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Thrombosis with associated inflammation (thromboin-
flammation) occurs commonly in a broad range of
human disorders. It is well recognized clinically in the
context of superficial thrombophlebitis (thrombosis and
inflammation of superficial veins); however, it is more
dangerous when it develops in the microvasculature of
injured tissues and organs. Microvascular thrombosis
with associated inflammation is well recognized in the
context of sepsis and ischemiareperfusion injury; how-
ever, it also occurs in organ transplant rejection, major
trauma, severe burns, the antiphospholipid syndrome,
preeclampsia, sickle cell disease, and biomaterial-induced
thromboinflammation. Central to thromboinflammation
is the loss of the normal antithrombotic and anti-
inflammatory functions of lendothelial cells, leading to
dysregulation of coagulation, complement, platelet ac-
tivation, and leukocyte recruitment in the microvascula-
ture. a-Thrombin plays a critical role in coordinating
thrombotic and inflammatory responses and has long

been considered an attractive therapeutic target to re-
duce thromboinflammatory complications. This review
focuses on the role of basic aspects of coagulation and
a-thrombin in promoting thromboinflammatory respon-
ses and discusses insights gained from clinical trials
on the effects of various inhibitors of coagulation on
thromboinflammatory disorders. Studies in sepsis patients
have been particularly informative because, despite us-
ing anticoagulant approaches with different pharmaco-
logical profiles, which act at distinct points in the
coagulation cascade, bleeding complications continue to
undermine clinical benefit. Future advances may re-
quire the development of therapeutics with primary anti-
inflammatory and cytoprotective properties, which have
less impact on hemostasis. This may be possible with
the growing recognition that components of blood co-
agulation and platelets have prothrombotic and proin-
flammatory functions independent of their hemostatic
effects. (Blood. 2019;133(9):906-918)

Thrombosis and inflammation

The |coordinated activation of [inflammatory and lhemostatic
responses following infection or tissue injury is a phylogeneti-
cally conserved defense mechanism that can be traced back to
early invertebrates.' In these primitive organisms, a single cell
(the hemocyte) can perform [basic inflammatory, immune, and
hemostatic functions.! However, most higher-order mammals
have evolved a [complex multicellular system encompassing
platelets and a variety of |leukoeyte subsets, including neu-
trophils, monocytes, and a series of antigen-presenting cells.
Similarly, some of the major humoral components of [innate
immunity have evolved from a rudimentary complement sys-
tem into a sophisticated series of highly integrated protease
cascades, including the complement, coagulation, fibrinolysis,
and [contactkinin| systems. Despite this close evolutionary
development, thrombosis and inflammation have traditionally
been viewed as distinct complementary processes. [Thrombosis
can be best [defined as an [exaggerated hemostatic response,
leading to the formation of an [occlusive blood elot obstructing
blood flow through the circulatory system. By comparison,
inflammation is the term applied to the [complex protective
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immune response to harmful stimuli, such as jpathogens,
damaged [cells, or firritants. However, with the recognition that
inflammation stimulates thrombosis, and in turn, thrombosis
promotes inflammation| the functional interdependence of
these processes has becoming fincreasingly well defined
(Figure 1A).

