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Extracellular DNA-Triggered Inflammation in Arthritis
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Abstract

Cell-free DNA (cfDNA) comprises short fragments of double-strand-
ed DNA, which promotes inflammation through various mechanisms.
It can be detected in a variety of diseases, including autoimmune dis-
orders like rheumatoid arthritis (RA) and systemic lupus erythemato-
sus (SLE), which has sparked interest for their potential use in diag-
nosis and therapy. Failure of clearance of extracellular DNA appears
to be a major mechanism that may alter tissue homeostasis, leading to
inflammation. In this review, we describe the characteristics of c¢fD-
NA, the role of bacterial-derived DNA in arthritis, and major sensing
mechanisms by toll-like receptor 9 (TLR9). We aim to summarize
up-to-date knowledge on the pathogenetic mechanisms of cfDNA in
arthritis and discuss recent therapeutic approaches.
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Introduction

Prokaryotic and eukaryotic cells possess DNA, and this can
serve as a ligand of various innate immune receptors includ-
ing toll-like receptors (TLRs), RIG-I-like receptors (RLRs),
and cytosolic DNA sensors [1]. These receptors have been
evolutionary preserved from very primitive systems [2]. Sens-
ing of certain forms of DNA can elicit an inflammatory re-
sponse which can become aberrant in certain individuals. Fur-
thermore, continuous stimulation by persistent DNA in tissue
could be involved in the pathogenesis of various reactive and
autoimmune conditions. We here focus on the role of free ex-
tracellular DNA and its role in inflammatory arthritis.

Circulating Cell-Free DNA (cfDNA)

Body fluids such as serum, plasma, urine, cerebrospinal fluid
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(CSF), saliva, or bronchial effusions have been found to contain
circulating cfDNA with increased levels in patients with inflam-
matory diseases and malignancies. They were initially noted
in the 20th century in healthy individuals. There is not much
known about the role of cfDNA in autoimmune disease but cer-
tainly there has been an increased curiosity in learning more
about its role. cfDNA plays a physiological role in immune sys-
tem regulation, its presence and clearance in healthy individuals
is involved in an indispensable homeostatic balance [3, 4].

Composed of degraded fragments of DNA, cfDNA can
develop from various sources and causes. The composition of
cfDNA is heterogeneous, and it can be bound as a complex of
DNA associated with extracellular vesicles (EVs), or as part of
larger macromolecular complexes such as nucleosomes. They
are also highly variable in length and size (20 - 200 bp) de-
pending on the mechanisms involved in their fragmentation.

Although the origin of ¢fDNA is currently unknown, there
are several postulated mechanisms which describe the origins
and sources of cfDNA (Fig. 1). One proposed mechanism is
that of active secretion of the cfDNA into the circulation in EVs
such as exosomes, microparticles, or apoptotic bodies. These
structures protect cfDNA from the action of nucleases to some
extent, so cfDNA may be later released upon breakdown of the
EVs. It has been proposed that a great majority of cfDNAs are
released in this manner. EVs are membrane-bound vesicles re-
leased by various cells of our body carrying cell-derived con-
tents such as proteins, lipids, metabolites, and nucleic acids [5].
They play a significant role in intercellular communication in
both physiological and pathological conditions [6].

cfDNA can also be released by cell death processes. Apo-
ptosis or programmed cell death is an important component in
maintaining cellular homeostasis. Apoptosis uses caspase acti-
vation to remove damaged cells as it causes the cell to undergo
structural and biochemical changes which include DNA frag-
mentation. cfDNAs released in this manner are highly fragment-
ed. When there is physical or chemical injury, necrosis leads to
a more rapid cell death than apoptosis by cell swelling, which
causes a loss of membrane integrity and the release of the cell
contents. cfDNA via necrosis is larger in size, as there is no spe-
cific chromatin digestion process. cfDNA fragments, similar to
necrosis, are seen in NETosis, a type of cell death observed in
neutrophils that occurs during both sterile and bacterial inflam-
mation. Neutrophil cell death in NETosis can result in release
of inflammatory mitochondrial DNA (mtDNA), a process ob-
served in patients with systemic lupus erythematosus (SLE) [7]
and rheumatoid arthritis (RA) [8]. cfDNA during severe system-
ic inflammation involves hematopoietic cells like neutrophils,
but other non-hematopoietic origins exist as well [9].

