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Abstract 

Circulating mitochondrial DNA (mtDNA) is receiving increasing attention as a danger-

associated molecular pattern in conditions such as autoimmunity, cancer, and trauma. We 

report here that human lymphocytes (B cells, T cells, NK cells), monocytes, and neutrophils 

derived from healthy blood donors, as well as B cells from chronic lymphocytic leukemia 

patients, rapidly eject mtDNA as web filament structures upon recognition of CpG and non-

CpG oligodeoxynucleotides of class C. The release was quenched by ZnCl2, independent of 

cell death (apoptosis, necrosis, necroptosis, autophagy), and continued in the presence of 

TLR9 signaling inhibitors. B cell mtDNA webs were distinct from neutrophil extracellular 

traps concerning structure, ROS dependence, and were devoid of antibacterial proteins. 

mtDNA webs acted as rapid, within minutes, messengers priming antiviral type I interferon 

production. In summary, our findings point at a previously unrecognized role for 

lymphocytes in antimicrobial defense, utilizing mtDNA webs as signals in synergy with 

cytokines and natural antibodies, and cast new light on the interplay between mitochondria 

and the immune system.  

 

 

Key words: mitochondrial DNA release, CpG-C, non-CpG-C, DAMPs, Immune DNA sensing, 
lymphocyte signaling, NETs 
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Significance 

Release of pathogen and danger-associated molecular patterns (PAMPs and DAMPs) 

contribute to inflammatory responses and antiviral signaling. Mitochondrial DNA (mtDNA) is 

a potent DAMP molecule observed in blood circulation of trauma, autoimmune, HIV, and 

certain cancer patients. Here we report a previously unrecognized lymphocyte feature that 

CpG and non-CpG oligodeoxynucleotides of class C promptly induce release of mtDNA as 

extracellular web-like structures. Lymphocyte mtDNA webs provoked antiviral type I 

interferon production in peripheral blood mononuclear cells, but were devoid of bactericidal 

proteins. Notably, cells remained viable after the release. Our findings imply an alternative 

role for lymphocytes in antiviral signaling by utilizing their mtDNA as a rapid signaling 

molecule to communicate danger. 
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Introduction 

Cellular receptors in our innate immune system such as natural antibodies on B cells, 

scavenger receptors, and recently discovered immune DNA sensors are programmed to 

recognize, and respond to, pathogen-associated molecular patterns (PAMPs) present on 

foreign microbes, as well as recognition of danger-associated molecular patterns (DAMPs), 

released by damaged cells (1, 2). Recently it was shown that mitochondria, having an 

ancestral bacterial origin, release DAMP structures including mitochondrial DNA (mtDNA), 

ATP, mitochondrial transcription factor A (TFAM), N-formyl peptides, succinate, and 

cardiolipin (3). Released mtDNA participates in inflammatory responses via different 

pathways. In the cGAS/STING pathway, mtDNA participates in cell-intrinsic triggering of 

innate immune responses and antiviral signaling, and trigger type I interferon (IFN) release 

(4-6). Similar to bacterial and viral DNA, mtDNA is enriched in unmethylated CpG 

dinucleotide motifs, which exhibit strong immunostimulatory effects (7). Unmethylated CpG 

oligodeoxyribonucleotides (ODNs) are recognized by endosomal Toll-like receptor 9 (TLR9), 

which is expressed at high levels in plasmacytoid dendritic cells and B cells. TLR9-ligand 

binding stimulates proliferation, immunoglobulin production, and secretion of IL-6, IL-12, 

and IFN-ɣ (8-11). mtDNA also stimulates proinflammatory cytokine release via activation of 

the AIM2 and NLRP3 inflammasomes (12, 13).  

The spectacular neutrophil discharge of decondensed genomic DNA strands complexed with 

antibacterial proteins, such as neutrophil elastase and myeloperoxidase, termed neutrophil 

extracellular traps (NETs), was previously found to be triggered by bacterial PAMPs and 

phorbol myristate acetate (PMA) (14). Release was associated with a particular form of cell 

death, NETosis, without spreading of harmful granule enzymes and histones (14, 15). Later, 

it was observed that extracellular traps (ETs) could be generated by live cells that released 

mtDNA instead of nuclear DNA (16-19). Notably, Itagaki et al. found that cell-free mtDNA, 

released in trauma patients, itself induced classical, suicidal, NETosis via a ROS-dependent 

TLR9-pathway (20). Although beneficial for pathogen clearance, circulating DNA constitute a 

potential risk for autoantibody induction if not rapidly cleared. Both nuclear and mtDNA ETs 

show proinflammatory characteristics and have been detected in clinical conditions such as 

autoimmunity, HIV, and cancer (21-24). 
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In this study, we report the novel and previously unrecognized finding that lymphocytes (B 

cells, T cells, NK cells), as well as monocytes and neutrophils, upon treatment with CpG-C 

and non-CpG-C, rapidly release mtDNA as long elastic filaments that we call webs. The web-

release was induced in a pathway independent from B cell antigen receptor (BCR), TLR9, 

STING, and AIM2 signaling, independent from ROS and cell death (apoptosis, necrosis, 

necroptosis, autophagy). Isolated web-protein composition analyzed by mass spectrometry 

was different from neutrophil ETs. Once released, the mtDNA webs primed antiviral type I 

IFN secretion in peripheral blood mononuclear cells (PBMC). Thus, a new scenario emerges 

where immune cells may utilize mtDNA as rapid danger messenger molecule acting in 

synergy with cytokines and natural antibodies.   
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Results  

B lymphocytes release extracellular DNA webs after sensing GC-rich oligonucleotides 

Natural antibodies recognizing modified epitopes on proteins, lipids and DNA are produced 

by innate B1-like B cells and by chronic lymphocytic leukemia (CLL) B cells (25, 26). DNA 

released into circulation is a potentially harmful DAMP and its removal is essential to avoid 

autoimmune reactions (24). In the process of studying binding of natural autoantibodies 

derived from CLL B cells (26, 27) to NET structures, we observed that these CLL B cells not 

only produced antibodies to NETs, but also could release ET-like structures themselves. 

This finding prompted us to search for potential inducers of B cell ETs. Unexpectedly, in a 

panel of 18 known NET inducers and B cell activators (Fig. 1 and Supplementary Materials 

and Methods), CpG oligonucleotide of class C (ODN 2395; hereinafter referred to as CpG-C 

unless otherwise stated) was the only stimuli that induced release of ET-like structures (Fig. 

1 A-C). These webs were sensitive to DNase treatment, implicating DNA content (Fig. 1 D). 

Untreated cells or CpG-C treatment of isolated cell supernatants, in which cells were 

removed by centrifugation, did not generate these fibrous DNA structures (Fig. 1 E and F 

and Fig. S1 A). These B cell DNA webs were flexible and fragile, i.e. sensitive to 

paraformaldehyde fixation, compared with PMA induced neutrophil ETs. Therefore, onward 

analyses of B cell DNA webs were performed by live-cell fluorescence microscopy and 

agarose-gel electrophoresis. Released DNA isolated from cell culture media revealed a 

distinct large sized DNA fragment exclusively found in CpG-C exposed cultures as analyzed in 

agarose gel electrophoresis (Fig. 1 G). 

We expanded the analysis to a panel of CD5+/CD19+ leukemic B cell samples isolated from 

14 treatment naive CLL patients, as well as to six CD19+/CD20+ and two B1-like CD5+/CD19+ 

B cell samples from healthy blood donors and found all to produce DNA webs in response to 

CpG-C. Thus, DNA release was not restricted to leukemic B cells or B1-like B cells. In 

expanded analyses to other PBMC subpopulations, we found that all tested cells (B cells, T 

cells, NK cells, and monocytes) released DNA webs in response to CpG-C (Fig. 1 H and Fig. S1 

B). In addition, neutrophils also released CpG-C induced DNA webs that appeared different 

from PMA induced NETs (Fig. 1 I and J). Notably, the electrophoretic migration pattern of 

CpG-C induced DNA webs in agarose gels was compared with PMA induced NETs and found 

to be markedly different. DNA released upon CpG-C treatment migrated as a uniform sized 
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fragment, while PMA induced NETs consisted of large-sized DNA with strongly retarded gel-

entry implicating a different and larger structural composition (Fig. 1 K, lane 2 and 3). 

Inhibition of NADPH oxidase by apocynin did not prevent CpG-C stimulated neutrophils from 

releasing DNA webs, whereas PMA-induced NETs were abolished, indicating a different 

release mechanism (Fig. 1 K, lane 5 and 6 and Fig. S1 C). We also tested whether non-

immune cells could generate webs. However, CpG-C did not trigger web-release from 

primary foreskin fibroblasts, HepG2 liver carcinoma epithelial cells, and HEK 293 embryonic 

kidney epithelial cells (Fig. S1 D). Therefore, we decided to study the DNA release from B 

cells in detail. 

Released B cell webs are of mitochondrial DNA origin 

DNA sequencing of the characteristic fragment observed in Fig. 1 G disclosed high 

abundance of mtDNA, a finding that was verified by PCR using primers specific for 

mitochondrial or nuclear DNA (Fig. 2 A and S2 A and B). The apparent size of the released 

mtDNA was, however, significantly larger than expected for mtDNA. Purification of released 

DNA by removal of cell culture media components, changed the apparent size to that of 

purified mtDNA (Fig. 2 B). A reverse step experiment was performed in which purified 

mtDNA was added to cell culture media. This resulted in a retarded migration and an 

apparent size similar to that of uncleaned webs (Fig. 2 B) suggesting that presence of cell 

culture media affects mtDNA mobility. We also observed that DNA migration was hampered 

by presence of SYTOX Green nucleic acid stain (Fig. S2 C). Of note, PCR-analysis of DNA 

isolated from collected supernatant, using nuclear DNA specific primers, did not show 

presence of any nuclear DNA (Fig. 2 C). In contrast, mtDNA could be amplified in < 1% of the 

sample (Fig. 2 D). Spontaneous release of mtDNA fragments have been previously reported 

(28) and we also observed that mtDNA was amplified in untreated samples, albeit to a 

significantly lower extent (mean ratio CpG-C treated/untreated: 2.0; SD± 0.4; p<0.005; n=4). 

However, since no large-size DNA was observed in supernatants of untreated cells (Fig. 1 G), 

our results show that CpG-C specifically induce release of webs consisting of full-size mtDNA 

rather than fragments. Copy number analysis of DNA remaining in cells after CpG-C 

treatment, using droplet digital PCR, did however not reveal any significant change in 

mtDNA copy number compared to untreated cells (Fig. S2 D).  

Increasing concentrations of CpG-C resulted in dose-dependent release of mtDNA from B 
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cells (Fig. 2 E and S2 E) and kinetic analysis revealed increase of mtDNA webs within cell 

supernatants over time (Fig. 2 F). Of note, CpG-C was localized rapidly in the cells (Fig. S2 F), 

but appeared not to align with the released mtDNA as analyzed with FITC-labeled CpG-C 

(Fig. S2 G).  

