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Although technological advances and clinical studies on stem cells have been increasingly reported in stroke, research targeting
hemorrhagic stroke is still lacking compared to that targeting ischemic stroke. Studies on hemorrhagic stroke are also being
conducted, mainly in the USA and China. However, little research has been conducted in Korea. In reality, stem cell research or
treatment is unfamiliar to many domestic neurosurgeons. Nevertheless, given the increased interest in regenerative medicine
and the increase of life expectancy, attention should be paid to this topic. In this paper, we summarized pre-clinical rodent studies
and clinical trials using stem cells for hemorrhagic stroke. In addition, we discussed results of domestic investigations and future

perspectives on stem cell research for a better understanding.
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INTRODUCTION

Hemorrhagic stroke refers to spontaneous intracranial
hemorrhage due to blood vessel rupture from hypertension,
cerebral amyloid angiopathy, and other vascular abnormalities
such as aneurysm, arteriovenous malformation, and Moyam-
oya disease”. Depending on the anatomical location, hemor-
rhagic stroke is divided into intracerebral hemorrhage (ICH),
intraventricular hemorrhage (IVH), subarachnoid hemor-
rhage (SAH), and subdural hematoma. Hemorrhagic stroke
accounts for 10-20% of all strokes. Its prevalence is higher in
Asia than in the West”. Hong et al.” have reported that the

relative proportion of hemorrhagic stroke at admission ranged
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from 23% to 35%. Once hemorrhagic stroke occurs, increased
intracranial pressure (IICP) is the main problem. The mortal-
ity of patients with a hemorrhagic stroke is more than twice
that of patients with an ischemic stroke™. Therefore, lowering
IICP via medical treatment or surgical decompression is the
main concerns for neurosurgeons. However, in addition to
primary brain damage, secondary brain damage due to reac-
tive oxygen species production, inflammation, and subse-
quent neuronal cell death can occur, leading to ultimate glial
scars and cavity formation in the brain. Strategies of stem cell-
based therapy for preventing secondary brain damage include
blocking chain reactions of oxidative stress by red blood cell

lysis or inflammatory reactions by thrombin, enhancing ther-
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apeutic effects by promoting vascular regeneration, or pro-
moting nerve regeneration by inducing the secretion of
growth factors. Considering that hemorrhagic stroke occurs at
a relatively younger age than ischemic stroke and that 40% of
patients remain functionally independent”, neurosurgeons
should consider additional treatment that can help prevent
secondary brain damage and aid in rehabilitation as well as
surgical treatment.

Stem cells are very attractive candidates in regenerative
medicine due to their self-renewal and differentiation capaci-
ties as well as long-term ex vivo expansion. Stem cell can be
considered for treating degenerative neurological diseases that
cannot be transplanted with donated organs. Historical ad-
vances in stem cell research can be divided into three genera-
tions separated by their properties and use. Since the late
1950s, bone marrow-derived or hematopoietic stem cell (HSC)
transplants have been used clinically for hematological can-
cers such as multiple myeloma and leukemia®’. Thereafter,
since the late 1990s, there have been significant developments
in therapeutically useful stem cells in terms of their isolation,
generation, and application of multiple cell types obtained
from various tissues. The first-generation stem cell-based
therapies using multipotent somatic stem cells such as HSCs,
mesenchymal stem cells (MSCs), and fetal-derived neural
stem cells (NSCs) are well known to have immunomodulato-
ry, anti-inflammatory, angiogenic, anti-apoptotic, differentia-
tion, and trophic properties to treat various diseases (e.g., au-
toimmune disease, bone and cartilage disorders, heart failure,
neurodegenerative diseases, and gastrointestinal diseases)™.
The second-generation stem cell-based therapies have been
expanded to human embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) due to their infinite self-renewal
ability and pluripotent to differentiate into every cell type.
Clinical trials using ESCs and iPSCs have been mainly con-
ducted to investigate retinal degeneration, spinal cord injuries,
type 1 diabetes mellitus, and ischemic heart failure™. Treat-
ment with next-generation stem cells can be divided into two
categories, as a delivery vehicle for therapeutic drugs and for
enhancing treatment effectiveness. Currently, next-generation
stem cell therapy aims to enhance its effectiveness through
various engineering approaches using first and second-gener-
ation stem cells™.

