibited by

masking the PYD domain of IFI16. Finally, we have also demonstrated that the extracellular IFI16 protein bound different cell lines with

variable affinity, and it was later internalized and degraded (Gugliesi and others 2013).

In this article, we have further investigated the molecular activity of extracellular IFI16 protein on endothelial cells. Our novel findings describe

the cytokine-stimulating activity of recombinant IFI16 (rIFI16) on primary endothelial cells, which can result in production and secretion of

proinflammatory cytokines such as IL-6, IL-8, CCL2, CCL5, and CCL20. These results show a new function for circulating IFI16 at the



04/08/22, 14:36 The Extracellular IFI16 Protein Propagates Inflammation in Endothelial Cells Via p38 MAPK and NF-κB p65 Activation

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4490711/?report=reader 2/10

endothelial interface and suggest a role for IFI16 in endothelial cell activation and injury in systemic inflammation. Overall, our article describes

the proinflammatory behavior of extracellular IFI16 protein as one of the damage-associated molecular patterns (DAMPs) in autoimmune

diseases.

Materials and Methods

Cell cultures

Primary human umbilical vein endothelial cells (HUVECs), pooled from multiple donors and cryopreserved at the end of the primary culture,

were grown as described (Gugliesi and others 2010). Briefly, we used 0.2% gelatin-coated base in the presence of endothelial growth medium

(EGM-2; Lonza-Milan) containing 2% fetal bovine serum, human recombinant vascular endothelial growth factor (rVEGF), basic fibroblast

growth factor, human epidermal growth factor, IGF-1, hydrocortisone, ascorbic acid, heparin, gentamycin, and amphotericin B including 1%

penicillin-streptomycin solution (Sigma-Aldrich), which we describe as complete EGM-2. All experiments were performed with low passage

cells at 37°C and 5% CO . Unless specified, HUVEC were grown in complete EGM-2, while 24 h before stimulation, they were grown in

VEGF-deprived EGM-2.

Recombinant proteins

The entire coding sequence of the b-isoform of human IFI16 was subcloned into the pET30a expression vector (Novagen) containing an N-

terminal histidine tag. Protein expression and nickel-affinity purification, followed by fast protein liquid chromatography (FPLC), were

performed according to standard procedures. The purity of the proteins was assessed by 10% sodium dodecyl sulfate-polyacrylamide gel

electrophoresis. The FPLC purified protein was then processed with Toxin Eraser™ Endotoxin Removal Kit (Genscript), while the

lipopolysaccharide (LPS) concentration of the processed product was measured using Toxin Sensor Chromogenic LAL Endotoxin Assay Kit,

which was as low as 0.05 EU/mL. The final purified rIFI16 was stored at −80°C in endotoxin-free vials. A preparation of BSA (Sigma Aldrich)

was used as “mock” or “mock control” in all the stimulation experiments and was similarly prepared as rIFI16, briefly passed through the nickel-

affinity column, LPS removal kit, and finally resuspended in rIFI16 buffer.

rIFI16 treatment and quantitative real-time polymerase chain reaction

For stimulation experiments, HUVEC were seeded (300,000 cells/well), grown overnight in 6-well plate, and stimulated with 50 μg/mL

endotoxin-free (0.05 EU/mL) rIFI16 protein or mock. After stimulation, supernatants were sampled and stored at −80°C until further use for

Cytokine ELISA, HUVEC were trypsinized and mRNA was extracted using TRI Reagent  (Sigma-Aldrich) as described in the manufacturer's

protocol. The resulting mRNA was treated with DNase I Amplification Grade kit (Sigma-Aldrich) as instructed. Later, 1 μg of mRNA was used

as a template first strand for cDNA synthesis using ImProm-II™ Reverse Transcription System (Promega) by following the manufacturer's

protocol, while all polymerase chain reaction (PCR) reactions were carried out on C1000 Thermal Cycler (Bio-Rad). A random mRNA sample

was kept as without reverse transcriptase (RT ) to assess the presence of contaminating genomic DNA in the preparation. The quantitative real-

time PCR analyses were performed using CFX96 Real-Time PCR Detection System (Bio-Rad) with SsoAdvanced™ Universal SYBR  Green

Supermix (Bio-Rad) and amplification conditions as instructed in the manufacturer's protocol, up to 40 cycles of PCR. Primer sequences are

summarized in Supplementary Table S1 (Supplementary Data are available online at www.liebertpub.com/jir). The relative normalized

expression after stimulation as compared to control was calculated as Fold Change=2  where ΔCT=CT  − CT  and

Δ(ΔCT)=ΔCT  − ΔCT .

