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ABSTRACT: Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating form of stroke frequently affecting young to 
middle-aged adults, with an unmet need to improve outcome. This special report focusses on the development of intrathecal 
haptoglobin supplementation as a treatment by reviewing current knowledge and progress, arriving at a Delphi-based global 
consensus regarding the pathophysiological role of extracellular hemoglobin and research priorities for clinical translation 
of hemoglobin-scavenging therapeutics. After aneurysmal subarachnoid hemorrhage, erythrocyte lysis generates cell-free 
hemoglobin in the cerebrospinal fluid, which is a strong determinant of secondary brain injury and long-term clinical outcome. 
Haptoglobin is the body’s first-line defense against cell-free hemoglobin by binding it irreversibly, preventing translocation 
of hemoglobin into the brain parenchyma and nitric oxide-sensitive functional compartments of cerebral arteries. In mouse 
and sheep models, intraventricular administration of haptoglobin reversed hemoglobin-induced clinical, histological, and 
biochemical features of human aneurysmal subarachnoid hemorrhage. Clinical translation of this strategy imposes unique 
challenges set by the novel mode of action and the anticipated need for intrathecal drug administration, necessitating early 
input from stakeholders. Practising clinicians (n=72) and scientific experts (n=28) from 5 continents participated in the 
Delphi study. Inflammation, microvascular spasm, initial intracranial pressure increase, and disruption of nitric oxide signaling 
were deemed the most important pathophysiological pathways determining outcome. Cell-free hemoglobin was thought to 
play an important role mostly in pathways related to iron toxicity, oxidative stress, nitric oxide, and inflammation. While useful, 
there was consensus that further preclinical work was not a priority, with most believing the field was ready for an early phase 
trial. The highest research priorities were related to confirming haptoglobin’s anticipated safety, individualized versus standard 
dosing, timing of treatment, pharmacokinetics, pharmacodynamics, and outcome measure selection. These results highlight 
the need for early phase trials of intracranial haptoglobin for aneurysmal subarachnoid hemorrhage, and the value of early 
input from clinical disciplines on a global scale during the early stages of clinical translation.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Aneurysmal subarachnoid hemorrhage (aSAH)—with 
an incidence of 6.1 per 100 000 person years1—car-
ries a higher economic cost than other stroke types2 

since it has worse outcomes and commonly affects 
patients of working age. The mainstay of treatment is 

prevention of rebleeding by securing the culprit aneu-
rysm.3 Prophylactic triple-H treatment (hypervolemia, 
hypertension, and hemodilution) is no longer recom-
mended, and high-quality evidence supporting hemo-
dynamic augmentation methods to treat symptomatic 
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vasospasm is lacking.3 Pharmacological treatment with 
Class I evidence of improving outcome is limited to oral 
nimodipine.3 Despite advances in management such as 
nimodipine,4 specialist care for patients,5 and endovascu-
lar coiling of ruptured aneurysms,6 aSAH still causes sig-
nificant morbidity in survivors, including disabilities such 
as cognitive dysfunction,7 hearing difficulty,8 and fatigue,9 
which affect quality of life and employment.

There is therefore an unmet need for new treatments 
for aSAH. While several are under investigation, this Spe-
cial Report focusses on the development of the hemo-
globin-binding protein haptoglobin as a treatment. First, 
we review hemoglobin’s association with secondary brain 
injury (SBI) and the evidence supporting the therapeutic 
potential of intraventricular haptoglobin. Then, we pres-
ent the results of a Delphi study to determine the global 
perspective regarding hemoglobin’s role in aSAH and the 
research priorities for translational development of hap-
toglobin therapeutics. Translational stroke research has 
many challenges.10 Practising clinicians will ultimately be 
the deployers of a novel treatment for aSAH, and early 
input into clinical translational programmes will increase 
their safety and efficiency while ensuring acceptability by 
clinical stakeholders.

METHODS
The first part of this paper was synthesized as a narrative review 
of the topic (by the authors I.G., S.B., D.B., R.H., M.H., and D.J.S.), 
with the aim of providing the background for the Delphi study 
(Supplemental Material).

The second part followed a modified Delphi process11 with 
a preprotocolled design (Supplemental Material) to arrive at a 
consensus regarding: (1) importance of specific pathophysi-
ological pathways leading to SBI post-aSAH; (2) contribution 
of hemoglobin to the same pathophysiological pathways; (3) 
research priorities for clinical translation of haptoglobin as a 
treatment for aSAH.

An online survey platform Welphi was used to implement 
the Delphi method. Participants’ inclusion criteria were (1) 
experience with managing aSAH patients from the clinical 
disciplines of neurosurgery, neurointensive care, neuroradiol-
ogy, and neurology, (2) scientific expertise (academic or phar-
maceutical industry) in the field of hemoglobin/haptoglobin, 

enabling separate analyses of these 2 groups. Invitations were 
sent to eligible participants identified through professional net-
works with a specific effort to ensure global representation. 
Primary contacts were strongly encouraged to advertise the 
Delphi in their professional and geographic areas, using a net-
work propagation approach. Four virtual meetings were held, 
2 before starting, and 2 during the first round. Otherwise, the 
study was conducted electronically. Consensus was defined a 
priori as either consensus in (a priority), consensus out (not 
a priority) or consensus of equipoise, with scoring criteria for 
each detailed (Supplemental Material). Ranks and Likert scores 
were compared with Mann-Whitney U test or Wilcoxon tests 
(alpha=0.05) in STATA/IC version 16.1.

Root Triggers of Brain Injury
The lack of pharmacological treatments with Class I evidence 
contrasts sharply with the plethora of basic pathophysiologi-
cal mechanisms described in aSAH12 (Figure 1). With many 
of these, experimental interrogation resulted in short-term 
improvement in preclinical models, but clinical trials failed to 
show an effect on long-term outcomes. A picture is emerging 
that, while these mechanisms are important, it is their combi-
nation that determines outcome; therefore, inhibiting 1 path-
way is not sufficient. It therefore follows that targeting the root 
cause of these pathophysiological mechanisms would be a 
logical approach. Another advantage of targeting an early trig-
ger is that many of the disease processes have the potential to 
exacerbate each other, leading to amplification of brain injury. 
Hence the further upstream a therapeutic target is, the less 
likely such amplification will occur. A root cause is defined by 
its capacity to lead to downstream events, in the absence of 
anything upstream to it. Two main root triggers are easily iden-
tifiable post-aSAH: (1) intracranial pressure (ICP) rise and (2) 
blood components. It is important to differentiate between root 
causes, as defined here, and systemic modifiers of outcome 
such as arterial stiffness,13 viscosity,14 hypertension and diabe-
tes,15,16 and other comorbidities.17

ICP Rise
The earliest root trigger is the initial rise in ICP, which immedi-
ately causes cerebral ischemia and mechanical tissue damage. 
This leads to several responses within the first 72 hours such 
as edema,18 spreading depolarization,19 inflammation,20 platelet 
activation,20 and blood-brain barrier breakdown.21 Collectively, 
the damage induced by these mechanisms has been referred 
to as early brain injury (EBI). The most important clinical and 
imaging correlates of EBI are general impairment of neuro-
logical status (eg, World Federation of Neurological Societies 
score) and varying degrees of cerebral edema. EBI is challeng-
ing to target therapeutically for several reasons. There is a lim-
ited time window before the full pattern of EBI is established, 
but the root cause of EBI, the ICP rise, is a fait accompli.

The descriptor “delayed” refers to events occurring beyond 
72 hours post-aSAH. However, this is an artificial separation; 
in reality, there is extensive overlap, principally because some 
processes triggered during EBI such as inflammation continue 
developing with time. Early events may also lead to other pro-
cesses, for instance, platelet activation leads to microthrom-
bosis,22 and spreading depolarization leads to microvascular 
ischemia.23 The predominant imaging and clinical correlates 
of delayed brain injury are delayed cerebral ischemia (DCI) 

Nonstandard Abbreviations and Acronyms

aSAH aneurysmal subarachnoid hemorrhage
CNS central nervous system
CSF cerebrospinal fluid
CSF-Hb cerebrospinal fluid hemoglobin
DCI delayed cerebral ischemia
EBI early brain injury
ICP intracranial pressure
SBI secondary brain injury

D
ow

nloaded from
 http://ahajournals.org by on July 5, 2023

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.123.040205
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.123.040205
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.123.040205


SP
EC

IA
L R

EP
OR

T

1932  July 2023 Stroke. 2023;54:1930–1942. DOI: 10.1161/STROKEAHA.123.040205

Galea et al Haptoglobin for Subarachnoid Hemorrhage

causing delayed ischemic neurological deficit and spasm of 
the large arteries (angiographic vasospasm) and microvascu-
lature (microvascular spasm). These delayed processes may be 
reversible or lead to SBI.

