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Double-edged functions

of hemopexin in hematological
related diseases: from

basic mechanisms to

clinical application

Yijin Li*, Renyu Chen', Chaofan Wang, Jun Deng*
and Shanshan Luo*

Institute of Hematology, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China

It is now understood that hemolysis and the subsequent release of heme into
circulation play a critical role in driving the progression of various diseases.
Hemopexin (HPX), a heme-binding protein with the highest affinity for heme in
plasma, serves as an effective antagonist against heme toxicity resulting from
severe acute or chronic hemolysis. In the present study, changes in HPX
concentration were characterized at different stages of hemolytic diseases,
underscoring its potential as a biomarker for assessing disease progression and
prognosis. In many heme overload-driven conditions, such as sickle cell disease,
transfusion-induced hemolysis, and sepsis, endogenous HPX levels are often
insufficient to provide protection. Consequently, there is growing interest in
developing HPX therapeutics to mitigate toxic heme exposure. Strategies include
HPX supplementation when endogenous levels are depleted and enhancing
HPX's functionality through modifications, offering a potent defense against
heme toxicity. It is worth noting that HPX may also exert deleterious effects
under certain circumstances. This review aims to provide a comprehensive
overview of HPX's roles in the progression and prognosis of hematological
diseases. It highlights HPX-based clinical therapies for different hematological
disorders, discusses advancements in HPX production and modification
technologies, and offers a theoretical basis for the clinical application of HPX.
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Introduction

Numerous hemolytic and thrombotic-related diseases are characterized by the excessive
turnover of red blood cells (RBCs) resulting from genetic defects or acquired pathologies linked
to factors such as blood transfusions, infections, and mechanical stresses. The rupture of RBC
membranes leads to the release of harmful contents, including hemoglobin (Hb), heme, and
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arginase, among others. Hemopexin (HPX) is pivotal in the immune
defense against hemolytic stress. It is a plasma glycoprotein composed
of a single 60-kDa peptide chain, known for its exceptional binding
affinity to heme. HPX exhibits a 1:1 binding ratio with heme at low
concentrations and at least a 2:1 ratio (heme: hemopexin) at higher
heme concentrations. While primarily expressed by the liver, HPX is
also found in tissues such as the nervous system, skeletal muscle, retina,
and kidney. It typically circulates in human plasma within a
concentration range of 0.5-1.5 mg/ml (1). HPX plays a multifaceted
role by sequestering free heme released from haptoglobin, participating
in heme transport, and preventing peroxidation damage by induction
of heme oxygenase 1 (HO-1) and metalloproteinase 1 genes (2). And it
was found that HO-1 activity affects skeletal muscle aerobic capacity
through heme metabolism (3).

The heme detoxification process is primarily driven by HPX
through CD91/LRP1-mediated endocytosis in the liver, leading to
heme degradation, reutilization, and iron metabolism. Some HPX
molecules are recycled back into the plasma (4). Impaired heme
clearance occurs when CDI1 is saturated with its ligands or when
HPX levels are depleted. Overloaded heme can bind to human serum
albumin (HSA), but this complex is unstable and prone to dissociation.
Free heme can penetrate plasma membranes and interact with low-
density lipoproteins (LDL) (5). Heme exerts deleterious effects on
endothelial function, systemic infections, and various end-organ
tissues, including the lungs, kidneys, and brain. In addition to its
protective role against heme toxicity, HPX mitigates methemoglobin
(metHb) toxicity (6). Given its protective function against heme
toxicity in hemolysis and concurrent inflammation, HPX has been
investigated as a potential biomarker and therapeutic agent in heme-
related pathologies and atherosclerosis. In many hemolytic diseases,
HPX levels significantly decrease with disease progression, although
much controversy remains regarding its classification as an acute phase
reactant in humans (5, 7). Furthermore, HPX responds to certain
forms of “systemic stress”. In this respect, HPX mRNA levels were
notably increased in rodents subjected to sham abdominal surgery,
which served as a control for partial hepatectomy (8).

Consistent with the findings of previous reviews regarding HPX’s
protective role in heme-mediated pathophysiological processes, recent
studies in conditions such as sickle cell disease, transfusion-induced

Abbreviations: HPX, Hemopexin; RBC, Red blood cell; Hb, Hemoglobin; HO-1,
Heme oxygenase 1; HAS, Human serum albumin; LRP1, Low-density lipoprotein
receptor related protein 1; LDL, Low-density lipoprotein cholesterol; MetHb,
Methemoglobin; CFH, Cell-free Hb; Hp, Haptoglobin; ROS, Reactive oxygen
species; SCD, Sickle cell disease; AKI, Acute kidney injury; eNOS, Endothelial
nitric oxide synthase; PH, Pulmonary hypertension; C3, Complement factor 3;
SRBCs, Stored red blood cells; CFU, Colony-forming unit; DIC, Disseminated
intravascular coagulation; DHF, Dengue Hemorrhagic Fever; DF, Dengue Fever;
HUS, hemolytic-uremic syndrome; WT, Wild type; ICH, Intracerebral
hemorrhage; CSF, Cerebrospinal fluid; CNS, Central nervous system; BBB,
Blood-brain barrier; SAH, Subarachnoid hemorrhage; ApoE, Apolipoprotein E;
OCS, Open canalicular system; ER, Endoplasmic reticulum; IVCL, Inferior vena
cava; CHD, Coronary heart disease; SAH, Subarachnoid hemorrhage; rhHPX,
Recombinant human HPX; PBS, Phosphate buffer saline; SS, Human Hb (3S; AA,
Human Hb BA.
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hemolysis, sepsis, atherosclerosis, and thrombosis have validated and
elaborated on the positive effects of HPX on these pathological
conditions (5). However, it is important to note that this conclusion
is not universally applicable, especially for systemic infections caused
by certain pathogens, intracerebral hemorrhage, and Hemolytic-
Uremic Syndrome (HUS), where HPX concentrations are negatively
correlated with disease severity. Additionally, due to its well-
established role as a heme-toxicity antagonist, significant efforts
have been directed toward developing HPX-based therapies for
heme-related pathologies. This review aims to provide an overview
of the multifaceted roles of HPX in the pathophysiological processes of
hematological-related diseases and offer an update on the latest
developments in pre-clinical HPX research.

HPX's role in combating heme toxicity

HPX plays a pivotal role as part of the second-line defense
following hemolysis. Cell-free hemoglobin (CFH) released during
hemolysis is rapidly scavenged and removed from circulation
primarily through the plasma protein haptoglobin (Hp) (9, 10).
In various pathological conditions, such as sickle cell disease,
malaria, and hemorrhage, CFH is disassociated into dimers,
oxidized into methemoglobin, and quickly degraded into toxic
heme (11). Structurally, heme consists of four pyrrole rings,
forming an iron-protoporphyrin complex. When the iron atom is
in the ferrous state, it is referred to as heme, while in the ferric state,
it is known as hemin. Indeed, heme is indispensable to all living
organisms but can also be a lethal molecule. Initially, heme binds to
lipoproteins in the plasma before gradually transitioning to albumin
and HPX (12, 13). HPXs role in scavenging heme is a crucial step in
the battle against oxidative and inflammatory disorders caused by
free heme (Figure 1) (14). Mechanistically, the heme-HPX complex
is phagocytosed by macrophages through CD91 and subsequently
broken down inside the cells. Heme undergoes metabolism,
forming bilirubin, carbon monoxide, and iron, facilitated by
heme/Bach1/Nrf2-induced heme oxygenase-1 (HO-1). Iron is
either bound to ferritin for storage or exported from macrophages
to hematopoietic tissues via the iron-transporter ferroportin, where
it is reused to support erythropoiesis. Free heme can activate
inflammatory systems, including the complement system through
the alternative pathway. Moreover, heme’s autoxidation generates
reactive oxygen species (ROS) and redox-active iron, rendering it
toxic to cells, tissues, and organs. As such, the clearance of heme is
of utmost importance in certain hematologic disorders, especially
when hemolysis depletes plasma Hp, leaving HPX as a critical
second-line defense following hemolysis (2, 11, 15).

Hemopexin's role in
hemolytic diseases

Hemopexin's role in sickle cell disease

Sickle cell disease is a hereditary condition resulting from a
genetic mutation in HBB, which encodes the B-subunit of
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hemoglobin. It affects approximately 300,000 to 400,000 neonates
worldwide each year (16). Current evidence suggests that
hemoglobin containing mutant B-globin subunits tends to
polymerize, leading to the sickling of erythrocytes, rendering
them susceptible to hemolysis. The severity of SCD varies
significantly and is often reflected in serum HPX levels. HPX has
been identified as a mitigating factor in the pathophysiological
processes contributing to the SCD phenotype, including
microvascular stasis, NO scavenging, vaso-occlusion,
increased levels of proinflammatory cytokines/chemokines,
proinflammatory macrophages, acute kidney injury (AKI), silent
cerebral infarction, immune system activation, and more. Recent
studies have provided compelling evidence of HPX’s beneficial
effects on SCD, as outlined in Table 1. For example, Vinchi F
et al. discovered that HPX plays a role in preventing heme-iron
accumulation in the cardiovascular system, thereby limiting the
production of reactive oxygen species (ROS), increasing endothelial
nitric oxide synthase (eNOS), promoting heme detoxification, and
more (22). These molecular-level changes were associated with
increased blood pressure and ventricular remodeling. Exogenous
administration of HPX was found to nearly normalize blood
pressure and improve cardiac function (22). Pulmonary
hypertension (PH) is a common complication in SCD, occurring
in 6-10% of the SCD population and often resulting in right
ventricular dysfunction (17). Buehler et al. used an SCD murine
model to simulate PH and right ventricular dysfunction,
characterized by oxidation and fibrosis in SCD patients (18).
They confirmed that HPX could alleviate cardiopulmonary
disease in SCD mice by preventing heme-driven oxidative protein
modification in the vasculature and ventricle (18). Another study
revealed that chlorine inhalation triggered acute hemolysis and
induced Acute Chest Syndrome in SCD mice, while post-exposure
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HPX administration reduced mortality and mitigated lung injury
(23). In a clinical study, lower HPX levels were observed in SCD
patients experiencing vaso-occlusive crises compared to patients in
a steady state, further supporting the potential benefits of HPX
administration in SCD (19). An additional preclinical study found
that intravenously injected HPX effectively alleviated vascular stasis
induced by either Hb injection or hypoxia-reoxygenation in a dose-
dependent manner (20). Notably, pre-complexed HPX with heme
also resolved stasis, suggesting inherent protective effects of the
HPX-heme complex beyond reducing free heme levels (20).
Researchers have disclosed that HPX deficiency promoted AKI in
SCD, whereas HPX supplementation protected SCD mice from AKI
(24, 25). Increased free heme and depletion of HPX led to the
deposition of complement factor 3 (C3) and membrane attack
complex in the glomeruli of patients with SCD (21). Furthermore,
Poillerat V et al. found that HPX prevented heme-mediated
complement activation in both plasma and the kidneys (26). In
line with previous research, a recent study revealed that hemopexin
could protect factor I activity in vitro, facilitating the degradation of
soluble and surface-bound C3b, thus inhibiting complement
activation and subsequent vascular and organ injury (27).
Notably, Gotardo et al. developed a chronic hemolysis model in
2023, which demonstrated a decrease in Hp and HPX in accordance
with chronic hemolytic anemia, thus enhancing our understanding
of animal models in this field (28).

