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Abstract

Sepsis is defined as "an organic dysfunction secondary to 
the dysregulated response of the patient to an infection." 
This concept only reveals the tip of the iceberg, the clinical 
expression of organic failures, without understanding 
their basis, which is currently explained by cellular and 
molecular phenomena. Neutrophils are crucial pillars of 
early innate immune responses, and their fundamental 
function is phagocytosis. Additionally, neutrophils can 
degranulate upon activation, releasing various 
antimicrobial enzymes and pro-inflammatory cytokines, 
and form neutrophil extracellular traps (NETs), whose 
purpose is to trap pathogens by releasing their "sticky" 
nuclear content; the presence of activated platelets 
amplifies this phenomenon. NETosis is a beneficial 
process; however, deregulated, it can be detrimental, 
inducing "immunothrombosis" and compromising the 
microcirculation, thereby increasing the clinical severity of 
sepsis. The purpose of this review is to clearly describe the 
pathophysiological role therapeutic target of NETs, their 
interaction with platelets in sepsis, and their potential as 
therapeutic targets, since it has been shown that a 
therapeutic approach aimed at curbing NETs would be 
beneficial.
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Introduction

 Sepsis is currently defined (SEPSIS Consensus 3) as: 
"organ dysfunction secondary to a patient's dysregulated 
response to infection" (1). It is a major public health problem, 
with a mortality rate of 30-50%. It has been estimated that 
approximately 30 million people will suffer from sepsis each 
year, and 6 million will die from it (2). 

 In 2019, in the United States, a study on the 
incidence of sepsis in 6 hospital centers was conducted (3) 
where it was shown that of the 568 patients who were 
admitted, 52.8% of the cases were due to sepsis, reaching a 
mortality of 34%. 

 In Latin America, it is difficult to have precise 
bibliography since the difference at the time of choosing the 
diagnostic criteria is very wide; however, at the level of 
Colombia (4) it is reported an incidence of almost 80% of cases 
attended in the emergency was due to sepsis. In Mexico (5), 
sepsis has a mortality of 16%, while septic shock reaches 65% 
mortality.

 In 2020, the Global Burden of Disease Study (6), a 
study that determines the incidence and mortality of sepsis 
from 1990 to 2017, indicated that in 2017 there were 48.9 
million cases, and 11 million of these cases resulted in patient 
deaths, which represented 19.7% of all deaths worldwide that 
year, being more prevalent in sub-Saharan Africa, Oceania 
and Asia. 
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As we can analyze, sepsis mortality is still high, largely due to 
the heterogeneity of this disease, there is not a single form of 
presentation, so for 2019, Zhan et al (7) describes four 
phenotypes of sepsis according to its clinical presentation:
Ÿ Phenotype 1: individuals with low mortality rate and 

classic presentation.
Ÿ Phenotype 2: with respiratory dysfunction.
Ÿ Phenotype 3: multiple organ dysfunction, including 

coagulation compromise
Ÿ Phenotype 4: neurological dysfunction

 Of these, as expected, phenotype 3 is the one 
associated with the highest mortality rate: 45%, even this 
group of patients curiously had a higher white blood cell 
count which leads to a higher concentration of neutrophils 
and even had a more significant alteration in the coagulation 
p r o fi l e  w h i c h  m a k e s  u s  t h i n k  t h a t  t h e  s t a t e  o f 
immunothrombosis goes hand in hand with mortality, as we 
will see later the neutrophil-platelet interaction ends up being 
crucial for the development of this phenomenon.

 The diagnostic approach to sepsis has gone from 
being purely clinical to being complimented and understood 
from a molecular point of view, in which PRR pattern 
recognition receptors (Toll-like and Nod-like receptors and 
others), pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAMPs) play a 
preponderant role and have enabled us to understand the 
intricate processes that induce tissue damage (8-11). 

