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Introduction

Systemic lupus erythematosus (SLE) is a chronic multisys-
temic autoimmune disease serologically characterized by 
various pathogenic autoantibodies. Anti-double stranded 
deoxyribonucleic acid (dsDNA) antibodies specifically have 
long been implicated in the pathogenesis of SLE. Described 
as DNA-reacting factor in 1957, Ceppellini et al.[1] isolated 
serum from a patient with acute SLE that reacted to DNA ex-
tracts from different human and non-human samples. It was 
unclear at that time whether the components reacting with 
DNA were antibodies or materials of nuclear origin forming 
a complex with DNA. Subsequent studies identified these 
components as circulating anti-DNA antibodies. Tan et al.[2] 
further demonstrated the presence of not only anti-DNA an-
tibodies but also cell-free DNA in the circulation of SLE pa-
tients. Presence of cell-free DNA in the sera of SLE patients 
was first shown by immunodiffusion assay (Figure 1) and was 
confirmed by chemical methods. Interestingly, the cell-free 
DNA were largely un-degraded. Clearly, cell-free DNA in the 
circulation of SLE patients can serve as antigen for detecting 
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DNA antibodies in vitro and further raised the notion that 
these cell-free DNA also react with anti-DNA antibodies in 
vivo. This underscored the foundation to the now well-known 
pathogenic dsDNA-anti-DNA complexes seen in SLE.

While it is still debatable as to how the production of anti-
DNA antibodies is ignited in SLE patients and what ignites it,[3] 
there is growing evidence that failure in clearance of  cell-free 
DNA by deoxyribonucleases (DNASES), in particular deoxy-
ribonuclease 1 like 3 (DNASE1L3), can lead to production of 
anti-DNA antibodies and SLE.

Cell-Free DNA as Autoantigen for Anti-DNA Antibody 
Production

It is unclear whether DNA have evolutionarily had a mecha-
nistic advantage in providing a favorable immune response. 
It may seem that way as prior studies have shown the  relative 
ease with which B cells can interact with DNA and potentially 
generate these autoantibodies.[4] Simple structural features 
such as positively charged residues in variable chains of im-
munoglobulins can sometimes be sufficient to bind to DNA 
and thereby form an active immune complex.[5] When cell 
death occurs due to various pathological conditions including 
apoptosis or necrosis in malignancy and infection from physi-
ological conditions such as pregnancy, circulating cell-free 
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DNA can often be detected. They transiently induce anti-DNA 
antibodies though they do typically occur at low titers and 
have not been shown to promote  clinical  autoimmunity.[6]

Anti-DNA responses can also occur with nucleic acids from 
infectious pathogens. Bacterial biofilm, which contains com-
plexes of DNA and protein, have triggered autoantibody pro-
duction in animal models.[7] However, much of our circulating 
cell-free DNA is thought to be self-derived. Certain cellular 
processes also enhance extravasation of intracellular DNA. 
In addition to the various forms of cell death, formation of 
neutrophil extracellular traps (NETosis) – a release of neu-
trophilic cytoplasmic complex of nucleic acids and chroma-
tin into extracellular space in an effort to physically contain 
potential pathogens or detrimental materials – exposes large 
amounts of protein bound DNA into circulation (Figure 2). 
Mitochondrial DNA incorporated in NETosis have especially 
been implicated as targets for autoantibodies. NETosis can 
thus directly facilitate the availability of nucleosomes for the 
formation of anti-dsDNA antibodies.[4] Ultimately, the role of 
circulating cell-free DNA is unclear but it appears that high 
levels of anti-dsDNA antibodies are a pathogenic response 
to DNA antigens, highlighting the importance of DNASES to 
clear circulating debris containing nucleic acids.

Figure 1: Presence of cell-free DNA in the serum of patients with 
SLE. Double diffusion assay in agarose gel was used to de-
tect anti-DNA antibodies and cell-free DNA in SLE sera. Pe-
ripheral wells contained SLE patient sera 1–6. Central well 
A contained calf thymus DNA and central well B contained 
serum from another SLE patient. Sera 2 and 3 precipitated 
with thymus DNA, indicating these sera contained anti-DNA 
antibodies. Sera 2 and 3 also reacted with SLE serum in well 
B, suggesting the presence of DNA in SLE serum, which 
was confirmed by a chemical method (reproduced and modi-
fied from Figure 2, Tan et al.[2] with permission; license No. 
1165799-1). SLE, systemic lupus erythematosus.

