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Haemoglobin scavenging in
intracranial bleeding: biology and
clinical implications
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Porphyrin ring

A complex aromatic chemical
structure consisting of four
modified pyrrole rings with the
capacity to coordinate a
central metal ion;
protoporphyrin IX is the
porphyrin in haemoglobin.
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Degradation of red blood cells (RBCs) after haemor-
rhage and intravascular or extravascular haemolysis
results in extracellular release of haemoglobin. Within
the CNS, cell-free haemoglobin and its breakdown prod-
ucts are neurotoxic and cause secondary brain injury’.
Two scenarios can lead to haemoglobin coming into
direct contact with brain parenchyma: vascular rupture
(as occurs during various forms of intracranial haemor-
rhage) and low-grade leakage of haemoglobin into the
brain. Haemoglobin-induced neurotoxicity is thought to
have an important role in the pathophysiology of several
neurological conditions. These conditions were tradi-
tionally thought to be those characterized by acute mac-
roscopic bleeding, such as intracranial haemorrhage, but
evidence suggests that extracellular haemoglobin also
plays an important role in several neurological condi-
tions, including superficial siderosis’, Alzheimer disease*
and progressive multiple sclerosis’.

In this Review, we consider the emerging importance
of extracellular haemoglobin in the brain and its clinical
implications. First, we present the cellular and molecular
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Abstract | Haemoglobin is released into the CNS during the breakdown of red blood cells after
intracranial bleeding. Extracellular free haemoglobin is directly neurotoxic. Haemoglobin
scavenging mechanisms clear haemoglobin and reduce toxicity; these mechanisms include
erythrophagocytosis, haptoglobin binding of haemoglobin, haemopexin binding of haem and
haem oxygenase breakdown of haem. However, the capacity of these mechanisms is limited in the
CNS, and they easily become overwhelmed. Targeting of haemoglobin toxicity and scavenging
is, therefore, a rational therapeutic strategy. In this Review, we summarize the neurotoxic
mechanisms of extracellular haemoglobin and the peculiarities of haemoglobin scavenging
pathways in the brain. Evidence for a role of haemoglobin toxicity in neurological disorders is
discussed, with a focus on subarachnoid haemorrhage and intracerebral haemorrhage, and
emerging treatment strategies based on the molecular pathways involved are considered.

By focusing on a fundamental biological commonality between diverse neurological conditions,
we aim to encourage the application of knowledge of haemoglobin toxicity and scavenging
across various conditions. We also hope that the principles highlighted will stimulate research
to explore the potential of the pathways discussed. Finally, we present a consensus opinion on
the research priorities that will help to bring about clinical benefits.

mechanisms of haemoglobin neurotoxicity and clear-
ance, focusing on the special environment of the CNS.
Subsequently, we focus on the clinical implications of
extracellular haemoglobin within the CNS, reviewing the
evidence that links the pathophysiology of cell-free hae-
moglobin to the clinical presentations and outcomes of
several neurological conditions. Finally, we discuss current
and emerging treatment strategies designed to augment
the clearance of haemoglobin and/or alleviate its toxicity.
We also present the outcomes of a meeting of an expert
panel in which a consensus opinion on the key research
questions that need to be answered was formulated.
We hope that the principles highlighted will encourage
research into the effects of extracellular haemoglobin in the
brain and exploration of the potential for clinical benefits.

Neurotoxicity of haemoglobin

Haemoglobin consists of four globin chains tightly
associated with a haem group, which itself consists of a
porphyrin ring that coordinates an iron atom in the Fe?*, Fe**
or Fe** oxidative state. When outside RBCs, haemoglobin
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Key points

e Extracellular haemoglobin induces cell death, mainly via oxidation and inflammation.

* Mechanisms in the brain that can mitigate haemoglobin toxicity and enable its clearance
are easily overwhelmed by extensive haemolysis after intracranial haemorrhage.

e Variation in genes related to haemoglobin binding and metabolism influence
outcomes after subarachnoid haemorrhage or intracerebral haemorrhage.

* Treatments that mitigate haemoglobin toxicity and increase clearance might have
clinical benefits for patients with intracranial bleeding.

* Research priorities include prospective genetic association studies and an improved
basic scientific understanding of the mechanism of haemoglobin toxicity and its

clearance from the brain.

Hemichromes

Haemoglobin molecules that
can no longer react with
oxygen, characterized by the
binding of the distal histidine to
the central Fe atom;
hemichromes can occur
spontaneously and reversibly,
but denaturation of
haemoglobin alters its
quaternary structure,
facilitating the process and
forming irreversible
hemichromes.

Globin-based radical
Reactions between Fe** and
peroxides extract an electron
from the protein globin chain,
leaving it in the radical state
(with an unpaired electron),
making it highly reactive; this
free radical is commonly on the
phenoxyl group of a tyrosine
residue, and can migrate.

Necroptosis

A form of regulated cell death,
morphologically akin to
necrosis, triggered by TNF and
regulated by caspase 8; it is
dependent on receptor-
interacting protein kinases 1
and 3.

is oxidized to methaemoglobin and dissociates into
dimers. Subsequent modification of globin forms
hemichromes, and these degrade into haem, which releases
iron. The toxicity of haemoglobin is undisputed —
neurotoxicity is observed in vitro' and after intracerebral
injection of haemoglobin in vivo”. Neurons seem to be
more vulnerable to this toxicity than glia'. The toxicity
of haemoglobin is multifactorial but mainly seems to be
mediated by four factors: oxidation, inflammation, nitric
oxide scavenging and oedema.

Oxidation

Haem mediates oxidation: in its ferrous (Fe?*) and ferric
(Fe*") states, haem can react with hydrogen perox-
ide (which is released by neutrophils, for example) or
endogenous lipid hydroperoxides (which are formed
by lipoxygenases) to form a highly reactive ferryl
(Fe*") form. Such reactions of ferric haem also form
a globin-based radical®. Ferryl haem and globin-based
radicals react directly with lipids and proteins to form
free radicals, which self-propagate in the presence of
molecular oxygen.

Free radicals lead to destructive modification of
membranes, lipids, proteins and nucleic acids and their
associated machinery, thereby critically altering cellu-
lar and organ function’. Molecular signatures of this
process, including covalently modified proteins® and
oxidized lipids’, have been detected in the cerebrospinal
fluid (CSF) after subarachnoid haemorrhage (SAH). Free
haem is thought to be more toxic than haemoglobin, as its

lipophilicity enables its intercalation into membranes'’.
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Haem releases Fe, which drives cell death via Fe-
dependent lipid oxidation — known as ferroptosis'' —
which can be suppressed by the lipid reactive oxygen spe-
cies inhibitor ferrostatin 1, iron chelators and lipophilic
antioxidants.

Inflammation

The pro-inflammatory effects of haemoglobin breakdown
products are mediated in several ways. Methaemoglobin'>
and haem" are ligands of Toll-like receptor 4 (TLR4),
which is expressed by microglia and macrophages;
activation of TLR4 causes these cells to secrete tumour
necrosis factor (TNF), triggering nuclear factor-xB
(NF-xB) activation, inflammation and necroptosis'‘. Haem
can also activate the NLRP3 (NOD-, LRR- and pyrin
domain-containing 3) inflammasome, leading to IL-1f
synthesis'®, and can induce IL-1a production from mixed
glia in culture, which in turn causes neuronal death’®.

Nitric oxide depletion

Nitric oxide is depleted by haemoglobin in a process that
is rapid and irreversible. In this process, reaction of nitric
oxide with oxyferrous haemoglobin forms methaemo-
globin and nitrate'”. Nitric oxide is also consumed by
oxygen radicals after SAH'®; for example, nitric oxide can
react with superoxide to form peroxynitrite. Endothelial
nitric oxide synthase that is exposed to peroxynitrite
does not function normally and produces superoxide
instead of nitric oxide'*”; this superoxide causes further
nitric oxide consumption.

