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Abstract

Independent of etiology, hemolytic diseases are associated with thrombosis,
inflammation and immune dysregulation, all together contributing to organ damage
and poor outcome. Beyond anemia and the loss of the anti-inflammatory functions of
red cells, hemolysis leads to the release of damage associated-molecular patterns
(DAMPs) including adenosine diphosphate, hemoglobin and heme which act through
multiple receptors and pathways leading to a hyperinflammatory and hypercoagulable
state. The oxidative, inflammatory and thrombotic environment is fostered by a
cooperation between platelets, endothelial and innate immune cells as well as the
coagulation and complement cascades. Extracellular free heme is a promiscuous
DAMP which interacts with different receptors and plasma proteins, orchestrating a
complex oxido-inflammatory environment leading to thrombosis. In this review, we
discuss the main mechanisms by which hemolysis and in particular heme, drive this
thrombo-inflammatory milieu. We finally discuss the key drivers of hemolysis-
associated immune dysregulation and its contribution to secondary complications

during infection.



Introduction

Hemolysis is a pathological process characterized by the premature loss of the
membrane integrity of red blood cells (RBCs) leading to the release of the cytosolic
content, mainly comprised of hemoglobin, in the extracellular space. It can be triggered
by various pathological factors including genetic abnormalities of hemoglobin (such as
in sickle cell disease (SCD), B-thalassemia, etc.) or complement regulators (as in
atypical hemolytic uremic syndrome, paroxysmal nocturnal hemoglobinuria (PNH),
pathogens (as observed in malaria, sepsis, typical hemolytic uremic syndrome, etc.),
auto- or alloantibodies, oxidative stress, toxins, trauma or blood transfusion. In this
review, we will focus on the functions of hemoglobin and heme as DAMPs and their
direct and indirect contributions to inflammation, thrombosis and immune

dysregulation.

Molecular structure, conventional physiological functions and unconventional
activities of hemoglobin and heme

Heme is a coordination complex of the macrocyclic component protoporphyrin IX and
iron ion. Protoporphyrin IX consists of four pyrrole rings, derivatized with propionate,
vinyl and methyl groups (Figure 1A). The nitrogen atoms of pyrroles in heme occupy
four out of the six total coordination sites of iron ion, leaving two coordination sites
available for interaction with other ligands'. Heme is used as a cofactor molecule in a
vast number of proteins implicated in aerobic metabolism of both prokaryotic and
eukaryotic cells. As a prosthetic group of hemoproteins, heme has two main features:
first, it has an extraordinary capacity to fine-tune its functional activity depending on

the amino acid residues that interact with the porphyrin structure while coordinating



Fe ion, potentially explaining the versatile functional activities of hemoproteins.
Second, all hemoproteins are compartmentalized and never present in the
extracellular space under physiological conditions. The most prominent hemoprotein
in vertebrates is hemoglobin, where heme is used for transient binding and transport
of gaseous molecules, such as oxygen and carbon dioxide? (Figure 1B). The ability of
heme’s iron to easily alternates its oxidation state and to interact with multiple
hemoproteins and receptors determines its functional activities. Indeed, heme is
indispensable for the structural integrity and function of hemoproteins through high
affinity or/and even covalent interactions as for example for heme c in cytochrome c.
Heme is also able to bind to intracellular proteins in a transient manner. These proteins
cannot be classified per se as hemoproteins as protein integrity do not depend on
heme’s binding. This is probably related to intrinsic binding promiscuity of heme,
determined by its unique physiochemical molecular features (simultaneous presence
of aromatic, hydrophobic, charge and metal coordination interacting moieties) (Figure
1A). Despite transient interactions, disruption of heme binding to selective proteins
shows profound functional consequences. Not surprisingly, heme was demonstrated
to directly participate in pathology and tissue damage accompanying hemolytic
diseases with different etiology and is suggested as a promising drug target to limit

both thrombosis and inflammation.

The scavenging system during hemolysis

The prominent toxic effects of extracellular hemoglobin and heme well justify the
existence of evolutionary conserved system for scavenging and disposal of these by-
products of hemolysis. The two plasma proteins haptoglobin and hemopexin are

specialized for binding, neutralization of toxic effects, and safe disposal of hemoglobin



