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The coagulant response in sepsis
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Summary

Critically ill patients often have systemic acti-
vation of both inflammation and coagulation.
Increasing evidence points to an extensive
cross-talk between these two systems,
whereby inflammation not only leads to acti-
vation of coagulation, but coagulation also
considerably affects inflammatory activity.
The intricate relationship between inflam-
mation and coagulation may have major con-
sequences for the pathogenesis of microvas-
cular failure and subsequent multiple organ
failure, as a result of severe infection and the
associated systemic inflammatory response.
Molecular pathways that contribute to in-
flammation-induced activation of coagu-
lation have been precisely identified. Acti-
vation of the coagulation system and ensuing
thrombin generation is dependent on an inter-
leukin-6-induced expression of tissue factor
on activated mononuclear cells and endothe-
lial cells and is insufficiently counteracted by
tissue factor pathway inhibitor. Simulta-
neously, endothelial-bound anticoagulant
mechanisms, in particular the protein C sys-
tem and the antithrombin system, are shut-off
by pro-inflammatory cytokines. Modulation of
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Virtually all situations that lead to a sys-
temic inflammatory response are associ-
ated with some degree of activation of co-
agulation (1). This may range from subtle
activation of coagulation that can only be
detected by sensitive markers for coagu-
lation factor activation to somewhat more
robust coagulation activation that may be
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inflammatory activity by activation of coagu-
lation also occurs by various mechanisms. Acti-
vated coagulation proteases, such as the tissue
factor-factor Vila complex, factor Xa and
thrombin can bind to protease-activated recep-
tors on various cells and the ensuing intracellu-
lar signaling leads to increased production of
pro-inflammatory cytokines and chemokines.
Physiological anticoagulants can modulate in-
flammatory activity as well. Increasing know-
ledge on the various mechanisms underlying
activation of inflammation and coagulation
may lead to better (adjunctive) management
strategies in critically ill patients.

Schliisselworter
Koagulation, Sepsis, Entziindung

Zusammenfassung

Bei intensivpflichtigen Patienten kommt es oft
zu einer systemischen Aktivierung von Entziin-
dung und Koagulation. Zunehmend finden sich
Hinweise auf eine weitreichende Wechselwir-
kung zwischen beiden Systemen, wonach die
Entziindung nicht nur zu einer Aktivierung der
Koagulation fiihrt, sondern die Koagulation
auch erheblich die Entziindungsaktivitat beein-
flusst. Die komplexe Beziehung zwischen Ent-
ziindung und Koagulation kénnte bedeutende

Die Gerinnungsreaktion bei Sepsis und
Entziindung
Hamostaseologie 2010; 30: 10-16

evident by a small decrease in platelet count
and subclinical prolongation of global clot-
ting times to (in its most extreme form) ful-
minant disseminated intravascular coagu-
lation (DIC), characterized by simulta-
neous widespread microvascular thrombo-
sis and profuse bleeding from various sites
(2). Patients with severe forms of DIC may

Konsequenzen fiir die Pathogenese von mi-
krovaskularer Stérung und anschlieBendem
Multiorganversagen haben, die als Folge ei-
ner schweren Infektion und der damit verbun-
denen systemischen Entziindungsantwort
auftreten. Molekulare Signalwege, die zu ei-
ner entziindungsbedingten Aktivierung der
Koagulation beitragen, wurden bereits exakt
identifiziert. Die Aktivierung des Gerinnungs-
systems und die daraus folgende Bildung von
Thrombin hangt von einer durch Interleukin-6
induzierten Expression des Gewebefaktors
auf aktivierten mononukledren und endothe-
lialen Zellen ab. Der Gewebefaktorinhibitor
wirkt diesem Mechanismus nur unzureichend
entgegen. Gleichzeitig werden endothelial
gebundene Antikoagulationsmechanismen,
insbesondere das Protein-C-System und das
Antithrombin-System, durch proinflammato-
rische Zytokine abgeschaltet. Fiir die Regulie-
rung der Entziindungsaktivitat durch Aktivie-
rung der Koagulation sind ebenfalls verschie-
dene Mechanismen verantwortlich. Aktivierte
Gerinnungsproteasen wie der Gewebefaktor-
Faktor-Vlla-Komplex, Faktor Xa und Thrombin
konnen an proteaseaktivierte Rezeptoren auf
verschiedenen Zellen binden und die anschlie-
Bende intrazelluldre Signallibertragung fiihrt
zu einer verstarkten Bildung proinflammatori-
scher Zytokine und Chemokine. Physiologi-
sche Antikoagulanzien kénnen die Entziin-
dungsaktivitat ebenfalls regulieren. Ein bes-
seres Verstandnis fir die verschiedenen Me-
chanismen, die der Aktivierung von Entziin-
dung und Koagulation zugrunde liegen, konn-
te zur Entwicklung besserer (zusatzlicher) Be-
handlungsstrategien fiir intensivpflichtige Pa-
tienten fiihren.