Nitric oxide is a vasodilator produced by endothe-
lial cells, neurons and microglia. It regulates cerebral
vascular tone”' and is a potent platelet inhibitor. Several
adverse effects of reduced nitric oxide as a result of
haemoglobin-mediated depletion have been reported.
Evidence suggests that depletion of nitric oxide con-
tributes to microthrombosis® in cerebral vessels in SAH
in humans and animal models, and is associated with
poor clinical outcomes®-**. Reduced bioavailability of
nitric oxide lowers the threshold for cortical spreading
depolarization®, an electrical phenomenon observed in
the presence of high potassium and haemoglobin levels”,
which leads to spreading ischaemia and neuronal death.
Nitric oxide bioavailability at the vasculature is also
important in vasospasm; observations of haemoglobin-
induced vasospasm in the acute phase of preclinical
SAH models** gave rise to the long-held belief that an
absolute cerebral nitric oxide deficiency was the cause,
but evidence that nitric oxide metabolism is phasic after
SAH has changed this view®'~*’. Nitric oxide depletion has
not been studied in intracerebral haemorrhage, despite
evidence that a reduction in perihaematomal blood flow
is delayed™ (as would be expected secondary to nitric
oxide depletion) and unresponsive to osmotic therapy*
(suggesting that the reduced blood flow is unrelated
to high intracranial pressure).

Oedema

Several lines of evidence show that cerebral oedema
is induced by haemoglobin and its breakdown prod-
ucts. Intraparenchymal injection of haemoglobin
breakdown products increased the water and sodium
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Fig. 1 | Haemoglobin scavenging pathways in humans. Multiple receptor mediated-pathways can prevent the toxicity
of haemoglobin and its breakdown products haem and iron. Red blood cells (RBCs) can be directly phagocytosed
following detection by the CD36 receptor on macrophages (step 1). Free haemoglobin dimers can be captured by
haptoglobin, and the haptoglobin-haemoglobin complex can be taken up by macrophages via CD163 (step 2). CD163 can
be shed from the cell surface after subarachnoid haemorrhage owing to the action of the enzyme disintegrin and
metalloproteinase domain-containing protein 17 (ADAM17), and this process might reduce the efficiency of haemoglobin
scavenging. In the phagolysosome, haemoglobin is then broken down to release haem, which is in turn broken down by
haem oxygenases to generate iron (step 3). Similarly, free extracellular haem can be captured by haemopexin and
transported into macrophages via CD91 (step 4), where it is also broken down to produce free iron (step 3). The resulting
iron is transported from macrophages via the ferroportin 1 (FPN1; also known as SLC40A1) channel (step 5). HRG1,
haem-responsive gene 1 protein homologue (also known as SLC48A1); NADPH-CPR, NADPH-cytochrome P450

reductase; sCD163, soluble CD163.

content in the brains of rats™. After haemoglobin injec-
tion into the brains of rats, matrix metalloproteinase
9 (MMP-9) was upregulated, resulting in blood-brain
barrier (BBB) disruption*; acute MMP-9 inhibition
attenuated the consequent cerebral oedema™. For these
reasons, delayed perihaematomal oedema in intracere-
bral haemorrhage is thought to be at least partly caused
by haemoglobin and its breakdown products®. Cerebral
oedema is more marked in intracerebral haemorrhage
than in SAH*, possibly because haemoglobin is in a
parenchymal location after intracerebral haemorrhage
and is therefore closer to the BBB. In keeping with this
speculation, delayed global cerebral oedema is less com-
mon after SAH* and is seen in association with diffuse
ischaemia®, suggesting a different pathophysiology.

Haemoglobin clearance

Several endogenous mechanisms have the potential to
clear the haemoglobin, haem and iron that are released
into the brain following a haemorrhage and RBC lysis
(FIG. 1). These mechanisms are discussed below.

Erythrophagocytosis

Erythrophagocytosis is one mechanism by which abnor-
mal RBCs are cleared. Abnormal RBCs exteriorize phos-
phatidylserine, and evidence suggests that macrophages
recognize phosphatidylserine via CD36, leading to
erythrophagocytosis*>". Iron and haem are subse-
quently exported from the macrophages to the extra-
cellular milieu via, for example, ferroportin* and feline
leukaemia virus subgroup C receptor 1 (FLVCR1)*,
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Acute-phase glycoprotein
A protein that is secreted in
large amounts by the liver
during acute systemic
inflammation.
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Fig. 2 | Isoforms and possible structures of haptoglobin
according to genotype. Haptoglobin is encoded by the
HP1 and HP2 alleles. HP1 encodes an al-chainand a
B-chain that are linked by a disulfide bond. The al1-chain
has another free cysteine residue (red) that enables
dimerization to form the HP(a1f), dimer (left). This dimer
is the only form of haptoglobin present in homozygotes
for HP1. HP2 encodes a duplicated a-chain called a2 and a
B-chain. The a2-chain has two free cysteines that enable
formation of cyclic polymers of increasing size, HP(a2p)n,
where n>3 (right). These cyclic polymers are found in
homozygotes for HP2. In heterozygotes that express

HP1 and HP2, linear polymers form HP(a1p),(a2p)n,
where n>0 (REF'9).

respectively. Estimates suggest that 40% of the iron orig-
inating from haemoglobin can be released within 24 h of
RBC uptake by macrophages. Although erythrophagocy-
tosis might seem to be an effective clearance mechanism,
macrophages that ingest more than two RBCs undergo
cell death, leading to release of deleterious haem and
iron into the extracellular matrix™. Consequently, the
contribution of erythrophagocytosis to the prevention
of haem-derived toxicity is probably small.

Haptoglobin and CD163

Extravasated RBCs that avoid erythrophagocytosis
undergo spontaneous lysis as a result of, for example,
free radical damage or complement-mediated attack’’,
leading to release of haemoglobin. In this situation, the
haemoglobin dimer is immediately and irreversibly
bound by haptoglobin, an acute-phase glycoprotein, in
one of the strongest noncovalent interactions known to
occur naturally®.

Three types of haptoglobin polymers exist (FIC. 2),
generated by combined expression of two alleles: HP1
and HP2. The three polymer types are referred to as
HP1-1, HP1-2 and HP2-2. The functional differences
between the different haptoglobin types are unclear
and controversial (BOX 1). Functional differences
might also differ between the CNS and the periphery
as a result of CNS specialization (BOX 2). Resolving
the controversies around the functional differences is
important because haptoglobin could have potential
as a therapeutic agent, and functional differences have

REVIEWS

implications for the selection of haptoglobin types to
be tested in clinical trials.

Haptoglobin is mainly synthesized by the liver and
reticuloendothelial system and is not normally synthe-
sized within the brain. Instead, haptoglobin diffuses into
the CSF from the blood, meaning that higher polymeric
forms of the protein are not present in the CSF in the
healthy state*® and levels of haptoglobin in the brain are
much lower than levels in the blood in the healthy state™.
Within each millilitre of intracranial blood, the molar
amount of cell-free haemoglobin produced by haemolysis
is approximately 250-fold greater than the amount that the
haptoglobin present in the same volume is able to bind to.

Current evidence points to two main functions of the
haptoglobin-haemoglobin complex: protection against
redox activity”** and haemoglobin clearance via the
CD163 membrane receptor™. Crystal structure analyses
of the haptoglobin-haemoglobin complex have revealed
reactive iron and pro-oxidative tyrosine residues close
to the haptoglobin-haemoglobin interface®, structural
features that explain the ability of haptoglobin to prevent
oxidative reactions and delay the release of haem. The
binding of haptoglobin by haemoglobin exposes a neo-
epitope on the haptoglobin B-chain®' that enables CD163 to
recognize the complex and initiate endocytosis. The affin-
ity of CD163 for the haptoglobin-haemoglobin complex is
tenfold higher than for uncomplexed haemoglobin®.

Some evidence suggests that astrocytes® and oligo-
dendrocytes®* express haptoglobin in pathological states.
Given that oligodendrocytes and astrocytes are so abun-
dant, local production of haptoglobin by these cells is
an endogenous mechanism with potential to protect
the brain against extravascular haemoglobin toxicity.
However, this mechanism is clearly not enough, as most
haemoglobin in the CSF after SAH is not bound to hap-
toglobin®. Furthermore, given that haptoglobin protects
haemoglobin from auto-oxidation and that haemoglo-
bin auto-oxidation interferes with haptoglobin binding,
the scarcity of haptoglobin might render haemoglobin
unscavengeable by CD163 and haptoglobin with time®’;
the extent to which this occurs requires further study.

