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ABSTRACT

Neutrophil extracellular traps (NETs) are abundant in sepsis, and proposed NET-directed
therapies in sepsis prevent their formation or accelerate degradation. Yet NETs are important for
microbial entrapment, as NET digestion liberates pathogens and NET degradation products
(NDPs) that deleteriously promote thrombosis and endothelial cell injury. We proposed an
alternative strategy of NET-stabilization with the chemokine, platelet factor 4 (PF4, CXCL4), which
we have shown enhances NET-mediated microbial entrapment. We now show that NET
compaction by PF4 reduces their thrombogenicity. In vitro, we quantified plasma thrombin and
fibrin generation by intact or degraded NETs and cell-free (cf) DNA fragments, and found that
digested NETs and short DNA fragments were more thrombogenic than intact NETs and high
molecular weight genomic DNA, respectively. PF4 reduced the thrombogenicity of digested NETs
and DNA by interfering, in part, with contact pathway activation. In endothelial cell culture studies,
short DNA fragments promoted von Willebrand factor release and tissue factor expression via a
toll-like receptor 9-dependent mechanism. PF4 blocked these effects. Cxcl4” mice infused with
cfDNA exhibited higher plasma thrombin anti-thrombin (TAT) levels compared to wild-type
controls. Following challenge with bacterial lipopolysaccharide, Cxcl4” mice had similar
elevations in plasma TAT and cfDNA, effects prevented by PF4 infusion. Thus, NET-stabilization
by PF4 prevents the release of short fragments of cfDNA, limiting the activation of the contact
coagulation pathway and reducing endothelial injury. These results support our hypothesis that
NET-stabilization reduces pathologic sequelae in sepsis, an observation of potential clinical
benefit.
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HIGHLIGHTS

e In contrast to intact NETs, degraded NETs and cfDNA are prothrombotic and injure the

endothelium.

e PF4 reduces the ability of degraded NETs and cfDNA to promote thrombosis and injure

the endothelium.
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INTRODUCTION

Sepsis is a dysfunctional response to infection that leads to life-threatening organ damage.
Although sepsis is a leading cause of mortality worldwide, treatment remains limited to antibiotics
and supportive care.>? Over the past decade, multiple studies have shown that levels of plasma
cell-free (cf) DNA are highly elevated in septic patient plasma and are associated with organ
dysfunction and mortality.>® Recent studies have shown that cfDNA is not merely a marker of
disease severity, but actively contributes to disease progression by activating the intrinsic

pathway of coagulation and acting as a damage-associated molecular pattern (DAMP).’

Although a portion of cfDNA is derived from necrosis and apoptosis, in sepsis, the predominant
source is neutrophil extracellular traps (NETs),® webs of negatively-charged DNA complexed with
positively-charged histones and antimicrobial proteins that capture and kill pathogens.®*! When
NETs are degraded by circulating nucleases (DNases), they release NET-degradation products
(NDPs) including cfDNA, histones and neutrophil granule proteins that trigger prothrombotic

pathways and cause oxidative vascular damage.'?16

Based on the finding that NDP levels correlate with end-organ damage and mortality in septic
patients*>17-20 it has been proposed that preventing NETosis might be beneficial.?*?2 However,
NDP levels are markedly elevated in septic patients at clinical presentation,!’2*% and blocking
NET-release on admission may be ineffective. Another NET-based strategy proposed is to
accelerate NET degradation by infusing DNases.?*?° However, studies of sepsis in murine models
suggest that infusion of DNase | soon after infection liberates entrapped bacteria and increases

levels of circulating NDPs, leading to worse outcomes. 303!

Platelet factor 4 (PF4, CXCL4) is a chemokine stored in platelet alpha granules and is 2-3% of
total platelet releasate upon platelet activation. Local concentrations can exceed 12 ug/mL at sites
of injury.® Due to its strong positive charge, PF4 tetramers aggregate polyanions such as
heparin® and NETs.?*3! Previous work demonstrated that human (h) PF4 improves survival in
the murine lipopolysaccharide (LPS) endotoxemia model of sepsis.3* We recently proposed and
demonstrated that PF4 exerts this protective effect by binding to NETS, causing them to become
physically compact and resist nuclease digestion.®* KKO, a monoclonal antibody directed against
hPF4:polyanion complexes,® binds PF4:NET complexes, further enhancing their resistance to

nuclease digestion. We also showed that a deglycosylated version of KKO (DGKKOQO) works in
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concert with hPF4 to reduce NDP release and enhancing NET capture of bacteria, markedly

improving survival in murine models of sepsis.*31:3¢

It may seem counterintuitive to use hPF4 alone or with DGKKO to stabilize NETs in sepsis, as
NETSs are considered to be thrombogenic and injurious to the endothelial lining.*>>17 However,
the results of our in vitro studies are consistent with prior work that shows that unlike isolated
DNA, intact NETs do not activate the contact pathway of coagulation.>” Genomic sequencing
efforts revealed that plasma cfDNA in septic patients is highly digested, with fragment sizes
ranging from 150 base pairs (bp) to 200 bp, with cfDNA length correlated to sepsis severity.>383°
These findings lead us to posit that unlike intact NETs and high molecular weight (HMW) DNA, it
is degraded NETs and short cfDNA fragments that induce thrombosis and vascular injury, and
these deleterious effects can be prevented by PF4. Here, we tested our model and investigated
the mechanisms by which hPF4-mediated stabilization alters the ability of NDPs and cfDNA to

trigger thrombosis and induce cellular injury.
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MATERIALS AND METHODS

Preparation of double-stranded (ds) and single-stranded (ss) DNA

Isolated genomic DNA and NETs were digested into shorter fragments by incubating with
restriction enzymes Aflll, BsGrl-HF or Alul individually (10 U/ug DNA in CutSmart® buffer, all from
New England BioLabs) overnight at 37°C, or DNase | (100U/mL in phosphate-buffered saline
(PBS), Gibco) for 30 minutes at 37°C. ssDNA was generated by heating genomic dsDNA at 100°C
for 10 min, followed by rapid freezing on dry ice to prevent reannealing. NETs and DNA fragments
were size-fractionated on ethidium bromide (0.5 pg/mL) agarose gel (0.4-0.9% agarose,
GeneMate) in Tris acetic acid EDTA buffer (40mM Tris, 1ImM EDTA, 20mM acetic acid). Bands

were visualized under UV light.*°

Thrombin generation assay

DNase I-digested NETs (20 pg/mL) and DNA fragments (20 pg/mL) were incubated with or
without hPF4 (20 pg/mL) and KKO (20 pg/mL) in buffer containing a final concentration of 4 uM
phosphatidylcholine/phosphatidylserine (75:25, Diapharma) for 10 minutes at room temperature
(RT) in 96-well black MaxiSorp™ plates (475515, NUNC). Pooled normal human plasma (33%
assay volume; George King Bio-Medical) was added, followed by Technothrombin® TGA
substrate Z-GLY-GLY-ARG-AMC. HCI (417 pM substrate, 6.25 mM CaCl; final concentration,
Bachem Holding) in TGA dilution buffer (20 mM HEPES, 150 mM NacCl, 0.1% PEG-8000; pH 7.4).
Fluorescence at 360nm/460nm excitation/emission (ex/em) was measured immediately and at 1-
minuteintervals thereafter for 90 minutes at 37°C. Thrombin generation was calculated against a

thrombin calibration curve (calibration kit, Diapharma).

