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espite the development of new intervention strategies,
acute coronary syndromes (ACS) are among the leading cause of global mortality. ACS is predominantly caused
by plaque rupture, which is the consequence of inflammatory
processes within the atherosclerotic plaque that contribute
to expansion of the necrotic core and thinning of the fibrous
cap. However, with current therapeutic strategies targeting
traditional risk factors such as plasma LDL-C (low-density
lipoprotein cholesterol) levels and hypertension, the relative
contribution of plaque erosion to ACS is on the rise. Plaque
erosion is characterized by endothelial cell desquamation and
small intraluminal thrombi, and now accounts for ≈25% to
30% of all ACS.1

a high-cholesterol (1.25%) diet for a period of 5 or 10 weeks.
While hematopoietic Pad4 deficiency clearly decreased histone
citrullination in atherosclerotic lesions, lesion area and composition were not affected at both time points.11 Subsequently, the authors used their previously developed acute carotid artery injury
model12 to evaluate the role of PAD4 in plaque erosion in mice.
Similar to findings in human plaques,6 NETs were in close contact with luminal endothelial cells during plaque erosion in this
model, which was associated with endothelial DNA fragmentation.11 Strikingly, hematopoietic Pad4 deficiency preserved endothelial permeability and continuity while suppressing endothelial
cell death, suggesting protection from plaque erosion. Fibrinogen
and tissue factor staining were also decreased, reflecting smaller
intraluminal thrombi.11 This study is the first to demonstrate that
PAD4 and histone citrullination promote endothelial erosion,
with potential consequences for atherothrombosis. These observations could have important implications for a subset of ACS in
humans and may suggest PAD4 as a therapeutic target.
While hematopoietic Pad4 deficiency did not affect blood
leukocyte numbers or neutrophil chemotaxis to endothelial
cells in an in vitro assay, it decreased neutrophil adherence
to the endothelium during endothelial erosion. NETosis and
neutrophil-endothelium adherence correlated in the acute injury model.11 In this model, endothelial expression of TLR2
(Toll-like receptor 2) is enhanced because of disturbances in
blood flow. TLR2 promotes endothelial erosion by promoting
neutrophil adherence.12 The present study implies that PAD4,
downstream of neutrophil adherence promotes endothelial
erosion (Figure).11 TLR2 expression on endothelial cells also
colocalizes with NETs in erosion-prone atherosclerotic human plaques.6 Together, these data6,11 may suggest a role for
NETs in plaque erosion in humans. The complement pathway,
which has been associated with endothelial damage previously, was suggested to mediate NET-induced endothelial
erosion11; however, this would warrant further investigation.
The question remains as to how NETosis is activated during endothelial erosion. NETosis has been studied extensively
in vitro; however, these assays use PMA (phorbol 12-myristate
13-acetate), IL (interleukin)-8, lipopolysaccharide, or calcium ionophores, and the relevance of these compounds for
NETosis at the luminal side of atherosclerotic lesions may be
questionable. Activated platelets have previously been reported to induce NET release through direct P-selectin–mediated
interaction with neutrophils, or via soluble factors, including
HMGB1 (high mobility group B1) and CCL5/CXCL4 (chemokine (C-C motif) ligand 5/CXC chemokine ligand 4) chemokine heteromers.2 Because platelets have emerged as important
players during various stages of atherosclerosis, their contribution to luminal NET release is likely. In addition, the ligation of
neutrophil integrins with endothelial cell adhesion molecules
may also prompt NET release.2 Hence, it becomes important
to understand to what extent the endothelium generated in the
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Neutrophils are the most abundant white blood cells and
form the first line of defense against microbes and bacteria. In
addition to their key role in host defense, studies over the past
decade have revealed that neutrophils are of major importance
to cardiovascular pathologies, including atherosclerosis, neointima formation, and myocardial infarction.2–4 Neutrophils
mainly act through their granule proteins which can be released directly or when bound to neutrophil extracellular traps
(NETs), a network consisting of neutrophil-derived DNA, and
proteins of nuclear, granular, and cytosolic origin. Markers of
NETs have been associated with coronary stenosis and plaque
erosion in humans5,6 and NET formation (NETosis) has been
suggested to promote atherogenesis in mice.7,8 In addition, recent studies have shown that NETs play a key role in regulating processes occurring at the luminal side of blood vessels,
including entrapment of metastatic tumor cells,9 vaso-occlusion,10 and endothelial permeability.2
In this issue of Circulation Research, Franck et al11 report
on the role of PAD4 (peptidylarginine deiminase 4), an enzyme
important during histone citrullination and chromatin decondensation, in atherosclerosis and plaque erosion. Ldlr−/− mice were
transplanted with Pad4−/− or wild-type bone marrow and fed
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Figure. Model of Pad4 (peptidylarginine deiminase 4) promoting endothelial erosion. At sites of disturbed blood flow, TLR2 (Toll-like
Receptor 2) expression is upregulated on endothelial cells, promoting neutrophil adherence. Pad4 is involved in the release of neutrophil
extracellular traps (NETs) that stimulate endothelial cell death and thrombus formation.
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model used in this study mimics human arterial endothelium
prone to desquamation. Sensors expressed by neutrophil detecting low shear stress may also enhance NET release at the
luminal side of large arteries. Finally, high plasma LDL-C levels could induce NET release. Further studies will be required
to identify triggers for NET release in vivo in the context of
plaque erosion.
Recent studies have shown that activation of the NLRP3
(NLR family, pyrin domain containing 3) inflammasome in
myeloid cells, which enhances secretion of proatherogenic IL1β and IL-18, promotes neutrophil accumulation and NETosis
in atherosclerotic plaques of Ldlr−/− with myeloid deficiency
of the cholesterol transporters ABCA1 and ABCG1 (ATP
binding cassette A1 and G1).13 ABCA1 and ABCG1 mediate
cholesterol efflux to high-density lipoproteins. Deficiency of
Abca1/Abcg1 enhances cholesterol accumulation in myeloid
cells, including neutrophils, which activates the NLRP3 inflammasome. In vitro studies in neutrophils suggested that
deficiency of Abca1/Abcg1 did not affect NETosis via cellintrinsic effects; indicating that NETosis in atherosclerotic
plaques was rather the consequence of inflammasome activation in monocytes and macrophages.13 Indeed, IL-1β, a product of inflammasome activation, promotes NETosis in a gout
model.14 These observations suggest that not only secretion
of inflammatory mediators by platelets, but also by myeloid
cells, may promote NETosis, although precise molecular
mechanisms warrant further studies.
In yet another study, it was recently found that IL-1β
may not just trigger NET release, but that NETs may, in fact,
contribute to the production of lesional IL-1β. NETs are to
a large degree composed of dsDNA which can be sensed
by the AIM2 (absent in melanoma 2) inflammasome. Both
dsDNA and AIM2 were shown to accumulate in advanced
stages of atherosclerotic plaques. AIM2 deficiency or its
therapeutic inhibition reduced lesional IL-1β by ≈50% and
IL-18 by 60%. As a consequence, atherosclerotic lesions appeared more stable, characterized by thicker fibrous caps and
smaller necrotic cores.15
In conclusion, the study by Franck et al11 identifies an
important role for PAD4 in plaque erosion, which may have

