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ABSTRACT

Objective – Sepsis is a syndrome in which infection triggers a systemic inflammatory and procoagulant response. Cell-free DNA (CFDNA) is elevated in sepsis, and correlates with mortality. This DNA may come from nuclear, mitochondrial, or bacterial sources. CpG motifs on bacterial and mitochondrial DNA can stimulate inflammatory responses via TLR9. CFDNA can activate coagulation via the contact pathway. CFDNA may thus play an important pathogenic role in sepsis. This study elucidates the relative effects of nuclear, mitochondrial, and bacterial DNA on inflammatory and pro-coagulant pathways with relevance to sepsis.

Results – Mitochondrial DNA as well as nuclear DNA are elevated in plasma from septic patients compared to healthy controls. Bacterial, but not mitochondrial or nuclear, DNA increased neutrophil IL-6 secretion. Both mitochondrial and bacterial DNA increased neutrophil viability. Nuclear, mitochondrial, and bacterial DNA increased thrombin generation in both platelet-poor plasma and platelet-rich plasma to a similar degree. This effect was reduced by addition of corn-trypsin inhibitor and in FXII-depleted plasma, and abolished in FXI-depleted plasma, indicating dependence on the intrinsic pathway of coagulation. Independently of coagulation, DNA from all three sources was capable of causing activation of platelet integrin αIIbβ3.

Conclusions – CFDNA from nuclear, mitochondrial, and bacterial sources have varying pro-inflammatory effects, although all three have similar pro-coagulant potential. The pathophysiological effects of CFDNA in sepsis may vary with the source of DNA. 
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1.0 INTRODUCTION
1.1 Sepsis as a health care problem


Sepsis is a medical condition defined as infection with associated systemic inflammatory response, with severe sepsis being defined by the additional criterion of organ dysfunction (Levy et al. 2003). The Canadian Sepsis Treatment and Response Registry estimates that 16,000 people in Canada are diagnosed with severe sepsis each year, with mortality rates as high as 38% to 45%, causing an economic burden of $325 million each year (Martin et al. 2009). Current strategies to treat sepsis are mainly supportive in nature, and include early administration of broad-spectrum antibiotics, fluid resuscitation, and mechanical ventilation (Dellinger et al. 2013). Many investigational therapies attempting to treat sepsis by reducing inflammation and coagulation have been studied over the past 3 decades, yet over 30 phase III clinical trials have failed to reduce this mortality (Marshall 2014). There are currently no approved specific treatments for severe sepsis (Williams 2012), and a better understanding of the underlying pathophysiology will be required to improve outcomes (Namas et al. 2012).
1.2 Pathophysiology of sepsis


In sepsis, the initial infection is detected by the immune system, resulting in an inflammatory response. Neutrophils, macrophages, and other cells of the innate immune system are capable of detecting molecular patterns derived from pathogens (pathogen associated molecular patterns – PAMPs). These are molecular patterns present in pathogens, but normally absent or excluded from immune surveillance in the host. Examples include microbial nucleic acids such as unmethylated CpG DNA, double- or single-stranded RNA and 5’-triphosphate RNA, as well as microbial membrane components such as lipopolysaccharide (LPS), peptidoglycans, and lipoteichoic acid (Tang et al. 2012). They are recognized by pattern recognition receptors (PRRs), which fall into 5 major classes: Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), AIM2-like receptors (ALRs), and C-type lectin receptors (CLRs) (Netea et al. 2012). Once PAMPs are detected, the PRR-bearing cell can mount an inflammatory response.

Many of the same receptors that recognize PAMPs can also recognize molecular patterns associated with cell death and injury, known as damage (or danger) associated molecular patterns (DAMPs) (Tang et al. 2012; Hirsiger et al. 2012). These molecules are normally sequestered from immune surveillance, but may be exposed upon tissue damage or inflammation. Examples include endogenous DNA (Zhang et al. 2010), HMGB1 (Huang et al. 2011; Yang et al. 2013), and histones (Huang et al. 2011), all of which are capable of stimulating TLRs. 


This inflammation and tissue damage can result in activation of coagulation by exposure of tissue factor, and in platelet adhesion and activation. The coagulation activation is able to feed back into the inflammatory process through protease activated receptor (PAR) signaling. Thus, the initial infection in sepsis can lead to detection of PAMPs, triggering inflammation which can cause tissue injury, releasing DAMPs and activating coagulation, which further propagate the inflammation and tissue damage. (Figure 1)
Figure 1: Pathophysiology of sepsis. 
Pattern recognition receptors (PRRs) on immune cells detect pathogen-associated molecular patterns (PAMPs), leading to release of cytokines and chemokines. These, in turn, activate immune cells to release toxic compounds such as reactive oxygen species (ROS) and catabolic enzymes, which can cause tissue damage. The tissue damage can release endogenous damage (or danger) -associated molecular patterns (DAMPs), which can themselves be detected by PRRs. Tissue damage can also expose molecules such as tissue factor and collagen, which lead to activation of coagulation, creating microthrombi which lead to further tissue damage. Activation of coagulation can also stimulate immune cells via protease activated receptors (PARs).
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1.3 Cell-free DNA


One class of molecules that can act as either a PAMP or a DAMP, and which can also activate coagulation (Swystun et al. 2011), is DNA. DNA is normally sequestered in the nuclei and mitochondria of eukaryotic cells, and within the cytoplasm of prokaryotes. DNA that is released outside of the cell, termed cell-free DNA (CFDNA), becomes available to interact with the immune and coagulation systems. CFDNA can induce activation of coagulation and inflammation, and its role in physiological and pathological inflammation and thrombosis is increasingly being appreciated (Martinod and Wagner 2014).

In sepsis associated with bacterial infection, CFDNA may come from the pathogenic bacteria, or from the host nuclei or mitochondria. There are several differences between DNA from these sources that may result in differential effects in sepsis. 

1.3.1 Differences between mitochondrial, bacterial, and nuclear DNA


Nuclear, mitochondrial, and bacterial DNA differ primarily in chromosomal structure, methylation, and associated binding proteins. Bacterial genomes may be from several hundred to 13 000 kbp in size and exist as circular chromosomes (Bendich 2001). Human mitochondrial DNA (mtDNA) is a small circular chromosome of only about 16.5 kbp (Taanman 1999). In contrast, human nuclear DNA (nucDNA) is structured as large, linear chromosomes from about 60 000 to 250 000 kbp in length. 


These three types of DNA also differ in methylation status. While the cytosine residues of nucDNA are methylated at 60-90% of CpG sequences (Ehrlich et al. 1982), this occurs 30-40 times less frequently in mtDNA (Shmookler Reis and Goldstein 1983), and not at all in bacterial DNA (bacDNA) (Krieg 2002). This difference is important as it provides the basis for the host immune system to distinguish between methylated host DNA and unmethylated pathogen DNA, for example through TLR9.

The associated proteins also serve to distinguish DNA from different sources. nucDNA is associated with positively charged histones, which serve to organize and condense the DNA into structures known as nucleosomes (Luger et al. 2012). The histones form a “core” composed of two H2A-H2B dimers and one H3-H4 tetramer, with each core being associated with a linker histone H1. Each histone core particle is associated with approximately 200 bp of DNA. In contrast, the major double stranded DNA binding protein in mitochondria is transcription factor A, mitochondrial (TFAM), with an estimated stoichiometry of 600-1000 TFAM molecules per mtDNA molecule (Bogenhagen 2011). Several mitochondrial chromosomes are organized together into structures known as nucleoids by proteins including TFAM (Bogenhagen 2011). bacDNA is organized into nucleoids similarly to mtDNA, with a number of DNA binding proteins taking the place of histones and TFAM (Macvanin and Adhya 2012). (Table 1)
1.3.2 Mechanisms of CFDNA release

This DNA may be released from the cell by several mechanisms. bacDNA in sepsis may be released either by action of the host immune system or by pathways intrinsic to the bacteria themselves. Circulating complement proteins form part of the innate immune system, and can cause bacterial cell lysis and release of DNA (Ricklin and Lambris 2013). Neutrophils can respond to pathogen detection by releasing toxic 
Table 1. Comparison between characteristics of nuclear, mitochondrial, and bacterial DNA.
	Type of DNA
	Cells
	Mechanisms of release
	Size (Mbp)
	Structure
	Associated proteins
	CpG content

	
	
	
	
	
	
	

	nucDNA
	Most eukaryotic cells, except platelets and erythrocytes
	Necrosis, apoptosis, 

NETosis
	60-250 
	Linear chromosomes
	Histones, HMGB1
	Reduced, and almost universally methylated

	
	
	
	
	
	
	

	mtDNA
	Most eukaryotic cells, except erythrocytes
	Necrosis, apoptosis, NETosis, 

platelet activation
	0.016
	Circular
	TFAM
	Unmethylated

	
	
	
	
	
	
	

	bacDNA
	Bacteria
	Necrosis, 

self-produced matrix production
	0.1-13
	Circular
	Variable 
	Unmethylated


nucDNA represents nuclear DNA; mtDNA, mitochondrial DNA; bacDNA, bacterial DNA; HMGB1, high-mobility group protein B1; TFAM, transcription factor A, mitochondrial.

compounds and enzymes that can also result in bacterial cell lysis. For some bacteria, notably S. aureus, extracellular DNA forms a major component of the biofilm matrix (Das et al. 2013). This DNA may be of genomic origin released by bacterial-mediated autolysis, although less-understood mechanisms of non-genomic DNA release may also exist. 


For eukaryotic cells, both programmed and unprogrammed mechanisms of cell death exist. In necrosis, cell integrity is disrupted by mechanical forces, osmotic imbalances, temperature extremes, or similar severe stresses. Necrosis represents a failure of homeostatic mechanisms, and results in uncontrolled release of cellular contents. In necrosis, both nucDNA and mtDNA are released, and they are at least initially associated with their physiological binding proteins, several of which can act as inflammatory mediators once released (Nikoletopoulou et al. 2013). Tissue necrosis with release of CFDNA occurs in such conditions as trauma (Rodrigues Filho et al. 2014), ischemia (Chang et al. 2003), burns (Chiu et al. 2006), and acute hepatitis (Marques et al. 2012).

Apoptosis is a programmed pathway of cell death which prevents uncontrolled release of toxic cell contents, occurring only in eukaryotic cells. Apoptosis can be initiated by either the extrinsic pathway via signals such as TNF-α or FAS, or the intrinsic pathway in which anti-apototic Bcl-2 proteins such as MCL-1 are balanced against pro-apoptotic Bcl-2 proteins (Fox et al. 2010), converging on the effector caspase-3 which causes endonuclease activation and internucleosomal cleavage of nucDNA (Wesche et al. 2005). The end result is degradation of DNA, cell permeabilization, and expression of phosphatidylserine on the outer leaflet of the cell membrane. (Figure 2) This last change 
Figure 2: Apoptotic pathways.

