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Abstract

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by the presence of 

autoantibodies against nucleic acids and nucleoproteins. Anti-dsDNA Abs are considered a 

hallmark of SLE and previous studies have indicated that nucleic acid-containing immune 

complexes (ICs) induce B cell and dendritic cell activation in a TLR-dependent process. How ICs 

containing nucleic acids affect neutrophil function has not been well investigated. Here we report 

that nucleic acid-containing ICs derived from the sera of SLE patients induce human and mouse 

neutrophil activation through TLR-independent mechanisms. Soluble ICs containing Sm/RNP, an 

RNA antigen, activate human neutrophils to produce reactive oxygen species (ROS) and IL-8. In 

contrast, ICs containing DNA have to be immobilized to efficiently activate neutrophils. We found 

that deleting TLR7 or TLR9, the receptors for RNA and DNA, had no effect on mouse neutrophil 

activation induced by RNA-containing and immobilized DNA-containing ICs. Binding of ICs are 

mediated through Fc γ receptor IIA (FcγRIIA) and FcγRIIIB. However, neutrophil activation 

induced by RNA- and DNA-containing ICs requires FcγRIIA, as blocking FcγRIIA inhibited 

ROS release from neutrophils. RNA-containing ICs induce calcium flux whereas TLR7/8 ligand 

R848 do not. Surprisingly chloroquine inhibits calcium flux induced by RNA-containing ICs, 

suggesting that this lesser known function of chloroquine is involved in the neutrophil activation 

induced by ICs. These data indicate the SLE-derived ICs activate neutrophils to release ROS and 

chemokines in an FcγRIIA-dependent, TLR7- and TLR9-independent manner that likely 

contributes to local tissue inflammation and damage.
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Introduction

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease, which damages 

almost every organ system (1, 2). Lupus patients have autoantibodies against nucleic acids 

and proteins (3). Approximately half of SLE patients develop lupus nephritis, which 

correlates with the presence of anti-DNA Abs (4). Human Toll-like receptor-7 (TLR7) and 

TLR8 recognize RNA and TLR9 recognizes DNA (5). These TLRs activate B cells, 

dendritic cells and macrophages to induce antigen presentation, antibody production, and 

inflammatory cytokine production. Studies have shown that deletion of TLR7 or the 

downstream adaptor MyD88 markedly ameliorates SLE in lupus-prone mice, suggesting the 

importance of nucleic acids and nucleic acid-sensing receptors in this disease (6-10). We 

have previously shown that RNA-containing immune complexes stimulate mouse 

plasmacytoid dendritic cells to release type I interferon (IFN) and IL-6 by dual engagement 

of FcγR and TLR7 that subsequently leads to interferon regulatory factor-5 (IRF5) signaling 

(11).

Neutrophils are the most abundant immune cell type in peripheral blood (12). They appear 

to be inappropriately activated in SLE patients and a ‘Neutrophil signature” has been 

described that correlates with disease activity and the occurrence of lupus nephritis (13-15). 

Recent studies have shown that ICs containing ribonucleoproteins (RNP) activate 

neutrophils to release neutrophil extracellular traps (NETs) through TLR7-dependent 

signaling and reactive oxygen species (ROS) production, and that DNA in NETs forms ICs 

with anti-DNA Abs to produce a type I IFN response in plasmacytoid dendritic cells (16-18). 

Although human neutrophils have been reported to express TLR7, TLR8 and TLR9 (19, 20), 

whether DNA-containing ICs stimulate neutrophils and whether TLR receptors are required 

for the neutrophil activation has not been investigated.

In this study, we investigate how nucleic acid-containing ICs activate neutrophils to induce 

ROS and chemokines. Soluble RNA-containing ICs activate neutrophils to induce ROS and 

IL-8. Interestingly, DNA-containing ICs that are immobilized provide a strong activation 

signal in neutrophils while soluble DNA-containing ICs fail to activate the cells. In addition, 

the activation induced by RNA-containing ICs and immobilized DNA-containing ICs is 

TLR-independent because these ICs efficiently activate TLR9−/− neutrophils and TLR7−/− 

neutrophils. Both DNA- and RNA- containing ICs require FcγRIIA engagement. Taken 

together, these results define the mechanisms of neutrophil activation in the pathogenesis of 

SLE.

Materials and Methods

Human subjects

Blood from lupus patients was obtained under the protocols: Autoimmune Kidney Research 

Studies and Patient Registry and the Autoimmune Kidney Research Repository approved by 

the Boston University Medical Center Institutional Review Board. All samples used in these 

studies were from lupus patients that fulfilled at least 4 of the 11 American College of 

Rheumatology revised criteria for the classification of SLE (21). Patients with nephritis had 

biopsy-proven nephritis; lupus nephritis was classified according to the World Health 
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Organization classification and the revisions suggested by the International Society of 

Nephrology and the Renal Pathology Society (22).

Animals

TLR7−/− mice and TLR9−/− mice were provided by Dr. Shizuo Akira (Osaka University, 

Osaka, Japan) and were backcrossed at least 12 generations to C57BL/6 background. All 

mice were maintained at the Boston University Laboratory Animal Sciences Center in 

accordance with the American Association for the Accreditation of Laboratory Animal Care 

regulations. All experiments were approved by the Institutional Animal Care and Use 

Committee at Boston University.