Fibrin generation assay

NETs (20 pg/mL) and DNA (20 pg/mL) were incubated with or without hPF4 (20 pg/mL) and KKO
(20 pg/mL) for 10 minutes at 37°C in HBS buffer (25 mM HEPES, 150 mM NaCl; pH 7.4) in clear,
medium-binding 96-well plates (9017, Corning). Pooled normal human plasma, Factor (F) XI- or
FXII-depleted plasma (33% assay volume; George King Bio-Medical) was added, followed by 8.3
mM CaCl; in HBS buffer. Absorbance at 405 nm was measured for 1 hour at 30-sec intervals at
37°C. Lag time (after re-calcification until first burst in fibrin generation) and slope (steepest rate
of fibrin generation/min) were determined from kinetic curves. In select experiments, depleted
plasma was supplemented with purified FXI (100 pM; Haematologic Technologies) or FXII (1.2

nM; Haematologic Technologies) prior to re-calcification and fibrin generation.
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Fibrinolysis assay

NETs (20 pg/mL) and dsDNA (20 pg/mL) were incubated with or without hPF4 (20 pg/mL) and
KKO (20 pg/mL) prior to adding tissue-type plasminogen activator (50 pg/mL; Diapharma) in 96-
well plates (Corning). Plasma was immediately added and re-calcified as described above.
Absorbance at 405nm was measured for 2 hours at 1-minute intervals at 37°C. The 50% lysis
time was defined as the time required to achieve a half-maximal Asgs from the time maximal Asos

was achieved.

Human umbilical vein endothelial cells (HUVEC) in vitro studies

HUVECs (Lifeline Cell Technology) were grown to confluence on 0.1% gelatin (ATCC)-coated
glass-bottom 8-well Ibidi® chambers with Vasculife VEGF endothelial medium complete kit
(Lifeline). HUVECs were incubated with vehicle (serum-free media, SFM; Gibco), dsDNA
(20 pg/mL), ssDNA (20 pg/mL), PF4 (20 pg/mL) or PF4-DNA complexes in SFM for 20 minutes
at 37°C. In select experiments, HUVECs were pre-treated with toll-like receptor (TLR)-9 inhibitors
E6446 (10 uM; Selleckchem) or hydroxychloroquine (HCQ) (50 uM; Selleckchem) for 30 minutes
prior to incubation with vehicle, dsDNA or ssDNA fragments (20 pg/mL) in the absence or
presence of PF4 (20 pg/mL) in SFM for 20 minutes at 37°C. Human a-thrombin (10 nM,;
Haematologic Technologies) or tumor necrosis factor alpha (TNFa, 20 ng/mL, R&D systems)

were used as positive controls.

Cells were then washed with PBS and fixed in 4% paraformaldehyde (PFA) (Santa Cruz
Biotechnology) for 15 minutes at RT before blocking with 3% bovine serum albumin and 2% fetal
bovine serum (HyClone) in PBS for 1 hour at RT. Primary anti-human von Willebrand factor (VWF)
antibody (1:1000 dilution in PBS, LOT # 75601, Agilent Dako) was incubated overnight at 4°C.
Slides were washed with PBS and blocked for 1 hour at RT. Secondary Alexa Fluor-594 anti-
rabbit IgG (4 ug/mL, Life Technologies) and Hoechst 33342 (Life Technologies) were incubated
in PBS for 2 hours at RT in the dark. HUVECs were imaged using Zeiss 10X and 20X objective
on a Zeiss LSM 710 confocal microscope. Mean fluorescence intensity (MFI) was quantified using
Fiji.

HUVECs were grown to confluence in tissue culture-treated 96-well plates. Cells were washed
with SFM and incubated with vehicle, digested dsDNA or ssDNA (each 20 yg/mL) and TNFa (1
ng/mL) for 16 hours in SFM in the absence or presence of PF4 (20 pug/mL). Cells were then
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washed with assay buffer (20 mM Tris, 100 mM NacCl, 10 mM CaCl;, pH 7.4). FX (160 nM, Enzyme
Research Labs) and FVlla (0.5 nM, Enzyme Research Labs) in assay buffer were added for 1
hour at 37°C. SPECTROZYME Xa (0.5 mM, Biomedica Diagnostics) was added and absorbance
at 405 nm was immediately recorded for 1 hour at 1-minute intervals to determine maximum rate

of reaction, Vmax (MOD/min).

LPS endotoxemia model

Wild-type (WT) C57BL/6 mice received an intraperitoneal injection of LPS (35 mg/kg). A subset
of animals was given 40 mg/kg of hPF4 by tail-vein injection immediately following LPS injection.
Six hours following LPS injection, animals were euthanized, blood was collected from the inferior
vena cava into 3.2% sodium citrate (1:10 v/v), and platelet-poor plasma was isolated by

centrifugation at 2000g for 20 minutes at RT.

Thrombin anti-thrombin complexes in septic plasma were measured using commercially available
ELISA kits (AssayPro; EMT1020-1) according to manufacturers’ instructions. Briefly, citrated
plasma was diluted 125-fold and incubated with polyclonal antibody against mouse thrombin for
2 hours at RT. 96-well plates were washed and incubated with biotinylated mouse TAT complex
antibody for 1 hour at RT. The microplate was then incubated with streptavidin-peroxidase
conjugate for 30 minutes at RT, and chromogenic substrate was then added for 5 minutes at RT.

Reactions were stopped and absorbance was measured at 450nm immediately.

Plasma from LPS-treated mice were diluted 1:10 with Hanks’ Balanced Salt Solution (no
Ca*?/Mg*?; Gibco) in 96-well black MaxiSorp™ plate. Equal volume of SYTOX Green (5 uM final
in HBSS without Ca*?/Mg*?, Invitrogen) was added to each sample and incubated in the dark for
10 min. Fluorescence at 485/527 ex/em was measured at RT, and plasma cfDNA concentrations

were determined based on fluorescence of calf thymus DNA curve of 0 to 10 pg/mL.

Statistical analyses

Data are presented as mean + standard error of the mean (SEM). The Shapiro-Wilk normality test
was used to determine whether group data were distributed normally. Levene's test was used to
determine equality of variances. One-way ANOVA with Tukey's post hoc test was used to
compare between treatment groups. Mann-Whitney test or Kruskal-Wallis with Dunn post hoc test

was used to compare between groups when the data did not qualify for parametric statistics.
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P <0.05 was considered significant. All statistical analyses were conducted using GraphPad
Prism 9.

Study ethics approval

Human blood for studies was collected after informed consent from healthy, aspirin-free
volunteers using a 19-gauge butterfly needle in 3.8% sodium citrate (10:1 v/v) under a protocol
approved by the Children’s Hospital of Philadelphia (CHOP) Institutional Review Board and were
consistent with the Helsinki Principles. Animal procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) in accordance with NIH guidelines and the Animal
Welfare Act.