 Within these molecular interactions, neutrophils, 
which are key cells in innate immunity, being professional 
phagocytes that destroy the phagocytosed pathogens by 
enzymatic mechanisms and dependent on reactive oxygen 
species (ROS) and other antimicrobial molecules (12), present 
a little-known but transcendental characteristic, which is the 
formation of extracellular traps (NETs), i.e., they commit 
suicide, throwing their DNA and enzymatic components into 
the capillaries, It has been demonstrated that this 
phenomenon depends on the type of NETS pathway that is 
formed, and even the effect will depend on the type of germ 
that generates the infection. It has been shown that if the 
germ is bacteria, the formation of NETS not only kills the 
bacteria but also limits their growth. Viral infections are 
characterized by excessive recruitment of neutrophils; 
therefore, the presence of NETS is more prevalent, which 
eliminates the virus and inhibits its replication. Platelets 
enhance this activity and, when regulated, become a relevant 
innate defense mechanism (13-15). However , when 
deregulated, it can produce a chaotic effect at the 
microcirculatory level and contribute to organ failure; thus an 
adverse effect on the formation of these traps has been 
demonstrated (15): 
Ÿ Sepsis: Patients with NETS overexpression have been 

shown to have a higher mortality rate. The specific 
mechanism has not been determined, but it is believed 
that there is excessive apoptosis and necrosis, as well as 
decreased clearance of extruded products, and even 
the environment for a pro-inflammatory state that 
induces greater endothelial damage.

Ÿ Autoimmunity: NETS in diseases such as psoriasis, 
Lupus, and rheumatoid arthritis has been related to 
amplifying the inflammatory state.        

 This review aims to describe the individual behavior 
of NETS and their interaction with platelets in the 
pathophysiology of sepsis and, from this, to derive 
therapeutic targets and goals for treating this pathology.

Denitions

Platelets

 Platelets are fragments of very large bone marrow 
cells, called megakaryocytes, which come from the myeloid 
lineage of the blood. The production of these cells is 
stimulated, for the most part, by thrombopoietin (TPO). As 
megakaryocytes develop into giant cells, they undergo a 
fragmentation process that results in the release of more 
than 1,000 platelets per megakaryocyte; once in circulation, 
platelets live for 8 to 10 days (16).

 Normally, platelets are platelet-shaped (a French 
term that translates as plaque). When they are stimulated by 
a rupture in the blood vessel wall, they change shape: they 
become round and extend long filaments that serve to 
contact the wall of the ruptured blood vessel or with other 
platelets, thus forming a plug that will slow down bleeding, or 
stop it completely, and facilitate wound healing. This can be 
accomplished because they contain muscle-like proteins, 
which allow them to change shape, and other proteins on 
their surface, which allow them to adhere to breaks in the 
blood vessel wall and to adhere to each other. (17) They also 
contain alpha granules and dense granules that can secrete 
other proteins needed to create a firm plug to seal breaks in 
blood vessels. The alpha granules store factor V, factor VIII, 
von Willebrand factor , P-selectin, thrombospondin, 
fibrinogen, fibronectin, β-thromboglobulin, platelet-derived 
growth factor (PDGF), and platelet factor (16,17).

 The dense granules contain calcium, adenosine 
diphosphate (ADP), and serotonin. In turn, the cytoplasm 
may contain other substances, such as serotonin, 
epinephrine, norepinephrine, nitric oxide, and cytokines. (16) 
However, hemostasis is not their only function.

 Platelets are coupled with proteins/glycoproteins for 
various purposes, including hemostasis, thrombosis, sensing, 
natural anti-infectious defense (bacterial, viral, perhaps 
fungal), chemoattraction, cell communication, angiogenesis, 
healing, and tissue repair. (16) Thus, in innate immunity 
against bacterial products (or live bacteria as well), the TLR1, 
TLR2, TLR3, TLR4, TLR6, TLR7, and TLR9 pattern recognition 
receptors (PRRs) help platelets detect dangers of different 
natures and secrete different patterns of biological response 
modifiers (BRMs) accordingly; for example, LPS, recognized 
by TLR4, stimulates an intracellular signaling pathway that 
triggers the secretion of IL-1. (18)

 About 300 to 350 of the proteins currently known to 
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us are secreted by platelets. The proteins expressed in 
platelets have three origins: 1) inheritance from the 
megakaryocyte, 2) sponge effect, i.e., they are absorbed from 
neighboring fluids, especially plasma, and 3) by process of 
RNA retrotranscription and spliceosome, they can be 
produced de novo (13). In addition, platelets have also been 
reported to have novel roles in pathology: they make 
leukocytes prone to release neutrophil extracellular traps 
(platelet-induced NETosis) with functions in infection (e.g., 
sepsis) and in cancer, favoring thrombosis in either case (17).

