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Abstract | Thrombosis is the most feared complication of cardiovascular diseases and a main

cause of death worldwide, making it a major health-care challenge. Platelets and the coagulation
cascade are effectively targeted by antithrombotic approaches, which carry an inherent risk of
bleeding. Moreover, antithrombotics cannot completely prevent thrombotic events, implicating
atherapeutic gap due to a third, not yet adequately addressed mechanism, namely inflammation.
In this Review, we discuss how the synergy between inflammation and thrombosis drives thrombotic
diseases. We focus on the huge potential of anti-inflammatory strategies to target cardiovascular
pathologies. Findings in the past decade have uncovered a sophisticated connection between
innate immunity, platelet activation and coagulation, termed immunothrombosis. Immunothrom
bosis is an important host defence mechanism to limit systemic spreading of pathogens through
the bloodstream. However, the aberrant activation of immunothrombosis in cardiovascular
diseases causes myocardial infarction, stroke and venous thromboembolism. The clinical relevance
of aberrant immunothrombosis, referred to as thromboinflammation, is supported by the increased
risk of cardiovascular events in patients with inflammatory diseases but also during infections,
including in COVID-19. Clinical trials in the past 4 years have confirmed the anti-ischaemic effects
of anti-inflammatory strategies, backing the concept of a prothrombotic function of inflammation.
Targeting inflammation to prevent thrombosis leaves haemostasis mainly unaffected, circumventing
the risk of bleeding associated with current approaches. Considering the growing number of
anti-inflammatory therapies, it is crucial to appreciate their potential in covering therapeutic gaps

in cardiovascular diseases.

Thrombosis and inflammation are separate physiological
processes yet an intense interdependence between these
mechanisms has been recognized over the past decade.
Physiologically, inflammation-dependent activation of
the coagulation system is part of the host response to
pathogens, aiming to limit their systemic spread in the
bloodstream. This response is achieved through an inter-
play between innate immune cells and platelets, trigger-
ing the activation of the coagulation system in a process
termed immunothrombosis'. This process has received
considerable attention in the past year owing to the coro-
navirus disease 2019 (COVID-19) pandemic. Patients
with severe COVID-19 progressing to respiratory failure
are characterized by an exceedingly high risk of throm-
bosis and these processes are linked by excessive pul-
monary immunothrombosis®. Excessive activation of
immunothrombosis contributes not only to pulmonary
failure but also results in thromboinflammation, charac-
terized by a systemic prothrombotic phenotype that

can be only partly prevented or reversed with the use
of conventional antithrombotic regimens®'2. However,
thromboinflammation — that is, the aberrant and
excessive activation of immunothrombosis — not
only contributes to the thrombotic complications of
acute infectious diseases but is also a crucial trigger
of non-infectious cardiovascular diseases. The trig-
ger in this setting can be chronic inflammation (such
as in atherosclerosis), atherosclerotic plaque rupture
or erosion (such as in acute myocardial infarction
(MI) and stroke), or stagnant blood flow (such as in
venous thromboembolism)'*~"°. Therefore, targeting
inflammation to prevent cardiovascular events is an
emerging concept not yet covered by current preventive
and therapeutic measures. In this Review, we discuss
the interplay between inflammation and thrombo-
sis in cardiovascular diseases with a general focus on
the clinical implications for cardiovascular medicine
and beyond.
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Key points

¢ Inflammation and thrombosis are tightly connected processes that contribute to the
containment of pathogen spreading in a host defence effector mechanism termed

immunothrombosis.

* The dysregulated and excessive activation of immunothrombosis results in thrombo-
inflammation, causing tissue ischaemia by microvascular and macrovascular

thrombosis.

® The main factor in immunothrombosis and thromboinflammation is a vicious circle of
platelet and innate immune cell activation, unleashing the complement system and

coagulation cascade.

¢ Inflammatory conditions such as infection, chronic autoimmune diseases and clonal
haematopoiesis of indeterminate potential are associated with an increased risk
of thrombotic events, providing clinical evidence for the partnership between
inflammation and thrombosis.

* Pulmonary immunothrombosis is a prominent feature of severe COVID-19, aggravating
respiratory failure and correlating with a systemic prothrombotic phenotype.

* The inflammatory component of thrombosis is a therapeutic gap and a promising
target for the prevention and treatment of cardiovascular diseases such as myocardial
infarction, stroke and venous thromboembolism.

Immunothrombosis
Protective host defence
mechanism to limit the
systemic spread of pathogens
in the bloodstream, in which
inflammation triggers
thrombosis.

Thromboinflammation
Dysregulated and excessive
form of immunothrombosis
causing collateral tissue injury
by inducing ischaemia and
excessive inflammation.

Coagulopathy
Dysregulation of haemostasis
or fibrinolysis caused by an
underlying systemic condition
such as infection, trauma or
cancer as well as hereditary
disorders. Coagulopathy can
result in an increased risk of
thrombosis and/or bleeding.

Immunothrombosis: an effector mechanism in
host defence

The invasion of pathogens into the bloodstream poses
a lethal threat to the host and, therefore, containment
of the infection is attempted by all available means. The
host defence system does not only involve a pronounced
immune response but also comprises the activation of
thrombotic mechanisms, resulting in immunothrom-
botic vessel occlusions. Immunothrombosis has a net
benefit in the case of a local barrier breach as seen in
skin wounds. However, in systemic infections and ensu-
ing sepsis, immunothrombotic dysregulation results in a
systemic coagulopathy and multiple organ failure caused
by microvascular obstructions depriving the tissue from
the blood supply. The main cellular drivers of this pro-
cess are platelets and innate immune cells, primarily
neutrophils, monocytes and macrophages (BOX 1). The
activating interplay between platelets and immune cells
is flanked by the coagulation and complement system,
all of which form an intertwined process connecting
inflammation and thrombosis.

Limiting bacterial spreading in the bloodstream. The
recognition of bacteria in the bloodstream triggers
immunothrombosis through several mechanisms.
Neutrophils and platelets detect pathogens through
pattern recognition receptors such as Toll-like recep-
tors (TLRs), NOD-like receptors and C-type lectin
receptors'®'” (FIG. 1). These cell types have a tightly regu-
lated interplay, which has been uncovered during the
past decade. Platelets can migrate within the vasculature
— a process distinct from adhesion, aggregation or clot
contraction — and function as mechano-scavengers
that collect bacteria on their surface and present them
to neutrophils'®'””. Platelet migration is actomyosin
dependent and mediated through the interaction of
alIbP3 integrin with the surrounding fibrinogen envi-
ronment. The physical contact between neutrophils
and bacteria-loaded migrating platelets triggers neutro-
phil activation and neutrophil extracellular trap (NET)
formation's. NETs are structures consisting of nuclear
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DNA, histones and neutrophil-derived granule pro-
teins (such as myeloperoxidase and neutrophil elastase)
and are expelled from neutrophils to kill bacteria?-**
(BOX 2). NET release is a tightly regulated process involv-
ing NADPH oxidases and protein-arginine deimi-
nase type 4 (PAD4). PAD4 converts arginine residues
to citrulline, resulting in citrullination of histones,
which has been proposed to be crucial for NET for-
mation but its importance seems to depend on the
stimulus and the species*-**. PAD4-deficient mice are
thought to be unable to form NETs, thereby impair-
ing their immune response and protecting them from
immunothrombosis**?’. However, citrullinated histone
H3 has been used as a marker of NETosis in these stud-
ies, an epitope that is absent in PAD4-deficient mice.
Therefore, the overall contribution of PAD4 to NETosis
might be overestimated; indeed, PAD4-independent
pathways of NET release have been described”"*.
Moreover, the propensity to form NETs might be an
intrinsic property of different neutrophil subpopu-
lations. For example, aged neutrophils have a higher
tendency to form NETs and have a higher phagocytic
activity than neutrophils just released from the bone
marrow”~"'. Host tools that limit the toxicity of NETosis
during immunothrombosis include DNase I and DNase
I-like 3, which have protective effects in sepsis by pre-
venting uncontrolled and detrimental microvascular
obstruction in animal models™. NETs have also been
shown to be degraded within 6 h in vitro by serum from
healthy human donors®.