and heme, respectively® 4. These proteins interact with their ligands with very high
binding affinity and transport them for degradation by macrophages in the spleen and
liver. The hemoglobin-haptoglobin complex is recognized by the scavenger receptor
CD163, whereas heme-hemopexin complex is recognized by CD91, also known as
low-density lipoprotein receptor-related protein 1 (LRP1). As a consequence of its high
affinity to heme (Kp value < 10-'%), hemopexin can be consider as a plasma protein
that irreversibly binds heme? 4. Nevertheless, plasma contains many other proteins
and macromolecules that can interact with heme, albeit with lower affinity. These
proteins include the most abundant plasma proteins albumin® and immunoglobulins
(Ig)%, as well as proteins present at lower concentration such as alpha-1
microglobulin’, C1q®, C3° Factor VI, fibrinogen'" etc. Delivery of hemolytic
products to macrophages engages an intracellular system for their safe disposal
involving heme oxygenase-1 (HO-1) and ferritin. The former enzyme is responsible for
the oxidative degradation of heme to biliverdin, ferrous ions and carbon monoxide
(CO)'2. The induction of HO-1 and ferritin overexpression is not dependent on a
specific membrane receptor and is regulated by intracellular heme levels through
multiple transcription factors including nuclear factor erythroid 2-related factor 2,
activator protein-1, Bach1 and hypoxia-inducible factor'®. However, extensive
hemolysis overwhelms the scavenging system and as a consequence, the
pathological potential of extracellular hemoglobin and heme can be manifested.
Hemoglobin and heme oxidative functions

Beyond anemia, hemolysis is associated with the depletion of nitric oxide (NO) as a
result of L-arginine deficiency (required for NO synthesis) and the scavenging of NO
by hemoglobin resulting in the disruption of vascular homeostasis '4. Moreover, the

potent pro-oxidant nature of extracellular hemoglobin and heme catalyzes oxidative



reactions generating reactive oxygen species (ROS) that can oxidize vulnerable
macromolecules’. These modified molecules can after serve as ligands for innate
danger-sensing receptors, triggering pro-inflammatory programs. For example, heme
was shown to oxidize LDL which can subsequently activate TLR2 and TLR4 promoting
pathogenic innate immune cells activation!® 7. Additionally, free heme catalyzes the
formation of hydroxyl radicals in the Fenton reaction through the redox-active iron and
induces lipid peroxidation, increasing cell membrane damage, permeability and
death’. Consequently, hemolysis-associated reduction in the scavenging of heme
and hemoglobin, the release DAMPs and reduced NO availability exacerbate thrombo-

inflammation.

Pro-inflammatory and immune dysregulation activities of heme

Heme-induced activation of innate immune receptors and pathways

In 2004, Seong and Matzinger presented a hypothesis that hydrophobic molecules (or
hydrophobic patches on macromolecules) activate innate immune cells by binding to
specific pattern recognition receptors (PRR), a mechanism which unifies the immune-
stimulatory effects of DAMPs and PAMPs on innate cells'®. Heme is a highly
hydrophobic molecule and, as such, fits perfectly with the definition of Matzinger for a
DAMPs™. Indeed, Soares and Bozza classified also heme as an alarmin, an
endogenous molecule that, when released extracellularly, induces cellular damage by
interacting with multiple receptors on different cells'®. This picture would be even
further complicated when hemolysis is secondary to an infection where DAMPs and
pathogen-associated molecular patters (PAMPs) synergistically activate pro-

inflammatory and prothrombotic pathways (Figure 2).



Effect of heme on monocytes and macrophages

Heme has pleiotropic effects on neutrophils, monocytes and macrophages which are
specialized in the protection against pathogen (reviewed in?°-22). An alteration in both
classical and non-classical (patrolling) monocytes was observed in patients with SCD
and PNH. Indeed, the number of HO-1"" patrolling monocytes is significantly
decreased in patients with SCD following a recent VOC episode and a deficiency in
these monocytes exacerbates VOC in SCD mice 2. From the other hand, the level of
classical highly inflamed monocytes is increased in SCD and PNH patients and
engulfment of hemoglobin-activated platelets by classical monocytes increases their
inflammatory phenotype and death in vitro?*. Moreover, cell-free hemoglobin S but not
heme increases the expression of inflammatory cytokines in human monocytes in a
TLR4/MD2-dependent manner?>.

In a seminal study, Figueiredo et al. demonstrated that heme serves as ligand for
TLR4%¢. By binding to TLR4 on macrophages at a distinct site to the one for
lipopolysaccharide (LPS), heme increases the expression of TNFa and cell activation,
albeit the response is partial as compared to LPS?. The synergy between the
oxidative burst and TNFo production triggers necrosis in macrophages?’.
Mechanistically, heme activates NF-kb, however the details about the interaction of
TLR4 with heme are still controversial?®3'. In vivo experiments inhibiting TLR4
signaling or TLR4 deficient animals emphasized the pathological importance of TLR4-
heme interaction in various disease contexts including SCD3%%. Similarly, heme
polymer hemozoin found in blood feeding parasites, such as Plasmodium falciparum,
activates innate immune cells (dendritic cells) through TLR9. Importantly, injection of
hemozoin into mice results in the systemic release of pro-inflammatory cytokines, an

effect that was abrogated in TLR9 knockout mice and in mice deficient in MyD88%. In



addition to TLR pathways, heme engages and activates ROS-dependent signaling as
well NLRP3 inflammasome in macrophages, independent of heme internalization and
activation of the purinergic receptors®'- 4!, In the absence of macrophage priming by
LPS, activation of caspase-4 and caspase-5 is required for the release of pro-
inflammatory cytokines*?. In LPS-primed macrophages, heme-induced NLRP3
activation promotes the cleavage of IL-13 in a spleen tyrosine kinase (syk), NADPH
oxidase-2 and mitochondrial ROS and K(+) influx-dependent manner and contributes
to the lethality during sterile hemolysis*3.