NETosis

 The term "NETosis" was first described in 2004 by 
German doctor Volker Brinkmann, who defined it as a new 
form of cell death (14,19). He observed that when stimulated 
by fungi or bacteria, neutrophils can produce networks 
composed of their own intracellular proteins, which they use 
to trap pathogenic components before dying (Figure 1). This 
mechanism has also been described in other cells of the 
immune system, such as basophils and eosinophils, and it has 
even been determined that macrophages also have this 
property since the release of these traps by these cells has 
been observed in the presence of staphylococcus aureus and 
hemolytic anemia(12,20).

Figure 1
Diagram of NETosis

 In the presence of a pathogen (bacteria, virus, 
fungus), the neutrophil goes into action to exert its 
immunological effect, but apart from the classic action, it has 
been shown that these neutrophils also release networks 
that "engulf" these pathogens and help in their elimination.

 Several stimuli determine the formation of NETs; 
phorbol-myristate-acetate (PMA), used in carcinogenic 
models, lipopolysaccharide, and interleukin-8 (IL-8) (14), 
were the first to be identified. However, at the present time, 
almost any infecting microorganism can trigger their genesis 
(21). Additionally , it has been demonstrated that certain 
neoplasms, such as pancreatic cancer , induce NETS 
formation through the glycosylation end product-dependent 
pathway (22), but not only has this mechanism been involved, 
it has been shown that NETS are closely related to the growth 
of neoplastic cells and their metastasis, It has been 
determined that NETS stimulate the box protein 1 of the high 
mobility group (HMGB1) which induces the epithelial to 
mesenchymal transition in tumor cells and, therefore, 
enhances their invasion capacity, likewise the NETS own 
proteinases can degrade the extracellular matrix which favors 
the extravasation of cancer cells and therefore their spread 

(23).

Types of NETs 

 Two basic types of NETs have been described, 
suicidal NETosis and vital NETosis. Currently, vital NETosis with 
an exclusive release of mitochondrial DNA and platelet-
induced NETosis are being investigated (24).

Ÿ Suicidal NETosis: requires the presence of NADPH-
dependent ROS. This determines massive calcium entry 
into the neutrophil and its lysis by activating the enzyme 
peptidyl arginine deaminase 4 (PAD-4), which, together 
with myeloperoxidase and elastase transported to the 
nucleus, induces chromatin condensation and releases 
histones for subsequent release into the extracellular 
medium. (25,26) 

Ÿ Vital NETosis: described in 2012, it is faster (minutes) 
than suicide (hours) and does not require the presence 
of ROS. It produces the release of NETs while 
maintaining the integrity of the nuclear and plasma 
membrane and, therefore, the phagocytic capacity of 
the neutrophil (21,22). Its usual triggers are TLRs and the 
receptor for complement fraction C3; this generates 
conformational changes in the nuclear membrane, 
which allows the release of vesicles loaded with nuclear 
DNA, which travels through the cytoplasm and is 
released into the extracellular space through the cell 
membrane (24,26-29). 

Ÿ Vital NETosis with mitochondrial DNA release: descri-
bed in 2009, it is activated by TLR-4 or complement 
receptor C5a and is probably facilitated by ROS.(30) 

Ÿ Platelet-triggered NETosis: does not require ROS and is 
dependent on platelet glycoprotein IB and neutrophil 
beta2 integrin and involves von Willebrand factor. (31)

Platelets and NETs in sepsis 

 Activated platelets promote the recruitment of 
neutrophils to the site of injury (32) and the formation of 
neutrophil extracellular traps (NETs) that trap and help kill 
pathogens (33,34). Recently, extracellular histones were 
described as a cause of thrombocytopenia in critically ill 
patients (35). Fuchs et al. demonstrated that NETs, 
extracel lular  DNA fibers compris ing histones and 
antimicrobial proteins from neutrophils, were formed at the 
endothelial level in infectious and noninfectious diseases 
(36). They reported that NETs provided a hitherto unknown 
stimulus for thrombus formation, generating platelet 
adhesion, activation, and aggregation, whereas NET 
formation in animal models caused rapid and profound 
thrombocytopenia. (37)

