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In physiological conditions, self-DNA released by dying cells is not detected by intracellular DNA sensors. In chronic inflammatory
disorders, unabated inflammation has been associated with a break in innate immune tolerance to self-DNA. However, extracellular
DNA has to complex with DNA-binding molecules to gain access to intracellular DNA sensors. IL-26 is a member of the IL-10
cytokine family, overexpressed in numerous chronic inflammatory diseases, in which biological activity remains unclear. We dem-
onstrate in this study that IL.-26 binds to genomic DNA, mitochondrial DNA, and neutrophil extracellular traps, and shuttles them in
the cytosol of human myeloid cells. As a consequence, IL-26 allows extracellular DNA to trigger proinflammatory cytokine secretion
by monocytes, in a STING- and inflammasome-dependent manner. Supporting these biological properties, IL-10-based modeling
predicts two DNA-binding domains, two amphipathic helices, and an in-plane membrane anchor in IL-26, which are structural
features of cationic amphipathic cell-penetrating peptides. In line with these properties, patients with active autoantibody-
associated vasculitis, a chronic relapsing autoimmune inflammatory disease associated with extensive cell death, exhibit high
levels of both circulating IL-26 and IL-26-DNA complexes. Moreover, in patients with crescentic glomerulonephritis, IL-26 is
expressed by renal arterial smooth muscle cells and deposits in necrotizing lesions. Accordingly, human primary smooth cells
secrete IL-26 in response to proinflammatory cytokines. In conclusion, IL-26 is a unique cationic protein more similar to a soluble
pattern recognition receptor than to conventional cytokines. IL-26 expressed in inflammatory lesions confers proinflammatory
properties to DNA released by dying cells, setting up a positive amplification loop between extensive cell death and unabated

inflammation. The Journal of Immunology, 2017, 198: 3650-3661.

ucleic acids, and especially DNA, constitute potent mi-

crobial moieties that activate innate immune cells. Their

recognition by DNA sensors, such as TLR9 and stimu-
lator of IFN genes (STING), which are secluded in endosomes and
cytosol, respectively, triggers type I IFN and proinflammatory
cytokine secretion, thereby controlling host defense countermea-
sures (1). Mainly expressed by B lymphocytes and plasmacytoid
dendritic cells (pDCs) in humans, TLR9 recognizes DNA con-
taining unmethylated CpG motifs that are more prevalent in mi-
crobes (1). STING, expressed in numerous cell types (including
myeloid and lymphoid cells) (2, 3), recognizes a wide variety of
DNA (4). In physiological conditions, the localization of self-
DNA in nucleus and mitochondria avoids its recognition by DNA

sensors. Extracellular and intracellular DNases, which rapidly degrade
DNA released by dying cells (5) and aberrant self-DNA present in
cytosol and endosomes (6, 7), respectively, also contribute to prevent
cell activation by self-DNA.

In pathological conditions such as systemic lupus erythematosus
(SLE), chronic polyarthritis, and psoriasis, DNA sensor activation results
in chronic inflammation and a type I IFN signature (8, 9). The in vivo
break of innate immune tolerance to self-DNA observed in these pa-
thologies has been associated to excessive cell death and defects in
dying cell clearance or in DNase activity (10, 11).

However, by itself, the accumulation of extracellular self-DNA
could be not sufficient to trigger inflammation. Indeed, large
amounts of extracellular DNA fail to stimulate immune cells, both
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in vitro (12-14) and in vivo (15). Neutrophil extracellular traps
(NETs), which result from the ejection of chromatin into the ex-
tracellular space, do not promote inflammation in vivo (16). In
support, cargo molecules, allowing extracellular DNA to gain
access to intracellular DNA sensors, have been brought out in
patients with SLE and psoriasis. In SLE, autoantibodies against
nuclear Ags form immune complexes that favor DNA internali-
zation via FcyR and induce type I IFN secretion by pDCs (17).
HMGBI and the cationic amphipathic antimicrobial peptide LL37
facilitate the uptake of NETs by pDCs (18). In psoriasis, LL37,
secreted by activated keratinocytes, forms complexes with extra-
cellular DNA and promotes TLR9-dependent pDCs and STING-
dependent myeloid cell activation (13, 14). It is likely that still
unidentified DNA cargo molecules exist in other sterile inflam-
matory disorders. Their identification will provide new insights in
the physiopathology of chronic inflammatory diseases.

IL-26 is a member of the IL-10-related cytokine subfamily that
includes IL-10, IL-19, IL-20, IL-22, and IL-24. The amino acid
identity between these cytokines is up to ~30%, whereby char-
acteristic amino acid positions are conserved (19). Accordingly,
despite the relatively low sequence identity, all members show a
strikingly similar secondary structure, with six or seven a helices
and connecting loops (20).

The IL-26 protein contains numerous positively charged amino
acids, including 30 residues that are either lysine or arginine (21).
Consequently, IL-26 has an isoelectric point of 10.4. IL-26 mRNA
has been reported in activated T cells, mainly Th17 cells, and in
activated NK cells (21, 22). Patients suffering from chronic in-
flammatory disorders (Crohn’s disease, rheumatoid arthritis, and
chronic hepatitis C virus infection) exhibit high levels of seric IL-
26, and the presence of IL-26 has been reported in inflammatory
and destructive lesions (23-25).

To date, the biological roles of IL-26 and the identification of the
IL-26-induced signaling pathways remain unclear. A recent study
has reported that IL-26 interacts with DNA, leading to IFN-a
secretion by pDCs through TLR9 (26). Initially, IL-26 was
reported to induce IL-8 and/or IL-10 by some human epithelial
cell lines through a receptor composed of IL-20R1 and IL-10R2 (24,
27, 28). 1L-26 also triggers proinflammatory cytokine production by
human myeloid cells and NK cells, in the absence of IL-20R1, sug-
gesting that IL-26 is not a classical cytokine (23, 25, 29, 30).

Because IL-26 is overexpressed in chronic sterile inflammatory
disorders, we investigated whether IL-26 may render monocytes
and neutrophils, which are major contributors to chronic inflam-
mation (31, 32), able to sense extracellular self-DNA. We ana-
lyzed the expression and role of IL-26 in anti-neutrophil
cytoplasmic Ab-associated vasculitis (AAV), a chronic relapsing-
remitting autoimmune disease associated with deleterious in-
flammation and massive local cell death in injured small vessels.

