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Background 

Systemic Lupus Erythematosus (SLE) is a devastating 
autoimmune disease that affects women to men at a ratio 
of 9:1 and is predominant in those of African ancestry. 
In SLE, the presence of autoantigens results in aberrant 
immune activation leading to systemic inflammation 
that predominantly affects the brain, kidneys, blood, 
and skin. Current guidelines recommend treatment 
with immunosuppressive drugs like prednisone, 
cyclophosphamide, azathioprine, and even some 
antimalarial drugs [1,2]. However, such drugs have 
limited efficacy, and result in toxic side effects. Therefore, 
research into the mechanism of the pathogenesis of SLE 
in order to identify novel therapies is important. 

Autoantibodies generated in SLE induce influx of 
neutrophils to different sites of the body. Neutrophils are 
the body’s first line of defense against pathogens and are 

the most abundant leukocytes in the blood stream. The 
normal percentage of neutrophils (50%) can increase to 
80% on site of a bacterial infection and detection of tissue 
inflammation. Neutrophils utilize various mechanisms 
of defense including phagocytosis, nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidative burst, as 
well as the release of reactive oxidative species (ROS) 
and enzymes. More recently, it was discovered that dying 
neutrophils release ‘spider web’ like chromatin fibers 
called neutrophil extracellular traps (NETs). The release 
of NETs by activated neutrophils is known as NETosis [3]. 
These NETs are constructed of decondensed chromatin, 
histones, granules, and components with bactericidal 
activity. Antimicrobial enzymes such as myeloperoxidase 
(MPO), neutrophil elastase (NE), cathelicidins like LL-37, 
histones, proteinase 3, cathepsin, lactoferrin, or gelatinase 
are expelled with NETs, enabling them to entrap, inhibit, 
and kill invading pathogens in an extracellular manner, 
rather than the canonical method of phagocytosis [3,4]. 
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Since the discovery of NETs in 2004 [3], there has been 
extensive research, but much of the specifics of NET 
formation remains elusive. NETs have a dual function of 
maintaining hematologic homeostasis and of defending 
the organism. They are released not only on exposure to 
pathogens such as bacteria, but also in sterile environments 
in autoimmune diseases such as lupus where they generate/
trap autoantigens and aggravate inflammation. NETosis 
and NETs could play an important role in the initiation 
of autoimmune diseases. Different enzymes are involved 
in the formation and function of NETs. These include 
Myeloperoxidase, NADPH oxidase, Rac2 of the Rho family 
[5] and peptidyl arginine deiminase 4 (PAD4). PAD4 is 
a calcium dependent enzyme localized in the nucleus of 
neutrophils and is involved in the citrullination of histones 
[6-8]. NETs have been identified in kidneys and skin of 
lupus patients [9]. Studies show significant increase of 
PAD4 staining in brain of MRL/lpr mice compared to their 
congenic MRL/MPJ controls (Figure 1). Increase in PAD4 
leads to increases in citrullination resulting in heightened 
generation of autoantigens and deamination of proteins 
such as antithrombin and histones H2A, H3 and H4 [10]. 
Pharmacological inhibition or deletion of PAD4 alleviates 
pathology in SLE. Further research is needed to establish 
definitive roles for the increased PAD4 expression in the 
lupus brain.

The use of electron microscopy and immunofluorescence 

has allowed the observation of pathogens binding to 
extracellular DNA released by NETosis. One study 
showed the capture and neutralization of circulating 
Escherichia coli when NETs were released into hepatic 
sinusoids, highlighting a benign role of NETs in quelling 
an infection [11]. In addition to microorganisms, NETosis 
can also be stimulated by proinflammatory cytokines 
(e.g., TNF-α, IL-8), platelets, activated endothelial cells 
(ECs), nitric oxide, monosodium urate crystals, and 
various autoantibodies [2]. While NETosis seems to 
be a benign host process intended to thwart infection, 
aberrant activation such as that in SLE can result in 
extensive self-damage. 

Apoptosis or predetermined cell death occurs in different 
tissues in lupus [12-14]. NETosis is different from other 
forms of cell death such as apoptosis and necrosis with the 
nuclear as well as the granular membranes undergoing 
fragmentation. Apoptosis occurs through a family of 
proteins called caspases while NETosis occurs entirely 
independent of caspases and is not affected by the caspase 
inhibitor zVAD-fmk [15,16]. Although lupus is a sterile 
environment, neutrophils could be induced to release 
NETs by cell-to-cell crosstalk through soluble mediators 
or microvesicles released by activated endothelial cells or 
platelets [17,18]. Endothelial cells are activated in lupus 
while mean platelet number is inversely correlated with 
disease [19]. 

 

Figure 1: PAD4 expression is increased in experimental lupus brain. 8 µm frozen brain cortical sections obtained 
from MRL/MPJ congenic controls and MRL/lpr lupus mice were air dried, fixed in 4% formalin for 15 min and 
immunostained with PAD4 antibody (1:100, Gene Tex Inc., CA, USA) overnight. The proteins were detected using 
Alexa-488 antibody (1:500, Molecular Probes, USA). Sections were observed and photographed with a Zeiss 
microscope (Carl Zeiss, Oberkochen, Germany).
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Neutrophils also interact with the adaptive immune 
system in complex ways many of which remains to be 
deciphered. NETs activate plasmacytoid dendritic cells 
(pDC) through TLR7 and TLR9 modulating inflammatory 
responses and prime T cells by reducing their activation 
threshold. NETs prime T cell responses rendering them 
sensitive to specific antigens and even to suboptimal 
stimuli [20-22]. One of the regulators of neutrophil 
homeostasis and migration is the IL-23/17 axis that 
regulates T cell differentiation [23,24]. The IL-23/IL-
17 axis has a protective effect in human SLE. IL-17 has 
an inverse correlation with cardiac function and tumor 
frequency in some SLE cohorts, suggesting a protective 
effect possibly by neutrophil recruitment, inducing DC 
maturation, activation of macrophages, and NK cell and 
T-cell-induced cytolysis [25]. 

