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Therapeutic targets and approaches in ICH

r s

Reduce high blood pressure,
inhibit hypermuscularisation

L4

Hypertension

Prevent / screen

¥

Reduce bleeding risk

4

Anticoagulants

Clear amyloid beta

Vascular Cerebral amyloid
malformations

angiopathy

“O @ . l §

VESSEL RUPTURE % Vessel stability

=

Limit haematoma- Haematoma mass effect
induced toxicity Haematoma toxicity

v

Haematoma
volume/expansion

Haemostasis
Anticoagulant reversal

Blood pressure P

reduction

Haematoma evacuation
Enhance phagocytosis

Inflammation Gut dysbiosis con?;?l?g;a}t?ons Motor deficits Depression
Limit inflammation and Promote healthy Normalise autonomic Enhance Manage post-
immunodepression microbiome dysfunction recovery stroke depression

Zille et al., eBioMedicine, 2022



The hematoma as a therapeutic target in ICH
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Zille et al., eBioMedicine, 2022

Alter “don’t eat me”
| signalling

Retinoid X receptor agonist
Bexarotene alters
microglia/macrophage
phenotype, enhances
phagocytosis, speeds
hematoma clearance
Intranasal delivery of IL-4
facilitates microglia- and
macrophage-mediated
hematoma resolution

Block ‘don’t-eat-me’ signals
expressed on erythrocytes
that normally suppress
phagocytosis (e.g., using a
CD47 antibody)



Hemolysis products mediate secondary injury in ICH

Hemoglobin
Rupture of Lysis of red . Heme toxicity Cell Death
blood vessel blood cells breakdown

Chen-Roetling and Regan, 2006; Robinson et al., 2009; Wang et al., 2006, Zille et al., 2017



How does lysed blood induce cell death after ICH?



Regulated cell death mechanisms

Immunogenic cell death

Lysosomal cell death
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Autophagy-dependent
cell death

Model of Hemorrhagic Stroke

vehicle
Hemin Toxicity
100pM hemin
ﬁtmﬁ‘,‘ Subcategory Cell Death Inhibitor Target Conc.
“ Phosphoinositide 3-kinase (PI3K),
3-Methyladenine autophagosome formation 100-1500pM
Bafilomycin A1 Endesomal acidification 0.0005-0.1pM
Macroautophagy = -
Autophagy dipl?cr:sg::;: salt Lysosomal function 0.1-50pM
. Mechanistic targat of rapamycin
Rapamycin (mTOR), autophagy inducer 0.1-5uM
N Mitochondrial division GTPase activity in dynamin-related
WMitophagy inhibitor 1 pratein Drp-1, abnormal mitophagy 0.1-100uM
z-VAD-fmk Caspases 0.1-100pM
Cycloheximide Protein synthesis 0.1-100pM
Caspase-dependent apoptosis |Cyclosporine A g:ﬁ:ﬁ::';fml;‘ itoch. permeability 0.1-10pM
p38 mitogen-activated protein y
SB203580 (MAP) kinase (p38) 1-30uM
SP600125 c-JUN N-terminal kinase (JNK) 0.01-5uM
Cycloheximide Protein synthesis 0.1-100pM
Actinomycin D mRNA synthesis 0.001-1pM
. Canonical ferroptosis inhibitor,
Femantatin.1 reactive lipid species (RLS) 0.01-1pM
Iron, hypoxia-inducible factor (HIF)
Ferroptosis Deferoxamine prolyl hydroxylase domain- 0.1-100pM
containing (PHD] inhibition
Regulated N-Acetylcysteine 2?;‘*‘“ oxygen species (ROS). 450 5000
s Trolox, vitamin E
analng' RLS 0.1-100pM
Mitogen-activated protein kinase
uo126 kinase 1/2 (MEK 1/2) 1-20uM
R Poly(ADP-ribose) polymerase 1
PARP inhibitor 1l and 2 (PARP and 2) 0.1-50uM
Parthanatos I zparib (AZD-2281
trade name Lynparza) PARP1 and 2 1-20uM
MNecroptosis Necrostatin-1 T?;?gzc)r—mterachng protein kinase 10-250pM

