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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 [imited la=thrombin [generation and is associated with a [limited in-
[flammatory response in the early phase of the disease. At the [otherend of the Spectrum), altsimmune diseases, such as rheumatoid arthritis and systemic [UPUS erythematosus
(SLE), are primarily considered finflammatory disorders, with alimitedrole fora=thrombin. 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, thromboinflammation 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, defining the molecular
mechanisms regulating thromboinflammation in specific 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 inflammation during sepsis and IR
injury. These disorders have been most intensively investigated
in the context of thromboinflammation, and much has been
learned from sepsis and IR injury about the potential benefits
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.>”

Endothelium: a critical regulator
of thromboinflammation

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 reflection of the vast
surface area of the microcirculatory system in the human
body.8? Endothelial cells maintain vascular health by exerting
antiplatelet, anticoagulant, and anti-inflammatory actions
(Figure 2). Quiescent endothelial cells prevent platelet adhe-
sion and activation by producing potent platelet antagonists,
such as the adenosine triphosphate/adenosine 5’-diphosphate
(ADP) scavenging enzyme CD39/ecto-adenosine diphospha-
tase,"® prostacyclin (or prostaglandin 12 [PGI3]), and nitricloxide
(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). [PGI, decreases iinflammation by reducing [leuko-
cyte adhesion, activation, and extravasation. Additionally, the
endothelium supports an extensive repertoire of |natural anti-
coagulant and antifibrinolytic pathways, involving |glyco-
saminoglycans (GAGs), thrombomodulin (TM), the activated
protein C (APC) pathway, and [tisstie factor pathwayl inhibitor
(IEPD. The details of these pathways and their roles in reg-
ulating microvascular thromboinflammation have been de-
scribed previously.'o"!

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 lendothelial surface, leading to
cytokine production. Bacterial lendotoxin also potently stim-
ulates  tissue factor (TF) expression and [increased levels of the
plasminogen activation inhibitor 1 (PAI-1), blocking fibrinolysis
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 jpromotion| of the [adhesive qualities of the len-
dothelial surface. In all cases, endothelial dysfunction is asso-
ciated with downregulation of key components of the natural
anticoagulant system" (Figure 3).

o-Thrombin: a central mediator

of thromboinflammation

TF |lexpression within the vasculature is considered a |pivotal
step in initiating and sustaining coagulation in a broad range of
thromboinflammatory diseases.'? TE is a potent activator of
coagulation through its highraffinity binding and activation
of factor MIL (EVlla).”* Although primarily produced by cells
surrounding the vessel wall, including pericytes and fibroblasts,
TF can also be produced intravascularly by endothelial cells,
monocytes, and circulating microparticles.'*'> Monocytes can
synthesize and express TF and are considered a major source
of blood-bome| TF,'® with several thromboinflammatory conditions
associated with TF expression on circulating monocytes, including
chronic inflammation 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 inflammatory
cytokines and [chemokines and increased expression of
leukocyteradhesion molecules. They also undermine the natural
anticoagulant and fibrinolytic system on endothelial cells'? and
increase TF production by monocytes and endothelial cells.?°
The importance of TE in promoting thromboinflammation in
sepsis has been confirmed 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 inflammation and
improves survival.?! 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 jnonendothelial sources of TF are the dominant
trigger of coagulation in vivo. In humans, TF inhibition alone
does |not effectively [inhibit e-thrombin [generation and inflam-
mation during sepsis, suggesting the existence of jalternative
pathways.??

An additional pathway promoting a-thrombin generation is
the |contactactivated (intrinsic) pathway of lcoagulation. 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,>* or secretion of
negatively charged inorganic polyphosphates (PolyPs) by
platelets.?® This pathway has been shown to be particularly
important in IR injury. @-Thrombin| is also a potent [activator
of |platelets, facilitating platelet procoagulant function
and fibrin generation through the surface expression of
phosphatidylserine.?*2?> Studies examining a-thrombin genera-
tion during cerebral IR injury have identified a crucial role for
PolyPs (released by activated platelets) in inducing activation of
the contact pathway of coagulation.?® These findings have been
corroborated using FXIla?” and FIXa2® inhibitors, factors involved
in the |contact [pathway of coagulation that appear to reduce

