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caused by the presence of abnormal hemoglobin S (HbS) in red blood

cells, leading to alterations in red cell properties and shape, as the
result of HbS dexoygenation and subsequent polymerization. The patho-
physiology of SCD is characterized by chronic inflammatory processes,
triggered by hemolytic and vaso-occlusive events, which lead to the va-
ried complications, organ damage and elevated mortality seen in individ-
uals with the disease. In association with activation of the endothelium
and leukocytes, hemostatic alterations and thrombotic events are well-
documented in SCD. Here, we discuss the role of inflammatory pathways
in modulating coagulation and inducing platelet activation in SCD, due to
tissue factor activation, adhesion molecule expression, inflammatory
mediator production and the induction of innate immune responses,
among other mechanisms. Thromboinflammatory pathways may play a
significant role in some of the major complications of SCD, such as
stroke, venous thromboembolism and possibly acute chest syndrome,
besides exacerbating the chronic inflammation and cellular interactions
that trigger vaso-occlusion, ischemia-reperfusion processes, and eventual-
ly organ damage.

Sickle cell disease (SCD) is an inherited hemoglobinopathy that is
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The sickle cell disorders are inherited hemoglobinopathies that occur with an
estimated incidence of between 300,000 to 400,000 births every year worldwide.’
These disorders are caused by mutations in the HBB gene (encoding hemoglobin
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plex pathophysiology of the disease. SCD, particularly sickle cell anemia, is cha-
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chronic organ damage. Other complications of SCD vary widely from patient to
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and can activate the complement and coagulation sys-
tems.’ These fragile and rigid RBC lyse easily in the circu-
lation, both extravascularly and intravascularly, and have
a significantly shorter lifespan than that of normal RBC.
The ensuing release of non-compartmentalized (or cell-
free) hemoglobin from ruptured RBC has significant
pathophysiological consequences in SCD, in which
endogenous scavenging mechanisms are overwhelmed.’
Cell-free hemoglobin reacts rapidly with vascular nitric
oxide (NO), disrupting vasodilation and favoring cellular
activation. Furthermore, oxidative reactions with cell-free
hemoglobin lead to the release of heme and free iron.’
Similarly, the ischemia-reperfusion events that result from
vaso-occlusive processes in the microcirculation also acti-
vate inflammatory cells and initiate sterile inflammatory
processes and oxidant generation.®

Endothelial activation, a hallmark of SCD pathophysiol-
ogy, augments pro-inflammatory molecule generation,
and in vitro and in vivo studies suggest that it is the adhe-
sion and capture of activated and more adhesive red cells,
leukocytes and platelets to the endothelium of the blood
vessel wall that trigger vaso-occlusion.®® Endothelial cells
and leukocytes also play major roles in generating the
plethora of pro-inflammatory molecules that are upregu-
lated in SCD, including cytokines (such as tumor necrosis
factor and interleukin-1f), chemokines, growth factors,
eicosanoids and peptides, all of which can further stimu-
late cells, and induce expression of surface adhesion mo-
lecules.” Activation of platelets is another characteristic of
SCD, in which these cells participate in the generation of
inflammatory molecules and heterocellular interactions
that propagate vaso-occlusive processes, as will be dis-
cussed later.”" Additionally, functional asplenia renders
individuals with SCD (particularly children) more suscep-
tible to bacterial infections,” and gut permeability is
reportedly augmented in individuals,"" leading to a fur-
ther exacerbation of inflammatory processes, mediated by
innate immune mechanisms generated in response to
exposure to pathogens and gut microbiota-derived mo-
lecules.” The inflammatory mechanisms of SCD have
been comprehensively reviewed recently,” with evidence
from ex vivo and in vivo studies illustrating the complex
pathophysiology of SCD which involves a vicious circle of
RBC alterations, hemolytic events, vaso-occlusive
processes and a chronic inflammatory state involving sev-
eral molecular pathways.

Sickle cell disease as a prothrombotic state

The characterization of SCD as a prothrombotic state is
supported by extensive laboratory and clinical data. From
a laboratory perspective, almost every compartment of
hemostasis has been evaluated in patients with SCD,
mainly at steady-state but also during vaso-occlusive
crises, in several independent cohorts.” Although there are
some inconsistencies between results, possibly reflecting
differences in study design (e.g. issues related to sample
collection, processing and analysis) and patients’ hetero-
geneity (e.g. definition of vaso-occlusive crises), one can
safely state that SCD is a condition in which the hemosta-
tic balance is clearly tipped towards a prothrombotic state.
Details about these mechanisms have been the subject of
excellent recent reviews,”" so that in an attempt to con-
vey a broader view of these studies, we will list this evi-

dence according to whether studies were mainly descrip-
tive, or whether they also provided mechanistic insights
regarding this hypercoagulable state.