Autoantibody ELISA

Levels of anti-dsDNA Ab and anti-Sm/RNP Ab in sera of SLE patients and healthy subjects 

were measured using in-house ELISAs. For anti-Sm/RNP Ab, ELISA plates (MaxiSorp, 

NUNC) were coated with Sm/RNP (Arotec Diagnostic) in PBS overnight. The plates were 

washed and blocked with PBS containing 1% bovine serum albumin (Fraction V, Fisher 

Scientific) and 5% milk (Santa Cruz Biotechnologies), and serum were diluted with 1% 

BSA/5% milk/PBS at the concentration of 1/1000. SLE1 serum was used as a standard for 

the ELISA. Goat Anti-Human Ig-HRP (Southern Biotech) was diluted into 1% BSA/5% 

milk/PBS at the concentration of 1/20000. The detection limit of anti-Sm/RNP Ab were 

0.1% of SLE1 serum. For double-stranded DNA Ab, ELISA plates were coated with calf 

thymus DNA (Sigma), which was treated with phenol/chloroform/isoamyl alcohol (25/24/1) 

extraction followed by a Triton X-114 purification to remove LPS contamination, as 

described previously (23). Serum was diluted with 1%BSA/5% milk/PBS at the 

concentration of 1/200. SLE9 serum, which contains anti-dsDNA Ab, was used as a standard 

of the ELISA (Table 1). Following steps were similar to that described for the anti-Sm/RNP 

Ab ELISA.

Human neutrophil purification.

Human neutrophils were purified from fresh blood of SLE patients using the method 

described previously (24). In brief, after PBMC isolation by Ficoll-Paque centrifugation, the 

neutrophils were isolated using dextran sedimentation following red blood cell lysis. Human 

granulocytes were stained with anti-CD66b FITC (clone G10F5, BioLegend), anti-FcγRIII 

PE or anti-FcγRIII PerCPCy5.5 (CD16, clone 3G8, BD Bioscience and BioLegend), anti-

Siglec-8 PE-Cy7 (clone 7C9, BioLegend), anti-FcγRIIA FITC (CD32a, clone IV.3, Stem 

Cell Technology) and anti-FcγRI BV421 (CD64, clone 10.1, BioLegend). The cells were 

detected by a LSRII flow cytometer (BD Bioscience) and analyzed with FlowJo (Tree Star). 

The purity of neutrophils was determined as described in Fig. 1.

Mouse neutrophils isolation.

Bone marrow cells were isolated from wild type mice, TLR7−/− mice and TLR9−/− mice. 

PE-conjugated anti-Ly6G antibody (clone 1A8, BD Biosciences) was added to the bone 

marrow cells. Ly6G+ neutrophils were isolated using anti-PE magnetic particles (BD 

Bioscience). Ly6G+ neutrophils, which were already stained with anti-Ly6G-PE, were 
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detected by the LSRII flow cytometer (BD Bioscience) or a FASCalibur (BD Bioscience) 

and analyzed with FlowJo (Tree Star). The purity of Ly6G+ neutrophils was more than 

95 %.

Neutrophil activation.

NUNC Maxisorp plates (ThermoFisher Scientific) were coated with or without DNA for 2 

hours in PBS. Sm/RNP was obtained from Arotec Diagnostic (New Zealand). TLR ligands 

were obtained from InVivoGen. PMA was obtained from Sigma. The generation of H2O2 

was measured using the Amplex Red hydrogen peroxide/peroxidase assay kit (ThermoFisher 

Scientific), as previously described with slight modification (25). In brief, 1 × 105 cells were 

incubated with TLR ligands or immune complexes in presence of the solution which 

contains 50 μM Amplex Red reagent and 10 U/ml horseradish peroxidase in 1% FBS/HBSS. 

After a 1-hour incubation, the fluorescence intensity of Amplex Red was measured by an 

Infinite 200 Pro microplate reader (Tecan) excitation at 560 nm and emission at 590 nm. The 

H2O2 concentration was determined using an H2O2 standard curve. The detection limit of 

this assay was 0.625 μM of H2O2. In some experiments, anti-FcγRIIA Ab (CD32A, clone 

IV.3, Stem Cell Technology), anti-FcγRIII Ab (CD16, clone 3G8, BioLegend), inhibitory 

CpG sODN 2088 (Coley Pharmaceutical Group), inhibitory INH-18 sODN (26), and 

chloroquine (Sigma Aldrich) were added to the culture before the addition of the ICs.

For the measurement of chemokines, neutrophils were stimulated with TLR ligands or 

immune complexes for 24 hours in RPMI 1640 supplemented with fetal bovine serum (final 

10%) and penicillin-streptomycin. IL-8 levels in the supernatant of human neutrophils were 

measured by the Human IL-8 ELISA Ready-Set-Go kit (eBioscience). MIP-1α levels in the 

supernatant of mouse neutrophils were measured by MIP-1α DuoSet ELISA (R&D 

Systems).

Calcium flux.

Neutrophils from lupus patients were stained with Fluo-4 AM (ThermoFisher Scientific) in 

PBS at the concentration of 1 μM. The neutrophils were washed with PBS and resuspended 

to RPMI1640 supplemented with 10% FBS and penicillin-streptomycin. The cells were 

incubated with chloroquine (20 μg/ml) for 30 min. The cells were stimulated with IC, TLR 

ligands, PMA or ionomycin. Increased levels of calcium flux were determined by flow 

cytometry.

