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Abstract

Objective
Emerging evidence has shown the importance of inflammasome activation in the progression of autoimmune diseases.
In this study, we aimed to identify the main cell types activating inflammasome in autoimmune diseases and to clarify
the intracellular pathway of inflammasome activation in systemic lupus erythematosus (SLE).
Methods
Active caspase-1 in each subset of human peripheral blood cells from healthy controls (n=18), SLE (n=51), and other
rheumatic diseases (n=36) were fluorescently probed with FLICA™-caspase-1 followed by flow cytometric analysis.
The correlation of caspase-1 activation in monocytes and clinical parameters in SLE patients were evaluated. In-vitro
experiments were performed to identify the pathway involved in caspase-1 activation induced by SLE serum in monocytes.
Results
Active caspase-1 in monocytes was upregulated in SLE patients. Cluster of differentiation 14 (CD14)-positive and
CD16-positive monocytes showed considerable activation of caspase-1 compared with the other subsets of monocytes.
Serum titres of anti-double stranded DNA antibodies were positively correlated with active caspase-1 in monocytes, and
serum complement component 3 and platelet count were negatively correlated with active caspase-1 in monocytes.
The SLE serum-induced activation of caspase-1 and IL-1β secretion were down-regulated by inhibition of NLR family
pyrin domain containing 3 (NLRP3), cyclic GMP-AMP synthase (cGAS), or stimulator of interferon genes (STING).
Conclusion
These findings suggest that targeting inflammasome by regulating cGAS/STING and NLRP3 are potential therapeutic
strategies for SLE.
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Introduction
Inflammasomes are large protein complexes and play critical roles in the innate immune system. Inflammasomes
are comprised of an adaptor protein
apoptosis-associated speck-like protein containing CARD (ASC), procaspase-1 and sensor proteins such as
absent in melanoma (AIM2), nucleotide-binding domain and leucine-richrepeat-containing (NLR) family members, and pyrin. Myeloid cells such as
macrophages and monocytes are the
major cell types equipped with inflammasome components. A sensor protein
of inflammasome recognises pathogenassociated molecular patterns (PAMPs)
or endogenous danger-associated molecular patterns (DAMPs) followed by
a conformational change that allows
interaction among inflammasome components in the cytosol. As a result, the
inflammasome protein multi-complex
is formed leading to the cleavage of
pro-caspase-1 into the active form, then
substrates of caspase-1 such as pro-interleukin (IL)-1β, pro-IL-18, and gasdermin D are processed. The processed
N-terminal domains of gasdermin D execute the cell death called pyroptosis by
forming membrane pore, and the secretion of DAMPs and pro-inflammatory
cytokines such as active IL-1β and IL18, which contribute to further activation of the innate and adaptive immune
responses (1).
Systemic lupus erythematosus (SLE)
has been characterised with the delayed clearance and the accumulation
of dead cells and with enhanced type
I interferon (IFN) signature resulting
in autoimmune responses, originated
from both genetic and environmental
factors (2). The accumulation of dead
cells promotes the production of autoantibodies leading to the formation of
immune complexes, which bind to Fc
gamma receptor IIA on the cell surface
of plasmacytoid dendritic cells (pDCs)
and stimulate the secretion of a large
amount of type I IFN (3).
While the upregulated type I IFN signature is a considerable hallmark of SLE,
non-negligible roles of inflammasomes
have been recently indicated (4). Multiple works have shown that the indispensable roles of NLRP3-inflammasome

(5-8) and AIM2 inflammasome in murine models of lupus (9). In addition,
immune-complexes containing nucleic
acids activate NLRP3-inflammasome in
human monocytes (10, 11), and IL-18 is
elevated in serum from SLE with active
lupus nephritis (12-15) or with macrophage activation syndrome (MAS)
(16). Furthermore, hyper-activated
NLRP3 and AIM2 inflammasomes in
macrophages derived from SLE patients
were documented (17). Neutrophil
extracellular traps (NETs), which are
abundantly generated from SLE neutrophils, also activate NLRP3-inflammasome and promote the secretion of IL-1β
in human monocytes (18-20). These
data implicate considerable roles of the
inflammasome in SLE pathogenesis.
Although the activation of caspase-1 in
peripheral monocytes from SLE was
documented in a previous report (21),
detailed cell subsets undergoing inflammasome activation have not been well
evaluated. In addition, the intracellular
activation pathway of the inflammasome in monocytes has not been precisely clarified yet. Here, we investigated
inflammasome activation in each subset of innate immune cells in peripheral
blood from SLE patients by detecting
active caspase-1 at a single-cell level,
and the mechanism of activation of caspase-1 was assessed by in-vitro experiments.
Materials and methods
Patients and blood collection
Blood samples from healthy controls
(HC), SLE patients, and patients with
other rheumatic diseases were acquired
at Kyushu University Hospital. Approval from the Institutional Review
Board of Kyushu University Hospital
had been obtained before this study.
10–20ml of whole blood was isolated
from each subject via venous puncture using collection tubes containing heparin. The classification of SLE
was based on 1997 update of the 1982
American College of Rheumatology
revised criteria (22). The patients with
rheumatoid arthritis (RA) (23), dermatomyositis (DM) (24, 25), and systemic
sclerosis (SSc) (26, 27) were defined
using classification criteria from the
American College of Rheumatology/
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European League Against Rheumatism. The diagnosis of Behçet’s disease
(BD) was made according to the diagnostic criteria of the Behçet’s Disease
Research Committee and the Ministry
of Health, Labor and Welfare of Japan
(28). Five HCs, 51 patients with SLE,
10 with DM, 13 with SSc, 10 with DM,
and 4 BD subjects were included in the
study. For FLICA™-caspase-1 staining assays, the collected whole blood
was used directly within six hours after blood sampling. Peripheral blood
mononuclear cells (PBMCs) were
separated using Lymphoprep™ (Abbot
Diagnosis Technologies AS). Washed
PBMCs were resuspended in CELLBANKER® 2 (Takara Bio) and stored
at -80℃ for further analysis.

gated anti-cluster of differentiation 14
(anti-CD14, M5E2), BV510-conjugated anti-CD16 (3G8), and peridinin
chlorophyll protein-cyanine 5.5-conjugated anti-CD56 (HCD56). After
washing the cells, dead cells were
stained with propidium iodide (BioLegend). Stained cells were measured
using FACSAria™ cell sorter (BD Biosciences) and data were analysed with
FlowJo software (FlowJo).

