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Many effector mechanisms of neutrophils have been implicated in the pathogenesis of systemic lupus erythematosus
(SLE). Neutrophil extracellular traps (NETs) have been assigned a particularly detrimental role. Here we investigated the
functional impact of neutrophils and NETs on a mouse model of lupus triggered by intraperitoneal injection of the cell
death–inducing alkane pristane. Pristane-induced lupus (PIL) was aggravated in 2 mouse strains with impaired induction
of NET formation, i.e., NOX2-deficient (Ncf1-mutated) and peptidyl arginine deiminase 4–deficient (PAD4-deficient) mice,
as seen from elevated levels of antinuclear autoantibodies (ANAs) and exacerbated glomerulonephritis. We observed a
dramatically reduced ability to form pristane-induced NETs in vivo in both Ncf1-mutated and PAD4-deficient mice,
accompanied by higher levels of inflammatory mediators in the peritoneum. Similarly, neutropenic Mcl-1ΔMyelo mice
exhibited higher levels of ANAs, which indicates a regulatory function in lupus of NETs and neutrophils. Blood neutrophils
from Ncf1-mutated and human individuals with SLE exhibited exuberant spontaneous NET formation. Treatment with
specific chemical NOX2 activators induced NET formation and ameliorated PIL. Our findings suggest that aberrant NET is
one of the factors promoting experimental lupus-like autoimmunity by uncontrolled release of inflammatory mediators.
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Introduction
Systemic lupus erythematosus (SLE) is a severe autoimmune disease with a prevalence of  0.04% to 
0.2%, often affecting women during their child-bearing age. SLE causes systemic inflammation affect-
ing vital organs such as the kidneys, lung, and brain. It is characterized by autoantibodies directed 
against components of  the cell’s nucleus. Autoantibodies against autologous nuclear autoantigens play 
a direct role in SLE’s effects on organs, as deposition of  immune complexes triggers the production of  
type I interferons leading to tissue damage (1).

It is thought that the immune system in lupus is sensitized to intracellular antigens following insufficient 
removal of  dead cells, which may either be due to an increase in the rate of  cell death which overwhelms 
the clearance machinery, or due to deficiencies in specific clearance mechanisms such as the complement 
system (2). As timely clearance fails, the accessibility of  nuclear material for the immune system increases 
and it elicits immune activation and inflammation owing to its function as an alarmin.

Neutrophils are considered an important cell type in the pathogenesis of  lupus. These cells are capable 
of  extruding decondensed chromatin decorated with antimicrobial proteins as neutrophil extracellular traps 
(NETs) to immobilize and kill pathogens (3). Large amounts of  antigens from neutrophils may therefore 
be exposed during acute inflammation. NETs have been implicated as a potential source of  autoantigens 
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in SLE and are therefore prime candidates for the initiation or enhancement of  autoimmunity and organ 
damage. SLE patients produce autoantibodies against a range of  nuclear antigens associated with NETs, 
including double-stranded DNA (dsDNA), histones, and antimicrobial peptides (4, 5), and patients with 
defective NET degradation show higher levels of  anti-NET and anti-dsDNA autoantibodies and develop 
renal damage (6).

Depending on the stimulating agent, NET formation may depend on production of  reactive oxygen 
species (ROS) during the oxidative burst and on chromatin decondensation mediated by the enzyme 
peptidylarginine deiminase 4 (PAD4) (7, 8). It could be inferred that deficiency in NETs might reduce 
the amount of  immunogenic nuclear autoantigens. However, it has been observed that Ncf1-mutated 
mice impaired in ROS production due to a deficiency in the NADPH oxidase complex 2 (NOX2) spon-
taneously develop signs of  lupus (9), and NOX2-knockout mice exhibit exacerbated experimental lupus 
rather than being protected (10). This phenotype included elevated autoantibody production and exac-
erbated glomerulonephritis. In line with that, a mutation in the NOX2 regulator NCF2 that causes an 
approximately 50% decrease in the production of  ROS confers an increased risk for developing lupus 
in humans (11). In addition, humans with chronic granulomatous disease (CGD), who are impaired 
in the production of  ROS and therefore do not undergo classical NET formation are prone to develop-
ing lupus-like autoimmunity (12). However, these studies did not investigate the underlying functional 
mechanisms of  the dampening effect of  ROS on lupus. The role of  neutrophils and NETs in the patho-
genesis of  lupus therefore needs further elucidation.

Here, we addressed this issue in a lupus mouse model that relies on the alkane pristane (2,6,10,14-tet-
ramethyl-pentadecane). When injected into the peritoneal cavity, the naturally occurring hydrocarbon oil 
pristane induces chronic peritonitis accompanied by production of  autoantibodies directed against DNA- 
and RNA-associated autoantigens and chronic inflammation, resulting in a disease closely resembling and 
meeting the classification criteria of  SLE (13–16). Susceptibility to pristane-induced lupus (PIL) shows a 
female prevalence and is widespread among commonly used mouse strains, with diverse kinds of  organ 
manifestation depending on the genetic background (17, 18). In BALB/c mice, pristane prompts immune 
complex–mediated glomerulonephritis (19), whereas mice on the C57BL/6 background develop compa-
rably mild kidney disease but instead contract a diffuse alveolar hemorrhage resembling the serious com-
plication seen in a subgroup of  patients with SLE (20, 21). Furthermore, pristane triggers NET formation, 
apoptosis, and necrosis (22, 23). Of  note, environmental exposure to pristane is also associated with devel-
opment of  SLE in humans (24). PIL is therefore an ideal model to investigate the implication of  NETs in 
the development of  lupus-like autoimmunity.

