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Abstract

Injuries lead to an early systemic inflammatory state with innate immune system activation.
Neutrophil extracellular traps (NETS) are a complex of chromatin and proteins released from

the activated neutrophils. While initially described as a response to bacterial infections, NETs
have also been identified in the sterile post-injury inflammatory state. Peptidylarginine deiminases
(PADs) are a group of iso-enzymes that catalyze the conversion of arginine to citrulline, termed
citrullination or deimination. PAD2 and PAD4 have been demonstrated to play a role in NET
formation through citrullinated histone H3 (CitH3). PAD2 and PAD4 have a variety of substrates
with variable organ distribution. Pre-clinical and clinical studies have evaluated the role of PADs
and NETSs in major trauma, hemorrhage, burns, and traumatic brain injury. NET formation and
PAD activation have been shown to contribute to the post-injury inflammatory state leading to a
detrimental effect on organ systems. This review describes our current understanding of the of
role of PAD and NET formation following injury and burn. This is a new field of study, and the
emerging data appears promising for the future development of targeted biomarkers and therapies
in trauma.
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Introduction

Injuries are the leading cause of death for Americans age 1 to 441 and the fourth

overall leading cause of death in 2020. 2 Following a major trauma or burn, the innate
immune system drives an early systemic inflammatory response syndrome (SIRS). 3

SIRS is a global inflammatory response mediated by pro-inflammatory agents that can
occur after trauma or sepsis leading to potentially lethal complications*®. The immune
mechanisms of trauma-induced SIRS likely affect outcomes in ways we are just beginning
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to investigate. The complexity of changes induced by trauma and injury at the cellular level
provide innumerable avenues for ongoing research and development of novel cytoprotective
strategies. ©

Pepetidylarginine deiminases (PADs) are a family of enzymes involved in a variety of
physiologic processes through post-translational modifications of proteins. 78 PADs catalyze
a calcium dependent hydrolysis of arginine to citrulline, termed citrullination or deimination.
7.8 The PAD family consists of five iso-enzymes (PAD1-4 and PAD6). The genomic makeup
is highly conserved in mammals and PAD expression is distributed in a tissue specific
fashion. 89 PAD2 is the most widely expressed with distribution in the brain, spinal cord,
pancreas, bone marrow, and immune cells, among other sites. Within each tissue location,
PADs affect a variety of substrates including both histone and non-histone targets. 89

The effects of histone citrullination are vast and are just beginning to be understood. °

In accordance with their wide distribution, PADs have been implicated in many disease
processes including rheumatoid arthritis, 10 multiple sclerosis, 11 cancers, 9 sepsis, 12
ischemia-reperfusion, 1314 and psoriasis. 1°

Extracellular traps (ET) are complexes of chromatin and associated proteins released in
response to immune cell activation. 16-18 Neutrophil ETs (NETSs) are the most described,
and initially discovered as a bactericidal innate immune response. 16 ETs were originally
discovered as a neutrophil response, however studies have found that ETs may also be
released by other immune cells including macrophages, eosinophils, and mast cells. 17
While NETS provide an antimicrobial immune response, recent evidence has shown that
they may also contribute to SIRS and tissue damage in the host. 1920 Studies have now
demonstrated that NET formation (NETosis) plays a role in many additional inflammatory

pathologies in both infectious and sterile conditions, including trauma-induced SIRS.
18,21-23

NETosis and extracellular trap formation (ETosis) have been linked to PAD through histone
citrullination leading to chromatin decondensation. 24 Prior studies have shown that PAD4
mediated histone citrullination leads to NETosis, 2> while some recent studies also suggest
that PAD2 may play a role. 26 At this time, the mechanisms by which PADs and NETs
affect the innate immune response in trauma are not fully elucidated. While there has been
a well-known association of PADs with sepsis, we are just beginning to investigate the
relationship of PADs in non-septic conditions, such as tissue injury. Evaluating NETs and
PADs in trauma may be a key step in development of novel therapeutic strategies. This
review examines the current understanding of PADs and NETS in trauma and hemorrhage,
traumatic brain injury, burn and wound healing, and discusses some future directions in the
field.

Trauma and Hemorrhage

Neutrophil Extracellular Traps in Trauma and Hemorrhage

Hemorrhage is the most immediate and life-threatening consideration in trauma.
Hemorrhage leads to hypoperfusion , endotheliopathy?’, and coagulopathy, that can lead
to subsequent ischemia, multi-organ failure (MOF), and death. 8 The management of
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hemorrhagic shock has remained largely focused on early hemorrhage control and
appropriate resuscitation.