Zille et al., Stroke, 2017
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The mechanisms underlying neuronal cell death In
hemorrhagic and ischemic stroke are different

Model of Hemorrhagic Stroke YeViability
vehicle 100.00
Hemin Toxicity
100pM hemin 50.14 £ 11.89
ﬁ:m;':n Subcategory  Cell Death Inhibitor  Target Cone. 9 Viability
< Phosphoinositide 3-kinase (PI3K),
3-Methyladenine autophagosome formation 100-1500pM
Bafilomycin A1 Endosomal acidifieation 0.0005-0.1 M IS -{fntn,"ﬁ i
Macroautophagy = . — "g- —
Autophagy dipl?(r:;g:;:g salt Lysosomal function 0.1-50pM RATIEE
: Mechanistic target of rapamycin
Rapamycin (mTOR), autophagy inducer 0.1-5uM
Mitophagy _I.nlteq:_hon‘t:lrlal division GTf’qseﬁactL\rny Lll'i dynamm-rellated 0.1-100uM
z-VAD-fmk Caspases 0.1-100pM
Cycloheximide Protein synthesis 0.1-100pM
) ] Cyclophilin D (mitoch. permeability
Caspase-dependent apoptosis |Cyclosporine A transition pore) 0.1-10pM
p38 mitogen-activated protein j
SB203580 (MAP) kinase (p38} 1-30uM
SP600125 c-JUN M-terminal kinase (JNK) 0.01-5pM
Cyclonexmiae — rolen syninecis U -TOURN
Actinomycin D mRNA synthesis 0.001-1pM
: Canonical ferroptosis inhibitor,
kidensith reactive lipid species (RLS) G011 (1uM)
Iron, hypoxia-inducible factor (HIF) 87 14 +8.63"
Ferroptosis Deferoxamine prolyl hydroxylase domain- 0.1-100pM '(100 MJ
containing (PHD] inhibition H
Regulated N-Acetylcysteine Ry acve oxygen species (ROS).  100.2000um | %537 210,08
MNecrosis
R Trolox, vitamin E — P
analog i W (100uM)
Mitogen-activated protein kinase 8245 £1345* #
uo12s kinase 1/2 (MEK 1/2) 1-20uM M
R, Poly(ADP-ribose) polymerase 1
PARP inhibitor 1l and 2 (PARP1 and 2) 0.1-50pM
Parthanatas Olaparib (AZD-2281
trade name Lynparza) PARP1 and 2 1-20uM )
R i Receptor-interacting protein kinase 774+1188~
MNecroptosis Necrostatin-1 1 (RIP1) 10-250uM (100uM)

Zille et al., Stroke, 2017

Inactive annexin A5 Active annexin A5

A

Bahmani, Zille et al., JCBFM, 2011
Riegelsberger, Zille et al., Exp Neurology, 2011;
Zille et al., JCBFM, 2012; Zille et al., Plos One, 2014



Systematic analysis identifies a mixture of cell death
pathways in neurons: Necroptosis and ferroptosis