We show that PIL is exacerbated in a neutrophil-deficient mouse strain (Mcl1ΔMyelo mice). Similarly, 2 
mouse strains with normal neutrophil numbers but impaired pristane-induced NET formation (Ncf1** and 
PAD4–/– mice) developed aggravated PIL accompanied by increased levels of  lupus autoantibodies and 
exacerbated renal damage. In contrast, treatment with a NOX2-activating agent that triggers NET forma-
tion dampened autoantibody production and ameliorated lupus-associated glomerulonephritis. This study 
provides evidence that NOX2- and PAD4-mediated generation of  NETs is needed to control autoimmunity 
and organ damage in PIL.

Results
Increased antinuclear antibody levels in the absence of  neutrophils. Neutrophils have been implicated in both the 
development and regulation of  inflammatory and autoimmune disorders, but their net influence on lupus-
like autoimmunity has not been investigated. While depletion of  neutrophils can be performed by injection 
of  specific antibodies (anti-Gr1 or anti-Ly6G), such a strategy is not feasible over the extended period that 
PIL needs to develop. We therefore used mice with a myeloid-specific conditional deletion of  the antiapop-
totic protein Mcl-1 (LysMCre/Cre Mcl-1fl/fl mutants, referred to as Mcl-1ΔMyelo mice), which exhibit a selective 
neutrophil deficiency caused by the requirement of  Mcl-1 for the survival of  neutrophils, whereas other 
myeloid-lineage cells are not affected (ref. 25 and J.Z.C. and A.M., unpublished observations). Mcl-1ΔMyelo 
mice were not protected from lupus but instead exhibited strongly exacerbated IgG anti-dsDNA, anti-Sm/
RNP, and anti-histone autoantibody levels even in the absence of  pristane injection (Figure 1A), accompa-
nied by higher serum cytokine concentrations (Figure 1C). In contrast, proteinuria caused by PIL was not 
different between Mcl-1ΔMyelo and control mice (Figure 1B). Thus, the presence of  functional neutrophils 
in the periphery seems to be dispensable for autoantibody production but not glomerular damage in PIL.
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Deficiency of  ROS results in exacerbated experimental lupus characterized by higher autoantibody production and 
more severe renal disease. Naive BALB/c.Ncf1** mice carry a mutation in one of  the regulatory subunits of  the 
NOX2 complex that completely inhibits ROS production by NOX2. This autoimmune-prone mouse strain 
is characterized by spontaneous production of  low levels of  typical lupus autoantibodies and deposition of  
IgG and complement factor C3 in the renal glomeruli (9). Pristane-primed production of  lupus autoantibod-
ies was dramatically increased in BALB/c.Ncf1** mice as compared with their WT littermates (Figure 2A). 
Several IgG anti-dsDNA subtypes were significantly increased in BALB/c.Ncf1** mice, with the strongest 
effect seen in IgG1 and IgG2a production (Figure 2B), suggesting that lupus autoantibodies were mainly 
derived from class-switched B cells. In contrast, production of  IgG2b and IgM anti-dsDNA autoantibodies 
was not significantly different in Ncf1** and WT mice. These results are in line with reports from NOX2-
deficient MRLlpr mice that had higher numbers of  IgG2a but not IgM antibody–forming cells (10).

In concert with the higher autoantibody production, Ncf1** mice exhibited strongly enhanced and 
accelerated deposition of  IgG and complement factor C3 in their glomeruli (Figure 2C and Supple-
mental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.92920DS1). Histological analysis of  the kidneys revealed enlarged hypercellular glomeruli in pris-
tane-injected animals, with complete loss of  glomerular architecture in Ncf1** as compared with WT ani-
mals (Figure 2D). This process was accompanied by exacerbated proteinuria and premature death in Ncf1** 
mice (Figure 2E and Supplemental Figure 1B).

The more severe disease course in Ncf1** mice was mirrored by higher plasma levels of  inflammatory 
cytokines and chemokines, for example IL-12, IL-6, or MCP-1 (Figure 2F). Along with type I IFNs and 
IFN-γ, IL-12 and IL-6 promote autoantibody production in PIL. IL-12 also mediates structural renal dam-
age after renal immune complex deposition (26).

The IFN signature that is typical for PIL and SLE was also enhanced in Ncf1** mice (Supplemental 
Figure 1C). Although IFN-α protein was not detectable in sera, expression of  IFN-α mRNA was signifi-
cantly higher in blood cells of  unchallenged Ncf1** as compared with WT mice.

Pristane-induced NET formation depends on functional NOX2 and PAD4 and regulates the concentration of  
inflammatory mediators. Next we investigated whether pristane induces NET formation in the peritoneum 
and if  this property is maintained in Ncf1** mice. In line with previous reports (27), pristane injection led 
to an influx of  various phagocyte subsets into the peritoneum. The cellular compositions of  the infiltrates 2 
weeks after pristane injection were similar in Ncf1** and WT mice (Figure 3A), showing that the migratory 
capacity of  phagocytes into the peritoneum is not impaired in the absence of  ROS.