JACKSON et al
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Figure 2. Antithrombotic function of endothelial cells. (A) The ghdothelium presents an [antiadhesive phenotype maintained through 3liAtrinsic pathways: the CD39/ecto-
adenosine diphosphatase (ecto- pathway, which-the and the-and- which --- With respect to
depletion of ADP, spatial limitations dictate that this primarily occurs for ADP release from platelets adherent to activated endothelium or matrix proteins. (B-E) The endothelium
uses several mechanisms to neutralize a-thrombin. (B) First, antithrombinl (AT) binds to [GAGS on the endothelial cell surface and [hactivates GEHRfOMBIBNIL, FXa; and several
other coagulation proteases. (C-D) Second, fhrombifl can be efficiently [€onverted from a [procoagulant to [anticoagulant protease in the microcirculation by BiRding the
endothelial integral membrane protein TM and the endotheliallprotein € receptor (EPCR). Once [6olnd to these receptors, thrombin cleaves and [activates protein C (PC) to
generate APCl (C)/APC functions as an [anticoagulant by proteolytically inactivating|FVa and [FVllal (D) If APC remains bound to the EPCR, it induces signaling through PART to
elicit cytoprotection and increased endothelial barrier function. (E) Healthy endathelitim also expresses [ighl levels of TRPI that ifhibit formation of the tissué facter (TF)/FVila

- thereby preventing the initiation of coagulation and subsequent thrombin generation. AMP, ecto-adenosine monophosphate; P;, inorganic phosphate, PAR1,

protease-activated receptor 1; RBC, red blood cell.

thromboinflammation and afford protection from ischemic

stroke. Notably, iégatively charged melectles on the [acterial
cell Wall can also jpromote contact factor activation,*” raising the

possibility that this pathway may contribute to activation of the
coagulation cascade during sepsis.*

Multifaceted actions of ja-thrombin

Given the EEAAINMBOABNCENGHGERARGBIA in propagating
microvascular thrombosis and inflammation, defining the
mechanisms of dysregulated a-thrombin generation and
a clearer understanding of mechanisms by which this serine
protease promotes thromboinflammation are likely to be im-
portant for future development of more effective anticoagulant

and anti-inflammatory therapies. [@=Thrombin can [cléave nu-

merous substrates®' that can have or-

_ functions (Table 1). Thrombin can enhance

its own generation through multiple mechanisms, including
the thrombin-FXI feedback activation loop.3? Many of the bi-
ological functions of a-thrombin are mediated by G protein—

THROMBOINFLAMMATION IN SEPSIS AND IR INJURY

coupled protease-activated receptors (PARs).>* Four PARs have
been identified, and they can be activated by a broad range of
proteases. PAR1, PAR3, and PAR4 are activated by thrombin
and cathepsin G. Additionally, PAR1 and PAR4 can be activated
by plasmin and potentially FXa in the case of PAR1.343¢ In
contrast, PAR2 is activated by trypsin, tryptase, FVlla, and
an.34,35

[e=Thrombin has AUMerous [effécts within the vasculature,
51 ECHBETRR o' o EORGUBHH, ESTIPIERER, onc 1A

[rinclytic cascades and through activation of numerous cell
types, including endothelial cells, platelets, leukocytes (mono-
cytes, neutrophils, and macrophages), vascular smooth muscle

cells, and fibroblasts.37-3? Part of the _ effects of
etirmBin is medlated through Endothelial cell simulation.

a-Thrombin activates endothelial cells predominantly through
PAR1 proteolysis, inducing TF expression and Weibel-Palade
body mobilization, leading to [iicféased P-selectin expression

and \ion WileBrand factor release * o ThIGMBI 210 induices
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pathogen infection, or |proinflammatory molecules (eg, lipids and cytokines) leads to iicréased expression of [EEESIoH MOISEHIES, such as VSHMVIlISBIERENSCESRNWE nd

[Pseleciiins, o, B3 and ICAM-1, leading to the fécilitment of platelets and

(A) Perturbation of the endothelium by|oxidatiVelstress (reactive oxygen species [ROS)),

and, ultimately,

cells also[€Xpress|TF, leading to activation of VI, FXa,

fthrombin generation. Thrombin lcleaves fibrinogen to generate ffibrin, as well as multiple [protease-activated receptors on the surface of endothelial cells, platelets, and

leukocytes, thereby

Peleciiion the Gainaged

() Rcrutment of BIHEIE anc [BURBESAE 1o s of FEANES ERETREHIR - BXBREESER of VE o
[endathielial cell surface supports [platelet tethering| and rolling. Subsequently, stable platelet adhesion occurs through fibrinogen-integrin B3

complexes binding to a,B3 or ICAM-1 on endothelial cells.-- secrete numerous-substances that alter the chemotactic and adhesive properties of

endothelial cells. Platelet-derived interleukin-1 (IL-1) induces active [TF expression on the gndatheliim. The expression of P=sélectin on

fcleret civated pIatelets incuces

_followed by their adhesion, mainly through the interaction of macrophage-1 antigen (Mac-1) with GPIb~GPV-GPIX and fibrinogen—ayi,83 complexes. PAMPs,

pathogen-associated molecular patterns; TNFa, tumor necrosis factor-1.