Following a major injury, SIRS ensues due to blood loss, tissue damage, and cellular
ischemia. 328 Pro-inflammatory cytokines and damage-associated molecular patterns
(DAMPS) are secreted by immune or necrotic cells further activating the immune system. 28
DAMPs then activate the complement system, monocytes, and neutrophils leading to release
of anaphylaxotoxins and interleukins. 328 Cell death by apoptosis may result secondary to
the immune response and/or tissue ischemia. Further cellular damage may also be caused
by the subsequent reperfusion injury with release of reactive oxygen species (ROS). °
Increased vascular permeability due to endothelial injury, endotheliopathy, and SIRS leads
to leakage of plasma proteins and intravascular fluid loss. 2% This post-traumatic endothelial
dysfunction contributes to acute lung injury (ALI) and MOF?7.

Neutrophils are a known early immune responder to trauma. Prior studies have demonstrated
trauma-induced remodeling of neutrophils and changes to intracellular function. 39-32 While
neutrophils have a host of beneficial defense mechanisms including phagocytosis, ROS,
degranulation, and NETosis, an exaggerated response can worsen post-traumatic SIRS.

31 Additionally, NETs have been shown to increase endothelial permeability through
glycocalyx degradation and junction cleavage contributing to vascular leakage and organ
edema. 33 Tissue injury and sepsis can both elicit a nearly identical SIRS response (Figure
1A) in the early stages, but they differ in the type of NETosis. Yipp and Kubes summarized
two kinds of NETosis: suicidal (non-infectious) and vital (infectious) NET formation (Figure
1B). 34 Suicidal NETosis results from membrane rupture, mediated by Nicotinamide adenine
dinucleotide phosphate (NADPH) assisted translocation of neutrophil elastase (NE) and
myeloperoxidase (MPOQ), about two hours after intracellular NET formation. 3435 Vital
NETosis was reported following both direct microbial exposure and lipopolysaccharide
(LPS). Infection leads to rapid NET release (< 30 minutes)without subsequent neutrophil
death3*. The mechanistic differences remain to be fully explored in trauma however, they
may prove to be a future therapeutic or diagnostic strategy in differentiating post-traumatic
SIRS from sepsis.

NETs have been shown to be released following trauma in both /n vitro studies and in
critically ill trauma patients. 36:37 NETs have a complex structure containing azurophilic
granules, NE, cathepsin G, MPO, DNA, and histones. 16 Thus, circulating NETs can be
measured using a variety of assays. Early studies evaluating NETSs in trauma used circulating
cell-free-DNA (cf-DNA) as a surrogate for NETosis. 38:39 Meng et al found that early

after major trauma there is an increase in NETs followed by a decrease to a nadir above
normal levels. 37 In patients who subsequently developed sepsis, there was a second peak in
NETSs corresponding with the onset of infection. 37 Margraf et al similarly demonstrated

a post-traumatic increase in cf-DNA, which corelated with patients’ Sequential Organ
Failure Assessment (SOFA) and Multiple Organ Dysfunction Score (MODS) scores. 39
Those with higher cf-DNA throughout the hospital course were more likely to have sepsis
following trauma. 3% While cf-DNA may not be specific to NETs, additional studies using
immunohistochemistry (IHC) to demonstrate NETs have also found NETS in the trauma
intensive care unit (ICU) patients. 36
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There is also mounting data that cell-free mitochondrial DNA (cf-mtDNA) may be the
primary structural component in NETSs following trauma. Mcllroy et al, one of the early
groups to stain and visualize NETs following major trauma, reported that mtDNA was the
major structural component of trauma-induced NETSs. 22 Mitochondria are known as the
site of oxidative phosphorylation affecting adenosine triphosphate (ATP) concentrations,
however it also contains mtDNA and its own DAMPs. 40 MtDNA is a potent activator

of post-traumatic SIRS and has been linked to development of acute respiratory distress
syndrome (ARDS) and MOF in injured patients*1. While mtDNA is typically encapsulated,
protecting it from activating an immune response, trauma results in cf-mtDNA release
adding to the post-traumatic SIRS. 4243

Citrullinated Histones in Trauma and Hemorrhage—Histone citrullination leads to
a conformational change that plays a major role in NET formation. 2444 Citrullination is a
post-translational modification catalyzed by PAD424 and PAD2. 1226 Citrullinated histones,
are then released leading to NETosis. Citrullinated H3 (CitH3) has been the most well
studied citrullinated histone and is used as a marker for NETosis. 44 In Hazeldine et al,
nuclear DNA associated with CitH3 was used as a marker for NETs in trauma. 4° CitH3
was noted to be elevated during the acute period (~first hour following injury) but not at
the subsequent time points. 4° This finding suggests that NET formation is only an acute
response to injury, absent at the 4 hours post-injury. Gowami et al, used two different CitH3
enzyme-linked immunosorbent assays (ELISAS), a histone-protein calibrated assay (H3Free)
and a nucleosome-based assay (H3NUC) to evaluate NETS in trauma patients at 0 and 6

hours following trauma. 44 NETs were found to be significantly elevated at both time points.
44