Materials and Methods

Patients

Sera from 69 AAV patients were collected before the initiation of immu-
nosuppressive treatment, and it was stored in the immunology laboratories
of the University Hospital of Angers (France), Le Mans General Hospital
(France), and the National Reference center for necrotizing vasculitis and
systemic sclerosis (Cochin University Hospital, Paris, France). Biological
and clinical characteristics of AAV patients are summarized in
Supplemental Table I. The protocol was in agreement with the local ethics
committee (2011-06), and blood samples were collected after informed
consent of patients was obtained. For 10 patients with active AAV, a
second serum was available 6-12 mo after treatment initiation. Disease
activity was determined using the Birmingham vasculitis activity score
(BVAS) according to the European League Against Rheumatism recom-
mendations (33, 34). Sera from 85 healthy donors were from the blood
collection center of Angers (Angers, France; agreement ANG-2003-02).
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Recombinant human cytokines

Hise-tagged human IL-26 was expressed in Escherichia coli and purified as
previously described (35). IL-26 did not contain detectable levels of en-
dotoxin (23), and SDS-PAGE silver staining confirmed the absence of
protein contaminants (Supplemental Fig. 1). IL-10, IL-22, IL-24, and IL-
29 were purchased from ImmunoTools (Friesoythe, Germany), and IL-19
was from R&D Systems (Lille, France).

Construction of an in silico structural model of IL-26

Amino acid sequence analysis, using ClustalW software, showed better
identity between IL-26 and IL-10 (26%) compared with IL-19 (20%)
and IL-22 (21%). Structural hypothesis of IL-26 was thus built by
comparative modeling using the IL-10 x-ray crystal structure as a
template for a-parallel bundles. Secondary structure assignments from
the amino acid sequence analysis of IL-10 were used to model helices.
Virtual 3D construction of the IL-26 model was performed using
Modeler software and was validated by Procheck. Electrostatic sur-
face charges were calculated using Adaptive Poisson-Boltzmann
Solver (APBS). MetaDBsite was used to determine potential DNA-binding
residues. Amphipathic helices were identified using AmphipaSeek.

Nucleic acid preparation and NETs isolation

Mammalian genomic DNA was extracted from the human cell line MM6
using a commercial kit (QIAamp DNA kit; Qiagen, Courtaboeuf, France)
and partially digested with DNase I (Life Technologies, Saint-Aubin,
France); fragmented DNA (200 bp) was purified by ethanol precipita-
tion. Mitochondrial DNA (mtDNA) was amplified by long PCR (primers
available upon request) and purified using Agencourt AMPure XP
magnetic beads (Beckman Coulter, Villepinte, France). Long mtDNA
amplicons were fragmented into 200-bp-long fragments using the
TonXpress Plus Fragment Library Kit (Life Technologies). DNA con-
centration was measured using the Qubit fluorimeter (Life Technolo-
gies). NETs were generated by activating neutrophils from healthy
donors for 3 h with 100 nM PMA. After washing in PBS, undigested
NETs were collected by vigorous pipetting, and cellular debris was
removed by centrifugation. Quantification of DNA in NETs was assessed
using the PicoGreen dsDNA kit (Life Technologies). Total RNA was
isolated from MM6 cells using the RNeasy micro kit (Qiagen). The
concentration and purity of nucleic acids were determined by spectro-
photometry.

Cell isolation and stimulation

PBMCs were isolated from healthy subjects by standard density-
gradient centrifugation on Lymphocyte Separation medium (Eurobio,
Courtaboeuf, France). CD14* monocytes were purified from PBMCs by
positive magnetic sorting (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). For neutrophil purification, leukocytes were first separated from
erythrocytes by density sedimentation with 6% dextran (Sigma-
Aldrich, St. Louis, MO), and neutrophils were further isolated from
mononuclear cells by density-gradient centrifugation. Purity of mono-
cytes and neutrophils (CD14* and CD66b™ cells, respectively) was
routinely >95%. CD62L expression was monitored to ensure that
neutrophils did not undergo spontaneous activation. Monocytes and
neutrophils were cultured in RPMI 1640 medium (Lonza, Verviers,
Belgium) supplemented with 10 or 2% FCS (GE Healthcare Life Sci-
ences, Vélizy-Villacoublay, France), respectively, and containing 2 mM
glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids,
10 mM HEPES, and 100 U/ml penicillin and streptomycin (all from
Lonza). Neutrophil culture medium was supplemented with 10 pg/ml
heparin (Sigma-Aldrich) and 20 ng/ml GM-CSF (CellGenix, Freiburg,
Germany).

IL-26 (50 ng/ml) was incubated or not with 0.1-10 pg/ml fragmented
genomic DNA, 0.01-0.3 pwg/ml NETs, 0.3 pwg/ml mtDNA, or 0.1-10 pg/ml
RNA for 30 min at 37°C before addition to monocytes. As control,
monocytes were stimulated with 200 ng/ml LPS (from E. coli serotype
O111:B4; Sigma-Aldrich). In some experiments, a mix of IL-26 and DNA
was treated with 10 IU/ml DNase I before addition to monocytes. In others,
cells were treated for 2 h with 50 nM bafilomycin A, 5-20 uM Z-VAD-
FMK, or 10-50 M MCC950 (all from Sigma-Aldrich), before addition of
DNA plus IL-26.

Human pulmonary artery smooth muscle cells (SMCs) were cul-
tured following manufacturer’s instructions (Invitrogen, Carlsbad,
CA). Cells were differentiated for 15 d and stimulated or not for 24 h
with 100 ng/ml IL-18 (Miltenyi Biotec) and 100 ng/ml TNF-o
(ImmunoTools).
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Cytokine quantification

IL-26 was quantified in the sera and cell culture supernatants by ELISA, as
previously described (25). IL-1p, IL-6, and IL-8 were quantified in cell
culture supernatants by ELISA (Diaclone, Dijon, France). IL-13, IL-6, IL-
17, and TNF-a levels were assessed in the sera of AAV patients and
healthy subjects using a Bio-Plex ELISA-based immunoassay (Bio-Rad,
Hercules, CA).