One study has suggested that the lack of haptoglobin
in the brain is compounded by saturation of the CD163
uptake system, as haptoglobin-haemoglobin complexes
were detected in the CSF after SAH™. Intrathecal shed-
ding of membrane-bound CD163 was also observed
(FIC. 1), which resulted in high levels of soluble CD163
(sCD163) in the CSF after SAH* and is likely to exacer-
bate saturation of the uptake system. However, sCD163
might be important in haptoglobin-independent path-
ways that detoxify free haemoglobin under conditions
of severe haemolysis, such as haemorrhage. sCD163
and immunoglobulin G (IgG) can interact with free
haemoglobin, and the sCD163-haemoglobin-IgG
complex undergoes endocytosis into monocytes via the

66

crystallizable fragment (Fc)-y receptor®.

Haemopexin and CD91

Unscavenged haemoglobin releases haem, which is
sequestered with very high affinity by haemopexin®.
Haemopexin is expressed by neurons and glia®; one
study has shown that ~90% of all haemopexin in the
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Box 1 | Functional differences between haptoglobin types

Many studies have investigated the functional differences between the HP1-1, HP1-2
and HP2-2 types of haptoglobin, which are expressed by homozygotes for the HP1
allele and heterozygotes and homozygotes for the HP2 allele, respectively; these
studies have been reviewed elsewhere!®. Expression levels differ reproducibly by type:
haptoglobin expression is greater with the genotype HP1-1 than expression with the
genotype HP1-2, which is in turn greater than that with the genotype HP2-2 (REF.**).

Some studies?*%

have shown that HP1-1 is associated with better reduction of the

redox potential of haemoglobin than is HP2-2 (REFS****%%), but other studies have not
replicated this observation'’>?"?%_ |n complex with haemoglobin, HP2-2 seems to have
a higher binding affinity for CD163 than does HP1-1 (REFS****). With respect to
CD163-mediated cellular uptake of haptoglobin-haemoglobin complexes, different
studies have indicated that HP1-1 is more effective, that HP2-2 is more effective and
that they are equally effective'’*?**%, suggesting that there is little or no difference in
this aspect of haptoglobin function. Secretion of anti-inflammatory IL-10 in response to
CD163 binding of the haptoglobin-haemoglobin complex differs according to type:
secretion is several-fold higher with HP1-1 than with HP2-2 (REF.?'").

Fenton reaction

A reaction in which Fe?* causes
disproportionation of a
peroxide bond (in hydrogen
peroxide or organic peroxides)
to produce highly reactive
hydroxy! (- OH) and
hydroperoxyl (- OOH) radicals.

Microparticles
Micrometre-sized membrane-
bound vesicles released by a
variety of cell types;
microparticles retain the
molecules associated with, or
embedded in, the original
membranes, and these
molecules retain their function,
thus acting in a paracrine
fashion.

69

brain is produced intrathecally in the healthy state®.
This production in the brain is in sharp contrast to
that of haptoglobin, suggesting that the brain is geared
towards clearing haem more effectively than haemo-
globin. However, CSF levels of haemopexin are tenfold
lower than levels in the circulation, suggesting that
the capacity for haem binding in the brain is relatively
low®. The haem-haemopexin complex binds to CD91
(also known as LRP-1), which is expressed in neurons
and glia” and is subsequently cleared by endocytosis”
(FIC. 1). In a study of 30 patients with SAH, free haem
was still detectable in the CSF after SAH®, indicating
that the haemopexin—CD91 system cannot cope with the
demands imposed on it after SAH.

After endocytosis by any cell type, haem is degraded
by haem oxygenase, resulting in production of equimo-
lar amounts of iron, carbon monoxide and biliverdin
(FIC. 1). Biliverdin is then converted to bilirubin by biliv-
erdin reductase’. Two active isoforms of haem oxygen-
ase exist: haem oxygenase 1, the expression of which is
induced by haem and other forms of oxidative stress,
mostly within glia, macrophages and endothelial cells”,
and haem oxygenase 2, which is constitutively expressed
in most cell types, including neurons™. These enzymes
are catalytically active only inside cells, as they require
the microsomal NADPH-cytochrome P450 reductase
to cleave haem’. Excess iron produced during this reac-
tion is either transported out of cells (for example, via
ferroportin™) or rapidly stored within ferritin — a hetero-
polymeric cage that can store up to 4,500 ferric ions as
ferrihydrite aggregates in its core’”* — in a safe but readily
available form””. The reactive nature of noncomplexed
iron means it has the potential to cause intracellular
toxicity while it is shuttled inside cells. When the size
of this so-called cellular labile iron pool™ increases, it
can, for instance, participate in the Fenton reaction” and
activate the NLRP3 inflammasome®. Under conditions
of iron overload, breakdown of ferritin within the lyso-
somes results in intracellular deposition of haemosid-
erin, which is insoluble but might not be redox inert’,
so could be detrimental.

Haemoglobin uptake by macrophages converts
them to a so-called Mhem phenotype, with antioxi-
dative properties and reduced inflammatory cytokine

expression®"® but still an undesirable overall profile
that results in increased vascular permeability and
microvascular inflammation®. Moreover, phagocy-
tosis of iron-laden cell carcasses and debris results
in iron-laden macrophages and microglia, which are
pro-inflammatory*-*. Hence, although haemoglo-
bin scavenging reduces the inflammatory effects of
haemoglobin, some of these effects still occur.

Haemoglobin in neurological disorders
Extravascular haemoglobin and its breakdown products
have been implicated in the pathophysiology of several
neurological conditions, with evidence ranging from
very strong in some to very weak in others. In the follow-
ing sections, we review the evidence implicating haemo-
globin in several conditions, focusing on conditions that
produce macroscopic extravascular blood, in which the
evidence is most robust. Animal studies are cited where
evidence in humans is lacking or where experimental
intervention has proven causality suggested by human
observational data.

Subarachnoid haemorrhage

Neurological injury after SAH occurs in two stages:
early brain injury (within 72h) and delayed brain injury,
including delayed cerebral ischaemia, which presents
days to weeks after haemorrhage. Early brain injury is
associated with a transient increase in intracranial pres-
sure and a decrease in cerebral blood flow, resulting in
initiation of a toxic cascade that includes global cerebral
ischaemia and cerebral oedema***>*’. The presence of
haemoglobin and its breakdown products in the brain
along with the toxic cascade initiated during early brain
injury is thought to have a key role in the development
of delayed brain injury*.

Reported CSF concentrations of haemoglobin after
SAH vary from 3 uM to 250 uM (REFS****-”*). Some of this
variation is likely to be due to the time points at which
haemoglobin levels were measured and the specific
species of haemoglobin being measured; the average
of these reported values is ~20 uM. Haem can also be
detected in CSF after SAH; in one study, the concentra-
tion was ~100 pg/ml (REF.). Ferritin levels in the CSF also
increase markedly as early as 1 day after SAH: the upper
limit of the reference range is 12ng/ml, and the mean
concentration on day 11 after SAH was 1,750 ng/ml
(REFS**?), In addition, CSF iron levels increase from a
mean of 2.3 ug/dl in controls to 27.9 pg/dl on day 5 after
SAH, with no apparent further increase®.

Haptoglobin levels in human CSF rise rapidly after
SAH, as expected after an injection of blood into the
subarachnoid space, before declining, presumably
owing to clearance of haptoglobin-haemoglobin com-
plexes™”. A subsequent rise in haptoglobin levels has
been observed, accompanied by a parallel rise in hae-
moglobin, suggesting saturation of the CD163-mediated
scavenging pathway®*; the precise contribution of
intrathecal haptoglobin synthesis to the haptoglobin
rise remains to be determined. Haptoglobin has been
detected in association with microparticles in the CSF
after SAH, and levels are higher in patients with vaso-
spasm than in patients without”. The precise source
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Box 2 | CNS specialization and haemoglobin scavenging

The anatomical specialization of the brain reduces the first-line defence against the
toxicity of extracellular haemoglobin via haptoglobin and CD163 scavenging for
several reasons, discussed below.