 

mtDNA web casting in B cells is uncoupled from cytokine release 

CpG-ODNs are known ligands of TLR9 but interestingly CpG recognition by TLR9 differs 

between immune cells depending on the ODN class (29). These classes differ both in the 

primary and secondary structure (Fig. 3 A). B cells are known to release cytokines in 

response to ODNs of B and C classes (8). As we only found CpG of the C-class to induce 

mtDNA-web ejection from B cells, we wanted to analyze the involvement of TLR9 in this 

event further. Secretion of different cytokines IL-10, IL-1, IL-6, IFN-α2, and TNF (Fig. 3 B and 

Fig. S3 A-D) after stimulation of CLL B cells with CpG-A, CpG-B, and CpG-C for 6 h, was 

compared to mtDNA web-release data described in Fig. 1 G. CpG-A neither generated IL-10 

nor webs, whereas both CpG-B and CpG-C provoked IL-10 secretion, but remarkably only 

CpG-C induced mtDNA webs. Negative controls of TLR9 pathway signaling, ODNs lacking the 

CpG structural motif (non-CpG; e.g. GpC-B and GpC-C), did not induce IL-10 secretion 

compared to untreated cells (Fig. 3 B) indicating the importance of the CpG-structural motif 

for cytokine production via TLR9. Chloroquine, an inhibitor of TLR9 signaling, abolished IL-10 

secretion from CpG-B and CpG-C stimulated cells, verifying TLR9 pathway block (Fig. 3 B). 

Importantly, chloroquine did not compromise CpG-C induced mtDNA release (Fig. 3 C), 

suggesting an endosomal TLR9 independent pathway. 

 

mtDNA webs are induced in a TLR9 independent pathway 

The observation that CpG-B induced TLR9 dependent cytokine secretion, but not mtDNA 

web release, prompted us to carefully analyze different CpG ODN classes for the ability to 

induce mtDNA webs. The amount of released webs from CLL B cells treated with 1.25 µg/mL 

(180 nM) of CpG-C for 2 h was used as a reference. CLL B cells were also treated with 180 

nM or 360 nM with CpG-A, CpG-B, GpC-C, and the inhibitory ODN TTAGGG (A151) known to 

block CpG signaling. Remarkably, the non-CpG-C control, GpC-C, induced mtDNA release in a 

dose-dependent manner (Fig. 3 D and Fig. S3 D) emphasizing that the CpG-motif per se is 

not crucial for mtDNA-web release. No web release was observed for CpG-A, CpG-B and 
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A151 as shown by gel electrophoresis and immunofluorescence (Fig. 3 D and Fig. S3 E). Since 

only C-class ODNs were found to stimulate webs, two additional C-class ODNs (ODN D-SL03 

and ODN M362) as well as a P-class ODN (ODN 21798) were analyzed. P-class ODN 21798 is 

similar to the CpG-C ODN 2395 used in our previous experiments, but holds an extra CpG 

motif and one additional stem-loop motif (Fig. S3 F). Both ODN D-SL03 and ODN 21798 

induced web release, while no or very low amounts of webs could be observed after 

stimulation by ODN M362 (Fig. S3 G, H, I). The ODN sequences and secondary structures 

(Fig. 3 A and Fig. S3 F) indicate a common GC-rich stem-loop motif at the 3’ end for the 

stimulating ODNs, reminiscent of certain viral G-rich Y-form DNA motifs (30).  

Combination of ODNs of the other classes with CpG-C did not reduce web release compared 

with stimulation by CpG-C alone (Fig. S3 J) indicating that CpG-C targets a unique sensor to 

which no competitive binding of CpG-A, CpG-B, nor A151 occur. A TLR9 independent 

pathway is further supported by the finding that additional inhibitors of TLR9 signaling, 

rolipram and wortmannin (31, 32), also did not prevent the release of mtDNA upon CpG-C 

treatment (Table 1 and Fig. S4 A). In addition to endosomal expression, B cells express TLR9 

on the plasma membrane (33). However, we observed no inhibitory (or stimulatory) effect 

of B cell DNA web formation in the presence of anti-TLR9 antibodies (Fig. S4 A), despite the 

fact that both CpG-C and the TLR9 antibody did bind to cell surface (Fig. S4 B). We found 

that B cells and T cells produced mtDNA-webs at similar levels (Fig. 1 H). However, TLR9 is 

known to be expressed at higher levels in B cells (10) and immunoblotting using a TLR9 

specific antibody revealed much less TLR9 in T cells and neutrophils compared to B cells (Fig. 

3 E), also suggesting a TLR9-independent mechanism of web release. 

 

B cell webs induce release of type I IFN from PBMC 

As mtDNA has been reported to act as a DAMP molecule with interferogenic and 

proinflammatory properties, we wanted to examine whether B cell mtDNA webs also could 

elicit a similar response. Webs from GpC-C treated CLL B cells were collected and incubated 

with PBMC (see Materials and Methods). PBMC exposed to webs for 16 h released 

significant amounts of type I IFN (IFNα) (p<0.005; Fig. 4 A) but not IL-1β (Fig. S5 A,B). 

Importantly, B cell supernatants devoid of webs (i.e. supernatants from CLL cells not 

exposed to GpC-C; ‘untreated’) could not induce IFNα secretion (Fig. 4 A). Interestingly, 
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DNase treatment of webs amplified the IFNα production (p< 0.0005). Although the 

characteristic web-fragment in agarose gels could not be observed after DNase treatment, 

the gene for mitochondrial cytochrome b could still be amplified by PCR (Fig. S5 C-E). DNase 

digest DNA into oligo- and mononucleotides, and obviously these smaller web-fragments 

were more interferogenic. The GpC-C control induced detectable IFNα secretion but to a 

significantly lower extent than webs (webs vs. GpC-C control, p<0.05), most likely due to 

GpC-C retention in the sample. GpC-C is not known to induce IFNα by itself but as GpC-C 

stimulate PBMC to release webs, GpC-C contamination within the web-sample could 

contribute to the observed IFNα (Fig. 4 A). The supernatant of GpC-C exposed CLL B cells 

used for PBMC stimulation contained no IFNα (Fig. 4 B). 

 

mtDNA web casting is inhibited by Zn2+ and hypothermia 

Potential mechanisms behind B cell mtDNA web-release were investigated by intervening 

cellular pathways with appropriate inhibitors (Table 1). For comparison, we analyzed their 

capacity of inhibiting PMA induced neutrophil NETs in parallel (Fig. S6 A). The results are 

presented in Fig. 3 F, Fig. S4, and S6 B. Strikingly, although several inhibitors effectively 

inhibited NET release, only treatment with ZnCl2 prevented CpG-C induced B cell webs (Fig. 

3 F). Importantly, cell viability was not compromised by ZnCl2 (Fig. S4 D and E). Hypothermia 

(+4⁰C) showed similar inhibition of web-formation (Fig. 3 F). 

The mode of action of inhibitors along with affected pathways is illustrated in Fig. 5. To 

summarize, we found no effect on web-release by blocking BCR, TLR9, cGAS/STING, and 

AIM2 inflammasome signaling pathways. Inhibitors of cell death (apoptosis, necrosis, 

necroptosis, autophagy), ROS formation, and endocytosis were also ineffective. Cyclosporin 

A, previously reported to inhibit release of mtDNA fragments (28), did not affect web-

release. 

Although hypothermia and zinc sensitivity specifies active biological processes, both 

treatments intervene with multiple cellular processes and insight in mechanistic details of 

mtDNA web-casting renders further studies. 

 

mtDNA web casting is not accompanied by ROS/RNS nor cell-death 

Inhibitors and scavengers of ROS had no effect on mtDNA release (Table 1), which argues for 

a ROS-independent mechanism. In order to verify this, various reactive species i.e. hydrogen 
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peroxide, peroxynitrite, hydroxyl radicals, nitric oxide, and peroxy radicals were probed. 

Indeed, neither CLL B cells nor neutrophils were found to increase ROS/RNS after CpG-C 

stimulation (Fig. 6 A). However, as expected, high ROS levels were observed in PMA 

stimulated neutrophils, used as a positive control. Generation of mitochondrial superoxide 

was analyzed using MitoSOX Red, which specifically targets mitochondria. No production of 

mitochondrial superoxide was observed in CpG-C stimulated cells, while PMA induced an 

intense formation of superoxide in neutrophils (Fig. S6 C and D).  

mtDNA web release could not be blocked by inhibitors of cell death (Q-VD-OPh, necrostatin-

1, and wortmannin; Table 1 and Fig. S4 A), and analysis of necrosis revealed no effect after 

CpG-C exposure. This is in clear contrast to PMA treatment of neutrophils, which had a 

potent cytotoxic effect (Fig. 6 B). Monitoring cell viability and apoptosis within the same 

sample did not reveal any effect on cell viability upon CpG-C treatment (Fig. 6 C). No 

significant variations in caspase 3/7 activity were observed, in contrast to staurosporine 

exposed cells that had a high caspase 3/7 activity. 

In addition, active metabolism was not affected by CpG-C compared to untreated cells, 

while metabolism in staurosporine exposed cells was hampered (Fig. S6 E). Similarly, cellular 

ATP levels were not compromised compared to untreated and CpG-B treated cells, 

suggesting no mitochondrial dysfunction (Fig. 6 D). Inhibition of the mitochondrial electron 

transport chain by antimycin A or rotenone did, however, completely abolish ATP 

production.  

 

B cell webs are devoid of bactericidal proteins 

Considering that the fragile nature of released mtDNA may preclude isolation of mtDNA 

web-associated proteins using methods previously described for NET protein isolation (34), 

we developed a novel extracellular DNA isolation method taking advantage of the 

interaction between DNA and silicate glass beads (see Supplementary Materials and 

Methods)). This method allowed identification of the majority of the PMA induced NET 

associated proteins previously described (34), including several bactericidal proteins (Table 

S1), thus verifying the reliability of our method. We analyzed isolated webs from 10 CpG-C 

treated CLL B cell cultures and 10 control samples (e.g. untreated (n=7) and CpG-A treated 

(n=3)). However, none of the proteins associated with NETs could be found within B cell 

mtDNA webs (Supplementary Data 1). The proteins presented in Supplementary Data 1 
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represent those proteins that were found to differ in spectral counts by a factor >1.5. It 

should be noted that the samples over all contained very small amounts of proteins and 

some of the identified proteins should possibly be regarded as contaminants (e.g. keratin 

and complement C4). However, the webs are clearly devoid of proteins with antimicrobial 

properties. The absence of antibacterial proteins in the webs underline the difference to 

NETs. The antibacterial properties of NETs and mtDNA webs were also tested on E.coli. 

Released B cell webs were incubated with E. coli DH5α and found not to compromise the 

number of colony-forming bacteria (Fig. 6 E). Thus, we conclude that B cell mtDNA webs are 

unique and differ from previously reported neutrophil ETs of nuclear DNA or mtDNA origin. 

 

The mitochondrial transcription factor TFAM regulates the degree of mtDNA packing into 

nucleoids (35). As mass spectrometry did not reveal any TFAM associated with the webs, we 

made a more dedicated analysis of TFAM using immunoblotting. We could not detect any 

TFAM in the extracellular fraction (cell supernatant containing webs) measured after 4 h of 

CpG-C treatment indicating low, if any, amounts of TFAM to be released along with the 

webs (Fig. 6 F). However, we observed an intense increase of intracellular TFAM levels in 

CpG-C exposed cells compared to untreated cells (Fig. 6 F). Thus, CpG-C treatment and/or 

loss of mtDNA stimulate the cell to increase the levels of TFAM which have a strong impact 

on mitochondria biogenesis (36). 