Cytokine ELISA

The cytokines secreted in culture supernatants were analyzed using Single Analyte Human ELISA kits for IL-6, IL-8, CCL2 (Life Technologies),

CCL5, and CCL20 (R&D Systems) according to the manufacturer's instructions. All absorbance readings were measured at 450 nM using a

Victor X4 Multilabel Plate Reader (Perkin Elmer).

Flow cytometry

HUVEC were gently harvested by cell scrapper, washed twice in staining buffer (1% fetal calf serum, 0.01% NaN  in phosphate buffered saline),

and incubated with ICAM1-FITC (A15748; Life Technologies), VCAM1-PE (A16391; Life Technologies), and TLR4-PE (A18433; Life

Technologies) antibodies separately at 4°C for 1 h. Later, the cells were washed twice again, resuspended in staining buffer, and analyzed by BD

FACSCalibur. All analysis was performed using BD CellQuest Pro software.

siRNA transfection, antibodies, and inhibitors

FlexiTube siRNA for MyD88, Control siRNA, and HyPerFect transfection reagent were purchased from Qiagen and gene knockdown was

performed according to the manufacturer's protocol. Transfection protocol was optimized for HUVEC to avoid cell viability issues. Antibodies
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used for western blots were p44/42 MAPK (#9102; Cell Signaling), p-p44/42 (#9101; Cell Signaling), p38 MAPK (#9212; Cell Signaling), p-

p38 MAPK (#4511; Cell Signaling), JNK (#9258; Cell Signaling), pJNK (#9251; Cell Signaling), AKT (05-591; Merck Millipore), pAKT-

Thr308 (#4056; Cell Signaling), pAKT-Ser473 (P4112; Sigma Aldrich), NFkB p65 (orb11118; Biorybt), NFkB p-p65 (#3036; Cell Signaling),

p44/42 inhibitor-FR180204 (Sigma Aldrich), and p38 inhibitor-SB203580 (Invivogen).

Western blotting

Briefly, equal amount of cell extracts were fractionated by electrophoresis on SDS-polyacrylamide gels and transferred to Immobilon-P

membranes (Millipore). After blocking in 5% nonfat milk, membranes were incubated overnight at 4°C with the appropriate primary antibodies.

Membranes were then washed and incubated for 1 h at room temperature with secondary antibodies. Proteins were detected using an enhanced

chemiluminescence detection kit (Thermo Scientific). Images were acquired and densitometry of the bands was performed using Quantity One

software (version 4.6.9; Bio-Rad). Densitometry values were normalized using corresponding loading controls.

NF-κB immuno�uorescence

Immunofluorescence was performed after 0, 4, and 8 h of rIFI16 treatment using 1:1,000 NF-κB p65 monoclonal antibody (F-6) sc-8008 (Santa

Cruz Biotechnology, Inc.) as primary and 1:500 Alexa488-anti-mouse (GE Healthcare) as secondary antibody. Briefly, after treatment the cells

were fixed with 2% paraformaldehyde (Sigma-Aldrich) for 20 min at 4°C, permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) for 30 min at

room temperature, incubated with primary antibody for 2 h at 37°C in a moist chamber, and incubated with secondary antibody and nuclear stain

1:500 TO-PRO-3 (Life-Technologies) for 1 h at room temperature. The glass cover slips were mounted using ProLong  Gold Antifade Reagent

(Invitrogen) and observed under Leica DM-IRE2 Confocal Microscope.