 Platelet aggregation/adhesion to leukocytes and 
endothelial cells is a common mechanism for a type of 
thrombocytopenia called "immune thrombocytopenia" or 
"immunothrombosis" (Figure 2).
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Figure 2
Neutrophil (NETosis)-platelet interaction that triggers 
immunothrombosis  and systemic  microcirculat ion 
involvement

 In addition to their role in host defense, recent data 
s u g g e s t  t h a t  N E T  f o r m a t i o n  c o n t r i b u t e s  t o  t h e 
pathophysiology of many diseases, such as diabetes, 
autoimmune diseases, renal diseases, and heparin-induced 
thrombocytopenia (37-41). Sreeramkumar et al. reported 
that neutrophils recruited to the injured vessels of an animal 
model of inflammation interacted with activated platelets 
and endothelial cells (42). Their findings show a rapid and 
efficient regulatory mechanism in the early inflammation 
process. These observations underline the crucial role of 
platelet-leukocyte interactions in defense against infections 
during inflammation and sepsis. (42)

 Toll-like receptors are known to promote the 
formation of NETs. They are a highly conserved family of 
pattern recognition receptors (PRRs) that bind pathogen-
associated molecular patterns (PAMPs), molecules that are 
widely expressed by many infectious organisms. One of the 
most studied PAMPs is lipopolysaccharide (LPS), which is part 
of the gram-negative bacterial membrane and is a major 
ligand of TLR4. (43) Platelets express numerous members of 
the TLR family and, upon binding to their PAMPs, induce their 
activation, with subsequent release of IL-1 that induces 
platelet interaction with other cells. In addition, TLR2 
activation induces the expression of adhesion molecules such 
as P-selectin and integrin IIb3, as well as the generation of 
reactive oxygen species (ROS) and the creation of cell 
aggregates composed of platelets and neutrophils. (43)

 Sepsis creates a prothrombotic environment by 
promoting chaotic cellular events, including platelet, 
endothelial cell, and innate immune cell activation, NET 
formation, and fibrin production (40,45). These events 
generate the aforementioned "immunothrombosis", which 
initially represents an arm of innate immunity whose objective 
is to stop the dissemination and survival of pathogens; 
however ,  in  a  deregulated manner ,  i t  generates 
microvascular thrombosis and multi-organ dysfunction to a 
large extent. (46)

Detailing what has already been written in general lines, the 
cells of the innate immune system, fundamentally monocytes 
and neutrophils, are generators of immunothrombosis when 
they accumulate in small caliber vessels, lacerating the 
endothelium (glycocalyx and endothelial cells) and cause the 
release of tissue factor (which activates factor VII and induces 
the beginning of the coagulation cascade), destroying the 
natural anticoagulation system and finally building a 
procoagulant matrix which is constituted by extracellular 
nucleosomes; in this matrix, platelets adhere and activate 
which will form clots and trigger NETs, this pathway 
determines bacterial lysis at the microcirculation level. (47)

 NETs are specifically procoagulant by activating 
coagulation factor XII (48) and eliminating key substances of 
the natural anticoagulant system, such as tissue factor 
pathway inhibitor (TFPI) and thrombomodulin (49).

 In the bactericidal activity of immunothrombosis, 
fibrin is crucial since, per se, it has direct antimicrobial activity 
and limits the systemic dissemination of pathogens (50). The 
fibrin network traps and retains circulating microorganisms in 
the blood (bacteremias). There are several pathways of fibrin 
activation, one of which is through the extracellular 
nucleosomes of NETs. (51)

 Factor XII is activated and converted to factor XIIa; at 
the same time, histones released in NETs can trigger platelet 
activation through TLR2 and TLR4. (48-50,52) Fuchs et al. 
were the first to demonstrate that NETs could induce the 
deposition of platelet adhesion molecules and the conversion 
of fibrinogen to fibrin. (36)

 In COVID-19 and other viruses, neutrophils can 
produce NETs in a deregulated. Intense way, for example, the 
histones that are released in their formation are cytotoxic and 
induce greater damage to the endothelium. Even this 
accumulation of histones amplifies the damage at the 
pulmonary level and perpetuates thrombosis, this last 
phenomenon is interesting to analyze since it has been 
postulated that the scaffolds produced by NETS have an 
effect of platelet aggregation. Likewise, NETS releases serine 
proteases such as neutrophil elastase which enhances tissue 
factor and factor XII-dependent coagulation, leading to 
intravascular thrombus formation with thrombus formation 
and amplification of pro-inflammatory cytokine production, 
which aggravates the clinical manifestations of this entity by 
promoting the so-called "cytokine storm" (53,54). 

