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Abstract

Purpose of review—Systemic lupus erythematosus (SLE) is characterized by autoantibodies 

directed against nuclear autoantigens normally concealed from immune recognition in healthy 

individuals. Here we summarize recently identified mechanisms of abnormal cell death leading to 

exposure and aberrant processing of nucleoprotein self antigens, and discuss their role in the SLE 

pathogenesis.

Recent findings—During the past few years, the unveiling of several new forms of cell death 

has expanded our understanding beyond the simple view of “apoptotic” versus “necrotic” cell 

death. SLE patients show abnormalities in cell death at several levels, including increased rates of 

apoptosis, necrosis, and autophagy, as well as reduced clearance of dying cells. These 

abnormalities lead to an increased autoantigen burden and also antigen modifications, such as 

nucleic acid oxidation that increase the inflammatory properties of self antigens. Recent 

investigations have highlighted the role of opsonins in determining the immunogenic versus 

tolerogenic characteristics of self antigens.

Summary—Dysregulation of different forms of programmed cell death contributes to increased 

exposure, availability, and immunogenic characteristic of intracellular self antigens, which all 

participate in development of lupus autoimmunity. As our understanding of abnormalities of cell 

death in SLE advances, potential therapeutic opportunities await human implementation.
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Introduction

It is becoming increasingly apparent that nucleoprotein complexes (NPC) containing either 

DNA or RNA play a dominant role in the pathogenesis of systemic lupus erythematosus 

(SLE). Evidence includes that both DNA complexes (including chromatin and extracellular 

proteins such as LL37), and RNA complexes (including SmRNP, Ro and La particles) are 

targeted by autoantibodies. These NPC particles are thought to be derived from dead and 

dying cells and contribute to inflammation by several routes. Dead cell-derived NPC may 
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activate the innate immune system leading to inflammatory cytokine production, either 

directly or following the formation of antigen-antibody complexes (immune complexes or 

ICs). In addition, nucleoprotein particles that are ingested following abnormal cell death 

may be processed and presented by antigen presenting cells leading to the generation of 

autoreactive T cell responses. Expression of self antigens on the surface of apoptotic cells 

are thought to play a role in positive selection of low affinity autoreactive B cells, and 

antigens from dying cells in the germinal center may promote the formation of self antigen-

containing ICs. NPC containing ICs provoke inflammation by activation of the complement 

cascade and by activating Fcg receptors (FcgR) on monocytes, macrophages, dendritic cells 

and neutrophils as well as intracellular Toll-like receptors (TLRs) when internalized. As the 

role of increased rates of apoptosis and decreased apoptotic cell clearance in SLE has been 

extensively reviewed before [1], we will focus our discussion on how other cell death 

abnormalities and dead-cell derived self antigens, in particular NPC, may contribute to the 

SLE pathogenesis.

Cell death pathways implicated in SLE

NETosis

Neutrophil extracellular traps (NETs) were first described in 2004 as an important defense 

mechanism in infection, mediating bacterial trapping and killing through the extrusion of 

nuclear material including DNA and histones in a web-like structure [2]. In SLE, low-

density granulocytes (LDGs) extrude NETs spontaneous when isolated ex vivo, and in vitro 

studies show that IgG anti-RNP autoantibodies can mediate NETosis by type I IFN-primed 

neutrophils [3, 4]. The balance between apoptosis and NETosis is partly regulated by Akt, 

which functions downstream of the NADPH oxidase inhibiting apoptosis and promoting 

NETosis [5*]. Thus, Akt may be a potential therapeutic target to reduce NETosis in vivo 

[5*].