present with manifest thrombo-embolic
disease or clinically less apparent microvas-
cular fibrin deposition that may contribute
to the development of multiple organ dys-
function (3). There is abundant evidence
that the activation of coagulation is me-
diated by inflammatory activity. Activation
of coagulation and deposition of fibrin as a
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consequence of inflammation can be con-
sidered instrumental in containing inflam-
matory activity to the site of injury or infec-
tion, rendering this relationship physio-
logically efficient.

However, inflammation-induced co-
agulation may also importantly contribute
to disease, as illustrated by the coagulo-
pathy that is associated with severe infec-
tion, such as sepsis, and also by the fact that
thrombus formation on a ruptured athero-
sclerotic plaque, containing abundant in-
flammatory cells, is the pathological sub-
strate of acute arterial thrombotic events
(4, 5). The main mediators of inflam-
mation-induced activation of coagulation
are pro-inflammatory cytokines. Several
studies have shown, for example, the im-
portance of interleukin (IL)-6 in the initi-
ation of coagulation activation, and the
role of tumor necrosis factor-o. (TNF-o1)
and IL-1 in the regulation of physiological
anticoagulation (6-8). However, there isin-
creasing evidence that extensive cross-talk
between the systems of inflammation and
coagulation exists, whereby inflammation
not only leads to activation of coagulation,
but coagulation also markedly affects in-
flammatory activity. This coagulation-
driven modulation of inflammatory activ-
ity is driven by specific cell receptors on in-
flammatory cells and endothelial cells. In
addition, systemic activation of coagu-
lation and inflammation in critically ill pa-
tients can have some tissue- or organ-spe-
cific consequences pertinent to the devel-
opment of multi-organ failure in the set-
ting of severe sepsis (9).

Inflammation-induced
activation of coagulation

The main mechanisms of the coagulation
derangement during systemic inflamma-
tory activity are tissue factor-mediated
thrombin generation and an imbalance or
dysfunction of the normal physiologic
anticoagulant mechanisms (P>Fig.), such
as the antithrombin system and the protein
C system (10, 11). In addition to enhanced
fibrin formation, fibrin removal is im-
paired due to depression of the fibrinolytic
system.
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Pathogenetic pathways in inflammation-induced activation of coagulation: During systemic in-

flammatory response syndromes, both perturbed endothelial cells and activated mononuclear cells may
produce pro-inflammatory cytokines that mediate coagulation activation. Activation of coagulation is
initiated by tissue factor expression on activated mononuclear cells and endothelial cells. In addition,
downregulation of physiological anticoagulant mechanisms and inhibition of fibrinolysis by endothelial
cells will further promote intravascular fibrin deposition. PAI-1 indicates plasminogen activator in-

hibitor, type 1.

Tissue factor plays a central role in the
initiation of inflammation-induced coagu-
lation (12). Blocking tissue factor activity
completely inhibits inflammation-induced
thrombin generation in models of experi-
mental endotoxaemia or bacteraemia (13,
14). The vast majority of cells constitutively
expressing tissue factor are found in tissues
not in direct contact with blood, such as the
adventitial layer of larger blood vessels.
However, tissue factor comes into contact
with blood when the integrity of the vessel
wall is disrupted or when endothelial cells
and/or circulating blood cells start express-
ing tissue factor. The in vivo expression of
tissue factor seems mostly dependent on
IL-6, as demonstrated in studies showing
that inhibition of IL-6 completely ab-
rogates tissue factor-dependent thrombin
generation in experimental endotoxaemia,
whereas specific inhibition of other pro-in-
flammatory cytokines had less or no effect
(6, 15). Inflammatory cells in athero-
sclerotic plaques produce abundant tissue
factor and upon plaque rupture there is ex-
tensive tissue factor exposure to blood (5).
In severe sepsis, mononuclear cells, stimu-
lated by pro-inflammatory cytokines, ex-