Reagents
The small chemical inhibitors used in
the present study were purchased as
follows: MCC950 (NLRP3 inhibitor)
from Cayman Chemical Company;
RU.521 (cyclic GMP-AMP synthase
(cGAS) inhibitor) from Invivogen;
H-151 (stimulator of interferon genes
(STING) inhibitor) from Invivogen.
Aliquots of stock solution were prepared using dimethyl sulfoxide according to manufacturer’s instruction and
stored at -20℃. The inhibitors were diluted 1000 times or more using culture
media and used at indicated concentrations in each experiment

Quantitative real-time polymerase
chain reaction (qPCR)
Total RNA of PBMCs from SLE patients or HC was extracted using
RNeasy Mini Kit (Qiagen) in accordance with the manufacturer’s protocol.
Complementary DNA was synthesised
by iScript reverse transcriptase (BioRad) and qPCR was performed using
iTaq™ Universal SYBR Green® Supermix (Bio-Rad). The primers used in
this study were applied from a previous
study (29) or designed using Primer3
software. The primer sequences are as
follows: 18s rRNA, forward, 5’-GGCCCTGTAATTGGAATGAGTC-3’;
18s rRNA, reverse, 5’-CAAGATCCAACTACGAGCTT -3’; Mx1, forward,
5’-TTCCACCTGAAGAAGGGTTACA-3’; Mx1, reverse, 5’-TGATTTTCTAACAGGGGCAGAG-3’.
All reactions were normalised to expressions of 18S rRNA to evaluate the
relative gene expressions.

FLICA-caspase-1 staining
and flow cytometry
All fluorescent-labelled antibodies
were purchased from BioLegend. For
staining whole blood cells, 100 μl
of whole blood was incubated with
FLICA™-caspase-1 for 90 minutes at
a concentration indicated in the manufacturer’s protocol. For staining cultured monocytes, cells were incubated
with FLICA™-caspase-1 for 30 minutes. Red blood cells in whole blood
cells were lysed using RBC Lysis Buffer (BioLegend) according to the manufacturer’s protocol. The whole blood
cells or cultured monocytes probed
with FLICA™-caspase-1 were washed
twice with 0.5% bovine serum albumin
in phosphate buffer saline, followed by
staining with allophycocyanin-conju-

Separation and stimulation
of monocytes
Peripheral blood from HC was collected in BD Vacutainer™ Glass ACD
Solution A tube (Becton Dickson).
Monocytes were purified using RosetteSep™ Monocyte Enrichment Cocktail
(STEMCELL Technologies) in accordance with the manufacturer’s instruction. The purity of monocytes was confirmed to be >85% by flow cytometry
according to the expression of CD14.
Purified monocytes were suspended in
RPMI 1640 (Thermo Fisher Scientific)
with 10% of heat-inactivated (56℃,
20 minutes) autologous serum, MEM
Non-Essential Amino Acids Solution
(FUJIFILM Wako Pure Chemical Corporation), 50 nM of 2-Mercaptoethanol
(Sigma Aldrich) and Penicillin-Strepto-
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mycin Solution (FUJIFILM Wako Pure
Chemical Corporation), and were seeded on 96-well flat-bottom plate (Falcon)
at a concentration of 2 x 105 cells/well.
Then, the cells were incubated with
5% serum from a healthy donor or an
SLE patient for 16 hours to evaluate
FLICA™-caspase-1, or for 24 hours to
analyse with enzyme-linked immunosorbent assay (ELISA). In some experiments, monocytes were pre-treated with
small chemical inhibitors for one hour
prior to incubation with serum.
Measurement of cytokines
IL-1β and IL-6 in the collected supernatants were measured with Human IL1β ELISA Set II (BD Biosciences) and
Human IL-6 Duoset® ELISA (R&D
Systems) as indicated in the manufacturer’s protocols, respectively.
Ethics
All research involving human participants were approved by the Institutional
Ethics Committees of Kyushu University Hospital. Written informed consent
was obtained from all participants, and
clinical investigations were conducted
according to the principles expressed in
the Declaration of Helsinki.
Statistics
The statistical analyses were performed using RStudio software, v. 3.5.2
(www.r-project.org). Differences in the
percentage of active caspase-1 among
monocyte subsets were analysed using
Wilcoxon signed-rank test. Correlation analysis among the percentages
of active caspase-1 in monocytes, Mx1
mRNA expression in PBMC, and clinical parameters were performed using
Spearman’s rank correlation test. pvalues were calculated and adjusted using Holm method (30) in each analysis
for multiple comparisons. Differences
or correlations were considered to be
significant when the corresponding reported p-values were <0.05.
Results
Caspase-1 activation in
rheumatic diseases
To evaluate active caspase-1 in blood
samples obtained from patients with
rheumatic diseases, we performed flow
Clinical and Experimental Rheumatology 2022
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Fig. 1. Active caspase-1 in monocytes and neutrophils from SLE and other rheumatic diseases.