Blood Components
Blood components are the second root trigger and can be mainly 
divided into plasma proteins and red blood cells. Plasma pro-
teins are damaging to the central nervous system (CNS) at high 
concentration,24 which is possibly why they are excluded by the 
blood-brain barrier. However, plasma proteins are rapidly cleared 
from the subarachnoid space post-aSAH,25 given that the ven-
tricular system can turn around 500 mL of cerebrospinal fluid 
(CSF) in 24 hours. Red blood cells are not necessarily damaging 
in themselves, but over time they lyse releasing their contents of 
which hemoglobin has been heavily implicated in brain injury. As 
far back as 1949, different blood components were tested for 
CNS toxicity after intracisternal injection in dogs, and cell-free 
hemoglobin was identified as the main culprit.26

Cell-Free Hemoglobin
In 1976, Miyaoka et al27 showed that cell-free hemoglobin was 
responsible for vasospasm in dogs and humans. More recently, 
the unique disease-driving function of hemoglobin post-aSAH 
was reinforced by a mouse model of prolonged intrathecal expo-
sure to hemoglobin, which recapitulated the behavioral, vascu-
lar, cellular, and molecular changes seen after human aSAH.28 
Erythrophagocytes in the blood clot, which ingest decaying red 

blood cells and detoxify heme29 and may exit the CNS via spinal 
nerve roots,30 develop from CNS-resident meningeal and peri-
vascular macrophages31 and CSF/blood-derived monocytes,32 
but microglia may also participate in the process33 if there is 
parenchymal extension of the hemorrhage. However, erythro-
phagocytosis is unable to clear large blood clots, especially 
since the CNS is an immune-privileged site with few resident 
myeloid cells and highly regulated monocyte influx.34 Hence, 
red blood cells start decaying releasing significant quantities of 
hemoglobin after a lag period of about 3 days.25,28 By this time, 
the blood clot is firmly attached to the brain surface, envelop-
ing cerebral arteries and infiltrating sulci. The close apposition 
to arteries and cortex facilitates the passage, or delocalization, 
of small hemoglobin dimers into the cerebral arterial walls and 
cortical tissue (Figure 2A). Hemoglobin can readily permeate 
cerebral arterial walls and cortex,28,35–37 and there is a clear spa-
tial association between blood clot and subsequent brain iron 
deposition in the cortex.37

Mechanisms driving poor outcome can be mediated via 
DCI or non-DCI mechanisms, and hemoglobin may play a role 
in both (Figure 2). Hemoglobin can trigger DCI via nitric oxide 
consumption (Figure 2A) or spreading depolarization. Oxy-
hemoglobin binds to, reacts with, and consumes nitric oxide 
(Figure 2B), decreasing its bioavailability to smooth muscle 
cells. This process reverses the basal level of vasodilation medi-
ated by endothelial cell-derived nitric oxide, resulting in vaso-
spasm of both large and small arteries. Since endothelial cell 
apoptosis occurs post-aSAH,38 hemoglobin-induced nitric oxide 

Figure 1. Root triggers.
Acute intracranial pressure rise and cell-free hemoglobin as root triggers leading to downstream causes of brain injury post-aneurysmal 
subarachnoid hemorrhage.
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scavenging occurs on a background of an already dysregulated 
nitric oxide homeostasis.39 The other mechanism is via cortical 
spreading ischemia, during which spreading depression reverses 
normal neurovascular coupling from a vasodilatory to a vaso-
constrictor response23; hemoglobin has been shown to induce 
spreading depolarization in the presence of a high potassium 

concentration.40 Downstream products of hemoglobin such as 
bilirubin oxidation products may also cause vasospasm.41

Hemoglobin is also a root trigger of direct neurotoxicity 
and neuroinflammation, independent of DCI. Hemoglobin is 
directly toxic to neurones in culture28,42,43; various mechanisms 
may account for this direct toxicity, all due to the heme moiety 

Figure 2. Mechanisms of Hb toxicity.
A, Hemoglobin dimers in the subarachnoid space can penetrate: (1) the interstitial space between smooth muscle cells of cerebral arteries. 
Consumption of endothelium-derived nitric oxide causes vasospasm; (2) cortical tissue, promoting oxidative damage and inflammation. B, 
Reactions of NO with Hb across a range of O2 liganded [oxy-Hb(Fe2+O2)] and nonliganded states [deoxy-Hb, Hb(Fe2+) and met-Hb [Hb(Fe3+)]. 
The first NO reaction with oxy-Hb produces Hb(Fe3+) and nitrate (NO3

–). A second, slower NO consumption step reaction is proposed to involve 
a series of reaction intermediates, which ultimately react with water and production of nitrite (NO2

–), H+, and Hb(Fe2+). In a third reaction, NO 
binds to Hb(Fe2+). C, Oxidized Hb(Fe3+) releases heme, which promotes radical reactions and inflammation via TLR receptor signaling. D, In 
macrophages, heme is metabolized by heme oxygenase (HMOX-1) generating carbon monoxide (CO), bilirubin, and iron. Iron is either exported or 
stored in ferritin.
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(Figure 2C). While still bound to globin, heme can enter cyclic 
reactions with hydrogen peroxide or lipid hydroperoxides to 
generate free radicals, which then self-propagate in the pres-
ence of molecular oxygen. Heme-generated free radicals 
indiscriminately react with lipids, proteins and nucleic acids, 
resulting in widespread cellular and organ damage.44 Molecular 
signatures of this process, including covalently modified pro-
teins45 and oxidized lipids,46 have been detected in the CSF 
post-aSAH. When released from globin, heme is thought to be 
more toxic than hemoglobin, since it is highly lipophilic eas-
ily intercalating into membranes and perturbing cellular func-
tion.47 Under certain conditions, free heme can also directly 
induce neuroinflammation via toll-like receptor signaling.48 
Hemoglobin-treated microglia release soluble factors which 
induce neuronal necroptosis.49 Free labile iron released from 
heme (Figure 2D) can kill cells by ferroptosis.50

While DCI contributes to long-term outcome, a likely dis-
sociation between angiographic vasospasm and outcome is 
suggested by the nimodipine and clazosentan clinical trials. 
Nimodipine improved clinical outcome despite having no effect 
on angiographic vasospasm,4 and clazosentan did not improve 
clinical outcome despite reducing vasospasm.51 It is therefore 
possible that pathophysiological mechanisms, not captured by 
routine clinical imaging, have a larger effect on clinical out-
come, and are important therapeutic targets, especially if sev-
eral of them can be addressed simultaneously. In this respect, 
hemoglobin seems to be a master orchestrator of brain injury, 
playing a role in vasospasm and ischemia as well as direct neu-
rotoxicity, inflammation, and other processes set in motion dur-
ing EBI (Figure 1).

Recent data support the role of hemoglobin post-aSAH 
in humans. In 42 patients undergoing serial CSF sampling, 
there was a significant temporal association between peak 
concentration of CSF hemoglobin (CSF-Hb) and subsequent 
CSF neurofilament light chain, a marker of neuronal damage 
and a strong independent predictor of long-term outcome 
post-aSAH.52 In another cohort of 47 patients, CSF-Hb was 
associated with the composite outcome of delayed ischemic 
neurological deficit, radiological evidence of infarction and 
angiographic vasospasm.25 A CSF-Hb concentration of 7.1 
µmol/L yielded the best combination of specificity and sensi-
tivity for developing SBI and this level of CSF-Hb was the same 
as the critical inflection points associated with pronounced 
hemoglobin-induced vasoconstriction and lipid peroxidation in 
ex vivo experiments. An ongoing study aims to prospectively 
validate and conclusively determine the targetable concentra-
tion of CSF-Hb post-aSAH.53