press tissue factor, which leads to systemic
activation of coagulation (16). Even in ex-
perimental low-dose endotoxaemia in
healthy subjects, a 125-fold increase in tis-
sue factor mRNA levels in blood mono-
cytes can be detected (17). A potential alter-
native source of tissue factor may be en-
dothelial cells, polymorphonuclear cells,
and other cell types. It is hypothesized that
tissue factor from these sources is shuttled
between cells through microparticles de-
rived from activated mononuclear cells
(18). It is, however, unlikely that these cells
actually synthesize tissue factor in substan-
tial quantities (16, 19).

Upon exposure to blood, tissue factor
binds to factor VIIa. The complex of tissue
factor-factor VIla catalyzes the conversion
of factor X to Xa, which will form the pro-
thrombinase complex with factor Va, pro-
thrombin (factor II) and calcium, thereby
generating thrombin (factor Ila). One of
the key functions of thrombin is to convert
fibrinogen into fibrin. The tissue factor-
factor VIla complex can also activate factor
IX, forming a tenase complex with acti-
vated factor IX and factor X, generating ad-
ditional factor Xa, thereby forming an es-
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sential amplification loop. The assembly of
the prothrombinase and tenase complex is
markedly facilitated if a suitable phos-
pholipid surface is available, ideally pres-
ented by activated platelets. In the setting of
inflammation-induced activation of co-
agulation, platelets can be activated directly
by endotoxin or by pro-inflammatory
mediators, such as platelet activating factor.

Thrombin itself is one of the strongest
platelet activators in vivo.

Activation of platelets may also accelerate fi-
brin formation by another mechanism. The
expression of TF on monocytes is markedly
stimulated by the presence of platelets and
granulocytes in a P-selectin dependent reac-
tion. This effect may be the result of nuclear
factor kappa B (NF-kB) activation induced
by binding of activated platelets to neutro-
phils and mononuclear cells (20). This cellu-
lar interaction also markedly enhances the
production of IL-1b, 1I-8, MCP-1, and
TNF-0.(21). The expression of P-selectin on
the activated platelet membrane will me-
diate the adherence of platelets to endothe-
lial cells and leukocytes.

Two-way relationship between
inflammation and coagulation

Communication between inflammation
and coagulation is bidirectional, such that
coagulation can also modulate inflamma-
tory activity. Coagulation proteases and
protease inhibitors not only interact with
coagulation protein zymogens, but also
with specific cell receptors to induce signal-
ing pathways. In particular, protease inter-
actions that affect inflammatory processes
may be important in critically ill patients.
Coagulation of whole blood in vitro results
in a detectable expression of IL-1 mRNA in
blood cells (22), and thrombin markedly
enhances endotoxin-induced IL-1 activity
in culture supernatants of guinea pig mac-
rophages (23). Similarly, clotting blood
produces IL-8 in vitro (24). Factor Xa,
thrombin and fibrin can also activate en-
dothelial cells, eliciting the synthesis of IL-6
and/or IL-8 (25,26). Thrombin, factor Xa,
and fibrin can directly stimulate mono-
nuclear cells and endothelial cells, inducing
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the synthesis of IL-6 or IL-8 (26). Fur-
thermore, thrombin increases mRNA levels
of IL-8, monocyte chemoattractant protein
(MCP)-1, and E-selectin in cultured en-
dothelial cells, and potentiates TNF-a.-
induced E-selectin expression. In vivo evi-
dence for a role of coagulation-protease
stimulation of inflammation comes from
experiments showing that the adminis-
tration of recombinant factor VIla to
healthy human subjects causes a small but
significant three- to four-fold rise in plas-
ma levels of IL-6 and IL-8 (27).