Binding and uptake of immune complexes.

IgG from a lupus patient (SLE1) was purified with Protein G Sepharose 4 Fast flow (GE 

Healthcare). The purified IgG were labeled with Alexa Flour 647 Antibody Labeling Kit 

(ThermoFisher Scientific). The Alexa-647 labeled IgG were mixed with Sm/RNP to 

generate RNA-containing ICs. Neutrophils were treated with anti-FcγRIIA Ab, anti-FcγRIII 

Ab or chloroquine for 15 min and the ICs were added to the cells in RPMI1640 

supplemented with 10% FBS and penicillin-streptomycin. After a 1-hour incubation at 4°C 

and 37°C, the cells were washed twice with ice-cold PBS supplemented with 3% FBS and 

2mM EDTA. The cells were fixed with 2% formaldehyde in PBS. The binding and/uptake of 

Alexa647-labeled ICs were analyzed with flow cytometry.

Bonegio et al. Page 4

J Immunol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistics.

Wilcoxon matched-pairs test was used for statistical analysis in Figure 5B&C and 6. Mann-

Whitney U test or one-way ANOVA on ranks were used for other statistical analysis. All 

statistics were performed using GraphPad Prism with p<0.05 considered as statistically 

significant.

Results

Neutrophils from lupus patients express Fc γ receptors.

We purified neutrophils from lupus patients. Isolated neutrophils were of high purity and 

contained > 95% neutrophils and 1-2 % of eosinophils (Fig. 1A). It was previously shown 

that low-affinity Fc γ receptors (FcγRIIA, FcγRIIB and FcγRIII) are responsible for the 

IC-mediated uptake, and the balance of activating FcγRs (FcγRIIA and FcγRIII) and 

inhibitory FcγRIIB controls the activation of immune cells (27, 28). Neutrophils from lupus 

patients expressed FcγRIIA (CD32a) and high levels of FcγRIIIB (CD16), but not FcγRI 

(CD64) (Fig. 1B). All neutrophils from SLE patients express substantial levels of FcγRIIA 

and FcγRIIIB, although there is a slight difference of FcγR expressions between SLE 

patients (Fig. 1C).

ICs activate neutrophils from lupus patients.

Previously, we have shown that an SLE patient’s serum (SLE1), which contain anti-Sm Ab 

and anti-ribonucleoprotein (RNP) Ab (Table 1), activates mouse plasmacytoid dendritic cells 

to induce type I IFN through Fc γ receptor and TLR7 signaling (11). RNA-containing ICs 

made by Sm/RNP antigen and SLE1 serum activated PBMC to induce type I IFN (29). We 

used a similar approach to stimulate neutrophils from lupus patients with Sm/RNP-

containing ICs (Fig. 2A). Neutrophils from lupus patients released reactive oxygen species 

(ROS) in response to the Sm/RNP-containing ICs. In contrast, neither SLE1 serum nor 

Sm/RNP antigen alone induced H2O2. These results are consistent with the previous studies, 

showing that anti-RNP Abs from SLE patients activate neutrophils to produce ROS (16, 17).

Anti-DNA Abs are a hallmark of SLE, and the presence of serum anti-DNA Abs is 

associated with lupus nephritis (4, 30, 31). However, studies describing the activation 

induced by DNA-containing ICs are rather limited in plasmacytoid dendritic cells and B 

cells (32-37). There is no study describing whether DNA-containing ICs induce neutrophil 

activation, despite the fact that human neutrophils express TLR9, a DNA receptor (19, 20). 

To investigate this possibility, we generated DNA-containing ICs by mixing DNA and SLE9 

serum which has high levels of anti-dsDNA Ab (Table 1). Soluble DNA-containing ICs and 

SLE9 serum only activated neutrophils to release very low levels of H2O2 (Fig. 2B), 

suggesting that soluble DNA-containing ICs are unable to stimulate neutrophils. 

Immobilized ICs have been shown to activate neutrophils effectively (38-40). To investigate 

the possibility, we coated plates with DNA, and added SLE9 serum to generate immobilized 

DNA-containing ICs. After an incubation with immobilized DNA-containing ICs, lupus 

neutrophils release large amount of H2O2 (Fig. 2B). These results indicate that DNA-

containing ICs are able to trigger neutrophil response, but only if the DNA is immobilized.
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It has been shown that TLR ligands induce reactive oxygen species (ROS) from neutrophils, 

and ROS triggers neutrophil extracellular traps (NETs) and FcγRIIA shedding (41, 42). We 

stimulated neutrophils from lupus patients with TLR ligands and measured ROS production 

(Fig. 2C&D). Interestingly, the ligands for TLR2 (Pam3CyS), TLR4 (LPS) and TLR9 (CpG-

B, 2006) did not induce large amount of H2O2 from neutrophils from lupus patients. The 

TLR7/8 ligand (R848) required high concentrations to induce H2O2, whereas the TLR9 

ligand (CpG-A, 2336) induced relatively high amount of H2O2. Phorbol 12-myristate 13-

acetate (PMA), a protein kinase C (PKC) activator, induced high levels of H2O2 from 

neutrophils of lupus patients. These results suggest that soluble-RNA-containing immune 

complexes and immobilized DNA-containing immune complex are able to induce high 

levels of ROS from neutrophils of lupus patients, whereas synthetic TLR ligands, with the 

exception of CpG-A 2336, induce low levels of ROS.