 

Discussion 

The physiological importance of cell-free circulating mtDNA as a pathogenic factor and 

DAMP molecule in inflammatory diseases, autoimmunity, cancer, trauma, bacterial and viral 

infections, is extensively reviewed in recent publications (3, 7, 24, 37-40). In this study we 

report on a previously unrecognized feature of human immune cells: B cells, T cells, NK cells, 

monocytes, and neutrophils release interferogenic mtDNA webs extracellularly upon 

exposure to short CpG and non-CpG ODNs of class C. Previously described NET stimuli such 

as bacterial LPS or PMA, did not generate mtDNA webs. Webs were rapidly released from 

viable cells, independently of ROS, and were devoid of proteins that trap and kill bacteria, 

such as granule proteins observed in NETs. Considering the inducing stimuli and effector cell 

function, our results suggest that lymphocytes utilize mtDNA webs as rapid extracellular 

messenger molecules and provide alternative roles for mtDNA in antimicrobial signaling. 
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Derived from a bacterial ancestor, mitochondria share many features with bacteria including 

a circular DNA genome with unmethylated CpG motifs (41). As the innate immune system 

recognizes conserved bacterial molecules, mitochondrial constituents are similarly 

immunogenic (38, 40, 42). It was previously reported that proinflammatory and anti-

inflammatory cytokines are produced by activated plasmacytoid dendritic cells and B cells in 

response to unmethylated CpG-containing DAMP motifs (10, 11). West and Shadel (40) 

discuss that unique aspects of mtDNA, such as its length, conformation, sequence, and 

degree of oxidation, govern its differential agonist activities, which may explain why mtDNA 

release does not uniformly activate both pro-inflammatory and type I IFN responses (40).  

In accordance, we found that the lymphocyte derived mtDNA webs effectively primed type I 

IFN production in PBMC and that enzymatic cleavages of webs into shorter lengths amplified 

type I IFN response. This finding underlines the interferogenic characteristics of mtDNA 

previously reported by others (5, 6, 24). Notably, mtDNA is recognized by more than one 

immune signaling pathway. While Zhang et al. found that mtDNA, released into circulation 

after injury, activated neutrophils and caused inflammatory responses via TLR9 (7), White et 

al. (5), Rongvaux et al. (6), and West et al. (4)  showed that mtDNA escaping mitochondria 

during apoptosis or herpes simplex virus 1 exposure, engaged the cGAS/STING signaling 

pathway to induce type I IFN. Moreover, oxidized mtDNA binds to, and activates, the NLRP3 

inflammasome leading to production of IL-1β (13). mtDNA also promotes neutrophil 

adhesion and, noteworthy, acts as a potent inducer of NETs that further raise the 

inflammatory pressure (3, 20, 43). West and co-workers highlight the role of mtDNA as a 

participant in cell-intrinsic triggering of innate immune responses and antiviral signaling (4). 

Thus, based on these observations, studies by Zhang et al. (7) and our findings, we propose 

that mtDNA also acts as an extrinsic trigger of innate immune responses. 

mtDNA is highly susceptible to oxidation and oxidized mtDNA is enriched in NETs from 

systemic lupus erythematosus (SLE) or IFN primed healthy neutrophils. These oxidized 

mtDNA induce mRNA expression and secretion of type I IFN, TNF and IL-6 (24, 44). In 

autoimmune conditions, besides SLE, increased oxidized mtDNA was found in synovial fluids 

and plasma of rheumatoid arthritis (45), and in patients with granulomatosis with 

polyangiitis (46). The pivotal study by Zhang et al (7), showed that circulating mitochondrial 

derived formyl peptides and DNA are causing inflammation in response to injury, advocating 
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that the release is a key link between trauma, inflammation and systemic inflammatory 

response syndrome. Elevated levels of circulating mtDNA in plasma has also been found in 

patients during HIV-infection. Levels of mtDNA did not correlate with number of T cells nor 

with markers of immune activation. Significant correlation was however observed with 

plasma virus load, potentially contributing to the chronic inflammatory state observed in the 

disease (22). Bacterial infections, e.g. by S. pneumoniae, increase mtDNA in circulation via 

TLR9 in acute kidney injury patients (47). Increased mtDNA plasma levels are also observed 

in cardiovascular conditions, diseases of ageing, and in malignancies (38, 40). Interestingly, 

our initial observations on mtDNA release were seen in B lymphocytes derived from CLL 

patients. These were recently shown to have significantly increased mtDNA copy number 

(48). As noted above, circulating DNA constitute a potential risk for autoantibody induction 

if not rapidly cleared. Presence of anti-DNA autoantibodies in CLL and SLE (25) underlines 

the importance of further studies in understanding the impact of mtDNA in the 

pathogenesis.  

 

Previously it was reported that fragments of mtDNA escaped from mitochondria into the 

cytosol by opening of the mitochondrial permeability transition pore, a release that could be 

blocked by cyclosporin A (28). In contrast, we found that CpG-C stimulated release of full-

size mtDNA (e.g. not as fragments), and that discharge was insensitive to cyclosporin A. 

Although mtDNA was ejected, cell viability, mtDNA copy number, and mitochondrial ATP 

levels seemed uncompromised in the B cells. The mitochondria holds more copies of mtDNA 

than required to sustain oxidative phosphorylation implicating additional roles for mtDNA, 

possibly related to mitochondrial signaling and immune functions, as suggested (40). High 

TFAM levels have been shown to correlate with increased mtDNA copy number (35, 49-51). 

Since we observed unaltered mtDNA copy number along with intense increase of TFAM 

levels upon CpG-C treatment, it is possible that mitochondria are compensating for the 

release by mtDNA replication. 

Generally, our results suggest that release is an active process and not a result of cell 

damage. These findings are also supported by the fact that apoptotic pathways, as a rule, do 

not generate IFN production whereas we found that CpG-C and GpC-C generated type I IFN 

production via the release of mtDNA webs, reminiscent of viral infection. In accordance, 

White and Kile (52) also noted that virally induced mtDNA stress, causing release of mtDNA 
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into the cytosol, is distinct from apoptotic mtDNA release. This may suggest that the GC-rich 

stem-loop ODNs used in our study are recognized in a pathway that induces mtDNA stress in 

analogy to certain viruses. Despite recent observations, the mechanism of mtDNA release is 

still to be clarified as pointed out recently by West and Shandel (40) and others (4, 52). It is 

not known how the two levels of mtDNA discharge, first into cytosol then into extracellular 

space, are regulated (3), but cellular stress is discussed as a primary factor for liberation of 

mitochondrial DAMPs. Viral infection priming mitochondrial antiviral signaling protein 

(MAVS)-signalosome located on the outer mitochondrial membrane is probably one of 

these potent stressors as discussed in detail by Jin et al (39). Another mechanism was 

proposed by Caielli et al. who suggested that release of mtDNA require fusion of 

mitochondrial membranes with plasma membrane. This hypothesis has however yet to be 

proven (44). 

We speculate that only mitochondria that replicate or transcribe their DNA at the time of 

CpG-C exposure can eject their DNA. Unlike nuclear DNA, mtDNA is not associated with 

histones, but organized into compact DNA–protein complexes, nucleoids, which are 

composed of proteins for mtDNA packaging as well as transcription and replication factors. 

TFAM plays a key role in the packing of mtDNA into nucleoids. Low levels of TFAM generate 

a loosely packed nucleoid, while high levels results in a compact state. Transcription of 

mtDNA occurs when the nucleoid is loose and elongated, while it is inhibited in the compact 

state (35). Since both our mass spectrometry and immunoblotting analyses showed no 

concomitant TFAM-release along with webs, this implicates that the level of TFAM physically 

associated with the mtDNA to be released is low – reminiscent to the loose and elongated 

nucleoid observed during transcription. 

What are the features of the ODNs used in this study? Our finding that webs were released 

independently of TLR9 was surprising. It is puzzling why three C-class CpG ODNs, both CpG 

and non-CpG, as well as P-class ODN 21798 generate intense mtDNA web release but not A- 

and B-classes nor C-class ODN M362. While CpG-motifs are required for cytokine release via 

TLR9 (53), the CpG-motifs are apparently redundant for mtDNA web release. One similarity 

between web-stimulating ODNs is the predicted GC-rich stem-loop structure present at the 

3’, not found in CpG-A, CpG-B, A151, nor ODN M362 (Fig. 4 A and Fig. S3 F). It is possible 

that this 3’ duplex formation is needed for recognition. Recently Herzner et al. (30) revealed 

that unique G-rich stem-loop structures, named Y-form DNA, present in endogenous 
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retroviruses and HIV-1, trigger innate cGAS-dependent responses and type I interferon 

production. The GC-rich structures used in our study contain unpaired guanosines in the 

closed loop. The structures are not identical but are reminiscent of the short G-rich viral 

ODNs in Herzner’s study, in which unpaired guanosines are flanking the dsDNA stems. 

However, we find that the ODNs in our study are devoid of cGAS/STING-stimulatory activity; 

GpC-C did not induce IFN production and the cGAS/STING inhibitor quinacrine could not 

inhibit web release. Interestingly though, albeit the initial signaling routes are distinct, the 

final outcome in terms of antiviral IFN production, as triggered by webs in our study, is 

comparable. 

Zinc and hypothermia treatments were the only conditions found to prevent liberation of 

mtDNA webs. As both treatments affect several cellular processes, clues regarding the 

release mechanism are limited. Zinc is predicted to bind ~3000 human proteins (54) and zinc 

treatment severely impeded mitochondrial functions (i.e. altered metabolism and less ATP 

production) by inhibiting several mitochondrial enzymes (55). Zinc has also been shown to 

impair the nucleotide binding ability of a viral-RNA binding protein associated with 

regulation of MAVS antiviral signaling (56, 57) implicating that zinc similarly may affect 

recognition of CpG-C and GpC-C by certain DNA sensors. The web-triggering ODN-structures 

used in the present study renders further detailed examination including identification of 

nucleic acid origin (be it modified self-DNA, viral or bacterial DNA) of the stimulating GC rich 

ligand and its receptor. Our results contribute to an understanding that the immune system 

may utilize many different cell populations, a variety of inducing stimuli, and release of 

mtDNA with discrete compositions/structures to signal danger. mtDNA functions and 

interactions are still to be explored concerning mode of release and role in antiviral 

regulation, which are important aspects for understanding mitochondrial interactions with 

the immune system. 

 

Conclusions 

Taken together, our findings that B cells, T cells, and NK cells, as well as monocytes and 

neutrophils, release mtDNA webs extracellularly in response to certain short GC-rich ODNs, 

highlight the role of mtDNA as a rapid extrinsic antiviral messenger molecule. These findings 

accentuate the importance of lymphocyte derived mtDNA DAMPs in innate immune 
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signaling and should be taken into account when examining the excessive type I IFN 

production seen in different auto-inflammatory diseases and cancer.  
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Materials and Methods 

 Ethics Statements. Experiments involving human subjects were done according to the 

recommendations of the local Research Ethics Committee of Linköping University, Sweden. 

Informed consent was obtained from all patients according to the Declaration of Helsinki. 

 

Immune cell isolation. PBMCs were isolated from peripheral whole blood drawn from 

healthy adults and treatment naïve CLL patients by centrifugation in a Ficoll-Hypaque 

density gradients. B cells, T cells, NK cells, and monocytes were further isolated either by 

negative or positive selection using microbeads or by flow cytometry. Neutrophils were 

isolated from peripheral whole blood of healthy adults by gradient centrifugation in Percoll. 

For detailed description see supplementary text.  