Supplemental methods and materials
See the Supplement Materials and Methods for further details on reagents used, isolation of
human neutrophils, preparation of NETSs, isolation of genomic DNA from human white blood cells,

as well as the details on the intravenous administration of DNA into mice.

Data sharing statement

For original data, please contact gollompk@chop.edu.
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RESULTS

PF4 and KKO inhibit fibrin generation initiated by NET and DNA fragments

We treated intact NETs and HMW DNA of >50 kb (Figure S1A) with DNase | to generate NDPs
and low molecular weight (LMW) DNA measuring 0.1-0.5 kb (Figure S1B). To determine whether
DNA fragment length influences NET-mediated fibrin generation, HMW DNA (>50 kb) was
digested with six-cutter restriction enzymes, Aflll and BsGrl-HF, and the 4-cutter, Alul, to generate
DNA fragment lengths of ~4 kb and ~250 bp, respectively (Figure S1C). We then assessed the
thrombogenicity of NET and DNA fragments in plasma using a fibrin-generation assay. HMW
NETs and genomic DNA did not induce fibrin generation in plasma (Figure 1A); however, digested
NETSs shortened lag time from ~900 to ~720 seconds (Figure 1A), while DNA fragments of various
lengths cleaved by restriction enzymes all significantly shortened lag time to ~650 seconds
(Figure 1A) and increased the rate (slope) of fibrin generation (Figure 1B). hPF4 at 20 ug/mL, a
concentration achieved at sites of thrombus formation !, reversed DNA-induced, fibrin-generation

lag time to baseline, regardless of chain length (Figure 1C).

Although we previously observed that binding of KKO to hPF4:NET complexes increased the
resistance of NETs to nuclease digestion,*! inclusion of KKO did not alter the anticoagulant effect
of PF4 on digested DNA at the studied concentration (Figure S2A). At a lower concentration (1
pg/mL), hPF4 still fully reversed the prothrombotic effects of NETs (Figure 1D), but was only
partially effective in the case of isolated DNA (Figure 1E). This difference between NETs and DNA
could be due to the presence of positively-charged histones bound to the polyphosphate
backbone of NETs. The addition of KKO (10 pg/mL) to DNA significantly prolonged fibrin lag time
in the presence of low-dose hPF4 (Figures 1E and S2B). These results indicate that hPF4

complexed to either NETs or DNA reduced their fibrin generation potential in human plasma.

hPF4 and KKO inhibit thrombin generation, but not fibrinolysis, by NET and DNA fragments

We next measured thrombin generation to address the mechanism by which hPF4 and KKO
inhibited the procoagulant effects of NETs and DNA. hPF4 significantly reduced NET-induced
peak thrombin generation and delayed thrombin-initiation time (Figures 2A and 2B). hPF4 also
significantly reduced DNA-induced thrombin generation and delayed thrombin lag time (Figures
2A and 2B). The addition of KKO did not alter hPF4-mediated effects on NET- or DNA-induced
thrombin generation (Figures 2A and 2B, and Figure S3A).
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There have been conflicting reports concerning the effect of NETs and cfDNA on thrombus
stability. Some studies show NETs potentiate fibrinolysis by stimulating fibrin-independent
plasminogen activation, while others observe that NET components such as neutrophil elastase
and cfDNA promote resistance to thrombolysis by degrading plasminogen and forming lysis-
resistant complexes with fibrin, respectively.*>** Therefore, we assessed whether hPF4:NET or
hPF4:DNA complexes affect the rate of internal fibrinolysis in NETs- and DNA-induced plasma
clots by mixing a plasminogen activator with NETs or DNA with or without added hPF4 prior to
re-calcification. While hPF4 (1 and 20 pg/mL) and KKO (10 pg/mL) delayed NETs- and DNA-
induced fibrin generation significantly as described above, we observed no difference in time to
clot lysis (Figure 2C and 2D). This indicates that hPF4, which prevents DNases from digesting

NETSs,* does not interfere with fibrinolysis.

hPF4 modulates fibrin formation through FXI and XI|

We next sought to define the mechanism by which hPF4 modulates the prothrombotic effects of
cfDNA. Polyphosphates like DNA trigger thrombin generation in plasma by activating the intrinsic
pathway of coagulation, specifically FXI and FXII.#+4" In fibrin-generation studies using FXI- and
FXII-depleted plasma, hPF4, at concentrations as high as 20 pg/ml, had no effect on DNA-
induced fibrin generation (Figure 3A and Figure S3B). Upon supplementation of FXI-depleted
plasma with FXI, hPF4 significantly delayed DNA-induced fibrin generation lag time (Figure 3B
and Figure S4A). hPF4 also delayed fibrin-generation in FXII-depleted plasma supplemented with
FXII (Figure 3B and Figure S4B). These results suggest that hPF4 blocks the procoagulant activity
of DNA in plasma by interfering with DNA-mediated intrinsic coagulation pathway activation.

hPF4 attenuates the thrombogenicity of sSDNA

We hypothesized that shorter NETs and DNA fragments are more thrombogenic than HMW NETs
and genomic DNA because they exhibit greater levels of ssDNA at their termini and form hairpin
structures that are potent activators of coagulation.*® To investigate this hypothesis, we denatured
genomic DNA fragments of different size ranges at 100°C for 10 minutes and then rapidly froze
the samples to generate ssDNA of various lengths. ssDNA fragments of all lengths dramatically
accelerated fibrin generation, an interval significantly shorter than lag times seen with HMW and
LMW dsDNA (Figure 3C). At the same concentration, hPF4 delayed fibrin lag time by ssDNA, but
not to the same extent as seen with dsDNA (Figure 3D versus Figure 3C), perhaps because

SsSDNA is much more thrombogenic than dsDNA.

11
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hPF4 protects endothelium from activation of prothrombotic pathways by DNA

Our group previously found that hPF4 decreases NET-mediated endothelial toxicity.* Building on
this observation, we assessed whether PF4 modulates the ability of digested DNA to promote a
procoagulant phenotype in endothelial cells. HUVECs were incubated with DNA fragments of
different size ranges with and without hPF4, prior to staining for VWF release as an indicator of
HUVEC activation. HMW DNA did not induce VWF secretion by HUVECSs, while short dsDNA
fragments (0.25-4kb) significantly increased surface VWF levels similar to that seen upon
thrombin activation*® (Figure 4A and 4B, and Figure S5A). PF4 prevented dsDNA-induced VWF
secretion regardless of DNA length (Figure 4A and Figure S5A). Prior studies showed that
internalized unmethylated CpG motifs in bacterial DNA activate endothelial cells via TLR9.%° We
now treated cultured HUVECs with the TLR9 inhibitors E6446 and hydroxychloroquine (HCQ),
and found that both TLR9 inhibitors abolished dsDNA-induced VWF secretion (Figure 4B and
Figure S5C).