Effects of dysregulated netosis in sepsis 

 In sepsis, neutrophils must reach the injured tissues; 
this is achieved by neutrophil-endothelial cell interaction; as 
these cells interact, IL-18 is released from the endothelium, 
which largely induces the formation of NETs, and these, in 
excess, induce endothelial damage (50). This has been 
demonstrated by blocking NETS NETs with NADPH oxidase or 
DNAase inhibitors and observing decreased endothelial 
damage. (56) When NET formation is deregulated, there is a 
harmful interaction with platelets, which aggregate 

massively, activate thrombin and generate fibrin. The 
alteration of this axis, called NET-platelet-thrombin, makes 
the microcirculation chaotic, triggering diffuse microvascular 
thrombosis and disseminated intravascular coagulation, 
which accelerate the arrival of multi-organ dysfunction and 
cause greater clinical severity and mortality in these patients. 
(57-60) Blocking NETS NETs production by DNAase improved 
tissue perfusion by permeabilizing capillaries and decreased 
multi-organ damage. (57)

 A novel finding is that extravascular NETosis has 
been detected, that is, when neutrophils migrate to tissues, 
for example, in the alveolar epithelium of septic humans and 
animals (dogs and mice), by bronchoalveolar lavage NETs and 
histones were detected; when these histones were 
administered in healthy alveolar tissue, the inflammatory 
lesion was induced, which supports the damaging power of 
unregulated NETosis (61-65). Added to the above, neutrophil 
enzymes that are expelled during NETosis, such as elastase 
and serine protease, degrade the alveolar epithelium. The 
first is by increasing the permeability of the alveolar cells, 
which leads to a water imbalance, with fluid accumulation and 
increased gravity (65), and the second is by destroying the 
surfactant, which increases the surface tension forces and 
leads to alveolar collapse (66).

Translational approach and therapeutic strategies 
targeting NETs

 Currently, treatment of sepsis consists of supportive 
care and antibiotics, and none has focused on the host 
response, which is the major cause of death in sepsis. 
Although neutrophils show dysregulated function during 
sepsis, they also have a longer life expectancy, making them a 
potential therapeutic target (67).

 Therapeutic strategies targeting NETs mainly target 
the DNA component: DNAase is the most frequent treatment 
modality. DNAase treatment reduced NETs, improving lung 
injury and survival in a murine model of pneumonia (68); 
although early DNAase administration worsened outcomes in 
the CLP (cecum ligation and puncture) model, combined 
antibiotic and DNAase treatment resulted in improved 
survival, reduced bacteremia, and less organ dysfunction 
(69). This indicates that combination therapies that include 
conventional treatment and drugs targeting NETs can 
potentially optimize the efficacy and outcome of treatment in 
septic patients.

 Genetic or pharmacological inhibition of other NET-
forming factors, such as PAD4, has been shown to improve 
survival (70). However, since NET formation is also important 
for pathogen control, maintaining an adequate amount of 
NETs to meet the demand for bacterial control and also to 
prevent tissue injury becomes an emerging area for the 
discovery of targeted therapies. Cl-Amidine, a PAD4 inhibitor, 
had no effect on the level of neutrophil-DNA complexes or the 
degree of lung inflammation in a murine model of pneumonia, 
but research showed that it prevented H3 citrullination, NET 
formation, and improved survival in a murine model of CLP-

induced polymicrobial sepsis (68). Similarly, mice with a total 
deficiency of PAD4 (PAD4 -/-) demonstrated decreased NETs 
and lung injury in the pneumonia model. However, these 
benefits were accompanied by increased bacterial load and 
systemic inflammation. This is why Lefrancais et al. developed 
a mouse with a partial deficiency of PAD4 (PAD4 +/-) that 
demonstrated an improved survival curve. (68)

