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Since their discovery, neutrophil extracellular traps (NETs) have been impli-

cated in a broad array of functions, both beneficial and detrimental to the host.

Indeed, NETs have roles in infection, sepsis, wound healing, thrombotic

disease, and cancer propagation, all of which are directly implicated in the

care of surgical patients. Here we provide an updated review on the role of

NETs in the perioperative period with specific emphasis on perioperative

infections, wound healing, vascular complications, cancer propagation, as

well as discussing ongoing, and future therapeutic targets. Surgeons will

benefit from understanding the latest discoveries in neutrophil biology and

how these novel functions affect the care of surgical patients. Furthermore,

novel anti-NET therapies are being developed which may have profound

effects on the care of surgical patients.
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NEUTROPHIL EXTRACELLULAR TRAPS: WHAT
SURGEONS NEED TO KNOW

N eutrophils are the surgeon’s best friend, and perhaps also his or
her worst enemy. None of what we do is possible without their

classically known functions as central mediators of innate immunity.
Surgeons have, in fact, been central to many of our most important
discoveries pertaining to neutrophil biology, largely because of the
intimate role they play in all aspects of surgical stress and recovery.1

Indeed, neutrophilic function ranges from normal postoperative
wound healing and inflammatory responses and extends to being
central mediators of postoperative sepsis and neoplastic dissemina-
tion. This double-edged nature of neutrophilic function is the result
of uncontrolled neutrophilic cellular activity, which at the cellular
level involves a slew of mechanisms ranging from the production of
reactive oxygen species to phagocytosis.2

For a little more than a decade, an entirely new mechanism of
action has been described to occur in neutrophils. Various states of
inflammation trigger nuclear DNA decondensation with active
fusion of the nuclear and cytoplasmic membranes resulting in the

release of web-like chromatin filaments termed neutrophil
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extracellular traps (NETs).3 Since their discovery in 2004, NETs have
been implicated in a broad array of functions, both beneficial and
detrimental to the host.3 Indeed, NETs have roles in infection, sepsis,
wound healing, thrombotic disease, and cancer propagation, all of
which are directly implicated in the care of surgical patients.3 However,
to understand the implications of NETs for surgeons, a brief recapitu-
lation of the process of NET formation, or NETosis, is necessary.

In response to certain stimuli, neutrophils release a meshwork of
decondensed DNA into the extracellular space.3 Instigating factors
come in the form of circulating molecules such as cytokines and
antibodies, but can also include cells and their components, specifi-
cally endothelial cells and platelets.3 The complete extent of initiators
of NETosis is unknown, and many new triggers are constantly discov-
ered. NETs are primarily composed of DNA and histones arranged in a
web form on which a vast amount of neutrophil-derived enzymes are
bound, the likes of which include neutrophil elastase (NE), myeloper-
oxidase (MPO), and cathepsin G.3 In addition, NETs provide a scaffold
on which other proteins and cells can bind, including chemotactic
factors, activating factors, growth factors, and many others.3

The exact cellular mechanism of NETosis is unknown, however
several key intracellular players have been identified. Membrane
receptors such as Toll-Like Receptor 2 and 4, the antibody crystallizable
fragment (Fc) receptors as well as the complement receptors represent
some of the players in the early cascade leading to NETosis.3 Subse-
quently, a signal cascade results in the activation of the nuclear enzyme
protein-arginine deaminase type 4 (PAD4), which results in hyper-
citrullination and thus decondensation of nuclear chromatin, an integral
step in NET formation.3,4 Indeed, several studies have demonstrated that
PAD4 knockdown or inhibition result in NET abrogation.5–7 This
culminates in the excretion of webs of decondensed chromatin via
vesicular export and release, a process that can either occur with or
without neutrophil cell lysis.3 The specifics of these mechanisms are ill-
defined and remain the subject of intensive research.