Beside macrophage activation, heme promotes the differentiation of monocytes to a
tolerogenic macrophage subtype specialized in the phagocytosis and the disposal of
erythrocytes and their debris** 4%, In SCD, extracellular heme induces the production
of type | IFNs by monocytes and macrophages leading to the recruitment and
differentiation of monocytes to a specific population of macrophages in the liver which
expresses high level of Fc-yRla (CD64) which efficiently binds to IgG-opsonized
targets, exacerbating anemia through IgG-mediated phagocytosis %647, In this context,
it is important to note that heme has also the capacity to induce autoreactivity and
polyreactivity in a fraction of IgG antibodies present in healthy humans® 4850, Heme
binds to the variable region of antibodies and allows antibodies to recognize unrelated
proteins with relatively high binding affinity. Whether heme-induced polyreactive 1gGs
activates Fc-y receptors on innate immune cells and platelets and propagates
immunothrombosis and thrombo-inflammation requires further investigation. In
addition, heme impairs macrophage phagocytic and chemotactic functions?? %! altering
actin polymerization and disrupting the cytoskeleton dynamics. This effect is mediated
by high affinity binding of heme to DOCKS resulting in the activation of small Rho

GTPase CDC42 which regulates actin dynamics. Moreover, excessive RBCs



phagocytosis by hepatic macrophages was shown to induce an immunosuppressive
phenotype in the liver during sepsis leading to bacterial growth and to a decrease in
survival®®, In Klebsiella pneumoniae infection, heme suppresses STAT-1 and
interferon responses in the liver independent of HO-1 and the iron ion but through the
porphyrin®2. This data show that heme, via different moieties, alters macrophage
functions and impairs bacterial clearance, exacerbating sepsis.

Beside TLR4, heme binds to RAGE and induces its oligomerization, leading to
activation of cell signaling, phosphorylation of ERK 1/2 and AKT, and to the release of
the pro-inflammatory cytokines IL-18, TNFa and IL-6 in the lung in vivo %3. The
promiscuous expression of RAGE and TLR4 on immune and endothelial cells (ECs)
as well as platelets might explain the systemic consequences associated with heme
release. However, the expression of heme-binding receptors in a specific vascular bed
such as RAGE in the lung or increased susceptibility to specific ECs as observed in
glomerular ECs could increase toxicity of heme and its thrombo-inflammatory effects

in selective organs®® %4,

Effect of heme on neutrophils

In 2004, Graga-Sousa et al. showed that exposure of human mature neutrophils to
heme induces protein kinase C activation, IL-8 expression, oxidative burst, the
expression of adhesion molecules and increased chemotactic activity of cells towards
heme gradients®® 56, Importantly, the chemotactic activity and secretion of IL-8 induced
by heme were preserved in the presence of human serum proteins. Heme induces
MAPK, PI3K/Akt and NF-kB activation, with ultimate anti-apoptotic effect®’,
subsequently increasing their survival and fostering an inflammatory environment.

Heme-induced oxidative burst in neutrophils is not solely dependent on TLR4 but also



involves G protein-coupled receptors®. On the other hand, heme was shown to induce
the expression of HO-1 in immature neutrophils in the bone marrow and to support
their mobilization in the bloodstream®®. These immature neutrophils have a defect in
oxidative burst activity resulting from impaired ROS signaling without a significant
effect on mature neutrophils®®. Beside altering neutrophil chemotaxis and oxidative
burst, heme induces neutrophil extracellular trap (NET) formation in TNFa-primed
neutrophils and heme-mediated NET release contributes to vaso-occlusive crisis
(VOC) in SCD 9% 81 Interestingly, whereas heme does not induce NETosis in non-
primed neutrophils®, addition of platelets induces potent NETosis®?, supporting that a
cooperation between platelets and neutrophils can drive thrombosis in hemolytic

conditions.