Haptoglobin in the CNS
Nature has evolved a multi-tier system to protect against the 
toxicity of extracellular hemoglobin.54 The first line of defense 
is provided by haptoglobin binding, which stabilizes hemoglo-
bin structure, prevents heme-release, and neutralizes hemo-
globin’s oxidative potential.55 Most importantly, the large size 
of the complex inhibits permeation of hemoglobin into tissue 
(Figure 3). The haptoglobin (HP) locus is polymorphic with 2 
main variants: HP1 and HP2. These alleles result in protein 
monomer units with 1 or 2 cysteine residues, respectively, such 
that HP1 homozygotes produce dimers, HP2 homozygotes 
produce tetramers and higher order polymers up to 20-mers, 

and heterozygotes (HP2-1) produce all varieties. In the extra-
cellular space, the quaternary structure equilibrium of hemoglo-
bin shifts from tetramers to dimers, which can be bound at a 
ratio of 1 hemoglobin dimer per haptoglobin monomer subunit. 
Haptoglobin-hemoglobin binding is essentially irreversible, and 
complexes are cleared by the scavenger receptor CD163,56 
expressed mostly by macrophages (Figure 3B). If the hapto-
globin-CD163 system fails, heme is released in the extracel-
lular space, and the second line of defense is hemopexin, which 
binds heme and targets it to clearance by CD91.57

The highly specialized nature of the CNS has the conse-
quence of reducing its capacity to deal with extracellular hemo-
globin in several ways.54 First, while haptoglobin is an abundant 
protein in plasma, it is present at a very low level in the CNS58; 
the blood-brain barrier keeps protein levels low in the brain, and 
the high molecular weight of haptoglobin polymers restricts 
their entry into the CNS. Second, CD163-binding sites in the 
brain are sparse compared with the rest of the body, includ-
ing post-aSAH; this is mostly a consequence of the brain’s 
immune privilege with low numbers of CD163-positive mac-
rophages, but also because of enzymatic CD163 shedding by 
ADAM17 post-aSAH.58 Finally, solute drainage is slow from the 
brain (Figure S1), due to a low interstitial fluid turnover (0.1% 
per minute)59 and low CSF turnover (0.3% per minute) com-
pared with interstitial fluid turnover in some other organs (up 
to 2.5% per min in kidney).60 As a result of these 3 features, 
most CSF-Hb post-aSAH is not bound by haptoglobin,58 and 
whether bound to haptoglobin or not, CSF-Hb concentrations 
are sustained for a long time by slow clearance and continuous 
release from the blood clot.

The different haptoglobin phenotypes bind hemoglobin 
with identical affinities but may have functional differences 
related to hemoglobin-binding capacity, protection against 
hemoglobin-induced neurotoxicity, binding of complexes to 
CD163, subsequent endocytosis, and the ability to generate 
anti-inflammatory responses. A lower hemoglobin-haptoglobin 
complex concentration was found in the CSF of HP2-2 indi-
viduals post-aSAH,61 but proinflammatory cytokine levels were 
higher with this HP genotype.62 These opposing effects may 
explain why a careful preprotocolled individual patient level 
data meta-analyses, the largest to date, did not identify sig-
nificant differences in vasospasm, DCI, or long-term outcome 
post-aSAH between HP genotypes.63 A subsequent study 
showed an interaction between HP genotype and Fisher grade, 
with a protective effect of HP2-2 in high Fisher grade patients 
(larger blood clot) when followed up for longer than 2 years but 
not less.61 In summary, the effect of HP genotype on outcome is 
not convincing, possibly because there is very little haptoglobin 
in the CNS to make a substantial difference to outcome.

Haptoglobin as a Treatment for aSAH: Proof of 
Principle Studies
Several in vitro studies have shown that haptoglobin prevents 
hemoglobin-induced neurotoxicity28,42,43 and vasospasm.27 A 
beneficial effect of haptoglobin during intrathecal hemoglobin 
exposure was first demonstrated in dogs.27 In a mouse model, 
intraventricular haptoglobin administration prevented or attenu-
ated hemoglobin-induced behavioral deficits, small-vessel 
vasospasm and astrocytic, microglial, and synaptic changes.28 
In a sheep model, intraventricular haptoglobin administration 
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inhibited hemoglobin-induced angiographic vasospasm by 
preserving vascular NO signaling.35 In both mouse and sheep 
models, haptoglobin attenuated hemoglobin-induced pathol-
ogy by preventing delocalization of hemoglobin from CSF into 
the brain parenchyma. In sheep, haptoglobin also prevented 
CSF-Hb from reaching the NO-sensitive compartment of 
larger cerebral arteries. This was consistent with the activity of 
haptoglobin to restore NO-dependent vasodilatory function in 

porcine basilar arteries that were immersed in hemoglobin-rich 
CSF from aSAH patients.25,35 One report suggested that hap-
toglobin increases the vulnerability of CD163-expressing neu-
rons to hemoglobin in vitro by an iron-dependent mechanism.64 
However, CD163 is not expressed by healthy human neurones 
and neuronal CD163 expression post-aSAH is exceptionally 
rare, and when present is limited to areas with extensive neuropil 
destruction.37 Indeed, prolonged intraventricular administration 

Figure 3. Haptoglobin treatment.
A, SAH after aneurysmal rupture forms a blood clot. Erythrolysis releases hemoglobin tetramers, which dissociate into dimers in CSF (red in 
the online version). Small Hb dimers penetrate the brain parenchyma and NO-sensitive arterial compartments to cause secondary brain injury. 
Therapeutic haptoglobin (blue in the online version) administered via an intrathecal catheter distributes throughout the cerebrospinal fluid (CSF) 
compartment and binds free hemoglobin. The large hemoglobin-haptoglobin complex remains confined outside the parenchyma and vulnerable 
arterial compartments, thereby protecting from hemoglobin-induced damage. The hemoglobin-haptoglobin complex is cleared by physiological 
drainage pathways and drained through intraventricular and/or lumbar catheters (Figure S1). B, The role of macrophages in erythrophagocytosis 
and hemoglobin-haptoglobin complex clearance. Following degradation, heme is metabolized to bilirubin, carbon monoxide, and iron through 
heme-mediated induction of HMOX-1 (heme-oxygenase 1). Heme-induced activation of NRF2 (nuclear factor erythroid 2-related factor 2) 
signaling induces an anti-inflammatory macrophage phenotype (ie, erythrophagocyte).
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of hemoglobin-haptoglobin complexes to mice in vivo did not 
result in neuronal loss, synaptic damage, or behavioral change, 
and iron deposition decreased.28

Haptoglobin can be extracted from pooled plasma to a high 
level of purity65 or manufactured recombinantly.66 Intravenous 
administration of haptoglobin has been approved, marketed 
and used clinically in Japan since 1984, for systemic hemolysis 
accompanying several systemic conditions.67

One 1979 Japanese study tested intracranial administra-
tion of a predominantly Hp2-2 plasma-derived preparation 
in 27 aSAH patients,36 providing evidence for haptoglobin’s 
safety via this delivery route. Haptoglobin was applied to the 
neck of the aneurysm intraoperatively, after clipping. This was 
followed by a 2-day infusion via a catheter in the basal cis-
terns. Doses were not specified. A comparison between arte-
rial diameter on preoperative and postoperative angiograms 
was used to assess response. Patients were divided into 4 
groups depending on the clinical scenario. Of the 5 patients 
who were operated within the first 48 hours, and therefore 
received haptoglobin early, only 1 experienced benefit. The 
other patients, who were operated on later, were divided into 
3 groups, depending on whether vasospasm was progressing 
(n=7), improving (n=10), or unchanged (n=5) at the time of 
initiation of haptoglobin treatment. The improvement noted in 
these groups was 5/7 (71%), 9/10 (90%), and 1/5 (20%), 
respectively. Notably, the latter group of 5 patients were oper-
ated on between 7 and 20 days post-aSAH, so haptoglo-
bin was administered too late to prevent the main peak in 
CSF-Hb. Overall, this preliminary study suggests that optimal 
timing and dosing of haptoglobin treatment may be crucial to 
achieve maximal beneficial effects.