Feleasa of Ehemekings, EyEekings, and growth

factors,®® and it upregulates expression of adhesion mole-
cules, including VCAM-1, ICAM-1, and E-selectin.*’ Addi-
tionally,

via PAR1 and PAR4 (PAR3 and PAR4 in mice).*? Cleavage

of PARs on [laEIEtS bylaethrombin HGers the Felease of
granule contents, including JADP), serctonin, [PHsélectin, CD40
ligand, and o thrombin itself,** the igeneration of thrombox]
[BREA2,** and the release of a diverse array of [proinflammatory
- including _ and growth factors.*> Ad-
ditionally, a-thrombin is a potent activator of platelet integrin
aypP3, promoting . Although en-
dothelial cells and platelets can be stimulated by a-thrombin,
[BI&tEISts appear to play a Eritical fSI€ in promoting [E@pid and
efficient neltrophil [Fectlitment to sites of localized endo-

thelial injury.4¢

910 @ blood® 28 FEBRUARY 2019 | VOLUME 133, NUMBER 9

for
thromboinflammatory diseases:

lessons from the clinic

Given the central role of coagulation in promoting micro-
vascular thrombosis and inflammation, it is reasonable to
assume that therapies inhibiting coagulation might improve
microvascular perfusion, reduce inflammation, and preserve
organ function. Most clinical studies examining anticoagulant
effects on thromboinflammation have been in the context
of sepsis, although specific examples relevant to IR injury
will also be highlighted (Figure 4). We will also discuss the
evidence for an important role for platelets in thromboin-

flammation and the possibility that argeting platelets mayl

JACKSON et al

020z AN L0 uo Jasn NOQNOT IOIT10D VI¥AdINI Ad Jpd €66288P00IA/9ZZ8SS L/906/6/EE |/Pd-ajo1e/poojq/Bio suoyedlqndyse//:sdiy wouy papeojumoq


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1



Table 1.|Major substrates cleaved by thrombin and their functional impact on coagulation, thrombosis or inflammation

Thrombin substrates

Action

Role

Fibrinogen Cleavage of ffibrinogen to ffibrin *Prothrombotic: blood clot formation and stability

Fv Activation of FV (Fva) TProcoagulant: enhances thrombin generation through
+ve feedback loop

FVIII Activation of FVIII (FVllla) TProcoagulant: increases thrombin generation through

+ve feedback loop

FXI (cofactor PolyP)

Activation of FXI (FXla)

tProcoagulant: upregulates thrombin generation
through +ve feedback

FXIII (cofactor calcium, fibrin)

Activation of FXIII (FXllla)

*Prothrombotic: active Xllla acts on fibrin to cross-link
polymers to form insoluble fibrin polymers

ADAMTS13

Inactivation of ADAMTS13

*Antithrombotic: proteolysis ablates [activity [against
purified VWF

GPV (cofactor GPlba)

Cleavage of GPV subunit of VWF receptor
GPIb/V/IX

*Negative regulation of platelet activation

PARs

Limited cleavage of protease-activated receptors,
initiating subsequent G protein-mediated
signaling events

*Prothrombotic: platelet activation via PAR1 and PAR4

fProinflammatory: endothelial PAR1, leading to
upregulation of chemokine expression, adhesion
molecules (ICAM-1, P-selectin)

tProinflammatory: monocyte PAR1, increased

expression of proinflammatory cytokines (TNF, IL-1,
IL-6, MCP-1)

Protease nexin 1 (PN-1)

Inhibitor of thrombin activity, FXa and FXla
activity'®?

TAnticoagulant: expressed in monocytes, platelets and
vascular cells. PN-1 is primarily localized at the cell
surface as a result of the high affinity of PN-1 for GAGs.
Active and heparin-bound PN-1 is secreted during
platelet activation and efficiently inhibits thrombin,
thereby inhibiting fibrin formation, thrombin-induced
platelet activation, and amplification of thrombin
generation in vitro.

Protein C (in complex with TM and
EPCR)

Activation of protein C-APC

TAnticoagulant: inactivation of FVa and FVllla
fAntiiinflammatory/cytoprotective: via PAR1 signaling

TAFI (and cofactor TM, GAGs)

Activation of TAFI-TAFla

§Inhibitor of fibrinolysis. TAFla downregulates
fibrinolysis by the removal of C-terminal lysines from
fibrin. As a consequence, the binding of plasminogen
and t-PA to the fibrin clot is inhibited.