Hemopexin in transfusion-induced
hemolysis

During transfusions, a portion of RBCs may undergo hemolysis
within macrophages. Stored RBCs for transfusion undergoing
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TABLE 1 Pre-clinical research on HPX and SCD.

10.3389/fimmu.2023.1274333

Model Age, Species Treatment Conclusions Reference
Berkeley sickle 8-week-old; Subcutaneous injection of (1) saline vehicle control (n=14) HPX attenuates cardiopulmonary (17)
cell mice C57Bl/6 and Berk-SS (VC) (2); low dose hemopexin (LD-HPX; 100 mg/kg) disease by preventing oxidative stress
mice (n=12); and (3) high dose hemopexin (HD-HPX, 300 mg/ and fibrosis in the peripheral lung
kg) (n=12) three times per week for 3 months. vasculature and oxidation in the right
ventricle
SCD mice 8-16 weeks; Cl, exposure at 500 ppm for 30 min followed by either Post-exposure administration of (18)
Humanized SCD mice purified human hemopexin intraperitoneal injection at 10 hemopexin reduced mortality, plasma
(SS) and humanized mg/kg or vehicle with the same volume of PBS 30 min heme level, and RBC fragility after Cl,
normal hemoglobin after the Cl, exposure. exposure
control mice (AA)
SCD mice 12-16 weeks; Injection of different doses of equimolar heme-hemopexin HPX dose-dependently reduces (19)
Townes-SS sickle mice (5, 15, 60, and 160 mg/kg) or saline 40 min post vascular stasis induced by Hb injection
on a 129/B6 mixed intravenous hemoglobin injection (1 umol/kg) or hypoxia reoxygenation.
genetic background
SCD mice 4-6 months; SS mice received oral gavage of vehicle (DMSO) or D3T 3 The plasma A1M to HPX ratio is (20)
Townes expressing times per week for 3-5 months since 1 month old. associated with AKI biomarkers in
human Hb BS (SS) and Hemopexin-knockout mice were transplanted with whole SCD. HPX replacement therapy can
human Hb BA (AA) bone marrow cells from SS mice (SS HPX ™~ and SS potentially treat AKI in SCD
mice, hemopexin- HPX*'*)
knockout mice
Phenylhydrazine- = 8-week-old; Intravenous injection of 100 mg/kg or 500mg/kg HPX Alleviated heme-mediated complement | (21)
induced C56BL/6 male mice activation in the plasma and in the
hemolysis kidney.

“storage lesion” may compromise the quality of the blood bag,
causing Hb and heme release, and adverse vascular effects including
hypoperfusion and impaired endothelial function (29, 30).
Transfusing RBCs stored for over 14 days has been associated
with adverse outcomes in hospitalized patients (31). Despite the
clear need for blood transfusions, several clinical trials and pre-
clinical studies have shown that RBC administration can have
detrimental effects (32, 33). Exposure to toxic substances resulting
from hemolysis, including Hb, heme, and iron, is the primary cause
of transfusion reactions. This results in the saturation of transferrin
and reduced plasma levels of HPX and Hp, leading to the
accumulation of labile plasma iron, heme, and Hb (15, 34). Brant
M. Wagener et al. highlighted the crucial role of heme in the adverse
effects associated with transfusions of stored RBCs (33). Restoring
sequestration proteins has been suggested as a potential method to
protect against tissue injury post-transfusion. A preclinical study
investigated the effects of exogenous HPX on disease pathology in
mice with hemorrhagic shock after transfusing stored red blood
cells (SRBCs). The findings supported the protective effect of HPX
in improving the survival rate and dampening the inflammatory
response, although HPX did not prevent SRBC-induced
hemoglobinuria and kidney injury (35). The study by Brant M.
Wagener et al. demonstrated that HPX improved the survival rate
of mice subjected to massive resuscitation with stored RBCs and
infected with P. aeruginosa K-strain, offering evidence for HPX
administration as a potential therapy to enhance the safety of SRBC
transfusions. While Hp prevented hemoglobinuria, HPX showed no
substantial effect (33). It is worth noting that the administration of
HPX pre- or post-transfusion has been minimally investigated in
clinical trials.

Frontiers in Immunology

Hemopexin's role in systemic infection

Hemopexin's role in heme appropriation by
bacteria and fungi

Iron is a crucial element for redox chemistry and represents a
fundamental requirement for pathogens (36, 37). Transfusions of RBCs
can result in increased concentrations of non-transferrin-bound iron,
which can enhance pathogen proliferation and exacerbate existing
infections, thus complicating the condition (33, 38). Pathogens such as
Staphylococcus aureus, Haemophilus influenzae, and Candida albicans
have developed mechanisms to release hemolytic factors that enable
them to assimilate iron from hemoproteins or free heme (39, 40). They
have also evolved other means to acquire iron from the host, including
the expression of siderophores, hemophores, and heme uptake systems
(41). For instance, Haemophilus influenzae can dislodge heme from
hemopexin, a process facilitated by the Hxu operon, which encodes
genes responsible for the expression of HxuA/HxuB/HxuC and is
essential for extracting heme from hemopexin (42-45). Porphyromonas
gingivalis employs HmuY as a hemophore with a distinct structure that
resists proteolysis by proteases secreted for heme utilization (46). In
contrast to extracting heme from host hemoproteins, Porphyromonas
gingivalis secretes proteases to degrade hemoglobin, haptoglobin, and
hemopexin, releasing heme for binding to HmuY (47). In this case,
hemopexin promotes pathogen proliferation (Figure 2).

However, for pathogens that are unable to utilize hemopexin, it
hinders iron acquisition. For example, the HasA/HasR system, which
directly binds to heme, has been identified in pathogens like Serratia
marcescens, Pseudomonas aeruginosa, and Yersinia species, potentially
competing with hemopexin for free heme. A recent study found that
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IL-22-induced hemopexin contributes to nutritional immunity against
Citrobacter rodentium by limiting iron acquisition by pathogens
(Table 2) (50). In a study by Brant M. Wagener, hemopexin
improved P. aeruginosa-induced pulmonary edema formation, post-
pneumonia survival in mice undergoing massive resuscitation with
stored RBCs, and reduced lung bacterial colony-forming units (CFUs)
(33). HPX is also suspected of participating in the nutritional defense
against Yersinia pestis. Higher levels of HPX induced by EV67 have
been reported to prolong survival and reduce pathogen proliferation in
mice challenged with a virulent strain of Y.pestis, making HPX a
promising adjuvant therapy. The utilization of hemoglobin iron
depends on a relay network of extracellular hemophores, namely,
Csa2, Rbt5, and Pgt7. Specifically, Csa2 binds to hemin, while Rbt5 and
Pgt7 bind to heme, facilitating heme extraction from hemoglobin and
its transfer across the cell envelope (48, 49, 51). Mariel Pinsky et al.
revealed that hemopexin could inhibit hemin utilization by Candida
albicans only when the hemin concentration was lower than an
equimolar concentration (52). The inhibitory effect of hemopexin
was mitigated by the presence of human serum albumin (HSA), and
hemin was gradually transferred to hemopexin from HSA rather than
initially binding to hemopexin when released in a 1:50 HPX-
HSA mixture.

Hemopexin's role in sepsis
Sepsis arises from the dysregulation of the host’s immune
responses to infection, leading to life-threatening organ

dysfunction. Recent estimates indicate that nearly 50 million cases
of sepsis were recorded worldwide, with 11.0 million sepsis-related
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deaths reported, accounting for 19.7% of all global deaths in 2017
(53). Although age-standardized incidents and mortality rates have
decreased significantly from 1990 to 2017, sepsis remains a
significant global health burden (53).

It is now understood that sepsis exposes red blood cells to
various physiological stressors, increasing the risk of hemolysis
and the release of cell-free hemoglobin into circulation. One of the
most recognized causes of hemolysis during sepsis is disseminated
intravascular coagulation (DIC), a common complication of sepsis
(54). During sepsis, red blood cells also undergo deformation,
driven by cytokines and pathogen-specific factors such as
hemolysins produced by Staphylococcus aureus, Enterococcus
spp, and Escherichia coli (55-57). Consistent with the process of
sepsis-induced hemolysis, the plasma level of cell-free hemoglobin
significantly increases in sepsis patients, positively correlated with
mortality (58, 59). Accordingly, septic patients with lower
hemopexin levels tend to experience death earlier than those
with higher hemopexin levels. It has been found that the
concentrations of hemopexin in the plasma of non-survivors are
significantly lower than those in survivors with sepsis (60, 61). In
pre-clinical studies (62). Larsen et al. investigated the role of heme
and HPX in a polymicrobial sepsis murine model. They
administered exogenous heme to low-grade polymicrobial
infection mice, which markedly increased markers of organ
dysfunction and sepsis severity. In cases of fatal severe sepsis
after high-grade infection, reduced serum concentrations of HPX
have been reported. However, when HPX was administered to
mice after high-grade infection, it prevented tissue damage and
lethality (62).
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TABLE 2 Pre-clinical research on HPX and infection.