Descriptive studies comprise those that measured mark-
ers that are normally changed in response to the activation
of hemostasis, and most likely represent consequences
thereof, such as studies showing that SCD patients have
increased levels of thrombin-antithrombin complexes, D-
dimer, prothrombin fragment 1.2, factor (F) VIII and fib-
rinogen.””” This group includes studies that showed that
SCD is also associated with hypercoagulable profiles in
global assays of hemostasis, such as the thrombin genera-
tion assay and thromboelastometry,” which are relevant
because they provide information on the net effect of the
complex hemostatic abnormalities found in patients. The
second group comprises studies that evaluated parameters
which, in addition to illustrating that hemostasis is acti-
vated, could also represent mechanisms by which the pro-
thrombotic state is either initiated and/or perpetuated.
These include studies showing decreased levels of natural
anticoagulants such as protein C and protein S,7*
increased expression and/or activity of tissue factor (TF) in
whole blood, monocytes and circulating endothelial
cells,** increased levels of von Willebrand factor (vWE)
coupled with decreased levels of ADAMTS-13,” increased
numbers of TF- and phosphatidylserine-bearing micropar-
ticles,”””* decreased levels of contact pathway factors
(FXII, prekallikrein and high molecular weight kinino-
gen),” and increased markers of neutrophil extracellular
trap (NET) formation.” A non-exhaustive summary of
these abnormalities is presented in Table 1.

Importantly, most of these phenomena have also been

Table 1. Key hemostatic abnormalities in clinical studies of sickle cell
disease.

Biomarkers of increased activation of hemostasis

1 Thrombin antithrombin complexes

1 Prothrombin fragment 1.2

1 D-dimer

1 Direct markers of thrombin generation (thrombin generation assay)

Hypercoagulable pattern in viscoelastic assays
(thromboelastometry assay)

1 Factor VIII

1 Fibrinogen

1 Platelet o,[3; integrin activation
1 CDA0L

Likely involved in the initiation and/or perpetuation

of hemostasis activation

1 Tissue factor expression and/or activation

| Natural anticoagulants (proteins C and S)

1 Von Willebrand factor reactivity with relatively low ADAMTS13
1 Phosphatidylserine-bearing red blood cell microparticles

1 Plasminogen activator inhibitor-1

1 Markers of neutrophil extracellular trap formation

| Contact pathway factors (factor XII, prekallikrein and high molecular
weight kininogen)

1 Platelet counts

1 P-selectin expression
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observed in the two most representative animal models of
SCD, which have been critical to our understanding of the
mechanisms of hypercoagulability in this condition. First,
it was shown that ischemia-reperfusion injury, one of the
key pathogenic elements of SCD, triggers endothelial TE
expression,” which was later shown to be involved most-
ly in the inflammatory spectrum of the pathogenesis of
SCD, as we shall discuss later. The role of TF was demon-
strated by a study in which inhibition of TF with anti-TF
antibodies reduced both coagulation activation and
inflammation, but that the former effect was not depend-
ent on endothelial TE* The role of neutrophils in the for-
mation of microvascular thrombi was also confirmed in
SCD animal models,®? while further in vivo studies estab-
lished that excess heme activates TF-mediated coagula-
tion, and also confirmed the significance of leukocyte TFE
in this effect.” The relevance of coagulation activation for
the pathogenesis of SCD was nicely illustrated by demon-
strations that downregulating thrombin generation by
either genetic* or pharmacological® approaches reduced
inflammation and improved clinical manifestations in
SCD mice. The participation of fibrinogen in this cycle as
more than a biomarker was also demonstrated by studies
using SCD mice.” Additionally, observations of clot for-
mation in SCD mice, and in human SCD blood samples,
show that the interaction of RBC with each other and
with other cells inside venous thrombi may make an addi-
tional contribution to hypercoagulability in SCD.” Finally,
dense sickle cells and hemolysis are implicated in activa-
tion of the complement system, an innate immune
defense cascade, in patients with SCD,* and complement
activation by hemolytic and ischemia-reperfusion mecha-
nisms are reported to promote vaso-occlusive processes
and prothrombotic responses in mice with SCD.*

From a clinical perspective, the long-described associa-
tion of SCD with ischemic stroke, and the more recently
characterized risk of silent cerebral infarcts and venous
thromboembolism (VTE) provide definite evidence that
SCD represents a prothrombotic state. Data from the
Cooperative Study on Sickle Cell Disease revealed an inci-
dence of 0.61/100 patient-years for stroke,” and of
7.6/1,000 patient-years for VTE" in patients with the most
severe forms of SCD, yielding cumulative rates as high as
24% and 11.3% by the age of 40 and 45 years for stroke
and VTE, respectively. For reasons that are yet to be deter-
mined, but that indicate a somewhat different pathogene-
sis compared to that of other conditions associated with
VTE, only pulmonary embolism, but not deep vein throm-
bosis, is more frequent in SCD." Again, excellent reviews
have been recently published on these manifestations and
their relationship with coagulation abnormalities.”
Collectively, laboratory data encompassing almost every
known biomarker of hemostasis, coupled with clinical
and epidemiological findings provide robust evidence of
the presence of a prothrombotic state in SCD.