FAnti-inflammatory: generation of proinflammatory
mediators (bradykinin and complement factor C5a)

Inter-a-inhibitor (lal) heavy chain 1
(HC1)

Cleavage of lal HC1-associated hyaluronan (HA)
matrices'3

FThrombin cleavage of HC1 dissolves the inflammatory
matrix (HA:HC) generated during inflammation as
a consequence of covalent modification of HA with the
HC of lal. This leads to a reduction in leukocyte
adhesion.

C5 (C5 convertase)

Cleavage of C5 (R947), generating the
intermediates C57 and C5by'34135

$Proinflammatory: thrombin partners with C5
convertases during terminal complement pathway
activation through the formation of C5bT and possibly
C5T, leading to assembly of a functional membrane
attack complex responsible for destroying damaged
cells and pathogens

EPCR, endothelial protein C receptor; IL, interleukin; MCP, monocyte chemoattractant protein-1; TAFI, thrombin-activatable fibrinolysis inhibitor; TNF, tumor necrosis factor; VFW,

von Willebrand factor.
*Pro- vs antithrombotic.
FPro- vs anticoagulant.
1Pro- vs anti-inflammation.
§Other.

THROMBOINFLAMMATION IN SEPSIS AND IR INJURY
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(3) rhAPC
(Xigris TM)

2) rATIII
(Kybernln P)

%
gl ¥

1) Heparins
/ (LMWH UFH)

(4) soluble rhTM 5) (TEPI (3K3A-APC)
(ART-123) (Tlfacogm 1)
Thrombm (lla) )
(6a) rAPC variants ™ D D) (]
(3K3A-APC) ’) 1)
&hlstones

(6b) rAPC variants

Figure 4. Therapeutic modulation of coagulation processes in sepsis. This illustration highlights some of the therapeutic targets of various anticoagulant approaches trialed

in sepsis. (1) Inhibiting the procoagulant and proinflammatory functions of thrombin and FXa was initially trialed through the use of unfractionated heparin (UFH) or low-

molecular-weight heparins (EMWHS). (2) Restoring the circulating plasma levels of ATIII has also been trialed via the infusion of fécombinant human ATIIl Bolstering the
anticoagulant and anti-inflammatory properties of endothelial cells has been attempted through the administration of_), recombinant human TM (rhTM) (4),
or TFPI (5). Despite heparins, APC, ATIll, and TFPI having unique pharmacological profiles, acting at distinct points in the coagulation cascade, and possessing additional

pharmacological activities independent of their anticoagulant effects,

. Improved un-

derstanding of the structural regions of APC responsible for anti-inflammatory properties (6a) and cytoprotective properties (bb), independent of anticoagulant effects, has

faciitated the generation of FECGMBIANEMUBNEGTARS vt Fotentaly fewerbleeang Side efect: (co-b).

Commonly used anticoagulant agents

|Heparing Unfractionated heparin is a [iaturally’occurring GAG
that - _ . (ATHI), inducing a conformational
change that leads to a [1000=feldlincreaselin AT’ ability to
inhibit thrombin, EXa, and [other coagulation serine [proteases.

Heparin was first trialed for treatment of sepsis in 1966,*” and
initial clinical studies were encouraging.*® However, a detailed

[méta=analysis of 9'trials demonstrated that, in the majority of
patients with sepsis, heparin therapy does ot [Fediice mortality,
organ injury, or in-hospital stay and is associated with
[Bleeding [fisk. In general, the [Beneficial [€ffécts of heparin on
mortality have [BHimarily been observed in patients with [SEpSis-
indticed DIC,** whereas the wider [Bénefit of unfractionated

thromboinflammation remains to be

heparin treatment in
%0 Fan et al examined the safety and efficacy of
low-molecular-weight heparins (EMWHS) in sepsis patients from

11 trials. This analysis showed that LMWH reduced sepsis se=
Vetity and [decreased 28-day [morttality| compared with standard
treatment- at the expense of_-51 However,

these studies were primarily performed on /ASian patients, so

the generalizability of these findings to [Gther [ethnicities remains
-51 Unfortunately, despite considerable investigation, the

-52

ATIIl ATULis a hepatically synthesized serine protease inhibitor

and the

most abundant anticoaqulant circulating in plasma.
ATl it a-thrombin along with FXa, FIXa, FVIla, FXIa, and

