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The transcription factor NFkB is a central mediator of in ammation with multiple links
to thrombotic processes. In this review, we focus on the roleof NF-kB signaling in cell
types within the vasculature and the circulation that are rolved in thrombo-in ammatory

processes. All these cells express NFKB, which mediates important functions in
cellular interactions, cell survival and differentiatiomas well as expression of cytokines,
chemokines, and coagulation factors. Even platelets, as arcleated cells, contain NFkB

family members and their corresponding signaling molecuge which are involved in
platelet activation, as well as secondary feedback circust The response of endothelial
cells to in ammation and NFkB activation is characterized by the induction of adhesion
molecules promoting binding and transmigration of leukodgs, while simultaneously
increasing their thrombogenic potential. Paracrine sigrilmg from endothelial cells
activates NFkB in vascular smooth muscle cells and causes a phenotypic swgh

to a “synthetic” state associated with a decrease in contratile proteins. Monocytes
react to in ammatory situations with enforced expression 6 tissue factor and after
differentiation to macrophages with altered polarizatian Neutrophils respond with

an extension of their life span—and upon full activation thegan expel their DNA
thereby forming so-called neutrophil extracellular trap§NETSs), which exert antibacterial
functions, but also induce a strong coagulatory response. fiis may cause formation
of microthrombi that are important for the immobilization b pathogens, a process

designated as immunothrombosis. However, deregulation ofhe complex cellular links
between in ammation and thrombosis by unrestrained NET fanation or the loss of the
endothelial layer due to mechanical rupture or erosion caresult in rapid activation and
aggregation of platelets and the manifestation of thrombdn ammatory diseases. Sepsis
is an important example of such a disorder caused by a dysredated host response

to infection nally leading to severe coagulopathies. NKB is critically involved in these
pathophysiological processes as itinduces both in ammatoy and thrombotic responses.
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GENERAL LINKS BETWEEN cell types in in ammation and thrombosis is necessary for
INFLAMMATION AND THROMBOSIS prevention or treatment of cardiovascular diseases.

The close association of inammatory conditions and
coagulatory processes has an evolutionary origin, as eguri THE TRANSCRIPTION FACTOR NF-kB AND
require both an e cient blood clotting and an inammatory |TS INHIBITORS
immune response against invading pathogens. In this review
we focus on the cellular interactions that link in ammation NF-kB is a central mediator of inammation and thus
with thrombotic processes, while the plasmatic coagulatiofundamentally involved in the molecular links between
cascade is described elsewhete 4). Platelets are the rst inammatory and thrombotic processes. It was rst described
functional elements that seal damaged blood vessels uporyinj 1986 as transcription factor driving the expression oflthehain
by forming aggregates and a subsequent thrombus. They aoé immunoglobulins in B-cells1(1). Thus, the commonly used
also the rst immunomodulatory cells at the side of injury abbreviation NFkB stands for: Nuclear Factor of tlkechain in
and in ammation, providing a functional link between host B-cells. While the name insinuates that this protein is speci
response and coagulatiol)( Endothelial cells in an inactivated, for B cells, with the&k-IgG chain being the most important target
guiescent state express potent inhibitors of coagulation angene, it is now clear that it is expressed in nearly all cellfef t
platelet aggregation. However, upon in ammatory stimuli yhe human body and that it regulates the expression of hundreds or
change their cellular program by expressing leukocytes @mthes thousands of gened.?) involved in a great variety of biological
molecules to facilitate their entry to sites of in ammation processes. Not even the designation “nuclear” is corredhiss
In addition, they undergo a transition toward a more pro- transcription factor is mostly located in the cytosol, asdon
coagulatory phenotypel]. Furthermore, chronic in ammation as it is bound to one of its inhibitors in non-activated cells.
causes a phenotypic switch of vascular smooth muscle catts frd~urthermore, NFkB is not a single factor as implied by the
a contractile to a synthetic phenotype, which is associaték wi name, but actually a protein family consisting of ve members,
secretion of pro-in ammatory mediators and which can nally building homo- or heterodimers via their Rel-homology domain
resultin a macrophage-like state) (Other cells of the circulation which is also responsible for DNA bindindrigure 1). Two of
and vasculature are altered by in ammatory conditions totva the family members (p100 and p105) contain inhibitory domains
a pro-thrombotic state, as well. Monocytes and neutrophilsonsisting of ankyrin repeats, which block binding to DNA and
contribute to coagulation by expression of tissue fact@r7), constrain nuclear localization. These have to be protemjii
which is upregulated upon in ammation. Moreover, in their processed by proteasomes for activation of RB-and binding
activated state, neutrophils are capable of expelling their DNA0 enhancer elements in the promoter regions of target genes
in conjunction with histones and other associated proteing14-16). The processed forms of p100 and p105 (p52 and p50,
thereby forming extracellular DNA designated as neutrophirespectively), do not contain a transactivation domain and
extracellular traps (NETs), which exert antibacterial fiimes, need to dimerize with one of the other three family members,
but also induce a strong coagulatory respons® Recent RelA (p65), RelB, or c-Rel to function as transcription factors.
ndings indicate that these processes are also a physiologicimers of p50 and p52 operate as transcriptional repressors, as
part of an intravascular immunity especially in capillariesthey can bind to promoter elements without activation of the
causing clinically unnoticed forms of micro-thrombosisath transcriptional machineryX(7). The other three NFB proteins:
are termed immuno-thrombosis and which have the purpose 0p65 (RelA), RelB, and c-Rel do not contain these inhibitory
immobilizing invaded pathogensd). domains. However, they bind to inhibitory molecules of ikl
While both physiological hemostasis and immuno-family, which contain ankyrin repeats similar to the inhibiy
thrombosis represent a normal response to traumas or invadindomains of p100 and p105 and which have to be degraded for
microorganisms, any deregulation of these processes cdrdea release and activation of the transcription factr), One of the
aberrantintravascular coagulation and a pathologicalrfosion ~ most common NFkB forms is a dimer of p65 bound to p50—the
of the blood ow, which is generally de ned as thrombosis. processed form of p105, with the dimer again being inactivated
This is often seen in acute in ammatory states, with sepsiby association with a member of th&B family. Binding of
representing a clinically weighty example, where patientsrsu elkB alters the conformation of NkB dimers and prevents
from anomalous systemic in ammation that is associatedhwit their association with DNA 18 19 (Figure 2). Furthermore,
alterations in blood coagulation and microvessel thronibos it shifts the preferential localization from the nucleus toet
in diverse organs 1(0). Furthermore, the interplay between cytosol. However, in contrast to the picture that is drawn in
endothelial cells, smooth muscle cells, platelets, andolsuks most textbooks, KB molecules do not completely prevent
becomes critical under chronic in ammatory conditions, ish  translocation of NFkB into the nucleus, as a vivid shuttling of
are a central cause in the pathogenesis of atheroscleragisgdr NF-kB between cytosol and nucleus can be observed even in
vascular remodeling and plaque formation. Rupture or erosionthe presence of normal levels &B—uwith a halftime of about
of the plaques can then cause rapid thrombosis and occlusioi-14 min @1-23). Studies with uorescently tagged p65 arkBl
of blood vessels that nally leads to myocardial infarction molecules in non-activated cells revealed that the conegotr
stroke, the two major reasons of mortality worldwide. Theref  of nuclear p65 is about 5% of the cytosolic of&)( The basis for
understanding of the complex interaction between the disttin this phenomenon seems to be the fact that kEAkB complexes
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FIGURE 1 | NFkB and IkB family of proteins and their functional domains. The protas are designated by their gene symbols with frequently uskaliases in brackets.
RHD, Rel-homology domain, responsible for DNA binding anditherization; TA, transactivation domain, responsible fdsinding of the transcriptional machinery and
RNA-polymerase; LZ, leucine zipper; NLS, nuclear localian domain; A, ankyrin repeat; DD, death domain; PP, doubkphosphorylation by kB kinases triggering
ubiquitination and proteasomal degradation or processingin case of NFKB1 and NFKB2). The numbers specify the amino &tborders of domains for human
isoforms. Atypical inhibitors are described in more detaih Pettersen et al. {3).

like most macromolecular complexes are subject to dissoniat NF-kB SIGNALING PATHWAYS

and re-association, with a certain number of unbound molesu

under steady state conditions, which can then be recogrtized After the discovery of NfB as a crucial transcription factor in
the nuclear import machinery and translocated to the nucleusin @mmation and immunity, great e orts have been undertaken
As a consequence of this nucleocytoplasmic shuttling and th@ elucidate the signaling pathways by which it is activa@uite
dynamics of binding, a low level of NEB activity is predicted S00N it became clear that NKB activity is not only triggered
even in non-activated cell€4). Thus, elevated levels of \gB by in ammatory cytokines such as tumor nerosis factor alpha
molecules as observed in chronic in ammatory states cafTNFa) or interleukin 1 (IL-1), but also by bacterial cell wall

contribute to an increased risk of thrombosis even if intkdipy ~ components like lipopolysaccharides, by viruses and even by
molecules are present. physical stress conditions such as gamma- or UV-irradiation
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FIGURE 2 | 3D-structures of NFkB/IkBa and NFkB/DNA. (A) 3D-Model of a p65-NFkB fragment (green; amino acids 20-320) bound tokB (red, amino acids
70-282) generated with Chimera software40) using the protein database le 1NFI. The position of the nucke localization sequence (NLS) of p65 is indicated with an
arrow. (B) Conformation of a p65 fragment (blue, amino acids 20-291) hand to DNA (yellow) and p50 (gray; amino acids 39-350) forngra characteristic

butter y-like structure (protein database le 1VKX). The p68ragment, which was crystalized for this structure, lackshe last 29 amino acids of the corresponding
structure of (A), but is shown from the same perspective.(C) Superimposed structures of(A, B), illustrating the conformational switch of p65 between thdkB- and

the DNA-bound form (green and blue, respectively). The aminacid side chains of the lower p65 wing, which come closer tha 0.5 nm to the DNA in the DNA-bound
form, are shown in ball-and-stick manner. These side chainare turned away in the kB-bound form as depicted with an arrow.

