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ACPAs promote IL-1p production in rheumatoid arthritis by
activating the NLRP3 inflammasome

Xiwen Dong"??, Zhaohui Zheng'?, Peng Lin?*3, Xianghui Fu'?, Fanni Li*3, Jianli Jiang®>* and Ping Zhu'?

OBJECTIVES: Anti-citrullinated protein antibodies (ACPAs) are a group of autoantibodies targeted against citrullinated proteins/
peptides and are informative rheumatoid arthritis (RA) biomarkers. ACPAs also play a crucial role in RA pathogenesis, and their

underlying mechanism merits investigation.

METHODS: Immunohistochemical (IHC) assays were carried out to determine IL-1f levels in ACPA* and ACPA™ RA patients. PBMC-
derived monocytes were differentiated into macrophages before stimulation with ACPAs purified from RA patients. The localization
and interaction of molecules were analyzed by confocal microscopy, co-IP, and surface plasmon resonance.

RESULTS: In our study, we found that IL-1B levels were elevated in ACPA™ RA patients and that ACPAs promoted IL-1B production
by PBMC-derived macrophages. ACPAs interacted with CD147 to enhance the interaction between CD147 and integrin 1 and, in
turn, activate the Akt/NF-kB signaling pathway. The nuclear localization of p65 promoted the expression of NLRP3 and pro-IL-1f3,
resulting in priming. Moreover, ACPA stimulation activated pannexin channels, leading to ATP release. The accumulated ATP bound

to the P2X7 receptor, leading to NLRP3 inflammasome activation.

CONCLUSIONS: Our study suggests a new hypothesis regarding IL-13 production in RA involving ACPAs, which may be a potential

therapeutic target in RA treatment.
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INTRODUCTION
Rheumatoid arthritis (RA) is one of the most prevalent chronic
autoimmune diseases, affecting 0.5-1% of the world’s popula-
tion." RA is characterized by joint pain, stiffness, and swelling as a
result of ongoing inflammation of the joint synovia.” A group of
RA-specific autoantibodies identified in the late 1990s has
demonstrated exceptional diagnostic specificity and was added
to the 2010 American College of Rheumatology/European League
Against Rheumatism classification criteria.®> These autoantibodies
are called anti-citrullinated protein antibodies (ACPAs). ACPAs
target proteins/peptides that have undergone a posttranslational
modification in which arginine residues have been converted to
citrulline by peptidylarginine deiminase. The utilization of ACPAs
enables clinicians to identify the onset of RA before its explicit
clinical manifestation, which is crucial to the timely control of
autoimmune status and disease progression.* ACPAs also have
prognostic value, exhibiting strong associations with radiographic
progression and disease activity.>®

Beyond their obvious clinical utility, recent investigations of the
pathogenic role of ACPAs have helped reveal the mechanism by
which ACPAs exacerbate inflammation in chronic RA. The main
target cells of ACPAs are macrophages. Clavel et al. and Lu et al.
reported that ACPAs could stimulate macrophages to produce

proinflammatory cytokines such as tumor necrosis factor-a’? and
that this production could be augmented by immunoglobulin A
(IgA) or IgM rheumatoid factor.”'® In addition, ACPAs can activate
and cooperate with the complement sgstem via the classical and
alternative complement pathways,'"'# stimulate osteoclasts to
enhance bone resorption, and activate sensory neurons via
interleukin (IL)-8 production.'>'*

IL-1B is a crucial inflammatory mediator of the innate immune
response, playing a vital role in the development of pathological
conditions that lead to chronic inflammation.'>™"” IL-1B expression
is elevated in all phases of RA, and IL-1f3 is abundant at the local
level.'”® However, whether ACPAs can stimulate macrophages to
produce IL-1B has not yet been investigated.

Canonically, the production of IL-13 occurs via an
inflammasome-dependent pathway. Inflammasomes are a group
of multimeric protein complexes consisting of an inflammasome
sensor molecule (for example, NLRP3, NLRC4, etc.), an adaptor
protein (ASC) and caspasel. Of the different inflammasomes, the
NLRP3 inflammasome is the most commonly studied in RA.
Previous studies demonstrated that the expression of NLRP3-
inflammasome-related genes (ASC, MEFV, NLRP3-FL, NLRP3-SL,
and CASP1) was upregulated in peripheral blood mononuclear
cells (PBMCs) from RA patients.'”® In addition, NLRP3-mediated
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IL-1B secretion could be regulated by PTPN22, an important risk
factor for the initiation and development of RA. Therefore, we
carried out this experiment to investigate whether ACPAs could
activate the NLRP3 inflammasome to produce IL-13 in RA and to
elucidate the underlying mechanism.

RESULTS

ACPAs induce IL-1f production in an NLRP3-dependent manner
Elevated levels of IL-13 have been observed in RA patients;
however, little is known about whether IL-1( levels differ between
ACPA-positive and ACPA-negative patients. Therefore, we first
analyzed IL-1f3 expression in RA synovial tissue by immunohisto-
chemical (IHC) methods. Irrelevant rabbit anti-human IgG and
rabbit serum were used as the negative controls (Fig. 1a). As
shown in Fig. 1a, b, a higher level of IL-1 was observed in ACPA-
positive patients than in ACPA-negative patients and osteoarthritis
(OA) patients.