The citrullination of  histones has been widely used to distinguish NETs from other forms of  cell death 
(28), although not all NET inducers trigger histone citrullination (29). Pristane did elicit the formation of  
citrullinated histone H3–positive (citH3+) cells with extracellular DNA (NETs) in the peritonea of  WT 
mice, whereas their numbers were drastically reduced in the peritonea of  Ncf1** mice. This result shows 
that pristane-induced NET formation is dependent on NOX2-derived ROS in vivo (Figure 3, B and C).

Serine proteases bound to NETs have been shown to degrade cytokines and chemokines, which con-
tributes to a dampening of  arthritis induced by injection of  monosodium urate crystals or zymosan (30, 
31). This mechanism could also influence other forms of  inflammatory diseases where neutrophils play 

Figure 1. Influence of neutrophils on pristane-induced 
lupus. (A) Levels of autoantibodies against double-
stranded DNA (dsDNA), histone, and Sm/RNP, and 
(B) proteinuria in neutrophil-deficient Mcl-1ΔMyelo and 
LysMCre/Cre control mice before and 120 days after pristane 
injection. (C) Serum levels of selected cytokines and che-
mokines in Mcl-1ΔMyelo and LysMCre/Cre mice before and 120 
days after pristane injection. In all panels, boundaries of 
boxes represent 25th/75th percentiles, lines within boxes 
indicate medians, and whiskers represent minimum/
maximum values for 6 to 10 animals in each cohort.  
*P < 0.05, **P < 0.01, ***P < 0.001, as determined by 
2-way ANOVA with Bonferroni’s post-hoc test.
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a role, e.g., lupus. In support of  this, we found the peritoneal concentrations of  inflammatory mediators 
such as TNF-α and IL-6 to be elevated in the relative absence of  NETs in Ncf1** mice (Figure 3D), whereas 
the concentrations of  the chemokine KC/CXCL1, which was previously shown to be released in large 
amounts from NETs (30), were not significantly different. Thus, deficiency in NET formation is associated 
with elevated levels of  proinflammatory mediators.

Pristane-induced NET formation is strongly inhibited in Ncf1** mice. However, we found an elevated 
percentage of  cells having undergone chromatin decondensation in blood cells of  naive Ncf1** mice (Figure 

Figure 2. Exacerbated pristane-induced lupus in the absence of NOX2-derived ROS. (A) BALB/c.Ncf1** mice produce higher levels of lupus autoantibodies 
and develop aggravated renal damage. IgG autoantibodies against double-stranded DNA (dsDNA), Sm/RNP, and histone were analyzed in sera of naive and 
pristane-primed mice (n =  13) by ELISA. Boundaries of boxes represent 25th/75th percentiles, lines within boxes indicate medians, and whiskers represent 
minimum/maximum values. Significant differences after testing by 2-way ANOVA with Bonferroni’s post-hoc test were detected beginning 60 days after 
pristane injection. (B) Box-and-whisker plots of IgG1, IgG2a, IgG2b, IgG3, and IgM anti-dsDNA autoantibodies in sera of pristane-injected BALB/c.Ncf1** and 
BALB/c WT mice (n = 8). **P < 0.01, ***P < 0.001, as determined by 2-way ANOVA with Bonferroni’s post-hoc test. (C) Representative immunofluorescence 
images of renal IgG deposits in BALB/c WT and BALB/c.Ncf1** mice before and 4 and 6 months after pristane injection. Scale bars: 100 μm. Scatter plot 
shows individual values, mean, and SEM of deposits at day 180 from 8 to 10 mice. *P < 0.05 as determined by 2-tailed Student’s t test. (D) Representative 
periodic acid–Schiff staining of kidneys from unchallenged and pristane-injected BALB/c WT and Ncf1** mice. Dramatically worsened mesangial cell and 
matrix expansion at day 180 after pristane injection can be seen in BALB/c.Ncf1** mice. Scale bars: 100 μm. Scatter plot shows individual values, mean, and 
SEM of renal damage at day 180 (n = 4). *P < 0.05 as determined by 2-tailed Student’s t test. (E) Monthly quantification of proteinuria in BALB/c.Ncf1** and 
WT mice before and after pristane injection. Shown are means and SEM (n = 7). **P < 0.01, ***P < 0.001, as determined by 2-way ANOVA using Bonferroni’s 
post-hoc test. (F) Box-and-whisker plots showing medians, 25th/75th percentiles, and minimum/maximum values of serum cytokine/chemokine concen-
trations from mice 3 months after pristane injection (n = 14). **P < 0.01, ***P < 0.001 as determined by 2-tailed Mann-Whitney U test.
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Figure 3. Impaired pristane-induced but enhanced spontaneous neutrophil extracellular trap (NET) formation in Ncf1** mice. (A) Percentages 
of CD11b+Ly6ChiCCR2+ monocytes, CD11b+Ly6CintLy6G+ neutrophils, and CD11b+Ly6C– cells in the peritonea of BALB/c.Ncf1** and WT mice before and 
14 days after injection of pristane. Scatter plots show individual values, means, and SEM (n = 5–8). ***P < 0.001 as determined by ANOVA with 
Bonferroni post-hoc test. (B) Representative fluorescence microscopy images and (C) quantification of peritoneal cells isolated 1 day after injection 
of pristane and stained for DNA with propidium iodide (PI, red) and for citrullinated histone H3 (citH3, green). Scale bars: 100 μm. Scatter plot shows 
individual values, means, and SEM (n = 4–8). PI+citH3+ events represent cells having undergone NETosis. ***P < 0.001 as determined by ANOVA with 
Bonferroni post-hoc test. (D) Concentrations of selected cytokines and chemokines in peritoneal lavages of BALB/c.Ncf1** and WT mice 0 and 14 
days after injection of pristane. Scatter plot shows individual values, means, and SEM (n = 10). **P < 0.01, ***P < 0.001 as determined by ANOVA 
with Bonferroni post-hoc test. (E) Quantitative analysis of NETing cells in blood drawn from untreated BALB/c WT and Ncf1** mice. Scatter plot 
shows individual values, mean, and SEM of percentages of cells having undergone NET formation (PI+citH3+ events) in 7 to 8 mice. *P < 0.05 as 
determined by 2-tailed Student’s t test. (F) Percentage of CD11b+Ly6Cint Ly6G+ cells in the peripheral blood mononuclear cell fraction after density 
gradient centrifugation performed on blood of BALB/c WT and Ncf1** mice. Scatter plot shows individual values, mean, and SEM, n = 9. *P < 0.05 as 
determined by 2-tailed Student’s t test using Welch’s correction for unequal variances. LDG, low-density granulocyte. (G) Spontaneous and antimycin 
A–induced (AMA-induced) mitochondrial ROS production (MitoSOX mean fluorescence intensity [MFI]) in BALB/c WT and Ncf1** mice. Scatter plots 
show individual values, means, and SEM of 4 to 5 animals. n.s., not significant.
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3E), along with higher percentages of  CD11b+Ly6CintLy6G+ low-density granulocytes (LDGs) (Figure 3F), 
a distinct proinflammatory neutrophil subset that was proposed to have a detrimental role in SLE, owing 
to a higher production of  inflammatory cytokines, enhanced tissue damaging properties, and higher levels 
of  spontaneous NET formation (32–34). A recent study has shown that elevated spontaneous formation of  
NETs in the absence of  NOX-derived ROS in individuals with CGD is driven by ROS from mitochondria 
(35). To elucidate if  production of  mitochondrial ROS is differentially regulated in Ncf1** mice, we used 
MitoSOX, a red fluorescent dye used for specific detection of  mitochondrial superoxide in live cells. Trig-
gering of  spontaneous or antimycin A–induced production of  mitochondrial ROS was not significantly 
different between Ncf1** and WT mice (Figure 3G).