Unlike HMW dsDNA, HMW ssDNA stimulated robust VWF release comparable to levels of
release seen with LMW dsDNA. ssDNA fragments induced VWF release at nearly twice the level
seen with similar-sized dsDNA and comparable to that seen using exposure to TNFa>! (Figures
4C, 4D and Figure S5B). hPF4 significantly reduced endothelial release of VWF by ssDNA,
although not as effectively as after exposure to dsDNA (Figure 4C). Inhibition of TLR9 with E6446,
and to a lesser extent HCQ, reduced ssDNA-induced VWF secretion (Figure 4D and Figure S5D).

NETSs induce endothelial TF expression,® but it remains unclear which components induce this
effect. To determine whether NET cfDNA up-regulates endothelial TF expression, HUVECs were
incubated with LMW dsDNA and ssDNA fragments overnight prior to exposure to FX and
activated FVII (FVIla). Rate of cleavage of a chromogenic substrate by activated FX (FXa) was
measured as an indicator of DNA-induced endothelial TF expression. Both LMW dsDNA and
ssDNA fragments enhanced TF expression ~4.5 fold compared to vehicle alone, while the
inclusion of hPF4 during overnight incubation significantly reduced endothelial TF expression
induced by both dsDNA- and ssDNA (Figure 4E).

cfDNA increases plasma TAT levels in Cxcl4” mice
To assess thrombogenicity of cfDNA in vivo and to define the role of PF4 in modulating DNA-
induced thrombosis, WT or cxcl4™ littermate mice were given an intravenous bolus of HMW DNA,

and plasma levels of TAT complexes were analyzed. Although there was no difference in TAT
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levels between WT and cxcl4”- mice 30 minutes post-DNA infusion, cxcl4” mice had significantly
elevated TAT levels compared to WT mice 4 hours following DNA injection (Figure 5A).

hPF4 inhibits generation of TAT by cfDNA in endotoxemic mice

To determine if PF4 modulates the thrombogenicity of cfDNA released during sepsis, WT mice
were given an intraperitoneal injection of LPS to induce endotoxemia, an intervention shown by
our group and others to induce a significant rise in plasma cfDNA.?23! A subset of these mice was
given vehicle or hPF4 by tail-vein injection immediately following LPS injection. Six hours post-
LPS injection, saline-treated mice exhibited a significant elevation in TAT levels as compared to
baseline (Figure 5B). In contrast, mice administered a single bolus of hPF4 had significantly
reduced TAT (Figure 5B, left) and cfDNA (Figure 5B, right) levels.

13
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DISCUSSION

It may seem counterintuitive to propose NET stabilization as a therapeutic strategy, as elevated
NET markers have been associated with increased disease severity in a diverse range of
thromboinflammatory disorders including sepsis, COVID-19 and sickle cell disease.'®17:52-72
However, studies from multiple groups show that the formation of NETs is an evolutionarily
conserved function, initially developed in protozoa and retained as part of the innate immune
response of plants and animals to capture invading pathogens and immobilize them near
concentrated antimicrobial compounds.” Intact NETs are not pathogenic when released in a
regulated manner, and indeed may limit collateral host tissue damage by preventing the systemic

release of toxic NDPs, including cfDNA (Figure 6A).

To date, NET-targeted strategies proposed for the treatment of sepsis have fallen into two
categories: those that prevent NETosis?’48 and those that accelerate NET degradation.8-%7
Neither strategy enhances the beneficial effects of NETs; the latter strategy may also suffer from
liberating captured pathogens and increasing circulating levels of NDPs. There remains an unmet
clinical need for a non-injurious therapeutic approach in sepsis. Our group previously showed that
hPF4 binds to NETs, causing them to become physically compact and resistant to nucleases,
limiting the release of NDPs.3! Moreover, the positively-charged PF4 tetramer, found in high molar
concentrations at sites of platelet degranulation, cross-binds negatively-charged microbes to the
negatively-charged DNA scaffold of NETs. Without PF4, microbial entrapment may be markedly
impaired.® That study showed that PF4 has positive effects on NETSs, preventing excessive NET
degradation and enhancing the protective effect of NETs while minimizing their capacity to induce

harm.

We posited that smaller fragments of dsDNA have a higher thrombotic potential because they
have a greater number of termini that can “breathe”, exposing ssDNA%. To explore this idea, we
generated ssDNA by melting HMW genomic DNA and observed that irrespective of fragment
length, ssDNA was more prothrombotic and injurious to the endothelium than dsDNA. It is likely
that shorter dsDNA fragments, cleaved from digested NETSs, exhibit higher DNA end-breathing,
exposing more ssDNA and hairpin loops and avidly bind kininogen, serving as potent activators
of the intrinsic coagulation pathway.*® Moreover, ssDNA internalized by endothelial cells binds to

TLR9 to induce a prothrombotic phenotype.® Others have shown that DNA binding to proteins
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present in high concentrations in NETSs, including HMGB1 and LL37, enhance DNA uptake and
TLR9 activation.®

The PF4 tetramer may be uniquely able to combat the prothrombotic effects of cfDNA because it
has a positively-charged circumferential zone that can bind to two polyanions, one on each
side.'®! This bivalent property enables a single tetramer of PF4 to simultaneously bind the
polyphosphate-ribose backbone of two separate DNA chains, leading to NET compaction and
cfDNA aggregation. Our in vitro studies show that PF4, at concentrations that are well within the
range seen in the setting of thromboinflammation,*! can reduce the prothrombotic and endothelial-
activating properties of LMW dsDNA and ssDNA. Our in vivo experiments in mice infused with
genomic DNA or treated with LPS, similarly demonstrate that the expression of PF4 protects
animals from plasma cfDNA-enhanced thrombosis, consistent with our model (Figure 6B) and our

prior studies that showed treatment with hPF4 improved outcomes in murine sepsis.®!

Of note, further stabilization of hPF4:NET complexes with KKO, does not interfere with the
protective effects of PF4 on procoagulant activity and endothelial cell activation or impair
thrombolysis. Indeed, hPF4 and DGKKO likely work in concert to reduce the pathogenic effects
of cfDNA.?* Because platelet counts and hPF4 content per platelet vary in the general
population,192103 and critically ill individuals may have increased platelet activation with high
plasma PF4 levels or thrombocytopenia,'®41% septic patients may benefit from either hPF4 and/or
DG-KKO infusion to optimize NET stabilization.

In summary, NETs have an important positive role in host defense, impeding the spread of
pathogens and limiting the systemic release toxic antimicrobial compounds; however, when
rapidly degraded, NETSs release cfDNA that can initiate the contact pathway of coagulation and
activate the endothelium in part via TLR9. We previously showed that PF4 enhances NET
microbial entrapment, and now show that it limits the release of LMW dsDNA and ssDNA,
decreases the procoagulant effects of NETs and prevents endothelial injury. DGKKO, which
further decreases NET susceptibility to nucleases, does not interfere with PF4’s ability to prevent
pathologic thrombosis and maintain endothelial integrity. These studies support further
investigation of NET stabilization strategies to enhance the protective effect of NETs, while limiting

the toxicities of plasma cfDNA.

15


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FUNDING INFORMATION

This work was funded by the National Institutes of Health (K99 HL156060 to K.G. and R35
HL150698 to M.P.) and the Philadelphia Foundation (Brody Family Medical Trust Fund Fellowship
to AT.P.N).