Despite advances in stem cell therapy for stroke, research

targeting hemorrhagic stroke has been less than that targeting
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ischemic stroke™. Moreover, stem cell research is very unfa-
miliar to many domestic neurosurgeons who treat hemor-
rhagic stroke in their daily clinical practice. Thus, the aim of
this review was to provide an update for various stem cell re-
search studies on hemorrhagic stroke to improve neurosur-
geon’s understanding of stem cells by focusing on research
studies performed in the last 5 years. In addition, results of
domestic investigations and future perspectives are discussed.
This study was approved by the Institutional Review Board
(No. 2021-03-010) of the participating hospital.

MSC

MSCs can be isolated from fetal, neonatal, and adult tissues
such as bone marrow, adipose tissue, dental pulp, umbilical
cord blood, Wharton’s jelly, placenta, peripheral blood, skin,
and muscle. MSCs share similar characteristics such as self-re-
newal ability and multi-lineage differentiations into adipo-
cytes, chondrocytes, and osteoblasts”. MSCs express surface
markers of plastic-adherent cells such as CD29, CD44, CD73,
CD90, and CD105. They are negative for CD11b, CD14, CD34,
HLA-DR, and the hematopoietic marker CD45"*”. Although
similar characteristics and differentiation capacity are noted
for MSCs derived from different origins, levels of several para-
crine factors can differ according to their origins®”. Preclinical
rodent studies have been conducted using various MSCs iso-
lated from bone marrow (BMSCs)'"”, adipose tissue (ASCs)"”,
umbilical cords (UC-MSCs)*”, and placenta (PSCs)"”. Howev-
er, clinical trials have been mainly performed using BMSCs or
UC-MSCs due to their safety by avoiding immune rejection
after autologous or allogeneic transplantation (Table 1).

The essential role of MSCs in the treatment of hemorrhagic
stroke is due to their paracrine effects such as anti-inflamma-
tory’”, angiogenesis™”, and chemoattractant effects"” rather
than their differentiation into neurogenic cells. The anti-in-
flammatory property of MSCs has been verified through co-
culture with UC-MSCs and microglia/astrocyte in vitro.
MSC:s can inhibit the activation of astrocytes by microglia, re-
leasing pro-inflammatory cytokines in the presence of condi-
tioned medium™. Results have indicated that intravenous ad-
ministration of BMSCs or ASCs during the acute phase can
alleviate microglia-mediated neuro-inflammation and im-

proved neurobehavioral dysfunction after hemorrhage™*”.
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MSC:s can also reduce cell apoptosis by modulating signal
pathways with host cells after MSC transplantation””. Chen
et al." have reported that connexin 43 upregulation is attrib-
uted to nuclear factor erythroid 2-related factor 2 nuclear
translocation after BMSC transplantation in a mouse ICH
model. Vascular regeneration is important in supplying oxy-
gen and nutrients to injured brain tissue during the recovery
phase. BMSCs or UC-MSCs transplantation can promote an-
giogenesis and improved neurological function™*”. ASC
transplantation in the injured site can stimulate the migration
of circulating progenitor cells. Overexpression of CX3CR1, a
chemokine fractalkine receptor, can stimulate cell migration

in an experimental ICH model"".

