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LAY ABSTRACT

Sepsis, a life-threatening condition due to hyperactivation of the immune system in
response to infection, results in widespread inflammation and blood clotting. During sepsis,
immune cells release sticky strands of DNA that block blood vessels and damage organs.
Two different enzymes in the blood (DNase I and DNaselL3) can digest these DNA
strands, and may represent a new class of anti-sepsis drugs. Our goal was to determine how
heparins, commonly used blood thinners, alter the function of these enzymes. We found
that (a) larger-sized heparins improved the activity of DNase I towards DNA-histone
complexes and do not require any specific portion of heparin, (b) DNase I is more efficient
than DNaselL3 in digesting DNA strands released from immune cells, and (c) levels of
DNase I and DNaselL3 are altered in septic patients. Taken together, our studies provide

new insights into how these enzymes function.
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ABSTRACT

Neutrophil extracellular traps (NETs) are a link between infection and coagulation
in sepsis. The major structural component of NETs is nucleosomes, consisting of DNA and
histones. NETs not only act as a scaffold to trap platelets, but NET components also
promote coagulation and impair fibrinolysis. Thus, removal of extracellular DNA by
DNases may be a potential therapeutic strategy for sepsis. Since heparin is used for
thromboprophylaxis in sepsis and may also be a potential anti-sepsis therapy, we
investigated the mechanisms by which various forms of heparins modulate DNase function.

There are two types of DNases in vivo: DNase I (produced by exocrine and
endocrine glands) and DNasel1L3 (secreted by immune cells). DNase I cleaves free DNA,
whereas DNase1L3 preferentially cleaves DNA in complex with proteins such as histones.
In this study, we investigated how DNase I and DNase1L3 activities are modulated by the
following heparins: unfractionated heparin (UFH), enoxaparin (a low-molecular-weight
heparin), Vasoflux (a low-molecular-weight, non-anticoagulant heparin), and fondaparinux
(the pentasaccharide unit).

Using agarose gel experiments, we showed that UFH, enoxaparin, and Vasoflux
enhance the ability of DNase I to digest DNA-histone complexes (presumably by
displacing DNA from histones), whereas fondaparinux does not. These findings are
consistent with the Kp values of the binding of heparin variants to histones, with
fondaparinux having >1000-fold lower affinity for histones compared to the other heparins.
Taken together, our data suggests that the ability of heparin to enhance DNase I-mediated

digestion of DNA-histone complexes is size-dependent and independent of the
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pentasaccharide region of heparin. With respect to DNaselL3, we observed that it is able
to digest histone-bound DNA, and that all heparins, except fondaparinux, inhibited
DNaselL3-mediated digestion of histone-bound DNA.

Next, we visualized the degradation of NETs by fluorescence microscopy. DNase I
(+ heparin variants) completely degraded NETs, presumably by digesting extracellular
chromatin at histone-free linker regions, thereby releasing nucleosome units. DNasel1L3
also degraded NETs, but not as effectively as DNase I, and was inhibited by all heparins
except fondaparinux. Finally, we showed that DNase I levels are decreased and DNasel1L3
levels are elevated in septic patients. Taken together, our findings demonstrate that heparin
modulates the function of DNases, and that endogenous DNase levels are altered in sepsis

pathophysiology.
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1.0  Introduction to Sepsis
1.0.1 Sepsis as a global health priority

Sepsis is defined as life-threatening organ dysfunction as a result of a maladaptive
host response to an infection, which includes systemic inflammation and coagulation
(Singer et al., 2016). The incidence of sepsis is increasing, and this condition is responsible
for one in five deaths globally per year (Kempker et al., 2020). In 2017, approximately 49
million people were diagnosed with sepsis, and 11 million people had died from this
condition (Kempker et al., 2020). The World Health Organization declared sepsis a global
health priority in 2017 (Reinhart et al., 2017). In Canada alone, sepsis affects approximately
30,000 people each year, and $325,000,000 is spent annually on treating this condition
(Canadian Sepsis Foundation, 2019). Current existing management strategies involve early
administration of broad-spectrum antibiotics, source control, fluid resuscitation, and use of
mechanical ventilation (Rhodes et al., 2017). Nonetheless, there is no cure for sepsis
(Lakshmikanth et al., 2016). As a result, further research on sepsis must be done to better
understand the pathophysiology of this disease, which may translate into novel therapeutic
strategies.
1.0.1 The interplay between infection, inflammation, and coagulation

Infection, inflammation, and coagulation are known to be closely linked in sepsis.
Many pathogens can lead to sepsis, however bacterial infections are the most common
cause (Dolin et al., 2019). In response to an infection, the immune system becomes
activated by binding of pathogen-associated molecular patterns (PAMPs) on pathogens to

pathogen recognition receptors (PRRs) on innate immune cells, including neutrophils,
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macrophages, and monocytes (Gyawali et al., 2019). Consequently, these immune cells can
release many proinflammatory cytokines including tissue necrosis factor-alpha (TNF-a),
interleukin (IL)-1, and IL-6 (Gyawali et al., 2019). These proinflammatory cytokines can
cause endothelial cells to become activated and express E- and P-selectin, which are
involved in recruiting leukocytes, thereby exacerbating the immune response (Barthel et
al., 2007). Additionally, activated endothelial cells release von Willebrand factor (VWF),
a platelet-capturing protein, which further contributes to coagulopathy (Springer., 2014).
Moreover, PAMPs can upregulate tissue factor (TF) expression on circulating monocytes,
which triggers the extrinsic pathway of the coagulation cascade, and leads to a state of
hypercoagulability in septic patients (Remick., 2007). In addition to an increase in
procoagulant effects, an impairment in natural anticoagulant pathways and a state of
hypofibrinolysis also contribute to excessive coagulation in sepsis (Simmons et al., 2015).
Eventually, these impairments can lead to disseminated intravascular coagulation (DIC),
which is a life-threatening condition characterized by systemic microvascular thrombosis,
followed by excessive bleeding due to consumption of coagulation proteins and platelets
(Okamoto et al., 2016). DIC is a common complication in sepsis affecting about 35% of

patients, and further contributes to organ dysfunction (Iba et al., 2019).

1.1  Hemostasis
1.1.1 Primary Hemostasis

During vascular injury, subendothelial exposure triggers clot formation to limit
blood loss through the process of hemostasis (Pryzdial et al., 2018). There are three main

components of hemostasis: primary, secondary and tertiary hemostasis (Repetto et al.,
2
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2017). Primary hemostasis involves adhesion, activation, and aggregation of platelets to
form a platelet plug, while secondary hemostasis involves formation of a stable fibrin clot
(Repetto et al., 2017; Xu et al., 2016). Upon vascular injury, the underlying subendothelial
matrix components such as different types of collagen and laminin, become exposed to the
circulation (Wang et al., 2016). VWF in circulation binds to the exposed collagen through
its Al and A3 domains (Springer., 2014). Circulating platelets rapidly adhere to the
subendothelium at sites of vascular damage through various adhesion molecules or
glycoproteins (GP) on their cell surface (Ni et al., 2003). For example, the GPIb-IX-V
complex on platelets binds to the A1 domain of VWF, and the platelet receptors GPVI and
integrin o2f1 mediates binding with collagen (Ni et al., 2003; Repetto et al., 2017). Once
platelets adhere to the subendothelial matrix, they become activated and release many
agonists, such as adenosine diphosphate (ADP) and thromboxane A2 (TXA2) (Estevez et
al., 2017). Platelets contain granules, including alpha and dense granules, that store and
release contents, which are critical to normal platelet function (Blair et al., 2009). Alpha
granules are the most abundant granules, and contain many proteins including VWF, P-
selectin, and fibrinogen (Blair et al., 2009). Dense granules are smaller than alpha granules,
and contain molecules including polyphosphates, ADP, adenosine triphosphate (ATP), and
calcium (Ca?") (Chen et al., 2018). The release of alpha and dense granule contents from
platelets causes further platelet activation, as well as aggregation through various signalling
mechanisms (Jackson., 2007). The released agonists are able to interact with platelet
receptors, which are coupled to G proteins, such as the Gy protein that activates

phospholipase C (PLC). Activation of PLC generates second messengers, which lead to
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protein kinase C (PKC) activation and increased intracellular Ca?" levels, thereby causing
platelet aggregation (Shah et al., 2001). A highly expressed integrin, oumf33, is also involved
in platelet aggregation (Durrant et al., 2017). Fibrinogen binds to a3, and forms bridges
between adjacent platelets, thereby causing platelets to aggregate (Ley et al., 2016). As a
result, platelet aggregation forms a platelet plug, which temporarily seals an injury in the
vessel wall (Durrant et al., 2017; Ley et al., 2016).
1.1.2 The Coagulation Cascade: Secondary Haemostasis

The coagulation cascade consists of sequential activation of zymogens to enzymes,
and is divided into the extrinsic, intrinsic, and common pathway (Figure 1.1) (Loof et al.,
2014; Versteeg et al., 2013). The coagulation cascade and fibrinolytic system are closely
regulated to ensure a delicate balance in blood flow under normal physiological conditions;
however, excessive clotting can lead to thrombosis, whereas impaired clot formation,
stability, or premature clot degradation can lead to hemorrhaging (Pryzdial et al., 2018).
1.1.3 The Extrinsic Pathway

Many extravascular cell types have been found to express TF, which is an integral
membrane protein that plays a key role in the extrinsic pathway (Butenas et al., 2005).
Monocytes are intravascular cells that can also upregulate cell surface TF expression in
response to infectious or inflammatory stimuli (Ernofsson et al., 1997). The extrinsic
pathway (tissue factor pathway) is triggered in response to tissue damage, in which the
disrupted endothelium exposes extravascular TF to the blood (Palta et al., 2014). Factor (F)
VII circulates in the blood as either its inactive zymogen form (99%) or as free FVIla (1%)

(Giansily-Blaizot et al., 2017). FVII or FVIIa can bind to TF, and the zymogen form
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becomes activated by either the TF:FVIla complex itself, or by thrombin, FIXa, FXa and
FXIla through feedback activation (Giansily-Blaizot et al., 2017). The extrinsic tenase
complex forms when phospholipid-bound TF binds to FVIla (Haynes et al., 2012). This
complex can activate FX to FXa in the presence of Ca** ions (Mackman et al., 2007).
Activation of FX is the beginning of the common pathway. Additionally, the extrinsic
tenase complex can activate FIX into FIXa, which is part of the intrinsic pathway (Haynes
et al., 2012; Mackman et al., 2007).
1.1.4 The Intrinsic Pathway

The intrinsic pathway (contact activation pathway) is activated when blood comes
into contact with negatively charged surfaces or molecules, such as deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), polyphosphates (polyP), or glass (Palta et al., 2014). This
exposure leads to the autocatalytic activation of the zymogen FXII into the serine protease
FXIIa (Smith et al., 2015). FXIla, along with its cofactor high-molecular-weight kininogen
(HMWK), activates prekallikrein (PK) to plasma kallikrein (Smith et al., 2015). Plasma
kallikrein forms a positive feedback loop by causing further activation of FXII (Miiller et
al., 2011). Next, FXIla activates its substrate FXI to FXIa, and FXIa activates FIX to FIXa
(Gailani et al., 2007). The intrinsic tenase complex forms on negatively charged
phospholipid surfaces and includes FIXa, its cofactor FVIIla, and Ca** (Gailani et al., 2007;
Zhao et al., 2015). This complex can activate FX to FXa, which is the beginning of the

common pathway (Zhao et al., 2015).
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1.1.5 The Common Pathway

The intrinsic and extrinsic pathways merge at the common pathway (Palta et al.,
2014). The common pathway begins when FX becomes activated to FXa by either the
extrinsic or intrinsic tenase complex (Palta et al., 2014; Smith et al., 2015). A
prothrombinase complex is formed when FXa associates with its cofactor, FVa, on a
phospholipid surface in the presence of Ca?* ions (Lechtenberg et al., 2013). This complex
converts prothrombin into thrombin (Smith et al., 2015). Thrombin then converts
fibrinogen into fibrin monomers, and activates FXIII to FXIIla (Standeven et al., 2002).
Fibrin monomers polymerize into oligomers that lengthen into protofibrils, which
eventually aggregate into fibrin strands (Chernysh et al., 2012). FXIIla covalently
crosslinks the fibrin strands to form a stable and insoluble fibrin clot (Palta et al., 2014;
Smith et al., 2015). In addition, thrombin activates FV, FVIII, and FXI, thereby further
amplifying thrombin generation (Narayanan., 1999). Thrombin can also activate platelets
and endothelial cells (Minami et al., 2004).
1.1.6 Fibrinolysis: Tertiary Haemostasis

Fibrinolysis is a process that occurs to degrade the fibrin clot, and involves
conversion of plasminogen to plasmin by tissue plasminogen activator (tPA) or by
urokinase-type plasminogen activator (uPA) (Cesarman-Maus et al., 2005). Plasmin is then
able to degrade fibrin into soluble fibrin degradation products (FDPs) (Cesarman-Maus et
al., 2005). Fibrin is also a cofactor for plasminogen activation by binding to both tPA and
plasminogen (Fredenburgh et al., 1992). In addition, plasmin is able to cleave the native

form Glu-plasminogen at Lys’’-Lys’®, causing its conversion to Lys-plasminogen
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(Fredenburgh et al., 1992; Hajjar et al., 1988). Compared to Glu-plasminogen, Lys-
plasminogen has increased binding affinity for fibrin due to its more open conformation,
and is activated more efficiently by tPA and uPA (Hajjar et al., 1988; Zhang et al., 2003).
Endothelial cells produce and release tPA, while urinary epithelium, monocytes, and
macrophages produce uPA (Chapin et al., 2015). Fibrinolysis is tightly controlled and
regulated under normal physiological conditions (Longstaff et al., 2015). The main
inhibitor of tPA and uPA is plasminogen activator inhibitor-1 (PAI-1), which is a serine
protease inhibitor (serpin) (Pannekoek et al., 1986). To protect the fibrin clot from lysis,
thrombin activates thrombin activatable fibrinolysis inhibitor (TAFI) to TAFIa (Bouma et
al., 2006). TAFIa is a carboxypeptidase that removes C-terminal lysines from fibrin;
consequently, the cofactor activity of fibrin in tPA-mediated plasminogen activation is
attenuated, thereby downregulating fibrinolysis (Bajzar., 2000; Bouma et al., 2006).
Additionally, FXIII becomes activated by thrombin to FXIIIa, which is a transglutaminase
that is able to localize alpha 2-antiplasmin (0¢2AP) to fibrin, thus inhibiting fibrinolysis
(Fraser et al., 2011; Rollins et al., 2016). Furthermore, plasmin that is unbound to fibrin
can be inhibited by a2 AP, or by alpha-2 macroglobulin (a2M) to a lesser extent (Chapin et
al., 2015; Schneider et al., 2004). Mechanisms that inhibit fibrinolysis exist to prevent
excessive clot breakdown, which could lead to hemorrhaging; however, fibrinolysis is also
crucial in preventing excessive clot formation and thrombosis (Longstaff et al., 2015). In
addition to fibrinolysis, natural anticoagulant mechanisms exist to regulate the coagulation

cascade and prevent excessive clotting (Chapin et al., 2015).
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1.1.7 Natural anticoagulant mechanisms

The coagulation cascade is a crucial process in hemostasis to stop bleeding during
vascular injury; however, excessive activation of the coagulation cascade can lead to life-
threatening thrombosis (Palta et al., 2014). As a result, natural anticoagulant mechanisms
prevent excessive activation of the coagulation cascade and include: antithrombin (AT),
tissue factor pathway inhibitor (TFPI), and the protein C (PC) pathway (Dahlback., 2005).

AT is a plasma glycoprotein that belongs to the serine protease inhibitor (serpin)
family (Bock et al., 1982). AT possesses two specific active binding sites including a
reactive center loop (RCL) and a heparin-binding domain (Perry., 1994). The RCL allows
AT to bind and inhibit thrombin, FIXa, FXa, FXla, FXIIa, and FVIIa, while the heparin-
binding domain allows AT to bind to heparin (Perry., 1994). Specifically, the active site of
the serine proteases binds and cleaves the RCL of AT, which forms a 1:1 covalent complex
that is irreversible and rapidly removed from the circulation within 5 minutes (Perry.,
1994). However, this complex forms very slowly (Jin et al., 1997). The binding of heparin
or heparan sulfate to AT accelerates the rate at which AT inhibits various coagulation
factors by up to 1000-fold (Paschoa., 2016; Yeung et al., 2015). Heparan sulfate is a
naturally occurring glycosaminoglycan (GAG) that is expressed on the surface of cells,
such as vascular endothelial cells, whereas heparin is a therapeutic GAG (Meneghetti et al.,
2015). The major form of AT is alpha-AT (90% in plasma) and has all four glycosylation
sites occupied with oligosaccharides, whereas beta-AT (10% in plasma) has three of the
four sites occupied (Hepner et al., 2013). As a result, beta-AT has higher affinity towards

heparin than alpha-AT (McCoy et al., 2003).
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TFPI is a multivalent Kunitz-type serpin and exists in two major isoforms, TFPIa
and TFPIP, due to alternative splicing (Wood et al., 2014). TFPIa has three Kunitz-type
inhibitor domains (K1, K2, and K3) and a highly basic C-terminus, while TFPIf has the
K1 and K2 domains and a unique C-terminus that encodes for the attachment of
glycosylphosphatidyl inositol (GPI)-anchor (Mast., 2016; Wood et al., 2014). The K1
domain binds FVIla, and the K2 domain binds FXa, thereby forming a TF-FVIla-FXa-
TFPI quaternary complex (Maroney et al., 2013; Wood et al., 2013). Thus, both TFPI
isoforms inhibit the TF:FVIla complex in a FXa-dependent manner (Mast., 2016). In
contrast, only TFPIa inhibits the prothrombinase complex by binding of its basic C-
terminal region to the B domain of FV, and its K2 domain to FXa (Wood et al., 2013).