AUTHOR CONTRIBUTIONS

A.T.P. Ngo contributed to experimental design, performed experiments, analyzed and evaluated
data and wrote the manuscript. A. Sarkar, N. Levine, V. Bochenek and |. Yarovoi performed
experiments and edited the manuscript. G. Zhao, L. Rauova, M. A. Kowalska, K. Eckart, N.
Mangalmurti, A. Rux contributed to mouse breeding, experimental design and data interpretation.
D. Cines contributed to discussions of the proposed research and to editing the manuscript. M.
Poncz and K. Gollomp conceived, designed, supervised the project and contributed to writing of

the manuscript.

Conflict-of-interest disclosure

The authors declare no conflict-of-interests.

16


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

1. Rudd KE, Johnson SC, Agesa KM, et al. Global, regional, and national sepsis incidence
and mortality, 1990-2017: analysis for the Global Burden of Disease Study. Lancet.
2020;395(10219):200-211.

Mayr FB, Yende S, Angus DC. Epidemiology of severe sepsis. Virulence. 2014;5(1):4-11.

Dwivedi DJ, Toltl LJ, Swystun LL, et al. Prognostic utility and characterization of cell-free

DNA in patients with severe sepsis. Crit Care. 2012;16(4):R151.

4, Avriel A, Paryente Wiessman M, Almog Y, et al. Admission cell free DNA levels predict
28-day mortality in patients with severe sepsis in intensive care. PL0oS One.
2014;9(6):€100514.

5. Jing Q, Leung CHC, Wu AR. Cell-Free DNA as Biomarker for Sepsis by Integration of
Microbial and Host Information. Clin Chem. 2022;68(9):1184-1195.

6. Clementi A, Virzi GM, Brocca A, et al. The Role of Cell-Free Plasma DNA in Ciritically IlI
Patients with Sepsis. Blood Purif. 2016;41(1-3):34-40.

wnN

7. Liaw PC, Ito T, Iba T, Thachil J, Zeerleder S. DAMP and DIC: The role of extracellular
DNA and DNA-binding proteins in the pathogenesis of DIC. Blood Rev. 2016;30(4):257-
261.

8. Moss J, Magenheim J, Neiman D, et al. Comprehensive human cell-type methylation atlas

reveals origins of circulating cell-free DNA in health and disease. Nat Commun.
2018;9(1):5068.

9. McDonald B, Urrutia R, Yipp BG, Jenne CN, Kubes P. Intravascular neutrophil
extracellular traps capture bacteria from the bloodstream during sepsis. Cell Host Microbe.
2012;12(3):324-333.

10. Brinkmann V, Reichard U, Goosmann C, et al. Neutrophil extracellular traps kill bacteria.
Science. 2004;303(5663):1532-1535.

11. Fuchs TA, Abed U, Goosmann C, et al. Novel cell death program leads to neutrophil
extracellular traps. J Cell Biol. 2007;176(2):231-241.

12. Fuchs TA, Brill A, Duerschmied D, et al. Extracellular DNA traps promote thrombosis. Proc
Natl Acad Sci U S A. 2010;107(36):15880-15885.

13. Gollomp K, Kim M, Johnston I, et al. Neutrophil accumulation and NET release contribute
to thrombosis in HIT. JCI Insight. 2018;3(18).

14. Yuen J, Pluthero FG, Douda DN, et al. NETosing Neutrophils Activate Complement Both
on Their Own NETs and Bacteria via Alternative and Non-alternative Pathways. Front
Immunol. 2016;7:137.

15. Folco EJ, Mawson TL, Vromman A, et al. Neutrophil Extracellular Traps Induce
Endothelial Cell Activation and Tissue Factor Production Through Interleukin-lalpha and
Cathepsin G. Arterioscler Thromb Vasc Biol. 2018;38(8):1901-1912.

16. McDonald B, Davis RP, Kim SJ, et al. Platelets and neutrophil extracellular traps
collaborate to promote intravascular coagulation during sepsis in mice. Blood.
2017;129(10):1357-1367.

17. Colon DF, Wanderley CW, Franchin M, et al. Neutrophil extracellular traps (NETS)
exacerbate severity of infant sepsis. Crit Care. 2019;23(1):113.

18. Maruchi Y, Tsuda M, Mori H, et al. Plasma myeloperoxidase-conjugated DNA level
predicts outcomes and organ dysfunction in patients with septic shock. Crit Care.
2018;22(1):176.

19. Lenz M, Maiberger T, Armbrust L, et al. cfDNA and DNases: New Biomarkers of Sepsis
in Preterm Neonates-A Pilot Study. Cells. 2022;11(2).

20. Jackson Chornenki NL, Coke R, Kwong AC, et al. Comparison of the source and
prognostic utility of cfDNA in trauma and sepsis. Intensive Care Med Exp. 2019;7(1):29.

17


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

21. Biron BM, Chung CS, Chen Y, et al. PAD4 Deficiency Leads to Decreased Organ
Dysfunction and Improved Survival in a Dual Insult Model of Hemorrhagic Shock and
Sepsis. J Immunol. 2018;200(5):1817-1828.

22. Martinod K, Fuchs TA, Zitomersky NL, et al. PAD4-deficiency does not affect bacteremia
in polymicrobial sepsis and ameliorates endotoxemic shock. Blood. 2015;125(12):1948-
1956.

23. Czaikoski PG, Mota JM, Nascimento DC, et al. Neutrophil Extracellular Traps Induce
Organ Damage during Experimental and Clinical Sepsis. PL0S One.
2016;11(2):e0148142.

24, Li Y, Wan D, Luo X, et al. Circulating Histones in Sepsis: Potential Outcome Predictors
and Therapeutic Targets. Front Immunol. 2021;12:650184.

25. Xu J, Zhang X, Pelayo R, et al. Extracellular histones are major mediators of death in
sepsis. Nat Med. 2009;15(11):1318-1321.

26. Kumar R, Sonkar VK, Swamy J, et al. DNase 1 Protects From Increased Thrombin
Generation and Venous Thrombosis During Aging: Cross-Sectional Study in Mice and
Humans. J Am Heart Assoc. 2022;11(2):e021188.

27. Fisher J, Mohanty T, Karlsson CAQ, et al. Proteome Profiling of Recombinant DNase
Therapy in Reducing NETs and Aiding Recovery in COVID-19 Patients. Mol Cell
Proteomics. 2021;20:100113.

28. Adrover JM, Carrau L, Dassler-Plenker J, et al. Disulfiram inhibits neutrophil extracellular
trap formation and protects rodents from acute lung injury and SARS-CoV-2 infection. JCI
Insight. 2022;7(5).

29. King PT, Dousha L, Clarke N, et al. Phagocyte extracellular traps in children with
neutrophilic airway inflammation. ERJ Open Res. 2021;7(2).

30. Mai SH, Khan M, Dwivedi DJ, et al. Delayed but not Early Treatment with DNase Reduces
Organ Damage and Improves Outcome in a Murine Model of Sepsis. Shock.
2015;44(2):166-172.

31. Gollomp K, Sarkar A, Harikumar S, et al. Fc-modified HIT-like monoclonal antibody as a
novel treatment for sepsis. Blood. 2020;135(10):743-754.