A: Gating strategy for detection of active caspase-1 in human monocytes and neutrophils. The histogram shows active caspase-1 in total monocyte from a
healthy donor (control) and a systemic lupus erythematosus (SLE) patient.
B-C: Boxplots with active caspase-1 in monocytes (B) and neutrophils (C) from patients with rheumatic diseases and healthy controls (HC). The top and
bottom of the box represent the 25th and 75th percentiles, respectively. The upper whisker represents the smaller of the maximum and upper quartile plus
1.5 x the IQR (interquartile range), and the lower whisker represents the larger of the minimum and lower quartile minus 1.5 x the IQR.
*adjusted p-value <0.05, Mann-Whitney U-test. RA: rheumatoid arthritis; SSc: systemic sclerosis; DM: dermatomyositis; BD: Behçet’s disease.

cytometry-based detection of active
caspase-1 using FLICA™-caspase-1,
which has an active caspase-1 targeting
sequence sandwiched between green
fluorescent labels. Although conventional immune blotting requires a large
amount of protein for the detection of
active caspase-1, the active caspase-1
detection using FLICA™-caspase-1
allows a single-cell-level detection of
active caspase-1 and is suitable for an
evaluation of a limited amount of clinical samples.
Active caspase-1 in monocytes and
Clinical and Experimental Rheumatology 2022

neutrophils were evaluated as shown in
Fig. 1A. Active caspase-1 in monocytes
was variably increased among rheumatic diseases and significant upregulation
was observed in patients with SLE and
systemic sclerosis (SSc) compared with
healthy controls (HC) (Fig. 1B). In contrast, active caspase-1 in neutrophils
were largely downregulated in rheumatic diseases. Part of SLE patients
showed prominent upregulation of
caspase-1 in monocytes, we therefore
decided to focus on active caspase-1 in
monocytes from SLE.

Activation of caspase-1 in
CD14-positive and CD16-positive
monocytes
Monocytes are divided into functional
subsets based on surface expression
levels of CD14 and CD16. CD14positive CD16-positive (CD14+CD16+)
monocytes and CD14dimCD16+ monocytes have more pro-inflammatory potential than CD14+CD16- monocyte
subsets (31). Among each monocyte
subset divided based on the expressions
of CD14 and CD16, the proportion of
CD14+ CD16+ monocytes tended to
525
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Fig. 2. Most prominent activ-

ity of caspase-1 in CD14+CD16+
monocytes.
A: The proportion of each subset
of monocytes in total monocytes
from patients with rheumatic
diseases and HC. The upper
whisker represents the smaller of
the maximum and upper quartile
plus 1.5 x the IQR (interquartile
range), and the lower whisker
represents the larger of the minimum and lower quartile minus
1.5 x the IQR.
B: The positive rate of active caspase1 in each subset of
monocytes from SLE (left) and
HC (right). Lines connect plots
of each subsets of monocytes in
the same individual.
C: The representative histogram
showing positive rate of active caspase-1 in each subset of
monocytes from SLE patients.
D: Correlation between the positive rate of active caspase-1 and
the proportion of each subset of
monocytes in total monocytes.
Correlation coefficients (R) were
calculated by Spearman’s rank
correlation test.
*p<0.05, Wilcoxon signed-rank
test.

increase in SLE and other rheumatic
diseases (Fig. 2A). We next evaluated
caspase-1 activation in each monocyte subset. CD14+CD16+ monocytes
had the highest amount of active caspase-1 compared with other subsets of
monocytes (Fig. 2B, C). CD14+CD16+
monocytes from HC also showed remarkable upregulation of active caspase-1 compared with CD14+CD16monocyte subsets, which suggests that
the CD14+CD16+ monocytes prone to
activate caspase-1 even in a physiological condition (Fig. 2B). Moreover, a
significant positive correlation (r=0.60,
p=2.5e-4) was observed between the
ratio of CD14+CD16+ monocytes / total
monocytes and the positive rate of active caspase-1 in monocytes (Fig. 2D).
Therefore, CD14+CD16+ monocytes
presented the most prominent inflammasome activation in general.
526

Correlation between active
caspase-1 in monocytes and
disease activity in SLE patients
Next, we evaluated the relationship
of active caspase-1 in monocytes and
clinical parameters in SLE. The positive rate of active caspase-1 in monocytes moderately correlated with titres of serum anti-double stranded
DNA (dsDNA) antibodies (r=0.31).
In addition, the positive rate of active
caspase-1 in monocytes was negatively correlated with serum levels of
complement component 3 (C3) and
blood platelet counts (r=-0.29 and r=0.45, respectively). Interestingly, the
positive rate of active caspase-1 in
CD14dimCD16+monocytes
showed
a substantial positive correlation with
titres of serum anti-dsDNA antibodies
(r=-0.47) and a negative correlation
with serum levels of C3 (r=-0.51), C4

(r=-0.29), and total complement activity (CH50, r=-0.47) in comparison
with other subsets of monocytes (Fig.
3A, B).
As a previous study has demonstrated
increased expression of inflammasome
components such as NLRP3 and caspase-1 were associated with elevated
type I IFN signature in SLE (32), we
therefore examined the correlation
between active caspase-1 and Mx1
mRNA in PBMCs, which is one of the
canonical interferon-stimulated genes.
The expressions of Mx1 mRNA in SLE
patients were upregulated compared
with HCs and observed the correlation
between some clinical parameters such
as complement component 4, the number of white blood cells, and the titre
of anti-ribonucleoprotein (anti-RNP)
antibody (data not shown). Although
SLE patients had considerable expresClinical and Experimental Rheumatology 2022
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Fig. 3. The associations between active caspase-1 in monocytes and clinical parameters in SLE patients.

A: The heatmap shows correlations between positive rates of active caspase-1 in each subset of monocytes and indicated clinical parameters in SLE patients.
The number inside each box denotes Spearman’s rank correlation coefficient.
B: Scatterplots showing the correlation between positive rates of active caspase-1 and indicated clinical parameters. Spearman’s rank correlation coefficients
(R) were indicated.
aCasp1: active caspase-1; ToMo: total monocytes; 14+16-: CD14+CD16- monocytes; 14+16+: CD14+CD16+ monocytes; 14dim16+: CD14dimCD16+
monocytes; LYMP: lymphocytes; WBC: white blood cells; RNP: anti-RNP antibody; SSA: anti-SS-A antibody; SM: anti-Sm antibody; DSDNA: antidsDNA antibody; LN: lupus nephritis.

sions of Mx1 mRNA compared with
HC, there was no correlation between
active caspase-1 in monocytes and
Mx1 mRNA in PBMCs (Fig. 3A). Accordingly, inflammasome activation in
monocytes may be a critical mediator
of exacerbation of SLE, while it is not
related to the extent of type I IFN signature of peripheral blood in SLE.
SLE serum activate caspase-1
in monocytes dependently on NLRP3
and cGAS-STING
We speculated that stimulators of
monocytes for inflammasome-activation exist in SLE serum. Monocytes
from HC were stimulated with serum
from HC or active SLE with an elevation of anti-dsDNA antibodies (SLE1-