While there is compelling data supporting CitH3 as a marker for NET formation in trauma
patients, there is also some data to the contrary. In a small observational study with 7 trauma
patients, Hirose et al found no elevation of CitH3 or NET formation at the time of ICU
admission. 46 Of note, cf-DNA levels were not used as a surrogate for NETs and plasma
levels did not correlate with NET formation on IHC staining. Pan et al detected NETs in a
30% controlled hemorrhage mouse model. 47 However, no CitH3 was detected, whereas it
was detected in a lipopolysaccharide (LPS) sepsis/endotoxemia model. 47

While CitH3 was quantified using an ELISA, the assay differences may account for the
differences in CitH3 levels in the studies. 47 This raises further questions regarding the
involvement of CitH3 in NET formation, and the most appropriate assays for quantification.
Additionally, there is conflicting data regarding the time course of trauma-induced NETOosis
that requires further clarification.

Recently, Li and Alam’s group have developed a novel CitH3 antibody. This antibody differs
from commercial CitH3 antibody in that it specifically binds to CitH3 released during sepsis.
Anti-CitH3 antibodies generated from different CitH3 antigens with varying numbers of
citrullines on N-terminal histone H3 can yield different results. 48 The newly developed
CitH3 monoclonal antibody (4 Cit) recognizes four citrulline sites: H3 citrullinated
R2+R8+R17+R26, while the conventional CitH3 monoclonal antibody (3 Cit) is only
designed to identify three citrulline sites: H3 citrullinated R2+R8+R17. Since H3 R26 is
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a target for PAD?2, its addition to 4 Cit leads to a higher likelihood of binding and increased
neutralization of CitH3. The additional citrulline recognition site is a likely explanation of
the CitH3 discrepancies noted in prior studies given the different assays in each study. As
studies have demonstrated that there are both citrullinated and non-citrullinated NETs*? and
suicidal and vital NETosis34, the type of NET and the role of CitH3 as a biomarker in
trauma remains to be explored.

PADs in Trauma and Hemorrhage—While there are five isozymes of PAD, only
PAD2%0 and PAD424 have been demonstrated to generate CitH3 and induce NETosis. There
is relatively little data evaluating PAD activity in trauma. However, given the possible roles
of CitH3 and NET formation in trauma, the effects of PADs on citrullination and NETosis in
require further investigation.

Studies evaluating PAD in hemorrhagic shock have been carried out in animal models.

He et al utilized a rat model of 55% blood volume loss (severe hemorrhagic shock)

to assess the effects of YW3-56, a pan-PAD inhibitor. °1 YW3-56 treatment led to a
significantly higher 12-hour survival rate (60% treatment vs 20% control). The treatment
group was also noted to have less severe acute lung injury (ALI) and attenuated pulmonary
MPO levels. Furthermore, /n vitro studies demonstrated that macrophages exposed to
hypoxia and reoxygenation had increased viability and decreased pro-inflammatory cytokine
production following treatment. This was the first study to specifically assess the role of
PADs in hemorrhage and in post-hemorrhage ALI. As a follow up, the group evaluated

the role of PAD2 in hemorrhagic shock using a similar model in mice. 52 Zhou et al
demonstrated a 100% survival of PAD2-/- mice compared to 0% of WT mice at 7 days. %2

A potential mechanism for the protective nature of PAD2 knockout (KO) is cardioprotection.
This hypothesis was evaluated in a non-hemorrhage myocardial infarction model, which
demonstrated a smaller infarct size in PAD2-/- mice compared to WT and significantly
different B-catenin levels, a pro-survival pathway protein. 52 Similarly, this study also
redemonstrated an attenuated ALI in PADZ2-/- mice. To date, this is the only study that

has shown the specific effects of PAD2 in hemorrhagic shock.