32. Eslin DE, Zhang C, Samuels KJ, et al. Transgenic mice studies demonstrate a role for
platelet factor 4 in thrombosis: dissociation between anticoagulant and antithrombotic
effect of heparin. Blood. 2004;104(10):3173-3180.

33. Cines DB, Rauova L, Arepally G, et al. Heparin-induced thrombocytopenia: an
autoimmune disorder regulated through dynamic autoantigen assembly/disassembly. J
Clin Apher. 2007;22(1):31-36.

34. Kowalska MA, Mahmud SA, Lambert MP, Poncz M, Slungaard A. Endogenous platelet
factor 4 stimulates activated protein C generation in vivo and improves survival after
thrombin or lipopolysaccharide challenge. Blood. 2007;110(6):1903-1905.

35. Arepally GM, Kamei S, Park KS, et al. Characterization of a murine monoclonal antibody
that mimics heparin-induced thrombocytopenia antibodies. Blood. 2000;95(5):1533-1540.

36. Efron PA, Mohr AM, Moore FA, Moldawer LL. The future of murine sepsis and trauma
research models. J Leukoc Biol. 2015;98(6):945-952.

37. Noubouossie DF, Whelihan MF, Yu YB, et al. In vitro activation of coagulation by human
neutrophil DNA and histone proteins but not neutrophil extracellular traps. Blood.
2017;129(8):1021-1029.

38. Liao W, Zuo X, Lin G, et al. Microbial cell-free DNA in plasma of patients with sepsis: a
potential diagnostic methodology. Discov Med. 2020;29(157):129-137.

39. Shi J, Zhang R, Li J, Zhang R. Size profile of cell-free DNA: A beacon guiding the practice
and innovation of clinical testing. Theranostics. 2020;10(11):4737-4748.

18


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

40. Poncz M, Solowiejczyk D, Harpel B, Mory Y, Schwartz E, Surrey S. Construction of human
gene libraries from small amounts of peripheral blood: analysis of beta-like globin genes.
Hemoglobin. 1982;6(1):27-36.

41. Zucker MB, Katz IR. Platelet factor 4: production, structure, and physiologic and
immunologic action. Proc Soc Exp Biol Med. 1991;198(2):693-702.

42, Komissarov AA, Florova G, Idell S. Effects of extracellular DNA on plasminogen activation
and fibrinolysis. J Biol Chem. 2011;286(49):41949-41962.

43. Cruz DBD, Helms J, Aquino LR, et al. DNA-bound elastase of neutrophil extracellular traps
degrades plasminogen, reduces plasmin formation, and decreases fibrinolysis: proof of
concept in septic shock plasma. FASEB J. 2019;33(12):14270-14280.

44, Nickel KF, Long AT, Fuchs TA, Butler LM, Renne T. Factor Xl as a Therapeutic Target in
Thromboembolic and Inflammatory Diseases. Arterioscler Thromb Vasc Biol.
2017;37(1):13-20.

45, Ivanov |, Shakhawat R, Sun MF, et al. Nucleic acids as cofactors for factor XI and
prekallikrein activation: Different roles for high-molecular-weight kininogen. Thromb
Haemost. 2017;117(4):671-681.

46. Puy C, Tucker El, Wong ZC, et al. Factor XII promotes blood coagulation independent of
factor Xl in the presence of long-chain polyphosphates. J Thromb Haemost.
2013;11(7):1341-1352.

47, Geng Y, Verhamme IM, Smith SA, et al. Factor XI anion-binding sites are required for
productive interactions with polyphosphate. J Thromb Haemost. 2013;11(11):2020-2028.

48. Gansler J, Jaax M, Leiting S, et al. Structural requirements for the procoagulant activity of
nucleic acids. PLoS One. 2012;7(11):€50399.

49, de Groot PG, Gonsalves MD, Loesberg C, van Buul-Wortelboer MF, van Aken WG, van
Mourik JA. Thrombin-induced release of von Willebrand factor from endothelial cells is
mediated by phospholipid methylation. Prostacyclin synthesis is independent of
phospholipid methylation. J Biol Chem. 1984;259(21):13329-13333.

50. El Kebir D, Jozsef L, Pan W, Wang L, Filep JG. Bacterial DNA activates endothelial cells
and promotes neutrophil adherence through TLR9 signaling. J Immunol.
2009;182(7):4386-4394.

51. Bernardo A, Ball C, Nolasco L, Moake JF, Dong JF. Effects of inflammatory cytokines on
the release and cleavage of the endothelial cell-derived ultralarge von Willebrand factor
multimers under flow. Blood. 2004;104(1):100-106.

52. Barbosa da Cruz D, Helms J, Aquino LR, et al. DNA-bound elastase of neutrophil
extracellular traps degrades plasminogen, reduces plasmin formation, and decreases
fibrinolysis: proof of concept in septic shock plasma. FASEB J. 2019;33(12):14270-14280.

53. Barbu EA, Dominical VM, Mendelsohn L, Thein SL. Neutrophils remain detrimentally
active in hydroxyurea-treated patients with sickle cell disease. PL0S One.
2019;14(12):e0226583.

54. Barbu EA, Mendelsohn L, Samsel L, Thein SL. Pro-inflammatory cytokines associate with
NETosis during sickle cell vaso-occlusive crises. Cytokine. 2020;127:154933.

55. Bendib I, de Chaisemartin L, Granger V, et al. Neutrophil Extracellular Traps Are Elevated
in Patients with Pneumonia-related Acute Respiratory Distress Syndrome.
Anesthesiology. 2019;130(4):581-591.

56. Demers M, Wagner DD. Neutrophil extracellular traps: A new link to cancer-associated
thrombosis and potential implications for tumor progression. Oncoimmunology.
2013;2(2):22946.

57. Doring Y, Libby P, Soehnlein O. Neutrophil Extracellular Traps Participate in
Cardiovascular Diseases: Recent Experimental and Clinical Insights. Circ Res.
2020;126(9):1228-1241.

19


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

58. Ducroux C, Di Meglio L, Loyau S, et al. Thrombus Neutrophil Extracellular Traps Content
Impair tPA-Induced Thrombolysis in Acute Ischemic Stroke. Stroke. 2018;49(3):754-757.

59. Ferrer-Marin F, Cuenca-Zamora EJ, Guijarro-Carrillo PJ, Teruel-Montoya R. Emerging
Role of Neutrophils in the Thrombosis of Chronic Myeloproliferative Neoplasms. Int J Mol
Sci. 2021;22(3).

60. Hally KE, Parker OM, Brunton-O'Sullivan MM, Harding SA, Larsen PD. Linking Neutrophil
Extracellular Traps and Platelet Activation: A Composite Biomarker Score for Predicting
Outcomes after Acute Myocardial Infarction. Thromb Haemost. 2021.

61. Huang H, Zhang H, Onuma AE, Tsung A. Neutrophil Elastase and Neutrophil Extracellular
Traps in the Tumor Microenvironment. Adv Exp Med Biol. 2020;1263:13-23.

62. Laforge M, Elbim C, Frere C, et al. Tissue damage from neutrophil-induced oxidative
stress in COVID-19. Nat Rev Immunol. 2020;20(9):515-516.