Another major anticoagulant pathway that regulates the coagulation cascade is the
PC pathway (Esmon., 2003). There are many important components in this pathway
including thrombin, thrombomodulin (TM), the endothelial cell protein C receptor (EPCR),
PC, and protein S (Esmon., 2003). The PC pathway is initiated when thrombin binds to TM
on endothelial cells (Dahlback., 2005). EPCR binds to the Gla domain of PC and presents
PC to the thrombin-TM complex, thereby accelerating the rate of activated protein C (APC)
generation (Dahlback., 2005; Esmon., 2003). Next, APC dissociates from EPCR, binds to
its cofactor protein S on cell surfaces, and causes proteolytic cleavage of FVa and FVIlla
(Griffin et al., 2007).

1.1.8 Disruption of hemostasis during sepsis
Under normal physiological conditions, there is a delicate balance in blood flow to

prevent excessive clotting or bleeding, as mentioned above in section 1.1.2 (Pryzdial et al.,
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2018). In sepsis, there is a dysregulation in this balance characterized by excessive
activation of the coagulation cascade, suppression of natural anticoagulant mechanisms,
and impaired fibrinolysis (Gando., 2013; Gyawali et al., 2019). Taken together, these
impairments result in a state of hypercoagulability, which can contribute to DIC or to
venous thromboembolism (VTE), which is a life-threatening condition that manifests as
deep vein thrombosis (DVT) or pulmonary embolism (PE) (Goldhaber., 2012). Plasma
levels of TF are elevated in septic patients, thereby causing increased activation of the
coagulation cascade (Simmons et al., 2015). This elevated expression of TF leads to an
upregulation of proinflammatory cytokines, such as IL-1 and IL-6, which suppresses
natural anticoagulant mechanisms (Simmons et al., 2015). Moreover, there is a decrease in
the expression of TFPI in sepsis (Semeraro et al., 2015). AT is another key natural
anticoagulant that becomes impaired in sepsis due to increased consumption, increased
degradation by neutrophil elastase, and impaired synthesis (Scully et al., 2019). Another
natural anticoagulant mechanism that is disrupted in sepsis is the PC pathway (Guitton et
al., 2011). Specifically, there is decreased synthesis of PC and protein S, and
downregulation of EPCR and TM, resulting in decreased APC levels (Scully et al., 2019;
Simmons et al., 2015). Disruptions in these three natural anticoagulant pathways in septic
patients contribute to a state of hypercoagulability (Guitton et al., 2011).

In addition to excessive activation of the coagulation cascade and suppression of
natural anticoagulant mechanisms, inhibition of fibrinolysis also occurs in septic patients
(Levi et al., 2012). The levels of PAI-1 are elevated, which prevents clot lysis (Gando.,

2013; Scully et al., 2019). Other mechanisms that lead to a procoagulant and anti-
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fibrinolytic state in sepsis include the release of neutrophil extracellular traps by

neutrophils, and increased DNA and histone levels, which will be described below.
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Figure 1.1. The coagulation cascade and fibrinolytic system. The coagulation cascade
consists of sequential activation of zymogens to enzymes, and is divided into the extrinsic,
intrinsic, and common pathway (Versteeg et al., 2013). Tissue damage exposes TF, which
initiates the extrinsic pathway, while negatively charged surfaces, such as DNA, RNA, and
polyP initiate the intrinsic pathway (Swystun et al., 2011). Both pathways lead to the
common pathway, which initiates blood clotting and the formation of an insoluble fibrin
clot (Healy et al., 2017). Upon the initiation of the coagulation cascade, fibrinolysis is also
activated at the same time but acts more slowly to maintain hemostasis (Loof et al., 2014).
During fibrinolysis, plasminogen is converted to plasmin by tPA and uPA; afterwards,
plasmin degrades the fibrin clot into FDPs (Gando., 2013). DNA is anti-fibrinolytic due to
inhibition of plasmin-mediated fibrin degradation (Gould et al., 2015). Histones are also
anti-fibrinolytic due to binding fibrin and increasing the thickness of the fibers (Gould et
al., 2015). Further, histones are procoagulant by promoting prothrombin autoactivation
(Barranco-Medina et al., 2013). Histones bind to PC and prevent the generation of APC
(Ammollo et al., 2011). APC is a natural anticoagulant enzyme that inhibits FVa and
FVIlla, and is also a physiological inhibitor of histones (Xu et al., 2009). Both the
coagulation cascade and fibrinolytic system are highly regulated under normal
physiological conditions (Longstaff et al., 2015; Palta et al., 2014). Figure adapted from:

(Loofet al., 2014).
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1.2 Immunothrombosis

1.2.1 Crosstalk between monocytes, neutrophils, and platelets

Excessive activation of the coagulation cascade or impaired fibrinolysis can lead to
thrombosis, as described above in section 1.1; however, another trigger for thrombosis
involves the innate immune response, and is termed immunothrombosis (Gaertner et al.,
2016). Monocytes and neutrophils are able to respond to an infection by recognizing
PAMPs on pathogens, and releasing proinflammatory cytokines, thereby exacerbating
inflammation (Gyawali et al., 2019). This proinflammatory phenotype recruits additional
leukocytes, mainly neutrophils and monocytes, which trigger fibrin formation by exposure
of cell-derived TF (von Briihl et al., 2012). A study by von Briihl and colleagues
demonstrated that platelets are able to associate with leukocytes through GPIbo, identifying
a crosstalk between platelets, monocytes, and neutrophils in the initiation and amplification
of thrombosis (von Briihl et al., 2012). Platelet-leukocyte interactions are important
because platelets are able to release proinflammatory cytokines, such as CXC-chemokine
ligand 1, which recruit additional leukocytes (Gaertner et al., 2016). Moreover, platelets
can stimulate the release of neutrophil extracellular traps (NETs) from neutrophils, which
contributes to thrombosis, and serves as another mechanism underlying immunothrombosis

(von Briihl et al., 2012).

1.2.2 NETosis
NETosis is a form of programmed cell death in which activated neutrophils release
NETs, which consist of DNA, histones, and neutrophil granular enzymes, such as

neutrophil elastase (NE) and myeloperoxidase (MPO) (von Briihl et al., 2012). The major
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structural component of NETs is nucleosomes, which consist of DNA wrapped around a
core histone octamer containing two copies of each histone H2A, H2B, H3, and H4 (von
Briihl et al.,, 2012). The nucleus is the main source of DNA in NETs, however
mitochondrial DNA has also been identified as a source (Lood et al., 2016). Many different
stimuli are capable of triggering NETosis, such as microorganisms, damage-associated
molecular patterns (DAMPs), phorbol 12-myristate 13-acetate (PMA), autoantibodies, and
cytokines (Kaplan et al., 2012). These stimuli can bind to various neutrophil receptors,
including Toll-like receptors (TLRs), Fc receptors, and complement receptors, which are
involved in initiating the intracellular signaling pathways of NETosis (Brinkmann et al.,
2004). Binding to receptors increases cytoplasmic Ca?* levels, which activates PKC
(Kaplan et al., 2012). Next, PKC is able to activate NADPH oxidase, which leads to the
production of reactive oxygen species (ROS) and peptidylarginine deiminase 4 (PAD4)
activation (Dekker et al., 2000). The release of NETs requires the decondensation of
chromatin by PAD4 (Franck et al., 2018). PAD4 is a nuclear enzyme that converts specific
arginine residues to citrulline on histones, thereby reducing the positive charge on histones
(Franck et al., 2018). In addition, NE and MPO production and translocation into the
nucleus further promotes chromatin decondensation (Papayannopoulos et al., 2010). Next,
the nuclear envelope and granular membranes disintegrate, and the chromatin is released
into the cytosol, where granular and cytosolic proteins become attached and decorate the
chromatin (Fuchs et al., 2007). Finally, the plasma membrane ruptures, the NETs are
released into the extracellular space, and the neutrophil dies (Metzler et al., 2014). The

intracellular signaling pathway of NETosis is shown in Figure 1.2.
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1.2.3 NETosis: a link between infection, inflammation, and coagulation

NETosis has recently emerged as a new mechanism that links infection,
inflammation, and coagulation together in sepsis (Yang et al., 2017). The most abundant
leukocytes are neutrophils, and they are the first to respond to an infection (Rosales., 2018).
Microorganisms are able to activate neutrophils and trigger the release of NETs;
conversely, NETs are capable of trapping and neutralizing pathogens, including bacteria,
viruses, fungi, and parasites (Clark et al., 2007). In response to an infection, PRRs on innate
immune cells recognize PAMPs on pathogens, which results in the release of many
proinflammatory cytokines including TNF-a and IL-8 (Gyawali et al., 2019). Both TNF-a
and IL-8 have been shown to induce NETosis (Barliya et al., 2017). Conversely, NETs can
exert proinflammatory effects by stimulating the production of cytokines, including IL-6
and IL-8, thereby exacerbating the immune response in sepsis (de Bont et al., 2019; Giaglis
et al., 2016). In addition, NETs also exert procoagulant effects (Foley et al., 2016). NETs
can present TF, which activates the extrinsic pathway of coagulation (Doring et al., 2020).
The NET-associated protein NE can cleave TFPI, further contributing to thrombin
generation (Massberg et al., 2010). Moreover, activated platelets induce NETosis, and
NETs have been shown to amplify platelet activation and aggregation, thereby forming a
positive feedback loop (Zucoloto et al., 2019). The individual NET components, DNA and
histones, also exert procoagulant and anti-fibrinolytic effects, which will be discussed in

section 1.3.
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1.2.4 NETs as a double-edged sword

NETs have been described as a double-edged sword of innate immunity due to both
their protective and harmful effects within the host (Kaplan et al., 2012). NETosis is a
unique form of cell death that is conserved across vertebrates, highlighting the important
role that NETs play in the immune response (Tatsiy et al., 2018). Specifically, NETs are
web-like structures that are capable of trapping and neutralizing pathogens, including
bacteria, fungi, and viruses (Clark et al., 2007). NETs are also composed of many
antimicrobial peptides and enzymes including NE, MPO, and cathepsin G, which are
involved in eliminating pathogens (Brinkmann et al., 2004; Metzler et al., 2011). Although
NETs are part of the innate immune response, they also exert many detrimental effects
within the host (Yang et al., 2017). The significantly higher levels of MPO-DNA
complexes in septic patients, compared to healthy controls, have been found to contribute
to a state of hypercoagulability (Yang et al., 2017). The uncontrolled release of NETs from
neutrophils contributes to micro- and macro-vascular thrombosis (McDonald et al., 2017).
NETs can capture fibrin, erythrocytes, platelets, and VWF, which forms a physical scaffold
that helps with thrombus formation and growth (Martinod et al., 2013; Yu et al., 2019).
Additionally, NETs have been shown to excessively activate the complement cascade,
which is associated with poor outcomes in septic patients, such as multiple organ damage
(Markiewski et al., 2008; Sabbione et al., 2017). Complement proteins such as properdin
and C3 can become deposited on NETs, and activated by NET-associated enzymes (e.g.
MPO); therefore, NETs are a platform for complement activation (de Bont et al., 2019).

Studies have also shown that excessive NET formation and impaired NET clearance results
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in autoimmune responses, which can lead to acute or chronic inflammatory disorders
(Kaplan et al., 2012). Taken together, targeting NETs may be a valuable therapeutic

strategy to prevent or attenuate its deleterious effects in sepsis.
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Figure 1.2. Intracellular signalling pathways of NETosis. Different stimuli such as
microorganisms, PMA, and DAMPs trigger NETosis (Kaplan et al., 2012). The activation
of NADPH oxidase leads to the production of ROS and PAD4 activation (Dekker et al.,
2000). PAD4 promotes chromatin decondensation (Franck et al., 2018). Next, NE and MPO
are produced and translocated into the nucleus to further promote chromatin
decondensation (Papayannopoulos et al., 2010). Afterwards, the chromatin is released into
the cytosol, where granular and cytosolic proteins become attached and decorate the
chromatin (Fuchs et al., 2007). The plasma membrane is ruptured, the NETs are released,

and the neutrophil dies (Metzler et al., 2014). Source: (Jorch et al., 2017)

Microorganisms or damage-
associated molecular patterns

Chromatin release
and decoration with
cytosolic proteins

. Nuclear-membrane
~ () “disruption

Plasma-membrane
disruption

Neutrophil death

19



M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.

1.3 DNA and Histones

1.3.1 DNA

NETosis is an important source of extracellular DNA as described in section 1.2;
however, other processes are also able to release DNA into the circulation, such as necrosis
(Stroun et al., 2001). Elevated levels of DNA have been reported in many conditions such
as sepsis, cancer, trauma, myocardial infarction, and autoimmune diseases (Bronkhorst et
al., 2019; Dwivedi et al., 2012). Our group has previously reported that plasma levels of
DNA have a high prognostic value in predicting mortality in patients with severe sepsis
(Dwivedi et al., 2012).

With respect to the tissue origin of DNA in septic patients, the largest contributor
to elevated DNA in most septic patients were from leukocytes (mainly granulocytes), as
determined by Moss and colleagues (Moss et al., 2018). This group used a reference
methylation atlas of 25 human tissues and cells to determine the origin of DNA in an
unbiased manner in healthy and pathological conditions (Moss et al., 2018). The DNA
methylation profiles of 14 septic patients revealed that 13 patients had greater than 20-fold
higher leukocyte levels compared to healthy levels (Moss et al., 2018). These findings
suggest that neutrophils, the most abundant leukocytes, are a major source of DNA in
sepsis. Other cell types that contributed to extracellular DNA release in sepsis patients
include: hepatocytes, monocytes, lymphocytes, neurons, vascular endothelial cells, colon
epithelial cells, pancreatic acinar cells, and erythrocyte progenitors (Moss et al., 2018).

DNA can trigger the intrinsic pathway of blood coagulation in a FXII- and FXI-

dependent manner, thereby contributing to the procoagulant properties of DNA (Gould et
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al., 2014; Swystun et al., 2011). Additionally, DNA is anti-fibrinolytic due to the inhibition
of plasmin-mediated fibrin degradation (Gould et al., 2015). DNA forms a non-productive
ternary complex by binding to both plasmin and fibrin, which impairs fibrinolysis (Gould
etal., 2015).
1.3.2 Histones

In addition to DNA, histones are another key component of NETs, and they are able
to exert many harmful effects to the host, such as contributing to vascular dysfunction and
organ injury in sepsis (Xu et al., 2009). Histones are a highly basic protein family that
consist of arginine and lysine amino acids (Marifio-Ramirez et al., 2005). As a result,
histones have a positive charge, which allows them to associate with DNA (Marifio-
Ramirez et al., 2005). Free histones induce endothelial cell death in a TLR2- and TLR4-
dependent mechanism (Xu et al., 2011). Histones can also cause platelet activation and
aggregation (Fuchs et al., 2011). Furthermore, histones are procoagulant (by promoting
prothrombin autoactivation) and anti-fibrinolytic (by binding to fibrin and increasing the
thickness of the fibers), which negatively alters the hemostatic balance and contributes to
tissue injury and microvascular thrombosis (Barranco-Medina et al., 2013; Gould et al.,
2015). Histones have been shown to upregulate the expression of TF on monocytes and
induce phosphatidylserine (PS) exposure on the membrane of red blood cells, thereby
further contributing to its procoagulant effects (Gould et al., 2016; Semeraro et al., 2014).
Similar to DNA, the mechanisms by which histones are cleared from the circulation are
poorly understood. The natural anticoagulant enzyme APC is also a physiological inhibitor

of histones (Xu et al., 2009). A study by Xu and colleagues found that APC cleaves
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histones, thereby neutralizing the cytotoxic effects of histones on endothelial cells (Xu et
al., 2009). In addition, they showed that the co-injection of APC and histones rescued mice
from histone-mediated lethality, while mice that were injected with histones alone died
within one hour (Xu et al., 2009). Additionally, C-reactive protein (CRP) is an acute-phase
protein that can neutralize histones released into the circulation, thereby defending the host
against histone toxicity (Abrams et al., 2013). A study by Abrams et al. demonstrated that
CRP can rescue mice injected with lethal doses of histones (Abrams et al., 2013). Taken
together, targeting extracellular histones in sepsis may be an effective strategy to reduce

the aforementioned harmful effects.

