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Introduction
Systemic lupus erythematosus (SLE) is 
a chronic autoimmune disease that can 
affect the cardiac, pulmonary and central 
nervous systems, as well as the skin, joints, 
and kidneys. Involvement of kidneys, in 
the form of glomerulonephritis (lupus 
nephritis), contributes considerably to the 
morbidity and mortality of patients with 
SLE. Although an area of intense research, 
the etiology of SLE is not fully understood. 
The disease is characterized by the presence 
of various autoantibodies, including those 
directed against double-stranded DNA 
(dsDNA) and other nuclear antigens. A 
hypothesis now widely accepted is that these 
autoantibodies are generated by a misguided 
immune response to apoptotic cells or cells 
undergoing secondary necrosis, which can 
follow apoptotic cell death. Under normal 
conditions, genomic DNA is not acces-
sible to the immune system; however, when 

cells die by apoptosis, apoptotic bodies 
containing fragmented cellular structures 
and cleaved genomic DNA are released, 
enabling the immune system to access DNA 
and/or other nuclear antigens.1 Mechanisms 
exist to ensure that this source of antigenic 
material is not immunogenic under normal 
conditions. Although the exact mechanisms 
that drive the generation of pathogenic 
autoantibodies in patients with SLE remain 
to be determined, it seems that defective 
clearance of apoptotic cells,2 the length 
of DNA fragments,3 and modifications to 
DNA such as hypomethylation4 can all con-
tribute to this process. The major nuclear 
antigen in SLE seems to be the nucleosome, 
which is made up of dsDNA bound to the 
five histone molecules, H1, H2A, H2B, H3 
and H4, and antigenic DNA is most likely 
to be present in this form in patients with 
the disease. 

Currently, therapies routinely used for 
the treatment of SLE, or that are in develop-
ment, aim to reduce the production of auto-
antibodies by direct suppres sion of B cells or 
through general immuno suppression; how-
ever, many of the agents used are associated 

with severe adverse events or have yet to 
show clinical efficiency in patients with active 
lupus nephritis. Therefore, treatment strate-
gies besides immunosuppression should be 
actively sought. In this context, this article 
discusses DNA as a pathogenic factor in 
SLE, and potential approaches that could 
be taken to directly manipulate the struc-
ture of DNA and reduce this  pathogenicity 
are introduced.

DNA–antibody-induced damage
The presence of anti-dsDNA antibodies in 
patients with SLE was demonstrated more 
than 60 years ago. A large body of evi-
dence suggests that these autoantibodies 
are a major contributor to the pathogenesis 
of SLE. A broadly accepted scenario for 
the mechanism of antinuclear- antibody-
initiated damage in this disease is based on 
the observation that kidneys of mice and 
humans with SLE-associated glomerulo-
nephritis contain immune complexes 
composed of anti-dsDNA antibodies and 
nucleo somal DNA (Figure 1). More over, 
nucleo somal DNA bound to IgG can  
be detected both in the sera of human 
patients with SLE and in mice with SLE-
like dis ease. Whether immune complexes 
are built up in the circulation and subse-
quently bind to certain structures of the 
kidney such as the glomerular basement 
membrane (GBM) and mesangial matrix, 
or whether anti-dsDNA antibodies form a 
complex with DNA already bound to glom-
erular structures is not clear at present. After 
binding to the kidney, however, immune 
complexes are able to activate complement5 
and Fc-receptor-bearing effector cells,6 thus 
initiating an inflammatory reaction.

DNA-sensing pathways
The mechanisms involved in the develop-
ment of SLE-associated glomerulo nephritis 
that we have describe place anti-dsDNA 
antibodies at center stage; however, growing 
evidence suggests that under autoimmune 
conditions, DNA fragments alone are able 
to induce signaling cascades that promote 
inflammation. Much of the data were origi-
nally derived from studies using viral or 
bacterial nucleic acids, which are known to 
initiate an inflammatory response mediated 
by the innate immune system. Meanwhile, 
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pathways through which self DNA is able 
to induce proinflammatory reactions have 
been identified that are distinct from those 
activated by microbial nucleic acids. A 
shared feature of these pathways is the resul-
tant production of type I interferons (IFNs) 
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Figure 1 | Induction of glomerulonephritis by SLE-associated anti-dsDNA antibodies. Anti-
dsDNA antibodies are able to bind to extracellular DNA, which itself can bind to GBMs. The 
resulting deposition of immune complexes in the kidneys leads to the recruitment and 
activation of complement proteins and cells bearing FcR, which promote inflammatory 
reactions. Whether anti-dsDNA antibodies recognize DNA already bound to GBMs or whether 
pre-existing DNA–anti-dsDNA antibody complexes deposit in kidneys remains unclear. 
Abbreviations: dsDNA, double-stranded DNA; FcR, Fc receptor; GBM, glomerular basement 
membrane; SLE, systemic lupus erythematosus.