The extrinsic pathway is activated by binding of death signals such as FASL and TNF-α to their cellular receptors, causing caspase-8 activation. Caspase-8 activates caspase-3, a central effector of apoptosis, resulting in disintegration of the cell into apoptotic bodies, surface phosphatidylserine (PS) exposure, and fragmentation of DNA by caspase-activated DNase (CAD). The intrinsic pathway is inhibited by growth factors. When this stimulus is removed, pro-apoptotic proteins such as Bak and Bax are released from inhibition, and cause release of apoptotic compounds such as cytochrome C (CytC) and APAF from mitochondria. CytC and APAF activate caspase-9, which activates caspase-3. Nucleases such as endonuclease G (endo G) and AIF are also activated during this process. 
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acts as a signal to phagocytic cells to consume the apoptotic cell (Wesche et al. 2005). During apoptosis, the DNA is degraded by caspase-activated DNase initially into 300-50 kb fragments reflective of higher order nucleosomal structure, then to the characteristic laddered pattern of fragments that are multiples of about 250 bp in size, which is the internucleosomal DNA length (Widlak and Garrard 2009). The cellular contents are contained within vesicles which are subsequently phagocytosed (Li et al. 2003).

There are now several recognized forms of non-apoptotic programmed cell death (Vanden Berghe et al. 2014). In one of these, neutrophils (and also eosinophils and mast cells), are able to respond to a number of stimuli by undergoing a process whereby DNA is decondensed and ejected from the cell as net-like structures known as neutrophil extracellular traps (NETs), with or without resulting cell death (Brinkmann et al. 2004; Martinod and Wagner 2014). Both nucDNA and mtDNA have been detected in NETs (Keshari et al. 2012), and when stimulated by GM-CSF and C5a, the NETs can be of exclusively mtDNA (Yousefi et al. 2009; Yousefi et al. 2008).

The DNA decondensation in NETosis is dependent on peptidyl arginine deiminase IV (PAD4), which can translocate to the nucleus causing hypercitrullination of arginine residues on histones 3 and 4, thereby reducing their positive charge and decreasing their affinity for DNA (Wang et al. 2004; Leshner et al. 2012; Li et al. 2010). The cellular pathways that trigger NETosis are not yet clear, but reactive oxygen species (ROS) are likely key mediators (Fuchs et al. 2007).

mtDNA is also released by activated platelets. A recent study demonstrated that intact mitochondria are released, both within microparticles and also in a free state, upon platelet exposure to numerous agonists (Boudreau et al. 2014).  Endogenous secreted phospholipase A2 IIA lyses these mitochondria, releasing mtDNA and other molecules. This same study revealed that the released mitochondria were themselves able to induce NETosis, leading to further extracellular DNA release.

1.4 Detection of CFDNA

CFDNA from these varied sources can act as a DAMP or PAMP, and is detected by a number of PRRs, most notably TLRs.

1.4.1 TLR9

The TLRs are a family of receptors that recognize PAMPs from all major microorganism classes, as well as several DAMPs. Different TLRs are expressed in numerous different types of cells of the innate immune system, as well as on endothelial cells. TLRs -1, -2, and -6 recognize lipopeptides, while TLR4 recognizes LPS and TLR5 binds flagellin. These TLRs are localized to the cell membrane. TLRs -3, -7, and -8 recognize RNA, and TLR9 recognizes DNA. These TLRs are generally not present on the cell membrane, but are localized to endosomes (Netea et al. 2012).

TLR9 is an integral membrane glycoprotein that is produced in the endoplasmic reticulum and trafficked to endolysosomes via UNC93B (Brinkmann et al. 2007), where it is activated by cleavage of the ectodomain (Latz et al. 2004; Ewald et al. 2008). It is present constitutively as a homodimer (Latz et al. 2007), and contains a leucine-rich repeat (LRR) motif and a Toll/IL-1R (TIR) domain (Barber 2011).

Previous studies suggest that DNA with unmethylated CpG motifs is an important stimulator of TLR9. bacDNA is capable of inducing B-cell proliferation and immunoglobulin production, and this effect was shown to be dependent on unmethylated CpG motifs (Krieg et al. 1995). Activation of macrophages by synthetic CpG oligodeoxyribonucleotides with a nuclease-resistant phosphorothioate (PS) backbone was blocked when TLR9 was knocked out (Hemmi et al. 2000), implicating TLR9 as the CpG-DNA sensor. Purified TLR9 binds both CpG and non-CpG PS oligodeoxyribonucleotides (ODNs), but only CpG PS-DNA activated TLR9 (Latz et al. 2007). FRET studies showed that CpG PS-DNA, but not non-stimulatory PS-DNA, resulted in a conformational change in the TLR9 ectodomain, bringing together the TIR domains allowing recruitment of MyD88 (Latz et al. 2007).

After endosomal recognition of CpG DNA, TLR9 interacts with MyD88, which is an adaptor protein containing a TIR domain that transduces signals from all TLRs, and is necessary for signal transduction of TLRs -2, -5, -7, -8, and -9 (Kawai et al. 2001). MyD88 then interacts with IL-1R associated kinase 1 (IRAK-1). This in turn leads to recruitment of TRAF3 and TRAF6, which results in MAPK and nuclear factor κ-light-chain-enhancer of activated B-cells (NF-κB) activation (Barber 2011). NF-κB is a transcription factor involved with numerous pro-inflammatory genes. MyD88 can also cause phosphorylation of IRF-7, which results in type 1 interferon production (Honda et al. 2005).
1.4.2 Classes of CpG ODNs


TLR9 stimulatory CpG ODNs have been classified according to their effect on immune cells, with Class A ODNs strongly inducing IFN-α in plasmacytoid dendritic cells (pDCs) but weakly stimulating B-cells, Class B ODNs strongly stimulating B-cells but only weakly inducing IFN-α in pDCs, and Class C ODNs have both IFN-α inducing and B-cell stimulating effects (Bauer et al. 2008). Interestingly, when Class B ODNs are aggregated with polymyxin B or Ficoll, they are able to induce IFN-α, while altering Class A and C ODNs to prevent hybridization decreases their IFN-α producing effect (Guiducci et al. 2006). This suggests that the multimerization of the ligands is important in dictating the effect on TLR9 activation. 


The differences in the effects may be mediated by differential localization. In human primary pDCs, Class A ODNs co-localised with the early endosomal marker TfR in an AP3-dependent manner where it interacts with IRF-7, while Class B ODNs co-localised with the late endosomal marker LAMP-1 to induce production of cytokines by NF-κB. Class C ODNs co-localised with both endosomal compartments (Guiducci et al. 2006; Sasai et al. 2010). 


Much of the work on TLR9 stimulatory oligonucleotides has been performed using PS ODNs. The relevance to in vivo TLR9 stimulation can be questioned, since natural DNA contains a phosphodiester (PD) backbone. With regards to the nucleotide sequence requirement in PD ODNs, when delivered to murine DCs by the transfection agent DOTAP, PD backbone caused 10% of the IL-6 secretion compared with CpG DNA, while non-CpG DNA caused 60% of the IL-6 secretion (Haas et al. 2008).

The factors dictating uptake and presentation of natural DNA to TLR9 in the absence of transfection agents such as DOTAP are not clear. The positively charged protein LL-37 increased delivery and activating effects of CpG DNA on pDCs and B-cells (Hurtado and Peh 2010). Mammalian DNA contained in immune complexes can similarly increase DNA presentation to TLR9 (Yasuda et al. 2009). Histones have also been shown to increase the TLR9 stimulatory effect of DNA (Huang et al. 2011). Thus, it seems that proteins bound to DNA can have a major effect on their ability to stimulate TLR9 by affecting uptake and trafficking.
1.4.3 Cytosolic sensing of DNA


TLR-independent DNA-sensing pathways also exist, with a putative purpose of detecting cytosolic DNA from DNA viruses. AIM2 is a cytosolic protein that can detect double-stranded DNA and participate in an inflammasome to cause IL-1β release. AIM2 is not required for type 1 interferon production (Muruve et al. 2008). A STING-dependent pathway represents another independent pathway for detection of cytoplasmic DNA, and transcription of AT-rich cytoplasmic DNA by RNA pol III can stimulate the RIG-I pathway (Barber 2011). DAI is another protein that participates in cytosolic DNA sensing (Takaoka et al. 2007).
1.5 Elevated levels of DNA in sepsis

Since CFDNA can activate coagulation, and unmethylated CpG motifs can stimulate TLR9, elevated levels of CFDNA may contribute to the pathophysiology of sepsis. Indeed, as measured by spectroscopy, CFDNA concentrations are significantly elevated in the plasma of septic patients compared with healthy subjects, and are associated with poor outcome (Dwivedi et al. 2012). Nuclear DNA has been shown to be elevated in sepsis by PCR for the beta-globin gene (Saukkonen et al. 2008; Rhodes et al. 2006), but the relative contributions of nuclear, mitochondrial, and bacterial DNA are unknown.


Cell-free mtDNA was not elevated in sepsis in one recent study (Puskarich et al. 2012), although the severity of sepsis was relatively low. Conversely, a non-human primate model of sepsis did show elevated levels of mtDNA (Sursal et al. 2013). It is therefore unclear from previous studies whether cell-free mtDNA is elevated in sepsis, and whether it may play a pathogenic role. Because mtDNA may be released during NETosis (Keshari et al. 2012; Yousefi et al. 2009) and platelet activation (Boudreau et al. 2014), local concentrations may be elevated, even in the absence of elevated circulating concentrations.


bacDNA has also been measured in sepsis by performing PCR for common sequences of the bacterial 16S ribosomal RNA (Lucignano et al. 2011), although these studies have focused on diagnosis of bacteremia, and the cell-free component was not determined. Furthermore, absolute quantitation is difficult because of variation in the size of the bacterial genome between species. One study measured bacDNA in a non-human primate model of sepsis in which B. anthracis was injected intravenously (Sursal et al. 2013). Cell-free bacDNA levels were elevated to nearly 0.1µg/mL within the first 10h, and then quickly fell again to low levels. Overall, bacDNA likely represents a minor component of total CFDNA in sepsis, although local concentrations in areas of biofilm formation and bacterial death may be high.
1.6 Effects of DNA on immune cells

1.6.1 Neutrophils 

Neutrophils are the most abundant cells of the innate immune system, and bear numerous PRRs including TLR9 (Hayashi et al. 2003). Therefore, they may mediate pathophysiological effects of CFDNA in sepsis. Neutrophils are primarily responsible for the innate response to invading pathogens by migrating towards sites of infection and deploying reactive oxygen species and proteolytic enzymes such as matrix metalloproteinases (MMP), as well as releasing inflammatory cytokines (Aziz et al. 2013). 