Interaction of heme with the complement system

The complement cascade is an integral part of the innate immune system comprised
of plasma and membrane-bound proteins essential for host defense against
pathogens (predominantly bacteria) and in sustaining tissue homeostasis®3. Despite
its protective functions, dysregulated activation of the complement system exerts
potent tissue-destructive and pro-inflammatory functions. Free heme was shown to
interact with the central complement component C3 and to activate the alternative
pathway of the complement cascade®, while its binding to C1q inhibits the classical
pathway®. Moreover, heme interacts with the complement regulator Factor | and
perturbs the negative regulation of the cascade, amplifying complement activation,
release of anaphylatoxins and tissue damage®. Altogether, heme causes a net
overactivation of complement, which was suggested to amplify erythrocyte destruction

in malaria® . Indeed, even in the case of low parasite burden, patients may develop
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severe anemia as a result of heme-mediated complement activation and the clearance
of CD35-positive young erythrocytes opsonized by C3b. Therefore, prophylactic
complement inhibition at the level of C3 for malaria-infected individuals may be a
potential therapeutic strategy to reduce the risk for anemia®. Beside inducing a
prothrombotic phenotype in ECs, heme-induced P-selectin expression serves as a
platform for attraction of C3 activation fragments and complement overactivation on
the endothelial surface® contributing to the pathology of hemolytic diseases®’- 68,
infections or in rhabdomyolysis-induced acute kidney injury or transfusion reactions®
68-71 Interaction of heme with complement proteins in the context of bacterial infections
can have different detrimental consequences. First, the capacity of heme to inhibits
the binding of C1q to IgG and IgM2 72 might alter the activation of the classical pathway
by the microbes opsonized by antibodies. Second, direct activation of C3 by heme in
a systemic manner might deplete it, thus temporally diminishing the potential of
complement to counteract bacterial infection. Thirdly, the release of anaphylatoxins
following uncontrolled activation of alternative pathway of complement by heme
activates different immune cells in a systemic manner, thus causing immune

exhaustion and deterioration of their specific immune defense activity.

Prothrombotic effects of hemolysis, hemoglobin and heme

It is well established that hemolysis contributes to a hypercoagulable state. NO
depletion during hemolysis is considered a key driver of oxidative stress and
thrombosis during hemolysis. Hemoglobin released during hemolysis scavenges NO
at a rate 1000 times more effectively than that encapsulated in the RBC contributing
to vasoconstriction and hypercoagulation”. Inactivation of plasma hemoglobin by

oxidation or NO ligation restore NO bioavailability. Hemolysis is associated with
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pulmonary arterial hypertension, kidney injury and increased risk of ischemic
complications. In patients with SCD, the exposure of phosphatidylserine (PS) on RBC
membrane and microvesicles (MVs) contributes to VOC and to progressive organ

damage 4.

Endothelial cells as a target of hemolysis

ECs are considered the first and main target of hemolysis-associated DAMPs.
Interestingly, some ECs have high phagocytic capacity and can engulf damaged RBCs
and clear them from the circulation”®. ECs phagocytose clots and clear emboli from
the microvasculature through hemodynamic pressure and translocation of these clots
to the perivascular space, a mechanism named angiophagy 6. Brain ECs have high
capacity of erythrophagocytosis of damaged RBCs exposed to oxidative stress
compared to healthy cells associated with the passage of hemoglobin across the
monolayer of ECs. This passage of pro-oxidative hemoglobin through the brain barrier
was proposed to contribute to cerebral microbleeds in the absence of endothelial
disruption’”.

EC activation by hemoglobin and heme increases the expression of adhesion and pro-
thrombotic molecules supporting immune cell and platelet adhesion® 7°. Hemoglobin
induces NF-kb activation and hypoxia inducible factor, increases ROS generation and
cell permeability®. This effect was attenuated by blocking MyD88 and NF-kb but not
TLR48, It also increases TF expression on ECs in response to LPS showing synergy
between infectious agents and hemolysis to induce TF by EC78. Similar to hemoglobin,
heme induces EC activation and triggers VOC in an experimental SCD in a TLR4-
dependent manner 3. Indeed, TLR4 expression on endothelial rather than on
hematopoietic cells was shown to initiate VOC in SCD mice38. Heme induces the