Although stroke and VTE represent the most straight-
forward thrombotic manifestations in SCD, other clinical
manifestations of SCD, whose pathogenesis involves
vaso-occlusive processes in the microcirculation. are nor-
mally associated with the prothrombotic phenotype
described in these patients.®”* These include acute chest
syndrome, acute painful episodes, pulmonary hyperten-
sion and even chronic organ failure attributed to chronic
ischemia. In fact, despite the intuitive association that can
be established between these manifestations and a pro-

thrombotic hemostatic balance, as well as the demonstra-
tion that downregulation of thrombin generation can
improve these manifestations in mouse models of SCD,**
their association with classical markers of hemostasis acti-
vation in patients with SCD is not consistent,** in what
remains one of the most intriguing issues in this area of
research. As we shall discuss in the next session, the appli-
cation of the well-established concept that hemostasis
activation cannot be dissociated from the immune
response in the field of SCD**** has been instrumental to
better understanding this issue, paving the way for novel
therapeutic advances.

Thromboinflammation and sickle cell disease

Hemostasis as part of the immune response

Hemostasis and innate immunity are both involved in
the immediate response to external and internal agents
that threaten tissue/organ integrity, such as pathogens and
trauma. Classically viewed as two independent systems,
initial discussions on their inter-relationship derived most-
ly by teleological reasoning based on the example of the
horseshoe crab, an extant organism with 450 million years
of phylogenetic history in which breeches in tegument
and invasion by pathogens are tackled by a single cell-
based system that senses endotoxins and triggers a cas-
cade of events that closely resembles the architecture of
the hemostatic system.” However, in the last two decades
several lines of empirical evidence have emerged to con-
firm the intimate crosstalk between hemostasis and innate
immune responses, and the terms thromboinflammation
and immunothrombosis®* have been introduced to sum-
marize the concept that the cellular programs driving the
formation of microthrombi in a spatially- and temporally-
organized fashion can be elicited in response to pathogens
and/or tissue damage, in order to facilitate pathogen
removal and tissue repair.

Evidence supporting the association between hemosta-
sis and innate immunity include: (i) studies in animal mod-
els of sepsis and/or infection in which discrete elements of
hemostasis are reportedly up- or down-regulated; despite
some heterogeneity, a less effective hemostatic system is
generally associated with increased pathogen multiplica-
tion and, in some cases, poorer outcomes (recently
reviewed elsewhere™); (ii) demonstrations that critical ele-
ments of hemostasis such as TF, thrombin and activated
protein C also signal through pathways that regulate the
immune response, independently of their role in fibrin for-
mation;” (iii) examples of microorganisms whose viru-
lence factors are proteins that disrupt local hemostatic bal-
ance, such as Yersinia pestis;® (iv) findings that byproducts
of coagulation activation, such as peptides derived from
thrombin and fibrinogen, have antibacterial properties;™
(v) intravital imaging studies showing that leukocytes are
not only found in arterial and venous thrombi, but that
localized coagulation activation and fibrin formation also
seem to direct their adhesion to the endothelium and
migration into tissues;* and more recently, (vi) the demon-
stration that downregulation of critical elements of the
innate immune response can protect mice from experi-
mental thrombosis, with the example of NET formation
being most paradigmatic.” Though less straightforward,
studies using system biology approaches, capable of ana-
lyzing the complex interplay between several systems,
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have also provided indirect evidence that pathways
involved in tissue repair, such as hemostasis, angiogenesis
and complement, are associated with innate immune
responses in inflammatory conditions such as sepsis and
SCD.”* Taken together, these data support the concept
that, in a disease long-recognized as a systemic inflamma-
tory condition, such as SCD, the sustained activation of
immunothrombosis underlies the consistent, yet hetero-
geneous, increase in biomarkers of coagulation activation
that is observed in these patients.

Activation of hemostasis in inflammatory states and in
sickle cell disease

Understanding how hemostasis is activated as part of
inflammatory responses is critical to our understanding of
the pathogenesis of hypercoagulability in SCD, since the
regulation of these mechanisms may be somewhat differ-
ent from the classical pathways of hemostasis activation
in non-inflammatory states, which consist mostly of a,fs
integrin-mediated platelet activation, and of the contact
and activation of TF with activated FVII on cellular sur-
faces.” According to recent reports, these elements can be
regulated and activated by different pathways during
inflammation, and new players may contribute to the acti-
vation of hemostasis.

As previously mentioned, thrombin and activated pro-
tein C can also activate pro-inflammatory and pro-angio-
genic pathways by signaling through protease-activated
receptors (PAR).” Of note, this pathway is thought to
require much lower concentrations of thrombin than
those required for overt conversion of fibrinogen into fib-
rin,” consistent with a role for localized thrombin genera-
tion in the regulation of the immune response. In the con-
text of SCD, the relevance of coagulation-independent
functions of these proteins has been demonstrated in ani-
mal models in which low TF levels (~1%) in non-
hematopoietic cells attenuated inflammation, but not acti-
vation of coagulation.” Similarly, PAR-2 deficiency has
been shown to attenuate lung inflammation and inter-
leukin-6 production, without affecting classical markers of
coagulation activation.” More recently, PAR-1 deficiency
or PAR-1 inhibition was found to decrease heme and
lipopolysaccharide-induced vaso-occlusion.”