In addition to supporting NETosis, platelets also
influence the migratory properties of neutrophils.
In inflammation, neutrophils show a distinct polari-
zation with P-selectin glycoprotein ligand 1 (PSGL1)
concentrated at the leading edge of the cell, scanning
the circulation for activated platelets*. When neutro-
phils engage in physical interactions with platelets, their
migratory capacities and effector functions are boosted**.
However, the communication between platelets and
neutrophils depends not only on direct cell-cell con-
tacts but also on soluble signals. The detection of bacte-
rial pathogen-associated molecular patterns by platelet
TLR4 triggers NET formation and trapping of bacteria
in sepsis™. In addition, neutrophil-derived extracel-
lular vesicles are involved in the platelet-neutrophil
crosstalk, shuttling the cyclooxygenase 1 substrate ara-
chidonic acid from neutrophils into platelets, thereby
fostering thromboxane A, formation®. Platelet throm-
boxane A, release results in endothelial cell activation
and neutrophil recruitment in an experimental model
of pulmonary infection™.

A major hub in the bidirectional interplay between
inflammation and thrombosis is the complement
system”. The complement system is activated through
several pathways depending on antibodies or pathogen
surface molecules and directly lyses or opsonizes invad-
ing pathogens. Several complement factors (Clq and
C3), anaphylatoxins (C3a and C5a) and the membrane
attack complex can activate platelets’”**. Conversely,
platelets also provide a surface for complement activation
in infectious diseases and platelet-bound complement
boosts the inflammatory functions of innate immune
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Box 1 | Main drivers of immunothrombosis

Immunothrombosis is activated in the setting of bacterial and viral infection. These
pathogens activate several immune defence mechanisms, which exploit the activation
of the coagulation system as an effective way to limit the dissemination of pathogens
within the bloodstream. The main cellular drivers of this process are innate immune
cells, in particular neutrophils. Although eosinophils and monocytes are a rich source
of tissue factor, their contribution to immunothrombosis has only emerged over the
past decade. On a molecular level, this process is orchestrated by a complex interplay
between the coagulation cascade, the complement system and cytokines such as IL-1a.
These factors generate several positive feedback loops that finally result in vessel
occlusions when protective mechanisms, such as DNase | or activated protein C,

are overcome. In addition to trapping invading pathogens at the entry site into the
bloodstream, overshooting immunothrombosis causes substantial collateral damage
by inducing tissue hypoperfusion and ischaemia. Despite the identification of these
mechanisms, no specific therapeutic intervention is available so far, but therapeutics
targeting the complement system are approved for the treatment of thrombotic
disorders caused by dysregulated complement activation, such as eculizumab in
paroxysmal nocturnal haemoglobinuria?*’. However, differential targeting of the
beneficial (limiting pathogen dissemination) and detrimental (collateral tissue damage)
effects of immunothrombosis is still an unmet clinical challenge.

cells such as neutrophils**. In addition, platelets capture
bacteria in the bloodstream in a C3-dependent and plate-
let glycoprotein Iba (GPIba)-dependent manner and
shuttle them to antigen-presenting dendritic cells, which
prime a T cell-mediated adaptive immune response®'.
Therefore, multiple reciprocal connections exist between
inflammatory pathways and prothrombotic mechanisms
that act synergistically to contain bacteria. This defence
system limits bacterial spreading beyond the entry site or
supports the elimination of bacteria from the circulation
in systemic infections by sequestration in the hepatic
and pulmonary vasculature'®*>*>*,

Excessive activation of immunothrombosis in sep-
sis causes thromboinflammation, in which the distinct
immunological process of pyroptosis in macrophages
causes a pronounced activation of the coagulation
system*. Pyroptosis is a caspase 1-dependent cell death
programme that involves pore formation in the cell
membrane and the release of inflammatory media-
tors such as IL-1p and IL-18. In addition, inflammas-
ome activation triggers the gasdermin D-dependent
Iytic pyroptosis of macrophages, leading to the release
of tissue factor (TF)-containing microparticles from
macrophages*. TF is the main activator of the extrinsic
pathway of coagulation and has strong prothrombotic
properties'. In general, the activity of TF is influenced
by the composition of the plasma membrane and is
markedly increased by phosphatidylserine exposure
on the cell surface®. TF activation is also controlled by
caspase 11-dependent and gasdermin D-dependent pro-
cesses triggering phosphatidylserine exposure mediated
by anoctamin 6 (also known as TMEM16F)*. However,
the relevance of this process for the activation of TF on
intravascular monocytes in vivo is unclear. In addition,
the activity of intravascular TF is regulated by protein
disulfide-isomerase (PDI) through the isomerization
of a mixed disulfide and a free thiol to an intramolec-
ular disulfide. The release of PDI is tightly regulated to
prevent continuous clot formation under physiological
conditions. Adherent platelets and damaged vessel wall
cells release PDI and facilitate thromboinflammation®.

Not only does inflammation cause thrombosis but
thrombosis can in turn directly trigger inflammation.
Thrombin cleaves fibrinogen (coagulation) and activates
the cytokine IL-1a (inflammation), providing a direct
link between coagulation and inflammation. IL-1a is
secreted by platelets, macrophages, and keratinocytes
and its active form (IL-1a p18) drives innate immunity
in response to skin wounds in mice and is also found in
the plasma of patients with sepsis*®. Furthermore,
in a feedback loop, IL-1a p18 boosts thrombopoiesis
by inducing the fragmentation of megakaryocytes in
the bone marrow*. This increased thrombopoiesis
allows the rapid replacement (within hours) of plate-
lets consumed during inflammation. By contrast,
thrombopoietin-triggered platelet production requires
several days until more platelets are released into the
circulation. In general, inflammation causes the activa-
tion of haematopoietic stem cells in the bone marrow
and their differentiation into the myeloid and megakar-
yocytic lineages®. During infection-triggered platelet
consumption, stem-like megakaryocyte-committed
progenitors are activated and rapidly replenish systemic
platelet counts™. Therefore, a tight, bidirectional con-
nection exists between inflammation and thrombosis to
limit pathogen spreading and causing tissue damage if
activation becomes excessive.

Containment of viral infections. As well as being a
prominent feature of bacterial infections, immunothrom-
bosis is also involved in host defence in viral diseases,
including respiratory infections®'. Systemic viral dis-
eases induce the recruitment of platelets and neutrophils
to the microvasculature to protect host cells from viral
infection™. Platelets can be activated by the binding of
immune complexes consisting of HINT1 influenza virus
and IgG to the low-affinity FcyRIIA receptor, triggering
thrombin generation™. Activated platelets propagate
immunothrombosis, for example, by triggering neu-
trophils to form NETs, a process that involves platelet
alIb integrin and neutrophil aM integrin®>**. Moreover,
in influenza A infection, platelets engulf viral particles
mediated by TLR7, triggering complement C3-dependent
NET formation®. However, influenza A virus and respira-
tory syncytial virus can also directly trigger NETosis™>*,
which has detrimental effects on the course of the dis-
ease. Overshooting NETosis causes excessive tissue
and endothelial damage by promoting microvascular
thrombosis, thereby contributing to the immunopa-
thology of respiratory failure in influenza HIN1 pneu-
monia in mice”’. However, compared with patients with
COVID-19 pneumonia, immunothrombotic vessel
occlusion in the lungs is a less prominent feature in
patients with influenza pneumonia™*.

Based on the identification of NETs in various viral
diseases, the antiviral effects of neutrophil effector pro-
teins have been investigated. These neutrophil effector
proteins include defensins, a group of specialized pro-
teins that limit viral infectivity and replication®°'. The
human cathelicidin antimicrobial peptide LL37 (as well
as the murine homologue CRAMP) have been shown to
have potent antiviral effects by reducing viral replication

in mouse models®.
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Thromboinflammation links host defence and car-
diovascular diseases

Immunothrombosis is an emergency mechanism of
the host to contain infections at the entry site into the
bloodstream. However, exaggerated and uncontrolled
immunothrombosis generates disastrous collateral
damage, compromising organ functions through
microvascular thrombosis, which is termed thrombo-
inflammation. This process generates a systemic pro-
thrombotic environment with typical manifestations
including venous thromboembolism, MI and stroke.
Thromboinflammation is of particular interest in light of
the COVID-19 pandemic. In patients with COVID-19,
thromboembolic complications are thought to result
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from aberrant immunothrombosis, as outlined in
detail below.

