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During hemolysis, erythrophagocytes dispose damaged red blood cells. This prevents the extracellular release of
hemoglobin, detoxifies heme, and recycles iron in a linked metabolic pathway. Complementary to this process,
haptoglobin and hemopexin scavenge and shuttle the red blood cell toxins hemoglobin and heme to cellular clear-
ance. Pathological hemolysis outpaces macrophage capacity and scavenger synthesis across a diversity of diseases.
This imbalance leads to hemoglobin-driven disease progression. To meet a void in treatment options, scavenger
protein-based therapeutics are in clinical development.
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Introduction
An efficient clearance system comprising macrophages and
scavenger proteins maintains homeostasis within the red blood
cell (RBC) compartment,1 by capturing aged and damaged
RBCs, shuttling heme-iron to erythropoiesis, and preventing the
adverse effects of cell-free hemoglobin (Hb) and heme. Several
diseases are characterized by the excessive turnover of RBCs
(ie, hemolysis), either as the primary etiology in genetic
hemoglobinopathies, membranopathies, and enzyme defects,
or as an acquired characteristic associated with blood trans-
fusions, infections, autoimmune diseases, and mechanical
stresses.2,3 RBC lysis in hemolytic anemia may occur not only in
circulating peripheral blood, the spleen, or liver, but also within
closed compartments after vascular rupture and hematoma
formation. Aberrant functioning of RBC membranes in all these
conditions results in exposure of the body’s internal milieu to
harmful erythrocyte contents, including Hb, arginase,4 urate,5

and RBC-derived microparticles.6-8 The largest body of evi-
dence exists on the toxicities of cell-free Hb and heme, on
which we focus in this review. The capacity of the RBC-Hb-heme
clearance system defines the threshold at which hemolysis
deviates from a physiological normal RBC turnover process into
a disease amplifier. This article delineates the pathophysiolog-
ical processes induced by cell-free Hb and heme. It further
discusses toxicity control by macrophages, haptoglobin, and
hemopexin and potential exploitation of these protective fea-
tures for the development of novel therapeutics.

Pathophysiology of cell-free Hb toxicity
Progression of Hb-induced disease entails persistent RBC rupture,
shifting of the dynamic equilibrium of Hb from tetramerization to
dimerization, followed by translocation of small Hb dimers
(32 kDa) across tissue barriers, such as the vascular endothelium,
renal glomeruli, and the ependymal epithelium separating the
ventricular cerebral spinal fluid (CSF) space from the brain paren-
chyma. The pathophysiological outcomeof this cascade is the toxic
accumulation of Hb and its by-products close to functionally critical
parenchymal tissue. Ultimately, the detrimental effects of hemolysis
can be traced back to Hb-catalyzed oxidative reactions and heme-
ligation of cellular signalingmolecules. This concept has beenmost
extensively studied in the vasculature, kidneys, immune system,
and subarachnoidal compartments.

Translocation of cell-free Hb from blood across endothelial bar-
riers causes accumulation within interstitial spaces that surround
vascular smooth muscle cells.9 Subsequent reactions between
endothelium-derived nitric oxide (NO) and Hb cause vasocon-
striction, aberrant hemodynamics,10,11 and chronic manifesta-
tions of endothelial dysfunction.9,12 Dioxygenation of oxy-Hb
(HbFe(II)O2) initiates a sequence of NO-consumptive reactions
progressing to (HbFe(III)NO+) and (HbFe(II)NO), which indicates
that low quantities of interstitial Hb may cause substantial loss of
autacoid-mediated vascular tone regulation.13,14

In blood, the majority of cell-free Hb remains in the reduced
Fe(II)O2 state, capable of reactions with NO.15 However, in
conditions with enhanced oxidative stress, Hb reactions initiated
by autoxidation and endogenous peroxides can lead to higher
heme iron oxidation states (Fe(III), Fe(IV), Fe(IV)=O2), redox
cycling, and generation of Hb degradation and crosslinking
products with cytotoxic and inflammatory activities.16-18