Determination of levels of anti-Sm/RNP Ab and anti-DNA Ab in sera from lupus patients.

To investigate whether sera from other SLE patients have similar capacities to induce 

neutrophil activation, we first determined the levels of autoantibodies in their sera by using 

an in-house ELISA for anti-Sm/RNP Abs and anti-DNA Abs. SLE1 serum contain high 

levels of anti-Sm/RNP Abs and SLE9 serum contains high levels of anti-double DNA Abs 

(Table 1)(11). Thus, we used SLE1 serum for a positive control of anti-Sm/RNP Ab ELISA 

and SLE9 serum for a positive control of anti-DNA Ab ELISA (Fig. 3A). Autoantibody 

levels of 38 out of 193 serum samples from lupus patients and two control sera are shown in 

Figure 3B&C. Approximately 32.3% of samples were anti-Sm/RNP Ab positive and 42.5% 

of samples were anti-DNA Ab positive (data not shown).

SLE sera with high levels of anti-DNA antibody and/or anti-Sm/RNP antibody induce 
neutrophil activation

To investigate the effect of SLE serum on neutrophil activation, we tested 10 SLE sera with 

different levels and specificities of autoantibodies and a control serum (Table 1)(Fig. 

3B&C). Serum alone did not induce H2O2 from SLE neutrophils, except SLE9 which 

contains a high titer of anti-DNA Abs (Fig. 4A). All anti-Sm/RNP Ab-positive SLE sera 

induced H2O2 in the presence of Sm/RNP. Some SLE sera induced higher levels of H2O2 

compared to others, and the levels were loosely associated with the levels of anti-Sm/RNP 

Abs in their sera. When combined with immobilized DNA, some SLE sera induced ROS. 

However, the ROS levels were not associated with the levels of anti-DNA Abs in their sera 

obtained from in-house ELISA (Fig. 3C) or clinical data (Table 1).

Human neutrophils release IL-8 (CXCL8), which attracts more neutrophils (43) and 

blocking IL-8 reduces disease severity of IC-based kidney disease (44). Thus, we examined 

neutrophil IL-8 production induced by nucleic acid-containing ICs. Without autoantigen, all 

sera except SLE9 serum induced no IL-8 (Fig. 4B). With the combination of Sm/RNP, SLE1 

and SLE12 induced high levels of IL-8, whereas other sera did not induce IL-8. When 

combined with immobilized DNA, SLE1, SLE9 and SLE12 sera induced high levels of IL-8. 

These results suggest that nucleic acid-containing ICs activate neutrophils to induce ROS 

and IL-8.
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FcγRIIA and FcγRIIIB are involved in the binding and phagocytosis of nucleic acid-
containing ICs.

FcγRIIA and FcγRIIIB are the main activating Fc γ receptors on neutrophils (Fig. 1B). To 

understand the role of FcγRIIA and FcγRIIIB on binding and phagocytosis of nucleic acid-

containing ICs, we generated fluorescence-labeled RNA-containing ICs. To investigate 

which receptors were involved in the binding and uptake we treated neutrophils from lupus 

patients with blocking anti-FcγRIIA Ab and/or anti-FcγRIII Ab. After a one-hour 

incubation of RNA-containing ICs at 4°C and 37°C, we measured the binding and/or uptake 

of ICs on neutrophils by flow cytometry (Fig. 5A). RNA-containing ICs binds to neutrophils 

at 4°C and the binding was inhibited by anti-FcγRIIA Ab and anti-FcγRIII Ab. The 

combination of anti-FcγRIIA and anti-FcγRIII Ab almost completely blocked the binding 

of RNA-containing ICs. At 37°C, blockage with anti-FcγRIIA Ab reduced binding and/or 

phagocytosis of RNA-containing ICs. Interestingly, the combination of anti-FcγRIIA Ab 

and anti-FcγRIII Ab did not completely block the binding and/or phagocytosis of RNA-

containing ICs, suggesting that there may be other receptors involved in IC phagocytosis. 

Chloroquine did not inhibit the binding or phagocytosis of RNA-ICs.

Nucleic acid-containing ICs induce ROS from lupus neutrophils through FcγRIIA but not 
FcγRIIIB.

Fc γ receptors control immune cell activation induced by ICs. However, it is unclear which 

FcγRs play the main role in the neutrophil activation induced by soluble ICs and 

immobilized ICs (16, 38, 45, 46). To investigate this, we stimulated human neutrophils with 

nucleic acid-containing ICs in the presence of anti-FcγR blocking Abs. Anti-FcγRIIA Ab 

suppressed ROS release induced by RNA-containing ICs, whereas FcγRIIIB Ab did not 

(Fig. 5B). Anti-FcγRIIA Ab also inhibited ROS production induced by immobilized DNA-

containing ICs (Fig. 5C). In contrast, Anti-FcγRIIIB Ab enhanced ROS production. These 

data indicate that both soluble RNA-containing ICs and immobilized DNA-containing ICs 

activate neutrophils through FcγRIIA engagement.

Nucleic acid-containing ICs induce TLR-independent activation of neutrophils.