To summarize, neutrophils exposed to triggers ranging from
soluble molecules to cell surface proteins activate signaling cascades
via several receptors, in turn activating PAD4 activity, culminating in
the release of chromatin webs layered with an extensive array of
active proteins, which can activate extracellular cascades as well as

serve as a substrate or scaffold for other proteins and cells alike.
NETs AND PERIOPERATIVE INFECTIONS

Neutrophils are a primary line of defense in the innate immune
response to microbial pathogens in the postoperative period. Phago-
cytosis and subsequent killing through antimicrobial peptides and
reactive oxygen species production have extensively been described
in the literature. However, most recently, the release of NETs has
been identified as a novel mechanism in the antimicrobial function of
neutrophils.8 Indeed, it was in the context of infection that NETs
were first discovered.8

NETs form during infection and contribute to bacterial clear-

ance. Neutrophils cocultured in the presence of pathogenic bacteria
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postoperative sepsis may have clinically deleterious consequences.
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such as S aureus and Shigella resulted in the formation of NETs
which directly interacted and reduced the concentration of bacteria-
derived virulence factors in vitro.8 In fact, in-vitro models in which
neutrophils are either deficient in NET production, or in which NETs,
composed primarily of double-stranded DNA, are dismantled with
DNase treatment, demonstrate that abrogation of NETs is linked to
reduced ability of neutrophils to kill bacteria.8 These findings were
further corroborated in vivo where depletion of NETs by DNase
administration in a mouse model of polymicrobial sepsis resulted in
higher rates of systemic microbial dissemination.9 However, when
scrutinized, the results shown in these studies demonstrated that the
difference in susceptibility to systemic infection was small in early
time points, with no significant difference in mortality at subsequent
time points.9 Subsequent studies showed that PAD4-deficient mice,
an enzyme central to NETosis, did not have increased mortality over
their wild-type (WT) counterparts.6 Furthermore, when treated with
antibiotics, PAD4 deficiency was not associated with increased
bacteremia.6 As such, although evidence is present to suggest a role
for NETs in immunity both in vitro and in vivo, it may only represent
one of many redundant mechanisms in which neutrophils mediate
antibacterial immunity.

NETs exert antimicrobial activity both by creating a physical
barrier and delivering high concentrations of neutrophil-derived
antimicrobial peptides in the microenvironment. The bactericidal
activity of NET components such as histones, NE, MPO, and
cathepsin G is well established in the current literature.10–12 In their
groundbreaking article, Brinkmann et al8 attributed the antibacterial
function of NETs primarily to histones, which had already been well
established as having antimicrobial activity. Monoclonal antibodies
targeting the H2A-H2B-DNA complex resulted in a complete loss of
killing of S aureus.8 Furthermore, co-culturing of several bacteria
with H2A protein demonstrated that even low concentrations of H2A
resulted in effective bactericidal activity. Brinkmann et al8 also
demonstrated that NET-bound NE was responsible for extracellular
targeting of bacterial virulence factors. These findings are supported
by previous in vitro studies in which NE successfully inactivated
virulence factors of Shigella, Salmonella, and Yersinia bacteria, an
effect that was lost when NE was inactivated either pharmacologi-
cally or genetically.13 These findings are echoed in several other
studies in which NE demonstrates potent antimicrobial activity.14

Most recently, however, the DNA found within NETs was
identified as a novel antimicrobial agent. Halverson et al15 demon-
strated that the DNA backbone is an independent contributor to the
antibacterial activity of NETs in PAeruginosa infections, a mechanism
mediated in part by its ability to sequester surface bound cations and in
turn disrupt bacterial cell membranes to induce lysis. Brinkmann et al8

had suggested that the physical structure of NETs was key in mediating
bacterial cell death (as seen by the loss of function with DNase
treatment) but had not identified a mechanism via which this was
executed, only suggesting that neutrophil-derived DNA created a mesh
that sequestered bacteria in a microenvironment rich in extracellular
antibacterial enzymes. Building on this, Halverson’s findings identify
DNA as both a physical restraint but even more interesting, a direct
contributor to the antimicrobial activity of NETs.15 These findings are
complemented by studies in which certain microbes such as Group A
Streptococcus enhance their virulence through expression of DNase
enzymes.16 Inhibition of these bacterial-derived enzymes results in
rapid clearance of infection by neutrophils.16