vehicle 100.00
Hemin Toxicity
100pM hemin
e De
b 2o Dea h arge o ah
< Phosphoinositide 3-kinase (PI3K),
3-Methyladenine autophagosome formation 100-1500pM
Bafilomycin A1 Endosomal acidification 0.0005-0.1uM
Macroautophagy = - -
Autophagy dipl?omsg:;:: it Lysosomal function 0.1-50pM p '
i Mechanistic target of rapamycin
Rapamycin (mTOR), autophagy inducer 0.1-5uM
. Mitochondrial division GTPase activity in dynamin-related
Mitophagy inhibitor 1 protein Drp-1, abnormal mitophagy 0.1-100uM
z-VAD-fmk Caspases 0.1-100pM
Cycloheximide Protein synthesis 0.1-100pM
Caspase-dependent apoptosis |Cyclosporine A f:gﬁ:g::'g::e[)m“mh' permeability 0.1-10pM
p38 mitogen-activated protein j
SB203580 (MAP) kinase (p38} 1-30uM
SP600125 c-JUN M-terminal kinase (JNK) 0.01-5pM a :
Cycloheximide Protein synthesis 0.1-100pM
Actinomycin D mRNA synthesis 0.001-1pM
. Canonical ferroptosis inhibitor, 82.68 + 11.66 *
Ferrostatin-1 reactive lipid species (RLS) 0T THM (M)
Iron, hypoxia-inducible factor (HIF) 87 14+853°
Ferroptosis Deferoxamine prolyl hydroxylase domain- 0.1-100pM '(100 MJ
containing (PHD] inhibition H
Regulated N-Acetylcysteine Ry acve oxygen species (ROS).  100.2000um | %537 210,08
MNecrosis
' Trolox, vitamin E — P
analog : H (100uM)
Mitogen-activated protein kinase B245 £+ 13.45" #
uo12s kinass 1/2 (MEK 1/2 1-20uM 10uM
e g aly| -noose) polymerase
PARP inhibitor 1l and 2 (PARP1 and 2) 0.1-50pM
EaCnes Olaparib (AZD-2281
rade name Lvn i ) PARP1 and 2 1-20uM
\rade.name Lynparza - - — -
Necropiosis Necrostatin-1 :{?;fle&c;r interacting protein kinase 10-250uM ??‘41;)11.88

Ultrastructural Characteristics of
Neuronal Death and White Matter
Injury in Mouse Brain Tissues After
Intracerebral Hemorrhage:
Coexistence of Ferroptosis,
Autophagy, and Necrosis

Qian Li*2%", Abigail Weiland ™", Xuemei Chen*, Xi Lan’, Xiaoning Han', Frederick Durham,
Xi Liu’, Jieru Wan', Wendy C. Ziai'®, Daniel F. Hanley® and Jian Wang ™

Front Neurol, 2018

Stroke

ORIGINAL CONTRIBUTION

Neuronal Death After Hemorrhagic Stroke In Vitro and In Vivo Shares Features
of Ferroptosis and Necroptosis

Marietta Zille, Saravanan S. Karuppagounder, Yingxin Chen, Peter J. Gough, John Bertin, Joshua Finger, Teresa A. Milner,
Elizabeth A. Jonas, Rajlv R. Ratan
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Ferroptosis
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Iron-dependent form of non-apoptotic
cell death

Accumulation of lipid peroxidation
products

Involvement of glutathione
peroxidase 4 (GPX4)

Activation of Mitogen-activated
protein kinase (MAPK)

Lack of blebbing of the plasma
membrane

Adapted from Yang and Stockwell, Trends in Cell Biology, 2016



Evidence of ferroptosis in ICH: Induction of 5-
lipoxygenase (ALOXS)-dependent oxidized lipids

Brain Hemorrhag

H+ 7 Merr>1bréne" 2 i:
. ' €min phospholipids 2500+ B.
Iron-dependent form of non-apoptotic ytonol_—— e N\ § o0 SHETE
Ce” death Arachidonic \' g 2000+ P
: . s | e @ 1500
Accumulation of lipid peroxidation Y00 AOXs | 3 1000-
prOdUCts ‘ » Nucleus 5-HETE's , E 2001
Involvement of glutathione b - geuk§rfenes 5 0 A S
peroxidase 4 (GPX4) R Cell death B H
Activation of Mitogen-activated 2101 LTB4 P<0.005 8 0.051 | TE4 <0.017
. . E l E p
protein kinase (MAPK) g 8 g oo
. =R £003

Lack of blebbing of the plasma @ 2 0 0o

g 4] i 20
membrane 3, ﬂ 8 o1 a

) Wil I l

0 . ~ 0.00- . -

~ "Sham 3h 6h 12h 24h  Sham3h 6h 12h 24h

ICH ICH

Karuppagounder et al., Ann Neurol, 2018

10
5-HETE — 5-hydroxyeicosatetraenoic acid, LTB4 — Leukotriene B4, LTE4 — Leukotriene E4



Evidence of ferroptosis in ICH: Stabilizing GPX4
rescues neurons from hemin-induced toxicity