Neutrophils actively migrate towards sites of inflammation, with IL-8 being a key neutrophil chemoattractant. Elevated IL-8 levels are associated with poor outcome in sepsis (Andaluz-Ojeda et al. 2012). Neutrophils treated with E. coli DNA, but not mammalian DNA, released increased levels of IL-8 (Taanman 1999; Jozsef et al. 2006). Treatment of neutrophils with mtDNA also induced IL-8 release, but only in the presence of N-formylated peptides (present on bacterial and mitochondrial, but not eukaryotic, proteins) (Zhang et al. 2010). This may be because mtDNA alone causes neutrophil p38 MAPK phosphorylation in a TLR9 dependent manner, but does not cause ERK1/2 phosphorylation, even at high concentrations (Zhang et al. 2010).

Once present at sites of inflammation, neutrophils can release toxic compounds in an effort to kill pathogens. The pathogen-destroying molecules released by neutrophils can also cause damage of healthy tissue (Phillipson and Kubes 2011). Treatment of neutrophils with mtDNA has been shown to result in phosphorylation of p38 MAPK, and release of MMP-8 and -9, which was prevented by blockade of TLR9 with inhibitory oligodeoxyribonucleotides and reduced by inhibition of endosomal acidification (a pre-requisite for TLR9 activation) by chloroquine (Zhang et al. 2010). Since mtDNA can be released during tissue necrosis, it may participate in a cycle of further tissue injury by recruiting neutrophils and causing MMP release. 


CFDNA may also exert a pathological effect by prolonging neutrophil life-span Normally, circulating neutrophils have a relatively short half-life of only 7-12 hours (Fox et al. 2010). Neutrophil apoptosis can be delayed by sensing of microbial molecules such as LPS, and also by growth factors such as G-CSF and GM-CSF, allowing neutrophil accumulation in infected tissue (Simon 2003). 

In the absence of such stimuli, neutrophils undergo apoptosis, which prevents uncontrolled release of toxic cell contents. Apoptosis results in degradation of DNA, cell permeabilization, and expression of phosphatidylserine on the outer leaflet of the cell membrane. This last change acts as a signal to phagocytic cells to consume the apoptotic cell (Wesche et al. 2005). 


Delayed neutrophil apoptosis may be pathogenic under certain circumstances. Neutrophils from patients with systemic inflammatory response syndrome (SIRS) displayed delayed apoptosis as compared to controls (Jimenez et al. 1997). Neutrophils from broncheoalveolar lavage from patients with acute respiratory distress syndrome (ARDS) displayed reduced apoptosis (Matute-Bello et al. 1997). Neutrophils from septic patients also displayed delayed apoptosis (Keel et al. 1997), as did neutrophils from burn patients (Chitnis et al. 1996). Since accumulation of neutrophils within tissues is associated with tissue damage in these conditions, delayed neutrophil apoptosis may play a pathophysiological role.


Apoptotic neutrophils may have an anti-inflammatory effect on macrophages, possibly by adsorption of LPS, and lead to a macrophage phenotype that favours resolution of inflammation (Scannell et al. 2007). Injection of apoptotic neutrophils reduced death from LPS-induced shock in mice (Ren et al. 2008). Delay of neutrophil apoptosis thus may remove this anti-inflammatory effect. Purified E. coli DNA (1.6 µg/mL) was found to cause phosphorylation of ERK1/2 in neutrophils, in a TLR9 dependent manner (Jozsef et al. 2004). This ERK1/2 activation was associated with delayed apoptosis (Zhang et al. 2010). The effect of mtDNA and nucDNA on neutrophil life-span is unknown.



Neutrophils are also capable of producing IL-6, serum concentrations of which are associated with poor outcome in sepsis (Andaluz-Ojeda et al. 2012). IL-6 plays a complex role, mediating progression from a pro-inflammatory to a pro-resolution phase (Scheller et al. 2014). E. coli DNA causes release of neutrophil IL-6, while mammalian DNA was found to have no effect (Taanman 1999; Jozsef et al. 2006). The ability of mtDNA to stimulate neutrophil IL-6 production has not been reported.
1.6.2 Platelets


Platelets represent another TLR9-bearing cell that may mediate pathophysiological processes in sepsis. Platelets are anucleate circulating cells that play a primary role in hemostasis. They adhere to the endothelium via interactions with von Willebrand factor and collagen. They can be activated by numerous stimuli, notably by the coagulation protein thrombin and by subendothelial proteins such as collagen. This activation process results in activation of integrin αIIbβ3, a key mediator of platelet aggregation (Tao et al. 2010). Once activated, they can secrete the contents of intracellular granules, including numerous pro-coagulant, pro-adhesive, pro-inflammatory, and pro-angiogenic factors. P-selectin represents one such molecule, and is often used as a marker of platelet degranulation (Carubbi et al. 2014). (Figure 3)


In addition to their function in hemostasis, the role of platelets as immune cells is becoming increasingly appreciated (Duerschmied et al. 2014). Platelets bear TLRs, with some evidence existing for the presence of TLRs 1-9 in platelets (Semple et al. 2011). Recent evidence suggests that after stimulation with low concentrations of agonists, platelet TLR9 can translocate from endosomes to the cell surface (Thon et al. 2012). TLR9 stimulation by natural DNA was not tested in this study, and only PS DNA was used. Therefore, it is unknown whether platelet TLR9 is responsive to bacDNA or mtDNA. Given evidence that endosomal TLR9 can be stimulated by DNA in a CpG-independent manner, so long as the DNA is translocated intracellularly with a transfecting agent (Haas et al. 2008), it is possible that TLR9 expressed on the platelet surface could be stimulated by DNA regardless of CpG content or methylation status, although this has yet to be tested.


Like DNA, heparin is a polyanion. It has long been observed that addition of heparin to suspended platelets results in an increase in responsiveness to agonists such as ADP (Xiao and Theroux 1998). This effect has been shown to be mediated via outside-in signaling through integrin αIIbβ3 (Gao et al. 2011). Since, in this same study, surface-immobilized heparin was able to directly stimulate platelet adhesion and spreading, while heparin in solution only increased responsiveness to agonists, it is hypothesized that the effect occurs through approximation of plasma membrane bound αIIbβ3. It is possible that 

Figure 3: Platelet adhesion and activation.

Platelet GPIbα and GPVI are able to bind von Willebrand factor (vWF) and collagen, respectively, causing adhesion to the vessel wall. Platelet phospholipid catalyses activation of coagulation factors, resulting in thrombin (IIa) production. Platelet agonists such as thrombin activate G-protein-coupled receptors resulting in activation of integrin αIIbß3. Activated αIIbß3 is able to bind fibrinogen, which promotes aggregation with other activated platelets. Platelet activation through G-protein-coupled receptors can also lead to secretion of dense (δ) and alpha (α) granules, lysosomes, and mitochondria.
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other polyanions including DNA may have a similar effect on platelets.

1.7 Coagulation and inflammation


The existence of PRRs on platelets represents one example of how the hemostatic and coagulation systems interact with inflammation. There is significant cross-talk between coagulation and inflammation, with each process being able to stimulate the other. Activation of coagulation plays a pathophysiological role in sepsis as the coagulation system invariably shows some degree of activation in sepsis (Levi and van der Poll 2010), and several studies have demonstrated the presence of microvascular thrombi in organs affected by sepsis  (Robboy et al. 1972; Shimamura et al. 1983). 

1.7.1 The coagulation cascade


The coagulation cascade represents the process by which an initial pro-coagulant stimulus is amplified into the production of a fibrin clot. It is composed of a series of enzymes which successively activate each other, finally resulting in the production of insoluble fibrin from circulating fibrinogen. The coagulation cascade has traditionally been divided into two pathways – the extrinsic pathway and the intrinsic pathway.


The extrinsic pathway is so named because it requires the addition of a factor that is not normally present in the circulating plasma. This factor, termed tissue factor (TF), is abundantly present in subendothelial tissues, and is exposed upon endothelial damage (Chen and Hogg 2013). TF activates coagulation factor VII (FVII), and the activated FVII (FVIIa)-TF complex, in the presence of a phospholipid surface, is able to activate factor X. FXa, in complex with FVa, goes on to generate thrombin from its precursor prothrombin.


The intrinsic pathway is not dependent on TF, but can be initiated by the presence of negatively charged surfaces. On negatively charged surfaces, FXII is activated and goes on to activate pre-kallikrein and FXI. FXIa activates FIX, which, with its cofactor FVIIIa, is able to activate FX (Bjorkqvist et al. 2014).

Since deficiency of FXII is not associated with bleeding, the intrinsic pathway was felt not to be relevant to in vivo hemostasis. The main role of this pathway is thought to be amplification of the initial TF-mediated thrombin generation. This occurs by feedback from thrombin, which activates FXI and FVIII. However, the finding that negatively charged biopolymers such as platelet and bacterial polyphosphates (Smith et al. 2006), as well as CFDNA (Swystun et al. 2011), can activate coagulation via the intrinsic pathway, has raised the possibility that the intrinsic pathway may be important in thrombosis. This pathway may also be central to development of thrombosis related to implanted foreign substances such as intravenous catheters (Yau et al. 2014) and mechanical heart valves, or in extracorporeal circulation such as dialysis or cardiopulmonary bypass (Kenne and Renne 2014).

Several natural anticoagulants exist which dampen coagulation activation, helping to prevent pathological thrombosis. Antithrombin is a serine protease inhibitor (serpin) which irreversibly binds and inactivates numerous activated coagulation factors, including thrombin, FXa, FVIIa, FIXa, FXIa, and FXIIa. (Quinsey et al. 2004) Tissue factor pathway inhibitor (TFPI) can bind FXa, forming a complex that binds and inactivates the FVIIa-TF complex, thus regulating the extrinsic pathway. (Wood et al. 2014) Interestingly, thrombin itself has anticoagulant functions when bound to thrombomodulin on the surface of unactivated endothelial cells. Thrombin-thrombomodulin activates protein C, which, with its cofactor protein S, inactivates FVIIIa and FVa. Protein C activation is catalyzed by its binding to endothelial protein C receptor, which colocalises protein C with thrombomodulin. (Ito and Maruyama 2011) (Figure 4)

1.7.2 Crosstalk between coagulation and inflammation


Macrophages and endothelial cells respond to inflammatory stimuli by expressing TF, which can initiate the clotting cascade (Semeraro et al. 2012). TNFα, IL-1α, IL-1β, IL-6, IL-8, IFNγ, and MCP-1 have all been shown to increase TF expression on endothelial cells and macrophages. Inflammatory cytokines can also interfere with natural anticoagulant mechanisms, e.g. antithrombin, TFPI, and the protein C pathway, and decrease fibrinolysis (van der Poll et al. 2001). 


Activation of blood coagulation further feeds into the inflammatory milieu of sepsis (Ito and Maruyama 2011). Thrombin generated from the coagulation cascade can activate PARs -1, -3, and -4, while TF-FVIIa and FXa can activate PAR1 and PAR2. Pro-inflammatory effects are seen on macrophages and neutrophils via PAR activation (Levi and van der Poll 2010). Activation of platelets by thrombin, and the release of pro-inflammatory molecules, represents another mechanism by which coagulation can induce inflammation.