Although NETs appear to have an antibacterial role in early
response to bacterial infection, emerging studies have identified a
double-edged facet of NET function in the context of severe bacterial
sepsis. Excessive NETosis has been linked to ‘‘bystander’’ end-organ
damage in the liver, lungs, and kidneys.17 As such, although NETs

appear to play a role in limiting the dissemination of bacterial
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infections, unregulated NETosis in the context of more severe
NETs AND WOUND HEALING

Wound healing, and its associated complications, is a source
of significant mortality and morbidity in the postoperative period.
The role of neutrophils in wound healing and infection has exten-
sively been documented.18 Indeed, neutrophils are the first leuko-
cytes recruited and represent the predominant cell-type in the skin
during wound healing.18 Their primary function is to trap and kill
microbes, a process in part mediated by the production of NETs.8

However, the effect of neutrophils and NETs on wound healing
remain incompletely understood. Interestingly, studies done in neu-
trophil-depleted mice have shown that under sterile conditions,
absence of neutrophils resulted in faster epidermal wound healing.19

Further to this, diabetic neutropenic mice showed impressive rates of
wound closure as compared to their WT counterparts, an exciting
discovery given that diabetes is one of the most common comorbid-
ities in the surgical patient population.19 These results establish
neutrophils as central players in wound healing, with a double-edged
function with regards to infection prevention and wound closure.

The role of NETs in wound healing was first established in a
groundbreaking report by Wong et al20 which showed that neutro-
phils in diabetic mice were primed for NETosis, and that wounds in
these mice had significantly elevated levels of NETs as compared to
their WT counterparts. The increase in NETosis was mediated by
PAD4 and resulted in elevated extracellular NET histone levels at the
wound site.20 Interestingly, disruption of NETs with DNAse 1
improved healing in both diabetic and normoglycemic mice, sug-
gesting that NETs were responsible for delayed wound healing.20 To
further establish this, Wong et al used a PAD4-deficient mouse
model. PAD4 has previously been shown to be central to NETosis,
without compromising neutrophil function or mouse viability, thus
making it a good model to study function of NETs.6 The authors
demonstrated that PAD4-deficient mice not only heal faster but
demonstrated faster reepithelialization than control mice.20 Further-
more, diabetic PAD4-deficient mice showed no impairment in wound
healing.20 These findings were corroborated in human samples by
Fadini et al21 in a report on diabetic ulcers, which showed that
nonhealing diabetic wounds showed overexpression of NET com-
ponents, specifically extracellular DNA, histones, and NE levels.
Similarly, they demonstrated in a diabetic mouse model that PAD4
inhibition with Cl-amidine resulted in a decrease in NETosis at the
wound site with a concomitant restoration of diabetic wound heal-
ing.21 These reports together clearly establish that NETs have a
deleterious effect on wound closure—a feature of biology underap-
preciated and yet so important to the surgical community.

These reports represent recent evidence linking NETs to
wound healing. However, the role of NET components, such as
NE and MPO, has long been reported in the literature. Indeed, NE is
found to be overexpressed in fluid isolated from chronic wounds, and
its inhibition is associated with more rapid reepithelialization of
wounds.22 NE can lead to poor wound healing in several ways. First,
NE induces degradation of the wound matrix, both directly and
through its activation of metalloproteinases, which are often found to
be overactive in nonhealing wounds.23–25 Second, NE is responsible
in part for the proteolytic cleavage of such factors as platelet-derived
growth factor or vascular endothelial growth factor, both which form
part of the normal healing process.24 In addition, NE has been shown
to mediate the conversion of proepithelin, another growth factor, to
epithelin, whose function is to recruit and activate neutrophils, likely
contributing to an excessive inflammatory milieu in nonhealing

26
wounds. These results therefore directly implicate NE in the
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pathophysiology surrounding poor wound healing. However, to date,
it is unclear whether the source of NE in wound healing is within the
context of NETs, or from granules released by neutrophils via
alternative mechanisms, or both.