10.3389/fimmu.2023.1274333

Pathogens @ Age, Treatment Result Reference
species
Citrobacter 6-8 weeks 1227, Hp’/’, HPX ™", and Hp’/ “HPX™'~ mice IL-22-induced HPX contributes to nutritional (46)
rodentium old, C57BL6 immunity against Citrobacter rodentium
mice
Pseudomonas NA, C57BL/ Resuscitate trauma-hemorrhage mice with stored RBCs, Reduced lung bacterial CFUs (31)
aeruginosa 6 mice followed by HPX administration and airway instillation of
Pseudomonas aeruginosa
Candida NA, C. C. albicans ccc2-/- cells were grown Hemopexin can inhibit hemin utilization by Candida | (48)
albicans albicans for 2 days, in increasing human hemopexin concentrations albicans. This inhibitory effect of hemopexin is
ccc2—/— in the presence of 5 UM heme, with or without 100 uM mitigated by the presence of HSA
cells HSA
Yersinia pestis 8-12weeks Mice was injected with lethal dose of Y.pestis strain or Post-exposure EV76 induced a rapid expression of (49)
old, C57BL/ | together with EV67. HPX and Hp, restrained the proliferation and
6 dissemination of Y.pestis, and extended survival time

NA, not applicable.

The protective role of HPX is attributed to its ability to
neutralize the oxidative and cytotoxic effects caused by heme. To
carry out this beneficial process, the expression of OH-1 is required
to catabolize HPX-bound heme (62). Moreover, HPX can suppress
the systemic growth of E.coli in C. rodentium, shedding light on its
therapeutic potential in sepsis (50). Therefore, HPX can be regarded
as a potential therapeutic strategy for preventing fatal consequences
in individuals with severe sepsis (63). However, there has been a
scarcity of pertinent pre-clinical and clinical trials conducted to
elucidate the impact of HPX replenishment in sepsis.

Hemopexin's role in malaria, hemolytic-
uremic syndrome, and dengue
hemorrhagic fever

There were 247 million malaria cases in 2021, resulting in the
loss of 61,900 lives in 2021, according to the World Health
Organization (WHO). Malaria is characterized by hemolysis,
which results in the release of hemoglobin and heme. The ratio of
heme to HPX is inversely associated with disease severity and the 6-
month mortality rate (64). Over the past 30 years, the incidence of
severe dengue hemorrhagic fever cases has increased, with many
patients succumbing due to a lack of timely clinical intervention. In
DHEF, fibronectin, HPX, and transferrin levels significantly rise in all
three phases compared to Dengue Fever (DF) (65). Besides, a 2014
study revealed increased levels of HPX and vitronectin in both DF
and DHF compared to healthy controls (66), suggesting HPX as a
potential biomarker to distinguish between uncomplicated dengue
fever and dengue hemorrhagic fever (5).

However, HPX does not always act as a protective factor in
infection-related hemolysis. For instance, in a mouse model of Shiga
toxin-induced hemolytic-uremic syndrome (HUS), HPX deficiency
was protective in resolving HUS pathology (67). HPX”" mice
exhibited higher survival rates when challenged with Shiga toxin,
with reduced renal inflammation characterized by decreased
macrophage and neutrophil recruitment and C3c deposition [66].
This finding aligns with a previous study by Spiller et al., which
concluded that HPX deficiency was protective in sepsis (68).
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Hemopexin's role in
hemorrhagic diseases

Hemopexin's role in
intracerebral hemorrhage

Intracerebral hemorrhage is the most common type of
hemorrhagic stroke and has the highest mortality rate of all
stroke subtypes (69, 70). The rapid accumulation of blood within
the brain parenchyma leads to the disruption of the normal
anatomy and the increase of local pressure (71-73). Heme has
been identified as a proinflammatory substance in the brain, and
HPX can target it effectively (73).

HPX is present in the plasma and expressed by neurons and glia
in the central nervous system. Intrathecally produced HPX
represents another source of HPX in the cerebrospinal fluid (CSF)
(74). However, HPX levels in the CSF are approximately tenfold
lower than those in circulation, suggesting a relatively low capacity
for heme binding in the brain, which can become easily
overwhelmed (75). An ex vivo study supported the
neuroprotective effects of HPX, as it protects neurons and glial
cells from blood-related injuries through antioxidation and
downregulation of HO-1 and caspase-3 (76). Preclinical research
indicated that higher levels of HPX in the brain improve outcomes
after ICH in a mouse model. Elevated local HPX levels were
associated with smaller lesion volumes, reduced perihematomal
tissue injury, and trends toward decreased hematoma volumes (77).
Additionally, mice with higher HPX levels experienced no
significant changes in brain iron levels and HO-1 but exhibited
increased microgliosis and decreased astrogliosis and lipid
peroxidation. This suggests the potential synergy of central and
peripheral heme clearance (77).

Co-administration of hemopexin effectively mitigated heme-
derived toxicity at both molecular and cellular levels (73). However,
an in vitro study revealed increased globin-mediated neurotoxicity
when Hp was absent after hemopexin treatment. In contrast, when
used in combination with Hp, the neurotoxicity was notably reduced
(78). This observation supports the notion that Hp-CD163 plays an
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important role in activating detoxification pathways. Another
hypothesis suggests that hemopexin may destabilize Hb in the
absence of haptoglobin, leading to globin precipitation and iron
deposition, ultimately exacerbating iron-dependent oxidative cell
injury (Figure 3) (78). Consequently, it has been proposed that a
combined therapy involving hemopexin and haptoglobin may be
more favorable following intracerebral hemorrhage than a
hemopexin supplement alone[77]. When administered systemically
through intraperitoneal injection, hemopexin exhibited a reduction in
blood-brain barrier (BBB) disruption on day 3 in ICH mouse models.
However, it had no significant effect on striatal heme content on days
3 or 7, and it did not alleviate neurological deficits, inflammatory cell
infiltration, or the viability of perihematomal cells on day 8 (79). This
suggests that the administration of hemopexin in this manner is
inadequate for allowing hemopexin to penetrate the BBB, which
likely accounts for these results.

Hemopexin's role in
subarachnoid hemorrhage

Subarachnoid hemorrhage is a type of hemorrhagic stroke
primarily resulting from the rupture of saccular aneurysms,
accounting for 3% of all stroke cases (80). The presence of
hemoglobin and its breakdown products in the brain, combined
with the toxic cascade initiated during early brain injury, has been
extensively studied and is strongly linked to the development of
delayed brain injury (81). In a study involving 30 SAH patients, free
heme was still detectable in the cerebrospinal fluid after SAH,
suggesting saturation of the HPX-CD91 system following SAH
(74). Interestingly, elevated HPX levels in the CSF after SAH were
associated with a higher likelihood of delayed cerebral ischemia and
poorer neurological outcomes, which differed from the effects of

Hemolytic stress

|

Intracerebral hemorrhage

FIGURE 3

* — Hp depleted —

10.3389/fimmu.2023.1274333

HPX in other diseases (74). The underlying mechanism remains to
be elucidated, but a possible explanation is that when the level of
hemopexin in the CSF is excessively high, it may become deleterious
as it impedes the efflux of heme due to its high heme affinity,
resulting in intracellular heme/iron overload, which can be toxic to
neurons and glia (74). It is worth noting that while bleed size and
severity may be controlled, the subtypes of Hp were not in a recent
review, emphasizing the need for more studies (82). In addition,
CD91 is responsible for ApoE uptake, and reduced ApoE levels were
associated with more severe neurological injury and worse
outcomes after SAH (83-86). Thus, Hp-HPX replenishment
could scavenge Hb and heme while limiting undesired ApoE
uptake (82).

Hemopexin's role in atherosclerosis
and thrombosis

Atherothrombotic diseases have long been a leading cause of
death worldwide, accounting for over a quarter of all global deaths
(87). Although the components involved in thrombosis and
atherosclerosis differ, it is increasingly recognized that they are
closely intertwined in biochemical and cellular mechanisms,
particularly concerning platelet function (88). Notably, small
platelets, as opposed to their larger counterparts, are rich in
proteins associated with iron homeostasis, including HPX, Hp, o-
1 anti-trypsin, transferrin, and vitronectin (89, 90). It is highly
conceivable that small platelets take up these plasma proteins via the
open canalicular system (OCS) and store them in o-granules (91).
Since platelets release their contents upon activation (92), small
platelets may play a role in iron homeostasis during thrombosis. In
vitro studies have indicated that incubation of platelets with heme
leads to ferroptosis and platelet activation. These effects are driven

. destabilized @
—

Hb

|

Aggregation of Hb &
iron deposition in the brain

HPX

Hypothetic mechanism of globin-mediated neurotoxicity in the absence of Hp upon HPX treatment. Briefly, in the absence of Hp, application of
HPX destabilizes Hb, resulting in globin precipitation and iron deposition, therefore exacerbating oxidative cell injury. Created with Biorender.com.
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by ROS-driven proteasomal activity and lipid peroxidation and can
be mitigated by melatonin. However, the role of HPX in this process
requires further investigation (93, 94). It is hypothesized that the
ferroptosis of smaller platelets may lead to the release of HPX,
helping to mitigate ion toxicity.

Heme toxicity contributes to the progression of atherosclerosis
in multiple ways. With its hydrophobic nature distributed within
lipid compartments like lipoproteins, heme initiates peroxidative
reactions, promoting atherosclerosis and elevating iron levels in
advanced atherosclerotic lesions (95, 96). Besides, vascular
endothelial injury in atherosclerosis leads to platelet adhesion and
subsequent pro-thrombotic and pro-inflammatory effects. Studies
have shown that HPX-related therapy alleviates endothelial
activation and oxidation in SCD mice (22). After intraplaque
hemorrhage, local cells were exposed to heme-induced oxidative
damage, such as endoplasmic reticulum (ER) stress, which
worsened atherosclerosis. An in vitro study demonstrated that
HPX could significantly mitigate heme-induced ER stress in
human aortic smooth muscle cells, indicating the protective role
of HPX in atherosclerosis (97).

The protective role of hemopexin in clotting diseases has been
validated by pre-clinical studies. An in vivo study by Wang et al.
found that high doses of heme led to a dose-dependent increase in
the plasma level of thrombin-antithrombin complexes, indicating
an ongoing tissue factor-dependent coagulation process in SCD
mice. Recombinant hemopexin treatment partially inhibited this
coagulation activation (98). An ex vivo study revealed that heme-
induced contractile dysfunction of human cardiomyocytes could be
alleviated by hemopexin (99). Furthermore, in HPX-null mice with
venous thrombosis induced by ligation of the inferior vena cava
(IVCL), the clot size and weight were substantially greater than
those in wild-type IVCL mice, underscoring the protective role of
HPX in venous thrombosis (100). Both RT-PCR and Western blot
analysis showed higher HPX expression in the IVCL group
compared to the sham group (100). However, clinical studies on
HPX therapy for these diseases are still lacking.