Clinical and Experimental Rheumatology 2022

3). SLE-serum induced caspase-1
activation in monocytes compared to
HC serum (Fig. 4A). The activation
of caspase-1 via SLE serum were suppressed by an NLRP3-specific inhibitor MCC950, indicating that NLRP3
inflammasomes were activated in this
system (Fig. 4A). In addition, MCC950
reduced SLE serum-induced IL-1β secretion, while there was no effect in
IL-6 secretion (Fig. 4B).
Previous studies showed that microparticles in SLE serum stimulate monocytic leukemia cell line THP-1 cells to
promote cyclic GMP-AMP synthase
(cGAS)- and stimulator of interferon
genes (STING)-dependent type I IFN
secretion (33), and that human monocytes activated NLRP3 inflammasome

in response to cytosolic DNA through
STING-mediated lysosomal rupture
(34). These findings compelled us to
examine the effect of STING for caspase-1 activation induced by SLE serum. Interestingly, both a cGAS-specific inhibitor RU.521 and a STINGspecific inhibitor H-151 inhibited SLE
serum-induced caspase-1 activation
(Fig. 4C). Secretion of IL-1β as well
as IL-6 induced by SLE serum were
also suppressed by RU.521 and H-151
(Fig. 4D). On the other hand, LPS-induced IL-1β and IL-6 secretion were
not suppressed by RU.521 and H-151
(Fig. 4E). Because STING activation
directs nuclear factor-κB (NF-κB)mediated pro-inflammatory cytokine
production such as IL-6 (35, 36) along
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Fig. 4. NLRP3 and cGAS/STING-mediated in-

flammasome activation by SLE serum.
A: Monocytes from a healthy donor (HC) were
pre-incubated with 5 μM of MCC950 (NLRP3
inhibitor) or DMSO (vehicle: veh) for 1 hour,
followed by stimulation with 5% serum from
SLE or HC. After 16 hours of incubation, active
caspase-1 (casp1) was stained with FLICATMcaspase-1 and analysed using flow cytometry.
The representative histograms are indicated.
B: Monocytes from a healthy donor are incubated as same as (A). The supernatant was collected
after 24 hours of incubation and the concentrations of IL-1β and IL-6 in culture supernatants
were measured by ELISA.
C: Monocytes from a healthy donor were preincubated with 10 μM of RU.521 (cGAS inhibitor), 2 μM of H-151 (STING inhibitor), or
DMSO (veh) for 1 hour, followed by stimulation
with 5% serum from SLE or HC. Active caspase-1 was evaluated as same as (A).
D: Monocytes from healthy donor were stimulated similarly as (C). The supernatant was collected after 24 hours of incubation. The concentrations of IL-1β and IL-6 in collected supernatants
were measured by ELISA.
E: Monocytes from a healthy donor were pre-incubated with indicated inhibitors. The cells were
stimulated with 100 ng/ml of LPS and culture
supernatants were collected after 24 hours of incubation for ELISA analysis. Data are representative of two or three independent experiments.
The error bars indicate mean±SD. Each analysis
was performed in triplicate.

with NLRP3 activation, it explains
that STING-inhibition results in suppression of both IL-1β and IL-6. Accordingly, NLRP3 inflammasome may
be a dominant inflammasome in SLE
pathology and cGAS/STING-induced
activation of SLE monocytes can involve in NLRP3 inflammasome activation. These results suggest targeting the
cGAS/STING pathway might be a favorable therapeutic strategy for SLE by
regulating both NLRP3 inflammasome
activation and type I IFN secretion.
Discussion
In the current study, strong caspase-1
activation in CD14+CD16+ monocytes
in SLE patients was identified. These
findings may be consistent with the
previous report that describe CD16+
monocytes from SLE patients showed
an obvious capacity to induce differentiation of T helper (Th) 17 cells (37),
whose differentiations are elicited by
IL-1β and IL-6. CD14+CD16+ monocytes can secrete pro-inflammatory
cytokines such as IL-1β, IL-6, and tumour necrosis factor-α upon LPS stimulation compared with CD14+CD16528

and CD14dimCD16+ monocytes (31,
38). Immune complex containing antidsDNA antibodies and dsDNA also
stimulate CD14+CD16+ monocytes to
produce these pro-inflammatory cytokines (39). As CD14+CD16+ monocytes in other rheumatic diseases also
had greater activation of caspase-1
than other subsets of monocytes in the
current study (data not shown), the feature that CD14+CD16+ monocytes have
a high capacity to activate inflammasomes may be a common characteristic
among several disorders. On the other
hand, some individuals showed equivalent activation of caspase-1 compared
with CD14+CD16- monocytes and
the extent of caspase-1 activation in
CD14+CD16+ were very heterogeneous (Fig. 2B). As previous single cellbased studies documented heterogeneity of monocyte even in CD14+CD16+
subsets (40, 41), it is conceivable that
heterogeneities in CD14+CD16+ monocytes differ among different individuals, even in healthy ones. Although
several markers other than CD14 and
CD16 have been proposed to subclassify monocyte subsets, detailed inves-