The pivotal mechanism by which coagu-
lation proteases modulate inflammation is
by binding to protease activated receptors
or PAR’s. Four types (PAR 1-4) have been
identified, all belonging to the family of
transmembrane  domain,  G-protein-
coupled receptors (28). A typical feature of
PARs is that they serve as their own ligand.
Proteolytic cleavage by an activated coagu-
lation factor leads to exposure of a neo-
aminoterminus, which activates the same
receptor (and possibly adjacent receptors),
initiating transmembrane signaling. PAR’s
are localized in the vasculature on endothe-
lial cells, mononuclear cells, platelets, fi-
broblasts, and smooth muscle cells (28).
PAR’s 1, 3, and 4 are thrombin receptors
and PAR-1 can also serve as receptor for the
tissue factor-factor VIla complex and fac-
tor Xa. PAR-2 cannot bind thrombin, but
can be activated by the tissue factor-factor
VIla complex or factor Xa. Binding of
thrombin to its cellular receptor may in-
duce the production of several cytokines
and growth factors. Binding of tissue fac-
tor-factor VIIa to PAR-2 also results in up-
regulation of inflammatory responses
(production of reactive oxygen species and
expression of MHC class II and cell ad-
hesion molecules) in macrophages and was
shown to affect neutrophil infiltration and
pro-inflammatory  cytokine  (TNF-a,
IL-1PB) expression. The in vivo relevance of
PAR’s has been confirmed in various ex-
perimental studies using PAR inhibitors or
PAR-deficient mice (29-31).

Anticoagulant pathways

Procoagulant activity is regulated by three
important anticoagulant pathways:

- protein C system,
- antithrombin (AT) and
- tissue factor pathway inhibitor (TFPI).

During inflammation-induced activation
of coagulation, the function of all three
pathways can be impaired (32).

Activated protein C (APC) appears to
play a central role in the pathogenesis of
sepsis and associated organ dysfunction.
There is ample evidence that an insufficient
functioning of the protein C pathway con-
tributes to the derangement of coagulation
in sepsis (33, 34). The circulating zymogen
protein C is activated by the endothelial
cell-bound thrombomodulin once this is
activated by thrombin (11). APC acts in
concert with its co-factor protein S to pro-
teolytically degrade the essential coagu-
lation co-factors Va and VIIIa; and in that
manner functions as an effective anti-
coagulant. The endothelial protein C re-
ceptor (EPCR) not only accelerates the ac-
tivation of protein C several-fold, but also
serves as a receptor for APC, and binding of
APC to this receptor may amplify its anti-
coagulant and anti-inflammatory effects
(35). A recent study has demonstrated that
exposure of cultured endothelial cells to
APC results in the release of microparticles
that contain EPCR (36), but the relevance
of that observation for coagulation or in-
flammation is not yet clear.

In patients with severe inflammation,
the protein C system is malfunctioning at
virtually all levels. First, plasma levels of the
zymogen protein C are low or very low, due
to impaired synthesis, consumption, and
degradation by proteolytic enzymes, such
as neutrophil elastase (37, 38). Fur-
thermore, a significant downregulation of
thrombomodulin, caused by pro-inflam-
matory cytokines such as TNF-o. and IL-1,
has been demonstrated, resulting in dimin-
ished protein C activation (39, 40). Low
levels of free protein S may further compro-
mise an adequate function of the protein C
system. Finally, but importantly, in sepsis
the EPCR has shown to be downregulated,
which may further negatively affect the
function of the protein C system (41).
Apart from these effects, sepsis may cause a
resistance toward APC by other mech-
anisms, which are partly dependent on a
sharp increase in factor VIII levels (released
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from endothelial cells), but partly occur by
yet unidentified mechanisms (42).

The serine protease inhibitor anti-
thrombin is the main inhibitor of throm-
bin and factor Xa. Without heparin, AT
neutralizes coagulation enzymes in a slow,
progressive manner (43). Heparin induces
conformational changes in AT that result in
at least a 1000-fold enhancement of AT ac-
tivity. Thus, the clinical efficacy of heparin
is attributed to its interaction with AT. En-
dogenous glycosaminoglycans, such as he-
paran sulfates, on the vessel wall also pro-
mote AT-mediated inhibition of thrombin
and other coagulation enzymes. During se-
vere inflammatory responses, AT levels are
markedly decreased owing to impaired
synthesis (as a result of a negative acute
phase response), degradation by elastase
from activated neutrophils, and — quanti-
tatively most importantly — consumption
as a consequence of ongoing thrombin
generation (44). Pro-inflammatory cyto-
kines can also cause reduced synthesis of
glycosaminoglycans on the endothelial sur-
face, which will also contribute to reduced
AT function, since these glycosaminoglyc-
ans can act as physiological heparin-like
cofactors of AT (45).