The timely detection and assessment of plaque presence and
stability are critical, as the rupture of atherosclerotic plaques can
have dire consequences. Quantitative proteomics analysis revealed
that the serum concentration of hemopexin was elevated in
individuals with coronary heart disease (CHD) and coronary
atherosclerosis compared to healthy controls (101). Mass
spectrometric analysis further indicated that hemopexin
concentration was lower in serum from patients with unstable
atherosclerotic plaques compared to those with stable
atherosclerotic plaques, suggesting a connection between plaque
stability and hemopexin concentration (102). In addition, serum
proteomics analysis showed increased HPX levels on day 3 after ST-
elevation myocardial infarction (103). Furthermore, a higher level
of hemopexin (isotypes 1 and 2) was associated with future
cardiovascular mortality in the healthy population (104). Further
research into the role of hemopexin in the diagnosis and prognosis
of atherothrombotic diseases is warranted.
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Clinical application of hemopexin

Potential biomarkers to assess heme load
and disease prognhosis

In various hemolytic diseases, heme overload often significantly
decreases HPX plasma levels, diminishing HPXs ability to scavenge
heme effectively. Identifying an increase in plasma heme levels can
aid in diagnosing and developing targeted plasma-based
therapeutics (5). The level of HPX is considered a biomarker to
assess heme load in many hemolytic pathologies. It was first
proposed in 1975 that plasma HPX levels could indicate the
severity of hemolysis, and this parameter has since been
established to assess the level of hemolysis. For instance, in SCD,
HPX levels in plasma increased as hemolysis levels declined in
response to hydroxycarbamide treatment (105). Patients with septic
shock who experienced lethal outcomes and severe organ injury
were found to have reduced HPX concentrations (62, 64). In the
case of malaria, the heme to HPX ratio negatively correlated with
disease severity, as estimated by severe anemia, respiratory distress,
stage 3 acute kidney injury, and the 6-month mortality rate (56).
However, the levels of HPX increased significantly in all three
phases of dengue hemorrhagic fever, which contradicts serum HPX
changes in several other diseases. A higher level of HPX in the CSF
was associated with better outcomes in ICH but worse prognosis in
SAH (74, 77). The next step may involve measuring HPX levels at
different stages of hemolytic diseases to further establish its role in
prognosis and treatment in clinical scenarios.

Hemopexin replenishment therapy

Considering an average plasma concentration of 770 ug/ml of
HPX in adults, each milliliter of plasma can bind 6.3 ug of heme,
and higher heme levels can deplete HPX unless recycling or rapid
compensatory synthesis occurs (1). As discussed earlier, HPX has
been evaluated as a therapeutic agent in various heme overload
diseases, including SCD, blood transfusions, sepsis, malaria,
hemolytic-uremic syndrome, ICH, and SAH. The preponderance
of data supporting HPX as a therapeutic target suggests that HPX
replenishment remains an adjuvant therapy for hemolytic disorders
with high heme stress (Figure 4). Over the years, preclinical models
have been employed to evaluate potentially applicable scenarios.
Notably, a phase 1 clinical trial is investigating HPX dosage in
patients with sickle cell anemia, focusing on safety, tolerability, and
pharmacokinetics (NCT04285827). However, HPX administration
has only been approved for SCD by the European Commission and
FDA in 2020 (20).

Beyond its application in SCD, preclinical trials have provided
proof of concept for using HPX in other clinical settings. For
example, in transfusion-induced hemolysis, the administration of
HPX upon stored RBC transfusions in mice was shown to be
partially effective, as discussed earlier. In the context of ICH and
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SAH, HPX replenishment alone exhibited deleterious effects in
several preclinical studies, promoting the administration of both
Hp and HPX. Furthermore, the potential benefits of Hb/HPX
replacement have been highlighted in [B-thalassemia major and
intermedia and hereditary spherocytosis (106).

The limited application of HPX in clinical settings can be
partially attributed to its dual effects in different pathologies. For
example, renal injury and resultant impairment of renal function
are common complications of various hemolytic diseases. However,
the effects of HPX on renal function remain to be elucidated. A
study found that HPX could prevent complement activation in the
kidneys of patients (or mice) with phenylhydrazine-induced
hemolysis, substantiating the beneficial effects of HPX as a
therapeutic agent, given that C3 deposition is associated with
kidney injury (26). However, HPX does not always serve a
protective role in hemolysis-associated renal injury. While HPX
deficiency promotes AKI in sickle cell mice under hemolytic stress,
HPX injection did not alter hemoglobinuria (24, 25). In a Shiga-
toxin-induced HUS mouse model, HPX knockout mice displayed
improved survival and reduced tubular iron deposition compared
to wild-type mice (67).

Aside from HPX-mediated potential harm to the kidney, HPX
increases the concentration of Hb in the CNS and promotes the
aggregation of Hb or globin, consistent with findings observed in
the kidneys. HPX-Hb increases iron-dependent neurotoxicity,
which can be attenuated by Hp. These effects have also been
shown to be deleterious to the brain, resulting in memory deficits
in young mice (107). Therefore, HPX supplementation alone is not
indicated for certain hemolytic conditions, while HPX plus Hp
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supplementation is more advisable when encountering toxicity
mediated by iron or heme in pathological conditions.
Plasmapheresis is a symptomatic treatment for autoimmune
diseases and was investigated as a treatment for SCD patients
with multiple organ dysfunction. In a case report, SCD patients
refractory to RBC exchange were treated with plasmapheresis.
Patients with a significant rise in plasma HPX and Hp levels
showed clinical relief, in contrast to patients with minimal
increases in HPX and Hp levels (108).

Recently, a hemopexin-Hp fusion protein with binding affinity
and detoxification capacity for both heme and Hb was produced,
which may contribute to the development of hemopexin-Hp
therapies (109). This bifunctional fusion protein was generated
using transient mammalian gene expression of Hp integrated with
the pro-haptoglobin processing protease Clr-LP co-transfection for
recombinant Hp-variant generation. This technology can likely be
harnessed to generate multifunctional fusion proteins involved in
the entire process of Hb and heme detoxification and clearance
(110). Another study focused on increasing HPX yield and
enhancing the interaction between heme and HPX (110).
Utilizing a recombinant production strategy in human cell lines,
Elena Karnaukhova et al. produced recombinant human HPX
(rhHPX) by constructing an rthHPX expression plasmid and
transfecting it into an HEK293 mammalian cell line (110).

The specific patient populations for which HPX-Hp
replenishment is indicated and the degree of effectiveness achievable
are beyond our current knowledge. Indeed, more research should be
directed towards investigations into the role of HPX in various heme-
related diseases and prospective clinical studies.
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Hemopexin gene therapy

Historically, early efforts in HPX replacement therapy primarily
focused on protein and plasma HPX levels. However, researchers
have shifted their focus in recent years toward upregulating HPX
expression and generating recombinant human HPX in eukaryotic
cell expression systems (111). In mouse models of SCD,
upregulating the endogenous hepatic synthesis of hemopexin
through gene therapy has ameliorated inflammation and vaso-
occlusion. This was demonstrated by quantifying hepatic nuclear
Nrf2 expression, HO-1 activity, and NF-kB levels (112). Inspired by
the success of gene therapy with adeno-associated virus (AAV) in
hemophilia treatment, long-term expression of human HPX
(hHPX) with AAV vectors was developed (113, 114). These
vectors integrated with the full cDNA sequence of hHPX to
prompt continuous hHPX expression for 58 days. Subjects
exposed to heme challenges induced by heme infusions and
phenylhydrazine survived (114). With the application of precision
medicine and genome sequencing, the relationship between HPX
genes and individualized drug side effects as well as tumorigenesis
needs to be further investigated (115, 116).

Conclusion and perspectives

Heme overload is typically observed following hemolysis.
Under physiological conditions, heme is quickly scavenged by the
immune system in the plasma, preventing adverse pathophysiology
driven by heme. HPX, one of the heme-binding proteins with the
highest affinity, has broadened the therapeutic possibilities in
hemolytic and thrombotic-related conditions because its
administration can reverse the toxic effects of heme. This review
summarized the double-edged functions of HPX in various
hematological-related pathologies that cause heme overload based
on current studies, such as SCD, transfusion-induced hemolysis,
sepsis, ICH, SAH, atherosclerosis, and more. With an update of
current preclinical and clinical studies, the review has outlined the
potential of HPX as a biomarker for assessing the severity of certain
diseases and its therapeutic value based on the pros and cons of
its replenishment.

Initially, there has been much uncertainty due to the conflicting
outcomes stemming from HPX supplementation. However, a
possible hypothesis was proposed after a comprehensive
understanding of HPX functions based on current studies. HPX
replenishment can be protective when the heme clearance system is
significantly undermined. In pathological conditions that mainly
cause inflammation, HPX probably promotes precipitation and
destabilization of Hb and HPX-Hb. Consequently, disassociated
Hb can induce iron toxicity and oxidative stress, causing additional
organ injury. Under such circumstances, HPX administration is
detrimental. However, the border line between the two edges of
HPX remains a scientific gap that requires further investigation.
More research into the effects of HPX on different organs with heme
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overload due to systemic infection by fungi is expected.
Additionally, ongoing investigations are being conducted to
explore the diseases for which HPX administration is relevant.

In addition to its role as a therapeutic agent, new technologies
for producing HPX protein using gene therapy were briefly
introduced. The advancement in generating recombinant human
HPX and fusion proteins offers new insights into the analysis of
HPX-heme interactions and the neutralization of heme and its
precursor, Hb. In this regard, the administration of a hemopexin-
haptoglobin fusion protein may help avoid the deleterious effects
caused by the sole administration of HPX, though further
verification is needed.

Overall, the optimization of HPX therapy represents a novel
and promising direction in the field of hematology. Recent progress
includes upregulating endogenous HPX gene expression, producing
recombinant HPX, and developing multifunctional fusion proteins
with binding affinity and detoxification capacity for both heme
and Hb.