TABLE 1 | Important activators of NFkB.

Activator class

Examples

Cytokines

Receptor ligands

Bacteria

Viruses

Eukaryotic parasites

Cell lysis products

Physiological stress

Physical stress
Modi ed proteins

Il-1b, TNFa (25, 26), IL-12 @7), IL-17 @8), IL-33 @9),
Lymphotoxin-b (30), GM-CSF (1)

CDA40L 82), BAFF [B-cell activating factor33)],
CD4-ligand [HIV-gp120, 84)], TRAIL 85), FasL §6),
BMP-2 and 4 (37), EGF 88), HGF 39), insulin £0)
Lipopolysaccharide [LPS41, 42)], agellin ¢3),
CpG-DNA (44), enterotoxins ¢5, 46),

dsRNA via PKR47), many viral proteins [as reviewed in:

8)]

Candida albicans409), Entamoeba histolytica0),
Leishmania §1)

DAMPs [Danger associated molecular parns, 62)],
HMGBL1 (53), extracellular DNA{4), extracellular RNA
(55, 56)

ER stress7-59), turbulent ow (shear stress) §0-62),
acidic pH (63), oxidative stress §4, 65), hyperglycemia
(66)

lonizing radiationg(7, 68), UV-light £9, 70), cold (71)
Advanced glycation end products (AGEs), oidized LDL,
amyloid protein fragments

Viruses not only activate NF«<B—but also often make use of the NFkB pathway to control
their own replication or to prevent apoptosis of host cells; furthermar, some viral genes
have NFkB binding sites and are induced by NFkB (48).

canonical) pathway, which is triggered by T&FIL-1, or
lipopolysaccharide (LPS); (ii) a non-classical (non-canahi
or alternative) activation elicited by CD40 ligand (CD40d)
lymphotoxin b (LTbeta); and (iii) atypical signaling pathways
such as that initiated by DNA-damagEi@gure 3). Yet, it has to be
stated that this classi cation is arbitrary and should neadl to a
dogmatic view of NF«B activation. Furthermore, there appears
to be a non-genomic pathway of NEB signaling molecules,
which will be discussed in the platelet section. Moreover, & ha
recently been shown that stimulation of the alternative patfiw
can also activate components of the classical pathway andhaat t
transcriptional responses can be qualitatively very sinfii&y.
Activating ligands usually trigger a conformational change
or an oligomerization of receptors, which generates a bigdin
surface for intracellular adaptor proteins. These are then
recruiting E3-type ubiquitin-ligases (TRAF and IAP-protsjn
which transfer a polyubiquitin chain that has been built upiby
(ubiquitin-activating) and E2 (ubiquitin-conjugating)neymes
to target proteins such as RIPK1 or other TRAF and IAP proteins.
The polyubiquitin-chains that are formed by these enzymes, a
linked via lysine-63 (K63) or lysine-11 (K11), creating aisture
that serves as binding and signaling platform for downstream
adaptor molecules (TAB1/2 and NEMO) and their associated
kinases (TAK1 and KB kinases, IKl4, and IKKb). Another
polyubiquitination structure that activates the N&B signaling
pathway is formed by linking the carboxy-terminus of a ubiiui

(seeTable 1for a more extended list of activating stimuli). The molecule with the amino-terminus of the starting methioein
detailed clari cation of the receptors that sense the origin (M1) on the next ubiquitin moiety. This reaction is catalyzed
triggers and the components that transmit and modulate thesy an enzyme complex termed LUBAC (linear ubiquitin chain
signals inside the cell took many years and involved the workssembly complex) and acts primarily on the adapter molecule
of numerous research groups [for a review se&)]( The NEMO or on other polyubiquitin chains as substrates4{
variety of individual activation pathways became quite csiig ~ 79). Altogether, K11-, K63-, and M1-type polyubiquitin chains
throughout the years, so that some structuring was proposedenerate signaling platforms via adapter molecules and cingte

to group the signaling cascades in a logical way. Since theprocesses, which allow phosphorylation kBlkinases on their
most researchers classify the activation in (i) the clasgior ~ activation loops. This occurs either by upstream signalingkes
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FIGURE 3 | Major NFkB activation pathways.(A) Canonical (classical) pathway, upper left side: exempli ey TNFa and IL-1 triggered reactions.(B) Non-canonical
(alternative, non-classical) pathway, upper-right sideepresented with the CD40L-activated pathway(C) Atypical NFKB activation pathway triggered by genotoxic
stress: lower left side. For more detailed explanation seée text.

such as TAK1 or by proximity-induced auto-phosphorylation polyubiquitin chains. These can be degraded by specic
in a way, that one IKK molecule activates another one in aleubiquitinating enzymes (DUBSs), primarily the moleculeDA2
dimer or oligomer, a process, which is commonly termed asnd CYLD, which act as negative regulators of RE-signaling.
transphosphorylation{9). Finally, most of the NFB-activating  A20 or an associated E3-ligase have furthermore the catyabili
signaling pathways converge at the level ki kinases (IKla  catalyze K48-type polyubiquitination of RIPK1, thereby legdi
and IKKb), which upon activation phosphorylate the inhibitory to proteasomal degradation of this crucial MB- activating
molecules of thekB family or the inhibitory domains of p100 e ector molecule 82). For a comprehensive overview of the
and pl105 on two adjacent serine residues. This triggers @nothdi erent ubiquitination steps se€igure 3.
type of polyubiquitination, which is characterized by linkag  The biological response following NB activation is
of ubiquitin moieties via lysine-48 (K48) and catalyzed 18+ E manifold and depends on the cell type, the accessibility of
ligases of the CRL (Cullin-Ring ligase) type, also named SCpromoter regions, which is regulated by epigenetic mechasism
type (for the key components Skpl, Cullin, and F-box proteinand furthermore additional feedback pathways, which intetrse
(80, 81). These K48-linked polyubiquitin chains are recognizedwith the NFkB pathway. Basically, we have to view these
by proteasome activators, leading to proteasomal degradafio processes rather as dynamic signaling networks and feedback
the inhibitor and release of the NkB dimer. circuits far beyond the classical cascade scheme of gignali
Important feedback mechanisms of NdB regulation are pathways involving signi cant crosstalk between various
found at the level of the activating K63- and M1l-typeupstream and downstream pathway$7(, which may have
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additional implications on the links between in ammation TABLE 2 | Important target genes of NFkB.

and thrombosis, but which are beyond the scope of this
reVieW. Target gene class

Examples

The major biological function of NiB is to change cellular ¢ yoiines, chemokines
programs in all di erent kinds of stress situations, so thaeth
various cell types can respond to the stress in a way that the
organism can cope with the threat, activate defense meafmanis Immune receptors
and eliminate or escape the endangering factors with the nal
aim to re-gain the original physiological staté3. This major
biological function of NFkB signaling explains the various
types of target genes that are upregulated or induced after N
kB activation. As listed more comprehensivelyTiable 2and 4y csion molecules
illustrated inFigure 4, these target genes comprise a great variety
of cytokines and chemokines, the majority of which is aciimg  acute phase proteins
a pro-in ammatory manner, often themselves leading to KB-
activation and thereby constituting a positive feedbackait
This is in line with an upregulation of many di erent immune Anti-apoptotic genes
and chemokine receptor2{1). Another set of genes that are
induced by NFkB are adhesion molecules, which are crucial
for transmigration of leukocytes through the endotheliuag  Cell cycle regulators
well as cell-cell interactions that are important for immuneEnzymes
defense and platelet function. At the cellular level, k8-
activation leads to upregulation of anti-apoptotic genes,alvhi
supports cell survival under stress condition. However, the
same mechanism may contribute to cancer development as high
levels of anti-apoptotic genes provide a survival advantage to
cells with malignant mutations, which would otherwise die o Stress response genes
become senesceriii2 213. Moreover, NFkB induces cyclin D
proteins, which are essential for cell cycle progressitin))( as
well as the oncogene c-Myc, which upregulates many cell cycle
proteins and which is overgxpressed in a majprity of CaNCEIR < ription factors
(219. Apart from c-Myc, various other transcription factors are
induced by NFkB, such as members of the interferon-regulatory
IRF family in accordance with immune defense functions, as
well as HIF-h, GATA-3 or LEF1 demonstrating that NkKB is ~ Feedback genes
capable of inuencing the cellular transcriptional network i
a complex manner involving numerous feedback circuits)(
Additionally, NFKB up-regulates the transcription of various
members of the NFB gene family, thereby creating positive ™
feedback loops. However, these are in most cases counttracte
by negative feedback mechanisms, which are induced by NG, genes
kB as well. These include the induction of the varioks |
family members, which inhibit NF&B directly, as well as

|9ther receptors

Coagulation regulators

Growth factors

iRNAs

IL-; and -b (84, 85), IL-2 86), IL-6 87), IL-8 88),
IL-12 (89), IL-17 ©0), TNFa (91), IFNb (92), IFNy
(93), CCL5 @4), Fractalkine 95), Gro Q6)

CCR5 §7), CCR7 08), CD3 09), CD23 (FeRll)
(100), CD40 (L01), CD137 (102), MHC | (L03), Nod2
(104), TCR (05), TLR9 (06), TNFR2 {07),
TREM-1 (L08)

A2A adenosine receptor{09), adrenoceptora2B
(110), EGFR {11), RAGE (12)

E-selectin{13), ICAM-1 (L14), bronectin (115),
P-selectin (L16), VCAM-1 (L17)

CRP {18), PTX3 (19), serum amyloid A {20)

Tissue factor [F31@1)], F VIII122), uPA (.23),
PAI-1 (124)

A20 (125), Al (126), Bcl-2 (127), c-FLIP (128),
c-IAP1 and 2 (129), BIRC3 (30), XIAP {31),
TRAF1 and TRAF2129, 132)