A growing body of evidence indicates that some [autoimmune
disorders, such as rheumatoid arthritis and systemic lupus
erythematosus, are regulated by components of the hemostatic
system.? Thrombotic disorders, such as paroxysmal nocturnal
hemoglobinuria or [atypical hemolytic uremic syndrome, are
triggered by humoral components of innate immunity (com-
plement), and many microvascular inflammatory disorders pro-
mote |platelet activation and lcoagulation. This is most clearly
demonstrated in the acute exaggerated thromboinflammatory
responses that accompany sepsis, ischemia-reperfusion (IR) in-
jury, and major trauma. In these latter disorders, the ultimate
extent of organ injury is dependent on the primary insult (bac-
terial invasion, organ ischemia, or traumatic injury), as well as on
the extent of the ensuing microvascular thromboinflammatory
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Figure 1. Thromboinflammation: an important pathogenic process linked to a diverse range of human diseases. (A) A broad spectrum of human disorders is associated
with thromboinflammatory complications, many of which have ficrovascular dysfunction! It is likely that the level of a=thrombin generation is a k&Y determinant of the extent of
the thromboinflammatory response. For example, diseases such as sepsis, ischemia reperfusion (IR) injury (the focus of this review), and organ transplant rejection are associated
with widespread activation of coagulation throughout the microcirculation, which is accompanied by an intense thrombotic and inflammatory response. At the extremes of this
spectrum, the microvascular thrombotic disorder thrombotic thrombocytopenia purpura (TTP) exhibits limited @=thrembin generation and is associated with a limited in-
flammatory response in the early phase of the disease. At the other end of the spectrum, autoimmune diseases, such as rheumatoid arthritis and systemic lupus erythematosus
(SLE), are primarily considered inflammatory disorders, with a limited role fori@thrembin: Nonetheless, other hemostatic components appear to contribute to the pathogenesis
of these diseases. (B) Tissue or organ injury by diverse pathogenic mechanisms is commonly associated with microvascular thromboinflammatory responses. Microvascular
obstruction can be mediated by all cellular elements in blood, including platelets, neutrophils, and red blood cells (RBCs), with stable occlusion typically linked to the activation
of coagulation and fibrin generation. Regardless of the primary insult to tissues or organs (infection, ischemia, or trauma), the ultimate outcome of these disorders is heavily
influenced by the extent of the microvascular thrombotic and inflammatory responses. EC, endothelial cell; HUS, hemolytic-uremic syndrome; NO, nitric oxide; TRALI,
transfusion-related acute lung injury.
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response (Figure 1B). When severe, thromboin ammation can
extend systemically and damage remote organs, particularly the
lung (acute lung injury or acute respiratory distress syndrome)
and kidneys (acute kidney injury). This is a major issue in critically
ill patients and can lead to the development of multiorgan
dysfunction syndrome and death. Thus, de ning the molecular
mechanisms regulating thromboin ammation in speci c disease
states is of major clinical importance. The primary focus of this
review will be on the role of coagulation in promoting acute
microvascular thrombosis and in ammation during sepsis and IR
injury. These disorders have been most intensively investigated
in the context of thromboin ammation, and much has been
learned from sepsis and IR injury about the potential bene ts
and limitations of targeting coagulation processes in the clinic.
For more detailed information on the interaction between co-
agulation and other components of the hemostatic and innate
immune system, several excellent review articles have been
published.3”

Endothelium: a critical regulator
of thromboin ammation

The endothelium lines the lumen of the entire circulatory
system, from the chambers of the heart down to the micro-
capillary beds. However, quantitatively, ; 98% of all endothelial
cells reside within the microvasculature, a re ection of the vast
surface area of the microcirculatory system in the human
body.®° Endothelial cells maintain vascular health by exerting
antiplatelet, anticoagulant, and anti-in ammatory actions
(Figure 2). Quiescent endothelial cells prevent platelet adhe-
sion and activation by producing potent platelet antagonists,
such as the adenosine triphosphate/adenosine 53-diphosphate
(ADP) scavenging enzyme CD39/ecto-adenosine diphospha-
tase,! prostacyclin (or prostaglandin 12 [PGb]), and nitric oxide
(NO). These molecules also maintain endothelial homeosta-
sis through other mechanisms. NO minimizes leukocyte re-
cruitment to the vessel wall by reducing P-selectin expression
on the endothelial surface, decreasing chemokine expression,
and reducing transcription of adhesion molecules, such as
E-selectin, VCAM-1, and intercellular adhesion molecule-1
(ICAM-1). PG} decreases in ammation by reducing leuko-
cyte adhesion, activation, and extravasation. Additionally, the
endothelium supports an extensive repertoire of natural anti-
coagulant and anti brinolytic pathways, involving glyco-
saminoglycans (GAGs), thrombomodulin (TM), the activated
protein C (APC) pathway, and tissue factor pathway inhibitor
(TFPI). The details of these pathways and their roles in reg-
ulating microvascular thromboin ammation have been de-
scribed previously.1011