The blood-brain barrier

The blood-brain barrier, although not an absolute barrier’?, imposes a size restriction
on molecules that can diffuse from the blood into the brain parenchyma”*. Haptoglobin
is mainly produced by the liver and granulocytes”* and is not normally synthesized
within the intrathecal compartment. For these reasons, the presence of polymeric
forms of haptoglobin (FIC. 2) depends on blood-brain barrier permeability*’.

212

Solute drainage

The brain’s drainage system for interstitial fluid and solutes is size-selective, and
clearance of molecules with a molecular mass>200kDa is limited”’**". The size of the
simplest dimeric form of haptoglobin in complex with haemoglobin is below this
threshold (162 kDa), but the highest-order polymer of haptoglobin®'® saturated with
haemoglobin is 1,760kDa. Drainage of ovalbumin-immunoglobulin G immune
complexes with molecular masses of 500-2,000 kDa (REF.?*) is severely impeded?””’;
therefore, exit of haemoglobin in complex with larger haptoglobin species from the
brain would be restricted.

Immunological privilege

In the uninflamed state, the brain contains few CD163-positive macrophages and no
granulocytes?’’!. During inflammation, myelomonocytic entry into the brain occurs but
is delayed and low in magnitude’”. These limitations could limit the number of CD163
binding sites available to scavenge haptoglobin-haemoglobin complexes** and limit
haptoglobin upregulation in the brain compared with elsewhere.

Cellular traffic

The reticuloendothelial system is responsible for haemoglobin clearance. Although a
route for cellular traffic out of the brain via lymphatic drainage of the cerebrospinal
fluid exists**, no high-throughput monocyte or macrophage exit system from the brain
has been found.

of this microparticle-derived haptoglobin is yet to
be studied.

Haptoglobin genotype has been associated with
outcomes after SAH. Specifically, the HP2 allele has
been associated with an increased risk of cerebral
vasospasm in several observational studies, although
these studies were assessed as being at moderate risk
of bias (Supplementary Table 1)****-'% In a prospective
cohort study that included 133 patients, the HP2 allele
was associated with increased cerebral salt wasting after
SAH (OR 4.94, 95% CI 1.78-17.43, P=0.01)""". In one
study that included 193 patients with SAH, the HP2
allele was also linked to worse functional outcomes'®,
although other smaller studies have not demonstrated
this link”'"". A meta-analysis published in 2017 indi-
cated that the HP2 allele confers a small effect on short-
term outcomes but not on long-term outcomes'”,
although the studies included were small, varied in
design and did not include correction for prognos-
tically relevant covariates. For these reasons, the con-
clusion should be viewed with caution until the results
of an ongoing analysis of data from these studies at the
individual patient level are known'", or until a larger,
well-designed, prospective cohort study is conducted.
In a mouse model of SAH, animals that were homozy-
gous for a murine equivalent of the human HP2 allele
experienced more marked cerebral vasospasm than
wild-type mice that were homozygous for HP1'".
However, the effect of haptoglobin differs between
humans and mice: haptoglobin increases the affinity of
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haemoglobin for CD163 in humans but not in mice’
so the mechanism underlying the observed difference in
vasospasm between the transgenic and wild-type mice is
unclear. In humans, haptoglobin facilitates haemoglobin
uptake into cells, so differences in iron retention might
occur if one haptoglobin isoform is better than the other
at scavenging haemoglobin. Investigation of the CD91-
haem-haemopexin scavenging pathway after SAH in
humans has produced surprising results. In one small
prospective cohort study with 30 participants, CSF levels
of haemopexin were elevated to a mean of 133.8 ug/ml in
one-third of patients with SAH; the upper limit among
healthy controls was 32.6 pg/ml. Among the patients
with elevated haemopexin levels, the rate of delayed
cerebral ischaemia was higher and functional outcomes
were poorer than among patients with normal hae-
mopexin levels®. Given that haemopexin is presumed
to have a neuroprotective effect, these results are unex-
pected, and further understanding of this system and its
role in SAH is required.

A role for haem oxygenase 1 after SAH has been indi-
cated by various studies. In one study, haem oxygenase 1
mRNA expression was increased in cells in human CSF,
and this increase correlated with haematoma volume'®.
In small studies, elevated CSF levels of haem oxygen-
ase after SAH in humans have been associated with an
increased incidence of vasospasm® and unfavourable
functional outcomes™; however, as haem oxygenase 1 is
an intracellular enzyme, these studies are complicated by
the fact that detection of the enzyme might purely reflect
tissue damage. By contrast, a similarly sized study of CSF
from humans after SAH indicated a reduced incidence
of vasospasm among patients with elevated levels of
ferritin and bilirubin, which are products of haem oxy-
genase 1 activity”. In animal models of SAH, haem
oxygenase 1 overexpression in brain tissue protected
against vasospasm'”” and suppression of haem oxygen-
ase activity increased cerebral vasospasm and neuronal
apoptosis'®'*®. The conflicting results in humans clearly
demonstrate that the effects of haem oxygenase 1 activity
in humans after SAH need further study.

9,62
>

Intracerebral haemorrhage
Intracerebral haemorrhage leads to primary and sec-
ondary neurological injury. The primary injury results
from a rapid rise in brain volume and intracranial pres-
sure due to haematoma formation. Secondary injury
develops as a result of the physical effects of the initial
haemorrhage, an inflammatory response to the haemat-
oma and the release of blood breakdown products'®.
Perihaematomal oedema is a key component of the
secondary injury; this phenomenon follows a triphasic
pattern that comprises early ionic oedema followed by
early vasogenic oedema and delayed vasogenic oedema.
Delayed vasogenic oedema is thought to be driven by
blood breakdown products®. Evidence from studies in
humans and animals indicates that haemoglobin scav-
enging pathways are active after intracerebral haemor-
rhage and are linked to outcomes.

The haptoglobin-CD163 scavenging system has been
shown to be active after intracerebral haemorrhage.
In a prospective cohort study that had a low risk of bias
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(Supplementary Table 1) and included 94 patients with
intracerebral haemorrhage, the HP2 allele was asso-
ciated with a reduced chance of a favourable outcome
(OR 0.13, P=0.018) after intracerebral haemorrhage
but was not associated with mortality after intracerebral
haemorrhage'’. Evidence from animal models demon-
strates that haptoglobin is protective after intracerebral
haemorrhage, as induction of hypohaptoglobinaemia
and genetic knockout of haptoglobin in rodent models
results in worse neurological deficits after intracerebral
haemorrhage than in untreated and wild-type animals®'"".

In human brain tissue harvested from around intra-
cerebral haemorrhage haematomas''” and in animal
models of intracerebral haemorrhage'”, increased lev-
els of CD163-positive microglia and macrophages have
been detected. In a study of 54 patients with intracere-
bral haemorrhage, serum sCD163 levels above the aver-
age level in the group were associated with increased
haematoma absorption and improved neurological
recovery''’. In an animal study, knockout of CD163
in a mouse model of intracerebral haemorrhage led to
early beneficial effects but harmful late effects, indicat-
ing biphasic functions of CD163 in the mouse that are
yet to be fully eludicated'"”. In murine neuronal cultures
exposed to haemoglobin and after intracerebral injec-
tion of autologous blood in piglets, neuronal expression
of CD163 was associated with neuronal toxicity, which
was proposed to be related to neuronal uptake of toxic
haemoglobin''®'"”. Neuronal CD163 expression has yet
to be confirmed in humans. Nevertheless, the evidence
together indicates that the haptoglobin-CD163 pathway
has an important protective role in intracerebral haem-
orrhage. However, if manipulation of this pathway is
considered as a therapeutic strategy, care must be taken
to ensure that the potentially protective role of CD163-
positive microglia and macrophages is not counteracted
by toxicity caused by iron overload in the brain.