Infectious diseases as a trigger of thrombotic complica-
tions. The intimate connection between inflammation
and thrombosis is supported by clinical data show-
ing an association between acute systemic infections
and thrombotic events. Even in the absence of classic
cardiovascular risk factors, respiratory tract infections
are associated with an increased risk of MI®. This tran-
siently increased risk of thrombosis induced by viral
and bacterial infections is also consistently found for
stroke and venous thromboembolism®. Bacteraemia
and severe pneumonia are associated with an increased
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Fig. 1| The interplay between platelets and innate immune cells in host
defence. Immunothrombosis is triggered by an invasion of the bloodstream
by pathogens. After activation by ADP and thromboxane A, (TXA,), migrating
platelets collect and bundle bacteria and fibrinogen (mediated by allbp3
integrin) on their surface (part a). By actomyosin-dependent migration,
platelets present bacteria to neutrophils and boost neutrophil activation.
In addition, platelets are activated by Toll-like receptor 4 (TLR4) binding to
bacterial products such as lipopolysaccharide (LPS) and pathogen-associated
molecular patterns. Together with the complement system, platelets trigger
the formation of neutrophil extracellular traps (NETs) through interaction
between P-selectin on the platelet surface and P-selectin glycoprotein
ligand 1 (PSGL1) on neutrophils. This process depends on NADPH oxidase
and protein-arginine deiminase type 4 (PAD4) in neutrophils. NETs trap and
kill bacteria but also promote the initiation of the coagulation cascade by
activation of the intrinsic pathway (catalysing the activation of factor XII

Clot formation and

TF-rich (i; bacterial trapping
microvesicle ‘oﬁ
Inactive Phosphatidylserine Actlvated ) ﬂf%%z
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(FXII) to FXIla) and by degrading the natural anticoagulant tissue factor (TF)
pathway inhibitor. The activation of monocytes and macrophages in
infection involves the process of pyroptosis (part b). These cells carry on their
surface inactive TF, which is a trigger of the extrinsic coagulation pathway.
A lytic cell death programme that is dependent on caspase 1, caspase 11,
gasdermin D and anoctamin 6 is initiated, resulting in gasdermin pore
formation and phosphatidylserine exposure in the plasma membrane. These
processes together with the release of protein disulfide-isomerase (PDI) lead
to TF activation and the release of TF-rich microvesicles. Finally, activation of
the coagulation cascade culminates in thrombin-mediated fibrin generation
and formation of an obstructive clot (part c). In parallel, a positive feedback
loop isinitiated by the cleavage of pro-IL-1a by thrombin into its active form,
fostering the activation of innate immune cells. NETosis is counter-regulated
by DNase | and DNase I-like 3, which disrupt NETs and prevent the excessive
activation of immunothrombosis (part d).
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Box 2 | Pathophysiology of NETs

Neutrophil extracellular trap (NET) formation is a distinct host defence mechanism
involving the release of nuclear DNA into the extracellular space. The first description
of NETosis uncovered its bactericidal properties; however, increasing evidence supports

a contribution of NETs to thrombosis, atherosclerosis and autoimmune diseases

20,28

NETosis is an active cell death programme with specific triggers and release mechanisms
that is different from necrosis or apoptosis. NETosis is stimulated by several pathogen-
associated molecular patterns, including lipopolysaccharide, and damage-associated
molecular patterns, such as complement factor C5a and urate crystals. In addition,
platelets are potent triggers of NETosis through the binding of platelet P-selectin and
high mobility group protein B1 (HMGB1) to pattern recognition receptors (such as
Toll-like receptor 4 (TLR4) and receptor for advanced glycation end products (RAGE)),
complement receptor C3aR and P-selectin glycoprotein ligand 1 (PSGL1) on
neutrophils''®1273%2 The activation of these receptors results in the release of
decondensated chromatin, which is dependent on reactive oxygen species and the
translocation of granule proteases into the nucleus, where histones are modified.
Specifically, the activation of the NADPH oxidation pathway induces reactive oxygen
species production, which stimulates the azurosome, comprising the neutrophil proteases
neutrophil elastase, myeloperoxidase and cathepsin G. These proteases translocate into
the nucleus and hydrolyse histones”**?*. In addition, protein-arginine deiminase type 4
(PAD4) catalyses the citrullination of histones, supporting chromatin decondensation.
However, the importance of PAD4 for NET formation is controversial and is probably
species and stimulus dependent?~°. Finally, the nuclear and cytoplasmic membrane
ruptures, allowing the release of a chromatin-histone backbone decorated with neutrophil
proteases into the extracellular space. Owing to its negative charge, extracellular DNA
activates factor Xll and triggers the intrinsic coagulation cascade”**. This negative
charge of DNA also has potential effects on other NET-associated molecules such as von
Willebrand factor’**”*” as well as on complement activation’*. Finally, NETs are degraded
by DNase | and DNase I-like 3, limiting their detrimental effects by disrupting the catalytic
platform for the activation of coagulation, platelets and inflammation®~.

Disseminated intravascular
coagulation

Systemic and excessive
activation of the coagulation
system resulting in generalized
microvascular thrombosis.
Platelets and coagulation
factors are consumed. This
condition is mainly triggered
by severe sepsis and trauma.

rate of vascular events, suggesting that, rather than
infection per se, the ensuing immune reaction of the
host is the predominant trigger of macrovascular
thrombotic events®>*. This notion is supported by
the observation that the increased risk of thrombosis
in patients with infection is generally independent of
the type of invading pathogen®. In addition, long-term
antibiotic therapy has no benefit for the secondary
prevention of coronary artery disease®®®. However,
some pathogens directly alter both thrombotic and
antithrombotic pathways and the exact individual
contribution of infection versus the host inflammatory
response to thrombotic outcomes is difficult to separate
in these scenarios'.

Mechanistically, animal models provide new insights
into the pathophysiology of thromboinflammation.
NETs are a crucial factor of the coagulopathy seen in
experimental sepsis caused by various bacteria®”’.
Correspondingly, the disruption of NETs by the admin-
istration of DNase or by PAD4 deficiency results in
attenuated activation of the coagulation system and
platelets, thereby limiting thrombotic vessel occlusions™.
In addition, NETs foster monocyte recruitment dur-
ing endotoxemia, thereby accelerating atherosclerotic
plaque formation in a mouse model”’. Histones released
within NETs provide a molecular link between infection
and thrombosis in sepsis. Histones trigger platelet aggre-
gation and endothelial activation and can be deactivated
by activated protein C, a natural anticoagulant®">~"".
In addition, the activation of the complement system is
involved in the hypercoagulable state in thrombosis as
shown by bacteria inducing TF-mediated coagulation by

complement factor C3 and C5 activation in vitro’>’®. This
finding is supported by clinical data showing that high
C3 levels in the plasma are associated with an increased
risk of venous thromboembolism in the general
population”. Therefore, infection-induced thrombosis
remains an unmet clinical challenge for which potential
anti-inflammatory and antithrombotic approaches are
very hard to balance with immunosuppression and the
risk of bleeding complications.

COVID-19: infection leads to systemic coagulopathy.
The crosstalk between inflammation and thrombosis
can have severe consequences if one or both systems are
thrown out of balance. Currently, the most prominent
example is COVID-19, which is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection. In the ongoing COVID-19 pandemic with
millions of people infected worldwide, the most-feared
complications are acute respiratory distress syndrome
and cardiovascular events such as venous thrombo-
embolism, MI and stroke’~'>. Data suggest that the
cardiovascular events are caused by a coagulopathy
induced by the activation of host defence mechanisms
against SARS-CoV-2 (REFS»*7**"). The presence of
coagulopathy makes COVID-19 a paradigmatic example
of the clinical relevance of immunothrombosis, linking
respiratory failure with thrombotic events® (FIC. 2).

Several clinical findings indicate that immuno-
thrombosis is not just an innocent bystander in
COVID-19.