Cyclin D1 3 (133-135), c-Myc (136)

COX-2 {37), lipoxygenase {38), INOS (39, 140),
nNOS (141), BACE-1 (142), cathepsin B (143),
MMP-1 (144), MMP-3 (145), MMP-9 (146), GSTP-1
(147), G6PD (148), granzyme B (49), HO-1 (150),
lysozyme (L51), PI3K catalytic subunit {52), PKAa
(153), PKC-d (154), PLA-2 (155), PLC-d (156),
TERT (57), transglutaminase {58)

Hsp90A 159), superoxide dismutase {60, 161),
Ferritin H (62)

FGF8 (63), G-CSF (.64), M-CSF (L65), GM-CSF
(166), NGF (67), EPO (68), IGFBP-1 and 2

(169, 170), osteopontin (L71), VEGF-C {72)

AR {73), c-Myc (136), c-Rel (L.74), GATA-3 (L75),
HIF-1a (176), IRF-1 and 2 (177), IRF-4 (78), IRF-7
(179), LEF1 (80), NFKB1 (.81), NFKB2 (.82),
Nurrl (183), p53 (184), RelB (.85), Stat5a (L86)
Neg. feedback: kBa (187), kB-+(188), NLRP2
(189), A20 (125, 190), ABIN-1 and 3 (191),

Pos. feedback: XIAP {31, 192), NFkB transcription
factors as mentioned above.

miR-9 (193), miR-21 (194), miR-143 (195),
miR-125b and miR-155 (196), miR-146(197),
miR-224 (198), for review see {99)

Adenovirus E3200), CMV @01), EBV 02), HBV
(203), HSV-proteins £04), HPV-16 @05), SV-40
(206)

proteins that are removing the activating K63- or M1-linked
polyubiquitin chains from NFkB activating proteins such as
A20 or ABIN (219. Finally, the vital role of these feedback

inhibitors is to shut o NF-kB activity and to revert the for vasodilation and blood pressure regulation (for refaressee

cell to its inactivated state. Impairment of these processemble 2.

is often the basis for chronic inammatory diseases. The Furthermore, a variety of coagulation factors and regufato
complexity of all the feedback circuits is further enhanced b are induced by NFB, including tissue factor [F3121)], factor
NF-kB-dependent upregulation of several miRNAs, which lead/|ll ( 122, urokinase-type plasminogen activator (UPA)20,
to the degradation or reduced translation of many dierentand Plasminogen activator inhibitor-1 (PAI-1)124). Thus,

MRNAs (199. NF-kB contributes to coagulatory events not only via cellular
Important NFkB target genes in the context of in ammation activation processes, but also by transcriptional inductidn o
include various enzymes such as cyclooxygenases apfbteins of the plasmatic coagulation cascade. This provides

lipoxygenases catalyzing the formation of prostaglandingnother molecular explanation for the functional links betm
and leukotrienes, as well as NO synthases, which are importajh ammation and thrombotic processes that contributes to
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FIGURE 4 | Categories of in ammatory target genes in different cell tygs. Transcriptional responses after stimulation with TNFhave been analyzed using gene set
enrichment analysis (GSEA) with the following datasets: ssoth muscle cells: GSE96962; endothelial cells: GSE96962nonocytes: GSE56681; neutrophils:
GSE40548. Gene sets were derived from NKB target genes as described in Jia et al.707). Asp-value and log fold change (LogFC) are often used to evaluate
signi cant results from differential expression analysisrad the up-regulated/down-regulated genes are usually at théop and/ bottom of the ranked gene list,
respectively, we used the signed z-value to rank genes, wherthe sign is from LogFC, as previously described?(8). To assess the enrichment of the target genes of
NF-kappa B gene sets in the different datasets, the GSEA Pranked tool was used ¢09). Gene sets showing a signi cant enrichment are representetdy ***(FDR<
0.001), **(FDR< 0.01), and *(FDR< 0.05). The plot was produced using the R package, ggplot2410) visualizing the normalized enrichment scores as stackeddos
showing differences in the response between different cetypes of the vasculature and circulation.

increased cardiovascular risk in situations of acute ool They propagate monocyte di erentiation into macrophages
in ammation. and modulate oxidative burst in neutrophils [reviewed in
(223]. Toll-like receptor 4 (TLR-4)-activated platelets bind
to neutrophils and initiate neutrophil extracellular trap NET
PLATELETS AS MEDIATORS BETWEEN formation (224). Platelets mediate NET formation either via
INFLAMMATION AND THROMBOSIS P-selectin-PSGL1 interaction849, neutrophils integrinalLb2
[LFA-1 (CD11a/CD18)] 229 or platelet GPlla (227 resulting
Platelets, the cells that build the thrombus in primary hetasss,  in increased bacterial clearance. Additionally, the platelease
are now considered crucial immune-modulatory cells provigin Products thromboxane (TXA2), platelet factor 4 (CXCL4), von
essential functional links between in ammatory and throotle ~ Willebrand factor (VWF) 22§, and High mobility group box
processes. They are small anucleate cell fragments derowed f 1 (HMGB1) 229 trigger NET formation. Activated platelets
megakaryocytes with a diameter of 2sh and circulate in  and platelet microvesicle further present HMGB1 to neutrophils
the blood for 7-10 days, where they patrol the endothelialand commit them to autophagy and NET generation, thereby
wall, recognizing structures representing vessel damagee S potentially causing thrombo-in ammatory lesions2¥39-231).
their discovery by Bizzozero in 1882 they are recognized fokdditionally, cleavage of ILHby NLRP3-mediated activation of
their central role in hemostasis2(7), preventing blood loss caspase-1 contributes to platelet activatis®3) and is associated
upon injury by formation of platelet-platelet aggregates, alhi with acute thrombotic events during hypoxic conditiors3Q.
are stabilized by brin bers that are formed by the plasmatic  Platelets can be activated by vessel injury (e.g., immediliz
coagulation cascad€1§ 219. Negative charges on the surfacevWF or collagen exposure) as well as thrombin, which is
of activated platelets, which expose phosphatidylserine upagenerated by an activated coagulation cascade. Platetttsrfu
activation-dependent membrane lipid ip- op, allow for calain  release substances that enhance their activation e.qpside
binding and provide the ideal surface for site-speci ¢ protgicl ~ diphosphate (ADP) and TXA2. However, more and more
activation of coagulation factor&igure 5). evidence emerges that also in ammatory triggers are able
More and more evidence emerges, that activated platelets ntat activate platelets. Platelets also express functional TLRs,
only trigger recruitment and activation of further platedeto  including TLR2, TLR3, TLR4, TLR7, and TLR93{¢-239.
the site of injury but that platelets also interact with lealtes, Binding of LPS to platelet TLR4 induces platelet activati&ii)
thereby orchestrating immune responses and mediatingp promote microvascular thrombosi&§g as well as platelet and
wound healing and repair processes via interaction with theéneutrophil sequestration into the lung, liver and spleé39) as
endothelium @2G-222. Activated platelets and microvesicleswell as formation of NETS.
bind leukocytes, which leads to mutual activation and rapid, Upon activation, platelets release their granule content,
local release of platelet-derived cytokines. Platelets rmgha which comprises over 300 factors, involved in a plethora of
leukocyte extravasation, dierentiation and cytokine @mde. processes?@]). Platelet dense granules contain ADP, adenosine
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triphosphate (ATP), serotonin and calcium ions, which arereactivity and prolonged tail bleeding, which was postulated to
important for activation and recruitment of further plateket be caused by defective SNAP-23 phosphorylation in absence of
Plateleta-granules contain VWF, Factor V, and Factor VIII and IKKb (257).
brinogen, which can further boost activation of the coagtibn In vitro studies using pharmacological inhibitors of KK
cascade. Othea-granule-derived molecules like CXCL4/PF4,indicated that NFkB is involved in the activation of platelet
chemokine (C-C motif) 4 (CCL4/MIP-1), chemokine (C-C brinogen receptor GPIlIb/llla @49, which is important for
motif) 5 (CCL5/RANTES), CD40L, and P-selectin (CD62P)platelet aggregation and that the NdB pathway further
recruit and/or activate leukocytes, while additional tastsuch participates in lamellipodia formation, clot retraction and
as vascular endothelial growth factor (VEGF), plateleisat  stability (249. Inhibition of IKK b and thus kBa phosphorylation
growth factor (PDGF) and transforming growth factor (TGF- by BAY-11-7082 or RO-106-9920 suggested a positive role for
b), act on endothelial cells and trigger angiogenesis andngou IKKb in thrombin- or collagen-induced ATP release, TXA
repair processefpQ 240. formation, P-selectin expression and platelet aggregatiai (
Platelet granule exocytosis, which occurs via fusion of th249. Other studies using the NkB inhibitor andrographolide
granule membrane with the plasma membrane, involves were in line with a positive role of NkB for platelet activation
complex interplay of actin polymerization and proteins of (255 256 and it was also reported that platelet vitality may
the SNARE family (soluble N-ethylmaleimide-sensitivetdac depend on NFB, as inhibition with BAY 11-7082 or MLN4924
attachment protein receptors), which reside on vesicleked to depolarization of mitochondrial membranes, increhse
(v-SNAREs) and target membranes (t-SNAREs)4l. C&C levels and ER stress induced apoptosis7. However,
Synaptosomal-associated protein 23 (SNAP-23), a t-SNARH, general it has to be stated that the use of pharmacological
is required for release from all three types of granules innhibitors in platelet function studiesin vitro may suer
platelets 241). from artifacts of the assay system, such as inappropriate drug
Despite the lack of a nucleus, platelets contain a variety afoncentrations, which induce o -target e ects, or unspeci @si
transcription factors as well as upstream signaling moleculee ects. It has been reported for instance that the commonly used
and emerging evidence suggests that these factors trigger n IKKb inhibitor BAY-11-7082 can induce apoptosis independent
genomic e ects in platelets rather than representing remnats from its e ect on NFKB signaling £59 and that it is an e ective
megakaryocytic packaging. Platelets are further able dflsigy  and irreversible broad-spectrum inhibitor of protein tyrosine
transcription factors to other cells via shedding o trangtion  phosphatase69.
factor-laden microvesicles242, which ful ll various e ector Interestingly, NFkB activation via IKK was also reported
functions 43. to initiate a negative feedback of platelet activation, as th
Platelets contain the majority of NKB signaling proteins catalytic subunit of PKA is associated witkBa, from where
(244-249 and activation of the NFB/IKK/IkB pathway can it is released and activated whekBh is degraded, followed
be detected in response to platelet stimulati@d§ 248250 by the known inhibitory actions of PKA such as VASP
(Figure 5). While ADP, collagen, epinephrine, and thrombin phosphorylation £50. This is in line with another report,
all result in NFkB pathway activation via phosphorylation of where NFkB inhibition in collagen- or thrombin-stimulated
IkB and its proteasomal degradatiofS)), platelet activation platelets led to increased VASP phosphorylati@®(. With
in response to arachidonic acid does not seem to involveespect to the role of platelets, certainly further studies are
NF-kB (249. The precise signaling pathways contributingwarranted to determine, if increased levels or activity d¥-N
to NFkB activation in platelets are currently unknown. In kB result in increased platelet reactivity and furthermorewh
thrombin-activated platelets, activation okB kinases can be systemic chronic inammation may aect platelet function
prevented by a neutral sphingomyelinase inhibitor or a p38li erently than the plasmatic phase of coagulation. In general,
MAPK inhibitor downstream of the thrombin receptor protease a better understanding of NkB-dependent platelet responses
activated receptor 4 (PAR4) but not PARA5(Q), indicating that  would be crucial to fully understand the e ect of NEB
these signal mediators are important for distinct pathways oinhibitors, which are currently used as anti-in ammatory @n
NF-kB activation. anti-cancer agents, as they may elicit unintended e ects on
The e ects of NFkB, kB and IKK on platelet activation platelet functions.
were evaluatedn vitro and in vivo using genetic ablation or
inhibition of di erent factors of the NFkB complex. However,
these studies do not provide a conclusive picture, so fareklst MEGAKARYOCYTES AS PRECURSORS OF
are sensitive to NKkB inhibitors, but the functional role of PLATELETS
NF-kB in platelets is currently still incompletely understood.
In vivo experiments revealed, that LDLR knockout-out miceWhile it is clear that platelets contain basically all upstream
with a platelet-speci ¢ genetic ablation of IKKshow increased signaling molecules of the NKB pathway, as well as the
neointima formation and enhanced leukocyte adhesion atranscription factors themselves, they can only respond to
the injured area due to decreased platelet GP#hedding in ammatory triggers in a non-genomic manner. In contrast,
and prolonged platelet-leukocyte interaction®5(). However, megakaryocytes (MKSs), their progenitors, can convert syistem
another study using IKK-de cient platelets postulated that or local in ammatory conditions to a transcriptional resposs
these platelets are unable to degranulate, leading to reducevhich may has consequences on the phenotype of released
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FIGURE 5 | Non-genomic roles of NFkB signaling molecules in platelets. Non-genomic effects dfiF-kB signaling molecules are triggered via binding of epinephme
to ap adrenergic receptors, ADP to P2Y receptors, thrombin to PAR receptors, collagen to glycoprotein VI (GPVI) receptors obrinogen to GPIIb/GPllla receptors.
Degranulation is reported to be mediated via phosphorylaih of SNAP-23 by IKK2 ¢51), representing a positive effect of NFB signaling on platelet activation.
However, PKA was reported to be present in a complex with N&B and kB and uncoupling of this complex upon IKK2 activation resule in protein kinase A (PKA)
activation, causing phosphorylation of vasodilator-stimlated phosphoprotein (VASP) and inhibition of platelet sigity ¢50). Interaction of platelets with leukocytes is
mediated via binding of platelet P-selectin, exposed upon egranulation, to leukocyte PSGL-1, which is supported by pitelet GP-Ib-1X binding to Mac-1 on
leukocytes.