broad clinical implications for ACS. Challenges for the future
would entail the identification of pathways (possibly arterialspecific) promoting NETosis as targets for therapy.

Sources of Funding
Dr Westerterp is supported by National Organization of Scientific
Research VIDI-grant 917.15.350 and a Rosalind Franklin Fellowship
from the University Medical Center Groningen. O. Soehnlein receives
support from the Deutsche Forschungsgemeinschaft (SFB1123,
SFB914) and the Vetenskapsrådet.

Disclosures
None.

References
1. Pasterkamp G, den Ruijter HM, Libby P. Temporal shifts in clinical presentation and underlying mechanisms of atherosclerotic disease. Nat Rev
Cardiol. 2017;14:21–29. doi: 10.1038/nrcardio.2016.166.
2. Döring Y, Soehnlein O, Weber C. Neutrophil extracellular traps in atherosclerosis and atherothrombosis. Circ Res. 2017;120:736–743. doi:
10.1161/CIRCRESAHA.116.309692.
3. Horckmans M, Ring L, Duchene J, Santovito D, Schloss MJ,
Drechsler M, Weber C, Soehnlein O, Steffens S. Neutrophils orchestrate post-myocardial infarction healing by polarizing macrophages
towards a reparative phenotype. Eur Heart J. 2017;38:187–197. doi:
10.1093/eurheartj/ehw002.
4. Soehnlein O, Wantha S, Simsekyilmaz S, et al. Neutrophil-derived
cathelicidin protects from neointimal hyperplasia. Sci Transl Med.
2011;3:103ra98. doi: 10.1126/scitranslmed.3002531.
5. Borissoff JI, Joosen IA, Versteylen MO, Brill A, Fuchs TA, Savchenko
AS, Gallant M, Martinod K, Ten Cate H, Hofstra L, Crijns HJ, Wagner
DD, Kietselaer BLJH. Elevated levels of circulating DNA and chromatin
are independently associated with severe coronary atherosclerosis and
a prothrombotic state. Arterioscler Thromb Vasc Biol. 2013;33:2032–
2040. doi: 10.1161/ATVBAHA.113.301627.
6. Quillard T, Araújo HA, Franck G, Shvartz E, Sukhova G, Libby P. TLR2
and neutrophils potentiate endothelial stress, apoptosis and detachment:
implications for superficial erosion. Eur Heart J. 2015;36:1394–1404.
doi: 10.1093/eurheartj/ehv044.
7. Knight JS, Luo W, O’Dell AA, Yalavarthi S, Zhao W, Subramanian V, Guo
C, Grenn RC, Thompson PR, Eitzman DT, Kaplan MJ. Peptidylarginine
deiminase inhibition reduces vascular damage and modulates innate
immune responses in murine models of atherosclerosis. Circ Res.
2014;114:947–956. doi: 10.1161/CIRCRESAHA.114.303312.
8. Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V. Inflammation.
Neutrophil extracellular traps license macrophages for cytokine
production in atherosclerosis. Science. 2015;349:316–320. doi:
10.1126/science.aaa8064.