Since IL-13 is mainly produced by macrophages, to further
study this phenomenon, we directly stimulated PBMC-derived
macrophages with ACPAs (Fig. 1c) and measured IL-1f produc-
tion in the culture medium by enzyme-linked immunosorbent
assay (ELISA). The macrophages produced IL-13 in a time- and
dose-dependent manner in response to ACPA treatment.
Next, the results of an immune assay showed that NLRP3
knockdown inhibited the cleavage of caspasel and the
production of activated IL-13 (Fig. 1d). These data verified that
ACPAs stimulate macrophages to produce IL-1 in an NLRP3-
dependent manner.

CD147 participates in ACPA-induced NLRP3 activation

It has been reported that CD147 can enhance the differentiation
of M1 macrophages, which exhibit upregulated expression of
inflammasome-related molecules,?®?' and that an anti-CD147
antibody can inhibit the production of IL-13 in PBMCs from RA
patients. To determine whether CD147 participates in ACPA-
induced IL-13 production, we first examined the CD147 and
NLRP3 expression levels in synovial tissue from RA patients. The
IHC results and analysis showed that CD147 expression was
upregulated in ACPA-positive patients, as was the expression of
NLRP3 (Fig. 2a, b). In addition, NLRP3 and ACPA positivity were
highly correlated in RA patients (rs =0.728, p <0.01), indicating
that CD147 may induce the expression of NLRP3.

Therefore, we constructed a CD147 knockdown cell model
using lentiviral vectors. Successful CD147 knockdown was verified
by both western blotting and quantitative PCR (Fig. 2c). ACPA-
induced IL-1B production was significantly diminished after CD147
knockdown, while IL-1f production induced by lipopolysaccharide
(LPS)/ATP treatment was not affected (Fig. 2d, e). This result
indicated that CD147 may not promote NLRP3 expression by
mediating the LPS/Toll-like receptor 4 (TLR4) pathways.

We next determined the pathways that were altered after
CD147 knockdown. Since the c-Jun N-terminal kinase (JNK)
pathway has been previously reported to be involved in ACPA-
induced IL-1B secretion in U937 cells,”®> we first examined the
phosphorylation of JNK. Surprisingly, the level of p-JNK remained
unchanged upon ACPA treatment but was elevated after
treatment with LPS or ATP (Fig. 2e). However, the Akt pathway
was activated, as p-Akt level increased after ACPA treatment, and
CD147 knockdown significantly decreased the p-Akt level (Fig. 2e).
Consistent with previous results,”®> the nuclear factor (NF)-kB
pathway was also activated, which may be responsible for the
induction of NLRP3 and pro-IL-1f. In addition, CD147 knockdown
reversed ACPA-induced NF-kB activation (Fig. 2e). Thus we
hypothesize that CD147 participates in ACPA-induced NLRP3
inflammasome activation by mediating the Akt and NF-«kB
pathways.

SPRINGERNATURE

ACPAs enhance the interaction between CD147 and integrin 1
Since CD147 is a transmembrane glycoprotein that can interact
with other proteins to induce intracellular signaling alterations,?*
we next examined the interaction between CD147 and ACPAs.
First, the immunofluorescence staining results showed that CD147
and ACPAs colocalized on the cellular surface (Fig. 3a, b). Second,
the results of surface plasmon resonance (SPR) experiments
confirmed that ACPAs could interact with CD147 (Fig. 3c). Finally,
the results of co-IP experiments also revealed that ACPAs could
interact with CD147 (Fig. 3d).

In our previous research, we found that CD147 could interact
with and activate ITGB1.2> Accordingly, we next examined the
interaction between CD147 and ITGB1 upon ACPA treatment.
Phorbol-12-myristate-13-acetate (PMA)-differentiated THP-1 cells
were stimulated with either ACPA IgG or control IgG. We first used
an anti-CD147 or anti-ITGB1 antibody as bait to capture the
interacting proteins. Assays with both antibodies indicated that
ACPAs could enhance the interaction between CD147 and ITGB1
(Fig. 3e, lane 3 vs. lanes 1 and 2; Fig. 3f, lane 3 vs. lanes 1 and 2).
We then used anti-human IgG as bait for ACPAs. Similar results
were observed, as increased levels of CD147 and ITGB1 were
detected after ACPA treatment (Fig. 3g; lane 2 vs. lane 1). In the
CD147 knockdown group, the amount of ITGB1 precipitated in the
experiment was reduced. However, in the ITGB1 knockdown
group and the GRGDS treatment group, the amount of CD147
precipitated did not significantly decrease. Therefore, ACPAs may
preferentially interact with CD147.