 Blockade of NETs components, such as histones, 
benefits survival in the animal model (71-73). In contrast, 
large-scale randomized clinical trials evaluating efficacy in 
human patients with sepsis failed to demonstrate any clinical 
benefit (73). Other inhibitors targeting extracellular histones 
have recently been tested, with promising results identified 
(74). Chloroquine has also been effective as an early inhibitor 
o f  N E Ts ,  d e c r e a s i n g  N E To s i s  a n d  a s s o c i a t e d 
hypercoagulability and improving survival in murine models of 
pancreatic adenocarcinoma and acute pancreatitis (75,76).

Table 1
Summary of therapeutic strategies targeting NETs (77)

Objective Strategy Results References

DNAasa I

Effective when 

combined with 

antibiotics to 

improve outcome

Czaikoski y 

col. (2016)

Cl-Amidina

Prevents NET 

formation and 

improves survival in 

a mouse CLP model

Biron y 

col. (2017) 

Histona 3 

anti-

citrulinada

Reduced TNE and 

improved survival in 

a mouse CLP model

Li y 

col. (2014)

Murao y 

col. (2020), 

Boufenzer 

et al. (2021)

Antihistona

Improved outcome 

in LPS, TNF, and CLP 

mouse models

Meara y 

col. (2020)

Activated 

protein C
Failed in the clinic

Marti-

Carvajal y 

col. (2012)

Acetylsalicylic 

acid

Decreases 

intravascular 

NETosis and tissue 

injury

Caudrillier et 

al. (2012)

Anti-P2Y12

Prevents NETosis 

and improves 

survival in CLP 

model mice

Liverani y 

col. (2016), 

Mansour et 

al. (2020)

Antiplatelet 

factor 4

Stabilizes NETs and 

prevents the 

release of 

antibacterial 

compounds in a 

mouse model

Gollomp y 

col. (2020)

NETs

Anti – TREM-1

Prevents NETosis 

and associated 

endothelial 

dysfunction in a 

mouse LPS model

Histones

Platelets
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Figure 2
Neutrophil (NETosis)-platelet interaction that triggers 
immunothrombosis  and systemic  microcirculat ion 
involvement
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formation, and fibrin production (40,45). These events 
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coagulation factor XII (48) and eliminating key substances of 
the natural anticoagulant system, such as tissue factor 
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the blood (bacteremias). There are several pathways of fibrin 
activation, one of which is through the extracellular 
nucleosomes of NETs. (51)

 Factor XII is activated and converted to factor XIIa; at 
the same time, histones released in NETs can trigger platelet 
activation through TLR2 and TLR4. (48-50,52) Fuchs et al. 
were the first to demonstrate that NETs could induce the 
deposition of platelet adhesion molecules and the conversion 
of fibrinogen to fibrin. (36)

 In COVID-19 and other viruses, neutrophils can 
produce NETs in a deregulated. Intense way, for example, the 
histones that are released in their formation are cytotoxic and 
induce greater damage to the endothelium. Even this 
accumulation of histones amplifies the damage at the 
pulmonary level and perpetuates thrombosis, this last 
phenomenon is interesting to analyze since it has been 
postulated that the scaffolds produced by NETS have an 
effect of platelet aggregation. Likewise, NETS releases serine 
proteases such as neutrophil elastase which enhances tissue 
factor and factor XII-dependent coagulation, leading to 
intravascular thrombus formation with thrombus formation 
and amplification of pro-inflammatory cytokine production, 
which aggravates the clinical manifestations of this entity by 
promoting the so-called "cytokine storm" (53,54). 

