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Neutrophilic granulocytes, or neutrophils are the most 

abundant circulating white blood cell and constitute a first 

line of defense against pathogens. They are characterized 

by a large polymorphic lobular nucleus and the presence 

of many secretory granules in their cytoplasm. 

Neutrophils are essential for a functional host defense, as 

is evidenced by the occurrence of severe infections in 

individuals with decreased neutrophil numbers or 

neutrophil function. Neutrophils bind to and subsequently 

phagocytize bacteria, which are effectively destroyed by 

reactive oxygen species and digestive enzymes in the 

neutrophil's interior. Being secretory cells, neutrophils 

also release numerous factors with antimicrobial or 

immunomodulatory activity (Brinkmann et al., 2004; 

Soehnlein and Lindbom, 2010; Kolaczkowska and Kubes, 

2013; Nauseef and Borregaard, 2014). 

A decade ago, a further mode of the neutrophil's 

antimicrobial action was discovered, the release of its 

nuclear DNA content to the extracellular space 

(Brinkmann et al., 2004). The resulting extracellular 

DNA exists in complex with histones and with a variety 

of neutrophil effector proteins, e.g., Neutrophil Elastase 

(NE), Myeloperoxidase (MPO), LL37 and proteinase 3. 

This structure was named” neutrophil extracellular trap 

(NET)”and the process of NET-release was termed 

“NETosis” (Brinkmann et al., 2004; Soehnlein and 
Lindbom, 2010; Kolaczkowska and Kubes, 2013; 
Nauseef and Borregaard, 2014). A variety of pathogenic 
bacteria can induce the release of NETs from 

neutrophils and the predominant opinion is that NETs 

function to entrap bacteria, which are immobilized 

and subsequently killed by the antimicrobial factors 

that populate the NET (Brinkmann and Zychlinsky, 

2012; Yipp and Kubes, 2013). 

Interestingly, the potential to induce NET release in 
neutrophils is not restricted to pathogens. For example, 
activated platelets have also been shown to induce 
NETosis when bound to neutrophils (Clark et al., 2007; 

Caudrillier et al., 2012). This finding has important 
implications for our understanding of (auto-) immune-
related disorders, as this would mean that NET 
formation can also be detrimental to the host organism. 
Indeed since their discovery, an adverse action of NET 
release has been implicated in many auto-immune and 

inflammatory diseases e.g., vasculitis, lupus, rheumatoid 
arthritis and atherosclerosis (Kolaczkowska and Kubes, 
2013), but also in acute lung injury (Rossaint et al., 2014), 

venous thrombosis (Martinod and Wagner, 2014) and 
myocardial ischemia/reperfusion injury (Savchenko et al., 
2014). In these disorders, NETs may both constitute a 
source of auto-antigens as well as being a propagator of 
inflammation. Thus, counteracting the formation of NETs, 
or their effects, would be an attractive approach for the 

prevention or treatment of these diseases. 

A number of recent studies focused on the potential 

usefulness of NET-targeted approaches for the treatment 

of a number of disorders. One of these approaches is the 

inhibition of Peptidylarginine Deiminase 4 (PAD4), a 

histone-modifying enzyme that catalyzes the conversion of 

arginine to citrulline that was identified to play an important 

role in NET release by neutrophils (Wang et al., 2009). 

Mice with a genetic deletion of PAD4 showed impaired 

host defense during a model of bacterial necrotizing 

fasciitis, which was explained by the inability of PAD4
–

/–
 neutrophils to release the NETs needed to inactivate 

the pathogen (Li et al., 2010). In addition, the 

development of venous thrombosis, which was 

recently described to be a NET-driven pathologic 

event (von Brühl et al., 2012; Fuchs et al., 2012), was 

significantly reduced in PAD4
–/–
 mice. The potential of 

PAD as a therapeutic target was further highlighted by a 

recently described synthetic inhibitor, termed Cl-

amidine, which irreversibly inactivates PAD by 

covalently binding to a cysteine residue in the active site. 