Iron-dependent form of non-apoptotic
cell death

Accumulation of lipid peroxidation
products

Involvement of glutathione
peroxidase 4 (GPX4)

Activation of Mitogen-activated
protein kinase (MAPK)

Lack of blebbing of the plasma
membrane

GFP+TMP+Hemin

Alim et al., Cell, 2019



Evidence of ferroptosis in ICH:

Inducing GPX4 leads to improved outcome in vivo
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Evidence of ferroptosis in ICH:
Induction of ERK1/2 phosphorylation

Iron-dependent form of non-apoptotic
cell death

Accumulation of lipid peroxidation
products

Involvement of glutathione
peroxidase 4 (GPX4)

Activation of Mitogen-activated
protein kinase (MAPK)

Lack of blebbing of the plasma
membrane

Zille et al., Stroke, 2017 0.0
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Evidence of ferroptosis in ICH: Necrotic phenotype
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Classical, glutathione depletion-induced ferroptosis
vs. hemin-induced ferroptosis

induced ferroptosis ferroptosis

Reactive lipid species-dependent + +
Glutathione enhancing agents are N N
protective
GPX4 forced expression is protective + +
Iron chelators are protective + o
ERK1/2 hyperactivation + +
12/15-lipoxygenase-dependent + -
Transcription-dependent + -
Nuclear translocation of

+ =
phospho-ERK1/2
Mkp3 forced expression is protective + -

Zille et al., d Neurosci, 2022 15
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Unbiased phosphoproteomics identifies different
signatures in hemin- vs. erastin-induced ferroptosis
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Zille et al., d Neurosci, 2022 16



Hemin Toxicity

Cell Death
Mechanism

Autophagy

Model of Hemorrhagic Stroke

vehicle

Ferroptosis inhibitors block
hemin-induced neuronal death

%% Viability

100.00

100pM hemin
Subcategory Cell Death Inhibitor

3-Methyladenine

Target

Phosphoinositide 3-kinase (PI3K),
autophagosome formation

50.14 £ 11.89
%Viability

100-1500pM

Bafilomycin A1
Macroautophagy

Endosomal acidification

Chloroguine
diphosphate salt

Lysosomal function

Mechanistic target of rapamycin

Rapamycin (mTOR), autophagy inducer 0.1-5uM
e
z-VAD-fmk Caspases 0.1-100pM
Cycloheximide Protein synthesis 0.1-100pM
Caspase-dependent apoptosis |Cyclosporine A f:gﬁ:g::ig::e[)mitmh' permeability 0.1-10pM
SB203580 fﬁi;"ﬁﬁ:::{‘;g';‘;‘ad protein 1-30uM
SP600125 c-JUN M-terminal kinase (JNK) 0.01-5pM
Cycloheximide Protein synthesis 0.1-100pM

Actinomycin D

mRNA synthesis

0.001-1pM

. Canonical ferroptosis inhibitor, 82 68 1.55 i
errostatin1 reactive lipid species (RLS) 0T THM (M)
Iron, hypoxia-inducible factor (HIF) 87 14+853°
Ferroptosis eroxamine prolyl hydroxylase domain- 0.1-100pM '(100 MJ
containing (PHD] inhibition H
Regulated ld-Acelylt;ysleine Ry acve oxygen species (ROS).  100.2000um | %537 210,08
N :
SRS Tolox, vitamin E . o100 | BB3 601"
nalog s (100uM)
Mitogen-activated protein kinase 8245 £ 13.45* #|
0126 kinass 1/2 (MEK 1/2 1-20uM 10uM
PARP inhibitor Il T 2) 0.1-50uM
EaCnes Olaparib (AZD-2281
ratie name Lynparzaj PP and 2 1-20uM
- - — "
Necroptosis [Necrostatin-1 by neracting profein kinas> 40,550, [N

-
-
o

w

E .
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—

100uM DFO

Zille et al., Stroke, 2017
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Studying the rich biology of these pathways
gives rise to therapeutics