Another mechanism of coagulation activation and
amplification by inflammation is mediated by compo-
nents of NET (DNA and histones) released from neu-
trophils.” The participation of NET in the pathogenesis of
SCD was suggested by the association of increased bio-
markers of NET formation with the severity of acute vaso-
occlusive crises in these patients,” as well as by data from
animal models of SCD."* A third mechanism by which
hemostasis can be activated during inflammatory states is
through the intrinsic pathway involving FXII
prekallikrein, high molecular weight kininogen and FXI.
Evidence that this pathway contributes to hypercoagula-
bility led to a series of ongoing clinical trials with EXI
inhibitors in patients with thrombosis.” The role of the
intrinsic pathway in coagulation activation in SCD has
been demonstrated in animal models of EXII deficiency
and consequently reduced thrombin generation.”
Interestingly, several molecules (e.g. DNA, polyphos-
phates), some of which are increased in SCD, have been
shown to activate or amplify this pathway in vitro,”®
although the relevant elements that regulate the intrinsic
pathway in SCD patients remain to be determined.

More recently, two additional pathways have been
added to the list of potential mediators of hemostasis acti-
vation during inflammation. The angiopoietin/Tie-2 axis
has been shown to participate in the activation of hemo-
stasis during sepsis,” and the CLEC-2/podoplanin path-
way, involved in securing hemostasis during inflamma-
tion, has also been associated with outcomes that can fit
into the spectrum of immunothrombosis in both animal
models® and humans.” Exploring their role in the context
of SCD should be of interest. In fact, although it is temp-
ting to speculate that mechanisms that drive hemostasis
activation in models of inflammation, such as sepsis,
might also be relevant to the pathogenesis of SCD, one
should not ignore the recent evidence suggesting that, in
addition to the inflammatory processes of ischemia /reper-
fusion that typify SCD,° one very specific characteristic of
SCD, namely sustained hemolysis, could well be central
to the activation of thromboinflammatory pathways in
this disease.

Hemolysis as a driver of thromboinflammation

Intravascular hemolysis is now widely accepted as a
major pro-inflammatory mechanism that significantly
influences the pathophysiology of numerous diseases and
disorders, including SCD.* As previously mentioned, the
reaction of cell-free hemoglobin, released during hemoly-
sis, with vascular NO incurs immediate effects on
endothelial and vascular function. Oxidative reactions
with hydrogen peroxide and lipid peroxide also yield the
Hb-Fe* product in the circulation and tissues,” which read-
ily releases its heme group, a hydrophobic molecule that
has recently been designated as a major erythrocytic dan-
ger-associated molecular pattern (DAMP) that activates
and amplifies inflammatory mechanisms.” Evidence of
the pro-inflammatory effects of heme continues to
advance with both in vitro and in vivo studies demonstrat-
ing the role of this molecule in multiple inflammatory
pathways, due to the induction of oxidant reactions, lipid
peroxidation’ and activation of receptors involved in
innate immune responses.” Notably, an intricate associa-
tion exists between free heme and thromboinflammation,
which promotes activation of hemostasis and its compo-
nents.

Heme has a significant effect on the endothelium,
which plays a primary role in hemostasis due to its expres-
sion of vWE TF exposure and major thrombin generation,
among other properties.” Non-protein associated cell-free
heme can directly activate the endothelium via binding to
toll-like receptor (TLR)-4® or via the transfer of heme from
heme- and hemoglobin-laden microparticles derived from
erythrocytes.”” In addition to inducing oxidative stress,
heme-mediated activation of the endothelium results in
mobilization of vWF and P-selectin from the Weibel-
Palade bodies to the endothelial cell surface, as well as
upregulation of other adhesion molecules, which may
promote platelet and leukocyte recruitment to blood ves-
sel walls.®”" TLR-4-mediated activation of pro-inflamma-
tory nuclear factor-kB transcription factor activity® may
also upregulate endothelial cytokine generation, as well as
TF expression.”” Furthermore, heme can induce reactive
oxygen species-dependent NLRP3 inflammasome assem-
bly in endothelial cells, with consequent processing of
interleukin-1f,” a potent pro-inflammatory cytokine that
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may amplify platelet activation and clot formation, among
other effects.”” Importantly, heme exposure induces C3
deposits on glomerular endothelial cells, amplifying innate
immune complement activation and local thrombotic
lesions,”” while the stimulation of TLR-4-dependent
endothelial P-selectin expression by experimental hemo-
lysis has been reported to trigger complement activation
via the non-covalent anchoring of C3 activation fragments
in the murine liver, leading to liver damage.”