Furthermore, HbFe(III) oxidation destabilizes the heme-globin
association,19 favoring heme partitioning into lipid compart-
ments, such as cell membranes and lipoproteins. In these com-
partments, heme initiates peroxidative chain reactions that
contribute to hemolysis-induced cytotoxicity and tissue injury
and the generation of proinflammatory by-products.20-24 These
reactions cumulatively leave traceable oxidative biomarker sig-
natures in animals25 and humans,26-28 which provide information
regarding the extent and duration of cell-free Hb exposure.
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Cell-free Hb from high-intensity hemolysis is primarily elimi-
nated from blood by renal clearance. Therefore, the kidney is
the most heavily exposed organ during intravascular hemolysis.
Postfiltration, the progressive acidification of the urine accel-
erates Hb-oxidation, globin structural destabilization, and heme
release.22 This explains why most observations related to
oxidation-driven Hb toxicity have been reported in the context
of hemoglobinuria-induced kidney injury.29-31 In addition,
because of direct exposure to RBC toxins, vascular patho-
physiology is a hallmark of intermittent and chronic intravascular
hemolysis. In genetic hemolytic anemias that demonstrate
intravascular hemolysis, a common feature of disease progres-
sion is pulmonary hypertension caused by NO depletion and
hemolysis-induced thrombosis.32-35

Heme has also been identified as a driver of hemolysis-induced
immune deregulation and as a disruptor of functional cell
structures, including the proteasome36 and the cytoskel-
eton.37,38 The binding of heme to toll-like receptor 4 (TLR4)
induces inflammatory NF-kB signaling in sickle cell anemia
(SCA) murine models.39,40 The resulting exposure of P-selectin,
which is a key mediator of multicellular adhesive interactions in
SCA, suggests a plausible mechanistic framework for the initi-
ation and propagation of vaso-occlusive crisis (VOC) and acute
chest syndrome.39-42 Conversely, the various detrimental effects
of hemolysis on immune cells lead to hyposplenism, a state of
acquired immunodeficiency that enhances the susceptibility to
infections in patients with SCA and other hemolytic anemia.
These immunosuppressive effects of heme progress via
Hmox1,43 and activation of the transcription factor NRF2,44,45

which represses inflammatory cytokine responses of macro-
phages.44,45 Furthermore, activated heme-Nrf2 signaling in
myeloid progenitors causes dysregulation of myeloid differen-
tiation trajectories.46 This subsequently results in depletion of
dendritic cells and reduces antigen presentation capacity and
CD4 T-cell priming in murine SCA. Heme-induced distortion
of the actin-cytoskeletal dynamics impairs phagocytosis and
leukocyte migration and enhances susceptibility to gram-
negative sepsis in mice.37 A summary of cell-free Hb driven
toxicity pathways is shown in Figure 1.

Hierarchical defense by
erythrophagocytes, haptoglobin,
and hemopexin
Protection against hemolytic stress is primarily achieved by
metabolism of hemolytic toxins via engulfment and controlled
phagolysosomal degradation of RBCs by specialized macro-
phages with high antioxidant and iron-recycling capacity
(erythrophagocytes).44,47,48 Under physiological conditions,
heme-mediated activation of the transcription factor SPI-C
drives splenic differentiation of monocyte-derived red pulp
macrophages.49,50 These homeostatic erythrophagocytes
recognize aged and damaged RBCs and are largely respon-
sible for the physiological turnover of erythrocyte metabolites.
Enhanced capacity for clearance of damaged RBCs in hemo-
lytic anemia requires recruitment of circulating monocytes
to the liver, where CSF1, heme-activated NRF2, and HMOX1
regulate their differentiation into on-demand eryth-
rophagocytes.44,51-53 A similar transcription factor network
that functions via NRF2 and ATF1 promotes the differentiation
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of tissue-localized erythrophagocytes within the hematoma
microenvironment.54,55 Heme signaling profoundly impairs
the antigen presentation capacity and innate immune func-
tions of erythrophagocytes. This process is accompanied by
the downregulation of major histocompatibility complex class
2 expression and suppressed NF-κB activation subsequent to
TLR4 or CD40 ligation.44,46,56 Although this immunoregulatory
function of heme can cause immunodeficiency in hemolytic
anemia, it likely evolved as a protective mechanism against
harmful inflammation and development of autoimmunity dur-
ing wound healing.

On-demand erythrophagocytes can sustain multiples of physi-
ological RBC turnover and thereby avert cell-free Hb toxicity.51

However, saturation of the total erythrophagocytic capacity in
stressed compartments, or hemolytic mechanisms evading
recognition by erythrophagocytes, can lead to RBC degrada-
tion and release of cell-free Hb into extracellular spaces. This
defines a physiological need for a different defense system
targeting cell-free Hb and heme by the high-affinity scavenger
proteins haptoglobin and hemopexin.