Figure 2: Cell-free DNA in the circulation. Cell-free DNA are released 
into blood due to cell death including necrosis, apoptosis, neu-
trophil extracellular net formation (NETosis), and pyroptosis. In 
addition, live cells also secrete cell-free DNA. DFFB tends to 
cleave double stranded DNA at internucleosome linker regions 
in chromatin into higher molecular weight DNA fragments and 
then into oligonucleosomal fragments. Cell-free DNA fragments 
are cleared by DNASE1 (for <150 bp fragments) and DNAS-
E1L3 (for larger and chromatin associated DNA). DFFB, DNA 
fragmentation factor B; NETosis, neutrophil extracellular traps.
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between the amount of short DNA fragments and anti-dsDNA 
levels.[12] This raises the possibility that both short and long 
fragment sizes of circulating DNA fragments were at play. 
Alternatively, this could be explained by hypothesizing that 
the short DNA were bound to anti-DNA antibodies to increase 
the duration in circulation. Moreover, DNA end motifs specific 
to DNASE1L3 correlated with lack of an immune response 
and are thought to be responsible for eliciting less immuno-
genic fragments. Such end motifs were described with C–C 
being the most common.

In a later study assessing fragmentomics in human plasma, 
patients with DNASE1L3-disease associated gene varia-
tions showed aberrations in size and a reduction in the C–C 
end motif, as seen in prior animal models. A similar increase 
in the proportion of longer DNA fragments >250 bp and an 
increase in short plasma DNA molecules <120 bp was again 
seen. Like the DNASE1L3 deficient mice, plasma DNA of 
these human subjects with disease-associated variants 
showed a reduction in the end C–C DNA motifs. The total 
levels of cell-free DNA were however no different from those 
of otherwise healthy controls. It is proposed that long frag-
ments with a reduced C–C motif could trigger an immune 
response by the frequency of their availability in interacting 
with T and B cells and that the resultant autoantibodies may 
then bind to the shorter DNA fragments, forming pathologi-
cal complexes.[11]

Further analysis into how T and B cells react to circulating DNA 
fragments can help better understand the downstream forma-
tion of autoantibodies. In another animal study, DNASE1L3 
deficient mice required CD40L expressing T cells to prolifer-
ate extrafollicular B cells that were responsible for a rapid 
anti-dsDNA response. Similar to wild type mice, DNASE1L3 
deficient mice that were also CD40L deficient did not develop 
reactivity to DNA antigens. Extrafollicular T cell differentiation 
had been previously identified in patients with lupus nephritis 
and may be responsible for directly interacting with circulating 
DNA. Type 1 interferon (IFN-1) signaling has moreover been 
implicated in this process. In the same study, DNASE1L3 
and IFN-1 receptor deficient mice showed reduced levels of 
anti-dsDNA antibodies. IFN-1 producing plasmacytoid den-
dritic cells facilitated the differentiation of antibody forming 
cells. C1q moreover helps regulate the same interferons, 
and deficiency in C1q also has led to autoantibody formation. 
Merging these pathways, it is evident that CD40L express-
ing T cells, complements, and IFN-1 producing plasmacytoid 
dendritic cells can affect the production of anti-dsDNA anti-
bodies in the presence of certain DNA fragments, highlight-
ing the increasingly evident role of DNASE1L3 in preventing 
such downstream production.[13]

Other modalities to disrupt DNASE1L3 activity include epi-
genetic factors in the formation of anti-DNA response. In 
another animal study, cell-free DNA in DNASE1L3 deficient 

DNASE1L3 Gene Deficient Mice Develop Anti-DNA Anti-
bodies and Lupus-like Disease

There have been several animal studies to elucidate the 
underlying pathophysiology of ineffective clearance of cellu-
lar debris. DNASES are primarily responsible for lysis and 
breakdown of DNA both in tissues and circulation. Human 
and animal models have shown that a lack of DNASES in 
subjects led to proliferation of local inflammatory response, 
production of anti-dsDNA antibodies, and ultimately SLE-like 
disease. DNASE 1, 2, and TREX1/DNASE 3 have been ex-
plored, with DNase 1 family being the most implicated.