1.3.3 DNA-histone complexes

Extracellular DNA and histones both contribute to the pathophysiology of sepsis
through various mechanisms as described in sections 1.3.1 and 1.3.2. DNA and histones
may also be bound tightly together in a complex, termed nucleosomes (Marsman et al.,
2016). Dying or damaged cells release nucleosomes through various processes including
necrosis and pyroptosis (Marsman et al., 2016). Whether the extracellular DNA or histones
are in a complex or unbound to each other influences the pathological effects that they
exert, and their interactions with other molecules in the extracellular space (Silk et al.,
2017). For example, mice injected with purified histones died within one hour, however,
mice injected with purified nucleosomes did not show any cytotoxic effects (Gauthier et
al., 1996; Xu et al., 2009). On the other hand, nucleosomes have been shown to induce
necrosis in cultured lymph node cells, however free DNA and histones do not have this

effect (Decker et al., 2003). Another source of histone-bound DNA is by NETosis as
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described in 1.2.1; however, the DNA and histones are also decorated with granular
enzymes, such as MPO and NE (Saffarzadeh et al., 2012). Interestingly, studies have shown
that NETs are cytotoxic to endothelial cells in vitro, however purified nucleosomes did not
display cytotoxic effects to endothelial cells (Neeli et al., 2008). One possible explanation
can be attributed to PAD4, which converts arginine to citrulline on histones during
NETosis, thereby reducing their positive charge and creating a more open chromatin
structure compared to nucleosomes that have not been processed by PAD4 (Neeli et al.,
2008). As a result, the histones are more exposed and capable of inducing their cytotoxic
effects (Neeli et al., 2008). In sepsis, the levels of circulating nucleosomes have been shown
to be a biomarker for predicting organ dysfunction and disease prognosis (Chen et al.,
2012). In the literature, nucleosomes and unbound DNA and histones are usually described
interchangeably; however, distinguishing between the two forms is important to better
understand what exactly is contributing to the pathophysiology of a disease, thereby

improving the specificity and efficacy of therapies.

1.4 DNases

1.4.1 DNases

The mechanisms by which DNA is cleared from the circulation are not well
understood. The half-life of circulating DNA is approximately 16 minutes in healthy
individuals, presumably due to degradation by deoxyribonuclease (DNase) I and DNase 1
like 3 (1L3), which are Ca?'- and magnesium (Mg?*)-dependent endonucleases that are

capable of degrading DNA (Dennis Lo et al., 1999; Gauthier et al., 1996).
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The elevated levels of DNA in septic patients may be due to increased release from
cells, impaired clearance, and/or decreased levels of DNase I and DNaselL3 (Gould et al.,
2015). Understanding the mechanisms by which DNA is elevated in septic patients can

improve therapeutic strategies to mitigate the deleterious effects that DNA exerts.

1.4.2 The structure of DNase I

DNase I is a 29.8 kDa endonuclease that is negatively charged at physiological pH
(Shiokawa et al., 2000). DNase I consists of an N-terminal signal peptide that allows for
the translocation of this protein into the rough endoplasmic reticulum (Napirei et al., 2005).
All nucleases have the same catalytic centre, which consists of two histidine (His) residues
at amino acid positions 134 and 252, and their hydrogen-bond residues glutamic acid (Glu)
at amino acid position 78 and aspartic acid (Asp) at amino acid position 212 (Jones et al.,
1996). Additionally, nucleases contain the following residues that are required for binding
to DNA: tyrosine (Tyr)’¢, arginine (Arg)!!!, asparagine (Asn)!”’, Tyr!”>, and Tyr?*!! (Jones
et al., 1996; Napirei et al., 2005). The essential disulfide bond between cysteine (Cys)!”
and Cys?% are also highly conserved (Jones et al., 1996; Pan et al., 1998). Enzymes part of
the DNase I family also contain four ion-binding pockets, two for binding to Ca?*, and two
for binding to Mg?* (Guéroult et al., 2010). Binding of Ca?" and Mg?" are critical for the
proper functioning of DNase I because these cations optimize the electrostatic fit between
DNase and negatively charged DNA (Guéroult et al., 2010). With respect to differences,
DNase I lacks a C-terminal peptide domain, which is present in DNase1L3 discussed below
in section 1.5.1 (Sisirak et al., 2016; Soni et al., 2019). The crystal structure of DNase I is

provided in Figure 1.3.
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Figure 1.3. Crystal structure of DNase L. Crystal structure of DNase I at 2 A resolution.
The DNA binding site and catalytic centre, which are conserved amongst all nucleases, are

shown. Figure adapted from: rcsb.org and (Oefner et al., 1986).
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1.4.3 The role of DNase I in normal physiology

DNase I is a secretory endonuclease that plays an important role in maintaining
normal physiology (Dennis Lo et al., 1999). A variety of non-hematopoietic endocrine and
exocrine glands (especially in the gastrointestinal and urogenital tract) produce DNase I
(Napirei et al., 2005). DNase I requires Ca*>*, Mg?* or manganese (Mn?*), and a pH of 7.0
for optimal enzymatic activity (Napirei et al., 2005). Monomeric actin, zinc (Zn?"), and
bivalent cation chelators are able to inhibit DNase I (Mannherz et al., 1995). Additional
biochemical properties of DNase I are provided in Table 1. The main role of DNase I is
thought to be involved in the degradation of extracellular DNA that is released by damaged
or dying cells through various mechanisms, such as necrosis (Napirei et al., 2000).
Degradation of extracellular DNA is important to prevent the pathological effects that DNA
can exert to the host as described in section 1.3.1, and to suppress autoimmunity which can
arise from the development of autoantibodies against DNA and nucleosomes (Napirei et
al., 2000). Although other DNase enzymes are also involved in degrading extracellular
DNA, DNase I is the major endonuclease and is responsible for 90% of DNA digestion
(Nadano et al., 1993). DNase I preferentially cleaves protein-free DNA, and is unable to
cleave the nucleosome regions of chromatin where approximately 150 base pairs of DNA
is tightly wrapped around the histone octamers, in the absence of a serine protease (Napirei
et al., 2009). The serine proteases, such as thrombin and plasmin, are required to first
proteolyze the DNA-bound histones (e.g. histones H1 and H3) (Napirei et al., 2009).
Protein-free DNA is then accessible to DNase I, and can be digested (Napirei et al., 2009).

The current model depicting the mechanisms by which DNase I degrades DNA is shown
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in Figure 1.5. A schematic diagram of our proposed new model depicting the mechanism
of DNase I is provided in Figure 1.6.
1.4.4 The role of DNase I in pathophysiology

Changes in the levels or activity of DNase I has been widely reported in many
diseases, thereby highlighting the potential for this enzyme to contribute to
pathophysiology (Vancevska et al., 2013). Knockout models of DNase I in mice, or
mutations in DNase I in humans have been associated with the development of systemic
lupus erythematosus (SLE), which is a chronic autoimmune disease characterized by the
development of autoantibodies against extracellular DNA, and can cause tissue and organ
damage (Keyel., 2017). Additionally, impaired DNase I activity has also been reported in
patients with severe inflammatory bowel disease (IBD), and has been suggested to play a
role in the development of IBD (Malickova et al., 2011). Interestingly, the activity of
DNase I was found to be significantly decreased in females compared to males in both SLE
and IBD, but remained similar in healthy controls (Malickova et al., 2011). Decreased
activity of DNase I has also been found in patients with stomach, colon, and pancreatic
cancer (Vancevska et al., 2013). Taken together, normal levels and activity of DNase I is
important in preventing pathology. To date, no studies have determined the levels of DNase
I in septic patients. Therefore, we measured these values in septic patients admitted to the
intensive care unit (ICU) in a longitudinal manner (days 1 — 28). Given that the levels of
DNA are persistently elevated in some septic patients, studying this endonuclease in greater
detail can shed light on this matter, and on the potential use of DNase I as a therapeutic

strategy.
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1.4.5 DNase I as a potential therapy for sepsis and vascular diseases

DNase I plays an important role in degrading extracellular DNA, and impairments
in the levels or activity of this endonuclease can contribute to pathophysiology; therefore,
the use of DNase I as a potential therapy is intriguing. Specifically, diseases with decreased
levels or activity of DNase I, and/or increased levels of DNA may demonstrate the most
success and promising results with DNase I treatment. Recombinant human DNase I,
Pulmozyme (dornase alfa), has been approved for use in patients with cystic fibrosis as an
inhalant drug to improve pulmonary function (McCoy et al., 1996). Additionally, a study
by Davis and colleagues revealed that intravenous and subcutaneous injections of
Pulmozyme in 17 human patients with SLE were well tolerated (Davis et al., 1999). Taken
together, Pulmozyme is safe to use in humans, and should be explored as a therapeutic
strategy for other diseases as well, such as sepsis.

Given that plasma levels of DNA have a high prognostic value in predicting
mortality in patients with severe sepsis, and that DNA levels are persistently elevated in
some septic patients, treatment with Pulmozyme may be a beneficial strategy (Dwivedi et
al., 2012). Moreover, significantly increased levels of MPO-DNA complexes (a marker for
NETosis) have been identified in septic patients, and NETs can exert many pathological
effects in the host as described in section 1.2.3 (Denning et al., 2019).

DNase I has been shown to degrade NETs and prevent vascular occlusion and organ
damage; however, a study by Farrera and Fadeel demonstrated that physiological
concentrations of DNase I (20 ng/mL) were unable to degrade NETs (Farrera et al., 2013;

Jiménez-Alcézar et al., 2017). As a result, administrating therapeutic levels of DNase I in
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diseases with increased NETosis, such as sepsis, can effectively target and degrade NETs,
thereby improving outcomes. However, NETs are also involved in the innate immune
response by trapping and neutralizing pathogens, and thus the timing of DNase I
administration is important to preserve the protective effects of NETs with respect to
clearing pathogens (Mai et al., 2015). Our group has previously determined that
administrating DNase I four to six hours after inducing sepsis in mice resulted in decreased
DNA levels, proinflammatory cytokines, and fibrin deposition; in contrast, administrating
DNase two hours after inducing sepsis resulted in increased inflammation and organ
damage (Mai et al., 2015). The use of Pulmozyme shows promising results, and greater
research on the dosage, timing, and effects of this drug should be done to achieve optimal

results in septic patients.

1.5 DNaselL3

1.5.1 The structure of DNaselL3

DNaselL3 is a 33.1 kDa endonuclease that is positively charged at physiological
pH, and preferentially cleaves histone-bound DNA (Napirei et al., 2005). There are many
structural similarities between DNase I and DNaselL3, as both endonucleases are part of
the DNase I protein family (Napirei et al., 2005). Both enzymes have high homology and
similar amino acid sequences (Napirei et al., 2005; Shiokawa et al., 2000). As mentioned
in section 1.4.2, the catalytic centre, DNA binding site, essential disulfide bond between
Cys!” and Cys?”, and four ion-binding pockets are highly conserved, and present in
DNasel1L3 (Guéroult et al., 2010; Jones et al., 1996; Napirei et al., 2005). With respect to

differences, DNasel1L3 is N-glycosylated at Asn?*}, whereas DNase I is N-glycosylated at
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Asn'® and Asn'® (Napirei et al., 2005). Additionally, DNaselL3 contains a positively
charged C-terminal peptide rich in lysine and arginine, in a stable alpha helix conformation;
however, DNase I lacks this C-terminal peptide (Sisirak et al., 2016; Soni et al., 2019).
Sisirak et al. suggested that the positive charge and stable alpha helix conformation of the
C-terminal peptide gives DNaselL3 its unique ability to digest histone-bound DNA
(Sisirak et al., 2016). Moreover, this group demonstrated that DNase1L3 lost its ability to
digest histone-bound DNA after deleting the C-terminal peptide (Sisirak et al., 2016).
Figure 1.4 provides a crystal structure of DNaselL3, and an image highlighting the

presence of a C-terminal peptide in DNase1L3, but not in DNase 1.
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Figure 1.4. Crystal structure of DNaselL3. Crystal structure of DNaselL3 (A). The
catalytic centre and DNA binding site are conserved between DNase I and DNaselL3
(labeled in Figure 1.3). DNaselL3 contains a positively charged C-terminal peptide,
whereas DNase [ is lacking a C-terminal peptide (B). Source: (McCord et al., 2018; Sisirak
et al., 2016).
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1.5.2 The role of DNaselL3

Similar to DNase I, DNaselL3 is also a secretory enzyme that plays an important
role in maintaining normal physiology (Jiménez-Alcazar et al., 2017). DNaselL3 is
expressed independently and has a different origin than DNase I (Jiménez-Alcézar et al.,
2017). Immune cells, especially dendritic cells and macrophages, secrete DNaselL3
(Onuora., 2016). DNase1L3 shares many biochemical properties with DNase I, including
a dependency on Ca?*, Mg?* or Mn?*, inhibition by Zn?" and bivalent cation chelators, and
a pH of 7.0 for optimal enzymatic activity (Napirei et al., 2005).

An important difference to highlight between DNase I and DNaselL3 is their
substrate specificity. DNase1L3 has low activity towards digesting protein-free DNA, but
can cleave DNA-protein complexes with high activity, which is not the case with DNase I
as described in section 1.4.2 (Jiménez-Alcazar et al., 2017; Napirei et al., 2009).
Furthermore, PAI-1 and monomeric actin slightly activate DNase1L3, whereas monomeric
actin inhibits DNase I (Napirei et al., 2005). Plasmin inhibits DNaselL3 in vitro by
proteolysis; however, plasmin does not proteolyze DNase I in mice, presumably due to the
fact that this endonuclease is N-glycosylated at two sites, while DNaselL3 is not (Napirei
et al., 2009). A summary of the biochemical characteristics of DNaselL3 is provided in
Table 1, and a schematic diagram that shows the enzymatic activity of this endonuclease is
provided in Figure 1.5.

A study by Jiménez-Alcazar and colleagues found that the presence of either DNase
I or DNaselL3 was sufficient to degrade NETs in mice during sterile neutrophilia and

septicemia; however, the absence of both DNases lead to vascular occlusion and organ
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damage (Jiménez-Alcazar et al., 2017). This study highlights the importance of DNasel1L3
in preventing pathology. Additionally, loss-of-function mutations in DNase1L3 in humans,
as well as DNaselL3-deficiency in mice, have been found to contribute to the development
of SLE in two studies (Al-Mayouf et al., 2011; Sisirak et al., 2016). Both studies
demonstrated the critical role that DNaselL3 plays in degrading chromatin that gets
released from dying cells, thereby preventing the development of autoantibodies to
chromatin and DNA (Al-Mayouf et al., 2011; Sisirak et al., 2016).

Further research on DNaselL3 should be done in diseases that are associated with
elevated levels of extracellular DNA and chromatin, such as sepsis, which could potentially
reveal novel therapeutic strategies and/or expand upon current knowledge regarding the
pathophysiology of a disease. We are the first group to measure the levels of DNase1L3 in
septic patients admitted to the ICU in a longitudinal manner (days 1 — 28) to determine if

these levels are abnormal in sepsis.
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Table 1. Comparison between the biochemical characteristics of DNase I and DNase1L3

(Jiménez-Alcazar et al., 2017; Napirei et al., 2009; Sisirak et al., 2016).

DNase I DNaselL3
Half Life 20 minutes Not reported
Molecular 29.8 kDa 33.1 kDa
Weight
Physiological 20 ng/mL (0.67 nM) 2 ng/mL (0.06 nM)
Concentration
Charge at -9.4 +6.7
physiological pH
Mouse K/O Increased risk of Developed autoantibodies to DNA
Model developing thrombosis and chromatin, increased
when challenged monocytes and activated T cells,
and kidney damage
Mouse K/O e Unable to tolerate chronic neutrophilia or septicemia (rapid
Models of Both death after NETs occluded vessels)
DNase I and e Displayed phenotypes of infection-induced thrombotic
DNaselL3 microangiopathies (TMAs) and disseminated intravascular
coagulation (DIC)
Inhibitors Monomeric actin, Zn>*, Heparin, plasmin (in vitro), Zn*",
bivalent cation chelators bivalent cation inhibitors
Requirements Ca?", Mg or Mn**, pH of 7.0
Substrate Protein-free DNA, or Preference for DNA-protein
Specificity DNA -protein complexes complexes
in the presence of a serine
protease
Secreted By Non-hematopoietic Immune cells (mainly
endocrine and exocrine macrophages and dendritic cells)
cells
Tissue Source Gastrointestinal and Spleen, liver, thymus, lymph node,
urogenital tract bone marrow, small intestine, and
kidney
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Figure 1.5. Current model depicting the mechanism of action of DNases. DNase |
completely degrades DNA (A), but is unable to degrade DNA-histone complexes on its
own (B). The presence of either unfractionated heparin (UFH) or serine proteases can
displace histones from the DNA, which allows DNase I to gain access to DNA-cleavage
sites and degrade the DNA (C). In contrast, DNase1L3 is able to bind to and degrade DNA-

histone complexes (D). Source: biorender.com
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Figure 1.6. Our proposed model depicting the mechanism of DNase I. DNase I can
digest DNA-histone complexes in the presence of UFH, enoxaparin, or Vasoflux (A), but
not fondaparinux (B). This suggests that the ability of GAGs to enhance DNase I-mediated
digestion of histone-bound DNA is size-dependent, and independent of the AT-binding
pentasaccharide of heparins. On the other hand, DNase I is able to degrade NETs down to
individual nucleosomes (C). This may be due to the histone citrullination that occurs during
NETosis by PAD4, which is a process that causes chromatin decondensation, and weakens
DNA-histone interactions by reducing the positive charge on histones.