tigations will be required to understand
whether these CD14+CD16+ monocytes undergoing caspase-1 activation
can be defined as a distinct monocyte
subset (42).
CD14dimCD16+ monocytes is another
novel subset of monocytes, which are
further divided into several functional
subsets according to expressions of
6-sulfo LacNAc (slan) and CD9 (43).
These subsets showed DC-like property and greater responsiveness toward
toll-like receptor 7 (TLR7) and TLR8
ligands in terms of IL-1β secretion
than other subsets of monocytes (31,
44, 45). Considering the pathological roles of these endosomal TLRs for
SLE (46), these subsets of monocytes
may undergo activation of caspase-1
and secretion of IL-1β in the SLE context. In the current study, caspase-1 activation in CD14dimCD16+ monocytes
were robustly correlated with serum
complement factors and titres of antidsDNA antibodies in comparison with
other monocyte subsets, therefore CD14dimCD16+ monocytes might be an
intriguing population as the target of
SLE treatment.
Clinical and Experimental Rheumatology 2022
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Essential consequences of inflammasome activation are secretion of a large
amount of IL-1β and IL-18, which lead
to activation of both innate and adaptive
immune system (47). Fever is a common
manifestation in SLE (48) and IL-1β is
one of fever-associated cytokines in
SLE (49). It has been demonstrated that
IL-1α/β-double knockout mice were
resistant to the development of lupus
(50), and elevated plasma concentration
of IL-1β was observed in SLE patients
(51). Moreover, increased IL-1β protein
was detected in kidney tissue of lupus
nephritis (52), and expanded Th17, differentiation of which is promoted by
IL-1β in human, were observed in renal tissue in lupus nephritis (53). In addition, IL-1 blockade for SLE patients
was partially effective for arthritis (54)
and MAS (55). These facts suggest IL-1
may be one of the key mediators of SLE
pathology. On the other hand, IL-18 is
a pleiotropic cytokine belonging to the
IL-1 superfamily (56) and has been
initially referred to as IFN-γ inducing
factor and associated with Th1 and NK
cell response in synergy with IL-12 (5759). This cytokine is known as an essential driver of macrophage activation
syndrome through induction of IFN-γ
(60-62) and elevated in severe SLE
complicated by lupus nephritis (12-15)
and MAS (16). It has been also suggested that dysfunctions of endothelial
cells (63) and keratinocyte (64) in SLE
induced by IL-18. Although, the results
of clinical trials for the therapeutic antibodies of these cytokines have not been
available, inhibiting IL-1 and/or IL-18
may be effective for SLE patients with
inflammasome activation.
Among several autoinflammatory and
autoimmune disorders, excessive activations of inflammasomes have been
reported. NLRP3-inflammasome is activated by a diverse range of DAMPs
and PAMPs such as silica crystal (65),
TLR ligands (66), bacterial toxins, ATP
(67), and immune complex containing
nucleic acid (10, 11). As documented
above, several studies and the current
study suggest NLRP3 could be a dominant inflammasome in SLE. Multiple
factors, such as apoptotic microparticles, immune complexes containing
anti-dsDNA antibodies, and NETs, may
Clinical and Experimental Rheumatology 2022

be associated with the activation of
the NLRP3 inflammasome in the SLE
context, because of following reasons;
1) NETs induce IL-1β secretion from
human monocytes (18-20), 2) immune
complex containing anti-dsDNA antibody trigger NLRP3-mediated IL1β secretion (10, 39), and 3) apoptotic microparticles from SLE patients with high
titre of anti-dsDNA antibody induce
STING-mediated type I IFN production
(33), which also results in NLRP3 inflammasome activation (34). Considering NETs can be internalised by monocytes and reach their cytosol (68), NETs
and apoptotic microparticles might be a
serum factor activating NLRP3 inflammasome. As SLE serum also trigger
STING-mediated type I IFN secretion
from monocytes (33), it is conceivable
that STING-targeting could be efficient
for SLE treatment through inhibiting
both type I IFN secretion and STINGmediated NLRP3-inflammasome activation.
Meanwhile, our data showed poor correlations between inflammasome activation in monocytes and Mx1 mRNA,
which is one of the representative interferon-stimulated genes (69-71). It has
been known that type I IFN signature
was not necessarily correlated with disease activity of SLE (72, 73) but reflected disease development (74) or future
SLE flare (75, 76). On the other hand,
one report showed type I IFN signature
leads to enhanced expression of inflammasome components like caspase-1 in
SLE (32). These facts suggest type I
IFN signature may predispose, but not
trigger, inflammasome activation by increasing expression of inflammasome
components.
The strong correlation between active
caspase-1 in monocytes and platelet
count is one of the intriguing findings
in the current study. There was no correlation between caspase-1 activation
in monocytes and anti-phospholipid
antibody or lupus anticoagulant, and
therefore complicated antiphospholipid
syndrome may not be associated with
caspase-1 activation. Although it cannot
be denied the possibility that the correlation between platelet count and active caspase-1 simply reflect the disease
severity of SLE (77), the correlation

may mean augmentation of caspase-1
activation induced by activated platelet.
Activation of platelets was observed in
SLE patients (78), and causes decreased
platelet counts (79). Activated platelets
mediate immune activations through
various mechanisms as follows; activation of the complement system, the
release of granules or microparticles,
membrane protein such as CD40L and
MHC molecules, and secretion of proinflammatory factors such as IL-1β and
granzyme A (80–82). As the activation
status of platelet (e.g. surface expression of CD62P and PAC-1 on platelets)
was not addressed in the current study,
however, further examinations are required to clarify the association between
decreased platelet count and activated
caspase-1 in monocyte.
To summarise, active caspase-1 in
SLE monocytes were identified and
CD14+CD16+ monocytes showed greater activation of caspase-1 than other subsets of monocytes. Because caspase-1
activation was associated with the disease activity of SLE, inflammasome activation may play a pivotal role in SLE
pathogenesis. Activation of caspase-1
induced by SLE serum was largely NLRP3-dependent, and the cGAS/STING
system contributed to the activation of
NLRP3 inflammasome. Therefore, targeting NLRP3 and cGAS-STING system are the potential therapeutic strategies against SLE.
Acknowledgments
We would like to thank all the SLE
patients and HC who participated in
this study.
References

1. GUO H, CALLAWAY JB, TING JP-Y: Inflammasomes: mechanism of action, role in disease, and therapeutics. Nat Med 2015; 21:
677-87.
2. MAHAJAN A, HERRMANN M, MUÑOZ LE:
Clearance deficiency and cell death pathways: a model for the pathogenesis of SLE.
Front Immunol 2016; 7: 35.
3. LÖVGREN T, ELORANTA ML, BÅVE U, ALM G
V., RÖNNBLOM L: Induction of interferon-α
production in plasmacytoid dendritic cells by
immune complexes containing nucleic acid
released by necrotic or late apoptotic cells
and lupus IgG. Arthritis Rheum 2004; 50:
1861-72.
4. KAHLENBERG JM, KAPLAN MJ: The inflammasome and lupus: another innate immune
mechanism contributing to disease pathogen-