Given the known role of PAD4 in NETosis, Biron et al evaluated PAD4 deficiency in a

dual insult hemorrhage and cecal ligation and puncture (CLP) model. 33 Mice underwent
hemorrhage targeted to a mean arterial pressure (MAP) of 35mmHg followed by CLP

24 hours later to produce sepsis. This model demonstrated a significantly better 14-day
survival in PAD4-/- mice (94%) compared to the wild type mice (WT) (59%). In addition,
neutrophils from the PAD4-/- mice were unable to undergo NETosis following stimulation.
While PAD4 deficiency theoretically leads to increased susceptibility to infections, Biron et
al found a decreased bacterial load in the peritoneal cavity in PAD4-/-mice. 53 Similarly,
there were decreased pro-inflammatory cytokine levels (IL-6 and TNF-a.), MPO, and
attenuated ALI in the PAD4-/-mice . The survival differences noted in this study are
contrary to a prior study by Martinod et al evaluating sepsis only models in PAD4-/- mice.
54 Their study demonstrated no significant differences in survival rates between PAD4-/-and
WT mice in both a high and low-grade CLP. * The survival outcome in Biron et al®3 is
similar to the other sepsis models*’ and the He et al°! study. However, both He et al®! and
Pan et al*’ used a pan-PAD inhibitor instead of KO animals, which notably also inhibits
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PAD2. Given the conflicting findings, the pathophysiology of the two-hit hemorrhage and
sepsis model and PADs remains to be further clarified. The addition of hemorrhagic shock
prior to CLP may account for the differences in outcomes among the studies. Further follow
up with selective PAD inhibitors and PAD KO in hemorrhagic shock models should be the
next step in interpreting these findings.

Trauma-induced ALLI is a well-known phenomenon following severe injuries that can
progress to ARDS. This can lead to significant morbidity, need for mechanical ventilation,
and a prolonged ICU stay. 5 While the pathology is poorly understood at this time, the
hypothesized pathogenesis of ALLI is associated with the SIRS resulting from a major non-
pulmonary injury. The histologic findings of ALI are characterized by activated neutrophils,
diffuse alveolar damage, pulmonary edema, fibrin membranes, and microthrombi. Prior
studies have demonstrated that sepsis-induced ALLI is linked to PAD, with a decreased

in pulmonary vascular dysfunction following treatment with a PAD inhibitor YW3-56.

56 These findings are consistent with the hemorrhagic shock models above demonstrating
decreased ALI following inhibition of PAD. Of note, there are varying outcomes in
previous articles regarding the changes in ALI in PAD4-/- mice following sepsis. 2354 Both
hemorrhagic shock models above were found to have decreased ALI in the PAD KO or
inhibited mice. While this does not fully elucidate the mechanisms by which PAD affects
post-traumatic ALI, it does demonstrate involvement of deimination in the pathogenesis of
ALLI. Furthermore, PAD mediated endothelial dysfunction may be a mechanism for future
investigation in evaluating post-trauma ALI.

Coagulation—Coagulation and hemostasis are critical components of trauma induced
coagulopathy in the early stages of trauma. >’ In the later phases of trauma, patients are

at high risk for deep venous thromboses (DVTs) due to the concurrent presence of all

three prongs of Virchow’s triad: hypercoagulable state, endothelial damage, and stasis. The
activation of endothelial adhesions and the coagulation cascade also plays a role in the
systemic inflammation following trauma. 2 Platelet surface immune receptors, adhesion
molecules, and release of a diverse range of platelet derived granules make platelets a key
immune modulator in trauma. 38 While there are compelling questions for investigation
regarding the role of PAD in trauma induced coagulopathy or thrombosis, there are no
current models evaluating this question.

Studies have noted that citrullinated histones and NETosis are pro-thrombotic and associated
with DVTs. % Fuchs et al showed that the fibrous mesh of NETs provided an intravascular
scaffold for platelet adherence. > Following an /7 vitro perfusion of NETs with platelet-
rich-plasma, the adherent mesh was visualized on electron microscopy and was notably
degraded by DNase treatment. Histones H3 and H4 were found to stimulate platelet
aggregation. Furthermore, they demonstrated that von Willebrand Factor (VWF), fibronectin,
and fibrinogen bind to the NET. Finally in a baboon model of iliac venous thrombosis,
cf-DNA, as surrogate for NETSs, was elevated from 2 to 6 days following DVT. %9 These
results provide early evidence that NETSs contribute to thrombus stabilization.

Given the role of NETs and histones in DVT formation, Martinod et al evaluated the
role of PADA4 in thrombosis. PAD4-/- mice were found to have decreased early thrombus
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formation at 6 hours following inferior vena cava (IVC) ligation compared to WT mice.