Source: biorender.com
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1.6  Heparins
1.6.1 Heparins

Although host DNases are capable of degrading the DNA component of NETs and
DNA-histone complexes, targeting the remaining histones is also crucial given the
cytotoxic effects they exert within the host, as described in section 1.3.2. Heparins have
been shown to bind and neutralize histones (Iba et al., 2015). Heparins are classified as
glycosaminoglycans (GAGs) and have anticoagulant properties due to their ability to bind
to the serpin AT with high affinity, thereby accelerating the rate at which AT inhibits
various coagulation factors by up to 1000-fold (Paschoa., 2016; Yeung et al., 2015). A
unique pentasaccharide sequence is required for heparins to bind to AT (Choay et al., 1981).
The different molecular weights of the heparins determine which coagulation factors are
inhibited by AT (thrombin, FIXa, FXa, FXIa, or FXIIa) (Paschoa., 2016). Figure 1.7 shows
the chemical structures of the four heparins that will be discussed below.

1.6.2 Unfractionated Heparin (UFH)

Unfractionated heparin (UFH) is a heterogenous mixture of linear polysaccharides,
and is the largest form of heparin with an average molecular weight of 15 kDa (ranging
from 5 to 30 kDa) (Bounameaux., 1998). UFH causes a conformational change in AT upon
binding, which catalyzes the inhibition of thrombin, FIXa, FXa, FXIa, and FXIIa (Paschoa.,
2016). Inhibition of thrombin requires a ternary complex to be formed between UFH, AT,
and thrombin (Hirsh et al., 1992). The formation of this complex occurs because UFH is at
least 18 oligosaccharides in length, which allows it to serve as a template to bind both

thrombin and AT to form the complex (Hirsh et al., 1992). In contrast, UFH can bind to
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AT and inhibit FXa without the requirement of forming a ternary complex (Conners et al.,
2002).
1.6.3 Low-molecular-weight heparins (LMWHs)

Low-molecular-weight heparins (LMWHs) are prepared by enzymatic or chemical
depolymerization of UFH, which results in an average molecular weight of 5 kDa (Canales
et al., 2008). For example, enoxaparin is a commonly used LMWH and has an average
molecular weight of 4.5 kDa (Walker et al., 2017). LMWHSs bind to AT and promote a
conformational change, which catalyzes the inhibition of FXa (Ibbotson et al., 2002).
Compared to UFH, LMWHs have lower activity against thrombin due to their shorter chain
lengths, which reduces their ability to form a ternary complex with thrombin and AT
(Canales et al., 2008).

1.6.4 Fondaparinux

Fondaparinux is a synthetic pentasaccharide that selectively binds to AT with high
affinity (Yusuf et al., 2006). Fondaparinux causes a conformational change in AT, thereby
accelerating the rate at which FXa is inhibited (Paolucci et al., 2002). Upon binding to FXa,
AT releases fondaparinux, which allows it to bind to other AT molecules (Paolucci et al.,
2002). Fondaparinux has an average molecular weight of 1.7 kDa, and is therefore unable
to cause AT-mediated inhibition of thrombin due to its small molecular size (Dager et al.,
2004).

1.6.5 Vasoflux

Vasoflux is a LMWH that has been chemically modified through periodate

oxidation by Dr. Weitz and colleagues to reduce its affinity for AT (Weitz et al., 1999).
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Vasoflux is able to inhibit FIXa activation of FX, and catalyze the inactivation of fibrin-
bound thrombin by heparin cofactor II, making this anticoagulant more effective for clot-

bound thrombin than UFH and the other LMWHs (Weitz et al., 1999).

1.6.6 The cofactor activity of heparins

A study by Napirei et al. found that UFH can act in a similar manner as serine
proteases with respect to enhancing the ability of DNase I to cleave chromosomal DNA
(Napirei et al., 2009). However, it is unclear if UFH enhances the activity of DNase I by
displacing histones, thereby making DNA-cleavage sites more accessible. Alternatively, it
is possible that UFH indirectly enhances the activity of DNase I by hyperactivating the
plasminogen system (Napirei et al., 2005). Heparin is able to accelerate the rate at which
tPA converts plasminogen to plasmin. Plasmin then proteolyzes DNA-bound proteins,
which would allow DNase I to have greater accessibility to DNA-cleavage sites.

In contrast, UFH inhibits DNaselL3 by directly binding to this endonuclease
(Napirei et al., 2009). DNaselL3 has a charge of +6.7 at physiological pH, which can
explain why UFH, which is a negatively charged molecule, binds to this endonuclease
(Napirei et al., 2009). Unlike DNase1L3, DNase I has a charge of -9.4 at physiological pH,
which may explain why DNase I is not inhibited by UFH (Napirei et al., 2009).

To date, no studies have looked at the effects of the other forms of GAGs including
enoxaparin, fondaparinux, and Vasoflux on the ability to activate or inhibit DNase I and
DNaselL3. Studying the interactions of these heparins with both DNase I and DNasel1L3
can provide an explanation as to why UFH enhances the activity of DNase I but inhibits

DNaselL3. These endonucleases are important in maintaining normal physiology as
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mentioned in sections 1.4.1 and 1.5.1; therefore, it is crucial to understand how potential
therapies, such as anticoagulants, interact with DNases. Additionally, since histone-bound
DNA is a major component of NETs, understanding what exactly helps DNase I cleave
these complexes and what inhibits DNase1L3 is important. We studied the cofactor activity
of GAGs to better understand their mechanism of action with respect to improving DNase-
mediated degradation of procoagulant molecules. Further, we determined if the cofactor
activity of GAGs is size-dependent and/or requires the pentasaccharide sequence.
1.6.7 The use of heparins in sepsis

The use of UFH, LMWH, and fondaparinux are indicated for thromboprophylaxis
and treating VTE (Mulloy et al., 2015). With respect to sepsis, there have been many
clinical trials and studies looking at the efficacy of using heparins as a potential treatment
(Li et al., 2017). As mentioned in section 1.1.8, increased activation of the coagulation
cascade, hypofibrinolysis, and impairments in natural anticoagulant pathways promote a
state of hypercoagulability in sepsis; therefore, treatment with anticoagulants, such as
heparins, may be an effective strategy to prevent and mitigate these effects. A systematic
review and meta-analysis of a few randomized controlled trials revealed that the use of
UFH in sepsis, septic shock, and DIC resulted in decreased mortality (Zarychanski et al.,
2015). An ongoing phase 2 clinical trial, Heparin AnticoaguLation to Improve Outcomes
in Septic Shock (HALO), is testing the efficacy of UFH in treating patients with septic
shock (Houston et al., 2015). With respect to the use of LMWH in sepsis, a meta-analysis
of randomized controlled trials found that patients receiving LMWH had significantly

decreased 28-day mortality and Acute Physiology and Chronic Health Evaluation II
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(APACHE 1I) scores; however, the incidence of bleeding events were significantly
increased (Fan et al., 2016). A recent study by Keshari et al. found that fondaparinux
treatment in a baboon model of sepsis inhibited coagulation, reduced inflammation and
organ damage, and promoted survival (Keshari et al., 2020). Interestingly, UFH, LMWH,
and fondaparinux all possess anti-inflammatory properties, which provides additional
benefits as a therapy for sepsis due to the systemic inflammatory response that occurs
(Downing et al., 1998; Frank et al., 2005; Young., 2008).

Taken together, the use of heparins in sepsis shows promising results due to their
anticoagulant and anti-inflammatory properties, and should be further studied. However,
anticoagulants also carry the risk of hemorrhaging due to their ability to inhibit clot
formation (Mulloy et al., 2015). In the event of an adverse effect, reversal agents are
extremely important. Protamine sulfate, cryoprecipitate, or fresh frozen plasma are reversal
agents for UFH and LMWH, and prothrombin complex concentrate can be used for
fondaparinux (Harter et al., 2015). Interestingly, a study by Wildhagen et al. found that a
15 kDa non-anticoagulant heparin (AT affinity-depleted heparin), can prevent histone-
mediated cytotoxicity in vitro, and reduce mortality in septic mice without increasing the
risk of bleeding (Wildhagen et al., 2014).

In addition to anticoagulant and anti-inflammatory properties, heparins are also able
to bind and neutralize extracellular histones, which is important because free histones in
circulation exert deleterious effects within the host (Iba et al., 2015). NETs have been found
to contribute to a state of hypercoagulability in sepsis; thus, targeting these procoagulant

molecules may improve outcomes (Yang et al., 2017). However, dismantling NETs with
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DNases may have adverse effects because histones will become released from DNA and
be free to exert damage (Xu et al., 2009). Therefore, using a combination of both heparins
and DNases in sepsis may be a more beneficial therapeutic strategy in order to effectively
degrade both the DNA and histone components of NETs, as well as serve as a cofactor for
DNase [-mediated degradation of histone-bound DNA.

Figure 1.7. Chemical structures of heparins. UFH is a heterogenous mixture of linear
polysaccharides with an average molecular weight of 15 kDa, and includes the AT-binding
pentasaccharide (A). LMWHs are prepared by enzymatic or chemical depolymerization of
UFH, which results in an average molecular weight of 5 kDa, and includes the AT-binding
pentasaccharide (B). The structure of fondaparinux is a synthetic AT-binding
pentasaccharide (C). Vasoflux is a LMWH that has been chemically modified through

periodate oxidation to reduce its affinity for AT (D). Source: (Guan et al., 2016; Weitz et

al., 1999).
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Hypotheses and Specific Aims

Hypotheses

1.

The ability of GAGs to enhance DNase I-mediated digestion of DNA-histone
complexes is size-dependent, and independent of the AT-binding

pentasaccharide of GAGs.

2. The ability of GAGs to inhibit DNaselL3-mediated digestion of DNA-histone
complexes is size-dependent, and independent of the AT-binding
pentasaccharide of GAGs.

3. Septic patients have decreased plasma levels of DNase I and DNaselL3
compared to healthy controls.

Specific Aims

1. To determine the mechanisms by which GAGs enhance DNase I-mediated

degradation of DNA-histone complexes, and inhibit the activity of DNaselL3.

2. To compare the degradation of NETs by DNase I and DNase1L3 in the presence

and absence of GAGs.
To measure the plasma levels of DNase I and DNaselL3 in septic patients
longitudinally (days 1 to 28) to better understand why the levels of DNA are

persistently elevated in some septic patients.
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2.0 Materials and Methods

2.0.1 Materials

Recombinant human DNase I (Pulmozyme® dornase alfa) was purchased from
Roche Canada (Mississauga, ON, Canada). SpectraMax plate reader was from Molecular
Devices (Sunnyvale, CA, USA). Phorbol 12-myristate 13-acetate (PMA) was purchased
form Sigma-Aldrich (St. Louis, MO, USA). Unfractionated heparin (UFH) was purchased
from LEO® Pharma (Thornhill, ON, Canada), Lovenox (enoxaparin) was from Hamilton
General Hospital Pharmacy (Hamilton, ON, Canada), and Arixtra (fondaparinux) was
purchased from GlaxoSmithKline (Mississauga, ON, Canada). Vasoflux was prepared by
depolymerizing UFH to LMWH, followed by oxidation with sodium periodate, which
reduces its AT affinity. Dr. Jeffrey Weitz (TaARI, ON, Canada) kindly provided Vasoflux.
Plasmin was from Haematologic Technologies Inc (Essex, VT, USA). APC was purchased
from Enzyme Research Laboratories (South Bend, IN, USA). Highly APC-specific
monoclonal antibody (HAPC 1555) was kindly provided by Dr. Charles Esmon. Roche
cOmplete Protease Inhibitor Cocktail (EDTA-free) was from MilliporeSigma (Burlington,
MA, USA). Unfractionated bovine histones were purchased from Worthington
Biochemical Corporation (Lakewood, NJ, USA). SYTOX Green and DAPI were purchased
from Invitrogen (Burlington, ON, Canada). The two different DNase I monoclonal
antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The
DNaselL3 ELISA kit was purchased from abbexa (Cambridge, United Kingdom). The
BLITz system was from FortéBio (Fremont, CA, USA). Individual human histones H2A,

H2B, H3, and H4 were purchased from New England Biolabs (Ipswich, MA, USA).
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Heparinized microhematocrit capillary tubes and heparinized BD microtainer tubes were
purchased from VWR (Mississauga, ON, Canada).
2.0.2 Preparation of Platelet-Poor Plasma (PPP)

From healthy volunteers, peripheral venous blood was collected via venipuncture

into either 3.2% trisodium citrate or 3.2% trisodium citrate and benzamidine HCI (20 mmol

L'l) (Sigma- Aldrich, MO, USA). Benzamidine HCI is a reversible inhibitor of APC and
was added to some tubes to block plasma protease inhibitors from irreversibly inhibiting
APC. After blood collection, the whole blood was centrifuged at 1500 x g for 10 minutes
at 20°C. The plasma layer was collected, aliquoted, and stored for each healthy volunteer
at -80°C.

From septic patients enrolled in our DYNAMICS study, blood was collected from
existing arterial or venous lines via venipuncture into Becton Dickinson buffered sodium
citrate vacutainer tubes (0.105 M trisodium citrate) (Liaw et al., 2019). Benzamidine HCI
was added to some tubes to block plasma protease inhibitors from irreversibly inhibiting
APC. After blood collection, the whole blood was centrifuged at 1700 x g for 10 minutes

at 20°C. The plasma layer was collected, aliquoted, and stored at -80°C.

2.0.3 Isolation of Genomic DNA from Whole Blood via PAXgene

Human genomic DNA was isolated as per the manufacturer’s instructions
(QIAGEN, Mississauga, ON). PAXgene Blood DNA tubes (QIAGEN, Mississauga, ON)
were used to collect whole blood from healthy adult volunteers via venipuncture. To isolate
DNA, blood was transferred to processing tubes, which contains lysis buffer. The tubes

were centrifuged to pellet the cell nuclei and mitochondria, which were then washed and
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suspended in digestion buffer. Next, a protease was added to remove protein contaminants.
DNA was precipitated in isopropanol, washed in 70% ethanol, dried, and resuspended in
resuspension buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0). NanoDrop One
(ThermoFisher Scientific, Mississauga, ON) was used to determine the concentration of
isolated DNA by the absorbance at 260 nm. Purity was confirmed by calculating the ratio
of absorbance of 260 nm/280 nm. PAXgene DNA was kindly isolated by Erblin Cani and
Sarah Medeiros.
2.0.4 DNA-Histone Complexes Degradation Assay

PAXgene-purified genomic DNA and unfractionated bovine histones were
incubated for 1 hour at 37°C to form DNA-histone complexes. Next, either DNase I or
DNaselL3 alone or in combination with one of UFH, enoxaparin, fondaparinux, Vasoflux,
plasmin, or APC were added to different tubes at 37°C for various time points to digest the
DNA-histone complexes. CaCl; (10 mM) and MgCl> (10 mM) were added to each
condition containing DNase I or DNaselL3. Ethylenediaminetetraacetic acid (EDTA) (50
mM) was used to stop reactions at various time points. The samples were added to an
agarose gel to visualize the DNA.
2.0.5 Gel Electrophoresis

Samples containing DNA were mixed with DNA Gel Loading Dye (6x) (Thermo
Fisher Scientific, Waltham, MA) and 20 pL of each sample was loaded on a 1.8% agarose
gel for electrophoresis at 100 V or 110 V for 1 hour. Gels were stained with RedSafe

(Froggabio, North York, ON) or ethidium bromide (Thermo Fisher Scientific, Waltham,
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MA), and visualized using UV transillumination. Agarose gels were quantified using
densitometry analysis on the Image Lab 5.2.1 software.
2.0.6 Neutrophil Isolation from Whole Blood

Whole blood was collected from healthy individuals into citrated tubes. Next, 6%
dextran solution (Sigma-Aldrich St. Louis, MO) was added and the tube was incubated for
45 minutes at room temperature to allow for plasma separation. The plasma was collected,
slowly layered on top of Histopaque 1077 solution (Sigma-Aldrich St. Louis, MO), and
centrifuged at 1200 RPM for 20 minutes at 25°C. The supernatant was discarded, the pellet
was resuspended with a red blood cell lysis buffer, and HBSS was added. The tube was
centrifuged at 1200 RPM for 5 minutes at 4°C. The supernatant was discarded, and the
remaining neutrophil-rich pellet was resuspended with RPMI.
2.0.7 Formation of NETs and Visualization using Fluorescence Microscopy

To visualize the isolated human neutrophils and NETs, neutrophils were added to
glass coverslips (500,000 cells/coverslip) either with the addition of 100 nM of PMA (to
visualize NETs) or without 100 nM PMA (to visualize neutrophils). Coverslips were
incubated for 4 hours at 37°C and 5% CO,. After 4 hours, DNase I or DNaselL3 were
added either alone or in combination with UFH, enoxaparin, fondaparinux, Vasoflux, or
APC to the PMA-containing coverslips to degrade NETs. Coverslips were incubated for 5,
15, or 30 minutes at 37°C and 5% CO: to allow for the degradation of NETs. Reactions
were stopped with 50 mM EDTA. Next, the coverslips were stained with 5 uM DAPI to

visualize intracellular DNA or 167 nM SYTOX Green to stain extracellular DNA. Olympus
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BX41 fluorescence microscope was used to visualize the neutrophils and NETs, and an
Olympus DP72 camera (Olympus Corporation) was used to capture images.
2.0.8 Quantification of Neutrophils and NETs using a Fluorometric Assay