Statistical analysis

All statistical tests were performed using GraphPad Prism version 6.00 for Windows (GraphPad). To test significance of rIFI16 treatment on

endothelial cells by real time PCR, Cytokine ELISA, 2-way analysis of variance with Turkey's multiple comparison test was used. Significance

of densitometric analysis was calculated using unpaired t-test. All data were plotted in histograms, bar graphs using mean±SD.

Results

rIFI16 induces time- and dose-dependent production of proin�ammatory cytokines

We specifically designed a set of SYBR green primers for real-time PCR (Supplementary Table S1) to identify the cytokine modulation pattern

in rIFI16 stimulated endothelial cells. HUVEC were incubated with 50 μg/mL of endotoxin-free (<0.05 EU/mL) rIFI16 protein or mock control

in presence or absence of VEGF in EGM-2 medium. After 24 h treatment, the relative normalized expression of mRNA was observed as shown

in Fig. 1A. In a comparison between HUVEC grown with or without VEGF, higher gene modulation was identified in VEGF-depleted cells. Out

of all the modulated genes, IL-6, IL-8, CCL2, CCL5, CCL20, TLR3, TLR4, TLR9, ICAM1, and VCAM1, displayed much significant upregulation

in VEGF-depleted HUVEC. VEGF depletion before stimulation allows cell cycle synchronization to obtain equal response from different cells in

a population. Time course experiments showed that IL-6, IL-8, CCL2, CCL5, and CCL20 mRNAs started to increase at 4 h and peaked between

12 and 48 h respectively (Fig. 1B). In contrast, the expression of inflammatory Toll-like receptors rose at later time points (24–48 h). Expression

of cellular adhesion molecules like ICAM1 and VCAM1 started to increase at 4 h, and peaked at 24 h. Overall, our data indicated that

inflammatory cytokines, chemokines, and adhesion molecules were expressed at an early stage followed by inflammatory receptors including

TLR3, TLR4, and TLR9.

FIG. 1.

mRNA expression profile of proinflammatory cytokines in rIFI16-stimulated HUVEC. (A) Bar graphs representing folds change

mRNA expression by HUVEC grown in presence/absence of VEGF growth factor in EGM-2, stimulated for 24 h with either rIFI16

...

To confirm that mRNA stimulation could be extended at protein level, we performed ELISA assay for each cytokine upregulated at the mRNA

level. HUVEC were incubated with increasing concentrations of rIFI16 ranging from 1 μg/mL to 75 μg/mL, or mock control in VEGF-depleted

EGM-2 for 24 h. As shown in Fig. 2A, for all of the cytokines analyzed, their concentration steadily increased with rIFI16 dosage. Consequently,

we finalized 50 μg/mL of rIFI16 to test the cytokine stimulating properties in all the subsequent experiments. To observe the time-dependent

cytokine expression profile, we tested supernatants from rIFI16 or mock control stimulated HUVEC at different time points. As shown in Fig. 2B

, at 4 h time point, IL-6 (P<0.001) and IL-8 (P<0.001) achieved statistically significant levels in the supernatant as compared to corresponding

®
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mock-treated samples. In addition, the presence of CC chemokines such as CCL2 (P<0.01), CCL5 (P<0.05), and CCL20 (P<0.01) was also

detected with lower significance. In the later time points, all the cytokines appeared to have increased in the supernatants due to timely

accumulation. The secretion of IL-6 and IL-8 overall peaked by 12 h time point (P<0.001), while minimum increase was observed in the later

stages. Other chemokines namely CCL2, CCL5, and CCL20 were strongly secreted starting from 8 h and peaked by 24 h time points, while

almost steady levels in the later time points were observed. Consistent with the data obtained at the mRNA levels, all the cytokines analyzed by

ELISA were significantly upregulated (P<0.001) at their peak time points.

FIG. 2.

Dose- and time-dependent secretion of proinflammatory cytokines upon rIFI16 treatment. (A) Dose-dependent secretion of

multiple cytokines after rIFI16 treatment. Interleaved histograms indicating dose-dependent folds change in cytokine secretion by

HUVEC ...