NSC

NSCs are known to exist in the subventricular zone and the
sub-granular zone of the fetal or adult brain. NSCs have self-
renewal ability and multipotent potential to differentiate into
neuronal lineage cells including neurons, astrocytes, and oli-
godendrocytes. NSCs can also be directly differentiated from
ESCs, iPSCs, or transditferentiated from somatic cells such as
fibroblasts and blood cells™. Intravenously (IV) transplanted
NSCs can migrate to the perihematomal lesion and differenti-
ated into astrocytes and neurons™”. Compared to the control
group, NSCs-transplanted rats exhibit better functional out-
comes. Wang et al.”” have reported that fetal NSCs can differ-
entiate into three major neuronal cell types both in vitro and
in vivo. Functional recovery can be obtained by secreted neu-
rotrophic factors. Nevertheless, massive graft cell death after
NSC transplantation is a limitation of its clinical effectiveness.
Genetic modification to overexpress brain-derived neuro-
trophic factor (BDNF), glial cell-derived neurotrophic factor
(GDNE), vascular endothelial growth factor (VEGF), and su-
peroxide dismutase 1 (SOD1) can improve the survival of
grafted NSCs*”. Wakai et al.*” have reported that increasing
the release of paracrine factor of SOD1 can result in reduced
striatal atrophy and increased number of surviving neurons as
well as better functional recovery in an ICH mouse model.
Nevertheless, the feasibility of using NSCs for neurological
diseases including hemorrhagic stroke has not been well-stud-
ied in clinical trials. In the clinical application of NSC trans-

plantation, there are issues including ethics, difficulty in isola-
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tion and expansion, and the risk of tumorigenicity and
immunological rejection®. Thus, further research is needed

to overcome these issues.

IPSC

iPSCs are pluripotent cells that are reprogrammed from so-
matic cells similar to ESCs by inducing transcription factors
such as Oct4, Sox2, Klf4 and c-Myc. iPSCs can differentiate
into specific cell types such as those of ectoderm, mesoderm,
and endoderm lineage. iPSCs generated from somatic cells of
ICH patients could differentiate into neuroepithelial-like stem
cells”. Compared to neurological diseases with rare mono-
morphic modeling (e.g., Parkinson’s and amyotrophic lateral
sclerosis), the feasibility of using iPSCs has not been well-
studied in stroke due to limited genetic influence on stroke
occurrence and multiple cell types affected by stroke™. Only a
few studies have reported on the feasibility of using iPSCs in
hemorrhagic stroke. Qin et al.” firstly injected iPSCs into the
ipsilateral brain region of an ICH rat model. Grafted iPSCs
derived from fibroblasts of an ICH patient could migrate into
the injured brain tissue. Through follow-up research™, the
authors demonstrated attenuated cerebral inflammation, neu-
ronal injuries, and glial scar formation as well as decreased ce-
rebral edema and apoptosis after iPSC transplantation. Never-
theless, since the literature basis for hemorrhage stroke is
relatively lacking, the specific effectiveness of iPSCs will be re-

vealed through follow-up studies.

ESC

ESCs are classified as pluripotent stem cells, which are iso-
lated from the inner cell mass of early embryogenesis. They
also have characteristics of unlimited self-renewal, prolifera-
tion, and differentiation capacity. ESCs can differentiated into
neurons and glial cells both in vitro and in vivo. Nonaka et
al."¥ have reported that all-trans retinoic acid (ATRA) treated
ESCs can induce neuronal cell-type differentiation. After in-
traventricular transplantation of ATRA-treated ESCs, surviv-
ing ESCs were found around injured sites, demonstrating that
ESCs could replace neurons and glial cells and support neuro-

. . . . 48 ..
protection and restoration in the brain'. Clinical research on
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ESCs transplantation to date has been performed for the treat-
ment of central nervous system (CNS) or retinal tissues, which
are less immunologically recognized™. To expand the use of
ESCs in hemorrhagic stroke, ethical issues, technical difficul-
ties of differentiating into specific cell types, complete exclu-
sion of undifferentiated cells, and the possibility of immune

reactions should be solved before their clinical application.