At 48 hours, fewer than 10% of IVCs in the PAD4-/- mice had thrombus compared to

90% in WT mice (p=0.0002). Infusion of WT neutrophils was then found to restore the
thrombosis in PAD4-/- mice. Several studies have begun to evaluate the mechanisms behind
the PAD associated thrombosis (Figure 2A). Platelet receptors toll-like receptor 2 (TLR2)
and 4 (TLR4) have been shown to mediate histone induced platelet aggregation. 50 NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3) has also been found to mediate
NETosis and lead to a significantly decreased thrombus progression when inhibited in the
IVC ligation model used by the Martinod et al group. 61 In a virus induced NETosis /7

vivo mouse model, Ai et al demonstrated that pre-treatment with a pan-PAD inhibitor,
BB-Cl-Amidine, decreased lung fibrin and thrombus. 52 Sorvillo et al%3 assessed the role

of a disintegrin and metalloproteinase with thrombospondin typ-1 motif-13 (ADAMTS13),
a key enzyme in cleavage or breakdown of VWF. They found that injection of recombinant
human PAD4 (rhPAD4) led to formation of VWF platelet strings and that PAD4 citrullinates
ADAMTS13. Citrullinated recombinant human ADAMTS13 was then unable to cleave
VWEF platelet strings /n vitro demonstrating that PAD4 mediated citrullination impairs
ADAMTS13 activity. In a mesenteric venous injury model, rhPAD4 injection accelerated
formation of thrombi in the injured vein, further supporting the role of PAD4 in thrombus
formation. 83 In contrast to other studies, Damaiana et al specifically evaluated the effects
of PAD2 in addition to PAD4, finding that both PAD2 and PAD4 citrullinate fibrinogen. 84
However, citrullination by PAD2, but not PAD4, was noted to inhibit fibrin polymerization
and fibrin fiber diameter in clots. The functional effects of the altered fibrin network remain
to be assessed.

While the thrombus models are not directly trauma-induced, venous ligation and thrombus
formation are relevant to injury. This raises many exciting questions regarding the
contribution of PAD to the trauma induced coagulopathy and subsequent hypercoagulable
state.

Burn and Wound Healing

Severe burn injuries can lead to significant morbidity and mortality. Burns can lead to tissue
damage, inhalation injury, multiorgan failure, and sepsis. Like trauma, burns are also known
to cause SIRS and innate immune cell activation leading to electrolyte imbalances and
increased cellular metabolism. 6°

The understanding of NETosis and the role of PADs in burn injuries is relatively limited at
this time (Figure 2B). Similar to in trauma and sepsis, cf-DNA has also been evaluated as
a potential biomarker in severely injured burn patients. 66-68 |n an early study, Altrichter
et al measured cf-DNA levels in patients with at least 25% total body surface area (TBSA)
of second-degree burns. 68 There was detectable cf-DNA throughout the 7 days post-injury
with the highest level on post-injury day 1. Hampson et al performed a prospective study
including patients with =15% TBSA burn finding a reduced neutrophil oxidative burst
capacity and phagocytosis following injury. 7 The cf-DNA levels were elevated following
injury with higher cf-DNA levels in patients who subsequently became septic compared to
those who did not. This study confirmed NETosis using the combination of cf-DNA and
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CitH3. It is notable that the peak cf-DNA levels appear to be post-burn day 7-21 with CitH3
only detected in septic patients. 67 The circulating cf-DNA levels are not specific to NETs
and do not provide conclusive evidence for NETosis. 8 Furthermore, the CitH3 may be
associated with sepsis rather than the burn injury itself. 87 Kaufman et al used nucleosomes
and human neutrophil elastase-DNA complexes (HNE-DNA) as measures of NETosis. Both
nucleosomes and HNE-DNA were elevated on admission day 1 and day 4, ultimately with
poor correlation with each other and TBSA level. 70 These findings further suggest that
while cf-DNA is elevated following burn, the presence of NETosis is not clearly confirmed.

NETosis in burns was further investigated by Korkmaz et al in both rat and swine burn
models. 2 NETs were identified using serial staining of CD31 for thrombi, MPO, and CitH3
in the burn wound tissue. In both rats and swine, NETs were identified for up to 60 days
post-burn in swine. NETSs associated with thrombi were also observed in the burn wounds of
severely injured patients. As burns are also associated with a burn-induced hypercoagulable
state, microthrombi have been hypothesized to worsen tissue necrosis leading to progression
of wounds. 72 This study demonstrates an association of NETs with microthrombi, however
the question remains as to the relationship of NETs to the microthrombi. The more precise
role of whether PAD activity leads to microthrombi formation versus NETosis as a result of
the pre-existing hypercoagulable state is unknown.