Oxidation, as well as PAD4-mediated citrullination of histones, is thought to be necessary 

for NETosis. Whereas Shlomchik et al [6] reported that MRL/lpr mice deficient in Nox2, 

and therefore impaired in NADPH-mediated oxidative pathway and NETosis, develop a 

worse lupus-like disease compared to wild type mice, NZM2328 mice treated with a PAD4 

inhibitor had reduced immune complex deposition and renal inflammation [7**]. Whether 

differences in these results are related to the different mouse models tested, unexpected 

effects of genetic manipulation or “off target” effects of the chemical PAD4 inhibitor, 

remain to be determined. Another argument against an in vivo role for NETosis is that 

oxidation was shown not to be necessary for in vivo NET production in an IC murine model 

of inflammation [8]. If indeed, NETosis is involved in human SLE, another possible 

therapeutic target may be signal inhibitory receptor on leukocytes-1 (SIRL-1), which, upon 

ligation, inhibits both spontaneous and antibody-induced NETosis in neutrophils from SLE 

patients with low or moderate disease activity [9*]. Currently available therapies such as 

acetylsalicylic acid, but not dexamethasone, are able to reduce NETosis both in vitro and in 

vivo [10].

Reduced NET degradation in vitro is associated with a more severe clinical disease, 

including nephritis [11–13]. NETs are rendered resistant to nuclease digestion by 
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autoantibodies [11, 13] and also by oxidation of DNA [14**]. Some investigators reported 

that macrophages clear NETs in a silent non-inflammatory manner [15*], while others 

demonstrated LL-37-mediated inflammasome activation following ingestion of NETs by 

macrophages [16]. Indeed, NETs could contain different molecules depending on the 

inducing stimulus [17] and such differential composition likely affects their inflammatory 

properties. In summary, NETs could be a potent source of modified autoantigens that 

promote inflammation in SLE, both by activation of the innate immune system as well as by 

serving as an autoantigen within IC. However their role in patients with SLE needs to be 

evaluated in greater detail before NETs can be clearly implicated in the pathogenesis of the 

disease.

Autophagy

Autophagy, or self-cannibalism, is an essential system to maintain intracellular homeostasis 

to ensure disposal of non-functional, damaged or unnecessary proteins and organelles. The 

process is regulated by the autophagy-related gene family, of which atg5 has been linked to 

development of SLE by genetic studies [18, 19]. DNA immune complexes (DNA-ICs) 

phagocytosed by plasmacytoid dendritic cells (pDCs) induce IFNa by activating TLR9, and 

this process requires a noncanonical autophagy pathway named LC3-associated 

phagocytosis (LAP). Deficiencies in this pathway (i.e. Atg7−/− cells) do not affect the 

phagocytosis of DNA-ICs, but decrease TLR9 engagement and subsequent IFNa production 

by murine pDCs [20]. While LC3 amplifies the response to intracellular DNA, another 

member of the autophagy pathway, Beclin-1, acts as an inhibitor instead: in particular, 

Beclin-1 prevents the activity of cGAS, a cytosolic DNA sensor, and promotes autophagy-

mediated degradation of intracellular DNA, thus inhibiting type I IFN production [21]. In an 

SLE model, autophagy preceded lupus disease onset, and Atg7−/− B cells failed to 

efficiently develop into plasma cells [22*], suggesting that activation of B cell autophagy is 

important for terminal B cell development, and that selective autophagy inhibition could be 

considered as an approach to limit plasma cell differentiation. Of note, the same authors 

showed that SLE patients displayed increased B cell autophagy, which supported increased 

plasmablast development [22*]. Together, these studies demonstrate important roles of 

autophagy in the immunological response to self DNA and in the development of antibody-

producing plasma cells, both key events in loss of self tolerance.