The CD147/ITGB1/Akt signaling pathway participates in ACPA-
induced NLRP3 activation

Since the interaction between CD147 and ITGB1 could activate the
downstream PI3K/Akt pathway,”> we next investigated whether
the Akt pathway was affected by the enhanced interaction
between CD147 and ITGB1 after ACPA treatment. As shown in
Fig. 4a, blocking the interaction between CD147 and ITGB1 with
GRGDS downregulated the expression of p-Akt (Fig. 4a, lane 4 vs.
lane 6) and cleaved-IL-1B (Fig. 4a, b). Importantly, the PI3K/Akt
inhibitor LY294002 also reversed NLRP3 inflammasome activation
and IL-1B production (Fig. 4a, lane 3 vs. lane 6; Fig. 4b), indicating
that Akt activation was important in ACPA-induced NLRP3
inflammasome activation. Additionally, TAK-242, a TLR4 inhibitor,
did not prevent ACPA-stimulated IL-1(3 production, indicating that,
unlike LPS-induced NLRP3 activation, ACPA-induced NLRP3
activation did not require the activation of the TLR4/MyD88
pathway.

It has been previously reported that activated Akt could lead to
NF-kB-driven production of NLRP3 inflammasome-related mole-
cules.?® Since we discovered that NF-kB activation was blocked
upon CD147 knockdown (Fig. 2e), we hypothesized that Akt
pathway activation driven by the enhanced interaction between
CD147 and ITGB1 after ACPA treatment could further induce the
activation of NF-kB. As shown in Fig. 4a, inhibiting the Akt
pathway or interfering with the CD147/ITGB1 interaction reduced
NF-kB activation. In addition, the NF-kB inhibitor Bay-117082
reduced NF-kB activation and IL-1f production but did not affect
the p-Akt level.

After NF-kB activation, IkB degradation allows the freed p65
(RelA) subunit to enter the nucleus, where it induces the
expression of specific genes, such as NLRP3 and pro-IL-13 under
these conditions. Nuclear translocation of NF-kB p65 was observed
by confocal microscopy. As predicted, the nuclear localization of
p65 increased after ACPA treatment and was suppressed after
inhibition of the CD147/ITGB1 interaction, inhibition of the Akt
pathway, or direct blockade of the NF-kB pathway (Fig. 4c). These
results indicated that ACPAs, rather than TLR4 pathway activation,
enhanced the interaction between CD147 and ITGB1 and induced
Akt phosphorylation and downstream NF-kB activation.
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Fig. 1 Anti-citrullinated protein antibodies (ACPAs) promote interleukin (IL)-1p production in an NLRP3-dependent manner. a Representative
tissue sections from ACPA™ rheumatoid arthritis (RA) patients, ACPA~ RA patients and osteoarthritis patients analyzed by immunohisto-
chemical (IHC) methods to determine the expression of IL-1p. In addition, representative images of synovial sections subjected to hematoxylin
and eosin staining and IHC staining with irrelevant rabbit immunoglobulin G (IgG) as the isotype control are shown. Scale bar =100 pm.
b Statistical results of IL-1p staining. *p <0.05 and **p <0.01. ¢ IL-1p production by peripheral blood mononuclear cell (PBMC)-derived
macrophages was measured by enzyme-linked immunosorbent assay after treatment with ACPAs or IgG (purified from serum of healthy
individuals) for the indicated durations and at the indicated concentrations. **p <0.01, ***p <0.001 (all other groups vs. the first group).
d PBMC-derived macrophages were transfected with NLRP3 small interfering RNA (siRNA) or control siRNA for 48 h before ACPA or
lipopolysaccharide (LPS)/ATP treatment. After stimulation with ACPAs for 8 h, IL-1p production was measured. ***p < 0.001 (other groups vs.
the first group). e Representative western blot results and statistical analysis of protein expression in PBMC-derived macrophages transfected
with NLRP3 siRNA or control siRNA and treated with ACPAs or LPS/ATP. Caspase-1 (p20) and IL-1p (p17) levels in the supernatant and NLRP3
levels in the cell lysate were assessed by western blotting. Each experiment was performed at least three times. SN supernatant, LYS cell lysate
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Fig. 2 CD147 participates in anti-citrullinated protein antibody (ACPA)-induced NLRP3 upregulation and activation. a Representative tissue
sections from ACPA™ rheumatoid arthritis (RA) patients, ACPA~ RA patients, and osteoarthritis patients analyzed by immunohistochemical
(IHC) methods to determine the expression of NLRP3 and CD147. Images of IHC staining with irrelevant rabbit or mouse immunoglobulin G as
the isotype control are also shown. Scale bar = 100 pm. b Statistical results of interleukin (IL)-1p staining. *p < 0.05 and **p < 0.01. ¢ The real-
time PCR and western blotting results indicated successful knockdown of CD147 mRNA and protein expression (by approximately 90% of the
original expression levels) by lentiviral transduction. d After CD147 knockdown, peripheral blood mononuclear cell-derived macrophages
were stimulated with ACPAs or lipopolysaccharide/ATP. Cells infected with empty virus served as the control. IL-18 production in the culture
medium was measured by enzyme-linked immunosorbent assay. e Representative results and statistical analysis of caspase1 (p20), IL-1p (p17),
pro-caspasel, pro-IL-16, NLRP3, p-JNK, p-Akt, and IKK protein expression as determined by western blotting after the indicated treatments.
Each experiment was performed at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 (other groups vs. the first group). SN supernatant,