LPS synergizes with rIFI16 through MyD88-dependent pathway for proin�ammatory cytokine induction

LPS alone is a potent inducer of inflammatory cytokines and by its interaction with TLR4 it drives activation of numerous transcription factors

like NF-κB, IRF3, and others (Lu and others 2008). Here, we tested the stimulatory properties of rIFI16 in the presence of 10 ng/mL LPS

preincubated overnight at room temperature to facilitate LPS-protein complexing. Twenty-four hours after rIFI16/LPS treatment, the mRNA

expression profile of the set of positive genes from the previous experiments was analyzed by RT-PCR. As shown in Fig. 3A, the presence of

LPS in rIFI16 preparation increased mRNA expression of IL-6, IL-8, CCL2, CCL20, TLR4, ICAM1, and VCAM1 as compared to rIFI16 alone

while no significant change was observed in CCL5, TLR3, and TLR9. A comparison between mRNA expression levels by rIFI16, LPS, or

rIFI16+LPS stimulation revealed synergistic increase in IL-6 and IL-8, but not the other cytokines. To corroborate these data, we tested the

supernatants from the same 24 h treatment experiments by ELISA. As shown in Fig. 3B, LPS+IFI16 increased IL-6 and IL-8 production by 2-

fold as compared to LPS alone and 3 to 5-fold when compared to rIFI16 alone. By contrast, secretion of CCL5, CCL20, and CCL2 was not

upregulated by the combined treatment as compared to LPS or IFI16 alone.

FIG. 3.

rIFI16 synergizes with lipopolysaccharide (LPS) to increase proinflammatory cytokine expression through MyD88-dependent

pathways. (A) HUVEC were grown in VEGF-depleted EGM-2 and stimulated for 24 h with either mock control, rIFI16 (50 μg/mL),

...

Next, to investigate the involvement of TLR pathways in rIFI16-mediated cytokine stimulation, we treated MyD88-silenced or TLR4-neutralized

HUVEC with mock control, rIFI16, LPS, or rIFI16+LPS and 24 h later supernatants were analyzed for cytokines production. Overall, 4 to 6-fold

decrease in the levels of IL-6, IL-8, CCL2, CCL5, and CCL20 was observed in MyD88-silenced cells as shown in Fig. 3B. In parallel

experiments using TLR4 neutralizing antibodies, 2–3-fold decrease in the production of such cytokines was observed (Fig. 3B).

The upregulation of adhesion molecules like ICAM1, VCAM1, and inflammatory TLR4 receptor in response to external stimuli is a sensitive

marker of endothelial cell activation and inflammation (Szmitko and others 2003). Here, we stimulated HUVEC with mock control, rIFI16, LPS,

or combined for 24 h and the expression of ICAM1, VCAM1, and inflammatory TLR4 receptor was analyzed with flow cytometry, assessing the

percentage positive cells and mean fluorescence intensity after treatment. We observed that the baseline expression of ICAM1 and VCAM1

before treatment was very low, while the cells were already expressing TLR4 before treatment. rIFI16 or LPS treatment per se similarly

increased percentage of positive cells expressing ICAM1 (12 and 10-fold respectively), VCAM1 (25 and 16-fold respectively), and TLR4 (170

and 160-fold respectively) while no significant increase was detected with the combined treatment (Fig. 3C, D).

IL-6 and IL-8 induction by rIFI16 treatment requires di�erential activation of p38, p44/42, and p65

The activation of intracellular kinases is a very early event in response to inflammatory stimuli such as TNF-α and LPS and plays a central role

in endothelial cell activation (Leonard and others 1999; Leong and Karsan 2000; Hoffmann and others 2002; Guijarro-Munoz and others 2014).