Model of Hemorrhagic Stroke

vehicle

Hemin Toxicity
100pM hemin

Cell Death

Mechanism Subcategory Cell Death Inhibitor

Target

< Phosphoinositide 3-kinase (PI3K),
3-Methyladenine autophagosome formation 100-1500pM
Bafilomycin A1 Endosomal acidification 0.0005-0.1uM
Macroautophagy = -
Autophagy dipl?omsg:;:: salt Lysosomal function 0.1-50pM
i Mechanistic target of rapamycin :
Rapamycin (mTOR), autophagy inducer 0.1-5uM
. Mitochondrial division GTPase activity in dynamin-related
Mitophagy inhibitor 1 protein Drp-1, abnormal mitophagy 0.1-100uM
z-VAD-fmk Caspases 0.1-100pM
Cycloheximide Protein synthesis 0.1-100pM
Caspase-dependent apoptosis |Cyclosporine A f:gﬁ:g::'g::e[)m“mh' permeability 0.1-10pM
p38 mitogen-activated protein j
S5B203580 (MAP) kinase (p38} 1-30uM
SP600125 c-JUN M-terminal kinase (JNK) 0.01-5pM

Cycloheximide

Protein synthesis 0.1-100pM

Actinomycin D

mRNA synthesis 0.001-1pM

Canonical ferroptosis inhibitor,

%% Viability

100.00

50.14 £ 11.88

%Viability

B2.68 + 11.66

errostatin1 reactive lipid species (RLS) 0T THM (M)
Iron, hypoxia-inducible factor (HIF) 87 14+853°
Ferroptosis eroxamine prolyl hydroxylase domain- 0.1-100pM '(100 MJ
containing (PHD] inhibition H
Regulated -Acetylcysteine Ry acve oxygen species (ROS).  100.2000um | %537 210,08
MNecrosis
analng' RLS 0.1-100pM -'[1‘30!1“]
T R o LR S
0126 liogen-activaied profein Kinase 1-204M X
R, Poly(ADP-ribose) polymerase 1
PARP inhibitor 1l and 2 (PARP1 and 2) 0.1-50pM
EaCnes Olaparib (AZD-2281
trade name Lynparza) PARP1 and 2 1-20uM
- - — -
Necroptosis [Necrostatin-1 by neracting profein kinas> 40,550, [N

Zille et al., Stroke, 2017

Inhibition of neuronal ferroptosis protects hemorrhagic brain

Qian Li, ... , Brent R. Stockwell, Jian Wang

JCI Insight. 2017 2(7):e90777. hitps://doi.org/10.1172/jci.insight. 907 77.

Deferoxamine mesylate in patients with intracerebral
haemorrhage (i-DEF): a multicentre, randomised,
placebo-controlled, double-blind phase 2 trial

Magdy Selim, Lydia D Foster, Claudia S Moy, Guohua Xi, Michael D Hill, Lewis B Morgenstern, Steven M Greenberg, Michael L James,
Vineeta Singh, Wayne M Clark, Casey Norton, Yuko Y Palesch, Sharon D Yeatts, on behalf of the i-DEF Investigators*

iDEF Lancet Neurology, 2019

Intracerebral Hemorrhage Deferoxamine Trial

N-Acetylcysteine Targets 5 Lipoxygenase-
Derived, Toxic Lipids and Can Synergize
With Prostaglandin E to Inhibit
Ferroptosis and Improve Outcomes
Following Hemorrhagic Stroke in Mice
Annals of Neurology, 2018

Saravanan S. Karuppagounder, PhD,"? Lauren Alin, BS,'? Yingxin Chen, MD,"?
MNavid RranA RS 12 Man~an W RAiiracea PhN 1.2 Krictan Nintrich RQ 3

Hemin-Induced Death Models Hemorrhagic

Stroke and Is a Variant of Classical Neuronal
Ferroptosis

https://doi.org/10.1523/(JNEUROSCI.0923-20.2021

Cite as: J. Neurosci 2022; 10.1523/JNEUROSCI.0923-20.2021 18



What about other cell types in the brain?



