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Abstract
The pathogenic hallmark of systemic lupus erythematosus (SLE or lupus) is the autoimmune
response against self nuclear antigens, including dsDNA. The increased expression of the pro-
inflammatory cytokine IL-1β has been found in the cutaneous lesion and peripheral blood
mononuclear cells from lupus patients, suggesting a potential involvement of this cytokine in the
pathogenesis of lupus. IL-1β is produced primarily by innate immune cells like monocytes and can
promote Th17 cell response, which is increased in lupus. IL-1β production requires cleaving pro-
IL-β into IL-1β by the caspase-1-associated multiprotein complex called inflammasomes. Here we
show that self dsDNA induces IL-1β production from human monocytes dependently of serum or
purified IgG containing anti-dsDNA antibodies by activating the NLRP3 inflammasome. Reactive
oxygen species (ROS) and K+ efflux were involved in this activation. Knocking down the NLRP3
or inhibiting caspase-1, ROS and K+ efflux decreased IL-1β production. Supernatants from
monocytes treated with a combination of self dsDNA and anti-dsDNA antibody-positive serum
promoted IL-17 production from CD4+ T cells in an IL-1β dependent manner. These findings
provide new insights in lupus pathogenesis by demonstrating that self dsDNA together with its
autoantibodies induces IL-1β production from human monocytes by activating the NLRP3
inflammasome through inducing ROS synthesis and K+ efflux, leading to the increased Th17 cell
response.

Introduction
The innate immune cells like monocytes, macrophages and dendritic cells (DCs) provide the
first line of defense against microorganisms. These cells are armed with the germ line-
encoded pattern recognition receptors (PRRs) which recognize pathogen-associated
molecular patterns (PAMPs) commonly found in microorganisms (1, 2). Different classes of
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PRRs have been identified. These receptors include Toll-like receptors (TLRs), retinoic
acid-inducible gene (RIG)-I-like receptors (RLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) and absent in melanoma 2 (AIM2) (1–3). TLRs that
exist on the cell surface or within the intracellular vesicular compartments, such as
endosomes and lysosomes, recognize PAMPs present outside of cells or delivered into these
compartments (1). RLRs, NLRs and AIM2, which are located in the cytosol, can detect
PAMPs within the cytosol (1, 3).

Inflammasomes are multimeric protein complexes with the capacity to activate the caspase-1
that cleaves pro-IL-1β into IL-1β (2, 4). Different types of inflammasomes contain distinct
PRRs responsible for the activation of the inflammasomes. For instance, the NLR family
pyrin domain (PYD)-containing 3 (NLRP3) is associated with the NLRP3 inflammasome
while AIM2 is found in the AIM2 inflammasome (2, 4). An array of molecules from host
and environments as well as from microorganisms has been reported as inflammasome
activators. AIM2 inflammasome is activated by cytosolic dsDNA from host and pathogens
through its binding to C-terminal HIN domain of AIM2 (5, 6). Activators of the NLRP3
inflammasome are heterogeneous, ranging from self-originating uric acid, calcium
pyrophosphate crystals, cholesterol crystals, ATP and glucose to environment-derived alum,
silica and asbestos as well as molecules from pathogens (reviewed in (2, 4)). Although it is
yet to be determined how molecules with such diverse structures could activate the NLRP3
inflammasome, reactive oxygen species (ROS) and K+ efflux appear to be important
mediators for the activation of the NLRP3 inflammasome (7).

Systemic lupus erythematosus (SLE or lupus) is an autoimmune inflammatory disease of
unknown etiology that affects multiple organs including the joint, skin, kidneys and
hematologic system (8). The immunologic hallmark of lupus is autoantibodies against
nuclear proteins and dsDNA. In particular, anti-dsDNA antibodies and circulating dsDNA/
anti-dsDNA immune complexes are found in lupus patients (9, 10). A correlation of disease
activity with titers of anti-dsDNA antibodies has been found in lupus patients (11, 12),
suggesting a pathogenic role of these antibodies. In fact, the immune stimulatory property of
dsDNA has been reported (10, 13–18). In the presence of anti-dsDNA antibodies, self
dsDNA stimulated B cells and plasmacytoid DCs (pDCs) dependently of TLR9, leading to
increased antibody and IFN-α production, respectively (10, 13, 14, 17). In addition, dsDNA
from self and non-self could activate cytosolic AIM2 inflammasome in innate immune cells
and keratinocytes when the cells were infected with virus or transfected with plasmid or host
DNA in the presence of DOTAP (5, 6, 18–20). The production of IL-1β from the THP-1
cells and murine macrophages infected with adenovirus, a non-enveloped DNA virus, was
dependent in part on the NLRP3 inflammasome, suggesting an activation of this
inflammasome by DNA (21). Of interest, increased IL-1β gene or protein expression was
found in the peripheral blood mononuclear cells (PBMCs) and skin lesions of lupus patients
(22, 23). Similarly, ilb gene was detected in the nephritis tissues from lupus-prone mice (24–
26). In addition, Th17 cell response, which is promoted by IL-1β, was increased in lupus
patients(27–31). These observations raise the potential involvement of IL-1β and
inflammasomes in the pathogenesis of lupus.