Author contributions

YL: Writing - original draft, Conceptualization, Data curation,
Formal Analysis. RC: Data curation, Writing - original draft. CW:
Data curation, Writing — review & editing. JD: Writing — review &
editing. SL: Conceptualization, Funding acquisition, Supervision,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundations of
China (SL, No. 82070136).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1274333
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

References

1. Muller-Eberhard U, Javid J, Liem HH, Hanstein A, Hanna M. Plasma
concentrations of hemopexin, haptoglobin and heme in patients with various
hemolytic diseases. Blood (1968) 32(5):811-5. doi: 10.1182/blood.V32.5.811.811

2. Tolosano E, Altruda F. Hemopexin: structure, function, and regulation. DNA Cell
Biol (2002) 21(4):297-306. doi: 10.1089/104454902753759717

3. Alves de Souza RW, Gallo D, Lee GR, Katsuyama E, Schaufler A, Weber J, et al.
Skeletal Muscle Heme Oxygenase-1 Activity Regulates Aerobic Capacity. Cell Rep
(2021) 35(3):109018. doi: 10.1016/j.celrep.2021.109018

4. Ashouri R, Fangman M, Burris A, Ezenwa MO, Wilkie DJ, Dore S. Critical role of
hemopexin mediated cytoprotection in the pathophysiology of sickle cell disease. Int |
Mol Sci (2021) 22(12):9285-9. doi: 10.3390/ijms22126408

5. Smith A, McCulloh R]. Hemopexin and haptoglobin: allies against heme toxicity
from hemoglobin not contenders. Front Physiol (2015) 6:187. doi: 10.3389/
fphys.2015.00187

6. Balla J, Jacob HS, Balla G, Nath K, Eaton JW, Vercellotti GM. Endothelial-cell
heme uptake from heme proteins: induction of sensitization and desensitization to
oxidant damage. Proc Natl Acad Sci U.S.A. (1993) 90(20):9285-9. doi: 10.1073/
pnas.90.20.9285

7. Tolosano E, Fagoonee S, Morello N, Vinchi F, Fiorito V. Heme scavenging and the
other facets of hemopexin. Antioxid Redox Signal (2010) 12(2):305-20. doi: 10.1089/
ars.2009.2787

8. Albrecht JH, Muller-Eberhard U, Kren BT, Steer CJ. Influence of transcriptional
regulation and mrna stability on hemopexin gene expression in regenerating liver. Arch
Biochem Biophys (1994) 314(1):229-33. doi: 10.1006/abbi.1994.1434

9. Wicher KB, Fries E. Haptoglobin, a hemoglobin-binding plasma protein, is
present in bony fish and mammals but not in frog and chicken. Proc Natl Acad Sci
USA (2006) 103(11):4168-73. doi: 10.1073/pnas.0508723103

10. Muller-Eberhard U. Hemopexin. N Engl ] Med (1970) 283(20):1090-4.
doi: 10.1056/nejm197011122832007

11. Ascenzi P, Bocedi A, Visca P, Altruda F, Tolosano E, Beringhelli T, et al.
Hemoglobin and heme scavenging. IUBMB Life (2005) 57(11):749-59. doi: 10.1080/
15216540500380871

12. Miller YT, Shaklai N. Kinetics of hemin distribution in plasma reveals its role in
lipoprotein oxidation. Biochim Biophys Acta (1999) 1454(2):153-64. doi: 10.1016/
50925-4439(99)00027-7

13. Grinshtein N, Bamm VYV, Tsemakhovich VA, Shaklai N. Mechanism of low-
density lipoprotein oxidation by hemoglobin-derived iron. Biochemistry (2003) 42
(23):6977-85. doi: 10.1021/bi020647r

14. Mehta NU, Reddy ST. Role of hemoglobin/heme scavenger protein hemopexin
in atherosclerosis and inflammatory diseases. Curr Opin Lipidol (2015) 26(5):384-7.
doi: 10.1097/mol.0000000000000208

15. Buehler PW, Karnaukhova E. When might transferrin, hemopexin or
haptoglobin administration be of benefit following the transfusion of red blood cells?
Curr Opin Hematol (2018) 25(6):452-8. doi: 10.1097/moh.0000000000000458

16. Aygun B, Odame I. A global perspective on sickle cell disease. Pediatr Blood
Cancer (2012) 59(2):386-90. doi: 10.1002/pbc.24175

17. Gladwin MT, Kato GJ. Cardiopulmonary complications of sickle cell disease:
role of nitric oxide and hemolytic anemia. Hematol Am Soc Hematol Educ Program
(2005) 2005(1):51-7. doi: 10.1182/asheducation-2005.1.51

18. Buehler PW, Swindle D, Pak DI, Ferguson SK, Majka SM, Karoor V, et al.
Hemopexin dosing improves cardiopulmonary dysfunction in murine sickle cell disease.
Free Radic Biol Med (2021) 175:95-107. doi: 10.1016/j.freeradbiomed.2021.08.238

19. Yildirim N, Unal S, Yalcinkaya A, Karahan F, Oztas Y. Evaluation of the relationship
between intravascular hemolysis and clinical manifestations in sickle cell disease: decreased
hemopexin during vaso-occlusive crises and increased inflammation in acute chest
syndrome. Ann Hematol (2022) 101(1):35-41. doi: 10.1007/s00277-021-04667-w

20. Gentinetta T, Belcher JD, Briigger-Verdon V, Adam J, Ruthsatz T, Bain J, et al.
Plasma-derived hemopexin as a candidate therapeutic agent for acute vaso-occlusion in
sickle cell disease: preclinical evidence. J Clin Med (2022) 11(3). doi: 10.3390/
jem11030630

21. Merle NS, Grunenwald A, Rajaratnam H, Gnemmi V, Frimat M, Figueres ML,
et al. Intravascular hemolysis activates complement via cell-free heme and heme-loaded
microvesicles. JCI Insight (2018) 3(12). doi: 10.1172/jci.insight. 96910

22. Vinchi F, De Franceschi L, Ghigo A, Townes T, Cimino ], Silengo L, et al.
Hemopexin therapy improves cardiovascular function by preventing heme-induced
endothelial toxicity in mouse models of hemolytic diseases. Circulation (2013) 127
(12):1317-29. doi: 10.1161/circulationaha.112.130179

23. Alishlash AS, Sapkota M, Ahmad I, Maclin K, Ahmed NA, Molyvdas A, et al.
Chlorine inhalation induces acute chest syndrome in humanized sickle cell mouse
model and ameliorated by postexposure hemopexin. Redox Biol (2021) 44:102009.
doi: 10.1016/j.redox.2021.102009

24. Ghosh S, Orikogbo O, Hazra R, Flage B, Crosby D, Ofori-Acquah SF.
Hemopexin replacement therapy protects sickle cell disease mice from acute kidney
injury. Blood (2019) 134(Supplement_1):78. doi: 10.1182/blood-2019-127161

Frontiers in Immunology

11

10.3389/fimmu.2023.1274333

25. Ofori-Acquah SF, Hazra R, Orikogbo OO, Crosby D, Flage B, Ackah EB, et al.
Hemopexin deficiency promotes acute kidney injury in sickle cell disease. Blood (2020)
135(13):1044-8. doi: 10.1182/blood.2019002653

26. Poillerat V, Gentinetta T, Leon ], Wassmer A, Edler M, Torset C, et al.
Hemopexin as an inhibitor of hemolysis-induced complement activation. Front
Immunol (2020) 11:1684. doi: 10.3389/fimmu.2020.01684

27. Gerogianni A, Dimitrov JD, Zarantonello A, Poillerat V, Chonat S, Sandholm K,
et al. Heme interferes with complement factor I-dependent regulation by enhancing
alternative pathway activation. Front Immunol (2022) 13:901876. doi: 10.3389/
fimmu.2022.901876

28. Gotardo E MF, Brito PL, Gushiken LFS, Chweih H, Leonardo FC, Costa FF, et al.
Molecular and cellular effects of in vivo chronic intravascular hemolysis and anti-
inflammatory therapeutic approaches. Vascul Pharmacol (2023) 150:107176.
doi: 10.1016/j.vph.2023.107176

29. Risbano MG, Kanias T, Triulzi D, Donadee C, Barge S, Badlam J, et al. Effects of
aged stored autologous red blood cells on human endothelial function. Am J Respir Crit
Care Med (2015) 192(10):1223-33. doi: 10.1164/rccm.201501-01450C

30. Donadee C, Raat NJ, Kanias T, Tejero J, Lee JS, Kelley EE, et al. Nitric oxide
scavenging by red blood cell microparticles and cell-free hemoglobin as a mechanism
for the red cell storage lesion. Circulation (2011) 124(4):465-76. doi: 10.1161/
circulationaha.110.008698

31. Yoshida T, Prudent M, D'Alessandro A. Red blood cell storage lesion: causes and
potential clinical consequences. Blood Transfus (2019) 17(1):27-52. doi: 10.2450/
2019.0217-18

32. Heébert PC, Chin-Yee I, Fergusson D, Blajchman M, Martineau R, Clinch J, et al.
A pilot trial evaluating the clinical effects of prolonged storage of red cells. Anesth Analg
(2005) 100(5):1433-58. doi: 10.1213/01.Ane.0000148690.48803.27

33. Wagener BM, Hu PJ, Oh JY, Evans CA, Richter JR, Honavar J, et al. Role of heme
in lung bacterial infection after trauma hemorrhage and stored red blood cell
transfusion: A preclinical experimental study. PloS Med (2018) 15(3):e1002522.
doi: 10.1371/journal.pmed.1002522

34. Pietropaoli AP, Henrichs KF, Cholette JM, Spinelli SL, Phipps RP, Refaai MA,
et al. Total plasma heme concentration increases after red blood cell transfusion and
predicts mortality in critically ill medical patients. Transfusion (2019) 59:2007-15.
doi: 10.1111/trf.15218

35. Graw JA, Mayeur C, Rosales I, Liu Y, Sabbisetti VS, Riley FE, et al. Haptoglobin
or hemopexin therapy prevents acute adverse effects of resuscitation after prolonged
storage of red cells. Circulation (2016) 134(13):945-60. doi: 10.1161/
circulationaha.115.019955

36. Jacques M. Comment on the microreview by B. Craig lee (Quelling the red
menace: haem capture by bacteria). Mol Microbiol (1996) 20(1):238. doi: 10.1111/
j.1365-2958.1996.tb02506.x

37. Braun V, Killmann H. Bacterial solutions to the iron-supply problem. Trends
Biochem Sci (1999) 24(3):104-9. doi: 10.1016/s0968-0004(99)01359-6

38. Hod EA, Brittenham GM, Billote GB, Francis RO, Ginzburg YZ, Hendrickson
JE, et al. Transfusion of human volunteers with older, stored red blood cells produces
extravascular hemolysis and circulating non-transferrin-bound iron. Blood (2011) 118
(25):6675-82. doi: 10.1182/blood-2011-08-371849

39. Furlaneto MC, Goes HP, Perini HF, Dos Santos RC, Furlaneto-Maia L. How
much do we know about hemolytic capability of pathogenic candida species? Folia
Microbiol (Praha) (2018) 63(4):405-12. doi: 10.1007/s12223-018-0584-5