Heuer et al used a combination of PAD4-/-and DNasel-/- mice in both laparotomy and

burn wound healing to evaluate both primary and secondary wound healing. ’3 PAD4-/-burn
wounds closed by secondary intention were noted to have fewer NETs and faster wound
closure compared to WT mice. Treatment with DNasel, previously shown to dissolve NETS,
16 also improved burn wound healing’3. Furthermore, there was an increased collagen | to
I11 ratio and alignment in burn scars demonstrating improved stability and tensile strength
of the wound following DNasel treatment and PAD4KO. Healing by primary intention was
also noted to be accelerated in PAD4-/-mice. 73 This highlights the connection of PAD4

to NETosis in burn and wound healing. These findings are in line with previous studies in
diabetic foot ulcers demonstrating that NETosis impairs wound healing and PAD4 inhibition
accelerates wound healing. 747°

Surolia et al investigates PAD4 in ALI following chemical burn injuries using both PAD4-/-
mice and treatment with GSK484, a selective PAD4 inhibitor. 76 That study demonstrated
that ALI was attenuated in PAD4-/-and GSK484, with the conclusion that PAD4 plays an
essential role in burn-induced ALLI. CitH3 spillage in the lungs was measured and noted to
be significantly increased in the WT mice compared to 2PAD4-/- with positive correlation to
the degree of lung injury. 78 This finding is in line with prior studies demonstrating the role
of NETosis in trauma related ALI. While it is unclear whether burn induced ALI has the
same mechanism as trauma induced AL, this study confirms the prior findings in a burn
model.

Ultimately, while there is compelling evidence demonstrating the presence of NETosis and
PAD activation in wound healing, burns, and burn-induced ALI, further studies are required
to continue exploring the mechanisms and effects of PAD inhibition.
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Traumatic Brain Injury

TBI affects millions of Americans each year and is a leading cause of trauma related deaths.
7T Furthermore, TBI can lead to significant morbidity and future disability for patients.
Primary treatment for TBI has remained elusive, with the TBI management largely focused
on mitigating the secondary brain injury. Thus, further investigating the cellular mechanisms
that affect TBI remain critically important to finding effective novel therapies.

Post-translational histone modification and epigenetic changes have long been demonstrated
in TBI. /8 However, very little is known about histone deimination and NETosis in the

brain and in TBI (Figure 2C). Studies have recently begun to evaluate the role of NETs in
stroke-related ischemic brain injury?9:80 with few studies focused on TBI. As SIRS develops
following trauma, the brain is also affected. The disruption of the blood-brain barrier (BBB)
in trauma allows for the infiltration of neutrophils leading to inflammatory changes and
microcirculatory dysfunction. 81 As in other pathologies, the neutrophil activation and

resulting inflammatory response has been implicated in the worsening of TBI outcomes.
81

Using a controlled cortical impact TBI model in mice, Vaibhav et al demonstrated that
NETSs were visualized in the contusional and peri-contusional regions of the brain with co-
localized CitH3 and NE. 82 DNasel levels in severe TBI patients were inversely correlated
with intracranial pressure and circulating NETs. 82 Administration of recombinant human
DNasel (rhDNasel) led to reduced cerebral edema, improved perfusion, and improved
functional neurologic outcomes at two months following TBI. TLR4 expression was
associated with decreased circulating DNasel levels, NET formation, and decreased NET
degradation. 82

Prior stroke models have demonstrated that PAD4 can lead to citrullination and is associated
with NET formation in the brain. 83 Kang et al demonstrated increased PAD4 mRNA and
protein expression and a significant increase in CitH3 and BBB permeability in ischemic
areas. 83 PAD4 overexpressing mice were also found to have more severe functional
neurologic impairments. Compared to WT, PAD4-/- mice had no significant differences

in brain lesion size but was noted to have fewer CitH3+ neutrophils. This correlation of
PAD4 to NETosis in ischemic stroke leads to the possibility that PAD4 may also play a role
in TBI. Zeng et al found that NETs were also detected in patients following subarachnoid
hemorrhage (SAH) with plasma CitH3 levels correlating with the severity of SAH84. In
assessing the role of PAD4, GSK484 administration led to decreased brain edema, fewer
functional neurologic impairments, and better performance on the Morris water maze test.
84 In concordance to prior studies in brain injury and other pathologies, administration of
DNasel was able to reduce brain edema and the neuroinflammatory response.

As with trauma and burn, TBI has been linked to a secondary ALI. Gu et al demonstrated
the NET involvement in the pathophysiology of TBI induced ALI (TBI-ALI) through a
severe TBI model in mice. 8 This study evaluates the protein S100B as a possible regulator
of TBI-ALI finding that inhibition of S100B leads to decreased NET formation in the lungs
and severity of ALI.
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At this time, there are no studies directly examining PAD and TBI. Thus, prior studies
examining PADs in brain injury leave questions regarding their applicability to TBI.

Other Injuries

The pathophysiology of NETSs in spinal cord injuries (SCIs) was studied by Feng et al.

86 The SCI was induced using a 60 second compression of the spinal cord through a
laminectomy. Neutrophils were identified at the region of SCI with NET production at

24 hours. Cl-amidine, a pan-PAD inhibitor reduced NETS, decreased neuroinflammation,
neuronal cell death, scar formation, and blood-spinal cord barrier permeability. Furthermore,
motor function was significantly improved following Cl-amidine treatment. These findings
are consistent with other trauma pathologies as PADs are demonstrated to cause
inflammation in many organ systems.