* The presence of coagulopathy has been reported in

patients with COVID-19, characterized by elevated
levels of fibrinogen and p-dimer in the plasma, which
also correlate with disease severity and prognosis and
are indicators of a prothrombotic phenotype®-*.
Initial studies in Wuhan, China, indicated that most
of the patients with COVID-19 who did not survive
had a coagulopathy, characterized by a prolonged
prothrombin time and activated partial thrombo-
plastin time, mimicking the characteristics observed
in disseminated intravascular coagulation®.
Both alveolar epithelial cells and vascular endothe-
lial cells express ACE2, which serves as a cell-entry
receptor for SARS-CoV-2 (REF.*’). Pathological
assessment of autopsy specimens indicates that the
direct SARS-CoV-2 infection of endothelial cells is
associated with necrosis and inflammation, which
might foster immune cell and platelet recruitment®.
Indeed, patients with severe COVID-19 have ele-
vated levels of von Willebrand factor (vWF) in the
blood*”** and a rhesus monkey model of COVID-19
showed increased deposition of vWF on the pulmo-
nary endothelial surface®. In addition, the plasma
levels of the metalloproteinase ADAMTS13, which
cleaves vWF to regulate vVWF multimer size and pro-
thrombotic effects, are decreased in patients with
severe COVID-19 compared with those with mild
disease and decreased levels of ADAMTS13 are
associated with an increased mortality*>*. Therefore,
the coagulopathy observed in patients with
COVID-19 has similarities to acquired thrombotic
microangiopathies.
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Fig. 2 | Immunothrombosis links respiratory failure with systemic coagulopathy in COVID-19. Immunothrombosis
occurring in the lung induced by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection triggers
thrombotic events throughout the body. Pulmonary endothelial cells express angiotensin-converting enzyme 2 (ACE2),
which is the cell-entry receptor for SARS-CoV-2 (part a). The invasion of endothelial cells by SARS-CoV-2 induces their
activation and the exposure of von Willebrand factor (vWF). Platelets and neutrophils are recruited to the site of endothelial
activation and engage in a mutually stimulating interplay. In patients with coronavirus disease 2019 (COVID-19), platelets
are activated via pathways involving mitogen-activated protein kinase (MAPK) and interferon-induced transmembrane
protein 3 (IFITM3). The release of the chemokines CCL5 and CXCL4 by platelets as well as complement activation on
platelets triggers neutrophil activation and neutrophil extracellular trap (NET) formation mediated by the binding of

the complement factor C5 with its receptor C5aR on neutrophils and the interaction of P-selectin on platelets with the
P-selectin glycoprotein ligand 1 (PSGL1) on neutrophils. In addition, neutrophils can be directly infected by SARS-CoV-2
through ACE2 and transmembrane protease serine 2 (TMPRSS2). NETs induce microvascular thrombosis and destroy
alveolar epithelial cells, thereby impairing pulmonary gas exchange and aggravating pulmonary failure (part b). Systemically,
thromboinflammation is triggered, generating a prothrombotic environment characterized by activated netting neutrophils,
stimulated platelets and an activated coagulation system together with elevated fibrinogen and vWF levels and decreased
ADAMTS13 levels (part c). The clinical manifestations of this COVID-19-associated coagulopathy are an increased risk

of ischaemic stroke, myocardial infarction and venous thromboembolism in patients with severe disease (part d). PAD4,
protein-arginine deiminase type 4.

* The prothrombotic phenotype in patients with
COVID-19 has similarities to the vascular compli-
cations seen in patients with antiphospholipid syn-
drome and, indeed, antiphospholipid antibodies have
been detected in patients with COVID-19 (REF.">%).
These antibodies are associated with thrombosis,
increased NET formation and more severe respira-
tory diseases. Therefore, assessment of the presence
of these prothrombotic antibodies in convalescent
plasma is warranted.

Platelets from patients with severe COVID-19 have
a hyperreactive phenotype and form aggregates
with neutrophils, triggering NETosis, which corre-
lates with disease severity>®. SARS-CoV-2 mRNA

has been detected in platelets, although platelets do
not express or contain ACE2 (REF*). Platelets from
patients with severe COVID-19 have a prothrom-
botic phenotype that is at least partially mediated
by the increased generation and release of throm-
boxane A, and activation of the MAPK signalling
pathway. An immunological function of platelets in
COVID-19 is also supported by the finding of upreg-
ulated interferon-induced transmembrane protein 3
(IFITM3)*, which is a viral restriction factor against
influenza A virus®. In addition, genetic variants in
IFITM3 are associated with disease severity in both
COVID-19 and influenza®*". This observation is sup-
ported by the presence of circulating megakaryocytes
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showing features of a marked type I interferon
response in critically ill patients with COVID-19,
characterized by an upregulation of IFITM3 lev-
els and platelet aggregation pathways”. Therefore,
this finding suggests that a bone marrow feedback
mechanism is operative in patients with COVID-19,
linking inflammation and thrombosis’>*.

In patients with COVID-19, neutrophils are prone
to NET formation® and the circulating levels of
the chemokines CXCL4 and CCL5, which are
platelet-derived triggers for NETosis™, are elevated™.
Plasma from patients with COVID-19 induces
NETosis in vitro®, which can be attenuated by the
administration of neonatal NET inhibitory factor,
an endogenous NET inhibitor found in umbilical
cord blood”. Moreover, SARS-CoV-2 directly enters
neutrophils through ACE2 and TMPRSS2, a process
that in turn induces NETosis in a PAD4-dependent
manner”.

* A high burden of NETSs has been reported in the cor-
onary thrombi of patients with ST-segment elevation
MI (STEMI) and COVID-19 compared with patients
with STEMI without COVID-19 (REF*). NETs are
also found in pulmonary microthrombi of autopsy
specimens from patients with COVID-19 and plate-
lets are colocalized with netting neutrophils’. Within
the lung tissue, NETs destroy lung epithelial cells™.
Moreover, markers of NET formation correlate
with the degree of respiratory failure in patients with
COVID-19 (REFS*™).

In severe COVID-19, platelets form aggregates with
monocytes, inducing monocyte TF expression in a
GPIIb/IIIa-dependent and P-selectin-dependent
manner'”.

The complement system is another effector arm
of the immune response to viruses and is involved in
the immunopathology of COVID-19. Complement
and coagulation activation correlates with disease
severity'®. In addition, complement factors (C5b-9
and C4b) and the enzyme MASP?2 are present in the
pulmonary microvasculature of patients with severe
COVID-19 (REF'*™). Moreover, plasma from patients
with COVID-19 induces complement activation
in vitro, triggering NETosis in a C5a-dependent
manner'”. In support of an important role for the
complement system in COVID-19, C3 deficiency or
inhibition of the C5a-C5a receptor axis attenuates
pulmonary disease severity and neutrophil influx in
mouse models of SARS-CoV infection'**'*".

Therefore, in patients with COVID-19, the dys-
regulation of immunothrombosis through excessive
platelet and neutrophil activation results in coagulop-
athy, triggering respiratory failure and a systemic pro-
thrombotic state. Some of the above responses have
also been reported in the context of other viral
diseases™*"°*?01% However, COVID-19 is associated
with an unprecedented prevalence and degree of intra-
vascular thromboinflammatory activation®**. Targeting
thromboinflammation is therefore an attractive option
in these patients and eculizumab (an inhibitor of the
terminal complement pathway) is currently being

tested in patients with COVID-19 in the SOLID-C19

107

study'”.

Thromboinflammation and cardiovascular events
Although immunothrombosis is a host defence mecha-
nism to contain invading pathogens, its aberrant activa-
tion in thromboinflammation has a marked effect on the
risk of thrombotic events in sterile inflammatory condi-
tions, particularly in cardiovascular diseases, as well as
in autoimmune diseases. However, despite the increasing
evidence for the relevance of thromboinflammation in
the prevention and therapy of thrombotic and athero-
sclerotic diseases, the targeting of thromboinflammation
is currently not covered in clinical practice. Therefore,
a better understanding of the pathophysiology of
thromboinflammation and the identification of thera-
peutic targets that leave the host defence mechanisms
intact is an unmet clinical need.