Evidence from animal studies indicates that the
haemopexin-CD91 scavenging pathway provides
neuroprotection after intracerebral haemorrhage. In a
study of a mouse model of intracerebral haemorrhage,
haemopexin and CD91 levels within brain tissue were
elevated, and administration of recombinant CD91
reduced various pathological indices and neurological
deficits'**. In haemoglobin injection and collagenase
injection mouse models of intracerebral haemorrhage,
haemopexin knockout led to greater neuronal damage
and worse outcomes than in mice that expressed hae-
mopexin''®'?’. Further supporting evidence comes from
a study in which intracerebroventricular injection of a
haemopexin-encoding recombinant adeno-associated
viral vector to induce overexpression of haemopexin in a
mouse model of intracerebral haemorrhage resulted in
improved functional outcomes relative to outcomes
in mice that received a control vector'*'.

The role of haem oxygenases in haemoglobin scav-
enging after intracerebral haemorrhage seems to vary
according to the isoform. Upregulation of the inducible
haem oxygenase 1 in the brain, notably in the micro-
glia and astrocytes, has been demonstrated in animal
models of intracerebral haemorrhage'*”'*’. In a mouse
model, selective overexpression of haem oxygenase 1 in

astrocytes reduced mortality and improved short-term
neurological outcomes up to 7 days after injury’****'.
Pharmacological induction of haem oxygenase 1 with
cobalt protoporphyrin IX in a mouse model of intra-
cerebral haemorrhage was associated with worse neuro-
logical function in the short term (days 1-3) but improved
neurological function at 28 days'*” when compared with
vehicle-treated mice. Conversely, haem oxygenase 1
knockout in a mouse model of intracerebral haemor-
rhage improved neurological function at 24 h after the
insult in comparison with outcomes in wild-type mice,
although this benefit was no longer apparent at 72h
(REF”). This evidence suggests that haem oxygenase 1 has
a protective effect after intracerebral haemorrhage, but
the enzyme might have harmful effects in the short term.

Investigation of the effects of haem oxygenase 2 in
intracerebral haemorrhage has been performed in mouse
knockout models, but the findings are conflicting. In the
collagenase injection model of intracerebral haemor-
rhage, haem oxygenase 2 knockout has been associated
with increased neuronal damage'**'**. By contrast, in the
blood injection model, haem oxygenase 2 knockout was
protective, with a weak and variable effect on neurolog-
ical outcome™>'*, Studies in stroma-free haemoglobin
injection models of intracerebral haemorrhage have
yielded similarly conflicting results: haem oxygenase
2 knockout has been associated with increased'"” and
decreased'*® neuronal damage. The metabolism of haem
over time might provide an explanation for the different
outcomes in such models.

Traumatic brain injury
Traumatic brain injury (TBI) can be complicated by the
presence of extravascular blood within one or more of
the extradural, subdural, subarachnoid, intraventricular
or intraparenchymal compartments. Blood breakdown
products are thought to lead to secondary brain injury'”;
therefore, haem and haemoglobin scavenging might
have a key role in minimizing this injury after TBI.
The presence of intracranial blood is also a risk factor
for the development of post-traumatic seizures'*, and
the free haemoglobin and reactive oxygen species that
it produces are thought to play an important role>'”.
Furthermore, as for aneurysmal SAH, traumatic SAH
can lead to cerebral vasospasm and delayed neuro-
logical deficits, although the clinical manifestation of
vasospasm after traumatic SAH is less severe and the
pathogenesis might be different'*.

The role of haptoglobin after TBI is not well defined.
In humans, haptoglobin levels are elevated in the
serum'*' and the CSF'** after TBI, and the main source
of elevated haptoglobin in TBI is thought to be the
liver'"'. Homozygous expression of the HPI allele has
been associated with worse neuropsychological out-
comes (assessed with the Verbal Intelligence Quotient
and Finger Tapping Test) at 1 month and 12 months after
TBI in humans relative to outcomes in people with other
HP genotypes, but the association was not observed at
6 months or 10 years after injury'”. In an adult mouse
model of TBI, haptoglobin-knockout mice exhibited
fewer neurological deficits than did wild-type mice, but
lesion volumes did not differ'*’. In the same model in
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Coiling

The endovascular placement of
platinum coils in the
aneurysmal sac to decrease
blood flow into the sac and
initiate thrombus formation;
this process seals the
aneurysm from blood flow in
the artery and prevents
re-bleeding.

older adult mice, haptoglobin-knockout mice had larger
lesion volumes but neurological deficits did not differ
from those of wild-type mice'*. This evidence indicates
that age-dependent effects of haptoglobin might influ-
ence outcomes after TBI'**. Immunoreactive CD163-
positive cells are elevated in perilesional areas in a rat
TBI model, suggesting that haemoglobin scavenging
mechanisms are upregulated after TBI'*.

Whether haptoglobin influences post-traumatic
seizures is also unclear. One study has been conducted
to investigate the association of haptoglobin genotype
with post-traumatic seizures'*. This study included only
50 patients but demonstrated no significant association
between haptoglobin genotype and the development
of post-traumatic seizures after TBI. Similarly, little is
known about the role of haptoglobin in vasospasm after
traumatic SAH. Determining whether haptoglobin does
affect these outcomes is an area of interest for future
research.

Animal studies suggest that haem oxygenases are
involved in the response to TBI. Haem oxygenase 1
levels are elevated after TBI in animal models'**-*. In
an adult mouse model, knockout of haem oxygenase 2
was associated with significantly greater neuronal loss
after TBI than in wild-type mice'”’. Haem oxygenase 2
knockout in an immature rat model was associated with
larger lesions at 1 week after injury, but not at 2 weeks,
than in wild-type mice, and a tendency towards worse

neurological recovery'*’.

Superficial siderosis

Superficial siderosis is a neurodegenerative condi-
tion characterized by chronic low-grade subarachnoid
bleeding from a wide range of sources, whether micro-
scopic or macroscopic'®'. A human pathological study
has revealed an intense reaction of microglia, astrocytes
and Bergmann glia, and the presence of axonal debris’.
Experimental studies in rabbits have shown that the
glial reaction is related to the RBC fraction of blood,
indicating that haemoglobin is the likely culprit'*?. In
addition, pronounced upregulation of haem oxygenase 1
and ferritin as well as iron deposition are seen in superfi-
cial siderosis in humans’ and animals'*>'**. Intracisternal
administration of the haem oxygenase inhibitor tin
protoporphyrin in rabbits decreased iron accumulation
but not the microglial response'®*. Whether HP geno-
type and the efficiency of haemoglobin scavenging affect
clinical outcomes in superficial siderosis is unclear but is
the subject of an ongoing study'".

Other conditions

The conditions discussed above are associated with mac-
roscopic release of blood into the CNS. A more gradual
build-up of extracorpuscular haemoglobin has been
explored as part of the aetiology of several other neuro-
logical conditions. For instance, raised serum levels of
free haemoglobin polypeptides have been demonstrated
in patients with multiple sclerosis and have been shown
to correlate with neurodegeneration’. Elevated haemo-
globin levels have been identified in brain tissue from
humans with Alzheimer disease?, and these levels corre-
lated with amyloid burden'”. This observation raises the
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possibility that circulating free haemoglobin enters the
CNS through a leaky BBB to modify disease course.
Some evidence has also linked free haemoglobin to idio-
pathic generalized epilepsy and Parkinson disease, but
the evidence (Supplementary Box 1) is either sparse or
conflicting in all these conditions, and further research
is required.

Haemoglobin as a therapeutic target

Several treatment strategies are intended to clear hae-
moglobin or mitigate its toxic and other deleterious
consequences, and many of these strategies have been
studied (Supplementary Table 2). In this section, we
discuss these strategies, focusing on their application in
SAH and intracerebral haemorrhage, the conditions
in which most evidence has shown haemoglobin to
mediate toxicity.