[FXIE In addition to its anticoagulant actions, ATIII may elicit

lantiHinflammatory effects, by binding endothelial [GAGS to
[PGI3 production, inhibiting lipopolysaccharide (LPS)-
mediated signaling in macrophages, and through competition
for pathogen binding to endothelial cells.>* ATIIl plasma levels

912 @ blood® 28 FEBRUARY 2019 | VOLUME 133, NUMBER 9

ECTEEE BTEEBIBUSly curing the early stages of SEVEHE 6B,
and ATIIl depletion is associated with a [60F [prognesis. Re-

storing plasma levels of ATIII through IV infusion has been trialed
extensively in patients with sepsis. Although initial small-scale
clinical studies were encouraging,® subsequent _

[tality in SEpsi§ patients. However, a retrospective analysis
of clinical trial data has suggested that inclusion of patients

receiving low-dose heparin may have complicated the in-
terpretation of trial outcomes, because coadministration of
heparin and ATIIl exacerbates bleeding risk. Patients not re-
ceiving prophylactic heparin had a lower 28-day mortality,
reaching significance at 90 days, suggesting a potential bene-
fit of ATIIl therapy.>® Additional trials on sepsis patients has

revesled 2 28-day reduction in mortality in patients with DIC,

a reduction not observed in sepsis patients without DIC. Thus,

ATIIl has approval for use in sepsis treatment related to DIC
-6 However, - remains a _ ongoing
concern with ATIIl infusions, even in the absence of heparin,
and a [fécent phase 3 clinical [ffial did iGt demonstrate any
[Benefit for overall mortality.>* > Consequently, updated Inter-
national Guidelines for the Management of Sepsis and Septic
Shock have made specific recommendations [@gainst the Use

- (Figure 4).

the and
properties of the

The natural anticoagulant and anti-inflammatory properties of

endothelial cells are critically important to limit microvascular

thrombosis, inflammation and organ injury. Thus, there has been

extensive evaluation of the effects of- soluble TM, or-

in patients with sepsis.

JACKSON et al
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APC Protein C is a critical physiological fanticoagulant activated
by the binding of a-thrombin to TM, generating APC. Protein C
activation is also enhanced through its binding to the endothelial
protein C receptor. Soluble APC's anticoagulant effects are
principally mediated by the cleavage and |inactivation of co-
agulation factors [EVa and [EVIlla, whereas JAPC bound to len-
dothelial protein C receptor has important cytoprotective and
anti-inflammatory effects, primarily through cleavage and acti-
vation of PART, although PAR3 and other APC receptors may
also be involved.>” Recombinant human APC has been exten-
sively evaluated in preclinical sepsis models and in sepsis
patients. Although several preclinical sepsis models demon-
strated a reduction in tissue damage and death with APC
treatment, clinical trials have failed to consistently demonstrate
a reduction in 28-day all-cause mortality, with most associ-
ated with a significantly increased [risk for serious bleeding
(PROWESS, PROWESS-SHOCK) (Figure 4).38°? One explana-
tion for the differences in outcome in more recent clinical trials
is that sepsis severity in these latter trials was less than in the
original PROWESS trial.

Given the biased G protein—coupled receptor signaling prop-
erties displayed by APC, studies over the last decade have
increasingly focused on the [development of APC variants with
anti-inflammatory properties and cytoprotective effects, which
are specifically engineered to lexclude detrimental effects on
bleeding.¢**" Preclinical studies utilizing signaling-selective APC
“mutants”| have provided evidence that modified recombinant
APCs with selective anti-inflammatory and cytoprotective actions,
but [less fanticoagulant effects, are a [safér treatment option for
thromboinflammatory diseases and are currently being ftrialed
in patients with ischemic stroke®® (Figure 4).

Along similar lines, the development of cell-penetrating pep-
tides or “pepducin” technology has also been developed to
target selective elements of PAR signaling.®? Although initial
studies with a PAR4-selective pepducin (P4pal-10) was able
to provide partial protection of liver, lung, and kidney function,
it did not improve overall mortality in a murine model of
endotoxin-induced systemic inflammation and DIC.%® This,
combined with its deleterious effects on the hemostatic re-
sponse,®? has dampened enthusiasm for this approach. More
recently, a distinct class of small molecules that bind selectively
to the cytoplasmic face of PAR1 to induce signaling has been
developed. Termed parmodulins,®* these molecules have shown
promise in LPS-induced thromboinflammatory models in mice.
Parmodulins are able to stimulate APC-like cytoprotective sig-
naling through Gq, essentially eliciting an antithrombotic effect
at the level of the endothelium, independent of antiplatelet
activity. These studies provide proof-of-principle evidence that
targeting the cytoplasmic face of G protein-coupled receptors
to achieve pathway selective signaling, as opposed to classic
orthosteric inhibitors of PAR1,4%%7 is an effective and safer
strategy to reduce thromboinflammation.