63. Leffler J, Prohaszka Z, Mikes B, et al. Decreased Neutrophil Extracellular Trap
Degradation in Shiga Toxin-Associated Haemolytic Uraemic Syndrome. J Innate Immun.
2017;9(1):12-21.

64. Middleton EA, He XY, Denorme F, et al. Neutrophil extracellular traps contribute to
immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood.
2020;136(10):1169-1179.

65. Mikacenic C, Moore R, Dmyterko V, et al. Neutrophil extracellular traps (NETS) are
increased in the alveolar spaces of patients with ventilator-associated pneumonia. Crit
Care. 2018;22(1):358.

66. Perdomo J, Leung HHL, Ahmadi Z, et al. Neutrophil activation and NETosis are the major
drivers of thrombosis in heparin-induced thrombocytopenia. Nat Commun.
2019;10(1):1322.

67. Ruiz-Limon P, Ladehesa-Pineda ML, Castro-Villegas MDC, et al. Enhanced NETosis
generation in radiographic axial spondyloarthritis: utility as biomarker for disease activity
and anti-TNF-alpha therapy effectiveness. J Biomed Sci. 2020;27(1):54.

68. Sayah DM, Mallavia B, Liu F, et al. Neutrophil extracellular traps are pathogenic in primary
graft dysfunction after lung transplantation. Am J Respir Crit Care Med. 2015;191(4):455-
463.

69. Scozzi D, Wang X, Liao F, et al. Neutrophil extracellular trap fragments stimulate innate
immune responses that prevent lung transplant tolerance. Am J Transplant.
2019;19(4):1011-1023.

70. Smith CK, Vivekanandan-Giri A, Tang C, et al. Neutrophil extracellular trap-derived
enzymes oxidize high-density lipoprotein: an additional proatherogenic mechanism in
systemic lupus erythematosus. Arthritis Rheumatol. 2014;66(9):2532-2544.

71. Sun S, Duan Z, Wang X, et al. Neutrophil extracellular traps impair intestinal barrier
functions in sepsis by regulating TLR9-mediated endoplasmic reticulum stress pathway.
Cell Death Dis. 2021;12(6):606.

72. Wang R, Zhu Y, Liu Z, et al. Neutrophil extracellular traps promote tPA-induced brain
hemorrhage via cGAS in mice with stroke. Blood. 2021;138(1):91-103.

73. Ramos-Martinez E, Hernandez-Gonzalez L, Ramos-Martinez |, et al. Multiple Origins of
Extracellular DNA Traps. Front Immunol. 2021;12:621311.

74. Ali RA, Gandhi AA, Meng H, et al. Adenosine receptor agonism protects against NETosis
and thrombosis in antiphospholipid syndrome. Nat Commun. 2019;10(1):1916.

75. Biron BM, Chung CS, O'Brien XM, Chen Y, Reichner JS, Ayala A. CI-Amidine Prevents
Histone 3 Citrullination and Neutrophil Extracellular Trap Formation, and Improves
Survival in a Murine Sepsis Model. J Innate Immun. 2017;9(1):22-32.

76. Du M, Yang L, Gu J, Wu J, Ma Y, Wang T. Inhibition of Peptidyl Arginine Deiminase-4
Prevents Renal Ischemia-Reperfusion-Induced Remote Lung Injury. Mediators Inflamm.
2020;2020:1724206.

20


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

77. Du M, Yang W, Schmull S, Gu J, Xue S. Inhibition of peptidyl arginine deiminase-4 protects
against myocardial infarction induced cardiac dysfunction. Int Immunopharmacol.
2020;78:106055.

78. Erpenbeck L, Chowdhury CS, Zsengeller ZK, et al. PAD4 Deficiency Decreases
Inflammation and Susceptibility to Pregnancy Loss in a Mouse Model. Biol Reprod.
2016;95(6):132.

79. Knight JS, Luo W, O'Dell AA, et al. Peptidylarginine deiminase inhibition reduces vascular
damage and modulates innate immune responses in murine models of atherosclerosis.
Circ Res. 2014;114(6):947-956.

80. Knight JS, Subramanian V, O'Dell AA, et al. Peptidylarginine deiminase inhibition disrupts
NET formation and protects against kidney, skin and vascular disease in lupus-prone
MRL/lpr mice. Ann Rheum Dis. 2015;74(12):2199-2206.

81. Knight JS, Zhao W, Luo W, et al. Peptidylarginine deiminase inhibition is
immunomodulatory and vasculoprotective in  murine lupus. J Clin Invest.
2013;123(7):2981-2993.

82. Mitsios A, Chrysanthopoulou A, Arampatzioglou A, et al. Ticagrelor Exerts Immune-
Modulatory Effect by Attenuating Neutrophil Extracellular Traps. Int J Mol Sci.
2020;21(10).

83. Rabadi M, Kim M, D'Agati V, Lee HT. Peptidyl arginine deiminase-4-deficient mice are
protected against kidney and liver injury after renal ischemia and reperfusion. Am J Physiol
Renal Physiol. 2016;311(2):F437-449.

84. Siddiqui AZ, Bhatti UF, Deng Q, et al. Cl-Amidine Improves Survival and Attenuates
Kidney Injury in a Rabbit Model of Endotoxic Shock. Surg Infect (Larchmt).
2021;22(4):421-426.

85. Silva CM, Wanderley CWS, Veras FP, et al. Gasdermin D inhibition prevents multiple
organ dysfunction during sepsis by blocking NET formation. Blood. 2021.

86. Aitken ML, Burke W, McDonald G, Shak S, Montgomery AB, Smith A. Recombinant
human DNase inhalation in normal subjects and patients with cystic fibrosis. A phase 1
study. JAMA. 1992;267(14):1947-1951.

87. Cantin AM. DNase | acutely increases cystic fibrosis sputum elastase activity and its
potential to induce lung hemorrhage in mice. Am J Respir Crit Care Med. 1998;157(2):464-
469.

88. Cortjens B, de Jong R, Bonsing JG, van Woensel JBM, Antonis AFG, Bem RA. Local
dornase alfa treatment reduces NETs-induced airway obstruction during severe RSV
infection. Thorax. 2018;73(6):578-580.

89. Davis JC, Jr., Manzi S, Yarboro C, et al. Recombinant human Dnase | (rhDNase) in
patients with lupus nephritis. Lupus. 1999;8(1):68-76.
90. Lieberman J. Dornase aerosol effect on sputum viscosity in cases of cystic fibrosis. JAMA.

1968;205(5):312-313.

91. Macanovic M, Sinicropi D, Shak S, Baughman S, Thiru S, Lachmann PJ. The treatment
of systemic lupus erythematosus (SLE) in NZB/W F1 hybrid mice; studies with
recombinant murine DNase and with dexamethasone. Clin Exp Immunol.
1996;106(2):243-252.

92. Martinez Valle F, Balada E, Ordi-Ros J, Vilardell-Tarres M. DNase 1 and systemic lupus
erythematosus. Autoimmun Rev. 2008;7(5):359-363.