and other proinflammatory cyto kines. 
Interestingly, only dsDNA has the ability 
to stimulate these signaling pathways, as 
demon strated in 1999 by Suzuki et al.,7 
who discovered that only double-stranded 
and not single-stranded polynucleotides 

increase type I IFN-dependent expression 
of MHC complex proteins. The following 
sections summarize the dsDNA-sensing 
pathways that have been identified to date.

The Toll-like receptor 9 pathway
The specific signaling cascade that is acti-
vated by dsDNA depends on the cell type 
and on the structure of the DNA. Unmethy-
lated CpG-rich dsDNA has been shown to 
be a ligand for Toll-like receptor (TLR) 9, 
a receptor localized to endosomes. Bind-
ing of unmethylated CpG-rich dsDNA to 
TLR9 activates the adaptor protein myeloid 
differen tiation primary response protein 
MyD88 and, subsequently, interferon regula-
tory factor (IRF) 7 as well as nuclear factor κB 
(NFκB), resulting in the production of type I 
IFNs and other proinflammatory cytokines 
(Figure 2).8 Investigations into the role of 
TLR9 signaling in the patho genesis of SLE 
that used mice prone to SLE-like disease 
have produced conflicting results. In con-
trast to studies performed in NZB/W F1 
mice, in which TLR9 activation was shown 
to contribute to the pathogenesis of lupus 
nephritis,9 signaling through TLR9 seems 
to have a protective role in mice possess ing 
the MRLlpr genetic background.10 The latter 
effect might be explained by data presented 
in a 2011 publication by Stoehr et al.,11 which 
demonstrate a contribution of TLR9 signal-
ing to the production of protective IgM anti-
bodies. In this report, the authors describe 
their observation that double-knockout of 
both the inhibitory Fc receptor FcγRIIB (low 
affinity immuno globulin γ Fc region recep-
tor II, also known as CD32) and TLR9 in 
mice exacerbated lupus-like disease, which 
was accompanied by low peritoneal B-1b cell 
numbers, decreased levels of self-reactive 
IgM autoantibodies, and by the accumula-
tion of proinflammatory type 17 T helper 
(TH17) cells. Transfer of TLR9-expressing 
peritoneal B-1b cells or recombinant IgM 
antibodies into these mice decreased the 
number of TH17 cells and ameliorated 
lupus-like disease,11 suggesting a role for 
TLR9-expressing peritoneal B-1b cells in 
maintenance of self-tolerance.