LYS cell lysate
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Fig. 3 Anti-citrullinated protein antibodies (ACPAs) promote the interaction between CD147 and integrin B1. a After ACPA treatment, phorbol-
12-myristate-13-acetate (PMA)-differentiated THP-1 cells were probed with an anti-human CD147 antibody, an fluorescein isothiocyanate
(FITC)-conjugated anti-human immunoglobulin G (IgG) secondary antibody, and a Cy3-conjugated anti-mouse IgG secondary antibody. The
colocalization of ACPAs and CD147 was evaluated by confocal laser scanning microscopy. Scale bars = 10 pM. b After IgG treatment, PMA-
differentiated THP-1 cells were probed with an anti-human CD147 antibody, an FITC-conjugated anti-human IgG secondary antibody, and a
Cy3-conjugated anti-mouse IgG secondary antibody. The colocalization of control IgG and CD147 was evaluated by confocal laser scanning
microscopy. Scale bars = 10 pM. ¢ Biophysical analysis of the CD147/ACPA interaction using surface plasmon resonance. The orange, green,
peach, blue, violet purple, and red lines represent different concentrations of CD147 (0, 0.5, 1, 2, 4, and 8 uM, respectively) in the fluid phase.
d Lysates of PMA-differentiated THP-1 cells were subjected to immunoprecipitation with a coupling gel prebound to ACPA IgG. Mouse IgG
was used as the negative control. CD147 in the precipitate was detected by western blotting (upper image). ACPA I1gG and control IgG were
subjected to immunoprecipitation with an anti-CD147 antibody. IgG in the precipitate was detected by western blotting (lower image).
e-g After preincubation with ACPA IgG or control IgG, lysates of PMA-differentiated THP-1 cells with CD147 or ITGB1 knockdown or GRGDS
treatment were subjected to immunoprecipitation with a coupling gel prebound to an anti-CD147 antibody (e), an anti-ITGB1 antibody (f), or
an anti-human IgG antibody (g). ITGB1 and CD147 in the precipitate were detected by western blotting
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Fig. 4 The CD147/Integrinf1/Akt signaling pathway participates in anti-citrullinated protein antibody (ACPA)-induced interleukin (IL)-1f
production. a Peripheral blood mononuclear cell (PBMC)-derived macrophages were pretreated with various inhibitors before stimulation
with ACPAs for 8 h. IL-1p, pro-IL-1p, and p-actin were detected by immunoblotting. Caspase1 (p20) and IL-1p (p17) in the supernatants and pro-
Caspase1, pro-IL-1p, NLRP3, p-Akt, and IKK in the cell lysates were detected by western blotting after the indicated treatments. Each
experiment was performed at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 (other groups compared with group six). SN supernatant,
LYS cell lysate. b After pretreatment with various inhibitors, PBMC-derived macrophages were stimulated with ACPAs. IL-1p production in the
culture medium was measured by enzyme-linked immunosorbent assay. ¢ After pretreatment with various inhibitors, PBMC-derived
macrophages were stimulated with ACPAs and probed with an anti-human nuclear factor (NF)-xB p65 antibody and a Cy3-conjugated
secondary antibody. Nuclei were stained with Hoechst 33342. NF-kB p65 nuclear translocation in the cells was observed with a confocal laser
scanning microscope. The number of cells positive for nuclear localization of p65 out of at least 500 cells was counted, and the data are
presented as the means + SEMs. Scale bars =20 uM
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Fig. 5 ATP release is required for anti-citrullinated protein antibody (ACPA)-induced NLRP3 activation. a, b ATP release from peripheral blood
mononuclear cell (PBMC)-derived macrophages was assessed after CD147 or ITGB1 knockdown or pretreatment with GRGDS (a),
glibenclamide, or probenecid (b) before stimulation with ACPAs. **p < 0.05, ***p < 0.001, other groups vs. the group with only ACPA treatment.
¢, d After pretreatment with various inhibitors, PBMC-derived macrophages were stimulated with ACPAs. ¢ Caspase1 (p20) and interleukin (IL)-
18 (p17) levels in the supernatants were assessed by western blotting. d IL-18 production in the culture medium was measured by enzyme-
linked immunosorbent assay. **p < 0.05, ***p < 0.001, other groups vs. the group with only ACPA treatment