Future Therapies and Perspectives

Post-injury SIRS is a critically important aspect to target as we continue to work towards
development of novel therapies in trauma. The rapid response of the innate immune system
often leads to further secondary damage, and potential worsening of tissue injury.

Cell-Free DNA—Identification of NETosis was quantified in early studies using circulating
cf-DNA levels as a surrogate and a potential biomarker for predicting clinical outcomes.
37.39.66 \While cf-DNA is non-specific and should not serve as a marker for NETosis without
a confirmatory study, it may have potential as a clinical biomarker. Cf-DNA has also been
noted in numerous studies assessing NETosis in other pathologies including septic arthritis
and aortic aneurysms, which is likely to affect its utility as a biomarker. 87:88 However, data
demonstrating that mt-DNA is the major component of a NET may make cf-mtDNA a better
marker for NETosis in trauma. Altrichter et al also noted significantly higher cf-DNA levels
in non-survivors of a major burn. 86 Macher et al found that TBI and polytrauma patients
present with an elevated cf-DNA. A larger ratio of decrease in cf-DNA levels over the first
24 hours was significantly correlated with survival. Furthermore, the cf-DNA levels were
correlated with Injury Severity Score (ISS). While there are some conflicting data, taken
together, these studies indicate that cf-DNA may be promising as a marker that correlates
with post-traumatic outcomes and sepsis. 37:39.66

Cell-free Mitochondrial DNA—MtDNA has also been demonstrated as the main DNA
component in NETSs following trauma, surgery, or tissue injury. Plasma cf-mtDNA can

be measured using quantitative polymerase chain reaction (QPCR), which allows for a
relatively timely result. Gu et al used gPCR to measure plasma mtDNA concentration in
trauma patients within 2 hours of admission®. The mtDNA level correlated with the Acute
Physiology and Chronic Health Evaluation 11 (APACHE I1) score, ISS, and neutrophil to
lymphocyte ratio (NLR). Elevated admission plasma mtDNA levels were found to predict
the development of post-traumatic SIRS with an area under the curve (AUC) of 0.725 (95%
Cl 0.613-0.837). This further demonstrates the potential for mtDNA as a promising clinical
biomarker.
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CitH3—CitH3 has potential as both a biomarker and a therapeutic target given its

strong correlation with NETosis and injury. 47:86 CitH3 has been studied in a variety of
pathologies including pancreatitis, 89 aortic dissection, %0 and COVID-19%! as a marker
with possible prognostic value. CitH3 has previously been studied as either an independent
or confirmatory test for NETosis reflecting inflammation in most studies including for
SCI92 and burn. 7393 A major benefit to CitH3 is that it has been demonstrated in a
sepsis/endotoxemia model to be detectable early, within 30 minutes of LPS injection. 47 As
previously noted, there is some conflicting evidence regarding the elevation of CitH3 in non-
septic insults given the lack of CitH3 noted in hemorrhagic shock. 47 Thus, future studies
should continue to evaluate the appropriate usage of CitH3 as a diagnostic or predictor in
trauma patients. CitH3 has also been demonstrated to localize to regions of injury and can
also be further evaluated as a therapeutic target. 7386

As previously discussed, each assay’s antibodies’ citrulline binding sites may account for
some differences in CitH3 levels among studies. The recently developed antibody 4 Cit has
been used to detect elevated CitH3 levels in both non-infectious and infectious shock with
higher levels in infectious shock8%:94. These results suggest that the 4 Cit antibody is a
promising tool to accurately distinguish between infectious and non-infectious inflammatory
responses. The clinical and pre-clinical utility of the 4 Cit antibody in early identification

of sepsis remains to be further explored. However, it has potential in differentiating between
post-traumatic sepsis versus ongoing post-injury SIRS. Initiating earlier treatments for sepsis
could lead to decreased morbidity including decreasing mechanical ventilation days, ICU
length of stay, and hospital length of stay.

PAD2 and PAD4—PAD4 and PAD2, the major mediators of NET formation have been
studied using KO mice and various PAD inhibitors. PAD inhibitors can be selective or
non-selective. Both PAD2 and PAD4 have been studied extensively in sepsis and other
pathologies. 12 However, the role of PAD2 and PAD4 in trauma are relatively poorly
defined at this time. They are clearly associated with the post-traumatic SIRS and with
improved injury outcomes following KO or inhibition. PAD is a compelling target for
future therapeutics. In particular, selective PAD inhibition would allow for potentially fewer
collateral side effects. Furthermore, PAD inhibitors have been recently delivered in the
form of targeted intravascular nanoparticles for atherosclerosis® and cancer therapy%. This
may have exciting potential for the development of novel therapies for various pathological
processes, including post-traumatic inflammation.