Another cell death mechanism is that of pyroptosis, an
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Figure 1. Potential mechanisms of generation of cell-free DNA (cfDNA) in extracellular spaces. The sources of the cfDNA have
various etiologies and may be released through normal physiological processes or pathologic states. (a) An important source
of extracellular vesicles (EVs) carrying nucleic acids is apoptosis of cells via caspase activation to recycle and degrade compo-
nents of cells at the end of their life cycle. (b) Conversely, necrosis that occurs in response to injury results in cell swelling and
lysis, releasing the cell contents in a rapid and pro-inflammatory manner. (c) Inflammatory insults such as infections can result
in pyroptosis, whereby the cell undergoes swelling, membrane blebbing, chromatin condensation, and random DNA fragmenta-
tion. (d) Neutrophil extracellular trap (NET) activation and release of DNA allow neutrophils to kill invading pathogens through
apoptotic-like changes without activation with caspase. Suicidal NETosis leads to rupturing of the plasma membrane and release
of the neutrophil contents into the extracellular space. (e) Exosome or microparticle EV releases with proteins, DNA, or RNA as
their cargo. (f) Release of mitochondrial DNA can lead to an increased expression in pro-inflammatory genes by the activation

of the cGAS-STING pathway.

inflammatory process that causes the activation of the inflam-
masome and caspase-1, leading to the maturation and release
of proinflammatory cytokines interleukin-1p (IL-1B) and in-
terleukin-18 (IL-18). This mechanism of cell death occurs rap-
idly in response to diverse damaging insults such as infections,
pathogen- and danger-associated molecular patterns, altered
levels of host metabolites, and environmental irritants. Follow-
ing cell lysis, endogenous host molecules, including DNA, are
released into the extracellular space [10].

mtDNA can be released into the cytoplasm and extracel-
lular environments. Intracellular release of mtDNA in the cyto-
plasm causes increased expression of interferon (IFN)-related
and pro-inflammatory genes [11]. Release of mtDNA into the
cytoplasm occurs through mitochondrial herniation via mem-
brane pores during apoptosis [12]. This mechanism, however,
does not explain which forms of cell-free mtDNA (cf-mtDNA)
are released extracellularly. Circulating cf-mtDNA has been
identified in various diseases, such as cancer, autoimmune
diseases, Parkinson’s disease, Alzheimer’s disease, progres-
sive multiple sclerosis, as well as in stress. It has been thought
that factors such as obesity, age, stress and exercise can induce
the release of cfDNA into circulation. These are usually very

short DNA fragments, more fragmented than the total cfDNA.
cf-mtDNA may not correlate with total cfDNA levels, which
implies that cf-mtDNA could potentially become an independ-
ent biomarker for certain conditions.

The two major DNA-sensing pathways linked to cfDNA
are TLRY recognition, and the stimulator of interferon genes
(STING) pathway. Both can be upregulated in inflammatory
conditions, augment the uptake of DNA and protect the DNA
from degradation. The remaining DNA will then promote the
induction of proinflammatory responses.

Circulating DNA in Autoimmune Rheumatic
Diseases

There are several existing autoimmune diseases which affect
5-10% of the population of the world. Systemic inflamma-
tory autoimmune diseases can be identified by the presence
of unique autoantibodies and specific immune cells. Much
knowledge has been gained from research in autoimmunity
with a focus on identifying new biomarkers, determining the
mechanisms related to the pathogenesis of the autoimmune
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Figure 2. Induction of autoimmune phenomena by cell-free DNA (cfDNA) upon its recognition by toll-like receptor 9 (TLR9).
DNases are important in the reduction of inflammatory responses and in the maintenance of homeostasis. Self and foreign
(bacterial)-derived cfDNA in human tissues may persist when nucleic acids fail to be degraded by DNases. This can lead to TLR9
activation in immune cells, with an ensuing inflammatory response and induction of autoimmunity.