ATP release is required for ACPA-induced NLRP3 activation

Mechanistically, NLRP3 inflammasome activation requires an
activator, such as extracellular ATP, to be released from stressed
cells.?” Extracellular ATP can bind to the P2X7 receptor and induce
K+ efflux, a common pathway associated with all NLRP3
activators. To examine whether ACPAs caused fluctuations in the
level of extracellular ATP, we measured the extracellular levels of
ATP produced by PBMC-derived macrophages after ACPA treat-
ment. ACPAs significantly induced ATP release (Fig. 5a). However,
this induction was impaired by knockdown of CD147 and ITGB1 or
by treatment with GRGDS (Fig. 5a). It has been reported that ATP
release can be mediated by the opening of pannexin channels
and further binding to the P2X7 receptor, which induces
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potassium efflux. To test this hypothesis, we used probenecid (a
pannexin-specific antagonist) and glibenclamide (a P2X7 channel
blocker) in the following experiments. ACPA-induced increases in
extracellular ATP levels were attenuated by probenecid but not
glibenclamide (Fig. 5b). To determine whether there was a link
between ACPA-induced ATP release and NLRP3 inflammasome
activation, caspasel and IL-1 activation was analyzed after
treatment with glibenclamide, oxATP (a P2X7 antagonist that
blocks the interaction of ATP with the P2X7 receptor), or
probenecid. These blockers inhibited the production of activated
caspasel and IL-1B, with probenecid exhibiting the most
prominent effect (Fig. 5¢, d). These results indicated that ACPAs
could activate pannexin channels, inducing ATP release and
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resulting in NLRP3 inflammasome activation, which was mediated
by the enhanced interaction between CD147 and ITGB1.

DISCUSSION

In RA, IL-18 is a pivotal cytokine that participates in disease
initiation, neutrophil infiltration, and cartilage destruction.?®
Expressing human IL-13 via ex vivo gene transfer in the knee
joints of rabbits?® or using an intraarticular injection of recombi-
nant IL-1f3 resulted in a highly aggressive form of arthritis that
recapitulated some features of human RA.3° In RA patients, IL-18
production is strongly induced in monocytes/macrophages, which
accumulate at the cartilage/pannus junction after direct cellular
contact with stimulated T lymphocytes. ACPAs specifically
produced in RA patients have not previously been recognized as
stimulators that initiate inflammasome activation. Here we show
for the first time that ACPAs promote the interaction between
CD147 and ITGB1, which in turn activates the downstream Akt/NF-
KB signaling pathway, resulting in the upregulation of NLRP3 and
pro-IL-1B expression and further NLRP3 inflammasome activation.

CD147 is a transmembrane glycoprotein and a member of the
lg superfamily of receptors. In our previous research, we found
that CD147 participates in RA synovitis and cartilage erosion®' and
demonstrated a “CD147-Tm/osteoclast-RA chain” participating in
abnormal Tm-cell activation in RA patients.>> CD147 has been
found to enhance chemotaxis, matrix metalloproteinase produc-
tion, synoviocyte invasion,®®> and monocyte/macrophage adhe-
sion**** and to modulate the differentiation of T helper type17
cells.® In addition, CD147 enhances the polarization of M1
macrophages and induces the expression of proinflammatory
cytokines such as IL-1B, IL-6, and transforming growth factor-B.%°
Despite these findings, our experiment is the first to elucidate the
pathological mechanism of CD147 in ACPA-positive RA synovial
inflammation and provides a possible approach to control
excessive IL-1f3 production in RA.

The interaction between CD147 and ITGB1 has been previously
investigated in hepatocellular carcinoma (HCC) cells. The extra-
cellular membrane-proximal domain of CD147 binds to the metal
ion-dependent adhesion site in ITGB1, resulting in the activation
of focal adhesion kinase and the Akt pathway, which is
responsible for the malignant properties of HCC cells, such as
proliferation, migration, and invasion.>**3” In our experiments,
ACPAs interacted with CD147 and promoted its interaction with
ITGB1. Intriguingly, ACPAs may preferentially interact with CD147
rather than ITGB1, as the amount of CD147 captured by anti-
human IgG remained unchanged after ITGB1 knockdown or
GRGDS  treatment, while the amount of captured
ITGB1 significantly decreased after CD147 knockdown. However,
the ACPA-binding site on CD147 is still undefined and needs to be
identified in future experiments.

Moreover, we found that ACPA-induced enhancement of the
interaction between CD147 and ITGB1 activated the Akt pathway,
which in turn activated the NF-kB pathway. Interestingly,
Venkatesan et al. reported that CD147 could activate JNK via
MKK7 to induce the production of IL-18 in cardiomyocytes.®
However, in our experiments, the JNK pathway was not affected by
ACPA treatment. This discrepancy could be attributed to differ-
ences in the cell types (PBMC-derived macrophages vs. cardio-
myocytes) and stimulators (ACPAs vs. recombinant CD147) used in
the experiments. Since the ACPAs purified in our experiments
comprised a repertoire of autoantibodies targeted against different
citrullinated proteins, identifying the exact ACPA epitopes that
mediate the proinflammatory effects would be of great value.