Neutrophils make use of  ROS and/or histone citrullination by PAD4 in contact with biochemical 
and particulate stimuli while extruding NETs (7, 8). To confirm the specific role of  NETs in lupus, we 
conducted PIL in mice deficient for PAD4. In accordance with results from Ncf1** mice, autoantibody 
levels and proteinuria after injection of  pristane were higher in PAD4-deficient mice (Figure 4, A and B). 
Pristane-induced renal damage is generally less dramatic on the C57BL/6 background, and thus survival 
rates were not significantly different (Figure 4C). Impaired pristane-induced in vivo NET formation in 
PAD4-deficient mice was associated with higher peritoneal concentrations of  inflammatory mediators after 
pristane injection (Figure 4, D–F). This phenocopies the effect of  ROS deficiency in Ncf1** mice and sug-
gests a protective effect of  NETs on the severity of  PIL.

Figure 4. Exacerbated pristane-induced lupus in NET-deficient PAD4–/– mice. (A) Development of lupus autoantibodies in C57BL/6 WT and PAD4−/− 
mice. Autoantibodies against double-stranded DNA (dsDNA), Sm/RNP, and histone were analyzed in sera of naive mice and mice 150 days after pristane 
priming by ELISA. Scatter plots show individual measurements, means, and SEM of 8 to 12 mice per group. ***P < 0.001 as determined by 2-way ANOVA 
with Bonferroni post-hoc test. (B) Quantification of proteinuria in C57BL/6 WT and PAD4–/– mice 150 days after pristane injection (n = 8). *P < 0.05 as 
determined by 2-tailed Student’s t test. (C) Survival plot of C57BL/6 WT and PAD4–/– mice after pristane injection (n = 12). (D) Representative fluores-
cence microscopy images and (E) quantification of peritoneal cells isolated 1 day after injection of pristane from PAD4–/– and WT mice and stained for 
DNA with propidium iodide (PI, red) and for neutrophil elastase (NE, green). Scale bars: 100 μm. Scatter plot in E shows individual values, mean, and SEM 
of cells having undergone neutrophil extracellular trap (NET) formation, defined as PI+NE+ events with a 5-fold greater mean nuclear size. **P < 0.01 as 
determined by 2-tailed Student’s t test. (F) Concentrations of selected cytokines and chemokines in peritoneal lavages from PAD4–/–and WT mice 0 and 1 
day after injection of pristane. Scatter plots show individual values, means, and SEM of 3 mice per group.
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Treatment of  PIL with activators of  ROS production. Our finding that in the absence of  NOX2-dependent 
ROS production PIL is drastically exacerbated prompted us to investigate if  enhanced ROS production 
might protect against PIL in mice with functional NOX2, and thus, if  small-molecule activators of  NOX2 
could be potential candidates for therapeutic drugs. In order to investigate if  activation of  ROS produc-
tion can ameliorate lupus we used the newly developed specific NOX2 activator RE-02 (Redoxis AB). 
In cells isolated from the peritonea of  thioglycollate-injected C57BL/10.Q WT mice, compound RE-02 
confirmedly increased extracellular ROS production. In contrast, no ROS were released from peritoneal 
cells of  Ncf1** mice after treatment with RE-02, confirming that the compound specifically targets NOX2 
(Figure 5A). We then treated PIL by twice weekly subcutaneous injection of  RE-02 and determined ROS 
production again before euthanizing the mice. Blood cells derived from mice treated with RE-02 produced 