In the current study, we investigated whether and how self dsDNA, a molecular target of
autoimmune responses in lupus, could induce IL-1β production from human monocytes, a
major cellular source of IL-1β. Our results show that self dsDNA can induce IL-1β
production from human monocytes in the presence of anti-dsDNA antibodies by activating
the NLRP3 inflammasome. ROS and K+ efflux were responsible for this activation.
Knocking down the NLRP3 or inhibiting ROS, K+ efflux, caspase-1 or TLR9 pathway
decreased IL-1β production. In addition, supernatants from monocytes treated with dsDNA
and anti-dsDNA antibody-positive serum promoted IL-17 production from CD4+ T cells in
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an IL-1β dependent manner. The results of our study indicate the potential role of IL-1β and
NALP3 inflammasome in the pathogenesis of lupus by demonstrating that dsDNA together
with its autoantibodies induces IL-1β production from human monocytes by activating the
NLRP3 inflammasome through ROS synthesis and K+ efflux, leading to the increased Th17
response.

Materials and Methods
Human monocytes and sera

This work was approved by the institutional review committee of Yale University.
Peripheral blood was obtained from the New York Blood Center or healthy adults after
obtaining informed consent. Fresh monocytes were isolated from peripheral blood
mononuclear cells (PBMCs) using a negative cell purification kit (Stem cell Technologies
Inc, Canada). ANA-positive sera with or without anti-dsDNA antibodies were obtained from
the L2 Diagnostic Laboratory. The presence of ANA and anti-dsDNA antibodies were
determined by indirect immunofluorescence assay using Hep2 cells and Crithidia luciliae,
respectively. Healthy human sera were obtained from peripheral blood of healthy adult
donors.

Monocyte stimulation
Monocytes were resuspended in RPMI 1640 media supplemented with 10% FCS, penicillin
and streptomycin at 5 × 105 cells/ml. Human genomic dsDNA was isolated from Jurkat and
THP-1 cell lines using DNeasy Blood and Tissue kit (Qiagen, Valencia, CA). Monocytes
were stimulated with or without human genomic dsDNA (5 μg/ml) in the presence or
absence of serum (5% final concentration) or total IgG with or without anti-dsDNA
antibodies. Total IgG was purified from sera using a NAb spin kit (Thermo scientific,
Rockford, IL) according to the manufacturer’s instruction. To deplete anti-dsDNA
antibodies from antibody-positive serum, serum was diluted with RPMI 1640 media (5%
final concentration) and incubated overnight at 4°C in a sterile ELISA plate coated with
dsDNA (20μg/ml). After the incubation, serum was collected and analyzed for anti-dsDNA
antibodies by ELISA to determine levels of depletion. In some experiments, monocytes
were additionally treated with the followings: ant-CD32 (FcγRII) antibodies (2.5 μg/ml,
R&D systems, Minneapolis, MN) (10); NF-κB inhibitors (Bay11-7082 (5μM) and
Cenostrol (5 μM), Invivogen, San Diego, CA); caspase-1 inhibitor (Ac-YVAD-CMK, 5μM,
Enzo Life Sciences International Inc, PA); diphenyleneiodonium (DPI, 50 μM, Sigma-
Aldrich); chloroquine (5μg/ml, Sigma-Aldrich), scavenger receptor blockers (tannic acid
(20μM), dextran sulfate (50μg/ml), Sigma-Aldrich), and heparin (50U, Baxter, Deerfield,
IL) (32–34); or inhibitory nucleic acid sequence for TLR9 (ODN, 5μM final concentration)
(17). The TLR inhibitory sequence was pre-incubated for 15 min with DOTAP (Roche,
Indianapolis, IN) at room temperature before adding to monocytes.