A mouse model of lupus was shown to depend on the 

formation of NETs by neutrophils, as neutrophils derived 

from diseased mice showed increased NET formation 

and sera from diseased mice could induce NETosis in 

healthy control mice (Knight et al., 2013). Mice with 

lupus also showed measurable circulating antibodies 

directed against neutrophil intracellular components. 

Treatment of neutrophils with Cl-amidine resulted in 

decreased histone citrullination and reduced release of 

NETs from neutrophils. In addition, administration of 

Cl-amidine to mice with lupus reduced the deposition of 

MPO-containing immune complexes in the kidney and 

ameliorated endothelial dysfunction (Knight et al., 2013). 
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Although these findings indicated that pharmacologic 

inhibition of PAD (and thus NET formation) might be an 

attractive target for the treatment of lupus, the study 

contained no data about the clinical severity of the lupus 

in mice without or with Cl-amidine treatment.  

The potential benefit of a pharmacologic inhibition of 

PAD wasalso investigated in a mouse model of 

atherosclerosis (Knight et al., 2014). An increase of NET 

formation was observed in the sera of hyperlipidemic 

ApoE
–/–
 mice during the administration of a high-fat diet 

and the sera of atherosclerotic mice were able to induce 

NETosis in isolated neutrophils. Advanced atherosclerotic 

lesions (after 11 weeks of diet) showed increased 

histologic staining of citrullinated histone 3, compared to 

those of 8 week oldApoE
–/–
 mice. Repeated injection of 

Cl-amidine reduced atherosclerotic lesion formation in the 

aortic trees of ApoE
–/–
 mice after 11 weeks of high-fat diet 

and decreased both neutrophil and macrophage content in 

the lesions. Interestingly, treatment with Cl-amidine 

appeared to be ineffective after depleting neutrophils in 

the ApoE
–/–
 mice, indicating that the primary target of Cl-

amidine was indeed the NET-forming neutrophil. 

However, it must be mentioned that neutrophil-depletion 

alone almost completely abrogated atherosclerotic lesion 

formation in those ApoE
–/–
 mice (Knight et al., 2014), 

which would leave little room for a further prevention of 

atherosclerosis by Cl-amidine. 

A different approach for preventing NET formation 

was investigated by (Rossaint et al., 2014) and colleagues 

in a mouse model of Ventilator-Induced Acute Lung 

Injury (VILI). Given that activated platelets can induce 

NET-formation, the authors investigated the effect of 

platelet-depletion on the extent of VILI in mice. Depletion 

of platelets resulted in improved clinical parameters and 

less circulating platelet-neutrophil complexes after VILI in 

mice. Moreover, a decreased content of NETs was 

observed in lung sections of platelet-depleted mice after 

VILI, compared with non-depleted mice. Concomitant 

integrin-mediated contact with the extracellular matrix of 

adhesion molecules along with physical binding to 

activated platelets was found to be necessary to induce 

NET release by neutrophils. In addition, the chemokines 

CCL5 and CXCL4 were identified as platelet-derived 

soluble factors required to stimulate the release of NETs 

(Rossaint et al., 2014). However, neither CCL5 nor 

CXCL4 alone was able to induce NET-formation, only the 

combination of CCL5 and CXCL4 triggered NETosis. 

Previous studies have demonstrated that these chemokines 

exist as a particularly potent heteromeric complex (von 

Hundelshausen et al., 2005) and a peptide, termed MKEY, 

that disrupts the CCL5-CXCL4 complex was shown to 

reduce atherosclerosis in ApoE
–/–
 mice (Koenen et al., 

2009). Interestingly, MKEY was also able to prevent 

NET-release by platelets. Administration of MKEY in 

mice during the course of VILI reduced the number of 

circulating platelet-neutrophil complexes, decreased 

alveolar neutrophil accumulation and prevented NET-

formation, at least when applied early after the onset of 

VILI (Rossaint et al., 2014). The above findings are in 

agreement with those from previous studies, where 

platelet depletion or pharmacologic platelet inhibition 

protected mice from experimental lung injury 

(Caudrillier et al., 2012; Looney et al., 2009). Thus, 

alsofunctional inhibition of platelet-secreted chemokines 

might prevent NET formation and might be a beneficial 

therapeutic approach for the treatment of auto-immune or 

inflammatory diseases.  