Sensing pathways for AT-rich dsDNA
In addition to activation of TLR9 mediated 
by CpG-rich dsDNA, at least three other 
TLR-independent DNA-sensing signaling 
pathways have been identified. Two of these 
pathways are induced by AT-rich (B-form 
or non-CpG-rich) dsDNA. Once AT-rich 
dsDNA is internalized into the cytoplasm, 
a cascade involving the signaling proteins 
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Figure 2 | Pathways involved in internalization and sensing of dsDNA. dsDNA-containing 
immune complexes undergo endocytosis after engaging the BCR on B cells or FcRs on DCs, 
macrophages and glomerular cells. Additionally, dsDNA can be internalized after binding  
to LL-37, or through the HMGB1–RAGE pathway. These routes result in localization of DNA to 
endosomes. It is not known if DNA is released from endosomes to the cytoplasm; additional 
receptors that mediate direct uptake into the cytoplasm might exist. The dsDNA-sensing 
pathways activated differ according to the structure of the DNA. CpG-rich dsDNA activates  
TLR9 whereas AT-rich dsDNA signals through DAI or RNA polymerase III. These signaling 
pathways all lead to production of type I IFN and inflammation. A fourth dsDNA-sensing pathway 
involves the AIM2 inflammasome, and results in activation of IL-1β and induction of pyroptosis. 
Abbreviations: BCR, B-cell receptor; DCs, dendritic cells; dsDNA, double-stranded DNA;  
FcR, Fc receptor; IFN, interferon; IRF, interferon regulatory factor; NFκB, nuclear factor κB.
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stimulator of interferon genes (STING, also 
known as transmembrane pro tein 173) and 
TANK-binding kinase 1 (TBK1) as well as 
the transcription factors IRF3, IRF7 and 
NFκB is activated, resulting in the produc-
tion of type I IFNs and other proinflamma-
tory cytokines.12,13 Two cyto solic pathways 
that can initiate this AT-rich dsDNA-
 dependant response have been identified. 
The first is mediated by the DNA-dependent 
activator of IRF (DAI, also known as 
DLM-1 or ZBP1),14 and the second is char-
acterized by the involvement of RNA poly-
merase III.15 Binding of AT-rich dsDNA to 
RNA polymerase III produces tran scripts of 
double-stranded RNA that can activate the 
retinoic acid-induced gene I (RIG-I) and 
mitochondrial antiviral signaling protein 
(MAVS), finally resulting in the pro duction 
of type I IFNs (Figure 2).15 Thus, at least 
three different dsDNA-sensing pathways 
encompassing TLR9, DAI and RNA poly-
merase III exist that are able to induce type I 
IFN production, and, consequently, promote 
in flammatory responses.

Inflammasome-dependent DNA sensing
In 2008, Muruve et al.16 reported the iden-
tification of an additional signaling cascade 
involved in sensing of cytoplasmic dsDNA. 
This pathway is activated after binding of 
cytoplasmic dsDNA to the AIM2 inflam-
masome complex consisting of the HIN200 
domain-containing protein AIM2, the ASC 
adaptor protein and caspase-1. This binding 
leads to subsequent activation of IL-1β and 
pyroptosis—a proinflammatory type of cell 
death (Figure 2). Importantly, as shown 
for other DNA-sensing mechanisms, only 
dsDNA and not single-stranded DNA was 
able to induce the AIM2-inflammasome-
dependent signaling pathway.16,17

TLR-independent DNA sensing and SLE
The relevance of TLR-independent DNA 
sensing to the pathogenesis of SLE has been 
demonstrated in several experimen tal studies. 
Purified nucleosomal DNA, which is found 
in the serum of patients with SLE as well as 
mice with SLE-like disease, was shown to 
activate dendritic cells (DCs) obtained from 
normal and MyD88-deficient mice, suggest-
ing TLR-independence.18 This effect in DCs 
might explain some of the SLE-associated 
hyperactivation of the immune system; how-
ever, TLR-independent sens ing of dsDNA 
also occurs in disease-affected organs such 
as kidney, where it has been demon strated 
in both glomerular mesangial cells and 
endo thelial cells. Interestingly, treatment 

of glomerular endothelial monolayers with 
AT-rich dsDNA increased their perme-
ability to albumin, suggesting that DNA 
sensing by glomerular cells might indeed 
contribute to the proteinuria associat ed  
with lupus nephritis.19,20

Uptake of extracellular DNA
Antibody-dependent uptake
A pivotal question is how extra cellular 
dsDNA enters immune cells and/or cells 
of organs affected by the disease. Several 
studies have highlighted the fact that differ-
ent routes of entry are available depending 
on whether DNA is bound to autoantibodies 
in circulating immune complexes or exists 
as unbound extra cellular dsDNA within 
the nucleosome. DNA-containing immune 
complexes present in the circulation can 
be endocytosed after engagement of B-cell 
receptors on B cells,21 or FcγRIIB on DCs 
(Figure 2).22 Interestingly, initiation of 
cell-activating signaling pathways by SLE-
derived dsDNA–antibody complexes, but 
not normal IgGs, was shown to involve 
engagement of either the B-cell receptor or 
FcγRIIB together with TLR9.21,22 