Systematic literature review on
brain endothelial cell death in stroke

Cel I’* Review
stress

The impact of endothelial cell death in the brain and its
role after stroke: A systematic review

2019

Marietta Zille*, Maulana Ikhsan?, Yun Jiang’?, Josephine Lampe'?, Jan Wenzel'? and
Markus Schwaninger2#

« Brain endothelial cell death occurs both
rapidly and at later time points

« Cell death signaling is complex and
includes multiple cell death subroutines
(apoptosis, autophagy, necroptosis,
and maybe ferroptosis)

« Data on brain endothelial cell death
after brain hemorrhage is limited

2876 publications identified by search
strategy through PUBMED

3

2323 potentially relevant publications

553 duplicates removed

1711 publications excluded

612 full-text articles

| based on abstract irrelevancy

3

Stroke

215 publications
(218 records)

lschemic: 176
Hemorrhag ic: 42

]
Aging: 5 records Inflammation: 44
Atherosclerosis: 9 Nanoparticles: 19
AVM/CCM/aneurysm: 12 Oxidative stress: 30
Brain hypoxia: 44 Parkinson's disease: 6
Cancer: 26 Physiological death: 8
Dementia: 43 Radiation: 16
Diabetes/hyperglycemia: 27 Retina: 9

Drugs/environmental toxins: 46 Spinal cord injury: 8

Epilepsy: 5

Traumatic brain inj: 26

Infection: 52 Other: 23

r

152 publications (154 records) included

Apoptosis: 92 records
Autophagy: 20

Lysosome-dependent cell death: 2

Necroptosis: 2
Not specified: 49

63 publications (64 records) excluded

» Other cells used or assessed: 32 publications
* Cell death not investigated: 20

* Review: 1

« Non-English publication: 4

* Duplicated data: 4

* Full-text not accessible: 2

20



Hemin induces brain endothelial cell death

350uM hemin

Svenja Landt Maulana Ikhsan

unpublished data
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Hemin-induced brain EC death is partially rescued by
ferroptosis inhibitors and MDA expression is increased

Hemin

unpublished data

Model of hemo

Cell death
mechanism

Ferroptosis

Vehicle

Viability [%)]

100%

350 uM hemin
Cell death
inhibitor

Actinomycin D

18.85 (17.84)
Viability [%]

mRMNA synthesis 1 uM

16.36 (7.53)*

Deferoxamine

Cycloheximide Protein Synthesis 100 uM
Canonical
Ferr i1 ferroptosis inhibitor, 1 pM

reactive lipid 20.17 (14.81)
species (RLS)
ron, hypoxia
induced factor (HIF)
prolyl hydroxylase 100 pM 42.60 (25.08)*
domain-containing

inhibition

Reactive oxygen 43.83 (17.14)*

N-Acetylcysteine species (ROS), RLS 2000uM
Trolax vitaminE ¢ ORIV 42.00 (31.09)*
analog
Mitogen activated
protein kinase
o126 kinase 1/2 (MEk ~ 20HM
1/2)
uo124 UO126 inactive 20 pM 37.734(13.924)
control




What is the contribution of axonal
degeneration in ICH?




Systematic literature review on
axonal degeneration in brain hemorrhage

Identification of studies via databases and registers
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Studying axonal degeneration after brain hemorrhage
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Studying axonal degeneration after brain hemorrhage
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Quantitative analysis of axonal degeneration
using deep learning: EntireAxon CNN
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Hemin induces axonal degeneration in a time- and

concentration-dependent manner

EntireAxon CNN
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Do degenerating axons show
features of ferroptosis?



Expression of ferroptotic markers in hemin-induced AxD
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Do inhibitors of ferroptosis
abrogate hemin toxicity to axons?



Ferroptosis inhibitors do not protect against

hemin-induced axonal degeneration
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Conclusions

 Clot-derived neuronal toxicity after ICH shares features of ferroptosis and
necroptosis

+ Studying the rich biology of cell death mechanisms gives rise to novel
therapeutic approaches, including combinatorial strategies

« The mechanisms of death of the neuronal cell body may be different from
axonal degeneration that may be different from brain endothelial cell death

- We need to target multiple cell types and compartments for therapeutic
approaches to be successful in hemorrhagic stroke



Proposed model for a combinatorial therapy in ICH
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