Necroptosis

Necroptosis, a form of caspase-independent cell death, was initially described as a defense 

mechanism against intracellular pathogens, but has been shown to occur under different 

pathological conditions including myocardial infarction, stroke, ischemia-reperfusion injury, 

pancreatitis, and inflammatory bowel disease [23]. Necroptosis is induced after triggering of 

death receptors, including TNFR1 and Fas, but surface TLRs and the cytoplasmic DNA 

sensor DAI have also been implicated in this process through regulated assembly of the 

“necrosome” [24]. Interestingly, type I IFNs were recently shown to induce necroptosis in 

mouse embryonic fibroblasts [25]. Further, murine macrophages lacking type I interferon 

receptor (ifnar−/−) were shown to be resistant to Salmonella-induced necroptosis [26], 

arguing for a role of type I IFNs in promoting necroptosis. Given the increased expression of 

type I IFNs in SLE patients, it will be of interest to investigate this pathway in SLE since 
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therapeutic agents targeting components within the necrosome, including necrostatin-1 and 

necrosulfonamide, have shown encouraging results in preventing mortality in preclinical 

models for TNFa-induced shock [27].

MicroRNA-mediated regulation of cell death in SLE

MicroRNAs (miRNAs) are small, 19–25 nucleotide long, sequences of non-coding RNA 

able to regulate mRNA expression post-transcriptionally through targeted degradation of 

mRNA or by inhibiting translation. One well-studied cluster of miRNAs, the miR-17–92 

family, exhibits anti-apoptotic functions through repressing Bim and PTEN [28] and was 

found to be decreased in SLE patients in two independent cohorts [29]. Several other 

miRNAs, including miR-29b and miR-29c target anti-apoptotic members of the Bcl-2 

family. Hong and colleagues found that glucocorticoids increased the expression of miR-29b 

and miR-29c in plasmacytoid dendritic cells rendering them more susceptible to apoptosis 

[30]. However, in presence of a TLR9 agonist, glucocorticoids were unable to induce 

miR-29b and miR-29c and subsequent cell death. Thus, TLR activation-mediated down-

regulation of miR-29b and miR-29c may be an efficient way of protecting cells from 

apoptosis and promoting their continued inflammatory response. T cells from SLE patients 

have been described to have increased levels of miR-29b, suggesting that those cells would 

be more prone to undergo apoptosis [31]. However, considering DNA and RNA-containing 

ICs as the main TLR ligands in SLE patients, it would be of interest to also study miR-29b 

and miR-29c expression in TLR7 or TLR9-expressing cells, to determine whether decreased 

miR-29b and miR-29c levels within those cells may contribute to increased longevity and 

chronic inflammation in SLE patients.

MiR-155 expression is increased in SLE as well as in lupus-prone mice and has been linked 

to several immune modulatory functions including autoantibody production and type I IFN 

regulation [32–34] and, recently, also to autophagy through the targeting the mTOR 

pathway [35]. The possible role of miR-155 in the increased autophagy seen in SLE patients 

is however not known [22]. Das and colleagues found that miR-21 expression was up-

regulated in phagocytosing macrophages, and was essential to promote an anti-inflammatory 

response. Furthermore, overexpression of miR-21 reduced the LPS-induced release of pro-

inflammatory cytokines from macrophages even in the absence of apoptotic cells [36]. Thus, 

miR-21 is suggested to be an important anti-inflammatory mediator during clearance of 

apoptotic cells, and, possibly, under other pathophysiological conditions. However, in lupus 

T cells, miR-21 expression is increased and highly related to disease activity and to B and T 

cell activation [37]. Furthermore, activation of both murine and human T cells was 

effectively reversed by miR-21 silencing, no longer supporting B cell maturation into 

plasma cells [37, 38]. These important differences in the biology of miR-21 in different cell 

types cautions against therapeutic agents such as antigomirs, which may then have untoward 

effects in patients.
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Accumulation, modification and downstream consequences of dead cell-

derived antigens

Accumulation of dying cells: defects in apoptotic cell receptors and serum opsonins

Clearance of apoptotic cells can occur via direct recognition by scavenger receptors on 

phagocytes, and with the aid of specific serum opsonins including MFG-E8, Gas-6, Protein-