disease and creating new therapeutic agents. In 1966, high val-
ues of cfDNA were identified in patients with SLE [13, 14].
Since then, the role of nucleic acid in the pathogenesis of au-
toimmune diseases has been a key area of focus in the area of
research. The ability to identify and evaluate cfDNA shows
great potential as a biomarker for disease activity, progression
and possible therapeutic modality in autoimmune diseases.

RA is probably the most common chronic autoimmune ar-
thritis [15]. Although remission is possible, outcomes as well
as treatment modalities vary considerably. Although there are
biomarkers used in the early diagnosis of RA such as anticitrul-
linated protein antibodies (ACPA) and rheumatoid factor (RF),
more information is sought regarding novel biomarkers to be
used in the diagnosis, categorization and to help predict treat-
ment responsiveness. The analysis of cfDNA, and how they
can guide individualized treatment is an avenue of huge poten-
tial interest [16]. cfDNA in patients with RA is elevated in pe-
ripheral blood and synovial fluid and is associated with disease
activity [10, 17]. Reduced levels of serum cfDNA in estab-
lished RA compared to healthy controls, and early RA patients
[18], suggest that their role may be key in the initiation of the
disease. This may help guide the optimal time for newer treat-
ments utilizing DNase-conjugated nanogels for active cfDNA
degradation in the management of RA [19].

cfDNA and extracellular mtDNA in synovial fluid show
that cfDNA is primarily located in the joints of RA patients
[20], where it induces upregulation of cytokines such as tu-
mor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6)
[21] which lead to RA progression [22]. Release of cfDNA
could increase in conditions including trauma, infections, or
other mechanisms. Synovial fluid cfDNA is full of specific
hypomethylated CpG motif-rich sequences known to be pro-
inflammatory in RA-related cells [23]. cfDNA and mtDNA
could also possibly bind with antimicrobial peptides or the

high mobility group box chromosomal protein 1 (HMGBI1), a
non-histone protein from activated and dying cells involved in
autoimmunity [22].

It has been shown that cfDNA could forecast the effects
of treatment with biological disease-modifying anti-rheumatic
drugs (-DMARD:s) in RA patients, as there was an increase in
cfDNA 8 weeks after starting bDMARDSs [24]. Other studies,
however, showed decreases in plasma cfDNA during treatment
with ADMARDs [25]. This demonstrates the necessity for fur-
ther research in analyzing cfDNA in RA patients on treatment.
Nevertheless, this opens the door for the identification of a
possible biomarker for RA, and how it could add diagnostic or
prognostic value to ACPA and RF [26].

Arthritis in SLE is common and has a significant impact
on patients in terms of their burden of disease and quality of
life [27]. Endogenous or self-DNA has emerged as a potent
trigger mechanism in SLE, with self-reactive B cells suppos-
edly to be edited to prevent autoimmunity, playing an impor-
tant role. Self-reactive B-cell receptors are present in 10-20%
of all mature naive B cells in healthy individuals, this percent-
age increases up to 50% in SLE, with significant self-DNA
reactivity correlating with disease severity [28].

Increased availability of immunogenic self-DNA, as an
immunogen or adjuvant, may be the initiating factor for the
loss of tolerance causing production of anti-DNA antibodies
by self-DNA-reactive B cells and subsequent manifestations
of SLE [28]. The sources of DNA in SLE are multiple, and
the heterogeneity, in which pathogenic nucleic acid molecules
are present and which sensors and pathways they trigger, con-
tributes to the clinical heterogeneity of SLE [29]. Mutations
impairing apoptotic cell clearance pathways and nucleic acid
metabolism-associated genes like DNases, are known to play
a role in this increased availability of DNA [30, 31] (Fig. 2).
Autoimmune diseases characterized by pathogenic DNA ac-
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cumulation, such as SLE, can be effectively treated with a re-
placement DNAse to bypass pathogenic mechanisms [32].