In parallel to this, neutrophil-associated MPO is also associ-
ated with delayed wound healing. Specifically, extracellular and
surface-bound MPO derived from infiltrating neutrophils in the
vicinity of intestinal epithelial cells resulted in delayed wound
healing both in vitro and in vivo in a colonoscopic biopsy mouse
model; concomitantly, inhibition of MPO resulted in a significant
acceleration of wound healing.27 In this report, the authors report that
activation of infiltrating neutrophils at the injury site was associated
with decreased total MPO level intracellularly, suggesting that in
part, MPO was released into the extracellular space. Although no
specific assay was conducted, it remains a possibility that MPO was
released as part of extracellular NETs in this context.

Although these studies link key NET components to delayed
wound healing, no study to date exists describing these functions in
the specific context of NETs. Indeed, reports have suggested that
these molecules could be alternatively released through neutrophil
degranulation, a completely separate process from NETosis.21 Fur-
ther study is therefore warranted before specific conclusions can be
drawn. Nonetheless, it is clear that these molecules and the process of
NETosis are key therapeutic targets to address improved wound

healing in a number of clinical situations.
IMPACT ON THE VASCULAR SYSTEM

Atherosclerosis is a leading cause of morbidity and mortality
worldwide, one that is intimately linked to surgical practice. Ath-
erosclerosis is the result of chronic inflammation inducing endothe-
lial dysfunction which culminates in the formation of macrophage-
derived foam cells and proliferation of smooth muscle within the
vascular wall. Recent studies have implicated NETs in the patho-
physiology and sequelae of atherosclerosis and atherothrombosis
alike. First, Warnatsch et al28 demonstrated that cholesterol crystals
induced NET formation in vitro, and that NETs were identified in the
atherosclerotic lesions in vivo. Further to this, they demonstrated that
loss of NET function, both in a NET-deficient mouse model and a
control model treated with DNase, resulted in a 3-fold reduction in
plaque size.28 In line with these findings, Knight et al29 demonstrated
that PAD4 inhibition in a mouse model of atherosclerosis resulted in
a loss of NET formation with concomitant reduction in size of
plaques and rate of thrombosis. The function of NETs has also
been implicated in the promotion of endothelial dysfunction as well
as recruitment of macrophages to atherosclerotic plaques.28

Together, these findings implicate NETs in the pathogenesis of
atherosclerosis.

Atherothrombosis is a critical complication of atherosclerosis
and represents a central pillar of vascular and cardiac surgical
practice. Several studies have found neutrophils and NETs to be
key components of thrombi found in acute ischemic events such as
myocardial infarct or ischemic stroke.30–32 In a study of ST-segment
acute coronary syndromes, Mangold et al33 found that higher NET
levels were associated with increased infarct size and prolonged time
to ST-segment resolution, whereas higher endogenous DNase levels
were linked with lower infarct size and a shortened time to ST-
segment resolution. These findings suggest that NETs play a role in
acute thrombosis; however, the mechanism via which this occurs
remains poorly understood. Furthermore, there is evidence to suggest
that NETs are involved in injury following reperfusion. In a mouse
model of induced limb ischemia-reperfusion, Oklu et al34 demon-
strated that reduction in the level of NETs via TLR4 inhibition was

associated with a reduction in reperfusion injury to skeletal muscle.