40. Wiseman GM. The hemolysins of staphylococcus aureus. Bacteriol Rev (1975) 39
(4):317-44. doi: 10.1128/br.39.4.317-344.1975

41. Cassat JE, Skaar EP. Iron in infection and immunity. Cell Host Microbe (2013) 13
(5):509-19. doi: 10.1016/j.chom.2013.04.010

42. Hanson MS, Pelzel SE, Latimer J, Muller-Eberhard U, Hansen EJ. Identification
of a genetic locus of haemophilus influenzae type B necessary for the binding and
utilization of heme bound to human hemopexin. Proc Natl Acad Sci USA (1992) 89
(5):1973-7. doi: 10.1073/pnas.89.5.1973

43. Cope LD, Thomas SE, Latimer JL, Slaughter CA, Miiller-Eberhard U, Hansen EJ.
The 100 kda haem:Haemopexin-binding protein of haemophilus influenzae: structure
and localization. Mol Microbiol (1994) 13(5):863-73. doi: 10.1111/j.1365-
2958.1994.tb00478.x

44. Cope LD, Yogev R, Muller-Eberhard U, Hansen EJ. A gene cluster involved in
the utilization of both free heme and heme:Hemopexin by haemophilus influenzae type
B. J Bacteriol (1995) 177(10):2644-53. doi: 10.1128/jb.177.10.2644-2653.1995

45. Fournier C, Smith A, Delepelaire P. Haem release from haemopexin by hxua

allows haemophilus influenzae to escape host nutritional immunity. Mol Microbiol
(2011) 80(1):133-48. doi: 10.1111/j.1365-2958.2011.07562.x

46. Olczak T, Simpson W, Liu X, Genco CA. Iron and heme utilization in
porphyromonas gingivalis. FEMS Microbiol Rev (2005) 29(1):119-44. doi: 10.1016/
j.femsre.2004.09.001

47. Sroka A, Sztukowska M, Potempa J, Travis ], Genco CA. Degradation of host
heme proteins by lysine- and arginine-specific cysteine proteinases (Gingipains) of

frontiersin.org


https://doi.org/10.1182/blood.V32.5.811.811
https://doi.org/10.1089/104454902753759717
https://doi.org/10.1016/j.celrep.2021.109018
https://doi.org/10.3390/ijms22126408
https://doi.org/10.3389/fphys.2015.00187
https://doi.org/10.3389/fphys.2015.00187
https://doi.org/10.1073/pnas.90.20.9285
https://doi.org/10.1073/pnas.90.20.9285
https://doi.org/10.1089/ars.2009.2787
https://doi.org/10.1089/ars.2009.2787
https://doi.org/10.1006/abbi.1994.1434
https://doi.org/10.1073/pnas.0508723103
https://doi.org/10.1056/nejm197011122832007
https://doi.org/10.1080/15216540500380871
https://doi.org/10.1080/15216540500380871
https://doi.org/10.1016/s0925-4439(99)00027-7
https://doi.org/10.1016/s0925-4439(99)00027-7
https://doi.org/10.1021/bi020647r
https://doi.org/10.1097/mol.0000000000000208
https://doi.org/10.1097/moh.0000000000000458
https://doi.org/10.1002/pbc.24175
https://doi.org/10.1182/asheducation-2005.1.51
https://doi.org/10.1016/j.freeradbiomed.2021.08.238
https://doi.org/10.1007/s00277-021-04667-w
https://doi.org/10.3390/jcm11030630
https://doi.org/10.3390/jcm11030630
https://doi.org/10.1172/jci.insight.96910
https://doi.org/10.1161/circulationaha.112.130179
https://doi.org/10.1016/j.redox.2021.102009
https://doi.org/10.1182/blood-2019-127161
https://doi.org/10.1182/blood.2019002653
https://doi.org/10.3389/fimmu.2020.01684
https://doi.org/10.3389/fimmu.2022.901876
https://doi.org/10.3389/fimmu.2022.901876
https://doi.org/10.1016/j.vph.2023.107176
https://doi.org/10.1164/rccm.201501-0145OC
https://doi.org/10.1161/circulationaha.110.008698
https://doi.org/10.1161/circulationaha.110.008698
https://doi.org/10.2450/2019.0217-18
https://doi.org/10.2450/2019.0217-18
https://doi.org/10.1213/01.Ane.0000148690.48803.27
https://doi.org/10.1371/journal.pmed.1002522
https://doi.org/10.1111/trf.15218
https://doi.org/10.1161/circulationaha.115.019955
https://doi.org/10.1161/circulationaha.115.019955
https://doi.org/10.1111/j.1365-2958.1996.tb02506.x
https://doi.org/10.1111/j.1365-2958.1996.tb02506.x
https://doi.org/10.1016/s0968-0004(99)01359-6
https://doi.org/10.1182/blood-2011-08-371849
https://doi.org/10.1007/s12223-018-0584-5
https://doi.org/10.1128/br.39.4.317-344.1975
https://doi.org/10.1016/j.chom.2013.04.010
https://doi.org/10.1073/pnas.89.5.1973
https://doi.org/10.1111/j.1365-2958.1994.tb00478.x
https://doi.org/10.1111/j.1365-2958.1994.tb00478.x
https://doi.org/10.1128/jb.177.10.2644-2653.1995
https://doi.org/10.1111/j.1365-2958.2011.07562.x
https://doi.org/10.1016/j.femsre.2004.09.001
https://doi.org/10.1016/j.femsre.2004.09.001
https://doi.org/10.3389/fimmu.2023.1274333
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

porphyromonas gingivalis. J Bacteriol (2001) 183(19):5609-16. doi: 10.1128/
JB.183.19.5609-5616.2001

48. Weissman Z, Kornitzer D. A family of candida cell surface haem-binding
proteins involved in haemin and haemoglobin-iron utilization. Mol Microbiol (2004)
53(4):1209-20. doi: 10.1111/§.1365-2958.2004.04199.x

49. Nasser L, Weissman Z, Pinsky M, Amartely H, Dvir H, Kornitzer D. Structural
basis of haem-iron acquisition by fungal pathogens. Nat Microbiol (2016) 1(11):16156.
doi: 10.1038/nmicrobiol.2016.156

50. Sakamoto K, Kim YG, Hara H, Kamada N, Caballero-Flores G, Tolosano E, et al.
11-22 controls iron-dependent nutritional immunity against systemic bacterial
infections. Sci Immunol (2017) 2(8). doi: 10.1126/sciimmunol.aai8371

51. Kuznets G, Vigonsky E, Weissman Z, Lalli D, Gildor T, Kauffman SJ, et al. A
relay network of extracellular heme-binding proteins drives C. Albicans iron
acquisition from hemoglobin. PloS Pathog (2014) 10(10):e1004407. doi: 10.1371/
journal.ppat.1004407

52. Pinsky M, Roy U, Moshe S, Weissman Z, Kornitzer D. Human serum albumin
facilitates heme-iron utilization by fungi. Mbio (2020) 11(2). doi: 10.1128/mBi0.00607-20

53. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, et al.
Global, regional, and national sepsis incidence and mortality, 1990-2017: analysis for
the global burden of disease study. Lancet (2020) 395(10219):200-11. doi: 10.1016/
S0140-6736(19)32989-7

54. Effenberger-Neidnicht K, Hartmann M. Mechanisms of hemolysis during sepsis.
Inflammation (2018) 41(5):1569-81. doi: 10.1007/s10753-018-0810-y

55. Piagnerelli M, Boudjeltia KZ, Vanhaeverbeek M, Vincent JL. Red blood cell
rheology in sepsis. Intensive Care Med (2003) 29(7):1052-61. doi: 10.1007/s00134-003-
1783-2

56. Arias CF, Arias CF. How do red blood cells know when to die? R Soc Open Sci
(2017) 4(4):160850. doi: 10.1098/r50s.160850

57. Parker MW, Feil SC. Pore-forming protein toxins: from structure to function.
Prog Biophys Mol Biol (2005) 88(1):91-142. doi: 10.1016/j.pbiomolbio.2004.01.009

58. Janz DR, Bastarache JA, Peterson JF, Sills G, Wickersham N, May AK, et al.
Association between cell-free hemoglobin, acetaminophen, and mortality in patients
with sepsis: an observational study. Crit Care Med (2013) 41(3):784-90. doi: 10.1097/
CCM.0b013e3182741a54

59. Adamzik M, Hamburger T, Petrat F, Peters J, de Groot H, Hartmann M. Free
hemoglobin concentration in severe sepsis: methods of measurement and prediction of
outcome. Crit Care (2012) 16(4):R125. doi: 10.1186/cc11425

60. Janz DR, Bastarache JA, Sills G, Wickersham N, May AK, Bernard GR, et al.
Association between haptoglobin, hemopexin and mortality in adults with sepsis. Crit
Care (2013) 17(6):R272. doi: 10.1186/cc13108

61. Jung JY, Kwak YH, Kim KS, Kwon WY, Suh GJ. Change of hemopexin level is
associated with the severity of sepsis in endotoxemic rat model and the outcome of
septic patients. J Crit Care (2015) 30(3):525-30. doi: 10.1016/j.jcrc.2014.12.009

62. Larsen R, Gozzelino R, Jeney V, Tokaji L, Bozza FA, Japiassu AM, et al. A central
role for free heme in the pathogenesis of severe sepsis. Sci Transl Med (2010) 2
(51):51ra71. doi: 10.1126/scitranslmed.3001118

63. Detzel MS, Schmalohr BF, Steinbock F, Hopp MT, Ramoji A, Paul George AA,
et al. Revisiting the interaction of heme with hemopexin. Biol Chem (2021) 402(6):675-
91. doi: 10.1515/hsz-2020-0347

64. Elphinstone RE, Conroy AL, Hawkes M, Hermann L, Namasopo S, Warren HS,
et al. Alterations in systemic extracellular heme and hemopexin are associated with
adverse clinical outcomes in Ugandan children with severe malaria. J Infect Dis (2016)
214(8):1268-75. doi: 10.1093/infdis/jiw357

65. Kumar Y, Liang C, Bo Z, Rajapakse JC, Ooi EE, Tannenbaum SR. Serum
proteome and cytokine analysis in a longitudinal cohort of adults with primary dengue
infection reveals predictive markers of dhf. PloS Negl Trop Dis (2012) 6(11):e1887.
doi: 10.1371/journal.pntd.0001887