Figure 5. Treatment of pristane-induced lupus (PIL) with a NOX2 agonist. (A) Extracellular release of ROS (relative light units, RLU) from peritoneal cells 
isolated from WT or Ncf1** mice and treated with the NOX2 activator RE-02. Background values from vehicle-treated cells are subtracted. Line plots show 
means and SEM of 4 animals per group. (B) ROS production of cells isolated from mice treated s.c. twice weekly for 180 days with RE-02 or vehicle. Scatter 
plots show individual values, means, and SEM from 8 animals per group. ***P < 0.001 as determined by 2-tailed Student’s t test. (C) Quantitative analysis 
of neutrophil extracellular traps (NETs) in blood neutrophils treated for 3 hours with different concentrations of RE-02 or PMA. NETs were defined as 
SYTOX Green– and neutrophil elastase–positive (SYTOX Green+NE+) events with a 5-fold greater mean nuclear size. Scatter plot shows individual values, 
means, and SEM from 3 normal healthy control donors. (D) IgG autoantibodies against double-stranded DNA (dsDNA) and Sm/RNP throughout PIL in mice 
treated with RE-02 or vehicle were analyzed in sera (n = 8 per group) by ELISA. Shown are means ± SEM. (E) Representative immunofluorescence images 
of glomerular IgG and complement C3 deposits in mice 180 days after pristane injection that were treated with RE-02 or vehicle. Scale bar: 100 μm. Right 
panel shows scatter plots of glomerular deposition scores for IgG and complement factor C3. Depicted are individual values, means, and SEM (n = 4–5). *P 
< 0.05, **P < 0.01 as determined by 2-tailed Student’s t test. (F) Quantification of proteinuria in RE-02– or vehicle-treated mice at day 0, 90, and 180 after 
pristane injection. Bars show means and SEM (n = 8).
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more spontaneous ROS than cells from vehicle-treated animals, whereas PMA-induced ROS production 
was not different (Figure 5B). Treatment of  blood neutrophils with RE-02 triggered chromatin decondensa-
tion and the formation of  NETs in a concentration-dependent manner (Figure 5C). Importantly, the NOX2 
activator RE-02 showed a strong trend towards ameliorating the development of  PIL in WT mice, as seen 
by decreased autoantibody production (Figure 5D), fewer glomerular deposits (Figure 5E), and less pro-
teinuria (Figure 5F).

ROS production and NET formation in human individuals with SLE. To investigate if  our results from PIL 
translate to humans, we first quantified ROS production by flow cytometry in a cohort of  39 individuals 
fulfilling at least 4 of  the classification criteria of  SLE (15, 36) and 18 normal healthy donors (NHDs) 
(Supplemental Table 1). Blood samples from patients with CGD served as negative controls (Figure 6A). 
In contrast to a previous study (37), we did not find differences in ROS production from granulocytes of  
NHDs and SLE patients with our methodology.

We then analyzed the in vitro capacity to undergo NET formation in isolated blood neutrophils from 
SLE patients and NHDs. Neutrophils from individuals with SLE and NHD were incubated with or with-
out the known NETosis inducer PMA. We then quantified NETs by fluorescence microscopy and mor-
phometry. In line with published data (32), spontaneous NET formation was higher in SLE patients than in 
healthy controls (Figure 6B), whereas PMA-induced NETosis was not. Spontaneous but not PMA-induced 
ROS production from SLE and NHD granulocytes correlated with the amount of  NETs (Figure 6C).

Discussion
Neutrophils, the immune system’s first line of  defense, follow 3 main effector pathways in the response to 
inflammatory stimuli, i.e., phagocytosis of  the insulting organism or agent, expulsion of  granular content, 
and extrusion of  a meshwork of  DNA decorated with antimicrobial molecules and proteinases (NETs). 
Many aspects of  neutrophil biology have been implicated in the development and regulation of  lupus (38). 
In the majority of  these reports, neutrophils were assigned the role of  a villain that fuels aberrant immune 
responses and causes tissue damage. This role is supported by the encouraging results of  studies using 
PAD4 inhibitors in lupus and other autoinflammatory conditions (39–42).

Our data from neutropenic Mcl-1ΔMyelo mice indicate that neutrophils can also serve important regulato-
ry cell functions in lupus-like autoimmunity. In Mcl-1ΔMyelo mice, survival of  neutrophils is severely impaired 
due to a knockout of  the antiapoptotic protein Mcl-1. These mice have elevated numbers of  apoptotic and 
secondary necrotic neutrophils in their bone marrow and blood that might serve as a source of  nuclear auto-
antigens, which might explain the higher titers of  antinuclear antibodies (ANAs) seen in Mcl-1ΔMyelo mice 
also in the absence of  pristane injection. Nevertheless, our results from this strain show that lupus occurs 
also in the absence of  neutrophils. The peculiar phenotype seen in this neutrophil-deficient mouse strain 
together with our results from Ncf1** and PAD4–/– mice therefore reveal that neutrophils and NETs are not 
necessarily driving all kinds of  lupus-like autoimmunity.