Physical augmentation of clearance
An extravasated blood clot acts as a static source of large
amounts of extracellular haemoglobin, so its surgical
removal is a rational therapeutic approach to prevent
the harmful consequences of cell-free haemoglobin.
Reduction of the clot burden in SAH via direct surgi-
cal removal has shown promise in a primate model of
SAH, in which removal was associated with reduced
vasospasm'®. However, in this model, the clot was
focally placed in the Sylvian fissure; reproducing com-
plete evacuation in real SAH, in which blood is distrib-
uted more widely, is challenging owing to the anatomy
of the subarachnoid space. Indeed, the rate of clot resolu-
tion in a study of 413 patients with SAH does not seem to
differ between conventional surgery and coiling'”’.
Intrathecal thrombolytics have also been used to
clear the blood clot. A meta-analysis of the five avail-
able randomized controlled trials (RCTs) showed that
administration of thrombolytics (tissue plasminogen
activator or urokinase) rather than a placebo or no
treatment was associated with a significant reduction
in angiographic vasospasm, delayed cerebral ischae-
mia, poor outcome and chronic hydrocephalus'.
However, the analysed data were from generally small
exploratory studies in which limited blinding measures
were used; therefore, the risk of bias was considerable.
Furthermore, in one of the studies, an intrathecal vaso-
dilator was administered with the thrombolytic, which
might have accounted for some of the improvement in
outcome'”. In an RCT that included 60 patients with
SAH, intraventricular thrombolysis with concomitant
low-frequency head-motion therapy after SAH did not
lead to clinical improvements'*’. However, in a small
RCT that included 12 patients with SAH, intrathe-
cal thrombolysis (compared with placebo) worsened
inflammation, an effect that could attenuate the benefits
of rapid clot clearance'®'. A new trial that will include
440 patients has been registered and is designed to
conclusively address the efficacy of intrathecal throm-
bolysis'®. Recruitment of patients with SAH to a phase
I trial of an alternative approach to clot removal has
begun in the United States; insertion of a closed-loop
lumbar intrathecal filtration device will be used to
remove RBCs in the CSF'®.
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Ventriculostomy

A neurosurgical procedure to
drain a cerebral ventricle,
typically by inserting an
external ventricular drain

into the ventricle and allowing
the CSF to drain into an
external bag.

An alternative approach to physical clearance of
haemoglobin is CSF diversion via a ventriculostomy or
lumbar drain to increase CSF drainage and reduce CSF
levels of haemoglobin. Retrospective studies showed that
use of a lumbar drain after SAH lowered the incidence of
delayed cerebral ischaemia and improved outcomes'*"'®.
In another study of patients with SAH, the incidence of
vasospasm and patient outcomes did not differ whether
lumbar drainage or ventricular drainage was used'’.
Only one prospective study of CSF diversion via lumbar
drainage in nonhydrocephalic patients with SAH has
been conducted'””. This high-quality RCT, which was
at low risk of bias (Supplementary Table 2), included
210 patients and showed that lumbar drainage (versus
no drainage) reduced the incidence of delayed cere-
bral ischaemia from 35% to 21% but had no effect on
long-term outcomes'®".

The above findings suggest that the effects of CSF
diversion are limited, at least in nonhydrocephalic
patients, as the diverted CSF would have otherwise
drained through endogenous routes. Furthermore, the
use of CSF drainage devices will not have an appreciable
effect on the local tissue concentrations of haemoglo-
bin and its metabolites adjacent to the solid clot, as the
clot continues to release haemoglobin. Nevertheless,
studies conducted to date might have lacked the power
necessary to detect a difference in clinical outcome,
and larger studies might reveal a long-term benefit
of CSF drainage. In one large prospective RCT that
is underway, known as EARLYDRAIN, the effects of
lumbar drainage within 72 h of the ictus will be studied;
recruitment of 300 patients is complete, and the results
are forthcoming'®.

Mechanical evacuation of the clot in intracerebral
haemorrhage is equally as controversial as in SAH. Clot
volume can be similar to that after SAH, but intracere-
bral haemorrhage affects a much smaller surface area
than SAH; in the former, the clot is focal within the
brain parenchyma, whereas in the latter, the blood clot
coats the surface of the cortex. Two large, randomized
clinical trials that included a total of 1,634 patients
with intracerebral haemorrhage showed no benefit of
early surgical evacuation compared with initial medi-
cal treatment'*>'”’. Although the primary outcome was
clear, its generalizability is more complex. Patients who
were assigned to initially receive medical treatment were
allowed to cross over to surgery in the following hours
or days if their clinical condition changed, which might
have hampered attempts to demonstrate benefits of sur-
gical clot evacuation because these patients remained in
the initial conservative treatment group in the primary
intention-to-treat analysis. Furthermore, at the time
these trials were designed, most neurosurgeons were of
the opinion that at least some patients with intracere-
bral haemorrhage would benefit from clot removal. As
aresult, randomization for all patients was felt to be eth-
ically unacceptable, so the studies only included patients
for whom the benefit of clot removal was considered by
neurosurgeons to be uncertain; if a neurosurgeon felt
confident that a patient would benefit from clot evacu-
ation, they were not entered into the trial. There is no
practical way to resolve whether these excluded patients

would benefit from surgery or not. As a result, despite
a lack of objective evidence, many clinicians continue
to feel that a subgroup of patients with superficial,
moderate-sized clots might benefit from clot reduc-
tion. However, whether any benefit of mechanical clot
removal arises from a reduction of intracranial pressure
or a reduction in toxicity mediated by blood products
is unclear. A phase II trial of thrombolysis with recom-
binant tissue-type plasminogen activator administered
through a catheter into the haematoma cavity showed
that the reduction in blood volume reduces oedema'”".
A phase III trial for which recruitment of 500 patients
has been completed will hopefully clarify whether a
reduction in clot burden improves outcomes'”>

Augmentation of haemoglobin scavenging
Haptoglobin. Given that endogenous haptoglobin is
consumed and depleted after haemorrhage or haemo-
lysis, haptoglobin supplementation is an appealing
treatment strategy™. A preliminary study of intrathecal
administration (topical at the time of surgery or post-
operatively via a cisternal drain) of haptoglobin as a
treatment for vasospasm was conducted in 27 patients
with SAH in 1979 in Japan, and improvements in vasos-
pasm in many patients suggested some therapeutic
benefits'”’. However, the study design is best described
as an open-label, uncontrolled study, which precludes
any strong conclusions being drawn. A personal com-
munication from a member of the medical team at that
time suggests that the treatment was abandoned after
one patient developed seizures (M. Miyaoka, personal
communication). Furthermore, the haptoglobin used
in this study was derived from pooled blood dona-
tions, and given the low proportion of individuals who
are homozygous for the HP1 allele (which evidence
suggests is even lower in Japan, where the blood was
sourced'”), the patients in the study probably received
large amounts of HP2-2. The haptoglobin phenotype
of patients was not determined; therefore, any patients
included who expressed HP1-1 might not have bene-
fited or might even have been harmed as a result of
immunological rejection. Thus, the role of haptoglo-
bin administration for vasospasm prophylaxis and
improvement of outcome is not known.

One haptoglobin product, which is ~90% HP2-2
(REF.'7), is approved in Japan for clinical use as a thera-
peutic plasma protein for intravenous infusion in
patients with haemoglobinaemia associated with intra-
vascular haemolysis in response to a thermal burn,
blood transfusion and cardiopulmonary bypass. In a
study published in 2017, intraoperative administration
of haptoglobin was associated with a lower risk of acute
kidney injury in patients undergoing cardiovascular
surgery'’®. However, there are currently no neurological
indications for treatment with haptoglobin.

The possibility of haptoglobin supplementation as a
treatment for patients with SAH is an avenue for further
research, but many issues remain to be resolved. More
certainty is needed about which haptoglobin type —
HP1-1 or HP2-2 — is most beneficial. The mechanism
by which endogenous haptoglobin improves outcome
is unknown. No clinical haptoglobin preparation is yet

424|JULY 2018 | VOLUME 14

www.nature.com/nrneurol

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



available, and the optimal concentration and mode of
delivery to the site of the clot need to be worked out. No
point-of-care test to determine haptoglobin phenotype
is available, and the immunogenicity of allogeneic hap-
toglobin infusion, which might affect its efficacy, has not
been systematically studied, although from a safety per-
spective, only 3 of 4,600 clinically overt adverse events
related to blood product transfusion in Japan over an
8-year period were associated with anti-haptoglobin
antibodies'””. The effects of increased protein load in the
CNS as a result of haptoglobin infusion are unknown,
and the risk of increased iron load due to improved
uptake also needs to be determined.