DNasel—DNasel is a pancreatic enzyme present in physiologic conditions that digests
DNA?’. During the early discovery of NETs, Brinkmann et al noted that the NETs were
degraded by DNasel. 16 Given the detrimental effect of NETs in sepsis and trauma, DNasel
has been investigated as both a potential diagnostic and therapeutic tool. Meng et al
demonstrated that DNasel levels were significantly elevated on admission and higher in
major trauma patients who developed sepsis. 38 There was no significant difference noted in
the days following admission, making it a potential early outcome predictor. 3 DNasel has
also been re-demonstrated to degrade NETSs in a thrombus®® and in burns. 73 In both TBI182
and burn, 3 treatment with DNasel improved outcomes. DNasel knockout was congruently
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noted to have impaired degradation of NETs with worsened outcomes. 73 Studies have
demonstrated that circulating cf-mtDNA can also be digested by DNasel%8 making it a
stronger potential treatment for trauma given the known release and inflammatory potential
of mtDNA.

ADAMTS13—ADAMTS13 has been found to be affected by PAD4 through citrullination.
63 Citrullinated ADAMTS13 has been noted to be higher in septic patients compared to
controls. 83 Treatment with rhADAMTS13 reversed citrullinated ADAMTS13’s impaired
ability to cleave platelet strings and reduced NET formation. Currently, there are no
studies evaluating ADAMTS13 citrullination in trauma patients. However, the role of
ADAMTS13 in trauma has been investigated. Kleinveld et al demonstrated that increasing
ISS’ were associated with higher vVWF and lower ADAMTS13 levels. 99 Additionally lower
ADAMTS13 levels were demonstrated in patients who subsequently developed MOF. In

a rat model of hemorrhagic shock, administration of rhADAMTS13 was noted to limit
organ injury and microthrombi formation in the lungs, kidneys, and liver. 9 These studies
demonstrate the future potential of ADAMTS13 as a biomarker and potential therapeutic
target. Additionally, further studies should continue to evaluate the interaction between
PAD4 and ADAMTS13, particularly in trauma.

Conclusion

Post-traumatic inflammation results in a significant inflammatory response activating the
innate immune system. PADs and NET formation are increasingly being studied in the
setting of trauma and tissue injury. The evidence suggests that excessive NET formation
leads to detrimental effects in a variety of conditions including trauma. At this time,

many questions remain regarding the mechanisms of the PAD to NETosis pathway and its
clinical applications. Given the current body of work, there are many potentially promising
directions for developing future diagnostics and therapeutic tools.
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FIGURE 1.

A. Systemic Inflammatory Response Syndrome (SIRS) induced by trauma and
infection. Trauma and sepsis experience a similar SIRS state in their early stages.

B Mechanistic pathways of NETosis. During the process of suicidal (non-infectious)
NETosis, myeloperoxidase (MPO) and nicotinamide adenine dinucleotide phosphate
(NADPH) mediate the translocation of neutrophil elastase (NE) from cytosolic granules
into the nucleus. By cleaving histones, NE facilities the chromatin breakdown and nuclear
envelope breakdown resulting in the rupture of the neutrophil cytomembrane and release
of NETs over several hours. The vital (infectious) NETosis induced by direct microbial
exposure or neutrophil-platelet interaction can release NETs through nuclear budding
rapidly over less than 30 minutes.
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FIGURE 2. Therole of PADsand NETsin injury.
A. Peptidylarginine deiminase 4 (PAD4) mediates the citrullination of histones in

neutrophils resulting in NETosis. PADs and NETs have been demonstrated to facilitate
the formation of thrombosis after trauma. NETs emit a fibrous mesh that provides

an intravascular scaffold for platelets, von Willebrand Factor (vWF), fibronectin, and
fibrinogen adherence. Histones released during NETosis induce platelet aggregation through
interactions with toll-like receptor 2 (TLR2) and 4 (TLR4) on platelets. PAD4 released
during NETosis citrullinates ADAMTS13 impairing its ability to cleave vVWF-platelet
strings. B. Following a burn or wound, neutrophils infiltrate into the wound tissue and
undergo NETosis, which can impair wound healing. A proposed mechanism is through a
decreased collagen | to 11 ratio (higher proportion of immature fibers, collagen I11) with
poor wound alignment and the formation of microthrombi. C and D. NETosis has been
observed in the damaged tissue after traumatic brain injury (TBI) and spinal cord injury
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(SCI). While PAD inhibitors or DNasel have been shown to alleviate the local tissue
damage, the role of PADs and NETs in TBI and SCI remain to be elucidated.
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