Haptoglobin as a Treatment for aSAH: Practical 
Considerations
Post-aSAH, the optimum time to start haptoglobin treatment is 
likely just before CSF-Hb starts rising, before the third post-
ictal day. Having up to 3 days to start treatment provides suf-
ficient time for patient transfer to a tertiary center, appropriate 
preassessment and treatment initiation. Early treatment may 
be beneficial to build up a higher concentration of haptoglobin 
and reach areas where CSF circulation has been disrupted 
by the clot itself. Intrathecal administration would be essen-
tial since haptoglobin is a large molecule and has low blood-
brain barrier permeability. The ventricular route is theoretically 
preferable over lumbar administration, to achieve maximum 
bioavailability around the cortex and within brain sulci. This is 
supported by data on intraventricular administration of other 
molecules like cerliponase alfa, an enzyme replacement treat-
ment for CLN2-type Batten’s disease, which in nonhuman pri-
mate studies resulted in better brain penetration than lumbar 
administration.68 However, lumbar administration remains less 
invasive and carries lower risks, and it remains possible that 
lower but still sufficient levels can be achieved via this route. 
Alternative modes of administration with practical limitations 
include intravenous with ultrasound blood-brain barrier open-
ing, direct instillation in the surgical field, and infusion via a sub-
arachnoid catheter. Calculations show that a total haptoglobin 
dose of 3.5 grams would be needed to bind all hemoglobin 
released from an average hemorrhage volume of 20 millili-
ters.69 The dose could potentially be tailored to the individual 

patient, based on blood clot volume estimated from the CT 
scan upon hospital admission, or individual daily doses could 
be titrated to the amount of unbound hemoglobin in the CSF 
effluent during ventricular drainage. CSF-Hb levels post-aSAH 
are highly variable and may remain high for up to 2 weeks in 
severe cases.25,28 A study of intraventricular hemorrhage sug-
gested that complete clot resorption takes 2 weeks,70 but clot 
resorption is possibly accelerated with haptoglobin treatment. 
Altogether, it appears that there is scope for personalization of 
dose and duration of treatment.

With intraventricular administration, CSF haptoglobin 
levels will be higher, and functional differences between 
haptoglobin types may become apparent. One unequivocal 
difference between haptoglobin types is molecular weight, 
which increases by hemoglobin binding. In HP1-1 individu-
als, the haptoglobin dimer-hemoglobin complex molecular 
weight is 153 kDa (89+[32]2), while in HP2-2 individuals, 
the molecular weight of the complex varies between 327 kDa 
(199+[32]4) for the tetramer to >1000 kDa for higher-order 
multimers.71 Movement of interstitial solutes in the brain is 
dependent on their molecular weight,72–74 and it may be argued 
that haptoglobin dimer in the interstitium would be better at 
clearing hemoglobin out of the brain. However, the rationale 
for intraventricular administration of haptoglobin is the size-
dependent sequestration of CSF-Hb within the subarachnoid 
space, before it delocalizes into the brain parenchyma or cere-
bral artery walls. A more important consideration in aSAH may 
be the penetration of the blood clot, especially at the interface 
with the cortex. Therefore, the ideal haptoglobin formulation 
is one with a molecular size large enough to prevent tissue 
translocation of CSF-Hb, but small and homogeneous to opti-
mize viscosity and drug distribution within the clot and sub-
arachnoid space.

There is a paucity of population-based pharmacokinetic 
studies of intraventricular administration of soluble thera-
peutics in humans or gyrencephalic animals, and no study 
molecules as large as haptoglobin. The most relevant data 
is that of cerliponase alfa, which has a molecular weight of 
60kDa.75 Allometric scaling of dose and pharmacokinetic 
parameters was used to plan Phase I trial of cerliponase alfa, 
and retrospective analysis showed near-perfect prediction.17 
However alterations in the CSF circulation were observed in 
a nonhuman primate aSAH model, so that penetration of CSF 
into the brain parenchyma was reduced.76 Also, population-
based pharmacokinetic modeling of the gadolinium-based 
MRI contrast agent gadobutrol in humans shows marked dif-
ferences between noncommunicating hydrocephalus (com-
mon post-aSAH) and controls.77 Hence pharmacokinetics 
may differ considerably between the healthy state and post-
aSAH, especially of a high molecular weight substance. This 
may necessitate the need for empirical measurement in the 
specific case of aSAH, starting with doses calculated from 
physiologically-based pharmacokinetic models, followed by a 
predict, learn, confirm approach.78

Theoretical adverse events associated with haptoglo-
bin treatment include immunogenicity, hydrocephalus, and 
increased brain iron deposition. While their risk may be miti-
gated, a Phase I trial is needed to assess safety. Being an endog-
enous protein already present in the brain somewhat de-risks 
immunogenicity. Although discordance between the phenotype 
of haptoglobin administered and the patient’s HP genotype 
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may occur, this is not of concern in transfusion medicine. A 
higher CSF protein content during treatment with haptoglobin 
may theoretically predispose to hydrocephalus, although higher 
protein concentrations than those anticipated are observed in 
other neurological conditions without this complication. Any 
risks associated with a high CSF protein could be reduced by 
a personalized treat-to-target approach and stopping treatment 
before drain removal to allow a reduction in protein level. Brain 
iron deposition secondary to hemoglobin-haptoglobin complex 
metabolism by macrophages is another possibility, which may 
be mitigated by regular unclamping of the external ventricular 
drain and placement of a lumbar drain to encourage craniocau-
dal flow and external drainage of complexes.

Toward Clinical Translation: Delphi Consensus
To achieve a consensus regarding clinical translation, a Delphi 
study was conducted and completed by 100 individuals 
(Figure 4). More were clinicians (n=72/100, 72%) than scien-
tists. Participants were from 20 countries across 5 continents. 
A substantial proportion (n=40, 40%) were not primary con-
tacts, confirming the network propagation technique for iden-
tifying participants worked well. Core principles of the Delphi 
process were upheld. All participants left at least 1 comment 
in Round 1, and 66% left further comments in Round 2. Five 
new points were suggested between the 2 Rounds (Figures 
S2A, S2B, S3A, and S3B), and participants revised their opin-
ion between Rounds (Figure 5A).

Figure 4. Delphi study participants.
Geographic distribution and demographics. Please note that clinical disciplines add up to more than 100% since some had dual expertise.
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Figure 5. Delphi study results.
A, Change in responses between Delphi rounds (***P<0.001, Wilcoxon). B, Clinicians and scientists were asked to rank 10 pathophysiological 
pathways according to their role in secondary brain injury (SBI) and estimate the role of hemoglobin for each pathway using a Likert scale with 
a scoring range from 1 (extremely important) to 5 (not sure). The plots show the kernel density estimation of participants’ responses. The solid 
line connects the group medians. C and D, Scientists (C) and clinicians (D) ranked potential research questions according to their priority and 
estimated the importance of each research question with a Likert system with a scoring range from 1 (extremely important) to 9 (extremely 
unimportant). The plots show the kernel density estimation of participants’ responses. The solid line connects the group medians. CSF indicates 
cerebrospinal fluid.
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All participants agreed there is an ongoing need for novel 
therapies to prevent or treat SBI in patients with aSAH, and 97% 
(n=97) agreed that targeting specific pathophysiological path-
ways is a promising strategy for novel therapies in aSAH patients.

The Role of Specific Pathophysiological Pathways in SBI
In this ranking exercise (Figure 5B), among both clinicians and 
scientists, 18% commented on the difficulty of ranking, in the 
absence of evidence comparing pathway contribution. However, 
consensus in was achieved for inflammation (n=85, 85%) and 
microvascular spasm (n=77, 77%) as key contributors to SBI. 
A consensus of equipoise was reached for all remaining path-
ways. The most important pathways within this latter group 
were thought to be initial ICP increase (n=68, 68%) and dis-
rupted nitric oxide homeostasis (n=66, 66%). When consid-
ered as 2 groups, clinicians and scientists mostly agreed on the 
relative importance of the different pathways, but they differed 
significantly when it came to the importance of hemoglobin’s 
role in most of these pathways.

The Contribution of Hemoglobin to Specific 
Pathophysiological Pathways Post-aSAH
Participants considered the importance of hemoglobin for each 
pathophysiological pathway using a Likert scale (Figure 5B). 
Among all participants, consensus in was reached for cell-free 
hemoglobin’s role in iron toxicity (n=73, 73%), with equipoise 
on all other pathways. Although not reaching consensus among 
all 100 participants, hemoglobin was also believed to play an 
important role in oxidative stress (n=67, 67%), disrupted nitric 
oxide homeostasis (n=65, 65%), and inflammation (n=60, 
60%). There was a deviation in viewpoints between clinicians 
and scientists. Considering clinicians alone, there was equipoise 
on all pathways. Among scientists, consensus in was reached 
for iron toxicity (n=26/28, 92.9%), oxidative stress (n=27/28, 
96.4%), disrupted nitric oxide homeostasis (n=24/28, 85.7%), 
and inflammation (n=24/28, 85.7%), with equipoise on all 
other pathways. This likely reflects the scientists’ more unified 
perception of mechanistic literature on hemoglobin toxicity.