529

STING-NLRP3 activation in SLE monocytes / S. Inokuchi et al.
esis? Curr Opin Rheumatol 2014; 26: 475-81.
5. ZHAO J, WANG H, DAI C et al.: P2X7 blockade attenuates murine lupus nephritis by
inhibiting activation of the NLRP3/ASC/caspase 1 pathway. Arthritis Rheum 2013; 65:
3176-85.
6. KAHLENBERG JM, YALAVARTHI S, ZHAO W
et al.: An essential role of Caspase 1 in the
induction of murine lupus and its associated
vascular damage. Arthritis Rheumatol 2014;
66: 152-62.
7. LI M, SHI X, QIAN T et al.: A20 overexpression alleviates pristine-induced lupus nephritis by inhibiting the NF-κB and NLRP3
inflammasome activation in macrophages of
mice. Int J Clin Exp Med 2015; 8: 17430-40.
8. HUANG T, YIN H, NING W et al.: Expression of inflammasomes NLRP1, NLRP3 and
AIM2 in different pathologic classification
of lupus nephritis. Clin Exp Rheumatol 2020;
38: 680-90.
9. ZHANG W, CAI Y, XU W, YIN Z, GAO X, XIONG
S: AIM2 facilitates the apoptotic DNA-induced systemic lupus erythematosus via arbitrating macrophage functional maturation.
J Clin Immunol 2013; 33: 925-37.
10. SHIN MS, KANG Y, LEE N et al.: Self doublestranded (ds)DNA induces IL-1β production
from human monocytes by activating NLRP3
inflammasome in the presence of anti-dsDNA
antibodies. J Immunol 2013; 190: 1407-15.
11. SHIN MS, KANG Y, LEE N et al.: U1-small nuclear ribonucleoprotein activates the NLRP3
inflammasome in human monocytes. J Immunol 2012; 188: 4769-75.
12. EL BAKRY SAR: Interleukin-18 as a biomarker of subclinical lupus nephritis. Arch Rheumatol 2015; 30: 6-15.
13. HU D, LIU X, CHEN S, BAO C: Expressions of
IL-18 and its binding protein in peripheral
blood leukocytes and kidney tissues of lupus
nephritis patients. Clin Rheumatol 2010; 29:
717-21.
14. WU C-Y, YANG H-Y, YAO T-C, LIU S-H, HUANG
J-L: Serum IL-18 as biomarker in predicting
long-term renal outcome among pediatriconset systemic lupus erythematosus patients.
Medicine (Baltimore) 2016; 95: e5037.
15. MOHSEN MA, ABDEL KARIM SA, ABBAS
TM, AMIN M: Serum interleukin-18 levels in
patients with systemic lupus erythematosus:
Relation with disease activity and lupus nephritis. Egypt Rheumatol 2013; 35: 45-51.
16. MARUYAMA J, INOKUMA S: Cytokine profiles of macrophage activation syndrome associated with rheumatic diseases. J Rheumatol 2010; 37: 967-73.
17. YANG C.-A., HUANG S-T, CHIANG B-L: Sexdependent differential activation of NLRP3
and AIM2 inflammasomes in SLE macrophages. Rheumatology 2015; 54: 324-31.
18. KAHLENBERG JM, CARMONA-RIVERA C,
SMITH CK, KAPLAN MJ: Neutrophil extracellular trap-associated protein activation of the
NLRP3 inflammasome is enhanced in lupus
macrophages. J Immunol 2013; 190: 1217-26.
19. WARNATSCH A, IOANNOU M, WANG Q, PAPAYANNOPOULOS V: Neutrophil extracellular traps license macrophages for cytokine
production in atherosclerosis. Science 2015;
349: 316-20.
20. HU Q, SHI H, ZENG T et al.: Increased neutro-

530

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

phil extracellular traps activate NLRP3 and
inflammatory macrophages in adult-onset
Still’s disease. Arthritis Res Ther 2019; 21: 9.
ZHANG H, FU R, GUO C et al.: Anti-dsDNA
antibodies bind to TLR4 and activate NLRP3
inflammasome in lupus monocytes/macrophages. J Transl Med 2016; 14: 156.
HOCHBERG MC: Updating the American
College of Rheumatology revised criteria for
the classification of systemic lupus erythematosus. Arthritis Rheum 1997; 40: 1725.
ALETAHA D, NEOGI T, SILMAN AJ et al.:
2010 Rheumatoid arthritis classification criteria: an American College of Rheumatology/
European League Against Rheumatism collaborative initiative. Arthritis Rheum 2010;
62: 2569-81.
LUNDBERG IE, TJÄRNLUND A, BOTTAI M et
al.: 2017 European League Against Rheumatism/American College of Rheumatology
classification criteria for adult and juvenile
idiopathic inflammatory myopathies and their
major subgroups. Ann Rheum Dis 2017; 76:
1955-64.
LUNDBERG IE, TJÄRNLUND A, BOTTAI M et
al.: 2017 European League Against Rheumatism/American College of Rheumatology
Classification Criteria for adult and juvenile
idiopathic inflammatory myopathies and their
major subgroups. Arthritis Rheumatol 2017;
69: 2271-82.
van den HOOGEN F, KHANNA D, FRANSEN J

et al.: 2013 classification criteria for systemic sclerosis: an American College of Rheumatology/European League against Rheumatism collaborative initiative. Ann Rheum Dis
2013; 72: 1747-55.
van den HOOGEN F, KHANNA D, FRANSEN J