Antibody-independent uptake
In contrast to circulating DNA-containing 
immune complexes, dsDNA not bound to 
autoantibodies can be internalized by at least 
two distinct, FcR-independent pathways. 
One involves the antimicrobial peptide 
LL-37,23 and the other is dependent on the 
DNA-binding protein high-mobility group 
protein B1 (HMGB1) and the receptor for 
advanced glycation end products (RAGE)—a 
member of the immunoglobulin superfamily 
(Figure 2).24 Internalization and sensing of 
dsDNA not bound to autoantibodies prob-
ably plays a part in the pathogenesis of SLE, 
as supported by data demonstrating that DC 
maturation in mice occurs after exposure 
to purified nucleosomes.18 Moreover, the 
double-stranded structure of DNA seems to 
be important, not only for sensing but also 
for internalization, as only class A and not 
class B CpG oligodeoxy nucleotides (which 
are maintained in single-stranded forms) 
were able to bind HMGB1.24

The four pathways so far identified as 
being involved in the cellular uptake of 
extracellular dsDNA do not explain how the 
endocytosed DNA reaches the cytoplasm, 
because internalization by immuno globulin 
receptors as well as by LL-37 have been 
shown to localize the DNA to endosomes. 
An answer to the question of how DNA 
reaches the cytoplasm might be derived 

from the postulated existence of additional, 
as yet unidentified, receptors that mediate 
the uptake of extracellular DNA directly 
into the cytoplasm. Alternatively, it might 
be that dsDNA reaches the cytoplasm via 
an indirect route; indeed, some data have 
been presented that demonstrate the release 
of nucleic acids from endosomes to the 
cy toplasm (Figure 2).25

Manipulation of DNA structure
As demonstrated by the studies we have 
described, DNA has a key role in the patho-
genesis of SLE; therefore, research into this 
disease might be advanced by paying more 
attention to DNA itself as a therapeutic 
target. Theoretically, at least two differ-
ent strategies are possible, both of which 
rely on manipulation of the structure of 
DNA. Firstly, manipula tion of extra cellular 
nucleosomal DNA could prevent the binding 
of anti-dsDNA antibodies and, therefore, 
avert the subsequent immune-complex-
dependent tissue damage and immune 
activation. Secondly, changing the struc-
ture of extracellular DNA, regardless of its 
binding to autoantibodies, might reduce 
the internalization and sensing of patho-
genic oligonucleotides. As these processes 
can result in initiation of signaling pathways 
that lead to profound activation of various 
immune responses, inhibition of sensing 
should reduce the inflammatory effects of 
extra cellular DNA. Increasing evidence sug-
gests that therapies which take either of these 
approaches to reducing the pathogenicity 
of extracellular DNA could have a positive 
impact on the treatment of SLE. The follow-
ing sections outline the methods of DNA 
and/or nucleosome structure manipulation 
that have shown therapeutic potential in vitro 
and in animal models of SLE-like disease.

Nucleosome modification by heparin
Treatment of patients with the glucosamino-
glycan heparin or its derivates might be one 
possible approach to structural modification 
of nucleosomal DNA. The heparin molecule 
is highly negatively charged, which enables 
it to bind to the positively charged histone 
proteins that mediate the packaging of DNA 
into nucleosomes. Heparin reduced the 
association of nucleosome–anti-nucleosome 
antibody complexes with the GBM pro-
teins heparan sulfate,26 laminin and colla-
gen27 in vitro, and, in turn, diminished the 
binding of these immune complexes to intact 
GBMs in vivo.26,27 The decreased binding of 
nucleosomal DNA to GBMs was attributed 
to heparin-induced changes in the charge 
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on nucleosomal histones and/or changes in 
conformation of the nucleosomal structure. 
Indeed, electrostatic forces are important 
for histone-mediated packaging of DNA 
—neutralization of the charge on these pro-
teins by heparin would reduce their inter-
action with DNA, and could change the 
structure of the nucleosome. Importantly, 
recognition of nucleosomal DNA by anti-
dsDNA antibodies was not affected by hepa-
rin. This finding suggests that the reduc tion 
in glomerular antibody deposition was a 
direct result of decreased binding of nucleo-
somes to GBMs—which are negatively 
charged—and was not caused by abrogation 
of nucleosome-containing immune complex 
formation. Additionally, nucleosomes incu-
bated with heparin were found to be more 
susceptible to digestion by the endonuclease 
deoxyribonuclease (DNase) I in vitro,27,28 
presumably as a consequence of heparin-
induced modification of the nucleosome 
structure that increased the accessibility of 
nucleosomal DNA to this enzyme.