The NOX2 complex is predominantly expressed in phagocytes and is the dominant ROS-generating 
complex in mammals (43). ROS production via NOX2 is regulated by the cytosolic adaptors p47phox (Ncf1) 

Figure 6. ROS production and neutrophil extracellular trap (NET) formation in 
human individuals with SLE. (A) ROS production in neutrophils from systemic lupus 
erythematosus (SLE) patients and normal healthy donors (NHDs). The capacities of 
CD14–CD16+ polymorphonuclear leukocytes (PMNs) from NHDs (n = 13), SLE patients (n 
= 34), and patients with chronic granulomatous disease (CGD, n = 2), to produce ROS 
spontaneously or upon activation with PMA were investigated using flow cytometry. 
Scatter plots show individual values, means, and SEM of dihydrorhodamine 123 (DHR-
123) mean fluorescence intensity (MFI). n.s., not significant, as determined by Kruskal-
Wallis test using Dunn’s multiple comparison test. (B) Quantitative analysis of NETing 
cells in whole blood drawn from individuals with SLE and NHDs. Scatter plots show 
individual values, means, and SEM of percentages of propidium iodide– and neutrophil 
elastase–positive (PI+NE+) events with a 5-fold greater mean nuclear size; n = 24 (NHDs) 
or n = 27 (SLE). ***P < 0.001, n.s., not significant, as determined by Kruskal-Wallis test 
using Dunn’s test for multiple comparison. (C) Correlation analysis between ROS pro-
duction and spontaneous and PMA-induced NET formation in PMNs from SLE patients 
and NHDs. Spearman coefficients (ρ) and P values (determined by 2-tailed Student’s t 
test) are depicted within the graphs.
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and p40phox (Ncf4) that bridge interactions of  NOX activators with the enzymatic flavocytochrome compo-
nents embedded in phagosomal and plasma membranes.

A strong correlation between a low capacity to produce NOX2-derived ROS and autoimmune disease 
is known from rodent models of  arthritis (44, 45), multiple sclerosis (45), psoriasis (46), and Guillain-Barre 
syndrome (47). An increased inflammatory response in the absence of  ROS has also been observed in con-
ditions that are not considered classical autoimmune diseases, for example in zymosan- or monosodium 
urate crystal–induced inflammation (30, 48, 49). This indicates that ROS also regulates T cell–independent 
inflammatory pathways.

A dampening effect of  NOX2 on murine lupus was previously reported in a NOX2-deficient mouse 
strain crossed with MRL.Faslpr mice (10). However, a complete genetic deficiency of  the NOX2 complex is 
not commonly found in humans. Instead, various mutations in NCF1 are linked to CGD (50). We therefore 
employed a mouse strain carrying a naturally occurring mutation in Ncf1 that abrogates NOX2-dependent 
ROS production. Using these Ncf1** mice we tested the influence of  NOX2-derived ROS in a mouse model 
of  lupus induced by intraperitoneal injection of  the alkane oil pristane. Current concepts envisage that 
autoreactivity in PIL follows massive cell infiltration accompanied by cell death in the peritoneum after 
pristane injection and causing an overload of  the clearance machinery (51). We aimed to shed light on the 
role of  ROS and especially NETs in the etiopathogenesis of  murine lupus by examining PIL in Ncf1** mice.

Ncf1** mice developed significantly elevated levels of  ANAs, exemplified by antibodies against dsD-
NA, histones, and Sm/RNP. These autoantibody subsets are very specific to SLE and are associated with 
disease severity and organ damage (52–54). In line with that, Ncf1** mice with PIL suffered exacerbated 
glomerulonephritis and died earlier than their WT littermates.

Apart from degradation of  proinflammatory mediators by NET-bound proteases (30, 31) there are sev-
eral other ways that the oxidative burst in phagocytes could influence lupus. NOX2 supports the function 
of  T regulatory cells and changes the activation threshold of  autoreactive T cells; it influences protein phos-
phatases, protein tyrosine kinases, the linker for activation of  T cells (LAT), and tryptophan metabolism/
IDO; regulates the IFN/STAT1 pathway and innate lymphocyte activation; and contributes to regulation 
of  autophagy, although some of  these suggested mechanism are controversial (reviewed in ref. 55).

To specifically assess the relative impact of  NETs we used PAD4–/– mice that have functional NOX2 
yet are unable to form NETs in response to calcium-dependent signals. In a study by Knight et al. mice 
treated with Cl-Amidine, an inhibitor of  all PAD enzymes, exhibited increased levels of  autoantibodies 
but decreased glomerular deposition (39). In line with these findings, we observed a stronger inflammatory 
response in the peritonea of  pristane-challenged PAD4–/– mice, which was associated with higher levels of  
ANA, whereas glomerular deposition was on a very low level in both WT and PAD–/– animals, which is 
typical for PIL in mice on the C57BL/6 background. However, the PAD4–/– mice developed significantly 
higher proteinuria than their WT counterparts. It might be that suppression of  other PAD enzymes in 
Cl-Amidine–treated mice or the different disease mechanism in the utilized mouse model can account for 
those different observations.

We propose a concept in which PIL is influenced by NET formation that is dependent on both ROS 
and PAD4 (Supplemental Figure 2). In PIL, pristane triggers various forms of  cell death in the peritoneum 
and the corpses of  these cells cannot be removed quickly enough to prevent antinuclear autoreactivity and 
chronic release of  proinflammatory mediators. In the absence of  NETs the degradation of  the arising pro-
inflammatory mediators is impaired. Since ROS production by NOX2 in neutrophils also occurs intracel-
lularly, NET formation might also constitute a mechanism to release ROS, endowing its antiinflammatory 
action on other cell types.