TLR activation plays a role in SLE (8, 9). Previous studies have shown that human 

neutrophil activation induced by RNP-containing ICs is blocked by TLR7 inhibitor 

(IRS-661), suggesting that the importance of intracellular TLRs in the activation of 

neutrophils (16). Although neutrophils express TLR9, an intracellular receptor for DNA (5, 

19, 20), whether TLR9 in neutrophils is responsible for the activation induced by DNA-

containing ICs is not investigated. To investigate this, we stimulated neutrophils from wild 

type mice, TLR7−/− mice and TLR9−/− mice with nucleic acid-containing ICs and TLR 

ligands. TLR2 ligand (Pam3Cys), TLR4 ligand (LPS) and TLR9 ligand (CpG-B; 1826) did 

not induce ROS from mouse neutrophils (Fig. 6A). TLR9 ligand (CpG-A; 2336) stimulated 

neutrophils to release H2O2, in a TLR7 and TLR9-independent manner. Sm/RNP antigen 

only or SLE1 serum only did not induce H2O2. RNA-containing ICs induced H2O2 release 

from mouse neutrophils. Interestingly, the activation was TLR7-independent, as TLR7−/− 

neutrophils also release ROS in response to RNA-containing ICs. Immobilized DNA only 

did not induce H2O2, whereas SLE9 serum only slightly activated mouse neutrophils to 
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induce H2O2. Immobilized DNA-containing ICs stimulated wild type mouse neutrophils to 

release H2O2. Interestingly the activation was TLR9-independent as neutrophils from 

TLR9−/− mice secreted similar levels of H2O2.

Next we examined whether nucleic acid-containing ICs induce chemokines through TLR 

signaling. Mice do not express IL-8 (47), and our previous study has shown that mouse 

neutrophils can induce MIP-1α upon stimulation with TLR ligands (48). TLR7 ligand 

(R848) did not induce MIP-1α from TLR7−/− neutrophils and TLR9 ligand (1826 and 

2336) did not induce MIP-1α from TLR9−/− neutrophils (Fig. 6B). Thus, MIP-1α secretion 

is TLR-dependent. Surprisingly, RNA-containing ICs stimulated wild type neutrophils, 

TLR7−/− neutrophils and TLR9−/− neutrophils to release MIP-1α (Fig. 6B). Immobilized 

DNA-containing ICs did not activate mouse neutrophils to release MIP-1α. Taken together, 

these results suggest that nucleic acid-containing ICs activate mouse neutrophils to release 

ROS and MIP-1α through TLR-independent pathways.

To examine whether human neutrophils activation induced by nucleic acid-containing ICs is 

also TLR-independent, we used TLR7/9 inhibitors. Inhibitory oligonucleotides (ODNs) 

2088 and INH-18 block the activation of both TLR7 and TLR9 in mice (26, 49-52). 

Chloroquine inhibits TLR7 and TLR9 activation by blocking acidification of endosomal 

compartment (53-55). Inhibitory ODNs 2088 and INH-18 did not inhibit ROS production 

from human neutrophils stimulated with RNA-containing ICs (Fig. 6C). Surprisingly, 2088 

and INH-18 enhanced ROS production induced by immobilized DNA-ICs. 2088 and INH-18 

alone did not activate neutrophils. Interestingly chloroquine suppressed ROS production 

induced by both Sm/RNP-containing ICs as well as immobilized DNA-containing ICs.

Because inhibitory ODNs did not suppress ROS production induced by Sm/RNP-containing 

ICs and immobilized DNA-containing ICs, we wondered whether these inhibitory ODNs 

can inhibit TLR7/8 activation in human immune cells. To investigate this possibility, we 

stimulated PBMC from lupus patients with R848 in the presence or absence of inhibitory 

ODNs and measured IL-6 (Fig. 6D). Inhibitory ODN 2088 blocked IL-6 released from 

PBMC stimulated R848, whereas inhibitory ODN INH-18 did not. These results suggest that 

inhibitory ODNs do not inhibit neutrophil activation induced by nucleic acid-containing ICs, 

but chloroquine is able to partially inhibit IC responses.

Chloroquine inhibits calcium flux induced by RNA-containing ICs.

Chloroquine is known to inhibit endosomal acidification, which is required for the activation 

of TLR7, TLR8 and TLR9. However, we observed TLR-independent but chloroquine-

dependent activation of neutrophils induced by nucleic acid-containing ICs (Fig. 6C). Thus, 

we hypothesized that chloroquine blocks Fc γ receptor signaling. Immune complexes induce 

Fc γ receptor crosslinking and activate PLCγ activation following calcium flux (27, 56). 

Upregulation of intracellular calcium triggers the activation of NADPH oxidase which 

produces ROSs (57-59).

To understand the mechanisms of chloroquine inhibition in neutrophils, we stimulated 

neutrophils from lupus patients with TLR ligand R848, Sm/RNP-containing ICs, PMA and 

ionomycin and measured calcium influx. Sm/RNP-containing ICs induced calcium flux due 
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to Fc γ receptor crosslinking (27)(Fig. 7). Interestingly chloroquine inhibited the calcium 

flux induced by Sm/RNP-containing ICs. R848 did not induce calcium flux, indicating that 

TLR7/8 signaling do not induce calcium signaling in neutrophils from lupus patients. PMA 

(a protein kinase C activator) did not induce calcium flux, because PKC is downstream of 

calcium signaling (60). Ionomycin, which is a calcium ionophore, induced calcium flux. 

Chloroquine did not inhibit calcium flux induced by ionomycin.