S and complement components such as C1q and C3b, that act as molecular bridges by 

binding to both AC and different endocytic receptors on phagocytes [1]. Given the central 

importance of clearing dead cells in an efficient and immunologically silent manner, 

knockout studies have indicated a high degree of redundancy and/or compensatory 

mechanisms of dead cell receptors and opsonins for apoptotic cells. Recent evidence 

suggests that efficient clearance of early apoptotic cells, before proceeding to secondary 

necrosis, relies on the induction of MerTK, the receptor for Gas-6 and Protein-S, in M2c 

polarized macrophages, resulting in anti-inflammatory cytokine production [39]. In MerTK 

knockout mice, apoptotic cells accumulate in germinal centers promoting aberrant B and T 

cell responses and development of antinuclear antibodies [40]. In SLE patients, soluble Mer 

ectodomain shedding was shown to correlate with increased disease activity and 

autoantibody levels [41], suggesting it may be employed as a disease biomarker.

Deficiency of MFG-E8, a bridging molecule binding phosphatidylserine on AC and av 

integrins on phagocytes, causes altered processing of dead cell-associated antigens, but is 

not sufficient to induce lupus in mice with non-autoimmune genetic background (C57BL/6) 

[42]. In contrast, MFG-E8−/− mice crossed to mice deficient in another apoptotic cell 

receptor, Tim-4 that binds directly to phosphatidylserine on AC, resulted in increased 

autoantibody production [43]. Whether these findings are explained by the numbers of 

apoptotic cells that fail to be engulfed or by specific signals generated by phagocytes 

receiving a cooperative signal remains to be determined. Relevant to human SLE, Lauber et 

al [44] showed that glucocorticoids enhance MFG-E8 expression in human SLE monocytes 

leading to increased clearance of apoptotic cells [44]. Thus, in addition to their general 

immunosuppressive effects, glucocorticoids may ameliorate disease also by enhancing the 

opsonization and swift processing of apoptotic cells as has been shown in other contexts [39, 

45–47].

While SLE is a polygenic disease, over 90% of individuals carrying genetic or acquired 

deficiencies in the first component of the classical complement cascade, C1q, develop lupus, 

and C4 and C2 deficiencies are considered major susceptibility factors. Many mechanisms 

via which early complement components help preventing lupus autoimmunity have been 

suggested, including: 1) C1q binding to and clearance of apoptotic cells either directly [48–

51] or via the induction of C3b deposition [52, 53], 2) C1q-mediated induction of the 

expression of serum opsonins such as Gas-6 and Protein-S and their receptor MerTK [54*], 

3) C1q-driven suppression of IFNa-production by pDC either directly [55] or by mediating 

the binding of SLE IC to monocytes instead of pDC [56]; 4) C1q-mediated inhibition of 

inflammasome activation in human macrophages [57*], and 5) C3b/CR3-mediated anti-

inflammatory signals [58, 59]; 5) Mac-1/CR3-mediated negative regulation of FcγRIIA-

dependent neutrophil recruitment in response to in vivo transferred SLE IC [60]. 
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Furthermore, similarly to what was previously shown for MFG-E8 [42], C3 activation 

products were recently reported to regulate the processing and presentation of dead cell-

derived antigens by murine dendritic cells [61*], further expanding the role of complement 

in the control of the immune responses to self.

Two newly identified C1q receptors, SCARF1 [62*] and LAIR-1[63*], have been shown to 

mediate lupus protective functions. SCARF1 is highly expressed on endothelial cells, B-1 

cells, and CD8a+ DC, the latter known to be very important in the uptake, presentation and 

tolerance to dead cell-derived antigens. Strikingly, the single genetic ablation of SCARF1 

was shown to lead to impaired apoptotic cell uptake and accumulation, immune cell 

activation, and a lupus-like disorder in mice, characterized by antinuclear autoantibodies and 

nephritis[62*]. LAIR-1 is expressed on both myeloid and lymphoid cells, but a reduction in 

expression on SLE B cells [64] and pDCs [65] has been reported. C1q binding to LAIR-1 

delivers an ITIM-mediated inhibitory signal, resulting in the blockade of dendritic cell 

differentiation from monocytes, and inhibition of IFNa production by pDC [63*]. 