Of  note, a lively discussion is currently ongoing about key aspects of  NETs, their contents and mor-
phology (56), how their formation should be precisely named to reflect the different pathways of  their 
generation (29, 57), and the fate of  the NETing neutrophil (58). It is not the primary aim of  our study to 
fundamentally contribute to this discussion. Instead, we focus on the clinical aspects of  extracellular DNA 
bound to neutrophil-derived proteases (denominated here as NETs).

Interestingly, the NET-inducing NOX2 activator RE-02 ameliorated PIL. This small molecule was 
selected from a high-throughput screening for capacity to induce NOX2-derived ROS release in a human 
neutrophil–like cell line and in fresh rat phagocytes (59). Selected compounds from this screen were then 
validated for their ROS-inducing capacity and one lead molecule, the sulfonamide compound RE-02, was 
selected for treatment of  PIL. Therapeutic intervention by NOX2 activators might shift the balance towards 
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resolution of  inflammation by promoting inflammatory cytokine degradation in NETs. It will be interest-
ing to determine whether the NOX2 activator RE-02 just interferes with the initial events of  autoimmunity 
or whether it is still effective in fully developed disease when high levels of  ANAs have already formed. 
Future studies will therefore also apply therapeutic settings for the treatment of  PIL and other lupus mod-
els. Furthermore, by RE-02 treatment of  PIL in PAD4–/– mice we will investigate whether the effect of  
RE-02 is mediated mainly through NET formation or if  NET-independent effects of  ROS on cell signaling 
play a significant role as well.

While lupus was exacerbated when pristane-induced NET formation was impaired, blood neutrophils 
from both lupus-prone Ncf1** mice and individuals with SLE formed exuberant NETs in the absence of  
external stimulation. Hence, the relationship between the capacity to form NETs and the severity of  lupus 
appears complex. Whereas increased presence of  NETs in the blood in lupus might fuel the inflammatory 
process, NET formation appears to be an important dampening factor on inflammation in the pristane-
injected peritoneal cavity. This may be explained by the different concentrations of  neutrophils and NETs 
in blood and the peritoneum; in low densities in peripheral blood, the proinflammatory roles of  NETs pre-
dominate, but in a densely infiltrated site of  sterile inflammation the degradation of  inflammatory mediators 
in NETs is the preponderant factor (30, 60). Alternatively or in addition, pronounced spontaneous NET for-
mation ex vivo might be a consequence of  a disturbed cytokine milieu in established SLE and Ncf1** mice.

In conclusion, while not directly challenging the concept of  a detrimental role of  persistent peripheral 
NETs in established SLE, our overall results suggest that NETs can also have a protective role against the 
development of  certain forms of  lupus, as per example drug-induced lupus. Considering the pending devel-
opment of  therapeutics aiming at inhibiting NET formation for the treatment of  lupus in humans, extreme 
caution needs to be exercised to identify the precise clinical conditions and developmental stages of  lupus 
that warrant the use of  such therapeutic agents.

Methods
Mice. Mice with a mutated Ncf1 (Ncfm1j/m1j, denoted as Ncf1**) were kept on BALB/c.Q and C57BL/10.Q 
backgrounds. The Ncf1 mutation impairs translocation of  the Ncf1 (p47phox) protein to the membrane upon 
activation, thereby completely blocking function of  the NOX2 complex (61, 62). PAD4–/– (provided by Kerri 
Mowen, Scripps Institute), Mcl-1ΔMyelo, and control mice were on the C57BL/6 genetic background. Experi-
ments were performed on female mice frequency-matched for age, and evaluated with blinded identity.

Experimental peritonitis and lupus. PIL was induced by a single intraperitoneal  injection of  500 μl pris-
tane (Sigma-Aldrich) in female mice at 8 to 12 weeks of  age and followed over 6 months. Serum was pre-
pared before injection of  pristane and in monthly intervals thereafter. To analyze the effect of  elevated ROS 
production on PIL, mice were treated twice weekly by subcutaneous injection of  7 mg/kg of  the NOX2 
agonist RE-02 (in medium-chain triglyceride oil/10% DMSO/10% ethanol) or with vehicle.

Determination of  autoantibodies and serum cytokines. For detection of  murine autoantibodies by ELISA, 
microtiter plates were coated with 50 μg/ml histone from calf  thymus (Roche), 1 μg/ml Sm/RNP (Gen-
Way Biotech), or precoated with 20 μg/ml poly-L-lysine (Sigma-Aldrich) before adding 20 μg/ml calf  
thymus DNA (Sigma-Aldrich). PIL-sera were added at a 1:100 dilution in PBS/2% FCS. Bound IgG or 
IgM was detected with 0.125 μg/ml horseradish peroxidase–conjugated goat anti–mouse IgG1 (catalog 
1072-01), IgG2a (catalog 1082-01), IgG2b (catalog 1092-05), IgG3 (catalog 1102-05), IgG(H+L) (catalog 
1020-05), or IgM (catalog 1021-05) (all Southern Biotech) and substrate solution (eBioScience). Human 
and murine cytokines/ chemokines in sera/plasma and peritoneal lavages were analyzed by Legendplex 
bead technology (BioLegend) and quantified on a Gallios cytofluorometer (Beckman Coulter).