Another interesting feature of autoimmune diseases is 
the generation of antibodies against self-proteins. These 
antibodies along with immune complexes are deposited in 
tissues causing inflammation and functional aberrations. 
Immune complexes bind to NETs and are taken up by 
dendritic cells. Large quantities of NETs are present in 
the kidneys, skin, and blood of lupus patients, and their 
presence correlate with the disease activity [9,26]. We 
have data that show increased NETs in experimental 
lupus brain (Figure 1). Increased NETs in lupus could 
be because of increased NETs being released by the 
neutrophils or due to reduced elimination of the NETs. 
Once NETs are formed they gain access to the endosomal 
compartment of the B cells leading to generation of 
autoantibodies but the underlying mechanism that 
induces this phenomenon remains a mystery. 

Animal Models 

One of the most widely used models is the MRL/lpr 
strain which contains lpr mutation in the Fas gene, 
a normal apoptotic regulator of lymphocytes. Loss of 
functional Fas causes lymphoproliferation, and mice 
have an accumulation of CD4-/CD8- B220+ T-cells that 
are auto-reactive to dsDNA. Consequently, MRL/lpr 
mice develop a lupus-like phenotype from consequential 
robust immune complex formation. Important to note, 
however, while many of the manifestations of MRL/lpr 
mice mirror those of human SLE patients, MRL/lpr mice 
acquire massive lymphadenopathy which does not occur 
in humans [27]. NZBxNZW mice are another common 
strain generated from a cross between NZB and NZW 
mice (F1 hybrid), and are commonly used for genetic 
studies. While MRL/lpr mice do not have a sex bias for 
lupus traits, NZBxNZW have a female sex bias [27]. Mice 
can also have induced lupus phenotype due to injections 
of chemicals like pristane, an isoprenoid alkane, which 

induces Ab-complex formation [27,28] 

Autoantigens 

NETosis provides a mechanism for stimulation of 
autoimmunity as the nuclear DNA, histones, and granule 
proteins released by the NETs serve as self-antigens. 
Hakkim et al. found that in a subset of patients with SLE, 
degradation of NETs was lessened compared to a pool of 
healthy, unrelated blood donors [29]. Failure to clear the 
autoantigens present in NETs allows for the prolonged 
exposure and development of autoimmunity to those 
antigens and subsequent pathology found in SLE. 

Neutropenia or low neutrophil count is common in 
lupus patients due to its correlation with high levels of 
IFNα present in the body resulting in more NETosis. 
The bursting of neutrophils through the release of 
NETs enhances the development of SLE as the T and 
B cells become autoreactive and continuously produce 
autoantibodies [30]. 

In a normal host, DNase I degrades NETs. Interestingly, 
DNase I did not induce NET degradation in SLE patients 
except in a subset of SLE patients where MNase, a DNase 
from Staphylococcus caused NET degradation. As such, 
for some patients with SLE who are unable to degrade 
NETs, they may contain a deficient DNase I responsible 
for lack of NET clearance. In patients whose NETs are 
degraded by MNase, there appears to be a protective 
mechanism by the NETs resulting in resistance to 
clearance. Nonetheless, inability to degrade and clear 
NETs results in the exposure of the host immune system 
to antigens to which autoantibodies are formed – an 
association with SLE [29]. 

Plasmacytoid dendritic cells (pDCs) are stimulated by 
autoantibodies to induce the production of Type 1 IFNs 
causing an activation of both the innate and adaptive 
immune systems [31]. High levels of Type 1 IFN are 
associated with SLE, as the Type 1 IFN signature (IFNα) 
is present in SLE patients due to co-purification of 
low density neutrophils and mononuclear cells during 
gradient centrifugation [20]. In a study, Garcia-Romo 
et al. studied pediatric patients with SLE to determine 
whether anti-ribonucleoprotein (RNP) immunoglobulin 
(Ig) induced-NETosis would stimulate pDC activation. 
The pDCs of blood from healthy patients was compared 
to the supernatants of healthy or SLE neutrophil that 
were cultured with or without anti-RNP antibodies. The 
supernatants of anti-RNP IgG treated SLE neutrophils 
induced the greatest release of IFNα and activated pDCs 
leading to the production of Tumor Necrosis Factor-α 
(TNFα), cytokine alterations -interleukin-6 (IL-6), and 
interferon-inducible protein-10 (IP-10). Supernatants 
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that were unable to form NETs were unable to activate 
pDCs. The results of the experiment concluded that SLE 
NETs are needed to activate pDCs and are excellent IFN 
inducers. 

Further, one particular antimicrobial peptide, LL-37, 
has been identified to be extruded in NETs [32]. LL-
37 induces inflammation via activation of pDCs, and 
is constitutively expressed in various immune cells, 
particularly neutrophils. LL-37 facilitates the recognition 
and uptake of extracellular DNA by pDCs. LL-37 has 
also been identified in the NETs of SLE, but not normal, 
patients. The result is the release of a type I IFN signature, 
particularly robust IFNα release, which in turn primes 
neutrophils for further NETosis as well as exacerbating 
the immune response [20]. 

Mitochondria 

NETosis has been categorized into multiple models of 
understanding. Reactive oxygen species are essential 
second messengers of suicidal NETosis as they promote 
the breakdown of the nuclear membrane into small 
vesicles allowing the decondensed chromatin to release 
DNA in the extracellular traps through cellular lysis [4]. 
The neutrophil loses all normal functioning. This burst of 
the plasma membrane and cell death have been compared 
to other pathogen-induced cell death processes such as 
apoptosis. 