expression of adhesion molecules (ICAM-1, VCAM-1, P-selectin), TF expression and

12



the exocytosis of Weibel-Palade bodies associated with the release of VWF33. 36,7981,
Whereas multiple studies showed the upregulation of TF on ECs in vitro, the
expression and role of endothelial TF is not well established. Indeed, using mild and
severe SCD experimental models, Solovey et al showed that TF expression is mostly
observed in the pulmonary veins®. Subjecting mice to hypoxia/regeneration increases
TF on lung endothelial cells in SCD but not in WT mice®. However, Sparkenbaugh et
al showed that heme injection induces TF on immune cells, both neutrophils and
monocytes, but not on endothelial cells®’. TF was also observed in the perivascular
space and heme-induced coagulation depends on the expression of TF on both
hematopoietic and non-hematopoietic cells. The importance of P-selectin in VOC was
shown using P-selectin-deficient mice and by using anti-P-selectin blocking
antibodies. Indeed, anti-P-selectin antibody Crizanlizumab (ADAKVEOQO) reduces the
rate of pain crises, adverse effects, and decreases the frequency of VOC in SCD
patients®. Crizanlizumab-tmca (ADAKVEQ) was FDA-approved in 2019 to decrease
the frequency of VOC in adults and pediatric patients aged 16 years and older with
SCD. The effect of anti-P-selectin is likely multifactorial by limiting immune cell
adhesion on ECs and also formation of platelet-leukocyte aggregates, thus decreasing
inflammation and thrombosis®®. However, it is important to note that long-term P-
selectin deficiency was shown to reduce immune cell recruitment to the liver increasing
cellular senescence and reducing epithelial cell proliferation, thereby impairing the
resolution of inflammation in SCD mice 8. Therefore, fine-tuning of inhibition of
immune cells and their effect on the resolution of inflammation during hemolysis is
required to limit organ damage, independent of VOC.

More recently, heme but not hemoglobin was shown to activate the NLRP3

inflammasome in ECs and to stimulate the release of IL-138°. This activation depends
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on heme-induced ROS generation and requires the structural integrity of heme as
neither protoporphyrin IX nor Fe ions alone induced IL-1p production. The lipophilic
nature of heme also promotes increased incorporation in the plasma membrane, rising
cell sensitivity to oxidative stress. Indeed, heme induces mitochondrial dysfunction,
activates autophagy and induces lipid peroxidation®. Not only free heme is toxic to
ECs, but also RBC-derived MVs are able to bind to ECs and to transfer heme,
triggering ROS generation and VOC in SCD?®. The pro-oxidative and prothrombotic
effects of these MVs are neutralized by hemopexin, by blocking PS using annexin-V
or by inhibiting TLR4%’. Importantly, the downstream effect of heme is dose-dependent
as high concentrations of heme induce apoptosis and necroptosis in a TLR4 and ROS-
dependent manner®”: 88, Beside direct activation by heme, endothelial cells are prone
to complement attack triggered by heme with increased susceptibility to activation in
selective vascular bed. Heme increases complement C3 deposition on glomerular ECs
and this effect was associated with lower complement regulator factor H binding and
a defect in thrombomodulin upregulation®. In a model of experimental sterile
hemolysis induced by phenylhydrazine, P-selectin was also shown to drive
complement attack on ECs in a TLR4- and heme-dependent manner3¢. Heme also
induces VWF release, regulating complement activation and platelet recruitment
during hemolysis. Thus, by binding to complement factor H, VWF acts as a negative
regulator of complement activation increasing factor H-mediated C3b inactivation and
reducing complement attack®®. This effect is regulated by the size of VWF multimers
as ultra-large multimers lack the cofactor activity and the negative regulation of
complement activation®°. This effect was confirmed using blood outgrowth endothelial
cells isolated from patients with von Willebrand disease type 3 showing increased

susceptibility to complement deposition and cytotoxicity compared to healthy ECs °'.
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Therefore, heme-induced complement activation and susceptibility in specific vascular
bed confers selectivity to innate immunity-driven thrombosis and supports the
development of distinct thrombo-inflammatory mechanisms in different organs. This
can be enhanced by the specificity of endothelial cells in erythrophagocytosis,

susceptibility to complement activation, TLR4 expression and protein content.

Hemolysis-induced platelet activation: the central role of hemoglobin and heme in
thrombosis

During hemolysis, platelet activation and platelet-leukocyte complexes were shown to
contribute to thrombo-inflammation. The release of ADP from damaged cells can
induce platelet aggregation through the activation of P2Y+ and P2Y 2. Indeed, injection
of hemolysate induces platelet aggregation, whereas platelets from patients treated
with P2Y12 inhibitors showed reduced platelet activation by RBC lysates®. Platelet
activation-mediated P-selectin expression was also shown to support platelet-
neutrophil complexes increasing neutrophil activation and their oxidative activity and
potentiating lung vascular permeability®®. Targeting P-selectin or P2Y1, reduces
platelet-neutrophil aggregates and improved lung vascular permeability in SCD
mice®. Using intravital microscopy, ADP released during hemolysis was shown to
induce platelet-rich thrombi in the pre-capillaries pulmonary arterioles in GPIIb/llla-
and P2Y1>-dependent manner, suggesting that targeting ADP in hemolytic diseases
could decrease thrombotic complications®. However, the data from the DOVE
multinational trial assessing the efficacy of P2Y 12 inhibitor, Prasugrel, in patients with
SCD showed no amelioration in the rate of VOC compared to placebo®, suggesting
the existence of multiple mechanisms by which hemolysis-associated DAMPs can