Haptoglobin binds dimers of HbFe(II)O2 and HbFe(III) in a sta-
ble protein complex.57 It exists in humans as a polymorphic
protein with genetically determined dimeric or multimeric
assemblies of Hb-binding subunits (haptoglobin β chains).58

Even the smallest possible configuration of an Hb-
haptoglobin complex has a molecular weight of >100 kDa,
which far exceeds size restrictions of translocation pathways that
permit extravasation of cell-free Hb in the kidney and vascula-
ture.30,59,60 This simple “size-exclusion mechanism” of hapto-
globin is highly effective at protecting the kidney and vascular
NO homeostasis against disruption by cell-free Hb.9 Further-
more, haptoglobin binding stabilizes the structural integrity of
bound Hb dimers and enforces the closed R-state configuration
of the heme pocket, thus preventing the release of heme, even
under conditions when the heme iron is oxidized.16,21,57,61 The
potent detoxification capacity of haptoglobin against all
established modes of Hb toxicity is attributable to these unique
structural features, in conjunction with the complex’s capacity to
stabilize globin-based ferryl-radicals that are generated in
reactions of Hb-haptoglobin complexes with endogenous per-
oxides.62,63 However, the destructive lysosomal clearance of
the complexes via the macrophage CD163 scavenger receptor
pathway results in the consumption, and often complete
depletion of plasma haptoglobin in patients with hemolytic
anemia.64 Therefore, despite ongoing synthesis of haptoglobin
by the liver, the overall protective capacity of the haptoglobin
scavenger system is limited in conditions with a high rate of cell-
free Hb generation.26,64

Heme lies downstream in the hemolytic toxin release cascade.
Spontaneous or oxidant-driven formation of ferric Hb (Fe(III))
weakens the noncovalent bond between globin and heme, thus
enabling the transfer of heme to lipophilic compartments, which
is followed by radical chain reactions, oxidative injury, inflam-
mation, and immune dysfunction.20,39,65 Hemopexin irreversibly
captures this highly reactive heme in a biochemically inert hex-
acoordinated complex that is cleared by endocytosis after
binding to CD91 on macrophages and hepatocytes.66 Because
only a small fraction of cell-free Hb is oxidized in most hemolytic
conditions, the selectivity of hemopexin for oxidation-generated
VALLELIAN et al
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Figure 1. Toxicity pathways driven by hemolysis. From a biochemical perspective, hemolysis drives toxicity by Hb oxidation, which generates free heme, and by a sequence
of consumptive NO reactions (top panels). The bottom panels symbolize the main targets of hemolysis-driven disease in the immune system, blood vessels, and kidneys. After
intravascular hemolysis, cell-free tetrameric Hb dissociates into dimers. Hb dimers can translocate across tissue barriers, leading to toxic exposures of functionally critical
compartments, such as vascular smooth muscle cells of arteries or renal glomeruli, leading to vasoconstriction and renal injury. Another toxicity pathway progresses via Hb
oxidation, free heme generation, and heme-ligation of TLR4 on endothelial cells and leukocytes, leading to adhesion pathway activation. Finally, Hb and heme exposure of
the immune system causes phagocyte dysfunction, suppression of inflammation, and impaired antigen presentation.
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free heme explains the gradual depletion of hemopexin
compared with that of haptoglobin during development of
hemolytic anemia.21,26,67 A summary of protectivemechanisms is
shown in Figure 2.

Therapeutic potential of haptoglobin
and hemopexin
Targeting specific diseases and medical interventions that
feature extensive hemolysis offers unique therapeutic niches for
haptoglobin and hemopexin. Here, we summarize the potential
indications that are most described in the literature to date.

Hemolysis is a primary feature of SCA.68 Sickle erythrocytes are
highly unstable and are excessively consumed by eryth-
rophagocytosis in the liver and spleen or by intravascular
TARGETING HEMOLYSIS
hemolysis, which is estimated to account for one-third of RBC
destruction.69 The release of Hb and arginase diminishes NO
bioavailability, promoting vasculopathy and recurrent VOC.12,68

Autoxidation of HbFe(II)O2 to HbFe(III) enhances heme transfer
to lipids,26,70-72 neutrophils, macrophages, and the vascular
endothelium,39 triggering inflammation73 and cell adhesion
pathways74 that are important contributors to VOC. Murine
models of SCA provide proof of concept that haptoglobin and
hemopexin prevent, and in part reverse, Hb- and heme-induced
vascular stasis.75,76 Because haptoglobin consumption is very
rapid during brisk hemolysis characteristic of human SCA,
haptoglobin replacement therapy may be challenging.26,67

Consequently, hemopexin dosing is currently under investi-
gation in a multicenter phase 1 clinical safety, tolerability,
and pharmacokinetic trial being conducted in patients with
SCA (https://clinicaltrials.gov/ct2/show/NCT04285827). Dose
27 OCTOBER 2022 | VOLUME 140, NUMBER 17 1839
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finding and pivotal efficacy studies with clinical endpoints
will reveal if there is a role for hemopexin as a prevention or
treatment for VOC.