Detection of circulating IL-26-DNA complexes

IL-26-DNA complexes were assayed in sera by ELISA. In brief, after
coating with 5 pg/ml anti—IL-26 mAb (clone 13C9) and blocking with 1%
BSA, plates were incubated with 40 wl sera before incubation with an
HRP-labeled anti-DNA mAb (Roche, Penzberg, Germany). Bound Abs
were detected using the peroxidase substrate ABTS (Sigma-Aldrich); re-
sults are expressed in ODysgpnm values.

Analysis of the interaction of IL-26 with nucleic acids

A solid-phase binding assay was performed to analyze the binding of IL-26
to DNA. In brief, 96-well plates (Nunc, Roskilde, Denmark) were coated
with 10 pg/ml DNA or IL-20R1-Fc (R&D Systems), used as positive
control (27). After saturation with PBS containing 5% BSA (w/v), plates
were successively incubated with 5 pg/ml IL-26, 0.2 pg/ml biotinylated
anti—IL-26 mAb (clone 8G3), and then with streptavidin-HRP (BD Phar-
mingen). Bound mAbs were revealed with the 3,3’,5,5'-tetrame-
thylbenzidine substrate (Sigma-Aldrich); results are expressed in ODysonm
values after subtraction of the values obtained in the absence of IL-26.

Immunohistological analysis

Paraffin-embedded kidney biopsies (Department of Tissue Pathology,
University Hospital of Angers) were used to analyze IL-26 expression in
kidney biopsies of AAV patients. Slides of normal kidney biopsies from
human adults (Biochain, Newark, CA) were used as control. After
deparaffinization and Ag demasking, slides were incubated with 10%
human serum before incubation with an anti—IL-26 mAb (clone 197505;
R&D Systems) or an IgG2b control mAb (BD Biosciences). Bound Abs
were detected with a Bond Polymer Refine Detection kit and Peroxidase
detection system (both from Leica Microsystems, Newcastle, U.K.). To
visualize the IL-26-NETs interaction, we seeded neutrophils on glass
coverslips treated with 0.01% poly-L-lysine (Sigma-Aldrich) for 1 h,
allowed them to settle, and treated them with 100 nM PMA (Sigma-
Aldrich) for 3 h. After fixation with 4% PFA and incubation with 10%
mouse serum in PBS, slides were incubated with 5 pwg/ml IL-26 for 1 h. IL-
26 was then detected with an anti—IL-26 mAb (clone 197505) labeled with
Alexa Fluor 633 (protein labeling kit; Invitrogen) or with an IgG2b control
mAb (BD Biosciences). After staining of nuclei with DAPI, slides were
mounted in Prolong Gold antifade reagent (Invitrogen) and imaged with a
Leica TCS SP8 confocal microscope.

Quantitative RT-PCR analysis

Total RNA extraction and reverse transcription were performed as previ-
ously described (23). The expression of IL-1f3, IL-6, IL-26, IFN-B, and
STING mRNA was analyzed by quantitative RT-PCR using Maxima
SYBR Green qPCR Mastermix (Thermo Scientific); primer sequences are
available upon request. Specific gene expression was calculated using the
2724CT method using GAPDH as calibrator.

Reporter cell lines assay

The involvement of STING was evaluated by using STING-sufficient
THP1-Blue IFN-stimulated gene (ISG) cells, which contain an IFN regu-
latory factor—inducible SEAP reporter construct, and THP1-Blue KD ISG
cells, in which the expression of STING is silenced. THP1-Blue ISG and
THPI1-Blue KD ISG cells, cultured according to the manufacturer’s in-
structions (InvivoGen, Toulouse, France), were stimulated with IL-26,
DNA, IL-26-DNA complexes, or 10 uM 3'3’-cGAMP (InvivoGen); in-
ternalization of DNA using the Lipofectamine 2000 transfection reagent
(Life Technologies) was used as positive control. SEAP activity was de-
tected using the QUANTI-Blue reporter assay (InvivoGen). Results are
expressed as fold induction of reporter activity using PBS-treated samples
as reference.

Silencing of TMEM173 expression in monocytes

Short interfering RNA (siRNA) targeting was used to decrease TMEM173
expression in primary monocytes. Human monocyte nucleofector kit and
Nucleofector device were uses for delivering siRNA into monocytes,

IL-26 RENDERS DNA PROINFLAMMATORY

following the manufacturer’s instructions (Lonza). In brief, 8 X 10°
monocytes were suspended in 100 pl of human monocyte nucleofector
solution and transfected with ON-TARGETplus siRNA TMEMI173 or
control siRNA (GE Healthcare Dharmacon, Vélizy-Villacoublay, France)
at a final concentration of 100 nM using the Y-001 program. The ex-
pression of TMEM173 was assessed by flow cytometry (using AF647-
labeled anti-TMEM173 and isotype control mAbs; BD Pharmingen) and
by Western blotting using rabbit anti-TMEM173 (R&D Systems) and
anti—B-actin (Cell Signaling, Danvers, MA) polyclonal Abs.

Statistical analysis

Data were expressed as mean = SEM. Statistical analyses were performed
using GraphPad Prism 5 (version 5.02; GraphPad Software, La Jolla, CA).
Differences between two groups were assessed using the nonparametric
Mann—Whitney U test. When analysis included more than two groups, the
nonparametric Kruskal-Wallis test or the two-way ANOVA was applied
with the Bonferroni—-Dunn’s posttest comparison. Spearman correlation
coefficient was used in univariate analysis. Significant differences are il-
lustrated as *p < 0.05, **p < 0.01, ***p < 0.001.