Effects of dysregulated netosis in sepsis 

 In sepsis, neutrophils must reach the injured tissues; 
this is achieved by neutrophil-endothelial cell interaction; as 
these cells interact, IL-18 is released from the endothelium, 
which largely induces the formation of NETs, and these, in 
excess, induce endothelial damage (50). This has been 
demonstrated by blocking NETS NETs with NADPH oxidase or 
DNAase inhibitors and observing decreased endothelial 
damage. (56) When NET formation is deregulated, there is a 
harmful interaction with platelets, which aggregate 

massively, activate thrombin and generate fibrin. The 
alteration of this axis, called NET-platelet-thrombin, makes 
the microcirculation chaotic, triggering diffuse microvascular 
thrombosis and disseminated intravascular coagulation, 
which accelerate the arrival of multi-organ dysfunction and 
cause greater clinical severity and mortality in these patients. 
(57-60) Blocking NETS NETs production by DNAase improved 
tissue perfusion by permeabilizing capillaries and decreased 
multi-organ damage. (57)

 A novel finding is that extravascular NETosis has 
been detected, that is, when neutrophils migrate to tissues, 
for example, in the alveolar epithelium of septic humans and 
animals (dogs and mice), by bronchoalveolar lavage NETs and 
histones were detected; when these histones were 
administered in healthy alveolar tissue, the inflammatory 
lesion was induced, which supports the damaging power of 
unregulated NETosis (61-65). Added to the above, neutrophil 
enzymes that are expelled during NETosis, such as elastase 
and serine protease, degrade the alveolar epithelium. The 
first is by increasing the permeability of the alveolar cells, 
which leads to a water imbalance, with fluid accumulation and 
increased gravity (65), and the second is by destroying the 
surfactant, which increases the surface tension forces and 
leads to alveolar collapse (66).

Translational approach and therapeutic strategies 
targeting NETs

 Currently, treatment of sepsis consists of supportive 
care and antibiotics, and none has focused on the host 
response, which is the major cause of death in sepsis. 
Although neutrophils show dysregulated function during 
sepsis, they also have a longer life expectancy, making them a 
potential therapeutic target (67).

 Therapeutic strategies targeting NETs mainly target 
the DNA component: DNAase is the most frequent treatment 
modality. DNAase treatment reduced NETs, improving lung 
injury and survival in a murine model of pneumonia (68); 
although early DNAase administration worsened outcomes in 
the CLP (cecum ligation and puncture) model, combined 
antibiotic and DNAase treatment resulted in improved 
survival, reduced bacteremia, and less organ dysfunction 
(69). This indicates that combination therapies that include 
conventional treatment and drugs targeting NETs can 
potentially optimize the efficacy and outcome of treatment in 
septic patients.

 Genetic or pharmacological inhibition of other NET-
forming factors, such as PAD4, has been shown to improve 
survival (70). However, since NET formation is also important 
for pathogen control, maintaining an adequate amount of 
NETs to meet the demand for bacterial control and also to 
prevent tissue injury becomes an emerging area for the 
discovery of targeted therapies. Cl-Amidine, a PAD4 inhibitor, 
had no effect on the level of neutrophil-DNA complexes or the 
degree of lung inflammation in a murine model of pneumonia, 
but research showed that it prevented H3 citrullination, NET 
formation, and improved survival in a murine model of CLP-

induced polymicrobial sepsis (68). Similarly, mice with a total 
deficiency of PAD4 (PAD4 -/-) demonstrated decreased NETs 
and lung injury in the pneumonia model. However, these 
benefits were accompanied by increased bacterial load and 
systemic inflammation. This is why Lefrancais et al. developed 
a mouse with a partial deficiency of PAD4 (PAD4 +/-) that 
demonstrated an improved survival curve. (68)