 

Stimulation and visualization of mtDNA web formation. 3x105 cells/well at a cell density of 

2x106 cells per mL were seeded in 48-well plates in fresh complete RPMI 1640 medium 

supplemented with 2% heat inactivated FBS. Cells were stimulated for 4 h with various 

immune stimulating agents (see supplementary text). CpG-C ODN 2395 and ODN 2395 

control (GpC-C) (Miltenyi Biotec, Bergisch-Gladbach, Germany) were added to cells at a final 

concentration of 1.25 µg/mL and incubated at 37⁰C in 5% CO2. Released DNA was stained 

with SYTOX Green (Thermo Fisher Scientific, Waltham, MA) and visualized using Nikon 

Eclipse E600W fluorescence microscope equipped with a Nikon DS Ri1 digital camera or with 

Zeiss Axiovert 200M inverted fluorescence microscope using the AxioCam MRm CCD 

camera. Degradation of released DNA was generated by addition of DNase I (Sigma-Aldrich, 

St. Louis, MO) to a final concentration of 10 U/mL and incubation at 37⁰C for 30 min. 

 

Collection and quantification of extracellular DNA from cell supernatants. Following 

staining of DNA with SYTOX Green and a gentle resuspension, cell supernatants were 

transferred to micro-centrifuge tubes using Sigmacote-treated tips and centrifuged 1000 x g 

for 5 min to pellet cells. DNA-containing supernatants were transferred to fresh tubes and 

dried under vacuum. Dried samples were reconstituted and loaded on 0.8% agarose gels 

and DNA was separated with 100 V for 2 h and subsequently imaged in ChemiDoc MP 
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System (Bio-Rad, Hercules, CA). Relative quantification of the characteristic fragment was 

done by analyzing band intensities using the Image Lab software (version 4.1; Bio-Rad). 

 

Generation of webs and stimulation of PBMC. 8x106 CLL B cells in 4 mL RPMI 1640 

supplemented with 2% FBS were treated or mock treated with 2.5 µg/mL GpC-C for 4 h 

before supernatants were collected and centrifuged (300 x g for 5 min followed by 4000 x g 

for 5 min). Subsequently, supernatants were washed twice with PBS in Amicon Ultra-30 

filter devices (Merck Millipore, Billerica, MA). Samples were split in two of which one was 

treated with DNase before three additional PBS washes in Amicon Ultra-30. After the final 

wash, samples were volume-adjusted with RPMI 1640. GpC-C in RPMI 1640 supplemented 

with 2% FBS without cells was treated in the same way as the non-DNase treated samples. 

Aliquots were saved for analysis of IFNα. 

1x106 isolated healthy donor PBMC were incubated with the above described samples for 

16 h at 37⁰C in 200 µl RPMI 1640 supplemented with 5% FBS. A negative control, PBMC in 

fresh cell culture media, was also included. Samples were run in duplicates on three 

occasions using different CLL B cell and PBMC donors. Following incubation, cell 

supernatants were collected by centrifugation 300 x g for 5 min before IFN-α2 levels were 

analyzed using ELISA assays (Mabtech AB, Nacka, Sweden) according to the manufacturer’s 

recommendation. 

 

Statistical methods 

Statistical calculations were performed using GraphPad Prism version 7.03 (GraphPad 

Software). For the statistical analysis of three or more groups, one-way ANOVA was applied 

followed by Dunnett’s post hoc test for multiple comparison or Sidak’s post hoc test for 

pairwise comparisons. Differences between two groups were assessed using a Student’s t 

test. Statistically significant differences were indicated with asterisks: * p < 0.05, ** p < 

0.005, or *** p < 0.0005. In Fig. 3 B and Fig. 4, significant differences for pairwise 

comparisons are indicated with a number sign: # p< 0.05 or ### p<0.0005. 

 

Additional methods used in the manuscript can be found as a supplementary text. 
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Figure Legends 

Fig. 1. CpG-C ODN prompts B cells to release DNA as long extracellular webs 

(A,B,C) Visualization of extracellular DNA in cell culture medium after treatment of CLL B 

cells with CpG-C using live-cell microscopy with Nikon Eclipse with a 4x objective, and Zeiss 

Axiovert with 10x, and 40x objectives, respectively. (D) Treatment of released DNA with 

DNase I for 30 min. (E) Extracellular nucleic acid staining in untreated control samples. (F) 

CpG-C ODN in cell supernatants after removal of cells. Cells were incubated in cell culture 

media for 3 h before cells were removed by centrifugation and further incubated with CpG-

C for 3 h. (G) Agarose-gel electrophoresis separation of collected extracellular DNA from cell 

supernatants after incubation of CLL B cells with indicated stimuli revealed a characteristic 

DNA fragment present only in samples from CpG-C treated cells (indicated by an arrow). (H) 

Analysis of DNA webs produced by B cells, T cells, NK cells and monocytes in agarose gels. (I, 

J) Microscope images (4x objective) showing DNA release from PMA and CpG-C stimulated 

neutrophils, respectively. (K) Agarose-gel electrophoresis of extracellular DNA collected 

from neutrophils treated with PMA or CpG-C in the presence or not of apocynin. 

Fig. 2. Rapid dose-dependent release of mitochondrial DNA from B cells upon CpG-C 

exposure. (A) PCR analysis of the characteristic band observed in Fig. 1 G with specific 

primers for both mitochondrial and nuclear encoded genes using total cell DNA as control. 

(B) Comparison of purified mtDNA and isolated mtDNA-webs in agarose gels. DNA was 

either purified by removal of cell culture media components (“cleaned”) or mixed with RPMI 

1640 prior to electrophoresis. (C) PCR analysis of total isolated DNA released from untreated 

and CpG-C treated cells using a primer specific for a nuclear encoded gene (actb). Total DNA 

isolated from CLL B cells at different template amounts was used as positive control. (D) PCR 

analysis of DNA released from untreated and CpG-C treated cells using a primer specific for 

a mitochondria encoded gene (atp6). The analysis was made by varying the number of PCR 

cycles and the ratio CpG-C treated/untreated was calculated by measuring band intensities 

(n=4). (E) Agarose gel-separation of extracellular DNA collected from cells treated with 

increasing amounts of CpG-C revealed concentration dependence of mtDNA release. * 

denotes the medium control containing CpG-C in the absence of cells. (F) A representative 

gel showing the time dependence of mtDNA release from B cells upon CpG-C treatment 

during 4 h (n=3). 
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Fig. 3. Impact of different CpG classes on cytokine secretion and web-release. (A) 

Sequences and mfold predictions of secondary structures of the ODNs used. The structures 

with the lowest Gibbs free energy for each ODN are presented. Cytosine and guanine bases 

are highlighted. (B) IL-10 concentrations in the supernatants of CLL B cells after 6 h of 

incubation with indicated ODNs with or without the presence of chloroquine (10 µM). Data 

are expressed as pg/mL and show the mean plotted for each individual experiment (n=3). * 

p< 0.05, *** p< 0.0005 (one-way ANOVA followed by Dunnett’s post hoc test), # p< 0.05, 

### p<0.0005 (one-way ANOVA followed by Sidak’s post hoc test for pairwise comparisons 

(CpG-B vs. CpG-B + chloroquine; CpG-C vs. CpG-C + chloroquine)). (C) The effect of 

chloroquine on mtDNA web-release after incubation with 1.25 µg/mL CpG-C was analyzed 

by agarose gel-electrophoresis and DNA staining (n=3). (D) Extracellular DNA collected from 

cell supernatants after 2 h incubation of B cells with indicated ODNs at two different 

concentrations was analyzed using agarose gel-electrophoresis and DNA staining. CpG-C 

(180 nM corresponding to 1.25 µg/mL) was used as a reference (n=3). (E) Immunoblot 

showing the presence of TLR9 in B cells, T cells, and neutrophils. Proteins corresponding to 

equal number of cells were separated using SDS-PAGE and immunoblotting towards actin 

was used as a loading control. (F) The effect of ZnCl2 and hypothermia on mtDNA web-

release analyzed using agarose gel-electrophoresis. 

Fig. 4. Webs prime type I interferon secretion. (A) IFNα levels in PBMC cultures were 

analyzed after 16 h stimulation with web-containing supernatants (‘webs’) or supernatants 

from mock-treated CLL cells (‘untreated’). PBMC cultured in fresh medium was used as 

negative control (‘control’). The additional control, GpC-C ODN without cells, was treated in 

the same way as the web-sample (‘GpC-C’). Samples were also digested with DNase. (B) 

IFNα levels in supernatants prior to PBMC exposure. Data shown represent mean values 

from three different B cell web-donor preparations (●, ■, and ▲, respectively). The 

measured IFNα concentrations for DNase treated webs were above the linear range for the 

assay and are viewed as > 800 pg/mL. ** p<0.005, *** p<0.0005, one-way ANOVA followed 

by Dunnett’s post hoc test. # p<0.05, ### p<0.0005, one-way ANOVA followed by Sidak’s 

post hoc test for pairwise comparisons (webs vs. GpC-C and webs+DNase vs. webs). 

Fig. 5. Summary of pathway analysis.  
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I. Novel signaling pathway responding to CpG-C/GpC-C ODNs.  

B cells responded to unmethylated CpG-C and GpC-C oligodeoxynucleotides, but not to CpG-

A and CpG-B, by releasing mtDNA webs. The release/signal transduction was inhibited by 

hypothermia and ZnCl2 (Fig. 3 F). 

Cyclosporin A act as an inhibitor of mitochondria pore opening and prevents the release of 

mtDNA fragments. However, the release of mtDNA webs was not inhibited by cyclosporin A 

(Fig. S4 A). Endocytosis of CpG-C or GpC-C is apparently not required for B cell mtDNA web 

development as two different inhibitors of endocytosis, cytochalasin D and 

dansylcadaverine, were unable to prevent mtDNA ejection (Fig. S4 A). 

II. Evidence for B cell receptor (BCR) independent pathway 

BCR signaling is activated by ligation with anti-IgM F(ab')2. However, treatment of B cells 

with anti-IgM F(ab')2 did not induce mtDNA release (Fig. 1 G). 

Inhibition of BCR downstream signaling molecules, using the inhibitors PP2, Syk inihibitor II, 

and wortmannin did not hamper mtDNA web release. The targets of these inhibitors, 

kinases Lyn, Syk, and PI3K, are crucial for B cell receptor signaling acting as transmitters of 

the activation signal into cytoplasmic signaling pathways (Fig. S4 A). 

III. Evidence for TLR9 independent pathway 

The most convincing evidences for a TLR9 independent mechanism of mtDNA web release 

are (i) lack of CpG-motif requirement (i.e. also non-CpG-C can stimulate web release), (ii) 

insensitivity to endosomal inhibitor chloroquine and the fact that cells with low levels of 

TLR9 can also produce mtDNA webs (Fig. 3 C and E).  

See Fig. 3 and connected text for more comprehensive explanation of TLR9 redundancy in 

web-release. 