66. Poole-Smith BK, Gilbert A, Gonzalez AL, Beltran M, Tomashek KM, Ward BJ,
et al. Discovery and characterization of potential prognostic biomarkers for dengue
hemorrhagic fever. Am J Trop Med Hyg (2014) 91(6):1218-26. doi: 10.4269/ajtmh.14-
0193

67. Pirschel W, Mestekemper AN, Wissuwa B, Krieg N, Kréller S, Daniel C, et al.
Divergent roles of haptoglobin and hemopexin deficiency for disease progression of
shiga-toxin-induced hemolytic-uremic syndrome in mice. Kidney Int (2022) 101
(6):1171-85. doi: 10.1016/j.kint.2021.12.024

68. Spiller F, Costa C, Souto FO, Vinchi F, Mestriner FL, Laure HJ, et al. Inhibition of
neutrophil migration by hemopexin leads to increased mortality due to sepsis in mice.
Am ] Respir Crit Care Med (2011) 183(7):922-31. doi: 10.1164/rccm.201002-02230C

69. Schlunk F, Greenberg SM. The pathophysiology of intracerebral hemorrhage
formation and expansion. Transl Stroke Res (2015) 6(4):257-63. doi: 10.1007/s12975-
015-0410-1

70. Chen S, Yang Q, Chen G, Zhang JH. An update on inflammation in the acute
phase of intracerebral hemorrhage. Transl Stroke Res (2015) 6(1):4-8. doi: 10.1007/
$12975-014-0384-4

71. Aronowski J, Zhao X. Molecular pathophysiology of cerebral hemorrhage:
secondary brain injury. Stroke (2011) 42(6):1781-6. doi: 10.1161/strokeaha.110.596718

Frontiers in Immunology

12

10.3389/fimmu.2023.1274333

72. Baechli H, Behzad M, Schreckenberger M, Buchholz HG, Heimann A, Kempski
O, et al. Blood constituents trigger brain swelling, tissue death, and reduction of glucose
metabolism early after acute subdural hematoma in rats. J Cereb Blood Flow Metab
(2010) 30(3):576-85. doi: 10.1038/jcbfm.2009.230

73. Buzzi RM, Akeret K, Schwendinger N, Klohs J, Vallelian F, Hugelshofer M, et al.
Spatial transcriptome analysis defines heme as a hemopexin-targetable inflammatoxin
in the brain. Free Radic Biol Med (2022) 179:277-87. doi: 10.1016/
j.freeradbiomed.2021.11.011

74. Garland P, Durnford AJ, Okemefuna Al, Dunbar ], Nicoll JA, Galea J, et al.
Heme-hemopexin scavenging is active in the brain and associates with outcome after
subarachnoid hemorrhage. Stroke (2016) 47(3):872-6. doi: 10.1161/
strokeaha.115.011956

75. Hvidberg V, Maniecki MB, Jacobsen C, Hojrup P, Moller HJ, Moestrup SK.
Identification of the receptor scavenging hemopexin-heme complexes. Blood (2005)
106(7):2572-9. doi: 10.1182/blood-2005-03-1185

76. Liu Y, Tan C, Li W, Liu X, Wang X, Gui Y, et al. Adenoviral transfer of
hemopexin gene attenuates oxidative stress and apoptosis in cultured primary cortical
neuron cell exposed to blood clot. Neuroreport (2020) 31(15):1065-71. doi: 10.1097/
wnr.0000000000001510

77. Leclerc JL, Santiago-Moreno J, Dang A, Lampert AS, Cruz PE, Rosario AM, et al.
Increased brain hemopexin levels improve outcomes after intracerebral hemorrhage.
Cereb Blood Flow Metab (2018) 38(6):1032-46. doi: 10.1177/0271678x16679170

78. Chen-Roetling J, Ma SK, Cao Y, Shah A, Regan RF. Hemopexin increases the
neurotoxicity of hemoglobin when haptoglobin is absent. ] Neurochem (2018) 145
(6):464-73. doi: 10.1111/jnc.14328

79. Chen-Roetling J, Li Y, Cao Y, Yan Z, Lu X, Regan RF. Effect of hemopexin
treatment on outcome after intracerebral hemorrhage in mice. Brain Res (2021)
1765:147507. doi: 10.1016/j.brainres.2021.147507

80. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, et al. Heart
disease and stroke statistics—2014 update: A report from the american heart association.
Circulation (2014) 129(3):e28-€292. doi: 10.1161/01.¢ir.0000441139.02102.80

81. Akeret K, Buzzi RM, Saxenhofer M, Bieri K, Chiavi D, Thomson BR, et al. The
hemoval study protocol: A prospective international multicenter cohort study to
validate cerebrospinal fluid hemoglobin as a monitoring biomarker for aneurysmal
subarachnoid hemorrhage related secondary brain injury. BMC Neurol (2022) 22
(1):267. doi: 10.1186/s12883-022-02789-w

82. Griffiths S, Clark J, Adamides AA, Ziogas J. The role of haptoglobin and
hemopexin in the prevention of delayed cerebral ischaemia after aneurysmal
subarachnoid haemorrhage: A review of current literature. Neurosurg Rev (2020) 43
(5):1273-88. doi: 10.1007/s10143-019-01169-2

83. Kay A, Petzold A, Kerr M, Keir G, Thompson E, Nicoll J. Temporal alterations in
cerebrospinal fluid amyloid beta-protein and apolipoprotein E after subarachnoid
hemorrhage. Stroke (2003) 34(12):¢240-3. doi: 10.1161/01.5tr.0000100157.88508.2f

84. Kay A, Petzold A, Kerr M, Keir G, Thompson E, Nicoll J. Decreased
cerebrospinal fluid apolipoprotein E after subarachnoid hemorrhage: correlation with
injury severity and clinical outcome. Stroke (2003) 34(3):637-42. doi: 10.1161/
01.5tr.0000057579.25430.16

85. Guo ZD, Sun XC, Zhang JH. The role of apolipoprotein E in the pathological
events following subarachnoid hemorrhage: A review. Acta Neurochir Suppl (2011) 110
(Pt 2):5-7. doi: 10.1007/978-3-7091-0356-2_1

86. Lanterna LA, Biroli F. Significance of apolipoprotein E in subarachnoid
hemorrhage: neuronal injury, repair, and therapeutic perspectives—a review. J Stroke
Cerebrovasc Dis (2009) 18(2):116-23. doi: 10.1016/j.jstrokecerebrovasdis.2008.09.006

87. Jackson SP. Arterial thrombosis-insidious, unpredictable and deadly. Nat Med
(2011) 17(11):1423-36. doi: 10.1038/nm.2515

88. Davi G, Patrono C. Platelet activation and atherothrombosis. N Engl ] Med
(2007) 357(24):2482-94. doi: 10.1056/NEJMra071014

89. Handtke S, Steil L, Palankar R, Conrad J, Cauhan S, Kraus L, et al. Role of platelet
size revisited-function and protein composition of large and small platelets. Thromb
Haemost (2019) 119(3):407-20. doi: 10.1055/s-0039-1677875

90. Montecinos L, Eskew JD, Smith A. What is next in this "Age" of heme-driven
pathology and protection by hemopexin? An update and links with iron. Pharm (Basel)
(2019) 12(4):144. doi: 10.3390/ph12040144

91. Handtke S, Thiele T. Large and small platelets-(When) do they differ? J Thromb
Haemost (2020) 18(6):1256-67. doi: 10.1111/jth.14788

92. Xu XR, Zhang D, Oswald BE, Carrim N, Wang X, Hou Y, et al. Platelets are
versatile cells: new discoveries in hemostasis, thrombosis, immune responses, tumor
metastasis and beyond. Crit Rev Clin Lab Sci (2016) 53(6):409-30. doi: 10.1080/
10408363.2016.1200008

93. NaveenKumar SK, Hemshekhar M, Kemparaju K, Girish KS. Hemin-induced
platelet activation and ferroptosis is mediated through ros-driven proteasomal activity
and inflammasome activation: protection by melatonin. Biochim Biophys Acta Mol
Basis Dis (2019) 1865(9):2303-16. doi: 10.1016/j.bbadis.2019.05.009

94. NaveenKumar SK, SharathBabu BN, Hemshekhar M, Kemparaju K, Girish KS,
Mugesh G. The role of reactive oxygen species and ferroptosis in heme-mediated
activation of human platelets. ACS Chem Biol (2018) 13(8):1996-2002. doi: 10.1021/
acschembio.8b00458

frontiersin.org


https://doi.org/10.1128/JB.183.19.5609-5616.2001
https://doi.org/10.1128/JB.183.19.5609-5616.2001
https://doi.org/10.1111/j.1365-2958.2004.04199.x
https://doi.org/10.1038/nmicrobiol.2016.156
https://doi.org/10.1126/sciimmunol.aai8371
https://doi.org/10.1371/journal.ppat.1004407
https://doi.org/10.1371/journal.ppat.1004407
https://doi.org/10.1128/mBio.00607-20
https://doi.org/10.1016/S0140-6736(19)32989-7
https://doi.org/10.1016/S0140-6736(19)32989-7
https://doi.org/10.1007/s10753-018-0810-y
https://doi.org/10.1007/s00134-003-1783-2
https://doi.org/10.1007/s00134-003-1783-2
https://doi.org/10.1098/rsos.160850
https://doi.org/10.1016/j.pbiomolbio.2004.01.009
https://doi.org/10.1097/CCM.0b013e3182741a54
https://doi.org/10.1097/CCM.0b013e3182741a54
https://doi.org/10.1186/cc11425
https://doi.org/10.1186/cc13108
https://doi.org/10.1016/j.jcrc.2014.12.009
https://doi.org/10.1126/scitranslmed.3001118
https://doi.org/10.1515/hsz-2020-0347
https://doi.org/10.1093/infdis/jiw357
https://doi.org/10.1371/journal.pntd.0001887
https://doi.org/10.4269/ajtmh.14-0193
https://doi.org/10.4269/ajtmh.14-0193
https://doi.org/10.1016/j.kint.2021.12.024
https://doi.org/10.1164/rccm.201002-0223OC
https://doi.org/10.1007/s12975-015-0410-1
https://doi.org/10.1007/s12975-015-0410-1
https://doi.org/10.1007/s12975-014-0384-4
https://doi.org/10.1007/s12975-014-0384-4
https://doi.org/10.1161/strokeaha.110.596718
https://doi.org/10.1038/jcbfm.2009.230
https://doi.org/10.1016/j.freeradbiomed.2021.11.011
https://doi.org/10.1016/j.freeradbiomed.2021.11.011
https://doi.org/10.1161/strokeaha.115.011956
https://doi.org/10.1161/strokeaha.115.011956
https://doi.org/10.1182/blood-2005-03-1185
https://doi.org/10.1097/wnr.0000000000001510
https://doi.org/10.1097/wnr.0000000000001510
https://doi.org/10.1177/0271678x16679170
https://doi.org/10.1111/jnc.14328
https://doi.org/10.1016/j.brainres.2021.147507
https://doi.org/10.1161/01.cir.0000441139.02102.80
https://doi.org/10.1186/s12883-022-02789-w
https://doi.org/10.1007/s10143-019-01169-2
https://doi.org/10.1161/01.Str.0000100157.88508.2f
https://doi.org/10.1161/01.Str.0000057579.25430.16
https://doi.org/10.1161/01.Str.0000057579.25430.16
https://doi.org/10.1007/978-3-7091-0356-2_1
https://doi.org/10.1016/j.jstrokecerebrovasdis.2008.09.006
https://doi.org/10.1038/nm.2515
https://doi.org/10.1056/NEJMra071014
https://doi.org/10.1055/s-0039-1677875
https://doi.org/10.3390/ph12040144
https://doi.org/10.1111/jth.14788
https://doi.org/10.1080/10408363.2016.1200008
https://doi.org/10.1080/10408363.2016.1200008
https://doi.org/10.1016/j.bbadis.2019.05.009
https://doi.org/10.1021/acschembio.8b00458
https://doi.org/10.1021/acschembio.8b00458
https://doi.org/10.3389/fimmu.2023.1274333
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