Results
IL-26 and extracellular DNA synergize to induce
proinflammatory cytokine expression by myeloid cells

To evaluate whether IL-26 may render innate immune cells sen-
sitive to extracellular DNA, we exposed monocytes to 0.1-
10 pg/ml fragmented genomic DNA, either alone or after pre-
incubation with 50 ng/ml IL-26. As previously reported, IL-26
(23), but not extracellular DNA (13), induced IL-6 (Fig. 1A, left
panel) and IL-1B production by monocytes (Fig. 1A, right
panel). Interestingly, a preincubation of IL-26 with DNA sig-
nificantly increased, in a dose-dependent manner, the produc-
tion of IL-1p and IL-6 (Fig. 1A). The levels of IL-6 (Fig. 1A)
and IL-1B (data not shown) were not affected when IL-26 plus
DNA were treated with DNase I before addition to monocytes.
As control, LPS induced IL-1f3 and IL-6 production by mono-
cytes (Fig. 1A). IL-6 and IL-1 mRNA expression were also
dramatically enhanced by IL-26 plus DNA, compared with
IL-26 alone, but not by DNA alone (Fig. 1B).

This first set of experiments suggested that IL-26 may render
DNA stimulatory. DNA sensing induces, in addition to proin-
flammatory cytokines, the secretion of type I IFNs (1). Accord-
ingly, IL-26 plus DNA upregulated IFN-B mRNA expression by
monocytes (Fig. 1B).

The synergistic effect of IL-26 and DNA on proinflammatory
cytokine production by monocytes was observed not only with
genomic DNA but also with mtDNA (also released by dying cells
[36]) and NETs. Whereas NETs alone (used at 10-300 ng/ml
NETs-associated DNA content) did not induce detectable 1L-6
(Fig. 1A), addition of IL-26 resulted in a huge secretion of IL-6,
dependent on the doses of NETs DNA (Fig. 1A). A similar dose-
dependent increase of IL-6 production was also observed with
IL-26 mixed with RNA (Fig. 1A). None of the other IL-10 family
members tested (IL-10, IL-19, IL-22, IL-24, and IL-29) enabled
monocytes to sense extracellular DNA (Supplemental Fig. 2).

Myeloid cells are highly sensitive to danger signals. It was thus
important to exclude that the activation of monocytes may result
from the presence of contaminating molecules. As reported pre-
viously (23), IL-26 did not contain stimulatory levels of endo-
toxins. Moreover, we observed that: 1) the treatment of IL-26 plus
DNA with proteinase K abolished their capacity to activate
monocytes, and 2) that the treatment of DNA with DNase I or of
RNA with RNase before incubation with IL-26 abolished their
capacity to potentiate the IL-26-induced secretion of IL-6 by
monocytes (data not shown). Collectively, these results suggest
that the stimulatory activity of IL-26 and nucleic acids was not
associated to the presence of contaminating danger signals.
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FIGURE 1.

IL-26 synergizes with DNA in inducing proinflammatory cytokines and IFN- expression by myeloid cells. (A) Human monocytes were

stimulated or not with 50 ng/ml IL-26, in the presence or absence of 0.1-10 pg/ml genomic DNA, 0.01-0.3 pwg/ml NETs, 0.1-10 pwg/ml RNA, or 0.1 pg/ml
mtDNA. Stimulation with 200 ng/ml LPS was used as a control. IL-6 (left panel) and IL-1 (right panel) were quantified by ELISA in the 24-h cell culture
supernatants. (B) Monocytes were stimulated or not for 2 h with 50 ng/ml IL-26 in the presence or absence of 10 wg/ml genomic DNA. The expression of
IL-1B, IL-6, and IFN-B mRNA was evaluated by quantitative RT-PCR. Results are expressed as a level of mRNA expression relative to GAPDH. (C)
Human neutrophils were stimulated or not with 50 ng/ml IL-26, in the presence or absence of 10 pg/ml genomic DNA, 0.01-0.3 wg/ml NETS, or 0.1 pg/ml
mtDNA. CXCLS8 was quantified in the 24-h culture supernatants. (D) Monocytes were incubated or not with 10 IU/ml DNase I for 2 h before exposure to
50 ng/ml IL-26. IL-6 was quantified by ELISA in the 24-h culture supernatants. (A-D) Results are expressed as mean * SEM of four independent ex-
periments. *p < 0.05, **p < 0.005, ***p < 0.001. (A, C, and D) Two-way ANOVA with Bonferroni posttest, p value: comparison between IL-26 alone and

IL-26 plus DNA. (B) one-way ANOVA.

Neutrophils also became responsive to extracellular DNA in the
presence of IL-26. The exposure of neutrophils to IL-26 plus
DNA, mtDNA, or NETs induced the production of CXCL8
(Fig. 1C). In contrast, IL.-26, as reported previously (37), or DNA
alone had a limited effect on CXCLS8 secretion by neutrophils
(Fig. 1C).

Based on these results, we hypothesized that the ability of IL-26
alone to activate primary myeloid cells (Fig. 1A-C) (23) could
result from the presence of nucleic acids released by dying cells
during in vitro culture. In support, the addition of DNase I into the
monocyte cultures before stimulation with IL-26 significantly
decreased IL-26—induced IL-6 secretion (Fig. 1D).

As it was detected earlier (as soon as 6 h) and at higher levels
than the ones of IL-1f in response to IL-26 plus nucleic acids, the
quantification of IL-6 in cell culture supernatants was used to
monitor monocyte activation in the following experiments, un-
less otherwise stated.

Collectively, these results show that IL-26 synergizes with ex-
tracellular self-DNA to induce proinflammatory cytokine secretion
by human myeloid cells.

1L-26 exhibits DNA-binding properties

Cell culture assays suggested that IL-26 may interact with nucleic
acids. A solid-phase binding assay confirmed that IL-26 bound to
immobilized DNA and to IL-20R1, used as a positive control
(Fig. 2A). This result was in agreement with the capacity of IL-26
to complex to DNA in vitro (26). Immunofluorescence microscopy
revealed that IL-26 also bound to the chromatin fibers of NETs
(Fig. 2B); no binding of the anti—IL-26 mAb to NETs was ob-
served in the absence of IL-26 (Fig. 2B).