et al.: 2013 classification criteria for systemic sclerosis: an American College of Rheumatology/European League against Rheumatism collaborative initiative. Arthritis Rheum
2013; 65: 2737-47.
MIZUSHIMA Y, INABA GMY: Guide for the
diagnosis of Behçet’s disease. Japan. Rep
Behçet’s Dis Res 1987: 8-17.
KISELAK EA, SHEN X, SONG J et al.: Transcriptional regulation of an axonemal central
apparatus gene, sperm-associated antigen 6,
by a SRY-related high mobility group transcription factor, S-SOX5. J Biol Chem 2010;
285: 30496-505.
HOLM S: A simple sequentially rejective multiple test procedure. Scand J Stat 1979; 6: 6570.
CROS J, CAGNARD N, WOOLLARD K et al.:
Human CD14dim monocytes patrol and
sense nucleic acids and viruses via TLR7 and
TLR8 receptors. Immunity 2010; 33: 375-86.
LIU J, BERTHIER CC, KAHLENBERG JM:
Enhanced inflammasome activity in systemic
lupus erythematosus is mediated via type I
interferon-induced up-regulation of interferon regulatory factor 1. Arthritis Rheumatol
(Hoboken, NJ) 2017; 69: 1840-9.
KATO Y, PARK J, TAKAMATSU H et al.:
Apoptosis-derived membrane vesicles drive
the cGAS-STING pathway and enhance type
I IFN production in systemic lupus erythematosus. Ann Rheum Dis 2018; 77: 1507-15.
GAIDT MM, EBERT TS, CHAUHAN D et al.:
The DNA inflammasome in human myeloid

cells is initiated by a STING-cell death program upstream of NLRP3. Cell 2017; 171:
1110-24.e18.
35. ABE T, BARBER GN: Cytosolic-DNA-mediated, STING-dependent proinflammatory gene
induction necessitates canonical NF- B activation through TBK1. J Virol 2014; 88: 5328-41.
36. LIU S, CAI X, WU J et al.: Phosphorylation
of innate immune adaptor proteins MAVS,
STING, and TRIF induces IRF3 activation.
Science 2015; 347.
37. ZHU H, HU F, SUN X et al.: CD16+ monocyte
subset was enriched and functionally exacerbated in driving T-cell activation and B-cell
response in systemic lupus erythematosus.
Front Immunol 2016; 7: 1-15.
38. PATEL VK, WILLIAMS H, LI SCH, FLETCHER
JP, MEDBURY HJ: Monocyte inflammatory
profile is specific for individuals and associated with altered blood lipid levels. Atherosclerosis 2017; 263: 15-23.
39. HIRAKO IC, GALLEGO-MARIN C, ATAIDE MA
et al.: DNA-Containing immunocomplexes
promote inflammasome assembly and release
of pyrogenic cytokines by CD14+ CD16+
CD64high CD32low inflammatory monocytes
from malaria patients. MBio 2015; 6: 1-11.
40. VILLANI A-C, SATIJA R, REYNOLDS G et al.:
Single-cell RNA-seq reveals new types of
human blood dendritic cells, monocytes, and
progenitors. Science 2017; 356: eaah4573.
41. MILDNER A, SCHÖNHEIT J, GILADI A et al.:
Genomic characterization of murine monocytes reveals C/EBPβ transcription factor
dependence of Ly6C-cells. Immunity 2017;
46: 849-62.e7.
42. KAPELLOS TS, BONAGURO L, GEMÜND I
et al.: Human monocyte subsets and phenotypes in major chronic inflammatory diseases. Front Immunol 2019; 10: 1-13.
43. HAMERS AAJ, DINH HQ, THOMAS GD et al.:
Human monocyte heterogeneity as revealed
by high-dimensional mass cytometry. Arterioscler Thromb Vasc Biol 2019; 39: 25-36.
44. JÄHNISCH H, WEHNER R, TUNGER A et al.:
TLR7/8 agonists trigger immunostimulatory
properties of human 6-sulfo LacNAc dendritic cells. Cancer Lett 2013; 335: 119-27.
45. AHMAD F, DÖBEL T, SCHMITZ M, SCHÄKEL
K: Current concepts on 6-sulfo LacNAc expressing monocytes (slanMo). Front Immunol 2019; 10: 21-5.
46. JUNT T, BARCHET W: Translating nucleic acid-sensing pathways into therapies. Nat Rev
Immunol 2015; 15: 529-44.
47. SHAW PJ, MCDERMOTT MF, KANNEGANTI
T-D: Inflammasomes and autoimmunity.
Trends Mol Med 2011; 17: 57-64.
48. TOUMA Z, CERVERA R, BRINKS R et al.:
Associations between classification criteria
items in systemic lupus erythematosus. Arthritis Care Res (Hoboken) 2020; 72: 1820-6.
49. YAO Y, WANG JB, XIN MM et al.: Balance
between inflammatory and regulatory cytokines in systemic lupus erythematosus.
Genet Mol Res 2016; 15: 1-8.
50. VORONOV E, DAYAN M, ZINGER H et al.:
IL-1 beta-deficient mice are resistant to induction of experimental SLE. Eur Cytokine
Netw 2006; 17: 109-16.
51. DELLALIBERA-JOVILIANO R, DOS REIS ML,
DE QUEIROZ CUNHA F, DONADI EA: Kinins

Clinical and Experimental Rheumatology 2022

STING-NLRP3 activation in SLE monocytes / S. Inokuchi et al.
and cytokines in plasma and cerebrospinal
fluid of patients with neuropsychiatric lupus.
J Rheumatol 2003; 30: 485-92.

52. TAKEMURA T, YOSHIOKA K, MURAKAMI
K et al.: Cellular localization of inflammatory cytokines in human glomerulonephritis.
Virchows Arch 1994; 424: 459-64.
53. QIAN XING, WANG B, SU H, CUI J, LI J:
Elevated Th17 cells are accompanied by
FoxP3+ Treg cells decrease in patients with
lupus nephritis. Rheumatol Int 2012; 32: 94958.
54. OSTENDORF B, IKING-KONERT C, KURZ K,
JUNG G, SANDER O, SCHNEIDER M: Preliminary results of safety and efficacy of the
interleukin 1 receptor antagonist anakinra
in patients with severe lupus arthritis. Ann
Rheum Dis 2005; 64: 630-3.
55. MCGHEE A: Persistent fever and pancytopenia: lupus flare vs macrophage activation
syndrome. Med Forum 2018; 16.
56. MIGLIORINI P, ITALIANI P, PRATESI F,
PUXEDDU I, BORASCHI D: The IL-1 family
cytokines and receptors in autoimmune diseases. Autoimmun Rev 2020; 19: 102617.
57. OKAMURA H, TSUTSI H, KOMATSU T et al.:
Cloning of a new cytokine that induces.
Nature 1995; 378: 88-91.
58. SMELTZ RB, CHEN J, HU-LI J, SHEVACH EM:
Regulation of interleukin (IL)-18 receptor
α chain expression on CD4+ T cells during
T helper (Th)1/Th2 differentiation: Critical downregulatory role of IL-4. J Exp Med
2001; 194: 143-53.
59. ROBINSON D, SHIBUYA K, MUI A et al.:
IGIF does not drive Th1 development but
synergizes with IL-12 for interferon-γ production and activates IRAK and NFκB. Immunity
1997; 7: 571-81.
60. WEAVER LK, CHU N, BEHRENS EM:
Interferon-γ-mediated immunopathology potentiated by toll-like receptor 9 activation in a
murine model of macrophage activation syndrome. Arthritis Rheumatol (Hoboken) 2019;
71: 161-8.
61. GIRARD-GUYONVARC’H C, PALOMO J, MARTIN P et al.: Unopposed IL-18 signaling leads
to severe TLR9-induced macrophage activation syndrome in mice. Blood 2018; 131:
1430-41.
62. CRAYNE CB, ALBEITUNI S, NICHOLS KE,
CRON RQ: The immunology of macrophage