In vital NETosis the nuclear membrane remains intact 
despite releasing DNA through NET formation, and 
is able to continue normal neutrophil functioning. 
Stimuli received by toll-like receptors (TLR) leads to 
the decondensation of chromatin and vesicle formation 
altering the nuclear envelope for DNA release. Vital 
NETosis is of two types, one that does not rely on ROS 
activity while the other does. Vital NETosis that is ROS 
dependent results in the expulsion of mitochondrial DNA 
instead of nuclear DNA in NETs [4]. During suicidal 
NETosis, protein kinase C (PKC) activates the NADPH 
oxidase complex working with reactive oxidative species 
to promote the decondensation of chromatin through 
histones by enzyme peptidyl arginase deiminase 4 
(PAD4), which citrullinates histones [33]. Notably, 
deficiency of PAD4 also impairs NET formation in the 
murine model [7], highlighting the necessity of PAD4 for 
occurrence of NETosis. 

Previous research has found that immune complexes 
stimulate NETosis in an ROS dependent manner in mice 
with lupus-like disease. However, Lood et al., found 
that MLR/lpr lupus mice deficient in Cybb (a necessary 
component of NADPH), that is necessary for suicidal 
NETosis [34] had greater pathology. This implies that 

the pathology caused by NETosis in lupus occurs in 
a cellular-ROS-independent manner (i.e., cell viable 
NETosis). Instead, ROS generated by the mitochondria 
may be sufficient to provide a mechanism for NETosis. 
While pharmacological inhibition of ROS would 
ameliorate NETosis and possibly much of the pathology 
of SLE, the side effects of such inhibition would certainly 
be devastating to the host due to the putative resulting 
dysfunction of neutrophils. However, mitochondrial-ROS 
inhibitors could hold promise as specific therapeutics 
to ameliorate NETosis. Lood et al. show that upon 
prophylactic administration of MitoTEMPO, which 
selectively inhibits mitochondiral-ROS, MLR/lpr mice 
had attenuated lupus pathology with marked decreased 
in NETosis and IFNα release [34]. 

Finally, highlighting the importance of mitochondria 
in NETosis, Wang et al., highlight the importance of 
mitochondrial DNA (mtDNA) in cell-viable NETs. Here, 
mtDNA is more potent in NETs than nuclear dsDNA, and 
further provides another source of autoantibodies that 
elaborate SLE pathogenesis via IFNα production. These 
results are corroborated by the finding of anti-mtDNA 
antibodies in study of SLE patients [35]. Thus, mtDNA 
and anti-mtDNA antibodies can serve as a potential 
biomarker and therapeutic target respectively in lupus. 

Endothelial Dysfunction 

Lupus increases the risk of endothelial dysfunction 
and premature cardiovascular disease. Low density 
granulocytes (LDGs), a proinflammatory neutrophil 
subset isolated from human lupus peripheral blood 
mononuclear cell (PBMC) fractions are deleterious to 
the endothelium, with potential implications in the 
development of premature atherosclerosis [36]. LDG 
NETs demonstrate increased externalization of MMP-9 
compared to healthy control or to normal density SLE 
neutrophils. Immunofluorescence microscopy confirmed 
the presence of MMP-9 and MMP-25 in NETs which 
indicate that lupus LDGs distinctly upregulate specific 
MMPs in NETs and are primed for enhanced NETosis. 
Matrix metalloproteinases (MMPs) are present in 
neutrophil granules and get externalized during NETosis. 
In addition, immune complexes composed of MMP-9 
and anti-MMP-9 in lupus induce NETosis. NETs that 
contain increased levels of MMP 9 activates endothelial 
MMP-2 thereby altering the functional integrity of the 
endothelium. NETs from lupus LDGs induced increased 
accumulation of NET-derived MMP-9 in human umbilical 
vein endothelial cells (HUVECs) changing their contour, 
area, perimeter and shape.

Further, acetylcholine induced endothelium-dependent 
vasorelaxation was impaired in the thoracic aorta rings 
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from C57BL/6 female mice in the presence of LDG-NETs, 
compared with control NETs. Therefore, studying the 
molecular mechanism by which NETs cause endothelial 
damage in SLE could lead to new therapeutic targets in 
treating SLE and its associated vascular complications. 

Granulopoiesis 

Low density granulocytes (LDGs), which are highly 
granular, have previously been found to be unique in the 
blood of SLE patients following fractionation [37], which 
is presumed to be the response of potent IFNα [38]. 
These LDGs are atypical in the blood, have an abnormal 
phenotype, and have a hyperability to undergo NETosis. 
Whereas high density granulocytes require potent IFN 
signaling for NET formation, LDGs spontaneously form 
NETs [39]. This has been shown to result in both the 
damage of vascular endothelial cells, as well as further 
stimulation of pDCs to synthesize and release IFNα [9]. 

Further, in comparison to normal density granulocytes 
(NDGs) from both lupus and healthy patients, 
mitochondrial superoxide production was enhanced in 
lupus LDGs, which is critical for NET formation. Thus, 
NET formation in lupus LDGs occurs in a cellular-ROS 
independent, mitochondrial-ROS dependent manner. 

Lupus Glomerulonephritis 

The most fatal manifestation of SLE is glomerulonephritis 
[40]. Glomerulonephritis is inflammation of the filtration 
apparatus of the kidneys, and patients typically present 
with hematuria and red blood cell casts in their urine. 
Progression of glomerulonephritis leads to kidney 
failure due to chronic insults to the glomerulus along 
with extensive fibrosis. Because of the inflammatory 
nature of glomerulonephritis, the pathology is usually a 
consequence of aberrant immune activation, as seen in 
SLE [41-43]. 