There is very little information on the importance of cfD-
NA in other autoimmune spondyloarthropathies such as an-
kylosing spondylitis (AS), psoriatic arthritis (PSA) or reactive
arthritis (ReA). There is no clear consensus of the levels of
DNA in serum and synovial fluid from patients with arthritis,
including psoriatic arthropathy and AS (Leon et al, 1981 [20]).
Synovial fluid from SpA patients has shown that cfDNA cor-
relates with proteins in neutrophil granulocytes [33]. Future
research in this area is needed to further investigate the role of
cfDNA in these autoimmune conditions.

Oral Bacterial DNA and Arthritis

Although RA is considered mainly an autoimmune disorder,
RA-associated human leukocyte antigens shape microbiomes
and increase the risk of dysbiosis in mucosae. RA might also
be induced by epigenetic changes in long-lived synovial pre-
senting cells, which are stressed by excessive translocation
into joints of bacteria from the poorly cultivable gut, lung, or
oral microbiota, in the same way as more pathogenic bacteria
can lead to “reactive arthritis” [34]. Bacterial composition can
even be used as noninvasive biomarkers for arthritis screening
[35], being able to differentiate RA from osteoarthritis (OA).

Not only can oral microbial dysbiosis increase susceptibil-
ity to develop RA [36], but several studies have demonstrated
the association between periodontitis with severity and pro-
gression of RA [37]. The number of joints with movement re-
strictions caused by RA correlates with the number of missing
teeth in these patients [38]. Furthermore, RA patients may be
able to experience rapid and dramatic improvement by surgical
treatment of unresolved oral infections [39]. This is supportive
of the temporal association between oral infections and chron-
ic systemic autoimmune disease such as RA. In fact, develop-
ment and novel therapeutic interventions in RA are focusing
on oral infections [40].

ReA is an inflammatory arthritis that presents days or
weeks after a gastrointestinal or genitourinary infection. The
Reiter’s syndrome, named after Hans Reiter, is described as a
classic triad of arthritis, urethritis, and conjunctivitis, although
the majority of patients do not present with the classic triad.
It is currently believed that the disorder is due to an aberrant
autoimmune following a gastrointestinal or genitourinary in-
fection caused by Salmonella, Shigella, Campylobacter, or
Chlamydia [41]. It can also present after a dental infection oc-
curring after a dental extraction [39].

The presence of periodontal pathogens DNA can be found
in synovial fluid, which strongly suggests that oral bacteria
may play a role in the pathogenesis of arthritis. In patients with
RA and OA, DNA of Porphyromonas gingivalis (P. gingivalis)
can be detected in synovial fluid more often than in controls.
DNA from P. gingivalis was present in both oral plaque and
synovial fluid [38, 42]. The oral-synovium translocation could
be due to the periodontal diseases of the patients [43].

The oral bacterial DNA found in synovial fluids of arthri-
tis patients seems to be of different species between arthritides.

While Actinobacillus naeslundii, Streptococcus constellatus,
Eubacterium nodatum, P. gingivalis, Actinomyces viscosus,
Treponema denticola, Prevotella nigrescens, and Neisseria
mucosa were pretty much present in all arthritides, Streptococ-
cus anginosus, and Actinomyces israelii, were higher in RA,
and along with various species like Eubacterium saburreum,
Actinobacillus actinomycetemcomitans, Streptococcus inter-
medius, Tannerella forsythensis, Prevotella melaninogenica
and Prevotella intermedia were completely absent in controls
[42]. This strongly indicates a possible connection between
oral infections and joint inflammation [42].