CLINICAL TRIALS OF STEM CELL TRANSPLAN-
TATION

A total of 12 clinical trials on stem cells have been conduct-
ed on patients with hemorrhagic stroke”. Of these, six clinical
trials have been completed with results reported, while results
of the remaining six studies have not yet been officially re-
ported (Table 2). Of the six completed clinical trials, four were
conducted in China, one in India, and one in Korea. In terms
of hemorrhagic stroke type, five trials were for ICH and the
other one was for IVH”. Bhasin et al.” have reported results of
BMSC transplantation in three patients with ICH in 2011 for
the first time. BMSC-transplanted patients experienced an
improvement in the motor function of their upper limbs and
the modified Barthel index without adverse outcomes related
to MSCs. However, there was no statistical significance in the
degree of improvement compared to the control group. Chang
et al.” have compared treatment outcomes after BMSC or UC-
MSC transplantation in patients with moderate to severe neu-
rologic deficits for more than 60 months. Hemorrhagic stroke
patients treated with MSCs exhibited better functional out-
comes than those who underwent surgical hematoma removal
only. Phase I and II randomized controlled trials done by
Tsang et al.”” have also demonstrated that an autologous ad-
ministration of BMSCs at a mean dosage of 4.57x10” cells can
result in better functional improvement and neuro-restoration
compared to placebo treatment. In Korea, Ahn et al.” have
performed a phase I clinical trial to assess the safety of MSCs
in nine preterm infants with severe IVH. Regardless of the
dosage, neither treatment with a low dose of MSCs (5x10°
cells/kg) or a high dose (1x10” cells/kg) showed serious adverse
effects or dose-limiting toxicity.

Despite positive research findings on treatment effects,
clinical studies have not been performed on a large scale for

patients with hemorrhagic stroke. Although stem cell-related
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adverse effects including de novo tumor development were not
observed, sufficient research on safety is required prior to
clinical application. In addition, the next phase of research
should be carried out in consideration of the effective delivery
method to enhance therapeutic effects, proper dosage, the
timing of injections, and whether large-scale production of

stem cells is possible.

STEM CELL RESEARCH IN KOREA

A review of the literature published since 2000 identified
ten animal studies and one clinical trial carried out by domes-
tic researchers. Stem cell research using NSCs was the main
subject in 2000. However, MSCs have become the main re-
search topic recently. IV-transplanted human NSCs differenti-
ated into neurons and astrocytes and resulted in a better func-
tional performance™. After treatment with human NSCs
along with a retroviral vector encoding V-myc, functional
performance was markedly improved”. F3 human NSCs
overexpressing VEGF induced more behavioral improvement
and cell survival®. Transplanted F3 human NSCs overex-
pressing GDNF"” or BDNF" also significantly increased lev-
els of anti-apoptotic protein and showed better functional re-
covery than the control group. In severe IVH models,
intraventricular transplantation of human UC-MSCs attenu-
ated hydrocephaly and impairment based on behavioral tests,
reduced corpus callosum thickness, and increased astroglio-
sis”. Regarding the mechanism of MSC treatment for severe
IVH, MSCs could impede reactive microglia more than astro-
cytes™. MSC-conditioned medium can inhibit thrombin-in-
duced microglial activation and proinflammatory cytokines
through phosphorylation of signal transducer and activator of
transcription 1 and p38 mitogen-activated protein kinase™.
Recently, MSC-derived EVs have shown therapeutic effects as
parental MSCs in IVH models”. MSCs and MSC-derived EVs
can significantly attenuated neuronal cell death and the in-
flammatory response compared to MSC-derived EVs without
BNDF knockdown. Accordingly, it can be assumed that
BNDF transfer via EVs has a neuroprotection effect. Unlike
studies on ICH or IVH, domestic stem cell studies on SAH
have been reported yet. Therefore, further studies on stem cell

transplantation in SAH are needed.