A third inhibitory mechanism of
thrombin generation involves TFPI, the
main inhibitor of the tissue factor-factor
VlIIa complex. The role of TFPI in the regu-
lation of inflammation-induced coagu-
lation activation is not completely clear. Ex-
periments showing that administration of
recombinant TFPI (and thereby achieving
higher than physiological plasma concen-
trations of TFPI) blocks inflammation-in-
duced thrombin generation in humans,
and the observation that pharmacological
doses of TFPI are capable of preventing
mortality during systemic infection and in-
flammation suggests that high concen-
trations of TFPI are capable of importantly
modulating tissue factor mediated coagu-
lation (46, 47).

All anticoagulant pathways are involved
in modulation of inflammation as well.
APC plays an important role in attenuating
the systemic inflammatory response in sep-
sis as demonstrated in experiments show-
ing that blocking the protein C pathway in
septic baboons exacerbated the inflamma-
tory response. In contrast, administration
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of APC ameliorated the inflammatory acti-
vation upon the intravenous infusion of E.
coli (48). Similar experiments in rodents
showed identical results and demonstrated
a beneficial effect on inflammatory effects
in various tissues (49). Support for the no-
tion that APC has anti-inflammatory prop-
erties comes from in vitro observations, de-
monstrating an APC binding site on mono-
cytes, that may mediate downstream in-
flammatory processes (50), and from ex-
periments showing that APC can block NF-
KB nuclear translocation, which is a pre-
requisite for increases in pro-inflammatory
cytokines and adhesion molecules (51).
These in vitro findings are supported by in
vivo studies in mice with targeted dis-
ruption of the protein C gene. In these mice
with genetic deficiencies of protein C, en-
dotoxaemia was associated with a more
marked increase in pro-inflammatory cy-
tokines and other inflammatory responses
as compared with wild-type mice (52). It is
likely that the effects of APC on inflam-
mation are mediated by the EPCR (53).
Binding of APC to EPCR influences gene
expression profiles of cells by inhibiting en-
dotoxin-induced calcium fluxes in the cell
and by blocking NF-xB nuclear trans-
location (51, 54). The EPCR-APC complex
itself can translocate from the plasma
membrane into the cell nucleus, which may
be another mechanism of modulation of
gene expression, although the relative con-
tribution of this nuclear translocation and
cell surface signaling is unclear at present
(33). Some studies also suggest that EPCR
binding of APC can result in activation of
PAR-1 and thereby affect cytokine re-
sponses (55). However, other experiments
demonstrated that a significant physiologi-
cal role for PAR-1 activation by APC was
less likely (56). Apart from its effect on cy-
tokine levels, APC has been shown to in-
hibit leucocyte chemotaxis and adhesion of
leukocytes to activated endothelium (57,
58). Finally, APC is capable of inhibiting
endothelial cell apoptosis, which also seems
to be mediated by an EPCR-PAR-1-de-
pendent mechanism (55, 59).
Antithrombin possesses antiinflamma-
tory properties, many of which are me-
diated by its actions in the coagulation cas-
cade (60). Most importantly, thrombin in-
hibition by AT blunts activation of many

inflammatory mediators. However, in-
creasing evidence suggests that AT pos-
sesses potent anti-inflammatory properties
independent of its anticoagulation activity
(61). Most of these effects have been dem-
onstrated in vitro or in vivo at high concen-
trations. Nevertheless, these mechanisms
may be important in clinical settings that
are driven by a combined activation of in-
flammation and coagulation. Perhaps most
importantly, AT induces prostacyclin re-
lease from endothelial cells (62). Prostacyc-
lin inhibits platelet activation and aggre-
gation, blocks neutrophil tethering to
blood vessels, and decreases endothelial cell
production of various cytokines and che-
mokines (63). Additional antiinflamma-
tory actions of AT are mediated by direct
interaction with leukocytes and lympho-
cytes. Antithrombin binds to receptors,
such as syndecan-4, on the cell surfaces of
neutrophils, monocytes, and lymphocytes
and blocks the interaction of these cells
with endothelial cells. Inhibition of leuko-
cyte-endothelial cell interactions by AT
may be mediated by prostacyclin release,
downregulation of P-selectin, or preven-
tion of leukocyte activation. Thus, AT di-
rectly hinders leukocyte migration and ad-
hesion to endothelial cells, which in turn
impacts the severity of capillary leakage
and subsequent organ damage.