In patients with SLE, the most common form 
of glomerulonephritis is diffuse proliferative 
glomerulonephritis (DPGN) that results from anti-
dsDNA-containing IgG immune complex deposition 
along with C3 accumulation, both of which result 
in inflammatory cell infiltration. NETosis has been 
implicated specifically in the pathogenesis of lupus 
nephritis. For example, NETs have been found in the 
kidneys of lupus patients [9]. Rother et al. found that 
SLE patients with nephritis or past cases of nephritis lack 
the capacity to degrade NETs. Consequently, these intact 
NETs are deposited in the glomerulus further stimulating 
an inflammatory response by exacerbating the immune 
system and inducing a Type I Interferon response [44]. 

Patients with SLE develop lupus nephritis because as 

the cells undergo a change, inducing vascular leakage 
through the intercellular junction protein, VE-cadherin. 
Mesenchymal cells are also produced from the β-catenin 
signaling from elastase associated with the high presence 
of NETs [45]. Serum samples of NET non-degraders had 
higher anti-dsDNA and antinuclear antibodies (ANA) 
titers than degraders [29]. The techniques of DNA 
staining and anti-myeloperoxidase (MPO) antibodies, 
allowed the colocalization and analysis of IgG deposition 
on NETs found in tubules and glomeruli in the kidneys of 
an SLE patient. The cohort allowed for the risk factors of 
impaired NET degradation and high levels of anti-dsDNA 
antibodies to be identified as a link to lupus nephritis 
[31]. A closer look into the pathology found a molecular 
interplay between glomerular endothelial cells and 
recruited neutrophils. Extensive damage to endothelial 
cells results in unique microparticle release containing 
Annexin V+ apoptotic chromatin. These microparticles 
enhance the ability of neutrophils to undergo NETosis, 
which aggravates the pathology. Importantly, in 
comparing plasma from SLE patients with normal 
healthy donors, these Annexin V+ microparticles were 
present only in SLE plasma [46]. 

Neuropsychiatric Lupus 

A significant amount of SLE patients suffer from central 
nervous system (CNS) complications including headaches, 
depression, psychosis, encephalopathy, coma, and more 
[47]. Despite research into such complications, much of 
the pathophysiology of what is deemed neuropsychiatric 
systemic lupus erythematosus (NPSLE) remains elusive. 
Thus far, it is known that compromising the integrity of the 
blood-brain barrier (BBB) in NPSLE likely leads to such 
neuropsychiatric symptoms [48,49] as a consequence 
of an inflammatory influx that results in brain injury 
[50]. Critical to the BBB is the surrounding endothelial 
cells that protect the CNS from peripheral circulation. 
Essentially, with the loss of the BBB, inflammatory cells 
and autoantibodies have access to the CNS and result in 
pathology of the brain [51]. 

While research points to an immune complex (IC) 
initiation of complement mediated apoptosis as a 
mechanism of the loss of BBB integrity, studies have 
also shown the detrimental effect of transmigration of 
neutrophils and the release of extracellular traps. In this 
model, IL-1β induces activation of ICAM-1 and VCAM-1 
in mouse brain endothelial cells (MBEC), which results in 
transmigration of neutrophils. Following transmigration 
neutrophils change to a neurotoxic phenotype, initiating 
degranulation and NETosis, including the release of 
decondensed DNA associated with neurotoxic proteases, 
resulting in both neuronal cell death and BBB damage. 
Further, the NETosis occurs in a cell viable manner, 
meaning the mitochondrial DNA rather than cellular 
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DNA is extruded, and the extrusion occurs in an active, 
rather than suicidal, manner [52]. 

With NETosis induced BBB loss of integrity, the brain 
can now also be exposed to auto-antibodies. Antibodies 
against N-methyl-D-aspartate (NMDA) receptors 
(ligand-gated calcium channels), specifically binding 
to the zinc binding site, have been implicated in SLE 
patients resulting in CNS symptoms resulting in loss of 
neuronal cell viability via a Ca2+ influx and subsequent 
apoptotic pathway [53]. As such, NETosis induced loss 
of BBB integrity can also result in further neurotoxicity 
through the introduction of NMDA autoantibodies [54]. 

Other Organs

The manifestations of SLE of course extend beyond the 
brain and the kidneys. The integument is a prominent site 
of lupus pathology, and NETosis has been implicated here 
in this instance as well. IFNα released by pDCs results in 
an inflammatory influx at the dermal-epidermal junction 
and, via TLR 7 and 9, NETs provide stimulation to pDCs. 
The role of NETs in pDC activation does not appear to 
be necessary for the initial cutaneous insult, however, 
because depletion of neutrophils prior to cutaneous 
stimulation does not ameliorate pathology. Instead, 
NETs appear to be playing a chronic role in autoimmune 
stimulation [55]. Further research needs to be done on 
the role of NETosis in other manifestations of lupus, such 
as arthritis, pericarditis, pleuritis, and malar rash. 

Treatment

The current treatment of lupus includes a multitude 
of drugs aimed primarily at suppressing the overactive 
immune system while also targeting the particular 
symptoms and manifestations. In general, patients 
are treated with the anti-malarial drug chloroquine or 
hydrochloroquine. Patients are also given a cocktail of 
immunosuppressants, including steroids like prednisone, 
glucocorticoids, cyclophosphamide, rituximab, etc. 
[56,57]. In other words, there is a great variety of 
current regimens that may be catered to a particular 
patient; however, none are curative, and each has its own 
harmful side effects. The implication of NETosis in SLE 
is promising in that a potential specific therapeutic target 
(e.g., mitochondrial ROS, Annexin V+ microsomes) may 
be clinically useful. 