platelets. Megakaryocytes reside in the vascular niche of tlewet for mature megakaryocytes and that peak proplatelet
bone marrow where they can sense in ammatory conditionsand platelet production is shortly followed by apoptosis
via dierent receptors, such as TLRs and from where they274-276.

release platelets into the blood circulation. Interestmglrecent In ammatory cytokines and pathways are involved in various
report has provided evidence that megakaryocytes are alsteps of megakaryopoiesis and thrombopoiesis. Megakaryocytes
located in the microcirculation and the extravascular spafe express toll-like receptors (TLRsRA7 279, tumor necrosis
the lung, contributing up to 50% of the total platelet produsti factor receptors (TNFR1 and 2279, receptors for IL-b (28Q
(267). At least in the bone marrow, hematopoietic stem cell®81), and IL-6 282 283, all of which are important activation
undergo a unique and remarkable maturation and di erentimti  pathways of NF«B. Activity of the IKK complex increases
process to become megakaryocytes, which involves extenstgring megakaryopoiesis and decreases during thromboiesi
endomitosis 262 263. As a result megakaryocytes have allowing controlled cell death284). The most important
ploidy of up to a 128-fold chromosome-set in one single, giantsignaling molecule driving di erentiation and maturation
poly-lobulated nucleus264-266), giving megakaryocytes their of megakaryocytes is thrombopoietin (TPO), a glycoprotein
name. A second distinct feature of megakaryopoiesis is thgrimarily produced by liver and kidney. Binding of this protein
generation of a complex membrane system, called demarcati¢o its receptor c-Mpl on bone marrow cells is the primary
membrane system (DMS) or invaginated membrane systersignaling event that promotes and regulates megakaryogoiesi
(IMS) (264 267269, that serves a reservoir for later platelet(264 285 286. Other cytokines that synergize with TPO include
production 68 270. The nal phase of megakaryocyte IL-1a, IL-1b, IL-3,IL-6, IL-9, IL-11, and granulocyte-macrophage
maturation includes the formation of proplatelets, in whicmtp  colony-stimulating factor (GM-CSFRE7%291). However, all of
branches extend into sinusoidal capillaries allowing pragétt them are dependent on TPO to exert their pro-megakaryopoietic
release into the blood stream. The main driving force offunctions 91). Furthermore, immature MKs themselves express
proplatelet elongation is microtubule sliding (). Finally, due IL-1a, IL-1b, IL-3, IL-6, and GM-CSF to stimulate their ploidy via
to blood ow, platelets ssion from the tips of proplatelets NF-kB and TPO 287289 292.

and are released into the blood stream79. After transfer A further link between in ammation and megakaryopoiesis
of the megakaryocyte's cytoplasm and DMS/IMS into plateletss provided by reactive oxygen species (ROS), which after being
the remaining denuded nucleus is removed by macrophagesleased by activated macrophages and neutrophils commit
(273. Interestingly, it seems that apoptosis is a physiologicdilematopoietic stem cells toward the megakaryocytic lineage
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(293. Interestingly, a stem cell population was identi ed, whichneutrophils, lymphocytes, and macrophages to the vascular
is already committed to the megakaryocytic lineage and nestu wall triggering extravasation into tissues0@-307). It has been
rapidly upon in ammatory conditions, to replenish the loss of shown that expression of a constitutively active form of KK
platelets 294). the central activator of NKB, in endothelial cells drives full
One of the most intriguing recent ndings was that upon acuteexpression of these adhesion molecules in the absence of any
inammation IL-1a leads to rapid, TPO-independent platelet cytokine stimulation, indicating that the IKKKB/NF-kB axis is
production. IL-1a signaling reduces plasma membrane stabilityessential and su cient for the pro-in ammatory activationféhe
dysregulates tubulin expression and proplatelet formationendothelium 09. However, in quiescent endothelial cells, the
ultimately triggering megakaryocyte rupture and release OETS-related gene (ERG) prevents KEE-p65 binding to DNA,
enormous amounts of platelets within short time. In this way,indicating that ERG may compete with p65 for DNA binding
platelet loss due to acute injuries, blood loss or infectian be  under basal conditions309.
rapidly compensated’@l). Besides classical activation of endothelial cells by variou
To conclude, it can be stated that in ammation in generalcytokines, they can also be activated by shear stress, ngeani

and NFkB signaling in particular, does not only directly specically a turbulent blood stream: Unidirectional, larain
aect platelets, but also indirectly via modulation of their shear stress actually limits endothelial activation andsoaiated
megakaryocytic progenitors. with resistance to atherosclerosi$1(Q 311). In contrast,

disturbed ow, such as turbulent or oscillatory conditions.g.,

at sites of vessel branching points, bifurcations, and cures)
ENDOTHELIAL CELLS cause physical stress and subsequent pro-in ammatory gene