Purification and stimulation of IL-1 receptor I (IL-1RI)-positive memory CD4+ T cells
Human IL-1RI-positive memory (CD45RA−) CD4+ T cells were purified from PBMCs of
healthy donors using a FACSAria as previously described (35). Purified cells were
stimulated for 5 days with anti-CD3 and anti-CD28 antibody-coated beads in RPMI 1640
medium mixed at a 4:1 ratio with supernatants from stimulated monocytes in the presence or
absence of IL-1R antagonist (100 ng/ml, R&D systems). IL-1R antagonist was re-added on
day 2. Some IL-1RI+ memory CD4+ T cells were treated with culture medium alone or with
anti-CD3 and anti-CD28 antibody-coated beads in the presence or absence of human
recombinant IL-1β (20 ng/ml, R&D systems).
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Measuring NF-κB activation
Monocytes were incubated for 4 hours with or without human genomic dsDNA in the
presence or absence of healthy serum or anti-dsDNA antibody-positive serum (5% final
concentration). This time point was determined based the results of a kinetic study
(Supplemental Figure 2A). Following fixation and permeabilization, cells were stained with
anti-phosphorylated NF-κB p65 antibodies (pS529) (BD bioscience, San Diego, CA). Cells
were analyzed on a flow cytometer

Measuring caspase-1 activation and ROS synthesis
Monocytes were incubated for 7 hours (caspase-1) or for 3 to 4 hours (ROS) with or without
healthy serum, anti-dsDNA antibody-positive serum (5% final concentration) or IgG
purified from anti-dsDNA antibody-positive serum in the presence or absence of human
genomic dsDNA. The active caspase-1 was detected by flow cytometry using FAM FLICA
Caspase-1 assay kit (Immunochemistry Technologies Inc, Bloomington, MN) according to
the manufacturer’s instruction. To measure ROS synthesis, stimulated cells were added with
ROS detection reagent carboxy-H2DCFDA (C400) (Invitrogen) at the end of stimulation.
Cells were then analyzed on a flow cytometer. The incubation time points were selected
based the results of kinetic studies (Supplemental Figure 2B–C).

Knocking down the NLRP3 gene
Human monocytes were nucleofected with scrambed siRNA or NLRP3-specific siRNA
(Invivogen) using the Amaxa Nucleofector System and a Human Monocyte Nucleofector
Kit (Lonza, Walkersville, MD) according to the manufacturer’s instruction. Following 6
hours of resting, nucleofected cells were incubated for 18 hours with or without dsDNA and
anti-dsDNA antibody-positive serum. Knock down of the NLRP3 gene was determined by
Western blotting with anti-human NLRP3 antibody (Enzo life science) and qPCR with the
following primers: forward primer 5′CCACAAGATCGTGAGAAAACCC3′ and reverse
primer 5′ CGGTCCTATGTGCTCGTCA3′

ELISA and qPCR
IL-1β and IL-18 from monocytes and IL-17 from CD4+ T cells in culture supernatants were
measured by ELISA (ebioscience, San Diego, CA). Pro-IL1B gene and pro-IL-1β protein in
cell lysate were measured using real-time quantitative PCR and human pro-IL-1β ELISA kit
(R&D systems), respectively. Briefly, total RNA was extracted from cells using RNeasy
Plus Midi kit (QIAGEN) and cDNA was synthesized. Real-time quantitative PCR was done
on an Mx3005P QPCR system (Stratagene, La Jolla, CA) using the 2XBrilliant SYBR green
master mix (Stratagene). The primer sequences for the IL1B gene were: forward primer
5′CACGATGCACCTGTACGATCA3′ and reverse primer
5′GTTGCTCCATATCCTGTCCCT3′. The levels of gene expression were normalized to
the expression of ACTINB (35). Also, the NLRP3 gene in monocytes was measured by
qPCR using the primer sequences as described above. The comparative CT method (ΔΔCT)
was used for quantification of gene expression.

Statistical analysis
Paired t-tests were performed for statistical analysis using Microsoft Excel. P values of less
than 0.05 were considered statistically significant.
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Results
Self dsDNA induces IL-1β production from human primary monocytes in the presence of
anti-dsDNA antibodies