DNASE 1 endonucleases cleave DNA into 5′-phosphates 
and 3′-hydroxy ends in a Ca2+/Mg2+ dependent, Zn2+ sensi-
tive  manner.[8] The family of enzymes includes DNASE1, 
DNASE1L1, DNASE1L2, and DNASE1L3. DNASE1 and 
DNASE1L3 are active in circulating blood, being predomi-
nantly responsible for the breakdown of circulating cell-free 
DNA (Figure 2). DNASE1L1 is active in skeletal muscle and 
cardiomyocytes while DNASE1L2 is active in keratinocytes.[9] 
DNASE1L3 has peak activity in neutral pH and can bind to nu-
cleosomes containing either double stranded or single strand-
ed DNA with chromatin complexes. DNASE1L3 moreover pos-
sesses a uniquely positively charged C-terminal that facilitates 
membrane or protein bound DNA but makes it less efficient at 
breaking down naked DNA compared to DNASE1L1.[8]

Given this proclivity for DNASE1L3 to bind to DNA and 
chromatin complexes, it is thought to play a larger role in 
digesting nucleic acids from self-sources such as apop-
tosis or NETosis, which often have longer cell-free DNA 
fragments bound to membrane microparticles or proteins 
(Figure 2).[9] In recent studies, DNASE1L3 deficient mice 
had a higher proportion of longer sized circulating cell-free 
DNA, suggesting that DNASE1L3 was primarily respon-
sible for the breakdown of larger, multinucleosomal sized 
cell-free DNA into smaller mononucleosomal cell-free DNA.
[10] Mice with targeted DNASE1L3 deletion later developed 
anti-DNA immunoglobulin G (IgG) antibodies with even-
tual progression to SLE-like disease.[10] Plasma DNA from 
DNASE1L3 deficient mice was associated with an increased 
prominence in mean peak sizes corresponding to di-, tri-, 
and tetranucleosomal sizes.[11, 12] In corresponding mice with 
only a DNASE1 deficiency, only a weak dinucleosomal sig-
nal was observed, similar to wild type mice. Interestingly, 
when DNASE1L3 production was restored by adenovirus 
vector-encoding DNASE1L3 in DNASE1L3 deficient mice, 
accumulation of long DNA fragments was reduced, and the 
levels of anti-DNA antibody were significantly reduced.[10,11] 
The in-vivo correction of defective DNASE1L3 could poten-
tially be a therapeutic  strategy for SLE.

When anti-dsDNA antibody levels were measured in the same 
DNASE1L3 deficient mice, there was a positive correlation 
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have homozygous frameshift mutation, c.289_290delAC 
and exon skipping, c.320+4delAGTA.[23] These affected chil-
dren developed hypocomplementemic urticarial vasculitis 
(HUVS) syndrome and 4 out of 5 developed SLE with anti-
dsDNA antibody production.

Isolated DNASE deficiency is rare but the evident  association 
with SLE and SLE-like disease highlights the role of the 
DNASE 1 family of endonucleases, particularly of DNASE1L3, 
in the pathogenesis of SLE. Identifying the mechanism of 
 formation of DNA substrates and function of DNASES can 
further elucidate the significance of such deficiencies in SLE.