� 2019 The Author(s). Published by Wolters Kluwer Health, Inc.
Other studies have similarly implicated NETs in the ischemic injury
of several organs including kidney, brain, myocardium, and intes-
tine.35,36 To assess whether limiting NET levels in ischemic tissues
could minimize deleterious effects on end-organ function, Wang
et al36 designed a study in which mice undergoing clamping of the
superior mesenteric artery were treated with DNase-1 intravenously.
The results demonstrated that DNase treatment resulted in a decrease
in the proinflammatory milieu of intestinal reperfusion injury and
histologically resulted in reduced intestinal mucosal injury with
maintenance of the epithelial barrier junction proteins.36 Boettcher
et al37 showed similar improved outcomes in rats that had undergone
DNase treatment in a model of midgut volvulus. Interestingly, their
study found that although both DNase and tissue-plasminogen
activator could be used to improve reperfusion injury, DNase was
the only treatment that was not associated with prolonged bleeding
time.37 Additional reports have demonstrated similar benefits of
NET targeting in models of reperfusion injury in kidneys, and
myocardial reperfusion.38,39 These findings together implicate NETs
in the full spectrum of arterial disease, from plaque formation, to
acute thrombus formation, and finally to the subsequent reperfusion
injury that may occur following intervention. Together, these find-
ings put forth NETs as a potential target for therapy within the
perioperative period.

Deep venous thrombosis (DVT) remains a leading cause
of preventable mortality and morbidity in the perioperative
window. Broadly speaking, DVT formation is initiated by endothelial
dysfunction and culminates with the activation of coagulation cas-
cades and the promotion of platelet recruitment and activation,
resulting in thrombus propagation; as such, targeting these processes
with generalized anticoagulants was and remains the mainstay of
prophylactic therapy today. This presents a dilemma in the surgical
environment as these same broad mechanisms of thrombosis con-
currently apply to postoperative hemostasis. In light of this, identi-
fying specific molecular mechanisms underlying DVT formation
remains crucial in the development of targeted therapies. Studies
over the years have identified innate immune cells as key players,
with emphasis on the interaction of platelets with monocytes and
neutrophils.40 With regards to neutrophils, a significant body of
literature has amassed suggesting that they are central to the estab-
lishing of DVTs.

To establish a role for NETs in DVT formation, it is necessary
to clarify the currently accepted mechanism of DVT initiation.
Endothelial cells maintain vascular homeostasis acting as a barrier,
preventing circulating coagulation factors from interacting with
tissue-sequestered tissue factor (TF), an initiator of the coagulation
cascade.41 Additionally, endothelial cells contain Weibel-Palade
bodies (WPBs), intracellular organelles rich in factors such as
vWF, P-Selectin, and interleukin (IL)-8 whose primary function is
to induce local inflammation and activate coagulation when
released.42 Thrombosis is initiated by endothelial cell apoptosis
resulting in exposure of TF as well as release of WPBs.42 Subse-
quently there is recruitment of monocytes, neutrophils, and platelets
which enhance both the inflammatory response and hold key roles in
coagulation.42 This process culminates in the deposition of fibrin,
trapping circulating cells and factors and resulting in vessel throm-
bosis.41 NETs are intimately linked with many of these steps during
the process, from initiation to propagation.

NETs promote thrombus organization by enhancing endothe-
lial dysfunction, inducing release of WPBs and subsequently expos-
ing TF to the intravascular milieu.42 Indeed, in-vitro coculturing of
activated endothelial cells with neutrophils resulted in NET forma-
tion, a process in part mediated by IL-8 released from endothelial
cells.43 Furthermore, prolonged coculturing resulted in an increase in

endothelial cell death, a process that was disrupted when NETosis
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was inhibited.43–45 Further characterization identified that NET-
mediated cytotoxicity was predominantly on the activity of histones
and MPO found in NETs.45 Indeed, histones, but not DNA, were
subsequently shown to mediate release of vWF from WBPs both in
vitro and in a mouse model that received injections of histones or
DNA.46 Thus, not only can endothelial dysfunction promote NET
formation, but NETs, and their internal components, in turn exert a
positive feedback mechanism to increase local inflammation and
endothelial cell death, both of which represent key processes in the
initial organization of DVTs.