Under pathological conditions, such as sepsis, IR injury, and
disseminated intravascular coagulation (DIC), humoral mediators
perturb the homeostatic function of endothelial cells. In sepsis,
components of the bacterial cell wall activate pattern recogni-
tion receptors (PRRs) on the endothelial surface, leading to
cytokine production. Bacterial endotoxin also potently stim-
ulates tissue factor (TF) expression and increased levels of the
plasminogen activation inhibitor 1 (PAI-1), blocking brinolysis
and subsequently resulting in a procoagulant endothelial sur-
face. In IR injury, production of reactive oxygen species is ele-
vated within the microcirculation, leading to a decrease in NO
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production and promotion of the adhesive qualities of the en-
dothelial surface. In all cases, endothelial dysfunction is asso-
ciated with downregulation of key components of the natural
anticoagulant system!! (Figure 3).

a-Thrombin: a central mediator
of thromboin ammation

TF expression within the vasculature is considered a pivotal
step in initiating and sustaining coagulation in a broad range of
thromboin ammatory diseases!? TF is a potent activator of
coagulation through its high-af nity binding and activation
of factor VII (FVlla)® Although primarily produced by cells
surrounding the vessel wall, including pericytes and broblasts,
TF can also be produced intravascularly by endothelial cells,
monocytes, and circulating microparticles.'**> Monocytes can
synthesize and express TF and & considered a major source
of blood-borne TF, ¢ with several thromboin ammatory conditions
associated with TF expression on circulating monocytes, including
chronic in ammation and Gram-negative sepsis® Whether
neutrophils and platelets can produce pathophysiologically
relevant levels of TF remains controversial*’

During sepsis, pathogen-associated molecular patterns, ex-
pressed by invading bacteria, are recognized by PRRs present
on the surface of endothelial cells, platelets, and leukocytes.'®

PRRs transduce signals leading to the release of inammatory

cytokines and chemokines and increased expression of
leukocyte-adhesion molecules. They also undermine the natural
anticoagulant and brinolytic system on endothelial cells*® and

increase TF production by monocytes and endothelial cells.?°

The importance of TF in promoting thromboin ammation in

sepsis has been con rmed using pharmacological TF inhibitors

or through the study of mice expressing very low levels of TF,

wherein inhibition or low expression of TF in mice exposed

to endotoxin attenuates coagulation and in ammation and

improves survival2* Importantly, selective deletion of TF from

endothelial cells does not decrease a-thrombin generation or

improve survival in a preclinical model of endotoxemia,?° sug-

gesting that nonendothelial sources of TF are the dominant

trigger of coagulation in vivo. In humans, TF inhibition alone

does not effectively inhibit a-thrombin generation and in am-

mation during sepsis, suggesting the existence of alternative

pathways 22

An additional pathway promoting a-thrombin generation is
the contact-activated (intrinsic) pathway of coagulation. In this
pathway, coagulation cascade activation is initiated by the ex-
posure of negatively charged surfaces, such as the release
of RNA or DNA from damaged or dying cells, 2 or secretion of
negatively charged inorganic polyphosphates (PolyPs) by
platelets.?® This pathway has been shown to be particularly
important in IR injury. a-Thrombin is also a potent activator
of platelets, facilitating platelet procoagulant function
and brin generation through the surface expression of
phosphatidylserine.?42% Studies examining a-thrombin genera-
tion during cerebral IR injury have identi ed a crucial role for
PolyPs (released by activated platelets) in inducing activation of
the contact pathway of coagulation. ¢ These ndings have been
corroborated using FXlla2” and FIXa?® inhibitors, factors involved
in the contact pathway of coagulation that appear to reduce
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