1.8 Possible novel mechanisms by which mitochondrial, nuclear, and bacterial DNA may exert prothrombotic and proinflammatory effects


Due to its negatively charged polymeric structure, DNA can activate coagulation via the contact pathway (Swystun et al. 2011). All types of DNA would be expected to 
Figure 4: The coagulation cascade.

Details of the intrinsic and extrinsic pathway are illustrated. Roman numerals represent the respective coagulation factors; TF, tissue factor; PL, phospholipid; EPCR, endothelial protein C receptor; TM, thrombomodulin; PC, protein C; PS, protein S; AT, antithrombin; TFPI, tissue factor pathway inhibitor.
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have this effect, but it is unknown whether binding of TFAM can decrease this effect on 
mtDNA by masking the negatively charged surface. The unmethylated CpG motifs on bacDNA and mtDNA can stimulate TLR9 on neutrophils, with bacDNA delaying neutrophil apoptosis and causing IL-6 release (Zhang et al. 2010). Whether mtDNA is also capable of doing so is undetermined. mtDNA and bacDNA may also be able to stimulate platelet TLR9, and surface TLR9 may be stimulated even by nucDNA. Lastly, DNA may act similarly to heparin by promoting outside-in signaling via αIIbβ3, increasing platelet responsiveness to ADP. 
1.9 Project Proposal


In order to improve outcomes in sepsis, further study of its pathophysiology is required. An important theme has emerged whereby an inflammatory response against infection leads to tissue damage and release of endogenous pro-inflammatory mediators, resulting in further inflammation and tissue damage, with feedback from the coagulation system also participating. CFDNA sits at the nexus of this complex process, as it can be released from pathogens as well as from the host, is capable of triggering inflammatory responses, and can also activate coagulation. However, the differences in pro-inflammatory properties between CFDNA from nuclear, mitochondrial, and bacterial sources have not been fully elucidated, and the differences in pro-coagulant effects have not been studied at all. In addition, the relative concentrations of CFDNA from these three sources are unknown.


The presence of TLR9 on neutrophils and platelets raises the possibility of differential sensing of DNA from various sources, since bacDNA and mtDNA contain unmethylated CpG motifs, while nucDNA does not. Since the activation of coagulation by DNA occurs via the intrinsic pathway on negatively charged surfaces, DNA from any source should have a similarly activating effect, although binding proteins may differentially interfere with this process. Since CFDNA from various sources is produced by different processes, any future attempts to modulate production of CFDNA to ameliorate sepsis will have to take its source into account.

1.9.1 Objective


The objective of this thesis is to compare the pro-inflammatory and pro-coagulant effects of nuclear, mitochondrial, and bacterial DNA in the context of sepsis.
1.10 Hypotheses and Aims
1.10.1 Hypotheses

1) Due to their higher proportion of TLR9 stimulating CpG motifs, mtDNA and bacDNA will have greater pro-inflammatory effects on neutrophils than nucDNA;

2) DNA will be able to activate the coagulation cascade to a similar degree regardless of source by activating the intrinsic pathway with its negatively charged backbone, although bacDNA and mtDNA will have a greater effect than nucDNA on platelet activation via interaction with TLR9.
1.10.2 Specific Aims

1) To elucidate the differences between nuclear, mitochondrial, and bacterial DNA on neutrophils viability and IL-6 release;

2) To determine the differences in the degree and mechanism of thrombin generation and platelet activation by nuclear, mitochondrial, and bacterial DNA.
2.0 METHODS
2.1 Materials

HEK293 cells were purchased from American Type Culture Collection (Manassas, VA). High-glucose DMEM was purchased from Invitrogen (Grand Island, NY). Penicillin/streptomycin (10000U/mL penicillin and 10000µg/mL streptomycin) and fetal bovine serum were from Sigma (St. Louis, MO). The mitochondria isolation kit was purchased from Thermo Scientific (Rockford, IL). The DNA isolation kit was purchased from Qiagen (Germantown, MD). LPS-free bacterial DNA was from Invivogen (San Diego, CA). TLR9 stimulatory phosphodiester DNA and control oligonucleotides were from IDT (Coralville, IO), with sequence 5’-TCG TCG TTT TCG GCG CGC GCC G -3’ and 5’- TGC TGC TTT TGG GGG GCC CCC C -3’ respectively. Primers for Mit3153T PCR were from Integrated DNA Technologies (Coralville, IA) and the probe was from Life Technologies (Carlsbad, CA). All other reagents for this PCR were from the TaqMan PCR Core Reagent Kit (Life Technologies, Carlsbad, CA). Primers for CytB PCR were obtained from Integrated DNA Technologies (Coralville, IA), and SYBR Green Master Mix was from Life Technologies (Carlsbad, CA). Primers for beta-globin PCR were from Integrated DNA Technologies, the probe was from Life Technologies (Carlsbad, CA), and all other components were from the Taqman PCR Core Reagent Kit (Life Technologies, Carlsbad, CA). Neutrophil culture was in RPMI (Invitrogen, Grand Island, NY) with penicillin 100 U/mL, streptomycin 100µg/mL and 10% fetal bovine serum (all from Sigma, St. Louis, MO) The Quantikine IL-6 ELISA was from R&D Systems (Minneapolis, MN). Thrombin generation substrate and calibrated automated thrombography software was from Technothrombin (Vienna, Austria). Recombinant human DNase I (Pulmozyme) was purchased from Roche (Basel, Switzerland). Factor XI and XII deficient plasmas were purchased from Affinity Biologicals (Ancaster, ON). Corn trypsin inhibitor was purchased from Enzyme Research Laboratories (South Bend, IN). FITC-conjugated PAC-1 antibody and anti-CD62P was purchased from Becton-Dickinson (Franklin Lakes, NJ). Recombinant TFAM from CHO cells was from Abcam (Cambridge, UK).
2.2 Isolation of DNA

HEK293 cells were grown in high-glucose DMEM with penicillin 100U/mL, streptomycin 100µg/mL and 10% fetal bovine serum. Mitochondria were isolated from the cell cultures using the Thermo Scientific Mitochondrial Isolation Kit as per the manufacturer's instructions, with the following modification: after the first centrifugation at 700g, the supernatant was removed and centrifuged again at 8100g for 10 min to further remove nuclear contaminants. The mitochondria were then pelleted from this supernatant by centrifugation at 12000g as per the manufacturer's instructions. The pellet from the first centrifugation at 700g was used as the nuclear fraction. RNase was added to the samples to remove RNA. DNA was isolated from the purified mitochondria (mtDNA) and from the nuclear fraction (nucDNA) using the Qiagen DNA Isolation Mini-kit for Blood and Tissue.

2.3 Quantification of Cell-Free Mitochondrial DNA


Plasma samples were obtained from consecutive septic ICU patients enrolled in the DYNAMICS study (ClinicalTrials.gov identifier: NCT01355042), a multi-centre prospective cohort of septic and non-septic critically ill ICU patients with the objective of examining the prognostic value of total cell-free plasma DNA concentration in critically ill patients. In the DYNAMICS study, samples were obtained from patients on days 1-7 (excluding weekends), and weekly thereafter until the patient left the ICU. Day 1 samples from a single centre were used to measure mtDNA. Whole blood was collected into citrated blood tubes, centrifuged at 2000g for 10min, and the resulting platelet poor plasma was frozen and stored at -80oC. When ready for further processing, the samples were thawed, centrifuged at 3000g for 10min, and the supernatant collected was used for DNA isolation. DNA was isolated from 200µL of plasma using the Qiagen DNA isolation blood mini-kit, and collected in 200µL of elution buffer. Samples from normal control participants were collected in an identical manner. Clinical samples were obtained with local research ethics board approval, including signed informed consent.


To detect a difference in mean mtDNA concentration between healthy controls and patients with severe sepsis proportional to that seen for nucDNA in Rhodes, et al. 2006 (17±3.7ng/mL, n=10 vs. 192±220ng/mL, n=19), 10 patients in each group would provide 80% power of detecting such a difference with confidence of 95%. To account for possible increased variance in the septic group, 10 samples from healthy controls and 12 samples from consecutive septic patients were tested.


Quantification of cfmDNA for the Mit3153T region was performed by PCR as described in Chiu, et al. 2003. The primers employed were Mit 3130F, 5'-AGG ACA AGA GAA ATA AGG CC 3'; and Mit 3301R, 5' TAA GAA GAG GAA TTG AAC CTC TGA CTG TAA 3'. The fluorescent-labeled DNA probe was Mit 3153T, 5' FAM-TTC ACA AAG CGC CTT CCC CCG TAA ATG A-TAMRA 3'. Each reaction was set up in a 50µL volume, containing 5µL of 10X buffer A; 300nM of each primer; 50nM TaqMan probe; 4mM MgCl2; 200nM each of dATP, dCTP, and dGTP; 400nM dUTP; 1/25 U of AmpliTaq Gold; and 0.5 U of AmpErase uracil N-glycosylase. 5µL of the isolated DNA was added to each reaction mixture. The thermal profile consisted of incubation for 2min at 50oC, a first denaturation at 95oC for 10min, and 45 cycles of 95oC for 15s followed by 55oC for 1min. DNA extracted from mitochondria purified from HEK293 cells, quantified by spectrophotometry, was used as the standard. All reactions were performed in triplicate.


PCR for the CYTB gene was as described in Puskarich, et al. 2012. The primers employed were CytBF, 5’-ATG ACC CCA ATA CGC AAA AT-3’; and CytBR, 5’-CGA AGT TTC ATC ATG CGG AG-3’. The reaction volume was 25µL with 12.5µL SYBR Green Master Mix, 1µM of each primer, and 5µL of template DNA. The thermal profile consisted of a 10min denaturation step at 95oC, followed by 40 cycles of 15s at 95oC, 1min at 53oC, and 30s at 73oC. Each reaction was performed in duplicate. 

2.4 Quantitation of Nuclear DNA


The concentration of cell free plasma nucDNA for the same samples was assessed by quantitative PCR for the beta-globin gene in a similar manner. The PCR protocol has been previously published (Lo et al. 1998). The primers used were B-globin-354F, 5'-GTG CAC CTG ACT CCT GAG GAG A-3'; B-globin-455R, 5'-CCT TGA TAC CAA CCT GCC CAG-3', and the dual-labeled fluorescent probe was B-globin-402T, 5'-(FAM)AAG GTG AAC GTG GAT GAA GTT GGT GG(TAMRA)-3'. All components of the PCR reaction except the primers and probe were from the Taqman PCR Core Reagent Kit. Reaction volumes were 50µL. Each reaction contained 5µL of 10x Buffer A; 4mM MgCl2; 200µM each dATP, dCTP, and dGTP; 400µM dUTP; 300nM of each primer; 100nM of fluorescent-labeled probe; 1.25 U AmpliTaq Gold; and 0.5 U AmpErase uracil N-glycosylase; as well as 5µL of DNA template. The thermal profile began with a 2 min incubation at 50oC, then 10 min at 95oC, followed by 40 cycles of 95oC for 15 s and 60oC for 1 min. DNA extracted from the purified nuclear fraction of HEK293 cells, and quantified by spectrophotometry, was used as the nucDNA standard.