dsDNA from self and non-self could activate cytosolic AIM2 inflammasome in innate
immune cells and keratinocytes when the cells were infected with virus or transfected with
plasmid or host DNA in the presence of DOTAP (5, 6). We investigated whether human
dsDNA alone could induce IL-1β production from human monocytes, which are a primary
cellular source of this cytokine (36). dsDNA alone could not induce IL-1β production (Fig.
1). However, dsDNA induced IL-1β production from monocytes in the presence of serum
containing anti-dsDNA antibodies (Fig. 1). IL-1β production was not detected from
monocytes treated with dsDNA in the presence of healthy serum or serum positive for
antinuclear antibodies (ANA) but negative for anti-dsDNA antibodies (Fig. 1C). Similarly,
human monocytes produced IL-1β in response to dsDNA in the presence of IgG purified
from anti-dsDNA antibody-positive serum (Fig. 2A). Next, we selectively depleted anti-
dsDNA antibodies from the antibody-positiveserum by incubating the serum overnight in a
plate coated with self dsDNA. Although we depleted these antibodies only partially (data
not shown), it still decreased IL-1β production from monocytes treated with dsDNA (Fig.
2B). A previous study reported that immune complexes containing dsDNA bound the IgG
receptor CD32 (FcgRII) on pDCs (10). Thus, we blocked CD32 on monocytes with anti-
CD32 antibodies, which significantly reduced IL-1β production (Fig 2C). These data
indicate that dsDNA induces IL-1β production from human monocytes in an anti-dsDNA
antibody-dependent manner. Of interest, monocytes incubated with anti-dsDNA antibody-
positive serum or IgG alone also produced IL-1β (Fig. 1A–Cfc and Fig 2A). However, the
levels of IL-1β produced from such treated cells were lower than those produced from
monocytes treated additionally with dsDNA. These findings suggest the presence of a
complex of dsDNA and anti-dsDNA antibodies in anti-dsDNA-positive sera as previously
reported (9, 10). Indeed, treating anti-dsDNA antibody-positive serum with DNase reduced
IL-1β production from monocytes (Fig. 2D). Since anti-CD32 antibodies or DNase partially
reduced IL-1β production from monocytes treated with dsDNA and anti-dsDNA antibody-
positive serum, we considered scavenger receptor A as an alternative pathway for such
IL-1β production. Previous studies reported the involvement of scavenger receptors in the
uptake of nucleic acids and antigens into cells (32, 37). We found the expression of
scavenger receptor A on human monocytes and decreased IL-1β production from monocytes
treated with dsDNA and anti-dsDNA antibody-positive serum in the presence of known
scavenger receptor A inhibitors including tannic acid, dextran sulfate and heparin
(Supplemental Fig. 1A–B) (32–34).

NF-κB and TLR9 are involved in producing IL-1β from human monocytes in response to a
combination of self dsDNA and anti-dsDNA antibodies

The production of IL-1β is tightly regulated at the transcriptional and post-translational
levels through NF-κB and inflammasome activations, respectively (1). Triggering TLRs
activates NF-κB, leading to increased synthesis of pro-IL-1β. Pro-IL-1β is then cleaved into
the active form IL-1β by caspase-1 containing inflammasomes and secreted outside cells.
Thus, we determined whether human monocytes stimulated with dsDNA and its antibodies
had increased generation of pro-IL-1β gene and protein. Pro-IL1B transcripts were highly
expressed in monocytes treated with a combination of dsDNA and anti-dsDNA antibody-
positiveserum although they were barely detected in monocytes treated with dsDNA alone
or a combination of dsDNA and healthy serum (Fig. 3A). The same results were found when
we measured pro-IL-1β protein in lysates from monocytes treated with dsDNA or a
combination of dsDNA and anti-dsDNA antibody-positive serum (Fig. 3B).
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We next measured NF-κB activation in human monocytes treated with dsDNA in the
presence or absence of anti-dsDNA antibody-positive serum or healthy serum. NF-κB was
highly activated in monocytes treated with a combination of dsDNA and anti-dsDNA
antibody-positive serum but not in monocytes incubated with dsDNA alone or with healthy
serum in the presence or absence of dsDNA (Fig. 4A, Supplemental Fig. 2A). Although the
activation of NF-κB was found in monocytes treated with anti-dsDNA antibody-positive
serum alone, the levels of such activation were lower than those in monocytes treated
additionally with dsDNA. Furthermore, IL-1β production from monocytes treated with a
combination of dsDNA and anti-dsDNA antibody-positive serum or anti-dsDNA antibody-
positive serum alone was blocked by NF-κB inhibitors (Fig. 4B, Supplemental Fig. 3). DNA
is known to trigger TLR9 in the endosome, leading to NF-κB activation (1). Indeed, human
monocytes expressed high levels of TLR9 (data not shown). The endosomal inhibitor
chloroquine and inhibitory nucleic acid sequence for TLR9 significantly reduced IL-1β
production from moncytes treated with dsDNA and anti-dsDNA antibody-positive serum
(Fig. 4C and D, Supplemental Fig. 3). Our observations indicate the essential role of TLR9
and NF-κB in producing IL-1β by human monocytes in response to self dsDNA and anti-
dsDNA antibodies.