Research Priorities for Clinical Translation of Haptoglobin 
as a Treatment for aSAH
Finally, participants’ expert opinions were sought regarding 
research priorities for translating haptoglobin from bench sci-
ence to a bedside treatment. Scientists (Figure 5C) and clini-
cians (Figure 5D) were presented with 2 largely different sets 
of research questions. All 32 points discussed were thought 
to be important as judged by Likert scoring (Figures 5C and 
5D; Figures S2A and S3A), but it was clear that not all were 
equally important (Figures 5C and 5D; Figures S2B and S3B). 
Consensus in was reached for 4 research priorities, and 6 
research priorities met the criteria for consensus out (Table). 
A higher percentage of consensus in or consensus out for 
research priorities was reached among clinicians (n=7/17, 
41.2%) compared with scientists (n=3/18, 16.7%).

Among the 32 research topics, 3 were considered by both 
clinicians and scientists: (1) individualized dosing of haptoglo-
bin; (2) estimation of hemoglobin exposure in a noninvasive 
manner; and (3) the need for further preclinical work before a 
Phase I trial. There were significant differences between clini-
cians and scientists (Figures 5C and 5D). Clinicians were more 
wary of an individualized approach, citing the practical issues 
for widespread clinical deployment and questioning the validity 
of any measure of hemoglobin exposure. Scientists acknowl-
edged these difficulties but felt that these research areas were 
still worth prioritization to better match haptoglobin dose to 
cell-free hemoglobin concentrations in CSF and minimize any 
potential adverse events. It was highlighted that proxy mea-
sures could be evaluated to calculate hemoglobin exposure, 
such as blood clot volume on imaging, which might be a com-
promise that is easier to implement. In the relative ranking of 
priorities, both expert groups assigned low priority to research 
focusing on further insight into the exact mechanisms of injury 
from hemoglobin and hemoglobin-haptoglobin complexes 
before Phase 1 trial. This may reflect a high confidence in the 
underlying pathophysiological concepts and a general aware-
ness of limitations of preclinical research predicting success of 
novel therapeutics.

Table. Delphi Study Results

Consensus in  

Clinicians Is intrathecal haptoglobin safe to administer to patients following aneurysmal subarachnoid hemorrhage?

 What is the optimal dose of intrathecal haptoglobin that should be administered following aneurysmal 
subarachnoid hemorrhage?

Scientists Can hemoglobin levels be estimated in the cerebrospinal fluid of a patient following aneurysmal subarach-
noid hemorrhage in a noninvasive manner (eg, through CSF sampling from an existing intrathecal device)?

 Should the dose of haptoglobin administered intrathecally following aneurysmal subarachnoid hemorrhage 
vary according to the level of hemoglobin in the cerebrospinal fluid, as opposed to a fixed dose?

Consensus out

Clinicians Does the site of the blood clot affect the efficacy of haptoglobin administered intrathecally?

 Could increasing the CSF protein concentration precipitate hydrocephalus in a patient with aneurysmal 
subarachnoid hemorrhage?

 Is there an upper limit of CSF protein concentration that is safe?

 Further insight into the exact mechanisms of injury from hemoglobin and hemoglobin/haptoglobin com-
plexes before a Phase I trial

 Does the presence of an external ventricular drain or a lumbar drain affect CSF circulation and/or pharma-
cokinetics of an intrathecally administered agent?

Scientists Are there sublethal effects of hemoglobin on neuronal transmission and plasticity?

Consensus on research priorities. CSF indicates cerebrospinal fluid.
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Conclusions
This review and Delphi study provide the evidence base 
for an unmet need for new therapies for aSAH. Research 
priorities related to 1 such treatment (haptoglobin) cor-
roborated gaps in the existing literature. Some in this 
Delphi study (n=12/100, 12%) would already advocate 
for intrathecal haptoglobin as a treatment post-aSAH. 
This increases to 74/100 (74%) if clinical trial evidence 
supports its efficacy. All participating clinicians, except 
for one, would participate in such a clinical trial.

Interpretation needs to be tempered by this study’s 
limitations. It is possible that these results are not rep-
resentative of the average clinician looking post-aSAH 
patients, since sampling of the clinicians was initiated by 
the authors inviting their contacts. To minimize this bias, a 
network propagation technique was used and 40% were 
not primary contacts. Efforts were made to be as geo-
graphically inclusive as possible but there is still under-
representation from under-resourced countries. Though 
sample size in Delphi studies is usually driven by practi-
cal issues,11 n=100 may still be considered to be small 
in the global context. This Delphi study demonstrated 
important differences in perspective between clinicians 
and scientists regarding pathophysiology and design of 
a Phase I/IIa trial. This underlines the importance of con-
sultation with scientists and clinicians independent of the 
researchers working on drug development, so that Phase 
I/IIa trial design is optimized to maximize the likelihood of 
success in clinical translation. We advocate global multi-
disciplinary stakeholder involvement as early as possible, 
in addition to traditional patient and public involvement, 
as a novel approach to drug development in stroke.

ARTICLE INFORMATION
Received January 31, 2023; final revision received March 31, 2023; accepted 
April 12, 2023.

Affiliations
Department of Clinical Neurosciences, Clinical & Experimental Sciences, Faculty 
of Medicine, University of Southampton, Hampshire, United Kingdom (I.G., S.B., 
D.B.). Wessex Neurological Centre, University Hospital Southampton NHS Foun-
dation Trust, Southampton, United Kingdom (I.G., S.B., D.B.). Division of Internal 
Medicine (R.H., D.J.S.) and Department of Neurosurgery, Clinical Neuroscience 
Center (M.H.), Universitätsspital and University of Zurich, Switzerland.

Sources of Funding
This article was funded by National Institute for Health Research (Academ-
ic Clinical Fellowship 2022-26-004), Swiss National Science Foundation 
310030_197823).

Disclosures
Dr Galea and D. Bulters declare research funding and consulting fees from Bio-
Products Laboratory Limited and Evgen Pharma. Dr Galea received research fund-
ing related to haptoglobin from the Medical Research Council and Engineering and 
Physical Sciences Research Council. Drs Galea and Hugelshofer disclose consult-
ing fees from CSL Behring. Drs Schaer and Hugelshofer received research funding 
from CSL Behring and are inventors on patents related to the use of haptoglobin.

Supplemental Material
Literature search
Protocol
Figures S1–S3

APPENDIX
SAH Delphi Group collaborating authors: Amr Abdulazim; Andrew F. Alalade; 
Sheila A. Alexander; Sergi Amaro; Sepideh Amin-Hanjani; Christopher R. 
Andersen; Craig Anderson; Matthew H. Anstey; József Balla; Nourou Dine 
Adeniran Bankole; Judith Bellapart; Hemant Bhagat; Spiros L. Blackburn; 
Markus Brechmann; Paul W. Buehler; Jan-Karl Burkhardt; Yujie Chen; Jer-
emy Cohen; P. David Cooper; Liam G. Coulthard; Elisa Cuadrado-Godia; Joan 
Dalton; Anthony Delaney; Sylvain Doré; Jonathan Downer; Justin Dye; Isabel 
Fernandez-Perez; Oliver Flower; Béla Fülesdi; Ben Gaastra; Thomas Gaberel; 
James Galea; Gbetoho Fortuné Gankpe; Patrick Garland; Thomas Gentinetta; 
Magnus Gram; Jonas Heilskov Graversen; Patrick J. Grover; Daniel Guisado-
Alonso; David Hasan; Adel Helmy; Julius Höhne; Isabel Charlotte Hostettler; 
Ajay Prasad Hrishi; Koji Iihara; David C. Irwin; Kiran Jangra; Aruma Jiménez-
O’Shanahan; Richard F. Keep; Matthew Koch; Miikka Korja; Munish Kumar; 
Laura Llull; James J.M. Loan; Miguel Ángel Lopez-Gonzalez; R. Loch Mac-
donald; Shalvi Mahajan; Joan Martí-Fàbregas; Jose Medina-Suárez; Soren 
Moestrup; John More; Eghosa Morgan; Radhakrishnan Muthuchellappan; 
Paul Nyquist; Coralia Sosa Pérez; Promod Pillai; Nikolaus Plesnila; Jose Ja-
vier Provencio; Eamon Raith; Anna Ramos-Pachón; Scott B. Raymond; Luca 
Regli; Ynte Marije Ruigrok; Poonam Saharan; Edgar A. Samaniego; Gerrit Al-
exander Schubert; Ian Seppelt; Kamath Sriganesh; Jose I. Suarez; Jonathon 
Taylor; Nicole A. Terpolilli; Fernando D. Testai; Emanuela Tolosano; Ahmed K. 
Toma; Anderson Chun On Tsang; Andrew A. Udy; Florence Vallelian; Mariana 
Vargas-Caballero; Gregory M. Vercellotti; Mervyn D.I. Vergouwen; Michaela 
Waak; Hannah Warming; Peter C. Whitfield; George Kwok-chu Wong; Jason 
Wright; Adrian W. Zuercher.