To check for the time-dependent presence of active phosphorylated forms of pathway intermediates, western blot analysis was performed for NF-

κB p65, p44/42, p38, and JNK in rIFI16-stimulated endothelial cells. As shown in Fig. 4A the phosphorylated form of p44/42 did not appear in

the first 4 h of treatment, while it was present starting from 4 to 6 h. NF-κB p65 was seen evident starting from 1 h and peaked by 2 h, which was

later downregulated. On the other hand, phospho-p38 showed immediate activation at 30 min time point. Moreover, JNK was not activated by

rIFI16 treatment. The statistical significance for the expression of phosphoactive form of the above intermediates was calculated with

densitometry by normalizing with corresponding basal levels of p44/42, p38, JNK, and NF-κB p65 respectively, as shown in Fig. 4B.
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FIG. 4.

Differential activation of p44/42, p38, JNK, and NF-κB kinases in rIFI16-stimulated HUVEC. HUVEC were stimulated with rIFI16

(50 μg/mL) and the phosphoactive forms of (A) p44/42, p38, JNK, and NF-κB were detected by western ...

The activation of NF-κB is an important event in the propagation of inflammation, since these transcription factors regulate the production of

different proinflammatory cytokines (Tak and Firestein 2001; Lawrence 2009). After confirming NF-κB p65 phosphorylation by western

blotting, we tested the proinflammatory activity of rIFI16 by analyzing the nuclear translocation of p65 subunit of NF-κB. As shown in Fig. 4C,

in untreated cells, the p65 subunit was abundantly located in the cytoplasm, while in rIFI16-treated cells it started to migrate inside the nucleus in

some cells and then, by 8 h, most of the cells were having complete p65 subunit translocated into the nucleus, confirming the activation of NF-

κB. LPS (10 ng/mL), used as positive control, induced the nuclear translocation of p65 domain of NF-κB within the first 4 h.

Activation of p65 is independent and p44/42 is dependent on p38-mediated IL-6 and IL-8 secretion

To identify the role of p38 and p44/42 MAPK in the downstream signaling of rIFI16, cells were treated with the specific inhibitors SB203580

(p38 inhibitor) and FR180204 (p44/42 MAPK inhibitor) during 24 h rIFI16 stimulation and then production of IL-6 and IL-8 was measured by

ELISA. As shown in Fig. 5A and B, SB203580 significantly downregulated the secretion of IL-6 (P<0.01) and IL-8 (P<0.01) respectively, while

FR180204 only decreased IL-8 secretion by minimal amount (P<0.05). The combination of these inhibitors blocked these cytokines as

SB203580 alone, which explains that p44/42 may not be directly involved in the secretion of first wave of cytokines such as IL-6 and IL-8.

FIG. 5.

Phosphorylation of NF-κB is independent and p44/42 is dependent on P-p38-mediated cytokine secretion. HUVEC were

stimulated with rIFI16 (50 μg/mL) for 24 h in the presence of SB203580 (p38 inhibitor), ...

Next, to distinguish between the dependency of MAPK and NF-κB pathway intermediates in the same experimental setting, we used p38

inhibitor (SB203580) alone. As shown in Fig. 5C and D, SB203580 suppressed the late (4 to 6 h) activation of p44/42, but it did not inhibit the

activation of p65 (Fig. 5E, F). These results are consistent with the lower concentrations of IL-6 and IL-8 observed even after p38 inhibition.

Overall, our findings demonstrate that the late activation of p44/42 was dependent on the early activation of p38, while the activation of p65 was

independent of p38 activation/phosphorylation.

Discussion

The IFI16 protein, a member of the PHYIN (p200) family, can be mislocalized in the cytoplasm and then released in the extracellular milieu as a

consequence of several stimuli, including herpesvirus infection or UVB exposure (Costa and others 2011a; Kerur and others 2011; Gugliesi and

others 2013; Dell'Oste and others 2014; Kivity and others 2014). The extracellular leaked IFI16 protein binds to high affinity sites on the plasma

membrane of primary endothelial cells, causing detrimental changes in their biological activity, including angiogenesis and cellular migration

(Gugliesi and others 2013).