IV. Evidence for STING-independent pathway 

Stimulation of STING (followed by translocation to perinuclear vesicles) induces type I 

interferon release. We found no (or weak) type I IFN release from B cells treated with GpC-C 

although GpC-C generated mtDNA web release (Fig. S6 B). Moreover, STING agonist 2’3’-

cGAMP did not induce mtDNA web release. Also quinacrine, a non-specific inhibitor of 

STING signaling, did not prevent CpG-C induced mtDNA web release. We also showed that 

CLL B cells, in spite of expressing low levels of STING, could release mtDNA webs (Fig. S6 B). 
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V. Evidence for AIM2-inflammasome independent pathway 

Inhibition of key enzymes, AIM2 and Caspase-1, in inflammasome signaling did not affect 

mtDNA web release. In addition, IL-1β secretion, normally high upon AIM2 stimulation, was 

absent or very low in 3 different donor B cell samples (Fig. S3 D). 

VI. Evidence for ROS independent mechanism 

ROS has a fundamental role in neutrophil ETs release. Inhibitors of ROS-formation (i.e. DPI 

and apocynin) and ROS scavengers (i.e. SOD, catalase, NAC, MitoQ, and ferrostatin-1) did 

however not affect mtDNA web release (Fig. S4 A). Neither did treatment with inhibitors of 

mitochondrial electron transport chain and Fenton chemistry (i.e. rotenone and 

deferoxamine mesylate). See Fig. 6 and related text for more extensive analysis of ROS. 

 

Fig. 6. mtDNA release is ROS- and cell-death independent. (A) Analysis of ROS/RNS 

formation in CLL B cells and neutrophils exposed to indicated stimuli for 1 h. (B) Activity of 

LDH in cell supernatants after treatment of CLL B cells and neutrophils with CpG-C or PMA 

was measured as an indicator of necrosis (loss of plasma membrane integrity). LDH activity 

is expressed as % of maximal activity obtained by complete cell lysis. Individual results from 

3 experiments are shown. (C) Cell viability and apoptosis were analyzed in the same sample 

using the ApoTox-Glo Triplex assay. Untreated cells were used as control sample to which all 

samples were compared (n=3). (D) Measurements of ATP production after treatment with 

CpG-C or CpG-B for 2 h (n=3). ATP production in untreated cells (control) was assumed to be 

100%. Inhibitors of mitochondrial electron transport chain, antimycin and rotenone, were 

used as negative controls. (E) The impact of CLL B cell mtDNA webs on E. coli viability 

(colony formation) was analyzed (n=3). Isolated neutrophil NETs were included as a control 

of the assay. The number of colony forming bacteria in supernatants of untreated CLL B cells 

was assumed to be 100%. No statistically difference was observed for webs vs. untreated 

(unpaired t test). (F) Immunoblot showing the amounts of intracellular and extracellular 

TFAM levels upon treatment with CpG-C for 4 h. Proteins corresponding to equal number of 

cells (2x105) were separated using SDS-PAGE and immunoblotting towards actin was used as 

a loading control. For the extracellular samples, cell culture supernatants from 2x105 cells 

were precipitated and resuspended in SDS PAGE sample buffer prior to electrophoresis. 

Experiments were repeated three times and generated the following CpG-C/untreated 
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ratios for TFAM: 7.6, 6.2 and 26.6. (A-D) * p< 0.05, ** p<0.005, *** p<0.0005, one-way 

ANOVA followed by Dunnett’s post hoc test. 















Table 1. Effects of signal pathway inhibitors on B cell mtDNA web release and NET 

formation 

Treatment Mode of action 
Concentrations 

tested 

Inhibition of 

mtDNA web 

release 

Inhibition of 

neutrophil NETs 

TLR9 signaling inhibitors     

chloroquine 
Prevents endosome formation and TLR9 

signaling. 
10 µM no no 

rolipram 
PDE4 inhibitor; inhibits intracellular TLR9 

signaling. 
20 µM no no 

wortmannin 

PI3K and autophagy inhibitor. Also inhibits 

the uptake and co-localization of CpG DNA 

with TLR9.  

4-10 µM no no 

anti-TLR9 antibody Binds to TLR9 on plasma membrane. 10 µg/mL no NT 

     

BCR signaling inhibitors     

PP2 Inhibits Src family kinases. 1 µM no no 

Syk inhibitor II 

Inhibitor of Syk. Can also inhibit PKCε, 

PKCβII, ZAP-70, Btk, and Itk at higher 

concentrations. 

10 µM no yes** 

     

ROS inhibitors/scavengers     

apocynin Inhibitor of NADPH oxidase activity. 0.1-1 mM no yes** 

DPI Inhibitor of NADPH oxidase activity. 2.5-10 µM no yes** 

catalase 
Catalyzes the decomposition of hydrogen 

peroxide to water and oxygen. 
1000 U/mL no yes** 

PEG-catalase 
PEG-catalase can cross plasma membrane 

and act intracellular. 
1000 U/mL no yes* 

superoxide dismutase, SOD 

Catalyzes the dismutation of superoxide 

radicals to hydrogen peroxide and 

molecular oxygen. 

50-200 U/mL no no 

PEG-SOD 
PEG-SOD can cross the plasma membrane 

and act intracellular. 
200 U/mL no no 

N-acetyl cysteine, NAC  Antioxidant. 5 mM no no 

deferoxamine mesylate 
Dextran conjugated. Iron chelator. 

Inhibitor of Fenton chemistry. 
1000 µM no no 

ferrostatin-1 
Inhibitor of ferroptosis acting as a lipid ROS 

scavenger. 
5 µM no no 

rotenone 
Modulator of mitochondrial electron 

transport chain. 
2.5 µM no no 



MitoQ Mitochondria targeted antioxidant. 1 µM no no 

     

Inhibitors of cell death and 

endocytosis 
    

Nec1 Inhibitor of necroptosis. 10 µM no no 

Q-VD-OPh Pan-caspase inhibitor. 10 µM no no 

cytochalasin D 
Depolymerizes F-actin. Inhibitor of 

endocytosis. 
2.5-10 µM no yes** 

dansylcadaverine 
Inhibitor of clathrin-dependent 

endocytosis. 
25-100 µM no no 

     

Miscellaneous     

cyclosporin A 

Immunosuppressant. Also found to inhibit 

the release of mtDNA fragments by 

inhibiting of mitochondria pore opening. 

1-40 µM no NT 

hypothermia 
Affects multiple cellular processes, i.e. 

inhibition of endocytosis. 

Incubation at 

 +4°C 
yes yes** 

quinacrine 
Inhibitor of inflammation. Non-specific 

inhibitor of cGAS/STING signaling. 
5-10 µM no NT 

ZnCl2 

Inhibits several cellular processes including 

cysteine proteases, iron uptake, 

lymphocyte proliferation, MAP kinases, 

endonucleases and TNF induced cytolysis. 

0.01-1 mM yes yes* 

*  P< 0.05 

**  P< 0.01 

NT Not Tested 



Supplementary Materials and Methods 

A list with key reagents can be found in Table S2. 

Immune cell isolation. CLL B cells and B cells from healthy donors PBMC were purified using 

magnet-activated cell sorting with negative selection for CD5+/CD19+ (purity ≥98% 

CD5+/CD19+ cells; Miltenyi Biotec, Bergisch-Gladbach, Germany) and positive selection using 

CD19 MACS microbeads (Miltenyi Biotec), respectively, according to the manufacturer’s 

instructions. B cells from healthy blood donors were further labeled with antibodies against 

CD20 (APC-Cy7, clone L27) and CD27 (PerCP-Cy5.5, clone O323) and the B cell depleted 

PBMC fraction with an anti-CD3 antibody (BD Horizon V500, clone UCHT1) for subsequent 

cell sorting. Cells were sorted as memory (CD20+CD27+) and naïve (CD20+CD27-) B cells and 

total T cells (CD3+) with FACS ARIA III (BD Biosciences, San Jose, CA) and the isolation 

procedure yielded a purity of over 90% for all cell populations. In another set of 

experiments, T cells, monocytes and NK cells were purified from PBMC either through 

positive selection using CD3, CD14 and CD56 MACS microbeads (Miltenyi Biotec), 

respectively, according to the manufacturer’s instructions or purified using cell sorting as 

CD3+ (BD Horizon V500, clone UCHT1), CD14+ (PE, clone Tük 4) and CD56+ (Brilliant Violet 

(BV) 421, clone HCD56), respectively. Purity of all three populations after cell sorting 

exceeded 97% (Fig. S1 B). The antibody against CD3 was purchased from BD Biosciences (BD 

Biosciences), anti-CD14 from Miltenyi Biotec (Miltenyi Biotec) and anti-CD20, CD27 and 

CD56 from BioLegend (BioLegend, San Diego, CA). 

PMNs were isolated from peripheral whole blood of healthy adults by gradient 

centrifugation using Percoll (GE Healthcare, Uppsala, Sweden). In brief, the blood was 

centrifuged at 1500 x g before the buffy coat was collected and layered onto a Percoll 

gradient of 63% and 72% Percoll. Cells were centrifuged at 490 x g and the PMN containing 

interphase was collected. Remaining red blood cells were lysed through hypotonic lysis with 

double distilled water. The purity of PMNs was 97% (Fig. S1 B).  

Foreskin fibroblasts and HEK 293 cells were cultured in Dulbecco’s minimal essential 

supplemented with 10% FBS while HepG2 cells were cultured in RPMI 1640 with 10% FBS. 

Foreskin fibroblasts were a kind gift from Dr. Karin Öllinger. 

 



Stimulation and visualization of mtDNA web formation – additional text. 

Cells were stimulated for 4 h with one of the following stimuli: 50 nM PMA; 2 mM H2O2; 1 

µg/mL lipopolysaccharide (LPS) from Escherichia coli (Sigma L2630 and L3755); 100 ng/mL 

IL-1β; 5 ng/mL TNF; 100 µg/mL glucose oxidase with 5 mM glucose (all from Sigma-Aldrich 

Corp, St. Louis, MO); 500 ng/mL ionomycin from Streptomyces conglobatus (Calbiochem, La 

Jolla, CA); 10 μg/mL goat anti-IgM F(ab´)2 (Southern Biotech, Birmingham, AL); 100 ng/mL IL-

13 (Nordic Biosite AB, Täby, Sweden); 100 ng/mL IL-2, IL-4 or IL-6 (all R&D Systems, 

Minneapolis, MN); 100 ng/mL IL-21 (Gibco/Thermo Fisher Scientific, Waltham, MA); 10 

µg/mL 2’3’-cGAMP (InvivoGen, Toulouse, France).  

CpG ODNs (CpG-A ODN 2216: 5’-gggggacgatcgtcgggggg-3’; CpG-B ODN 2006: 5’-

tcgtcgttttgtcgttttgtcgtt-3’; CpG-C ODN 2395: 5’-tcgtcgttttcggcgcgcgccg-3’; ODN 2395 control 

(GpC-C): 5’-tgctgcttttggggggcccccc -3’; ODN 2395 FITC, and ODN TTAGGG (A151) 

(InvivoGen), CpG-B ODN 2137 5’- tgctgcttttgtgcttttgtgctt -3’; provided by the Coley 

Pharmaceutical Group, Wellesley, MA). ODN 2395 and ODN 2395 control were also from 

Miltenyi Biotec) were added to cells at a final concentration of 1.25 µg/mL and incubated at 

37⁰C in 5% CO2 for 5 to 360 min. 