REFERENCES
 1. Etminan N, Chang H-S, Hackenberg K, de Rooij NK, Vergouwen MDI, Rinkel GJE, 

Algra A. Worldwide incidence of aneurysmal subarachnoid hemorrhage accord-
ing to region, time period, blood pressure, and smoking prevalence in the popu-
lation. Jama Neurol. 2019;76:588–597. doi: 10.1001/jamaneurol.2019.0006

 2. Taylor TN, Davis PH, Torner JC, Holmes J, Meyer JW, Jacobson MF. Life-
time cost of stroke in the United States. Stroke. 1996;27:1459–1466. doi: 
10.1161/01.str.27.9.1459

 3. Chou SH-Y. Subarachnoid hemorrhage. Continuum. 2021;27:1201–1245. 
doi: 10.1212/CON.0000000000001052

 4. Pickard JD, Murray GD, Illingworth R, Shaw MD, Teasdale GM, Foy PM, 
Humphrey PR, Lang DA, Nelson R, Richards P. Effect of oral nimodipine 
on cerebral infarction and outcome after subarachnoid hemorrhage. BMJ. 
1989;298:636–642. doi: 10.1136/bmj.298.6674.636

 5. Khan AU, Dulhanty L, Vail A, Tyrrell P, Galea J, Patel HC. Impact of specialist 
neurovascular care in subarachnoid haemorrhage. Clin Neurol Neurosurg. 
2015;133:55–60. doi: 10.1016/j.clineuro.2015.03.006

 6. Molyneux A, Kerr R, Stratton I, Sandercock P, Clarke M, Shrimpton J, Holman R; 
International Subarachnoid Aneurysm Trial (ISAT) Collaborative Group. Inter-
national Subarachnoid Aneurysm Trial (ISAT). Lancet. 2002;360:1267–
1274. doi: 10.1016/s0140-6736(02)11314-6

 7. Gaastra B, Ewbank F, Tapper W, Bulters D, Galea I. Long-term 
cognitive outcome following aneurysmal subarachnoid haem-
orrhage. J Stroke Cerebrovasc Dis. 2022;31:106184. doi: 
10.1016/j.jstrokecerebrovasdis.2021.106184

 8. Gaastra B, Ashokumar M, Bulters D, Campbell N, Galea I. Auditory out-
come following aneurysmal subarachnoid haemorrhage. J Neurol Sci. 
2022;434:120125. doi: 10.1016/j.jns.2021.120125

 9. Gaastra B, Carmichael H, Galea I, Bulters D. Long-term fatigue following 
aneurysmal subarachnoid haemorrhage and the impact on employment. Eur 
J Neurol. 2022;29:3564–3570. doi: 10.1111/ene.15533

 10. Boltze J, Ayata C. Challenges and controversies in transla-
tional stroke research. Transl Stroke Res. 2016;7:355–357. doi: 
10.1007/s12975-016-0492-4

 11. Keeney S, Hasson F, McKenna H. Consulting the oracle: ten lessons from 
using the Delphi technique in nursing research. J Adv Nurs. 2006;53:205–
212. doi: 10.1111/j.1365-2648.2006.03716.x

 12. Dodd WS, Laurent D, Dumont AS, Hasan DM, Jabbour PM, Starke RM, 
Hosaka K, Polifka AJ, Hoh BL, Chalouhi N. Pathophysiology of delayed 
cerebral ischemia after subarachnoid hemorrhage. J Am Heart Assoc. 
2021;10:e021845. doi: 10.1161/JAHA.121.021845

 13. Acampa M, Bongiorno M, Lazzerini PE, Catania C, Domenichelli C, Guideri F, 
Tassi R, Cartocci A, Martini G. Increased arterial stiffness is a predictor of 
delayed ischaemic stroke after subarachnoid haemorrhage. Heart Lung Circ. 
2021;30:525–530. doi: 10.1016/j.hlc.2020.07.016

D
ow

nloaded from
 http://ahajournals.org by on July 5, 2023



SPECIAL REPORT

Stroke. 2023;54:1930–1942. DOI: 10.1161/STROKEAHA.123.040205 July 2023  1941

Galea et al Haptoglobin for Subarachnoid Hemorrhage

 14. Yi HJ, Shin D-S, Kim B-T. Elevated blood viscosity is associated with 
delayed cerebral ischemia in patients with aneurysmal subarach-
noid hemorrhage. J Stroke Cerebrovasc Dis. 2022;31:106732. doi: 
10.1016/j.jstrokecerebrovasdis.2022.106732

 15. Avdagic SS, Brkic H, Avdagic H, Smajic J, Hodzic S. Impact of comorbid-
ity on early outcome of patients with subarachnoid hemorrhage caused by 
cerebral aneurysm rupture. Med Arch (Sarajevo, Bosnia and Herzegovina). 
2015;69:280–283. doi: 10.5455/medarh.2015.69.280-283

 16. Malinova V, Sheri T, Kranawetter B, Moerer O, Rohde V, Mielke D. The value 
of comorbidities and illness severity scores as prognostic tools for early 
outcome estimation in patients with aneurysmal subarachnoid hemorrhage. 
Neurosurg Rev. 2022;45:3829–3838. doi: 10.1007/s10143-022-01890-5

 17. Hammon K, de Hart G, Vuillemenot BR, Kennedy D, Musson D, O’Neill CA, 
Katz ML, Henshaw JW. Dose selection for intracerebroventricular cerli-
ponase alfa in children with CLN2 disease. Clin Transl Sci. 2021;14:1810–
1821. doi: 10.1111/cts.13028

 18. Claassen J, Carhuapoma JR, Kreiter KT, Du EY, Connolly ES, 
Mayer SA. Global cerebral edema after subarachnoid hemorrhage. Stroke. 
2002;33:1225–1232. doi: 10.1161/01.str.0000015624.29071.1f

 19. Eriksen N, Rostrup E, Fabricius M, Scheel M, Major S, Winkler MKL, 
Bohner G, Santos E, Sakowitz OW, Kola V, et al. Early focal brain injury after 
subarachnoid hemorrhage correlates with spreading depolarizations. Neu-
rology. 2019;92:e326–e341. doi: 10.1212/WNL.0000000000006814

 20. Frontera JA, Provencio JJ, Sehba FA, McIntyre TM, Nowacki AS, 
Gordon E, Weimer JM, Aledort L. The role of platelet activation and inflam-
mation in early brain injury following subarachnoid hemorrhage. Neurocrit 
Care. 2017;26:48–57. doi: 10.1007/s12028-016-0292-4

 21. Solár P, Zamani A, Lakatosová K, Joukal M. The blood–brain barrier and 
the neurovascular unit in subarachnoid hemorrhage. Fluids Barriers CNS. 
2022;19:29. doi: 10.1186/s12987-022-00312-4

 22. Dienel A, Kumar TP, Blackburn SL, McBride DW. Role of platelets in the patho-
genesis of delayed injury after subarachnoid hemorrhage. J Cereb Blood 
Flow Metab. 2021;41:2820–2830. doi: 10.1177/0271678X211020865

 23. Dreier JP. The role of spreading depression, spreading depolarization and 
spreading ischemia in neurological disease. Nat Med. 2011;17:439–447. 
doi: 10.1038/nm.2333

 24. Jeon M-T, Kim K-S, Kim ES, Lee S, Kim J, Hoe H-S, Kim D-G. Emerg-
ing pathogenic role of peripheral blood factors following BBB disruption 
in neurodegenerative disease. Ageing Res Rev. 2021;68:101333. doi: 
10.1016/j.arr.2021.101333

 25. Akeret K, Buzzi RM, Schaer CA, Thomson BR, Vallelian F, Wang S, Willms J, 
Sebök M, Held U, Deuel JW, et al. Cerebrospinal fluid hemoglobin drives 
subarachnoid hemorrhage-related secondary brain injury. J Cereb Blood 
Flow Metab. 2021;41:3000–3015. doi: 10.1177/0271678X211020629

 26. Jackson IJ. Aseptic hemogenic meningitis: an experimental study of aseptic 
meningeal reactions due to blood and its breakdown products. Arch Neurol 
Psychiatry. 1949;62:572–589.