expression that is associated with increased permeabilitiieof
The endothelial cell lining of blood vessels representsexget cell layer 810 311). Flow-induced endothelial cell activation
barrier between the blood stream and the surrounding tissués mediated via NFB and is integrin-and matrix-dependent
and exerts a variety of functions that contribute to hemssa (312. Recent studies indicate that focal adhesion kinase reggila
and in ammatory responses that are related to coagulatioNF-kB phosphorylation and transcriptional activity in response
(299. Many of these reactions are speci c to their localizationto ow (313. Another important aspect refers to the function
within the body as endothelial functions vary between diere of PECAM-1, which forms a mechanosensory complex with
vascular beds. Under homeostatic conditions, endotheb#isc vascular endothelial cell cadherin and VEGFR2. Togethegeh
constantly secrete nitric oxide, prostacyclin (in largese¢és) receptors confer responsiveness to ow as shown in PECAM-
as well as prostaglandin E2 (in smaller vessels) to suppreksinockout mice, which do not activate NEB in regions of
platelet adhesion and activatiorFigure 6, upper panel) 4, disturbed ow. This mechano-sensing pathway is required far t
296. This is additionally supported by negatively chargedearliest-known events in atherogenesis4).
glycosaminoglycans on the endothelial surface that prevent In addition to NFkB-driven transcriptional responses to
adhesion of platelets. The NEB signaling cascade has ain ammatory states, endothelial cells also react to streissudit
key role in endothelial cells in response to stress situationin other ways. The most prominent one of these is probably
(Figure 6, lower panel), as it is capable of regulating both prothe fusion of speci c secretory granules designated as Weibe
in ammatory and coagulatory responses, which are also pronPalade bodies (WPB) with the cell membrane upon activation
to a signi cant level of crosstalk?Q7). In principal, all NFkB by various triggers such as thrombin or histamine. Exodgtos
signaling molecules are present in endothelial cells andr theof these granules can also be induced by Toll-like receptuils a
activation leads to a pro-adhesive and pro-coagulant phenotypether activators of the NikB pathway such as CD40L implying
with a concomitant reduction of the barrier function29. a role of NFKB signaling molecules for the degranulatidig-
In vitro, the strongest activators of NEB in endothelial cells 319.Upon membrane fusion, the cargo of the vesicles is released,
appear to be TN& and thrombin, but also other cytokines which includes several proteins that play a role in in ammatio
like IFNg or IL-1b potently activate NFB in these cells. and thrombosis such as coagulation factor VI, vVWF, or P-
One major di erence of thrombin- and TN&mediated NF- selectin. The latter is exposed on the endothelial cell surface
kB activation lies in their respective receptors. Thrombindsn upon fusion of WPBs with the cytoplasmic membrane, triggering
to the extracellular terminus of PAR-1, a member of the G-the adhesion of leukocytes. VWF is a large glycoprotein, which
coupled receptor superfamily, whereas Td\Binds to TNFR- remains in a folded state in the microenvironment of WPBs, but
1 and TNFR-2 299 300. Both pathways then converge atis unfolded at the neutral pH of the blood circulation. Thistks
the level of the IKK complex 76, 301), yet interestingly, to the formation of ultra-large vVWF multimers (ULVWF), which
thrombin and TNFa appear to induce some overlapping but are able to bind platelets via interaction with GPlba or GRMp
still di erential target gene expression in endothelial s€802). ULVWF multimers are subsequently cut by metalloproteinase
In addition, there appears to be a synergistic e ect of BENF ADAMTS13 on the endothelial surface providing a feedback
and thrombin in regulating endothelial permeability3@3. mechanism to counteract platelet adhesiGa().
Important NFkB target genes in endothelial cells are adhesion Endothelial cells modulate the balance between coagulation
molecules such as intercellular adhesion molecule 1 (ICAM-1and brinolysis also by various other pathways: they countéra
vascular cell adhesion molecule 1 (VCAM-1), and E-selebtih t coagulation by binding of antithrombin Ill to the endotheli
mediate adherence of in ammatory cells including monosyte surface, release of tissue factor pathway inhibitor (TFPI),
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FIGURE 6 | Blood vessel under basal conditions and upon in ammatory sthulation. Under basal conditions the endothelium providean anti-thrombogenic surface
via expression and production of tissue plasminogen activar (t-PA), ATPases, antithrombin 11l (ATIII), heparan sulfaggycosaminoglycans (GAGs), tissue factor
pathway inhibitor (TFPI), nitric oxide (NO), prostacycliRGl), and endothelial protein C receptor (EPCR). Smooth muscleells are in a “contractile” state, determined
by expression of myosin heavy chain (MHC), myosin light chrakinase (MLCK)a-smooth muscle cell actin &-SMCA), smooth muscle 22 (SM22a), and calponin.
Upon in ammatory stress, endothelial cells release von Wiélbrand Factor vVWF from Weibel Palade bodies (WPB), whichdgers platelet string formation via
glycoprotein Ib (GPIb). Furthermore, adhesion and transmigtion of leukocytes is facilitated by expression of adhesiomolecules, like E-selectin and intracellular
adhesion molecule 1 (ICAM-1), which bind to PSGL-1 and Mac-1 o leukocytes, respectively. Activation of neutrophils leis to release of in ammatory mediators
(IL-1, IL-6, TNFR, CXCL-2, CXCL-10, CXCL-8). Smooth muscle cells change thephenotype toward a “synthetic” state associated with deceased expression of
a-SMCA and SM22a and increased expression of matrix metalloproteinases (MR) and vascular cell adhesion molecule 1 (VCAM-1).

expression of thrombomodulin, activation of protein C, andThis has been demonstrated in a mouse model of sepsis,
synthesis as well as release of tissue plasminogen act{tatorwhere endothelial-selective blockade of KB-via transgenic
PA) (299. These anti-thrombotic roles are often terminatedexpression of a degradation-resistant form &B#& resulted

by in ammatory diseases as for instance in endotoxemia anih decreased endothelial permeability, reduced in Itration
septic shock where a bacterial infection causes a pro-thréimbo of neutrophils and lower levels of thrombin-antithrombin
state in endothelial cells by the activation of KB- (321). complexes{22. Other mouse studies con rmed that endothelial
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NF-kB dampens the thrombomodulin-EPCR anticoagulationto proliferate and migrate. This phenotypic switch is central to
pathway B823. In addition to this systemic e ect, NkkB also many vascular diseases, such as atherosclerosis, re-standsis,
serves as survival factor for endothelial cells themsealpes vascular agingd32. The important role of SMC in stabilizing the
LPS-induced acute stres82(). This is also important for cytoskeleton is highlighted in patients with mutations in A&2
the maintenance of the endothelial barrier function as NF-encoding for smooth muscle actin or its promoter, leading to a
kB inhibits endothelial apoptosis to ensure timely transitionhigher risk for coronary diseas8¥3. In atherosclerotic plaques,
from barrier injury to recovery §259. Interestingly, endothelial which represent chronically in amed parts of arteries, SMCs
expression of a degradation-resistant form &Bé& did not reside predominantly in the super cial parts of lesions. They a
a ect embryonic development, while endothelial cell-speci cmainly locally derived from the vessel w&iB{). Phenotyping of
knockout of IKKb resulted in increased embryonic lethality and the cells within the plaques revealed sizeable populationg6ES
endothelial apoptosis, which was at least in part mediated byithout contractile proteins §35. Of note, also macrophages
kinase-independent functions of 1KiK(3269. can express SMC genes such as smooth museletin and

A crucial role of endothelial NfkB signaling has also been SM22. Thus, SMC marker—positive cells can be derived from
shown in mouse models of atherosclerosis where ablation a@kll types other than SMCs and SMC marker—negative cells can be
canonical NFkB signaling by endothelial cell-speci c deletion of SMC-derived. Finally, even cells that are positive for CD6&—th
NEMO or overexpression of a dominant-negative variantddd  common macrophage marker, may not be macrophages as SMCs
protected ApoE-de cient mice from atherosclerosis inducgd b can undergo a cellular transition toward macrophage-likescell
a Western-type diet327. In general, atherosclerosis can bewhile simultaneously losing some of their SMC charactiesst
considered as chronic in ammatory disease of the vascuatu This has been elucidated in more detail by genetic cell tgacin
which is characterized by a complex crosstalk between ditrerapproaches, which could show that more than 80% of SMC-
cell types, with endothelial cells constituting a cruciarshg derived cells within atherosclerotic lesions lack SMC mirke
point of a vicious cycle, wherein NEB activation does not thatare commonly used in immuno-histochemical stainireysd
only lead to the expression of adhesion molecules that binthat more than 30% of SMC-derived cells express conventional
leukocytes, but also causes secretion of in ammatory media macrophage markers38G 337. This means that many studies
which activate smooth muscle cells. This leads to vasculanight have misinterpreted cellular markers and that probably
remodeling resulting in the plaque formation and narrowinfj 0 many disease processes attributed to macrophages are in fact
the vessel lumen. Furthermore, endothelial cells couldemgd driven by SMCs that converted their cellular program. An
a reprogramming process toward a mesenchymal phenotypenportant aspect is that SMC-derived macrophage-like cells are
designated as endothelial-mesenchymal transition, whigh apparently less e cientin phagocytosis of deposits and apoptotic
characterized by the expression of smooth muscle actinpuari cells within the plaque as compared to “real” macrophages,
broblast markers and collagen3g9. This phenotypic shift which exacerbates necrotic core formation rendering thepéa
was reported to be involved in endothelial dysfunction dgrin unstable and prone for ruptureé3@g 339.

atherosclerosis. It can be triggered by cytokines such & D6 Anyway, these cells produce brous caps, and SMCs are an
IL-1, high glucose levels or pressure overload, as well dizeri  important source of collagen3¢(, which activates platelets,
LDL (329-331). when endothelial cells are lost due to plaque rupture or