Vicious circle of innate immunity, platelet activation and
coagulation in sterile thromboinflammation. A crucial
event in thromboinflammation is the mutual activation
of platelets and neutrophils resulting in clot formation
and vessel occlusion. Platelets are involved in neutro-
phil recruitment and activation through the release
of soluble mediators, such as chemokines (including
CCL5, CXCL4, CXCL5 and MIF) and serotonin, and
through adhesion molecules such as via P-selectin—-
PSGLI interactions'*"". In addition, this interplay is
supported by platelet GPIba binding to aM2 integrin
(also known as MAC1) on neutrophils'''. The targeting
of these adhesive interactions prevents thrombus forma-
tion in various mouse and baboon models of thrombo-
sis without impairing haemostasis?>''>'*. Elevated levels
of soluble P-selectin are found in patients with cardi-
ovascular diseases and are associated with an elevated
risk of MI, stroke and cardiovascular death!''*'**, Such
binding between platelets and neutrophils leads to a
drastic change in neutrophil function. These activated
neutrophils not only arrest at sites of thrombus forma-
tion but also contribute to the propagation of thrombus
formation through NETosis. NETs are present in both
venous and arterial thrombi in humans, supporting
the clinical relevance of NETosis"'*'"". Platelet-derived
P-selectin binding to PSGL1 on neutrophils is a major
trigger of NETosis''"®. In addition, the prototypical
damage-associated molecular pattern (DAMP) high
mobility group protein B1 (HMGBI1) is involved
in platelet-triggered NETosis''>'*. Platelet-derived
HMGBI induces NET formation through the receptor
for advanced glycation end products (RAGE) in vitro and
in vivo, promoting thrombotic vessel occlusion'”'?’. The
application of DNase I had protective effects in a mouse
model of acute lung injury, whereas DNase I-deficient
mice had an aggravated course of disease™.

NETs are an essential interface between thrombosis
and inflammation. NETs form a scaffold for the acti-
vation of platelets and the coagulation system, boost-
ing their prothrombotic properties. The extracellular
DNA backbone of NETs binds vWE, providing a sub-
strate for platelet adhesion and thereby fostering their
aggregation’"*’. Platelet aggregation is stimulated by
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NET histones, which activate platelets and promote
thrombus formation’. Moreover, NETs directly and
indirectly activate the coagulation cascade. The gran-
ule enzyme neutrophil elastase degrades TF pathway
inhibitor, disinhibiting the extrinsic coagulation path-
way and augmenting thrombin formation®. In addition,
the intrinsic coagulation pathway can also be activated
by NETs. The DNA of NETs provides a negatively
charged surface that allows the binding and activation
of factor XII*’. However, how exactly NETs contribute
to thrombosis is still controversial. In vitro, isolated
NET components, such as purified histones H3 and H4
or DNA, trigger thrombin generation, whereas whole
NETs do not'?"'?2. Therefore, the prothrombotic effect
of NETs in vivo might be based on the concentration of
prothrombotic factors, such as TF, PDI, factor XII,
vWE, complement factors and HMGBI, on their sur-
face, which triggers the coagulation system and activates
platelets and endothelial cells.

The interplay between platelets and neutrophils
involves several reinforcing feedback loops. A promi-
nent example is the release of cathelicidins by neutro-
phils during thrombosis. These antimicrobial peptides
(such as LL37 or the murine homologue CRAMP)
are found in human and mouse arterial thrombi and
stabilize experimental arterial thrombosis in vivo'*.
Cathelicidins induce platelet degranulation and the
release of pro-inflammatory mediators, such as HMGB1
and IL-1pB, without inducing platelet aggregation'*.
Cathelicidin-primed platelets interact with neutro-
phils through P-selectin, which fosters neutrophil
activation and NETosis'”. In addition to this direct
role in thrombosis, neutrophil-derived cathelicidins
are also involved in the recruitment of classic mono-
cytes to the arterial endothelium through binding to
the formyl-peptide receptor 2, promoting atheroscle-
rotic plaque growth'*". By contrast, neutrophil-derived
cathelicidins limit neointima formation by promoting
re-endothelialization'*.

In addition to neutrophils, eosinophils have also
been found to stabilize developing thrombi. Eosinophils,
which are mainly implicated in fighting parasitic infec-
tions and driving autoimmune disease, are a main source
of activated TF in the bloodstream and support platelet
aggregation through the formation of eosinophil extra-
cellular traps (EETs)'**"'*. Although eosinophils consti-
tute a rare immune cell subset, their prothrombotic effect
is remarkably high. Several lines of clinical evidence
indicate that elevated eosinophil counts are associated
with an increased risk of thrombosis in patients with
autoimmune diseases or hypereosinophilic syndrome.
The incidence of thrombosis is markedly increased in
Churg-Strauss syndrome (eosinophilic granulomatosis
with polyangiitis)'?, which is characterized by eosin-
ophilia. In idiopathic hypereosinophilic syndrome
the high risk of thrombosis has been explained by
increased TF expression by eosinophils'***!. Indeed,
eosinophil deficiency protects against thrombosis
induced by endothelial disruption in mice'**'*. This
finding is explained by the fact that eosinophils are not
only a rich source of TF but they also contain a par-
ticularly active form of TF. The thrombin-generation
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potential of eosinophils is very high because of the
12/15-lipoxygenase-mediated enzymatic generation of
a procoagulant phospholipid surface'*. Pronounced
hydroxyeicosatetraenoic acid-phosphatidylethanola-
mine exposure activates TF on the eosinophil surface'**.
Apart from this coagulation-activating effect, eosino-
phils engage in mutual activating interactions with plate-
lets. P-selectin on platelets triggers the release of EETs,
which are decorated with the granule protein major basic
protein'*. The release of EETs in turn fosters platelet
aggregation and stabilizes arterial thrombi in animal
models in vivo'*’. Notably, EETs are found not only in
experimental models of thrombosis but also in coro-
nary artery thrombi from patients with MI'*. Therefore,
eosinophils are an interesting new cellular target for the
development of anti-inflammatory approaches in
the prevention and therapy of thrombotic diseases.

Venous thrombosis as an aberrant activation of
immunothrombosis. Venous thrombosis is still consid-
ered to be initiated by the classic factors of the Virchow
triad (reduced blood flow velocity, hypercoagulability
and endothelial activation) and is characterized by a
different thromboinflammatory profile to that of arte-
rial thrombosis'*">. Whereas neutrophils are involved
in the propagation of venous thrombosis, the absence
of eosinophils does not impair stasis-induced venous
thrombosis in mice'”®. In addition, platelet activation
is weaker than in arterial thrombosis owing to the pre-
served endothelial integrity and lack of exposure of sub-
endothelial extracellular matrix in most cases of venous
thrombosis, which are triggered by flow reduction due
to patient immobility (FIG. 3). Venous thrombosis can
cause lethal pulmonary embolism and has a high rate
of recurrence'*'"**. The current cornerstone of preven-
tion and treatment of venous thrombosis is anticoagu-
lant therapy, which is associated with an inherent risk
of bleeding'*>**.

The incidence of venous thrombosis has been
increasing over the past decades, although this condi-
tion is considered preventable'’”'*. Therefore, venous
thromboembolism is a key health-care challenge and
a major cause of death despite established preventive
measures'”. One reason for the high incidence might
be that a crucial feature of the pathophysiology of venous
thrombosis, namely inflammation, is not addressed by
current therapeutic approaches. In venous thrombosis,
an immune reaction is triggered by reduced blood flow
velocity in the vein'>*"*»'**, Reduced shear stress results
in the upregulation of inflammatory NF-kB pathways
and increased exposure of adhesion molecules, trigger-
ing leukocyte recruitment'**'*!. However, how a reduc-
tion in venous blood flow translates into a full-fledged
innate immune response remains unclear. One hint
could be derived from the finding of increased venous
thrombosis at high altitudes and in the setting of exper-
imental systemic hypoxia'*>. Under these conditions,
hypoxia-inducible factor 1a induces the expression of
the NLRP3 inflammasome in endothelial cells, lead-
ing to the secretion of IL-1B'**. Slowed venous blood
flow or stasis might also result in endothelial hypoxia
and could trigger similar events. Mast cells have been
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Fig. 3 | Platelets orchestrate the prothrombotic immune response
in venous thrombosis. Venous thrombosis is mainly triggered by a reductionin
blood flow velocity. This reduced blood flow results in an aberrant activation
of immunothrombosis, in which a sterile inflammatory response sets the
coagulation cascade in motion (part a). Reduced blood flow activates mast
cells within the venous vessel wall, which release histamine and activate
endothelial cells to mobilize the adhesion molecules P-selectin and von
Willebrand factor (vWF) to their surface. Innate immune cells and platelets
are recruited to the endothelial surface, which is supported by the binding of
all-thiol high mobility group protein B1 (HMGB1) released from platelets to
the receptor for advanced glycation end products (RAGE) and Toll-like
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receptor 2 (TLR2) on monocytes and CXCR2 on neutrophils (part b). CXCR2
activation together with oxidized disulfide HMGB1 interacting with RAGE
induce the release of neutrophil extracellular traps (NETs), which are formed
in a protein-arginine deiminase type 4 (PAD4)-dependent mechanism.
Monocytes are activated by platelet-derived oxidized HMGB1 to release
pro-inflammatory mediators such as IL-6 and IL-1p, reinforcing innate
immune cell activation (part c). In addition, monocytes release tissue factor
(TF), which is activated by protein disulfide-isomerase (PDI) and unleashes the
extrinsic coagulation cascade. Clot formation is triggered by TF-dependent
thrombin generation and supported by the intrinsic coagulation pathway
initiated by the activation of factor XII (FXII) on NETs (part d).