Impaired DNASE1L3 in Patients with SLE

Decreased protein levels and enzymatic activity of DNASE1L3 
have been reported in patients with SLE and those with der-
matomyositis/polymyositis.[24, 25] In SLE  patients, DNASE1L3 
protein levels inversely correlate with the  presence of anti-
DNA autoantibodies and renal involvement.[25] Factors re-
sponsible for reduced DNASE1L3 activity can result from 
DNASE1L3 mutations and/or the presence of DNASE1L3 
 inhibitors (Figure 3). DNASE1L3 null  mutation leads to 
 absence of DNASE1L3 and development of lupus in early life 
(as described above). However, DNASE1L3 null mutation is 
rare in sporadic lupus. Thus, it is likely that a  majority of spo-
radic lupus patients will not carry DNASE1L3 null mutations.
DNASE1L3 rs35677470 polymorphism results in R206C  
mutation, which is associated with development of  lupus.[26, 27] 
Previous studies reported that R206C mutation  results in the 
elimination of DNASE1L3 enzymatic  activity.[28, 29] Structural 
analysis predicted that this single nucleotide polymorphism 

mice was found to be significant hypomethylated. Circulating 
DNA in DNASE1L3 deficient serum moreover demon-
strated increased fragmentation in open chromatin region. 
Hypomethylation fragments may be the result of the loss of 
self-tolerance of these circulating DNA fragments, as they 
are more likely to interact with B cells.[14] In another animal 
study, the presence of an IFN-γ dependent membrane mic-
roparticle membrane was found to play a role in enveloping 
circulating DNA fragments that in turn limited immunogenicity 
of those fragments. In DNASE1L3 deficient mice, this barrier 
was weaker compared to controls,  contributing to the ease of 
access to membrane-bound DNA to immune cells.[15]

DNASE1L3 Gene Null Mutation in Monogenic SLE

Lupus and lupus-like diseases have been associated with 
many genetic abnormalities affecting various components of 
the immune response. One such culprit includes  inherited 
deficiencies in the complement system. Deficiencies in 
many complements including C1q have been  implicated 
in  inherited lupus, which likely contribute to the lack of 
 clearance of  apoptotic debris and subsequent self-immune 
response.[16] More than 30 genes with over a 100 susceptibil-
ity loci have been described.[17] In one review of 71  patients 
with SLE and their parents, whole genome sequencing 
 revealed rare  missense and nonsense mutations in 22 
genes known to cause SLE. Out of these, genetic defects 
affecting  complement  function, particularly C1q, were asso-
ciated with the highest  penetrance of SLE.[18] C1q normally 
inhibits IFN-1 and other cytokine  responses either directly 
through leukocyte associated Ig-like receptor 1 (LAIR) on 
dendritic cells or by inhibition of Toll-like receptor (TLR)-7 
and TLR9. With this lack of inhibition, plasmacytoid dendritic 
cells can potentially contribute to differentiation of antibody 
forming cells.

Other culprit mutations included those in DNASE1 and 
DNASE1L3. One report identified a lupus-like disease in 
an 8-year-old with recurrent pulmonary hemorrhage, urti-
carial rash, hypocomplementemia, and glomerulonephritis. 
Whole-exome sequencing revealed a DNASE1L3 gene 
frameshift and premature truncation mutation. Parents were 
heterozygous for the same mutation. In other cohort stud-
ies, single-nucleotide polymorphisms of DNASE1 were as-
sociated with risk of SLE but did not correlate directly with 
DNASE activity.[19, 20] In another report, a 31-year-old with 
an inherited homozygous deletion in DNASE1L3 exhibited 
a lupus-like syndrome with a hypocomplementemic vascu-
litis.[21] Al-Mayouf et al.[22] reported that loss-of-function vari-
ant in DNASE1L3 causes familial form of SLE. Sequencing 
DNASE1L3 uncovered a homozygous 1-bp deletion in 
DNASE1L3 (c643delT). Multimembers of 7 families devel-
oped SLE at an early age with anti-dsDNA antibody produc-
tion along with low complement C3 and C4 levels. In another 
report, 2 families with 5 affected children were identified to 

Figure 3: Impaired DNASE1L3 activity contributes to production of 
anti-DNA autoantibodies in SLE. Impaired DNASE1L3 activ-
ity results from deficiency or mutation of DNASE1L3 gene 
or presence of anti-DNASE1L3 autoantibodies. Absence of 
DNASE1L3 or its reduced activity leads to accumulation of 
chromatin associated long DNA fragments and anti-DNA au-
toantibody production. DNASE1L3, deoxyribonuclease 1 like 
3; SLE, systemic lupus erythematosus.
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