erosion. The downregulation of SMC contractile genes such
as SM23 is a typical phenomenon of atherosclerotic lesions
VASCULAR SMOOTH MUSCLE CELLS (34D). Interestingly, SM22 suppresses NKB signaling pathways
under in ammatory conditions 842).
Vascular smooth muscle cells (SMCs) are important players SMCs express multiple NKB family members and two
in both in ammatory and thrombotic processes. In general,inhibitor proteins, kBb and IkBa. In normal vessels SMCs
arteries and veins consist of three layers, the tunica aitisen display no basal NkB activity but the latter is readily induced
largely constituted by connective tissue and broblasts,ttmica in SMCs within atherosclerotic lesions. Interestinglypesure
media mainly containing vascular smooth muscle cells antb in ammatory cytokines induces prolonged NKB activation
the tunica intima. Separated from the media by the internabecause of a sustained decrease in the inhibitory subiBib |
elastic membrane, the intima consists of loose connecibgei¢ (343. TNFa appears as a crucial factor for the progression of
intermingled with few SMCs, that is covered by a monolayeatherosclerotic lesions as shown in TMRpoE double knock-
of endothelial cells resting on a basal membrane. The maiaut mice, which display reduced thickness of vascular walls an
function of SMCs in a blood vessel is to regulate the calibereduced sizes of atherosclerotic lesiog4. TNFa binds to
In a normal vessel, SMCs are in the contractile phenotyp@NF receptors expressed on SMC&Y, which then triggers
(Figure 6). They have very low cell division rates, a very restrictedNF-kB via the classical activation pathway. This induces the
migratory behavior and express high levels of contractil@xpression of the pro-coagulatory tissue factor gesw¥9( as
proteins, such as myosin heavy chain, myosin light chaindeéna well as pro-in ammatory and matrix-remodeling genes such as
calponin, smooth muscle actin, and SM22nder conditions of MCP-1, matrix metalloproteinase-3 an® (MMP3 and MMP9),
in ammation, SMCs gain plasticity—their phenotype can change/CAM-1, and IL-Ib, and furthermore potently downregulates
from contractile to synthetic; they rearrange their cyteldton, SMC contractile genes (smooth muscle actin, S&d)22nooth
loose expression of contractile proteins, and regain theilitab muscle myosin heavy chainp47. TNFa decreases expression
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of these contractile genes through induction of Krippel-likepromotes NFkB activation to enhance pro-in ammatory and
transcription factor 4 (KIf4), a known regulator of SMC anti-apoptotic gene expressior3q9. Furthermore, theb2
di erentiation (348, which seems to be a target gene of K- integrins may function as co-stimulatory signals for cytus
based on speci ¢ binding sites in its enhancer regidg 4. like GM-CSF and IL-8 to activate NKB when neutrophils are
Even though a direct link between the downregulation ofattached as opposed to suspend@dd. Also myeloperoxidase
SMC contractile genes, NEB signaling and an increased risk released by these cells may bind to CD11b/CD18 and enharce th
for plaque rupture and arterial thrombosis has yet not beeractivation of NFkB (371). Engagement of other integrins such
made, it is clear that elucidating mechanisms of phenotypiasa9bl by the respective ligand (VCAM-1 on endothelial cells)
changes of SMCs in the course of in ammation seems to be gesults in a comparable e ect on NKB function (372 373.
key in understanding many vascular diseases and may o er new In the context of hemostasis and thrombosis, activated
therapeutic approaches. platelets expose CD40L at their surface which binds to neutitoph
CD40 thereby inducing NKB target gene expression via
the alternative activation pathway (4. Interestingly, platelet-
NEUTROPHILS derived microparticles reportedly transfer glycoprotein Ik
receptors onto neutrophils, which co-localize wiB-integrins
Neutrophils are the most abundant leukocyte fraction inand enhance NKB activation 875. Apart from platelets,
humans with a rapid turn-over controlled by constitutive coagulation factors and derived fragments may functionuig
(spontaneous) apoptosis within 24-48 h after release from theeutrophil activation and extend the neutrophil life-span vigN
bone marrow. Their life-span is markedly extended duringkB transcriptional activity. For example, brinogen triggeka
in ammatory reactions and coupled to neutrophil activation degradation and NKB activation by binding to CD11b/CD18
to promote the in ammatory response3¢9. Since both, cell molecules §76. In addition, the F1 and F2 fragments which
survival and pro-in ammatory activation are regulated by NF are released upon prothrombin processing are known to induce
kB, this transcription factor is central to neutrophil functio NF-kB activity in neutrophils 877). Furthermore, regulators
and shows a unique expression pattern distinct from otheof plasmin activation (PAI-1 and uPA) may potentiate the
leukocyte subsets36Q 351). In unstimulated neutrophils, NF- polymorphonuclear (PMN) cell response to pro-in ammatory
kB and in particular kBa are not restricted to the cytosol stimuli with respect to NF«B activation 879.
as in most other cells but show abundant localization to the Moreover, ROS have been implicated in the signaling
cell nucleus, with nucleakBa being regarded as a protective pathway leading to NKB activation 379. However, the
mechanism preventing the NkB-dependent expression of pro- impact of ROS such as hydrogen peroxidex@) generated
inammatory and anti-apoptotic genes361). Furthermore, at inammatory sites has been subject to extensive debate
the IKK complex is partially localized to the nucleus. Uponand contradictory reports with respect to NéB activation in
neutrophil activation, IKkb and NEMO are phosphorylated in neutrophils. Direct exposure of neutrophils to,B, does not
the cytosol as well as the nucleus while Ki§ entirely lost result in NFkB activity. In contrast, the e ect of LPS- or TNF
from both compartments. The subsequekBh degradation and stimulation are abrogated by 40- resulting in decreasedkBa
phosphorylation of RelA at serine 536 then promote kiBtarget  degradation and NKB translocation 88Q 381). Similarly, when
gene expressiorsbl). intracellular levels of ROS (superoxide and hydrogen peroxide)
Functional dimers of p50 (NKB1), p65 (RelA), and/or c- are increased by inhibition of catalase or the mitochondria
Rel are detectable in neutrophils, and their activity is ingdic electron transport chain, the pro-in ammatory activation of
by a vast variety of pro-in ammatory mediators3%3. While  NF-kB is inhibited 382-384). However, distinct approaches to
the majority of stimuli including TN and LPS trigger DNA raise intra- or extracellular superoxide levels (based onqpat
binding by p50 and RelA354), distinct agonists such as G- nickel or combinations of xanthine oxidase and hypoxanthine
CSF selectively induce c-Rel activity5§. The rst studies or lumazine) showed a promoting rather than inhibiting e ect
showing p50/RelA activation in neutrophils by pathogenspon NFKB activation 885-387). The controversial results may
revealed the process of phagocytosis as an important triggardicate that ROS regulation of NKB activity at in ammatory
(356 357. Subsequently, engagement of toll-like receptorsitesis more complex than previously thought and that ROS may
(TLRs) by microbial products was identi ed to regulate NF-exert both, pro- and anti-in ammatory e ects. While low doses
kB activity in neutrophilic granulocytes368, with agonists of HoO, seem to trigger NFB activation, high oxidative stress
of TLR4 359 360, TLR2 @61, 362 but also TLR7/8 §63  does notalter or even adversely a ect the KB-status 888 389.
and TLR9 B64 365 serving as important activators. Apart Comparably, myeloperoxidase was recently reported to engage i
from TLRs, other pathways for sensing pathogen- or damage negative feedback loop of NdB downregulation to dampen
associated molecular patterns [involving e.g., CIRP or S8&g (  the pro-in ammatory cytokine response300). Other inhibitors
367)], as well as pathogen recognitiosia Fc receptors 369, of NF-kB activation in neutrophils include nitric oxide391, 392,
were more recently identi ed to control neutrophil activativia  complement factor C5a8303, and prostaglandin D2394).
NF-kB. The target genes regulated by KB-in neutrophils can be
Neutrophil adhesion in the course of an inammatory grouped according to the three major functions of mediatied c
reaction is primarily mediated by activatdi® integrins (Mac- adhesion, promoting in ammation, and inhibiting neutrophil
1: CD11b/CD18). Integrin binding or aggregation reportedlyapoptosis. In contrast, phagocytosis does not seem to be
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dependent on NFKB (399. The induction of integrin CD11b When the nuclear accumulation okBa is arti cially increased
expression requires p65 and promotes the rm adhesion andr when NFKB activation is blocked, the constitutive apoptosis
transmigration of neutrophils395 396. Activated PMNs secrete is accelerated4@3 424). In contrast, the pro-in ammatory
a multitude of pro-in ammatory mediators. Among the NkB  activation of neutrophils by e.g., TNE-LPS, type | interferons,
regulated genes are the cytokines BNL-1, IL-6 (397, 399, or IL-1b results in kBa degradation in the cytosol and nucleus
the chemokines CXCL-28, and 10 36Q 387, 397 as well as and the subsequent liberation of NéB to prevent apoptosis
the TLR4 co-receptor CD14899 and the neutrophil gelatinase- (349 425-429. The signaling pathway of TNFfor NF-kB
associated lipocalin4Q0. Of interest, NFkB activation also activation is best characterized in this context. TENRas a
promotes microparticle release from PMN&X)). While NFkB  bimodal in uence on the rate of neutrophil apoptosis vitro,
is known to exert a negative feedback regulation by inducingausing early acceleration and late inhibition when kK&-
transcription of its inhibitor kBa, an additional feedback dependent expression of anti-apoptotic proteins is achieved
mechanism has been identi ed in neutrophils: Expression of429. TNF receptor 1 (TNFR-1) mediates activation of PI3
miR-9 is controlled by NFB and serves to inhibit the NdB1  kinase and PKC-delta which results in assembly of the TNFR-
transcript (193. 1-TRADD-RIP-TRAF2 complex required for anti-apoptotic
Importantly, the balance between neutrophil production,signaling ¢:30. Apart from pro-in ammatory cytokines, it is the
survival and cell death is regulated by IKB- The mobilization integrin-mediated adhesion and transmigration of neutrdph
of neutrophils from the bone marrow is subject to control by which substantially enhances NdB mobilization and thereby
p50/p65 and seems to involve the MB-induced expression promotes cell activation and survival in the situation where
of the transcription factor C/EB#® (402 403. While NFkB  neutrophils extravasate from blood into tissue to engage at
is known to further support neutrophil survival and block in ammatory sites 373 431). Importantly, since hemostasis is
spontaneous apoptosis, it may—in turn—facilitate cell deah viclosely linked to in ammation, the factors of coagulationca
neutrophil extracellular trap (NET) formation. Thus, NETiess  brinolysis also critically contribute to the localized taation
abrogated in the presence of NB- inhibitors such as BAY 11- and enhanced life-span of neutrophils. For example, binding of
7082 and Ro 106-9920({4 405, although it has to be stated that neutrophil surface integrin to brinogen activates N€B and
these inhibitors may also have NdB independent e ects. delays apoptosisi(9, and the release of prothrombin fragments
In the context of hemostasis and thrombosis, it was showr activation of uPA/PAI-1 may similarly enhance N@B activity
that activated platelets promote NET formation by a variety of377, 379.
signals including HMGB1 which induces neutrophil autophagy The shift in balance from spontaneous apoptosis to cell
and subsequent expulsion of DNA NET&20). It was proposed survival is re ected in the expression levels of pro- and anti-
that autophagy constitutes an essential second step rehuirapoptotic mediators in PMNs. While pro-apoptotic proteins such
to trigger NETosis after the initial pro-in ammatory priming as Bad, Bax, Bak, and Bik show stable expression and long half-
of neutrophils ¢0§. Thus, in addition to its role in the lives, the NFkB induced anti-apoptotic regulators like A1 and
in ammatory activation of neutrophils, NFkB may contribute Mcl-1 are comparably short-lived and seem to transiently til
to further steps of NET induction, as it exerts context-the balance toward survival as long as kB-remains active
dependent e ects on autophagy 7). Importantly, NETs seem (363 364 432).
to provide a scaold for platelet, erythrocyte, tissue factor The resolution of these processes at later phases requires
and brin deposition, which reportedly promotes arterial and the down-modulation of NF«B activity by the re-expression
venous thrombosis 227, 408-412). NET-exposed histones as of 1kBa (350 and the induction of counter regulators such
well as neutrophil proteases such as elastase and cathepas suppressor of cytokine signaling 3 (SOCS®3( Failure
G are known to further enhance platelet activation and toto downregulate NFkB results in the inappropriate survival of
degrade inhibitors of coagulatiomt{3 414). The detrimental neutrophils, chronic in ammation, and tissue damage which
role of NETs in thromboembolic disease has speci cally beeis associated with neutrophil-mediated in ammatory disorsle
addressed in the cancer settinglg 416. Tumor cells were such as sepsis, rheumatoid arthritis and acute lung injury
shown to directly trigger NET formation or prime platelets to (349 434 435. Furthermore, sustained neutrophil activation
promote NETosis which results in further platelet activatemmd ~ and survival via the NKB pathway have been shown to
release of tissue factod (7 419. In addition, this process of promote tumor progression and metastasis by providing a pro-
NET-associated cancer thrombosis is enhanced by tumaér-celimorigenic and pro-angiogenic environmentig 437).
derived microparticles419. Most recently, clinical evidence
is corroborating the association between NET formation and
thrombosis in cancer patientg2Q 427). MONOCYTES
The control of neutrophil apoptosis is central to the
in ammatory reaction as well as resolution and is primarily Monocytes contribute essentially to pro-in ammatory immune
dependent on the Ni&B mediated expression of anti-apoptotic responses in general. In parallel with neutrophils, monocytes a
genes such as Bcl-x(L), Al, and A2G68§ 422). Thus, produced in high numbers in the bone marrow as a response
unstimulated neutrophils are characterized by the predomina to infections and diseases and are responsible for driving
presence ofdBa in the cell nucleus which inhibits NkB activity  in ammation (438. In addition, monocytes are the main source
and allows for spontaneous apoptosis and rapid cell turn-ovenf circulating TF ¢39. The myeloid linage gives rise to a variety
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of functionally diverse cell types and is therefore in needof the accumulated NkB reservoir, subsequently triggering a pro-
tightly regulated di erentiation program, which is partly built in ammatory program of monocytes, or macrophages in an
around the NFkB pathway ¢4Q 447). autocrine manner.