CONTROVERSIAL ISSUES AND FUTURE PER-
SPECTIVES

Pluripotent stem cells such as ESCs and iPSCs are capable of
infinite proliferation through self-replication and differentia-
tion into all cells, drawing attention as stem cell therapy for
intractable diseases. ESCs have the biggest advantage, in that
they can directly replace cells required for degenerative dis-
eases because they can induce differentiation into specific
cells. However, ethical and immunogenicity issues arising
from the separation of ESCs from fertilized eggs remain a
challenge™. iPSCs have been developed as an alternative to
address these shortcomings of ESCs. iPSCs reprogrammed
using autologous or allogenic somatic cells, have almost the
same capabilities as ESCs. However, iPSCs need to be further
investigated to determine whether they are safe to use as a cell
therapy due to genetic modification by gene carriers such as
lentivirus and adeno-associated viruses. In addition, they have

>? NSCs are most suitable as

higher tumorigenicity than ESCs
stem cell therapy for degenerative neurological diseases be-
cause they can differentiate into specific cell types that com-

pose the brain and nerves. Moreover, they can release neuro-

Stem Cells in Hemorrhagic Stroke | Kim JT, et al.

trophic factors. NSCs are located deep in the brain. Thus,
additional risk is associated with the process of obtaining
these cells™. MSCs are the most studied in stem cell research
since they can be easily separated and cultured from a variety
of adult tissues. In particular, MSCs can support the sur-
rounding cells by secreting various factors related to anti-in-
flammatory, angiogenesis, anti-apoptosis, and growth func-
tion™. The ability of MSCs to differentiate into a neurogenic
lineage remains controversial. Several studies have demon-
strated that MSCs could be induced into neuronal or glial-like
cells”. However, other studies have suggested that the neuro-
genic differentiation of MSCs may not be due to an intrinsic
differentiation ability, but a temporary neurogenic feature of
cell fusion or stressful culturing conditions. In addition, neu-
ronal differentiation can stop or revert to MSC features with-
out constant stimulation'”. Therefore, the therapeutic use of
MSCs in hemorrhagic stroke should be considered in antici-
pation of the mechanism by which the release of trophic fac-
tors can enhance endogenous regeneration. Moreover, thera-
peutic strategies that combine biomaterials, bioengineering,
genetic overexpression, and preconditioning before transplan-

tation also need to be considered (Fig. 1).

Bone marrow
Adipose tissue Brain tissue Human
Sources - ;
Umbilical cord (fetal or adult) fibroblasts
Placenta <
\ \ | |
Stem cell used .
MSC NSC iPSC ESC
for treatment
Transplantation
via various routes
Type of
hemorrhage
strokes
Treatment effects Neuroprotection, angiogenesis, neuroplasty, functional recovery

Fig. 1. Sources of stem cells used for treating hemorrhagic stroke. MSC : mesenchymal stem cell, NSC : neural stem cell, iPSC : induced pluripotent stem
cell, ESC: embryonic stem cell, ICH : intracerebral hemorrhage, IVH : intraventricular hemorrhage, SAH : subarachnoid hemorrhage.
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There is still controversy regarding the optimal delivery
route of stem cells transplanted into a damaged brain. IV in-
jection of stem cells has the advantages of being noninvasive
and easy to handle. However, it has the disadvantage of affect-
ing the entire body, not just the specifically targeted organ.
Although some preclinical studies have proven that IV-inject-
ed stem cells can migrate into injured brain tissues, organs
where the injected stem cells that are most often found are the
lungs and liver®”. Also, the major action of IV-injected stem
cells is thought to through suppression of systematic immune
reactions, not brain-related immune reactions due to its limit-
ed ability to cross the blood-brain barrier (BBB). Intra-arterial
delivery of stem cells using catheterization has the advantage
of being able to reach the damaged brain without filteration
by the lung or the liver®”. However, there is a risk of further
damage to the injured brain by blocking cerebral blood flow
due to aggregation of grafted cells. ICV transplantation via
stereotactic surgery can stimulate the proliferation and differ-
entiation of quiescent NSCs and affect the entire CNS through
cerebral spinal fluid circulatoin. Compared to IV delivery,
the transplantation of relatively few cells and the possibility of
procedure-related complications can be concerns for their use.
Intracerebral (IC) delivery is likely to have a high therapeutic
effect due to direct replacement of neuronal cells and differen-
tiation, supporting functional recovery in targeted brain le-
sions”. Nevertheless, the possibility of procedure-related com-
plications is also a concern. Stem cell transplantation via the
intranasal (IN) approach is a relatively noninvasive method
compared to ICV and IC. Stem cells that migrated into the le-
sion have been observed from an IN route administration
with functional recovery demonstrated in a preclinical re-
search™. Considering anatomical differences between human
and rodents, follow-up studies on their usefulness in actual
clinical practice are needed.