The production of IL-1β by human monocytes in response to self dsDNA and anti-dsDNA
antibodies requires caspase-1 and NLRP3

We investigated whether self dsDNA could activate caspase-1 in human monocytes in the
presence or absence of anti-dsDNA antibody-positive serum. Increased caspase-1 activation
was found in monocytes treated with a combination of dsDNA and anti-dsDNA antibody-
positive serum but not in the cells treated with dsDNA alone or a combination of dsDNA
and healthy serum (Fig. 5A, Supplemental Fig. 2B). Although increased caspase-1 activation
was detected in monocytes treated with anti-dsDNA antibody-positive serum alone, the
levels of such activation were lower than those in monocytes treated additionally with
dsDNA. Similar findings were observed when monocytes were treated with IgG purified
from anti-dsDNA antibody-positive serum (Supplemental Fig. 2D). Furthermore, caspase-1
inhibitor significantly suppressed IL-1β production from monocytes treated with dsDNA
along with anti-dsDNA antibody-positive serum (Fig. 5B) or anti-dsDNA antibody-positive
serum alone (Supplemental Fig. 3). Of interest, we noticed increased NLRP gene expression
in monocytes treated with a combination of dsDNA and anti-dsDNA antibody-positive
serum (Figure 5C), suggesting the role of the NLRP3 inflammasome in activating caspase-1.
To determine whether this caspase-1 activation was dependent on the NLRP3
inflammasome, we knocked down NLRP3 expression in human primary monocytes
(Supplemental Fig. 4). NLRP3 knockdown substantially reduced IL-1β production from
monocytes stimulated with a combination of dsDNA and anti-dsDNA antibody-positive
serum (Fig. 5D). These findings indicate that the NLRP3 inflammasome plays an important
role in producing IL-1β from human monocytes in response to self dsDNA and anti-dsDNA
antibodies.

ROS synthesis and potassium efflux are involved in producing IL-1β from human
monocytes in response to self dsDNA and anti-dsDNA antibodies

ROS has been suggested as a key mediator in the activation of the NLRP3 inflammasome
(7). We measured intracellular ROS generation in human monocytes in response to self
dsDNA and/or anti-dsDNA antibody-positive serum. The generation of ROS was increased
in monocytes treated with a combination of dsDNA and anti-dsDNA antibody-positive
serum compared to the cells treated with dsDNA or a combination of dsDNA and healthy
serum (Fig. 6A, Supplemental Fig. 2C). However, monocytes treated with dsDNA or
healthy serum with or without dsDNA could not increase ROS synthesis. Although ROS
generation was detected in monocytes treated with anti-dsDNA antibody-positive serum
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alone, the levels of ROS generation were lower in these cells than those in monocytes
treated additionally with dsDNA (Fig. 6A). We also measured ROS in monocytes treated
with purified IgG from anti-dsDNA antibody-positiveserum in the presence of dsDNA. The
increased generation of ROS was found in such treated monocytes (Supplemental Fig. 2E).
Furthermore, blocking the generation of ROS with the NADPH oxidase inhibitor
diphenylene lodonium (DPI) significantly decreased IL-1β production (Fig. 6B,
Supplemental Fig. 3). In addition to ROS, potassium efflux has been suggested as an
activator for the NLRP3 inflammasome (7). To study the role of potassium efflux in the
IL-1β secretion, we suppressed potassium efflux by adding potassium to cell culture media.
Indeed, increasing extracellular potassium significantly reduced IL-1β production from
monocytes treated with the combination of dsDNA and anti-dsDNA antibody-positive
serum (Fig. 6C). These results suggest the involvement of ROS and potassium efflux in
inducing IL-1β production from human monocytes in response to dsDNA and anti-dsDNA
antibodies by activating the NLRP3 inflammasome.

IL-17 production from CD4+ T cells is promoted in the presence of culture supernatant
from monocytes treated with dsDNA and its autoantibody-positive serum

IL-1β promotes the differentiation of IL-17-producing Th17 cells (38, 39). Memory CD4+ T
cells with the expression of IL-1RI potently produced IL-17, and IL-1β increased such
cytokine production (35). A role for IL-17 in lupus pathogenesis has been suggested by
recent studies showing enhanced antibody production from B cells by IL-17 (27) and
increased Th17 cell response in lupus patients (27, 29, 30). However, the mechanism for the
latter finding is unknown. Thus, we determined whether monocytes stimulated with a
combination of dsDNA and anti-dsDNA antibody-positive serum could promote IL-17
production from IL-1R1+ memory CD4+ T cells through IL-1β production. Indeed, culture
supernatant from such treated monocytes enhanced IL-17 production from IL-1R1+ memory
CD4+ T cells, which was blocked by adding IL-1 receptor antagonist to the supernatant (Fig
7).