8  Circulation Research  June 22, 2018
9. Cools-Lartigue J, Spicer J, McDonald B, Gowing S, Chow S, Giannias
B, Bourdeau F, Kubes P, Ferri L. Neutrophil extracellular traps sequester circulating tumor cells and promote metastasis. J Clin Invest.
2013;123:3446–3458. doi: 10.1172/JCI67484.
10. Jiménez-Alcázar M, Rangaswamy C, Panda R, et al. Host DNases
prevent vascular occlusion by neutrophil extracellular traps. Science.
2017;358:1202–1206. doi: 10.1126/science.aam8897.
11. Franck G, Mawson TL, Folco EJ, et al. Roles of PAD4 and NETosis in experimental atherosclerosis and arterial injury: implications for superficial erosion. Circ Res. 2018;123:33–42. doi: 10.1161/CIRCRESAHA.117.312494.
12. Franck G, Mawson T, Sausen G, et al. Flow perturbation mediates neutrophil recruitment and potentiates endothelial injury via TLR2 in mice:
implications for superficial erosion. Circ Res. 2017;121:31–42. doi:
10.1161/CIRCRESAHA.117.310694.
13. Westerterp M, Fotakis P, Ouimet M, Bochem AE, Zhang H, Molusky
MM, Wang W, Abramowicz S, la Bastide-van Gemert S, Wang N, Welch

CL, Reilly MP, Stroes ES, Moore KJ, Tall AR. Cholesterol efflux pathways suppress inflammasome activation, NETosis and atherogenesis
[published online ahead of print March 27, 2018]. Circulation. doi:
10.1161/CIRCULATIONAHA.117.032636.
14. Mitroulis I, Kambas K, Chrysanthopoulou A, Skendros P, Apostolidou
E, Kourtzelis I, Drosos GI, Boumpas DT, Ritis K. Neutrophil extracellular trap formation is associated with IL-1β and autophagy-related signaling in gout. PLoS One. 2011;6:e29318. doi:
10.1371/journal.pone.0029318.
15. Paulin N VJ, Maas SL, de Jong R, Fernandes-Alnenri T, Weber C,
Drechsler M, Doring Y, Soehnlein O. Double-strand DNA sensing AIM2
inflammasome regulates atherosclerotic plaque vulnerability. Circulation.
2018. doi: 10.1161/CIRCULATIONAHA.117.033098. In press.
Key Words: Editorials ◼ acute coronary syndrome ◼ extracellular traps
◼ hypertension ◼ neutrophils ◼ risk factors

Downloaded from http://circres.ahajournals.org/ by guest on July 17, 2018

A Pad 4 Plaque Erosion
Oliver Soehnlein, Venetia Bazioti and Marit Westerterp
Downloaded from http://circres.ahajournals.org/ by guest on July 17, 2018

Circ Res. 2018;123:6-8
doi: 10.1161/CIRCRESAHA.118.313110
Circulation Research is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2018 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7330. Online ISSN: 1524-4571

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://circres.ahajournals.org/content/123/1/6

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation Research can be obtained via RightsLink, a service of the Copyright Clearance Center, not the
Editorial Office. Once the online version of the published article for which permission is being requested is
located, click Request Permissions in the middle column of the Web page under Services. Further information
about this process is available in the Permissions and Rights Question and Answer document.
Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints
Subscriptions: Information about subscribing to Circulation Research is online at:
http://circres.ahajournals.org//subscriptions/