 

Inhibition of DNA release. Cells were seeded as described and incubated with inhibitors for 

1 h prior to stimulation with 1.25 µg/mL CpG ODN 2395 for an additional 2 h. The following 

inhibitors were used: apocynin, catalase, catalase−polyethylene glycol (PEG-catalase, 

chloroquine, cytochalasin D, dansylcadaverine, DPI, ferrostatin-1, N-Acetyl-L-cysteine, 

necrostatin-1, rotenone, SOD, PEG-SOD, PP2, wortmannin, zinc chloride (all purchased from 

Sigma-Aldrich), MitoQ (BIOTREND Chemikalien GmbH, Köln, Germany), Q-VD-OPh (MP 

Biomedicals, Solon, OH), rolipram (Enzo Life Sciences Inc., NY), Syk II inhibitor (Calbiochem/ 

Merck Millipore, Billerica, MA), and anti-TLR9 antibody (clone 26C593.2; Novus Biologicals, 

Littleton, CO). Dextran conjugated deferoxamine was a kind gift from Dr. H. Lennart 

Persson. Cyclosporin A was obtained from Sigma-Aldrich and Teva Sweden AB (Stockholm, 

Sweden; IVAX 100 mg/mL). Quinacrine was purchased from InvivoGen. For concentrations 

used see Table 1. For hypothermia treatment, cells were incubated at 4⁰C throughout the 

stimulation. Effects of inhibition were analyzed using SYTOX Green staining visualized under 

fluorescence microscopy, as well as in agarose gels. For inhibition studies on NETs, 

neutrophils were stimulated with 20 nM PMA for 4 h following a 1 h pre-incubation with 



inhibitors. Release of NETs was analyzed in a plate reader monitoring the fluorescence from 

SYTOX Green as previously described (58). 

 

Droplet digital PCR. Total cell DNA was isolated from cells exposed to CpG-C or mock-

treated for 6 h using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). 2 ng of DNA was 

fragmented using BamHI restriction enzyme (Thermo Fisher Scientific) and used as template 

in a droplet digital PCR reaction (QX100 system; Bio-Rad) according to the instructions 

provided by the manufacturer. Primers/probe pairs for mtDNA (F 

CTTCTGGCCACAGCACTTAAAC; R GCTGGTGTTAGGGTTCTTTGTTTT; P FAM-

ATCTCTGCCAAACCCC) and genomic DNA (F GCTGGGTAGCTCTAAACAATGTATTCA; R 

CCATGTACTAACAAATGTCTAAAATGGT; P HEX-CAGCAGCCTATTCTGC) (Bio-Rad) described in 

(59) was used in the PCR reaction (95⁰C, 10 min, 40x [94⁰C, 30 s, 60⁰C, 1 min], 98⁰C, 10 min, 

4⁰C, 20 min). Droplets were analyzed using Quantasoft Software (v. 1.3.2.0; Bio-Rad) and 

the ratio mtDNA/genomic DNA was calculated. Samples were analyzed using droplet digital 

PCR on two different occasions and the ratios were normalized between runs using CLL B-

cells (n=4). 

 

DNA sequencing. The characteristic DNA fragment was excised from the agarose gel and 

DNA was purified using Zymoclean Large Fragment DNA Recovery Kit (Zymo Research corp. 

Irvine, CA) according to the manufacturer’s instructions. Libraries for sequencing were 

prepared using Illumina’s Nextera DNA sample prep kit (Illumina San Diego, CA) together 

with custom primers as described (60). The libraries were subject to single read sequencing 

using a read length of 76 bp performed in a NEXTseq500. Data was mapped to a human 

reference genome (Hg19) using Bowtie2 (61, 62), converted to ucsc.bedGraph files using the 

HOMER platform (63) and visualized on UCSC genome browser (64). Verification was 

performed using PCR with DreamTaq PCR Master Mix using primers towards mitochondrial 

encoded genes (NADH dehydrogenase subunit 1 (nd1): 5’ GCATTCCTAATGCTTACCGAAC; 5’ 

AAGGGTGGAGAGGTTAAAGGAG, cytochrome oxidase c subunit 1 (co1): 5’ 

GGAGTCCTAGGCACAGCTCTAA; 5’ GGAGGGTAGACTGTTCAACCTG, ATP synthase subunit 6 

(atp6): 5’ ATACACAACACTAAAGGACGAACCT; 5’ GAGGCTTACTAGAAGTGTGAAAACG, and 

cytochrome oxidase b: 5’ CTAGCAGCACTCCACCTCCTAT; 5’ GTTGTCCTCCGATTCAGGTTAG) 



and nuclear encoded genes (fas: 5’ TCACCACTATTGCTGGAGTCAT; 5’ 

TAAACATCCTTGGAGGCAGAAT, rhoh 5’ ATGCTGAGTTCCATCAAGTGCGTGTTG; 5’ 

TTAGAAGATCTTGCACTC, and actb: 5’ ATCTGGCACCACACCTTCTACAATGAGCTGCG; 5’ 

CGTCATACTCCTGCTTGCTGATCCACATCTGC) used in (18). 

 

Cytokine analysis. 3x105 cells were seeded as described in 150 µL and incubated with 180 

nM CpG ODNs for 6 h. Non-treated cells and cells pretreated with 10 µM chloroquine were 

used as controls. Supernatants were collected and centrifuged 300 x g to remove remaining 

cells. Luminex immunoassay (Merck Millipore) for cytokines IL-1β, IL-6, IL-10, TNF, and type I 

IFN (IFN-α2) was performed according to the manufacturer’s recommendation. 

 

Cell viability measurements. Cells were seeded at a density of 2 x 106 cells per mL and 

treated with PMA or CpG-C for 4 h before LDH leakage was analyzed using the Pierce LDH 

Cytotoxicity Assay Kit (Thermo Scientific) according to the manufacturer’s instructions. 

Relative quantification of metabolic activity in viable cells was assayed using the Cell Titer 96 

Aqueous One solution cell proliferation assay (MTS assay; Promega Corp., Madison, 

WI) during 6h with 2.4 x 105 CLL-B cells/reaction. In addition, cell viability and cell death 

were analyzed within the same sample using the ApoTox-Glo Triplex Assay (Promega) 

according to the manufacturer’s instructions. Staurosporine (10 µM; Sigma-Aldrich) 

treatment for 4 h was used as a positive control of apoptosis. 

 

Determination of mitochondrial function. Mitochondrial dysfunction was assayed using the 

Mitochondrial ToxGlo Assay (Promega) measuring the cellular production of ATP, according 

to the manufacturer’s instructions. 2x105 CLL B cells at a density of 2x106 cells per mL in 

PBS/0.1% BSA were seeded in black 96-well plates. Cells were treated with CpG-C or CpG-B 

for 2 h. Cells were also treated with CpG-C for 5 min before reading ATP production. 

Rotenone (2.5 µM) and antimycin A (1 µM; Sigma-Aldrich) treatment for 1 h were used as 

controls as longer incubation times were lethal to the cells. 

 

Immunoblotting. Proteins from B cells, T cells, neutrophils, and CLL B cells were extracted 

using sonication in lysis buffer (Thermo Fisher Scientific) containing protease inhibitors 

(cOmplete, Roche, Basel, Switzerland). Samples were loaded according to equal cell 



numbers (2 x 105 cells for TLR9, STING, and TFAM; 4 x 104 cells for β-actin) on Criterion TGX 

stain-free precast gels and electro-blotted to a polyvinylidene difluoride membranes using 

the Trans-Blot Turbo Transfer System (Bio-Rad). To assay TFAM content in the extracellular 

fraction, cell culture media from 2 x 105 cells was precipitated using methanol/chloroform. 

Membranes were blocked with 5% BSA in Tris-buffered saline with the addition of 0.1% 

Tween-20 for 60 min and incubated with antibodies (TLR9 1:1000, AMB-9377, Nordic 

Biosite; STING (TMEM173) 1:2000, ABB-694, Nordic Biosite; TFAM (mtTFA) 1:1000, ABB-

1446, Nordic Biosite; β-actin 1:60,000, Clone AC-15, Sigma-Aldrich) over night at 4⁰C. 

Proteins of interest were visualized by immunoblotting using HRP-conjugated secondary 

antibody (Bio-Rad) for 1 h followed by Clarity Western ECL Substrate (Bio-Rad). Detection 

and quantitative analyses of chemiluminescence images were done using the ChemiDoc MP 

System with the Image Lab software (Bio-Rad). Experiments were carried out on three 

separate occasions. 

 

 

Analysis of STING mRNA expression using real-time PCR. Total RNA from healthy donor 

CD19+ cells, CD3+ cells, and neutrophils as well as CLL CD19+ cells was isolated using the 

AllPrep DNA/RNA Mini Kit (Qiagen). cDNA from 0.5 µg of RNA was made using Applied 

Biosystems high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific) according 

to the manufacturer’s instructions. qPCR analyses was run in technical triplicates on an 

Applied Biosystems 7900 using FastStart Universal Probe Master mix (Roche). TaqMan 

assays used for STING (TMEM173) and HPRT1 (Hs00736956_m1 and Hs9999909_m1, 

respectively) were purchased from Thermo Fisher Scientific. HPRT1 was used as an 

endogenous control to normalize each sample. The relative STING expression for all cell 

populations was calculated and expressed as fold changes to HPRT1. 

 

Measurements of reactive oxygen/nitrogen species. Real time reactive oxygen and 

nitrogen species (ROS/RNS) production in live CLL-B cells and neutrophils were measured 

using the ROS-ID Total ROS detection kit (Enzo Life Sciences). 2 x 105 cells at a density of 2 x  

106 cells per mL in PBS/0.1% BSA were incubated with the cell-permeable total ROS 

detection reagent (5 µM) along with CpG-B, CpG-C (both 1.25 µg/mL) or PMA (20 nM) for 1 



h. Fluorescence was recorded using a fluorescence microplate reader (excitation: 485 nm; 

emission: 528 nm). The probe reacts with various reactive species including hydrogen 

peroxide, peroxynitrite, hydroxyl radicals, nitric oxide, and peroxy radicals according to the 

manufacturer. 

Generation of superoxide in mitochondria was detected by MitoSOX™ Red mitochondrial 

superoxide indicator (Molecular Probes/Thermo Fisher Scientific) and flow cytometry. CLL-B 

cells and neutrophils were stained with 2.5 µM MitoSOX red for 20 min in RPMI 1640/0.3% 

BSA, washed, and re-suspended in PBS/0.3% BSA at a density of 2 x 106 cells per mL. Cells 

were treated with CpG-C (1.25 µg/mL) or PMA (20 nM) for 15 min or 60 min before analyzed 

using a Gallios flow cytometer (Beckman Coulter). Live cells were identified based on FSC 

and SSC properties. 

 

Microscopic studies using FITC-conjugated CpG-C 

1 x 105 CLL B cells were seeded on poly-L-lysine coated microscopy slides and stimulated 

with CpG-C or FITC-conjugated CpG-C for 5 or 15 min. Cells were washed with PBS and fixed 

with 2% PFA for 15 min at room temperature. Prior to mounting, cells were stained with 

DAPI and visualized using Nikon Eclipse E600W fluorescence microscope (40x objective) 

equipped with a Nikon DS Ri1 digital camera. For staining of viable CLL B cells, cells were 

incubated with FITC-conjugated CpG-C for 15 min or TLR9 antibody/isotype control along 

with Hoechst 33342 for 20 min before cells were centrifuged in a cytospin on microscope 

slides and staining with a fluorophore conjugated secondary antibody. Cells were visualized 

using Zeiss Axiovert 200M inverted fluorescence microscope. 