The proteins NETs express or bear, depends on the 
stimuli and the environment [2]. In SLE, since they are 
generated even in the absence of microbial triggers and 
once generated aggravate the inflammatory symptoms, 
therapeutic intervention reducing or preventing NET 
formation could be beneficial. However, this would 
depend on whether the neutrophils will still remain viable 

and functional in case of infections, or else researchers 
would have to identify other upstream or downstream 
therapeutic targets. 

A potential treatment includes the use of metformin, a 
drug canonically used to treat diabetes mellitus. Wang 
et al. already highlighted the presence of mtDNA auto-
antibodies in SLE patients, thus identifying a potential 
therapeutic target. In vitro, metformin decreases 
mtDNA NET release, thus a clinic trial with metformin 
was conducted comparing SLE patients treated with 
conventional treatment to a metformin add-on group. 
In the study, metformin notably reduced lupus flares; 
however, NETosis and mtDNA were not directly measured 
in patients in this study [58]. Regardless, targeting 
the source of autoantibodies in NETosis and lupus, 
specifically mtDNA, appears to be clinically promising.

Additional to mtDNA, NETs have been found to have 
hypo-acylated histones on expelled DNA, which is both 
pro-inflammatory and pro-apoptotic [44,45,59]. Further, 
these free histones are preferentially recognized by auto-
IgG in lupus [59]. Administration of a histone-deacetylase 
inhibitor (HDAC inhibitor) such as trichostatin A 
may hold promise in attenuating this response. For 
example, both Mishra et al. and Garcia et al. found 
that administration of HDAC inhibitors decrease the 
pathology in lupus nephritis in MRL/lpr mice [60,61]. 
However, at the time of the study the results may have 
been attributed to correction of epigenetics rather than 
NETosis, specifically. 

Other components of the machinery behind NET 
release are potential targets. Inhibition of PAD4, which 
is necessary for histone citrullination and chromatin 
decondensation, negatively modulates NET formation 
[62]. Even more, inhibition in MLR/lpr mice also 
decreases the manifestations of lupus [63]. The caveat 
behind PAD4 inhibition, however, is the potential of 
infections by eliminating a potentially integral defense 
function of neutrophils [64]. Additionally, with the 
involvement of TLR 7 and 9 in chronic skin autoimmunity 
from lupus, inhibitors of the TLR 7 and 9 decreased 
cutaneous manifestations in NZB/W mice [55]. Such 
inhibitors hold therapeutic potential in humans for 
lupus-induced dermatitis. 

Overall, the implication of NETosis in the pathogenesis 
of SLE is promising in identifying therapeutic targets 
beyond broad immunosuppression that lacks both 
specificity and efficacy. Further, targeting aberrant 
NETosis specifically, such as mtDNA targets, HDAC 
inhibitors, or mitochondrial ROS inhibitors can inhibit 
pathological NETosis while leaving benign NETosis 
intact, allowing what appears to be a normal mechanism 
of innate defense functional. 

40



                                                                                                                                                      
  Salemme R, Peralta LN, Meka SH, Pushpanathan N, Alexander JJ. The Role of NETosis in Systemic Lupus 
Erythematosus. J Cell Immunol; 2019;1(2):35-44.

J Cell Immunol. 2019
Volume 1, Issue 2

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

The grants obtained from the American Hearing 
Research Foundation and NIH R01 Grant DK111222 to 
JJA is gratefully acknowledged.

References

1. Tsokos G. Systemic Lupus Erythematosus. The 
New England Journal of Medicine 2011. 365: 2110-21. 

2. Kaplan MJ, Radic M. Neutrophil extracellular 
traps: double-edged swords of innate immunity. The 
Journal of Immunology. 2012 Sep 15;189(6):2689-95.

3. Brinkmann V, Reichard U, Goosmann C, Fauler 
B, Uhlemann Y, Weiss DS, Weinrauch Y, Zychlinsky A. 
Neutrophil extracellular traps kill bacteria. science. 2004 
Mar 5;303(5663):1532-5. 

4. Delgado-Rizo V, Martínez-Guzmán MA, Iñiguez-
Gutierrez L, García-Orozco A, Alvarado-Navarro A, 
Fafutis-Morris M. Neutrophil extracellular traps and its 
implications in inflammation: an overview. Frontiers in 
immunology. 2017 Feb 6;8:81. 

5. Papayannopoulos V. Neutrophil extracellular 
traps in immunity and disease. Nature Reviews 
Immunology. 2018 Feb;18(2):134.

6. Manda A, Pruchniak MP, Araźna M, Demkow 
UA. Neutrophil extracellular traps in physiology and 
pathology. Central-European journal of immunology. 
2014;39(1):116.

7. Wang Y, Li M, Stadler S, Correll S, Li P, Wang 
D, Hayama R, Leonelli L, Han H, Grigoryev SA, Allis 
CD. Histone hypercitrullination mediates chromatin 
decondensation and neutrophil extracellular trap 
formation. J Cell Biol. 2009 Jan 26;184(2):205-13.

8. Mastronardi FG, Wood DD, Mei J, Raijmakers 
R, Tseveleki V, Dosch HM, Probert L, Casaccia-Bonnefil 
P, Moscarello MA. Increased citrullination of histone 
H3 in multiple sclerosis brain and animal models of 
demyelination: a role for tumor necrosis factor-induced 
peptidylarginine deiminase 4 translocation. Journal of 
Neuroscience. 2006 Nov 1;26(44):11387-96.

9. Villanueva E, Yalavarthi S, Berthier CC, Hodgin 
JB, Khandpur R, Lin AM, Rubin CJ, Zhao W, Olsen 
SH, Klinker M, Shealy D. Netting neutrophils induce 
endothelial damage, infiltrate tissues, and expose 

immunostimulatory molecules in systemic lupus 
erythematosus. The Journal of Immunology. 2011 Jul 
1;187(1):538-52. 