identified as an additional factor in the venous vessel
wall initiating venous thrombosis'**. Mast cell media-
tor release (including histamine) in response to blood
flow reduction activates endothelial cells and results in
the release of Weibel-Palade bodies containing vWF
and P-selectin from endothelial cells'”’. These adhesion
molecules trigger the ensuing immune response, charac-
terized by a complex interplay between platelets, neutro-
phils and monocytes®. Platelets are crucial for leukocyte
recruitment to the vessel wall and activation of innate
immune cells, which deliver procoagulant factors, set-
ting in motion the coagulation cascade. In contrast to
arterial thrombosis, the activation of the coagulation sys-
tem in venous thrombosis depends on blood-derived TF,
mainly released by monocytes, which is locally activated
by PDI**'*. In rolling neutrophils, a cooperative engage-
ment of PSGL1 and the chemokine receptor CXCR2
induces B2 integrin-dependent arrest under low-flow
conditions and stimulates the release of NETs'*.

The pharmacological disruption of NETs by DNase I
administration protects mice from venous thrombosis,
providing a proof-of-concept for NETSs as therapeutic
targets in thrombosis*>'*. Another anti-inflammatory
approach for the prevention of venous thrombosis is
the targeting of HMGBI (REF.'""). The oxidized disulfide
form of platelet-derived HMGB1 promotes the release
of NET: as well as the expression of TF by monocytes'*.
HMGBI acts through several pattern-recognition
receptors, including RAGE, TLR2 and TLR4, but only
the combined inhibition of these receptors prevents
thrombus formation in mice'*. Together, this immune
response triggers the activation of the extrinsic and

intrinsic coagulation pathways, resulting in obstruc-
tive clot formation through a dense fibrin network>.
Therefore, inflammation is an integral part of the
pathophysiology of venous thrombosis that is not yet
therapeutically addressed.

Autoimmune diseases as risk factors for thrombotic
diseases. Chronic inflammation as in autoimmune dis-
eases is associated with an increased risk of thrombotic
events even in the absence of infection. For example,
systemic lupus erythematosus (SLE) is associated with a
high risk of thrombotic events'*. In patients with
severe SLE, the degradation of NETs is impaired and
NETs therefore permanently activate the complement
system'*. Conversely, the complement factor C1q pres-
ent on NETs inhibits NET degradation by interfering
with DNase I activity'"’, creating a vicious circle of
NETosis and complement activation. Activated com-
plement factors are also found on platelets in patients
with SLE, especially in those with a history of venous
thrombosis, suggesting that complement activation is
involved in platelet activation and thrombosis in SLE**".
Similarly, activation of the complement system is a hall-
mark of antiphospholipid syndrome, a condition charac-
terized by a high risk of thrombosis and the presence of
anti-cardiolipin or anti-p2GPI antibodies™'. In addition,
in patients with antiphospholipid syndrome, thrombosis
and fetal loss are dependent on complement activation,
which can be prevented by treatment with heparin, and
on neutrophils, highlighting the conserved links between
autoimmune diseases and thromboinflammation'**~">.
Moreover, in SLE, NETs can indirectly boost the immune
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response through the release of DAMPs, such as HMGB1
and histones, which in turn activate other innate and
adaptive immune cells'**.

The risk of MI is drastically increased in patients
with rheumatoid arthritis"*. In addition to accelerated
atheroprogression'*”'*%, the activation and dysregulation
of thromboinflammation is likely to contribute to this
observation. Neutrophils from patients with rheumatoid
arthritis have a high propensity to form NETs, which
in turn support thrombosis (see previous sections)'*’.
At the same time, increased NETosis combined with the
inability to degrade NETs becomes a perpetuating fac-
tor of autoimmune disease in which NET components,
such as DNA and histones, function as autoantigens
and induce an antibody response. In particular, protein
citrullination during NETosis seems to be an essen-
tial modification step triggering the pathognomonic
autoantibodies against citrullinated molecules in rheu-
matoid arthritis, causing an aberrant adaptive and innate
immune response'”. The studies mentioned in this sec-
tion indicate that chronic sterile inflammation increases
the risk of both venous and arterial thrombotic events.

Crosstalk between platelets and innate immunity pro-
motes atherothrombosis. Arterial thrombosis is primar-
ily triggered by atherosclerotic plaque rupture, resulting
in the exposure of the subendothelial extracellular matrix
and extensive release of TF from damaged tissue’. The
interplay between platelets and innate immune cells is
a crucial driver of atherosclerotic plaque initiation and
progression as well as of thrombotic vessel occlusion.
Platelets adhere to the endothelium during plaque for-
mation through the adhesion molecules GPIba and
alIbP3 integrin and support leukocyte recruitment
into the growing plaque'**'*'. The platelet CD40 ligand
is involved in inducing both leukocyte and endothelial
cell activation'®”. The arrest of monocytes and neutro-
phils on the endothelium is mediated by platelet-derived
chemokines, among which CCL5-CXCL4 heteromers
have a major role'*>'*. In addition, platelets recruit bone
marrow-derived progenitor cells to the atherosclerotic
plaque by releasing CXCL12, which potentially contrib-
utes to vascular repair'®. The destruction of vascular
smooth muscle cells by the cytotoxic effects of histone
H4 from NETs is involved in the destabilization of the
plaque’®®. Eosinophils are also implicated in atheroscle-
rosis. The plasma levels of eosinophil cationic protein
are positively correlated with the extent of atheroscle-
rosis in patients with coronary artery disease'*”'**. The
eosinophil chemokine eotaxin (also known as CCL11) is
highly expressed in human atherosclerotic plaques'*-'7".
In addition, eosinophil-deficient mice have decreased
atherosclerotic plaque formation and attenuated plate-
let adhesion to the endothelium compared with mice
with normal eosinophil levels'*. Eosinophils are mark-
edly enriched in coronary artery and ischaemic stroke
thrombi from patients''®'”?, and a genome-wide asso-
ciation study for sequence variants affecting systemic
eosinophil counts reported an association with the
risk of MI'7.

The interplay between platelets and myeloid cells
also has a pivotal role during arterial thrombosis after
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plaque rupture, which causes MI and stroke'”. Following
plaque rupture and rapid platelet recruitment mediated
by GPIba-vWF and GPVI-collagen interactions, a
mutually activating interplay between platelets, neu-
trophils and eosinophils evolves, mediated by several
adhesion molecules, including P-selectin''®'"". The tar-
geting of P-selectin has already been tested in clinical
trials in patients with non-STEMI'”. Infusion of the
recombinant monoclonal P-selectin-blocking antibody
inclacumab before percutaneous coronary intervention
reduced myocardial damage compared with placebo'”.
A role of the neutrophil a9B1 integrin in arterial throm-
bosis has been identified in mice'”®. A deficiency of
a9p1 integrin in myeloid leukocytes reduced arterial
thrombosis by attenuating platelet-induced NETosis,
neutrophil-mediated platelet aggregation and cathepsin
G release'”® (FIC. 4). Cathepsin G supports platelet acti-
vation and myeloid cell recruitment to the arterial ves-
sel wall in mice'””'”%, In addition, the neutrophil-derived
antimicrobial cathelicidin LL37/CRAMP induces plate-
let activation involving GPVI and downstream sig-
nalling via the tyrosine-protein kinases SRC and SYK
and phospholipase C'*. In a feedback loop, activated
platelets stimulate NETosis, mediated by the binding
of platelet-derived HMGB1 to RAGE on neutrophils''*'*.
HMGBI also activates platelets through a TLR4-MyD88
pathway and the inhibition of HMGBI attenuates arte-
rial thrombus formation'”. Although the contribution
of PAD4-dependent NETosis to atherosclerotic plaque
formation is controversial, this process is involved
in the destabilization and erosion of plaques's®'®'.
Accordingly, PAD4 deficiency or pharmacological
inhibition of NETosis impairs arterial thrombosis in
several mouse models'®"'*2. In addition to their pro-
thrombotic effects, NETs can activate the complement
system, which aggravates endothelial damage and boosts
platelet activation'**'*>'%*. Accordingly, the deficiency of
complement factor C3 attenuates arterial thrombosis in
mice owing to the disruption of the C3a-C3a receptor
axis in platelets, an axis that induces platelet activation
via RAS-related protein RAP1B'®'%, In summary, sev-
eral inflammatory pathways contribute to arterial vessel
occlusions, which are not targeted by current therapeutic
approaches.