Isolated human neutrophils (2 x 10°/200 uL) were added to a Costar 96-well black
polystyrene plate. The neutrophils were stimulated with 100 nM of PMA and incubated at
37°C with 5% CO» for 4 hours to allow for NETosis. After 4 hours, DNase I or DNase IL.3
were added either alone or in combination with UFH, enoxaparin, fondaparinux, Vasoflux,
or APC to the wells to degrade NETs for 30 minutes. Afterwards, 5 uM of SYTOX Green
was added to each well for 10 minutes. The samples were analyzed using a SpectraMax
plate reader on fluorescent top read, with a wavelength combination of excitation at 485
nm and emission at 538 nm. The values were expressed in relative fluorescence units
(RFU).
2.0.9 Patients and Inclusion Criteria

The septic patients were recruited from a prospective, multi-centre observational
study of 392 septic ICU patients (the DYNAMICS Study, Clinical Trials.gov
Identifier:NCT01355042). The study was approved by the Research Ethics Boards of all
participating centers. Written informed consent was obtained from the patient or substitute
decision-maker prior to enrolment into the study. When a priori consent was not feasible,
a deferred consent approach was used. All septic events were adjudicated by at least 2
experienced ICU physicians. The inclusion criteria were a modification of those defined by
(Bernard et al., 2001). Patients must have a confirmed or suspected infection on the basis
of clinical data at the time of screening, at least one dysfunctional organ system, > 3 signs
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of systemic inflammatory response syndrome (SIRS), and were expected to remain in the
ICU for > 72 hours. The presence of organ dysfunction are: (1) SBP <90 mm Hg or MAP
<70 mm Hg or SBP <40 mm Hg for at least 1 hour despite fluid resuscitation, adequate
intravascular volume status, or use of vasopressor in attempt to maintain systolic BP > 90
or MAP > 70 mm Hg, (2) P/F Ratio < 250 in the presence of other dysfunctional organs or
systems, or < 200 if lung is the only dysfunctional organ, (3) acute rise in creatinine > 171
mM or urine output <0.5 ml/kg body weight for 1 hour despite adequate fluid resuscitation,
(4) unexplained metabolic acidosis (pH < 7.30 or base deficit > 5 with lactate > 1.5 times
the upper limit of normal, and (5) platelet count < 50,000 or a 50% drop over the 3 days
prior to ICU admission. The inclusion criteria for septic shock are the same as those for
sepsis except that patients must be on vasopressors within the previous 24 hours. Patients
were excluded if they were < 18 years old, pregnant or breastfeeding, or were receiving
palliative care. Deferred informed consent was obtained for enrolment in 64.8% of the

patients and a priori consent was obtained for 34.2% of the patients.

2.0.10 Quantification of Human DNase I and DNasell.3

Development of an in-house sandwich enzyme-linked immunosorbent assay
(ELISA): A mouse monoclonal capture antibody against human DNase I was diluted in 50
mM carbonate buffer, coated on a 96-well clear bottom plate, and incubated overnight at
4°C. The next day, blocking buffer was added to each well to block non-specific protein-
binding sites and incubated for 2 hours at room temperature. The blocking buffer was
aspirated and the plate was washed 3 times with wash buffer. Plasma from septic patients

collected as part of our DYNAMICS study (patients and inclusion criteria provided above)

50



M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.

were diluted with blocking buffer, added to a 96-well clear bottom plate, and incubated for
2 hours at room temperature. Recombinant human DNase I was also diluted and added to
generate a standard curve. The liquid was aspirated and the plate was washed 3 times with
wash buffer. Next, a mouse monoclonal detector antibody against human DNase I and
conjugated to horseradish peroxidase (HRP) was diluted with blocking buffer, added to
each well, and incubated for 2 hours at room temperature. The liquid was aspirated and the
plate was washed 3 times with wash buffer. Tetramethylbenzidine (TMB) substrate
(Thermo Fisher Scientific, Waltham, MA) was added. After 30 minutes, 2 M sulphuric acid
was added to stop the reaction. The absorbance was measured at 450 nm in end-point mode
using a SpectraMax plate reader to determine the concentrations of DNase I in the septic
plasma.

Sandwich ELISA (complete kit including all reagents were purchased from abbexa,
Cambridge, UK): A monoclonal capture antibody against DNase1L3 was coated on a 96-
well clear bottom plate and incubated overnight at 4°C. A blocking buffer was next added
to each well to block non-specific protein-binding sites and incubated overnight at 4°C.
Serially diluted DNaselL3 standards and plasma collected from septic patients as part of
our DYNAMICS study were added and incubated at 37°C for 2 hours. The liquid was
aspirated and a biotinylated DNaselL3 detector antibody was added to each well and
incubated at 37°C for 1 hour. The liquid was discarded and the plate was washed 3 times
with wash buffer. Next a 1x avidin-HRP conjugate was added to each well and incubated
at 37°C for 1 hour. The liquid was aspirated and the plate was washed 5 times with wash

buffer. TMB substrate was added. After 5 minutes, 2 M sulphuric acid was added to stop
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the reaction. The absorbance was measured at 450 nm in end-point mode using a
SpectraMax plate reader to determine the concentrations of DNaselL3 in the plasma of
septic patients.

2.0.11 APC Enzyme Capture Assay

This APC enzyme capture assay was developed by Dr. Patricia Liaw. The HAPC
1555 antibody was diluted in coating buffer and added to a 96-well clear bottom plate for
incubation overnight at 4°C. The next day, the solution was aspirated, blocking buffer was
added, and the plate was incubated for 1 hour at room temperature. APC diluted to create
a standard curve and plasma collected from septic patients as part of our DYNAMICS study
were added to the plate and incubated at room temperature for 30 minutes. The plate was
then washed twice with wash buffer. Next, CS-21(66) Chromogenic Substrate (Enzyme
Research Laboratories, South Bend, IN) was added. The absorbance was measured at 405
nm using a SpectraMax plate reader at 0 hours, 1 hour, 3 hours, and overnight to quantify
the levels of APC in the septic plasma. To detect levels of APC equal or less than 0.5
ng/mL, a time point greater than 19 hours is required for colour development.

2.0.12 Measuring Binding Affinities between Histones and Heparins using Bio-Layer
Interferometry (BLI)

The BLITz system (FortéBio, Fremont, CA) was used to measure the biomolecular
interactions between human histones H2A, H2B, H3, and H4 with UFH, enoxaparin,
fondaparinux, and Vasoflux. The BILTz system uses Bio-Layer Interferometry (BLI)
technology, which is an analytical technique that measures the interference pattern of white
light reflected from two surfaces. One surface consists of the biosensor tip, which had the
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different biotinylated histones immobilized via a streptavidin-biotinylation interaction. The
second surface consists of an internal reference layer. A wavelength shift occurs when the
histones bind to an analyte in solution (either UFH, enoxaparin, fondaparinux, or
Vasoflux), as this causes an increase in optical thickness at the biosensor tip. Binding

interactions are measured and recorded in real time.

2.0.13 Retro-orbital Blood Collection

Blood was collected from healthy male and female C57BL/JC mice retro-orbitally
every 2 weeks from alternating orbits to allow for a minimum recovery period of one
month. A maximum of 2 retro-orbital bleeds from each eye were collected in this study.
The mice ranged from 6 weeks old (at the beginning of the study) to 93 weeks old (by the
end of the study). Under general gaseous anesthesia (isoflurane SOP GEN727), 110 — 140
uL (up to 10% of the animal’s total blood volume) was collected from the retro-orbital
sinus of each mouse using a sterile heparinized capillary tube. Blood was collected into
heparinized microtainer blood collection tubes. The mice were injected with 1 mL of
subcutaneous fluid (saline) after blood collection to replace the lost blood volume. The
mice were transferred back to their housing rooms after ensuring hemostasis. All studies
were approved by the Animal Research Ethics Board at McMaster University (Hamilton,
ON, Canada) and all mice were treated humanely according to the Canadian Council on
Animal Care guidelines. The whole blood was centrifuged twice at 5000 g for 10 minutes.

The plasma was collected and stored at -80°C until used.
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2.0.14 Inferior Vena Cava Blood Collection

Under general gaseous anesthesia (isoflurane SOP GEN727), 1 mL of blood was
collected from the inferior vena cava into heparinized microtainer blood collection tubes.
The whole blood was centrifuged twice at 5000 g for 10 minutes. The plasma was collected

and stored in aliquots at -80°C until used.

2.0.15 PicoGreen dsDNA Quantitation Assay

The PicoGreen dsDNA Quantitation Assay was used to measure DNA levels in
mouse plasmas due to the small volumes obtained from mice. DNA was diluted with 1x
TE Buffer (Invitrogen, ON, Canada) to prepare a standard curve (ranging from 0 to 50,000
pg/mL). Mouse plasma samples were diluted 50-fold with 1x TE Buffer and added to each
well on a Costar 96-well black polystyrene plate. Next, the Quant-iT PicoGreen reagent
(Invitrogen, ON, Canada) was diluted 200-fold with 1x TE buffer and 100 pL was added
to each well. The plate was incubated for 5 minutes on a shaker at 180 RPM in the dark.
The plate was read using a SpectraMax plate reader on fluorescent top read, with excitation
0of 490 nm, and emission of 525 nm.
2.0.16 Statistical Analyses

Statistical analyses were performed using GraphPad Prism software (La Jolla, CA,
USA). Values are expressed as mean + standard error of mean (SEM) and p-values < 0.05
were considered significant. Significant differences between groups were determined using
a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test.

Correlations were calculated using the Pearson’s correlation coefficient.
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3.0 Results

3.0.1 Determining the affinity between histones and UFH, enoxaparin,
fondaparinux, and Vasoflux

To determine if GAGs can bind to histones and displace them from DNA-histone
complexes, binding affinities were determined between human histones and UFH,
enoxaparin, Vasoflux, and fondaparinux. The binding interactions between histones H2A,
H2B, H3, and H4 with either UFH, enoxaparin, fondaparinux, or Vasoflux were determined
by BLI technology using the BLITz System. As shown in Table 2, UFH, enoxaparin, and
Vasoflux bind histones H2A, H2B, H3, and H4 with high affinities (Kp ranging from <1
nM to 85.50 nM). Our preliminary results also show that fondaparinux has a very low
binding affinity towards histones (8533 nM), which suggests that the binding of GAGs to
histones is size-dependent. Raw binding curves of our BLITz data is provided in the

Appendix (Figure 7.1).
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Table 2. Determining the different dissociation constant values (Kp) between histones
H2A, H2B, H3, and H4 with UFH, enoxaparin, fondaparinux, and Vasoflux. Results were
obtained with the BLITz System and representative of n = 2 experiments. Values are

expressed as mean = SEM.

GAGs Histones Kp (nM) + SEM
Unfractionated Heparin H2A <1
H2B 1.15+0.81
H3 <1
H4 <1
Enoxaparin H2A <1
H2B <1
H3 <1
H4 3.10+2.19
Vasoflux H2A <1
H2B 85.50 + 60.47
H3 <1
H4 <1
Fondaparinux H2A 8533
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3.0.2 Effects of UFH on DNase I activity in a purified system

To determine the effects of the different GAGs on enhancing DNase I activity,
DNase I was added to preformed DNA-histone complexes in the absence or presence of
various concentrations of UFH, which is the largest form of heparin (average molecular
weight of 15 kDa). As shown in Figure 3.1 (Lane 4), the molecular weight of human
genomic DNA isolated from healthy adults via PAXgene is around 10 kb. The addition of
unfractionated bovine histones to the DNA results in complexes that remain in the wells of
the agarose gel (Lane 7). The addition of DNase I alone (Lane 8) was unable to completely
degrade the DNA-histone complex due to its low activity towards histone-bound DNA,
which supports the findings of previous studies (Jiménez-Alcézar et al., 2017; Napirei et
al., 2009). The addition of UFH allowed DNase I to cleave the histone-bound DNA in a
dose-response manner, as shown by the disappearance of the DNA-histone complexes in
the agarose gel (A, Lanes 11, 12) and densitometry graph (B). A minimum concentration
of 7 uM (100 pg/mL) of UFH was required for DNase I to completely degrade the DNA in
the DNA-histone complex (A, Lane 11) (B). When UFH alone was added to the DNA-
histone complexes, a band of DNA was shown beneath the well, indicating that the

presence of UFH displaced the DNA from histones (Lane 13).
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Figure 3.1. Effects of UFH on DNase I activity in a purified system. DNA (3 nM) and
histones (3 uM) were incubated for 1 hour at 37°C to form DNA-histone complexes (Lane
7). DNase I (0.5 uM) was added to the complexes either alone (Lane 8) or in combination
with increasing concentrations of UFH (Lanes 9, 10, 11, 12) for 30 minutes at 37°C. The
samples were run on a 1.8% agarose gel stained with RedSafe for 1 hour at 110 V (A).
Figure is representative of n = 3 gels. Gels were quantified using densitometry, and the
percent DNA in the wells are reported as mean = SEM (n = 3) (B). Significant differences
were determined using a one-way ANOVA, and compared to the DNA and histones control
(white bar). P-values < 0.05 were considered significant. *p < 0.05, ** p < 0.01, *** p <

0.001, **** p <0.0001.
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3.0.3 Effects of enoxaparin on DNase I activity in a purified system

Previous studies have determined that UFH is able to enhance the activity of DNase
I towards DNA-histone complexes, as mentioned above in section 3.0.2; however, no
studies have looked at the effects of the other forms of GAGs including enoxaparin,
fondaparinux, and Vasoflux on their ability to activate DNase 1. As a result, we tested these
interactions to better understand the mechanisms by which DNase I degrades histone-bound
DNA. First, we looked at the interactions between enoxaparin and DNase I to determine if
the cofactor ability of GAGs is size-dependent (Figure 3.2). Enoxaparin is a LMWH and
has an average molecular weight of 4.5 kDa. Similar to the experiments done with UFH,
the presence of enoxaparin allowed DNase I to degrade the DNA-histone complexes in a
dose-response manner (A, Lanes 9, 10, 11, 12) (B). A minimum concentration of 20 uM
(100 pg/mL) of enoxaparin was required for DNase I to completely degrade the DNA in
the DNA-histone complexes (A, Lane 11) (B). Treating the complexes with only
enoxaparin caused the most amount of DNA to dissociate from the DNA-histone

complexes, as compared to the other conditions (A, Lane 13).
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Figure 3.2. Effects of enoxaparin on DNase I activity in a purified system. DNA (3 nM)
and histones (3 uM) were incubated for 1 hour at 37°C to form DNA-histone complexes
(Lane 7). DNase I (0.5 uM) was added to the complexes either alone (Lane 8) or in
combination with increasing concentrations of enoxaparin (Lanes 9, 10, 11, 12) for 30
minutes at 37°C. The samples were run on a 1.8% agarose gel stained with RedSafe for 1
hour at 110 V. Figure is representative of n = 3 gels. Gels were quantified using
densitometry, and the percent DNA in the wells are reported as mean = SEM (n = 3) (B).
Significant differences were determined using a one-way ANOVA, and compared to the
DNA and histones control (white bar). P-values < 0.05 were considered significant. *p <

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.0.4 Effects of fondaparinux on DNase I activity in a purified system

Next, the effects of fondaparinux on DNase I-mediated degradation of DNA-
histone complexes were determined (Figure 3.3). Fondaparinux is the smallest form of
heparin, existing as a synthetic pentasaccharide with an average molecular weight of 1.7
kDa. Unlike UFH and enoxaparin, the addition of fondaparinux was unable to accelerate
DNase I-mediated degradation of DNA-histone complexes, even at higher concentrations
of 120 uM (200 png/mL) (A, Lane 12) (B). Moreover, when fondaparinux was added to the
DNA-histone complexes in the absence of DNase I, no band of DNA migrated into the gel
(A, Lane 13). These findings suggest that fondaparinux is unable to displace DNA from

histones, and that the cofactor activity of GAGs is size-dependent.
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Figure 3.3. Effects of fondaparinux on DNase I activity in a purified system. DNA (3

nM) and histones (3 uM) were incubated for 1 hour at 37°C to form DNA-histone

complexes (Lane 7). DNase I (0.5 uM) was added to the complexes either alone (Lane 8)

or in combination with increasing concentrations of fondaparinux (Lanes 9, 10, 11, 12) for

30 minutes at 37°C. The samples were run on a 1.8% agarose gel stained with RedSafe for

1 hour at 110 V. Figure is representative of n = 3 gels. Gels were quantified using

densitometry, and the percent DNA in the wells are reported as mean = SEM (n = 3) (B).