We next explored the structural features of IL-26, which may
explain its DNA-binding capacity. In the absence of IL-26 crystal
structure, we set up a 3D structural model of IL-26 (Fig. 2C) based
on the crystal structure of IL-10, which displays the closest
identity with IL-26. This model, generated using the ClustalW
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FIGURE 2. IL-26 binds to DNA. (A) The binding of IL-26 to immobilized DNA was assessed in a solid-phase binding assay. IL-26 was added to plates
coated with 10 pg/ml DNA or IL-20R1-Fc. Bound IL-26 was detected using biotinylated anti—IL-26 mAb revealed with streptavidin-HRP and TMB
substrate. Results are expressed in OD4s0nm values after subtraction of the background (mean *= SEM, n = 6). *p < 0.05, **p < 0.01, Mann—Whitney U
test. (B) NETs were incubated with 5 pwg/ml IL-26 (upper panels) or not (lower panels). Bound IL-26 was detected with an Alexa Fluor 633-labeled anti—
IL-26 mAb, and DNA was visualized with DAPI. Images are representative of one of two independent experiments. Scale bars, 20 pm. (C) A 3D model of
IL-26 was generated using the IL-10 x-ray crystal structure as a template and the software Modeler 9v2; this model depicts the six (A—F) « helices. (D)
Electrostatic potential on the molecular surface of IL-26, calculated using APBS, is colored from red (—10 kbT/ec) to blue (+10 kbT/ec). (E) The blue-
colored patches on the molecule surface correspond to DNA-binding domains (green circles), as determined using MetaDBsite.

software and validated using the Procheck software, showed
that >90% of residues are located in allowed regions of the
Ramachandran plot. Interestingly, analysis with APBS software
(38) and with MetaDBsite (39) defined two regions rich in posi-
tively charged residues and with predicted DNA-binding proper-
ties, composed by helix E and by helix B plus the N terminus of
helix C (Fig. 2D, 2E). As observed with the IL-22-based IL-26
model (26), the electrostatic potential on the molecular surface of
IL-26 was globally positive.

These results show that IL-26 binds to DNA to form complexes,
a property supported by its unconventional cytokine structure.

IL-26 is a cationic amphipathic protein that shuttles
extracellular DNA into the cytosol of monocytes

We then investigated whether IL-26 may enable extracellular DNA
to access the cytosol of myeloid cells. Monocytes were incubated

with Alexa 488-labeled DNA, in the absence or presence of IL-
26, and the percentage of fluorescent monocytes was analyzed
by flow cytometry. In the presence of IL-26, an important per-
centage of fluorescent monocytes was observed; this percentage
was dependent on the concentration of DNA (Fig. 3A). Confocal
microscopy confirmed the internalization of IL-26-DNA com-
plexes, whereas DNA alone was not internalized (Fig. 3B). Fi-
nally, none of the other members of cytokines tested (IL-10,
IL-19, IL-22) enabled the internalization of DNA in monocytes
(Supplemental Fig. 2).

We then analyzed the biochemical characteristics of IL-26 sup-
porting this property. Among the six a helices (A-F) of IL-26, helices
E and F presented amphipathic properties (Fig. 3C), as determined by
the AmphipaSeek web server. Their helical wheel representations
evidenced typical amphipathic o helices with a hydrophobic face and
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FIGURE 3. IL-26 mediates the internalization of DNA into the cytosol of monocytes. (A) The internalization by monocytes of IL-26 complexed with
Alexa 488-labeled DNA was assessed by flow cytometry (left panel). Results are expressed as a percentage of fluorescent cells (mean = SEM, n = 7).
Representative dot plots are shown (right panel). *p < 0.05, two-way ANOVA. (B) The intracellular localization of Alexa 488—labeled DNA within human
monocytes after 24-h incubation with or without IL-26 was analyzed by confocal microscopy. Green indicates Alexa 488-labeled DNA; blue indicates
DAPI. Scale bars, 10 wm; insert, higher magnification. (C) Surface representation of IL-26 colored according to the amphipathic score, from blue (low) to
red (high), using the AmphipaSeek web server. (D) Helical wheel representation of helices E (left panel) and F (middle panel) of IL-26, compared with the
CPP KALA (right panel), using HeliQuest (http://heliquest.ipmc.cnrs.fr/). The magnitude and direction of the hydrophobic moment (wH) is indicated with a

vector arrow.

a hydrophilic face composed of positively charged residues,
such as three lysines in helix F (Fig. 3D). DNA-binding do-
mains and amphipathic a helices are features of cationic cell-
penetrating peptides (CPPs) designed for DNA delivery, such as
the KALA peptide (40). Interestingly, helix F of IL-26 has
similarities with the KALA peptide, including an «a-helical
conformation with a hydrophilic face including lysine residues
and a hydrophobic face including leucine residues (Fig. 3D).
Finally, helix F was also predicted to have an in-plane mem-
brane (IPM) motif anchor, involved in the binding of proteins to
cell membranes (41).

Collectively, these results show that IL-26 displays features of
CPPs (large positive area, two amphipathic helices, and an IPM
anchor), which may contribute to explaining its capacity to shuttle
DNA within myeloid cells.

The activation of monocytes by IL-26-DNA complexes involves
STING and the inflammasome

We next investigated by which mechanism IL-26-DNA com-
plexes activate monocytes. Previous studies reported that the
inflammasome-dependent production of IL-13 by DNA-stimulated
myeloid cells involves caspase 1 and NLRP3 (42, 43), and that IL-
1B can induce the autocrine production of IL-6 (44). Accordingly,
the production of IL-6 induced by IL-26-DNA complexes was re-
duced in the presence of the pan-caspase inhibitor Z-VAD-FMK
(904 = 4.3% inhibition with 20 pM Z-VAD-FMK; mean =*

SEM, n = 4) and of the NLRP3 inhibitor MCC950 (57.4 = 8.1%
inhibition with 50 pM MCC950) (Fig. 4A).

However, IL-26-DNA complexes also induce, in addition to
proinflammatory cytokines, the expression of IFN-B, whose pro-
duction is not dependent on inflammasome activation (45). We
thus hypothesized that IL-26-DNA complexes may stimulate
myeloid cells via DNA sensors and focused on those that induce
both IFN-B and proinflammatory cytokines synthesis, namely
TLRY and STING. In agreement with the fact that TLRY is absent
in human monocytes (46), bafilomycin A, a specific blocker of
endosomal TLR signaling (47), did not reduce monocyte (Fig. 4B,
left panel) and neutrophil (Fig. 4B, right panel) activation by IL-
26-DNA complexes. As control, bafilomycin A prevented the
activation of monocytes and neutrophils by the endosomal TLR7/8
ligand CL097 (Fig. 4B).