2.5 Spectrophotometric Quantitation of DNA


Eluted DNA was tested in an Eppendorf Biophotometer Plus (Eppendorf, Hamburg, Germany). The UV light absorbance at 260nm was measured over a path length of 1cm, and the DNA concentration was calculated using the Beer-Lambert law (Α = εcℓ, where Α is the absorbance, ε the molar extinction co-efficient, c the concentration, and ℓ the path length) using a molar extinction co-efficient of 0.02 (μg/mL)cm-1 for double-stranded DNA. Elution buffer was used as a calibration blank. 
2.6 Neutrophil Viability

Neutrophils were isolated from healthy volunteers as per Oh, et al. 2008, with the exception that red cells were lysed by 3 successive suspensions in ice cold 0.2% NaCl for 30s rather than in red cell lysis buffer. Nucleated cells were >95% neutrophils by Wright-Giemsa stain, and >95% viable by propidium iodide exclusion. Isolated neutrophils were cultured in RPMI (Invitrogen, Grand Island, NY) with 1% penicillin (10 000 U/mL)/streptomycin (10 000µg/mL) (Sigma, St. Louis, MO) and 10% fetal bovine serum (Sigma, St. Louis, MO). All culture conditions and treatment reagents were tested for LPS contamination by limulus amoebocyte assay (Monza, Basel, Switzerland) and contained less than 0.06 EU/mL (6 pg/mL). Neutrophil apoptosis was measured at 16h by staining for propidium iodide (Invitrogen, Grand Island, NY) and annexin-V (Becton-Dickinson, Franklin Lakes, NJ) using a BD FACScalibur flow cytometer and CellQuest Pro software.

2.7 Neutrophil IL-6 Release

The supernatants from neutrophils isolated and cultured as above were tested for IL-6 using a Quantikine IL-6 ELISA according to the manufacturer’s instructions.

2.8 Thrombin Generation in Platelet Poor Plasma

Thrombin generation was measured using calibrated automated thrombography (Technothrombin, Vienna, Austria), as previously published (Swystun et al. 2011). The lag time, peak height, and area under the curve (AUC) of the thrombin generation curve were calculated using the provided software (Technothrombin, Vienna, Austria). The lag time represents the time from the start of the assay to the point where 1/6th of the maximal thrombin is present; peak height represents the maximal concentration of thrombin; and AUC represents the total amount of enzymatic work performed by the thrombin during the time it was active. To confirm the role of DNA, the sample was treated with DNAse at 65oC for 30 min before addition to the assay. To demonstrate the role of the contact pathway in the increased thrombin generation by mtDNA, the thrombin generation assay was performed using factor XII- and FXI- deficient plasmas instead of pooled normal plasma, and also with the addition of corn trypsin inhibitor as described in (Swystun et al. 2011). TFAM was incubated with DNA for 15 min at 37oC to investigate the effect of TFAM binding on mtDNA.

2.9 Thrombin Generation in Platelet Rich Plasma


Blood was collected by venipuncture with a minimum 21-gauge needle into 4.5mL tubes containing 0.5mL of trisodium citrate buffer for final concentration 109mM, using no tourniquet. The first 4mL were discarded to minimize collection of platelets activated during the initial venipuncture. After a 15min resting period, the blood was centrifuged at 200g for 10 minutes at room temperature. The platelet rich plasma (PRP) was removed. The remainder of the blood was centrifuged at 1500g for 15 minutes to obtain platelet poor plasma (PPP). The platelet count in the PRP was determined by counting in a hematocytometer, and the concentration was brought to 200x109/L by dilution with PPP. Thrombin generation was performed as for PPP, but with the substitution of PRP.  
2.10 Platelet Activation 


Washed platelets were prepared as per Cazenave, et al. 2004. Briefly, after discarding the first 4mL, 10mL of whole blood was collected using a 19-gauge needle into 1/6 volume of acid citrate dextrose anticoagulant (85mM trisodium citrate, 66.6mM citric acid, and 111mM glucose, pH 4.5). This was centrifuged at 250g for 15min, and the PRP was removed. 0.5µM PGI2 was added, and the PRP centrifuged at 2200g for 10min. The platelet pellet was washed thrice with Tyrode’s albumin solution with 0.5µM PGI2, with centrifugation at 1900g for 8min. The platelets were then resuspended to 20x109/L in Tyrode’s albumin solution. 100µL aliquots were added to a 96-well dish, and DNA was added. After 15min of incubation, 5µL samples were taken, and added to 2.5μL PAC-1 antibody or anti-CD62P. All steps to this point were at room temperature. The mixture was incubated for 30 minutes on ice, then 1mL of 1% paraformaldehyde in PBS was added. The samples were analysed on a BD FACScalibur flow cytometer using CellQuest Pro software. Anti-CD42b antibody was used to assure purity of the platelet suspension, and greater than 99% of events were CD42b positive.

2.11 Statistical Methods


Statistical analysis was performed on experiments with an n = 3 or greater. 

Values are expressed as means ± standard error. Significance of differences was 

determined by t-test or Wilcoxon rank sum test (for non-normally distributed data) using SIGMAPLOT Software (San Jose, CA, USA). Correlation was measured by Pearson product moment correlation. 
3.0 RESULTS

3.1 Mitochondrial DNA is elevated in sepsis


We and others have shown that circulating levels of cell-free DNA are elevated in sepsis (Dwivedi et al. 2012; Saukkonen et al. 2008; Rhodes et al. 2006), with neutrophils being the major source of DNA released from activated whole blood (Gould et al. 2014). Because neutrophils can release mtDNA through NETosis, and activated platelets can release mtDNA via microparticles, it is possible that mtDNA may be elevated in sepsis. In the current study, DNA was isolated from the plasma of 12 septic patients and from 10 healthy volunteers. Clinical characteristics of the tested patients are described in Table 2. 

Quantitative PCR for two mitochondrial sequences was performed. PCR for cytochrome B revealed mtDNA levels of 0.4±0.3µg/mL in the septic group vs. 8.5x10-3±6.4x10-3µg/mL in the healthy subjects, an approximately 50-fold increase. Using a PCR for the mit3153T mtDNA sequence, there was 1.5±1.2µg/mL mtDNA for the septic patients vs. 6.1x10-5±9.0x10-5µg/mL for the healthy subjects, an increase of many thousand fold. Both results were statistically significant with P<0.01. (Figure 5) Log mtDNA concentrations by the two PCR methods were positively correlated, with Pearson correlation coefficient of 0.6 (P<0.01), indicating robustness of the result. (Figure 6)

3.2 Nuclear DNA is also elevated in sepsis

NucDNA in septic patients was also quantified by PCR for the beta-globin gene, and found to be elevated compared to healthy controls (4.1±1.5 vs. 2.0x10-2±1.6x10-2µg/mL; Figure 7), which was an approximately 200-fold increase. Total DNA in the eluted samples was also measured by spectrophotometry. Log DNA concentrations 
Table 2. Clinical characteristics of tested septic patients.
	ID
	Sex
	Age
	Primary site of infection
	SOFA
	MODS
	APACHE II
	Positive cultures
	Survival Status

	 1
	F
	59
	unknown
	9
	9
	17
	
	Survivor

	 2
	M
	81
	urinary tract
	11
	6
	25
	  S. aureus
	Non-survivor

	 3
	M
	81
	lung
	10
	9
	23
	  E. coli
	Non-survivor

	 4
	M
	59
	blood
	9
	12
	41
	
	Survivor

	 5
	F
	59
	blood
	9
	6
	27
	
	Survivor

	 6
	M
	64
	lung
	6
	5
	17
	
	Survivor

	 7
	M
	84
	unknown
	5
	3
	11
	
	Survivor

	 8
	M
	70
	urinary tract
	10
	6
	33
	  E. coli
	Survivor

	 9
	M
	76
	unknown
	17
	17
	35
	
	Non-survivor

	 10
	M
	91
	lung
	N/A
	7
	26
	
	Non-survivor

	 11
	M
	49
	abdomen
	9
	7
	22
	  S. anginosus
	Survivor

	 12
	M
	77
	lung
	12
	13
	17
	  C. albicans
	Survivor


Clinical characteristics of sequential patients with severe sepsis from the DYNAMICS study (NCT01355042). MODS was calculated on the day of entry into the study, while SOFA and APACHE II scores were calculated from the first day of admission to ICU. SOFA represents Sequential Organ Failure Assessment score; MODS, Multiple Organ Dysfunction Score; APACHE II, Acute Physiology and Chronic Health Evaluation II score; N/A, not available. Survival status was evaluated at time of discharge from hospital.

Figure 5: Cell-free mitochondrial DNA is elevated in sepsis. 
DNA isolated from plasma of septic patients was assayed by PCR. mtDNA concentrations were higher in septic (n=12) as compared to healthy subjects (n=10) by PCR for cytochrome B (CytB) (0.43±0.3µg/mL vs. 8.5x10-3±6.4x10-3µg/mL) and Mit3153T (1.5±1.2µg/mL vs. 6.1x10-5±9.0x10-5µg/mL). (* = P<0.05) Horizontal lines represent median values, boxes represent quartiles, vertical lines represent the range, and dots represent outliers >1.5 x interquartile range.
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Figure 6: Correlation between mitochondrial DNA (mtDNA) concentrations in plasma of septic patients by two different PCRs. 

mtDNA concentrations measured by PCR for either CytB or Mit3153T were significantly correlated, with Pearson correlation coefficient for log values = 0.6 (P<0.01), suggesting validity of the assay results.
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Figure 7: Cell-free nuclear DNA concentrations are elevated in sepsis. 
Nuclear DNA measured in the plasma of septic patients (n=12) was higher than in healthy subjects (n=10) using PCR for the ß-globin gene (Bglobin354F) (4.1±1.5 vs. 2.0x10-2±1.6x10-2µg/mL). (** = P<0.01) Horizontal lines represent median values, boxes represent quartiles, vertical lines represent the range, and dots represent outliers >1.5 x interquartile range.
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measured by spectrophotometry correlated with log nucDNA concentration measured by beta-globin PCR (Pearson correlation coefficient = 0.762; P<0.01) suggesting robustness of the results across measurement techniques. (Figure 8A) In addition, log mtDNA concentrations were positively correlated with log nucDNA concentrations for both PCRs (Pearson correlation coefficient for Mit3153T = 0.768, P<0.01; for CytB = 0.530, P<0.05). (Figure 8B and C) Also, log mtDNA concentrations were positively correlated with log DNA concentrations by spectrophotometry (Pearson correlation coefficient for Mit3153T = 0.712, P<0.01; for CytB = 0.779, P<0.05). (Figure 8D and 4E) These data reflect the fact that mitochondrial, nuclear, and total DNA concentrations were all significantly higher in the septic patients than in healthy controls.
3.3 Bacterial and mitochondrial DNA prolong neutrophil viability

Since cell-free mtDNA and nucDNA are elevated systemically in septic patients, they may contribute to inflammation. Delayed neutrophil apoptosis and accumulation of neutrophils in tissues has been observed in sepsis, and is correlated with poor outcomes (Keel et al. 1997; Matute-Bello et al. 1997). To test how DNA from various sources might contribute to this process, isolated neutrophils were incubated with nucDNA, mtDNA, and bacDNA. Treatment with bacDNA at either 1μg/mL or 15µg/mL for 16h resulted in increased neutrophil viability, while mtDNA only had this effect at 15μg/mL. (Figure 9) In contrast, incubation of neutrophils with nucDNA at either concentration had no effect on cell viability.