Beyond exposure of TF, NETs are intimately linked to throm-
bosis through direct modulation of coagulation cascades. Specifi-
cally, NETs within thrombi have been shown to bind and activate
Factor XII, thus directly initiating the intrinsic pathway.40,47 Second,
the enzymatic activity of NE and MPO found on NETs results in
inactivation of tissue-factor pathway inhibitor and thrombomodulin,
effectively enhancing the activity of the extrinsic coagulation
pathway.48,49 Lastly, NETs, DNA, and histones significantly
slowed plasminogen-driven lysis of plasma clots in vitro, an effect
that was reversed by treatment with DNase.50 Together, these
results suggest that NETs modulate coagulation, both as promoters
of the extrinsic and intrinsic coagulation pathways, while concur-
rently inhibiting factors involved in regulation or breakdown
of thrombi.

Furthermore, NETs were shown to enhance platelets inter-
actions leading to propagation of thrombi. Initially, NETs directly
bind vWF released from WPBs, serving as a substrate for subsequent
recruitment of platelets.51 NE and other proteases found in NETs
result in activation of platelet receptors, further enhancing platelet
aggregation.52 Histones within NETs induce platelet activation, a
process mediated via TLR2 and TLR4 signaling, and result in
downstream increases in thrombin generation through a platelet-
dependent mechanism.53 Furthermore, activated platelets cocultured
with neutrophils are capable of inducing NET release, suggesting that
a positive-feedback mechanism exists in which NETosis not only
enhances, but is enhanced by platelet activation.54 These results
together demonstrate clearly that NETs are key mediators in recruit-
ing and activating platelets during DVT formation.

The aforementioned evidence puts forth the targeting of
NETs as a novel therapeutic approach in DVT prophylaxis. Indeed,
inhibition of NET formation with DNase 1 treatment resulted in
abrogation of thrombus formation both in in vitro and in vivo.51,55

Interestingly, DNase appears to be the endogenous way that the body
regulates NET levels, as demonstrated by Jimenez-Alcazar et al56

whose report identified 2 host DNases that were directly implicated
in controlling vascular occlusion by NETs. The report went beyond
this in identifying that NET clots were sufficient by themselves to
obstruct vessels and that these did not respond to standard antith-
rombotic treatment; in fact, DNase reconstitution was the only
effective way to inhibit NET clot formation, suggesting that our
current DVT prophylaxis may be insufficient.56 Parallel to this
work, other studies have sought to identify and target proteins
central to NETosis as potential therapeutic targets. Li et al4 demon-
strated that PAD4-deficient neutrophils were unable to form NETs
with appropriate stimulation, a finding that was later demonstrated
in in-vivo models. Kusunoki et al took this one step further by
demonstrating that pharmacological targeting of PAD4 in vivo with
a pan-PAD inhibitor, Cl-amidine, resulted in reduced capacity to
form NETs, a finding corroborated in several other in-vivo mod-
els.5,7,57,58 In several studies on arterial thrombosis, treatment with
Cl-amidine reduced thrombus formation and end-organ dam-
age.29,57,59,60 Although the mechanism of atherothrombosis and
DVT is not identical, several parallels can be drawn to suggest that

therapeutic targeting of PAD4 could be viable in DVT prevention.
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Together these findings establish NETs as a feasible therapeutic
target, one that warrants further investigation in the context of
DVT prophylaxis.

NETs AND CANCER
Neutrophils are often found in high numbers in proximity

to human tumors and in mouse models of cancer. In the last
several years, there has been accumulating evidence that NETs
also have a role in cancer. Indeed, a prospective study on 957
patients by Grilz et al61 demonstrated that elevated levels of
citrullinated histone H3, a marker of NET formation, was associ-
ated with elevated mortality in cancer patients, a finding which has
been previously replicated in smaller studies. Both experimental
and clinical evidence also lend support to the idea that surgery,
which is intended to be a curative option to remove and reduce
tumor mass, can paradoxically augment the development and
growth of metastases.62,63 The neutrophil influx that follows
surgical trauma thus has the potential to promote tumor growth
and may in part explain the tumor promoting effects of surgery and
its attendant complications.