Preconditioning effects and exosomes should be topics of
future stem cell research. When a stem cell is exposed to cer-
tain conditions before transplantation, they can reflexively in-
crease their potential for survival and angiogenesis. For exam-
ple, hypoxia-conditioned BMSCs can improve regeneration
and functional recovery in a stroke model. The responsible
mechanism might be anti-apoptotic effects of the NF-xb
pathway and angiogenesis via promoting VEGF by hypoxia-

53)

inducible factor-1-alpha™. Additionally, preconditioning

methods for stem cells can be used for overexpressing a spe-
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cific gene or chemical treatment. Currently, extracellular vesi-
cles (EVs) have been used as pathological markers and genetic
anti-cancer drug vehicles. EVs are often broadly categorized
into microvesicles (<1000 nm) and exosomes (30—-150 nm) af-
ter excluding apoptotic bodies. EVs released by membrane-
bound packaging possess various information that can trans-
fer message-containing specific origin-derived cytosolic
proteins, membrane proteins, DNA, and mRNAs to across
other organs". In particular, the small size of exosomes can
make them an alternative candidate for treating ICH due to
their superior biocompatibility such as low immunogenicity
and low toxicity as well as their ability to cross the BBB. In the
CNS, neuronal EVs released from neurons and glia contribute
to the maintenance of cellular homeostasis and support neu-
ronal functions™. Recent MSC studies have investigated spe-
cific functions of exosomes. Han et al.”” have reported that
MSCs-derived EVs can inhibit NF-xB and the activation of
AMP-activated protein kinase to reduce inflammation after
SAH. Xiong et al.”” have also shown that exosomes from BM-
SCs can alleviate SAH-induced early brain injury via anti-in-
flammatory and anti-apoptotic effects by miRNA129-5ps.
Considering these results, effective exosome delivery and the
identification of certain exosomes with therapeutic effects are
required through further studies on hemorrhagic stroke.

ICH modeling in rodents can be achieved in two main ways :
by intraparenchymal injection of bacterial collagenase and au-
tologous blood™*?. Bacterial collagenase can disrupt the basal
mania layer of cerebral arteries and causes hemorrhage over
several hours™. Compared to autologous blood injection, col-
lagenase-induced ICH model exhibits more injury to the brain
parenchyma with extensive BBB damage*”. However, human
ICH can occur from a variety of causes with diverse hemor-
rhage locations. In addition, the timing of stem cell adminis-
tration also varies. In most animal experiments, stem cells
were injected within 24 hours after ICH induction. In con-
trast, the timing of stem cells injections in clinical studies var-
ied from 2 weeks to several years following ICH. Accordingly,
differences in stem cell effects might occur in pre-clinical ani-
mal models and clinical trials. To confirm the reproducibility
of the clinical efficacy of stem cell treatment, future studies
should focus on ICH modeling that can more accurately re-
flect clinical patients and the timing of stem cell injections.
Also, since the generation of tissue-specific differentiated cells

from various stem cells is a key technology that must first be



addressed for the development of stem cell therapy, research
on differentiation into NSCs, which are precursors of cells that

make up the CNS, should be studied intensively using ESCs.

CONCLUSION

There has been a gradual increase in reports of preclinical
and clincial studies regarding effects of stem cells on hemor-
rahgic stroke. Nevertheless, there are few studies on adult
hemorrhagic stroke in Korea. Considering the fact that life ex-
pectancy continues to increase and hemorrhagic stroke occurs
at a relatively young age, domestic neurosurgeons should also
be interested in stem cell therapy and conduct more reseach
on stem cells.
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