Interestingly, both phenomena were reversed by the addition of LAIR-2, a soluble LAIR-1 

inhibitor, suggesting that therapeutic blockade of LAIR-2 and/or agonistic targeting of 

LAIR-1 may represent promising strategies to decrease DC differentiation and IFNa 

production in SLE. The new studies are consistent with a protective role of complement in 

preventing lupus autoimmunity and offer additional therapeutic approaches to enhance 

removal of apoptotic cells and/or simulate their immune suppressive effects.

Modified autoantigens

Apoptotic and secondary necrotic cells are a source of modified autoantigens with increased 

immunogenic properties. Oxidative stress and other posttranslational modifications may 

render autoantigens immunogenic in SLE. As mentioned above, oxidation of 8-

hydroxyguanosine (8-OHG) renders DNA resistant to degradation by the endonuclease, 

TREX1, and 8-OHG DNA is prevalent in NETs and in UV-exposed skin lesions of lupus 

patients [14]. Further, mice lacking the MFG-E8 were shown to have an increased IgM 

response specific for the 4-oxo-2-nonenal (ONE) protein modification [66], a highly reactive 

aldehyde resulting from fatty acid peroxidation, reacting with late apoptotic, secondary 

necrotic cells. Interestingly, an increase IgG response to ONE-modified proteins 

crossreacting with DNA was also described in Fas-deficient MRL-lpr mice [67], suggesting 

that the lipid peroxidation and, in particular the ONE modification, may be of particular 

pathophysiological significance in lupus, though the relevance of the ONE modification in 

human disease has yet to be determined. On the other hand, a recent study demonstrated the 

beneficial effects of lipid oxidation, and in particular generation of oxidized 

phosphatidylethanolamine (OxPE), by the enzyme, 12/15 lipoxigenase (12/15 LO). Genetic 

deficiency of 12/15-LO during inflammation caused aberrant apoptotic cell clearance and 

enhanced uptake by inflammatory monocytes, resulting in T cell activation in response to 

apoptotic cell-derived self antigens, autoantibody production, and glomerulonephritis 

[68**]. 12/15 LO-mediated lipid oxidation was shown to promote clearance of apoptotic 

cells by tolerogenic resident macrophages, blocking uptake by newly recruited inflammatory 

monocytes and macrophages [68**]. The underlying mechanism is not fully understood, but 

seems to partly depend on the OxPE-dependent sequestration of soluble MFG-E8 by 
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alternatively activated resident macrophages. These data suggest that, despite many reports 

of the noxious consequences of oxidative changes in SLE, care should be taken in designing 

therapies that broadly target oxidative events in lupus.

Cleanup of inflammatory mediators

Contrary to apoptotic cell death, primary and secondary necrosis, as well as NETosis, leads 

to spillage of danger signals including DNA and RNA-containing NPC that interact with 

TLRs and other sensors leading to immune cell activation and loss of tolerance. Such danger 

molecules usually require carrier macromolecules to enter cells, whether these are 

autoantibodies, peptides such as LL37 released by NETosis or even amyloid-like aggregates 

[3, 69]. To determine whether degradation of the potentially inflammatory nucleic acid 

DAMP can prevent or resolve lupus-like disease, studies in our laboratory focused on lupus-

prone mice that were hyperresponsive to RNA through overexpression of TLR7. Sun et al 

[70] showed that mice that expressed high levels of RNase were significantly protected from 

disease as determined by increased survival, decreased IC deposition in the kidneys, and 

dampened T/B cell expansion and activation. Furthermore, expansion of a unique subset of 

T1 B cells that were responsible in part for autoantibody production was reduced in RNAse 

transgenic mice [71].

Conclusions

Cell death plays a prominent role in the SLE pathogenesis by providing 1) increased 

availability, 2) pathogenic modifications, and 3) aberrant processing and presentation of self 

antigens, in particular NPC (Figure 1). Several potential therapies have been proposed, 

including PAD4 targeting for NETosis inhibition, degradation of extracellular RNA by 

circulating RNase, and modulation of the LAIR-1/LAIR-2 axis to inhibit IFNa production. 