Haemopexin. Unlike haptoglobin, haemopexin is consti-
tutively expressed in the healthy brain, yet its levels in the
CSF are still low compared with its levels in the blood.
Preclinical data (see Intracerebral haemorrhage above)
indicate that intrathecal administration of haemopexin
or selective agonists of haemopexin expression are pos-
sible therapeutic strategies to neutralize haem toxicity
after brain haemorrhage, although no obvious clinical
candidates currently exist.

Transcriptional upregulation of antioxidative responses.
Genes that encode proteins that are essential for hae-
moglobin clearance and redox protection are under the
transcriptional control of signalling pathways that sense
oxidative stress and inflammation (FIG. 3). One of the
main transcriptional regulators of the host response to
haemoglobin is nuclear factor erythroid 2-related factor
2 (NRF2; encoded by the NFE2L2 gene). In the brain,
NREF2 upregulates haptoglobin expression in oligoden-
drocytes™ and CD36-mediated phagocytosis of RBCs".
In animal models of SAH, administration of the NRF2
activator sulforaphane, compared with administration
of vehicle alone, reduced cerebral vasospasm, brain
oedema, BBB leakage, cortical apoptosis and motor
deficits'”*'®. This evidence makes NRF2 a candidate
target for treatment of SAH. Multiple NRF2 activators
have been studied in SAH; one of the most potent and
widely studied is sulforaphane. Practically, sulforaphane
has limited stability at room temperature, but when
complexed with cyclodextrin, its stability is improved,
which makes it suitable for clinical use, and a phase II
clinical trial of this complex in 90 patients with SAH is
currently underway'®’.

Another global transcriptional regulator with anti-
inflammatory and antioxidant properties'®* is peroxi-
some proliferator-activated receptor-y (PPARY; encoded
by the PPARG gene). PPARY inactivates NF-xB and is a
transcriptional activator of the genes that encode NRF2
and other redox-protective proteins, such as catalase'®.
In an animal model of intracerebral haemorrhage,
PPARY activators enhanced haematoma clearance by
increasing microglial phagocytic activity and upregu-
lating CD36 (REF.'®). In a rat model of SAH, the PPARy
agonist rosiglitazone reduced vasospasm and improved
outcomes'®. On the basis of this evidence, a phase II
study (SHRINC) of the related drug pioglitazone has
been started to assess its effect on the rate of haematoma

resolution after intracerebral haemorrhage'®.
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Some evidence also suggests that co-activation of
NRF2 and PPARy might have additional therapeutic
potential. PPARG contains an NRF2 response element'*
and NFE2L2 contains a PPARYy response element'¥’, so

expression of each can activate expression of the other'*.

Mitigation of haemoglobin redox toxicity. The iron che-
lator deferiprone, which can cross the BBB, has been
studied as a potential therapeutic agent in disorders
associated with haemoglobin toxicity. In one small dose
escalation study that included 20 patients, an intrave-
nous dose of deferiprone up to 62 mg/kg daily for 3 days
after intracerebral haemorrhage seemed to be safe'**.
However, an RCT of deferiprone at the same intra-
venous dose for 5 days was halted owing to concerns
over acute respiratory distress syndrome'®. A multi-
centre phase III RCT of a lower dose (32 mg/kg daily
for 3 days) in 294 patients is now underway'”. A previ-
ous study that included 42 patients has suggested that
intravenous deferiprone at 32 mg/kg daily for 3 days
reduces intracerebral haemorrhage oedema compared
with no treatment"". This study was well designed and
at relatively low risk of bias for its size (Supplementary
Table 2) but was not sufficiently powered to examine
clinical outcomes, which were similar in both arms at
30 days after intracerebral haemorrhage. The effects of
deferiprone will also be studied in SAH in an RCT that
has been registered'**.

Deferiprone has also been studied in superficial
siderosis. A small (10 patients), single-arm, open-label
study of 30 mg/kg oral deferiprone daily for 90 days sug-
gested a satisfactory safety profile and decreased haemo-
siderin deposition assessed with MRI'*. This study was
followed by a larger and longer observational study of
38 patients, 30 of whom completed the follow-up'*.
After 2 years of deferiprone treatment, 19 patients
reported no disease progression or an improvement
in at least one neurological domain; disease progres-
sion would be expected over this time period. In half of
the 16 patients for whom a complete MRI assessment was
available in this study, a reduction in haemosiderin
was observed over the 2 years. Another single-arm, non-
randomized study of deferiprone in superficial siderosis
is ongoing'”. Although the observations to date are
promising, the nature of such small open-label studies
means they are at high risk of bias.

Several other drugs have potential for reducing hae-
moglobin redox toxicity and have either been investigated
or are under active investigation (BOX 3). Perhaps the most
robustly investigated therapeutic agent for SAH is tirila-
zad, a nonglucocorticoid 21-aminosteroid that inhibits
lipid peroxidation. However, a Cochrane analysis of five
trials of tirilazad, which were assessed as being at low risk
of bias, had high follow-up rates and involved a total of
3,821 patients with SAH, identified no clinical benefit"*".

Modulation of inflammation. Inflammation after
intracerebral haemorrhage or SAH can be modulated
in multiple ways, and many therapeutic avenues are
currently under investigation. Most are not specific
to haemoglobin scavenging, but one potential treat-
ment is IL-1 receptor antagonist (IL1-RA), which
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Fig. 3| Transcriptional regulation of genes involved in haemoglobin scavenging and redox protection. One of the
main transcriptional regulators of genes involved in haemoglobin scavenging and redox protection is nuclear factor
erythroid 2-related factor 2 (NRF2), a redox-sensitive transcription factor that binds to response elements (REs) upstream
of awide range of such genes’”’. a| In physiological conditions, NRF2 is targeted for ubiquitylation by Kelch-like
ECH-associated protein 1 (KEAP1), and transcriptional regulator protein BACH1 can bind to V-maf musculoaponeurotic
fibrosarcoma oncogene homologue (MAF), which enables it to bind to MAF recognition elements (MAREs). BACH1 binds
to a subset of NFR2 REs and suppresses transcription of the downstream genes. b | Under oxidative stress, KEAP1 is
inactivated by oxidation of sulfhydryl (thiol) groups on certain cysteine residues; internal disulfide bridge formation is
depicted as an example, but other reactions between KEAP1 and NRF2 inducers can occur, such as alkylation of the
cysteine thiol groups. Upon KEAP1 inactivation, NRF2 is released. Red blood cell (RBC) lysis leads to haem binding of
BACHZ1, causing BACH1 to dissociate from MAREs. NRF2 is therefore able to bind to MAF and MAREs, activating
transcription of protective genes, such as those that encode haem oxygenase 1 (HO1), ferritin heavy and light chains,
haem-responsive gene 1 protein homologue (HRG1; also known as SLC48A1) and ferroportin 1 (FPN1; also known as
SLC40A1). c| During inflammation, release of IL-6 leads to phosphorylation of signal transducer and activator of
transcription 3 (STAT3) and CCAAT/enhancer-binding protein-f3 (C/EBP), which bind to IL-6 REs that activate transcription
of downstream genes involved in haemoglobin scavenging, including those that encode haptoglobin (HP), CD163 and
haemopexin (HPX). NRF2 is upregulated in response to inflammation and cerebral insults*** and can bind to MAREs that
activate transcription of the same genes. d | Anti-inflammatory molecules, such as IL-10 and glucocorticoids (GCs),
upregulate transcription of the CD163 gene. Question marks indicate uncertain elements of the pathway. GR,
glucocorticoid receptor; GRE, glucocorticoid response element; ERK, extracellular-signal-regulated kinase; MAPK,
mitogen-activated protein kinase.
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Box 3 | Drugs with potential for reducing haemoglobin redox toxicity

Minocycline

Minocycline is an antibiotic but is also an iron chelator and antioxidant. Extensive safety
data are available for this drug, and small clinical studies to determine its effects after
intracerebral haemorrhage and subarachnoid haemorrhage (SAH) are ongoing?*?%.