Significant differences were determined using a one-way ANOVA, and compared to the

DNA and histones control (white bar). P-values < 0.05 were considered significant. *p <

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.0.5 Effects of Vasoflux on DNase I activity in a purified system

Next, we wanted to determine if the cofactor activity of GAGs requires the AT-
binding region (Figure 3.4). Vasoflux is a LMWH that has been chemically modified
through periodate oxidation to reduce its affinity for AT by Dr. Weitz and colleagues
(Weitz et al., 1999). Similar to the experiments done with UFH and enoxaparin, the
presence of Vasoflux allowed DNase I to degrade the DNA-histone complexes in a dose-
response manner (A, Lane 9, 10, 11, 12) (B). A minimum concentration of 20 uM (100
png/mL) of Vasoflux was required for DNase I to completely degrade the DNA in the DNA-
histone complexes (A, Lane 11) (B). Interestingly, a minimum concentration of 20 uM
(100 png/mL) of enoxaparin was also required for DNase I to completely degrade the DNA
in the DNA-histone complexes (Figure 3.3, Lane 11). These results suggest that the
cofactor activity of GAGs in enhancing DNase [-mediated degradation of DNA-protein

complexes does not require the AT-binding region, but is size-dependent.
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Figure 3.4. Effects of Vasoflux on DNase I activity in a purified system. DNA (3 nM)
and histones (3 uM) were incubated for 1 hour at 37°C to form DNA-histone complexes
(Lane 7). DNase I (0.5 uM) was added to the complexes either alone (Lane 8) or in
combination with increasing concentrations of Vasoflux (Lanes 9, 10, 11, 12) for 30
minutes at 37°C. The samples were run on a 1.8% agarose gel stained with RedSafe for 1
hour at 110 V. Figure is representative of n = 3 gels. Gels were quantified using
densitometry, and the percent DNA in the wells are reported as mean = SEM (n = 3) (B).
Significant differences were determined using a one-way ANOVA, and compared to the

DNA and histones control (white bar). P-values < 0.05 were considered significant. *p <

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.0.6 Effects of DNase I titration on DNA-histone complexes in a time course study

Our previous experiments demonstrated that DNase I (0.5 uM) is able to degrade
the DNA component of DNA-histone complexes in the presence of either UFH,
enoxaparin, or Vasoflux when incubated for 30 minutes. At these conditions, we observed
complete degradation of DNA on the agarose gels. As a result, we tested the same
concentration of DNase I (0.5 uM) and lower concentrations (2.5 nM and 0.5 nM) in a time
course study (5, 10, 15, 30 minutes incubation) to see an intermediate pattern of DNA
degradation. In our previous experiments in section 3.0.2, we determined that a
concentration of approximately 0.7 uM of UFH was required to displace the histones from
the DNA-histone complexes, and allow for DNase I to significantly degrade the DNA (p <
0.0001). Therefore, we used 0.5 uM of UFH in these experiments. A concentration of 0.5
nM of DNase I resulted in no degradation of DNA, even after 30 minutes (Figure 3.5A). A
concentration of 2.5 nM of DNase I resulted in a smear pattern of degradation, with all the
DNA entering the agarose gel from the wells at 10 minutes (Figure 3.5B, Lane 6). The
concentration of DNase I similar to our previous experiments (0.5 uM) resulted in complete

degradation of DNA, even at 5 minutes (Figure 3.5C, Lane 5).
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Figure 3.5. Effects of DNase I titration on DNA-histone complexes in a time course
study. DNA (3 nM) and histones (3 uM) were incubated for 1 hour at 37°C to form DNA-
histone complexes (Lane 3). DNase [ was added to the complexes at various concentrations:
0.5 nM (A), 2.5 nM (B), or 0.5 uM (C) in the presence of UFH (0.5 uM). In each figure,
DNase I was added to the complexes on its own (Lane 4). Reactions were stopped after 5
minutes (Lane 5), 10 minutes (Lane 6), 15 minutes (Lane 7), or 30 minutes (Lane 8) with
50 mM EDTA. The samples were run on a 1.8% agarose gel stained with ethidium bromide

for 1 hour at 100 V.
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B.
Reaction (minutes): - - - 5 10 15 30
DNase I (2.5 nM) 1 kb - - + + + + +
UFH (0.5 uM) ladder - - - + T T T
DNA (3 nM) + + + + + + +
Histones (3 pM) - + + + + + +
Lane Number 1 2 3 4 5 6 7 8

71



M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.

C.
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3.0.7 Effects of immediate or overnight GAG treatment on DNA-histone complexes
in the absence of DNase I

Next, we treated the preformed DNA-histone complexes with either UFH,
enoxaparin, fondaparinux, or Vasoflux to better understand the mechanism by which GAGs
enhance the activity of DNase I towards cleaving histone-bound DNA (Figure 3.6). DNA-
histone complexes were treated with increasing concentrations of GAGs (1 uM, 5 uM, 10
uM, 25 uM, 50 uM, 100 uM) to determine if GAGs can displace histones from DNA.
Reactions were run on an agarose gel immediately (Lanes 4, 5, 6, 7, 8, 9) or after an
overnight incubation with GAGs (Lanes 10, 11, 12, 13, 14, 15). DNA-histone complexes
that were not treated with GAGs remained in the wells of the agarose gel (Lane 3).

UFH was able to displace histones from DNA in a dose-response manner as shown
by the increasing amounts of DNA that migrated into the agarose gel, which continued to
increase after an overnight incubation with UFH (A, B). An overnight incubation with 100
uM of UFH resulted in the same amount of DNA migrating into the agarose gel as the DNA
only control, as determined by densitometry analysis (B).

Enoxaparin also displaced histones from DNA in a dose-response manner (C, D).
Overnight incubation with enoxaparin increased the amount of DNA that migrated into the
gel compared to the equivalent concentrations in the immediate conditions. However,
overnight treatment with enoxaparin at 100 uM did not show a significant difference
compared to the equivalent concentration in the immediate condition. Incubation with 100

UM of enoxaparin in the immediate condition, and overnight incubation with 25 uM of
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enoxaparin or greater resulted in the same amount of DNA migrating into the agarose gel
as the DNA only control, as determined by densitometry analysis (D).

Fondaparinux was unable to displace histones from DNA, even at the highest
concentration (100 uM) with an overnight incubation (E, F).

Treatment with Vasoflux displaced histones and allowed DNA to migrate into the
gel in a dose-response manner in the immediate conditions (G, H). Overnight treatment of
the DNA-histone complexes with Vasoflux increased the amount of DNA that migrated
into the agarose gel. Overnight incubation with 25 uM of Vasoflux or greater resulted in
the same amount of DNA migrating into the agarose gel as the DNA only control, as
determined by densitometry analysis (H).

Taken together, these results suggest that the cofactor activity of GAGs is size-
dependent and does not require the AT-binding region. UFH, enoxaparin, and Vasoflux are
able to bind and displace histones from DNA, thereby allowing DNase I to access the DNA-

cleavage sites.
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Figure 3.6. Effects of increasing concentrations of GAGs on DNA-histone complexes
in the absence of DNase I. DNA (3 nM) and histones (3 uM) were incubated for 1 hour at
37°C to form DNA-histone complexes. Increasing concentrations (1 uM, 5 uM, 10 uM, 25
uM, 50 uM, 100 uM) of either UFH (A), enoxaparin (C), fondaparinux (E), or Vasoflux
(G) were added to preformed DNA-histone complexes. Samples were run immediately
(Lanes 4, 5, 6, 7, 8, 9) or after an overnight incubation with GAGs (Lanes 10, 11, 12, 13,
14, 15) on a 1.8% agarose gel stained with ethidium bromide for 1 hour at 100 V. Each
figure is representative of n = 3 gels. Gels were quantified using densitometry, and the
percent free DNA values are reported as mean = SEM (n = 3) (B, D, F, H). Significant
differences were determined using a one-way ANOVA, and compared to the DNA only
control (white bar). P-values < 0.05 were considered significant. *p < 0.05, ** p < 0.01,

% p < 0,001, ##%% p < 0.0001.

75



M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.

A.
Immediate Overnight
UFH (uM) kb | - | -1 |5|10[25|50|100| 1 | 5 | 10| 25|50/ 100
DNA (3 nM) ladder | + |+ [+ |+ | + | + |+ | + |+ |+ |+ |+ ]|+ ] +
Histones (3 uM) S S o I + + + + + + + + +
Lane Number 1 21314151678 9 1011121314 ] 15

100 *
. Immediate
- Overnight
< 75
Z
)
[¢}) -
e 50 *kkk
L
X
Q

76



M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.

C.
Immediate Overnight
Enoxaparin(uM) | 1kb | - | - |1 ]|5]10]25]50|100| 1 5 110|25]50] 100
DNA (3 nM) ladder | + | + |+ |+ | + | + |+ | + |+ |+ |+ |+ |+ ]| +
Histones (3 uM) S o B o o R + + + + + + + + +
Lane Number 1 213145161718 9 |10 ] 11121314 ]| 15

. Immediate
Overnight

1001

75~

504

*%*

% Free DNA

*kkk

D Nt ‘),éb(ﬁ)‘§hs§> N& c)'éb(ﬁ)‘§%é§b

O¥ Enoxaparin (pM)

77




M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.

78

E.
Immediate Overnight
Fondaparinux(uM) | 1kb [ - | - |1 |5]10[25|50]|100| 1 | 5 ]10]25]|50]100
DNA (3 nM) ladder | + |+ |+ |+ | + |+ |+ | + |+ |+ |+ |+ |+ ] +
Histones (3 HM) -+ |+ ]+ ]+ + + + + + + + + +
Lane Number 1 2131451678 9 |10 1112|1314 ] 15
kb
10
3
1
F.
100 —
. Immediate
75+ Overnight
<
Z
o
O 50-
o
L
\O
o
25- *kk*%k
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
OQ;{Q .
Y x Fondaparinux (uM)
DX
Q




M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.
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3.0.8 Digestion of DNA-histone complexes with DNaselL.3 in the presence of GAGs

Next, we repeated our DNA-histone complex degradation assay using DNaselL3
in the presence or absence of GAGs (Figure 3.7). In literature, DNase1L3 has been reported
to have high activity towards digesting histone-bound DNA, and low activity towards
digesting protein-free DNA (Napirei et al., 2005, 2009; Sisirak et al., 2016). Our results are
consistent with literature (Figure 3.7). The addition of DNasel1L3 (0.5 uM) to protein-free
DNA (Lane 3) resulted in a lower intensity band compared to DNA alone (Lane 2), and
was unable to completely degrade the DNA, thereby confirming that DNaselL3 has low
activity towards digesting protein-free DNA. Conversely, the addition of DNasel1L3 (0.5
uM) to DNA-histone complexes resulted in complete degradation (Figure 3.7A, Lane 5,
Figure 3.7B), which confirms that DNaselL3 has high activity towards digesting histone-
bound DNA. UFH has previously been reported to inhibit the activity of DNase1L3, which
we also showed in Lane 6, evident by the DNA-histone complex remaining in the well.
Interestingly, our studies revealed that enoxaparin (Lane 7) and Vasoflux (Lane 8) also
inhibited the activity of DNaselL3, but fondaparinux (Lane 9) did not (A, B). Taken
together, our results suggest that the ability of GAGs to inhibit DNaselL3-mediated
digestion of DNA-histone complexes is size-dependent, and independent of the AT-binding

region.
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Figure 3.7. Digestion of DNA-histone complexes with DNaselL3 in the presence of
GAGs. DNA (3 nM) was added to the agarose gel (Lane 2). DNaselL3 (0.5 uM) was added
to the DNA for 30 minutes at 37°C (Lane 3). DNA (3 nM) and histones (3 uM) were
incubated for 1 hour at 37°C to form DNA-histone complexes (Lane 4). DNaselL3 (0.5
uM) was added to the complexes either alone (Lane 5) or in combination with 5 uM of:
UFH (Lane 6), enoxaparin (Lane 7), Vasoflux (Lane 8), or fondaparinux (Lane 9). The
samples were run on a 1.8% agarose gel stained with ethidium bromide for 1 hour at 100
V. Figure is representative of n = 3 gels (A). Gels were quantified using densitometry, and
the percent DNA in the wells are reported as mean £ SEM (n = 3) (B). Significant
differences were determined using a one-way ANOVA, and compared to the DNA and
histones control (white bar). P-values < 0.05 were considered significant. *p < 0.05, ** p

<0.01, *** p < 0.001, **** p < 0.0001.
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3.0.9 Degradation of NETs with DNase I in combination with GAGs

In parallel with the agarose gel studies, we generated NETs in vitro and visualized
their degradation with DNase I alone or in combination with either UFH, enoxaparin,
fondaparinux, or Vasoflux (Figure 3.8). Neutrophils were isolated from whole blood as
described above in section 2.0.7, and stained with DAPI to visualize intracellular DNA (A).
Next, 100 nM PMA was added to the neutrophils to stimulate NETosis, thereby forming
NETs as visualized by SYTOX Green, which stains extracellular DNA and dead cells (C).
NETs were also stained with DAPI (B). The addition of DNase I (0.5 uM) alone was
effective in degrading the DNA component of NETs, presumably by digesting extracellular
chromatin at histone-free linker regions (D). The combination of DNase I with either UFH
(E), enoxaparin (F), fondaparinux (G), or Vasoflux (H) showed similar results to that of
DNase I alone. We also quantified the degradation of NETs using a plate-reader based
fluorometric assay (I). The addition of DNase I significantly reduced the RFU compared to
the PMA-stimulated condition (NETs). The addition of GAGs did not further increase the

DNase [-mediated NETs degradation compared to DNase I alone.
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Figure 3.8. Formation and degradation of NETs with DNase I and GAGs. Neutrophils
were isolated from healthy human whole blood, added to coverslips, and stained with 5 uM
DAPI (A). Next, 100 nM PMA was added to the neutrophils and incubated for 4 hours at
37°C and 5% CO: to allow for NETosis, and stained by DAPI (B), or SYTOX Green (C).
DNase I (0.5 uM) was added to the NETs either on its own (D), or in combination with
UFH (13 uM) (E), enoxaparin (40 uM) (F), fondaparinux (120 uM) (G), or Vasoflux (40
uM) (H). Images were obtained using a fluorescence microscope. Each image is
representative of n = 3 experiments with three different blood donors. In addition, isolated
neutrophils were added to a Costar 96-well black polystyrene plate (unstimulated). Next,
100 nM PMA was added to the neutrophils and incubated for 4 hours at 37°C and 5% CO»
to allow for NETosis as visualized by SYTOX Green. DNase I (0.5 uM) was added to the
NETs either on its own, or in combination with UFH (13 uM), enoxaparin (40 uM),
Vasoflux (40 uM), or fondaparinux (120 uM), The values are reported as RFU, and
expressed as mean £ SEM (I). Significant differences between groups were determined
using a one-way ANOVA. Results are representative of n = 4 experiments with four

different blood donors. P-values < 0.05 were considered significant. *p <0.05, ** p <0.01,

% p < 0,001, ##%% p < 0.0001.
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A. Neutrophils (DAPI) B. NETs (DAPI)

C. NETs (SYTOX) D. NETs + DNase I (0.5 uM)

E. NETs + DNase [ + UFH (13 uM) F.NETs + DNase [ + Enoxaparin (40 uM)
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3.0.10 Degradation of NETs with DNaselL.3 in combination with GAGs

We next treated NETs with DNaselL3 alone or in combination with UFH,
enoxaparin, fondaparinux, or Vasoflux for 30 minutes (Figure 3.9). We visualized the DNA
component of NETs with SYTOX Green, and quantified the RFU using a fluorometric
assay (F). Treatment with DNase1L3 alone or in combination with fondaparinux was the
most effective at degrading the NETs (A, E). Incubation of NETs with DNaselL3 (16 nM)
for longer time periods showed no significant differences in RFU values compared to the
30 minute incubation (data not shown).