 Blockade of NETs components, such as histones, 
benefits survival in the animal model (71-73). In contrast, 
large-scale randomized clinical trials evaluating efficacy in 
human patients with sepsis failed to demonstrate any clinical 
benefit (73). Other inhibitors targeting extracellular histones 
have recently been tested, with promising results identified 
(74). Chloroquine has also been effective as an early inhibitor 
o f  N E Ts ,  d e c r e a s i n g  N E To s i s  a n d  a s s o c i a t e d 
hypercoagulability and improving survival in murine models of 
pancreatic adenocarcinoma and acute pancreatitis (75,76).
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 Because platelet-neutrophil interaction is crucial for 
NETosis, antiplatelet therapy may also be an interesting field 
to investigate. Platelet activation requires eicosanoids such 
as thromboxane A2; blockade of thromboxane A2 generation 
with the use of acetylsalicylic acid or aspirin has been shown 
to decrease intravascular NETosis and tissue injury (77). Other 
inhibitors that target platelet-neutrophil interaction, such as 
the platelet ADP receptor, P2Y12, also attenuated NETosis 
(78,79). Furthermore, in several observational studies, the 
administration of antiplatelet therapy has been shown to be 
associated with improved outcomes in patients with sepsis 
(80). Recently, a novel treatment has been discovered that 
stabilizes NETs to improve their ability to capture bacteria and 
prevent the release of antibacterial compounds that cause 
tissue damage (81). The researchers developed an antibody 
that binds to complexes of NETs and platelet factor 4 (PF4), a 
protein released by activated platelets, which makes NETs 
resist degradation and enhances their ability to capture 
bacteria. When administered in combination with antibiotics, 
this treatment significantly reduces the severity of the 
disease, decreases the levels of bacteria circulating in the 
blood, and improves survival in the animal sepsis model (Table 
1). (82)

Conclusion

 Netosis generated by neutrophils is part of the 
defense mechanisms of innate immunity, helps control the 
microbial load, and enhances the initial defense against 
pathogens; however, its deregulation can lead to severe 
microvascular alterations that can ultimately induce multiple 
organ failure and even death.

 Sepsis remains a disease of high prevalence and high 
mortality rates; no treatment fits all patients, and this is due to 
its heterogeneity; however, this understanding that there is a 
subtype that is related to more multi-organ damage makes us 
think that molecular phenomena and in particular the 
excessive formation of NETS are key to its lethality, so 
developing targeted treatments against these NETS would 
help us mitigate the mortality of this disease.

 Knowledge of this phenomenon has generated 
therapeutic strategies that primarily target NETs and histones 
or platelets as coadjuvant fragments. The results are not yet 
c a t e g o r i c a l ,  b u t  t h e y  o p e n  a  n e w  p o s s i b i l i t y  o f 
pharmacological intervention in sepsis and other human 
pathologies.
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 Because platelet-neutrophil interaction is crucial for 
NETosis, antiplatelet therapy may also be an interesting field 
to investigate. Platelet activation requires eicosanoids such 
as thromboxane A2; blockade of thromboxane A2 generation 
with the use of acetylsalicylic acid or aspirin has been shown 
to decrease intravascular NETosis and tissue injury (77). Other 
inhibitors that target platelet-neutrophil interaction, such as 
the platelet ADP receptor, P2Y12, also attenuated NETosis 
(78,79). Furthermore, in several observational studies, the 
administration of antiplatelet therapy has been shown to be 
associated with improved outcomes in patients with sepsis 
(80). Recently, a novel treatment has been discovered that 
stabilizes NETs to improve their ability to capture bacteria and 
prevent the release of antibacterial compounds that cause 
tissue damage (81). The researchers developed an antibody 
that binds to complexes of NETs and platelet factor 4 (PF4), a 
protein released by activated platelets, which makes NETs 
resist degradation and enhances their ability to capture 
bacteria. When administered in combination with antibiotics, 
this treatment significantly reduces the severity of the 
disease, decreases the levels of bacteria circulating in the 
blood, and improves survival in the animal sepsis model (Table 
1). (82)

Conclusion

 Netosis generated by neutrophils is part of the 
defense mechanisms of innate immunity, helps control the 
microbial load, and enhances the initial defense against 
pathogens; however, its deregulation can lead to severe 
microvascular alterations that can ultimately induce multiple 
organ failure and even death.

 Sepsis remains a disease of high prevalence and high 
mortality rates; no treatment fits all patients, and this is due to 
its heterogeneity; however, this understanding that there is a 
subtype that is related to more multi-organ damage makes us 
think that molecular phenomena and in particular the 
excessive formation of NETS are key to its lethality, so 
developing targeted treatments against these NETS would 
help us mitigate the mortality of this disease.

 Knowledge of this phenomenon has generated 
therapeutic strategies that primarily target NETs and histones 
or platelets as coadjuvant fragments. The results are not yet 
c a t e g o r i c a l ,  b u t  t h e y  o p e n  a  n e w  p o s s i b i l i t y  o f 
pharmacological intervention in sepsis and other human 
pathologies.
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