3.4 Bacterial DNA promotes neutrophil IL-6 release


Elaboration of the cytokine IL-6 may also contribute to systemic inflammation in 
Figure 8: Correlation between total plasma cell-free DNA concentration by spectrophotometry, nuclear DNA by PCR for beta-globin, and mitochondrial DNA by PCR for CytB and Mit3153T. 
[image: image26.emf][image: image27.emf]Log cell-free nuclear DNA correlated with (A) log total DNA (Pearson correlation coefficient = 0.762; P<0.01), and with (B and C) log mitochondrial DNA (Pearson correlation coefficient for Mit3153T = 0.768, P<0.01; for CytB = 0.530, P<0.05). Log mitochondrial DNA concentrations were positively correlated with log total DNA (Pearson correlation coefficient for Mit3153T = 0.712, P<0.01; for CytB = 0.779, P<0.05) (D and E). (       = Septic patient;     = healthy subject)
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Figure 9: Effect of DNA from various sources on neutrophil viability. 

Isolated human neutrophils incubated for 16h with bacterial DNA (bacDNA) at either 1µg/mL (gray bars) or 15µg/mL (black bars) and mitochondrial DNA (mtDNA) at 15µg/mL, displayed increased viability. Nuclear DNA did not have this effect at either concentration. LPS 1ng/mL served as a positive control. Bars represent means of at least 3 experiments, with associated s.e. (* = P<0.05 compared to vehicle condition.)
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sepsis (Oberholzer et al. 2005). bacDNA has been shown to promote IL-6 release from 

monocytes (Bauer et al. 1999), but the effect of mtDNA on neutrophil IL-6 is unknown. To investigate this further, isolated neutrophils were incubated with the three types of DNA. As shown in Figure 10, bacDNA was able to stimulate neutrophil IL-6 release at both the 1 and 15µg/mL concentrations in a dose-dependent manner. Neither mtDNA nor nucDNA stimulated IL-6 release, even at the higher concentration.
3.5 Pro- and eukaryotic DNA activates coagulation to a similar degree via the contact pathway


Although, nucDNA did not prolong neutrophil viability or stimulate IL-6 release, it has previously been shown to activate coagulation via the intrinsic pathway (Swystun et al. 2011), and activation of coagulation may contribute to the pathophysiology of sepsis. The effect of mtDNA and bacDNA on coagulation activation is unknown. DNA from the three sources was therefore added to normal plasma in a continuous thrombin generation assay. mtDNA and bacDNA were found to cause a similar degree of thrombin generation as nucDNA, in a dose-dependent manner. This effect was eliminated by pre-treatment of the DNA with DNase. (Figure 11A) All three types of DNA resulted in similar lag times, peak heights, and areas under the curve. (Table 3) 

To confirm that mtDNA and bacDNA also activate coagulation via the intrinsic pathway, the thrombin generation assay was repeated with addition of corn trypsin inhibitor (CTI - an inhibitor of FXII), and by using FXII-deficient plasma or FXI-deficient plasma. Thrombin generation by all three types of DNA was significantly reduced by CTI-treatment and in FXII-deficient plasma, and was eliminated in FXI- 
Figure 10: Effect of DNA from various sources on neutrophil IL-6 release. 

Isolated human neutrophils were incubated with nuclear (nucDNA), mitochondrial (mtDNA), or bacterial DNA (bacDNA) at 1µg/mL (gray bars) or 15µg/mL (black bars) for 20h, and IL-6 levels were measured in the supernatants. bacDNA at both concentrations, but not mtDNA or nucDNA, stimulated IL-6 release. Bars represent means of at least 3 experiments, with associated s.e. (** = P<0.01 compared to vehicle condition.)
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Figure 11: Nuclear DNA (nucDNA), mitochondrial DNA (mtDNA), and bacterial DNA (bacDNA) cause thrombin generation to a similar degree via the intrinsic pathway. 
A. Thrombin generation curves showing similar dose-dependent thrombin generation caused by all three types of DNA, which is abolished by pre-treatment with DNase. B. Thrombin generation for each type of DNA (10µg/mL) is attenuated in corn trypsin inhibitor (CTI)-treated plasma and FXII-deficient plasma, and abolished in FXI-deficient plasma. Each curve is representative of 3-5 experiments. Thrombin generation parameters are summarized in Table 2.
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Table 3. Thrombin generation in PPP by nuclear, mitochondrial, and bacterial DNA via the intrinsic pathway.
	Type of Plasma
	[DNA] (µg/mL) 
	Source of DNA
	Lag time (s)
	Peak height (nM Thrombin)
	Time to peak (s)
	AUC

	PPP
	10
	nucDNA
	16.0±1.0
	646.7±37.0
	20.7±1.5
	6092.8±151.9

	
	
	mtDNA
	15.7±0.6
	781.7±15.6
	18.7±0.6
	5550.0±94.7

	
	
	bacDNA
	11.0±1.0
	697.9±17.6
	14.7±0.6
	5440.2±29.9

	
	
	
	
	
	
	

	PPP
	1
	nucDNA
	23.3±2.5*
	407.8±22.7*
	29.3±1.5*
	3914.9±140.5

	
	
	mtDNA
	23.3±2.1*
	402.9±23.6*
	28.0±1.7*
	3805.1±97.5

	
	
	bacDNA
	21.7±2.1*
	371.7±4.2*
	26.3±2.3*
	3621.2±104.1

	
	
	
	
	
	
	

	PPP
	10, DNase-treated 
	nucDNA
	45.0±13.1*
	87.6±69.7*
	59.7±13.9*
	1947.2±1301.0*

	
	
	mtDNA
	52.7±24.4*
	114.9±36.5*
	67.0±28.2*
	2756.6±863.5*

	
	
	bacDNA
	37.7±0.6*
	156.0±26.3*
	48.7±1.5*
	3126.8±403.7*

	
	
	
	
	
	
	

	CTI-treated PPP
	10
	nucDNA
	26.7±4.2*
	349.9±9.2*
	56.8±13.1*
	4418.5±80.3*

	
	
	mtDNA
	28.3±2.5*
	452.2±21.0*
	33±1.7*
	4775.6±108.2*

	
	
	bacDNA
	31.3±4.7*
	336.7±21.2*
	38.0±2.0*
	4164.1±111.4*

	
	
	
	
	
	
	

	FXII-deficient PPP
	10
	nucDNA
	16.0±1
	187.5±15.1*
	45.3±2.3*
	3364.0±130.8*

	
	
	mtDNA
	17.7±2.1
	232.6±1.5*
	43.0±1.7*
	3939.4±85.2*

	
	
	bacDNA
	14.7±0.6*
	179.3±15.1*
	47.7±1.5*
	3204.3±278.4*

	
	
	
	
	
	
	

	FXI-deficient PPP
	10
	nucDNA
	N/A
	0
	N/A
	0

	
	
	mtDNA
	57±10.6*
	37.1±15.5*
	70.3±9.9*
	663.1±345.6*

	
	
	bacDNA
	N/A
	0
	N/A
	0


Summary of thrombin generation parameters in PPP illustrating dependence on DNA concentration and intrinsic pathway. Results reflect the mean ± SE of ≥ 3 determinations. PPP indicates platelet-poor plasma; CTI, corn trypsin inhibitor; FXII, coagulation factor XII; FXI, coagulation factor XI; nucDNA, nuclear DNA; mtDNA, mitochondrial DNA; bacDNA, bacterial DNA; N/A, not applicable; AUC, area under the curve.

*P<0.05 compared to 10µg/mL condition.

deficient plasma, indicating dependence on the intrinsic pathway. (Figure 11) The residual thrombin generation in CTI-treated and FXII-deficient plasma likely represents the activity of residual FXII coupled with the auto-catalytic activity of FXI (Gailani and Broze 1991). DNA may also enhance the activation of FXI by thrombin, bypassing FXII (Matafonov et al. 2014).
3.6 TFAM does not mask the activation of coagulation by mitochondrial DNA


Since the activation of coagulation caused by DNA appears to be via the intrinsic pathway, DNA-binding proteins may mask the negatively charged DNA backbone and reduce coagulation activation. Previous studies have shown that nucleosomes are able to activate coagulation (Gould et al. 2014), but the effect of protein binding to mtDNA has not been studied. The major binding protein associated with mtDNA is TFAM. To study its effect on thrombin generation, TFAM was incubated with mtDNA (6µg TFAM for each 1µg DNA) before addition to platelet poor plasma. TFAM did not affect the amount of thrombin generated. (Figure 12)

3.7 Thrombin generation in platelet rich plasma


Platelets play an important role in thrombosis, and participate in in vivo coagulation. Since they bear PRRs including TLR9 (Thon et al. 2012), it is possible that they may respond differentially to DNA from eukaryotic and prokaryotic sources. To study the contribution of platelets in DNA-induced coagulation, continuous thrombin generation was performed using platelet rich plasma (PRP). Lag time was significantly decreased by all three types of DNA compared to vehicle control, and peak height and area under the curve were significantly increased. (Figure 13 and Table 4) 
Figure 12: TFAM does not inhibit the thrombin generation caused by mitochondrial DNA (mtDNA). 

mtDNA (1µg/mL) caused thrombin generation in platelet poor plasma, which was not inhibited by pre-incubation with the mtDNA binding protein TFAM (6µg/mL). A. Representative thrombin generation curves. Neither B. lag time; C. peak height; D. time to peak; nor E. area under the curve (AUC) was changed significantly by TFAM pre-incubation of mtDNA. Both mtDNA and mtDNA with TFAM caused significantly increased peak height and AUC.  ** = P<0.01 compared to vehicle.
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Figure 13: Thrombin generation by nuclear DNA (nucDNA), mitochondrial DNA (mtDNA), and bacterial DNA (bacDNA) in platelet rich plasma (PRP) occurs via the contact pathway. 
Thrombin generation curves showing the increase in thrombin generation caused by all three types of DNA (1µg/mL) is abolished in corn trypsin inhibitor (CTI)-treated plasma. Note that curves of CTI conditions are along baseline. Each curve is representative of 3-5 experiments. Thrombin generation parameters are summarized in Table 4.
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Table 4. Thrombin generation by nuclear, mitochondrial, and bacterial DNA in PRP.