From bench to bedside

While the most appropriate management
strategy in patients with systemic inflam-
matory syndromes is aimed at the underly-
ing cause, in many cases additional sup-
portive treatment is required. Concerning
the severity of the activation of coagulation
simple scoring systems have been devel-
oped and validated, which allow to make a
diagnosis of DIC, that does not only has
prognostic significance, but may also guide
patient selection for complex treatment in-
terventions (64, 65). The increase in the in-
sight into the various mechanisms that play
a role in the crosstalk between inflam-
mation and coagulation abnormalities as-
sociated with systemic inflammation has
indeed been accommodating in the devel-
opment of supportive management strat-
egies.
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Based on the notion that depression of
the protein C system may significantly con-
tribute to the pathophysiology of DIC,
supplementation of (activated) protein C
might be beneficial (34). A positive effect of
rhAPC was demonstrated in a phase III
trial (PROWESS) in patients with sepsis,
that was prematurely stopped because of
efficacy in reducing mortality in these pa-
tients (66). All-cause mortality at 28 days
after inclusion was 24.7% in the rhAPC
group versus 30.8% in the control group
(19.4% relative risk reduction). The ad-
ministration of rhAPC was demonstrated
to cause an amelioration of coagulation ab-
normalities and rhAPC-treated patients
had less organ failure (67). In view of the
above described effects that APC has on in-
flammation, part of the success may have
been caused by a beneficial effect on in-
flammatory pathways. Interestingly, a post-
hoc analysis of this trial demonstrated that
patients with a diagnosis of DIC, according
to the DIC scoring system of the ISTH, had
a relatively greater benefit of thAPC treat-
ment than patients that did not have overt
DIC (68). RhAPC was shown not to be ef-
fective in patients with sepsis with less se-
vere sepsis.(69) Based on the results of
PROWESS, rhAPC has been approved for
therapy by regulatory agencies in the US,
Europe, and other parts of the world. In-
deed, its use in patients with severe sepsis
and multiple organ failure, and in the ab-
sence of major risk factors for bleeding, has
been advocated in guidelines for the treat-
ment of sepsis (70). However, there is cur-
rently debate on the role of thAPC in the
treatment of sepsis (71). For example, a
meta-analyses of published literature con-
cluded that the basis for treatment with
rhAPC, even in patients with a high disease
severity, is weak if not insufficient (72, 73).
A series of negative trials in specific popu-
lations of patients with severe sepsis has
added to the skepticism regarding the use
of thAPC.

Taken together, there is quite some un-
certainty and doubt surrounding the exact
place of thAPC in patients with severe sep-
sis and this equipoise has convinced the
manufacturer of this agent to start a new
placebo-controlled trial in patients with se-
vere sepsis and septic shock in the coming
months (74).

© Schattauer 2010

Since antithrombin is one of the most
important physiological inhibitors of co-
agulation, and owing to successful preclini-
cal results, a number of larger clinical trials
have addressed the use of antithrombin III
concentrates in patients with sepsis and/or
DIC. Most of the randomized controlled
trials concern patients with sepsis, septic
shock, or both. All trials show some benefi-
cial effect in terms of improvement of lab-
oratory parameters, shortening of the du-
ration of DIC, or even improvement in
organ function (75). However, a large-
scale, multicenter, randomized controlled
trial to directly address this issue showed no
significant reduction in mortality of pa-
tients with sepsis who were treated with
antithrombin concentrate (76). Interest-
ingly, post-hoc subgroup analyses indi-
cated some benefit in patients who did not
receive concomitant heparin and who ful-
filled the diagnostic criteria for DIC, but
this observation needs prospective vali-
dation (77).

Conclusion

Systemic inflammation will invariably lead
to activation of the coagulation system but,
vice versa components of the coagulation
system may markedly modulate the inflam-
matory response. Increasing evidence
points to extensive cross-talk between the
two systems at various points, with pivotal
roles of tissue factor, thrombin, com-
ponents of the protein C pathway and anti-
thrombin. Increased insight into the mo-
lecular mechanisms that play a role in the
close relationship between inflammation
and coagulation may lead to the identifica-
tion of new targets for therapies that can
modify excessive activation or dysregu-
lation of these systems.
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