 

Analysis of the bactericidal effect of mtDNA webs. The bacterial strain Escherichia coli (DH5 

alpha) was kept as a frozen stock at -70⁰C. Following overnight growth on Colombia agar 

plates at 37⁰C, healthy colonies were transferred to 25 ml Luria-Bertani broth and cultured 

on a shaker (100 rpm) overnight at 37⁰C. Overnight cultures were pelleted twice at 2,000 x g 

for 5 min with resuspension in physiological NaCl after each spin. Bacterial concentration 

was determined by optical density, OD600 nm, and diluted with physiological NaCl solution to 

2 x 108 cfu. 5 x 105 E. coli were mixed with webs isolated from 5 x 105 CpG-C treated CLL B 



cells (2 µg/mL for 4 h) cultured in antibiotic-free medium and incubated at 37⁰C for 4 h 

before diluted and transfer onto Colombia agar plates. Following overnight growth, the 

number of colonies was counted and related to the untreated control (n=3). Isolated NETs 

were used as positive control. 

Preparation of DNA associated proteins for mass spectrometry. CLL B cells were seeded 

and stimulated as above with 1.25 µg/mL CpG-C for 4 h in several independent experiments 

(n=10). Untreated cells (n=7) or cells stimulated with 1.25 µg/mL CpG-A (n=3) were used as 

a controls. Neutrophils were treated with 20 nM PMA or medium control for 4 h. Released 

DNA from a total of 10x106 cells per sample was collected using acid washed glass beads. 

DNA binding to beads was verified by SYTOX Green staining and fluorescence microscopy. 

Adhered DNA was washed with PBS prior to treatment with DNase (10 U/mL in 50mM 

NH4HCO3, 2.5 mM MgCl2 and 0.5 mM CaCl2) for 1 h at 37⁰C. Released proteins were 

collected and treated with 4 mM DTT for 60 min at 56⁰C followed by alkylation with 12 mM 

iodoacetamide for 60 min at room temperature and incubation with 0.5 µg/100 µL MS-

grade trypsin (Pierce/Thermo Fisher Scientific) at 37⁰C for 20 h. Peptide-containing samples 

were dried in a centrifugal vacuum evaporator and desalted using ZipTip-C18 columns 

(Merck Millipore). Analysis of obtained peptides was performed in a nano-flow HPLC system 

(EASY-nLC; Bruker Daltonics, Bremen, Germany) coupled online with a LTQ Orbitrap Velos 

Pro hybrid mass spectrometer (Thermo Fisher Scientific) using collision-induced dissociation 

for fragmentation of peptide ions. 

Mass spectrometric analysis. Analysis of obtained peptides was performed using a nano-

flow HPLC system (EASY-nLC; Bruker Daltonics, Bremen, Germany) coupled online with a 

LTQ Orbitrap Velos Pro hybrid mass spectrometer (Thermo Fisher Scientific) using collision-

induced dissociation for fragmentation of peptide ions. Raw data was analyzed using 

Sequest HT in Proteome Discoverer (version 1.4.0.288; Thermo Fisher Scientific) against the 

Uniprot Human database (2015-12-11) available at UniProtKB website 

(http://www.uniprot.org/taxonomy/9606). The search parameters allowed mass errors up 

to 10 ppm for MS data and up to 0.8 ppm for MS/MS data. Two missed cleavage site was 

permitted, carbamidomethylation of cysteine was set as a static modification, and oxidation 

of methionine was set as a dynamic modification. Scaffold (version Scaffold_4.5.3, Proteome 

Software Inc., Portland, OR) was used to validate MS/MS based peptide, protein 

http://www.uniprot.org/taxonomy/9606


identifications and t-test analyses. Peptide identifications were accepted if they could be 

established at greater than 90 % probability by the Scaffold Local FDR algorithm. Protein 

identifications were accepted if they could be established at greater than 99 % probability 

and contained at least 2 identified peptides. Identified proteins were not considered if they 

were not present in at least 4 samples when analyzing the CpG-C vs. untreated control 

samples and 2 for the CpG-C vs. CpG-A analysis. Protein probabilities were assigned by the 

Protein Prophet algorithm (65). Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. The label-free quantitative analysis of peptides was performed by spectral 

counting analysis and quantitative differences were statistically analyzed by a t-test. 

Differences with p-values <0.05 were considered statistically significant. 

  



Supplementary Figure Legends 

Fig. S1. Webs in different cell populations are distinct from NETs. (A) Separation of 

extracellular DNA isolated from untreated (lane 1) and CpG-C treated (lane 2) B cells 

(corresponding to Fig. 1 E and A, respectively) in agarose gel. Lane 4 corresponds to 

separation of the sample presented in Fig 1 F, e.g. DNA harvested from supernatants initially 

isolated from untreated cells (3 h) followed by incubation with CpG-C for an additional 3 h 

after removal of cells. Lane 3 is the CpG-C negative control to lane 4. (B) Re-analysis of the 

cell populations used in Fig. 1 H and I after cell sorting. (C) Microscope images (4x objective) 

showing the effect of NADPH oxidase inhibitor apocynin (0.1 mM) on DNA release from 

either PMA or CpG-C stimulated neutrophils. (D) Agarose gel analysis of web release from 

fibroblasts, HepG2, and HEK 293 cells after CpG-C treatment (2.5 µg/mL). Cells were seeded 

in 24-well plates and grown until confluency. Supernatants from two stimulated confluent 

wells were pooled and analyzed for the presence of webs. B cell webs (‘webs’) were used as 

positive control. 

Fig. S2. Sequencing of released DNA revealed an abundance of mtDNA. (A) The 

characteristic band in agarose gel after separation of extruded DNA was excised from the 

gel and subsequently subjected to DNA-sequencing. Sequencing data was mapped to 

human reference genome hg19 using Bowtie2 followed by analysis in the HOMER platform. 

Total sequence tags for each chromosome divided by the total number of bases in 

corresponding chromosome was plotted. (B) Bed graphs with reads normalized to 10M 

mapped reads were created using HOMER and visualized on UCSC genome browser showing 

the tag coverage over the entire chromosome length on ChrM and a random selection of 

somatic chromosomes. (C) Factors disturbing mtDNA migration in agarose gels. Separation 

of purified mtDNA during 2 h in a SYBR Safe containing 0.8% agarose gel without (lane 1) or 

with (lane 2) SYTOX Green nucleic acid staining dye in the sample. Lane 3 corresponds to the 

same amount of mtDNA as in lane 1 and 2, but mixed with dried cell culture medium (equal 

to 120 µL RPMI 1640 + 2% FBS) and SYTOX Green prior to loading. (D) Copy number analysis 

of cellular DNA after CpG-C treatment using droplet digital PCR. Experiments were carried 

four times using B cells obtained from different CLL patients. The obtained ratios for 

mtDNA/nuclear DNA in untreated and CpG-C treated samples were compared and are 

presented as the ratio of CpG-C treated/untreated. (E) Densitometric analysis of the DNA 



fragments shown in Fig. 2 E generated a sigmoidal titration curve with a linear range 

between ~1 and 1.5 µg/mL. Band intensity after treatment with 1.25 µg/mL CpG-C was used 

as reference (n=3). (F) Microscopic analysis (40x objective) of CpG-C localization in CLL B 

cells stimulating with FITC conjugated CpG-C ODN for indicated times. Unconjugated CpG-C 

was used as control. (G) Live cell microscopy (4x objective) of webs after treatment with 

FITC conjugated CpG-C for 2 h before and after the addition of SYTOX Green nucleic acid 

stain revealed absence of CpG-C within the webs. 

 

Fig. S3. Cytokine and web-release from CLL B cells upon treatment with different ODNs. 

(A-D) Measurements of cytokines in supernatants from CLL B cells treated with CpG/GpC-

ODNs of different classes for 6 h. (A) TNF secretion from B cells from 3 different CLL 

patients. (B) IL-6 secretion from B cells from 3 different CLL patients. (C) IFNα secretion from 

B cells from 3 different CLL patients. (D) IL-1β secretion from B cells from 3 different CLL 

patients. Luminex assay was used for cytokine analysis. Chloroquine was used at 10 µM. (E) 

Staining of extracellular DNA in cell supernatants after treatment of CLL B cells with 

indicated ODN. Live-cell microscope images (4x objective) are presented. (F) Sequences and 

mfold predictions of secondary structures of two additional C-class ODNs (D-SL03 and 

M362) and one P-class ODN (ODN 21798). The structures with the lowest Gibbs free energy 

for each ODN are presented. Cytosine and guanine bases are highlighted. (G) Released webs 

upon treatment with indicated ODN (180 nM) at three time points. (H) Extracellular DNA 

collected from cell supernatants after 2 h incubation of B cells with ODN M362 at two 

different concentrations were analyzed using agarose gel-electrophoresis and DNA staining. 

CpG-C/ODN 2395 (180 nM corresponding to 1.25 µg/mL) was used as a reference. (I) ELISA 

measurements of IL-10 concentrations in supernatants from CLL B cells treated with 

indicated ODN for 6 h. Experiments were performed in two separate experiments using B 

cells from two different CLL patients. (J) Co-treatment of CLL B cells with indicated ODNs 

together with CpG-C does not have an inhibitory effect on mtDNA web release. 

 

Fig. S4. Effect of different compounds on mtDNA web release (A) Representative agarose 

gels from the analysis of released DNA upon pre-treatment with indicated compound prior 

to CpG-C stimulation. (B) Microscope images (63x objective) of viable CLL B cells stained 

with (i) CpG-C-FITC (ii) anti-TLR9 antibody clone 26C593.2 (red) and Hoechst 33342 (blue) 



confirming binding of the TLR9 antibody to the cell surface. (iii) isotype control for the TLR9 

antibody (red) and Hoechst 33342 (blue). Viable cells were stained and cells were 

subsequently attached to microscope slides using cytospin method. Hence, cells appear 

larger than paraformaldehyde fixed cells as seen in Fig. S2 F. (C) Effect of NADPH-oxidase 

inhibitor DPI on mtDNA webs. (i) B cells were pre-incubated with indicated concentrations 

of DPI for 1 h prior to stimulation with CpG-C. mtDNA containing supernatants were 

collected and separated in agarose gels. (ii) B cells were treated with CpG-C for 2 h to form 

mtDNA webs before addition of 10 µM DPI for 1 h. Live-cell fluorescence microscopy did not 

reveal any obvious difference between samples. Supernatants were analyzed using agarose 

gel separation of DNA and showed clear degradation of mtDNA. (iii) B cells were treated 

either by 10 µM DPI or 1.25 µg/mL CpG-C for 2 h before supernatants were collected. 

Supernatant from CpG-C treated cells were split in two and dried under vacuum. 

Subsequently, pellets were re-suspended in cell culture medium or in supernatant from DPI 

treated cells and incubated for 2 h prior to analysis in agarose gel.  

Impact on B cell viability upon exposure to ZnCl2 (D, E), or cyclosporin A (F) for 4 h. A high 

caspase 3/7 activity indicates apoptosis (D), while a high LDH activity in cell supernatant 

indicates cell death by necrosis (E, F). Untreated B cells were used as control to which 

treated samples were compared. Staurosporine (10 µM) was used as positive control for 

apoptosis and total cell lysis was obtained by treatment with 1% Triton X-100. 

 

Fig. S5. IL-1β secretion from PBMC and DNase efficiency.  