Taken together, NETs appear to be an attractive 

therapeutic target, as they are implicated in the 

pathophysiology of a variety of inflammatory disorders. 

However, most of the observations were done using 

experimental models in mice, whose neutrophil counts 

and physiology differ from those in humans 

(Kolaczkowska and Kubes, 2013; Nauseef and 

Borregaard, 2014). In addition, a recent study presented 

a patient with an almost complete deficiency in several 

neutrophil granule proteins (e.g., NE, LL37 and 

protease 3) and with impaired NET-formation, yet who 

suffered only from mild clinical immunodeficiency 

(Sørensen et al., 2014). Thus, clinical studies in humans 

are required to establish the potential benefits of 

preventing NET-release in neutrophils.  

Conflict of Interest Statement 

The author is a shareholder of Carolus Therapeutics 
Inc., San Diego, CA. 

Sources of Funding 

This work was supported by Deutsche 
Forschungsgemeinschaft (DFG Ko2948/1-2, SFB 1123 
and FOR809) and the Netherlands Foundation for 
Scientific Research (ZonMW VIDI 016.126.358) 
awarded to R.R.K. 

References 

Brinkmann, V., U. Reichard, C. Goosmann, et al., 2004. 

Neutrophil extracellular traps kill bacteria. Science, 
303: 1532-1535. DOI: 10.1126/science.1092385 

Brinkmann, V. and A. Zychlinsky, 2012. Neutrophil 

extracellular traps: Is immunity the second function 

of chromatin?. J. Cell Biol., 198: 773-783.  

 DOI: 10.1083/jcb.201203170 

Caudrillier, A., K. Kessenbrock and B.M. Gilliss, J.X. 
Nguyen and M.B. Marques et al., 2012. Platelets 
induce neutrophil extracellular traps in transfusion-
related acute lung injury. J. Clin. Invest, 122: 2661-
2671. DOI: 10.1172/Jci61303 



Rory R. Koenen / American Journal of Pharmacology and Toxicology 2014, 9 (4): 200.202 

DOI: 10.3844/ajptsp.2014.200.202 

 

202 

Clark, S.R., A.C. Ma, S.A. Tavener, S. Chakrabarti and 
E. McAvoy et al., 2007. Platelet TLR4 activates 
neutrophil extracellular traps to ensnare bacteria in 
septic blood. Nature Med., 13: 463-469.  

 DOI: 10.1038/nm1565 
Fuchs, T.A., A., Brill and D.D. Wagner, 2012. 

Neutrophil Extracellular Trap (NET) impact on deep 
vein thrombosis. Arterioscler. Thromb. Vasc. Biol., 
32: 1777-1783.  

 DOI: 10.1161/ATVBAHA.111.242859 
von Hundelshausen, P., R.R. Koenen, M. Sack, S.F. 

Mause and W. Adriaens et al., 2005. Heterophilic 
interactions of platelet factor 4 and RANTES 
promote monocyte arrest on endothelium. Blood, 
105: 924-930. DOI: 10.1182/blood-2004-06-2475 

Knight, J.S., W. Luo, A.A. O'Dell, S. Yalavarthi and W. 
Zhao et al., 2014. Peptidylarginine deiminase 
inhibition reduces vascular damage and modulates 
innate immune responses in murine models of 
atherosclerosis. Circulat. Res., 114: 947-956. 