Overall, monocytes can be divided into several subsetsifivit Importantly, monocytes require growth factors, like M-CSF,
the human monocyte compartment, three distinct monocytenot only for dierentiation but also for survival. Many of
populations can be de ned according to their expression othese stimuli are dependent on N&B signaling, suggesting
CD14 and CD16. Monocytes positive for CD14 and negativa chronical dependence of monocytes on this pathway for
for CD16 are termed classical monocytes (CMs) and are thsurvival. This has originally been demonstrated by studies
most abundant subset within the human circulation followedusing the NFkB inhibitor pyrrolidine dithiocarbamate 451,
by intermediate monocytes (IMs), de ned by COH4CD16© 453 and could be conrmed with other NFB inhibitors
expression and non-classical monocytes (NCMs), which anehen studying human monocyte-derived dendritic cells. Irsthi
CD14£ CD16°C. The di erentiation of monocytes from classical study a role of NFkB was demonstrated for survival, cytokine
to intermediate and the non-classical phenotype is a lineaproduction and di erentiation @¢54). More recently, it has been
process. In humans, classical monocytes are the rst sulpset tevealed that monocytes require autonomous ENB achieve
emerge from the bone marrow, followed by di erentiation into function, survival and maintenance of the Lybsubset in
intermediate and non-classical monocyte&!?. In addition, an experimental autoimmune encephalomyelitis (EAE) model
di erentiation of monocytes is connected to cellular aging ag455. These ndings indicate a critical regulatory functionrfo
NCMs display clear markers of cellular senescence includingF-kB in the autonomous loop of monocytes, as Tk
reduced telomere length and reduced numbers of Ki67-pasitivdriven by NFkB and, in turn, is a strong inducer of NkB
cells ¢43. by itself @56 457). Monocyte-speci ¢ constitutive activation

CD16° monocytes overall are more proin ammatory and of NF-kB resulted in a more severe pathogenicity within the
more procoagulant. In general IMs and NCMs display increase&AE model and demonstrated increased levels of in ammatory
protein levels of p65 443. When healthy volunteers are monocyte-associated cytokings@). Future studies are required
infused with low-dose LPS, CD%6monocytes respond with to determine the potential regulatory mechanism of KB4n this
upregulation of IL-6 and IL-8 which could not be observed incontext.

CD16 monocytes 444). Furthermore,in vitro IMs reacted to Interestingly, mouse studies using myeloid-speci ¢ deletio
the alarmin IL-33 with an upregulation of TF via an NF-kB of the central NFkB activator IKKb revealed an interesting
dependent pathway, a pathway probably active also in patienesect on macrophage polarization. Deletion of IKKresulted
with atherosclerosis as monocyte-derived microvesiclegip®s in a shift toward the in ammatory M1 phenotype both in an
for TF were correlated with IL-33 plasma levelg . infection- and a tumor model, indicating a role of Ikkand NF-

In contrast to human monocytes, mouse monocytes ar&B for polarization toward the M2 phenotype, which decreases
classied into pro-inammatory and patrolling monocytes. in ammation and fosters tissue repaif$9 460.

Even though there are di erences between mouse and human A disease, where monocytes play a crucial role is
monocytes, monocyte subsets within the two species amherosclerosis. This complex disorder is orchestrated by
broadly conserved 446. Pro-inammatory monocytes are multiple variables and cell types, but is fundamentally
characterized by high expression of Ly6c. This subset afependent on in ltrating monocytes 461). In this context,
monocytes is strongly associated with encountering ind@st macrophage-speci c deletion of IkKresulted in an aggravation
and driving inammation. Expression of inammatory of atherogenesisin one studyq2, while a similar experimental
cytokines, chemokines, and ROS production have beeset-up used in another study showed reduced lesion af€3.(
observed during heavy recruitment to inamed tissue inA protective e ect of macrophage IKKin the context of
various models 438. De nition and characterization of the atherosclerosis would be in line with the above-mentioned
Ly6d®™ CXCR1T'" patrolling monocyte subset appears to benotion that IKKb deletion or inhibition leads to a shift toward to
more complicated. Their exact role during homeostasis is nathe M1 phenotype, which is known to drive atherosclerosis. This
completely understood, but it is known that they show feasure concept is also supported by the observation that transgerge mi
for tissue remodeling and restoratiod47). Further they tend with macrophage-speci c upregulation of p65 exhibited reduced
to express anti-in ammatory mediators, like IL-10 and argge  atherosclerotic lesion formation and foam cell development
(ARG1) @449, which suggest a counterbalancing role against thé464). In contrast to that, another study with myeloid cell-
pro-in ammatory subset. speci c IkB deletion (expected to result in elevated p65 activity)

The balance of murine subsets has been suggested to dlaimed anincrease in atherosclerogi§. Thus, a clear picture
mainly de ned by GM-CSF and M-CSF stimuli{9 450, which ~ on the role of macrophage-speci c NEB in atherogenesis is
are both triggering the Ni&B pathway 81, 451). NF-kB itself  still lacking. For atherosclerosis, it is arguable that erdean
generates a positive feed-back loop to produce M-CISB) ( NF-kB expression may delay foam cell formation but might have

Monocytes require NEB for dierentiation but also severe consequences in a later stage of the diseases. Boc@st
accumulate NFkB in their cytoplasm during maturation in increased NFB signaling in monocytes also results in a more
order to guarantee a rapid NKB response upon activation pronounced expression of tissue factdi6@), a critical variable
(440. TNFa, which is secreted very early, represents one dh the pathology of atherothrombosisi§?). The relevance of
the most prominent in ammatory genes, which is induced by monocyte-derived tissue factor for thrombus formation heen
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demonstrated in an elegant study of impaired blood ow byinducible gene-manipulation strategies to answer these st

von Brihl et al. 227). The authors identi ed neutrophils and but considering the major in uence of NkB on monocyte

monocytes to be the major leukocyte populations responsible fdsehavior, it might open doors for therapy of a broad spectrum

thrombus development. They found that, besides neutrophilefin ammatory diseases.

mediated NETosis, monocyte-derived tissue factor is aaiti

for brin generation within the thrombus and contributes CLINICAL ASPECTS: SEPSIS AS AN

fundamentally to thrombus development. This is in line with :

ndings showing a correlation of monocytic NkB activity EXAMPLE OF AN ACUTE

with the occurrence of deep vein thrombosis (DVT) in cancerTHROMBO-INFLAMMATORY DISEASE

patients ¢68. A similar concept has already been suggeste§ TATE

based on experimental results describing the necessity oinp50

the pathogenesis of deep vein thrombogigq). The vasculature and cells of the circulatory system react in