The connection between clonal haematopoiesis, inflam-
mation and cardiovascular diseases. Over the past 4 years,
another non-infectious aspect of leukocyte biology has
been added to the traditional risk factors of cardio-
vascular diseases, namely clonal haematopoiesis of inde-
terminate potential (CHIP). This entity is characterized
by the accumulation of somatic mutations in haemato-
poietic stem cells that provide a competitive advantage.
These haematopoietic stem cell clones disproportionally
contribute to the pool of peripheral leukocytes, which
increases with age and has the potential to transform
into haematological malignancies. However, even in the
absence of the haematological malignancies, individuals
with CHIP have an increased mortality compared with
matched individuals without CHIP owing to an increased
rate of cardiovascular events'¥'®, Variants in a few genes
account for most cases of CHIP: TET2, DNMT3A and
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ASXL1 (which encode proteins involved in the epige-
netic regulation of haematopoiesis) and JAK2 (which
encodes a protein involved in growth factor signalling
in haematopoietic cells)'*’~'%. CHIP-related variants in
these genes potentially contribute to increasing the
risk of thrombotic events by promoting atherosclerotic
plaque formation and by generating a prothrombotic
environment caused by a pro-inflammatory effect. The
JAK2V¢'F variant is the most common cause of mye-
loproliferative neoplasms, but, even in the absence of
this malignancy, the presence of this variant is asso-
ciated with an increased risk of thrombotic events
owing to functional changes in neutrophils'*>"”'. This
increased risk of thrombosis involves an increased
propensity of JAK2V¢'"F neutrophils to form NETs in
a PAD4-dependent manner'. Irradiated Ldlr’'~ mice
receiving transplantation with Jak2V¢'”F bone marrow
had increased atherosclerotic plaque formation com-
pared with mice receiving wild-type bone marrow'”.
In addition, in mice, the absence of Tet2 in macrophages
results in a pro-inflammatory phenotype characterized
by high levels of NLRP3 inflammasome-dependent
IL-1f secretion and by increased release of chemo-
kines such as CXCL1 and CXCL3 and the cytokine
1L-6 (REFS!19319) However, in contrast to the mount-
ing evidence supporting a link between JAK2V*'"F and
thromboinflammation, the link is less clear for TET2.
Despite the implication of JAK2 and DNMT3A vari-
ants in quantitative and qualitative changes of platelets,
the overall importance of the direct effects of CHIP on the
megakaryocyte lineage and platelet production are less
defined'”. However, these interesting findings have not
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been translated into clinical practice. The screening for
the presence of CHIP is still expensive and relies on
sequencing, which is not universally available. In addi-
tion, the clinical consequences of the presence of CHIP
for the prevention of cardiovascular events needs to be
clarified.

Thromboinflammation as a therapeutic target
Based on findings showing an intimate connection
between inflammation and thrombosis, targeting the
interface between these processes to prevent throm-
bosis seems promising. Increasing evidence shows that
current therapies targeting thrombosis also modu-
late inflammatory processes'”**"!, which contributes
to the beneficial effects of these therapies. Conversely,
anti-inflammatory approaches can prevent thrombotic
events’*", indicating that these strategies might not
only affect atherosclerotic plaque formation. However,
these additional antithrombotic or anti-inflammatory
effects are unselective and a more tailored approach
specifically targeting thromboinflammation is an unmet
clinical need.

Effects of current antithrombotic therapeutics on inflam-
mation. Although current antithrombotic approaches
are designed to target platelets and the coagulation sys-
tem, these therapies also have distinct effects on inflam-
mation, demonstrating the tight interaction between
these processes (TABLE 1). Findings from the COMPASS'™*
and VOYAGER PAD' trials highlight the potential
anti-inflammatory effects of anticoagulants that poten-
tially affect plaque progression. The administration
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Fig. 4 | Platelet-myeloid cell crosstalk in arterial thrombosis. Arterial
thrombosis is induced by endothelial disruption caused by atherosclerotic
plaque rupture or erosion. Platelets are recruited to the exposed
subendothelial matrix and aggregate (part a). Neutrophils are activated by the
binding of platelet-derived high mobility group protein B1 (HMGB1) to
the receptor for advanced glycation end products (RAGE), by platelet
P-selectin interacting with neutrophil P-selectin glycoprotein ligand 1 (PSGL1)
and by a9pB1 integrin ligation (part b). In parallel, platelets mediate the
recruitment and activation of eosinophils in an integrin-dependent manner.
Platelet-induced activation of neutrophils results in the formation of neutrophil
extracellular traps (NETs), which promote the activation of the coagulation

system (by degrading tissue factor (TF) pathway inhibitor (TFPI) and activating
the coagulation factor XII (FXII)) (part c). In addition, platelet activation is
reinforced by the release of cathelicidin antimicrobial peptides (LL37 in
humans and CRAMP in mice) as well as by HMGB1 binding to platelet Toll-like
receptor 4 (TLR4). Activated complement factor C3a binds to its receptor C3aR
on platelets, promoting platelet activation. Activated platelets through
P-selectin-PSGL1 interactions induce the formation of eosinophil extracellular
traps (EETs) containing the granule protein major basic protein (MBP), which
fosters platelet aggregation. Together, these processes result in the excessive
activation of platelets and the coagulation system, leading to arterial
occlusions in myocardial infarction and stroke. vWF, von Willebrand factor.
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Table 1 | Anti-inflammatory effects of antithrombotic medications

Medication Antithrombotic Anti-inflammatory effects Refs
effects

Heparin Inhibition of Disruption of neutrophil extracellular Lol
coagulation traps

Neutralization of histones 210

Low-dose aspirin Inhibition Increased synthesis of the pro- HRAHE
of platelet resolution mediator 15-epi-lipoxin A4
activation

P2Y,, receptor Inhibition Decreased pro-inflammatory TP,

inhibitors of platelet mediator release
activation

Direct-acting Inhibition of Inhibition of protease-activated 206209

oral anticoagulants coagulation receptors, which induce the

expression of chemokines, cytokines
and adhesion molecules

P2Y,,,P2Y purinoceptor 12.

of the direct factor Xa inhibitor rivaroxaban prevents
ischaemic events in patients with cardiovascular disease
but might potentially also attenuate the progression
of atherosclerosis as has been shown in mice'?*'?%2%,
In experimental models of myocardial ischaemia-
reperfusion injury, the inflammatory response mediated
by NF-kB and inflammasome activation was attenuated by
inhibition of factor Xa, characterized by the decreased
expression of pro-inflammatory mediators'’. In patients
with atrial fibrillation, oral anticoagulation with rivar-
oxaban or a vitamin K antagonist decreased the levels
of IL-6 and C-reactive protein in the plasma’”. The
molecular link for this bidirectional interplay of throm-
bosis and inflammation might be proteinase-activated
receptors (PARs), which self-activate after proteo-
Iytic cleavage by serine proteases such as factor X and
thrombin”"'. PARs are found on many vascular cell types,
including platelets, myeloid leukocytes, endothelial cells
and smooth muscle cells, in which PAR activation has
pro-inflammatory and pro-atherogenic effects'””. For
example, PAR1 and PAR2 activation induces the produc-
tion of cytokines and chemokines and the exposure of
adhesion molecules in endothelial cells***%. Moreover,
factor Xa-dependent PAR1 activation elicits the expres-
sion of CCL2, IL-6 and IL-8 in endothelial cells and
mononuclear leukocytes?™. Rivaroxaban treatment
limits arterial hypertension induced by renal damage
in mice through the inhibition of the pro-inflammatory
effects of PAR2 (REF*”). In addition, heparin has estab-
lished anti-inflammatory effects, which are at least
partly mediated by the disruption of NETs***. Heparin
also neutralizes the detrimental effect of histones
independently of its effects on coagulation®'’.
Antiplatelet therapies do not only modulate the
thrombotic function of platelets but also have effects
on inflammation®"'. ADP binding to platelets, which
strongly induces platelet aggregation and the release of
pro-inflammatory mediators, is blocked by P2Y purino-
ceptor 12 inhibitors such as clopidogrel and prasugrel*2.
Interestingly, treatment with ticagrelor but not with
prasugrel reduces IL-6 and TNF levels in the plasma
of patients with diabetes mellitus after non-STEMI,
potentially by inhibiting adenosine uptake through
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the equilibrative nucleoside transporter 1 (REF*"%). The
anti-inflammatory effects of aspirin are mainly dose
dependent, mediated by cyclooxygenase inhibition and
decreased synthesis of pro-inflammatory prostaglandins
and thromboxane A,. The low dose of aspirin used for
the prevention of cardiovascular events is considered to
have mainly antiplatelet effects. However, even low-dose
aspirin attenuates interstitial leukocyte accumulation in
experimental inflammation, driven by the increased
synthesis of the pro-resolution mediator 15-epi-lipoxin
A4 and upregulation of its receptor formyl peptide
receptor-like 1 (REFS*'**"). These findings demonstrate
that inflammation is partially and unspecifically targeted
by current antithrombotic regimens.