regulate ischemic events.
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Beyond their pro-oxidant functions, hemoglobin and heme trigger platelet aggregation
through different mechanisms in a dose-dependent manner®? %% |ndeed, it was
shown that at low concentrations of hemoglobin induces platelet activation and
aggregation in vitro through GPIb-a whereas at high concentrations it induces platelet
apoptosis®®. However, another study showed that hemoglobin does not induce direct
platelet activation but rather abrogates the effect of NO on platelets ®°. This study
showed that hemoglobin-bound ADP was responsible for the direct platelet activation,
which was inhibited by apyrase. Beyond platelet activation, hemoglobin interacts with
VWEF (via the A1 domain), cooperates with GPIb-a to increase VWF-mediated platelet
aggregation and microthrombi formation on fibrinogen and collagen at high shear
rate'?, Inhibition of hemoglobin binding to GPIb-a decreases thrombus formation on
VWEF and collagen'®. Hemoglobin also binds to the A2 domain of VWF and blocks its

cleavage by ADAMTS13, facilitating thrombus formation°.

Not only hemoglobin is able to activate platelets, but free heme was also shown to be
even a more potent activator of platelets®”. In cases of hemolysis and release of heme,
it is unlikely that heme will be present in monomeric “soluble” form for binding to the
receptors but most probably heme will be bound to certain plasma macromolecule with
low affinity. Moreover, it is important to note that heme, when not bound to proteins,
has a high tendency to form dimers and oligomers'%?2. These aggregates of heme may
have potent immune-stimulatory effects due to the crosslinking of receptors. The
formation of oligomers might account for the toxic effect of heme on platelets, leading
to damage and death of these cells®: %8. Indeed, based on a number of studies, Hopp
and Imhof discussed the pivotal role for heme concentrations in bleeding and
thrombotic complications, whereby high concentrations of heme induce bleeding while

low concentrations induce hypercoagulopathy'%3. Beside triggering coagulation, heme
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alters the activity of different coagulation proteins. Thus, heme binds to FVIII and
impairs its interaction with FIX leading to a defective procoagulant activity'®. Heme
also increases FXIll-dependent coagulation and it was shown to inhibit activated
protein C anti-coagulant but not cytotoxic functions and to impair clot lysis'%4. Heme,
through its iron ion and the protoporphyrin ring, binds and crosslink fibrinogen and
inhibits the conversion to fibrin. Moreover, RBC lysate was shown to increase tissue
plasminogen activator (tPA)-mediated fibrinolysis in whole blood whereas platelet
lysate inhibits this process, highlighting the complexity of balancing thrombotic and
bleeding complications associated with cell damage'®. Fibrinogen also binds to
hemozoin and this interaction activates monocytes through TLR4 and macrophage-1
antigen (MAC-1)""1%_The dual effect of heme on coagulation factors and their activity
can regulate the bleeding and thrombotic complications associated with hemolytic
conditions 193,

Through its pro-oxidant functions, heme induces ROS generation, ferroptosis and
inflammasome activation in platelets and these effects were inhibited by melatonin'7.
Interestingly, heme-induced platelet activation is independent of TLR4 but is mediated
by the immunoreceptor tyrosine-based activation motif (ITAM) receptor CLEC-2%.
Moreover, GPVI was also shown to contribute to platelet activation by heme and
CLEC-2 and GPVI deficiency improves rhabdomyolysis-induced acute kidney injury in
mice'®. Indeed, CLEC-2 is activated by podoplanin expressed outside the vasculature
whereas GPVI is activated by large number of agonists including collagen and fibrin
and these studies identify heme as a novel agonist for CLEC-2 and GPVI'%°. Whether
the level of expression of these receptors on platelets contributes to heme-induced

platelet aggregation requires further investigation.
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Platelet activation by heme was inhibited by Src, Syk or Btk inhibitors confirming the
contribution of ITAM receptors in this process®. Importantly, platelet activation by
heme was not altered by inhibiting P2Y12 and COX-1, suggesting that heme-induced
platelet activation is refractory to anti-platelet drugs®. Despite being dispensable for
classical platelet activation by heme, TLR4 contributes mitochondrial ROS production
and the release of thrombospondin-1 from platelets®. Interestingly, platelet
aggregation induced by high concentrations of heme was not inhibited by ITAM
signaling inhibitors or by blocking GPlIb/llla, suggesting a mechanism involving the
agglutination of damaged platelets®. This could be further amplified by the interaction
of fibrinogen with heme which opsonizes platelets and can contribute to drug-resistant
platelet agglutination'®. Moreover, heme-activated platelets induce NETosis and
macrophage extracellular trap (MET) formation'°. In this context, MET formation
required GPIb-a-MAC-1 interaction and ROS generation and this mechanism
contributes to kidney injury in a preclinical model of rhabdomyolysis''®. The
prothrombotic effect of heme could be counteracted by the expression of HO-1, limiting
platelet aggregation and thrombus formation highlighting the importance of
compensatory mechanisms to limit heme-mediated thrombosis ''".