In conclusion, we know that the NKB pathway is involved a complex manner to in ammatory stress including various

in multiple aspects of monocyte di erentiation and activation feedback circuits and cellular crosstalk coordinating engmn

which makes it dicult to distinguish the role of NFB in  systemic response in order to protect the hogtig(re 6).

each individual stage of monocytes. It will require elegantHowever, dysregulation of this subtle balance between
physiological in ammation and coagulation causes chronic

FIGURE 7 | Hallmarks of sepsis as a thrombo-in ammatory disease. Mulitile, complex interactions between monocytes/macrophagesendothelial cells, platelets, the
complement system, coagulation, and neutrophils are foundinder septic conditions. Activation of NFkB causes not only the release and/or the generation of a
multitude of pro-in ammatory mediators, but also the inducton of pro-coagulatory mechanisms, which lead to the clinial signs and symptoms of sepsis.
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in ammation and pathological thrombosis. Sepsis is a primerABLE 3 | Clinical studies targeting the thrombo-in ammatory axis obepsis.

example of such a dysregulated response, which can lead to

life-threatening conditions caused by an overshooting thog %" Short description References
defense 470. In general, the term sepsis denotes a systemig . rne Reduction of mortality (OR 0.91) 482)
in a_lmmatory r_espons&_e to infection. |_t is initiated by the Glucocorticoids Reduction of mortality (OR 0.87) 483, 484)
activation of innate immune cells via pathogen-assouateguprofen (NSAID) Improvement of biomarkers, no (485)
molecular patterns (PAMPS), such as lipopolysaccharide (LPS), signi cant effect on mortality
microbial peptides, cell wall components, or rlUCIeo“des,4\c~:-3tylsalicylic acid Lower mortality suggested; large trial (486-488)
which trigger various receptors on the host cells: C-typeirlect (aAsA) still ongoing
receptors; Toll-like receptors (TLRs); RIG-1 like receptorsatorvastatin Lower IL-6 levels implying 489)
as well as nucleotide-binding oligomerization domainelik anti-in ammatory effects; however, no
receptors (NOD-like receptors). These and similar receptors clear effects on survival
can also stimulated by so-called danger associated mafecuf\ovastatn Reduction of conversion to severe (“90)

“ L L . . sepsis from 24 to 4%
patterns (DAMPs) or “alarmins,” which include various cyttiso _ ) o
proteins, extracellular RNA or DNA that could all be released: ;T:::\ta;': 2: ?:?;;;::ji;g:i?dnizlis (Zi;
fron_w damageq cells. In this way, necrosis or phy_S|caI cellagﬁn_ v sur\?ival improvement (ORgO.38),
as it occurs in course of poly-traumas can trigger sepsis-like immune-modulatory effect assumed
processes (commonly termed SyStemiC in ammatory responsgyaravone (radical Reduction of mortality from 30 to (493)
syndrome, SIRS) in the absence of any infectious pathogé&i.(  scavenger) 13% in septic peritonitis
Finally, most of these pattern recognition receptors acévatantithrombin i1l No reduced mortality, but increased (494, 495)
NF-kB, which causes the expression of in ammatory cytokines risk of bleeding (RR 1.58)
like IL-1b or TNFa. Since these cytokines are both target genestioxidants No bene cial effects of vitamins C (496-500)

and E, b-carotene, N-acetyl-cysteine,

and triggers of NFkB, positive feedback loops are initiated,
selenium, omega-3 fatty acids

which result in a so-called “cytokine-storm (2. Furthermore,
activation of NFKkB causes not only the release and/or the
generation of a multitude of pro-in ammatory mediators,
but also the induction of pro-coagulatory mechanisms, which
altogether lead to the clinical signs and symptoms of sepsis ammatory responses in the rst phase, counter-acting
as well as disseminated intravascular coagulation (DIGQJ anfeedback-mechanism often become predominant at a later
multiple organ dysfunction 473 (Figure 7). The latter is stage of the disease resulting in immunosuppression assdciat
basically caused by widespread thrombus formation in caj@a with increased risk for secondary or opportunistic infectioon
and reduced blood pressure causing tissue hypoperfusioAttempts to understand the complex pathogenesis of sepsis
The disseminated coagulation can be explained bykBF- included low-dose infusion of LPS into healthy volunteers
mediated upregulation of tissue factor (F Ill) and F VIII in (476. This revealed that LPS activates the endothelium and the
combination with a reduction of anticoagulatory mechansm coagulation system, as well as brinolysis, accompaniedgga
such as Tissue Factor Pathway Inhibitor (TFPI), antithromb in ammatory response 476 477). Similar to LPS, infusion of
or thrombomodulin @71). Moreover, in ammatory activation the cytokine TNR into healthy volunteers exerted not only pro-
of neutrophils triggers the formation of NETs, which exerttno in ammatory actions, but also activated the coagulationczate
only anti-microbial functions by trapping and killing bactar (478 479.
but also initiate the contact pathway of coagulation via F XI Giventhe importance of NikB for the initiation of the vicious
and XII (474 479. Various components of NETs like histones circle of sepsis, its inhibition has often been consideredras a
and proteolytic constituents have been identied as crucialnteresting therapeutic approach to treat or prevent oversimapt
regulations of coagulation, which contribute to developitnenimmune responses480. This notion is supported by di erent
of end-organ damaget( 3. Collaborative interactions between animal models of sepsis showing a bene cial e ect of K&-
NET-derived histone H4, platelets and inorganic polyphosphateinhibition (472 481). However, blocking NKB activity is also
are able to promote disseminated coagulation intendent ef thaccompanied by reduced host defense and thus elimination
invading pathogend). The diminished oxygen supply caused byof pathogens—and is therefore contraindicated at the late
microvascular thrombi results in deregulation of mitochltbia  state of sepsis. Thus, the right balance between positive and
function, which leads to increased formation of ROS therebyegative e ects of NKB inhibition or the correct timing of
aggravating tissue damage and contributing to the reledse blocking NFkB have not been found, yet. This is re ected by
danger signals. various clinical trials blocking Ni&kB or associated in ammatory
Extensive formation of thrombi in the microcirculation caeis  pathways by treatment with anti-in ammatory substances (as
systemic depletion of coagulation factors and plateletsltiagu listed in Table 3. These substances included glucocorticoids,
in increased bleeding events at other sites of the organiam—which inhibit the NFkB pathway, as well as non-steroidal anti-
phenomenon generally designated as “coagulopathy.” in ammatory drugs (NSAIDs) such as acetylsalicylic acib6y,
This imbalance is not only observed in coagulation—alsavhich do not only block the synthesis of in ammatory mediego
in ammatory processes are a ected. Due to strong, overshgpti but also inhibit the activity of IKKs §0J). Interestingly, ASA
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and its active metabolite salicylic acid (SA) exert bothi-ant transcription factor might cause unwanted side-e ects or &ssl
in ammatory (502 and anti-coagulatory action503 and SA e cient due to complex feedback circuits. However, considering
naturally occurs in the human body due to up-take of plant-lihse the diversity of the intracellular as well as intercellular
food and endogenous productiof@4). Furthermore, a number signaling networks that are built around NEB, targeting more
of antioxidants has been investigated, which indirectliiloit ~ specic connections between in ammation and coagulation
the NFkB activation pathway, including vitamin C, vitamin E, might be very promising to reduce thrombotic morbidities
b-carotene, N-acetylcysteine, selenium, or omega-3 fatigsa that are associated with numerous chronic in ammatory
(505-510. However, clinical trials with these antioxidants faileddiseases.
to show any bene cial e ect in sepsigl96-500. On the other
hand, bene cial e ects of anti-in ammatory agents have beenAUTHOR CONTRIBUTIONS
reported in a recent systematic meta-analysis showing thi&t a
TNFa treatment of septic patients slightly reduces mortality withMM wrote major parts of the manuscript, with an emphasis
an odds ratio of 0.91482. Furthermore, the relevance of LPSon endothelial cells, designed gures, and contributed he t
as trigger of sepsis could be underlined by studies applyingverall conception. MS contributed major parts of the platelet-
extracorporeal endotoxin elimination devices with promggin and megakaryocyte section and designed gures. CB wrote the
results 617). part on neutrophils. BH contributed to the endothelial cell part

Nevertheless, the various clinical trials on KB-inhibition ~ CS contributed to the sepsis section and summarized clinical
in sepsis underline the complex role of NB in immune trials targeting in ammation in sepsis. HD wrote major parts
defense, in ammation and coagulation and the diculty to of the monocyte/macrophage section. PH wrote major parts of
nd the right timing or regimen of treatment. However, the monocyte/macrophage section. JB performed bioinforreatic
concepts of dampening NKB activity appear very promising analysis and designefligure 4 PP wrote major parts of the
in thrombotic diseases that are characterized by rather- lowsmooth muscle cell section. AA contributed major parts to the
grade chronic in ammation. This was demonstrated in a refcen platelet and megakaryocyte section. JS made the concept for the
large clinical trial applying anti-IL44 antibodies in patients manuscript, wrote the parts on NF-kappa B, the NF-kappa B
with atherosclerosis and a prior myocardial infarction. Thesignaling pathways, contributed major parts to the sections o
anti-in ammatory e ect could be shown by dose-dependentendothelial cells, smooth muscle cells, and monocytes, antkwro
reduction of the CRP level with was associated with amnajor parts of the sepsis section, desigiéglires 1, 2 as well as
decreased risk to develop a second infarction, non-fatakst parts ofFigures 3 6 and the concept foFigure 4and also created
or cardiovascular deathb( 2. However, as expected anti-lh1 Tables 1 2 and contributed toTable 3
treated patients had a higher risk of infections.

Overall, itis clear thatin ammatory processes and thrombot FUNDING
events are tightly linked on many dierent levels and that
the NFkB signaling pathway plays a fundamental role in theThe authors are funded by the Austrian Science Fund, FWF
molecular and cellular linkages. Since KB-itself is a central (special research programme: SFB-F54 and project P-27842). Th
hub in this network of reactions, an unspeci c inhibition diis  funding source had no in uence on the design of the article.
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