 27. Miyaoka M, Nonaka T, Watanabe H, Chigasaki H, Ishii S. Etiology and treat-
ment of prolonged vasospasm. Neurol Med Chir (Tokyo). 1976;16pt2:103–
114. doi: 10.2176/nmc.16pt2.103

 28. Garland P, Morton MJ, Haskins W, Zolnourian A, Durnford A, Gaastra B, 
Toombs J, Heslegrave AJ, More J, Okemefuna AI, et al. Haemoglobin causes 
neuronal damage in vivo which is preventable by haptoglobin. Brain Com-
mun. 2020;2:fcz053. doi: 10.1093/braincomms/fcz053

 29. Humar R, Schaer DJ, Vallelian F. Erythrophagocytes in hemolytic anemia, 
wound healing, and cancer. Trends Mol Med. 2022;28:906–915. doi: 
10.1016/j.molmed.2022.08.005

 30. Krahn V. Phagocytosis of erythrocytes in the subarachnoid space 
at spinal nerve exits. Cell Tissue Res. 1982;221:687–691. doi: 
10.1007/BF00215711

 31. Wan H, Brathwaite S, Ai J, Hynynen K, Macdonald RL. Role of perivascular 
and meningeal macrophages in outcome following experimental subarach-
noid hemorrhage. J Cereb Blood Flow Metab. 2021;41:1842–1857. doi: 
10.1177/0271678X20980296

 32. Theurl I, Hilgendorf I, Nairz M, Tymoszuk P, Haschka D, Asshoff M, He S, 
Gerhardt LMS, Holderried TAW, Seifert M, et al. On-demand erythrocyte 
disposal and iron recycling requires transient macrophages in the liver. Nat 
Med. 2016;22:945–951. doi: 10.1038/nm.4146

 33. Schallner N, Pandit R, LeBlanc R III, Thomas AJ, Ogilvy CS, Zuckerbraun BS, 
Gallo D, Otterbein LE, Hanafy KA. Microglia regulate blood clearance in 
subarachnoid hemorrhage by heme oxygenase-1. JCI. 2015;125:2609–
2625. doi: 10.1172/JCI78443

 34. Galea I, Bechmann I, Perry VH. What is immune privilege (not)? Trends 
Immunol. 2007;28:12–18. doi: 10.1016/j.it.2006.11.004

 35. Hugelshofer M, Buzzi RM, Schaer CA, Richter H, Akeret K, Anagnostakou V, 
Mahmoudi L, Vaccani R, Vallelian F, Deuel JW, et al. Haptoglobin adminis-
tration into the subarachnoid space prevents hemoglobin-induced cerebral 
vasospasm. JCI. 2019;129:5219–5235. doi: 10.1172/JCI130630

 36. Nonaka T, Watanabe S, Chigasaki H, Miyaoka M, Ishii S. Etiology and treat-
ment of vasospasm following subarachnoid hemorrhage. Neurol Med Chir 
(Tokyo). 1979;19:53–60. doi: 10.2176/nmc.19.53

 37. Galea I, Durnford A, Glazier J, Mitchell S, Kohli S, Foulkes L, Norman J, 
Darekar A, Love S, Bulters DO, et al. Iron deposition in the brain after aneu-
rysmal subarachnoid hemorrhage. Stroke. 2022;53:1633–1642. doi: 
10.1161/STROKEAHA.121.036645

 38. Friedrich V, Flores R, Sehba FA. Cell death starts early after subarachnoid hem-
orrhage. Neurosci Lett. 2012;512:6–11. doi: 10.1016/j.neulet.2012.01.036

 39. Sehba FA, Schwartz AY, Chereshnev I, Bederson JB. Acute decrease in cere-
bral nitric oxide levels after subarachnoid hemorrhage. J Cereb Blood Flow 
Metab. 2000;20:604–611. doi: 10.1097/00004647-200003000-00018

 40. Dreier JP, Körner K, Ebert N, Görner A, Rubin I, Back T, Lindauer U, 
Wolf T, Villringer A, Einhäupl KM, et al. Nitric oxide scavenging by hemo-
globin or nitric oxide synthase inhibition by N-Nitro-L-Arginine induces 
cortical spreading ischemia when K+ is increased in the subarach-
noid space. J Cereb Blood Flow Metab. 1998;18:978–990. doi: 
10.1097/00004647-199809000-00007

 41. Clark JF, Sharp FR. Bilirubin Oxidation Products (BOXes) and their role in 
cerebral vasospasm after Subarachnoid Hemorrhage. J Cerebral Blood Flow 
Metab. 2006;26:1223–1233. doi: 10.1038/sj.jcbfm.9600280

 42. Panter SS, Vandegriff KD, Van PO, Regan RF. Assessment of hemo-
globin-dependent neurotoxicity: alpha-alpha crosslinked hemoglo-
bin. Artif Cells Blood Substit Biotechnol. 1994;22:399–413. doi: 
10.3109/10731199409117870

 43. Zhao X, Song S, Sun G, Strong R, Zhang J, Grotta JC, Aronowski J. Neuro-
protective Role of Haptoglobin after Intracerebral Hemorrhage. J Neurosci. 
2009;29:15819–15827. doi: 10.1523/jneurosci.3776-09.2009

 44. Vallelian F, Deuel JW, Opitz L, Schaer CA, Puglia M, Lönn M, Engelsberger W, 
Schauer S, Karnaukhova E, Spahn DR, et al. Proteasome inhibition and oxi-
dative reactions disrupt cellular homeostasis during heme stress. Cell Death 
Differ. 2015;22:597–611. doi: 10.1038/cdd.2014.154

 45. Reeder BJ, Sharpe MA, Kay AD, Kerr M, Moore K, Wilson MT. Toxicity of 
myoglobin and haemoglobin. Biochem Soc Trans. 2002;30:745–748. doi: 
10.1042/bst0300745

 46. Suzuki N, Nakamura T, Imabayashi S, Ishikawa Y, Sasaki T, Asano T. Iden-
tification of 5-Hydroxy eicosatetraenoic acid in cerebrospinal fluid after 
subarachnoid hemorrhage. J Neurochem. 1983;41:1186–1189. doi: 
10.1111/j.1471-4159.1983.tb09071.x

 47. Balla G, Jacob HS, Eaton JW, Belcher JD, Vercellotti GM. Hemin: a 
possible physiological mediator of low density lipoprotein oxidation 
and endothelial injury. Arterioscler Thromb. 1991;11:1700–1711. doi: 
10.1161/01.atv.11.6.1700

 48. Vallelian F, Schaer CA, Deuel JW, Ingoglia G, Humar R, Buehler PW, 
Schaer DJ. Revisiting the putative role of heme as a trigger of inflammation. 
Pharmacol Res Perspect. 2018;6:e00392. doi: 10.1002/prp2.392

 49. Yuan S, Yu Z, Zhang Z, Zhang J, Zhang P, Li X, Li H, Shen H, Chen G. RIP3 
participates in early brain injury after experimental subarachnoid hemor-
rhage in rats by inducing necroptosis. Neurobiol Dis. 2019;129:144–158. 
doi: 10.1016/j.nbd.2019.05.004

 50. Dixon Scott J, Lemberg Kathryn M, 
Lamprecht Michael R, Skouta R, Zaitsev Eleina M, Gleason Caroline E, 
Patel Darpan N, Bauer Andras J, Cantley Alexandra M, Yang Wan S, et 
al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 
2012;149:1060–1072. doi: 10.1016/j.cell.2012.03.042

 51. Macdonald RL, Higashida RT, Keller E, Mayer SA, Molyneux A, Raabe A, 
Vajkoczy P, Wanke I, Bach D, Frey A, et al. Clazosentan, an endothelin receptor 
antagonist, in patients with aneurysmal subarachnoid haemorrhage under-
going surgical clipping (CONSCIOUS-2). Lancet Neurol. 2011;10:618–
625. doi: 10.1016/s1474-4422(11)70108-9

 52. Garland P, Morton M, Zolnourian A, Durnford A, Gaastra B, Toombs J, 
Heslegrave AJ, More J, Zetterberg H, Bulters DO, et al. Neurofilament light 
predicts neurological outcome after subarachnoid haemorrhage. Brain. 
2021;144:761–768. doi: 10.1093/brain/awaa451