Bacterial DNA Persistence in Brucellosis and
Lyme Arthritis

Brucellosis is a chronic infectious disease with multiple in-
flammatory manifestations. Brucella is a microorganism that
shows preferential tissue tropism to certain organs sites such
as the reproductive system, bone, and fetal ectoderm. Early
manifestations of brucellosis consist of fever, sweating, joint
pain, symptoms of poisoning, chronic spine arthritis, orchitis,
ovarian inflammation, and neurological manifestations. More
bacteria are released into the blood upon replication in organs
and tissues, which increases the risk of complications in bru-
cellosis [44]. Osteoarticular features, such as arthritis, occur in
around 14-26% of the patients suffering from acute, sub-acute
or chronic brucellosis [45], making it easily mistaken for RA
[46].

After acute brucellosis infection, symptoms persist in a
minority of patients for more than 1 year. Such patients are
defined as having chronic brucellosis. DNA persistence is de-
tected in all focal-disease patients and symptomatic nonfocal-
disease patients with chronic brucellosis [47]. This study ana-
lyzed Brucella DNA persistence in the serum from brucellosis
patients, most of whom manifested polyarthralgia. Curiously,
the increase in DNA was observed in serum and not in blood
in follow-up. We were unable to find any study regarding Bru-
cella DNA persistence in joints of patients with chronic bru-
cellosis. This is still a possibility given that Brucella DNA is
present in the synovial fluid of acute brucellosis arthritis [48],
and DNA amplification on joint fluids is useful when culture
results have proved inconclusive [49].

A longitudinal study showed that the majority of brucel-
losis patients exhibit persistent detectable bacterial DNA load
despite being asymptomatic, with 70% even more than 2 years
after treatment [50]. This is even more curious, given that some
of these patients were culture negative for Brucella. The isola-
tion rate of the fastidious etiologic agent from blood cultures
is low, and therefore laboratory diagnosis is mainly based on
serologic and molecular testing. However, seronegative bru-
cellosis patients have been described, and antibody titers of
diagnostic significance are difficult to define [51].

Lyme disease is a zoonosis caused by infection with the
spirochete Borrelia burgdorferi (B. burgdorferi). The disease
is inflammatory in nature, as the spirochete is not well adapted
to humans. Articular joints are a major target of B. burgdor-
feri, with the occurrence of Lyme arthritis differing between
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geographical regions due to the presence of various species of
B. burgdorferi or the immunogenetic background of the host
[52]. In some individuals, chronic inflammatory symptoma-
tology persists despite antibiotic therapy. One of the possible
explanations for such phenomenon is that B. burgdorferi DNA
can persist for long periods of time in some individuals, even
after antibiotic therapy. Evidence suggests that after antibiotic
eradication of B. burgdorferi, its DNA is able to persist in ana-
tomical locations that coincide with sites of inflammation [53,
54]. cfDNA can be detected in 64% with laboratory-confirmed
Lyme disease at an early stage [55], which proposes a poten-
tial diagnostic utility of a disease that is sometimes difficult to
diagnose.

In other conditions like the mouse model of chronic colitis
used as a surrogate for inflammatory bowel disease (IBD), bac-
terial DNA derived from luminal bacteria contributes signifi-
cantly to the perpetuation of chronic intestinal inflammation.
This is greatly dependent on TLR9 [56]. Even more interesting
is the fact that TLR9 plays a major role in the T-cell-dependent
phases of inflammatory erosive autoimmune arthritis [57]. Un-
methylated CpG motifs from intra-articularly localized bacte-
rial DNA can induce arthritis by activating macrophages [58].

Bacterial DNA Recognition

Endosomal TLRs, i.e., TLRs 3, 7, 8, and 9 recognize self and
foreign double-stranded RNA and single-stranded RNA and
DNA [59]. The development of therapeutics to inhibit the en-
dosomal TLRs or components of their signaling cascades may
represent a way to target inflammation upstream of cytokine
production [60].

TLRO is the best characterized sensor for bacterial DNA
(Fig. 2), which contains short sequences of unmethylated CpG
motifs, though TLR9-independent intracellular DNA recogni-
tion mechanisms may also exist [61]. Certain immune cells
like dendritic cells, B cells, and neutrophils show considerable
expression of TLR9 [62, 63]. Neutrophils contribute in great
extent to the tissue damage in many inflammatory diseases,
including RA [61]. When neutrophil recruitment into the joint
is prevented, through natural killer (NK) cell-derived IFN-y,
inhibition of arthritis development is observed [64].