RBC damage and hemolysis are common sequelae of extra-
corporeal circulation. The generation of high plasma cell-free
Hb correlates with the incidence of acute kidney injury and
adverse outcome after on-pump cardiac surgery,77-79 and in
critically ill patients on extracorporeal membrane oxygenation.80

The assessment of Hb clearance rates,80,81 endogenous plasma
haptoglobin concentrations,80 exogenously administered
haptoglobin,82 and in-line Hb capture systems83 suggests
considerable therapeutic potential. Against this hypothesis,
another small study found that acute kidney injury in cardiopul-
monary bypass patients was not associated with the level of
plasma Hb.84 Consequently, rigorous efforts based on large
prospective clinical studies to determinepatient populations that
could benefit most from scavenger protein-based therapeutics
are essential to establishmeasurable endpoints for effectiveness.

RBC storage for transfusion is associated with donor-dependent
changes that may compromise the quality of individual blood
bags.85-87 After transfusion, this may lead to significant eryth-
rophagocytosis, hemolysis-induced and NO-mediated adverse
vascular effects, including posttransfusion vasoconstriction in
1840 27 OCTOBER 2022 | VOLUME 140, NUMBER 17
animals6 and impaired blood flow in humans.88 Furthermore, renal
effects, and iron accumulation in animals89-91 and humans,92 are
critical observations following transfusion. Hb toxin scavenger
proteins may thus be useful in clinical scenarios involving massive
transfusion (>10units of packedRBCs in24hours).93 Thepreclinical
proof of concept for haptoglobin and hemopexin administration
in poor-quality, high-volume RBC transfusion has been assessed
in several species, and the findings suggest potentially substan-
tive effectiveness.29,91,94-96 However, similar to clinical device-
associated hemolysis, clinical situations in transfusion medicine
that would benefit from treatment need to be identified based on
patient risk for poor outcome, owing to Hb and heme exposure.

Prevention and treatment of secondary brain injury in patients
with aneurysmal subarachnoid hemorrhage (aSAH) represent
another opportunity for scavenger protein-based therapeutics
outside the classical hemolysis field. In patients with aSAH, the
decomposition of the blood clot generates cell-free Hb in the
CSF and concurrence of cerebral vasospasm, ischemia, and
secondary brain injury with high CSF-Hb has been described in
approximately one-third of patients with aSAH.13,97 Preclinical
evidence demonstrated that CSF-Hb causes cerebral vasospasm
and potentially toxic neuronal exposures.13,97,98 Beneficial
downstream effects of intracerebroventricular haptoglobin
administration have been modeled in sheep and mice.13,98
VALLELIAN et al
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Conclusions
The entire body of work, beginning from the studies conducted
by Jayle et al,99 Smithies et al,100,101 and Bunn et al102,103 to the
first protein-ligand complex crystal structures of haptoglobin-
Hb57 and hemopexin-heme,104 has facilitated an in-depth proof
of concept for refinement of indications for the use of scavenger
proteins that can be tested in randomized controlled trials. An
extensive summary of the potential therapeutic roles of
haptoglobin and hemopexin was published in this journal in
2013.1 Since then, a substantial volume of research evidence
has reinforced the concepts of Hb-driven disease mechanisms
and encouraged therapeutic development. The European
Commission and Food and Drug Administration designated
hemopexin as an orphan drug (CSL889, CSL Behring), for
potential use in SCA in 2020, and haptoglobin as an orphan
drug (CSL888, CSL Behring), for treatment of subarachnoid
hemorrhage in 2021. Clinical trials are currently in initial phases
to advance plasma-derived hemopexin into dose-finding and
pivotal efficacy trials. In addition, a large multicenter clinical
study that aims to define targetable concentrations of cell-free
Hb in CSF of patients with aSAH (www.clinicaltrials.gov/ct2/
show/NCT04998370) is underway. Although current treatment
strategies involving haptoglobin and hemopexin use human
plasma-derived proteins, recombinant platforms are being
exploited to conceptualize next-generation scavengers. These
proteins will be structurally homogenous and contain specific
functional subunits to prolong plasma half-life, provide dual Hb
and heme-binding specificities, and enhance bioavailability in
TARGETING HEMOLYSIS
specific compartments.60,105,106 These approaches will improve
drug formulation, delivery, and tissue distribution.
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