Discussion
Armed with the germ line-encoded PRRs that recognize PAMPs, innate immune cells such
as monocytes provide the first line of host defense against microorganisms (1). In addition to
PAMPs, some PRRs can be triggered by self molecules, called damage-associated molecular
patters (DAMP), released in the setting of cell death (2). Inflammasomes are multimeric
protein complexes with the capacity to activate caspase-1, which is required to mature and
secrete the pro-inflammatory cytokine IL-1β by cleaving pro-IL-1β into IL-1β. Different
types of inflammasomes contain distinct PRRs which are responsible for the activation of
the inflammasomes by recognizing the ligands including nucleic acids (5, 6, 18, 21, 40–43).
dsDNA is a molecular target of autoimmune responses in lupus that affects multiple organs
including the skin and joints (8). In fact, anti-dsDNA antibodies and circulating dsDNA/
anti-dsDNA immune complexes are frequently found in lupus patients (9, 10). Here we
showed that self dsDNA could induce IL-1β production from human monocytes, a major
cellular source of IL-1β, in the presence of anti-dsDNA antibodies by activating the TLR9
pathway and caspase-1-containing NLRP3 inflammasome. ROS and K+ efflux were likely
responsible for the activation of the NLRP3 inflammasome in monocytes treated with self
dsDNA and anti-dsDNA antibodies. Indeed, knocking down the NLRP3 or inhibiting ROS
synthesis, K+ efflux, caspase-1 or TLR9 pathway decreased IL-1β production from such
treated monocytes. Plus, Th17 cell response, which is known to be increased in lupus
patients, was enhanced by supernatants from monocytes treated with dsDNA and anti-
dsDNA antibody-positive serum in an IL-1β dependent manner. These findings elucidate a
possible role of IL-1β and NLRP3 inflammasome in the pathogenesis of lupus as well as a
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mechanism involved in the production of such cytokine from monocytes in response to self
dsDNA and its autoantibodies.

We showed that self dsDNA could stimulate human monocytes and induce IL-1β production
in the presence of anti-dsDNA antibodies. The immune stimulatory property of dsDNA was
reported in B cells, pDCs and keratinocytes (10, 13–17). In the presence of anti-dsDNA
antibodies, self dsDNA stimulated B cells and pDCs dependently of TLR9, leading to
increased antibody and IFN-α production, respectively (10, 13, 14, 17). In our study,
treating dsDNA or anti-dsDNA antibody-positive serum with DNase suppressed IL-1β
production from human monocytes, further supporting the immune stimulatory property of
this molecule. Indeed, mice deficient of DNase I developed a lupus-like disease (44). Also,
lupus patients with a nonsense mutation in one allele of DNase I had increased disease
activity with reduced DNase I activity (45).

Previous studies showed the activation of AIM2 inflammasome by self and non-self dsDNA
in innate immune cells and keratinocytes upon infection with virus or transfection with
plasmid or host DNA (5, 6, 18–20). In addition, the NLRP3 inflammasome was involved in
producing IL-1β from THP-1 cells and murine macrophages infected with adenovirus which
is a non-enveloped DNA virus (21). DNA released from apoptotic hepatocytes induced pro-
ilb gene expression in hepatocytes and liver sinusoidal endothelial cells from mice in a
TLR9-dependent manner (46). In our study, knocking down NLRP3 or inhibiting TLR9
suppressed IL-1β production from monocytes in response to self dsDNA and anti-dsDNA
antibody-positive serum. This clearly supports the role of the NLRP3 inflammasome and
TLR9 in activating monocytes when self dsDNA are internalized into the cells dependently
of its antibodies. Such an event is likely linked to the generation of ROS and K+ efflux,
known NLRP3 inflammasome activators, as inhibiting ROS synthesis or K+ efflux
decreased IL-1β production. In the generation of ROS, the endosome appears to be involved
in that the endosomal inhibitor chloroquine reduced ROS synthesis by monocytes treated
with dsDNA and anti-dsDNA antibody-positive serum (Supplemental Fig. 1C). Of interest,
we noticed variability in the capacity to induce IL-1β production from dsDNA-treated
monocytes among different anti-dsDNA antibody-positive sera (5% final concentration),
ranging from below the level of detection to nanograms. Such variability could be related to
the binding affinity of anti-dsDNA antibodies to dsDNA (11, 12). We found that self
dsDNA alone could not activate NF-κB or induce IL-1β production from human monocytes
unless anti-dsDNA antibodies were present. This finding could explain why inflammation
may not occur in healthy people who do not have anti-dsDNA antibodies even though
dsDNA could be released from dying cells. The NLRP3 inflammasome with active
caspase-1 is also involved in cleaving pro-IL-18 to the active form IL-18 (2). Similarly to
IL-1β, we detected IL-18 production from monocytes treated with a combination of dsDNA
and anti-dsDNA antibody-positive serum or anti-dsDNA antibody-positive serum alone
although the combination induced much higher levels of IL-18 production than the
antibody-positive serum alone (Supplemental Fig. 2F).