Interestingly, the contribution of heme to thrombosis is not restricted to severe
hemolytic diseases. An increase in hemoglobin and heme release was observed in
patients with acute coronary syndrome and in infants and neonates undergoing
cardiac surgery with cardiopulmonary bypass and high levels of free heme were
associated with an elevated risk of thrombosis''? '3, Indeed, deficiency in HO-1
increases endothelial cell apoptosis, TF and VWF expression, platelet adhesion and
favors ferric-chloride induced arterial thrombosis''. In this model, local hemolysis and

hemoglobin oxidation were shown to contribute to the thrombosis, in the absence of
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an overwhelming hemolysis''®. Moreover, heme release from local hemolysis was
shown to contribute to deep vein thrombosis (DVT). In a mouse model of DVT, a
relatively high concentrations of heme peaked prior to clot formation and these levels
diminished with thrombus resolution''®. The role of heme in thrombus formation in DVT
was confirmed using hemopexin-deficient mice. It was suggested that heme release
might be secondary to the hemolysis of trapped erythrocytes and their oxidation.
Interestingly, CLEC-2, the main receptor for heme on platelets is essential for clot
formation during DVT, a mechanism suggested to be triggered by its interaction with
podoplanin expressed in the vessel wall'”. In this context, it is tempting to speculate
that CLEC-2-podoplanin interaction could initiate DVT while CLEC-2-heme interaction
supports thrombus growth.

Anti- and pro-inflammatory functions of RBCs: implications in hemolytic
anemias and infections

Beyond oxygen transport, RBCs possess crucial anti-inflammatory functions limiting
organ damage during sterile inflammation and infection. Indeed, RBCs can capture
cytokines and chemokines from the blood, restraining their availability. The duffy
antigen receptor for chemokines (DARC) is the main receptor for cytokines and
chemokines on RBCs. It binds with high affinity to CC and CXC-chemokines, leading
to their sequestration without supporting classical chemokine-induced cell
responses’'®. Indeed, the lack of expression of the duffy gene on RBCs in patients
with SCD was associated with chronic organ damage, in particular kidney
dysfunction'’®. Beside binding chemokines, DARC is the key receptor mediating
Plasmodium vivax infection of RBCs'?°. Individuals lacking DARC expression on
RBCs are resistant to Plasmodium vivax malaria'?°. DARC is also a target for bacteria

such as Staphylococcus aureus inducing hemolysis 3°. However, DARC is not
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selectively expressed on RBCs but is also expressed on endothelial cells where it
mediates the transcytosis of cytokines and chemokines from the inflamed basolateral
area to the luminal surface, leading to their accumulation and increasing leukocyte
adhesion and transmigration'?'. Therefore, DARC expression on endothelial cells
supports inflammation, whereas RBC DARC acts as a sink for chemokines %2,
showing that the spatial distribution of DARC on red and endothelial cells play a dual
role in propagating and resolving inflammation.

RBCs are also important immune sensors for nucleic acids which can positively and
negatively regulate organ function during homeostasis and inflammation, respectively.
RBCs express TLR9 which binds to cell free CpG-containing DNA released from
mitochondria (cf-mtDNA)'?® and from bacteria and viruses. During homeostatic
conditions, Hotz et al showed that most cf-mtDNA is bound to RBCs through TLR-9
and this sequestration limits CpG-DNA-induced lung injury'?3, The protective function
of RBCs is lost under pathogenic conditions, which can exacerbate inflammation and
organ damage. Indeed, using a co-culture system, it was shown that RBCs isolated
from healthy donors but not from trauma patients are able to bind CpG-DNA and to
limit endothelial cell activation'?3. Under infectious condition, such as sepsis, CpG-
DNA derived from pathogens binding to RBCs induces erythrophagocytosis, anemia
and initiates local and systemic inflammation'?*. The pro-inflammatory environment is
supported by the release of DAMPs from RBCs, in particular hemoglobin and heme,

leading to inflammation, immune-dysregulation and thrombosis.

Consequence of release of heme for bacterial infections

As discusses above, the broad effects of heme on the innate immune components —

complement, neutrophils, macrophages as well as endothelial cells and platelets
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results in an overwhelming prothrombotic, pro-oxidative and pro-inflammatory
response associated with a profound dysregulation in the defense mechanisms. This
can lead to tissue damage and impaired host defense against pathogens. Beyond its
ability to dysregulate or inhibit diverse functions of innate immune cells or complement
proteins, heme contributes to bacterial infection as a growth factor. Indeed, many
human pathogenic bacteria use heme as a source of iron for sustaining their
proliferation’?5. Consequently, hemolysis and release of large quantities of heme can
foster infection with pathogenic bacteria in two independent ways.