Clinical and Experimental Rheumatology 2022

activation syndrome. Front Immunol 2019;
10: 1-11.

63. KAHLENBERG JM, THACKER SG, BERTHIER
CC, COHEN CD, KRETZLER M, KAPLAN MJ:
Inflammasome activation of IL-18 results in
endothelial progenitor cell dysfunction in
systemic lupus erythematosus. J Immunol
2011; 187: 6143-56.
64. WANG D, DRENKER M, EIZ-VESPER B, WERFEL T, WITTMANN M: Evidence for a pathogenetic role of interleukin-18 in cutaneous
lupus erythematosus. Arthritis Rheum 2008;
58: 3205-15.
65. HORNUNG V, BAUERNFEIND F, HALLE A et
al.: Silica crystals and aluminum salts activate the NALP3 inflammasome through
phagosomal destabilization. Nat Immunol
2008; 9: 847-56.
66. LAVIERI R, PICCIOLI P, CARTA S, DELFINO
L, CASTELLANI P, RUBARTELLI A: TLR
Costimulation causes oxidative stress with
unbalance of proinflammatory and anti-inflammatory cytokine production. J Immunol
2014; 192: 5373-81.
67. MARIATHASAN S, WEISS DS, NEWTON K et
al.: Cryopyrin activates the inflammasome
in response to toxins and ATP. Nature 2006;
440: 228-32.
68. CHAMILOS G, GREGORIO J, MELLER S et al.:
Cytosolic sensing of extracellular self-DNA
transported into monocytes by the antimicrobial peptide LL37. Blood 2012; 120: 3699707.
69. AIRÒ P, GHIDINI C, ZANOTTI C et al.:
Upregulation of myxovirus-resistance protein A: a possible marker of type I interferon
induction in systemic sclerosis. J Rheumatol
2008; 35: 2192-200.
70. MARIA NI, BRKIC Z, WARIS M et al.:
MxA as a clinically applicable biomarker
for identifying systemic interferon type i in
primary Sjögren’s syndrome. Ann Rheum Dis
2014; 73: 1052-9.
71. EL-SHERBINY YM, PSARRAS A, YUSOF MYM
et al.:A novel two-score system for interferon status segregates autoimmune diseases
and correlates with clinical features. Sci Rep
2018; 8: 1-11.
72. KALUNIAN KC, MERRILL JT, MACIUCA R et
al.: A phase II study of the efficacy and safety
of rontalizumab (rhuMAb interferon-α) in
patients with systemic lupus erythematosus

(ROSE). Ann Rheum Dis 2015; 75: 196-202.
73. FENG X, WU H, GROSSMAN JM et al.:
Association of increased interferon-inducible
gene expression with disease activity and lupus nephritis in patients with systemic lupus
erythematosus. Arthritis Rheum 2006; 54:
2951-62.
74. MD YUSOF MY, PSARRAS A, EL-SHERBINY
YM et al.: Prediction of autoimmune connective tissue disease in an at-risk cohort: prognostic value of a novel two-score system for
interferon status. Ann Rheum Dis 2018; 77:
1432-9.
75. LANDOLT-MARTICORENA C, BONVENTI G,
LUBOVICH A et al.: Lack of association between the interferon-α signature and longitudinal changes in disease activity in systemic
lupus erythematosus. Ann Rheum Dis 2009;
68: 1440-6.
76. MATHIAN A, MOURIES-MARTIN S, DORGHAM K et al.: Ultrasensitive serum interferon-α quantification during SLE remission
identifies patients at risk for relapse. Ann
Rheum Dis 2019: 1669-76.
77. JUNG JH, SOH MS, AHN YH et al.: Thrombocytopenia in systemic lupus erythematosus.
Medicine (Baltimore) 2016; 95: e2818.
78. JOSEPH JE, HARRISON P, MACKIE IJ, ISENBERG DA, MACHIN SJ: Increased circulating
platelet-leucocyte complexes and platelet
activation in patients with antiphospholipid
syndrome, systemic lupus erythematosus and
rheumatoid arthritis. Br J Haematol 2001;
115: 451-9.
79. SCHERLINGER M, GUILLOTIN V, TRUCHETET ME et al.: Systemic lupus erythematosus and systemic sclerosis: all roads lead to
platelets. Autoimmun Rev 2018; 17: 625-35.
80. LINGE P, FORTIN PR, LOOD C, BENGTSSON
AA, BOILARD E: The non-haemostatic role
of platelets in systemic lupus erythematosus.
Nat Rev Rheumatol 2018; 14: 195-213.
81. NHEK S, CLANCY R, LEE KA et al.: Activated
platelets induce endothelial cell activation
via an interleukin-1β pathway in systemic
lupus erythematosus. Arterioscler Thromb
Vasc Biol 2017; 37: 707-16.
82. CAMPBELL RA, FRANKS Z, BHATNAGAR A
et al.: Granzyme A in human platelets regulates the synthesis of proinflammatory cytokines by monocytes in aging. J Immunol
2018; 200: 295-304.

531