Platelet activation and aggregation are central to throm-
bus formation; importantly, the decrease in NO bioavail-
ability that occurs during intravascular hemolysis, in addi-
tion to modulating vasodynamics, may repress the major
inhibitory effect that NO has on the expression and acti-
vation of adhesion molecules on cell surfaces. In particular,
NO inhibits the activities of the fibrinogen and collagen
receptors (oBs and o, integrins, respectively)””® on the
platelet surface and, therefore, the hemolysis-induced
reduction in NO may play a role in thrombus formation.
Hemolysis also activates platelets due to the release of
intra-erythrocytic adenosine 5'-diphosphate (ADP), via
activation of P2Y1, P2Y12, and P2X1 ADP receptors on the
platelet surface.”” Additionally, heme directly mediates the
activation and death of platelets via lipid peroxidation and
subsequent ferroptosis, an iron-dependent form of non-
apoptotic cell death,” and oxidized heme induces divalent
action-dependent platelet aggregation, associated with
thromboxane formation and fibrinogen binding.*

Hemolysis and products of hemolysis have long been
associated with modulation of coagulation. The adminis-
tration of hematin to patients with porphyria reportedly
activated coagulation parameters in some patients, pro-
longing prothrombin and partial thromboplastin times, as
well as increasing fibrinogen-degradation products, among
other effects,”* although in vitro studies have shown the
inhibition of coagulant factors and clot lysis by hematin.*
In addition to its aforementioned stimulation of TF expres-
sion by endothelial cells, in vivo administration of heme
also stimulates TF production in leukocytes® and may acti-
vate coagulation, at high concentrations, via stimulation of
TF and the extrinsic pathway.®* In contrast, free heme
binds to several sites on FVIII with high affinity and at high
concentrations can inhibit its activity in vitro;*® FVIII-heme
interactions can, however, be inhibited by vWE whose
release from endothelial cells is also stimulated by heme.”
In turn, multimeric vVWF can be bound by extracellular
hemoglobin and bilirubin (a degradation product of heme),
impairing its enzymatic cleavage by the ADAMTS-13 pro-
tein, resulting in increased prothombotic activity. With
regards to final clot formation, hemolysis has been suggest-
ed to exacerbate hyperfibrinolysis and facilitate uncon-
trolled bleeding, with red cell lysate accentuating tissue
plasminogen activator-mediated fibrinolysis®* In contrast,
hematin and the products of heme degradation, iron,
bilirubin and carbon monoxide, are known to interact with
fibrinogen, and induce fibrin formation or decrease fibri-
nolysis, possibly accelerating the formation of resistant
clots.®*¥* As such, heme has a clear role in triggering the
initiation of coagulation, although its effects on the propa-
gation of this system are not as well understood.”

Cell-free heme and heme-loaded microvesicles also mod-
ulate the complement system,” which integrates closely
with innate immunity and coagulation.” This mechanism is
particularly relevant given that paroxysmal nocturnal
hemoglobinuria, a disease characterized by complement-

driven chronic hemolysis, predisposes patients to thrombo-
sis,” among other complications. In particular, heme over-
activates the alternative complement pathway by binding
to the C3 molecule, and increasing its spontaneous hydrol-
ysis; the anchoring of complement activation fragments to
erythrocytes and endothelial cells may result in their
destruction (and further hemolysis) or activation, respec-
tively,” and thromboinflammation. The classical comple-
ment pathway, in contrast, may be inhibited by heme due
to heme binding to C1q and reduced C3 convertase forma-
tion and C3b deposition.” Importantly, anti-inflammatory
intravenous immunoglobulin scavenges heme and can
inhibit heme-mediated activation of the complement sys-
tem on the surface of human endothelial cells.”

Endogenous systems are in place to ensure that cell-free
hemoglobin and heme are inactivated and eventually
degraded in the organism during hemolytic processes.
Haptoglobin and hemopexin are plasma proteins with very
high binding affinities for hemoglobin and heme,” respec-
tively, rendering them relatively non-reactive and deliver-
ing them to macrophages and hepatocytes, respectively,
for endocytosis and degradation of their heme moieties by
the heme oxygenase (HO-1) enzyme, which is upregulated
in response to the presence of heme.” The anti-inflamma-
tory properties of HO-1 are well documented, and HO-1
activity in SCD mice appears to offer some protection
from thrombosis.” Furthermore, HO-1, and the products
of heme degradation, were recently shown to decrease clot
size in a murine venous thrombosis model, while clot size
is augmented in hemopexin-knockout mice.”

The equilibrium between free and protein-associated
heme is vital for determining the pro-inflammatory capac-
ity of heme and it has been suggested that, in fact, it is
unlikely that equilibrium conditions that lead to inflam-
mation and, therefore, thromboinflammation could ever
occur in vivo.” However, in diseases characterized by
severe intravascular hemolysis, such as SCD, plasma hap-
toglobin and hemopexin levels are often depleted,™”
meaning that the free and bound heme equilibrium may
be tipped, leading to the thromboinflammatory conse-
quences of hemolysis.