Handling of the tumor can result in a 10-fold rise in circulating
tumor cells.64 In addition to the dissemination of circulating cells,
several postoperative changes, including NET formation, can help
the cancer cells to establish metastatic foci.65 In addition to their
mechanical function, the DNA strands released with NET formation
are studded with a variety of proinflammatory molecules that are
crucial to the capture of tumor cells.66 The inhibition of NETs after
surgery powerfully inhibits the previously observed accelerated
development of new metastatic disease.65,66 In humans undergoing
resection of hepatic colorectal metastases, the greater the serum
evidence of NET formation the higher the risk of recurrence.67 In
addition, in a model of peritoneal metastases from colon cancer,
mice treated with intraperitoneal DNase I showed an 88% decrease in
the number of peritoneal metastases, suggesting that NETs are
central to peritoneal spread, and secondly, that targeting NETs
may be an effective strategy to minimize recurrence after cytore-
ductive surgeries.68

Furthermore, metastatic cancer cells may leave the primary
tumor early during its development and form clinically undetectable
micrometastases at distant sites.67 These islands of clinically unde-
tectable micrometastases can remain in a dormant equilibrium
between cellular proliferation and apoptosis.67 The local and sys-
temic inflammatory events associated with surgical trauma, such as
NET formation, can unpredictably unleash their potential for
growth.67 NETs resulting from surgery can persist for weeks and
induce growth of residual disease by activating Stat3 and NF-kB.67 In
addition, recent evidence by Albrengues et al has shown a direct role
of NETs in awakening dormant cancer cells by releasing NET-
associated proteases, neutrophil elastase, and matrix metalloprotei-
nase which sequentially cleaved laminin. The proteolytically remod-
eled laminin induced proliferation of dormant cancer cells by
activating integrin a3b1 signaling.69

In addition to the previously mentioned changes directly
related to surgical treatment, there are countless perioperative var-
iables that can alter the oncological outcomes. Postsurgical infec-
tions in patients with cancer have been associated with adverse
oncological outcomes independent of the morbidity associated with
the infectious insult.65 This phenomenon has been observed across a
broad range of malignancies, including lung, esophageal, breast,
ovarian, and colorectal cancer; severe postoperative infectious com-
plications are significantly associated with an increased rate of death
from metastatic disease.62 In mouse models, sepsis is a strong
stimulus for formation of NETs that promote early adhesion of

tumor cells to distant organ sites and facilitate metastatic disease
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FIGURE 1. The multifacet role of neutrophil extracellular traps in disease. Shown is a diagrammatic representation of NETs in (A)
control of perioperative infections, (B) negative regulation of wound healing, (C) thrombus formation, and (D) dissemination of
metastatic cancer cells.
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progression.65,66 However, what may prove to be most interesting are
recent reports that demonstrate that cancer cells are capable of
inducing NETs that support metastases in the absence of a
septic stimuli. Indeed, Park et al70 were the first to demonstrate
that breast cancer cells, in the absence of infection, were able to
promote metastatic lung foci in a process mediated via PAD4 and
NADPH oxidase. This effect was abrogated by DNAse I treatment.70

Subsequently, Albrengues et al69 similarly demonstrated in a mouse
model that tobacco smoke, a noninfectious stimuli, was sufficient to
convert dormant cancer cells to aggressive lung metastases. Simi-
larly, treatment with DNase inhibited the conversion of dormant cells
to metastatic foci.69 Together, these findings suggest that NETs are a
pivotal component in the progression of metastatic disease in cancer
treatment, and that this role can occur both in the context of
infectious and noninfectious stimuli alike.