Soluble TM TM exerts anticoagulant effects in membrane-
bound and soluble forms, principally through the [activation of
PC. Soluble recombinant human TM (rhTM) is currently un-
dergoing clinical evaluation for the treatment of severe sepsis
(Figure 4). rhTM has several theoretical advantages over
recombinant human APC, including less bleeding®® (due to its
reliance on high thrombin levels to exert an anticoagulant effect),

THROMBOINFLAMMATION IN SEPSIS AND IR INJURY

and with additional APC-independent actions, including sup-
pression of complement, endotoxin, and HMGB-1 proteins.*?
ART-123, an rhTM, has been extensively trialed in Japan, dem-
onstrating improved efficacy and safety in the treatment of DIC
relative to heparin.’® In Western countries, phase 2b trials of
sepsis patients with suspected DIC have demonstrated lower
p-dimer, prothrombin fragment F1.2, and TAT concentrations in
patients receiving ART-123.7" Therefore, ART-123 appears to be
a safe intervention in critically ill sepsis patients.”’

TFPI TEPI is an endogenous serine protease|inhibitor produced
by the lendothelium that directly [inhibits FXa and the [EVIla/TF
complex. Preclinical trials have demonstrated that recombinant
TFPI (rTFPI) attenuates cytokine responses (tumor necrosis
factor-a and interleukin-8 [IL-8]) in a pig peritonitis—induced
bacteremia model without improving survival.”> However, rTFPI
reduced mortality in a rabbit model of Gram-negative bacterial
sepsis’® and in a baboon model of Escherichia coli~induced
septic shock. The latter was associated with lower levels of
inflammatory and coagulation biomarkers (IL-6 and TAT, re-
spectively).”* rTFPI has been tested and demonstrated to be safe
in healthy humans following bolus IV injection of endotoxin.
rTFPI attenuated endotoxin-induced a-thrombin generation
with complete blockade of coagulation by high-dose rTFPI.
Interestingly, rTFPI did not affect endotoxin-induced changes in
the fibrinolytic system, leukocyte activation, cytokine and che-
mokine release, endothelial cell activation, or the acute-phase
response.” rTFP| has also been trialed in phase 2 studies on
patients with severe sepsis and it appeared to be safe and ef-
fective, with reduction in TAT and IL-6 levels’® and a trend to-
ward reduced mortality. However, results from a randomized
double-blind placebo-controlled multicenter phase 3 trial failed
to demonstrate an effect of rTFPI (tifacogin) on all-cause mor-
tality (Figure 4). Tifacogin administration was associated with
attenuated prothrombin fragment 1.2 and TAT levels, leading to
serious bleeding complications.??

Perspectives and ffuture directions

Alternative anticoagulant therapeutics with safer
bleeding profiles

The known clinical benefits of anticoagulant therapies in
thromboinflammatory states, such as sepsis and stroke, have
been largely offset by bleeding complications, and it is highly
desirable to develop safer anticoagulants with preserved anti-
inflammatory function. This is the basis for development of APC
variants. It is also possible that inhibiting the contact pathway of
coagulation may prove beneficial.

Inhibition of FXI and FXII Genetic deletion of EXI or EXII
protects| [against thrombosis in a variety of @nimal models, in-
cluding mice, rabbits, and baboons,?””77¢ with minimallbleeding
risk.”” This is consistent with olbservations in - with [con-

gerital [EXINGBficingy o heve o edicad risk foraRGUS
ERFGEBGERBEH o icheic BESKE " From a safety
perspoctive, EXl-deficient humans do ot have a bleeding
BHEEHER* =nd X deficiency (B couscs EGMERESNE
[BISEEIRg °' a!though increased [BIEEEIRG occurs FBIIBWIRG major
hemostatic challenge, such as-or-EM The contact

activation pathway promotes coagulation and facilitates in-
flammation by triggering the bradykinin-generating kallikrein-
kinin system.5? Several pharmacological inhibitors of FXIla®%85
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have provided protection against sepsis and cerebral IR injury
in rats, without increased bleeding risk. Several approaches
have been developed to inhibit FXla, with encouraging results
in preclinical studies.®® Among these inhibitors, the 14E11 an-
tibody®” and a natural inhibitor from snake venom (Fasxiator)®®
have demonstrated protection in mouse models of sepsis and
FeCls-induced occlusive thrombosis, respectively. Moreover,
phase 2 clinical trials using FXl-antisense oligonucleotides have
confirmed an important role for FXI in promoting venous throm-
bosis in patients undergoing knee arthroplasty, with a safer
bleeding profile.??