In, conclusion, nucleic acid-containing ICs induce neutrophil activation through FcγR-

mediated activation. The activation triggers calcium flux which contributes to the production 

of H2O2. Chloroquine suppresses calcium flux and H2O2 production induced by nucleic 

acid-containing ICs.

Discussion

Neutrophils are the first immune cells to arrive at the site of inflammation, and a signature of 

neutrophil activation is correlated with lupus nephritis (14, 15, 61). In the present study, we 

have shown that nucleic acid-containing ICs trigger neutrophil activation to release ROS and 

IL-8. The activation is FcγRIIA-dependent and TLR-independent, despite the fact that 

neutrophils express TLR8 and TLR9 (19, 62). Interestingly, chloroquine, which has been 

used for the treatment of SLE (63), suppresses the neutrophil activation induced by nucleic 

acid-containing ICs. This depends on a less known mechanism that chloroquine is able to 

inhibit calcium flux triggered by nucleic acid-containing ICs.

In the present study, we have shown that immobilized DNA-containing ICs induce 

neutrophil activation leading to release of ROS and IL-8, whereas soluble DNA-containing 

ICs do not. In lupus nephritis, anti-DNA Ab are present in the glomerular basement 

membrane (GBM), and DNA and nucleosomes may be immobilized in the GBM, or anti-

DNA Abs cross react with fixed components of the GBM in the kidney (64-66). Our 

findings may suggest that immobilized but not soluble DNA-containing ICs may trigger 

neutrophil activation in the kidney.

Neutrophils express FcγRIIA and FcγRIIIB, and IC binding is dependent on both FcγRIIA 

and FcγRIIIB on neutrophils from lupus patients. At 37°C, we observed that inhibition of 

FcγRIIA decreases the binding and/or phagocytosis of ICs. However, the mechanisms of 

ROS production may be different from the mechanisms of IC phagocytosis. We found that 

anti-FcγRIIA Ab inhibits the ROS production from neutrophils induced by both RNA-

containing ICs and immobilized DNA-containing ICs, whereas anti-FcγRIIIB Ab does not. 

Distinct from other Fc γ receptors, FcγRIIA contains an ITAM motif and activates immune 

cells without using the Fc receptor common γ chain (67). Interestingly, nucleic acid-

containing ICs activate plasmacytoid dendritic cells only through FcγRIIA, and not through 

other Fc γ receptors (68, 69). Similarly, platelet activation induced by ICs is FcγRIIA-

dependent, and platelet activation enhances type I interferon production from plasmacytoid 

dendritic cells (70). Blocking this particular Fc γ receptor may ameliorate disease severity in 

SLE.
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We observed that combination of anti-FcγRIIA Ab and anti-FcγRIII Ab do not fully inhibit 

the IC interaction to neutrophils at 37°C (Fig. 5A). In addition, we found that blocking 

FcγRIIA and FcγRIIIB do not abolish H2O2 production, as anti-FcγRIIA Ab inhibits half 

of the H2O2 production induced by nucleic acid-containing ICs while anti-FcγRIII Ab does 

not inhibit. This raises the possibility that other receptors may have a role in neutrophil 

activation and phagocytosis and several studies have reported that complement receptor-3 

(CR3, Mac-1) may also be involved in ROS production induced by ICs (57, 71, 72). The 

cooperation of FcγRIIA, FcγRIIIB and Mac-1 (CR3) may be required for the phagocytosis 

of ICs and activation of neutrophils (73).

A previous study has shown that TLR7/8 activation is required for the neutrophil NET 

formation induced by RNP-containing ICs (16). However, in the present study using 

neutrophils from TLR7-deficient and TLR9-deficient mice, we have shown nucleic acid-

containing ICs trigger ROS production through TLR9-independent and TLR7-independent 

pathways. Similarly, MIP-1α production is independent of TLR7 signaling. Several 

cytosolic DNA and RNA-sensing receptors are reported (74, 75), and neutrophils express 

RNA-sensing receptors RIG-I and MDA5 in the cytosol and possibly also on the cell surface 

(76-78). While it is beyond the scope of this present study, we postulate that these nucleic 

acid-sensing receptors may be involved in the neutrophil activation induced by nucleic acid-

containing ICs. Another unexpected finding is that CpG-A induces ROS production from 

TLR9−/− neutrophils. Recent studies have demonstrated that DNA induce TLR9-dependent 

and TLR9-independent neutrophil activation, and neutrophils from IRAK4-deficient people 

still respond to CpG-DNA stimulation (79, 80). CpG-A might be the ligand of Sox2, as it 

has been reported that DNA induces Sox2-mediated activation in neutrophils (81, 82).

Several inhibitory oligonucleotides (ODNs) have been developed for the blocking of TLR7/8 

and TLR9 signaling (26, 49, 52, 83-85). We used inhibitory ODNs 2088 and INH-18 and 

found that both do not inhibit the neutrophil activation induced by RNA-containing ICs, and 

upregulate the activation induced by immobilized DNA-containing ICs. These indicate that 

the activation of human neutrophils induced by nucleic acid-containing ICs does not require 

TLR7, TLR8 or TLR9 signaling. Although the precise mechanisms are not known, it is 

possible that inhibitory ODNs bind to anti-DNA Abs to form immune complexes. Anti-DNA 

Abs can bind to 20-mer phosphorothioate ODNs and to lesser extent 10-mer 

phosphorothioate ODNs, and inhibitory ODN 2088 consists of 15-mer phosphorothioate 

ODN and INH-18 is a 24-mer ODN (26, 86).