In this study, we demonstrate that extracellular IFI16 functions as a DAMP propagating “danger signal” that induces a proinflammatory

phenotype in endothelial cells in vitro characterized by upregulation of leukocyte adhesion molecules (ICAM-1 and VCAM-1), secretion of the

neutrophil and monocyte stimulatory chemokines (IL-6, IL-8, CCL2, CCL5, and CCL20,), and enhanced expression of surface TLR4. The

expression of these cytokines was linked with the activation of multiple signaling pathways downstream involving the activation of MAPK and

NF-κB intermediates. Our data explain p38 MAPK as a key downstream effector of rIFI16 stimulation as its activity is required for activation of

p44/42 MAPK and cytokine secretion. Moreover, p38 activation was an early event while p42/44 MAPK activity peaked between 4 and 5 h

when IFI16-induced cytokines reached significant amounts in cell supernatant (Figs. 2 and 5). These data led us to speculate that the bulk of 
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p42/44 MAPK activity is not directly due to IFI16 but to an autocrine/paracrine loop resulting from cytokine release by IFI16-stimulated cells.

Conversely, rIFI16 stimulation induced the phosphorylation of p65 NF-κB subunit in a manner that was p38 independent, probably justifying the

low amounts of cytokines released also in presence of p38 inhibitors.

The environment created by the IFI16 protein is similar to the functioning of different DAMPs such as HMGB1 and Heat Shock Proteins

(Bianchi 2007; Piccinini and Midwood 2010; Castiglioni and others 2011; Rosin and Okusa 2011; Said-Sadier and Ojcius 2012; Moudgil and

others 2013; Pisetsky 2013; Schiopu and Cotoi 2013; Pouwels and others 2014; Tsai and others 2014). A majority of DAMPs have shown to

alarm the immune system by the secretion of potent inflammatory cytokines such as IL-6, and TNF-α, which in turn stimulate different pathways

for the secretion of numerous other cytokines (Fiuza and others 2003; Harris and others 2012). In our case, we also tested the upregulation of

TNF-α mRNA in IFI16-stimulated cells, but no evidence of its upregulation was found. Previous gene array analysis of HUVECs overexpressing

IFI16 has revealed an increased expression of genes involved in inflammation and apoptosis. Functional analysis of the ICAM-1 promoter by

deletion- or site-specific mutation demonstrated that NF-kB is the main mediator of IFI16-driven gene induction (Caposio and others 2007).

Consistent with these studies, protein array analysis of the IFI16 secretome showed an increased production of chemokines, cytokines, and

adhesion molecules responsible for leukocyte chemotaxis. Functional analysis of the promoter for CCL20, the chemokine responsible for

leukocyte recruitment in the early steps of inflammation, by site-specific mutation demonstrated that NF-kB is the main mediator of CCL20

induction at the transcriptional level (Baggetta and others 2010). In both studies no induction of TNF-α was observed suggesting that the

presence of NF-kB responsive elements is not sufficient for gene induction, but other regulatory mechanisms intervene to discriminate among

gene promoters containing NF-kB responsive DNA motifs. Another common aspect of DAMPs stimulating chronic inflammation is contributed

by their synergy with LPS (Qin and others 2009; Chakraborty and others 2013; He and others 2013). IFI16 alone was able to stimulate

significant amounts of inflammatory cytokine expression, but in the presence of working concentrations of LPS (10 ng/mL), such activity was

amplified, especially for IL-6 and IL-8 production.

The extracellular spillage of endogenous molecules can uncontrollably activate the immune system, while chronic stimulation could be a

possible lead toward the development of an autoimmune syndrome (Toubi and Shoenfeld 2004; Molina and Shoenfeld 2005; Harris and others

2012). Proinflammatory cytokine secretion triggered by DAMPs and PAMPs is widely regulated by inflammatory TLR receptors, while MyD88

form a universal adapter protein, which transduces several downstream signaling pathways after TLR activation (Midwood and others 2009;

Piccinini and Midwood 2010). The nuclear DNA sensor IFI16 behaves in similar DAMP-like manner when mislocalized from its nuclear

compartment into the extracellular milieu. The activity of IFI16, LPS, and LPS complexed IFI16 was drastically reduced in MyD88 silenced

endothelial cells, suggesting a role of MyD88-dependent signaling pathways in IFI16-mediated cytokine secretion, while such significant

reduction in cytokine secretion was also observed in TLR4 neutralized cells, which further supports our data. These findings, together with the

recently documented occurrence of the IFI16 protein in the sera of systemic autoimmune patients suggest a role for IFI16 as an alarmin driving

the pathogenesis of inflammatory and autoimmune disease.