Classical NLRP3 inflammasome activation requires two steps,
priming and activation. In the priming step, the NF-kB pathway is
activated, inducing the synthesis of pro-IL-18 and changes in
NLRP3 expression at the transcriptional and posttranscriptional
levels. In our experiment, the priming step could be induced by
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the Akt pathway, which was activated by the interaction between
CD147 and ITGB1. After priming, a broad range of NLRP3-
activating stimuli, including pathogen-associated molecular pat-
terns, danger-associated molecular patterns (DAMPs), and irritants
(such as uric acid crystals, extracellular ATP, and pore-forming
toxins),*® can induce K efflux to trigger NLRP3 inflammasome
formation. After the protein complexes have formed, the NLRP3
inflammasome activates caspasel, which in turn proteolytically
cleaves pro-IL-1f into IL-1f3. In our study, we found that ATP, a
common stimulator of the NLRP3 inflammasome, accumulated
after ACPA treatment. To test whether ACPAs induced ATP release
through pannexin channels, as previously reported,?® we utilized
probenecid, a pannexin-specific antagonist, to block these
channels. A sharp decrease in extracellular ATP was observed
after probenecid treatment, indicating the participation of
pannexin channels in ACPA-induced ATP release. A possible
explanation for pannexin channel activation is that activated
ITGB1 could recruit Src family kinases, which may be responsible
for the phosphorylation of a conserved region of the intracellular
C-terminus of Panx1 and the induction of ATP secretion.”® These
hypotheses still need further investigation, since no direct
evidence has been obtained.

In conclusion, we showed for the first time that ACPAs could
activate the NLRP3 inflammasome, which participates in RA
pathogenesis. After ACPA treatment, the interaction between
CD147 and ITGB1 was enhanced in macrophages, followed by the
activation of the downstream Akt/NF-kB signaling pathway and
subsequent induction of NLRP3 and pro-IL-1B expression. In
addition, ACPAs could activate pannexin channels, resulting in ATP
secretion and subsequent NLRP3 inflammasome activation (Fig. 6).
Thus, in this study, we proposed a new mechanism of IL-1$
production in RA, explored a new role of ACPAs in RA pathogenesis,
and provided a potential therapeutic target for RA treatment.
However, since blood-derived macrophages may not be completely
representative of tissue-derived macrophages, the results should be
further verified in tissue macrophages and in vivo models.

MATERIAL AND METHODS

Patients and sample preparation

This study was conducted according to the principles of the
Declaration of Helsinki and was approved by the ethical review
board of the Fourth Military Medical University. Ten ACPA-positive
RA patients, ten ACPA-negative RA patients (diagnosed according
to the American College of Rheumatology 1987 revised criteria®’
and pathological examination) and ten OA patients were recruited
for this study, and their clinical characteristics are summarized in
Supplementary Table 1. Patients with ongoing articular infections
or who had received immunosuppressive therapy were excluded.
Synovial tissues were obtained from each patient during joint
arthroscopy in Xijing Hospital, Fourth Military Medical University.
The synovial samples were fixed in 4% paraformaldehyde and
embedded in paraffin before staining.

Purification of ACPA IgG and control IgG

ACPA-positive serum samples were pooled from 10 RA patients
with high titers of anti-cyclic citrulline peptide (anti-CCP) antibody
(>1000 IU/ml, as measured by ELISA) who presented at the
Department of Clinical Immunology of Xijing Hospital.

The CCP used for ACPA purification was synthesized according
to previously described sequences.** The CCP was then con-
jugated to NHS-activated sepharose 4B Fast Flow (GE Healthcare,
NJ, USA) according to the manufacturer’s instructions. Prior to
affinity purification of ACPAs, IgG was purified from serum by a
protein A column (GE Healthcare, NJ, USA). The eluted IgG was
immediately neutralized with Tris buffer and dialyzed against
phosphate-buffered saline (PBS). The purified IgG was then
applied to columns conjugated with CCP and purified using fast
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protein liquid chromatography with an AKTA purifier 10 (GE
Healthcare, NJ, USA). The bound fraction was eluted and
exchanged against PBS on a desalting column (Zebra Spin,
Pierce, Thermo Fisher Scientificc MA, USA). The solution was
concentrated by ultrafiltration in a Vivaspin 30K unit (Merck,
Millipore, Darmstadt, Germany). The content of ACPA IgG was
verified by SPR. The control IgG was pooled from healthy
individuals’ serum using similar methods. Endotoxin was removed
with a Toxin Eraser™ endotoxin removal kit (GenScript, NJ, USA),
and the presence of endotoxin was evaluated with a Toxin
SensorTMchromogenic LAL endotoxin assay kit (GenScript, NJ,
USA). The LPS titer was determined to be <1 EU/ml.

Reagents and antibodies

Ultra-pure LPS, PMA, and oxATP were obtained from Sigma-
Aldrich (MO, USA). TAK242 and Z-YVAD-fmk were purchased from
ApexBio (TX, USA). ATP and glibenclamide were purchased from
InvivoGen (CA, USA). BAY11-7082, LY294002, and probenecid were
obtained from MedChem Express (NJ, USA). GRGDS and GRGES
were purchased from Apeptide (Shanghai, China).