95. Bosseboeuf E, Raimondi C. Signalling, metabolic pathways and iron homeostasis
in endothelial cells in health, atherosclerosis and alzheimer's disease. Cells (2020) 9(9).
doi: 10.3390/cells9092055

96. Vallelian F, Buehler PW, Schaer DJ. Hemolysis, free hemoglobin toxicity, and
scavenger protein therapeutics. Blood (2022) 140(17):1837-44. doi: 10.1182/
blood.2022015596

97. Gall T, Peth6 D, Nagy A, Hendrik Z, Méhes G, Potor L, et al. Heme induces
endoplasmic reticulum stress (Hier stress) in human aortic smooth muscle cells. Front
Physiol (2018) 9:1595. doi: 10.3389/fphys.2018.01595

98. Sparkenbaugh EM, Chantrathammachart P, Wang S, Jonas W, Kirchhofer D,
Gailani D, et al. Excess of heme induces tissue factor-dependent activation of coagulation
in mice. Haematologica (2015) 100(3):308-14. doi: 10.3324/haematol.2014.114728

99. Alvarado G, Jeney V, Toth A, Csosz E, Kallo G, Huynh AT, et al. Heme-induced
contractile dysfunction in human cardiomyocytes caused by oxidant damage to thick filament
proteins. Free Radic Biol Med (2015) 89:248-62. doi: 10.1016/j.freeradbiomed.2015.07.158

100. Nath KA, Grande JP, Belcher JD, Garovic VD, Croatt AJ, Hillestad ML, et al.
Antithrombotic effects of heme-degrading and heme-binding proteins. Am ] Physiol
Heart Circ Physiol (2020) 318(3):H671-h81. doi: 10.1152/ajpheart.00280.2019

101. Stakhneva EM, Meshcheryakova IA, Demidov EA, Starostin KV, Peltek SE,
Voevoda MI, et al. Changes in the proteomic profile of blood serum in coronary
atherosclerosis. ] Med Biochem (2020) 39(2):208-14. doi: 10.2478/jomb-2019-0022

102. Stakhneva EM, Kashtanova EV, Polonskaya YV, Striukova EV, Shramko VS,
Sadovski EV, et al. The search for associations of serum proteins with the presence of
unstable atherosclerotic plaque in coronary atherosclerosis. Int J Mol Sci (2022) 23
(21):12795. doi: 10.3390/ijms232112795

103. Cubedo J, Suades R, Padro T, Martin-Yuste V, Sabate-Tenas M, Cinca J, et al.
Erythrocyte-Heme proteins and stemi: implications in prognosis. Thromb Haemost
(2017) 117(10):1970-80. doi: 10.1160/th17-05-0314

104. Melander O, Modrego ], Zamorano-Leon JJ, Santos-Sancho JM, Lahera V,
Lopez-Farre AJ. New circulating biomarkers for predicting cardiovascular death in
healthy population. J Cell Mol Med (2015) 19(10):2489-99. doi: 10.1111/jcmm.12652

105. Brewin J, Tewari S, Menzel S, Kirkham F, Inusa B, Renney G, et al. The effects of
hydroxycarbamide on the plasma proteome of children with sickle cell anaemia. Br |
Haematol (2019) 186(6):879-86. doi: 10.1111/bjh.15996

106. Vinchi F, Sparla R, Passos ST, Sharma R, Vance SZ, Zreid HS, et al. Vasculo-
toxic and pro-inflammatory action of unbound haemoglobin, haem and iron in

Frontiers in Immunology

13

10.3389/fimmu.2023.1274333

transfusion-dependent patients with haemolytic anaemias. Br ] Haematol (2021) 193
(3):637-58. doi: 10.1111/bjh.17361

107. Nagase T, Tohda C. Skeletal muscle atrophy-induced hemopexin accelerates
onset of cognitive impairment in alzheimer's disease. ] Cachexia Sarcopenia Muscle
(2021) 12(6):2199-210. doi: 10.1002/jcsm.12830

108. Louie JE, Anderson CJ, Fayaz MFK, Henry A, Killeen T, Mohandas N, et al.
Case series supporting heme detoxification via therapeutic plasma exchange in acute
multiorgan failure syndrome resistant to red blood cell exchange in sickle cell disease.
Transfusion (2018) 58(2):470-9. doi: 10.1111/trf.14407

109. Buzzi RM, Owczarek CM, Akeret K, Tester A, Pereira N, Butcher R, et al.
Modular platform for the development of recombinant hemoglobin scavenger
biotherapeutics. Mol Pharm (2021) 18(8):3158-70. doi: 10.1021/acs.
molpharmaceut.1¢00433

110. Karnaukhova E, Owczarek C, Schmidt P, Schaer DJ, Buehler PW. Human
plasma and recombinant hemopexins: heme binding revisited. Int ] Mol Sci (2021) 22
(3):1199. doi: 10.3390/ijms22031199

111. SongL, Ke Y, Zhang ZQ. High level expression and purification of recombinant
pex protein in cultured skeletal muscle cell expression system. Biochem Biophys Res
Commun (2007) 357(1):258-63. doi: 10.1016/j.bbrc.2007.03.137

112. Vercellotti GM, Zhang P, Nguyen J, Abdulla F, Chen C, Nguyen P, et al.
Hepatic overexpression of hemopexin inhibits inflammation and vascular stasis in
murine models of sickle cell disease. Mol Med (2016) 22:437-51. doi: 10.2119/
molmed.2016.00063

113. Nathwani AC. Gene therapy for hemophilia. Hematol Am Soc Hematol Educ
Program (2019) 2019(1):1-8. doi: 10.1182/hematology.2019000007

114. de Lima F, Hounkpe BW, de Moraes CRP, Borba-Junior IT, Costa FF, De Paula
EV. Safety and feasibility of the gene transfer of hemopexin for conditions with
increased free heme. Exp Biol Med (Maywood) (2023) 248(13):1103-11. doi: 10.1177/
15353702231182199

115. Liu W, Lu L, Pan H, He X, Zhang M, Wang N, et al. Heme oxygenase-1 and
hemopexin gene polymorphisms and the risk of anti-tuberculosis drug-induced
hepatotoxicity in China. Pharmacogenomics (2022) 23(7):431-41. doi: 10.2217/pgs-
2022-0015

116. Cine N, Baykal AT, Sunnetci D, Canturk Z, Serhatli M, Savli H. Identification of

apoal, hpx and potee genes by omic analysis in breast cancer. Oncol Rep (2014) 32
(3):1078-86. doi: 10.3892/0r.2014.3277

frontiersin.org


https://doi.org/10.3390/cells9092055
https://doi.org/10.1182/blood.2022015596
https://doi.org/10.1182/blood.2022015596
https://doi.org/10.3389/fphys.2018.01595
https://doi.org/10.3324/haematol.2014.114728
https://doi.org/10.1016/j.freeradbiomed.2015.07.158
https://doi.org/10.1152/ajpheart.00280.2019
https://doi.org/10.2478/jomb-2019-0022
https://doi.org/10.3390/ijms232112795
https://doi.org/10.1160/th17-05-0314
https://doi.org/10.1111/jcmm.12652
https://doi.org/10.1111/bjh.15996
https://doi.org/10.1111/bjh.17361
https://doi.org/10.1002/jcsm.12830
https://doi.org/10.1111/trf.14407
https://doi.org/10.1021/acs.molpharmaceut.1c00433
https://doi.org/10.1021/acs.molpharmaceut.1c00433
https://doi.org/10.3390/ijms22031199
https://doi.org/10.1016/j.bbrc.2007.03.137
https://doi.org/10.2119/molmed.2016.00063
https://doi.org/10.2119/molmed.2016.00063
https://doi.org/10.1182/hematology.2019000007
https://doi.org/10.1177/15353702231182199
https://doi.org/10.1177/15353702231182199
https://doi.org/10.2217/pgs-2022-0015
https://doi.org/10.2217/pgs-2022-0015
https://doi.org/10.3892/or.2014.3277
https://doi.org/10.3389/fimmu.2023.1274333
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Double-edged functions of hemopexin in hematological related diseases: from basic mechanisms to clinical application
	Introduction
	HPX’s role in combating heme toxicity
	Hemopexin’s role in hemolytic diseases
	Hemopexin’s role in sickle cell disease
	Hemopexin in transfusion-induced hemolysis

	Hemopexin’s role in systemic infection
	Hemopexin’s role in heme appropriation by bacteria and fungi
	Hemopexin’s role in sepsis
	Hemopexin’s role in malaria, hemolytic-uremic syndrome, and dengue hemorrhagic fever

	Hemopexin’s role in hemorrhagic diseases
	Hemopexin’s role in intracerebral hemorrhage
	Hemopexin’s role in subarachnoid hemorrhage

	Hemopexin’s role in atherosclerosis and thrombosis
	Clinical application of hemopexin
	Potential biomarkers to assess heme load and disease prognosis
	Hemopexin replenishment therapy
	Hemopexin gene therapy

	Conclusion and perspectives
	Author contributions
	Funding
	References