(A) IL-1β levels in PBMC cultures were analyzed after 16 h stimulation with web-containing 

supernatants (‘webs’) or supernatants from mock-treated CLL cells (‘untreated’). PBMC 

cultured in fresh medium was used as negative control (‘control’). The additional control, 

GpC-C ODN without cells, was treated in the same way as the web-sample (‘GpC-C’). 

Samples were also digested with DNase. LPS (10 ng/mL) was included as a positive control. 

(B) IL-1β levels in supernatants prior to PBMC exposure. Data shown represent mean values 

from three different B cell web-donor preparations (●, ■, and ▲, respectively). *** 

p<0.0005, one-way ANOVA followed by Dunnett’s post hoc test. (C-E) Check of the efficiency 

of DNase treatment of webs in three separate experiments. i supernatants from untreated 

and GpC-C treated CLL cells +/- DNase treatment separated in agarose gels. ii PCR analysis of 



web-DNA released from GpC-C treated cells before and after DNase treatment using a 

primer specific for a mitochondria encoded gene (mtCYB).  

 

 

Fig. S6. No involvement by STING or superoxide in mtDNA web-release. (A) Analysis of 

impact of indicated compound on NET release from PMA induced neutrophils. Results are 

expressed as DNA-release as compared to no inhibitor added. (B) STING signaling inhibitor 

quinacrine did not prevent mtDNA web-release (i), while cGAMP induced IFNα secretion 

from PBMC was inhibited (ii). STING agonist cGAMP was however incapable of stimulating 

web-release (iii). CLL B cells appeared deficient in STING protein expression sice both 

immunoblotting and qPCR analysis revealed very low levels of STING (iv and v) although 

these cells released mtDNA webs (vi). (C,D) Generation of mitochondrial superoxide in CLL B 

cells (C) and neutrophils (D) upon stimulation with indicated stimuli was measured using 

MitoSOX Red in flow cytometry at two time-points. Unstained cells were used to set the 

gates for MitoSOX Red positive cells. Percentage of MitoSOX Red positive cells is shown. (C) 

and (D) are from one of the three (n=3) experiment. (E) Relative comparison of viable CLL B 

cells with active metabolism during 6 h after treatment with indicated agent (n=3).  

 

Supplementary Data 1. Scaffold report from the analysis of B cell mtDNA web protein 

composition showing the number of spectral counts and p-values for each identified protein 

from 10 individual experiments with CpG-C treatment using no treatment or CpG-A 

treatment in parallel as control. The label-free quantitative analysis of peptides was 

performed by spectral counting analysis. Quantitative differences were statistically analyzed 

by a t-test. 
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Table S1. Verification of novel extracellular trap isolation method using LC-MS/MS 

analysis of NETs produced by neutrophils treated with PMA in comparison to untreated 

neutrophils 

  Number of spectral counts 

NET associated protein (34) Accession number Without PMA With PMA 

neutrophil elastase P08246 0 3 
lactotransferrin P02788 23 375 
azurocidin P20160 0 3 
cathepsin G P08311 2 5 
myeloperoxidase P05164 1 23 
myeloblastin P24158 0 0 
lysozyme C* P61626 1 3 
neutrophil defensin  

-1 

-3 

 

P59665 

P59666

 

2 

0

 

16 

0 
histone H2A Q6FI13 3 16 
histone H2B P57053 13 32 
histone H3 P68431 0 2 
histone H4 P62805 7 20 
myeloid cell nuclear P41218 5 12 

S100 calcium-binding protein 

A8 

A9 

 

P05109 

P06702

 

1 

11

 

4 

14 
beta-actin P60709 8 18 
myosin-9 P35579 6 31 
alpha-actinin 1 ** P12814 0 0 
keratin, type I cytoskeletal 10 P13645 56 89 
catalase P04040 0 0 
alpha-enolase P06733 4 3 
transketolase P29401 0 0 
Contaminations    

glyceraldehyde-3-phosphate P04406 10 9 

Bold numbers indicate a >2 fold difference.  
*  Identified by immunoblotting in (34).  
** Identified by 1 peptide in (34). 

 



Table S2. Catalog numbers for key reagents 

Reagent Catalog number Supplier 
   

Cell purification   

B-CLL Cell Isolation Kit 130-103-466 Miltenyi Biotec 

CD19 MACS microbeads 130-050-301 Miltenyi Biotec 

CD14 MACS microbeads 130-050-201 Miltenyi Biotec 

CD3 MACS microbeads 130-050-101 Miltenyi Biotec 

CD56 MACS microbeads 130-050-401 Miltenyi Biotec 

Percoll 17089102 GE Healthcare 

Ficoll 17-1440-03 GE Healthcare 

   

Antibodies   

CD20 (APC-Cy7) clone L27; 335829 BioLegend 

CD27 (PerCP-Cy5.5) clone O323; 302819 BioLegend 

CD3 (V500) clone UCHT1; 561416 BD Biosciences 

CD14 (PE) clone Tük 4 Miltenyi Biotec 

CD56 (brilliant violet 421) clone HCD56 BioLegend 

TLR9 clone 26C593.2; NBP2-24729 
AMB-9377 

Novus biologicals 
Nordic Biosite 

Mouse IgG1-biotin; isotype 
control 

X0945 Dako 

Anti-IgM F(ab´)2  2022-01 Southern Biotech 

Actin clone AC-15; A5441 Sigma-Aldrich 

Goat Anti-Mouse IgG (H + L)-
HRP 

1706516 Bio Rad 

Goat Anti-Rabbit 
immunoglobulins-HRP 

P044801-2 Dako 

STING/TMEM173 ABB-694 Nordic Biosite 

TFAM (mtTFA) ABB-1446 Nordic Biosite 

   

Cellular activators   

PMA 79346 Sigma-Aldrich 

H2O2 216763 Sigma-Aldrich 

LPS L2630 and L3755 Sigma-Aldrich 

IL1b SRP6169 Sigma-Aldrich 

TNF H8916 Sigma-Aldrich 

Glucose oxidase G6126 Sigma-Aldrich 

Ionomycin 407950 Calbiochem 

IL-13 PPE 21305 Nordic Biosite 

IL-2 202-IL-010 R&D Systems 

IL-4 204-IL-010 R&D Systems 

IL-6 206-IL-010 R&D Systems 

IL-21 PHC0215 Gibco/Thermo Fisher Scientific 

2’3’-cGAMP tlrl-nacga23 Invivogen 

Phage lambda () DNA SKU 25250-010  Thermo Fisher Scientific 

   

Oligodeoxynucleotides   

CpG-A tlrl-2216 Invivogen 



CpG-B tlrl-2006 Invivogen 

CpG-B control (GpC-B) ODN 2137 Coley Pharmaceutical Group 

CpG-C tlrl-2395 (I.G.) and 130-100-282 
(M.B.) 

InvivoGen and Miltenyi Biotec 

GpC-C control (GpC-C) tlrl-2395c (I.G.) and 130-100-279 
(M.B.) 

InvivoGen and Miltenyi Biotec 

CpG-C-FITC tlrl-2395f InvivoGen 

A151 tlrl-ttag InvivoGen 

ODN D-SL03 tlrl-dsl03 InvivoGen 

ODN M362 tlrl-m362 InvivoGen 

ODN 21798 130-100-281 Miltenyi Biotec 

   

Inhibitors   

Apocynin W508454 Sigma-Aldrich 

Catalase C40 Sigma-Aldrich 

Peg-catalase C4963 Sigma-Aldrich 

Chloroquine C6628 Sigma-Aldrich 

Cyclosporin A C3662 
IVAX 100mg/ML 

Sigma-Aldrich 
TEVA Sweden AB 

Cytochalasin D C8273 Sigma-Aldrich 

Dansylcadaverine D4008 Sigma-Aldrich 

DPI D2926 Sigma-Aldrich 

Ferrostatin-1 SML0583 Sigma-Aldrich 

N-Acetyl-L-cysteine A7250 Sigma-Aldrich 

Necrostatin-1 N9037 Sigma-Aldrich 

Rotenone R8875 Sigma-Aldrich 

SOD S5639 Sigma-Aldrich 

Peg-SOD S9549 Sigma-Aldrich 

PP2 P0042 Sigma-Aldrich 

Wortmannin W3144 Sigma-Aldrich 

Zinc chloride Z4875 Sigma-Aldrich 

MitoQ BN0860 BIOTREND Chemikalien 

Q-VD-OPh 03OPH10901 MP Biomedicals 

Rolipram BML-PD175-0010 Enzo Life Sciences 

Syk II inhibitor 574712 Calbiochem/ Merck Millipore 

Staurosporine S4400 Sigma-Aldrich 

Antimycin A A8674 Sigma-Aldrich 

   

DNA sequencing   

Zymoclean Large Fragment 
DNA Recovery Kit 

D4045 Zymo Research corp. 

Nextera DNA sample prep kit FC-404-2005 Illumina 

PCR primers Refer to materials and methods 
for sequences 

Sigma-Aldrich 

DreamTaq PCR Master Mix K1071 Thermo Fisher Scientific 

QIAamp DNA Mini Kit 51304 Qiagen 

High-capacity cDNA reverse 
transcription kit 

4368813 Thermo Fisher Scientific 

FastStart Universal Probe 
Master mix 

04913949001 Roche 



STING/TMEM173 TaqMan 
assay 

Hs00736956_m1 Thermo Fisher Scientific 

HPRT1 TaqMan assay Hs9999909_m1 Thermo Fisher Scientific 

FastDigest BamHI FD0054 Thermo Fisher Scientific 

   

Cellular assays   

ROS-ID™ Total ROS detection 
kit 

Enz-51011 Enzo Life Sciences 

MitoSOX™ Red 
mitochondrial superoxide 
indicator 

M36008 Molecular Probes/Thermo 
Fisher Scientific 

Pierce LDH Cytotoxicity 
Assay Kit 

88953 Thermo Fisher Scientific 

Cell Titer 96 
Aqueous One solution cell 
proliferation assay 

G3582 Promega Corp. 

ApoTox-Glo Triplex Assay G6320 Promega Corp. 

Mitochondrial ToxGlo Assay G8000 Promega Corp. 

Milliplex MAP for Luminex 
xMAP technology 

HCYTOMAG-60K Merck Millipore 

   

Miscellaneous   

SYTOX Green/Orange 
Nucleic Acid Stain 

S7020 
S11368 

Molecular Probes/Thermo 
Fisher Scientific 

RPMI 1640 31870-025 Gibco/Thermo Fisher Scientific 

Fetal bovine serum 10270-106 Gibco/Thermo Fisher Scientific 

DNase I D4527 Sigma-Aldrich 

Agarose A1000-100 Saveen Werner 

BSA 10735086001 Roche 

PBS 09-9400-100 Medicago 

Sigmacote SL2 Sigma-Aldrich 

Lysis buffer 87787 Thermo Fisher Scientific 

Clarity Western ECL 
Substrate 

1705061 Bio Rad 

cOmplete protease inhibitor 04 693 116 001 Roche 

Amicon Ultra – 4 30k UFC803024 Merck Millipore 

   

Mass spectrometry   

DTT D9779 Sigma-Aldrich 

Iodoacetamide I6125 Sigma-Aldrich 

MS- 
grade trypsin 

90057 Pierce/Thermo Fisher Scientific 

ZipTip-C18 columns ZTC18S096 Merck Millipore 

Glass beads 8541400 B. Braun Biotech International 

NH4HCO3 09830 Sigma-Aldrich 

MgCl2 A192833 Merck 

CaCl2 A213887 Merck 
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