IL-1β is a potent pro-inflammatory cytokine which can induce the expression of other pro-
inflammatory molecules such as IL-6 and cycloxygenase-2 (47). Previous studies reported
increased IL-1β gene or protein expression in PBMCs or skin lesions of lupus patients as
well as in the kidneys of MRL-lpr and New Zealand Black/White mice with lupus-like
disease (22–26). In an experimental mouse model of lupus induced by injecting anti-dsDNA
monoclonal antibodies, nephritis was less severe in IL-1β-deficient mice compared to wild-
type mice (48). In fact, decreased arthritis was noticed in patients with SLE who received
recombinant IL-1 receptor antagonist anakinra (49). In a recent study, we also demonstrated
IL-1β production from human monocytes in response to the autoantigen U1-small nuclear
ribonucleoprotein (U1-snRNP) and anti-U1snRNP antibodies, which are found in lupus
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patients (50). These findings suggest an implication of IL-1β in the pathogenesis of lupus.
Of interest, IL-1β is known to promote the development of T helper (Th) 17 cells which
produce the pro-inflammatory cytokine IL-17. Patients with SLE had an increased frequency
of Th17 cells in the peripheral blood that correlated with disease activity (28, 30). Plus,
IL-17-producing T cells were found in the nephritis tissue from patients with SLE and
lupus-prone mice (29, 51). Thus, it is conceivable that IL-1β produced from monocytes in
response to a combination of dsDNA and anti-dsDNA antibodies could be a factor
contributing to increased Th17 cell response in lupus. Indeed, in our study, IL-17 production
was increased in human CD4+ T cells with the expression of IL-1 receptor I (35) by adding
cell culture supernatant from monocytes-stimulated with dsDNA and anti-dsDNA antibody-
positive serum. Such an increase was blocked by IL-1 receptor antagonist.