Treatment with DNaselL3 in combination with either UFH, enoxaparin, or
Vasoflux reduced DNaselL3-mediated degradation of NETs (B, C, D). UFH has
previously been shown to be an inhibitor of DNaselL3, and our results suggest that
enoxaparin and Vasoflux may also be novel inhibitors of DNaselL3. The inhibition of
DNasel1L3 by GAGs appears to be size-dependent as the larger GAGs reduced the activity
of DNaselL3, whereas fondaparinux did not. Further, our results suggest that the AT-
binding region is not required for GAGs to inhibit DNaselL3 because Vasoflux also

reduced the activity of DNaselL3.
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Figure 3.9. Formation and degradation of NETs with DNaselL3 and GAGs.
Neutrophils were isolated from healthy human whole blood and added to coverslips. Next,
100 nM PMA was added to the neutrophils and incubated for 4 hours at 37°C and 5% CO»
to allow for NETosis as visualized by SYTOX Green, which stains extracellular DNA and
dead cells. DNaselL3 (16 nM) was added to the NETs on its own (A), or in combination
with UFH (13 uM) (B), enoxaparin (40 uM) (C), Vasoflux (40 uM) (D), or fondaparinux
(120 uM) (E). Images were obtained using a fluorescence microscope. Each image is
representative of n = 3 experiments with three different blood donors. In addition, isolated
neutrophils were added to a Costar 96-well black polystyrene plate (unstimulated). Next,
100 nM PMA was added to the neutrophils and incubated for 4 hours at 37°C and 5% CO»
to allow for NETosis as visualized by SYTOX Green. DNasel1L3 (16 nM) was added to
the NETs either on its own, or in combination with UFH (13 uM), enoxaparin (40 uM),
Vasoflux (40 uM), or fondaparinux (120 uM). The values are reported as RFU, and
expressed as mean + SEM (F). Significant differences between groups were determined
using a one-way ANOVA. Results are representative of n = 4 experiments with four
different blood donors. P-values < 0.05 were considered significant. *p <0.05, ** p <0.01,

% p < 0,001, ##%% p < 0.0001.
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3.0.11 Effects of DNase I titration on NET degradation in a time course study

Our previous NET degradation experiments demonstrated that DNase I (0.5 uM) is
able to completely degrade the DNA component of NETs on its own when incubated for
30 minutes (Figure 3.8). Consequently, we tested the same concentration of DNase I (0.5
puM) and lower concentrations (50 nM and 10 nM) in a time course study (5, 15, 30 minutes
incubation) to see an intermediate pattern of NET degradation. Neutrophils were isolated
from whole blood as described above in section 2.0.7, and stained with DAPI to visualize
intracellular DNA (A). Next, 100 nM PMA was added to the neutrophils to stimulate
NETosis, thereby forming NETs as visualized by SYTOX Green, which stains extracellular
DNA and dead cells (B). An intermediate pattern of degradation was observed when NETs
were incubated with 10 nM of DNase I for 5 or 15 minutes (C, D). Complete degradation
of NETs was observed at 30 minutes with 10 nM of DNase I (E). Interestingly, we treated
NETs with a higher concentration of DNaselL3 (16 nM) compared to DNase I (10 nM),
but DNase I was significantly more effective at degrading the DNA component of NETs at
30 minutes (Figure 3.9A, Figure 3.10E), despite the preference of DNase1L3 for degrading
histone-bound DNA. This finding suggests that the enzymatic activity of DNase I is greater
than the enzymatic activity of DNaselL3. Treatment with 50 nM of DNase I was able to
degrade the NETs more effectively than 10 nM of DNase I (F, G, H). There was no
difference in the amount of NET degradation when comparing a 5 minute and 30 minute
incubation with 50 nM of DNase 1. The concentration of DNase I used in our previous
experiments (0.5 uM) resulted in complete degradation of NETs, even at 5 minutes (I, J,
K).
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Additionally, we added DNase I (0.5 uM) with a protease inhibitor cocktail to
determine if other neutrophil-derived proteases, such as neutrophil elastase and cathepsin
G, act as cofactors in DNase [-mediated degradation of NETs (L). The presence of the
protease inhibitor cocktail did not affect the activity of DNase I, as the NETs were still fully
degraded (L). Therefore, the other NETs components do not act as cofactors in DNase I-

mediated NET degradation.

Figure 3.10. Effects of DNase I titration on NET degradation in a time course study.
Neutrophils were isolated from healthy human whole blood, added to coverslips, and
stained with DAPI (A). Next, 100 nM PMA was added to the neutrophils and incubated for
4 hours at 37°C and 5% CO to allow for NETosis, and stained with SYTOX Green (B).
DNase I was added to the NETs at increasing concentrations (10 nM, 50 nM, or 0.5 uM)
for either 5 minutes, 15 minutes, or 30 minutes to allow for degradation. Reactions were
stopped with 50 mM EDTA. NETs were also treated with DNase I (0.5 uM) in the presence
of a protease inhibitor cocktail for 30 minutes (L). Coverslips were stained with SYTOX
Green. Images were obtained using a fluorescence microscope.
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A. Neutrophils (DAPI) B. NETs (SYTOX)

C. NETs + DNase I (10 nM)- 5 minutes D. NETs + DNase I (10 nM)- 15 minutes

E. NETs + DNase I (10 nM)- 30 minutes F. NETs + DNase [ (50 nM)- 5 minutes
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G. NETs + DNase I (50 nM)- 15 minutes H. NETs + DNase I (50 nM)- 30 minutes

I. NETs + DNase I (0.5 uM)- 5 minutes J. NETs + DNase I (0.5 uM)- 15 minutes

K. NETs + DNase I (0.5 uM)- 30 minutes L. NETs + DNase I (0.5 uM) + Protease
Inhibitor Cocktail- 30 minutes
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3.0.12 Treating NETs with GAGs in the absence of DNase I and DNasell.3

In addition to treating NETs with DNase I or DNaselL3 in the absence or presence
of GAGs, we also treated NETs with either UFH (13 uM) (A), enoxaparin (40 uM) (B),
fondaparinux (120 uM) (C), or Vasoflux (40 uM) (D) in the absence of DNase I or
DNaselL3 (Figure 3.11). We visualized the DNA component of NETs with SYTOX Green,
and quantified the RFU using a fluorometric assay, as described above in section 3.0.8. As
expected, treatment with GAGs in the absence of DNase I or DNaselL3 did not decrease

the amount of extracellular DNA compared to the no treatment group (Figure 3.11).
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Figure 3.11. Treating NETs with UFH, enoxaparin, fondaparinux, or Vasoflux.
Neutrophils were isolated from healthy human whole blood and added to coverslips. Next,
100 nM PMA was added to the neutrophils and incubated for 4 hours at 37°C and 5% CO»
to allow for NETosis as visualized by SYTOX Green, which stains extracellular DNA and
dead cells. NETs were treated with either UFH (13 uM) (A), enoxaparin (40 uM) (B),
fondaparinux (120 uM) (C), or Vasoflux (40 uM) (D). Images were obtained using a
fluorescence microscope. In addition, isolated neutrophils were added to a Costar 96-well
black polystyrene plate (unstimulated). Next, 100 nM PMA was added to the neutrophils
and incubated for 4 hours at 37°C and 5% CO; to allow for NETosis as visualized by
SYTOX Green. NETs were treated with either UFH (13 uM), enoxaparin (40 uM),
fondaparinux (120 uM), or Vasoflux (40 uM). The values are reported as RFU, and
expressed as mean + SEM (E). Significant differences between groups were determined

using a one-way ANOVA. P-values < 0.05 were considered significant. *p < 0.05, ** p <

0.01, **% p < 0.001, **** p < 0.0001.

A. NETs + UFH (13 uM) B. NETs + Enoxaparin (40 uM)
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3.0.13 Determining plasma levels of DNase I and DNaselL3 in septic patients

We previously reported that high plasma levels of DNA is a biomarker of poor
outcome in septic patients (Dwivedi et al., 2012). Non-survivor patients had persistently
elevated levels of DNA compared with survivors. To investigate time-dependent changes
in levels of DNase I and DNaselL3 in septic patients, we measured plasma levels of these
endonucleases longitudinally (on days 1, 3, 7, 14, 21, 28). DNase I levels were measured
in healthy controls (n = 13), septic survivors (n = 9 — 23), and non-survivors (n = 6 — 16)
using an in-house sandwich ELISA. DNaselL3 levels were measured in healthy controls
(n = 10), septic survivors (n =5 — 22), and non-survivors (n =4 — 10) using a commercial
ELISA kit. As shown in Figure 3.12A, the levels of DNase I were significantly lower in
septic patients compared to healthy controls, and remained low over time (days 1 to 28).
Conversely, the levels of DNasel1L3 were significantly higher in septic patients compared
to healthy controls, and remained elevated over time (days 1 to 28) (Figure 3.12B). Notably,
the levels of DNase I and DNaselL3 were not statistically significant between septic

patients who survived or did not survive (A, B).
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Figure 3.12. Plasma DNase I and DNaselL3 levels in septic patients (days 1 to 28).
DNase I levels were measured in healthy controls (n = 13), septic survivors (n = 9 — 23),
and non-survivors (n = 6 — 16) longitudinally (on days 1, 3, 7, 14, 21, 28) using an in-house
sandwich ELISA (A). DNaselL3 levels were measured in healthy controls (n = 10), septic
survivors (n = 5 — 22), and non-survivors (n = 4 — 10) longitudinally (on days 1, 3, 7, 14,
21, 28) using a commercial sandwich ELISA kit (B). Significant differences between
groups were determined using a one-way ANOVA and p-values < 0.05 were considered
significant. *p < 0.05, ** p <0.01, *** p <0.001.
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3.0.14 Correlations between DNA and DNase I/DNaselL3 levels in septic patients
Elevated levels of DNA have been reported in patients with sepsis (Dwivedi et al.,
2012). This elevation may be due to increased release of DNA from cells, impaired
clearance, and/or decreased levels of DNase I and DNasel1L3 (Gould et al., 2015). To better
understand the mechanism(s) by which DNA levels are elevated, we determined the
correlation between the levels of DNA with both DNase I and DNaselL3 in the septic
patients in a longitudinal manner (days 1, 3, 7, 14, 21, 28) (Figure 3.13). The correlation
between DNA and DNase I showed a negative trend (A — F), while the correlation between
DNA and DNaselL3 showed a positive trend (G — L). However, these correlations were

not statistically significant.

Figure 3.13. Correlations between DNA levels and DNase I/DNaselL3 levels in septic
patients. Correlations were made between DNA and DNase I levels longitudinally on days
1 (A), 3 (B), 7 (C), 14 (D), 21 (E), and 28 (F) using Pearson’s correlation coefficient.
Correlations were made between DNA and DNasel1L3 levels longitudinally on days 1 (G),

3 (H), 7 (), 14 (J), 21 (K), and 28 (L) using Pearson’s correlation coefficient.
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3.0.15 Correlations between DNase I and DNaselL3 levels in septic patients

Next, we determined the correlation between the levels of DNase I and DNaselL3.
in the septic patients in a longitudinal manner (days 1, 3, 7, 14, 21, 28) to better understand
how these host endonucleases are dysregulated in sepsis, and to determine if the reduced
DNase I levels that we found in septic patients are compensated by increased DNaselL3
levels (Figure 3.14). There was a significant positive correlation between DNase I and
DNaselL3 levels on days 14 and 21 (D, E). There were no significant correlations between

these two endonucleases on the remaining days.

Figure 3.14. Correlations between DNase I and DNaselL3 in septic patients.
Correlations were made between DNase I and DNaselL3 levels longitudinally on days 1
(A), 3 (B), 7 (C), 14 (D), 21 (E), and 28 (F) using Pearson’s correlation coefficient. P-

values < 0.05 were considered significant.
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4.0  Discussion

DNase I is an endonuclease that has therapeutic potential in diseases associated with
excessive NET formation. We previously reported that administration of intraperitoneal
recombinant DNase I reduces organ damage and improves outcomes in septic mice (Mai
et al., 2015). A paper by Laukova and colleagues reported that septic mice (induced with
intraperitoneal injection of Escherichia coli) that received intravenous DNase I had a 60%
increase in survival and decreased inflammatory markers compared to untreated mice
(Laukova et al., 2017). A recent study demonstrated that DNase I and DNaselL3 provide
additive protection against harmful effects of intravascular NETs (Jiménez-Alcazar et al.,
2017). Given that thromboprophylaxis with heparin (either UFH or LMWH) is
recommended for septic patients, it is important to investigate the mechanisms by which
GAGs modulate the activities of DNase I and DNaselL3.

We determined the binding affinities between individual human histones and UFH,
enoxaparin, Vasoflux, and fondaparinux by BLI technology using the BLITz system. We
found that UFH, enoxaparin, and Vasoflux have high affinity for histones, while
fondaparinux has low affinity (Table 2). Our results suggest that the ability of GAGs to
bind to histones is size-dependent, and that the AT-binding region of heparins is not
necessary for histone-heparin interactions. Additionally, UFH, enoxaparin, and Vasoflux
bind the four histones with high affinities, which suggests that they would be effective in
helping DNase I digest DNA-protein complexes by displacing the histones. This would
render the DNA-cleavage sites accessible to DNase I. Our results are consistent with a

previous study by Longstaff et al., which found that UFH and enoxaparin have high
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affinities towards calf thymus histones using surface plasmon resonance (Longstaff et al.,
2016). However, we are the first to determine the binding affinity for each of the individual
human histones, as well as the binding affinity for Vasoflux and fondaparinux. We are also
the first to determine heparin-histone interactions using BLI technology.

Next, we looked at the potential for GAGs to act as a co-factor for DNase I-mediated
degradation of DNA-protein complexes in a purified system. DNase I on its own was
unable to degrade the DNA-protein complexes, which is consistent with previous studies
(Jiménez-Alcazar et al., 2017; Napirei et al., 2009). Of all the GAGs we studied in our
agarose gel experiments, we found that fondaparinux was unable to enhance the activity of
DNase I towards cleaving the DNA-protein complexes (Figure 3.3). This LMWH is the
smallest form of heparin, existing only as a synthetic pentasaccharide structure, which we
believe is the reason why it is ineffective at binding to histones. On the other hand, UFH,
enoxaparin, and Vasoflux were able to enhance the ability of DNase I to degrade the DNA-
histone complexes (Figures 3.1, 3.2, 3.4). When UFH, enoxaparin, or Vasoflux were added
to the complexes in the absence of DNase I, the DNA migrated into the gel, suggesting that
these heparins displace histones from DNA (Figure 3.6). These heparins enhance the ability
of DNase I to digest DNA-histone complexes by increasing the accessibility of DNase I
towards DNA-cleavage sites. Treating the DNA-histone complexes overnight with the
highest concentration of fondaparinux (120 uM) still did not displace the histones from the
DNA (Figure 3.6). Our agarose gel experiments are consistent with our binding affinity

data from the BLITz with respect to UFH, enoxaparin, and Vasoflux being able to bind to
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histones, whereas fondaparinux cannot. Taken together, our findings reveal that the GAG-
cofactor activity is size-dependent, and does not require the AT-binding region.

Napirei et al. suggested that UFH can indirectly enhance the ability of DNase I by
accelerating tPA-mediated activation of plasminogen to plasmin (Napirei et al., 2005).
However, since we carried out our experiments in the absence of plasma and therefore
plasminogen, this explanation is not supported by our studies.

Next, we wanted to test our findings from the purified system in the context of
degrading NETs produced in vitro. DNase1L3 has recently gained attention in the literature
as an important endonuclease, of which a loss-of-function variant in this gene causes a
familial form of systemic lupus erythematosus (Al-Mayouf et al., 2011). Further, in DNase
I knock-out mice, the presence of DNaselL3 prevents vascular occlusion by NETs
(Jiménez-Alcazar et al., 2017). As a result, we looked at the effects of GAGs on DNase I-
and DNaselL3-mediated degradation of NETs. Although DNase I required either a serine
protease, UFH, enoxaparin, or Vasoflux to degrade DNA-protein complexes in the purified
system, treating NETs with DNase I (0.5 uM) alone resulted in complete degradation of
the extracellular DNA, presumably by digesting chromatin at histone-free linker regions,
thereby releasing individual nucleosome units (Figure 3.8). This may be possible due to the
histone citrullination that occurs during NETosis by PAD4, which is a process that weakens
the DNA-histone interactions by reducing the positive charge on histones (Franck et al.,
2018). Incubation of NETs with DNase I (0.5 uM) for only 5 minutes was sufficient for
complete degradation (Figure 3.10). We lowered the concentration of DNase I by 10-fold

and 50-fold to see an intermediate pattern of degradation, instead of an all or nothing effect
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that we were seeing with 0.5 uM of DNase 1. Degradation with 50 nM of DNase I was more
effective at degrading the DNA component of NETs compared to 10 nM of DNase I (Figure
3.9). Treating NETs with the lowest concentration of DNase I (10 nM) was still able to
degrade majority of the DNA component of the NETs, suggesting that DNase I has
potential to prevent micro- and macro-vascular thrombosis in diseases associated with
excessive NET formation. DNase I would degrade the large structural NETs down to
smaller components, such as nucleosomes, thereby preventing NETs from occluding
vessels.

To test if neutrophil-derived proteases, such as neutrophil elastase or cathepsin G,
are acting as cofactors for DNase [-mediated degradation of NETs, we treated NETs with
DNase I (0.5 uM) in the presence of a protease inhibitor cocktail. Inhibition of the
neutrophil-derived proteases by the protease inhibitor cocktail did not affect the activity of
DNase I because the NETs were still fully degraded (Figure 3.10). This experiment
suggests that the other NETs components do not act as cofactors in DNase [-mediated NET
degradation, rules out the possibility that the proteases are degrading the NETs, and further
supports the use of DNase I as a potential therapy to target NETs, thereby preventing their
harmful effects within the host.

With respect to DNaselL3, treatment with DNase1L3 alone or in combination with
fondaparinux resulted in the most effective degradation of DNA-histone complexes (Figure
3.7) and NETs (Figures 3.9). When DNaselL3 was combined with UFH, enoxaparin, or
Vasoflux, this reduced its ability to degrade the DNA-histone complexes (Figure 3.7) and

NETs (Figure 3.9). It has previously been reported that UFH inhibits DNaselL3, but our
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results suggest that enoxaparin and Vasoflux may also be novel inhibitors of DNaselL3.
The ability of GAGs to inhibit the activity of DNaselL3 is size-dependent and independent
of the AT-binding region. GAGs are negatively charged molecules, which we believe
allows them to bind to the positively charged DNase1L3 enzyme, and sterically inhibit its
nuclease site.