Although TLRO is active in the endosomal compartment
for DNA recognition in dendritic cells, and B cells [1], neu-
trophils are able to bind pathogen-derived unmethylated CpG
motifs to surface TLR9 [63]. This pathway may be triggered
when pathogen-derived TLR9 ligands cannot reach the endo-
some, offering a rescue mechanism for neutrophil activation.

TLR9-mediated recognition of the unmethylated CpG
motifs can lead to distinct signaling responses depending on
the sequence of oligodeoxynucleotide (ODN)s that express
CpG motifs [65]. ODN1688 can exacerbate inflammation in
the colon but blocks arthritis development in certain murine
models [64], whereas CpG-DNA has been reported to promote
arthritis in other model systems. Since these studies did not al-
ways use the same CpG-ODNs, interpretation remains a com-
plex challenge.

DNA present in the extracellular space, leftover from

damaged microbes or infected host cells, may be degraded by
extracellular DNases present in that site. Such degradation ap-
pears to be important in maintaining a homeostatic balance.
When a mutation or a deficiency occurs in one of these DNas-
es, the presence of this remaining DNA nucleic acid can trigger
an autoimmune response, like lupus and lupus arthritis [30].

Oral microbial extracellular DNA can initiate periodonti-
tis through gingival degradation by fibroblast-derived mecha-
nisms [66]. Oral tolerance induced by bacterial DNA-mediated
expansion of Breg cells suppress disease onset in an autoim-
mune-prone mouse model. For SLE, gut microbiota and bacte-
rial DNA suppress autoimmunity by stimulating regulatory B
cells in a murine model of lupus [67].

Periodontitis and RA are both chronic inflammatory dis-
eases, and they share immunological and inflammatory mech-
anisms, causing soft tissue inflammation and bone destruction.
RA can promote periodontitis-associated bone destruction in
the lesion area. New potential therapeutic strategies to reduce
macrophage infiltration, TLR9, and the increase of inflam-
matory cytokines in the periodontitis, are being pursued. The
goal is to suppress the activation of TLR9 by CpG ODN, and
thus the TLR9 downstream signaling involved in inflamma-
tion [68]. Both gram-positive and gram-negative bacteria can
produce EVs in the form of outer membrane vesicles (OMVs),
used for communication with host cells and other bacteria.
OMV cargo includes RNA, DNA, proteins, and virulence fac-
tors [69]. Multiple studies have found that OMVs participate
in various inflammatory diseases, including periodontitis, gas-
trointestinal and pulmonary inflammation, and sepsis. OMVs
can trigger pattern recognition receptors, activating inflam-
masomes and inducing mitochondrial dysfunction. OMVs
can also affect inflammation in distant organs or tissues via
long-distance cargo transport [70]. The OMVs produced by P,
gingivalis may be involved in the progression of periodontitis
[71]. Fusobacterium nucleatum (F. nucleatum), another oral
and gastrointestinal organism, is enriched in RA patients and
positively associated with RA severity. F. nucleatum OMVs
containing the virulence determinants translocate into the
joints, triggering local inflammatory responses [72].

Conclusions

Our review indicates that the presence of DNA in certain indi-
viduals could play a major role in the inflammatory phenom-
ena associated with autoimmune arthritis, as well as arthritis
associated with certain infectious diseases.

Various lines of research point out that failure to remove
DNA in tissues elicits TLR9 recognition and signaling path-
ways, which could act as possible major mechanisms of ex-
cessive inflammation. Although this hypothesis is not fully
demonstrated for certain conditions such as arthritis in chronic
brucellosis, further research may be able to identify unique
mechanisms for this particular infection. Recent literature
is suggestive of the role of commensal-derived DNA as ag-
gravating certain inflammatory conditions. Future research
should not only clarify but expand our knowledge of DNA-
incited joint inflammation.
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