 53. Akeret K, Buzzi RM, Saxenhofer M, Bieri K, Chiavi D, Thomson BR, 
Grüttner-Durmaz M, Schwendinger N, Humar R, Regli L, et al; HeMoVal 
Research Group. The HeMoVal study protocol. BMC Neurol. 2022;22:267. 
doi: 10.1186/s12883-022-02789-w

 54. Bulters D, Gaastra B, Zolnourian A, Alexander S, Ren D, 
Blackburn SL, Borsody M, Doré S, Galea J, Iihara K, et al. Haemoglobin 

D
ow

nloaded from
 http://ahajournals.org by on July 5, 2023



SP
EC

IA
L R

EP
OR

T

1942  July 2023 Stroke. 2023;54:1930–1942. DOI: 10.1161/STROKEAHA.123.040205

Galea et al Haptoglobin for Subarachnoid Hemorrhage

scavenging in intracranial bleeding: biology and clinical implications. Nat Rev 
Neurol. 2018;14:416–432. doi: 10.1038/s41582-018-0020-0

 55. Vallelian F, Buehler PW, Schaer DJ. Hemolysis, free hemoglobin toxicity, 
and scavenger protein therapeutics. Blood. 2022;140:1837–1844. doi: 
10.1182/blood.2022015596

 56. Kristiansen M, Graversen JH, Jacobsen C, Sonne O, Hoffman H-J, Law SKA, 
Moestrup SK. Identification of the haemoglobin scavenger receptor. Nature. 
2001;409:198–201. doi: 10.1038/35051594

 57. Hvidberg V, Maniecki MB, Jacobsen C, Højrup P, Møller HJ, Moestrup SK. 
Identification of the receptor scavenging hemopexin-heme complexes. 
Blood. 2005;106:2572–2579. doi: 10.1182/blood-2005-03-1185

 58. Galea J, Cruickshank G, Teeling JL, Boche D, Garland P, Perry VH, 
Galea I. The intrathecal CD163-haptoglobin–hemoglobin scavenging sys-
tem in subarachnoid hemorrhage. J Neurochem. 2012;121:785–792. doi: 
10.1111/j.1471-4159.2012.07716.x

 59. Szentistvanyi I, Patlak CS, Ellis RA, Cserr HF. Drainage of intersti-
tial fluid from different regions of rat brain. Am J Physiol Renal Physiol. 
1984;246:F835–F844. doi: 10.1152/ajprenal.1984.246.6.f835

 60. Li X, Jusko WJ, Cao Y. Role of interstitial fluid turnover on target sup-
pression by therapeutic biologics using a minimal physiologically based 
pharmacokinetic model. J Pharmacol Exp Ther. 2018;367:1–8. doi: 
10.1124/jpet.118.250134

 61. Morton MJ, Hostettler IC, Kazmi N, Alg VS, Bonner S, Brown MM, Durnford A, 
Gaastra B, Garland P, Grieve J, et al. Haptoglobin genotype and outcome 
after aneurysmal subarachnoid haemorrhage. JNNP. 2020;91:305–313. 
doi: 10.1136/jnnp-2019-321697

 62. Gusdon MA, Savarraj J, Zhu L, Pandit KTP, Doré S, McBride WD, Choi AH, 
Blackburn LS. Haptoglobin genotype affects inflammation after aneurysmal 
subarachnoid hemorrhage. Curr Neurovasc Res. 2020;17:652–659. doi: 
10.2174/1567202617666201214104623

 63. Gaastra B, Ren D, Alexander S, Bennett ER, Bielawski DM, Blackburn SL, 
Borsody MK, Doré S, Galea J, Garland P, et al. Haptoglobin genotype and 
aneurysmal subarachnoid hemorrhage. Individual Patient Data Analysis. 
2019;92:e2150–e2164. doi: 10.1212/WNL.0000000000007397

 64. Chen-Roetling J, Regan RF. Haptoglobin increases the vulnerability of 
CD163-expressing neurons to hemoglobin. J Neurochem. 2016;139:586–
595. doi: 10.1111/jnc.13720

 65. Dalton J, Okemefuna A. Haptoglobin. Prod Plasma Proteins Ther Use. 
2013;321–336.

 66. Schaer CA, Owczarek C, Deuel JW, Schauer S, Baek JH, Yalamanoglu A, 
Hardy MP, Scotney PD, Schmidt PM, Pelzing M, et al. Phenotype-specific 
recombinant haptoglobin polymers co-expressed with C1r-like protein as 
optimized hemoglobin-binding therapeutics. BMC Biotechnol. 2018;18:15. 
doi: 10.1186/s12896-018-0424-3

 67. Schaer DJ, Buehler PW, Alayash AI, Belcher JD, Vercellotti GM. Hemolysis 
and free hemoglobin revisited: exploring hemoglobin and hemin scavengers 

as a novel class of therapeutic proteins. Blood. 2013;121:1276–1284. doi: 
10.1182/blood-2012-11-451229

 68. Vuillemenot BR, Kennedy D, Reed RP, Boyd RB, Butt MT, Musson DG, 
Keve S, Cahayag R, Tsuruda LS, O’Neill CA. Recombinant human tripep-
tidyl peptidase-1 infusion to the monkey CNS. Toxicol Appl Pharmacol. 
2014;277:49–57. doi: 10.1016/j.taap.2014.03.005

 69. Griffiths S, Clark J, Adamides AA, Ziogas J. The role of haptoglobin and 
hemopexin in the prevention of delayed cerebral ischaemia after aneurys-
mal subarachnoid haemorrhage. Neurosurg Rev. 2020;43:1273–1288. doi: 
10.1007/s10143-019-01169-2

 70. Naff NJ, Williams MA, Rigamonti D, Keyl PM, Hanley DF. Blood clot resolu-
tion in human cerebrospinal fluid. Neurosurgery. 2001;49:614–9; discus-
sion 619. doi: 10.1097/00006123-200109000-00015

 71. Pimenova T, Pereira CP, Schaer DJ, Zenobi R. Characterization of high 
molecular weight multimeric states of human haptoglobin and hemoglobin-
based oxygen carriers by high-mass MALDI MS. J Sep Sci. 2009;32:1224–
1230. doi: 10.1002/jssc.200800625

 72. Carare RO, Bernardes-Silva M, Newman TA, Page AM, Nicoll JAR, 
Perry VH, Weller RO. Solutes, but not cells, drain from the brain paren-
chyma along basement membranes of capillaries and arteries. NAN. 
2008;34:131–144.

 73. Iliff JJ, Lee H, Yu M, Feng T, Logan J, Nedergaard M, Benveniste H. Brain-
wide pathway for waste clearance captured by contrast-enhanced MRI. JCI. 
2013;123:1299–1309. doi: 10.1111/j.1365-2990.2007.00926.x

 74. Pizzo ME, Wolak DJ, Kumar NN, Brunette E, Brunnquell CL, Hannocks M-J, 
Abbott NJ, Meyerand ME, Sorokin L, Stanimirovic DB, et al. Intrathecal 
antibody distribution in the rat brain. J Physiol. 2018;596:445–475. doi: 
10.1113/JP275105

 75. Kim A, Grover A, Hammon K, de Hart G, Slasor P, Cherukuri A, Ajayi T, 
Jacoby D, Schulz A, Specchio N, et al. Clinical pharmacokinetics and phar-
macodynamics of cerliponase alfa, enzyme replacement therapy for 
CLN2 disease by intracerebroventricular administration. Clin Transl Sci. 
2021;14:635–644. doi: 10.1111/cts.12925

 76. Goulay R, Flament J, Gauberti M, Naveau M, Pasquet N, Gakuba C, 
Emery E, Hantraye P, Vivien D, Aron-Badin R, et al. Subarachnoid hem-
orrhage severely impairs brain parenchymal cerebrospinal fluid cir-
culation in nonhuman primate. Stroke. 2017;48:2301–2305. doi: 
10.1161/STROKEAHA.117.017014

 77. Hovd MH, Mariussen E, Uggerud H, Lashkarivand A, 
Christensen H, Ringstad G, Eide PK. Population pharmacokinetic model-
ing of CSF to blood clearance. Fluids Barriers CNS. 2022;19:55. doi: 
10.1186/s12987-022-00352-w

 78. Suri A, Chapel S, Lu C, Venkatakrishnan K. Physiologically based and 
population PK modeling in optimizing drug development: a predict–
learn–confirm analysis. Clin Pharmacol Ther. 2015;98:336–344. doi: 
10.1002/cpt.155

D
ow

nloaded from
 http://ahajournals.org by on July 5, 2023