Evidence derived from animal models 
of SLE-like disease support the therapeutic 
potential of heparin highlighted by the data 
described above. For example, treatment of 
MRLlpr and NZB/W F1 mice with heparin 
was shown to decrease auto antibody pro-
duction and to ameliorate lupus nephri-
tis.26,27 However, from the clinical point of 
view, it has to be considered that some hepa-
rins have anticoagulative activity; therefore, 
clinical trials using heparin for the treatment 
of SLE must exhibit benefit at doses that 
minimally affect blood clotting.

Histone deacetylase inhibitors
Histone deacetylase (HDAC) inhibitors 
(HDIs) might represent an alternative 
to heparin for structural modification of 
nucleo somal DNA. Acetylation of the his-
tone pro teins is a strictly regulated endo-
ge nous cel lular process, which is known to 
mediate changes in nucleosomal structure. 
Addition of acetyl groups to specific posi-
tively charged amino acids in the histones 

has a similar charge neutralization effect 
to heparin bind ing. Thus, inhibition of 
HDACs, which remove the acetyl groups, 
results in accumu lation of acetylated his-
tones and alterations in the structure of 
chromatin. In mice prone to SLE-like dis-
ease, the HDI trichostatin A reduced the 
levels of proteinuria and glomeru lar depo-
sition of immune complexes in compari son 
with vehicle-treated controls.29 Although 
the authors of this study suggested that a 
trichostatin A-induced increase in CD4+ 

CD25+ regulatory T cells was respon sible 
for the demonstrated effects, no data were 
shown to support this hypothesis. In fact, 
the combined application of tricho statin A 
and cell depleting anti-CD25 antibodies 
did not prevent the beneficial effects of the 
HDI.29 An alternative explanation for the 
tricho statin A-mediated suppression of lupus 
nephritis could be that increased acetylation 
of nucleosomal histones decreased nucleo-
some binding to GBMs, which would pre-
vent subsequent glomerular ac cumulation of 
anti-DNA antibodies.

Inhibitors of topoisomerase I
In addition to the modification of nucleo-
somal histones, the generation of  single- 
strand breaks in DNA by inhibitors of topo-
isomerase I might be another approach to 
targeting DNA in the treatment of SLE. 
Topoisomerase I is a ubiquitously expressed 
enzyme responsible for reduc ing the tor-
sional stress that develops during replication 
of DNA. To affect this result, topoisomerase I 
induces a transient single-strand break in the 
DNA, which is followed by stress- relieving 
rotation. Next, topoisomerase I religates the 
single-strand break to reconstitute intact 
dsDNA. Inhibitors of topo isomerase I such 
as irinotecan bind to the complex con-
taining topoisomerase I and DNA, also 
named the ‘cleavable complex’. Bind ing 
of topoisomerase I inhibitors to this com-
plex can have two possible consequences. 
If the cell is in S-phase of the cell cycle 
—during which enhanced DNA replication 
occurs—the complex comprising inhibi-
tor, topoisomerase I and DNA can collide 
with replication forks, generating irrever-
sible double-strand breaks in the DNA that 
would result in the induction of apoptosis 
(Figure 3).30 This effect of topoisomerase I 
inhibitors occurs only in rapidly dividing 
cells such as cancer cells, and explains why 
irinotecan is used as a chemotherapeutic 
agent. A different outcome is possible in 
non-dividing cells (such as renal cells) where 
inhibition of DNA-bound topoisomerase I 
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prevents the religation of genomic DNA, 
resulting in the production of single-strand 
breaks in the DNA double helix. Importantly, 
the accelerated production of single-strand 
breaks in DNA is not lethal to the cell, but 
reduces its capacity to replicate (Figure 3).31