	Type of Plasma
	[DNA] (µg/mL) 
	Source of DNA
	Lag time (s)
	Peak height (nM Thrombin)
	Time to peak (s)
	AUC

	PPP
	1
	nucDNA
	13.1±0.3**
	197.3±26.0*
	20.1±0.9**
	2701.5±77.8**

	
	
	mtDNA
	14.3±0.3**
	187.4±23.4*
	22.3±2.0*
	2781.4±100.4**

	
	
	bacDNA
	11.4±0.8**
	168.2±9.0*
	18.5±0.5**
	2685.0±34.0**

	
	
	vehicle
	20.5±0.5
	130.9±4.9
	29.6±0.8
	2250.2±87.7

	
	
	
	
	
	
	

	CTI-treated PRP
	1
	nucDNA
	N/A
	0
	N/A
	0

	
	
	mtDNA
	N/A
	0
	N/A
	0

	
	
	bacDNA
	N/A
	0
	N/A
	0

	
	
	vehicle
	N/A
	0
	N/A
	0


Summary of thrombin generation parameters in PRP illustrating dependence on DNA concentration and intrinsic pathway. Results reflect the mean ± SE of ≥ 4 experiments. PRP indicates platelet-rich plasma; CTI, corn trypsin inhibitor; nucDNA, nuclear DNA; mtDNA, mitochondrial DNA; bacDNA, bacterial DNA; N/A, not applicable; AUC, area under the curve.

*P<0.05 and **P<0.01 compared to vehicle condition.

To control for the contribution of platelet-independent intrinsic pathway induced thrombin generation, the experiment was repeated with CTI-treated PRP. In contrast to

published findings where histones were able to induce thrombin generation in CTI-treated PRP (Semeraro et al. 2011), DNA alone did not generate significant amounts of thrombin under these conditions, suggesting that the increased thrombin generation caused by DNA in PRP is mediated by the intrinsic pathway as in PPP. 
3.8 Nuclear, mitochondrial, and bacterial DNA activate platelet αIIbβ3 

The thrombin generation assay may not detect subtler effects of DNA on platelets. Platelets bear TLR9, and can be activated by PS CpG DNA (Thon et al. 2012), so it was hypothesized that they would be activated preferentially by bacDNA and mtDNA. Washed platelets were treated with 1 or 10µg/mL of DNA, and activation of integrin αIIbß3 was measured by flow cytometry. Unexpectedly, nucDNA, mtDNA, and bacDNA all caused activation of platelet αIIbβ3 to a similar degree. The effect was statistically significant with DNA concentrations of 10µg/mL, with a non-significant increase with 1µg/mL of DNA. (Figure 14) None of the tested DNA caused an increase in P-selectin expression. (Data not shown)

3.9 DNA activates platelets in a MyD88-dependent manner


Since nucDNA, which does not bear unmethylated CpG motifs, was also able to activate platelet αIIbß3, the question arose of whether this was indeed a TLR9 mediated process. Since current specific TLR9 inhibitory oligodeoxriboynucleotides act by preventing co-localization of CpG DNA with TLR9 in endosomal vesicles (Gursel et al. 2003), and the effect of DNA on platelets does not appear to be CpG-specific, a MyD88 
Figure 14: Platelet integrin αIIbβ3 is activated by DNA irrespective of source. 

Washed platelets treated with nuclear (nucDNA), mitochondrial (mtDNA), or bacterial (bacDNA) at 10µg/mL (gray bars) had significantly increased αIIbβ3 activation compared with vehicle treatment, while the increase caused by 1µg/mL (black bars) was not statistically significant. Bars represent means of at least 3 experiments, with associated s.e. (* = P<0.05, and ** = P<0.01 compared to vehicle condition) 
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inhibitor was used instead. The αIIbß3 activation by all three types of DNA was eliminated by pre-treatment of platelets with MyD88 inhibitor, suggesting a TLR-mediated 

mechanism. The effect was eliminated by DNase treatment of the DNA, suggesting the effect was mediated by the DNA itself rather than a contaminant. (Figure 15) All reagents were tested for LPS contamination by limulus amoebocyte lysate assay, and were found to contain <0.06EU/mL of LPS, reducing the likelihood that the effect was caused by TLR4 stimulation. 

Figure 15: Activation of platelet αIIbβ3 by DNA is MyD88 dependent. 

Washed platelets were treated with nuclear (nucDNA), mitochondrial (mtDNA), or bacterial DNA (bacDNA). The increase in αIIbβ3 activation with 10µg/mL of DNA (black bars) was decreased by pre-treatment of DNA with DNase (gray bars), and eliminated by co-treatment of platelets with MyD88 inhibitor (white bars). Bars represent means of at least 3 experiments, with associated s.e. (* = P<0.05, and ** = P<0.01).
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4.0 DISCUSSION


CFDNA in sepsis may come from nuclear, mitochondrial, or microbial sources, but the relative levels of CFDNA from these sources are poorly understood. Since there are differences in the ability of DNA from these sources to interact with PRRs, the pathogenic effects of CFDNA may depend on its source. This study is the first to show elevated levels of cell free mtDNA in sepsis, and to compare these to levels of nucDNA. This study also identifies several pro-inflammatory and pro-coagulant effects of DNA with relevance to sepsis. 

Our data show that mtDNA is elevated in sepsis, and may play a pathogenic role by contributing to activation of coagulation and by prolonging neutrophil survival. This is in contrast to a recent study by Puskarich et al. examining mtDNA levels in septic patients (Puskarich et al. 2012), in which mtDNA as measured by PCR for multiple mitochondrial genes was not elevated in patients with sepsis or septic shock compared with non-septic patients. In fact, mtDNA levels were negatively associated with organ dysfunction, a marker of sepsis severity. The authors concluded that their findings suggest a lack of contribution from mtDNA to the pathophysiology of sepsis. Our study used an identical PCR reaction as used in the Puskarich study (CytB), and found elevated levels 

of mtDNA. Two differences between the study populations may explain the divergent results.


Firstly, the samples from our study were taken during the first day of enrollment in the DYNAMICS study, which occurred during the first few days after ICU admission, while in the study of Puskarich, et al. samples were taken only from the emergency department during the first day of hospitalization. The mortality in sepsis generally continues up to day 10 and beyond (Brunkhorst et al. 2008), and most clinical studies measure mortality at 28 days, often following patients to 90 days. Also, given the current model of an initial inflammatory phase of sepsis, followed by an anti-inflammatory phase (Wiersinga 2011), measuring values very early in sepsis could miss any factors pathophysiologically relevant to the later stage of sepsis. 


Secondly, the overall severity of sepsis in the previously published cohort was low with a median SOFA score of 4 for the septic shock group, while the septic patients in our study had a median SOFA score of 8.5. The median maximum SOFA score for non-survivors was 13.6 +/- 4.8 in one study (Moreno et al. 1999), suggesting that the sepsis severity in the Puskarich cohort was too low to evaluate a marker of poor prognosis. Furthermore, the elevation in mtDNA seen in our study is corroborated by a recent study using a non-human primate model which demonstrated that mtDNA levels are highly and persistently elevated in lethal E. coli bacteremia, but only modestly elevated in non-lethal bacteremic challenge (Sursal et al. 2013).

Cell-free nucDNA concentrations have been previously measured by PCR for beta-globin, and corroborate our findings (Saukkonen et al. 2008; Rhodes et al. 2006). However, this study is the first to compare relative concentrations of mtDNA and nucDNA. Cell-free bacDNA concentrations are more problematic to quantify. Although PCRs for bacterial 16S rRNA can be used to amplify cell-free bacDNA, quantitation is difficult because the ratio of 16S rRNA copy number to size of genomic DNA differs widely from organism to organism. Thus, copy number can be determined, but the concentration of total DNA cannot be extrapolated. Also, this method is highly susceptible to contamination of reagents such as bacterially produced polymerases by bacDNA, while pre-treatment of the master mix with nucleases tends to reduce sensitivity (Rogina et al. 2014).

Depending on the PCR used, mean circulating mtDNA levels in sepsis were from approximately 0.5µg/mL to 1.5µg/mL. Because mtDNA can be released by necrosis, NETosis (Keshari et al. 2012), and during platelet activation (Boudreau et al. 2014), it is possible that local concentrations at sites of inflammation or thrombus formation may be considerably higher. A similar argument can be made for local concentrations of bacDNA, which can be released as part of bacterial self-produced matrices or via immune-mediated bacterial death. mtDNA did not prolong neutrophil viability at concentrations measured in the plasma of septic patients, but did at elevated concentrations, suggesting a localization of this effect to sites of inflammation. bacDNA also prolonged neutrophil viability, but did so at both the 1 and 15µg/mL concentrations. In addition, bacDNA, but not mtDNA, was able to stimulate neutrophil IL-6 production. It is possible that in sepsis, bacDNA is able to stimulate systemic inflammatory responses in neutrophils, while mtDNA may act to augment these responses in local areas of release. 


In terms of the mechanism of prolonged neutrophil viability by mtDNA, previous studies offer some insight. bacDNA delays neutrophil apoptosis via ERK1/2- and Akt-dependent phosphorylation of the Bcl-2 homologue Bad, inhibiting the extrinsic apoptotic pathway (Jozsef et al. 2004). Zhang, et al. (Zhang et al. 2010) have shown that mtDNA is capable of causing phosphorylation of p38 MAPK but not of ERK1/2, suggesting that the delay in neutrophil death caused by mtDNA may occur via Akt, overcoming the pro-apoptotic effect of p38 MAPK phosphorylation (Alvarado-Kristensson et al. 2004; Frasch et al. 1998).

In contrast to the effects on neutrophils, where nucDNA was relatively inert, the effects on coagulation and platelet activation did not depend on the source of the DNA. Since nucDNA seems to form a much higher proportion of total DNA than does mtDNA, it probably plays a larger role in systemic activation of coagulation via the intrinsic pathway. The circulating levels of DNA measured in sepsis were high enough to cause thrombin generation and to activate platelet αIIbβ3. However, the fact that nucDNA is associated with histones, and histones are strong activators of platelets (Semeraro et al. 2011), likely make the histone component of nucleosomes more important pro-thrombotic mediators than naked DNA.