The primary antibodies used in the IHC assays were anti-IL-13
(1:200, Proteintech, Hubei, China), anti-NLRP3 (1:200, Abcam,
Cambridge, UK), and anti-CD147 (1:200, final concentration 5 pg/
ml, produced in our laboratory). The primary antibodies used in
the immunoblot and immunoprecipitation assays were anti-
cleaved caspasel (1:1000, Cell Signaling Technology, MA, USA),
anti-caspasel (1:1000, Cell Signaling Technology, MA, USA), anti-
IL-13 (1:700, Santa Cruz, CA, USA), anti-cleaved-IL-13 (1:1000, Cell
Signaling Technology, MA, USA), anti-NLRP3 (1:1000, Cell Signaling
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Technology, MA, USA), anti-phospho-SAPK/JNK (Thr183, Tyr185)
(1:1000, Cell Signaling Technology, MA, USA), anti-IKK (1:1000,
Proteintech, Hubei, China), anti-B-actin (1:1000, HuaBio, Zhejiang,
China), anti-integrin B1 (1:1000, Cell Signaling Technology, MA,
USA), and anti-phospho-Akt (Ser473) (1:1000, Cell Signaling
Technology, MA, USA). The secondary antibodies used in the
immunoblot assays were goat anti-rabbit IgG-horseradish perox-
idase (HRP) (1:3000, HuaBio, Zhejiang, China) and goat anti-mouse
IgG-HRP (1:3,000, HuaBio, Zhejiang, China).

IHC staining and analysis

IHC staining of synovial tissue was carried out with a
streptavidin-peroxidase kit (Zymed, CA, USA). Staining was
performed according to the kit manual. After heat-induced epitope
retrieval and blocking of endogenous peroxidase activity, tissues
were incubated with antibodies against NLRP3, IL-13, and CD147
overnight at 4°C. Irrelevant mouse/rabbit IgG (BioLegend, San
Diego, USA) and rabbit serum were used as the negative controls.
Sections were then successively incubated with biotin-labeled goat
anti-mouse/rabbit 1gG, HRP-labeled streptavidin, and diaminoben-
zidine. Then nuclei were counterstained with hematoxylin.

Each sample was analyzed independently by two pathologists.
Only clear staining of the membrane (CD147) or cytoplasm (NLRP3
and IL-1B) of synovial lining cells was considered positive.
Histochemical scores (H scores) were calculated to indicate the
expression of the target molecules. Briefly, the H score was
calculated by multiplying the percentage of positive cells per slide
(0-100%) by the dominant staining intensity pattern (1, negative
or trace; 2, weak; 3, moderate; and 4, intense). Samples with scores
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of 0-200, 201-300, and 301-400 were classified as havin
negative or low, intermediate, and high expression, respectively.’

Cell preparation

Cells were cultured in RPMI 1640 medium with 10% fetal bovine
serum under standard culture conditions (37°C and 5% CO,).
PBMCs were isolated by density gradient centrifugation over
Ficoll-Hypaque (Lymph prep, Oslo, Norway) from informed,
healthy volunteers. Primary monocytes were isolated from human
PBMCs using an EasySep™ Human Monocyte Enrichment Kit
without CD16 Depletion (Stemcell Technologies, Ontario, Canada)
and were differentiated by granulocyte macrophages colony-
stimulating factor treatment (Pepro Tech, NJ, USA) for 6 days. THP-
1 cells were purchased from the American Type Culture Collection
(ATCC, VA, USA) and were differentiated overnight with 50 ng/ml
PMA. After differentiation, cells were stimulated with 100 pg/ml
ACPA for 12 h. For the stimulation and inhibition studies, cells
were pretreated in a 37°C incubator with the following
compounds for the indicated time periods and at the indicated
concentrations: ACPA IgG (0-200 pg/ml, 0-12 h), control 1gG (100
pg/ml, 12 h), LPS (100 ng/ml, 3 h), ATP (5 mM, 1 h), GRGDS (50 uM,
30 min), TAK242 (100nM, 2h), Bay-117082 (10puM, 30 min),
glibenclamide (50 uM, 30 min), probenecid (250 uM, 12 h with
stimulation), and oxATP (300 uM, 30 min).

Short hairpinRNA- and small interfering RNA (siRNA)-mediated
knockdown

To knock down CD147 expression, we used the previously
constructed trans-lentiviral pLKO system.** The plasmids in the
trans-lentiviral pLKO system, including psPAX2 (1.125 pg/ml),
pMD2G (0.125 pg/ml), and pLKO A6/NC (1.25pug/ml), were
transfected into HEK 293T cells using Lipofectamine 2000
(Invitrogen, Basel, Switzerland) according to the manufacturer’s
instructions. The culture medium containing lentivirus was
collected and added to PBMC-derived monocytes and THP-1 cells
for 48 h. Puromycin at 2 pg/ml (Sigma, Buchs, Switzerland) was
added to the medium for further selection.