Taken together, we found that self dsDNA, a molecular target of autoimmune responses in
lupus, could induce IL-1β production from human monocytes in the presence of anti-dsDNA
antibodies. This phenomenon occurred by activating the TLR9 pathway and caspase-1-
containing NLRP3 inflammasome that cleaves pro-IL-1β into mature IL-1β. The NLRP3
inflammasome activation by the self dsDNA and its autoantibodies was likely driven by
ROS synthesis and K+ efflux. Indeed, the production of IL-1β from such treated monocytes
was suppressed by knocking down the NLRP3 or inhibiting ROS synthesis, K+ efflux,
caspase-1 or TLR9 pathway. Lastly, Th17 cell response was enhanced by supernatants from
monocytes treated with dsDNA and anti-dsDNA antibody-positive serum in an IL-1β
dependent manner. These findings provide new insights in lupus pathogenesis by linking the
target autoantigen dsDNA to the NLRP3 inflammasome, IL-1β and IL-17 production. Our
results also offer a scientific rationale for the therapeutic possibility of inhibiting this
molecular pathway in human lupus.
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Figure 1. Human monocytes produce IL-1β in response to self dsDNA in the presence of anti-
dsDNA antibody-positive serum
(A–C) Measuring IL-1β in cell culture supernatants of monocytes incubated for 18 hours in
the following conditions by ELISA. (A–B) Monocytes purified from a single (A) or multiple
healthy donors (B, symbols indicate individual donors) were incubated with human genomic
dsDNA (5 μg/ml) in the presence or absence of healthy serum or anti-dsDNA antibody-
positive serum (5% final concentration) from multiple donors (A, #D1–#D4; B, #D1–#D5).
(C) ANA-positive sera without anti-dsDNA antibodies (donors, #A1–#A3) were added to
monocytes from a single donor in the presence or absence of dsDNA. Representative data
from 2 independent experiments (A and C). *P < 0.05.
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Figure 2. Anti-dsDNA antibodies are required for IL-1β production from human monocytes
treated with self dsDNA
(A–D) Measuring IL-1β in cell culture supernatants of monocytes incubated for 18 hours in
the following conditions by ELISA. (A) Monocytes from healthy donors were incubated
with dsDNA in the presence or absence of total IgG purified from anti-dsDNA antibody-
positive serum or healthy serum (n = 5). (B) Monocytes were incubated with dsDNA in the
presence or absence of serum depleted or un-depleted of anti-dsDNA antibodies (2
independent experiments). (C) Monocytes were treated with anti-CD32 antibodies (FcR
blocker, 2.5 μg/ml) and incubated with dsDNA and anti-dsDNA antibody-positive serum (n
= 5). (D) Monocytes were incubated with anti-dsDNA antibody-positive serum or dsDNA
and anti-dsDNA antibody-positive serum in the presence or absence of DNase (1 μg/ml) (n
= 7). Bars and error bars indicate mean and SEM, respectively. *P < 0.05.
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Figure 3. Self dsDNA induces pro-IL-1β in human monocytes in the presence of anti-dsDNA
antibody-positive serum
(A–B) Monocytes from healthy donors were incubated for 6 (qPCR) or 10 (ELISA) hours
with dsDNA (5 μg/ml) in the presence or absence of healthy or anti-dsDNA antibody-
positive serum (5% final concentration). (A) Pro-IL1B gene expression was measured by
qPCR. (B) Intracellular pro-IL-1β was measured using cell lysates by ELISA. Bars and error
bars indicate mean and SEM, respectively (n = 2 and 3 independent experiments for A and
B, respectively).
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Figure 4. The production of IL-1β from human monocytes by self dsDNA and anti-dsDNA
antibody-positive serum is dependent on TLR9 and NF-κB activation
(A–D) Monocytes were purified from healthy donors for the following experiments. (A)
Monocytes were incubated for 4 hours with dsDNA in the presence or absence of healthy or
anti-dsDNA antibody-positive serum. NF-κB activation (phosphorylation) was determined
by flow cytometry. Numbers in histograms indicate the frequency (%) of cells stained for
phosphorylated NF-κB (pS529). (B–D) Monocytes were incubated for 18 hours with
dsDNA and anti-dsDNA antibody-positive serum in the presence or absence of the NF-κB
inhibitors (B, 5 μM Bay11-7082 and 5 μM Cenostrol), chloroquine (C, 5 μg/ml) or
inhibitory nucleic acid sequence for TLR9 (D, 5 μM ODN). IL-1β in cell culture
supernatants were measured by ELISA. Representative data from 4 independent experiments
(A). Bars and error bars indicate mean and SEM, respectively (n = 4, 7 and 8 for B, C and D,
respectively). *P < 0.05.
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Figure 5. Caspase-1 and NLRP3 are involved in the production of IL-1β from human monocytes
in response to self dsDNA and anti-dsDNA-positive serum
(A) Monocytes from a healthy donor were incubated for 7 hours with dsDNA in the
presence or absence of healthy or anti-dsDNA antibody-positive serum. Active capspase-1
was measured using flow cytometry. Numbers in histograms indicate the frequency (%) of
cells positive for active caspase-1. (B) IL-1β ELISA of culture supernatants from monocytes
incubated for 18 hours with dsDNA and anti-dsDNA antibody-positive serum in the
presence or absence of caspase-1 inhibitor (10 μM) (n = 4). (C) Measuring the NLRP3 gene
expression in human monocytes incubated for 6 hours in the presence or absence of anti-
dsDNA antibody-positive serum or a combination of dsDNA and anti-dsDNA antibody-
positive serum by qPCR (n = 2). (D) IL-1β ELISA of culture supernatants from monocytes
nucleofected with scrambled or NLRP3-specific siRNA followed by the incubation for 18
hours with dsDNA and anti-dsDNA antibody-positive serum (n = 6). Representative data
from 4 independent experiments (A). Bars and error bars indicate mean and SEM,
respectively. *P < 0.05.
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Figure 6. The production of IL-1β from human monocytes in response to self dsDNA and anti-
dsDNA antibody-positive serum requires reactive oxygen species (ROS) synthesis and K+ efflux
(A) Flow cytometric analysis of reactive oxygen species (ROS) in monocytes stimulated for
4 hours with dsDNA in the presence or absence of healthy or anti-dsDNA antibody-positive
serum. (B–C) IL-1β ELISA of culture supernatants from monocytes incubated for 18 hours
with dsDNA and anti-dsDNA antibody-positive serum in the presence or absence of the
ROS inhibitor DPI (50 μM, B) or KCl (100 mM, C). Representative data from 3
independent experiments (A). Bars and error bars indicate mean and SEM, respectively (n =
5 and 7 for B and C, respectively). *P < 0.05.
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Figure 7. Cell culture supernatant from monocytes treated with a combination of self dsDNA
and anti-dsDNA antibody-positive serum promotes IL-17 production from IL-1 receptor I
(IL-1RI)-positive memory CD4+ T cells in an IL-1β-dependent manner
ELISA of IL-17 production from sorted human IL-1RI+ memory CD4+ T cells that were
stimulated for 5 days with anti-CD3 and -CD28 antibody-coated beads in 80% culture
medium with 20% of supernatants from monocytes treated for 18 hours with self dsDNA in
the presence or absence of anti-dsDNA antibody-positive serum. Some IL-1RI+ memory
CD4+ T cells were incubated with culture medium alone or medium with anti-CD3 and anti-
CD28 antibody-coated beads in the presence or absence of recombinant IL-1β (20 ng/ml).
IL-1R antagonist (100 ng/ml) was added on days 0 and 2. Bars and error bars indicate mean
and SEM, respectively (n = 5). The presence and absence of each treatment are indicated by
+ and −, respectively. *P < 0.05.
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