10. Nakashima K, Hagiwara T, Ishigami A, Nagata S, 
Asaga H, Kuramoto M, Senshu T, Yamada M. Molecular 
characterization of peptidylarginine deiminase in HL-60 
cells induced by retinoic acid and 1α, 25-dihydroxyvitamin 
D3. Journal of Biological Chemistry. 1999 Sep 
24;274(39):27786-92.

11. Yipp BG, Kubes P. NETosis: how vital is it?. Blood, 
The Journal of the American Society of Hematology. 
2013 Oct 17;122(16):2784-94.

12. Alexander JJ, Jacob A, Bao L, Macdonald RL, Quigg 
RJ. Complement-dependent apoptosis and inflammatory 
gene changes in murine lupus cerebritis. The Journal of 
Immunology. 2005 Dec 15;175(12):8312-9. 

13. Alexander JJ, Jacob A, Vezina P, Sekine H, Gilkeson 
GS, Quigg RJ. Absence of functional alternative complement 
pathway alleviates lupus cerebritis. European journal of 
immunology. 2007 Jun;37(6):1691-701.

14. Jacob A, Hack B, Bai T, Brorson JR, Quigg RJ, 
Alexander JJ. Inhibition of C5a receptor alleviates 
experimental CNS lupus. Journal of neuroimmunology. 
2010 Apr 15;221(1-2):46-52.

15. Urban CF, Ermert D, Schmid M, Abu-Abed U, 
Goosmann C, Nacken W, Brinkmann V, Jungblut PR, 
Zychlinsky A. Neutrophil extracellular traps contain 
calprotectin, a cytosolic protein complex involved in host 
defense against Candida albicans. PLoS pathogens. 2009 
Oct 30;5(10):e1000639. 

16. Remijsen Q, Kuijpers TW, Wirawan E, Lippens S, 
Vandenabeele P, Berghe TV. Dying for a cause: NETosis, 
mechanisms behind an antimicrobial cell death modality. 
Cell death and differentiation. 2011 Apr;18(4):581.

17. Behnen M, Leschczyk C, Möller S, Batel T, Klinger M, 
Solbach W, Laskay T. Immobilized immune complexes 
induce neutrophil extracellular trap release by human 
neutrophil granulocytes via FcγRIIIB and Mac-1. The 
Journal of Immunology. 2014 Aug 15;193(4):1954-65. 

18. Kessenbrock K, Krumbholz M, Schönermarck U, 
Back W, Gross WL, Werb Z, Gröne HJ, Brinkmann V, 
Jenne DE. Netting neutrophils in autoimmune small-
vessel vasculitis. Nature medicine. 2009 Jun;15(6):623. 

19. Delgado-García G, Galarza-Delgado DÁ, Colunga-
Pedraza I, Borjas-Almaguer OD, Mandujano-Cruz I, 
Benavides-Salgado D, Martínez-Granados RJ, Atilano-
Díaz A. Mean platelet volume is decreased in adults with 

41



                                                                                                                                                      
  Salemme R, Peralta LN, Meka SH, Pushpanathan N, Alexander JJ. The Role of NETosis in Systemic Lupus 
Erythematosus. J Cell Immunol; 2019;1(2):35-44.

J Cell Immunol. 2019
Volume 1, Issue 2

active lupus disease. Revista brasileira de reumatologia. 
2016 Dec;56(6):504-8. 

20. Garcia-Romo GS, Caielli S, Vega B, Connolly J, 
Allantaz F, Xu Z, Punaro M, Baisch J, Guiducci C, 
Coffman RL, Barrat FJ. Netting neutrophils are major 
inducers of type I IFN production in pediatric systemic 
lupus erythematosus. Science translational medicine. 
2011 Mar 9;3(73):73ra20. 

21. Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad 
C, Gregorio J, Meller S, Chamilos G, Sebasigari R, 
Riccieri V, Bassett R. Neutrophils activate plasmacytoid 
dendritic cells by releasing self-DNA–peptide complexes 
in systemic lupus erythematosus. Science translational 
medicine. 2011 Mar 9;3(73):73ra19. 

22. Means TK, Latz E, Hayashi F, Murali MR, Golenbock 
DT, Luster AD. Human lupus autoantibody–DNA 
complexes activate DCs through cooperation of CD32 
and TLR9. The Journal of clinical investigation. 2005 
Feb 1;115(2):407-17.

23. Lemos HP, Grespan R, Vieira SM, Cunha TM, Verri 
WA, Fernandes KS, Souto FO, McInnes IB, Ferreira SH, 
Liew FY, Cunha FQ. Prostaglandin mediates IL-23/IL-17-
induced neutrophil migration in inflammation by inhibiting 
IL-12 and IFNγ production. Proceedings of the National 
Academy of Sciences. 2009 Apr 7;106(14):5954-9.

24. Smith E, Zarbock A, Stark MA, Burcin TL, Bruce 
AC, Foley P, Ley K. IL-23 is required for neutrophil 
homeostasis in normal and neutrophilic mice. The 
Journal of Immunology. 2007 Dec 15;179(12):8274-9. 

25. Murugaiyan G, Saha B. Protumor vs antitumor 
functions of IL-17. The Journal of Immunology. 2009 Oct 
1;183(7):4169-75. 

26. Zhang S, Lu X, Shu X, Tian X, Yang H, Yang W, Zhang 
Y, Wang G. Elevated plasma cfDNA may be associated 
with active lupus nephritis and partially attributed to 
abnormal regulation of neutrophil extracellular traps 
(NETs) in patients with systemic lupus erythematosus. 
Internal Medicine. 2014;53(24):2763-71.