Inhibitors of PolyP PolyP has emerged over the last several
years as a potentially important regulator of coagulation and
inflammation and, thus, is a prospective target to reduce
thromboinflammation.”® Long-chain PolyP accumulates in in-
fectious microorganisms and is also released by platelets during
dense granule exocytosis. PolyP acts at several steps in the
coagulation cascade to enhance the rate of a-thrombin gen-
eration. PolyP antagonists have been considered for their ef-
fectiveness as anticoagulants in vitro, as well as antithrombotic
and anti-inflammatory agents in vivo. Recent in vitro coagulation
studies and in vivo mouse models of venous and arterial
thrombosis, pulmonary thromboembolism, and vascular leakage
have demonstrated that PolyP inhibitors have anticoagulant
and anti-inflammatory effects,” while having fewer bleeding
side effects than heparin. However, most PolyP inhibitors tested
to date, including polycationic substances, such as poly-
ethylenimine, polyamidoamine dendrimers, and polymyxin B,
have significant toxicity in vivo. Travers and colleagues’ recently
reported on a novel class of polycationic compounds based on
universal heparin-reversal agents that exhibit less toxicity, sig-
nificantly decreasing arterial thrombosis in mice while having
less impact on bleeding.

Antiplatelet agents

Experience with aspirin, integrin o,33, and |P2Y42 antagonists
PIStEISES are the predominant [cellllar €léments promoting mi-
crovascular [thrombosis, and they play a major role in [recruiting
leukocytes to sites of lendothelial finjuryl and in regulating in-
travascular leukocyte trafficking.*® Depleting platelets in animal
models of sepsis or IR injury markedly reduces leukocyte infil-
tration into tissues.”® Several jpreclinical studies have provided
evidence that the antiplatelet agents, acetylsalicylic acid or integrin
aP3 antagonists, may reduce sepsis-related mortality. ”

Aspirin More than 50 years ago, aspirin was demonstrated to
improve survival of dogs in an E coli~induced canine septic shock
model,”* and there is also evidence that aspirin improves survival
in a rat septic shock model induced by Salmonella enteriditis
endotoxin.”® Although aspirin may have benefit in a subset of
patients with pneumonia and in the critically ill,***? it appears
to have limited impact on the severity of sepsis and does not

improve survival.'®

GPIIb-IIIa antagonists GPllb-llla antagonists block fibrinogen
binding to integrin oy,B3 and inhibit‘platelet‘aggregation. These
inhibitors have shown benefit in animal models of sepsis.
Abciximalo| reduced vascular leakage and subsequent tissue
edema in a rat LPS-induced sepsis model,’®" and blockade of
integrin oypP3 delayed thrombocytopenia, preserved red and
white blood cell counts, and reduced renal damage in a baboon

914 & blood® 28 FEBRUARY 2019 | VOLUME 133, NUMBER 9

sepsis model.' Integrin oypP3 antagonists have also been
shown to reduce endothelial damage and mortality in mouse
models of sepsis'®1%4; however, [these inhibitors have not been
trialed in humans with sepsis.

P2Y,;, receptor antagonists P2Y, receptor antagonists are
widely used antiplatelet agents that have been demonstrated
to reduce platelet-leukocyte interactions and alter inflammatory
biomarkers, which are associated with improved lung function
in mouse models of pneumonia.?'%> Similarly, |P2Y, receptor
antagonists have recently been demonstrated to improve lung
function in humans with pneumonia, although larger-scale clinical
trials are required to support these preliminary findings.'?1%

The case for antiplatelet therapy in the context of experimental
IR‘injury is more [compelling, because platelet depletion or inhib-
itors of platelet adhesion or activation markedly improve mi-
crovascular perfusion, reduce inflammation, and preserve organ
function.'?*'%” These findings have been uniformly demonstrated
in various [animal models of cardiac, renal, cerebral, gut, and
liver IR injury.'9®""" Clinically, antiplatelet agents (aspirin, P2Y1,
antagonists, integrin oy pP3 inhibitors) have been demonstrated
to improve microvascular perfusion in the heart and brain during
IR injury; however, in both organs these benefits may be partially
offset by an increased risk for hemorrhagic transformation.™'2113