Chloroquine and hydroxychloroquine are used for the treatment of SLE, although the precise 

mechanisms of action are not fully investigated (63, 87). Chloroquine functions as an 

endosomal acidification inhibitor and an autophagy inhibitor (53, 88). As an endosomal 

acidification inhibitor, chloroquine inhibits the activation of TLR7/9 in endosomal/

lysosomal compartments (50, 51, 89). Chloroquine and its derivative bind directly to nucleic 

acids and inhibit nucleic acid-TLR interaction (90). In the present study we have 

demonstrated that chloroquine suppresses ROS production in neutrophils induced by both 

soluble RNA-containing ICs and immobilized DNA-containing ICs. We found an additional 

role for chloroquine, which is the inhibition of calcium flux induced by nucleic acid-

containing ICs. Goldman et al have reported that hydroxychloroquine blocks calcium flux 
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induced TCR and BCR, but it does not inhibit PLCγ1 phosphorylation and inositol 

phosphate production which are upstream of calcium signaling (91). Misra et al have shown 

that chloroquine, quinine and quinidine inhibit calcium flux by blocking inositol 

trisphosphate receptor (92). The mechanisms of these anti-malarial drugs on immune cell 

activation induced by nucleic acid-containing ICs should be further investigated.

In conclusion, we have demonstrated that nucleic acid-containing ICs induce neutrophil 

activation through FcγRIIA-dependent and TLR-independent pathways. Antibodies that 

block FcγRIIA or chloroquine-derivatives that are less toxic than the form currently 

available are potential future treatments for SLE.
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Figure 1. FcγR expression on human neutrophils.
A. Purity of neutrophils was determined by flow cytometry. Neutrophils were side scatter 

high, CD66+ CD16+ Siglec-8-. B. Fc γ receptor expression on neutrophils from 3 different 

SLE patients were determined by flow cytometry. C. FcγRI, FcγRIIA and FcγRIIIB 

expression on neutrophils from 6 lupus patients were shown. Data are shown as mean 

fluorescence intensity of anti-FcγR Ab minus mean fluorescence intensity of their isotype 

controls.
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Figure 2. Soluble RNA-containing ICs and immobilized DNA-containing ICs activate neutrophils 
from lupus patients.
A. Neutrophils from lupus patients were stimulated with SLE1 serum, Sm/RNP, SLE1+ 

Sm/RNP for 1 hour. The levels of H2O2 in the supernatant were determined. The data 

represent the mean +/− SEM of 3 independent experiments. B. Neutrophils from lupus 

patients were stimulated with SLE9 serum, SLR9 serum+ soluble DNA (SLE9+SolDNA), 

SLE9 serum + immobilized DNA (SLE9+ImmDNA) for 1 hour. The levels of H2O2 in the 

supernatant was measured by Amplex Red. The data represent the mean +/− SEM of 3 

independent experiments. C. Neutrophils from lupus patients were stimulated with 

Pam3CyS (a TLR2 ligand), LPS (a TLR4 ligand), R848 (a TLR7/8 ligand), 2006 (CpG-B, a 

TLR9 ligand), 2336 (CpG-A, a TLR9 ligand) and PMA (a Protein kinase C ligand). One 

hour later, the levels of H2O2 in the supernatant was measured by Amplex Red. The data 

represent the mean +/− SEM of 5-16 experiments. D. Neutrophils from lupus patients were 

stimulated with R848 for 1 hour. The levels of H2O2 in the supernatant was measured by 

Amplex Red. The data represent the mean +/− SEM of 4 experiments.
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Figure 3. Levels of anti-Sm/RNP Ab and anti-DNA Ab in lupus patient sera.
A. ELISA plates were coated with different concentrations of Sm/RNP, and serial dilutions 

of SLE1 serum were added to the plate. Antibody levels were detected with anti-human IgG-

HRP. Similarly, ELISA plates were coated with DNA (5 μg/ml), and serial dilutions of SLE9 

serum or control serum (Ctrl serum) were added to the plate. Antibody levels were detected 

with anti-human IgG-HRP. B. Levels of anti-Sm/RNP Ab in 38 lupus sera and 2 control sera 

were detected by the ELISA, as described in A. SLE1 serum was used as a standard of the 

ELISA. Data were shown as comparison to SLE1. C. Levels of anti-DNA Ab in 38 lupus 

sera and 2 control sera were detected by the ELISA described in A. SLE9 serum was used as 

a standard of the ELISA. Data were shown as comparisons to SLE9.
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Figure 4. Soluble RNA-containing ICs and immobilized DNA-containing ICs activate neutrophils 
from lupus patients to release ROS and IL-8.
A. Neutrophils from lupus patients were stimulated with SLE and control sera with or 

without Sm/RNP or immobilized DNA (ImmDNA). One hour later, H2O2 levels in the 

supernatant were determined. The data represent the mean +/− SEM of 4 independent 

experiments. B. Neutrophils from lupus patients were stimulated with SLE and control sera 

with or without Sm/RNP or immobilized DNA (ImmDNA) for 24 hours. IL-8 levels in the 