27. Li W, Titov AA, Morel L. An update on lupus 
animal models. Current opinion in rheumatology. 2017 
Sep;29(5):434.

28. Liu C, Kanamaru Y, Watanabe T, Tada N, Horikoshi 
S, Suzuki Y, Liu Z, Tomino Y. Targeted IgA Fc receptor I 
(FcαRI) therapy in the early intervention and treatment 
of pristane-induced lupus nephritis in mice. Clinical & 
Experimental Immunology. 2015 Sep;181(3):407-16. 

29. Hakkim A, Fürnrohr BG, Amann K, Laube B, Abed 

UA, Brinkmann V, Herrmann M, Voll RE, Zychlinsky A. 
Impairment of neutrophil extracellular trap degradation is 
associated with lupus nephritis. Proceedings of the National 
Academy of Sciences. 2010 May 25;107(21):9813-8. 

30. Giaglis S, Hahn S, Hasler P. “The NET outcome”: 
are neutrophil extracellular traps of any relevance to the 
pathophysiology of autoimmune disorders in childhood?. 
Frontiers in pediatrics. 2016 Sep 13;4:97.

31. Yu Y, Su K. Neutrophil extracellular traps and 
systemic lupus erythematosus. Journal of clinical & 
cellular immunology. 2013 Apr;4.

32. Neumann A, Völlger L, Berends ET, Molhoek EM, 
Stapels DA, Midon M, Friães A, Pingoud A, Rooijakkers 
SH, Gallo RL, Mörgelin M. Novel role of the antimicrobial 
peptide LL-37 in the protection of neutrophil extracellular 
traps against degradation by bacterial nucleases. Journal 
of innate immunity. 2014;6(6):860-8. 

33. Papayannopoulos V, Metzler KD, Hakkim A, 
Zychlinsky A. Neutrophil elastase and myeloperoxidase 
regulate the formation of neutrophil extracellular traps. 
The Journal of cell biology. 2010 Nov 1;191(3):677-91. 

34. Lood C, Blanco LP, Purmalek MM, Carmona-
Rivera C, De Ravin SS, Smith CK, Malech HL, Ledbetter 
JA, Elkon KB, Kaplan MJ. Neutrophil extracellular 
traps enriched in oxidized mitochondrial DNA are 
interferogenic and contribute to lupus-like disease. 
Nature medicine. 2016 Feb;22(2):146. 

35. Wang L, Law HK. The role of autophagy in lupus 
nephritis. International journal of molecular sciences. 
2015 Oct;16(10):25154-67. 

36. Carmona-Rivera C, Zhao W, Yalavarthi S, Kaplan 
MJ. Neutrophil extracellular traps induce endothelial 
dysfunction in systemic lupus erythematosus through the 
activation of matrix metalloproteinase-2. Annals of the 
rheumatic diseases. 2015 Jul 1;74(7):1417-24.

37. Hacbarth E, Kajdacsy-Balla A. Low density 
neutrophils in patients with systemic lupus erythematosus, 
rheumatoid arthritis, and acute rheumatic fever. Arthritis 
& Rheumatism: Official Journal of the American College 
of Rheumatology. 1986 Nov;29(11):1334-42.

38. Bennett L, Palucka AK, Arce E, Cantrell V, Borvak 
J, Banchereau J, Pascual V. Interferon and granulopoiesis 
signatures in systemic lupus erythematosus blood. Journal 
of Experimental Medicine. 2003 Mar 17;197(6):711-23.

39. Branzk N, Papayannopoulos V. Molecular mechanisms 
regulating NETosis in infection and disease. InSeminars in 
immunopathology 2013 Jul 1; 35(4): 513-30.

42



                                                                                                                                                      
  Salemme R, Peralta LN, Meka SH, Pushpanathan N, Alexander JJ. The Role of NETosis in Systemic Lupus 
Erythematosus. J Cell Immunol; 2019;1(2):35-44.

J Cell Immunol. 2019
Volume 1, Issue 2

40. Kaul A, Gordon C, Crow MK, Touma Z, Urowitz MB, 
van Vollenhoven R, et al. Systemic lupus erythematosus. 
Nature Reviews Disease Primers 2016. 2: 16039. 

41. Kanjanabuch T, Kittikowit W, Eiam-Ong S. An update 
on acute postinfectious glomerulonephritis worldwide. 
Nature Reviews Nephrology. 2009 May;5(5):259. 

42. Tesar V, Hruskova Z. Treatment of proliferative 
lupus nephritis: a slowly changing landscape. Nature 
Reviews Nephrology. 2011 Feb;7(2):96.

43. Menzi CP, Bucher BS, Bianchetti MG, Ardissino 
G, Simonetti GD. Management and outcomes of 
childhood Goodpasture’s disease. Pediatric research. 
2018 Apr;83(4):813.

44. Rother N, Pieterse E, Lubbers J, Hilbrands L, van der 
Vlag J. Acetylated histones in apoptotic microparticles 
drive the formation of neutrophil extracellular traps in 
active lupus nephritis. Frontiers in immunology. 2017 
Sep 14;8:1136.

45. Pieterse E, Rother N, Garsen M, Hofstra JM, 
Satchell SC, Hoffmann M, Loeven MA, Knaapen HK, van 
der Heijden OW, Berden JH, Hilbrands LB. Neutrophil 
extracellular traps drive endothelial-to-mesenchymal 
transition. Arteriosclerosis, thrombosis, and vascular 
biology. 2017 Jul;37(7):1371-9.

46. Dieker J, Tel J, Pieterse E, Thielen A, Rother 
N, Bakker M, Fransen J, Dijkman HB, Berden JH, 
de Vries JM, Hilbrands LB. Circulating apoptotic 
microparticles in systemic lupus erythematosus patients 
drive the activation of dendritic cell subsets and prime 
neutrophils for NETosis. Arthritis & rheumatology. 2016 
Feb;68(2):462-72.