Ischemia-reperfusion injury and

thromboinflammation

Ischemia-reperfusion injury is a feature of multiple clini-
cal disorders, including myocardial infarction and ischemic
stroke.” Processes of ischemia, followed by reperfusion,
occur in SCD during vaso-occlusive episodes, although
their preponderance in the microvasculature means that
they generally have comparatively fewer acute conse-
quences than those occurring in larger vessels; however,
their recurrent nature means that these processes contribute
significantly to local tissue and organ damage. The two-
phase character of ischemia-reperfusion injury results in the
generation of danger signals, or DAMP, from damaged
cells,” and activation of components of the innate immune
system, resulting both from the interruption of the tissue’s
vascular supply during vaso-occlusion and from the reoxy-
genation of the vasculature upon resumption of blood
flow.” The generation of reactive oxygen species is a partic-
ularly damaging feature of the reoxygenation stage.”

As described, thromboinflammatory mechanisms are
significant in triggering the cellular and molecular events
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that lead to vaso-occlusion, but ischemia and reperfusion
events further exacerbate inflammatory responses inclu-
ding thromboinflammatory events, reflecting, once again,
the cyclic nature of SCD pathophysiology. Further activa-
tion of platelet function, in association with altered
endothelial hemostatic activity and TF-thrombin pathway
activation are particular features of ischemia-
reperfusion.”'” Mice subjected to arterial occlusion, fol-
lowed by reperfusion, demonstrate platelet adhesion to
the endothelium and the formation of aggregates,” while
depletion of platelets, or inactivation of their function, can
significantly reduce ischemia-reperfusion in multiple
organs.” In turn, hypoxia-reoxygenation processes induce
RBC sickling in mice with SCD, generating oxidative
stress and the endothelial cell activation that contributes
to thromoboinflammation and TF expression.” As such,
hemostatic alterations and thrombotic processes appear to
be intimately associated with inflammatory mechanisms
in SCD that are triggered by hemolysis and ischemia-
reperfusion injury. Activation of endothelial cells and
leukocytes is well-documented in SCD and plays a role in
eliciting alterations in coagulation pathways and the acti-
vation of platelets, due to TF release, adhesion molecule
expression, inflammatory mediator production and the
induction of innate immune responses (Figure 1), con-
tributing to further inflammation and tissue damage.

Sickle cell disease thromboinflammation and
platelet activation

Beyond their role in thrombosis and hemostasis,
platelets are increasingly recognized to be key regulators
of inflammatory responses, in both sterile and infectious
situations.'” The basis of platelet activation and abnormal
platelet function in SCD is not clear; as mentioned, hemo-
lysis may be a major factor in platelet activation due to
ensuing NO depletion and the release of the platelet ago-
nist, ADP, in addition to exposure of RBC phos-
phatidylserine and enhanced thrombin generation.”"”
Platelets also express TLR4, which can be activated by
pathogen-derived lipopolysaccharide and, likely, heme."
Platelet activation in SCD is characterized by differentia-
ted gene expression," augmented adhesion molecule
activity,"' and the increased circulation of platelet
microparticles and platelet-derived proteins.'”'* Persistent
platelet activation, while apparently leading to some
refractory inhibition of platelet aggregation,'” plays an
increasingly recognized role in SCD pathophysiology and
appears to be further exacerbated during acute vaso-occlu-
sive episodes,'” while probably representing a key media-
tor of inflammatory pathways.

The increased expression and activity of adhesion mole-
cules, such as oufs, P-selectin, and glycoprotein Iba, on
SCD platelets facilitate the cells” adhesion to the endotheli-
um and induce endothelial activation'*"" and also permit
the formation of P-selectin-mediated heterocellular aggre-
gates between platelets and leukocytes and/or erythrocytic
cells, which play an increasingly recognized role in the ini-
tiation of vaso-occlusive processes.*'**!"” Additionally,
platelets are major sources of inflammatory mediators and
contribute to chronic inflammation in SCD by releasing
inflammatory cytokines, such as platelet factor 4, inter-
leukin-1p, LIGHT (TNEFSF14), and CD40L;""%'* elevated
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levels of circulating CD40L have been associated with the
occurrence of acute chest syndrome in SCD. Activated
platelets are also a major source of thrombospondin-1,
another protein that has been related to the incidence of
acute chest syndrome and vaso-occlusive episodes™ and
that, interestingly, triggers shedding of RBC microparticles,
causing vaso-occlusion, in mice with SCD."* Furthermore,
the platelet NLRP3 inflammasome is reportedly upregulat-
ed in SCD and may, therefore, play a major role in the pro-
cessing of interleukin-1p and interleukin-18, which have
important pro-inflammatory roles in the disease."”