New approaches targeting inflammation to prevent
thrombotic cardiovascular events. Several clinical stud-
ies have provided proof-of-concept data showing that
the specific inhibition of inflammation can provide
additional benefits for preventing ischaemic events*>~
(TABLE 2); some of these studies specifically evaluated the
period after MI. This period is characterized by marked
activation of the innate immune system and data from
studies in animals indicate that this detrimental immune
response to myocardial injury systemically aggravates
atherosclerosis®'®. MI induces the proliferation and
mobilization of bone marrow haematopoietic stem
and progenitor cells, which engraft in the spleen,
resulting in sustained monocyte production”'**"’. This
increased haematopoietic stem cell proliferation in the
bone marrow depends on IL-13*'**'". In accordance with
this finding, the CANTOS trial”” showed that, in patients
with previous MI and elevated levels of high-sensitivity
C-reactive protein in the plasma, treatment with the
anti-IL-1p monoclonal antibody canakinumab in addi-
tion to state-of-the-art secondary prophylaxis provided
an additional benefit in reducing the rate of recurrent MI
or coronary revascularization. However, all-cause mor-
tality was not affected, mainly owing to the increased
risk of fatal infections®”. The risk of infection is not the
only concern with this expensive therapy. In experimen-
tal models of advanced atherosclerosis, IL-1p promotes
plaque stabilization by the formation of a fibrous cap
rich in smooth muscle cells and collagen*'**"”. Other
less expensive but less selective anti-inflammatory
agents than canakinumab have been tested. The addi-
tion of low-dose methotrexate to standard therapy had
no benefit in reducing ischaemic events in patients with
previous MI or multivessel coronary artery disease in
the CIRT trial*’. By contrast, in the COLCOT trial*",
treatment with the established anti-inflammatory drug
colchicine induced a significant reduction in the risk
of MI and stroke when given to patients early after MI.
Colchicine has profound effects on the activation of
neutrophils because this drug inhibits NET formation
and attenuates NLRP3 inflammasome activation®*"*?%,
which decreases caspase 1 activation and the processing
and release of IL-1P and IL-18 (REF*?). Interestingly, in
the LoDoCo2 trial*”, the administration of colchicine to
patients with a history of MI resulted in a marked reduc-
tion in inflammatory mediators within 30 days. NLRP3
inflammasome-associated molecules, such as IL-18, and
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Table 2 | New anti-inflammatory approaches for the prevention of atherosclerosis and thrombosis

Study name Medications Clinical setting Ischaemic events Infections All-cause Ref.
(year) mortality
CANTOS Canakinumab  Secondary 1 Non-fatal MI, non-fatal stroke or 1 Fatalinfections < HR0.92, 203
(2017) (150mqg) prevention of MI cardiovascular death: HR 0.85,95% CI and sepsis 95% C10.78-1.09
versus placebo 0.74-0.98,P=0.021; MI: HR 0.76,95% CI
0.62-0.92; any stroke: HR 0.98,95% Cl
0.71-1.35
CIRT (2019) Low-dose Secondary < Non-fatal MI, non-fatal stroke, < Serious <~ HR1.16, 220
methotrexate  prevention of Ml cardiovascular death or hospitalization infectionevents ~ 95% CI0.87-1.56
versus placebo  or multivessel for unstable angina that led to urgent
coronary artery revascularization: HR 0.96, 95% CI 0.79-1.16,
disease P=0.67
COLCOT Low-dose Treatment within IMI:HR 0.91,95% CI 0.68-1.21; stroke: HR 1 Pneumonia < HR0.98, 24
(2019) colchicine 30 days of an Ml 0.26,95% C10.10-0.70; VTE: HR 1.43,95% ClI 95% C10.64-1.49
versus placebo 0.54-3.75
LoDoCo2 Low-dose Chronic coronary | Cardiovascular death, MI, ischaemic stroke or < Hospitalizations < HR1.21, 22
(2020) colchicine artery disease ischaemia-driven coronary revascularization: forinfection 95% Cl0.86-1.71
versus placebo HR 0.69, 95% CI 0.57-0.83; cardiovascular

death, Ml or ischaemic stroke: HR 0.72,95%
Cl10.57-0.92, P=0.007; MI: HR 0.70,95% Cl
0.53-0.93; ischaemic stroke: HR 0.66,95% Cl
0.35-1.25; VTE: HR 1.06,95% CI1 0.53-2.10

Summary of selected clinical trials that assessed the effect of anti-inflammatory medications on ischaemic end points compared with placebo. 1, increase;

|, decrease; <, no difference; MI, myocardial infarction; VTE, venous thromboembolism.

inflammatory mediators released during neutrophil
degranulation, such as myeloperoxidase, were markedly
decreased. Moreover, levels of platelet GPVI (which
mediates collagen-induced platelet activation and aggre-
gation) were also reduced with colchicine treatment’”.
However, in the COLCOT trial*”, colchicine therapy
also had an immunosuppressive effect, with an increased
incidence of pneumonia. Therefore, the CANTOS and
COLCOT trials provide a proof-of-concept that tar-
geting inflammation can prevent ischaemic events in
the inflammatory environment of the period after MI.
However, a better understanding of the systemic immune
response to MI as well as therapeutic approaches specifi-
cally addressing thromboinflammation are necessary to
target the detrimental pathways boosting atherosclero-
sis and thrombosis while leaving protective immunity
against pathogens unaffected.

Deep vein thrombosis and arterial thrombosis, both
prototypical examples of thromboinflammation, share
many aspects with sterile inflammation. Therefore,
in the context of deep vein thrombosis, DAMPs such
as HMGBI are promising therapeutic targets because
they do not affect host defence. In the setting of arterial
thrombosis, a potential option is to target eosinophils.
Several established therapies deplete eosinophils, which
does not result in an increased risk of infection®****. In
addition, a growing number of complement therapeutics
are available, which might provide attractive approaches
for targeting thromboinflammation®”. However,

targeting the detrimental aspect of immunothrombo-
sis is still challenging and has not been translated into
clinical practice.

Conclusions

The link between inflammation and thrombosis is an
emerging experimental field in which a lot of mechanis-
tic insight is derived from mouse models, which might
not completely reflect human disease pathophysiology
and immunity. However, accumulating evidence sup-
ports the relevance of this process in cardiovascular
diseases in humans. Intriguingly, dysregulated immu-
nothrombosis is involved in the whole spectrum of car-
diovascular pathology. Consequently, inflammation is
now seen as a promising therapeutic target in addition
to optimizing risk factors and targeting platelets and the
coagulation system. However, balancing the potential
immunosuppressive adverse effects and the impairment
of haemostasis make this combined approach challeng-
ing. Human data providing specific molecular targets
of immunothrombosis are still insufficient and warrant
further study. Identifying the potential therapeutic tar-
gets of immunothrombosis holds great promise of cov-
ering therapeutic gaps in cardiovascular medicine with
anti-inflammatory approaches and might also help to
fight thrombotic complications in infectious diseases,
including COVID-19.
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