Our group showed recently that the topo-
isomerase I inhibitor irinotecan efficiently 
suppresses glomerulonephritis in NZB/W F1 
mice.32 The levels of anti-dsDNA anti bodies 
and total serum IgG were not reduced in 
irinotecan-treated mice compared to saline-
treated mice, suggesting that irinotecan 
affected the kidney tissue directly rather than 
acting through suppression of the immune 
system. We found a complete attenuation of 
subendothelial IgG deposits in the kidneys 
in irinotecan-treated mice whereas mesan-
gial IgG deposits remained unchanged com-
pared to saline-treated mice, suggesting that 
irinotecan treatment prevented disruption 
of GBMs. Single-strand breaks in DNA were 
detectable immunohistochemically in the 
kidneys of irinotecan-treated mice, and were 
associated with a marked inhibition of renal 
cell apoptosis as determined by measure-
ment of TUNEL staining and caspase-3 
activ ity. We hypothesized that, as the levels of 
pathogenic anti-dsDNA antibodies did not 
change, the irinotecan-mediated induction 
of single-strand breaks in DNA protected 
kidneys from glomerulonephritis by reduc-
ing the binding of extracellular nucleoso-
mal DNA to these antibodies. It has been 
known for 35 years that antinuclear anti-
bodies derived from patients with SLE bind 
less efficiently to dsDNA containing single-
stranded regions than to dsDNA without 
single-strand breaks.33 Alternatively, because 
only dsDNA and not single-stranded DNA 
has the ability to initiate DNA-sensing 
pathways,7,24 it might also be possible that 
 irinotecan-induced single-strand breaks in 
DNA protected mice from the proinflam-
matory effects of DNA sensing. Notably, 
prevention of undesirable DNA-sensing 
pathway activation would be expected to 
affect both immune and  glomerular cells.

DNA manipulation using DNase I
In the light of data presented above, one 
might ask whether there are other bio-
chemical processes that could be exploited 
to modify the structure of DNA and to 
protect against the development of lupus 
nephritis. A potential candidate is pre-
sented by the enzyme DNase I. DNase I, in 
contrast to other endonucleases, is secreted 
into the extra cellular space and is, therefore, 
found in the blood and gastrointestinal 

tract. Accordingly, its primary function has 
been presumed to be the digestion of extra-
cellular DNA.34 The enzymatic activity of 
DNase I is reported to be dependant on a 
defined cationic environment; in the pres-
ence of Mg2+ and Ca2+ the enzyme produced 
 single-strand cuts in the DNA double helix, 
whereas in the presence of Mn2+ and Co2+ it 
made double-strand breaks.35 These proper-
ties of DNase I suggest that it might be a 
promising therapeutic target in SLE.

Interestingly, DNase I itself has been 
impli cated in the pathogenesis of SLE owing 
to the observation that serum levels of this 
enzyme are decreased in patients with the 
disease.36 In addition, diminished transcrip-
tion and decreased protein expression of 
renal DNase I were demonstrated in mice 
prone to SLE-like disease.37 The associa-
tion between reduced levels of DNase I 
and SLE indicated that administration of 
this enzyme might lead to an amelioration 
of lupus nephritis through destruction of 
extracellular chromatin and by reducing the 
level of circulating nucleosomes. However, 
application of recombinant mouse DNase I 
to NZB/W F1 mice produced conflict-
ing results. Although the group of Peter 
Lachmann recorded prolonged survival 
and an amelioration of histological changes 
in kidneys in these animals,38 Verthelyi and 
colleagues39 reported no effect of DNase I 
treatment in the same model. Beneficial 
effects of DNase I treatment have been 
demonstrated using an estrogen-induced 
model of SLE in R4A transgenic mice.40 
When these mice were treated with DNase I 
at the same time as estradiol, the number 
of high-affinity DNA-reactive B cells was 
reduced and immune complex deposition 
in the kidneys was diminished. This effect 
was accompanied by a decreased production 
of type I IFNs by splenic DCs.

Conclusion
The immunosuppressive therapies com-
monly used for treatment of SLE with active 
glomerulonephritis are neither sufficiently 
efficacious nor satisfactorily nontoxic. 
Alternative immunosuppressive therapies 
that are in development, such as the use 
of the proteasome inhibitor bortezomib 
for depletion of plasma cells,41 have yet to 
show clinical efficiency in patients with 
SLE. Therefore, treatment strategies besides 
immunosuppression should be actively 
sought. The data presented within this article 
suggest that modifying the structure of DNA 
to reduce its pathogenicity might represent 
an innovative approach to fight SLE.
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