Thrombotic manifestations of sickle cell
disease in the spectrum of thromboinflammation

Despite our current knowledge about the characteristics
and mechanisms by which hemostasis is activated in SCD,
the precise role of hemostasis in the pathogenesis of com-
plications of the disease has not been completely clarified,
as the association between classical hemostatic biomarkers
and the occurrence of clinical manifestations of SCD is not
straightforward,” and results from clinical trials using
antithrombotic agents have yielded heterogeneous results.
On the other hand, significant clues about the relevance of
hemostasis activation in SCD include data from animal
models showing that reductions of prothrombin to levels
normally observed in anticoagulated patients improved
organ damage in SCD mice and even mortality,* in associ-
ation with attenuation of inflammation and vaso-occlusion
after downregulation of PAR-1, PAR-2 and TE®¥"¢
Interestingly, in sickle cell disorders with genotypes that are
generally regarded as being associated with a milder pheno-
type, such as HbSC disease and S/B* thalassemia, patients
have an increased risk of thromboembolic events, albeit
lower than that in homozygous and S/B° patients.'”
Considering that hemolytic and inflammatory processes
are apparently less exacerbated in the majority of this sub-
set of patients,"*"” compared to homozygous sickle cell
anemia patients, the mechanisms behind this observation
require further elucidation. In a retrospective analysis of 147
patients with these two conditions, higher hemoglobin lev-
els and a history of surgical splenectomy were independent-
ly associated with the risk of VTE,” suggesting that
increased viscosity and RBC membrane alterations might
be involved."” However, it should also be noted that rela-
tively increased levels of parameters indicative of hemolytic
activity and inflammation have been associated with
greater activation of coagulation and risk of VTE in patients
with HbSC disease.”"

The concept of thromboinflammation encompasses a
broad spectrum of human disorders with both thrombotic
and inflammatory manifestations, and it has been proposed
that the level of thrombin would be a key determinant of
the relative contribution of inflammation or thrombosis to
disease presentation.” According to this model, thrombotic
microangiopathies and antiphospholipid syndrome are
located in that part of the spectrum in which thrombotic
manifestations are predominant, while rheumatoid arthritis
and atherosclerosis are located on the opposite side of the
spectrum, dominated by inflammatory mechanisms.
Interestingly, SCD has been proposed to be located in the
middle part of this postulated spectrum,” reflecting the dif-
ficulty in characterizing the prominence of hemostasis acti-
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vation or inflammation in its pathogenesis. Additionally, the
fact that infections represent a trigger for some SCD compli-
cations makes this characterization even more challenging.’
Accordingly, a recent review about the prothrombotic man-
ifestations of SCD suggested that future clinical studies tar-
geting coagulation activation should focus on a broader
range of endpoints including end-organ damage.” We
believe that this suggestion could be further expanded in the
future by attempting to classify SCD complications as parts
of a similar thromboinflammatory spectrum, in which the

contributions of inflammation and hemostatic activation
vary (Figure 2). Refinement of this model based on previous
and future studies could allow a more precise definition of
biomarkers and targets for the treatment of SCD.

Perspectives

Thromboinflammatory pathways, involving the activa-
tion of hemostasis and platelets, and prompted by RBC
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Figure 1. Thromboinflammatory pathways in sickle cell disease. Hemolytic and ischemia-reperfusion events (due to vaso-occlusion) drive inflammation and hemo-
static alterations in sickle cell disease (SCD). Hemolysis leads to the release of cell-free hemoglobin, heme and other red blood cell contents into the vascular envi-
ronment, causing nitric oxide depletion and contributing to platelet activation. Non-protein bound heme activates the endothelium (with some participation of toll-
like receptor 4), induces tissue factor (TF) expression and activation in monocytes and endothelial cells, neutrophil extracellular trap formation, leukocyte and com-
plement activation. Endothelial activation by platelets, leukocytes, ischemia-reperfusion events and heme/heme-laden microparticles results in the expression of
adhesion molecules, including P-selectin and integrin o35, which recruit leukocytes and, in turn, red cells to the blood vessel walls. Activated endothelial cells, leuko-
cytes and platelets also produce mature interleukin-1f, which further activates platelets and clot formation, in addition to having major inflammatory effects. Platelet-
derived proteins, such as CD40L and thrombospondin-1, activate the endothelium and may trigger red cell microparticle release. TF expression by monocytes leads
to thrombin generation via the extrinsic (TF/FVlla/FXa) pathway, while TF expression in activated endothelium signals through PAR-2 receptors (TF/FVlla/FXa) trig-
gering pro-inflammatory responses (interleukin-6 expression and leukocyte recruitment). Thrombin also mediates pro-inflammatory pathways through PAR-1 recep-
tors, triggering von Willebrand factor release and P-selectin expression, which contribute to platelet adhesive mechanisms. Thrombin generation is further increased
by phosphatidylserine-expressing red blood cells and microparticles, platelet polyPs and cell-free DNA derived from NET, via the intrinsic pathway of coagulation.
Thrombin generation ultimately results in fibrin production and clotting, but also induces red cell adhesion to the vascular wall, in addition to inflammation through
PAR-1 signaling. Oxidative stress contributes to NET formation and endothelial activation. These cellular responses are part of thromboinflammation, illustrated in
the inset of figure 1. Leukocyte, platelet and red blood cell recruitment to the vascular wall, together with clotting processes, neutrophil extracellular trap components
and the formation of heterocellular aggregates between platelets, leukocytes and red blood cells, with subsequent red cell trapping, results in the vaso-occlusive
processes that characterize SCD. ADP: adenosine diphosphate; ICAM: intercellular adhesion molecule; IL: interleukin; NET: neutrophil extracellular trap; NO: nitric
oxide; PAR: protease-activated receptor; TF: tissue factor; TLR4: toll-like receptor 4; TSP: thrombospondin; VWF: von Willebrand factor. Figure created with
BioRender.com.
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alterations and destruction, and ensuing innate immune
responses, play significant roles in some of the major com-
plications of SCD, such as stroke, and exacerbate the
chronic inflammation and cellular interactions that trigger
vaso-occlusion, ischemia/reperfusion processes and even-
tually organ damage. As such, components of hemostasis
and markers of platelet activation constitute therapeutic
targets in SCD. Indeed, crizanlizumab, which was recent-
ly approved by the Food and Drug Administration for use
in SCD, following clinical data from the phase Il SUSTAIN
trial* that indicated that it may be effective for preventing
painful vaso-occlusive crises, is an anti P-selectin therapy;,
which may benefit patients not just by diminishing
endothelial receptivity to leukocyte adhesion, but by
reducing the participation of platelets in the formation of
heterocellular aggregates.