THERAPEUTIC IMPLICATIONS

Although NETs are clearly involved in almost every facet of
surgical practice, from infection control to wound healing to vascular
dysfunction and cancer propagation (Fig. 1), little attention has been
paid to implementing anti-NET therapies to surgical practice. The
preclinical evidence points to anti-NET therapies being safe and with
limited effects on immunity from invading pathogens. Furthermore,
several agents are currently approved for human use that have anti-
NET activity (Table 1). One of those drugs is recombinant DNase (or
Dornase a) that brakes the DNA backbone of NETs, leading to their

8,71
degradation. DNase has been successful in treating cystic fibrosis

� 2019 The Author(s). Published by Wolters Kluwer Health, Inc.
(CF) by thinning lung secretions and hence decreasing the risk of
infection.72,73 DNase has also shown great promise in any several
other diseases of the lung and in multiple autoimmune diseases
(Table 1). Now that NETs have been implicating in many more
diseases, multiple clinical trials have been evaluating the effects of
degrading NETs on diseases such as trauma (NCT03368092) and
head and neck cancers (NCT-00536952). Another category of NET-
targeted therapy is the use of NE inhibitors (NEi), which are serine
protease inhibitors that have activity against NE, a critical enzyme
involved in the formation of NETs.74 NEi have been trialed mainly in
lung injuries, lung infections, chronic obstructive pulmonary disease
(COPD), and CF (Table 1). Finally, a third promising category of
NET-targeted therapies is CXCR2 inhibitors that inhibit CXCR2, a
recently discovered NET regulator in COPD.75 CXCR2 inhibitors
have been trialed mainly in COPD, asthma, and more recently in
several metastatic solid tumors (Table 1).

CONCLUSIONS

Surgeons will benefit from understanding the latest discover-
ies in neutrophil biology and how these novel functions affect the
care of surgical patients. Indeed, the surgical community is ideally
positioned to trial these agents in a wide variety of contexts.
Untangling the webs cast by neutrophils during surgical stress
may improve a number of surgical outcomes and lead to novel
therapeutic strategies. Indeed, neutrophils are the first-responders of
our innate immune system and these soldiers continue to surprise us

with their diverse armamentarium.
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TABLE 1. Clinically Available NET-targeted Therapies in Humans

Drug Category Alternate Names Disease Phase NCT# or Ref

Recombinant DNase Dornase a, pulmozyme SLE 1b (63)
Head and neck cancer 1 00536952

MPE 1 02135588
Chest infections 2 01952470

Trauma 3 03368092
Pleural empyema 3 00502632

Pediatric empyema 3 01717742
CF and rhinosinusitis 3 00265434;

00534079
CT 4 00419380

NICU lung infection 4 01356147
Pediatric CF 4 00680316

CF 4 01712334
Atelectasis 4 02168387

NE inhibitors Sivelestat; ONO-5046; Lung injury N/A 01170845
AZD9668; Alvelestat; Bronchiectasis and CF 1 03056326
MPH-966; CHF6333 COPD 2 03636347

BOS 2 02669251
Pneumonia 2 00417326

Acute lung injury 2 00036062
SIRS–lung injury 4 00219375

CXCR2 inhibitors Danirixin; Navarixin; COPD 2 03250689;
MK-7123; SCH 527123; 03034967;
GSK1325756; AZD5069 02130193

mCRPC 1 03177187
Metastatic solid tumors 2 03473925

Psoriasis 2 00684593
Asthma 2 00688467
COPD 2 01006616;

00441701
Neutrophilic asthma 4 00632502

BOS indicates Bronchiolitis Obliterans Syndrome; CT, clogged tympanostomy; mCRPC, metastatic castration resistant prostate cancer; MPE, malignant pleural effusion; NICU,
Neonatal Intensive Care Unit; SIRS, systemic inflammatory response syndrome; SLE, systemic lupus erythematosus.
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