supernatant were determined by ELISA. The data represent the mean +/− SEM of 5 

independent experiments.
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Figure 5. ICs bind to both FcγRIIA and FcγRIIIB, but the activation induced by the ICs is 
dependent on FcγRIIA on neutrophils.
A. Purified IgG from SLE1 patient was labeled with Alexa647 and combined with Sm/RNP 

to generate Sm/RNP-containing ICs. Neutrophils from lupus patients were pretreated with 

blocking Abs against FcγRIIA (clone IV.3) and FcγRIII (clone 3G8) and chloroquine, and 

incubated with Alexa647-labeled Sm/RNP-containing IC for 1 hr at 4°C and 37°C. The 

extent of Alexa647-labeled IC binding or internalization to neutrophils was determined by 

flow cytometry. The data were shown as mean fluorescence intensity (MFI) of Alexa647-

labeled ICs minus MFI of no IC. The data represent the mean +/− SEM of 7 different 

experiments. One-way ANOVA on ranks was used. * P<0.05. B. Neutrophils from lupus 

patients were stimulated with Sm/RNP-containing ICs in the presence of blocking Abs 

against FcγRIIA (clone IV.3) and FcγRIII (clone 3G8). H2O2 production was measured 

after 1-hour incubation. The data were normalized by the levels of H2O2 induced by ICs 

without blocking Abs. The data represent the mean +/− SEM of 6 independent experiments. 

C. Neutrophils from lupus patients were stimulated with immobilized DNA-containing ICs 

in the presence of blocking Abs against FcγRIIA and FcγRIII. H2O2 production was 

measured after 1-hour incubation. The data were normalized by the levels of H2O2 induced 

by ICs without blocking Abs. The data represent the mean +/− SEM of 7 independent 

experiments. In B and C, Wilcoxon matched-pairs test was used for statistical analysis 

between ICs and ICs + anti-FcγRIIA antibody. * P<0.05.
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Figure 6. RNA-containing ICs and immobilized DNA-containing ICs induce TLR-independent 
neutrophil activation.
A. Ly6G+ neutrophils from wild type mice, TLR7−/− mice and TLR9−/− mice were 

stimulated with RNA-containing ICs (Sm/RNP + SLE1 serum), immobilized DNA-

containing ICs (ImmDNA+SLE9 serum), TLR ligands and PMA for 1 hour. H2O2 

production was measured by Amplex Red. The data represent the mean +/− SEM of 5-7 

independent experiments. B. Ly6G+ neutrophils from wild type mice, TLR7−/− mice and 

TLR9−/− mice were stimulated with RNA-containing ICs (Sm/RNP + SLE1 serum), 

immobilized DNA-containing ICs (ImmDNA+SLE9 serum), TLR ligands and PMA for 24 

hours. IL-8 production was measured by ELISA. The data represent the mean +/− SEM of 

4-5 independent experiments. C. Neutrophils from lupus patients were stimulated with 

RNA-containing immune complexes and immobilized DNA-containing immune complexes 

in the presence of chloroquine (CQ, 20 μg/ml) and inhibitory oligonucleotides 2088 (1 

μg/ml) and INH-18 (1 μg/ml) for 1 hour. H2O2 levels were determined by Amplex Red. The 

data represent the mean +/− SEM of 6 independent experiments. Wilcoxon matched-pairs 

test was used for statistical analysis between immune complexes and immune complexes + 

Chloroquine. * P<0.05. D. PBMC from lupus patients were stimulated with R848 (TLR7/8 

ligand) in the presence or absence of inhibitory oligonucleotides 2088 (1 μg/ml) and INH-18 

(1 μg/ml) for 24 hours. IL-6 levels in the supernatant were measured by ELISA. The data 

represent the mean +/− SEM of 4 independent experiments. Wilcoxon matched-pairs test 

was used for statistical analysis between R848 and R848 + 2088. * P<0.05.
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Figure 7. Chloroquine inhibits calcium flux induced by Sm/RNP-containing ICs.
Neutrophils from lupus patients were stimulated with R848 (TLR7/8 ligand, 10 μM), 

SLE12+Sm/RNP, SLE12+Sm/RNP with chloroquine (CQ, 20 μg/ml), PMA (100 nM), 

ionomycin (5 μg/ml), and ionomycin+ CQ. Calcium flux were determined the fluorescence 

intensity of Fluo-4. Mann-Whitney test was used for statistical analysis between IC and IC + 

CQ, and Ionomycin and Ionomycin + CQ. * P<0.05.
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Table 1.

Sera reactivity and types of nephritis of lupus patients in this study.

Patients
Anti-

nuclear
Ab Titer

Autoantibody Reactivity Nephritis

Sm RNP dsDNA
a

Crithidia Assay ELISA (IU/ml)

SLE1 1/2560 +++ ++++ ND 378 Class IV

SLE9 1/2560 − − ND 10701 Class III, V

SLE12 1/1280 + + 1/10 ND Collapsing GN

SLE13 1/320 ND ND − − Class IV

SLE14 1/1280 + + 1/320 ND Class V

SLE15 1/640 ND ND − − Class IV

SLE16 1/1280 ND ND 1/80 ND −

SLE17 ND ND ND 1/40 ND −

SLE18 − − − − − Class V

SLE19 − − − − − Class V

Ctrl1 ND ND ND ND ND −

a
for Abs against dsDNA, values > 5 IU/ml are considered positive. ND; not determined.
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