The most frequently employed therapy for SCD is
hydroxyurea; while hydroxyurea provides clinical bene-
fits by increasing fetal hemoglobin production, and there-
fore partially inhibiting HbS polymerization, this drug is
an important anti-inflammatory agent.” In addition to
reducing the incidence of hospitalization and acute pain in
SCD, hydroxyurea reduces the occurrence of acute chest
syndrome and may provide an alternative to chronic
transfusion therapy in some subjects at risk of stroke,"**
indicating benefits on the hemostatic and thromboinflam-
matory mechanisms that contribute to these complica-
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tions. However, curiously, while an association of
hydroxyurea therapy with reduced levels of hypercoagu-
lability biomarkers has been reported in SCD," together
with reductions in platelet-fibrinogen binding, leukocyte
TE expression and complement activation,®''*® the
effects of hydroxyurea on platelet-leukocyte aggregate
formation™ and on the circulating concentrations of some
platelet-derived pro-inflammatory molecules are less
Clear.10,108 128

Anti-platelet therapies, while producing promising
results in pre-clinical studies have not, thus far, been suc-
cessful in larger clinical trials; prasugrel hydrochloride, an
inhibitor of platelet activation, was apparently well-tole-
rated and safe in children and adolescents with SCD, but
failed to reduce vaso-occlusive complications significantly
when administered for up to 24 months."*” While concerns
regarding the use of anticoagulants in SCD patients have
been raised, the long-term administration of rivaroxaban in
SCD patients with VIE was not associated with major
bleeding events,” although the use of vitamin K antago-
nists and low-molecular-weight heparin in such patients
has been associated with some bleeding events.” Thus,
given the aforementioned range of complications that may
be triggered by thrombosis and inflammation (see Figure
1), it may be important to tailor prospective therapies to
target thromboinflammatory mechanisms that could be
more specific to certain complications of SCD, such as
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Figure 2. Complications of sickle cell disease and thromboinflammation. Thromboinflammation, or immunothrombosis, can be viewed as a physiological response
to pathogens or tissue damage in which hemostasis activation and localized activation of inflammatory pathways at the microvascular level (i.e. vascular inflamma-
tion) act in concert to facilitate pathogen removal or tissue repair. However, loss of localization or deregulated activation of these pathways underlies the pathogen-
esis of a multitude of immune-mediated diseases in which the relative contribution of hemostasis and/or vascular inflammation varies, determining disease pres-
entation, as proposed by Jackson et al.* Sickle cell disease (SCD) is a condition in which thromboinflammatory mechanisms have long been recognized as critical
to its pathogenesis. However, the complex interplay between hemostasis and innate immunity activation makes it difficult to define precisely the relative contribution
of each of these two processes to the pathogenesis of different complications, possibly explaining the absence of a straightforward association between classical
biomarkers of hemostasis activation and the risk or the severity of some of these clinical manifestations. Accordingly, although it is likely that venous thromboem-
bolism and avascular necrosis of the hip are complications in which hemostasis activation plays a dominant role (in orange), while pulmonary hypertension, priapism
and leg ulcers can be more adequately placed in the vascular inflammation (in red) side of this thromboinflammatory spectrum, for most other complications, there
is yet not enough evidence to precisely identify their localization in this cycle/spectrum, which could facilitate the identification of therapeutic targets, as well as bio-

markers for each SCD complication.
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