 DOI: 10.1161/CIRCRESAHA.114.303312 
Knight, J.S., W. Zhao, W. Luo, V. Subramanian and 

A.A. O'Dell et al., 2013. Peptidylarginine deiminase 
inhibition is immunomodulatory and 
vasculoprotective in murine lupus. J. Clin. Invest, 
123: 2981-2993. DOI: 10.1172/JCI67390 

Koenen, R.R., P. von Hundelshausen, I.V. Nesmelova, 
E.A Liehn and A. Sarabi et al., 2009. Disrupting 
functional interactions between platelet chemokines 
inhibits atherosclerosis in hyperlipidemic mice. 
Nature Med., 15: 97-103. DOI: 10.1038/nm.1898 

Kolaczkowska, E. and P. Kubes, 2013. Neutrophil 
recruitment and function in health and 
inflammation. Nature Rev. Immunol., 13: 159-175. 
DOI: 10.1038/nri3399 

Li, P., M. Li, M.R. Lindberg, M.J. Kennett and N. Xiong 
et al., 2010. PAD4 is essential for antibacterial 
innate immunity mediated by neutrophil 
extracellular traps. J. Exp. Med., 207: 1853-1862. 
DOI: 10.1084/jem.20100239 

Looney, M.R., J.X. Nguyen, Y. Hu, C.A. Lowell and 
M.A. Matthay et al., 2009. Platelet depletion and 
aspirin treatment protect mice in a two-event model 
of transfusion-related acute lung injury. J. Clin. 
Invest, 119: 3450-3461. DOI: 10.1172/JCI38432 

 

 

 

 

 

 

 

 

 

 

 

 

Martinod, K. and D.D. Wagner, 2014. Thrombosis: 

Tangled up in NETs. Blood, 123: 2768-2776.  

 DOI: 10.1182/blood-2013-10-463646 

Nauseef, W.M. and N. Borregaard, 2014. Neutrophils at 

work. Nature Immunol., 15: 602-611.  

 DOI: 10.1038/ni.2921 

Rossaint, J., J.M., Herter H. Van Aken, Y. Döring and C. 
Weber et al., 2014. Synchronized integrin 

engagement and chemokine activation is crucial in 

neutrophil extracellular trap-mediated sterile 

inflammation. Blood, 123: 2573-2584.  

 DOI: 10.1182/blood-2013-07-516484 

Savchenko, A.S., J.I. Borissoff, K. Martinod, S.F. De 

Meyer and M. Gallant et al., 2014. VWF-mediated 

leukocyte recruitment with chromatin 

decondensation by PAD4 increases myocardial 

ischemia/reperfusion injury in mice. Blood, 123: 

141-148. DOI: 10.1182/blood-2013-07-514992 

Soehnlein, O. and L. Lindbom, 2010. Phagocyte 

partnership during the onset and resolution of 

inflammation. Nature Rev. Immunol., 10: 427-439. 

DOI: 10.1038/nri2779 

Sørensen, O.E., S.N. Clemmensen, S.L. Dahl, N.H. 
Heegaard and A. Glenthøj et al., 2014. Papillon-

Lefèvre syndrome patient reveals species-dependent 

requirements for neutrophil defenses. J. Clin. Invest, 

124: 4539-4548. DOI: 10.1172/JCI76009 

von Brühl, M.L., K. Stark, A. Steinhart, M. Lorenz and 

A. Khandoga et al., 2012. Monocytes, neutrophils 

and platelets cooperate to initiate and propagate 

venous thrombosis in mice in vivo. J. Exp. Med., 

209: 819-835. DOI: 10.1084/jem.20112322 

Wang, Y., M. Li, S. Stadler, S. Correll and D. Wang et 

al., 2009. Histone hypercitrullination mediates 

chromatin decondensation and neutrophil 

extracellular trap formation. J. Cell Biol., 184: 205-

213. DOI: 10.1083/jcb.200806072 

Yipp, B.G. and P. Kubes, 2013. NETosis: How vital is 

it? Blood, 122: 2784-2794.  

 DOI: 10.1182/blood-2013-04-457671 