STING was reported to be involved in DNA-induced inflam-
matory cytokine production by human myeloid cells (13, 48). We
first compared the response of the cell line THP1-ISG, either or
not silenced for STING (THP1-ISG-KD STING and THPI-ISG,
respectively), with IL-26-DNA complexes. Results showed that,
contrary to THP1-ISG cells, THP1-ISG-KD STING cells did not
respond to IL-26-DNA complexes (Fig. 4C). As expected, THP1-
ISG-KD STING cells were also less sensitive to the STING ligand
3'3’-cGAMP and to transfected DNA, compared with THP1-ISG
cells (Fig. 4C). Second, silencing STING using siRNA signifi-
cantly decreased the production of IL-26 by monocytes in response
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FIGURE 4. The activation of monocytes with IL-26-DNA complexes is dependent on inflammasome and STING activation. (A) Human monocytes were
stimulated with 50 ng/ml IL-26 in the presence of 10 wg/ml DNA without or with 5-20 uM Z-VAD-FMK or 10-50 uM MCC950. IL-6 was quantified in
the 24-h cell culture supernatants by ELISA. (B) Monocytes (left panel) or neutrophils (right panel) were incubated or not with 50 nM bafilomycin A for 2 h
before exposure to 50 ng/ml IL-26 plus 10 pg/ml genomic DNA, or to 250 ng/ml CL097, a synthetic TLR7/8 agonist. IL-6 and CXCLS8 were quantified by
ELISA in the 24-h culture supernatants. (C) The human myeloid cell line THP1-ISG, either knocked down or not for STING (THP1-ISG-KD STING and
THP1-ISG, respectively), used at 5 X 10 cells/ml, was stimulated for 24 h with 400 ng/ml IL-26, 10 p.g/ml DNA, 400 ng/ml IL-26 plus 10 wg/ml DNA, or
10 pM 3'3’-cGAMP (a synthetic STING agonist), or was transfected with 10 wg/ml genomic DNA using the Lipofectamine 2000 reagent (Lipo). ISG5A
promoter activity was measured by a chromogenic (SEAP substrate) assay. (D) Monocytes were transfected for 48 h with siRNA targeting TMEM173
(STING) mRNA or control siRNA before stimulation with 50 ng/ml IL-26 plus 10 pwg/ml genomic DNA. IL-6 was quantified in the 24-h cell culture
supernatants by ELISA. Results are expressed as mean = SEM of six independent experiments (*p < 0.05, Wilcoxon test). (A-C) Data are shown as

mean *= SEM of four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (A) one-way ANOVA; (B and C) two-way ANOVA.

to IL-26-DNA complexes, compared with control siRNA (Fig. 4D).
As control, siRNA targeting STING decreased STING mRNA ex-
pression and protein expression, as assessed by flow cytometry
(24.8 £ 4.0% decrease of MFI value; mean = SEM, n = 6) and
Western blotting (Supplemental Fig. 3); STING expression was
not modulated in monocytes transfected with control siRNA
(Supplemental Fig. 3). Finally, we observed that IL-26-DNA
complexes and IL-26 induced the phosphorylation of IFN regu-
latory factor 3 (Supplemental Fig. 3), which is involved in the
signaling pathway downstream of STING.

These results demonstrate that IL-26 renders extracellular DNA
able to signal via the inflammasome and the cytosolic STING
pathway, a result in line with the capacity of IL-26 to shuttle
extracellular DNA into myeloid cells.

In AAV patients with crescentic glomerulonephritis, vascular
SMCs of renal arteries express IL-26

We have shown that IL-26 plus DNA induce proinflammatory
cytokines via STING. A constitutive activation of STING in
STING-associated vasculopathy with onset in infancy patients
results in unabated systemic inflammation and vasculitis (49). AAV
is a chronic and remitting autoimmune disease that targets
microvessel walls and is associated with: 1) a systemic and local

inflammation (50), 2) a massive cell death in injured tissues
associated with elevated serum levels of nucleosomes (51),
and 3) a type I IFN signature (elevated seric circulating type I
IFN levels and tissue MxA expression in active AAV) (52).
This last point suggests a break in innate immune tolerance to
self-DNA. We thereby hypothesized that IL-26 could be pre-
sent and involved, together with DNA released by dying cells,
in AAV.

We first analyzed by immunochemistry the expression of IL-26
in kidney biopsies of active AAV patients. Kidney is one of the
main target organs in AAV, with glomerulonephritis characterized
by crescentic necrotizing lesions (53). Biopsies of active patients
revealed an intense staining with an anti—-IL-26 mAb of vascular
SMCs from arteries (Fig. 5SA) and from afferent glomerular arte-
rioles (data not shown), whereas endothelial cells and fibroblasts
were not stained (Fig. 5A). No staining of vascular SMCs was
observed with a control mAb. Kidney arteries and afferent glo-
merular arterioles from healthy subjects were not stained by the
anti-IL-26 mAb (Fig. 5A).

Confirming that SMCs may represent a novel source of IL-26, we
observed that cultured human primary SMCs constitutively
expressed IL-26 mRNA (Fig. 5B); moreover, intracellular 1L-26
was detected by immunofluorescence in nonstimulated cells
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(Fig. 5C). Stimulation of SMCs with the proinflammatory cytokines
IL-18 and TNF-o upregulated IL-26 mRNA expression
(Fig. 5B) and IL-26 production (Fig. 5C, 5D). Finally, IL-26
expression by arterial SMCs was associated with a diffuse IL-
26 labeling in crescentic glomeruli (Fig. SE); glomeruli from
healthy subjects were not stained by anti—IL-26 mAb (Fig. SE).

These results show that, in active AAV patients, IL-26 is pro-
duced by renal arterial SMCs and is present in crescentic glomeruli,

AAV glomerulonephritis

lesions characterized by massive cell infiltration and cell death
(leukocytoclasia) (53).