Interestingly, DNase I was more efficient at degrading the NETs compared to
DNaselL3, despite using a higher concentration of DNasel1L3 (Figure 3.9A, 3.10E). This
finding may be due to DNase I having greater enzymatic activity compared to DNaselL3.
In the context of sepsis, it is possible that DNasel1L3 would be more effective at degrading
NETs because PAI-1 has previously been reported to slightly activate the activity of
DNaselL3, and PAI-1 levels are elevated in septic patients (Napirei et al., 2005; Saracco
et al., 2011).

Next we measured the plasma levels of DNase I and DNaselL3 in septic patients
longitudinally to determine why the levels of DNA are elevated in some septic patients. We
found that the levels of DNase I were significantly lower in septic patients compared to
healthy controls, and remained low over time (Figure 3.12). We also found that DNase1L3
levels were significantly higher in septic patients compared to healthy controls, and
remained elevated over time (Figure 3.12). We determined that the plasma levels of DNA
are inversely correlated with levels of DNase I, suggesting that the clearance of circulating
DNA is impaired during sepsis (Figure 3.13). Conversely, the positive correlation we found
between DNA and DNaselL3 levels may be due to a potential induced expression of

DNaselL3 in response to elevated DNA levels, or in response to a proinflammatory state
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characteristic of sepsis (Figure 3.13). The origin of DNase I and DNaselL3 is different:
DNase I is secreted by non-hematopoietic endocrine and exocrine glands mainly in the
gastrointestinal and urogenital tract, while immune cells (especially dendritic cells and
macrophages) secrete DNase1L3 (Onuora., 2016). This can potentially explain why DNase
I levels are decreased in septic patients, while DNasel1L3 levels are elevated. The organ
damage that occurs in sepsis may impair the secretion of DNase I by various organs.
Conversely, the inflammatory response in sepsis leads to an excessive activation of immune
cells, which may explain why DNase1L3 levels are elevated (Ren., 2011).

A previous study by Napirei et al. demonstrated that plasmin inhibits DNase1L3 by
proteolysis (Napirei et al., 2009). PAI-1, which is a serine protease inhibitor that inhibits
the formation of plasmin through inhibiting tPA, is known to be increased in sepsis
(Saracco et al., 2011). The increased PAI-1 levels may be a potential explanation for why
we found significantly higher DNaselL3 levels in septic patients compared to healthy
controls, as plasmin formation is inhibited and can no longer proteolyze DNaselL3.
However, elevated DNase1L3 levels in sepsis may not retain normal endonuclease activity.
As shown in Figure 3.13, we found that plasma levels of DNA and DNaselL3 were not
significantly correlated, which may be explained by the presence of other physiological
inhibitors that prevent this enzyme from functioning, and thereby being unable to clear the
DNA.

We also discovered that there is a significant positive correlation between the levels
of DNase I and DNaselL3 on days 14 and 21 in septic patients, but no significant

correlation on the remaining days, which may be due to the low n-value on these days
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(Figure 3.14). The positive correlation pattern suggests that patients with low levels of
either endonuclease may benefit the most from therapeutic administration of DNase I or
DNaselL3 due to low antigen levels of both enzymes. The presence of either DNase I or
DNaselL3 has been shown to be sufficient in degrading NETs in mice during sterile
neutrophilia and septicemia; however, the absence of both DNases lead to vascular
occlusion and organ damage (Jiménez-Alcédzar et al., 2017). Nonetheless, patients with
elevated levels of both endonucleases may still benefit from therapeutic administration of
DNase I or DNaselL3 because the activity of these enzymes may be impaired, despite
elevated antigen levels. Our studies suggest that DNaselL3 does not serve as a
compensatory endonuclease for the decreased DNase I levels in septic patients given the
positive correlation, which further supports the use of these endonucleases in the treatment
of sepsis.

Some limitations of our present study include the use of DNA-histone complexes that
we formed by incubating purified genomic DNA with unfractionated bovine histones,
which is unlikely to form the actual nucleosome structure present in vivo. Another
limitation is that the DNA-histone complexes in our agarose gels were sometimes stained
poorly with RedSafe. Alternatively, we tried EtBr due to its smaller size compared to
RedSafe, and saw improved staining. However, the DNA was still stained faintly in some
gels, which we believe is due to the histones binding tightly and masking the DNA, thereby
rendering the DNA inaccessible to the staining reagents. Lastly, we were unable to
determine exact binding affinity values using the BLITz for some interactions that were in

the picomolar range, because the system only determines precise values above 1 nM.
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Taken together, our study reveals novel findings with respect to how GAGs
modulate the activities of DNase I and DNaselL3. By looking at four different heparin
variants with different sizes and AT-binding capacities, we were able to determine that the
ability of GAGs to act as a cofactor for DNase I-mediated degradation of DNA-histone
complexes is size-dependent and does not require the pentasaccharide sequence of GAGs.
Further, we determined that UFH, enoxaparin, and Vasoflux have high binding affinities
for histones H2A, H2B, H3, and H4, which suggests that these heparins can bind and
displace histones, thereby allowing DNase I access to DNA-cleavage sites. On the other
hand, we found that the ability of GAGs to inhibit the activity of DNaselL3 is also size-
dependent and independent of the AT-binding pentasaccharide. Although DNase I and
DNaselL3 were able to degrade NETSs on their own, the addition of heparins in the context
of diseases with increased NETosis can help improve outcomes by binding and neutralizing
the free histones that are released, thereby preventing their harmful effects. Lastly, we
showed that host DNase levels are altered in sepsis pathophysiology; specifically, DNase I
levels are significantly decreased, while DNaselL3 levels are significantly increased,
which suggests that recombinant human DNase I can be a potential therapeutic strategy to
improve outcomes in septic patients.

A schematic diagram summarizing our findings is provided in Figure 4.1.
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Figure 4.1. Schematic diagram summarizing our findings. Non-hematopoietic
endocrine cells (yellow) release DNase I (light purple) (A). DNase I cannot digest DNA-
histone complexes, but can digest NETs down to individual nucleosomes on its own,
thereby preventing vascular occlusion (A). Immune cells, especially macrophages (grey)
and dendritic cells (purple) release DNase1L3 (green) (B). DNaselL3 digests DNA-histone
complexes on its own, and significantly degrades NETs, but not as effectively as DNase |
(B). The ability of GAGs to enhance DNase [-mediated digestion of histone-bound DNA
is size-dependent, and independent of the AT-binding pentasaccharide of GAGs (C).

Conversely, the ability of GAGs to impair the activity of DNaselL3 is size-dependent, and

independent of the AT-binding pentasaccharide of GAGs (C). Source: biorender.com
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5.0  Future Studies

In this study, we have measured the levels of DNase I and DNaselL3 in septic
patients in a longitudinal manner (days 1, 3, 7, 14, 21, and 28). The patients included in our
experiments were part of our DYNAMICS study, which is a prospective, multi-centre
observational study. We measured DNase I and DNaselL3 antigen levels of both septic
survivors and non-survivors admitted to the ICU, and compared these values to healthy
controls. Future studies can measure DNase I and DNaselL3 levels in non-septic ICU
patients as an additional control using a sandwich ELISA. These experiments would
address whether the significant reduction in DNase I levels compared to healthy controls
are specific to sepsis, or a general characteristic of patients admitted to the ICU. Similarly,
these future studies would reveal whether the significant increase in DNaselL3 levels
compared to healthy controls are specific to sepsis, or general to patients in the ICU.
Immune cells, especially dendritic cells and macrophages, secrete DNasel1L3; therefore, it
would be interesting to determine if the elevated levels of DNaselL3 are common to
diseases with a state of increased inflammation. These studies can potentially inform and
direct future management of patients in the ICU, and determine which patients would most
benefit from DNase I treatment. In addition to measuring the levels of DNase I and
DNaselL3 in non-septic ICU patients, future studies can also measure the levels of these
endonucleases in patients in the emergency room as another control using a sandwich
ELISA. These results would determine whether the decrease in DNase I levels and increase

in DNaselL3 levels are correlated with sickness severity. The therapeutic potential of
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DNase I may also benefit patients in the emergency room if we determine that there is a
significant reduction of this endonuclease.

We have found that the levels of DNase I are significantly decreased in septic
patients. To better understand the mechanisms by which this endonuclease is decreased,
future studies can measure the levels of actin, the only known inhibitor of DNase I, in these
septic patients using an ELISA. This experiment can explain if the levels of DNase I are
caused by an elevation in actin levels due to cell death that occurs in sepsis, or if there is
another explanation, such as impaired secretion of DNase I due to organ damage, or a
consumption of this endonuclease in response to degrading the increased levels of DNA.

Existing literature states that DNase I is unable to cleave DNA that is bound to
protein in the absence of either a serine protease or UFH. Our studies revealed that
enoxaparin and Vasoflux are also able to help DNase I degrade DNA-protein complexes in
a purified system. Interestingly, we have shown that DNase I can degrade NETs on its own,
most likely down to individual nucleosomes. The decondensation of chromatin that occurs
by PAD4 during NETosis, which weakens the DNA-histone interactions, may explain why
DNase I can degrade NETs but not nucleosomes. The linker region between nucleosomes
might become more open and accessible to DNase I during decondensation, thereby
allowing DNase I to cleave this site. To test this hypothesis, future studies can repeat our
purified experiments, but modify the histones in vitro with PAD4 to form looser DNA-
histone complexes to see if DNase I can degrade the complexes.

Our preliminary studies reveal that UFH, enoxaparin, and Vasoflux can inhibit the

activity of DNaselL3, but fondaparinux does not. Future studies can repeat the agarose gel
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experiments using lower concentrations of the different GAGs in the presence of
DNaselL3 to determine how a titration of GAGs affect the activity of DNasel1L3.

Lastly, future studies can determine the Kp values between histones H2B, H3, and
H4 with fondaparinux using the OctetRED384 System (FortéBio, Fremont, CA). Similar
to the BLITz, the OctetRED384 also uses BLI technology to determine binding affinities
between molecules; however, the OctetRed384 is able to determine binding affinities of
smaller molecules (as small as 150 Da), such as fondaparinux (1.7 kDa), with greater
accuracy than the BLITz. Using the OctetRED384 can overcome the limitations of the
BLITz that we encountered when finding the interactions with histones and fondaparinux.
Our preliminary results show that fondaparinux has low affinity for histone H2A (Table 2),
and we will confirm this by finding the remaining Kp values using the OctetRED384.
Histones H2B, H3, and H4 will be biotinylated and immobilized to a streptavidin-coated
biosensor. Different concentrations of the analyte, fondaparinux, will be added to the
solution. The binding interactions between the histones and fondaparinux will be measured
in real-time using BLI technology, as described above in section 2.0.13. These experiments
will allow us to better understand why fondaparinux is unable to assist with DNase I-
mediated degradation of DNA-histone complexes. GAGs appear to enhance the activity of
DNase I for DNA-histone complexes by binding to histones and displacing them from
DNA, thereby allowing DNase I to gain access to DNA-cleavage sites. Additionally, our
findings suggest that the cofactor activity of GAGs is size-dependent and does not require
the AT-binding region, which will be further confirmed by determining the remaining Kp

values of fondaparinux and histones.
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7.0  Appendix

7.0.1 Determining the affinity between histones and UFH, enoxaparin,
fondaparinux, and Vasoflux

The affinity between individual human histones and UFH, enoxaparin,
fondaparinux, and Vasoflux were determined using the BLITz. Figure 7.1 shows the raw
binding curves for UFH (A), enoxaparin (B), Vasoflux (C), or fondaparinux (D). UFH,
enoxaparin, and Vasoflux have high binding affinities for histones, while fondaparinux has

a low binding affinity for histones.
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Figure 7.1. Raw binding curves of the BLITz data. Interactions between histones and
either: UFH (A), enoxaparin (B), Vasoflux (C), or fondaparinux (D) are shown.
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7.0.2 Comparing APC and plasmin on DNase I-mediated degradation of DNA-
histone complexes and NET's

In addition to determining the effects of GAGs on enhancing DNase [-mediated
degradation of DNA-histone complexes and NETs, we also tested the ability of APC or
plasmin to accelerate the activity of DNase I. When APC was added with DNase I, the
complexes were degraded (Figure 7.2, Lanes 9, 10, 11, 12). Notably, only 2 nM of APC
was required for complete complex degradation. The presence of plasmin also enabled
DNase I to degrade the DNA-histone complexes, with 0.1 uM of plasmin being sufficient
for complete complex degradation (Figure 7.2, Lane 10).
Figure 7.2. Effects of APC or plasmin on DNase I activity. DNA (3 nM) and histones (3
uM) were incubated for 1 hour at 37°C to form DNA-histone complexes. DNase I (0.5 uM)
was added to the complexes either alone or in combination with increasing concentrations
of (A) APC, or (C) plasmin for 30 minutes at 37°C. The samples were run on a 1.8% agarose
gel stained with RedSafe for 1 hour at 110 V. Each image is representative of n = 3 gels.
Gels were quantified using densitometry, and the percent DNA in the wells was reported
as mean £ SEM (n = 3) (B, D). Next, neutrophils were isolated from healthy human whole
blood, added to coverslips, and 100 nM PMA was added. Coverslips were incubated for 4
hours at 37°C and 5% CO:x to allow for NETosis as visualized by SYTOX Green. DNase |
(0.5 uM) was added to the NETSs in combination with APC (0.8 nM) (E) or plasmin (2 uM)
(F). Images were obtained using a fluorescence microscope. Each image is representative

of n = 3 experiments with three different blood donors.
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E. NETs + DNase [ + APC (0.8 nM) F. NETs + DNase I + Plasmin (2 uM)
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7.0.3 Measuring the levels of APC in plasma of septic patients

In addition to understanding how DNA levels are regulated in sepsis, we are also
interested in understanding the regulation and clearance of histones, which is a major
component of NETs. APC is a serine protease that inhibits NETosis and also degrades
histones. These functions make APC an important enzyme to study as a potential
therapeutic strategy to reduce the mortality rates associated with sepsis. In this study, we
measured plasma APC levels in healthy controls (n =17), septic survivors (n =9 —21), and
non-survivors (n = 3 — 23) longitudinally (on days 1, 3, 7, 14, 21, 28). There were no
statistically significant differences between the groups (Figure 7.3). We also determined
the correlation between protein C and APC levels in these patients (Figure 7.3). The
correlation showed a positive trend on all the days except for day 7. Protein C and APC
levels were statistically significant only on day 21. These findings can be attributed to
patient variability, and give support to the need for a more personalized medicine approach
to treating septic patients.

APC attenuates many pathophysiological states present in sepsis, such as
hypercoagulability. APC is a natural anticoagulant enzyme due to its ability to inactivate
FVa and FVlIlla, thereby reducing thrombin generation (Esmon., 2003). Another protective
effect of APC is its ability to inhibit the formation of NETs, which prevents multiple organ
damage, as well as micro- and macro-vascular thrombosis (McDonald et al., 2017). We
also showed that APC can enhance DNase [-mediated digestion of DNA-protein complexes
in a purified system (Figure 7.2). Therefore, the combination of APC with DNase I can be

a potential therapeutic strategy for targeting many harmful molecules in sepsis.

139



M.Sc. Thesis — S. Sohrabipour; McMaster University — Medical Sciences.

Figure 7.3. Plasma APC levels in septic patients (days 1 to 28). APC levels were
measured in healthy controls (n = 17), septic survivors (n = 9 — 21), and non-survivors (n
=3 — 23) longitudinally (on days 1, 3, 7, 14, 21, 28) using an APC enzyme capture assay
(A). Correlations between protein C levels and APC levels in the septic patients were made
using Pearson’s correlation coefficient (B, C, D, E, F, G). Significant differences between
groups were determined using a one-way ANOVA followed by Tukey’s multiple
comparisons test. P-values < 0.05 were considered significant. Values are expressed as

mean + SEM.
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7.0.4 Determining the effects of age on the levels of DNA in healthy mice

We have previously reported that DNA has high prognostic value in predicting
mortality in septic patients (Dwivedi et al., 2012). The role of aging and its effects on the
levels and clearance of DNA have not been reported in literature. To determine the effects
of'age on the levels of DNA, we collected plasma from healthy mice of different age groups
over time using a retro-orbital blood collection technique. We measured DNA levels using
the PicoGreen dsDNA quantitation assay. The levels of DNA were not statistically
significant between mice of different age groups, nor did the levels of DNA change over
time (Figure 7.4). The average body weight of each age group did not differ statistically
over time (Figure 7.4). Taken together, this suggests that aging does not affect the clearance

of DNA in healthy conditions.
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Figure 7.4. Plasma levels of cfDNA in healthy mice in an aging study. Plasma levels of
DNA were measured in healthy mice of different age groups (n =3 — 6 in each group) using
the PicoGreen dsDNA quantitation assay (A). Different colours represent the different age
groups (blue = 6 weeks, red = 12 weeks, black = 29 weeks, and green = 86 weeks old, at
the beginning of the study). Results are representative of n = 3 different experiments. The
body weight of each mouse was measured (B). Significant differences between groups were

determined using a one-way ANOVA followed by Tukey’s multiple comparisons test.

Values are expressed as mean + SEM.
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