Selenium and paracetamol

Trials of selenium?’ and paracetamol’”® to reduce oxidative stress after SAH were
registered >10 years ago, but the status of these trials is unclear, and no results have been
published to date.

Hydrogen-rich saline

Exogenous hydrogen supplementation with intraperitoneal administration of hydrogen-
rich saline in a rat model of SAH reduced oxidative stress and inflammatory markers,
whereas physiological saline did not**’; on this basis, an early clinical trial of orally
administered hydrogen-rich water versus regular water after SAH is underway”*’.

NXY-059

NXY-059 is a free radical scavenger that has been tested in a commercially sponsored
randomized controlled trial involving 603 patients with intracerebral haemorrhage. The
results were reported as a safety study and concluded that NXY-059 is safe’*’, but no
reductions in deaths or poor outcomes were noted and no further progress has been
made.

Ferrostatin 1, liproxstatin and zileuton

Ferrostatin 1 was identified in 2012 as a specific inhibitor of ferroptosis*** and inhibits
neuronal death as a result of haemoglobin and free Fe?* (REF.?**). In a mouse model of
intracerebral haemorrhage, ferrostatin 1 treatment was associated with reduced lesion
volumes and improvements in neurological function?*’. These findings have been
replicated with the ferroptosis inhibitors liproxstatin 1 and zileuton?**. Their effects are
thought to result predominantly from free radical trapping but also lipoxygenase
inhibition”**. Owing to the relative novelty of these agents, no human studies have been
conducted. Zileuton is a good candidate for a clinical study, as it is currently used as
maintenance therapy for asthma.

Necrostatin 1

Necrostatin 1 (NEC-1) is a necroptosis inhibitor. After intraventricular administration in
an animal model of intracerebral haemorrhage, NEC-1 reduced haematoma volume, cell
death and oedema, and improved neurobehavioural outcomes**.

specifically reduces haem-induced neuronal death
in organotypic slice cultures'®. A dose-finding study in
25 patients with SAH demonstrated brain penetration
with therapeutic levels of IL1-RA and good safety'”’.
A further single-blinded, open-label study that included
136 patients with SAH has demonstrated that IL1-RA
reduces inflammatory markers'”, and the drug is cur-
rently being trialled in a definitive RCT aiming to recruit
1,000 patients with SAH".

Increasing nitric oxide bioavailability. Nitric oxide
donors could be beneficial after intracerebral haem-
orrhage and SAH, as they could mitigate the adverse
effects of nitric oxide scavenging by haemoglobin.
Sodium nitroprusside and glyceryl trinitrate are the
nitric oxide donors that have been studied most, but
both have profound vasodilatory effects and induce
hypotension, which is not tolerable after SAH because
cerebral perfusion could be compromised. Sodium
nitrite is currently the only clinical option; a study of
this drug in 18 patients with SAH showed that it is
safe and produced adequate therapeutic levels®*, but
a clinical trial that was subsequently started has been
terminated for unknown reasons®'. After intracere-
bral haemorrhage, more-aggressive blood pressure
management is recommended; glyceryl trinitrate has
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been trialled in this context, albeit for the purpose
of blood pressure management*”. Regardless, this
treatment did not improve patient outcomes.

Future directions

A large body of preclinical work has investigated dif-
ferent approaches to ameliorating the secondary brain
injury caused by extracellular haemoglobin. Despite
promising early results for several agents, few have
undergone the further preclinical evaluation required
before translation to human studies. A handful of agents
have been tested in small clinical studies, but few of these
studies have been sufficiently powered to conclusively
assess clinical benefits to patients with intracerebral
haemorrhage or SAH. Therefore, the need for further
research in this area is pressing.

To address this need, the Haemoglobin After
Intracranial Haemorrhage (HATCH) consortium held
a meeting to arrive at a consensus opinion regarding the
immediate priorities for research in intracranial haemo-
lysis that will deliver clinical benefits. The HATCH
consortium was formed by invitation of all groups who
had published studies of haptoglobin in patients with
intracranial haemorrhage and includes groups from the
United States, Japan and Europe. Four main research
priorities were identified, discussed below.

Improved understanding of mechanisms

The first priority identified was a need for improved
basic scientific understanding of the mechanisms of
haemoglobin toxicity and its clearance in the brain.
Although the basic structures of many of the pathways
involved have been described, little is known about the
details of their control, their interrelationships and
their functional relevance. Examples of aspects that
need to be studied are genetic control of expression
of haemoglobin scavengers, the kinetics of haemo-
globin and its scavengers within the brain, and the
relationship between haemoglobin scavenging and
inflammation. Specific clinical-grade therapeutics,
such as haptoglobin, are needed for preclinical and
phase I and phase II human studies. Research might
reveal that multiple levels in the haemoglobin and
haem scavenging pathways need to be targeted.
In order to study these basic mechanisms and evalu-
ate new therapeutics, current preclinical models need
improvement. These models need to recapitulate the
clearance pathways that are relevant in humans and
exhibit consistent functional outcomes that equate to
clinical scenarios. Such models will need to be cross-
validated between laboratories.

Prospective studies

Research into basic mechanisms will need to be com-
plemented by large, multicentre, prospective observa-
tional cohort studies of intracranial haemorrhage that
examine the impact of functionally distinct genetic
variants of elements of the haemoglobin clearance
pathways on clinical outcomes while controlling
for covariates that affect prognosis and for ances-
tral background. Large studies of genetic predispo-
sition to aneurysm formation and the occurrence of
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intracerebral haemorrhage have been conducted, but
only small, underpowered genetic association studies
have been used to assess the clinical outcomes of SAH
and intracerebral haemorrhage.

Disease-specific outcome measures

The success of prospective studies relies on the devel-
opment of robust disease-specific outcome measures.
Outcomes after SAH and intracerebral haemorrhage
can be thought of in simple terms as being influenced
by a combination of primary brain injury and secondary
brain injury mediated through extracellular haemoglo-
bin. Current scales for assessing brain injury, such as
the modified Rankin scale and the Glasgow Outcome
Scale, might be well suited to capture the initial cata-
strophic injury that results from shearing and a surge in
intracranial pressure after very large bleeds, but sensi-
tive measures of long-term cognitive and psychosocial
functioning are needed. Such outcome measures are
also essential for the success of any future clinical trials
of therapeutics.

Point-of-care genotyping

The success of clinical trials might also depend on appro-
priate risk stratification. Effective stratification might
require the development of rapid point-of-care tests for
genetic determinants of outcome, such as haptoglobin
genotype. These tests might also be of wider clinical benefit
in prognostication after intracranial haemorrhage.

Conclusions

Following intracranial haemorrhage, RBCs lyse and
release their contents, initiating a cascade of events that
results in secondary injury. Extracellular haemoglobin
has been identified as a major early mediator of these
events. Multiple endogenous mechanisms can miti-
gate haemoglobin-related pathology in humans; these
mechanisms include erythrophagocytosis, the haptoglo-
bin-CD163 pathway, the haemopexin-CD91 pathway
and the intracellular haem oxygenases. These systems dif-
fer between humans and animals, and between the CNS
and the periphery, and detailed functional implications of
these differences require further study. The role of extra-
cellular haemoglobin in secondary brain injury means
that it is an attractive therapeutic target to minimize
such injury and improve outcomes. Several therapeutic
approaches are feasible, and many are under investigation,
but robust clinical studies are currently lacking. Therefore,
further research is needed, and the HATCH consortium
has identified four areas of priority for research: improved
understanding of toxic and clearance mechanisms,
prospective observational studies in intracranial haem-
orrhage, the development of disease-specific outcome
measures, and the development of point-of-care tests for
risk stratification. Advances in these areas would facilitate
the translation of knowledge of haemoglobin toxicity and
clearance mechanisms into clinical benefits.
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