In addition, one of the co-morbidities and main cause of children mortality in patients
with SCD are bacterial infections'?’. Indeed, hemolysis increases the susceptibility of
patients with SCD and malaria to infection with Salmonella Tiphimurium (S.
Tiphimurium). In the absence of hemolysis, the spleen and liver are major sites for
salmonella replication, however, in the context of hemolysis, bacteria infect neutrophils
and impair oxidative burst along with a dysfunction in macrophage function'?®. Co-
administration of heme with S. Tiphimurium induces the release of immature
neutrophils from the bone marrow with defective oxidative burst and increases fatal
bacteremia. In malaria, hemolysis impairs neutrophil oxidative burst through the
induction of HO-1 and this effect could be reversed by inhibiting HO-1 by tin
protoporphyrin'®. Indeed, HO-1 induces tolerance to the toxic effect of heme but
reduces ROS generation, thus balancing the resistance to pathogens. A defect in
neutrophil oxidative burst activity was also observed in children with SCD, which is
related to hemolysis and HO-1 induction in neutrophils®®. Moreover, heme was shown
to decrease CD4+ T cell proliferation and to significantly increase the frequency of
regulators T cells (Tregs), an immunomodulator function mediated by heme/HO-1 axis

and the presence of CD16+ monocytes '?°. Therefore, a mechanism of tolerance to
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one infection might impair the resistance to another one. It should also be noted that
heme has capacity to dysregulate the functions of B cells and to impair antibody
responses as demonstrated in vitro and after intraperitoneal administration of heme in
mice'0. Collectively, these data suggest that heme can impair both innate and
adaptive immune response against pathogens.

Hemolysis-associated immune dysregulation is not limited to SCD or malaria but could
also be observed during sepsis. High level of cell free hemoglobin is associated with
increased mortality in septic patients'3" 132, Using experimental model of sepsis,
Larsen et al. showed that high grade sepsis induces hemolysis whereas low grade
sepsis did not'?8. The severity of sepsis was associated with high heme levels and a
reduction in hemopexin levels'?®. Although heme administration to WT mice without
sepsis did not induce lethality, its administration after low grade infection induces
tissue damage and increases lethality in mice. Moreover, injection of heme with
sublethal dose of heat killed bacteria induces 100% mortality compared to the low
mortality in the absence of heme. Collectively, these data show the pivotal role of heme
not only in regulating thrombosis, oxidative stress and inflammation but also its high
capacity to dysregulate innate and adaptive immune response and promote tissue

injury allowing the proliferation of pathogenic bacteria.

Conclusions

Independent of etiology, hemolysis drives thrombo-inflammation and oxidative stress
contributing to organ damage. The promiscuous nature of heme and its possible
interaction with multiple proteins and receptors in different organs along concentration-
dependent functions suggest the development of distinct systemic and local

mechanisms. Indeed, at the site of intravascular localized hemolysis, the level of free
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heme can exceed the concentrations measured in the plasma. Results from multiple
studies showing the efficacy of hemopexin in reducing thrombotic complications both
in hemolytic diseases such as SCD but also in DVT suggest that targeting heme can
be beneficial in a large number of diseases associated with hemolysis. Other
strategies targeting platelet activation by heme such as inhibitors downstream ITAM
receptors and TLR4 might also open new opportunities for treatment of complex and
heterogenous thrombo-inflammatory mechanisms during hemolytic diseases. The
effect of targeting heme will not only limit ischemic events, but can also reduce the
severity of secondary infections in patients with comorbidities. Future work assessing
the efficacy of targeting heme to reduce the severity of bacterial infections in DVT,
coronary artery disease and myocardial infarction might open new therapeutic
opportunities to address the detrimental effect of infectious in patients with

comorbidities.
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Figure 1: The structure of heme and hemoglobin. (A) Structural formula of iron
protoporphyrin IX (heme b). The heme molecule has extraordinary binding
promiscuity towards different proteins and other biomolecules. This stems from the
presence in heme of groups capable of establishing various types of non-covalent
interactions. The different types of interaction moieties of heme molecule are
highlighted on the structural formula. (B) The structure of human hemoglobin. The
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polypeptide chains of hemoglobin tetramer are depicted in blue. Heme is depicted in

red. The figure was generated by UCSF Chimera software v. 1.16 using data from

cryoelectron microscopy, PBD file 7XGY, downloaded from RCSB Protein Data Bank

(https://www.rcsb.org).

Figure 2: Hemoglobin- and heme-induced oxidative stress, thrombosis,

inflammation and immune dysregulation. Summary of the mechanisms by which

hemolysis, hemoglobin and heme induces oxidative stress, inflammation and

thrombosis.
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