47. Putterman C. Neuropsychiatric lupus, the blood 
brain barrier, and the TWEAK/Fn14 pathway. Frontiers 
in immunology. 2013 Dec 25;4:484. 

48. Jacob A, Hack B, Chen P, Quigg RJ, Alexander 
JJ. C5a/CD88 signaling alters blood–brain barrier 
integrity in lupus through nuclear factor-κB. Journal of 
neurochemistry. 2011 Dec;119(5):1041-51.

49. Jacob A, Hack B, Chiang E, Garcia JG, Quigg RJ, 
Alexander JJ. C5a alters blood-brain barrier integrity 
in experimental lupus. The FASEB Journal. 2010 
Jun;24(6):1682-8.

50. Wen J, Xia Y, Stock A, Michaelson JS, Burkly LC, 
Gulinello M, Putterman C. Neuropsychiatric disease in 
murine lupus is dependent on the TWEAK/Fn14 pathway. 
Journal of autoimmunity. 2013 Jun 1;43:44-54.

51. Mahajan SD, Tutino VM, Redae Y, Meng H, Siddiqui A, 
Woodruff TM, Jarvis JN, Hennon T, Schwartz S, Quigg RJ, 
Alexander JJ. C5a induces caspase-dependent apoptosis 
in brain vascular endothelial cells in experimental lupus. 
Immunology. 2016 Aug;148(4):407-19. 

52. Allen C, Thornton P, Denes A, McColl BW, 
Pierozynski A, Monestier M, Pinteaux E, Rothwell NJ, 
Allan SM. Neutrophil cerebrovascular transmigration 
triggers rapid neurotoxicity through release of proteases 
associated with decondensed DNA. The Journal of 
Immunology. 2012 Jul 1;189(1):381-92. 

53. Gono T, Takarada T, Fukumori R, Kawaguchi 
Y, Kaneko H, Hanaoka M, Katsumata Y, Yoneda Y, 
Yamanaka H. NR2-reactive antibody decreases cell 
viability through augmentation of Ca2+ influx in systemic 
lupus erythematosus. Arthritis & Rheumatism. 2011 
Dec;63(12):3952-9. 

54. Tay SH, Mak A. Anti-NR2A/B antibodies and other 
major molecular mechanisms in the pathogenesis of 
cognitive dysfunction in systemic lupus erythematosus. 
International journal of molecular sciences. 2015 
May;16(5):10281-300.

55. Guiducci C, Tripodo C, Gong M, Sangaletti S, 
Colombo MP, Coffman RL, Barrat FJ. Autoimmune skin 
inflammation is dependent on plasmacytoid dendritic cell 
activation by nucleic acids via TLR7 and TLR9. Journal of 
Experimental Medicine. 2010 Dec 20;207(13):2931-42.

56. Belmont HM. Treatment of systemic lupus 
erythematosus: 2013 update. Bulletin of the NYU 
Hospital for Joint Diseases. 2013 Jul 1;71(3):208.

57. Ruiz-Irastorza G, Ramos-Casals M, Brito-Zeron 
P, Khamashta MA. Clinical efficacy and side effects 
of antimalarials in systemic lupus erythematosus: a 
systematic review. Annals of the rheumatic diseases. 
2010 Jan 1;69(01):20-8.

58. Wang H, Li T, Chen S, Gu Y, Ye S. Neutrophil 
extracellular trap mitochondrial DNA and its autoantibody 
in systemic lupus erythematosus and a proof-of-concept 
trial of metformin. Arthritis & rheumatology. 2015 
Dec;67(12):3190-200.

59. Liu CL, Tangsombatvisit S, Rosenberg JM, 
Mandelbaum G, Gillespie EC, Gozani OP, Alizadeh AA, 
Utz PJ. Specific post-translational histone modifications 
of neutrophil extracellular traps as immunogens and 
potential targets of lupus autoantibodies. Arthritis 
research & therapy. 2012 Feb;14(1):R25.

60. Mishra N, Reilly CM, Brown DR, Ruiz P, Gilkeson 
GS. Histone deacetylase inhibitors modulate renal 

43



                                                                                                                                                      
  Salemme R, Peralta LN, Meka SH, Pushpanathan N, Alexander JJ. The Role of NETosis in Systemic Lupus 
Erythematosus. J Cell Immunol; 2019;1(2):35-44.

J Cell Immunol. 2019
Volume 1, Issue 2

disease in the MRL-lpr/lpr mouse. The Journal of clinical 
investigation. 2003 Feb 15;111(4):539-52. 

61. Garcia BA, Busby SA, Shabanowitz J, Hunt DF, 
Mishra N. Resetting the epigenetic histone code in the 
MRL-lpr/lpr mouse model of lupus by histone deacetylase 
inhibition. Journal of proteome research. 2005 Dec 
12;4(6):2032-42.

62. Lewis HD, Liddle J, Coote JE, Atkinson SJ, Barker 
MD, Bax BD, Bicker KL, Bingham RP, Campbell M, Chen 
YH, Chung CW. Inhibition of PAD4 activity is sufficient 
to disrupt mouse and human NET formation. Nature 
chemical biology. 2015 Mar;11(3):189. 

63. Knight JS, Subramanian V, O’Dell AA, Yalavarthi S, 
Zhao W, Smith CK, Hodgin JB, Thompson PR, Kaplan 
MJ. Peptidylarginine deiminase inhibition disrupts NET 
formation and protects against kidney, skin and vascular 
disease in lupus-prone MRL/lpr mice. Annals of the 
rheumatic diseases. 2015 Dec 1;74(12):2199-206.. 

64. Jorch SK, Kubes P. An emerging role for neutrophil 
extracellular traps in noninfectious disease. Nature 
medicine. 2017 Mar;23(3):279. 

44