93. Morris C, Mullan B. Use of dornase alfa in the management of ARDS. Anaesthesia.
2004;59(12):1249.

94. Paul K, Rietschel E, Ballmann M, et al. Effect of treatment with dornase alpha on airway
inflammation in patients with cystic fibrosis. Am J Respir Crit Care Med. 2004;169(6):719-
725.

21


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

95. Sohrabipour S, Muniz VS, Sharma N, Dwivedi DJ, Liaw PC. Mechanistic Studies of DNase
| Activity: Impact of Heparin Variants and PAD4. Shock. 2021;56(6):975-987.

96. Spier R, Witebsky E, Paine JR. Aerosolized pancreatic dornase and antibiotics in
pulmonary infections: use in patients with postoperative and nonoperative infections.
JAMA. 1961;178:878-886.

97. Toma A, Darwish C, Taylor M, Harlacher J, Darwish R. The Use of Dornase Alfa in the
Management of COVID-19-Associated Adult Respiratory Distress Syndrome. Crit Care
Res Pract. 2021;2021:8881115.

98. Jose D, Datta K, Johnson NP, von Hippel PH. Spectroscopic studies of position-specific
DNA "breathing" fluctuations at replication forks and primer-template junctions. Proc Natl
Acad Sci U S A. 2009;106(11):4231-4236.

99. Miyake K, Shibata T, Ohto U, et al. Mechanisms controlling nucleic acid-sensing Toll-like
receptors. Int Immunol. 2018;30(2):43-51.

100. Lind NA, Rael VE, Pestal K, Liu B, Barton GM. Regulation of the nucleic acid-sensing Toll-
like receptors. Nat Rev Immunol. 2022;22(4):224-235.

101. Sachais BS, Rux AH, Cines DB, et al. Rational design and characterization of platelet
factor 4 antagonists for the study of heparin-induced thrombocytopenia. Blood.
2012;119(25):5955-5962.

102. Eicher JD, Lettre G, Johnson AD. The genetics of platelet count and volume in humans.
Platelets. 2018;29(2):125-130.

103. Newall F, Johnston L, Ignjatovic V, Summerhayes R, Monagle P. Age-related plasma
reference ranges for two heparin-binding proteins--vitronectin and platelet factor 4. Int J
Lab Hematol. 2009;31(6):683-687.

104. Maharaj S, Chang S. Anti-PF4/heparin antibodies are increased in hospitalized patients
with bacterial sepsis. Thromb Res. 2018;171:111-113.

105. Ye L, Zhang YP, Yu N, Jia YX, Wan SJ, Wang FY. Serum platelet factor 4 is a reliable
activity parameter in adult patients with inflammatory bowel disease: A pilot study.
Medicine (Baltimore). 2017;96(11):e6323.

22


https://doi.org/10.1101/2023.01.09.522931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.09.522931; this version posted January 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURE LEGENDS

Figure 1. PF4 and KKO inhibits fibrin generation initiated by NET and DNA fragments.

Fibrin generation in pooled normal plasma (PNP) with or without added HMW, digested NETs
(blue), or DNA (purple). DN1 = DNase I, Af2 = Aflll, BsGrl-HF = BG1 and All = Alul. Data are
mean + SEM) of at least 3 independent experiments as indicated in each bar. (A) Lag time
determined from kinetic curves of fibrin generation with NETs (blue) and DNA (purple). (B) Slope
(rate) of fibrin generation was determined from the same kinetic curves as in (A). (C) Lag time of
DNA-induced fibrin generation was determined from kinetic curves similarly to (A), in the presence
of PF4 (20 pg/mL). (D-E) Lag times are shown for fibrin generation studies of DNase I-digested
NETs (D) and DNA (E) in the absence or presence of 1 pg/mL low PF4 and/or 10 pg/mL KKO.

Data are mean + SEM of at least 3 independent experiments as indicated in each bar.

Figure 2. PF4 and KKO inhibit thrombin generation but not fibrinolysis.

(A and B) Thrombin generation studies of DNase-digested NETs (A) and DNA (B) in the absence
or presence of PF4 (20 pg/mL) and/or KKO (10 pg/mL). (C and D) Time to 50% clot lysis of NETs-
(C) and DNA- (D) induced coagulation, as determined based on kinetic curves. Data are mean +
SEM of at least 3 independent experiments as indicated in each bar.

Figure 3. Effect of PF4 on fibrin generation in FXI- and FXIl-depleted plasma and on
thrombogenicity of sSSDNA.

(A) Lag time, determined from kinetic curves, of fibrin generation in PNP or FXI- or FXII-depleted
(dep) plasma, induced by digested DNA in the absence or presence of PF4. (B) Lag time of fibrin
generation induced by digested DNA in depleted plasma supplemented with missing coagulation
factors. (C) Lag time of ssDNA-induced (pink) fibrin generation compared to dsDNA (purple). (D)
Lag time of ssDNA-induced fibrin generation with added PF4 (20 pg/mL). Data are mean + SEM

of at least 3 independent experiments as indicated in each bar.

Figure 4. PF4 protects against dsDNA and ssDNA-induced procoagulant responses by
endothelium.

Mean fluorescence intensity (MFI) of released VWF from HUVECs exposed to fragments of
dsDNA (A and B) or ssDNA (C and D), with or without PF4 or TLR9 inhibitor (E6446). Data were
normalized to MFI of untreated cells without exposure to dsDNA or inhibitor (as indicated by dotted

lines). Exposure to a-thrombin (B) or TNFa (D) serves as positive controls. (E) TF expression by
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HUVEC (shown as fold increase from untreated cells without PF4 exposure) induced by dsDNA
or ssDNA in the absence or presence of PF4. TNFa exposure was used as a positive control.

Data are mean + SEM of at least 3 independent experiments as indicated in each bar.

Figure 5. PF4 attenuates cfDNA-induced coagulability in vivo.

(A) Top: schematic of study in which WT mice or cxcl4” littermates were given normal saline
vehicle or normal saline containing digested DNA prior to blood collection at 30 minutes or 4
hours. Bar graph: TAT levels using a commercial ELISA kit in platelet-poor plasma. Data are
mean + SEM of at least 3 independent experiments as indicated in each bar. (B) Top: schematic
of study in which WT mice received normal saline vehicle or LPS, and a subset of animals was
given hPF4 by tail-vein injection immediately following LPS injection. TAT levels were measured
in blood was drawn at baseline and 6-hours post LPS + PF4 infusion. Bar graphs: TAT levels (left)
and cfDNA levels (right) at 6-hours post LPS challenge. Data are mean = SEM of at least 5
independent experiments as indicated in each bar.

Figure 6. Proposed protective mechanisms of NET-stabilization

Left: NETs are subjected to digestion by DNase I, reducing microbial capture and liberating toxic
NDPs, including cfDNA. These cfDNA fragments expose ssDNA at termini that trigger coagulation
activation and induce endothelial injury, leading to thrombosis and end-organ dysfunction in
sepsis. Right: NET stabilization by PF4 enhances DNase | resistance, enhancing NET microbial
capture, reducing circulating cfDNA levels, and attenuating cfDNA-induced thrombogenicity and

toxicity to endothelial cells.
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Figure 6
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