IL-26-DNA complexes and high levels of IL-26 are detected in
the sera of active AAV patients

The expression of IL-26 by arterial SMCs suggested the systemic
presence of IL-26. Because circulating DNA 1is present in active
AAV patients (51), we hypothesized that IL-26-DNA complexes
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FIGURE 6. Analysis of IL-26 and
IL-26-DNA complexes in AAV pa-
tients. (A) IL-26-DNA complexes were
assessed by ELISA in the sera of AAV
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may exist in vivo. Interestingly, we evidenced the presence of
circulating IL-26-DNA complexes by ELISA in 11 of 20 active
AAV patients (Fig. 6A), with levels that positively correlated with
BVAS (r = 0.4, p = 0.02) (Fig. 6B). In contrast, these complexes
remained undetectable in remitting AAV patients and healthy
subjects (Fig. 6A). The concentrations of serum IL-26 were higher
in AAV patients (n = 69) than in healthy subjects (n = 85) (6.2 ng/
ml [0-140] versus 0.25 ng/ml [0-4.7], respectively) (Fig. 6C).
Both active and remitted patients exhibited a higher concentration
of IL-26 (9.3 ng/ml [0-140] and 1.6 ng/ml [0-8], respectively)
than healthy subjects (Fig. 6D). The ELISA used in this study
quantifies total IL-26 (complexed or not to DNA; data not shown).
Although IL-26 levels were not statistically higher in active than
in remitted patients, those with high IL-26 concentration (>2.4
ng/ml, corresponding to mean + 2 SD of IL-26 level determined in
healthy subjects) had a higher BVAS than patients with low IL-26
concentration (=2.4 ng/ml) (8.2 £ 9.2 and 14 = 10.9, respec-
tively) (Fig. 6E). Interestingly, 9 of 10 patients, for whom blood
samples were available at flare-up and 6-12 mo after the initiation
of an immunosuppressive treatment, exhibited a decrease in cir-
culating IL-26 after treatment (Fig. 6F).

In conclusion, active AAV patients exhibit IL-26 in necrotic
lesions and circulating IL-26-DNA complexes (Fig. 7).

Before After
treatment treatment

Discussion
IL-26 is a member of the IL-10 cytokine subfamily overexpressed
in different chronic inflammatory diseases (e.g., Crohn’s disease,
rheumatoid arthritis, psoriasis, chronic hepatitis C virus infection,
and graft-versus-host disease) for which biological activity re-
mains unclear (23-26, 54). We report in this article that IL-26: 1)
exhibits several features of CPPs designed for DNA transfection
and, 2) allows myeloid cells to be activated by extracellular DNA
in an inflammasome-dependent and STING-dependent manner. In
support of these observations, AAV patients with glomerulone-
phritis display IL-26 deposits in injured kidneys and circulating
IL-26-DNA complexes. IL-26 thus appears as a proinflammatory
molecule that links extensive cell death and sustained inflammation.
We demonstrate in this study that IL-26 shuttles extracellular
DNA into the cytosol of human myeloid cells. This property is
supported by its unique biochemical and structural features
(cationicity and amphipathicity), which are similar to the ones of
cell-penetrating (40) and antimicrobial peptides (55), such as
the cathelicidin LL-37 (13, 14). In this study, we propose an IL-26
structural model based on IL-10 because IL-10 displays the closest
identity with IL-26 and both cytokines have an alkaline isoelectric
point. The overall high cationic charge of IL-26 supports its DNA-
binding properties; more precisely, we identify the helices B and E
as the main DNA-binding motifs in IL-26. Moreover, the IL-10-based

/T0Z ‘v |udy uo 1senb Aq /6.0 jounwiw i ' mman//:dny wody papeojumoq


http://www.jimmunol.org/

The Journal of Immunology

3659

Q (]
Immunecells are attracted )
in necrotizing lesions by Q Q Y
inflammatory cytokines ﬁ
C) .
(@) o L
Q ]
o o o
[ I \ )
0N e - \°
Activated smooth muscle o /0 S 4 L] N
cells secrete IL-26 ° ° 9 ° g o Q
O @ 00
o Q ()
Q
ol
P Q
]
Qo
Q
[ 4
oy
o
Formation of complexes 00
between IL-26 and DNA Q Q
released by dying cells Q
OR .
° IL-26-DNA induces
inflammatory
cytokine secretion
by myeloid cells
Normal endothelial cell @ Monocyte 900 IL-26

Damaged endothelial cell

Smooth muscle cell

"} Neutrophil

@ Lymphocyte

%60 Proinflammatory cytokines

xxxx Extracellular DNA

FIGURE 7. Schematic representation of the role of IL-26 in active AAV. Vascular kidney SMCs of patients with crescentic necrotizing lesions produce
IL-26 (A). As a consequence of its unique cationic and amphipathic properties, IL-26 binds to self-DNA released by dying cells (B). IL-26 sustains the
inflammatory process by enabling myeloid cells to sense dying cell DNA (C), thereby establishing a harmful positive amplification loop that may potentiate
the inflammation process (recruitment of neutrophils, production of IL-26—induced cytokines in necrotizing lesions) (D). This scheme was drawn using
modified pictures from Servier Medical Art under a Creative Commons Attribution 3.0 Unported License.

model predicts that the amphipathic helix F displays an acces-
sible IPM anchor. IPM anchors are present in several proteins,
especially antimicrobial and CPPs, and allow their insertion at
the membrane interfaces. In support, although IL-10 and IL-19
are also fairly cationic (pHi 8 and pHi 7.6, respectively) and
display amphipathic helices, IL-26 is the only one to enable
monocytes to sense DNA.

In accordance with our findings, a recent study, using an IL-22—
based model, showed that IL-26 exhibits some structural features
of antimicrobial peptides (26). Contrary to IL-10, IL-22 has a
global neutral charge (pHi 7.1). Overall, the IL-10- and IL-22-
based models exhibit similarities, including the preservation of
disulphide bonds and amphipathicity, but also differences. The
IL-22-based model predicts that IL-26 may adopt a beads-on-
string shape, supportive of its direct antimicrobial activity (26).
However, contrary to the IL-10-based model, this model does not
predict an accessible IPM anchor. Of note, the N terminus of
IL-26, which may act as a noncovalent intermolecular linker to
form multimeric IL-26, remains accessible in the IL-10-based
IL-26 model. In accordance with our model, the IL-22-based
model also suggested that IL-26 aggregates and condensates DNA
to form insoluble particles that can be internalized by target cells.