There may be circumstances where the effect of naked DNA on coagulation and platelet activation is more relevant. A recent study revealed that platelets activated by a wide variety of activators release free and microparticle-bound mitochondria, which are lysed by a secreted platelet protein resulting in free mtDNA (Boudreau et al. 2014). Coupled with data showing that neutrophils primed with GM-CSF and stimulated with LPS release NETs containing mtDNA, but not nucDNA (Keshari et al. 2012; Yousefi et al. 2009), this suggests that localized concentrations of mtDNA may be highly elevated. Under such conditions, the thrombin generating capacity of mtDNA may be locally important. Of note, the mtDNA-binding protein TFAM does not seem to mask this intrinsic pathway activation. In areas of active infection with the occurrence of bacterial lysis or self-produced matrix formation, bacDNA may also significantly contribute to thrombin generation. 


The concept of locally elevated concentrations of DNA may be particularly relevant in platelet activation. Platelets themselves contain no nuclei or histones. As such, the release of mtDNA by activated platelets may represent a paracrine signaling mechanism which could result in increased αIIbβ3 activation on neighbouring platelets. This mtDNA could also cause neutrophil IL-8 secretion and prolong neutrophil viability, increasing the neutrophil concentration at sites of platelet activation.

The finding that nucDNA, in addition to mtDNA and bacDNA, could activate platelet αIIbβ3 was surprising, because nucDNA does not contain unmethylated CpG motifs to stimulate TLR9. The fact that this activation was blocked by MyD88 inhibition implicates TLR signaling. The lack of CpG specificity makes testing the role of TLR9 itself difficult, as current oligodeoxyribonucleotide inhibitors of TLR9 depend on disrupting localization of CpG DNA to endosomes (Gursel et al. 2003). Indeed, the surface expression of TLR9 on platelets may explain the lack of CpG specificity of this effect. Experiments with transfection agents suggest that CpG content is primarily important for colocalization of DNA with endosomal TLR9 (Haas et al. 2008), so the surface expression of platelet TLR9 (Thon et al. 2012) may circumvent the CpG requirement.


There are several potential limitations to the current study. The main limitation is the in vitro nature of the work. The relevance to in vivo conditions will only be determined with further in vivo experiments, but hopefully the current study can act to inform their direction. Of particular note is the fact that there are a number of differences in PRR expression and specificity between mice and humans, which complicates the generalizability of animal studies in this field.  


Another limitation pertains to the fact that the sources and structure of CFDNA in vivo are unknown. It is thus not known whether the ratio of the amplified genes to the total amount of DNA is similar between the in vivo cell free DNA sample and the standards from cell culture. If there were a substantial difference, the estimate of the DNA concentrations in terms of µg/mL would be inaccurate. Furthermore, the higher-order structures formed by the DNA are also unknown, whether they be NETs, bacterial self-produced matrix, or free DNA in solution. It is possible that DNA constrained within such structures would interact with neutrophils, coagulation proteins, and platelets differently than DNA in solution as used in these experiments. 


In these experiments, we use mtDNA from purified mitochondria from the human cell line HEK293. Since the frequency of CpG sequences and DNA methylation are the hypothesized mechanisms of TLR9 stimulation by mtDNA in neutrophils, if these characteristics are different between HEK293 cells and cell-free mtDNA in vivo, the generalizability of our findings would be limited. Although mutations do occur in mtDNA, this would not have occurred to a great enough degree in HEK293 cells to prevent mitochondrial function, as mitochondria are required for HEK293 cells to grow except in specialized media. Also, it would be unlikely that random mutations would selectively decrease the number of CpG motifs, and in fact, may increase them, as the number of CpG motifs is somewhat suppressed compared with the expected number in a random sequence (Shmookler Reis and Goldstein 1983). The relative lack of cytosine methylation in mtDNA is conserved across numerous different vertebrate species, cultured fibroblasts, and HeLa cells, and it is unlikely that this would be significantly different in HEK293 cells (Shmookler Reis and Goldstein 1983). Similarly, E. coli DNA was used in these experiments, and DNA from other microorganisms may contain different amounts of unmethylated CpG motifs.

mtDNA was seen to delay neutrophil apoptosis, but had no effect on neutrophil IL-6 secretion. This may limit the pathophysiological potential of mtDNA. In spite of the findings so far, it is still possible that mtDNA may stimulate inflammatory cytokine secretion in other cell types. Macrophages produce a significantly greater volume of cytokines per cell than neutrophils, although the total number of neutrophils is much greater (Cicco et al. 1990). It is possible that the level of IL-6 production by neutrophils stimulated with mtDNA is simply too low to detect with the ELISA employed, and that using macrophages will produce IL-6 levels in a detectable range. Secondly, studies with various sequences of PD DNA suggest that entry into the cell and colocalization with TLR9 is an important factor in TLR9 stimulation, in addition to CpG content (Haas et al. 2008). It is possible that “naked” mtDNA has poor uptake into neutrophils, and that mtDNA complexed to TFAM (as occurs in vivo) will significantly increase presentation to TLR9, thereby augmenting its effect. 


Apoptosis was measured using flow cytometric detection of staining for PS exposure and loss of membrane integrity. Other methods include morphological assessment with light microscopy and trypan blue exclusion, measuring degradation of nucDNA by TUNEL staining, or by measuring activation of specific components of the apoptotic pathway such as caspases (Wlodkowic et al. 2011). Use of exclusion dyes and morphological assessment detect relatively late changes in apoptosis, while methods of detecting nuclear degradation suffer from relatively high false-positive rates. Flow cytometric methods allow for rapid assessment of large numbers of cells, with PS exposure representing a relatively early marker of apoptosis, and helping to differentiate from the loss of membrane integrity caused by necrosis or other modes of cell death (Wlodkowic et al. 2011).

A significant anti-apoptotic effect on neutrophils was detected using nucDNA (15µg/mL) which was not seen using vehicle control. No delay in apoptosis was seen with 1.6µg/mL of calf thymus DNA in previous studies (Jozsef et al. 2004). It is possible that this effect is caused by contamination of the nucDNA with mtDNA, or non-sequence specific stimulation of TLR9 by nucDNA when using higher concentrations. The degree of contamination of the nucDNA reagent by mtDNA can be estimated by PCR in future experiments.

As mentioned above, sepsis can occur in stages, with changes in immune response over time. This study examines plasma samples soon after ICU admission. The results are therefore most relevant to the initial, pro-inflammatory phase of sepsis. Serial samples from the DYNAMICS cohort can be assayed to determine how DNA levels change over time.

5.0 CONCLUSION

Both nucDNA and mtDNA are elevated in the plasma of septic patients compared with healthy controls. mtDNA is capable of prolonging neutrophil viability, but did not cause IL-6 secretion in neutrophils. bacDNA was more potent than mtDNA in its effect on neutrophil viability, and was also able to stimulate neutrophil IL-6 secretion. nucDNA provoked neither effect. mtDNA and bacDNA caused similar amounts of thrombin generation as nucDNA in both PPP and PRP via the intrinsic pathway. DNA of all three types at higher concentrations, such as may be seen in the vicinity of NETs, can activate platelet αIIbβ3 in a MyD88-dependent manner. Differences between the three types of DNA are highlighted in Table 5. 
Table 5. Summary of pro-inflammatory and pro-thrombotic effects of nuclear, mitochondrial, and bacterial DNA. 

	
	Nuclear DNA
	Mitochondrial DNA
	Bacterial DNA

	Neutrophil apoptosis
	No delay in apoptosis
	Delays apoptosis
	Delays apoptosis (Zhang et al. 2010)

	Neutrophil IL-6 release
	Does not induce IL-6 release
	Does not induce IL-6 release
	Induces IL-6 release

	Neutrophil IL-8 release (Zhang et al. 2010)
	Does not induce IL-8 release 
	Induces IL-8 release  
	Induces IL-8 release 

	Thrombin generation in platelet poor plasma
	Contact-dependent activation of coagulation (Swystun et al. 2011)
	Contact-dependent activation of coagulation
	Contact-dependent activation of coagulation

	Platelet αIIbß3 activation
	Activates αIIbß3
	Activates αIIbß3
	Activates αIIbß3

	Circulating levels in sepsis
	4.06±1.54µg/mL*
	0.43±0.25µg/mL*
	Low (Sursal et al. 2013)


Summary of effects of nuclear, mitochondrial, and bacterial DNA on neutrophils, thrombin generation, and platelets. Novel findings from the present study are highlighted. *Mean±s.e. of ≥ 10 samples.

6.0 FUTURE DIRECTIONS
6.1 Cell-mediated increase in thrombin generation


To identify whether the increase in platelet αIIbβ3 activation has any effect on thrombin generation in PRP, CTI-treated PRP could be treated with DNA and then used in thrombin generation experiments triggered by added TF. In PRP, the contribution to thrombin generation of the activated platelets was difficult to distinguish from the intrinsic pathway-mediated thrombin generation caused by the DNA itself. Adding CTI resulted in no thrombin generation. Triggering with TF may reveal a procoagulant effect of the activated platelets that could not be appreciated otherwise. A MyD88 inhibitor could be also be added to these experiments to confirm involvement of TLRs.
The procoagulant effect of NETs has recently been studied (Gould et al. 2014). A 

similar study could be undertaken to investigate the contribution of released mtDNA from platelets. Purified DNA from supernatants of activated platelets could be tested in a thrombin generation assay using PPP or PRP. Pre-digestion with either DNase or heat-inactivated DNase could be used as a control. Results from the current and previous studies would predict increased thrombin generation by the supernatants which would be reversed by pre-treatment with DNase. 

Boudreau et al. found that the mtDNA released by activated platelets was capable of inducing NET formation (Boudreau et al. 2014). NETs themselves have been shown to have pro-coagulant properties (Gould et al. 2014). This phenomenon could be further investigated to identify the concentrations required to trigger NET formation, and to confirm mtDNA as the causative agent with the use of DNase and MyD88 inhibitors.
The activation of coagulation that occurs in sepsis may be triggered by increased TF activity on monocytes and endothelial cells. Both of these types of cells express TLR9 (Hemmi et al. 2000). Primary human monocytes or THP1 cells and human umbilical vein endothelial cells (HUVEC) can be incubated with the three types of DNA, and the TF activity can be measured using a FXa generation assay. Anticoagulant thrombomodulin and EPCR levels could also be measured by flow cytometry. 
6.2 Correlation of DNA levels with cytokine levels and clinical outcomes

To ascertain further whether the in vitro proinflammatory and procoagulant effects of mtDNA and nucDNA are relevant in sepsis, serial samples from the DYNAMICS study could be tested for mtDNA and nucDNA and correlated against IL-6, IL-8 and thrombin antithrombin (TAT) levels. The current study would predict that TAT levels would correlate with total DNA levels, while IL-8 and IL-6 levels would correlate with mtDNA levels. Finally, data on mortality and incidence of thrombotic events could be correlated with mtDNA and nucDNA levels.
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