To knock down NLRP3 and integrin 31 (ITGB1) expression, we
purchased siRNA from GenePharma (Shanghai, China). After
differentiation in 6-well plates, PBMC-derived monocytes and
THP-1 monocytes were transfected with control siRNA (100 nM),
NLRP3 siRNA (100 nM), or integrin 1 siRNA (100 nM) for 96 h
using Lipofectamine 2000.

Immunoblotting and immunoprecipitation

After different treatments, cell culture medium was collected and
centrifuged at 4 °C for 5 min at 2000 x g. The pelleted debris was
discarded, and protein was then isolated with Universal Protein
Sediment Reagent (Sangon Biotech, Shanghai, China) according to
the manufacturer’s protocol. After pH adjustment, the precipitated
supernatants were resuspended in 50 pl of Laemmli buffer and
boiled for 8 min. Equal amounts of protein were resolved on 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels
and transferred to polyvinylidene difluoride (PVDF) membranes.
For cell lysis, RIPA lysis buffer (Beyotime, Shanghai, China)
supplemented with protease inhibitors (cOmplete, Roche, Basel,
Switzerland), phosphatase inhibitors (PhosSTOP, Roche, Basel,
Switzerland), and phenylmethanesulfonyl fluoride (Beyotime,
Shanghai, China) was added directly to cells grown in a 6-well
plate and washed three times with PBS. The cells were lysed on ice
for 15 min. After centrifugation at 13,000 X g and 4 °C for 20 min,
the supernatant was collected, and protein was quantified with a
bicinchoninic acid protein assay (Thermo Scientific, Rockford,
USA). Equal amounts of protein were removed and boiled for 8
min in Laemmli buffer before being resolved on 10% or 12.5%
polyacrylamide gels and transferred to PVDF membranes.
Membranes were blocked in 5% skim milk or 3% bovine serum
albumin (BSA; for phosphoproteins) and incubated with the
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corresponding primary antibodies overnight at 4°C. After three
washes (5 min each) with TBST, membranes were incubated with
an HRP-conjugated secondary antibody for 1 h at room tempera-
ture (RT). Signals were detected with a ChemiDoc Touch Imaging
System (Bio-Rad, Hercules, CA, USA) using Pierce™ ECL Western
Blotting Substrate (Thermo Fischer Scientific, CA, USA). Each
experiment was performed at least three times.

Coimmunoprecipitation was performed using a Pierce™
coimmunoprecipitation kit (Thermo Scientific, MA, USA), which
utilizes capture antibodies covalently bound directly to beads.
After the proteins were eluted with elution buffer, 1 M Tris buffer
was added to neutralize the additional acid. Protein quantification
was carried out before the immunoblot assay.

Anti-CCP and IL-1(3 detection

Patient blood samples were collected and stored at 4 °C before
detection. Anti-CCP titers were evaluated with an anti-CCP assay
(Euroimmun, Liibeck, Germany).

Before measuring IL-1f production in cells, the culture medium
was replaced with serum-free medium. After stimulation, the
medium was collected and centrifuged at 10,000 x g for 5 min. IL-
18 production was measured with a Human IL-1f ELISA Kit
(DAKEWE, Guangdong, China) according to the manufacturer’s
instructions. The absorbance at 450 nm was read by an ELISA plate
reader (Epoch, Biotek, VT, USA).

Surface plasmon resonance

To characterize the kinetic binding parameters, SPR studies were
performed on a ProteOn XPR36 system (Bio-Rad, CA, USA)
according to the one-shot kinetics protocol.***® The experiment
was carried out as previously described.*” ProteOn Manager
software was used to calculate the equilibrium and rate constants.
A local RMax value was calculated, and the data were fitted to a
Langmuir model.

Immunofluorescence staining

After differentiation, cells were attached to glass coverslips for 24
h, and the coverslips were then placed in a 6-well plate. After the
indicated treatments, the cells were fixed in 4% formaldehyde and
permeabilized with 0.2% Triton X-100 for 10 min before blocking
with 2% BSA for 1 h. The cells were then incubated with primary
antibodies at 4 °C overnight, washed three times with PBS, and
incubated with fluorescein isothiocyanate- or Cy3-conjugated
secondary antibodies (Thermo Scientific, Rockford, USA, 1:200)
and 4,6-diamidino-2-phenylindoleat RT for 1 h. After three washes,
the cells were visualized with an AT1R-A1 confocal laser microscope
system (Nikon, Japan).

ATP measurement

The extracellular ATP concentration was determined with an
Enhanced ATP Assay Kit (Beyotime, Shanghai, China) following the
manufacturer’s instructions.

Statistical analysis

Statistical analysis was carried out with SPSS. Comparisons
between groups were analyzed by one-way analysis of variance
and post hoc analysis (Bonferroni test). Data in the graphs are
expressed as the mean + SE. p Values of <0.05 were considered
statistically significant.
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