Analysis of  kidney involvement. Proteinuria was determined with semiquantitative urine testing strips 
(Albustix, Bayer) using midstream urine. For assessing glomerular immune and complement deposits, 
mice were perfused with PBS to minimize background. One kidney/mouse was embedded in OCT 
Tissue-Tek compound (Sakura), snap-frozen, and stored at –80°C. Cryosections (5 μm) were fixed with 
acetone and stained with FITC-labeled antibodies against murine IgG (BioLegend, catalog 405305) or 
complement factor C3 (Cedarlane, catalog CL7503F, clone RmC11H9). Deposits were scored by 2 blind-
ed individual scorers by immunofluorescence microscopy on a Nikon Eclipse 80i microscope, utilizing a 
semiquantitative scoring system as described previously (4). The other kidney was fixed in Roti-Histofix 
(Carl Roth) and embedded in paraffin. The 5-μm sections were stained with periodic acid–Schiff  (PAS) 
and then analyzed with a Zeiss AxioLab.A1 microscope and scored as described previously (10).
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Measurement of  ROS production. For measurement of intracellular ROS in mice and humans, lithium-hepa-
rinized blood was incubated with dihydrorhodamine 123 (3 μg/ml, Molecular Probes) for 15 minutes at 37°C. 
Cells were stained with either anti–mouse CD11b-eFluor450 (eBioscience, catalog 48-0112, clone M1/70), 
Ly6C-APC (Biolegend, catalog 128015, clone HK1.4), and Ly6G-PE/Cy7 (Biolegend catalog 127617, clone 
1A8); or anti–human CD14-eFluor450 (eBioscience, catalog 48-0149, clone 61D3) and CD16-APC/Cy7 (Biole-
gend, catalog 302017, clone 3G8), and ROS production was induced by incubation with PMA (100 ng/ml) for 
15 minutes at 37°C. Before analysis on the Beckman Coulter Gallios, samples were subjected to hypotonic water 
lysis. Detection of ROS released after in vitro treatment with RE-02 was performed as described previously (63).

Immunofluorescence staining of  NETs. For detecting NETs in blood from mice and humans, 100 μl blood 
was incubated for 2 hours at 37°C with 100 ng/ml PMA or solvent or processed immediately. Erythrocytes 
were removed by hypotonic lysis. Cells were suspended in 1 ml PBS/1% paraformaldehyde. Cytospins 
were prepared, blocked with PBS/10% goat serum, and stained with either rabbit anti–histone H3 (Abcam, 
catalog ab131496) or rabbit anti–neutrophil elastase (anti-NE) (Abcam, catalog ab21595) in combination 
with a FITC-conjugated goat anti–rabbit IgG(H+L) detection antibody (Jackson ImmunoResearch, catalog 
111-095-003). DNA was stained with propidium iodide (PI) (Sigma-Aldrich). Cytospins were analyzed on 
a BZ-X710 microscope (Keyence) and morphometric analysis was performed using Photoshop CS6 soft-
ware. Percentage of  NETs was defined as double-positive events with a 5-fold greater mean nuclear size of  
cells stained with PI and either citH3 or NE on 3 random slide sections.

For determination of  pristane-induced NET formation, in vivo peritoneal lavages were collected 1 day 
after pristane injection. Cells were adjusted to 1 × 106 cells/ml. Cytospins were prepared, blocked with 
PBS/20% FCS, and incubated with rabbit anti–histone H3 (Abcam, catalog ab131496) or rabbit anti-NE 
(Abcam, catalog ab21595), and FITC-conjugated goat anti–rabbit IgG(H+L) (Jackson ImmunoResearch, 
catalog 111-095-003) for detection. DNA was stained with PI and cytospins were analyzed on a Nikon 
Eclipse 80i microscope. Percentage of  NETs was defined as PI+/citH3+ events or PI+/NE+ events with a 
5-fold greater mean nuclear size on 5 random slide sections.

The capacity of  RE-02 to induce NET formation was determined on neutrophils isolated from thio-
glycollate-injected peritonea or human blood. Time-lapse videos were prepared on a BZ-X710 microscope 
(Keyence) after a 3-hour incubation of  SYTOX Green Nucleic acid stain (Thermo Fisher)–dyed cells with 
various concentrations of  RE-02, vehicle, or 100 ng/ml PMA in chamber slides. Quantification was per-
formed on citH3- and NE-stained cells.

Statistics. Two-group comparisons were performed using 2-tailed Student’s t test or, for non-normally 
distributed data by 2-tailed Mann-Whitney U test. Welch’s correction was used in the case of  unequal vari-
ances. Within each set of  experiments shown in one figure multiple comparisons of  groups were adjusted 
using Bonferroni’s post-hoc test. Survival distributions during PIL were compared by Mantel-Cox test. 
Adjusted P values less than 0.05 were considered statistically significant. Levels of  significance are labeled 
throughout the figures as follows: *P < 0.05, **P < 0.01, ***P < 0.001. n.s. stands for not significant. Com-
putations were performed and charts were produced using GraphPad Prism 5 software.

Study approval. All animal procedures were in accordance with institutional guidelines on animal wel-
fare and were approved by the Semmelweis University Animal Experimentation Review Board (Budapest, 
Hungary), or the local ethical committee of  the university Erlangen-Nuremberg, (Regierung von Mittel-
franken, Würzburg, Germany).
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