IL-26 thus combines: 1) a high cationic charge, 2) the proximity of
two amphipathic o helices with an accessible IPM anchor, and 3)
the capacity to shuttle extracellular DNA into myeloid cells. IL-26

thus appears as a unique endogenous DNA transfection protein with
structural and biochemical properties similar to CPPs.

In agreement with our previous study reporting that IL-26 is
proinflammatory (23), our results showed that IL-26-DNA com-
plexes induce the production of IL-6 and IL-13 by human
monocytes. Interestingly, IL-13, whose secretion requires
inflammasome activation, can induce, in an autocrine manner, the
secretion of IL-6 (44). Accordingly, the production of IL-6 by
monocytes stimulated with IL-26-DNA complexes was reduced
upon inhibition of caspases and NLRP3. However, the fact that
IL-26-DNA complexes also induced type I IFNs, the production
of which is not dependent on NLRP3 or AIM-2 inflammasomes
(56), was in favor of the involvement of an intracellular DNA
sensor (such as STING or IFI16), whose engagement can also
induce inflammatory cytokines (1). In agreement with this hy-
pothesis, results showed that the activation of human myeloid cells
by IL-26-DNA complexes also involved STING, a cytosolic
adapter that can be activated directly by DNA or by upstream
DNA sensors, mainly cGAS (57). In support of this, and in agreement
with others (48), the STING ligand 3'3'-cGAMP induced, in addition
to IFN-f3, the expression of IL-1B and IL-6 by human monocytes
(data not shown). Collectively, our results show that the activation of
human monocytes by IL-26-DNA complexes involves STING and
the inflammasome, most probably caspases, although the relative roles
of these pathways cannot be determined.
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IL-26 confers immunostimulatory properties to the different
types of DNA (i.e., genomic DNA, mtDNA, and NETs). Previous
studies have evidenced that genomic and mtDNA, released upon
cell injury (36), activate the STING pathway (4, 58, 59). NETs
have been reported in AAV and SLE and are suspected to con-
tribute to breaking innate tolerance to self-DNA (60, 61). Notably,
in the presence of IL-26, myeloid cells are strongly activated by
low concentrations of NETSs, suggesting a major proinflammatory
role of IL-26 at sites of neutrophil accumulation and death. Be-
cause STING expression is not restricted to myeloid cells (2), it
remains to be evaluated whether other STING-expressing human
cell types respond to IL-26 plus DNA.

Previous in vitro studies have shown that IL-26 stimulates
proinflammatory cytokine secretion by monocytes (23) and NK
(25) cells, in the absence of IL-20R1 expression. In line with these
observations, DNase I significantly prevents IL-26—induced acti-
vation, showing that the activation induced by IL-26 alone is
partly mediated by DNA released by dying cells in culture.

The observation that DNase I does not totally inhibit in vitro the
effect of IL-26 on monocytes could be explained by the ability of
IL-26 to protect extracellular DNA from DNase I (26), or to protect
cytosolic self-DNA from intracellular DNases, leading to a cyto-
solic DNA accumulation that activates STING (6, 62, 63).

In contrast with human myeloid cells, pDCs express functional
TLR9 and respond to IL-26 plus DNA via TLR9 (26). Surprisingly,
this activation required ~700-fold higher levels of IL-26 than IL-
26 plus DNA-induced myeloid cell activation, suggesting that IL-
26-DNA complexes preferentially activate myeloid cells.

Finally, the use of transgenic IL-26 mice to assess in vivo the role
of IL-26 in DNA-induced inflammation is precluded because
murine myeloid cells are not sensitive to human IL-26 plus DNA
(data not shown). In parallel, murine myeloid cells do not sense
DNA-CPP (LL37 or KALA) complexes, whereas they are re-
sponsive to the STING activator 3'3'-cGAMP (data not shown).
The efficiency of CPP on murine cells has hitherto not been
reported and seems to be cell lineage (64-66) and species de-
pendent (67).

Collectively, these data show that IL-26 acts as a self-DNA cargo
molecule that triggers proinflammatory cytokine secretion by
human myeloid cells.

In line with these results, we were interested in AAV patients,
especially during acute flare-ups. Indeed, the acute lesions begin as
a neutrophil-rich necrotizing inflammation, with admixed mono-
cytes producing destructive necrotizing vascular and extravascular
inflammation (53). We show in this study that active AAV pa-
tients exhibit high levels of circulating IL-26 and, interestingly, of
IL-26-DNA complexes. Immunohistochemistry revealed that vas-
cular SMCs from kidney biopsies of active AAV patients express
IL-26. Moreover, we observed that, in vitro, a combination of IL-1§3
and TNF-a, which are overexpressed in vasculitis (68), induce IL-26
expression by differentiated vascular SMCs. We provide evidence
in this article of activated SMCs as an IL-26—producing cell type.
In line with this observation, SMCs are known to produce proin-
flammatory cytokines and to participate in immune cell extravasa-
tion (69). This result does not exclude that Th17 cells, which are
present in AAV lesions (68), may also contribute to IL-26 expres-
sion. In conclusion, in active AAV lesions, IL-26 seems produced
locally, especially by vascular SMCs, and accumulates in necrotizing
crescentic lesions, characterized by accumulation of dead cells and
leukocytoclasia. IL-26 may therefore contribute to boost local
proinflammatory cytokine secretion, thereby amplifying not only cell
recruitment and death but also IL-26 secretion, as a positive feed-
back loop (Fig. 7). It would be of interest to assess IL-26 implication
in the pathophysiology of other chronic inflammatory disorders

IL-26 RENDERS DNA PROINFLAMMATORY

associated with cell death, sustained inflammation, and an over-
expression of IL-26, such as rheumatoid arthritis and Crohn’s
disease (23-26).

In conclusion, IL-26 appears as a unique cationic and amphi-
pathic protein, more similar to a soluble pattern recognition re-
ceptor than to a conventional cytokine, that links dying cell DNA
and uncontrolled inflammation. IL-26 thereby -constitutes a
promising target to dampen sustained inflammation.
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