ITAM-bearing receptors Progress in defining new pathways
promoting thromboinflammation suggests that platelet recep-
tors belonging to the immunoreceptor tyrosine-based activation
motif (ITAM) receptors may offer alternative therapeutic targets.
Platelets contain the ITAM-bearing receptor C-type lectin-like-2
(CLEC-2), which binds podoplanin, and the collagen receptor,
glycoprotein VI (GPVI). These receptors are potentially attractive
therapeutic targets, because deficiency of either receptor does
not produce a major bleeding disorder. GPVI mimetics, such
as revacept, decrease cerebral infarct size and edema and im-
proved outcome after ischemic stroke.”* In phase 1 clinical trials,
Revacept was also able to specifically and efficiently inhibit
collagen-induced platelet aggregation without increasing
bleeding.""*'> Administration of anti-GPVI antibodies in mice
has also been demonstrated to provide protection against
stroke,"'® as well as pneumonia-derived sepsis, again without in-
creasing bleeding."” Further to this, specific deletion of CLEC-2
(but not GPVI) reduces thrombosis in the liver in a mouse
model of systemic Salmonella typhimurium infection.”® How-
ever, the enthusiasm for CLEC-2 as a therapeutic target may be
tempered by the finding that CLEC-2 deficiency leads to en-
hanced systemic inflammation and accelerated organ injury in
mouse sepsis models.""?

TLT-1 The importance of platelets in promoting septic com-
plications is further underscored through the study of the human
triggering receptor expressed in myeloid cells (TREM) gene
cluster, which encodes for several TREM proteins. Interestingly,
TREM-like transcript (TLT-1) has been demonstrated to be spe-
cific to platelets and megakaryocytes, where it is sequestered
within platelet a-granules and translocated to the cell surface
following activation with LPS or thrombin.”?® Although platelet
membrane-bound TLT-1 has been shown to facilitate platelet
aggregation through the binding of fibrinogen, a soluble form of
TLT-1 (sTLT-1) has also been identified as a potent endogenous
regulator of sepsis-associated inflammation,'?' with studies in
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trem~'~ mice demonstrating that TLT-1 promotes survival during
sepsis.'?? With elevated levels of sTLT-1 identified in the blood
of patients diagnosed with sepsis, and elevated sTLT-1 strongly
correlated to DIC score and with high levels of b-dimer,'?3 it has
been suggested that platelet-derived TLT-1 contributes to the
progression of acute lung injury and acute respiratory distress
syndrome.'23

Targeting the physical interactions between platelets and
neutrophils Platelets and neutrophils are the predominant
cell types promoting acute thromboinflammatory responses.
Moreover, the formation of neutrophil-platelet aggregates
contributes to microvascular obstruction and inflammation in
various thromboinflammatory disorders, including acute lung
injury, the acute coronary syndromes, and ischemic stroke.'24-126
Preclinical studies have confirmed that targeting adhesion
molecules on platelets (P-selectin, GPlb, a,B3) and neutrophils
(PSGL-1, Mac-1) inhibits neutrophil-platelet aggregates and
improves microvascular dysfunction and inflammation. A phase 1
trial has confirmed the safety and dosing of inclacumab, a
monoclonal antibody against P-selectin, and established that
it does not extend bleeding time or impact on platelet
aggregation.'?’

Conclusions

Reducing the deleterious impact of microvascular thrombosis
and inflammation in the context of sepsis and ischemia-
reperfusion injury continues to represent a major therapeutic
challenge. Part of the difficulty reflects the complex and variable
nature of the innate immune and hemostatic responses that
drive the various stages of the thromboinflammatory process.
Accordingly, itis unlikely that a single “magic therapeutic bullet”
is going to be highly effective at reducing thromboinflammatory
complications. Understanding the pathogenic heterogeneity of
different thromboinflammatory disorders, the diverse genetic
backgrounds of patients, and the appropriate timing of thera-
peutic interventions will ultimately be critical for optimized
treatment. This is evident in the management of the coagul-
opathy of sepsis; certain patient groups may respond to specific
therapies if administered at appropriate stages of the disease
process.

Clinical ftrials over the last few decades have consistently
revealed that bleeding risk is a major limitation in the use of
antithrombotic approaches in the setting of sepsis and IR injury.
Although the heparins, /APC, ATIIl, and TFPI have unique
pharmacological profiles, act at/distinct points in the coagulation
cascade, and possess|activity independent of theirjanticoagulant
effects, their potential clinical lenefit is [diminished by a sub-
stantial increase in the risk of serious bleeding. This is perhaps
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