With this scenario in mind, it is becoming clear that the induction of specific anti-IFI16 autoantibodies in patients with systemic autoimmune

diseases (Mondini and others 2007; Rekvig and others 2012) is triggered by the presence of IFI16 in the extracellular space with the contribution

of its chronic inflammation stimulating activity. Inside the cell, IFI16 binds DNA in a sequence-independent manner and sense nonself DNA

(Morrone and others 2014); this location is not fixed, however, and, with viral infection, injury, or death, it can translocate outside of the cell

(Costa and others 2011a; Gariano and others 2012; Li and others 2012; Gugliesi and others 2013; Dell'Oste and others 2014). In the extracellular

milieau, IFI16 can serve as a DAMP or alarmin to amplify inflammation and stimulate the innate immune system.

The mRNA expression data revealed that rIFI16 stimulation also upregulated TLR-9 in endothelial cells. However, the mRNA of TLR9-mediated

cytokines, namely IL-12, TNF-α, and IFN-γ was not modulated, which suggests lack of TLR9 activation. It potentially shows that IFI16, which is

mislocalized during viral infection in the extracellular milieu (Singh and others 2013; Dell'Oste and others 2014), is interacting with unknown

cell membrane PRRs, which could lead to the upregulation of TLR9, just to alarm the innate immune system for the presence of PAMPs. In this

direction, there is some evidence indicating that recombinant FITC-labeled IFI16 can be internalized by primary endothelial cells (Gugliesi and

others 2013), which could also expose it to intracellular PRRs. Two very recent publications describe the presence of inflammasome component

ASC and the inflammasome sensor NLP3 in the extracellular space and their function as danger signal that amplifies the inflammatory response

both in vitro and in vivo (Baroja-Mazo and others 2014; Franklin and others 2014). These extracellular inflammasome components are

internalized by macrophages to initiate caspase-1 secretome, promoting inflammation. IFI16 is another inflammasome sensor with a nuclear

localization and a restricted expression in endothelial cells, keratinocytes, and some hemopoietic cells (Gariglio and others 2002). Moreover, the

group of Bala Chandran recently demonstrated that the nuclear resident IFI16 protein is involved in the sensing of EBV and KSHV genome,

which leads to the formation of the active IFI16–ASC–caspase-1 inflammasome and production of the cleaved form of proinflammatory IL-1b,

IL-18, and IL-33 cytokines that are released together with IFI16 in the exosomes of the culture supernatant of cells harboring the viral genomes

(Kerur and others 2011; Ansari and others 2013). In addition, our group has described that IFI16 is mislocalized and eventually found in the

extracellular space and virions during lytic cytomegalovirus infection and keratinocytes exposure to UVB (Costa and others 2011a; Dell'Oste and

others 2014).
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Consistent with these observations, this study reveals previously unappreciated extracellular activities of IFI16 that lead to new cell to cell

communication mechanism and chronic amplification of the inflammatory signal. Since the intracellular IFI16 was already reported as a

regulator of endothelial proinflammatory activity, our novel findings strengthen its role in the initiation, propagation, and maintenance of the

inflammatory responses in the endothelium inside and outside the cell during infection or injury. These in vitro data are fully consistent with the

available in vivo data on IFI16 presence as both circulating protein and specific autoantibodies in the sera of patients affected by systemic

autoimmune diseases and with its role in the propagation of inflammation and development of autoimmune disorders. Another interesting aspect

that emerges from this study is the synergistic action of IFI16 with LPS indicating its possible involvement also as promoter of inflammation in

microorganism-induced tissue damage. This explains the emerging relevance of DNA sensors or other inflammasome components in the

initiation and propagation of chronic inflammation, when leaked outside the cellular compartment due to injury, viral infection, or physical

agents.
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