Future studies will determine which of these strategies targeting different aspects and/or 

consequences of aberrant cell death pathways will be useful to reduce disease activity and, 

possibly, prevent autoimmunity in SLE patients.
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Abbreviations

AC apoptotic cell

DC dendritic cell

FcgR Fc gamma receptor

IC immune complex

IFN interferon

IFNa interferon alpha
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miR microRNA

miRNA microRNA

NET neutrophil extracellular trap

NPC nucleoprotein complexes

pDC plasmacytoid dendritic cell

SLE systemic lupus erythematosus

TLR Toll-like receptor
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Key points

• Apart from apoptosis, several forms of cell death such as necrosis, autophagy, 

NETosis and necroptosis, have been implicated in immunologic aberrations 

related to SLE.

• Abnormal cell death can lead to increased availability, pathogenic 

modifications, immunogenic processing and/or presentation of self antigens.

• Opsonins, including MFG-E8, C3 and C1q, have a key role in mediating the 

clearance of dying cells and in determining the immunogenic versus tolerogenic 

properties of self antigens.

• MicroRNAs participate on several levels to contribute to cell death regulation in 

SLE.

• Many new potential therapeutic targets have been proposed that may inhibit 

inflammation or reactivity to self that may be applicable to treatment of SLE.
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Figure 1. An overview of the aberrant cell death and processing of self antigens in the 
pathogenesis of systemic lupus erythematosus (SLE) and possible therapeutic implications
1. Aberrant cell death, i.e. increased or unwanted cell death, including NETosis and release 

of neutrophil (PMN) extracellular traps (NETs) (2), may provide increased availability 

and/or modified self antigens (self Ag), such as 8-OHG-carrying oxidized DNA- and RNA -

containing nucleoprotein complexes (NPCs). Opsonins, in particular the complement 

components C1q and iC3b as well as MFG-E8, recognize dying cells or cell remnants and 

mark them for silent processing through interaction with, among others, the recently 

identified C1q receptors (LAIR-1 and SCARF-1 (3). In the absence of MFG-E8, self 

antigens are preferentially targeted for antigen presentation to T cells (4) instead of 

degradation. Further, MerTK-mediated swift uptake of early apoptotic cells (AC) was shown 

to be important to mediate the immunosuppressive effects of AC, while extracellular MerTK 

shedding seems to correlate with disease activity and has been proposed as a novel lupus 

biomarker (5). In genetically predisposed individuals these aberrations could lead to 

activation of autoreactive T and B cells and development of lupus autoimmunity, 

characterized by the production of autoantibodies (autoAbs) targeting NPCs (6). NPC-

containing immune complexes are efficiently recognized by plasmacytoid dendritic cells 

(pDCs) and other antigen presenting cells (APC) via FcR-mediated uptake, and give rise to 

IFN-alpha production through TLR7/9 interactions in the endosomal compartment, a process 

inhibited by the binding of C1q to LAIR-1 (7). IFN-alpha has been reported to have many 

different adjuvant functions including up-regulation of the antigen presentation capacity of 

APC and increased production of class-switched antibodies by plasma cells, thus resulting in 
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a vicious circle of increased autoantibody-self antigen interactions. Many novel therapeutic 

targets have been proposed, such as modulation of the LAIR-1/LAIR-2 axes (LAIR-2 being 

a soluble LAIR-1 inhibitor), RNase-mediated degradation of circulating RNA-containing 

complexes, and NETosis inhibition via PAD4 targeting. Several microRNAs (miRNAs) 

have been implicated in lupus pathogenesis by participating in the regulation of apoptosis, 

NETosis, antigen presentation, and production of IFN-alpha, and could theoretically be 

targeted via antigomirs. Further studies are needed to elucidate which of those may represent 

potential targets in human SLE.

Colonna et al. Page 15

Curr Opin Rheumatol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


